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Introduction

Nanostructured materials may be defined as thoskermis whose structural
elements, clusters, crystallites or molecules, hatvéeast one dimension in the
order of the nanometers, i.e. from 1 to 100 nm,angpically less than 50 nm.
Nanostructured materials include atomic clusteegjeded or lamellar films,
filamentary structures, and bulk nanostructurecdennals.

Nanostructure science and technology has becomeanadentifiable, very broad
and multidisciplinary, field of research and emeggapplication. It is one of the
most visible and growing research areas in magesigience in its broadest sense.
It is almost traditional to quote from Feynman’signary lecture “There is plenty
of room at the bottom” in 1959 [1], the early beumg of such new class of
materials, but its largest development belongbeddst two decades.

The explosion in both academic and industrial ggelin these materials begins
from the remarkable improvements in fundamentattetal, optical as well as
barrier properties that occur going from an “intiely extended” solid to a particle
of material consisting of a countable number ohaoln some cases, the physics
of nano-sized materials can be very different fritwe macroscale behavior of the
same substance, offering often superior propettias warrant much interest in
these materials [2-3].

In this concern, nanotechnologies arise many appes in developing new

classes of materials for specific applications suitable in several fields.
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1.1 Nanocomposites: polymer-layered silicates

In recent years, a significant interest in the nedonology has been devoted to the
study of polymer-layered silicate nanocompositescalise they often exhibit
remarkable improvement in materials propertiesh st few percent of inorganic
phase, to be compared with the case of classic ositeg, where a significant
amount of filler content is needed to obtain insérey results in properties
enhancement. These improvements can include higtuln® [4-5], increased
strength and heat resistance [6], decreased gasepbility [7-8] and flammability
[9], and increased biodegradability of biodegradalgolymers [10]. Such
improvements make these materials very attractme applications in many
different fields, from automotive, to painting apackaging.

The commonly used layered silicates for the pramaraof this type of
nanocomposites belong to the same general family 2df layered or
phyllosilicates. Their crystal structure consisté layers made up of two
tetrahedrally coordinated silicon atoms fused t@dge-shared octahedral sheet of
either aluminum or magnesium hydroxide. The layeckiness is around 1 nm,
while lateral dimensions may vary from 30 nm to esal/ microns or larger,
depending on the particular layered silicate. Maritonite (MMT), Hectorite,
and Saponite are the most commonly used layeredatss. Two peculiar
characteristics of these silicates are extremepontant for their use as nanofiller:
the ability of the silicate particles to dispers#oi individual layers, and the
possibility of finely tune their surface chemistiyrough ion exchange reactions
with organic and inorganic cations.

The physical mixture of a polymer and layered atékc may not form a
nanocomposite, so, in order to improve the compigyitof the two phases, the
polymer-silica interaction is usually artificialgnhanced: the interlayer surfaces of
the silicate are chemically treated to make théca# less hydrophilic and
therefore more wettable by the polymer.

In general, due to the very high aspect ratio ayeted silicates (varying in the

range 10-1000), a few weight percent of inorganimage, properly dispersed
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throughout the polymer matrix, creates much higlheface area for polymer/filler

interaction as compared to conventional composji€§. Depending on the

strength of interfacial interactions between thg/mer matrix and layered silicate

(modified or not), there are three different typdslayered nanocomposites, as

shown in Figure 1-1, and the physical propertiesth@ resultant system are

significantly different [11]:

* Phase-separated: the polymer is unable to penékeateen the silicate sheets,
and the properties stay in the same range as tloys&aditional micro-
composites.

* Intercalated: a single extended polymer chain earefrate between the silicate
layers, and a well-ordered multilayer morphologpults with alternating
polymeric and inorganic layers. Properties of tomposites typically resemble
those of ceramic materials.

» Exfoliated: the silicate layers are completely amdformly dispersed in a
continuous polymer matrix, an exfoliated or delaaéul structure is obtained
[12].

il
A\

Layered silicate Polymer
/ A
/ \
Foooy
l-h-_ ’
Phase separated Intercalated Exfoliated
{microcomposite) (nanocomposite) {nanocomposite)

Figure 1-1, Morphologies of a polymer layered-silicate nanocosited12].

The exfoliation of the inorganic material throughtiue polymer is a crucial point

to make a successful nanocomposite; if a uniforgpeatision is not achieved,
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agglomerates of inorganic material are found witthie host polymer matrix,

limiting the improvement.

. A .
Figure 1-2, TEM photomicrograph of MMT-nylon 6 composites 13

Layered nanocomposites provide reinforcing effickerbecause of their high
aspect ratios; furthermore, their properties airengly influenced by the size scale
of the component phases and the degree of mixingeea the two phases.
Depending on the nature of the components usedrendhethod of preparation,

significant differences in composite properties rmaybtained [14].

1.2 Nanocomposites: organic-inorganic hybrid coatigs

via sol-gel technique

A second class of composite materials, with nameesiinorganic and organic
domains deeply interconnected, has been develofiegwottom-up approach, by
exploiting the sol-gel chemistry [15-16]. The sel-grocess is mainly based on
inorganic polymerization reactions and it is a clwin synthesis method
commonly used for the preparation of inorganic male such as glasses and
ceramics. The most relevant feature of this teanigs the low processing
temperature that also provides unique opportuniteesmake pure and well-
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controlled composition organic-inorganic hybrid evéls incorporating low
molecular weight species and organic molecules veiipropriate inorganic
moieties, preserving thus the stability and therattaristics of such organic
phases.

These hybrid materials have, in perspective, isterg applications in the field of
packaging [17-18], in view also of the possibild§ including a high content of
inorganic phase, of an easy control of their properby a suitable choice of
reactants and catalyst and of the easy applicafieuch materials as thin coatings
onto plastics substrates [19].

The aim of this approach is to combine the propserbif different materials leading
to the development of composite materials or blemdahich two different phases
with complementary physical properties are mixedl. \Bhile using a polymer as
organic phase gives tenacity and flexibility aslvasl a good adhesion to different
substrates (that is extremely important in the cafseoatings application), the
inorganic component brings in the hybrid its touggsand a remarkable thermal
and chemical stability as well as good barrier praps. Furthermore, the concept
of composites originated in the idea of producirggerials having better properties
than either of the two components is achievablecbgbining the chemical
groupings with different properties at the nanoscolevel. Although such
materials are macroscopically homogeneous, theipasties reflect the nature of
the chemical building blocks from which they arengmsed. The blending of
organic and inorganic components and the synergintheir properties is
particularly useful and allows the development cétenials with totally new
properties [20]. Some recent papers and patentse, Hav instance, claimed a
strong decrease of the oxygen permeation rate astipl films by using hybrid
coatings [21-22].

The aforementioned sol-gel reaction is a methodptepare pure ceramic
precursors and inorganic glasses at relatively lemperatures. The reaction is
generally divided into two steps: hydrolysis of aletlkoxides to produce
hydroxyl groups, followed by polycondensation ofe timydroxyl groups and
residual alkoxyl groups to form a three-dimensiomatiwork, as shown in Figure
1-3.
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Hydrolysis
Si{OR); + H,0 =———— (HO)Si(OR}; + ROH
(OH)Si(OR)}; + H0 =——== (HOXSi(OR); + ROH
(OH)-Si(OR)» + H,0 =—=—= (HOX%Si(OR) + ROH
(OHKSI(OR) + HR0 Si(OH); + ROH

Alcohol Condensation (Alcoxolation)

=S5+0R + HOSi = =Si-0-51 = + ROH

Water Condensation (Oxolation)

=S+r0OH + HOSi= == =Si-0-5i= + HOH

Overall Reaction I

H,0, solvent o~ i-o-:Si-O—Si—o/ \
Si(OR), O o0 b

H*, OH ! N I
N _/o—§l-o-§=—of§l—o\ /

; i
N /7N

Figure 1-3,Reaction scheme of the sol-gel route [15].

The sol-gel route generally starts with alcohobic,other low molecular weight
organic solutions of monomeric, metal or semimatikbxide precursors M(OR)
where M represents a network-forming element ssc8iaTi, Zr, Al, B, etc., and
R is typically an alkyl group (1), and water. Generally, the hydrolysis and
condensation reactions occur simultaneously onedydrolysis reaction has been
initiated. Both the hydrolysis and condensationpstgenerate low molecular
weight byproducts such as alcohol and water. Tisesall molecules must be
removed from the system, and such removal would, léa the limit, to a
tetrahedral Si@ network if the species were silicon. The removél tleese
byproducts also contributes to the high shrinkdge bccurs during the classical
sol-gel process.

In the case of silicon based metal alkoxides, thdrdilysis and condensation
reactions typically proceed with either an acidase as catalyst, and the structure
and morphology of the resulting network stronglyeled on the nature of the
catalyst, in particular, the pH of the reaction][15

In this concern, a new range of material propextess be produced, incorporating

many different polymeric or oligomeric species withinorganic networks by
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different synthetic approaches. The chemical bogtgdvéen inorganic and organic

phases can be introduced mainly by three approaches

* Functionalizing oligomeric/polymeric species witilase, silanol, or other
functional groups that can undergo hydrolysis anddensation with metal
alkoxides.

» Utilizing already existing functional groups withthe polymeric/oligomeric
species.

* Using alkoxysilanes (R-Si(OB)as the unique or one of the precursors of the
sol-gel process with R- being a second-stage paiygatde organic group
often carried out by either a photochemical orredrcuring following the sol-
gel reaction [15].

Figure 1-4 is a FE-SEM micrograph of a PVOH-gi@brid gel reported as an

example of the microstruture and of the morpholofythese organic-inorganic

systems, and it shows that silica domains, withlyfasmall size, are uniformly
dispersed in the polymeric matrix, suggesting ttneng interaction between the

two phases that characterizes this network [23].

Figure 1-4, FE-SEM micrograph of a PVA/Sihybrid gel with TEOS contents 0.04 mol [23].
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1.3 Microfibrillated cellulose

Although microfibrillated cellulose (MFC), a biodeglable system produced by
delamination of cellulosic fibers in high-pressum@mogenizers, has been know
since the beginning of the 80s, it is in the recgdrs that it is emerging in the
world of nano-phased materials for its surprisingperties, promising for a wide
variety of applications.

A fully delaminated MFC consists of rather long roitbrils, in the micrometer
range (usually between 700 nm andurh), with a diameter of some tenths of
nanometers (10-20 nm). Microfibrillated cellulosensists of nanostructures with
high stiffness and strength, crystals with selfamiging effects, and hydroxyl
groups at the surface, providing reaction sitesfliother modifications [24]. It is
soluble in water where it tends to form a highlgoaus, shear-thinning transparent
gel.

20808 L Iy BB A E

Figure 1-5 SEM micrograph of a kraft pulp single elementiiivgr (Scale bar: 1Qm) [25].

There are several potential applications for suelw olass of cellulose regarding
the field of paper and paperboard materials: takithgantage of its features, MFC
can be indeed applied to improve the mechanicgbgsties, as surface strength
agent to prevent linting, or to form nano-coatimgshano-barriers. The MFC is a

highly attractive organic and biodegradable reicdonent for polymer




Chapter |

nanocomposite, due to its high aspect ratio, goedhanical properties and its
ability to form networks. Films of pure microfidated cellulose can also bear
large stresses and strains before failure andprsequence, MFC can be used in
biodegradable composites with for instance stahehthe recent years, indeed,
several composite systems have been prepared adiedst either from the
mechanical or from the barrier properties pointvagw, showing remarkable
improvement due to the addition of MFC [26-28].

Figure 1-6 shows two SEM micrographs of a starchtrima(50/50
amylopectin/glycerol matrix) reinforced by cellubo:anofibrills and of a pure
MFC film.

Figure 1-6, FE-SEM micrographs of the surface of (a) cellaloanofiber reinforced composite
and (b) a neat cellulose film. (Scale bars: (gjr8and (b) 1.2um) [29].

As one can see in the pictures, some porosityesegmt in both cases, while the
random orientation and distribution of the fibessto be considered as apparent.
The thickness of most nanofibers is about 30 niioabgh thicker entities are
present and the typical nanofiber length is sever@rons, resulting in a high
aspect ratio [29].

A crucial point, to predict and control the propestof cellulosic systems is to
understand the water-cellulose interaction duénéostrong influence of the water
content onto the structural and mechanical progedf such hydrophilic material.
In this concern, the particular structure of thenwfibrillated nanofibers is able to
reduce the water uptake, while the kinetic of thmsture sorption is surprisingly
rather long, as reported by different authors [20-3his makes these materials

interesting for a broad variety of applications.
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1.4 Self-assembling monolayers

Organic molecules can spontaneously assemble dousasurfaces to form a
highly-ordered, crystalline-like monolayer, in whi¢he hydrocarbon chains are
oriented almost perpendicular to the surface, asshn Figure 1-7.

5 T eens
._:'_:;__I"-\.' !_-_5"_'. ¥
L "‘I'Lf‘:.

o
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Figure 1-7, n-alkanthiolate self assembled monolayer on gold. [33

The formation of monolayers by the organization sofffactant molecules at
surfaces is one example of the general phenomesaifeassembly. The ability to
tailor both head and tail groups of the constituantecules makes self-assembling
monolayers excellent systems for a more fundameutalerstanding of the
mechanism which is affected by competing intermakec molecular-substrates
and molecule-solvent interactions.

SAMs are ordered molecular assemblies formed byattsorption of an active
surfactant on a solid surface. This simple procesxkes SAMs inherently
manufacturable and thus technologically attractaebuilding superlattices and
for surface engineering. The order in these twoetisional systems is produced
by a spontaneous chemical synthesis at the interd@cthe system approaches
equilibrium. Although the area is not limited tanfp chain molecules, SAMs of
functionalized long-chain hydrocarbons are mosguently used as building
blocks of super-molecular structures [34]. One deepason why organic
materials are attractive in such diverse fieldsrabably due to the tunability of the
properties of these materials by selectively maddyspecific functional groups

while leaving the rest of the molecule unchange.[3

10



Chapter |

The general concept of self-assembly, which expldite preferential, strong
binding of one functional group of the moleculethe substrate is the preparation
both from solution and from the gas phase, exceptthfose systems, where a
precursor reaction is required in the solution.

The ease of preparation and the low costs of swudeposition are one important
reason for the popularity of SAMs. They can be pre@ using different types of
molecules and different substrates, widespread pbesmare alkylsiloxane
monolayers, fatty acids on oxidic materials anca#thiolate monolayers.

The principle to prepare a SAM is rather simpleceothat the substrate has been
properly cleaned, it has just to be dipped into ¢beresponding solution for a
certain period of time, and the monolayer will asbke. Considering the
alkanethiolate on gold, the route of synthesishsas in two steps in Figure 1-8:
the substrate, a golden sheet, is immersed intetlzanol solution of the desired
thiol. After an initial fast adsorption (order of agnitude of seconds), an
organization phase follows, which should be allowe@dontinue for a longer time
(about one day) in order to achieve the best result

Au on Si{100)

| 2 |
lﬂ" )" -?.i i}‘? Thiol salution
I Adsorption
| |
AL
@ ‘ Urganization

[1 0y J l |

Figure 1-8, Scheme for the preparationmealkanethiolates SAMs on gold [35].

These materials often exhibit optical, electricaptoelectronical, mechanical,
chemical, or other properties interesting for tlmeeptial applications, which are

not accessible with inorganic materials. Besidesdlassical areas of technology,

11
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organic thin films can also play an important risle@nterfacing bio-technological
devices [36-37]. An important application of thesaterial belongs to the field of
the barrier properties; it has been proved, indagbdt the thin (1-3 nm)
hydrocarbon layer of the SAM can provide significprotection against oxidation
to a metal surface. This demonstration is basetherobservation that the rate of
oxidation becomes slower as thelkanethiols used to make the SAM become

longer, guaranteeing therefore a thicker barriged§38].

1.5 Barrier properties of nanostructured materials

The above mentioned qualities of nano-sized matarma often exploited in the
field of membrane applications, such as gas saparats well as in the packaging
industry; in both cases, the permeation of chenspaties through the polymeric-
based membrane plays a key role. In gas separagombranes, nanotechnology is
often employed to develop new classes of matenelh improved perm-
selectivity preserving the productivity levels aldg achieved by pure polymer
membranes. In this concern, the combination of reared ceramic materials with
the polymer matrix has received much attentioregent years [39-42].

On the other hand, barrier films find applicatioms& wide range of different areas
in preventing the permeation of species which wod&image the packaged
product; a fist example is in paints where keepiger out is usually the primary
objective and the addition of aligned mica flakas mhibit metal corrosion [43].
Although the barrier performance of materials h@eehaps never attracted so
much industrial attention as over recent decadégnwt started to be associated
with some modern food and beverage packaging téopies making use of
plastic materials [44-46], it became an importasgue associated with food
commercialization, food shelf life extension, qtaland safety [47]. The widest
application for barrier membranes is, indeed, iteeding the shelf-life of the food
product, i.e. the time during which food maintaiits hygienic and sensorial

characteristics. Shelf-life can be significantlypimaved by enhancing the barrier

12
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properties of the food package towards oxygen ¢hables microbial metabolism
and food degradation. The decrease of the oxygersfer rate would therefore
allow to widen the application of plastic filmsttee packaging of a lot of different
food products, whose shelf-life is today achievgdablow temperature storage
coupled with particular packaging conditions, suab Modified Packaging

Atmosphere (MPA) [48].

13
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CHAPTER II

Experimental

The mass transport through polymeric membranedeapproached by the sorption-
diffusion model, in which the process is describgdwo different steps: at first the
dissolution of the probe molecules in the polymematrix and then its diffusion
through the membrane, driven by a chemical potegitéient of the gas.

The gas diffusion in polymer generally is correatBscribed by the Fick’s law with a
diffusion coefficient that can be considered comistan a reasonable wide
concentration range; it is thus assumed as notgih@rduring the test. Under these
conditions, Fick’'s law gives the distribution ofetlyas concentratioa (x,t) in the
solid phase as a simple material balance for theeswithin the membrane:

% _ bme (1)
ot

Appropriate boundary and initial conditions haveoato be applied to describe the
experimental conditions. In the present case, petisrmembranes are thin films in
which the thickness of the geometry is considerabigller then the other dimensions
and it should be considered that the diffusion c&@a only one dimension, through
the thickness direction. In this hypothesis theagigm becomes:
oc _ b d°c

_pZl> 2
ot ox? @

2.1 Permeation

In permeation experiments in polymeric membranbs, mass transport is a pure

diffusive phenomenon and, since the solution polygss is extremely diluted, the
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mass balance is given by Eq. (2). Hence, the pnolblas been uniquely described by
imposing the proper boundary and initial conditiohse two membrane surfaces can
be considered as at constant concentration inntieedest: the pressure, indeed, is
proportional to the concentration according to ienlaw (c = Sp), and it does not
change significantly due to very low fluxes. Theas initial condition, the
concentration in the membrane has been considerechiform, and in most of the
case, it is equal to O (dry membrane). The comgetés formalized as follows:
c(0t)=c

c(l,t)=c, 3)
c(x,t) =c,

wherel is the thickness of the membrane.

In the first part of the test, a transient statelserved due to the gas sorption of the
solid phase, and then a steady state is reached thbeanembrane has been saturated
and the solute concentration remains constant glihi@ time. Therefore, under these

conditions and iD is kept constant and the Fick’s law becomes:

2 2
@:Da_(z::o:dg:
ot oX dx

The integration of Eq. (4) gives easily the concaian profile in the membrane as

0 4)

linear along thex direction:
c-c
C,~GC

Furthermore, the steady conditions guarantee atamndlux Jss through the

(5)

X
I

membrane and it can be expressed as:

6C D (Cl B CZ) (6)

J$:— —_— =

oX I
However, in permeation experiments, the differémii@ssure among the sample is
known rather thei;, andc,, and the concept of permeabil®yhas been introduced:
J:P(pll_pZ) (7)
At this point, by means of the Henry’s law, it isgsible to derive the relationship
between permeability and diffusivity, beighe gas solubility in the polymer film:
P=DIS (8)
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In case of a manometric apparatus, the amount gk rparmeated is calculated by
monitoring the pressure of the downstream volurhat(has known value), and the
flux at the steady state can is linear with thespuee derivative and, in the assumption
of ideal gas, it is given by:

9] =[%j 3t (9)
s d ) ., RT A

whereV is the downstream volumA,the membrane area amdhe temperature.

The Transfer Ratel(R.), or permeance, is a specific flux density; hehgés divided

by the driving force of the phenomenon, i.e. thespure difference:
9 dp v 1

TR= ST :—( 1) EI—E—IEG(i (10)
P~ P, dt tooo RT A pl_p2)

However, the permeance is still an operative pitypdrecause it is related to the

sample geometry, namely the thickness of the fikhile the permeability depends

only on the nature of the membrane and it is glwen

-3, @ (dp j YA 1
P=T.RO= =l :—[ 1 G—G—J(i (11)
P~ P, dt tooo RT A pl_pZ)
The permeability has been expressed in Barrer:
3
1 Barrer=10~10 j &M (STP)em (12)
cm? 5 [EmHg

To describe the complete process and to captureoth@entration behavior over time
in the transient state, the differential equation @9 has to be solved considering the
I.C. and B.C. in Egs. (3), and the complete soluigogiven by Crank [1]:

X 2&.Cc,c0SNT—C, . N7X _
c=¢ +(c, _Cl)_+_z 2 1sin e DI
| 7 n | (13)

2 . NI g | . n7x'
+I—Zsm|—e D71 jf(x')sml—dx'
n=1 0

The instantaneous flux that exits from the membiarke permeate rate at 0, i.e.
the low concentration surface, and it is given by:

_pfé
e = D( axszo (14)
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Substituting the concentration profile of Eq. (BB integrating over time the flux at
the interface, the amount of perme@tet timet is determined.
In the hypothesis of negligible pressure in the dstweam volume and dry membrane

att = 0,Q; can be written as:

w [ (_q\n _Dm*@’m
Qt =D_2[ﬂ_1_£[2 ( ]2-) S 12 (15)
Ic, | 6 T T\ n
And in the limit oft — « Eq. (15) has an asymptotic behavior:
Q. = Dz[ﬁ _1 (16)
IIC,), .. | 6

In this concern, the time-lag valué,, defined as the intercept on thexis of the
straight line which approximates this curve at longes when steady state conditions
are approached, allows the calculation of the diffa coefficienD as follows:

|2

9 “ 6D (17)

2.1.1 Permeation in multi-layer samples

In case of multi-layer film, the material cannot bensidered as uniform and the
Fick’s law has to be written with a different di§ion coefficient for every layer of the
sample.
Concerning the steady state of permeation, the gaitity P; of thei-th layer can be
evaluated from a simple series resistance approach:

|
T.lR. ) Z (T.;.)i ) ZFI (18)

The analysis of the kinetics of diffusion was deypeld by Barrie [2] who adopted the
solution given by Jaeger [3] to the analogous tlapnoblem and the diffusivities of

a three layers film can be evaluated using the-tagegechnique:
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PR [“IIIJ[III”
L, L, s |D(6R 2B 2B) D, (2R 6R 2R

1401

RP R (19)
+1[%|§[|1+ Bl }quzls}
L, L., [D(R" 2 6R) RDRA
RR P

where8ix3is the time lag resulting in a permeation testhanthree layer sample.

2.2 Sorption

In case of sorption experiment, the specimen is ensed in a gaseous phase at
uniform concentration, so the problem is still désd by the Fick’s law, but a
different set of boundary and initial conditionsshia be considered. In the present
work, differential sorption tests are performed byeans of a pressure-decay
technique: the solubility, or the concentrationtarms of penetrant mass absorbed per
sample mass, is evaluated measuring the decayessyre of the gaseous phase in a
known volume. The test starts with a certain cotre¢ion in the gaseous phase which
decreases due to the sample absorption, until Wieenet flux through the membrane

is zero and the concentration is thus uniform withie sample.
If M {"is the initial mass in the gas phase in the prentiex at the-th step, anavl
is the mass in the gas phase at the equilibriutharsystem pre-chamber and sample-

chamber (in the end of theh step), beingn, the initial mass of the specimen (dry),

the penetrant concentration is described by:

M ) _ M () M D -\ (D
-1) — 00 (- 00 ) (20)

m, m,

c) —cl

The concentration at the equilibrium of the fistsican be evaluated by means of
measurement of the experimental pressure; in & ighs approximation, the initial

and final values of the pressupg,andp.,, knowing the volumes of the two chambers
(Vco1, volume of the pre-chamber aN@g,, volume of the sample-chamber), give the

gas or vapor solubility in the sample:
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(1)

o P
|\/lol _%ww,pen (21)
MOEI-) = p°(°l) mV(;)-:II-_-'-VCOZ) EMW’pen (22)
More generally, in the following steps, to evaluddg at thei-th step:

(0 (i-D)

@ — (Po” Veor + Pe W)
MO - 0 Cco1l RT C02 DMW,pen (23)
M® = pg) [Veo1 +Veor) M (24)

RT W-pen
Where p!™ is the equilibrium pressure of thél)-th step andp’ the initial

pressure at the following oneth). As obvious, the above expression has a genera
validity, and so, in order to analyze the kineti¢giffusion, the instant value of the
absorbed mass can be determined from the preg@uet timet.

In a pressure-decay experiment, the pressure ing#se phase changes and the
concentration on the interface solid-gas is expgetiievary due to the mass absorbed
in the specimen: the hypothesis of boundary camditionstant in time is thus not
longer correct and the problem has to be propeflyrmulated.

Considering a 2 thick slab, ifa is the ratio between the volume of the gas phade a
the membrane surface, the conditions at the boiesdaecome:

adc_,no x=2l, £>0. (25)
K ot oX

This equation is a mass balance and states thatntibent of penetrant absorbed in
the sample at the surfaces= £ | is equal to the mass that left the gas phase. The
partition factorK is the ratio between the concentration in thegese and the one
within the specimen. In the hypothesis of ideal, gmgenR the ideal gas constant and
Sthe gas solubility in the sample, the partitioctda is given by:

K=8SRT (26)
The solution to this problem was developed by Critlkby means of Laplace

transforms; the instantaneous mass absorbed irsdh®le is then expressed as

follows:
M(t) :l—i 20’(1"'0’) e_Dqﬁt”Z (27)
Moo n=11+a+a2q§
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where a is the ratioa/(K I) between the volume of the solution and the mengdran
while g, are the positive, non zero, solutions of the dqoat

tang, = —aq, (28)
The aforementioned solution is correct in the a#saeitially dry sample while in the

following steps, it has to be modified:

MiZ=Mo) _y_§ 2a(1+) oo 9)
MO -ME) T Hvara’d]

From the best fitting of Eq. (29) in the experima@rdata, the diffusion coefficiem
can be evaluated.

For the study of gas and vapor solubility in malggr samples, a mass additive rule
was considered to identify the individual contribns of each layer to the water

uptake:
Ceq,tot = le |]:eq,i (30)

where Ceqiot IS the equilibrium water concentration in the sEmMEy,; is the

equilibrium water concentration in each layandx; the corresponding mass fraction.

2.3 Apparatus description

2.3.1 Permeometer

The permeability of pure gases in the various filwas investigated by using a
closed-volume manometric apparatus, especiallygdesdito characterize ultra barrier

films and shown in Figure 2-1.
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Thermostatic chamber

Penetrant Eeservoir

GH—

1] [] Sample
g Holder

X - - - - — T

|

o —b—

[

I . Drownstream |

X [ Wolume I

LGy J

@ to the vacuum pump

Figure 2-1, Layout of the permation apparatus.

A pressure difference is maintained across thesiaes of the sample and the amount
of mass permeated is calculated measuring theyseesgrease in a closed volume of
known dimensions at constant temperature. As obderv Figure 2-1, the apparatus
is divided, by the sample holder, in two differettilumes; the downstream side is
kept as small as possible to have the highesttagtys{30 + 1.5 cni), while in the
upper part there is a relatively big reservoir (&b L) where the probe gas is filled.
The specimen, whose permeation area is about $6israrefully clamped in the
sample holder where 2 O-rings in Viton allow goedlsg.

To ensure the evacuation of any chemical specissried in the sample before every
test, an ultra-vacuum pump is used, which guararbsolute pressure values in the
order of magnitude of 1910* mbar. In the downstream volume, a high-resolution
manometer gives the instantaneous values of thesyme that gives the amount of
mass permeated. The manometer works in the rarigerfbar with a sensitivity of
0.001 mbar and with an accuracy of 0.15% of thdirga In order to have the correct
value of the driving force, the differential presswacross the membrane, another

manometer is placed in the upstream volume, onréservoir, whose values are
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supposed to be constant while the tests are caotiedThe entire apparatus is then
kept in a thermostatic chamber to have a constamperature.

The experimental procedure starts by setting tleeispen in the sample-holder and it
is then pre-treated to evacuate the chemical spealeady absorbed in the
membrane, by connecting the chamber with the vacowmp for a sufficiently long
time, depending on its properties and thicknesspa&e sure that the sample will be
completely dry.

After this treatment, the experiment starts by idgghe valve on the downstream
volume, and the reservoir is connected with the brame: the differential pressure
across the specimen is therefore accomplished.

In the first part of the test, the flux trough tmembrane increases until the material is
saturated and the steady state is reached ancpeeiraent can be thus finished; an

example of a permeation output is reported in Q2.
1.8
161
1.4+
12+

1.0 |

0.8

Downstream pressure (mbar)

04

0.2

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 40

0.0 L
Time (h)
Figure 2-2, Permeation experiment output.

Every data point (in terms diR. and time-lag) is collected at least twice to assur

complete repeatability and reliability of the me@snents.
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2.3.2 Humid permeometer

A second permeation apparatus was then developetieosame basis of the one
above described, to allow the characterizationash@es in presence of humidity.

Measurements of either pure water permeability wnidified gas permeability are

carried out by means of the close volume manometpicpment detecting the amount
of mass permeated by monitoring the pressure inaavik volume. The permeation

part of the apparatus is essentially the same @fotie for pure gases, but a new
section has been added to pre-treat the specimegrtain humidity and to ensure a
flow-experiment at controlled R.H. in the upstreaection, as one can see in Figure
2-3. In this concern, the sample holder has an ard outlet connection in the upper
section, the latter provides the necessary purdeép the desired humidity content

constant during the test.

X{Vaccmu X{ Oxygen feed

Sample X{ E{E
1:_'1 e Holder @
diff

%

Oxygen

Purge feed %

Figure 2-3, Layout of the humid permeometer apparatus.

In all cases, the specimen has to be pre-treatedobgecting it with the vacuum
pump for a sufficiently long time to ensure thak thle chemical species therein

absorbed have been evacuated. The water vapor geaitityetest, then, proceeds
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simply as previously described for the case of parggen experiments: the
downstream volume is closed and the sample is cbedievith the water reservoir
charged at the desired pressure. From the outptheotest, both permeability and
diffusivity can be determined from the analysidité steady state flow and the time-
lag, respectively.

On the other hand, humid gas permeation testsneequiurther pre-treatment of the
specimen that is set at a certain water activityl equilibrium conditions have been
reached. At this point, humidified gas (at the samater activity) is flowed in the
upstream section and the permeation experimentstah In this concern, after a
short transient time, due to slight water presdlifierence causing a water flow
through the membrane, the partial pressure of watédre same in both sides, and,
consequently, there is no force driving the watecrbss the sample. On the contrary,
the gas pressure difference causes the flow freamupstream part to the downstream

volume.

0.1

[ey]

0.14

012

Fressure (mbar)
i
i
[ )

|:| |:||:| | | 1 | | | | | | 1
0 2 4 B B 10 12 14 16 18 20

Time (h)

Figure 2-4,Humid permeation experiment output.
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From the analysis of the increasing pressure smvbiume showed in Figure 2-4, the
amount of permeated gas can be evaluated as wiikagas permeability at certain

humidity.
2.3.3 Pressure decay

The experimental device that has been used fagrdifitial sorption test is a pressure-
decay apparatus with double chamber, in which theumt of absorbed gas or vapor
is measured as decay of pressure of the gaseoss {gh@known volume. As reported
in Figure 2-5, the system is characterized by achenber where the penetrant is
charged at a certain pressure controlled by a prghision manometer (range 0-100
or 0-1000, with a resolution of 0.01 and 0.1 mibaspectively) and a second chamber

where the specimen is set.

’—e Vacuum

Y02

Water
reservoir

Pre-chamber

Sample chamber

Figure 2-5, Layout of the pressure-decay apparatus.

The specimen is at first weighed with an electrdratance with a precision of +1ig
and it is then set within the sample-chamber, whiohturn, is sealed with an

aluminum gasket; in order to evacuate the chensipaties present in the material,
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the sample is pre-treated by connecting the chamitterthe vacuum pump for a
sufficiently long time.

At the beginning, the pre-chamber is filled witle forobe gas up to a certain pressure
and, when the valve between the two chambers isaape¢he experiment starts. The
pressure suddenly drops to a specific value duthéovolume expansion, easily
predictable in the assumption of ideal gases; therpenetrant molecules go into the
specimen causing the pressure decay: from its atiatu the mass absorbed is
determined. After a certain time, steady state itmm$ are reached, the penetrant in
the sample is at the equilibrium with the one ia as phase and the pressure does

not change anymore; an example of the sorptionubiggreported in Figure 2-6.

1.2

0.0 :

0 50 100 150 200 250

W(SD.E)

Figure 2-6, Sorption experiment output.

Closing then the valve between the chambers, possible to repeat this procedure
increasing the pressure for the following sorptsd@p. A sufficient number of steps
has been carried out in order to carefully descttitgeentire range of activity and to

obtain an accurate sorption isotherm for the sysieatyzed.

30



Chapter lI

The complete test is repeated at least twice toensake of the repeatability of the

results.

2.4 Material description

2.4.1 Organic-inorganic hybrids

The organic-inorganic hybrid samples analyzed is $ection were developed by the
Department of Materials and Environmental Engirmegeat the University of Modena
and Reggio Emilia (set 1.a and 1b, PE-PEG basddmg$ and by the Department of
General Chemistry, Inorganic Chemistry, Analytice@tistry and Physical Chemistry
at the University of Parma (set 2, PVOH based sys}tavithin the Italian framework
funded by the Project “Organic-inorganic hybrid @ogs for Packaging innovative

Films”.

2.4.1.1 PE-PEG/S-S0;

A bubble extruded LDPE thin film, 45m thick, supplied by Polimeri Europa S.p.A.,
was used as polymer substrate for hybrid coatiktigh purity tetraethoxysilane
(TEOS, Aldrich), 3-isocyanatopropyltriethoxysila€PTES, Fluka), ethanol (EtOH,
Carlo Erba), tetrahydrofuran (THF, Sigma-Aldrichydrochloric acid 37% solution
(Sigma-Aldrich), sodium hydroxide pellets (SigmadAth), two different
monohydroxy terminated polyethyleneblock-poly(edmg glycol) copolymers
containing 50 and 80 wt.% of ethylene oxide andifil, = 920 and 2250 g/mol,
respectively (PE-PEG(50) and PE-PEG(80), Aldriclgrevalso used as received
without further purification.

The triethoxysilane terminated copolymers PE-RBS( triethoxysilane terminated
copolymers were prepared as follows [4-5]. ICPTESS weacted in bulk with the PE-
PEG hydroxyl terminated copolymers in molar ratid d:1. The reaction was carried
out in a 50 mL glass flask with magnetic stirrirag, 120°C, for about 3 h. The

progress of the reaction was monitored using FBRctroscopy by following the
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increase of the strong absorption band of the arethgroups (at about 1760 ¢m
deriving from the reaction of the hydroxy groupsthwisocyanate groups and the
disappearing of the band related to isocyanatepgrgat 2300 cf). It was found
that, under the experimental conditions used irs @tudy, the reaction goes to
completion within 3 h. The expected structures had final products, respectively
coded as PE-PEG(50)-Si and PE-PEG(80)-Si (in wiihehnumbers represent the
weight percentage of ethylene oxide in the commaércopolymers) have been
confirmed also by th&H NMR [4].

The hybrid coatings of this series (set 1.a) waepared by dissolving TEOS and
triethoxysilane terminated copolymers, PEPBERi, in warm THF under magnetic
stirring at the concentration of 30% wt./v. Wattar (the hydrolysis reaction), EtOH
(to make the system homogeneous) and catalyst @d@GlaOH) were added at the
following molar ratios with respect to the overathoxide groups (deriving both from
TEOS and functionalized copolymers): EtO-:H20:EtGdtalyst = 1:1:1:0.05, and
finally partially cured in a closed vial at 60°Cr & h before deposition on the LDPE
substrate.

The preparation of PE-PEG(80)-Si/SiD 1 hybrid is reported in the following as an
example: 0.70 g of a PEPEG(80)-Si and 2.30 g of $@re added to 10 mL of THF
until a homogeneous solution was obtained. Thel g.6f a mixture of EtOH, water
and HCI (in molar ratio 1:1:0.05) were added urstering.

Most of the coatings were prepared using HCI aalgstt and the final hybrids were
coded as XN, in which X is a letter indicating tm®lecular weight of the organic
component (H = high, L = low) and N is a figure responding to the nominal weight
percentage of inorganic component, calculated asgurthe completion of the
hydrolysis and condensation reactions during theesloprocess.

Other samples were prepared using either a battyst(NaOH) or a pure organic
phase as the coating. Deposition and thermal cufipglymer-silica hybrids onto PE
substrate polymer/TEOS homogeneous solutions prdpsrcording to the procedure
previously described were deposited onto LDPE filgh80 x 130 mm) by spin-
coating using a spin rate of 1000 rpm for 30 s.

Spin-coating is useful to obtain very thin filmggically 0.1 - 1um) just on one side

of the substrate, and this application techniqus wsed in this work as it is known to
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lead to uniform thickness over wide surface ardaystmaking permeability
measurements more reliable. All coated films webtaioed using LDPE films
washed in methanol before coating application, ewthany previous surface
treatment. The samples, after deposition, wereestdy to a thermal post-treatment at
60°C for 24 h in an air-circulating oven.

The resulting network molecular structure and molpyly are dependent on the
reaction conditions and in particular on the kiriccatalyst used (acidic or basic) and
on reaction temperature and time. Under acidiclysit&a highly branched silica
chains grow preferably up to gelation, whereas uhdesic catalysis silica particles
grow first and then form bonds, leading to gelaifiothe last part of the process. It is
also useful to emphasize that, due to moleculastcaints, Si-O-Si connectivity is
usually far from that expected by a complete cordean reaction and is typically
about 80-85% of the theoretical values [6-8]. Tisans that a significant amount of
silanol groups (Si-OH) are included in the finabhyg material along with siloxane
bridges, and their capability to form hydrogen b®mdth the included polymer can
play a relevant role with respect to the polymeaichmobility within the organic
domains, where oxygen diffusion is expected to nccu

Coatings with different organic-inorganic ratios reveprepared using PE-PEG-Si
block copolymers and silica from TEOS, in orderassess the effect of parameters
such as their composition and the molecular weaftlhe organic phase. The coatings
were applied to the LDPE film without any previagigface treatment, as it has been
previously demonstrated that they are able to teagood adhesion to commercial
LDPE films [4]. Because of the presence of thdkaaysilane terminal groups, PE-
PEG-Si is expected to form covalent bonds withitleeganic precursor, TEOS. This
in turn is expected to favor the formation of onganorganic nano-sized domains
with extended interface [9]. Indeed, all the coatitds were as transparent as the
original LDPE film, supporting the hypothesis ofrimation of nano-sized domains.
Different PE-PEG-SI/TEOS weight ratios (from 33%6i06% of silica) were used to
investigate the role of the organic and inorgaremponents on the gas transport
behavior.

In all cases, the solution was allowed to reactfgiven time before being applied by
spin-coating onto LDPE films, and the same postiagion thermal treatment was
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also performed on all coated films. In order toaittreproducible and uniform
coatings, the initial solutions were applied to fit@stic films by spin coating, leading
to rather small thickness values (0.5 grh). No significant defects were detected on
the surface at visual inspection and a quite godigdesion was observed for all
samples, as attested by the SEM investigation ef dtoss-sectional view of the
fracture surfaces (fractured in liquid nitrogen)tbé coated films (see Figure 2-7 as
an example). Due to the mild curing conditions yseddeformation was observed in
the coated LDPE films.

Figure 2-7, SEM micrograph of the edge view of LDPE film cahteith H50 hybrid coating.

Table 2-1 summarizes the main composition datalfahe hybrid coatings tested and
reports data about the film thickness, as measbye8EM from the cross-sectional
view of the coated films. The coating thicknesséslbthe samples inspected are
quite uniform over the surface of each sample,rande from 0.72 + 0.0am for the
coating with high inorganic content (67%), to 1#60.08um for the coating with low
inorganic content (33%) (Table 2-1).

It is expected that a critical role on oxygen peabikty is played by the final
morphology, which in turn is affected by severalriailes, including polymer
molecular weight and type of catalyst used. Two AEEs-Si copolymers with
different molecular weights were used as organiasph and the coatings were

prepared either under acidic (HCI) or basic (Na©&tgalysis.
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Table 2-1,List of uncoated and coated LDPE films analyzed 1s@).
Coating characteristics

Film thickness

Code Sample um O/l Silica content M, (PE-PEG)
ratio % wit. g/mol
LDPE uncoated 45 - - -
H67 coated PE-PEG-SI/SjO 45+ 0.72 1:2 67 2250
H50 coated PE-PEG-SI/SjO 45 + 0.82 1:1 50 2250
H33 coated PE-PEG-SI/SjO 45 +1.00 2:1 33 2250
L67 coated PE-PEG-SIi/S}O 45+ 0.72 1:2 67 920
L50 coated PE-PEG-SI/SjO 45 +0.82 1:1 50 920
L33 coated PE-PEG-SI/SjO 45 + 1.00 2:1 33 920
HOO coated PE-PEG 45 +5.0 - - 2250

coated PE-PEG-SI/SiO

. : 45 + 0.82 11 50 2250
(basic catalysis)

H50B

A second series of samples (set 1.b) was spetyfidaveloped by adding a new
component with a low permeability characteristiolypd-hydroxystyrene), PHS, to
the copolymer PE-PEG constituting the organic phaseder to improve further the
oxygen barrier effect [10].

This component, the TEMPO-terminated PHS, was peebday living free radical

polymerization in the presence of 2,2,6,6-tetraylptperidinyl-1-oxy (TEMPO) as

shown in the reaction scheme reported in Figurd 8

=

H MPOBPO 'hHJ-(JH MeOH
I125°%C; \ 480 (5( Ny d4h

O\C4O

CHs,

d-acetoxystvrene poly(d- auemx}-s!} rene) poly(4-hydroxystyrene)
Figure 2-8, Preparation of poly(4-hydroxystyrene) from 4-agggiyrene.

Briefly, 4-acetoxystyrene (5.0 g, 30.9 mmol) waagald in a 50 mL round bottom
flask and purged under nitrogen. The initiatingteys (TEMPO/BPO molar ratio 1/
0.77) was then added to get the desired molecutgghtt For example, to obtain a
molecular weight of approximately 16000 g/mol, alam@atio of 1:100 initiator to 4-
acetoxystyrene, was used. After addition of th&atar, the polymerization mixture
was heated at 125°C, under nitrogen, and stirred8d. The reactor was then cooled

to room temperature and the polymer dissolved &tae (15 mL), and isolated by
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precipitation inton-hexane (100 mL). The polymer (TEMPO-terminatedy@bl
acetoxystyrene)) was then filtered, washed witiexane, and dried in a vacuum oven
overnight at 50°C. To a slurry of poly(4-acetoxystye) (5.0 g, 31 mmol of acetoxy
groups) in refluxing methanol (40 mL), ammonium toydde (2.5 g, 69 mmol)
dissolved in water (7 mL) was added drop wise ddgrmin under nitrogen. The
reaction mixture was refluxed for 14 h, to allove folymer dissolution. The solution
was then cooled to room temperature, and the polyemevered by precipitation into
hexane (100 mL), filtered, washed with water, andddin a vacuum oven overnight
at 50°C. Typical yields of poly(4-hydroxystyrene)emne 64-72%. The expected
structures of the final products have been confifimgthe'H NMR (d 1.87 (m, Ch
CH-Ph), 2.76 (m, CH-Ph), 6.65 (m, Ph-0-OH), 7.33 Bh-m-OH), 9.83 (s, OH)). A
number-average molecular weight of 14400 g/mol, determined frontH NMR by
comparison of the signal at 2.76 ppm (1 protonefach repeating monomeric unit)
with the methyl signal of TEMPO at 1.15 ppm (12tprs) [12].

Then, the hybrid coatings were prepared as aboserided by dissolving TEOS and
PE-PEG-Si in THF under magnetic stirring at theasorration of 30% w/w. Water
(for the hydrolysis reaction), EtOH (to make thateyn homogeneous) and HCI (as
catalyst) were added at the following molar ratioth respect to the overall ethoxide
groups (deriving both from TEOS and functionalizetbpolymers): EtO-
‘H20O:EtOH:HCI = 1:1:1:0.05 and finally partially @d in a closed vial at 60°C for 2
h before spin-coating deposition on the LDPE sualbesir

Some LDPE films were also subjected to plasmartreat (in air) using a 13.56 MHz
radiofrequency reactor, Plasmod 1645, supplied archl Instruments Inc. The
reactor pressure was 0.1 Torr (~13 Pa), the gasriite was 7.7 cifmin, the power
was set at 15 W and the treatment time was 2 min.

Finally, polymer/TEOS homogeneous solutions prepaecording to the procedure
previously described were deposited onto LDPE fi{xf8x130 mm) by spin-coating
using a spin rate of 1000 rpm for 30 s. After dépms samples were subjected to a
thermal post-treatment at 60°C for 24 h in an acttating oven. Samples of this

series have bee listed in Table 2-2.

36



Chapter lI

Table 2-2,List of uncoated and coated LDPE films analyzed {sb).

Sample Film Component wt fractions
code coating thlcllfr:ess PE-PEG SIiO ?‘t?/gg%g
LDPE Uncoated LDPE 45 - - -
H50-M05 PE-PEG-Si/SigOMA 45 + 0.80 0.475 0.475 0.05 (MA)
H50-M10 PE-PEG-Si /SigOMA 45 + 0.88 0.45 0.45 0.10 (MA)
H50-M20 PE-PEG-Si/Si@MA 45 + 0.85 0.40 0.40 0.20 (MA)
H33-S22 PE-PEG-Si/SIPHS 45 +1.00 0.45 0.33 0.22 (PHS)
H67-S11 PE-PEG-SIi/SKPHS 45+ 0.75 0.22 0.67 0.11 (PHS)
H33-S44 PE-PEG-SIi/SKPHS 45+ 1.00 0.22 0.33 0.44 (PHS)
HOO PE-PEG 45 +5.0 1.00 - -
HO00-S20 PE-PEG/PHS 45+5.0 0.80 --- 0.20 (PHS)
HO00-S40 PE-PEG/PHS 45+5.0 0.60 --- 0.40 (PHS)
- -Si/SiOfi +1.00 0.50 0.50 -
H50-DL If\/EOZ%gilg;glsgeftl:rosrg(ljaéilrer 45 +0.85 - 0.30 0.70
H67P PE-PEG-Si/SiDQ Plasm& 45+ 0.72 0.33 0.67 -
H50P PE-PEG-Si/SiDQ Plasm& 45+ 0.82 0.50 0.50 -
H33P PE-PEG-Si/SiQ Plasm& 45+ 1.00 0.67 0.33 -

(b) The coating was depositod on plasma treatecEL RS,
(c) MA = malic acid; PHS = poly(4-hydroxystyrene).

2.4.1.2 PVOH/S-S O,
The second system (set 2) that has been consigdeasddeveloped using an ultra
barrier polymer such as PVOH as organic phaseehtfbrid. In this concern, fully
hydrolyzed polyvinyl acetate (PVAc) (97-100 % oétacetate groups substituted) or
partially hydrolyzed PVAc (86-89% of the acetateups substituted) can be used:
both grades are commercially available. The ina@&mnSiO, groups were obtained
by the addition of TEOS [13].
An aqueous or hydro alcoholic solution comprisingG®™ and the alkoxide in
variable concentrations, depending on the desireal O/l ratio, was prepared. In
order to catalyze the hydrolysis and condensagawtions, the solution was adjusted
to slightly acidic values by adding a small amo(hD3-1 wt%) of HCI. In these
conditions, the components reacted according taldesical sol-gel route shown in
Figure 2-9 [14].
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n -Si-OR + H,0O = -8i-OH + ROH
229 -Si-OH + -Si-OH = -8i-0-8Si- + H,0

2 -Si-OH + {CH,-CH},, == {CH,-CH}, + H,0
OH O-Si-

Figure 2-9,PVOH-TEOS sol-gel reaction scheme.

In the scheme it can be seen that, after hydrglifséssilanol groups Si-OH originated
from TEOS may react according to two competitivedensation reactions) with
another silanol group, to form Si-O-Si) with the hydroxyl groups of PVOH,
allowing the formation of the hybrid network. InetHiterature, there is strong
evidence that supports the hypothesized reactidmense and that a strong
interconnection, represented either by a covalena dwydrogen bond, is present
between the organic and inorganic domains in tie Bystems [15-21].

The sol-gel solution was then deposited on therpelysubstrates by dip coating at
different velocities (from 4.2 to 11.6 cm/min) aeWing similar results in terms of
adhesion and resistance. This technique allowedbtain samples coated on both
sides, while for mono-layered laminates a roll o@atechnique was employed, that
produced good results in terms of adhesion. Theidhyayers obtained in this way
were colorless and perfectly transparent.

The final configuration was then analyzed with SEhlcroscopy to measure the
coating thickness, which was determined to be egual+ 0.1um on each side of the
sample for bi-coated samples. Figure 2-10 repo8Ele micrograph of a coated PET
sample, where the coating layer has been purpgsidetached to allow the

determination of its absolute thickness.

38



Chapter I

— o .
i o P o — W S . — —

:--_ -1.—-- H-,‘__-;ﬂ"- ;
e e s

I 100um 1

Figure 2-10,SEM micrograph of the edge view of PET film coatéth PVOH based hybrid coating.

The final weight percentage fraction of inorgani@ape in the hybrid layers inspected
was equal to about 30% for the coating named Cdi@about 50% for coating CoZ2.
Also coatings formed by the organic phase only (PlY@ere obtained and named
Co0. The three different coatings were applied @8sum thick PET substrate: due
to the polar nature of this support, they can hgpeli into the hydrophilic sol-gel
solution without any special surface treatmentamitg a good adhesion. Other
polymeric supports, namely oriented poly-propyléoieP) cast poly-propylene (cPP),
low density poly-ethylene (LDPE) and a blend of LRIP and LDPE (COEX), were
coated with the hybrid named Col and, due to tmgirophobic nature, treated with
cold plasma before deposition in order to improdéesion. The plasma treatment
was performed in air at 30 W; the duration of tmeeit was varied from 10 s to 30 s,
obtaining similar adhesion strength. The machineduss a “Colibri” device
manufactured by Gambetti Vacuum SrL (Binasco, M), that operates within the
absolute pressure range of 0.1 - 1 mbar.

A list of the multilayer samples prepared and cti@gzed is provided in Table 2-3
where the thickness and type of polymeric suppsrtraported, as well as the
composition of the hybrid coatings in terms of fipalymer/Si-SiQ ratio.
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Table 2-3 List of uncoated and coated polymer films anady@et 2).

Substrate Coating
Code Type Thickness O/I_ ratio Thickness
(L) (final) (Hm)
PET-Co0 PET 36 100/0 1+1
PET-Col PET 36 70/30 1+1
PET-Co2 PET 36 50/50 1+1
oPP-Col oPP 30 70/30 1+1
oPP1-Col oPP 30 70/30 1
cPP-Col cPP 75 70/30 1+1
LLDPE-Co1l LLDPE 110 70/30 1+1
COEX-Col LLDPE/LDPE blend 65 70/30 1+1

2.4.2 Microfibrillated cellulose

The samples of microfibrillated cellulose here diészl were prepared at Risg,
National Laboratory for Sustainable Energy in Cdmagen (Denmark) and were
developed within the European framework Sustainpack

Two generations of MFC were developed by followiwgp different preparation
processes. For the manufacture of MFC generatigMBEC G1), a commercial
bleached sulfite softwood pulp (Domsjo ECO Brigbgmsjo Fabriker AB, Sweden)
consisting of 40% pineP{nus sylvestris) and 60% spruceP({cea abies) with a
hemicellulose content of 13.8% and a lignin contérit% was used. MFC generation
2 (MFC G2) was prepared from a commercial sulfitdtveood-dissolving pulp
(Domsj6 Dissolving Plus; Domsjo Fabriker AB, Swepemith a hemicellulose
content of 4.5% and a lignin content of 0.6% at BH&ckforsk (Stockholm,
Sweden). For both pulps, the hemicellulose conterst assessed as solubility in 18%
NaOH and the lignin content was estimated as 0 H&ppa number using the SCAN
C 1:00 test procedure [22]. Both pulps were thohbyigvashed with deionized water
before use. Glycerol (99% GC, Sigma Aldrich ChefaebH, Steinheim, Germany)
was used as a plasticizer.

MFC G1 was prepared using a combined refining anzyraatic pre-treatment
followed by a high pressure homogenization desdriheletail by Paakko et al. [23],
while MFC G2 was prepared via carboxymethylatior-fpeatment followed by a
high pressure homogenization described in detaWaygberg et al. [24]. Due to the
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different manufacturing procedures the two MFCsehdifferent sizes and anionic
charge densities. MFC 1 fibrils have diametershafua 17-30 nm, while the MFC G2
fibrils are somewhat smaller (~15 nm) [24]. The rgeadensity was about 40 peq/g
for MFC G1 and about 586 peqfgr MFC 2, measured using conductometric
titration.

In order to be able to cast films the MFC gels wahated with deionized water; since
MFC G2 gel had much higher viscosity than MFC G, gevas necessary to use
approximately twice as much water in order to prepa suspension that could be
easily poured. The suspensions were stirred fouta®dours and then approximately
60 g 1 wt% MFC G1 and 90 g 0.67 wt% MFC G2 aquesuspension was poured
into a 120 x 120 mm polystyrene Petri dish (Signdrgh, Denmark). Films were
prepared by drying the cast gels in an incubaton wontrolled humidity (Climacell
111, MMM Medcenter Einrichtungen GmbH, Planegg, aamy) at 45 °C and 50%
R.H. for 48 hours and subsequently in a Vacucetuuen oven (MMM Medcenter
Einrichtungen GmbH at 70°C overnight. In case e@fsptized fiims (MFC G1P and
G2P) glycerol was added to the suspensions to 3&ve% concentration in the dried
films. The thickness of obtained films was measu#ti a Mitutoyo micrometer at

10 different spots. The complete list of the setarhples is reported in Table 2-4.

Table 2-4,List of the MFC samples inspected.
Glycerol  Fibril diameter

Treatment content (nm)
Gl Gen. 1 0.00 17-30
G2 Gen. 2 0.00 15
G1P Gen. 1 0.33 17-30
G2P Gen. 2 0.33 15

2.5 Results

2.5.1 PE-PEG based hybrids

A wide investigation action has been performed ntkeo to characterize the oxygen

barrier properties of the LDPE films coated by aFEG based hybrid layer. In this
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concern, pure oxygen (0% R.H.) experiments have loaeried out at two different
temperatures, namely 35 and 50°C. The tests wererped with an upstream
pressure ranging from 1 to 1.5 bar, and the dataated are averaged at least over
two different permeation experiments. The uncetyaia below 5% for the steady
state measurements and somewhat higher, betweerad@%5%, for the measure of

the transient (time-lags).

2.5.1.1 PE-PEG/S-S 0O, hybrids

Concerning the results from the permeation in samplf set 1.a, at first oxygen
transfer rates@.T.R.) and time-lag values have been considered to atelthe
overall properties, bot®.T.R. andd, are indeed dependent on the sample geometry;
for multilayer films, in particular, they depend dime thickness of each layer. The

obtained results are therefore reported in Talle 2-

Table 2-5.0xygen transfer rate and time-lag values in threoua samples at 35°C and 50°C.
(Maximum uncertainty: + 2.5 % fdD.T.R..; £ 7.5 % for time lag values).

35°C 50°C
Code , O.T.R. Time-lag O.T.R. Time-lag
cm(STP)/(crid@atm) S cm(STP)/(cnid@tm) S
LDPE 0.675 4.7 1.413 1.9
H67 0.390 7.3 0.916 3.3
H50 0.436 7.0 1.001 3.1
H33 0.410 7.1 1.064 2.9
L67 0.523 6.5 1.135 2.8
L50 0.538 6.7 1.201 2.9
L33 0.501 6.8 1.122 3.0
HOO 0.316 6.2 0.826 1.3

However, as the LDPE film used was the same fotha&llsamples and the coating
thickness is similar for all the coatings exceptOHthe O.T.R. results give a first
gualitative indication of the intrinsic effectivesgeof the hybrid for the improvement
of the barrier properties towards oxygen. Althotigh overall thickness of the hybrid
coating is typically lower than im, in most cases the permeance of LDPE is reduced
after addition of the coating, up to 37% at 35°@ am 29% at 50°C, as shown in
Figures 2-11 and 2-12.
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Figure 2-11,0.T.R. of the LDPE samples coated by PE-PEG-SijSighrid at 35°C
(L: M, (PE-PEG) =920 g/mol, HM,, = 2250 g/mol).

It is important to note that th®.T.R. decrease, obtained by usinguh thick hybrid
coating on a 4%um thick LDPE support, is similar to that observed plastic filled
with Montmorillonite [25-27]. The hybrid coating sal allows to slow down
remarkably the permeation process, the time-lagevalf the hybrid coated LDPE
being about 60% higher than the value of pure L@t at 35 and 50°C due to a
slower kinetics of diffusion.
When the effect of O/l ratio is considered, it sdobe noticed that there is not a
monotonous trend of th®.T.R. for coatings having the same organic component
(Figure 2-11). Assuming that oxygen permeation oeooainly or exclusively within
the organic phase, it is expected that a decreaieedO/| ratio would improve the
barrier properties. Indeed this happens only aC50t samples H33, H50, H67. On
the contrary, sample L33 exhibits a slightly low@iT.R. value, both at 35 and at

50°C, with respect to sample L67, which contaitsgher amount of inorganic phase.
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However it has to be considered tHafl.R. results are affected by the coating

thickness, which increases by increasing the oogairganic ratio.

16

D W, = 920 g/mol ("L")
14} 50°C W, = 2250 gmol ("H")
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1.0F

0.8}

O.T.R.

06}
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uncoated 33% 50% 67%
LDPE Silica fraction in the coating

Figure 2-12,0.T.R. of the LDPE samples coated by PE-PEG-SiSighrid at 50°C
(L: My (PE-PEG) = 920 g/mol, HM,, = 2250 g/mol).

Analogously, it can be stated that higher reducitiopermeance measured for sample
HOO is mainly due to the thickness of the coatmigich is 5 times higher than for the
other samples. While there is only a limited effetthe organic-inorganic ratio on
both O.T.R. and time-lag, a significant increase OfT.R. (10-20%) and a slight
decrease of time-lag (about 5%) are due to theedserof the molecular weight of the
PE-PEG organic component from 2250 to 920 g/mok Tigher free volume in
organic domains associated with the lower molecwi@ight may be responsible of
the observed increaseT.R.
In order to have a more meaningful comparison betwthe properties of the
different hybrids, the permeabilities of the pureatings have been evaluated
according to the simple series resistance formepanted in Eq. (18) and are reported
in Table 2-6.
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Table 2-6,0xygen permeability in LDPE and pure coatingssaafd 50°QUncertainty: + 10 %).
Permeability (35°C) Permeability (50°C)

Code

Barrer Barrer
LDPE 4.625 9.683
H67 0.101 0.285
H50 0.154 0.428
H33 0.159 0.657
L67 0.247 0.615
L50 0.332 1.003
L33 0.296 0.831
HOO 0.451 1.512

The coating in sample H67 (67 wt.% of inorganicgEabout 50% by volume), has a
permeability 46 and 34 times lower than LDPE at &% 50°C, respectively,
comparable and lower than the one of a good bamigterial such as poly-vinyl
chloride, and one order of magnitude lower than dfi@riented poly-propylene, oPP.
Also the H33 sample (with only 33 wt.% inorganiaph, about 20% by volume) has
a permeability value much lower than LDPE, 29 aidtiines at 35 and 50°C,
respectively.
These results, together with the data of pure P&-B&ating, are shown in Figure 2-
13: the oxygen permeability of high molecular weiglamples decreases with the
silica weight fraction. In particular, the permdddpiof pure PE-PEG, after addition of
inorganic phase at loading of 33 wt.%, drops oaetdr equal to 2.8 at 35°C and to
2.3 at 50°C. These factors increase up to 4.5 aBdab 35 and 50°C, respectively,
when the loading of silica is equal to 67 wt.%.

It is interesting to compare the permeability rethrc obtained with the present
hybrid material to the one that would be achievetth & traditional composite filled
with a similar content of spherical silica partglevaluated with the Maxwell model
that accounts for both the reduction of surface aneailable for permeation and the
increased tortuosity [28] and gives the followingpeessions for diffusivity, solubility
and permeability of composites:

D 1 S P_1-¢

— = _:]_—qo — =
D, 1+¢/2 S R, 1l+¢/2

(31)

where P and Pp, D and [, S and & are the permeabilities, diffusivities and

solubilities in the hybrid and in the pure matenahile gis the volume fraction of the

45



Chapter lI

inorganic phase, which has been estimated by asguimé density of the organic and

inorganic phases equal to 1 and 2 gjarespectively.
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Figure 2-13,0xygen permeability of coatings containing PE-PEith M, = 2250 g/mol at 35 and

50°C (dotted lines are the prediction with Maxwathdel).
The data calculated from Eq. (31) are plotted ahela lines in Figure 2-13. As one
can see, the experimental points, both at 35 o€50é below the curves calculated
by the Maxwell equation. This evidence suggests, tfta the organic-inorganic
hybrids prepared under acidic conditions, the inapnoent of the barrier properties is
more significant than predicted by Eq. (31) foracmwentional composite material in
which the two phases do not interact.
As an extended interface between organic and in@rgdéomains is expected when
coatings are prepared under acidic conditions, rergpetic effect between the two
phases is supposed to occur and it is due)toovalent links between organic and
inorganic domainsii) hydrogen bonds between the organic and inorganase, as

PEG segments contain ether groups able to formolggdr bonds with the silanol
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groups (SiOH). Both these factors can contributedioice a relevant reduction of the
polymer chain flexibility, even at relatively lovontent of silica.

Contrary to what observed for coatings preparedguacidic catalyst, no increase in
barrier properties was observed for coatings pezbamder basic catalysis. This
evidence seems a support to the previous hypothesis is well known that under
basic catalysis the sol-gel process leads to imicgdomains with a particulate
morphology [29], with a less extended interfacewleein organic and inorganic
domains.

The permeability reduction seems to be more renbdgkat 50°C: at this higher
temperature, the chain mobility in the organic ghashigher and the effect of the
hydrogen bonds between PEG segments and silanapbgres reasonably more
relevant. Moreover, it cannot be excluded that3%ftC, other mechanisms, able to
induce stiffening in the organic phase, may talee@| such as the formation of small
crystalline domains (with a melting temperatureéha 30-50°C range, not detectable
by experimental techniques such as DSC). This phenon is expected to reduce the
chain mobility of the pure organic phase and theartance of immobilization-
induced decrease of the permeability by the indogainase.

Although an Arrhenius-like correlation could deberithe temperature dependence of
permeability, this calculation seemed hazardowmimcase, due to the limited number
of temperatures investigated and also to the plespiiesence of a thermal transition
within the thermal range inspected, as discussedeabHowever, on a qualitative
point of view, some of these data suggest thatdéy@endence of permeability on

temperature becomes less marked with increasimgana content in the hybrid.

2.5.1.2 PE-PEG/PHS S-S O; hybrids

The obtained results have also shown that the axpgéh within the coating involves
mainly or exclusively the organic domains and, asocasequence, any further
improvement of the coating barrier against oxygdéinslon can be achieved either by
reducing the organic to inorganic ratio or by myuliff the organic phase

composition.
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In the case of the LDPE substrate, both a furthereiase of the inorganic weight
fraction in the coating (> 67 wt%) and the compleiglacement of the PE-PEG block
copolymer with PVOH or PHS would lead to a very padhesion.

By considering that the oxygen diffusivity withim @rganic medium is expected to
be related to the chain mobility, that a significaancentration of silanol groups (Si-
OH) is present at the interface between organiciaadjanic domains, and that the
ether bonds in the PEG segments can form only \wgdiogen bonds, the problem of
improving the coating barrier properties has bggr@ached firstly by the addition of
products supposed to be able to form stronger lggirdonds.

Either low molecular weight or high molecular weigitoducts were used for this
purpose (set 1.b). Malic acid contains both hydr@nd carboxyl groups and each
molecule is potentially able to form three hydrodssnds with ether and silanol
groups. It was added to the coating formulatiordiiferent amounts (5, 10 and 20
wt% with respect to the overall amount of orgarhiage).

On the other hand, a high molecular weight spe@eby(4-hydroxystyrene), PHS,
with M, = 14400 g/mol, has also been tested to take aalgartioth of its ability of
promoting hydrogen bonds and for its attested &amproperties to oxygen [10].
Samples containing various weight fractions of Pi&e prepared in combination
with PE-PEG or PE-PEG-Si/SjOn order to cover the broadest possible range of
formulations. The amount of PHS added to the cgatias varied between 0 and 40
wt% in the silica-free PE-PEG coating (samples H@00-S20, HO0-S40), between 0
and 44 wt% in the hybrid coating containing 33 wit¥ssilica (samples H33, H33-
S22, H33-S44) and between 0 and 11 wt% in the dydwntaining 67 wt% of silica
(samples H67, H67-S11).

Analyzing at first the results in terms of overdlrrier effect, theO.T.R. data,
reported in Table 2-7, show that the addition ofiecr&cid has the effect of increasing
the oxygen flux with respect to the correspondiogriulations not containing malic
acid. When 20 wt% of malic acid is added, tD4.R. value of the coated film is
similar to that of pure LDPE.

The addition of hydrogen-bond forming low moleculgight products, such as malic
acid, was motivated by the idea that such compomegitt promote the formation of
a network of hydrogen bonds (with ether bonds witihie organic domains and with
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silanol groups at the interface) able to enhaneestiffness of the polymer chains.
However, the permeation results suggest that sfiebt és either negligible or, more
probably, accompanied by a dramatic increase ofrdeevolume of the final hybrid

structure, that leads to a worse barrier performarfor this reason, a higher

molecular weight species has been attempted tewaela remarkable enhancement of
the barrier effect.

Table 2-7,0xygen transfer rate and time-lag values of cohf@E films at 35°C and 50°C.

35°C 50°C
Code O.TR. Time-lag OTR. Time-lag
cm*(STP)/(crild@tm) s cm*(STP)/(crild@tm) s
LDPE 0.675 4.7 1.413 1.9
H50-MO05 0.455 1.9 1.031 1.1
H50-M10 0.576 4.9 1.179 1.5
H50-M20 0.711 1.0 1.441 2.1
H33-S22 0.194 6.2 0.615 2.6
H67-S11 0.358 6.0 0.737 4.2
H33-S44 0.296 9.4 0.572 1.4
HOO 0.316 6.2 0.826 1.3
HO00-520 0.253 5.3 0.843 1.0
H00-540 0.291 10.3 0.836 2.5
H50-DL 0.205 3.2 0.622 0.9
H67P 0.338 7.8 0.821 3.6
H50P 0.489 6.2 1.002 2.9
H33P 0.708 4.2 1.333 1.8

The results in terms of permeance show that icagés, the addition of PHS leads to
significant improvement of the barrier propertiegleed, it is interesting to note that
the O.T.R. is reduced by a factor of 2.1 and 1.7 at 35 arf€€5@spectively, when 22
wt% of PHS is contained in the coating (sample 323). It is also interesting to
observe that, when the amount of PHS is raised wt2o, theO.T.R. value shows no
further reduction, but rather it increases, at 33f@m 0.194 to 0.296 ciSTP)/(cnt

d atm), with respect to the hybrid containing adéowamount of PHS (H33-S22). At
50°C, the increase of PHS weight fraction to 44%@eto a further reduction of the
O.T.R value (from 0.615 to 0.572 @ TP)/(cnf d atm) for the H33-S22 sample),
but the reduction is quite low. This means thatdfiect of PHS is not linearly related
to its weight fraction: at both 50 and 35°C theyenot a monotonous dependence of

the O.T.R. value on the amount of PHS. The saturation ofhiydrogen bonds that
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silanol groups can form with PHS, or the separatibRHS in a separate phase (from
PE-PEG, in the organic domains) may be suggestgumssible explanations of this
behavior.

In particular, at 35°C the dependence of @&.R. value on PHS content shows a
minimum at 22% weight fraction, while at 50°C @el.R. values seem only slightly
affected by PHS addition. This seems a furthercauiton that the more significant
contribution of PHS derive from its interactionsthvsilanol groups, even though a
minor contribution due to the formation of hydrogeonding with ether groups of
PE-PEG cannot be ruled out. The effect of PHS oradesing the).T.R. of SiO,-rich
coatings (67 wt%, samples H67 and H67-S11), indeextill significant (about 15%),
although less important with respect to coatindnwaifower silica content.

The addition of PHS has also a significant effesttbe kinetics of diffusion of
oxygen, especially at 35°C. In the case of the dimgevalues, however, the trend with
PHS content is somewhat opposite to the one obdéoveheO.T.R. values.

Another way that was explored to improve the bareifect of the coating was to
replace PE-PEG with a high oxygen-barrier polymechsas PVOH. However, a
coating containing only PVOH as organic componeag b very poor adhesion to
LDPE because of poor chemical affinity, therefdne problem was overcome by
applying to LDPE a first coating layer containinge-PEG and Sig) to ensure
adhesion, and a second layer consisting of PVOHSifd (sample H50-DL). The
presence of silanol groups on the surface of tre @oating layer should provide
thermodynamic affinity and reactive groups, abledact with silanol and/or alkoxy
silane groups after application of the second lagbowing to obtain PVOH
containing coatings with good, or at least accdptadmhesion to LDPE. The.T.R.
results for such sample are quite good both at @b 0°C, and their values are
comparable to those obtained on the less permeahbiples containing PHS (sample
H33-S22, H33-S44). By considering that the coatinigkness in the sample H50-DL
is nearly twice that of the other samples, theltesare not as good as expected, and
the time lag values are particularly low.

In order to investigate the role of the chemicamposition of the surface of the
LDPE substrate, three different coating compos#tiorere applied to LDPE films

previously submitted to plasma treatments. In ¢hise, the polar groups generated on
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the surface of the LDPE substrate should improtieeeiwettability and/or adhesion
either by dipole and hydrogen bond interactiong@mbly leading to strong covalent
bonds if they would be able to react with silanobups or Si-OR groups of the
reactants [30].

It is interesting to compare the results with thob&ined by applying coatings with
the same composition onto untreated LDPE surfatesan be observed that the
plasma treatment has a positive effect only onstiraple with the highest inorganic
content (H67), while for samples richer in orgapitase the best performance is
observed when they are coated on untreated LDH&csur

Once again, the permeance values have been tieateder to extrapolate the barrier
properties of the different coatings, oxygen peroilég values of the “pure” hybrids
have been then evaluated according to Eq. (18penceported in Table 2-8.

Table 2-8,0xygen permeability of pure LDPE and pure coatag35°C and 50°C.

Permeability
Code Barrer
(35°C) (50°C)
LDPE 4.625 9.683

H50-M05 0.170 0.464
H50-M10 0.529 0.952
H50-M20 - -
H33-S22 0.041 0.166
H67-S11 0.087 0.176
H33-S44 0.080 0.146
HOO 0.451 1.512
HO00-S20 0.307 1.590
HO00-S40 0.389 1.561
H50-DL 0.083 0.313

H67P 0.074 0.215
H50P 0.221 0.431
H33P - -

All coatings containing PHS showed permeabilityuesl lower then that in the PE-
PEG-SIi/SiQ hybrids, both at 35 and 50°C. At the lowest terapee, the addition of
a small percentage (11 wt%) of PHS to samples oontp67 wt% of SiQ (H67)
leads to a further decrease in permeability oftirzs, the addition of a somewhat
higher percentage (22 wt%) of PHS to the samplé¢atning 33% of Si@ leads to a
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reduction factor of four and a further increasdbfS percentage (44 wt%) leads to a
2 times reduction with respect to the PHS-free darti33). The lowest permeability
values (100 and 50 times lower than that of LDPBn@l at 35 and 50°C,
respectively) were obtained for the coating witkermediate amount of silica and
PHS (H33-S22). However, the effect of the addittdriPHS on permeability is not
monotonous with PHS content, but there exists ammuim, that has to be located at
around 20 wt% of PHS. The existence of a criticadaentration of PHS above which
there is no further reduction of permeability isible in both the samples containing
33% of silica and the silica-free samples, whilgha case of samples rich in silica
(H67) the inspected interval of PHS concentrat®iob narrow to evidence such a
behavior.

The existence of a minimum is not surprising and & due to different issues that
occur at high concentrations of PHS such)abe saturation of the hydrogen bonds
that silanol groups can form with PHS, and, toadoextent, with ether groups of
PE-PEG:ii) poor miscibility between the two organic compaserthat can induce
phase separation of PHS, limiting the formatiomydrogen bonds with silanols, and
iii) changes in the final morphology.

In order to gain an insight into the permeation hagism within the system PE-PEG-
Si/SIG/PHS, it is useful to compare the behavior of thespnt hybrid system with
the one obtainable from a nanocomposite materiat tdould be prepared by
dispersion of silica spherical particles in thenblédormed by the two polymers.

To describe the permeation behavior of the polyblend we used a simple mixing
rule that neglects the mutual interactions betwbertwo polymers:

I:)org = XPHS I:)PHS + XPE—PEG I:)PE—PEG (32)
where xpys and xpe.pec are the molar fractions (calculated considering délverage
molecular weights of the organic species) of the t@mponents in the organic phase

and Ppps and Ppe.pec are the pure polymers permeabilities. The pernligalboif the

organic phase is now entered in the Maxwell moé&a (31), obtaining:

_ 1-¢ _ 1-¢
Phybrid - Porg 1_'_—(0/2 - (XPHS PPHS * Xpe_pec PPE—PEG )m (33)
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In Figure 2-14, the data estimated by Eq. (33ye@perted as continuous lines and are
compared to the experimental ones and to the \a@lypaire PHS permeability taken
from the literature at 35°C [10].
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Figure 2-14,Permeability in organic-inorganic hybrid at 35%@¢ open symbol is taken from

the literature [10]); curves are due to the modetq. (33).
Considering at first just the polymer blend by litseand comparing the experimental
data with those calculated by the additive ruleregped by Eq. (32), it should be
noticed that, at low PHS content the experimengaimgability of the system is lower
than that predicted by the additive rule, meanimgt & synergic effect takes place
between the two polymers, that may be due to thedbon of hydrogen bonds
between PHS and PE-PEG segments. For higher PH8ntothe system seems to
follow more closely the additive behavior represeny Eq. (32).
When considering the ternary system, containing #ile inorganic component, it can
be seen that the hybrid permeability is much lothan that calculated on the basis of
Eq. (32), representative of the permeability ofllad system obtained by physically

dispersing the same volume fraction of spheridatssias already observed for the
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system with just PE-PEG constituting the organiaggh This result can once again be
attributed to the fact that the coating moleculechdecture consists of a highly

interpenetrated network of organic and inorganiagels rather than of a physical
dispersion of spherical silica particles in theamg phase.
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@ -- 33% Si0,
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Figure 2-15,Permeability in organic/inorganic hybrid at 50°C.

At 50°C, the behavior is quite different as shownFigure 2-15: in the silica-free
samples, PHS addition seems to have no effect @pemeability: and for sample
containing 33% of silica we observe a plateau rath@n a minimum for the
permeability. Once again, thermal transitions assed with the melting of small
crystalline domains in the PE-PEG phase may acdouthis. In this last case, it was
not possible to develop the same calculationsexhon the data at 35°C, as no data of
permeability of the pure PHS at 50°C are available.

Figure 2-16 summarizes the effect of compositionpermeability. As one can see,
the optimal conditions are obtained for a sampiagtaiaing 33 wt% of silica and 22
wit% of PHS.
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Figure 2-16,Resume of oxygen permeability data in hybridsedfisat 35°C.

From these results it is clear that the permegbist significantly dependent on
molecular structure and morphology of the coatiubich in turn are the results of

complex phenomena, mainly involving reactions ahase separations.

2.5.2 PVOH based hybrids

Pure oxygen (0% R.H.) permeation experiments wargier) out at 65°C on the
various samples of set 2 inspected and listed bieTa-3. All tests were carried out
after a proper evacuation of samples to fully reenawisture and gases absorbed
from air for 4-5 days.

At least two experiments were carried out on eachpde and the confidence interval
was determined considering both the uncertainty simgle measurements, as
previously explained, and the repeatability of da¢a. The value reported in the table

is the arithmetic mean between the minimum and mari value obtained.
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The hybrid coating with an O/I ratio of 70/30 (CoAas applied on several different
polymeric supports in order to test the effecthad substrate on the properties of the
multilayer film. The most interesting samples, tlee ones that showed the lowest
permeation rates, were selected and characteriped thoroughly: the effect of the
O/l ratio on the oxygen permeability and water vapptake was tested on samples
supported on PET by varying the O/l ratio of thatorg from 100/0 (Coating Co0) to
50/50 (Coating Co2). The effect of water ageingh@oxygen permeability values of
the coatings was also studied and determined on-HRE&d laminates. The
permeability of @, N, and CQ at 35 and 65°C was determined on a multilayer film
of oPP and Col coated on one side (0PP1-Col).

2.5.2.1 Hybrid coatings on different substrates

In Table 2-9 (lines 1-9, 11), the transport prajsttin terms off.R. and time-lag, are
reported for different polymeric substrates codigdhe hybrid coating Col (O/I ratio
70/30), at 65°C.

Table 2-9,0xygen transfer rates and time-lag values in thkilayer samples at 65°C.

TR Time-lag

cm(STP)/(crild@tm) S
1 oPP 1.7+ 6% 3.7+ 15%
2 oPP-Col 1.3x10°%+ 6% 1.%x10°+ 1.5%
3 cPP 0.94+ 7% 10+ 18%
4 cPP-Col 1.1x 107 + 9% ~ 10
5 LLDPE 1.0+ 8% 8.2+ 5%
6 LLDPE-Col  1.38x 10°+ 6% ~10
7 COEX 2.3+ 7% 2+ 25%
8 COEX-Col 8.8x 10°+ 8% ~10
9 PET 1.8x 10%+ 6% 95+ 10%
10  PET-Co0 2.0x 10%+ 7% 1.40x 10°+ 2%
11  PET-Col 1.7x10%+ 13% 2.6x 10+ 5%
12 PET-Co2 6x 10%+ 18% 4.7x 10+ 31%
13  PET-CoC -C -¢
14  PET-Col 8.3x 10%+ 8% ~10
15  PET-Col 7.7x 10+ 6% -d
16  PET-Co2 2.0x 10°+8% ~10

#Immersion in liquid water for 3 days and evacuation
® Immersion in saturated water vapor for 4 dayseratuation.

¢ After the treatment the coating was dissolvedtthesport properties of this sample can be ass@gedl to those of neat PET.

4 The permeation curve exhibited an anomalous &anbiehavior.
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Lower temperatures were also inspected but, far ¢pecific laminated material, the

transport rates were too small to be efficientliedeed in reasonable time.

In all cases, th&.R. of coated samples is lower than that of the nelastsate, by two

to three orders of magnitude, and the time-lagnizeased after addition of the

coating to a similar extent. A general improvemaithe oxygen barrier properties is

thus observed,

that makes these materials certasolyable for packaging

applications. The size of the variations of thendgfar rate and time-lag values

depends strongly on the transport properties ofsthtestrate, as it is obvious: for

instance, the relative reduction of transfer ratethe case of the most permeable

polymer (COEX) is more significant than in the caséhe less permeable one (PET).

However, in order to compare the absolute perfoomasf the coatings one has to

look at the values of the material properte® andS listed in Table 2-10.

Table 2-10,0xygen permeability and diffusivity in the pure tiogs at 65°C

P D S
Barrer cnf/s cn(STP)/(crd atm)

1 oPP 7.5+ 6% 4.1x107 + 15% 0.15+ 21%
2 ColonoPP 3.8x10%+16%  1.%10%+ 22% 2.2+ 38%
3 cPP 11+ 7% 1x 10°+ 18% 9x 10°+ 25%
4 ColoncPP 34x10%+ 19% ~10™ ~10°
5 LLDPE 17+ 8% 2.510°%+ 5% 5.3x 10%+ 13%
6 ColonLLDPE 43x10%+ 16% ~10™ ~10°
7 COEX 23+ 7% X10°+ 25% 6107 + 32%
8 ColonCOEX 27x10%+18% ~10™ ~10°
9 PET 0.10+ 6% 2.3%10°%+ 10% 3.410%+ 16%
10 CoOonPET 0.6x10%+17% 6.5x 102+ 22% 7% 102 + 39%
11  ColonPET 0.5x10%+23% 6.3x 102+ 25% 0.6+ 48%
12 Co20onPET 1.9x10%+28% 1.6x 10°+51% 9.1+ 79%
13  CoOon PET -¢ ¢ ¢
14 ColonPEPR 2.7x10%+18% ~1072 ~10?
15 ColonPEP 2.5x10%+16% .9 -d
16 Co2onPET 6.7x10%+18% ~10™ ~10?

# Immersion in liquid water for 3 days and evacuatio
® Immersion in saturated water vapor for 4 dayseratuation.
¢ After the treatment the coating was dissolvedtthesport properties of this sample can be ass@gedl to those of neat PET.
4 The permeation curve exhibited an anomalous &anbiehavior that did not allow to interpret ithvthe time-lag method.

It can be seen that, for coating Col applied on,cHEPOPE and COEX, the

permeability is of the order of F®arrer, while for the same coating applied on oPP

the permeability is equal to about 1 ®arrer and for those applied on PET the
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permeability is one order of magnitude lower {1Barrer). For coatings applied on
cPP, LLDPE, COEX only the order of magnitude ofudfvity could be assessed, that
is equal to 18" cn?/s in all cases. The value of oxygen diffusivitydRP and PET-
based coatings could be evaluated more accuratdlysaequal to 1.3 x 1§ and 6.3

x 10*2 cn/s for coatings applied on oPP and PET, respegtivel

From the comparison of these values, one can cdedhat the properties of the
hybrid coating depend rather markedly on the prioggeof the substrate film, which
is a result that deserves some further discussimat of all, it can be noticed that
coatings deposited onto PET exhibit the lowest erygermeability, while those
applied onto the poly-olefinic substrates have wdrarrier performance. As far as
adhesion is concerned, PET is the optimal suppotthe present coatings, as verified
directly through pull-off and scratch experimentgleed, PET has several sites that
can interact with the organic phase of the coatigle the poly-olefinic substrates
are less compatible to PVOH based hybrids [21]viBus studies show that the
coating permeability is affected, to some extemnt,tie surface treatment of the
support before deposition [12]. These results seemmdicate that the stronger the
adhesion, the best the barrier effect of the cgatsuch behavior can partly be
attributed to the presence of an interfacial laybose transport properties depend on
the interactions between the support and the qpatid that was neglected in the
present approach. However, the magnitude of theatlens between the properties of
similar coatings on different substrates is soddtt other factors might be involved,
that need to be further investigated.

In the following, the study of the effect of O/ltimand other factors on the transport
properties of the coating will be performed on theltilayer materials based on the

most effective substrates, namely PET and oPP.

2.5.2.1 O/l ratio effect in PET-supported hybrid coatings

TheT.R. and time-lag values obtained from the experimetetsts on the coated PET
systems at 65°C, without any previous treatmeret liated in Table 2-9 (lines 9-12).

As it can be seen, the permeantdr( of PET is reduced by about two orders of
magnitude after addition of the coatings Co0O, CG8d2, having increasing silica

contents. From the comparison of these values,canenoctice that the permeance
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reduction caused by the hybrid coating Col is ef game order of magnitude than
that obtained with pure PVOH (Co0). It can also dieserved that the trend of
permeance reduction versus silica content in thatimg is not monotonic: such
behavior will be discussed more thoroughly in thkofving paragraphs. The time-lag
increases by two orders of magnitude with respetiié PET support after addition of
organic and hybrid coatings and it increases withamotonic trend with increasing
silica content.

The permeability varies from 0.6 x t®arrer, for pure PVOH, to 0.5 x T®arrer
for Col and 1.9 x IhBarrer for Co2. Clearly, all these coatings hayEeemeability
which is 3-4 orders of magnitude lower than thathef PET support. The great barrier
performance given by the PVOH coating on PET issooprising, due to the fact that
the oxygen fed to the film is completely dry; thietaoned permeability value is in

good agreement with literature data for pure PVQOH32].
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Figure 2-17,Permeability, diffusivity and solubility ratio &°C of the coating versus filler fraction
and comparison with the Maxwell model.
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The values of permeability, diffusivity and solutyilvariation caused by the addition
of silica to pure PVOH are reported in Figure 2-&¢pressed aB/Py, D/Dg andSS,.

In the x-axis the volume fraction of silica is reported estimated from the mass
fraction by assuming volume additivity.

The transport behavior of the hybrid materials baninterpreted by considering, as
reference, the behavior predicted by the Maxwelllehdor non-interacting composite
materials with impermeable, spherical particlegjleeting the interactions between
the two components. Several studies indicate thed slomains into hybrid networks
such as the one inspected here can be approxintatesydered nano-spheres [19,33-
35].

The diffusivity decreases, as Maxwell model pregigtith decreasing silica content,
but the two data points inspected lie much belosvghedicted trend: such behavior
can indicate that there is an interaction betwéentwo phases, and in particular that
the diffusivity of the polymeric phase is furthe@duced by contact with silica. On the
other hand, the permeability of coating Col liexselto the Maxwell curve, while the
behavior of the coating with the higher inorganomtent is higher than the predicted
behavior. One has to remember that the permeabilitythe solution-diffusion
framework, is the product of the diffusivily and the solubility coefficien®. In the
panel in Figure 2-17, it can be seen that the axygg@ubility S increases with filler
content, which is opposite to what predicted by Mexwell model according to Eq.
(31). This behavior can be attributed to the fdut timpermeable silica domains
adsorb oxygen onto their surface. After noting,tllise may conclude that for the
coating with lower inorganic content the perme&pibehavior is governed by the
diffusion process, which is affected by the inceshtortuosity induced by silica. For
a higher inorganic content, the increase of toityeeems to be less significant than
other factors that contribute to enhance the shiyl@nd permeability, such as the

adsorption of gas by silica.

2.5.2.2 Effect of water ageing on the oxygen transport

It is known that, as in several hydrophilic polysiethe oxygen permeability of
PVOH under humid conditions increases with respethe value measured in a dry
environment; but, most significantly, PVOH may dise® when exposed to liquid
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water or high activity water vapor [32,36]. For paging applications the materials
have to be stable and maintain the intrinsic priiggeralso in humid environments. In

view of this requirement, oxygen permeability testsre performed on PET based
samples before and after immersion in both liquader and saturated vapor of water
at 65°C. In particular, the oxygen permeability wasasured on samples previously
immersed for 3 days in liquid water (Treatment Afldor 4 days in saturated water
vapor (Treatment B) and the results are reportetalies 2-9 and 2-10 (lines 13-16)
in comparison with those relative to the "as-reedivfilms (lines 10-12). The same

test was carried on the sample coated with pure HPMat after the treatment the

coating was practically dissolved and could notubed for permeation tests.

The oxygen permeability of the sample PET-Col iases by a factor of 5 after

immersion in liquid water; the effect is similatef immersion in water vapor. For

coatings with higher inorganic content (Co2) theréase of permeability is equal to 3
after treatment with vapor, which shows that sasp¥h higher inorganic content

are less sensitive to water degradation, as showigure 2-18.

10° ¢

W Before treatment
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Figure 2-18,Permeability of pure PET and coatings at diffe@fitratios at 65°C, before and after
water treatment (with liquid water for pure PVOHldnybrid Col and water vapor for hybrid Co2).
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The behavior observed on the hybrid coatings caexpdained by the fact that the
hybrid structure allows to depress water-inducedstidization, preventing the
dissolution. In order to further investigate thspeact we performed direct moisture

sorption experiments on the samples, as explam#étkifollowing section.

2.5.2.3 Effect of O/l ratio on the water vapor uptake

Due to the highly hydrophilic behavior of the orgamphase of the coating, the
samples were tested with respect to water vap@tisarin order to evaluate the
properties of the hybrid materials in comparisonptoe PVOH. The water vapor
solubility isotherms were measured on pure PET $&srand on samples coated with
layers of PVOH, Col and Co2. The results have lpegnipulated in order to obtain
the water uptake in the coating, assuming a madi$hasl behavior of water
solubility. The results are shown in Figure 2-1@ @20, which are relative to the
temperature of 35 and 65°C, respectively, and djsghe grams of water absorbed

per total mass of solid phase versus water activity

- - 1

03 04 05 06 07
Activity (P/P*)
Figure 2-19,Water vapor solubility isotherm of the pure cogsimt 35°C in comparison with
literature data for pure PVOH at 25°C [36].
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For pure PVOH, the water uptake isotherm shows kedgpositive concavity, which
is in good agreement with literature data [36-38je hybrid coating Col sorbs more
water than pure PVOH at low activity (below 0.3b)t at higher activity the water
uptake in PVOH becomes higher than that in the idyldue to swelling of the
polymeric matrix. Interestingly, the concavity betsolubility isotherm of Col shows
a glassy behavior which indicates the absence of rbevant plasticization
phenomenon. The same behavior is observed in th@ngowith a higher content of
silica (Co2), for which the absolute values of watptake are extremely low and
comparable to those of pure PET, not reportederptbt for the sake of clarity. Even
neglecting the silica sorption capacity (Maxwelgpothesis), by referring the water
uptake to the mass of PVOH rather than to the tots, its value is still lower than
that measured in the pure PVOH coating. This rasdicates that a synergy takes
place between the phases of the hybrid material:vthter sorption of PVOH is a
swelling-enhanced process and silica lowers thétyalto swell of the polymeric

phase and consequently, its sorption capacity.
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Figure 2-2Q Water vapor solubility isotherm of the pure cog$ at 65°C.
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It has to be noticed that while the oxygen soltypiincreases with silica content, as
discussed before, the water solubility decreased wi This behavior can be
explained by the fact that the processes of watet axygen sorption differ
significantly from one another, because water somptnto PVOH is presumably

much higher than that onto silica surface and ve®la more significant swelling.

2.5.2.5 Effect of penetrant type and temperature on dry gas transport

In order to investigate the permeability of diffetrgases and different temperatures, a
multilayer material with intermediate barrier projes, namely oPP1-Col, was used,
in order to get results in a reasonable amountiré.t The sample has an oPP
substrate and a single layer of Col applied witbllacoating technique (thickness of
1 + 0.1um). The gases inspected were dry nitrogen, carimadg and oxygen, at the
temperatures of 35 and 65°C. The gas transportepiiep are listed in Table 2-9 in
terms of gasT.R. and time-lag while material properties, such asmgability,
diffusivity and gas solubility of the different lays are reported in Table 2-10.

The hybrid material Col shows a great barrier towall gases, as indicated by the
extremely low values of permeability; the diffusjvivaries between 1 and 10
cn’/s for all penetrants and oxygen shows the higldétsivity value at both
temperatures. The permeability varies over two srdé magnitude (18-10° Barrer)
among the various penetrants. In order to explasfact, a different solubility of the
gases in the hybrid coating has to be invokedirfstance, C@is remarkably more
soluble in the hybrid matrix than nitrogen. The gahuibility in polymers is known to
be correlated with measures of the penetrant caadbdity such as the critical
temperature,Tc [39-40]; also in the case of the polymer (oPP) afhdhe hybrid
material inspected, there is a linear correlatietween InS and T¢, at both the

temperatures inspected (Figure 2-21).
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Figure 2-21,Gas solubility in pure oPP and in Col hybrids agfion of the penetrant
critical temperature.
The temperature effect on diffusivity is practigathe same for all the penetrants
inspected: one can estimate an activation enerfiyevaf about 44 kJ/mol for all
gases. The activation energy of permeability, an dther hand, varies between 33
kJd/mol, for CQ, and 44 kJ/mol, for & due to a negligible sorption heat in the case of
nitrogen.

2.5.3 Microfibrillated cellulose

Four samples obtained from the two generations éhanGl and G2) of
microfibrillated cellulose with and without glycédras plasticizer (labeled with letter
P), as reported in Table 2-4, have been investigtteroughly in order to evaluate
their transport and barrier properties in differeonditions.

First at all, water vapor sorption tests were earrout considering the extreme

hydrophilic character of such cellulosic materiahtt is a crucial point for the
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investigation of the transport properties. Thenepoxygen permeation experiments
were performed on samples completely dry (R.H. #nO)he permeometer, and at
different humidity levels of the membranes (RH. @)L by means of the humid
permeometer device, which was also employed toy @art water vapor permeation

tests. In all cases, temperature was kept conatahé value of 35°C.

2.5.3.1 Water sorption

The differential sorption experiments of water viapoMFC samples were carried out
in the pressure decay apparatus at 35°C explorimgtteer wide range of water
activities (0-80%); in all cases, the tests werdgomed at least twice in order to
ensure the repeatability of the measurement. Thasacterization provides the four
sorption isotherms at 35°C as well as the diffugiprofiles, as function of the water
content in the cellulosic material. The resultsiamrms of solubility, are reported in

Figure 2-22, which compares the different behavadrghe two generations of MFC

and the role of the plasticizer.
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Figure 2-22 Water vapor sorption isotherms in MFC sample354€C.
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As one can see, all the four materials have sirbigdravior and the isotherms present
the same shape with an initial downward curvatdrw activities while the trend
tends to change with increasing water content. dddevater diffusion in cellulosic
system involves a physical adsorption on the fitmrdace and a complementary
absorption in the amorphous phase: the solubilitfile is thus often approached by a
BET equation [41]. The obtained values of wateakptat different activities seem to
be in good agreement with literature data for ¢etiic materials [41-45]. However, it
should be noted that at higher activity of the bieee investigated, the solubility is
expected to present a remarkable increase arou8@®5relative humidity, but these
water activities are not achievable with a pressiaeay technique.

Figure 2-22 shows that the MFC of second generatbmih with and without
plasticizer, present higher water solubility, iratiag likely a structural effect due to
the different preparation technique. Indeed, e¥énhas been showed that the fibrils
are not significantly shortened during the homogainon [46-47], this second
generation presents a straightened structure aubgars more rod-like due to large
amount of charged groups created with the treatmEms probably enhances the
ability of the fibrils to coordinate water molecslento the surface and causes the
increased water uptake for samples of MFC of segmmération in comparison with
the first.

Considering the glycerol effect, it can bee seext, tht low activity, the presence of
the plasticizer decreases the water solubilitys #ffect is remarkable in case of G2
and not so evident for G1, while at higher watdivdy there is an inversion and the
glycerol enhances this hydrophilic behavior; thgpgon isotherm curves are indeed
intersecting at about 20% RH (G1) and 50% (G2).0&sible explanation of this
feature is that at first the glycerol fills the geiin the cellulosic structure (pure MFC
films indeed presents rather high porosity [47p¢créasing the system free volume
and causing the reduction of adsorption sites abiglto water; on the contrary, at
high activity, the swelling of the structure, fuesthenhanced by the glycerol, is
predominant.

Concerning the kinetics of water sorption, the wdiibn coefficient has been
determined in every step and tlie profile as function of the average water
concentration is reported in Figure 2-23.
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Figure 2-23 Water diffusivity at 35°C in the four differentiC samples.

The plot shows that, when a MFC system is dry, waenetrates the material
extremely slowly, the sorption steps seem to b&i&cwith a diffusion coefficient in
the order of magnitude of Tfor the pure MFC and 13§ when glycerol is added.
When water is present in the systdinyapidly increases with an exponential trend
that can be fitted by the following equation:

D(c) = D, exd 3 ) (34)
The diffusion coefficient increase leads to valugsto two orders of magnitude
higher than the diffusivity at infinite dilutioBo, but it converge to a constant value
D.. when a critical concentratioty, is reached, and it becomes fairly constant and
very similar for the different samples. The vale¢®,, S andD,, obtained from the
best fitting of the experimental data are reportedrable 2-11 together with the
critical concentratiort..

It should be noted that, while in case of G1P a@® @ere is a clear plateau at high
concentration, in samples without plasticizer tkisiot equally pronounced and the
resulting dataD,, andc., are therefore slightly less accurate.
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Table 2-11,D,, D,, andf values for water diffusion in MFC samples at 3506 the basis of Eq. (34).
Do Cc D..
(cnf/s)  (9lgy)  (9u/9)  (cnfis)
Gl 455x10" 1240 0.045 1.2x1d
G2 227x10* 923 0062 6.8x1d
G1P 4.06x18° 99.0 0.036 15x1d

G2P 487x1®° 695 0.045 1.3x19

As reported in Figure 2-23 and also in Table 2th#, sample G2 shows the lowest
diffusivity, both at low and high activities; theganization of fibrils in the second
generation, due to the higher surface charge, séemshance the tortuosity for the
diffusing path of water, leading therefore to lowdffusivity values. This double
effect given by the high value & and smallD, especially in MFC of second
generation, can be related to the formation of mpiex structure in the pure MFC
samples that allows to accommodate a high numberatér molecules but presents
kinetic constraints which slow down the sorptiongass; this seems to be supported
by experimental observations of aggregates of rfimis disposed onto layered
structures [47].

The addition of glycerol induces basically the saeffect on the two different
matrixes: the plasticization enhances the mohidftthe cellulose microfibrils and the
water can enter the structure faster, the difftygishows an increase that can reach
even one order of magnitude when this effect isamelevant, i.e. when the sample is
dry.

Glycerol, which plasticizes the cellulosic matmptays a unique role in the diffusion
kinetics increasing the diffusivity in all the irsteggated range of activity. However,
even with the addition of this plasticizer, theee®ms to be a maximum value of
diffusivity which cannot be overcome by the systas proved by the presencelnf
value, which is rather similar for all the matesiahspected. This fact suggests the
existence of a limit to the system plasticizatiamd aswelling probably related to

structural constraint. Further analyses are inqaiogto better investigate this system.
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2.5.3.2 Water permeation

Differential water vapor permeation experimentsevearried out on these cellulosic
systems at 35°C in the humid permeometer apparahes.tests were performed at
different water activities, that have been kepediat one side of the membrane, while
on the other side the amount of permeate was @etdry means of increase of
pressure. The obtained values of permeability, anrd®, are reported in Figure 2-24

as function of the average water activity in thend during the step.
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Figure 2-24,Water vapor permeability in MFC films at 35°C.

The figure shows that the two different generatiohdMFC, with or without the
plasticizer, present the same exponential trend thié water activityP gains even 2
or 3 orders of magnitude in the investigated ramyes to the extreme hydrophilic
behavior of such system.

Water vapor permeation tests reveal thas higher in samples with glycerol (G1P,
G2P) in the entire set of activities; the plastdzsamples indeed showed faster
kinetics and, only for the case of high relativeridity, also a larger solubility. The

double effect that the glycerol plays on the sditybis not here observed, and this
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indicates that the diffusivity is more significatttan the solubility in defining

permeation properties. However, in this case, thatisn-diffusion mechanism seems

to be inappropriate to describe the system, whighnot be assumed as a dense
membrane, and other phenomena, such as the physisalption on the fibril
surfaces, are predominant. Henesannot be strictly equal to the prodirtimesS

as previously stated for polymeric membranes in(Byas indicated in Figure 2-25

where the permeability from permeation tests istt@tb in comparison with the

productD timesS as determined from sorption experiments.
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Figure 2-25,Comparison between permeability as obtained frermpation experiments with
calculated a® times S from sorption tests, for all the four ME&nples at 35°C.

In the charts indeed it can be noticed that thalycb of diffusivity and solubility
shows, as a function of water activity, presenggalar increasing trend with respect

to permeability; however, it has also been showat thalues, at the same water

activity, can differ by more than one order of miagpshe, which is well above the

experimental error for this kind of systems.
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Concerning the water vapor permeability as detesthinwith permeation tests
(reported in Figure 2-24), one can see that theisdsea sort of inversion at very high
activity but the trends are not so clear belhgather similar for the four samples
when the water activity is high, and close to R#H100% the curves seem to
converge almost to the same values.

The same argument should be used to compare thdstref the two different
generations of MFC that indicate a higher permégbii the first generation, for the
pure cellulose film as well as for the plasticizmte. This is in agreement with the
fact thatD plays a dominant role in determining the permdégbibecause G1, as
showed in Figures 2-22 and 2-23, presents high#usdiity but lower water
solubility than G2.

Moreover, these experiments allowed to determieetithe-lag of diffusion from the
analysis of the permeation curve. Unfortunately #olution-diffusion mechanism
cannot explain the phenomenon here considered thied,so-obtained values of

diffusivity are rather inaccurate and thereforeythee not here reported.

2.5.3.3 Oxygen permeation

Oxygen permeation tests were carried out on thedamples at 35°C, either in dry or
humid conditions and the results by means of tleegearmeation apparatus.
Permeability values in dry conditions, reportedTiable 2-12, show the excellent
barrier properties toward oxygen of the MFC filmemparable with those for ultra-
barrier application such as EVOH or PVOH [48], coomtly used for specific
applications. The characterization of barrier praps in specimens in dry conditions
led to the calculation also of the oxygen diffugiwvith the time-lag method, while it
was not possible in the case of humidified samplies to the different technique

used.

Table 2-12 Dry oxygen permeability and diffusivitp MFC samples at 35°C (R.H. = 0).
P D
(Barrer) (cnfls)

Gl 7.9x10 6.32x10"
G2 18.7x1d  3.06 x 10"
G1P 38.1x1d9 4.18x10"
G2P 269x13 1.47x10"
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Figure 2-26,0xygen permeability at 35°C at different relatiuamidity in the four MFC samples.

Figure 2-26 reports the oxygen permeability in #mire range of water activity
explored. As previously observed, the cellulosewnet, when dry, presents a
structure particularly compact and stiff; penetrgtmolecules encounter thus several
physical hindrances which give this remarkableibagffect; oxygen diffusivities are
also rather small and comparable with those obdeorewater.

As one can see, the first generation of cellulesth no glycerol, is the sample that
can guarantee the strongest barrier effect in tefhpermeability, while, concerning
the diffusivity, sample G2P is the one with the éstvvalue.

The addition of plasticizer in the cellulosic matplays a double role: while the
oxygen permeability results rather increased, tifecieon the diffusion coefficient
has been reduced by the addition of glycerol.

Figure 2-26 shows that, when the water contenhénsipecimens is raised, there is a
sudden jump of the permeability, which increasealmiut two orders of magnitude.
This value seams then to remain stable up to avitgaif about 60% before showing

a further increase of permeability at the highdd.Rnspected. However, it should be
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noted that, while permeability data in dry conditiare quite safe, the humid oxygen
permeation tests have been performed with a differastrument (the humid
permeometer) endowed with a lower sensitivity, #rey are not as accurate as the
others: up to about 50% of R.H. indeed the estih&teis very closed to the
sensitivity of the instrument. For this reason,tremd can be surely described in this
range for the oxygen permeability at different hdityi while P certainly increases
quite significantly at higher water activities irost of the samples.

On the other hand, it has been often reported ydrdphilic membranes, and more
specifically for cellulose [49], that there exisisclear behavior of permeability
divided in two regions, a steep increasePancreasing the water content from dry
conditions, and a sort of plateau when the strectesults sufficiently swollen. In
some cases it has also been observed a furtheasegrwhen the membrane is almost
saturated.

Hence, the four trends reported in Figure 2-26nafprobably not too accurate, look

rather reasonable for cellulose based materials.

2.6 Conclusions

In this chapter, it has been proved how the sokgete is suitable for the preparation
of nanocomposite materials with improved barrieoparties. This particular
technique, indeed, allow to achieve composite naserin which the organic
(polymeric) domains are highly interconnected witle silica Si-SiQ at the nano-
scale, leading therefore to an improvement of theidr properties. In this concern,
two different approaches have been attempted aodlifferent systems were studied.
Fist at all, a highly permeable material, such asobethylene-based material, is
considered as organic phase and it has been shioovedhe barrier performances
were remarkably improved; oxygen diffusivities apdrmeabilities were indeed
considerably lowered, making thus the system istarg for the food packaging
applications. The barrier performances of the sayséem were further improved by

the addition of a good barrier material, such asSPwhich is also able to promote
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hydrogen bonds. This latter effect, indeed, wasifoto be the crucial point in the
creation of the highly networked structure withemptenetrated organic and inorganic
domains that provides the material the desireddyagffect.

A second study was then performed to develop aa blhrrier material for special
applications; in this idea, as organic moiety, polyl alcohol was selected, because
of its incredible oxygen barrier properties; on titeer hand, PVOH is particularly
water sensitive and when exposed to water, thatgeod solvent for the polymer, it
tends to degrade and looses all the propertiescéjethe sol-gel route was used
improve the resistance to water while the barrfegcg in this case, was guaranteed
by the polymeric phase. In this idea, it has bdewed that the great performance in
barrier properties observed for the samples asvemtevas basically kept for the
nanocomposite systems, in which the inorganic dosmatabilized the polymeric
chains avoiding the swelling and the consequesbtliton of the polymeric phase.
The third part was about a recently developed fibranaterial, microfibrillated
cellulose, MFC. Two different generations of calkg have been characterized in
terms of oxygen and water transport propertiesuinoMFC films, pure or with
glycerol as plasticizer. A remarkable barrier efffeas been reported for the case of
pure (dry) oxygen that increases, as expected doh siydrophilic materials, with
increasing the water content in the membrane. Tétgawior of MFC films with
respect to water was also investigated and thdtsesere discussed on the basis of
structural considerations regarding the two difiérgenerations, with or without
plasticizer. It has been reported that MFC of sdogeneration, present higher water
solubility due its straightened rod-like structugesen by the large amount of charged
groups created with the treatment; this enhancesatility of the fibrils to adsorb
water onto the fibril surface. On the contrary, thigher surface charge seems to
enhance the tortuosity for the diffusing path otevahat lowers the water diffusivity.
This double effect given by the high value®and smallD is probably related to a
complex structure of the microfibrils which, suppdly, are arranged as layers.

From the comparison between sorption and permedba, it has also been shown
that water in a MFC system cannot be explained bglation-diffusion mechanism.

There is indeed a physical adsorption of water mdés on the microfibrils surface

75



Chapter lI

that plays a relevant role in determining the watgtiake, and the transport properties
in general.

The revealed properties proved how MFC has intexgestpplications, due to its
particular properties and its remarkable sustalitgband biodegradability, as
reinforcement in the field of bio-nanocomposites.
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Modeling transport properties

IN nanocomposite media

The barrier effect towards small penetrating mdiexun heterogeneous systems,
such as polymer-layered silicate nanocomposite, besn simulated from a
continuum-scale point of view. A finite volume tedtue was employed to
investigate the effect of such inorganic fillerdazg the organic phase to evaluate the
improvement in barrier properties and to relats thith the structural parameters of
the filler.

3.1 Modeling details

3.1.1 Diffusion in 2-D ordered structures:

The hindered diffusion in a heterogeneous systesrblean approached at first in the
approximation of a 2-D based geometry that makesptioblem solvable from an
analytic point of view. This simplified approaclsalallows to save machine time
when this phenomenon is simulated with a computatiapproach, and allows to test
its reliability through the comparison of numericasults with the analytical solution.
The structure of regularly spaced flake filled systis illustrated in Figure 3-1 in the
approximation of 2-D geometry. Layers of impermeabakes are inserted in the
structure, normally to the imposed macroscopic eatration gradient, which lies on

{ axis in Figure 3-1.
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Figure 3-1, Scheme for structure of 2-D nanocomposite system.

Flakes semi-length and thickness are here accoast@@nda respectively, whilé
indicates the distance between flakes layersagdotes half the distance between
successive flakes on the same layer. In dimenssnierms, the structure can be

represented by parameters “flake aspect ratip™slit shape” o and “loading” @

defined as:

a=2 M

a=§ 2)
_ ad

Y= bra)d+o) @)

The first two parameters are the characteristia aféempermeable and the permeable
section respectively on the flake layers, while lttger represents the volume fraction
of flakes in the system.

In the geometry pictured in Figure 3-1, a repeating can be easily found as that
represented by rectangle of vertexes M, N, P eeQydren symmetry lines MP and

NQ, upstream line MN (in which inlet section RNaesated) and downstream line PQ
(in which outlet section PZ is located). The problef pure diffusion of a penetrant

across the flake filled membrane in Figure 3-1 daus be studied modeling the

process in the domain of boundary R-N-Y-X-Z-P-S-Twith assigned concentration

on inlet section RN and on outlet section PZ, Zem-condition across boundaries S-

T-R, Y-X-Z and symmetry conditions on boundaries &t SP.
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3.1.1.1 An approximate expression from a rigorous approach

Both for the case of pure matrix and for that eké-filled structure, the resistance to
mass transport in MNPQ region of Figure 3-1 caisd®n as the sum of the resistance
in “hole” regions RNTV and WXPZ, whose propertiesl we labeled by subscript
“H”, and in “tortuous path” region SVWY, for whickubscript “T” will be used. The
ratio between overall resistance in flake-filledstgyns and in pure matrix can be

expressed as in the following relation:

(2 (2]
H T

where the ratio between resistances in flake-fibed pure matrix in homologous

regions is indicated as the ratio between corredipgnreciprocate “effective”

diffusivities. In this respect, it should be notidht subscript “0” has been used for

true diffusion coefficient in pure matrix, whildf* is subscript used for effective
diffusivity in flake-filled systems. In Eq. (1)4 a ¢y indicate weight of resistance to
mass transport for “H” and “T” regions, respectiyeh the pure matrix. Latter terms
are easily derived from the pertinent area of th@ain:

a+o
W, =1-Y, === (5)
As far as ratio between resistances in “H” regiforsthe flake filled system and the
corresponding pure matrix is concerned, this caadsdly derived as the reciprocal of
ratio between corresponding “width” of domains adijuavailable to the diffusion of
penetrant molecules. The result is indicated infeéHewing equation:

2] =

D¢ a

The ratio between resistance in “T” region for #dkled system and pure matrix was
considered by Aris [1], who derived a set of equadi for the determination of its
value in the general case. He also proposed anodpmate expression for the

mentioned ratio which, in terms used by Aris, istten as follows:
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v 1—4rln(ﬂj+4¥ln(lj
7 \2r) 7 o (7)
i b _ a-g¢la+o)
c+d (a+a)2(o
' Cc g
a = =
c+d o+a

The above expression provides reliable result$DeiDs) for low values of anda’.
In terms considered in this work, it could be slatbat reliable predictions for
(Do/Dsp)t are obtained through Egs. (7) farg) > 1 and @/0) > 2. In this case, the

following expression can thus be used to our puepos

(&JTZ[ (a+0)e T+4{ (a+a)zwa}|n{ a-ga+o) } (8)

Dy ). |@w-0-ga| nla-do+ala] |gla+g)ni2)
Furthermore, while equation fgrin set of Egs. (7) is correctly derived from therl
of Aris (cfr. Eq. (21) and following rows in ref])l in the same paper the final
expression foy is reported erroneously, in view of a mistakehia sign of the second
term of the denominator. The relevance of this mote the fact that several authors
later used the final result from Aris in differembys and several models are today
considered in the discussion of permeation reswitich ultimately rely on an
erroneous expression for the term which refer ¢otdintuous path.
When results in Egs. (4), (5), (6) and (8) are mak#o account, the final expression
for the ratio of overall resistance to mass transpo flake-filled systems and
corresponding pure matrix is derived:

Do :a_w(“zjz ,(apfQi+rola)  ap [ngz [ _1-ditora) o
D, ol a 1-dl+ola) /4" a w(l+ola)m/2)

The first term on r.h.s. of Eq. (9) ultimately r#sufrom the “hole region”
contribution to the mass transport resistance #&edrémaining sum refers to the
tortuous path for the diffusing molecule. The foainthe first term resembles the

simpler expressiona@/ o) used by other authors in the limit of<< a. It is useful
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here to clarify that the latter result for the “Bderm” resistance can only be derived
when slit shape parameter is defined as statedqin& [2], differently from what

considered by other authors [3-6].
3.1.2 Previous models

3.1.2.1 Diffusion in ordered structures

Several empirical models have been proposed tagbrdee enhancement in barrier
properties of 2-D structures obtained from the mdeinclusion of impermeable
platelets. These works consider different contrdng to transport, usually related to
the “hole” or “tortuous path” resistance in thetsys, described in a simplified way.
Expressions for the empirical models of largest ase reported in this section
without attempting an analysis of assumptions agrdvdtions in single models, for
which the reader is referred to the original papers

A simple model was first proposed by Cussler efZjl.that correctly expresses the
first order dependence of barrier enhancement adihg in those systems in which
“hole” resistance dominatesr (1-¢ << (a@) and second order character of the same
dependence in those systems in which “tortuous’ pa#iistance is ruling:

2
Dy _y, 99, (a9) (10)
D¢ o 1l-¢

Possible refinements of the same model were latepgsed by Falla et al. [3],
alternatively accounting for the results reportethie work by Aris [1]:

2 2
Do _j 00, la0),  ap | m'y (11)
Dy o 1-¢ (n/4)1-¢) |ofl-9)
or those indicated by Wakeham and Mason [6]:

2 —
&:1+%+M+2(1_¢)|n|:w:| (12)
D¢ o 1l-g¢ 209

The expressions in Egs. (11) and (12) are heraenriwith reference to slit shage
defined as in the original work by Cussler [2], dgdoring the definition given in
some of the following papers, which is indeed irgistent with the first one and,
more relevant, with the expression for “hole” rémi€e used. It is also important to
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compare last two terms on the r.h.s. of Eq. (11l Vitortuous path” resistance in Eq.
(8). The last terms in the two expressions caneateduced in equivalent terms, not
even for the case af<< @, and this is ultimately due to the fact that Efl)(was
derived starting from the expression in the workAns which is affected by the
mentioned mistake in sign.

Egs. (11) and (12) have been largely used for tmaparison of predicted barrier
enhancement with either experimental or simulatiesults. On the other hand,
discrepancies in results from simulation effortsdufferent authors, did not allow to
validate the above models in ultimate terms. Resultnext sections offer a valid

contribution to this specific theme.

3.1.2.2 Diffusion in random structures

The earlier theories of diffusion in a nanocompositedia were developed by Barrer
[8], and few years later modified by Nielsen [9], the idea of a highly simplified
geometry and based on empirical considerations weadpee to capture the
enhancement in barrier properties by means of just parameters. The final
relationship for diffusivity decrease, that in gpdf the simplicity is still widely used,

can be written as:

o =14 99 (13)

An important contribution to the problem was théveg by Cusser, who adapted his
previous treatment for ordered structures in Ed) (fo random systems [3],

considering that the resistance is mainly due éositrcalled wiggling, that accounts
for both the increased distance for diffusion aldimg main dimension of the lamella
and the reduced cross-sectional area betweenatkesflhence, in the derivation of his
equation all the other contributions were negleeted a sort of adjustable parameter
depending on the flake geometrical characteristicsyas also introduced to give the

following expression [10]:

& =1+ NM (14)

D¢ 1-¢

87



Chapter llI

Other works are directly focused on composite neteharacterized by randomly
distributed platelets, as those of Fredricksonlefld], who examined the disorder
and the effect of poly-dispersity considering ddlitnd semi-dilute regime in a 3-D
configuration and solved the problem numericallfhma finite element approach.
Their work led to the following formula:

D, _1( 1 1)
== + (15)
D, 4\lt+akap 1+a,kap

where: a, =(2—\/§)/4 anda, :(2+\/§)/4 andk =nllna.

The issue of the poly-dispersity of the flake digiens has also been accounted in the
work performed by Lape at al. [12], who developemi@del to consider the effect of
the distribution in the resulting barrier effect nsadering a typical Gaussian
distribution. The same model is also suitable tonadispersed random distributions
of flakes in a composite media and the relativeuditity becomes:

2
(1+2a¢)j
D, _ 3
Dy l1-¢

(16)

Other interesting works were carried out by Bharadst al. [13] and by Lusti et al.
[14] in the idea of investigate the effect of thiatplets misalignment, leading to
useful considerations and relationships that, &esof brevity however, are not here
reported.

The models here described found applications idiptieg the barrier properties of
either 2-D or 3-D flake filled systems; in this cenn, a particular care has to be
applied in the definition of the aspect ratipthat can be done in different ways, as it
will be described more in detail in the followingragraphs. It should be noted that
the largest part of the technical literature isued on the 2-D approximation and the
results were then extended in three dimensionsidensg the aspect ratio simply as
the ratio width of the platelets to its thicknes®wever, in the present work a more

accurate definition of the parametereandohas been proposed and discussed.
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3.2 Previous numerical calculations

Several efforts have been carried out in the pasnumerically evaluate the
enhancement in barrier properties produced by edléispersion of impermeable
flakes in a matrix which can be described in tefhustrated above. Calculations
reported by Chen and Papathanasiou [4] were peeftimrough a micromechanics-
based direct numerical approach in 2-D membranetacong aligned flakes, using
the fast multipole-accelerated boundary elementhatktlt is a different numerical
solution of the same continuous mechanics problesne hconsidered for the
discussion of the permeation process.

Simulations results reported by Falla et al. [3]weell as those by Swannack et al. [6],
instead, refer to a Monte Carlo approach to therg#son of same hindered diffusion
problem developed by Eitzman [16] and later moditsy these authors. In this case,
the simulation generates a composite medium iniavalume, and a Monte Carlo
algorithm gives the molecular trajectories, whick @terpreted via a mean square
displacement technique based on Browian motion [3].

Sridhar et al. [17] considered a computationalhategy, based on a resistance-in-
series and resistance-in-parallel approach, touatalthe transport properties in 2-D
heterogeneous systems with aligned flakes

Goodyer et al. [18-19] developed a three-dimengibnage element code, which can
handle the complex geometries to numerically siteuti@fusion through a membrane
from regularly spaced sources distributed on thenbrane surface. The focus of this
work was in reproducing experimental results olgdiby Liu and Cussler [20] in
order to investigate the different contributionghe resistance to the diffusion, even
if their results have a general validity.

Gusev et al. [21-22] also developed a finite elenaggorithm in order to capture the
barrier enhancement in 3-D periodic composite systeghere impermeable round
platelets are randomly dispersed in an isotropitrimaadParticular care was devoted to
create an unstructured morphology-adaptive meshkotee the Fick's law in the

computation domain. The best fitting of the resultdsch spanned over a wide range
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of system configurations, was given by an expomakriehavior for the relative

diffusivity Dg/Do with the factora @

A similar work has been performed by Nagy et al3][2&ho used a resistor

representation to calculate the effect of tortualiffusion paths on the overall

diffusivity of three-dimensional flake filled systes. The results then highlighted that
the enhancement in barrier properties is the sutwofdifferent contributions, linear

and quadratic witler ¢ as previously stated by several theoretical nwdel

3.3 Numerical solution

The pure steady state diffusion process of a sipgteetrant species in the two-phase
medium reported in Figure 3-1, governed by the 'Bitdw, has been here considered.
The Laplace equation for gas concentratyaa the field equation for the domain of
permeable (continuous) phase in the system:

0=0% (17)
Boundary conditions are then considered to insare mass flux across the interface
between permeable phase and impermeable platalésir{(g a vector normal to the
interface):

0=(0y)mn (18)
while the steady state permeate flux across theoamemposite material can be
evaluated after the solution for concentratjoin the system, from the integration of

mass flux density; across any plane normal fodirection in Figure 3-1:
. oy

=-D.—£Z 19
Ic ¥y (19)

whereDy is the diffusion coefficient in the permeable mhas
3.3.1 2-D ordered flake-filled systems

The problem of steady state diffusion within theneéntary domain previously

described was specifically analyzed for the nuna¢solution, with assigned values
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¥n and youe (Mn > Jour ) for the concentration at the inlet and outlet faries of the
domain, respectively.

To approach the numerical solution of the probléne, mentioned geometry was
meshed to achieve a proper discretization of tmepedational domain; in particular
finer grids have been used in correspondence tarttieal points (Figure 3-2), such
as the slit area, in order to better capture thesnggadients. A particular care has
been also devoted in this step to achieve mestpamtent results and minimize the

solution time.
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Figure 3-2, Discretized computational domain € 20,¢ = 10,0 = 10).

The grid was then used to solve the above equabgngsing the well-established
finite volume technique [15], which gives the comication profile in the simulation
box and allows to determine the gas flux at thetimind outlet boundaries of the
system considered; the diffusivity has been consetlyicalculated.

For all conditions considered, a simulation wasfqrered also in a corresponding
pure matrix domain, in order to validate the codd & obtain the correct reference
for the unloaded homogeneous material. Indeedealllts are rescaled with values
obtained for pure matrix and reported in termsatior between penetrant fluxes and

indicated hereafter as effective diffusivity ratio.

3.3.2 2-D randomly distributed flake-filled systems

The different geometries were built through a psgbp written algorithm that
randomly places platelets of fixed thickness andabée length (standard deviation
equal to 10% of the average aspect ratio) in tmepedational domain; no constraints

in the polymer were imposed for the flakes positeomd only a check to avoid
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overlapping was inserted in the code. The oriematif the platelets was kept fixed
and parallel to the film surface, to limit the nuenbof free parameters in the
simulation and in view of the fact that, in manglreystems, similar orientations are
induced by the film forming procedures. The finedaldered structures were similar
to that shown in Figure 3-3 which presents a stinecbbtained for value agpand a
equal to 50 and 2.5% respectively the presencesbglic geometry distribution on
the boundary parallel to average concentration ignasl is visible which allows

substantial reduction of the computational domatemsion [4].

Figure 3-3,2-D geometry filled by randomly distributed platl @ = 50, ¢= 2.5%).

During the simulative work, structures with aspetios of 10, 20, 50, 100, 150, 250
and 500 were explored at different filler concetiras, from 0.005 up to 0.20.

For each set of parameters (loading and filler etspagio) 10 different geometries
were built and the obtained data were then averageutder to obtain results that
could be considered as not influenced by the pdaticstructure tested and dependent
only on mean values @f andg@

The simulations performed converged after a cetiane with residual dropped to
values of 10 or less; the standard deviations obtained fousliffity in the different
structures instead were fairly dependent on the eizthe structure, however they
were ranging between 5 of 10 % in most of the casésnever exceeded the value of
15% even in the most complex structures. In thigcem, it should be also noted that
some authors stated a difference in the behavioraniom system with mono-
disperse rather than poly-disperse flake aspeict [B2], however, as shown in Chen
et al. [4], such differences are rather limited andeneral lower than 10% which is
close to the average value of standard deviatidairdd for the present simulations.
Therefore, in this work the problem was not dineaddressed and only random

arrays of poly-dispersed flakes, closer to reahgetnes, were considered.
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3.3.3 3-D flake-filled systems

The lamellar structure, as usually considered D, Zvas been transposed in a three-
dimensional space by developing different ordedigurations, as shown in Figure
3-4, giving to the flakes several shapes. 3-D stines also require a new definition of
the parameterg andothat have to be unique for the different shapebefplatelets;

hence the flake aspect ratio and the slit shapnpeters become:

a = i (20)
S,
S

o=—" (21)
S

where§, andS, 4 are the areas of the surfaces normal to the fiectibn of the flake

and the hole region, respectively, wiieis the area of the flake lateral surface.
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Figure 3-4, Three-dimensional heterogeneous ordered geomatrfa® different configurations: a)
squares, b) hexagons, c) ribbons, d) octagonsrobgs

As on can see from the layouts illustrated in Feg8#4, ribbons (c) are developed by

basically extruding the 2-D lamellae in the thirgedtion; in fact, they have been
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primarily considered to have a direct comparisontheftwo different approaches. In

this case and also for squares and hexagons, arange of slit dimensions can be
explored, because in these configurations, in ithé tonsecutive flakes when their

edges are overlapped, the structure is blockingobetely the diffusing molecules and

the resistance has to be assumed as infinite. ©®ndhtrary, this cannot be achieved
for octagonal or circular platelets, and so, altifothey probably are able to better
mimic the shape of real flakes, their investigatadrthis stage is limited to very few

cases.

Similarly to what have been done in the case of @dlered systems, a wide range of
aspect ratios has been investigated, from 5 toa80loadings between 0.5 and 10%;

slit shape was also varied between 0.5 and 5.

3.3.3.1 3-D randomly distributed flake filled systems

In the case of random systems, geometries wereetkby randomly placing a certain
number of circular, or squared platelets (in thasec just those two configurations
have been taken in account) in the simulation bio,overlapping of the flakes was
the only restriction considered. In this way, ramdstructures were obtained as the

one showed in Figure 3-5.

Figure 3-5,Layout of a 3-D random geometry with circular plats.
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In order to mimic the poly-dispersity of filler dension in the real composite the
aspect ratiar of the platelets was allowed to vary, a standawadion of about 10%
of the average value af was indeed used to obtain a normal distributiorsuth
parameter in the geometry.

The same procedure and the same solver previoasbribed were used in case of 3-
D randomly distributed systems. It should be natitteat, for same set of parameters
(namely a and ¢, simulations were performed on different geonestrin order to

obtain results independent from the particularcétme tested.

3.4 Results

3.4.1 2-D ordered flake-filled systems

Rather different values have been explored forctire parameters in flake filled
systems, aspect ratios in the range from 10 to\2&®& explored, while slit shape
different up to three orders of magnitude were m@red, from highest value 5 down
to lowest value 0.005. Attention was then focusedeadatively low loading range not
exceeding 25% of volume fraction. Specific valuésap o and ¢ were chosen to
allow specific comparison with results from predosimulations, while in general
terms preference has been given to simulation latively low a /o ratio, which
should correspond to more severe conditions foptkdiction of the above described
simplified model. Table 3-1 summarizes the resditts enhancement in barrier

properties of flake filled system as obtained mudations performed in this work.
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Table 3-1a,(Dy/Dg ) results from simulations for ordered flake fill2-D systemsd =10, 20).

a=10 a=20
(%)
0=0.005 ¢=0.05 o0=05 o=5 0=0.005 ¢=0.05 o0=05 o=5

0.5 11.6 2.32 1.29 1.12 22.2 3.73 1.65 1.27

1.25 27.2 4.31 1.71 1.30 53.6 7.81 2.63 1.67

25 53.4 7.61 2.46 1.60 106 14.6 4.26 2.37

5 106 14.2 3.93 2.34 211 28.4 7.67 4.24
7.5 158 20.9 5.44 3.40 317 42.5 115 7.00
10 211 27.6 7.06 4.86 423 57.1 15.8 10.8
15 316 41.4 10.7 9.17 636 87.6 26.1 22.0
20 423 55.8 151 15.7 853 121 39.5 39.2
25 527 70.9 20.5 25.1 1070 157 56.7 63.9

Table 3-1b,(Dy /Dy ) results from simulations for ordered flake fll2-D systemsq =30, 50).

a=30 a=50
(%)
0=0.005 ¢=0.05 o0=05 o=5 0=0.005 ¢=0.05 o0=05 o=5

0.5 32.7 5.17 2.04 1.44 53.8 8.10 2.88 1.82

1.25 81.1 115 3.61 2.09 135 18.9 5.72 3.09

25 160 21.9 6.25 3.31 266 36.8 10.7 5.65
5 319 43.2 121 6.74 540 74.8 22.5 13.3
7.5 478 65.6 18.8 11.8 803 115 32.2 25.2
10 638 88.7 26.7 18.9 1080 159 55.3 41.8
15 964 139 46.8 40.1 1630 258 104 92.1
20 1295 196 73.9 72.5 2210 377 173 169
25 1634 261 110 119 2810 519 265 278

Table 3-1c,(Dy/Dg ) results from simulations for ordered flake fill2-D systemsd =75, 100).

(%) a=75 a=100
0
4 0=0.005 ¢=0.05 o0=05 o=5 0=0.005 ¢=0.05 o0=05 o=5

0.5 64.5 12.2 4.01 2.37 103 15.6 5.18 2.96

1.25 205 28.3 8.60 4.57 254 38.3 11.7 6.29

25 406 56.4 17.1 9.38 540 79.6 24.4 13.9
5 805 117 38.5 24.6 1080 162 57.9 39.1
7.5 1216 184 67.0 48.7 1637 260 104 79.8
10 1630 259 104 83.0 2210 373 166 138
15 2500 437 205 187 3399 649 340 314
20 3410 659 352 345 4680 1010 594 584

25 4372 934 554 571 6037 1454 947 968
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Table 3-1d,(Dy /Dy ) results from simulations for ordered flake fill2-D systemsq =150, 200).

2(%) a=150 a=200
0=0005 =005 ¢0=05 o0=5 0=0005 =005 ¢0=05 o0=5

0.5 101 23.3 7.67 4.28 214 31.7 10.3 5.77
1.25 379 58.2 18.7 10.4 471 79.9 26.5 15.3
25 805 121 41.4 25.5 1087 166 61.4 40.2
5 1637 266 107 78.1 2217 377 168 130
75 2502 436 202 165 3396 642 330 280
10 3394 646 332 290 4629 969 553 497
15 5302 1173 708 669 7315 1828 1209 1156

20 7383 1881 1266 1250 10378 3010 2188 2170
25 9680 2807 2044 2070 13743 4579 3556 3600

As expected, the barrier enhancement effect ineseas flake loading increases at
constanta and o. Similarly, the higher the aspect ratio of flakéise higher the
decrease of permeability for the flake filled systdt should be noted however, that
the enhancement in barrier effect is not monotomatrs slit shape, at constantand

@ Indeed, at constant aspect ratio and loading, ldhger the distance between
adjacent flakes on the same plane, the shorteditance between two successive
flakes plane. Then, at low slit shape, where “haobsistance dominates, an increase
in slit shape results in a decrease of the ovéattier effect. At relatively high slit
shape, on the other hand, an increase tan induce a decrease in permeability as
result from the increase in “tortuous path” resis&a

Those two different contributions to the overaBiisgance to the diffusion are shown
in Figure 3-6, where the results are reported dowble logarithmic scale to highlight
the behavior of they/Dgx - 1) factor with the parametesr @ which allows,
considering the mathematical model above desciiBgd. (9-12)), to easily evaluate

the dominant resistance in the system throughnhbéysis of the results with a simple

power law:
[& _]J = A[ﬂam)n (22)
fo
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Do/Dy - 1

Figure 6, Trends for the enhancement in barrier prope(igty - 1) in flake filled systems for
different slit shapes = 0.005, 0.05, 0.5, 5).

There exists, indeed, a double behavior for alldages consideredr& 0.005, 0.05,
0.5 and 5). When the platelets are relatively snaatl the system is not so
concentratedd ¢small), there is a linear dependence of the bagffect with thea ¢
parameter; in this range indeed the largest carttab is given by the resistance
within the slit between two consecutive flakes whihe tortuosity plays a marginal
role. On the contrary, at high values @fg the barrier properties behave with a
guadratic trend, as the wiggling effect gains ratee with respect to the “hole”
resistance. It should also be noticed that at tegly a ¢ on the right side of the plot,
the four curves at different slit shape values eoges to the same trend; this is
further proof of the fact that when the aspectoras high and the system is

concentrated the hole resistance is negligible.
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3.4.1.1 Comparison with previous simulations

Several efforts have been carried out in the masvaluate the enhancement in barrier
properties produced by ordered dispersion of impabte flakes in a matrix which
can be described in terms illustrated above. Sinouns reported by Chen et al. [4]
were performed through a different numerical solutiof the same continuous
mechanics problem here considered for the discussiothe permeation process.
Simulation results reported by Falla et al. [3] &@wannack [6], instead, refer to a

Monte Carlo approach to the description of samdédred diffusion problem.

300
+ Simulations
O ref Falla etal
250F o ref Chenetal
A ref Swannack et al. A
Aris model

0 2 10 13 20 25

Figure 3-7,Comparison of simulation results for enhancemegiais barrier properties for 2-D ordered
flake filled systemsd = 30, ¢= 0.05)

In Figures 3-7, 3-8 and 3-9 data for enhancememiebaffect for the case af = 30

as obtained from simulations performed in this woske compared with

corresponding value obtained in mentioned workgetiver with the prediction from

the model due to Aris, EqQ. (9). In all cases, redatncrease in permeation resistance

from pure matrix to flake filled systems form siratibns, expressed aB({Ds - 1),

are reported as function of particle loading.
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120
+ Simulations A
O ref Falla etal

100r  © ref Chenetal
A ref Swannack et al.

Aris model

[:l | | | | ]
0 2 10 13 20 25

Figure 3-8, Comparison of simulation results for enhancemegiais barrier properties for 2-D ordered
flake filled systemsd = 30, ¢= 0.5).

In Figures 3-7, 3-8 and 3-9 data are shown forctdse ofo = 0.05,0= 0.5 ando = 5,

respectively. It clearly results from comparisorthiese plots that while results from

this work and those by Chen are definitely conaistéth each other, results obtained

from different modeling approaches show valuesiggmtly different, sometimes

difficult to interpret in terms of parameter effect
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140
+ Simulations
1201 O ref Falla etal 4
2 ref. Chen et al.
2 ref Swannack et al.
100¢ Aris model
- B80F
[
=)
[ 60k
40+
20+
D 1 1 1 1 1
0 5 10 15 20 25

Figure 3-9, Comparison of simulation results for enhancemegiais barrier properties for 2-D ordered
flake filled systemsd = 30, ¢=5).

As a further analysis of the set of data from satiah obtained from different

approaches, data have been shown in the plot$alsiee results of model in Eq. (9).

Comparison of predictions from latter model andpatitfrom simulations put in

evidence an excellent agreement in the inspectaderaf a, o and ¢ between

numerical results and simplified analytical modehsidered in this work, while

guestions the data obtained in some of the sinauatperformed in earlier works.

3.4.1.2 Comparison with previous model predictions

In order to compare results from the simplified regsion proposed in this work for
the enhancement in barrier properties for flakkedilsystems (Eq. (9)) and those
considered in previous works, a series of paribgphave been built (Figures 3-10, 3-
11, 3-12 and 3-13), which separately account ferabcuracy of distinct models in
predicting the results obtained by numerical cattahs performed in this work.
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Figure 3-10,Comparison between numerical results for enhanoemeyas barrier properties for 2-D
ordered flake filled systems and prediction fronisAEQ. (9).

In Figure 3-10, the parity plot for calculatedo(Ds ) and from model in Eq. (9) is

shown for all sets of structure parameters consdlen this work. It can be

appreciated that an excellent agreement is obtamatl cases, with few exceptions,

more frequently observed at low enhancement indygoroperties, i.e. low{y/Dy )

values, pertinent to the case of low ¢) or low (a/o) values, for which the

accuracy of Eqg. (8) in representing “tortuous pa#sistance is not satisfactory.
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Figure 3-11,Comparison between numerical results for enhanoemeyas barrier properties for 2-D
ordered flake filled systems and prediction fromkétzam, Eq. (12).

In Figures 3-11 and 3-12 parity plots are showntlier comparison of the numerical
calculation results with prediction obtained fronoaels by Wakeman and Mason or
by Cussler, first or second approximation, respebti Previous models here
considered clearly offer a less accurate representaf the barrier enhancement in
flake filled ordered systems with respect to thevrexpression in Eq. (9). This is
partly due to the effect of correction for ratd a in the “hole” resistance which is
missing in previous models, but it is mainly theulke of the incorrect expression
assumed for the contribution by “tortuous path’isesce to the mass flow in earlier

works.
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Figure 3-12 Comparison between numerical results for enhasoéim gas barrier properties for 2-D
ordered flake filled systems and prediction frons€ter, Eq. (10).

This is also evident from the comparison of papigt for calculated results against

prediction from Eq. (10) and that against resuftsnf Eq. (11). Indeed from the above

comparison, it cannot be concluded that Eq. (1Presents a refinement of

predictions obtained by Eg. (10) as the averagemte between numerical analysis

and predictions in Figure 3-13 is even larger tbamesponding value in Figure 3-12.
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Figure 3-13 Comparison between numerical results for enhasoéim gas barrier properties for 2-D
ordered flake filled systems and prediction fronidd&Eq. (11).

In fact, additional contribution in Eq. (11) witbspect to Eq. (10) is just derived from
the incorrect expression of tortuous path resigtaeported in the original work by
Aris.

The results that have been shows provide the regelsackground for the proposed
method of calculation and prove the ability of fater to mimic the effect of the

dispersion of an impermeable phase into a contisimoaiety in the comparison with

the almost complete and rigorous solution giver\by.

3.4.2 2-D randomly distributed flake-filled system

The numerical calculations were then focused omrdeyed systems where the
impermeable phase was randomly distributed in fheulation box. In order to
investigate all the possible regimes, different rgetsies were built witha values

varying from 10 to 500, while the loading was ire trange 0.005 to 0.25. The
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corresponding results are reported in Table 3-Bims of enhancements in barrier

effect,Do/D, of flake filled system as obtained in the perfethtalculations.

Table 3-2,(Dy /Dy ) results from simulations for ordered flake fll2-D systems

a @ Do / Dy a @ Do / Dy
0.005 1.05 0.025 6.49

10 0.0125 1.14 0.05 16.1
0.025 1.30 100 0.10 41.4
0.005 1.11 0.15 69.1

20 0.025 1.63 0.20 95.4
0.05 2.56 200 15 226
0.10 4.56 20 341
0.025 3.03 10 685

50 0.05 6.38 500 15 1215
0.10 14.6 20 1748
0.025 4.58

75 0.05 10.7
0.10 26.5

As expected, and as already showed for the casedefred structures, the barrier

enhancement effect increases as flake loadingasereat constamt and, similarly,

the higher is the aspect ratio of flakes, the higheéhe decrease of permeability for

the composite system.

Figure 3-14 reports the factddd/Dy - 1) as function of a unique parametey in a

double logarithmic scale as calculated from theusations in random structures to

show the two different trends already describedHercase of ordered geometries (as
indicated in Eq. (22)).

106



Chapter llI

o ¢
Figure 3-14,Trends in enhancement in barrier propertiggl; - 1) for 2-D randomly distributed
systems.
The random flake-filled structure can be complet@gscribed, as far as diffusion
properties are concerned, by a single parametengimply by the product of filler
loading and platelet aspect ratio. This behaviosubstantially different from what
observed in the case of ordered flakes arrays wdrasther parameter was required to
describe the system, namely the slit shapeavhich, however, looses its physical
meaning in random geometries. Moreover, it candiead that when a geometry is
developed in a random configuration, the barrideatfthat can be guaranteed is
always smaller then the one in ordered structumeswill be better discussed later
indeed the general shape of the different curvesemted in Figure 3-15 for ordered
and disordered systems is rather similar, but #redom curve seems somewhat

shifted toward smaller diffusivity reductions.
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Figure 3-15, Diffusivity decrementy/Dy) in randomly distributed systems in comparisorhwaésults
from calculations in ordered geometries.

From a qualitative point of view, such behavioeasily predictable; in highly ordered
systems, indeed, the regular disposition of théef@aavoids any shortcut inside the
composite and maximizes the path of the diffusinglecule. On the contrary, in
random structures it is possible to find clustdriamellae as well as areas with lower
filler concentration; the presence of shortcuttherefore unavoidable and such easy
paths are preferentially used by the penetrant ecotds to diffuse across the

membrane.

Figure 3-16 Concentration profiles in ordered (a) and randbjrdistributed flake filled systems.
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In this concern, Figure 3-16 shows the concenimgpimfile for both ordered (a) and
random geometries (b). As it can be seen, the obraten across the membrane
gradually decreases following the paths with lowertuosity for both types of
structure. In case of ordered geometries, howedhere exist a periodic structure
which is repeated and the tortuosity is homogengodistributed throughout the
system: the flux of the diffusing species leavihg system will be therefore periodic
with maxima in correspondence of the position @ ¢hits; on the other hand, in the
random system, the same flux is randomly distribateng the outlet boundary of the
computational domain.

To account for the different flakes distributioh,can be stated that, in actual fact,
there exists, for every given random composite,egaivalent ordered structure,
which, as expected, is characterized by lower Halspect ratio then the ones in
“real” system; in random geometry indeed the flales often not distributed
homogeneously, they tends to form sort of clustensch, obviously, have lower
aspect ratio with respect to the single lamella.

In order to compare the results obtained in thiskwath all the models proposed in
case of random distribution of flakes in a polyrogrhase, a series of parity plot have
been proposed in the following figures.

In Figure from 3-17 to 3-20 four different paritiofs of ©¢/Ds ) from simulations in
2-D random flake filled geometries and from therfowodels that are above described

are presented.
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Figure 3-17,Comparison between numerical results for enhanoemeyas barrier properties for 2-D
random flake filled systems and prediction from €leis Eq. (14).
In Figure 3-17, the enhancement in barrier propgertibtained from the numerical
calculations has been compared with the predidtimm Cussler equation (Eq. (14))
in which the adjustable parameigr supposed to account for the misalliance of the
flakes, has been considered as equal to 0.5 agsteggn a following paper [10] for
the case of long ribbon-like platelets.
The trend seems to be fairly correct at high valoiethe diffusivity enhancement,
corresponding to large @ where the simulations show a quadratic behawibrtie
absolute value of the predictions are rather dffieto the results from the numerical
calculations; on the contrary, at smallg the model shows a completely different
trend with respect to numerical results and comeplatverestimates the barrier effect

in such systems.
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Figure 3-18,Comparison between numerical results for enhanoemeyas barrier properties for 2-D
random flake filled systems and prediction fromIsks, Eq. (13).
On the other hand, in the range of smealy Nielsen model, reported in Figure 3-18,
is able to mimic the initial (linear) behavior oditier enhancement effect, but, when
that parameter is further increased, Eq. (13) pteddo/ D much lower then the one
obtained in the simulations. In case of Fredricksudel reported in Figure 3-19, the
parity plot shows that the predicted behavior seémmbe reasonable and able to
capture the trend only in the range of very smaahd @ However, for higher values
the model predictions look quite different to thesults obtained from numerical
calculations, and completely not too accurate iscdbing the problem. It has to be
noticed that the Fredrickson model was developatsidering a slightly different

point of view because its approach was performetrge dimensions.
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Figure 3-19,Comparison between numerical results for enhanoemeyas barrier properties for 2-D
random flake filled systems and prediction fromdfigkson, Eq. (15).

Figure 3-20 reports the parity plot for the simwatresults and the model due to

Lape, and as one can se, the agreement is remarleadain if at high values af ¢

where the barrier effect is small, there is a $lidéviation, there is not any drift at

smaller values. The ability of this equation to nurtihe enhancement in barrier effect

is probably due to its approach directly focusedhi@a conditions here discusses of

randomly distributed geometries and specificallyadeped in two dimensions.
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Figure 3-20,Comparison between numerical results for enhanoemeyas barrier properties for 2-D
random flake filled systems and prediction from €aRq. (16).

3.4.3 Effect of a third phase

The proposed algorithm is able to capture the hiehai the barrier effect given by
heterogeneous systems where an impermeable pHasa foolymer matrix. This
method is based on the assumption that the prepeofi the organic phase are not
affected by this addition, i.e. the diffusivity tife system is punctually equal Dy
(pure polymer diffusivity) anywhere in the struawxcept in correspondence to the
impermeable flakes where there is a discontinuityis zero.

In real systems, several events can occur durirg synthesis, or the filming
procedure, and the properties of the organic phaight change. In some cases the
adhesion between the two phases is poor and seveidd are concentrated in
correspondence to the flake interface where thigiNity can be assumes as very
high; on the contrary, the presence of a new elénmethe polymeric matrix can

promote a more connected and stronger networkeoirtacromolecules, or, in case of
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semi-crystalline polymer, the crystallinity can leeally enhanced. This leads to a
third layer close to the filler surface with a dgion coefficient smaller then the one
in the pure polymer.

In this concern, it is of interest to see how thiege phenomena influence the overall
diffusivity; consequently, a series of simulatidmsve been performed on randomly
distributed 2-D systems considering three differgndses (polymer, interlayer and
flakes). A single aspect ratio has been explor@d wsth 2 different loadings, 0.05
and 0.10; the thickness of the interlaygrwas chosen equal to 0.5, 1 and 5 times the
thickness of the lamella, while its diffusivityD; has been varied in the range 0.1 -
10 times the pure polymer diffusivitypg). Figure 3-21 shows an example of this

three-phase structure.

[r————

_— e
—— e D

b)

Figure 3-21,Layout of 2-D geometry with randomly distributeldtelets ¢ = 10, ¢= 5) with
interlayer: a) overall structure; b) detail of thad phase, in red

Then, once the geometry has been developed, the pemsedure above described
was applied solving the Fick's law in the compotadi domain; the concentration
profiles and the transport properties in the contpasedia were thus determined.

This route allows the calculation of the effectdifusion coefficient, and the results
are listed in Table 3-3 in terms of enhancemeriarrier properties with respect to

the unfilled pure polymeric matridDg/Ds).
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Table 3-3 (Dy/Dy) results in three-phases 2-D random flake fillgstams & = 50; = 0.05, 0.10)

@=0.05 =01
Di /Do th=05 ¢t/ft=1 t/t=5 th=05 t/ft=1 t/t=5
0.1 10.2 12.2 12.6 22.7 24.0 38.6
0.5 10.0 10.3 11.1 21.1 22.5 24.6
1 8.94 8.80 8.61 17.7 17.4 17.1
3 8.14 7.27 431 14.4 111 8.84
5 7.68 6.28 3.20 115 8.57 6.15
10 5.69 4.47 2.14 9.58 6.49 3.74

This third phase is able to play a relevant rolehanging the transport properties of
these barrier membranes; depending on the sizéeointerlayer and also on the

configuration of the systeny /D¢ can change even of a factor 5.
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Figure 3-22,(Dy/Dy ) for 2-D systems with randomly distributed platsland with an interlayer of
variable diffusivity @ = 50, ¢= 0.05).
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Figure 3-23,(Dy/Dy ) for 2-D systems with randomly distributed platsland with an interlayer of
variable diffusivity @ = 50, ¢= 0.10).
Figures 3-22 and 3-23 show the effect of the praser this interlayer as function of
its intrinsic diffusivity (in thex-axis the ratid; /Dy is reported) for the two different
filler concentrations. It should be noted that whieis layer between the polymer and
the flake is rather impermeable (Ds< Dy ) the barrier effect is enhanced of a factor
2, at the most, with respect to the system witlinterlayer; on the contrary when this
third phase is quite permeable; & Dy ), the reduction oDy/D¢ is more relevant, up
to a factor 5.
Figure 3-24, reports the different effects of tinierlayer on the barrier properties for
the two filler concentrations inspected, 5 and 10foterms of diffusivity ratio
between the flake filled system witDg; ) and without Dg ) considering this third
phase.
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Figure 3-24,(Dy/Dy ) decrease due to the presence of an interlagfeel@d with 3) in 2-D systems
with randomly distributed flakes with interlayerdriable diffusivity ¢ = 50, =5, 10).

In both casedj/ Dy < 1 andD;/ Dy > 1), the system is more affected by the presence
of the interlayer when is more concentrated: behey flakes close to each others
indeed allow the third phase to be highly interamtad creating thus physical blocks
where the permeating molecule is entrapped or eaitys where it can easily diffuse.
Therefore, when a polymer layered nanocomposipeggared, a particular care has to
be focused on the adhesion between the two ph#ses;reation of nano-voids,
indeed, promote the creation of easy paths fordiffasing species that harms the
barrier effect provided by the flakes dispersehia matrix. It is also noted that it is
possible to further lowers the gas diffusivity byeating a more compact structure
around the flakes, but the overall effect is notaekable; hence, this effect cannot be
widely exploited in the idea of preparing ultra ter materials, but other method

should be applied.
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3.4.4 3-D flake-filled systems

On the basis of the complete development of the @dproach, more realistic
structures were then considered, distributing, ithee ordered or in random way,
impermeable platelets of different shapes and sizesthree-dimensional simulation

box.

3.4.4.1 3-D ordered flake-filled systems

Aspect ratios between 5 and 500, filler volume titacs, ¢ in the range 0.005 - 0.10,
and, when possible, slit shapes from 0.5 up to &fewonsidered to investigate the
influence of the loading on the composite transpoodperties. The obtained results

are reported in Table 3-4.

Table 3-4,(Dy/Dx) results in 3-D ordered flake filled systems withtelets of different shapes.

hexagons ribbons squares circles  octagons
a ¢ 0=05 o¢=5 o¢0=05 o0¢0=5 0=05 o0=5 0=05 o=5
0.005 1.14 1.06 1.13 1.04 1.15 1.06 1.09 1.05
5 0.0125 1.37 1.16 1.33 1.13 1.37 1.16 1.22 1.15
0.025 1.74 1.33 1.66 1.28 1.74 1.34 1.45 131
0.005 1.33 1.13 1.29 111 1.33 1.14 1.20 1.13
10 0.025 2.68 1.69 2.45 1.60 2.68 1.72 2.03 1.72
0.05 4.39 2.52 3.94 2.33 4.43 2.67 3.12 2.71
0.10 8.07 5.02 7.09 4.88 8.42 4.90 5.62 5.73

0.05 11.3 6.04 10.2 5.44 11.8 6.40 - -

2 0.10 24.7 155 21.7 14.8 26.6 13.7 - -
50 10 66.4 46.7 57.2 42.7 73 36.5 - -
100 10 193 152 173 141 207 107 - -
150 10 384 331 339 295 387 211 - -
200 10 646 574 572 502 616 341 - -
250 10 936 869 880 774 886 510 - -
300 10 1170 1280 1190 1100 1210 907 - -

As previously mentioned, not all the configuratioosnsidered in this work are
equivalent. In fact, while three of them, namelpbons, squares and hexagons,
perfectly packed in their elementary cell, havditaasea with constant width, in the

case of octagons or circles, the hole has a fudbetribution because they cannot be
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displaced in a perfect array. Hence, for theseigaordtions, it was not possible to
achieve small values of slit shape or high valdesspect ratio.

Figure 3-25 reports the enhancement in barriergitogs in 3-D ordered systems with
a slit shape value equal to 5 filled with flakesldferent shapes.
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Figure 3-25,Enhancement in barrier properti&@yDy - 1) in 3-D flake filled systems, with platelets
of different shapes = 5).

In the plot, it has been also included, in its &g validity, the model due to Aris,
which is proved being accurate in predicting thangport properties in 2-D
nanocomposite ordered systems. The same trendbauealso observed for smaller

slit shapes and the results e 0.5 are reported in Figure 3-26.
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Figure 3-26 Enhancement in barrier properti&@yDy - 1) in 3-D flake filled systems, with platelets
of different shapesq = 0.5).

As one can see, Figures 3-25 and 3-26 show howlitfegent types of platelets give
approximately the same barrier effect, if the gewived parameters are calculated as
above described. Therefore, the shape of the flalees not affect the barrier
properties of nanocomposite systems, which areuahygdescribed by the set of the
three variables, gando.

The three-dimensional systems show the typical\aehareviously observed for the
case of 2-D geometries where, whewpis rather low, the trend is clearly linear with
this parameter while in the rest of the range Agsation is able to accurately predict
the value oDy/Dy.

In this concern, the agreement observed with allkctimfigurations considered and the
Aris equation developed in 2-D approximation vakdathe new definition of the
parameters aspect ratio and slit shape; this pésafl, indeed, finds the correlation
between the modeling work carried out by sever#h@s in two dimensions with

more realistic structures developed with one dinmensore.
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It is interesting to compare the results obtainét this approach with those reported
by other authors who performed numerical calcutetiosing a Montecarlo technique
such as Swannack et al. [6] or through a finiteuga@ algorithm, such as Goodyer et
al. [18]. For this purpose, several geometries wgemerated, following the
parameters used by the authors, as describediirptpeer.

Figure 3-27 and 3-28 are the parity plot betwedraanement in barrier properties as
calculated with the present approach and the om&ingal from simulations due to

Swannack and Goodyer, respectively.
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Figure 3-27,Comparison between numerical results for enhancemeyas barrier properties for 3-D
ordered flake filled systems and results from thautation performed of Swannack [6].
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Figure 3-28,Comparison between numerical results for enhanoemeyas barrier properties for 3-D
ordered flake filled systems and results from thautation performed of Goodyer [18].
As previously observed for the case of 2-D appratiom, the results of the
simulations due to Swannak seem to be rather diffeto what obtained with the
present finite volume method, that are confirmedhsy prediction given by the Aris
equation. There is probably a lack of accuracyheké calculations performed via a
Montecarlo approach, which is probably not easiljtable to solve this kind of
problem.
On the contrary, finite elements method used bydgen produces results very
closed to the present calculations for all thedhsieapes considered (squares, ribbons
and hexagons); the small differences that can lserebd, having not a particular

trend, seems to be related to numerical errors.

3.4.4.2 3-D randomly distributed flake-filled systems
Following the same approach used for the 2-D appration, after a detailed

characterization of the properties of the orderei@iogeneous systems, more realistic
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structures have been developed filling the simaitabox with no positional order, as

previously described. In this case, only circulad ssquared platelets have been

considered. The results, as calculated from numesimulations are listed in Table

3-5.

Table 3-5,(Dy/Dy) results in 3-D random flake filled systems witther circular or squared platelets.

Do / Dyt Do / Dyt
a ¢ Circles Sguares a ¢ Circles Sguares
0.005 1.04 1.03 0.025 2.88 3.27
5 0.0125 1.13 1.14 375 0.05 4.94 5.94
0.025 1.25 1.29 0.10 8.02 9.11
0.025 1.53 1.56 0.025 3.44 3.37
10 0.05 2.15 2.13 50 0.05 6.40 5.68
0.10 3.25 3.84 0.10 12.2 13.0
2.5 2.29 211 0.15 14.5 -
25 5 3.52 3.19
10 5.64 6.69

As already observed for the case of ordered stresfithe shape of the platelets,

evaluating the parametesnsand o according to the definition above described, las n

significant influence on the overall transport pedpes of the nanocomposite, as
showed by the parity plot in Figure 3-29, for thehaviors of Do/Dg - 1) given by

both the configurations, squares and circles.
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Figure 3-29,Comparison between numerical results for enhanoeméarrier propertied, /Dy -1)

for 3-D random flake filled systems with differdteke shape configurations, circular and squared.
As obvious, three-dimensional platelets randomispliced in the simulation box
represent the most realistic picture of polymeetag nanocomposites; it is thus of
interest to compare those results with the oneirmddain the 2-D approximation, as
reported in Figure 3-30 which shows the enhancemedrrier properties both in 2-
D and 3-D random (circular shaped) flake filledteyss.
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Figure 3-30,Comparison between numerical results for enhanoeméarrier propertied, /Dy -1)
for 2-D and 3-D (with platelets of different shapesndom flake filled systems.

The figure shows that, when platelets are smalltaedsystem is diluted, there is a
perfect agreement between the two approximatiodslamtwo curves appear almost
overlapped; in this regime, as already discusseetis not a tortuosity effect due to
wiggling around the flakes and the trend B Dy - 1) is linear witha @

Unfortunately, the comparison between the two axprations cannot be performed
in the entire range af ¢ because the simulations in 3-D are much more esxpeim
terms of computational power. Therefore it was possible to properly mesh

structures with flakes of very large size and highues ofa could not be achieved.

3.4.4.3 Comparison with previous model predictions

In order to compare results obtained in this wark the enhancement in barrier
properties for flake filled systems and those esgigns developed in previous works,
a series of parity plots have been built (Figuréd 33-32, 3-33 and 3-34).
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Figure 3-31,Comparison between numerical results for enhanoemeyas barrier properties
for 3-D random flake filled systems and predictfoom Nielsen, Eq. (13).

As above described, all the models in the techniitatature give a different
definition of the aspect ratio with respect to the one here considered, whidyisl
to the ratio normal surface to lateral surface grea reported in Eq. (20), while in
most of the works it is given by dividing half dfe main dimension of the platelets,
i.e. the width, by its thickness. As obvious, thedal predictions here reported were
calculated according to the proper definitions giwethe respective works.
Figure 3-31 shows that Nielsen’s equation is ableredict the barrier effect in
nanocomposite systems when rather small valuesspéca ratio and loading are
considered; the agreement is indeed rather pracdeaccurate for the whole range of

parameters inspected.
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Figure 3-32,Comparison between numerical results for enhanoeimeyas barrier properties
for 3-D random flake filled systems and predictftom Cussler, Eq. (14).

On the contrary, the model due to Cussler, whicteorted in the comparison with
the results obtained with numerical calculationgigure 3-32, is not able to mimic
the actual behavior of the barrier effect enhancegpeven changing the adjustable
paramete (in the figure the equation has been plotted whth value ofir = 0.5 as
suggested in [10]). Indeed, for smallg this equation, which supposes a quadratic
behavior, underestimates the diffusivity, while; fFagher values, it predicts a rather
larger barrier effect with respect to the one otedi with the simulations due to an

inaccurate coefficient of proportionality.

127



Chapter llI

1
c 10} 1
o I 0
]
—
2
3
™ Q
£ O
o
= o
= o
[ 0
=
(]
'1[:]|: ; 1 1 1 1 1 1 1 1 |1
10 10

D,/Ds from calculations

Figure 3-33,Comparison between numerical results for enhanoeimeyas barrier properties
for 3-D random flake filled systems and predictfoom Fredrickson, Eq. (15).

Figures 3-33 and 3-34 report the comparisons betwlee prediction of Fredrickson

and Lape models, respectively. The fist one, seemmimic quite accurately the

results obtained from numerical calculation; thisd@l indeed predict substantially a
linear dependence &fy/Ds with agas well as Nielsen.

On the contrary, the parity plot in Figure 3-34 whdhat the equation due to Lape is
not able to capture the enhancement in barriergsti@s in nanocomposite systems.
However, it has to be noticed that since Lape mua@el able to correctly describe the
behavior for the enhancement in barrier propertighe 2-D approximation, it surely

can be used to approach the 3-D systems, whicab@ge illustrated, show the same
trend and there is a perfect correspondence bettieetwo types of geometries. In
this concern, although the original developmenthaf equation due to Lape is not

correct, it should be considered as accurate drecappropriate value a@f is used.
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Figure 3-34,Comparison between numerical results for enhanoemeyas barrier properties
for 3-D random flake filled systems and predictfom Lape, Eq.(16).

The model that shows the best results is the ordailielsen, which is the simplest,
because it is able to capture, in the investigatedie of the parametersand g a
resistance to the permeation in nanocomposite rbtghich is fairly linear with
respect toa @; in Figure 3-35, the results are represented astifun of the filler
concentration at different values of the aspedb ramnd the agreement of this model
with the simulations is remarkable.
It has to be noticed that this agreement is redaotdy for the investigated range of
parametersd up to 100 andpup to 10%), while when the facter g increases the
behavior is supposed to turn as quadratic, as ghaitber for the case of 2-D
approximation or for 3-D ordered systems. On thHeeiohand, real nanocomposites
are characterized by having rather low concentnatif inorganic phase and so, even
if the flakes are quite wide (high aspect ratias)yis always kept below 10, where

the linear trend predicted by Nielsen expressialdeen proved to work.
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Figure 3-35,Diffusivity decrement Dy /Dg) in random structures as function of the loadjrfgr

different aspect ratiogy. The solid line is the behavior predicted by theld&n equation, Eq. (13).
Moreover, as previously showed, the model due tpelavhich gave the correct
interpretations of the results form numerical siatioins, could be conveniently
modified by consideringr according to Eg. (20), in order to correctly potdhe
enhancement in barrier properties also in 3-D systes reported in Figure 3.36. It
has to be noticed that at low valuesmipthe agreement between the results from
simulations and the model prediction is remarkableile at higher values the two
curves seem to diverge; this is related to thehsligviation also present in the 2-D
approximation and also due to a probable lack otiaxy for relatively high aspect

ratios in 3-D systems.
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Figure 3-36,Comparison between numerical r:;uql:';s for enhanneméarrier propertied), /Dy -1)

and prediction from a revised version of the Laj®ining the parameter according to Eq. (21).
The effort in modeling the trend foD¢/Dy - 1), indeed, led to indentify a double
behavior at lowa ¢ (linear) and at higlr ¢ (quadratic), that are clearly described in
the case of ordered geometries and somewhat extefoerandomly distributed
systems.

3.5 Conclusions

The problem of diffusion in heterogeneous systerhsres an impermeable phase is
dispersed in a polymer matrix has been thoroughlgstigated and a simulation tool
was built, based on CFD techniques, for the nuraksolution of the mass transport
problem in the flakes filled system and ultimatédy the evaluation of decrease in
overall diffusivity.
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The analysis of the existing models and equatioopgsed in the past and reported in
the technical literature led to the derivation ohew simplified expression for the
enhancement of gas barrier properties in nanocoitepsgstems resulting from the
ordered dispersion of impermeable flakes in a 2drm The expression was indeed
obtained through a revision of a fundamental woykAbis for the derivation of the
contribution to the resistance to mass transpoet tdu‘tortuous path” and carefully
combining it with contribution for “hole” resistaac

Results from the performed calculations were indyagreement with earlier results
from similar approach and predictions from the difigd model well compared with
numerical solutions of the diffusion problem in tfenge of aspect ratio, slit shape
and loading for which model assumptions hold.

Reliability of the modeling and simulation toolsveéped allowed for a useful
discussion of different regimes in enhancement ag Qarrier properties, resulting
from dominance of “hole” or “tortuous path” resiste, and transition from one to
another as function of the structure parametetisarsystem.

The case of randomly distributed systems was algnsidered in this 2-D
approximation and the results pointed out the eris of the two different regimes
characterized by two different trends for the erdeament of barrier properties as
function of a ¢ linear when the contribution of the hole resisemwas predominant
and quadratic for more concentrated systems watkei of higher aspect ratios when
the tortuosity of the diffusion path was the mdiiea achieved.

The highly packed geometries which characterized didered systems showed in
general very good barrier effect, especially whempgared with random systems.
This was due to the fact that ordered dispositiothe platelet maximizes the path of
the diffusing molecules and prevents the preseh@hartcuts inside the composite;
on the other hand, in random structures such tfasks” were unavoidable and were
used by a relevant fraction of molecules to permaatoss the film.

A comparison of these results obtained from nuraérisimulations and the
predictions with the existing models was reported the remarkable agreement with
the equation proposed by Lape, consistent withptiesent calculations in the entire

investigated range af ¢ was then discussed.
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In the second part, the same approach was exteandédee dimensions in order to
mimic more rigorously the real structures; a neniteon of the parameters was then
proposed to evaluate the geometrical charactegisfiplatelets of different shapes. In
this concern, it has been showed how the overalidsaffect was not affected by the
shape of the flakes and the results, in all casese comparable with the ones
obtained in the 2-D approximation and, therefore,good agreement with the
predictions of the Aris equation. The agreementwvbeh the results obtained in
approximation in 2-D and the ones in tridimensiogabmetries was confirmed also
when randomly distributes systems were analyzed.

The comparison with the existing models showed thatew definition of the
parameters was necessary in order to have a coenedtiation of the barrier
properties.

The problem of the existence of a third phase betwibe flakes and the matrix was
also approached in a random system with a giveosivity value, in order to mimic
an interlayer given by a bad adhesion between Hasegs or by the creation of a
crystalline-like structure around the plateletseTiesults showed how the overall
transport properties were significantly affected af high permeable phase is
considered in the structures, while the improveniernhe barrier effect given by the

presence of the low permeable phase was not eqeatigrkable.
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CHAPTER IV

Modeling structure and
transport properties of

self-assembled monolayers

In order to investigate the temperature effect ircamplex system such as
alkanethiolate self-assembled monolayers on gailith, tive idea of relating structural
changes with the mass transport properties, a mialesimulation approach has been
considered.

Molecular dynamic simulations were used to studg 8tructure and transport
properties of oxygen through the SAMs, having dédfe overall chain length from a
carbon number of 6 up to 30. This toolbar has l@®sen because MD simulations
have proven to be highly successful in capturirggdinuctural properties [1-6], and in
providing structural level explanations for the mescopic properties such as wetting
[2], and the barrier properties [7] of these moyela.

MD simulations have been employed to study thespart of small molecules
through different systems such as polymers [8-9], naonolayers [10]. MD
simulations can provide valuable insights into thteuctural features that play

important roles in determining the barrier propstof SAMs.
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4.1 Introduction to molecular dynamics

Molecular dynamics is a technique for computing #gwiilibrium and transport
properties of a classical many-body system, whéwe nuclear motion of the
constituent particles obeys the laws of classicatmanics.

The idea behind molecular dynamics theory is gsiibeple: at first a model system
has to be chosen, consisting of N particles and M@wvton’s equations of motion are
solved for this system until the properties of sygstem no longer change with time,
ensuring therefore the achievement of the equiitmaAfter the equilibration period,
the actual measurements take place by monitoriagifsp variables during this stage
(productive period) [11].

Molecular dynamics basically solves the determimigtquations of motion, i.e.,
Newton’s second law; the problem is thus focusedsaing a system of ordinary
differential equations (ODESs). While there are salalgorithms suitable for solving
ODEs, special methods are used for MD simulatiat thvolve a large number of
equations, in order to ensure speed, accuracyafiticplar energy conservation), and
overcome stability. Newton's equation is used enrtiolecular dynamics formalism to
simulate atomic motion of every atom or pseudo-atom

fi=ma (1)
The rate and direction of motion (velocity) are gmed by the forces that the atoms
or pseudo-atoms of the system exert on each osheresult of molecular interactions
and that can be expressed via an appropriate fagick In practice, the atoms are
assigned initial velocities that conform to theatdinetic energy of the system, which
in turn, is dictated by the fixed simulation termgdere. The basic ingredients of
molecular dynamics are the calculation of the fasoeeach atonf;, and from that
information, the position of each atom throughospacified period of time (typically
on the order of picoseconds).

The force on an atom can be calculated from thegdhén energy between its current
position and its position a small distance aways Tlan be recognized as the gradient
of the energy with respect to the change in thmatposition:

-V, = 1, 2)
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The main input to a MD code, indeed, is the foriddfor the potential energy
surface, i.e., the interatomic or intermolecularteptial describing interactions
between the constituents of the molecules simulaitedse potentials are developed
either by fitting semi-empirical potentials to quam mechanical methods, such as
density functional theory (DFT), and/or experiméuizta.

Knowledge of the atomic forces and masses can likemsed to solve the equations
with respect to the positions of each atom alosgrees of extremely small time steps,
to finally obtain the trajectories. Hence, an aateirintegration algorithm has to be
applied to solve the system of differential equati@and determine the positions and
velocities of each particle within the system. Hus purpose, Verlet algorithm [12-
13] is one of the simplest and also usually thé pedorming one. The derivation of
this tool starts with a Taylor expansion of the roate of a particler, around a

generic timd:
f(t 3.
i+ a)=rf)vlaes 21+ A0 ofar) ®
2 m 3
Analogously:
— _ 1 i(t) 2 _ At3 4
r(t-at)=r(t)-v(t)at Ho= SO ?[+O(At ) (4)
Summing these two equations:
f(t
L(t+At)+[(t—At):2£(t)+%m2+O(At4) 5)

The estimate of the new position with this methad kan error that is of the order of
At * wheret is the time step in the molecular dynamics schekseone can see,
Verlet algorithm does not use the velocity to coteghe new positions, the positions
at two different time-steps are required, as welihee accelerations, i.e. the force field
and the mass. The velocity can be determined flmmkhowledge of the trajectory
but this expression is only accurate to otdet:

W) = r(t +At)2;tr(t - At) +olat) 6)

However, the estimation of velocity is rather intpot for the determination of the

kinetic energy of the system, so, in order to owsre this aspect, more accurate
estimates of the velocities can be obtained ush® velocity version of Verlet
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algorithm [14]. In this scheme particle positiordarelocity can be determined by the

following expressions:

rt+at) = r(t)+ v{t)at +%%At +ofat*) @)
vt +at) = vt) + 11 (O)+ flerat),, o(at*) 8)

2 m
The new velocities, i.e. for time+ 4t can be determined only after the new set of
coordinates is computed and, consequently the neve$ are evaluated; the accuracy
of this method is of the order dif *.
Once the system has been properly equilibratedptheroscopic properties can be
then evaluated by means of various ensemble-awtrggantities, such as self-
diffusivity which is obtained from a mean-squarespiiacement analysis of the
particles trajectories, as described below [11-15].
There are several ensembles within which one caforpe a MD whose choice is
dictated by the desired conditions and the intenestomputing costs. An example is
the NVT ensemble, where the number of moleculeth&l system volume V, and the
temperature T are fixed. In this case, one coultipde the self-diffusivity or the
structure/arrangement of molecules within the sanoh box; the latter provides
distribution functions, such as the pair distribatfunction, which can be compared
to experimental data.
Conventional MD can typically capture up to nanasekctime scales (microsecond or
longer time scales may be possible by suitable l@@t®ns), therefore, these time
scales are sufficiently long when the system eouates fast, as for instance
molecular liquids [15].
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4.2 Simulation details

4.2.1 n-Alkanethiolate SAM

The molecular model developed by Hautman and KlHimwas followed to simulate
n-alkanethiolate (CE{CH),-1S) self assembled monolayers, consisting #n1 united
atoms (one sulfur atomn,- 1 methylene groups and one methyl end-grouphected

by fixed bond lengths.

Figure 4-1, Schematic illustration of the-alkanethiolate monolayer on gold.

This model was previously used to describe theegystsing this molecular dynamics
approach [2]; the united atoms were each repreddajte single interaction site. The

united atoms interacted through the following 1Pe@nard-Jones potential:
o 12 o 6
VL—J (ri' ) = 4‘9ij i rij ST,
rij rij (9)

whererj; is the distance between the segmerdaadj, ¢; andg; are Lennard-Jones
interaction parameters amng is the cut-off distance. The intramolecular Lemhar
Jones interaction operated only between atomswibet separated by at least three

united atoms.
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The Lorentz-Berthelot mixing rules, shown in thddaing equations, were applied
in order to describe mixed interactions when phasic andj are of different types

[16-17]:

1

= 10

2( 7;) (10)
JEE (11)

The parameters regarding the Lennard-Jones pdtamiaactions for the SAMs are

listed in Tables 4-1 [18].

IJ

Table 4-1,Lennard-Jones parameters for SAMs and oxygen.
Segment g (nm) £ (K)
CH;z 0.395 98.0

SAMs CH;, 0.395 46.0
s 0.355  126.0
Oxygen 0, 0.336  120.0

United atoms interacted with the underlying golthsttate through a 12-3 potential

[1]:

V(Z):[((z—clé)”j‘((zfszo)J] .

wherec;; andcz are 12-3 interaction parameters, arnd the distance from the metal

surface. The set of parameters is reported in Té&ldle

Table 4-2,Parameters for the 12-3 Lennard-Jones potential
Segment ¢ (10°Knm'»  c;(Knm® 7 (nm)

CHjs 3.41 20.8 0.0860
CH, 281 171 0.0860

S 4.089 180.6 0.0269
O, 281 171 0.0860

The bond-bending potential for the united atoms edexscribed by the expression:
v, (9) ‘Ek J(8-5,) (13)

wherekgis a force constant ar@ is an equilibrium bond angle; these parameters are

listed in Table 4-3 [19].
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The torsional potential was described by a serigsmsion in the cosine of the

dihedral angle:

V,(¢) = a, +a,(1+codg)) + a, 1+ cod2¢)) + a, (1+ cog3p)) (14)
whereag = 0. 0 K,a; = 335.03 Ka, = -68.19 K,a3 = 791.32 K.

Table 4-3,Valence parameters for SAMSs.

Bond S-CH CH,- CH, CH,— CH,
ry (NM) 0.1812 0.1530 0.1530
Angle Ss-C-C C-C-C

ke (10°K/rad?) 62.5 62.5

8o 114.0 109.5

All simulations were performed in the micro-can@liensemble NVE, and the
equations of motion were integrated numerically 80 ps utilizing the above
described velocity version of the Verlet algorithoonsidering a time-step of about
0.005 ps. The equilibration period for every siatign was 200 ps and, during that
time, the velocities were rescaled to the desiesdperature (from 200 K up to 550
K). The bond lengths in the-alkanethiol molecules were constrained using the
RATTLE algorithm [20]. The cut-off distance, i.&.etmaximum distance at which the
van der Waals interactions between beads are @residelevant and thus computed
with the LJ potentials, was 58 where o is the segment diameter of the methylene
group.

The MD cell consisted of chains arranged in thangular lattice with a nearest
neighbor spacing of 4.97 for SAMs on gold, as reported in literature [2ahd in
agreement with experimental results.

The initial configurations for the chains weretadins zig-zag extended and normal to
the surface. Periodic boundary conditions were wsdyl in thex andy directions for
the SAM, and no periodic boundary condition wasdusethez direction due to the
asymmetry of the systenihe simulation cell consisted of 90 gBH,),S molecules
and a hard wall placed above the SAM. The sizé®fsimulation box was 11.02x

11.450x 11.020 (length (L) x width (W) x height (H))
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4.2.2 Oxygen diffusion im-alkanethiolate SAM

The common approach used to investigate the trangpoperties is based on the
analysis of the trajectory of a probe molecule €ty inserted within the chains and,
by means of the mean-square displacement, oneltamdhe diffusion coefficient.
This analysis has failed in the present case duket@roperties of oxygen barrier of
this SAM and the characteristics of this systenmhwid periodic boundary conditions
in zdirections. Indeed, once the molecules was indeméo the system it was
rejected due to the strong interactions with thkarmthiol chains, and the statistics in
following the oxygen trajectory came out being veryor. Consequently oxygen
diffusion simulations in the SAMs were carried amploying the so-calledz*
constraint algorithm” developed by Marrink et aR2}{24], in order to obtain
diffusivities, free energy barriers and resistartza for Q in n-alkanethiolate
monolayers on gold.

The initial conditions were obtained by equilibratithe SAMs on gold for 200 ps. At
this point the oxygen molecule was inserted andiraimed at a particularlocation

in the monolayer, and allowed to move only in titglane for another 200 ps using a
constraining forcé-(zt) to keep the desirericoordinate. This procedure was repeated
in 23 slabs corresponding to 23 differenpositions chosen to sample the whole
monolayer. The oxygen molecule was represented bygle LJ site [25] and its
parameters are listed in Table 3-3.

The time average of the constraining forcé(&>; was used to calculate the local
free energy barrierAG(2) at the particulaz-position. To compute the free energy
barrier AG(z) as a function of the position, the constraining forceF&)>; was
averaged over time in each slab:

AG(z)= - f< F(z)>dz (15)

outside
Furthermore, the diffusion coefficient in tlzedirection, D(z), was calculated using
the fluctuation-dissipation theorem [26]; the awwelation function,
<AF(zt).4F(z,0)> of the time fluctuations of the instantaneaamstraining force,

AF(zt) was used to calculate the time dependent lodiidin coefficient,&(zt).
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f(z,t) _ <AF (Z' 2?: (Z,O) >

Integrating(z,t) over time the local static friction coefficiestdetermined:

AF(z,t) (16)

- T< AF(z,t)AF (2,0) > dt

&(2)=[&(zt)=° — (17)

The local diffusivity in thez-direction,D,, was calculated using Einstein’s relation:

RT _ (RT)

D(z) = (18)

&(2) T< AF (z,t)AF (z,0) > ot

The diffusivity in thexy-plane, Dy, was obtained by a mean square displacement

approach following the trajectories of the oxygeoleoule:

ny(z):|tifD <(r(t)‘4tf(0))2 > (19)

The overall resistance to permeatiét),was obtained by considering the local free
energy barrierdG(z) and the local diffusivity value in thedirection,D,2), and by

integrating over the whole monolayer:

(2)
j ;{A—doz (20)

outside

4.3 Results

Molecular simulation techniques were applied taestigate the temperature effect on
SAMs on gold; equilibrium structures were analyredbtain structural information,
such as gauche population, as well as the avenagethe local density for these
monolayers, in order to relate them to the trartspaperties in terms of diffusivity
and mass transport resistance.

Molecular dynamics simulations were carried outrfreery low temperature, 200 K,
at which SAMs of every chain length are supposdaketperfect crystals, up to 550 K,

to fully understand their entire behavior.
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4.3.1 Analysis of trans/gauche populations

In a monolayer, the gauche population density dicative of its crystallinity: a

monolayer having a low gauche population densitgdasidered well ordered or

crystalline.
18
-oe- 2THK
15| & 300K @
-3 325K ;
-43- 350K .
14} s
121 "3'
S0
2 1ot P
o} .ll m :
& 8
= 8 O :..J;z.
cR
sr R TR
':3:: llml‘ G--a .,G-.\ -'z 1\-. zﬁ--ﬁ--{j .,'EL\\ "I .
4 i .lrr IL“'. " ,.z \'- "r G" "r .Iffl;Il
N " o [ E.e’lj Ca
e -"E'“- o -'JI,"
2l © 2 & Bt BeE g;f
AN g oo
0 A 1 & L *;Ke_:"'a'lg;"‘%*"%‘**-‘ﬁ-«i‘%‘a“’éﬂ“‘%# | | |
0 2 4 B 8 10 12 14 16 18

Dihedral angle number
Figure 4-2,Gauche percentage profiles feoctadecanethiolate SAM on gold as obtained from
equilibrium MD simulations at various temperatures.

Figure 4-2 shows gauche profiles fon-alkanethiolate SAMs of chain length= 18
at four different temperatures, where the dihedngjle ¢ was considered as a gauche
conformer ifcos¢ > 0.5. The profiles show the gauche population isceatrated in
the end-groups (on the right side of the plot, e/ihie angle O corresponds to the
metallic slab) for monolayers of every chain lengthevery temperature, due to the
fact they are free to move and to change their aromdition. This is in good
agreement with previous works. Furthermore, theufn of gauche defects is
slightly higher in the area next to the metal stef&he head-group) than in the core;
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this effect is more evident in monolayers of longaioc molecules and almost

negligible in the shom-alkanethiolate SAMSs.

Below 300 K, gauche defects are located only inethé-groups and the fraction of
gauche conformers in the middle part is no mora th2 %. As the temperature is
raised up to approximately 325-350 K, the averagache population starts to

increase, the chain ends become highly disorderdddafects develop in the middle
portion as well. Further increases in temperatiaese the middle portion of the

monolayer to become progressively less crystalline.

Another analysis of the gauche population is pentat in order to get a measure of
the temperature at which the whole monolayer ifonger crystalline. In other words,

the structure is disordered enough to be considereid-like; therefore, it is as a sort

of melting temperature. The entire monolayer wil labeled as melted when the

gauche population of every dihedral angle is al#uertain value of cut-off.
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Figure 4-3,Global phase transition temperature profiles forows n-alkanethiolate SAMs on gold as
a function of their chain length Data obtained from equilibrium MD simulationsngsdifferent cut-
off values for the gauche density of the whole niayer; experimental points obtained from Ref. [27].
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In Figure 4-3 these pseudo phase transition teryresaare shown as functions of the
chain length, considering different percentagesgafiche population as cut-off.
Clearly the gauche population cutoff has no eftacthe overall shape of the curve.
However, the cutoff value of 3 % seems to be indgagreement with experimental
phase transition temperatures obtained with XRD RARS measurements carried
out by Venkataramanan et al. [27]. This trend camliided in two different regions.
In short chain monolayers, the transition pointéases steeply with the chain length.
Enhancing further the size of the molecule, theveueaches a sort of plateau, where
the local phase transition temperature slightlyreases. In the first region (short
chain) the monolayer tends to be highly disordenesh at room temperature, but for

long chain monolayers higher temperature is reduimanake the system liquid-like.
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Figure 4-4,Local transition temperature profiles fealkanethiolate SAMs on gold with various
chain lengths. Results were obtained from equilibrium MD sintidas using a cut-off value of

3 % in the local gauche density.

An analogous analysis is performed inside the chaimraw the local transition

temperature profiles to understand how the monolageomes disordered once the
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temperature is increased; the profiles shown imfeigl-4 are obtained considering 3
% gauche as a cut-off value.

These profiles are really similar faralkanethiolate SAMs of different chain lengths
and all of them show a wide area of constant teatpsx and a deep drop in
correspondence to the end of the chain. The enapgrare disordered at very low
temperatures and there is a middle portion whesesthuctural changes occur at the
same temperature. It is also appreciated thahdael-group becomes disordered at
lower temperature.

The existence of three distinct regions in the nteyer previously mentioned appears
very clear in the four plots in Figure 4-5; thabshthe average ratios gauche/trans for

the three different parts.
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Figure 4-5, Average gauche populations in the head-group, eme end-group regions within various
n-alkanethiolate SAMs on gold as a function of terapure as obtained from equilibrium MD
simulations.
As one can see, they show three completely diffdsehaviors and, the temperature
differ even by one order of magnitude (§raxis has a logarithmic scale): this effect

becomes more relevant with increasing chain length.
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4.3.2 Temperature effect on the monolayer density

The temperature increase affects the monolayerialderms of global density, as
shown in Figure 4-6, where density profiles areorggdl as function of the chain
length at 3 different temperatures. The density@alas obtained as a time average
of the mean thickness of the monolayer at 80 diffesnapshots (only the thickness

was changeable, because periodic boundary conrslitveere set in the other 2

directions).
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Figure 4-6, Density ofn-alkanethiolate SAMs on gold with various chaindtrs ) at three different
temperatures as calculated from MD simulations.

The molecular dynamics simulations show that thenatayer is packed at high

density (up to about 1 g/érat room temperature), which is comparable withahes

of crystalline polyethylene and polypropylene (apgmately 0.95 g/ cff) and fairly

higher than bulk-alkanethiols and-alkanes.

Although the density slightly changes (about 4-5 #%g profiles show that there

exists a unique trend at every temperature: theolagar becomes more compact and

149



Chapter IV

packed with increasing the chain length. On theemothand, the overall density
decreases with increasing temperature due to tttetat the chains are becoming
more disordered and more extended inzthé&ection.

In fact, in order to explain why the temperatusermakes the monolayer less dense,
the average molecular tilt angle, calculated frtwa @rientation of the molecular axis
with respect to the surface normal, has to be densd. In Figure 4-7 tilt angles are
reported as a function of the temperature for mayesls of different chain lengths,
and the circles are simulation data mhexadecanethiolate SAMs obtained by
Hautman and Klein [3].
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Figure 4-7,Effect of temperature on the average chain orientdor three differenh-alkanethiolate
SAMs on gold as obtained from the equilibrium Minalations. Simulation data for
hexadecanethiolate SAM from Hautman and Klein actuded for comparison [3].
At low temperature the tilt angle maintains rougtiig initial value of about 30-32
for n-hexadecanethiolate (but it changes with increasimgnber of carbons) up to
approximately the room temperature. Above 300 Krehis a clear drop that is
associated with the phase transition previouslytmoeed, indeed it occurs at higher

temperatures increasing the chain length, in ggpdeament with the phase transition
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temperatures profile shown in Figure 4-2. As thragerature is further increased, the
tilt angle seems to asymptotically decrease to rsstemt value related to the chain
length. However, at high temperature, the structofrethe monolayer is mostly
disordered and the gauche population percentadairly high, so the tilt angle
calculation has no meaning anymore because tha chanot be considered linear.
More detailed information about the local structuwiaanges are shown in the local
density profiles where all the atoms in the monetagre reported; they are a measure
of local free volume of the monolayer and so dlyecelated to the transport

properties.
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Figure 4-8,Local profile of the density normal to the surfada-decanethiolate SAM on gold
obtained from the equilibrium MD simulations at falifferent temperatures.

In Figures 4-8 and 4-9, two local density profiegmal to the metal surface for
alkanethiolate SAMs of two different chain leng{ins= 10, n = 18) are plotted. As
one can see, below room temperature, the sharpvatiddefined peeks and drops
show a high degree of positional order, in gooctagrent with low density of gauche
defects. As the temperature is increased abov&K3@t amplitude of the oscillation
becomes shorter, the structure is more liquid-likéhe area near the interface with
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the vacuum; however, in most of the cases, thalpsashow that there still exists a

crystalline phase next to the metal surface.

|

o
f=]

T
(SRR
A=
(= (=& 11
ESE S

density fgfcm?®)

1 1 1 1 1 1
oo 0z 04 06 08 1.0 1.2 1.4 1.6 18 20 22 24
Distance from the metal surface {nm)

Figure 4-9, Local profile of the density normal to the surfada-octadecanethiolate SAM on gold
obtained from the equilibrium MD simulations at falifferent temperatures.
Furthermore, as the temperature is increased atmmra temperature, the structure
starts to expand, the peaks corresponding to thiayingroups shift more distant to
the surface, indeed the thickness increases dine tdecrease in the tilt angle, i.e. the
chains tend to be almost normal to the gold surfas@reviously shown in the overall
density profiles and in the tilt angle plot.

4.3.3 Temperature effect on the transport propertie

MD simulations were performed to get quantitativédormation regarding the
transport properties of oxygen malkanethiols SAMs on gold of different chain

lengths ( = 10, 18, 30); the diffusion coefficient throughetmonolayer is obtained
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using thezconstraint algorithm, and the diffusion coeffidieim the xy-plane is
determined by calculating the mean square displanem

In Figure 4-10 the diffusivities in thedirection are reported as a function of the
temperature, and as one can see, there is a diffgrtence between the three chain

lengths and the trend with temperature is not namiot
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Figure 4-10,Diffusion coefficients in the-direction for the transport of oxygen through wvasn-
alkanethiolate SAMs on gold, as calculated from MiDulations.

It has to be noticed that, raising the temperatwiee competing effects are involved:
at first the kinetic contribution of the penetramblecule tends to increase the
diffusion coefficient, on the contrary the changestructure makes the monolayer less
crystalline and therefore, becoming more disordenédlooses its preferential
orientation in the direction.

The xy diffusion coefficient, which has been reported=igure 4-11, appears clearer

than the one in thedirection and the scattering of the data is small.
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Figure 4-11,Diffusion coefficients in thety-plane for the transport of oxygen through varinus
alkanethiolate SAMs on gold, as calculated from MiDulations.

As one can see, in this case the three plots, soreling to the different chain
lengths, are different, because the oxygen camgdfffaster in the monolayer with
shorter chain. The temperature trend is unique iaingl the same in all the-
alkanethiolate SAMs of different chain lengths, arash be fitted by an exponential
behavior.

Even if there are no remarkable changes ofzitieection diffusion with temperature,
the free energy profiles show a clear influencelpas reported in Figure 4-12 for a
n-triacontanethiolate SAMn(= 30) on gold. The free energy barrier offeredtivg
monolayer decreases from ~ 20 kJ/mol to ~ 17 kJ/moén the temperature is
increased from 250 K to 300 K and it drops to laeaf ~ 12 kJ/mol for T = 350 K.
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Figure 4-12,Free energy barrier profiles for the transportxofgen through an-triacontanethiolate
SAM (n = 30) on gold at different temperatures, as cated from MD simulations

This is related to the structural changes, whicbuodn this temperature range, as
previously discussed: the monolayer turns in toeas|ordered configuration
characterized by a higher fraction of free voluroeessible to the penetrant.

Further increase in temperature does not affectifgigntly the free barrier profiles,
so the curves appear almost all overlapped; thduesto the local phase transition,
which occurs at 360 K in a SAM of chain length 3@ above this temperature the
monolayer is considered completely as liquid-like.

Considering all these features, the overall restsga offered byn-alkanethiolate
SAMs on gold towards oxygen transport, are stromiglgendent on the temperature,
as shown in Figure 4-13, and they drop by 2 or @& of magnitude in the
investigated range of temperature, in a sort obagptial decay.
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Figure 4-13,0verall resistance to permeation for the transpboixygen througim-alkanethiolate
SAMs of chain lengths 10, 18 and 30 on gold asutatied from MD simulations.
The effect of temperature on the structure, andseguently on the free energy
barrier, is enhanced by rescalid@ by the factor RT as previously reported in EQ.
(20). Furthermore, the comparison of the three esishows that the monolayers offer
almost the same resistance to the oxygen diffusiar= 18 orn = 30, the behavior of
R in n-decanetiolate is below the others. The short ch@nolayers present a poor
resistance to the oxygen due to their structureichwiis disordered even at low

temperature.

4.4 Conclusions

MD simulations were performed to investigate théedf of the temperature on
oxygen transport througtralkanethiolate SAMs on gold of different chaindéms.
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MD simulations showed that the diffusivities, freeergy barriers and resistances for
these monolayers are strongly affected by the tespe.

The structural information obtained from the edwilim MD simulations of these
coatings revealed that the crystallinity, compass$nend the thickness of the SAMs
are the most important factors responsible forabserved barrier property trends. It
has been shown indeed that the primary effect ising the temperature is to make
the monolayer more disordered and consequentlyclgsgalline.

The analysis of the SAMs crystallinity by the ewlan of the chains gauche
populations allowed the calculation of an effectiransition temperature at which the
structure becomes liquid-like. Increasing the terapee, the defects develop from
the external part to the middle region of the maget, and, at high enough T, the
whole core of the SAM changes its structure.

In this concern, tilt angle and both average amdlldensities were determined form
MD simulations showing that the structure of thenmlayer tended to become more
expanded and less dense once the temperaturesed raxhibiting also a good
agreement with previous simulations data.

This disorder induced a reduction of the resistatwethe through-film oxygen
diffusion, as determined from MD simulations th&bbwed the diffusivities, free
energy barriers and resistances were stronglytafidry the structural changes given
by raising the temperature.
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CHAPTER V

Conclusions

In this work the problem of diffusion of small moldes in nano-sized systems has
been widely investigated from different points aéw. This new class of materials,
indeed, recently developed by means of severahiqobs, presents a structure with a
constituting element in the nanoscale. This givesresting properties to the system
and makes the materials suitable for several pateapplications. The transport
phenomena here studied, and specifically the lageffect given by these systems,
allow a straightforward application in the food kaging industry.

The first part of this work was focused on the ekpental results achieved in two
types of material, organic-inorganic hybrid coasin(pbtained via sol-gel) and
microfibrillated cellulose films.

The second section was dedicated to two differ@mraaches of simulation: the
diffusion of oxygen through polymer-layered sileatwvas modeled from a continuum
scale with a CFD software, while the propertiesnadlkanthiolate self assembled
monolayers on gold were analyzed from a molecutantpof view by means of a
molecular dynamics algorithm.

Concerning the experimental activity, the transpmdperties, in terms of oxygen
permeability, diffusivity and solubility, of two flerent sets of organic-inorganic
hybrids have been investigated. It has been prdkad the sol-gel technique is
suitable for the preparation of materials with rekable barrier properties obtaining
composites where the organic (polymeric) domaieshaghly interconnected with the
silica Si-SiQ at the nano-scale, leading thus to an improvenaoénthe barrier
properties.

When a fairly permeable polymer, such as a polyetigrbased material, is used as

organic phase, it has been showed that the baerésrmances were rather improved.
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The analysis of the hybrid oxygen permeabilitiederd revealed a strong decrease of
its values when the silica is added, much largewloét predicted by the Maxwell
model: this indicates that there is a further dffgeen by the structure of the system
where the two moieties are highly interconnectedus Teature was enhanced by the
addition of a low permeable material, PHS, ablgtomote hydrogen bonds, that
allowed to obtain a system suitable for the foockpging applications.

Another set of materials was developed consideasgorganic phase polyvinyl
alcohol, that has exceptional oxygen barrier prigerin this case the addition of
silica was aimed at the stabilization of PVOH widlspect to water, which is a strong
solvent of the polymer. Hence, permeation testsewmgrformed on samples as
received and pretreated by dipping the specimenviriter, and water vapor sorption
experiments were also carried out. The results sdaWwat the addition of silica, and
the consequent formation of an interconnected rtivothe sol-gel process, is able
to guarantee stability of the polymer structure ddrier properties even after a
prolonged exposition of the sample to water.

Regarding micro-fibrillated cellulose, MFC, two f@ifent generations, obtained by
two different processes, have been characterizetenims of oxygen and water
transport properties. The system showed a remarKkadolrier effect toward oxygen
when it is dry, while, as expected for such hydiliphmaterials, the permeability
strongly increases increasing the water contenthim membrane. A particular
attention was also devoted to the water sorptiah @ermeation; the trends of water
permeability, diffusivity and solubility as functioof the activity were discussed on
the basis of structural considerations regardimgtivo different generations, with or
without plasticizer. The very low value of wateffdsivity reported at low activities,
has been discussed in relationship with structwiagervations. Therefore, the
remarkable properties of this material that havenbeported make MFC interesting
for several potential applications exploiting itsgrsficant sustainability and
biodegradability, as well as good mechanical proger in the field of bio-
nanocomposites, either as pure film or as reinfossd for bio-polymers.

Concerning the second section, at first the modehie transport properties in layered
nanocomposite systems has been developed by meanSKD software based on a
finite element algorithm, that allowed the calcidatof the barrier effect in relation
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with the structural parameters of the plateletpelised in the polymeric phase. The
existing models were also analyzed leading to #révdtion of a new expression for
the enhancement of gas barrier properties in nanposite systems resulting from
the ordered dispersion of impermeable flakes in-@ fhatrix; the equation was
obtained through the revision of a fundamental wbgk Aris pointing out the
contribution to the resistance to mass transpoet tdu‘tortuous path” and carefully
combining it with contribution for “hole” resistaec The simulation results showed
the good agreement with the prediction given bg tniodel when the geometrical
parameters are in the range in which model assomgptiold.

The case of randomly distributed systems was algnsidered in this 2-D
approximation and the results pointed out two dbations to the overall effect, as
predicted by the model and observed for orderedctsires. There are indeed two
regimes characterized by two trends for the entlrameoé of barrier properties as
function of a @ a linear one when the contribution of the holsis@ance is
predominant (smalkr @ and a quadratic one for more concentrated systeitis
flakes of higher aspect ratios (largep) when the tortuosity of the diffusion path is
the main effect achieved. On the contrary the ramdbstribution of the flakes
reduces the barrier effect that can be obtaineth wespect to ordered structure,
because the presence of holes inside the compesitepf shortcuts, is unavoidable
and a relevant fraction of molecules uses thesg mths to permeate across the film.
The results were analyzed in comparison with thelet®existing in literature for
such systems and it has been showed the equatpog®ed by Lape well predicts the
enhancement in barrier properties in the entirestigated range af and @

The same approach was then extended in three dimnen® mimic real structures
and a new definition of the parameters was thuseldped to calculate the
geometrical characteristics of platelets of différghapes. It has been showed, in this
concern, that the transport properties were nactdtl by the shape of the single
flakes, and, in all cases, results were companaiile the ones obtained in the 2-D
approximation and, therefore, in good agreemerntt wie predictions given by Aris

equation.
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Three-dimensional systems with randomly distribuyttdelets were finally simulated
and the results revealed that are in good agreewidnthe ones obtained in the 2-D
approximation.

A completely different approach was then considdmedimulate the effect of the
temperature on the oxygen transport througalkanethiolate SAMs on gold of
different chain lengths; due to its particular stare, such material had to be modeled
at the molecular level and a molecular dynamicsaeds thus developed.

The structural information obtained from equilibonuMD simulations showed the
gauche population profiles within the monolayer tthmovide the measure of
crystallinity; the chain tilt angle, and local aoderall densities were also determined.
It has been showed that adding energy to the systemraising the temperature,
makes the monolayer more disordered and conseguestl crystalline. This effect
was considered to determine an effective transitomperature at which the structure
becomes liquid-like on the basis of the analysiggadfiche populations; the results
showed a good agreement with experimental datasagdested the mechanism of
these modifications providing also quantitativeomnfiation. The gauche defects, at
low temperature located only in the chain-endsgtigvfrom the external part toward
the middle region the monolayer, and when the itianstemperature is reached (it
depends on the chain length), the entire monolayens into a liquid-like
configuration.

MD simulations showed also, concerning the oxygeangport properties, that
diffusivities, free energy barriers and resistanf@sthese monolayers are strongly
affected by these structural changes. The disogdesn by the high temperature
indeed produces a decrease in the barrier freegerand it lowers the overall
resistance to oxygen diffusion, making the monaidfi@s more permeable to small
molecules.

The complete work carried out on different materiahd approached by several
methods, either experimental or modeling, led tarabterize, discuss and then
understand the transport mechanism in system deairsed by nano-sized domains
for which traditional models are not often suitabilae correct interpretation of such

diffusing phenomena in relation with structuraltteas should allow the development
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of new materials with desired properties accuratiehed for several different needs,

especially in the field of packaging applications.
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