UNIVERSITATEA TEHNICA A MOLDOVEI

Cu titlu de manuscris
C.Z.U.: 622.361.16:621.798

SIMINEL NIKITA

STRUCTURI CLAY-POLYMER NANOCOMPOSITE PENTRU
AMBALAJE ALIMENTARE

253.06 Tehnologii biologice si chimice in industria alimentara

Teza de doctor 1n stiinte ingineresti

Conducator stiintific: =~ STURZA Rodica
m. cor. ASM, dr. hab., prof. univ.

Comisia de Indrumare: GHENDOV-MOSANU Aliona
dr. hab., conf.univ.

BAERLE Alexei

dr.conf.univ.

SIMINIUC Rodica

dr.conf.univ.

Autor: SIMINEL Nikita

CHISINAU 2023



© Siminel Nikita, 2023



Contents

ADNOTARE X
ANNOTATIONI xi
[List of Figures| xii
(List of Tables| xvii
[List of Abbreviations| Xix
Introducerel XX
[Actualitatea temei investigate] . . . . . . ... ... L. XX
[Descrierea situatiei in domeniul de cercetare[ . . . . . . . . .. . ... XX
[Scopul si obiectivele cercetariif . . . . . ... ..o xxi
[Obiectivele cercetariil . . . . . . . . . . . ... L xXxi
[[poteza de cercetare] . . . . . . . . ... ... L. Xxii
[Metodologia cercetarii stiintifice] . . . . . . . . ... ... L. xxii
[Noutatea si originalitatea stiintifical . . . . . . . .. ... ... . ... xxii
[Rezultatele stiintifice principale naintate spre sustinere| . . . . . . . . xxiii
[Aprobarea lucrarii la foruri stiintifice nationale si internationale] . . . xxiii
[Publicatii la tema tezei . . . . . . ... o000 xxiii
[Volumul si structura lucraru| . . . . . .. ... ... 0oL xxiii
Introductionl XXiv
[The actuality of the investigated topic| . . . . . . .. ... ... ... XXiv
[[dentification of research problems|. . . . . . . . ... ... ... ... XXiv
[Aim and objectives of the researchl . . . ... .. ... ... ... .. XXV
[Research objectives| . . . . . . . . . . .. ... L XXV
[Research hypothesis| . . . . . . ... .. ... ... ... ... ..., XXV
[Scientific research methodology|l . . . . . . . . ... ... XXVi
[Scientific novelty and originality| . . . . . . . . .. ... XXVi
[Main scientific results submitted for defensel . . . . . . . . .. .. .. XxXVii
[Approval of work at national and international scientific conferences| . xxvii
[Publications on the thesis topic| . . . . . ... ... ... ... .... xXxVvii
[Volume and structure of the workl . . . . . . . . . ... ... ... .. XxXVii

i



(1 Clay Minerals and Clay-based Composites|

(1.1 ~Structure and Properties of Clay Minerals| . . . . . ... ... ... ... ..

11

The Elementary Structure: Sheets|. . . . . . . . ... ... ... ...

[Adjustments ot the Tetrahedral and Octahedral Sheets| . . . . . . ..
[T'he Interlayer Sheet| . . . . . . .. .. ... ... ... ... ...,
[The Layer Charge|. . . . . . . .. . . .. ... ... ... ... ....

12

[2:1 Structure without an Interlayer Sheet: Talc and Pyrophyllite . . .
[2:1 Structure with an Interlayer Sheet: Smectite, Mica] . . . . . . ..

13

The Swelling of the Clay Interlayer| . . . . . . ... ... ... ... .

[Clay-Water Interactions| . . . . . . ... ... ... ... ... ...,

[Swelling Isotherms| . . . . . . .. .. .. ... .. ...

(.2 Polymer/Clay Nanocomposites| . . . . . ... ... ... ... .. ......

M2.1

Structure of Polymer/Clay Nanocomposites| . . . . . . ... .. ...

[Phase Separated Structure] . . . . . . . . . ...
(Intercalated Structurel . . . . . . . . . ... Lo

M2.2

Barrier Properties of Polymer/Clay Nanocomposites|. . . . . . . . . .

123

Preparation Techniques|. . . . . . . . . .. ... ... L.

(1.3 Chapter Summary| . . . . . . . . . . . ..

2 Methods and Computational Models|

2.1 Molecular Dynamics| . . . . . . . . ... ..

[2.1.2

me Step| . . .o e

[2.1.3

pI14

Practical Aspects| . . . . . . . . ...

[Boundary Conditions and the Minimum Image Convention| . . . . . .
[Cutoft and Verlet Neighbour List| . . . . . ... ... ... ... ...
[Ewald Summationl . . . . . . ...

[2.1.5

[Hydration Energyl. . . . . . . . . . ..o oo

[Mean Square Displacement|. . . . . . . . . . . .. ... ... .. ...

1ii

O 1 OO O =N ===

e e e e e e e e
U = W W WD = O O



[Radius of Gyration and Chain End-to-End Distance]. . . . . . . . .. 29

2.1.6  The DL._ POLY Molecular Simulation Packagel . . . . . . . . . .. .. 29
2.1.7  Visualisation| . . . . . . . . . . 30

2.2 Forcefieldd . . . . . . . . . . 33
[2.2.1  Force Field for Clays Minerals| . . . . . . ... ... .. ... ... .. 33
222 Force Field for Waterl . . . . . . . . .. ... oo 37
[2.2.3  Force Field for Organic Materials| . . . . .. ... ... ... ... .. 37
[2.2.4  Deriving Cross Terms|. . . . . . . . . .. ... ... ... ... .... 38
[2.2.5  Validating the Potential Models| . . . . . . ... ... ... ... ... 38

[2.3  Experimental Techniques|. . . . . . . . .. ... ... L. 40
[2.3.1  X-ray Difiraction Analysis| . . . . . . .. ... .. ... ... 40
[2.3.2  Thermogravimetric Analysis| . . . . . . . ... ... ... ... .... 41
[2.3.3  Thermogravimetry Mass Spectrometry Analysis| . . . . . . . ... .. 42

2.4 Chapter Summary| . . . . . . . . . . . . 42
[3 Hydration of Clay Layers| 43
B.I Simulation Detaild . . . . . .. .. .. 43
B2 Results and Discussionl . . . . . . . . . . . ... 46
[3.2.1  Swelling and Hydration Energetics| . . . . . ... ... ... ... .. 48
[3.2.2  Interlayer Structure of Hydrated Montmorillonites| . . . . . . . . . .. 52
[Atomic Density Profiles| . . . . . .. .. ... ... ... ... ... 52

[Radial Distribution Functions . . . . . . .. ... ... ... ... .. 60

[3.2.3  Dynamics of the Interlayer| . . . . . ... ... ... ... ... ..., 61

[3.3 Conclusions and Chapter Summary| . . . . . . ... ... ... ... ..... 65
4  Adsorption of Poly(ethylene) Glycol onto Montmorillonite| 66
4.1 Introductionl . . . . . . . . L 66
[4.2  The Exfoliated System| . . . . . . . . . . . .. . L 68
[4.2.1  Simulation Detailsl . . . . . .. ..o o 0o 68
4.2.2  Results and Discussion| . . . . . . . . . . ... Lo 70
[Structure at the Interfacd . . . . ... ... ... 70

[Mobility at the Interface] . . . . . . . .. ... ... ... ... .. 73

423 Conclusions . . . . . . . . .. 76

[4.3  The Intercalated Systems|. . . . . . . . . . ... ... L 7
[4.3.1  Details of Experimental and Simulated Systems| . . . . . . . ... .. 7
[Preparation of PEG200/Clay Films| . . . . . .. ... ... ... ... 7

[bimulation Details) . . . . ... o oo oL 7

[4.3.2 Experimental Characterisation of PEG /water/Mt Intercalated Films 80
[Thermal Decomposition of PEG in Nanocomposites| . . . . . . . . .. 80
Conclusions] . . . . . . . . .. 86

4.3.3  Molecular Simulation of PEG/clay Intercalated System| . . . . . . .. 87
[Swelling Energetics and Interlayer Structuresf. . . . . . . ... . . .. 87

[Preferential Intercalation of Poly(ethylene glycol) and its Morphologies| 88

iv



[4.4  Conclusions and Chapter Summary| . . . . . . . . . . . . . ... ... .... 92

[5 Synergistic Adsorption of Poly(ethylene glycol) and Amylose onto Mont- |
L__morillonitel 93
(.1 TIntroductionl . . . . . . . . . . .. 93
(.2 Simulation Detaild . . . . . . . . . . .. . 94
(.3 Results and Discussionl . . . . . . . . . .. .. 98
[5.3.1 AML/M¢t binary system| . . . . . ... ... L 98
[['hermodynamics of the Intercalation . . . . . . . ... .. ... ... 98

[Swelling Dynamics and Interlayer Structurel . . . . . . . . . ... .. 99

[__General Conclusions| 102
[ Recommendations. . . . . . . . . . . ... ... 103
[_Concluzii Generalel 104
[ Recomandari . . . . . . . . . .. 105
[Bibliography| 106
Append 118
[A_Force Field Parameters 118
[A.1 TIP3P/Fs . . . o 118
A2 AMBER] . . . . . o 118
A3 CLAYFR. . . . .o 119
IB_Cross lerms| 121




Cuprins

ADNOTARE X
ANNOTATION Xi
Lista abrevierilor Xvii
Introducere XiX
Actualitatea temei INVESTIZALE  ......ocoviiiiiiirieeeee s Xix

Descrierea situatiei in domeniul de cercetare ...........ccoocevvieriniiieniieninnnne XiX

Scopul si obiectivele CEIrCetarii  ....ouvviiiiiiiiiiiiii i XX

ODbIECHIVEIE CEICEIATIT  wvvvvvvvrieiriiieiiieesiiessieeeste e s sire e s e et e s e e e ne e XX

IPOtEZA A€ CEICERLAIE ....viivieieeiecee e XXi

Metodologia cercetarii StiintifiCe ........ccccoviiriieiiiiiiene e XXI

Noutatea si originalitatea stinfificd ..., XXi

Rezultatele stiintifice principale inaintate spre Sustinere ...........c...c.ccov.... XXIi

Aprobarea lucrdrii la foruri stiintifice nationale si internationale ............. Xxii

Publicatii 1a tema teZe1 ......cocvvviiiiiicie e XXIi

Volumul si structura IUCTATIL  ....ooviiiicie i XXii

Introduction xXiii
The actuality of the investigated tOPIC  ......coceeviviiieiie e XXiii

Identification of research problems ... XXiii

Aim and objectives of the research .........ccccocceviieiiii i, XXiV

ReSearch ODJECTIVES  .....ocuoiiiiiicce e XXIV

Research Nypothesis .......ccooeiiiiice e XXIV

Scientific research methodology ......ccccccoiveii i XXV

Scientific novelty and originality ........cccocevieieiiece e XXV

Main scientific results submitted for defense ..., XXVi

Approval of work at national and international scientific conferences ... XXVi

Publications on the thesiS tOPIC  ......ocvieeiiiii XXVI

Volume and structure of the Work ... XXVi

1 Minerale de argila si structure din material compozite 1
1.1 Structura si proprietatile mineralelor argiloase ..........ccccovveiieniieeniniienc e 1
1.1.1 Structura elementara: Strat .........cccceeiiiiiii e 1

SEratul tEtraBATIC ..o 1



Stratul octaedric ......

Interactiunea straturilor tetraedrice si octaedrice ..........ccoevviiiiiiiiiinniennn

Stratul intermediar ..
Incircarea stratului ..

1.1.2 Modele comune ale structurii argiloase .........c.ccoceorieieieneninineseeee,

Structura 1:1: Caolinit

Structurd 2:1 Talc s1 pirofilitd  ......ooceiiiii e
Structurd 2:1 SMeCtitd, MICA .....ccovvvveiiieiii i
1.1.3 Gonflarea stratului intermediar de argila ...........cccooveviiieiiccece e

Interactiuni argila-apa
Izoterme de gonflare

Nanocompozite polimer/argild ..........cccoceriiiiiiiiiiie e
1.2.1 Structura nanocompozitelor polimer/argila ..........ccccoovveiiiiiniininiineee

Structura separate ...
Structura intercalata
Structura exfoliate ...

1.2.2 Proprietéti de barierd ale nanocompozitelor polimer/argila .......................

1.2.3 Metode de pregitire .
1.3 Rezumatul capitolului ........

2 Metode si modele de calcul
2.1 Dinamica moleculard .........
2.1.1 Initializare ................
Echilibrare ...............

2.1.2 Algoritmul de INTEQIare ......cccooeierirese e

Timestep ..o

2.1.3 Dinamica moleculard 1n Medii difErite .....ovvveeeeeeeeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeens

Termostat si Barostat
2.1.4 Aspecte practice .......
Conditii la limita ...

Cutoff si Verlet Neighbour LiSt .......cccoiiiiiiiiiiiiicicee

Ewald Summation ...
Sarcine patiale .........

2.1.5 Proprietatile SISteMUIUT .....cccviviiiiiiiiiiiic e

Functia de distributie
Numar de coordonare
Energie de hidratare

Mean Square DIiSplacemMeNt .......cccceoiiieieie e
Radius of Gyration and Chain End-to-End Distance ..........ccccceevevievvennnne
2.1.6 Pachetul de simulare moleculara DL POLY ....ccccoocoiiiiiiiiiic e

2.1.7 Vizualizare ...............
2.2 Forcefields ......oooooevevininnnn.

2.2.1 Force Field pentru minerale argiloase ..........cccooeieienenenininineseeeeee,

2.2.2 Force Field pentru apa

~No oo BB BN

el e N ol o o e
U RADDWWWNE OO

16
17
21
21
22
23
23
24
25
25
25
26
27
27
27
28
28
28
29
29
30
33
33
37



2.2.3 Force Field pentru materiale 0rganiCe ........cccoovevvvveevieresiieseese e

2.2.4 Deriving Cross Terms .

2.2.5 Validating the Potential Models ..o

2.3 Metode experimentale ...........

2.3.1 Analiza difractiel CU TaZ€ X ....cccoviiiiiiiiicieseese e
2.3.2 Analiza termogravimetriCe ......cccociviieiiierie e esie e
2.3.3 Termogravimetrie Analiza prin Mass spectrometrie .........cccccevcvvvevvernennn

2.4 Rezumatul capitolului ............

3 Hidratarea straturilor de argila

3.1 Detalii de simulare ................
3.2 Rezultate si discutii = ...............

3.2.1 Energetica de gonflare si hidratare ............ccccooviiiiiiiiiinicscc e

3.2.2 Structura interstratului

Profiluri de densitate atomiCa ........ccceeviiiiieeiiiiiie e e

Functii de distributie radial ...........ccoooiiiiniii e

3.2.3 Dinamica stratului intermMediar ..........occocevieriininieieiee e

3.3 Concluzii si rezumatul capitolulul  .....ccooeiiiiiiiiiii s

4 Adsorbtia de plastificant pe Montmorillonit

4.1 Introducere .......cceeeevvieeiinnenns
4.2 Sistemul exfoliat ..................
4.2.1 Detalii de simulare ......
4.2.2 Rezultate si discutii ...
Structura la interfatd ...

Mobilitate la interfata .

4.2.3 Concluzii ....coeeeeunenene.

4.3 Sistemele intercalate .............

4.3.1 Detalii ale sistemelor experimentale si simulate .........c.ccccoevvereiniciernnn:
Prepararea PEG200/Clay NnanoCOMPOSITE  ....cvevvveviveierierireie e seesie e

Detalii de simulare .....

4.3.2 Caracterizarea experimentala a filmelor intercalate PEG/apa/Mt ..............
Descompunerea termica a PEG in Nanocomposite  .........cccoveevveieeieneenne

Concluzii  wcovveveveee

4.3.3 Simularea moleculara a sistemului intercalat PEG/argila .................c.c.....
Energeticd de gonflare si structuri interstrat ..........cccocveviiiieniniininniennennn
Intercalarea preferentiald a plastificatorul ..o

4.4 Concluzii si rezumatul capitolulul  .....ccoooviiiiiii

5 Adsorbtia sinergica a plastificantului si a biopolimerilor pe Montmorillonit

5.1 Introducere .......ccccvvveiiveennnnne
5.2 Detalii de simulare ................
5.3 Rezultate si discutii  ...............

5.3.1 Sisteme binare AML/Mt

37
38
38
40
40
41
42
42

43
43
46
48
52
52
60
61
65

66
66
68
68
70
70
73
76
77
77
77
77
80
80
86
87
87
88
92

93
93
94
98
98



Termodinamica INErCalarii  .......ccocviiiiiiiiiiei
Dinamica gonflarii si structura interstratului  .........cccoovvvviiiiiiniiiciee

General Conclusions
Recommendations

Concluzii Generale

Recomandari ........

Bibliografie
Anexe

A Force Field Parameters

AL1TIP3P/Fs ...,
A2AMBER ...
A3 CLAYFF ...............

B Cross Terms

102
103

104
105

106

118

118
118
118
119

121



ADNOTARE

Siminel Nikita: Structuri clay-polymer nanocompozite pentru ambalaje alimentare, teza de
doctor in stiinte ingineresti, Chisinau, 2023.

Structura tezei: Teza inaintata spre sustinere a fost elaborata in cadrul Universitatii Tehnice
a Moldovei, Chisinau 2023, este scrisa in limba engleza si constituita din introducere, cinci capitole,
concluzii generale si recomandari, bibliografie din 166 titluri, 110 pagini de text de baza, 71 figuri
si 7 tabele. Rezultatele obtinute au fost publicate in 12 lucrari stiintifice, dintre care 3 articole
in reviste internationale, 2 articole in reviste nationale si 7 articole in lucrarile unor conferinte
nationale si internationale.

Cuvinte cheie: Montmorillonit, biopolimeri, polyetilenglycol (PEG), amiloza, nanocompozite,
ambalaje biodegradabile.

Scopul lucririi: Dezvoltarea de noi biopolimeri pe baza de argile Na*- si Ca?*- montmoril-
lonit, polietilenglicol si amiloza; elucidarea functiilor argilei, plastifiantului, amidonului si apei in
formarea straturilor nanocompozite cu ajutorul tehnicilor experimentale si de simulare pe calcula-
tor (dinamica moleculard); cercetarea afinitatii reciproce a componentelor si structurilor formate
asupra proprietatilor de bariera si vitezei de transfer a vaporilor de apa in vederea stabilirii dome-
niului de aplicare a biopolimerilor in domeniul ambalajelor ecologice.

Obiectivele cercetarii: Influenta marimii incarcaturii stratului de argila si a distributiei
acesteia asupra dinamicii de hidratare a mineralelor de argila smectita in vederea dezvoltarii si
optimizérii modelor potentiale de biopolimeri pe baza de polietilenglicol, amiloza si argile Na*-
si Ca?t- montmorillonit. Investigatii experimentale si computationale ale structurii moleculare
a nanocompozitelor in vederea Imbunatatirii proprietatilor de bariera si mecanice ale straturilor
depuse pe baza acestor materiale biodegradabile. Absorbtia simultana a trei adsorbanti - apa,
plastifiant si amidon, determinarea afinitatii relative a componentelor si a modului in care aceasta
este influentata de marimea, localizarea si densitatea Incarcaturii stratului si de tipul de cationi
schimbabili din stratul intermediar al argilei. Reducerea vitezei de transfer a vaporilor de apa prin
spatiul interstrat In vederea crearii barierei pentru diminuarea penetrarii vaporilor de apa prin
materialele de ambalaj destinate produselor alimentare uscate.

Noutatea si originalitatea stiintifica: Au fost elaborate structure clay-polimerice care ofera
o intelegere cuprinzatoare a comportamentului nanocompozitelor polimer-argila si a potentialelor
lor aplicatii ca acoperiri de bariera, ceea ce se asteapta sa aiba implicatii semnificative pentru indus-
tria ambalajelor alimentare si pentru domeniile mai largi de stiinta materialelor si fizica polimerilor.

Rezultatele principale: S-a investigat efectul substitutiei izomorfe din Na*- si Ca?*- mont-
morillonita asupra dinamicii de absorbtie si a stabilit ca argile cu o cantitate mai mare de substitutii
tetraedrice ar putea avea o capacitate puternica de a retine moleculele de biopolimerice. S-a obser-
vat o structura ordonata a lanturilor de polimeri PEG, paralela cu suprafata argilei, in modelul de
calcul al sistemului PEG/Mt. S-a demonstrat ca filosilicatii cu o sarcina de strat de < 0,4 electroni
pe unitate de formula pot gazdui amidonul si oferi cea mai mare bariera la vaporii de apa in stratul
de acoperire formulat. Pe baza datelor obtinute, a fost creat un strat de bariera de 80 de ori mai
eficient.

Problema stiintifica principala solutionata: dezvoltarea si optimizarea modelelor potentiale
ale biopolimerilor (polietilenglicol si amilozi) si ale argilelor montmorilonite Na* si Ca?* pentru
a Intelege structura moleculara a compozitelor bazate pe aceste materiale si pentru a imbunatati
proprietatile de barierd ale acoperirilor formulate folosind aceste bio-compozite.

Semnificatia teoretica si valoarea aplicativa a lucrarii: Pentru prima data a fost dez-
voltat si optimizat modele de biopolimeri pe bazi de polietilenglicol, amilozd si argile Na*t- si
Ca?*-montmorillonit; studiile experimentale si computationale au descris comportamentul de gon-
flare al mineralelor argiloase in prezenta plastifiantului si afinitatea relativa a apei si polimerului
pentru diferiti cationi; o combinatie specifica de biopolimer si argila a fost propusa, care a redus
permeabilitatea stratului obtinut cu un factor de 80. A fost obtinut 1 brevet de inventie.

Implementarea rezultatelor stiintifice: Rezultatele cercetarilor au fost implementate in
productia de acoperiri bariera © Cailar, produse la Barrcoat AB, Karlstad, Suedia



ANNOTATION

Siminel Nikita: Nanocomposite clay-polymer structures for food packaging, PhD thesis in
engineering sciences, Chisinau, 2023.

Thesis structure: The thesis submitted for defense was prepared at the Technical University
of Moldova, Chisinau 2023, is written in English and consists of an introduction, five chapters,
general conclusions and recommendations, bibliography of 166 titles, 110 pages of basic text, 71
figures and 7 tables. The results were published in 12 scientific papers, including 3 articles in
international journals, 2 articles in national journals and 7 articles in national and international
conference proceedings.

Keywords: Montmorillonite, biopolymers, polyethylene glycol (PEG), amylose, nanocompos-
ites, biodegradable packaging.

Aims: Development of new biopolymers based on Nat- and Ca?f-montmorillonite clays,
polyethylene glycol and amylose; elucidation of the functions of clay, plasticizer, starch and water
in the formation of nanocomposite layers using experimental and computer simulation techniques
(molecular dynamics); investigation of the mutual affinity of the formed components and struc-
tures on the barrier properties and water vapour transfer rate in order to determine the scope of
application of the biopolymers in the field of eco-friendly packaging.

Research objectives: Influence of clay layer loading size and its distribution on hydration
dynamics of smectite clay minerals in order to develop and optimize potential biopolymer modes
based on polyethylene glycol, amylose and Na*t- and Ca?*-montmorillonite clays. Experimental and
computational investigations of the molecular structure of nanocomposites in order to improve the
barrier and mechanical properties of layers deposited on the basis of these biodegradable materials.
Simultaneous adsorption of three adsorbents - water, plasticiser and starch, determination of the
relative affinity of the components and how this is influenced by the size, location and charge
density of the layer and the type of exchangeable cations in the clay interlayer. Reducing the rate
of water vapour transfer through the interlayer space to create a barrier to reduce water vapour
penetration through dry food packaging materials.

Scientific novelty and originality: Clay-polymer structures have been developed that pro-
vide a comprehensive understanding of the behaviour of polymer-clay nanocomposites and their
potential applications as barrier coatings, which is expected to have significant implications for the
food packaging industry and the wider fields of materials science and polymer physics.

Main results: The effect of isomorphic substitution of Nat- and Ca?*- montmorillonite on
adsorption dynamics was investigated and it was determined that clays with a higher amount of
tetrahedral substitutions could have a strong ability to retain biopolymer molecules. An ordered
structure of PEG polymer chains parallel to the clay surface was observed in the computational
model of the PEG/Mt system. It was shown that phyllosilicates with a layer charge of < 0.4
electrons per formula unit can accommodate starch and provide the highest barrier to water vapor
in the formulated coating layer. Based on the data obtained, an 80-fold barrier layer was created.

The main scientific problem solved: Developed and optimized potential models of biopoly-
mers (polyethylene glycol and amylose) and montmorillonite Nat and Ca?* clays to understand the
molecular structure of composites based on these materials and to improve the barrier properties
of coatings formulated using these bio-composites.

Theoretical significance and applicative value of the work: For the first time biopolymer
models based on polyethylene glycol, amylose and Nat- and Ca?*-montmorillonite clays were
developed and optimized; experimental and computational studies described the swelling behavior
of clay minerals in the presence of plasticizer and the relative affinity of water and polymer for
different cations; a specific combination of biopolymer and clay was proposed, which reduced the
permeability of the obtained coating by a factor of 80. 1 patent was obtained.

Implementation of scientific results: The research results have been implemented in the

production of barrier coatings © Cailar, produced at Barrcoat AB, Karlstad, Sweden.
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Introducere

Actualitatea temei investigate

In ultimele decenii, productia si utilizarea materialelor plastice derivate din petrol a cres-
cut enorm, ceea ce creeaza probleme atat din punct de vedere ecologic, cat si din punct de
vedere economic. Industria europeana a ambalajelor are o valoare de piata de aproximativ 80
miliarde EUR si creste in fiecare an [19]. Ambalarea alimentelor este un concept important
pentru satisfactia consumatorului si pentru cresterea duratei de valabilitate a produselor
alimentare. Introducerea de noi materiale de ambalare a alimentelor a devenit o tendinta
emergenta n ultimii ani, care s-ar putea datora in principal poluarii mediului cauzata de
ambalajele din plastic si pentru a reduce risipa alimentara. Astfel de notiuni, precum am-
balaje biodegradabile, biocompatibile, ecologice devin din ce in ce mai frecvente in literatura
de specialitate referitoare la ambalaje. Reglementarile stricte privind reciclarea deseurilor si
reciclabilitatea materialelor au determinat cerinte ale industriei alimentare pentru materiale
de ambalare mai ecoeficiente.

Necesitatea materialelor biodegradabile regenerabile capabile sa inlocuiasca materialele
plastice conventionale, obtinute pe baza de petrol, prezinta un domeniu de cercetare in
plina dezvoltare, deoarece ofera un avantaj important pentru cresterea durabila a indus-
triei ambalajelor. Dintre acestea, amidonul este unul dintre cele mai promitatoare materiale
biopolimerice, deoarece este regenerabil, are un pret scazut, este complet biodegradabil si,
cel mai important, este permis pentru contactul cu alimentele [20-23]. Acoperirile pe hér-
tie, realizate pe baza de amidon, au demonstrtat o ameliorare a proprietatilor de bariera,
reducand rata de transmitere a vaporilor de apa (WVTR) de la 800 g/m?.zi pentru hartia
netratata la 400 g/m?.zi [19]. Poli(etilenglicolul) a fost utilizat ca plastifiant pentru amidon,
care este cunoscut ca fiind fragil.

Argilele sunt un alt material promitator. Mineralele argiloase sunt o familie de materiale
stratificate. Acestea reprezinta o clasa de materiale anizotrope, ai caror atomi intrastrat
sunt fixati prin legaturi chimice, iIn timp ce atomii din straturile adiacente interactioneaza
prin forte fizice (Van deer Waals). Argilele au o gama larga de utilizari potentiale si actuale,
datorate, In parte, capacitatii lor de a intercala o varietate larga de specii anorganice si
organice. In comparatie cu materialele de umplutura traditionale obtinute pe baza de mate-
riale compozite, aceasta ofera avantaje substantiale in ceea ce priveste cresterea aderentei.
Actualmente materialele compozite pe baza de argila au numeroase aplicatii comerciale si
pigmentilor, precum si in alte industrii [24]. Incorporarea nanoargilelor in matricea am-
balajelor imbunatateste proprietatile mecanice si de bariera si In acelasi timp prelungeste
biodegradarea materialului de ambalare [25]. Caracteristicile mecanice, de bariera si antibac-
teriene ale materialelor de ambalare a alimentelor pe baza de nanoargila pot fi ameliorate
semnificativ [26].

Descrierea situatiei in domeniul de cercetare

Argilele ne gonflabile sunt utilizate in tehnologiile traditionale de acoperire a hartiei,
deoarece acestea exercita un efect nesemnificativ asupra proprietatilor reologice ale stra-
turilor formate [27]. Analiza proprietatilor peliculelor de montmorilonit si amidon si a
demonstrat, prin teste de migrare, ca acestea pot fi utilizate In mod satisfacator in con-
formitate cu reglementarile europene actuale privind ambalajele biodegradabile [21]. S-a
demonstrat, ca prezenta argilelor gonflabile in cadrul unei matrici polimerice influenteaza
semnificativ proprietatile de bariera ale acoperirilor formulate [10]. Aceasta abordare a fost
dezvoltata in continuare de Breen et al. [19], care au identificat o combinatie speciala de
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argile, amidon si plastifiant pentru a forma un invelis durabil. Acoperirile aplicate pe sub-
stratul de hartie au prezentat un WVTR remarcabil de 10 g/m?.zi [19}23], fiind competitive
cu unele dintre latexurile conventionale [|28].

Tehnicile experimentale actuale detin o performanta limitata pentru investigarea ma-
terialelor stratificate intercalate. Doar rareori se obtin cristale suficient de mari pentru
determinarea structurala completa prin difractie de raze X conventionala [29]. Difractia pul-
berilor cu raze X (PXRD) ofera unele informatii cu privire la structura globala a materialului
(de exemplu, distanta dintre straturi), dar, in general, structurile intercalate de argila se car-
acterizeaza prin absenta unei ordini semnificative cu raza lunga de actiune. Aranjamentele
dintre straturi (de exemplu, orientarea adsorbitului) pot fi uneori estimate din distanta din-
tre straturi determinata prin masuratori PXRD, dar, de obicei, acestea sunt estimari bazate
pe dimensiunile moleculare presupuse ale adsorbantului [30]. De asemenea, nu este posibil
sa se stabileasca daca amidonul sau plastifiantul pot concura in mod eficient cu apa pentru
un loc in sfera de coordonare primara a cationilor din galerie. De asemenea, este foarte dificil
sau imposibil sa se identifice ce proportie de amidon si de plastifiant este prezenta in galeria
argilelor care se umfla [31].

Din cauza acestor limitari, a crescut interesul pentru utilizarea metodelor de calcul pen-
tru studierea acestor solide stratificate si a intercalatelor. Rolul acestor cercetari consta in
putea rationalizarea experimentelor si prezicerea proprietatile fizice si chimice ale structurilor
nanocompozite formate. Dezvoltarea tehnicilor de simulare pe calculator aplicate materi-
alelor argiloase ofera o perspectiva asupra structurii, dinamicii si reactivitatii sistemelor de
argila polimerica [32,33].

Scopul si obiectivele cercetarii

Scopul lucrarii a constat in dezvoltarea de noi biodegradabile nanocomposite pe baza de
argile Na*- si Ca?T-montmorillonit, polietilenglicol si amiloza; elucidarea functiilor argilei,
plastifiantului, amidonului si apei in formarea straturilor nanocompozite cu ajutorul tehni-
cilor experimentale si de simulare pe calculator (dinamica moleculard); cercetarea afinitatii
reciproce a componentelor si structurilor formate asupra proprietatilor de bariera si vitezei
de transfer a vaporilor de apa in vederea stabilirii domeniului de aplicare a biopolimerilor in
domeniul ambalajelor ecologice.

Obiectivele cercetarii

1. Influenta marimii Incarcaturii stratului de argila si a distributiei acesteia asupra dinam-
icii de hidratare a mineralelor de argila smectita in vederea dezvoltarii si optimizarii
modelor potentiale de biopolimeri pe baza de polietilenglicol, amiloza si argile Na*- si
Ca?"-montmorillonit.

2. Investigatii experimentale si computationale ale structurii moleculare a nanocompozitelor
in vederea Tmbunatatirii proprietatilor de bariera si mecanice ale straturilor depuse pe
baza acestor materiale biodegradabile.

3. Absorbtia simultana a trei adsorbanti - apa, plastifiant si amidon, determinarea afinitatii
relative a componentelor si a modului in care aceasta este influentata de marimea, lo-
calizarea si densitatea incarcaturii stratului si de tipul de cationi schimbabili din stratul
intermediar al argilei.

4. Reducerea vitezei de transfer a vaporilor de apa prin spatiul interstrat in vederea crearii
barierei pentru diminuarea penetrarii vaporilor de apa prin materialele de ambalaj
destinate produselor alimentare uscate.
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Ipoteza de cercetare

Ambalajele pentru alimente uscate realizate din nanocompozite pe baza de argile Na™
si Ca?T-montmorillonit, polietilenglicol si amiloza, utilizate drept acoperiri de barierd, ar
contribui la reducerea permeabilitatii oxigenului si umiditatii, majorand astfel termenul de
pastrare pe raft a produselor si ar diminua impactul asupra mediului prin substituirea ma-
terialelor de ambalaje derivate din petrol.

Metodologia cercetarii stiintifice
Suportul teoretic al tezei a fost realizat in baza analizei pentru literatura de specialitate
accesata din bibliotecile electronice ale Universitatii Tehnice a Moldovei, precum si prin
accesarea online a revistelor stiintifice si a articolelor cu acces liber.
In vederea realizrii obiectivelor tezei de doctorat au fost utilizate urmatoarele metode
de cercetare:
> Metoda dinamicii moleculare (MD). Aceasta tehnica a fost aplicatd pentru a calcula
proprietatile de echilibru si transport ale sistemelor multicomponente prin utilizarea
legilor mecanicii clasice si cuantice, cu integrarea acestor efecte.
> Metoda simularii tridimensionale Ewald, aplicata pentru calcularea interactiunilor
Van-deer-Waals si rezolvarea problemei convergentei lente.
> Software DL__POLY, pentru simularile MD ale macromoleculelor, polimerilor, sis-
temelor ionice si solutiilor pe un computer paralel cu memorie distribuita.
> Modelul CLAYFF, care a fost aplicat pentru a simula parametrii cristalografici realisti
ai mineralelor argiloase.
> Metoda difractiei cu raze X, aplicata pentru studiul comportamentului de gonflare
asociat al nanocompozitelor polimer /argila.
>> Analiza termogravimetrica (TGA), care a fost utilizata pentru cercetarea distributiei
apei si materialelor organice in probele compozite polimer/argila.
> Spectrometria de masa cu termogravimetrie (TGMS), care a fost aplicata pentru de-
terminarea compozitiei elementare a probelor examinate.
Noutatea si originalitatea stiintifica
> Teza de doctorat se axeaza pe dezvoltarea de modele potentiale pentru simularea pe
calculator a nanocompozitelor polimer-argila, care este o zona de cercetare relativ noua
si promitatoare.
> Studiul exploreaza efectul diferitelor parametri, inclusiv concentratia de argila, ma-
tricea polimerica si conditiile de prelucrare asupra proprietatilor nanocompozitelor,
ceea ce ofera informatii valoroase despre comportamentul acestor materiale.
> Teza investigheaza aplicarea nanocompozite drept acoperiri de bariera pentru aplicatii
de ambalaje alimentare, care este o zona de cercetare relativ noua si emergenta, cu
perspectiva de a imbunatati semnificativ durata de raft a produselor ambalate si de a
reduce risipa alimentara.
D> Lucrarea utilizeaza o combinatie de metode teoretice si experimentale, care prezinta
o abordare inovatoare si permite o intelegere mai cuprinzatoare a comportamentului
nanocompozitelor polimer-argila.
> Rezultatele cercetarii demonstreaza eficacitatea acestor nanocompozite utilizate drept
acoperiri de bariera pentru materiale de ambalare, cum ar fi reducerea permeabilitatii
oxigenului si umiditatii, ceea ce reprezinta o contributie semnificativa pentru domeniul
ambalajelor alimentare.
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>> In ansamblu, teza ofera o intelegere cuprinzitoare a comportamentului nanocom-
pozitelor biopolimer-argila si a potentialelor lor aplicatii drept acoperiri de bariera, ceea
ce preconizeaza atat implicatii semnificative pentru industria ambalajelor alimentare,
cat si pentru domeniile stiinta materialelor si fizica polimerilor.

Problema stiintifica rezolvata consta in dezvoltarea si optimizarea modelelor de
biopolimeri pe bazi de polietilenglicol, amiloza si argile Na™ si Ca*"-montmorillonit, de-
scrierea comportamentului de umflare, afinitatea apei si biopolimerului pentru diferiti cationi;
reducerea permeabilitatii si imbunatatirea proprietatilor de bariera ale acoperirilor formulate
pe baza de aceste bio-compozite.

Rezultatele stiintifice principale inaintate spre sustinere
1. Modelele au fost adaptate pentru a simula sistemele tertiare argila-PEG-biopolimer-
apa cu o cantitate optima de materiale.
2. Efectul dezordinii rotationale asupra parametrilor energetici si structurali ai argilei.
3. Efectul substitutiei izomorfe din Na'- si Ca*"-montmorillonit asupra dinamicii de
absorbtie si distributie a moleculelor de apa si polimer intercalate.
4. Efectul cationilor schimbabili si al substitutiei izomorfe asupra formarii nanocom-
pozitelor argila-biopolimer.
5. Distributia biopolimerilor in nanocompozite, influenta suprafetei minerale si a struc-
turii argilei asupra interfetei polimer-argila.
6. Formarea structurilor de bariera si reducerea permeabilitatii gazelor si vaporilor.
Afinitatea argilelor fata de biopolimeri in functie de structura si sarcina de strat.
8. Structura si proprietatile de bariera ale nanocompozitelor in functie de masa moleculara
si natura biopolimerului.

~

Aprobarea lucrarii la foruri stiintifice nationale si internationale

Principalele rezultate ale tezei de doctorat au fost prezentate la 12 conferinte nationale
si internationale: Conferinta internationala ,MTFI” Chisinau (2022); Simpozion Interna-
tional “European Kesterite Hybrid Workshop”, Copenhagen, Denmark (2022); Conferinta
internationala “Materials Science and Condensed Matter Physics”, Chisinau (2018); Confer-
inta Internationala “Clay Science and Technology Euroclay”, Edinburgh (2018); Simpozion
“CCP5 Annual Meeting”, Edgmond (2017); Conferinta Studentilor, Masteranzilor si Doctor-
anzilor (2020, 2022); Conferinta Internationala “Nanotechnologies and Biomedical Engineer-
ing” (2021, 2023); Conferinta internationala “TIM”, Timisoara (2021, 2022), Romania; The
XXV International Scientific Conference of Young Scientists and Specialists (2021), Almaty,
Republic of Kazakhstan.

Publicatii la tema tezei

Rezultatele principale ale cercetarii au fost publicate in 12 lucrari stiintifice, dintre care 3
articole In reviste internationale, 2 articole In reviste nationale si 7 articole si teze in lucrarile
unor conferinte nationale si internationale, a caror lista completa este prezentata la sfarsitul
acestui Rezumat si in Anexa I a tezei.

Volumul si structura lucrarii

Teza este constituita din introducere, cinci capitole, concluzii generale si recomandari,
bibliografie din 166 titluri, 110 pagini de text de baza, 71 figuri si 7 tabele.
Cuvinte-cheie: montmorillonit, biopolimeri, polyetilenglycol (PEG), amilozd , nanocom-
pozite, ambalaje biodegradabile.
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Introduction

The actuality of the investigated topic

In recent decades, the production and use of petroleum-derived plastics has increased
enormously, creating both environmental and economic problems. The European packaging
industry has a market value of around €80 billion and is growing every year [19]. Food
packaging is an important concept for consumer satisfaction and increasing the shelf life of
food products. The introduction of new food packaging materials has become an emerging
trend in recent years, which may be mainly due to environmental pollution caused by plastic
packaging and to reduce food waste. Such notions as biodegradable, biocompatible, eco-
friendly packaging are becoming increasingly common in the packaging literature. Strict
regulations on waste recycling and material recyclability have led to demands from the food
industry for more eco-efficient packaging materials.

The search for renewable biodegradable materials to replace conventional oil-based plas-
tics is a fast growing research area as it provides an important factor for sustainable growth
of the packaging industry. Amongst these, starch is one of the most promising biopolymer
materials, because it is renewable, low in price, fully biodegradable and, rather importantly,
approved for food contact [20-23]. Starch based paper barrier coatings showed improvement
of barrier properties when applied alone on paper reducing the Water Vapour Transmission
Rate (WVTR) from 800 g/m?.day for untreated paper down to 400 g/m?.day for paper
coated with starch and poly(ethylene glycol) [19]. Poly(ethylene glycol) was utilised as a
plasticiser for starch which is notoriously brittle.

Clays are another promising material. Clay minerals are a family of layered materials;
they are a class of highly anisotropic materials comprising sheets whose atoms are linked
by chemical bonds, whereas the atoms of adjacent sheets interact by non-bonded, physical
forces. Clays have a wide range of potential and actual uses due, in part, to their ability
to intercalate a variety of inorganic and organic species. Compared with traditional fillers
in composite materials, this offers substantial advantages in terms of improved adhesion
and lower required filler volume to achieve equivalent properties. As such, clay containing
composite materials have numerous current and potential commercial applications in the
automotive, packaging, health care, coatings and pigments sectors, as well as in other indus-
tries [24]. Incorporation of nanoclays into the packaging matrix improves mechanical and
barrier properties [25]. The mechanical, barrier and antibacterial characteristics of nanoclay
based food packaging materials can be significantly improved [26].

Identification of research problems

Non-swelling clays have been used in traditional paper coating technologies for many
years because these exert the least effect on the rheological properties of a formulated coat-
ing [27]. However, Avella et al. [21] studied the properties of starch-montmorillonite films
and showed, through migration tests, that the films could be satisfactorily used according
to the current European regulations for biodegradable packaging. The presence of swelling
clays within a polymer matrix has been shown to significantly influence the barrier properties
of formulated coatings. This approach was further developed by Breen et al. [19] who iden-
tified a particular combination of swelling clays, starch and plasticiser to form a sustainable
coating that exhibited a remarkable WVTR of 10 g/m?.d [19,23] when applied on the paper
substrate, and is already competitive with some of the conventional latexes [28].
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Unfortunately, current experimental techniques are lacking in performance for the inves-
tigation of intercalated layered materials. Only rarely are sufficiently large crystals for full
structural determination by conventional X-ray diffraction obtained. Powder X-ray diffrac-
tion (PXRD) gives some indication of the bulk structure of the material (e.g., the spacing
between layers), but in general clay intercalates are characterised by the absence of signifi-
cant long-range order [29]. Interlayer arrangements (e.g., orientation of the adsorbate) may,
however, sometimes be estimated from the interlayer spacing determined from PXRD mea-
surements, but usually these are estimations based on the assumed molecular dimensions
of the adsorbent [30]. Likewise, it is not possible to ascertain whether the starch or the
plasticiser can compete effectively with water for a place in the primary coordination sphere
of the gallery cations. It is also very difficult or impossible to identify what proportion of
starch and plasticiser is present in the gallery of the swelling clays [31].

Because of these limitations, interest in the use of computational methods for studying
these layered solids and their intercalates has increased in order that observed physical and
chemical properties may be rationalised and predicted [32,33]. The development of computer
simulation techniques applied to clay materials provides insight into the structure, dynamics
and reactivity of polymer clay systems.

Aim and objectives of the research

The aim of the work was to develop new biodegradable composites based on Na'- and
Ca?T-montmorillonite clays, polyethylene glycol and amylose; to elucidate the functions of
clay, plasticizer, starch and water in the formation of nanocomposite layers using experimen-
tal and computer simulation techniques (Molecular Dynamics); Investigation of the mutual
affinity of the components and structures formed on the barrier properties and water vapour
transfer rate in order to determine the scope of application of biopolymers in the field of
eco-friendly packaging.

Research objectives

1. Influence of clay layer loading size and its distribution on the hydration dynamics of
smectite clay minerals in order to develop and optimize potential biopolymer modes
based on polyethylene glycol, amylose and Na*- and Ca?*-montmorillonite clays.

2. Experimental and computational investigations of the molecular structure of nanocom-
posites in order to improve the barrier and mechanical properties of layers deposited
on the basis of these biodegradable materials.

3. Simultaneous adsorption of three adsorbents - water, plasticiser and starch, determi-
nation of the relative affinity of the components and how this is influenced by the size,
location and charge density of the layer and the type of exchangeable cations in the
clay interlayer.

4. Reducing the rate of water vapour transfer through the interlayer space to create a
barrier to reduce water vapour penetration through dry food packaging materials.

Research hypothesis
Dry food packaging made of nanocomposites based on Na*- and Ca?*-montmorillonite
clays, polyethylene glycol and amylose, used as barrier coatings, would contribute to reduc-
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ing oxygen and moisture permeability, thereby increasing shelf-life of products, and would
decrease environmental impact by substituting petroleum-derived packaging materials.

Scientific research methodology

The theoretical support of the thesis was made based on the analysis of the literature
accessed from the electronic libraries of the Technical University of Moldova, as well as by
accessing online scientific journals and open access articles.

In order to achieve the objectives of the thesis the following research methods were used:
> Molecular Dynamics (MD) method. This technique was applied to calculate the equi-

librium and transport properties of multicomponent systems using the laws of classical
and quantum mechanics, with the integration of these effects.

> The three-dimensional Ewald simulation method applied to calculate Van-deer-Waals
interactions and solve the slow convergence problem.

> DL_POLY software, for MD simulations of macromolecules, polymers, ionic systems
and solutions on a parallel computer with distributed memory.

> CLAYFF model, which was applied to simulate realistic crystallographic parameters
of clay minerals.

> X-ray diffraction method, applied to study the associated swelling behaviour of poly-
mer /clay nanocomposites.

> Thermogravimetric analysis (TGA), which was used to investigate the distribution of
water and organic materials in polymer/clay composite samples.

> Thermogravimetric mass spectrometry (TGMS), which was applied to determine the
elemental composition of the examined samples.

Scientific novelty and originality

> The PhD thesis focuses on the development of potential models for computer simula-
tion of polymer-clay nanocomposites, which is a relatively new and promising area of
research.

> The study explores the effect of different parameters including clay concentration,
polymer matrix and processing conditions on the properties of nanocomposites, which
provides valuable insights into the behaviour of these materials.

> The thesis investigates the application of nanocomposites as barrier coatings for food
packaging applications, which is a relatively new and emerging area of research with
the prospect of significantly improving the shelf life of packaged products and reducing
food waste.

> The paper uses a combination of theoretical and experimental methods, which presents
an innovative approach and enables a more comprehensive understanding of the be-
haviour of polymer-clay nanocomposites.

> The research results demonstrate the effectiveness of these nanocomposites used as
barrier coatings for packaging materials, such as reducing oxygen and moisture per-
meability, which is a significant contribution to the field of food packaging.

> Overall, the thesis provides a comprehensive understanding of the behaviour of biopolymer-
clay nanocomposites and their potential applications as barrier coatings, which predicts
both significant implications for the food packaging industry and the fields of materials
science and polymer physics.
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The scientific problem solved consists in developing and optimizing biopolymer mod-
els based on polyethylene glycol, amylose and Na* and Ca?*"-montmorillonite clays, describ-
ing the swelling behavior, water and biopolymer affinity for different cations; reducing the
permeability and improving the barrier properties of coatings formulated based on these
bio-composites.

Main scientific results submitted for defense

1. The models were adapted to simulate tertiary clay-PEG-biopolymer-water systems
with an optimal amount of materials.

2. Effect of rotational disorder on energetic and structural parameters of clay.

3. Effect of isomorphic substitution of Na*- and Ca?*-montmorillonite on the adsorption
and distribution dynamics of intercalated water and polymer molecules.

4. Effect of exchangeable cations and isomorphic substitution on the formation of clay-
biopolymer nanocomposites.

5. Distribution of biopolymers in nanocomposites, influence of mineral surface and clay
structure on polymer-clay interface.

6. Formation of barrier structures and reduction of gas and vapour permeability.

7. Affinity of clays towards biopolymers as a function of layer structure and charge.

8. Structure and barrier properties of nanocomposites as a function of molecular weight
and nature of biopolymer.

Approval of work at national and international scientific conferences

The main results of the PhD thesis have been presented at 12 national and interna-
tional conferences: International Conference "MTFI", Chisinau (2022); International Sympo-
sium "European Kesterite Hybrid Workshop', Copenhagen, Denmark (2022); International
Conference "Materials Science and Condensed Matter Physics', Chisinau (2018); Interna-
tional Conference "Clay Science and Technology Euroclay", Edinburgh (2018); Symposium
"CCP5 Annual Meeting", Edgmond (2017); Conference of Students, Masters and PhD Stu-
dents (2020, 2022); International Conference "Nanotechnologies and Biomedical Engineer-
ing" (2021, 2023); International Conference "TIM", Timisoara (2021, 2022), Romania; The
XXV International Scientific Conference of Young Scientists and Specialists (2021), Almaty,
Republic of Kazakhstan.

Publications on the thesis topic

The main results of the research have been published in 12 scientific papers, including 3
articles in international journals, 2 articles in national journals and 7 articles and theses in
the proceedings of national and international conferences, the full list of which is presented
at the end of this Abstract and in Appendix I of the thesis.

Volume and structure of the work
The thesis consists of an introduction, five chapters, general conclusions and recommen-
dations, a bibliography of 166 titles, 110 pages of basic text, 71 figures and 7 tables.

Keywords: montmorillonite, biopolymers, polyethylene glycol (PEG), amylose , nanocom-
posites, biodegradable packaging.
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1 Clay Minerals and Clay-based Composites

Clay minerals belong to the phyllosilicate group (from the Greek “phyllon” — leaf, and
from the Latin “silic” — flint) [2]. Silicates are the largest class of minerals present on Earth,
comprising the majority of its crust and representing 30% of all minerals [1].

Clay minerals are highly anisotropic materials. They are made up of sheets whose atoms
are linked by chemical bonds, whereas the atoms of adjacent sheets interact by non-bonded,
physical forces. Clays have been known and utilised for a very long time and are indispens-
able in modern living, through their use in porcelain, bricks, tiles and sanitary ware [34].
However, their range of applications is not limited to these arenas. Clay minerals are exten-
sively used as filamentous components in polymer based composites, partly because of their
ability to intercalate a variety of inorganic and organic species. Compared with traditional
composite materials, this results in a unique property-enhancement profile in terms of various
mechanical, barrier, and fire resistance behaviours and requires lower filler volumes (5 wt%
clay vs 20-40 wt% traditional filler) to achieve equivalent outcomes |19]. As a result, clay
materials have numerous current and potential commercial applications in the automotive,
packaging, health care, coatings and pigments sectors, as well as in other industries [24].

It is important to understand why the micro structure of clay minerals affords them such
compositional and metrological diversity. To this end, this chapter focuses on introducing
the fundamentals of common clay crystal structures. Firstly, a summary is given of common
clay structures and properties. Following this, the field of clay-polymer nanocomposites is

reviewed.

1.1 Structure and Properties of Clay Minerals
Whilst the structures of phyllosilicate minerals appear to be very complex, the various
levels of organisation they adopt can be characterised via two basic features:
D> Sheets: These are formed by three ionic planes within which each cation is framed by
0% or (OH)™ anions. Examples are tetrahedral, octahedral and interlayer sheets;
> Layers: These result from the association of several sheets, e.g. linkage of tetrahedral
and octahedral sheets in various combinations. Some phyllosilicates also include an
interlayer sheet.

Three types of coordination determine the elementary “building blocks” that make up
various sheets within the clay crystal structure |2]:
> 4-fold coordination (SiO}~ or AlO]™ tetrahedra);
> 6-fold coordination (octahedra occupied by a tri— or divalent cation: A>T, Fe3™ Mg?*t,
Fe?*);
> 12-fold coordination (dodecahedra occupied by an exchangeable cation: Na®, KT,
Ca’™).

1.1.1 The Elementary Structure: Sheets
The Tetrahedral Sheet

The basic unit of a phyllosilicate tetrahedral sheet (Th) is the silicon tetrahedron SiO}~
(Fig. . Each tetrahedron consists of a Si** cation, coordinated to four oxygen O?~
anions, such that the total bond energy of each oxygen is equal to two silicon—oxygen bonds.
This condition causes adjacent tetrahedra to link up by sharing the oxygens on the triangular



bases of the tetrahedra (vertices) (Fig. [1.1(D)). A two-dimensional hexagonal network then
results along the a and b crystallographic directions [2,135]. The silicon-to-oxygen ratio is
generally 1:2.5 (or 2.5) — one oxygen atom is exclusively bonded to each silicon and another
three are shared with neighbour silicon atoms. The unit cell is then made up of two linked
tetrahedra.

Figure 1.1: Diagramatic sketch showing (a) a single silicon tetrahedron and (b) the sheet
structure of silicon tetrahedra arranged in a hexagonal network

The Si-O bond length equals 1.64 A and can be calculated by consideration of the ionic
radii values of Si** (0.4 A) and OfZ,,,; (1.24 A) [2]. Consequently, the theoretical unit cell
dimensions are a x b = 5.35 x 9.27 A.

APt can replace Si** in tetrahedra, imposing a negative charge on the sheet. The
ionic diameter of the 4-fold coordinated AI** cation (0.53 A [2]) is greater than that of
Si*t. Consequently, the theoretical value of the AI-O bond is 1.77 A and, so, the unit cell
dimensions increase proportionately with the substitution level of AI** for Si*t.

The Octahedral Sheet

Octahedral sheets (Oh) comprise metal ions in octahedral coordination, sandwiched be-
tween two layers of oxygen and hydroxyl groups (hydroxyl groups form part of the coordi-
nation sphere for every octahedron) (Fig. . Individual octahedra are linked together
by their six shared vertices (Fig. [L.2(b)). Each anion (02>~ or OH™) is bonded to three
cations, leading to a framework of a continuous sheet in which octahedra form a lattice with
hexagonal symmetry. Two kinds of octahedral topologies, related to hydroxyl position, may
be distinguished: cis-octahedra, in which (OH)~ groups form one side of a triangular face,
and trans-octahedra, in which (OH)~ groups are located on the opposite vertices (Fig. |1.3]).

Metal cations within octahedra are usually AI3*. However, various types of substitution
are possible: homovalent (e.g. A>T <+ Fe3™) and heterovalent (e.g. AT +» Mg?"). Experi-
mentally, a wide range of cations such as LiT, Fe"*, Mn?*, Co?*, Ni?t, V3 Cr3*, and Ti**
have been identified in octahedra [1]. When octahedra are occupied by divalent cation, e.g.
Mg?", all octahedral sites are filled and a trioctahedral sheet is obtained (Fig. [1.4(a)]). In
contrast, when trivalent cations, e.g. AI**, reside in the octahedra, only two of every three
possible octahedral positions are filled and a dioctahedral sheet is formed [35] (Fig. [L.4(b)]).
Incomplete filling of dioctahedral sheets leads to the possibility of two structural isomers,
one in which cis-octahedra are occupied (Fig. and a second in which trans-octahedra
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Figure 1.2: Diagramatic sketch showing (a) a single octahedron and (b) the sheet structure
of octahedra

Figure 1.3: Diagramatic sketch of an octahedral sheet showing the and trans-
octahedron topologies. Adapted from
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Figure 1.4: Diagramatic sketch of (a) a trioctahedral sheet and (b) a dioctahedral with
vacant sites. Adapted from

(b)
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are filled.

The edge-length of each octahedron corresponds to the ionic diameter of the appropriate
O?~ or OH~ anions. Bond lengths can be approximated as the sum of the ionic radii of
the octahedral cation (Mg?" — 0.86 A, AI** — 0.68 A [2]) and of the 6-fold coordination
02~ anion (1.26 A [2]). Therefore, the edge length of a Mg octahedron is calculated as
3.00 A and that of an Al octahedron as 2.74 A while their respective thickness are 2.45 and
2.24 A [2]. Resultant lattice parameters are a x b = 5.44 x 9.43 A for trioctahedral sheet
and a x b=4.98 x 8.64 A for dioctahedral sheets.

Adjustments of the Tetrahedral and Octahedral Sheets

The theoretical unit cell dimensions calculated for the tetrahedral sheet (5.35 x 9.27 A)
and for the tri- and dioctahedral sheets (5.44 x 9.43 A and 4.98 x 8.64 A respectively) differ
significantly [2]. These mismatches lead to deformations in one or both sheets and deviations
from ideal hexagonal symmetry when they are combined into layers [2,36]. Layer distor-
tion usually follows three different mechanisms [35]: (i) the rotation of adjacent tetrahedra
about axes perpendicular to the basal plane as evaluated by the angle o (Fig. [L5)); (ii) the
increase in thickness of the tetrahedral sheet, thereby reducing the edge length of individual
tetrahedra; (iii) the tilting of the tetrahedral basal oxygen plane. As a consequence of these
distortions, the symmetry of the tetrahedral sheet becomes ditrigonal.

Di— and trioctahedral sheets undergo deformations as well. Individual octahedra experi-
ence elongation of their edges and become asymmetrical. Vacancies within the dioctahedral
sheet cause even stronger adjustments. As a result of these deformations, the internal energy

of the crystal is increased by the associated additive elastic energy.

The Interlayer Sheet

In some phyllosilicates, electrical neutrality of the crystal structure is achieved by the
incorporation of a cation interlayer sheet. Interlayer sheets can be formed by cations which
are not bonded to each other (smectites, vermiculites and micas) or can take the form of
an octahedral sheet which has no shared vertices with the tetrahedral sheets (chlorites) [2].
Cations reside in hexagonal or ditrigonal cavities formed by the O?~ anions of the adjacent
tetrahedral sheets (Fig. . As a result, the cations are 12-fold coordinated. However,
when distortions of tetrahedral sheets are taken into account, the actual coordination of the

cations is reduced to 6 (Fig. |1.6(b)).

The Layer Charge
When the tetrahedral and octahedral sheets are joined in a layer, the resulting structure
can be either electrically neutral or negatively charged. Electrical neutrality is achieved if:
> tetrahedral sheets have Si** cations resident in all tetrahedra;
> dioctahedral sheets have only trivalent cations (e.g. AI*T, Fe¥™); and
> trioctahedral sheets are formed of divalent cations only (e.g. Mg?").



Figure 1.5: Deformation of tetrahedral sheet through rotation by a. Adapted from [2]

theoretical coordination: 12 actual coordination: 6

(a) (b)

Figure 1.6: Structure of the interlayer cation. (a) Theoretical - due to the position of cation
in ditrigonal cavities of tetrahedral sheet of clay. (b) Distortions of the tetrahedral sheet
brings the coordination from 12 down to 6. Adapted from [2]



However, negative layer charges arise from various degrees of substitution:

> substitution of AI>* for Si** in tetrahedral sites;

> substitution of AI** in dioctahedral sheets, or Mg?* in trioctahedral sheets, for lower
charge cations; or

> the presence of vacancies in the tetrahedral or octahedral sheets.

Substitution in a tetrahedral sheet is characterised by a localised charge distribution
over three oxygen atoms (Fig. . In the case of octahedral substitution, in contrast, the
delocalisation of layer charge is spread over a region of 10 basal oxygen atoms [3/37]. Charge
localisation, and the diversity of its location and composition is considered to be one of the
most important qualities of phyllosilicates, because of the effect this has on the exchangeable
cations in the interlayer space of the clay [1}2,24].

The Cation Exchange Capacity (CEC) is a measurable quantity that is related to the
layer charge of the clay and corresponds to the number of hydrogen cations (H) needed to
balance the negative charge of the clay layers |35]. The CEC also depends on the nature of
the cations adsorbed between the clay layers. It is expressed in centimols of positive charge
per kg of dry clay mineral (cmol - kg='), which is numerically equal to the traditional units
of the milliequivalents per 100 g of clay (meq/100g). The CEC can be calculated as follows:

CEC = (charge/mass) x 1000 x 100 [meq/100g], (1.1)

where the charge and mass of the half unit cell are considered.

Experimental work [19] which motivated this study found that the CEC was an important
parameter for formation polymer/clay nanocomposites and for coating packaging materials.
For this reason, the effect of the CEC is studied in detail in Chapters 4,5 and 6.

1.1.2 Common Patterns of Layer Structure

The make up of all phyllosilicates is based on two main types of layer structure: 1:1
layers, in which one tetrahedral sheet is joined to one octahedral sheet; and 2:1 layers, in
which one octahedral sheet is sandwiched between two tetrahedral sheets (Fig. [1.8)).

The group symmetry to which a particular phyllosillicate belongs depends on the way
in which its 1:1 or 2:1 layers are linked. As indicated previously, layer linkage always leads
to some deformation of bond angles and lengths. Therefore, the symmetries of phyllosil-
icates range from highest to lowest as follows: hexagonal, rhombohedral, orthorhombic,

ditrigonal, monoclinic and triclinic [2].

1:1 Structure: Kaolinite

The clay minerals in the kaolin group consist of dioctahedral 1:1 layer structures with
a general composition of AlySisO5(OH),. One surface of the layer consists entirely of basal
oxygen atoms belonging to the tetrahedral sheet, while the other surface is mainly composed
of OH groups from the octahedral sheet. In 1:1 phyllosilicates the layer charge is usually
close to zero. The negative charge of the oxygen anion framework is balanced by the positive
charge of the tetrahedral and octahedral cations. The unit cell includes six octahedral sites
and four tetrahedral sites, such that the dimensions of kaolinite are a x b = 5.15 x 8.95 A [2].
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Figure 1.7: Isomorphic substitutions in tetrahedral and octahedral sheets with
corresponding charge localisation. Adapted from [3]
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Figure 1.8: Schematic representation of the three aluminosilicate layer types. Adapted
from [2]

The 1:1 clay structure is built up by the stacking of identical 1:1 layers, coupled by
hydrogen bonding. The layer repeat distance then corresponds to the combined thicknesses
of the linked tetrahedral and octahedral sheet and the interlayer region. The latter depends
on the length of the hydrogen bonds connecting the tetrahedral sheet in one layer to the
octahedral sheet in the neighbouring layer [36]. Experimentally, the basal spacing of kaolinite
ranges from 7.0 to 7.15 A [1,2].

2:1 Structure without an Interlayer Sheet: Talc and Pyrophyllite

In 2:1 phyllosilicates, two thirds of the octahedral hydroxyl groups are replaced by tetra-
hedral apical oxygen atoms. Both surfaces of such a layer then consist of tetrahedral basal
oxygen atoms. The ideal structure of tale [MgsSisO19(OH)s| (trioctahedral) and pyrophyl-
lite [SigO19Ala(OH),] (dioctahedral) is electrically neutral and, hence, no charge-balancing
cations are required in the interlayer space.



Pyrophyllite is characterised by the presence of a vacancy in the trans-octahedra. The
unit cell is formed from six octahedral sites and eight tetrahedral sites and its measurable
cell dimensions are: a x b = 5.160 x 8.966 A. Tetrahedral sheets from adjacent pyrophyllite
layers are bonded through Van der Waals inderactions. The basal spacing of the 2:1 layer
varies from 9.10 to 9.43 A [2./36].

Due to the absence of an octahedral vacancy in the talc structure, deformations of the
tetrahedral and octahedral sheet are limited. This results in unit cell dimensions of a x b
= 5.290 x 9.173 A [2].

Structural differences between pyrophyllite and talc arise due to their disparate structural
configurations of OH radicals. In the dioctahedral structure, the net negative charge is
compensated for by two adjacent cations. This causes the O-H bonds to be inclined towards
the direction of the vacancy. In the trioctahedral structure, each OH radical is balanced
by three neighbouring cations. In this case, the O-H bond is oriented perpendicular to the
hexagonal cavity of the tetrahedral sheet.

2:1 Structure with an Interlayer Sheet: Smectite, Mica

The crystal structure of smectite and mica clays derives from that of pyrophyllite through
cationic substitution of AI** for Si** in the tetrahedral layer and of R?* for R** in octahedral
layer [1,2,36]. The general formula for dioctahedral smectites is
(MZT, x mH,0)(R37,R2%)(SigT, ALZ7)O019(OH); where z and y indicate the layer charges
resulting from each type of substitution; R"* refers to a generic di- (Mg?*, Ni**, Zn?**) or
trivalent octahedral cation (AI3*, Fe®T); M™ refers to a generic interlayer cation (Na®, K,
Ca?", Mg*"). These substitutions lead to the formation of a negative charge framework in
the 2:1 layer which is compensated for by the addition of a cation interlayer sheet in the
crystal structure (Fig. [I.9). The interlayer cations are situated in the ditrigonal cavities
captured by two opposite tetrahedral sheets (Fig. . The negative charge of the 2:1 mica
layer is very high. As a result, interlayer cations serve as "locks" which strongly bond layers
together. Due to this, no expansion of the interlayer sheet is possible [1,[2].

One of the most important and widely used in various industries dioctahedral smectite
is Montmorillonite (Mt) [1], the idealised composition of which is
(M x nHy0)(AI3*, Mg2")(Si;*)O10(OH)2. In nature, negative layer charge excess is com-
pensated for by inorganic cations M™ (e.g. Na®™, KT or Ca®"). The interlayer cations are
fairly loosely attached to the phyllosilicate structure, and can, therefore, be exchanged for
other cations; for this reason, they are called exchange cations. It is generally accepted that
80% of the exchange cations occupy sites within the clay interlayer and 20% are localised on
the edges of the clay layers [1,|36]. The CEC of Mt is in the range 80-120 meq/100g.

Mt layers are about 7.5 A thick and up to lum in lateral dimensions. The regular
distance between layers (d-spacing (dgo;)) of Mt is 9.5 A when dehydrated [38] (i.e. no water
is present in the interlayer). This increases to 12.5 A and 15.0 A, respectively, [2,[38] when
one and two layers of water are present in the interlayer.
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Figure 1.9: Diagrammatic sketch of the structure of smectite



1.1.3 The Swelling of the Clay Interlayer

Swelling is the process of expansion of clay layers due to increasing incorporation of polar
molecules (e.g. water, polymers) in the interlayer region. This property is not characteristic
for all clay minerals and is determined by many factors such as chemical composition of
the clay mineral, nature of the surface atoms, exchangeable cations, and the magnitude and
location of the layer charge. For example, if the layer charge is too high (micas, chlorites)
or zero (kaolinite, pyrophyllite, talc), swelling of the layers does not occur. Therefore,
studies of clay swelling are mostly focused upon 2:1 smectite clays due to their large swelling
capacity [1}12,24,38-43].

Swelling clays play significant roles in current industry. It has been observed [41] that
smectite clays are candidate systems for the intercalation and capture of substances such as
CO4 and nuclear waste as well as for dehydration of laboratory samples. Furthermore, the
process of interlayer swelling is directly related to the formation of polymer-clay nanocom-
posites. In order to enhance and control this formation, an understanding of the clay swelling

mechanisms is required and, so, this will be described in the following sections.

Clay-Water Interactions
The phenomenon of swelling is associated with the hydration of clay. However, not all
clays swell when hydrated. Clay minerals of the kaolinite group, due to the strong hydrogen
bond interactions between their layers, display little or no swelling on hydration. Sodium
montmorillonite, on the other hand, swells in water to many times its dry volume. Calcium
montmorillonite and the hydrous micas fall between these two extremes but are, in general,
much closer to kaolinite than to sodium montmorillonite in terms of their increase in volume
on hydration [12,42].
Comprehensive experimental investigations [1}2,/12,136-38}42,44] have revealed that the
swelling of a clay interlayer occurs via two different regimes:
> Crystalline — characterised by the formation of one—, two—, three— and four— layer
hydrates. Typical interlayer spacings documented in the crystalline swelling regime lie
within the range 9 to 20 A [12,38,/39,42].
> Osmotic — characterised by formation of wide interlayers up to 40 A.

Osmotic swelling is not germane to the focus of this thesis, therefore it will not be
discussed thoroughly.

The neutral siloxane surface, such as that found occurs on 2:1 phyllosilicates where no
isomorphous substitution has occurred (e.g., talc and pyrophyllite) is hydrophobic under
ambient conditions [1, Chapter 3]. The external oxygen atoms act as weak electron donors
and are not capable of forming hydrogen bonds with water molecules. With this type of
surface therefore, water molecules mainly interact with each other rather than with the clay
surface. As a result, talc and pyrophyllite do not exhibit swelling properties.

Hydrophilicity of clay layers can, however, be introduced by isomorphous substitution
in the octahedral or tetrahedral sheet inducing the presence of exchangeable cations. The
chemical nature of these cations (e.g. ionic radius, charge, hydration energy) determines the

swelling properties of the clay minerals. A common feature of these cations is that they have
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appreciable enthalpies of hydration [1, Chapter 2|. These provide the options of achieving

either complete or partial cation hydration shells, thereby forcing the clay layers apart.

Swelling Isotherms

Adsorption of water in the clay interlayer proceeds by initial solvation of the exchangeable
cations, followed by the occupation of the remaining interlayer space. Water molecules
coordinated to the exchangeable cations are clustered around, and strongly polarised by,
them [44]. These molecules, whose number increases with the water partial pressure, are
organised into layers and promote an increase of the dggi-spacing (Fig. [1.10). Thus, for a
Nat-saturated Wyoming montmorillonite, the dgg; spacing varies from 9.60 A (0 water layer
or OW) to 12.5 A (1 water layer — 1W), 15.5 A (2 water layers — 2W) and 18.8 A (3 water
layers — 3W) when p/py increases from 0 to 1 (Fig. [1.10). When Na™-Mt is dehydrated, the
interlayer cations migrate from the centre of the interlayer space into the siloxane ditrigonal
cavity and perturb the hydroxyl groups located at the base of that cavity [1}2].
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Figure 1.10: Variation in d-spacing of a Wyoming montmorillonite as a function of the
water partial pressure (p/po) [2]

Water is heterogeneously bound on the accessible surfaces of clays. As a result, the water
layer in direct contact with the solid is not necessarily complete before additional layers start
forming (Fig. [L.11(a))). The shapes of water adsorption isotherms (swelling curves), on the
other hand, vary for a given clay as a function of the cations saturating the interlayer sites
(Fig. [L.11(b)). The inflexion point of these curves depends on the affinity of the interlayer
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cations for water. Thus, Ca?T—saturated montmorillonite is more readily "hydrated" than
Ba?T— or CsT—saturated montmorillonite. The water content of 0.1 gz,0/ Zelay 1s Teached for

a partial pressure of 0.1 compared with 0.2 and 0.5, respectively.
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Figure 1.11: Adsorption of water by clays. a) Diagram showing that layers 2 and 3 can
"nucleate" before completion of layer 1. b) Influence of saturation by different interlayer
cations |[2]

The swelling behaviour of montmorillonite has been extensively studied with various
simulation techniques [7},/10,|18}45-48]. A review of the outcomes from these simulations is

presented in Chapter 3 of this thesis.
1.2 Polymer/Clay Nanocomposites

A composite is any material made of more than one component. Unlike alloys and blends,
though, composite materials are solid multiphase substances formed through the combination
of materials with different structural, physical and chemical properties. In a composite, one
phase is continuous and is called the matrix, while the other is the filler material [49]. Many
composite materials can be custom tailored to have specific properties that meet particular
requirements.

Over the last three decades there has been interest in the use of composites consisting of
clay platelets embedded within a polymer matrix. Such materials have been found to have
similar properties to conventional composites, but to require substantially lower amounts
of filler material. Furthermore, the resulting composites can be easily processed to form
films with improved barrier properties to gases and water, and materials with improved fire-
retardancy ability [30]. Owing to the nanoscale of both the clay platelets and the dimensions
spacing between the clay layers, these compounds have become known as nanocomposites
[30]. The first successful example of polymer-clay nanocomposites was developed by scientists
at Toyota Central Research Laboratories in 1993 for nylon-6/clay nanocomposites which
provided significant improvements on the mechanical properties of pure nylon-6 [50].

Adding as little as 5 wt% of clay filler with respect to the pristine polymer can be enough
to achieve significant improvement in mechanical properties. This reduces the component
weight since traditional fillers are added at 20-40 wt%. The reason for these improved
properties is that the clay platelets have dimensions in the nanometre lenghtscale range
and, when dispersed, offer a much higher surface area for polymer-filler interactions than do
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conventional composites . Use of nanocomposites in packaging offers increased shelf life
for many food products and benefits for food safety such as growth inhibition of bacteria and
other organisms. In other words, the nature of the filler has a significant effect on the final
structure and the macroscopic properties of the resultant polymer nanocomposite. Clays are
one group of nano-fillers which have been extensively used for the preparation of polymer

nanocomposites , :

1.2.1 Structure of Polymer/Clay Nanocomposites

The structures of polymer/clay nanocomposites are classified according to the level of
intercalation and exfoliation of clays by the presence of the polymer, as shown in Fig. [1.12
Various parameters including clay nature, organic modifier, polymer matrix and prepara-
tion method influence the intercalation and exfoliation level. Therefore, depending on the
nature and properties of the clay and the polymer as well as preparation methodology of

nanocomposite, different composite micro-structures can be obtained.

e %

Phase Separated Exfoliated
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Intercalated

Figure 1.12: Different types of composites arising from interaction of polymer and clay

Phase Separated Structure

When an organic polymer is combined with an inorganic clay, the polymer cannot inter-
calate between the clay layers and the clay is dispersed as aggregates or particles with layers
stacked together within the polymer matrix. The obtained composite structure is considered
to be "phase separated". The properties of phase separated polymer/clay composites are in
the range of traditional micro composites.

Intercalated Structure
When one or more polymer chains are inserted into the interlayer space leading to an
increase in the interlayer spacing, while the periodic array of the clay layers is retained, an

intercalated nanocomposite is formed. The presence of polymer chains in the galleries leads
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to a decrease in electrostatic forces between the layers but it is not totally screened.

Exfoliated Structure

Exfoliated structures are obtained when the insertion of polymer chains into the clay
galleries causes separation of the layers, such that individual layers are dispersed within the
polymer matrix. The exfoliated structure is considered to have developed when the interlayer
spacing is more than 80-100 A . Due to the significant dispersion of individual clay layers,
high aspect ratios are obtained and lower clay contents are more likely to produce exfoliated
nanocomposites. As a result, the most significant improvements in polymer properties are

obtained due to the large surface interactions between polymer and clay.

1.2.2 Barrier Properties of Polymer/Clay Nanocomposites

One of the most considerable effects of clays on polymer matrix properties is the signifi-
cant improvement they make to barrier properties. Clays increase the barrier properties of
polymers by creating a sort of maze which imposes what is called a "tortuous path'. This
retards diffusion of gas molecules through the polymer matrix (Fig. [1.13)).

Tortuous Path

’//,:

==

Figure 1.13: Schematic illustration of tortuosity for a diffusing penetrant introduced to
exfoliated clay, layered in a polymer matrix

The degree of enhancement in the barrier properties depends on the degree of tortuosity
created by clay layers (brown) and the diffusion way of molecules through the polymer
film. Obviously, the best barrier properties of a given polymer/clay nanocomposite are
achievable by exfoliated type arrangement. Many previous studies have reported enhanced
barrier properties of polymer /clay nanocomposites against the diffusion of gases and vapours

1.2.3 Preparation Techniques

Many efforts have been made to prepare intercalated and exfoliated polymer/clay nanocom-
posites with improved properties. A variety of polymer characteristics (including polarity,
molecular weight, hydrophobicity, reactive groups) as well as clay characteristics (such as
charge density and its modified structure and polarity influence the intercalation of polymer
chains within the clay galleries) have been considered. Therefore, various different synthetic
approaches have been used for the preparation of polymer/clay nanocomposites. Four dif-
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ferent methods of preparation of polymer/clay nanocomposites have been identified [34/49]:

> Exfoliation-adsorption: Through the means of a solvent in which the polymer is
soluble, a layered silicate is exfoliated into layers. The polymer then adsorbs onto the
delaminated sheets and, when the solvent is evaporated (or the mixture precipitated),
the sheets reassemble. This sandwiches the polymer to yield, in the best case scenario,
an ordered intercalated nanocomposite (Fig. [L.12).

>> In situ intercalative polymerization: In order to encourage polymer formation in
between the clay platelets, the layered silicate is swollen within the liquid monomer or
a monomer solution. Initiation of the polymerization process is then achieved either
by heating or by the diffusion of a suitable initiator.

> Melt intercalation: Polymer is mixed with the layered silicate in molten state con-
ditions. If the chosen polymer is compatible with the layer surfaces, the polymer can
diffuse into the interlayer space, leading to formation of either an intercalated or an
exfoliated nanocomposite.

> Template synthesis: Double-layer hydroxide-based nanocomposites are synthesized
using silicate building blocks. These silicates are formed in situ in an aqueous solution
containing the polymer. In this technique, the polymer aids the nucleation and growth
of the inorganic host crystals and gets trapped within the layers as they grow due to
self-assembly forces.

1.3 Chapter Summary

In this chapter, the main aspects of the atomic structure and resulting properties of clay
minerals and polymer/clay nanocomposites have been briefly reviewed. The elemental com-
position of clay minerals, in particular swelling clays, was reported in the earlier stages of
the chapter. Although extensively investigated, the structure of clay minerals is very com-
plex and possesses many variables (e.g. type of isomorphous substitution and exchangeable
cation, charge and type of arrangement) which can drastically change the physical proper-
ties of any given clay mineral. This should be kept in mind when producing computational
model of water/polymer/clay nanocomposites.

In addition, in this chapter, the interaction of clay surfaces with water was reported. The
mechanism of water adsorption/swelling is influenced by both the clay charge location and
the nature of the exchangeable cation that balances this charge. The particular sensitivity
of this process to the structural composition of clay minerals means it represents a key
apparatus for evaluating the computational models developed. For this reason, the swelling
behaviour of clay mineral will be extensively investigated in the following chapters of this
thesis.

In conclusion, this chapter has reported the formation mechanism of polymer/clay nanocom-
posites, their possible structures and properties. All the theoretical data gathered and
presented in this chapter will be useful in evaluating the computer models which will be
developed and used in the next chapters. In the next chapter the methods of molecular
simulations are reviewed and an evaluation is made of previous atomistic-level modelling of

clays. This includes an appraisal of the interaction potentials used in the system studied.
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2 Methods and Computational Models

Experiment plays a central role in science. Experimental techniques, such as X-ray
diffraction or nuclear magnetic resonance, allow determination of the structure and elucida-
tion of the function of many large molecules of biological interest. However, full utility of
experiment is only attainable when it is used in conjunction with models and theories .

Computer simulations have altered the interplay between experiment and theory. The
principal aims of computational modelling are to complement and assist the interpretation
of experimental data and to play a predictive role in, for example, the development of
materials [54]. The calculations implied by a mathematical model are carried out by a
machine and the results are interpreted in terms of physical properties. Since computer
simulation deals with models, it may be classified as a theoretical method. On the other hand,
various emergent physical quantities can (in a sense) be measured within these calculations,
and this can justify use of the term "computer experiment' [6/53].

Atomic-scale structural features can have a large influence on the properties of mate-
rials, so it is important to have a range of tools available to investigate materials at this
scale. Various simulation techniques have been used successfully in a wide range of studies,
showing good accord with experimental data and correctly predicting various material char-
acteristics @,,,,. Computer simulations vary from computer programs that run
for just a few minutes on a PC to network-based clusters of high performance computing
facilities running for hours or days. The scales of systems to be simulated also show great
variation. In materials simulation, these methods spread from quantum chemistry, where
simulation entities of size 107'° m are considered, through to finite element analysis, where
the simulation box can be on the scale of metres (Fig. [2.1]). The selection of an appropriate
method, therefore, is essential to obtaining a meaningful solution for a proposed task.
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Figure 2.1: Simulation methods for materials systems, with associated time- and length
scales. Pictures are taken from * ; ok

The large size and complexity of clay minerals and clay composites limits the informa-
tion about molecular structure and arrangement of intercalants within the galleries that an
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experimentalist can obtain. Computer simulation methods, particularly molecular dynamics
(MD), have, over the past decade, therefore become an invaluable tool in the study of clay
minerals. Physical and chemical properties may now be rationalised and even predicted.
Atomistic simulations can also provide considerable insight into mechanisms within these
layered materials, particularly given recent advances in high performance computing hard-
ware and MD algorithms that have enabled large-scale simulations relatively free from major
finite size effects [30,43]. The simulation of large systems is important if one is to accurately
characterise complex and disordered clay minerals and, in particular, to predict materials
properties.

The previous chapter was concerned with introducing the themes and material back-
ground of the thesis. This chapter focuses on the methodology of the work. Initially, this
chapter contains a review of the different simulation techniques used to study clay miner-
als and polymer/clay nanocomposites with particular attention to the main method used
in atomistic simulations, called MD. Following this, the history and the current state of

potential models of various materials will be discussed.

2.1 Molecular Dynamics

One of the principal tools in the theoretical study of a vast variety of different physical
systems is the method of MD simulation. MD simulation is a technique used to compute
the equilibrium and transport properties of a classical many-body system by using essential
information about a system’s dynamics, usually resolved at atomistic detail. In this context,
the term classical means that the motion of the constituent particles obeys the laws of
classical mechanics [6] and that quantum effects are integrated out. Typically, the method’s
resolution is cut-off by the translational /rotational motion of light atoms or vibrations with
a frequency v such that hv > kgT [6,54].

In MD, successive configurations of the system are generated by integrating Newton’s
laws of motion. The result is a trajectory that specifies how the positions and velocities
of the particles in the system vary with time. The trajectory is obtained by solving the
differential equations embodied in Newton’s second law of motion (F' = ma):

d2’f’i B FTi
dt? N m;

(2.1)

These equations describe the motion of a particle ¢ of mass m; along coordinate r; with
F,, being the appropriate force component on the particle [54,55]. The forces are derived
from the potential U that describes the interactions between the particles.

The MD approach has evolved in recent decades from a method used mainly for studying
the dynamics of generic fluids, such as hard spheres and Lennard-Jones particles [55], to
a comprehensive method for studying a vast range of system types with atomic resolution
[24,]30143],54]. The development of this computational method was particularly stimulated
in the late 1980s when several general purpose force-fields for water, proteins, polymers
and DNA were generated and corresponding computer simulation codes (e.g. AMBER [57],
LAMMPS [58], GROMACS [59], NAMD [60], DL_ POLY [61]) became generally available.

Interactions between atoms in MD are defined by the chosen force-field. The force-field
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is a set of parameters that explicitly describe the behaviour of different kinds of atoms and
bonds and, thus, give the total potential energy of the system [30}54,55]. This potential
energy is naturally broken down into various energy terms, i.e. bond stretch, angle bend,
torsion and non-bonded potentials:

U<F) - Ubond(T) + Uangle(@) + Utorsion(T) + Unon—bonded(r) (22)

Many different kinds of force-field have been developed over the years. Some include
additional energy terms that describe other kinds of deformations to improve the accuracy
of the resultant mechanical model, but the basic structure stays the same. Force-field values
are typically derived from various types of experimental data (e.g. spectral, calorimetric,
crystallographic etc.) and quantum mechanical calculations [54]. The mathematical form
of the potential terms also varies from force-field to force-field, but they ought to be differ-
entiable for analytical calculation of forces. The more common forms will be described in

following sections.

Bond Stretching Potential. The potential energy curve for a typical bond has the form
shown in Figure[2.2] Of the many functional forms used to model this curve, most convenient
is that suggested by Morse [54]:

U(7) = D {1 — exp[—a(r — 10)]}?, (2.3)

Ubor\d

where D, is the depth of the potential energy mini-
mum and a = w4/ u/2D,, where p is the reduced mass
and w is the frequency of the bond vibration. Al-
though the Morse potential is very accurate, it is not
usually used in force-fields [54]. Firstly, because it is
not particularly well-suited for efficient computation

and secondly because it is rare in MD calculations, for

bonds to deviate considerably from their equilibrium : ;

0 ij

values. As a result, a much simpler expression based
Figure 2.2: Variation in bond energy

with interatomic separation

Upona () :é S ky(r — bo)? (2.4)

bonds

on Hooke’s law is usually used:

This is the equation of a parabola, as shown in Figure [2.3] The k;, parameter controls
the stiffness of the bond spring, while by defines its equilibrium length. In each force-field,
appropriate values of k, and by are assigned to each pair of bonded atoms based on their
types (e.g. C-O, C-H, C-C, etc.) so as to reproduce the optimum geometry and oscillatory
frequencies of atom pairs. To model the Morse curve more accurately, cubic and higher
terms can be included [54].
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Angle Bending Potential: U,y = % > ko(® — ©g)?. The bending energy is also

angles

frequently described using Hooke’s law and a harmonic function (Fig. . Here, the kg
parameter defines the angle stiffness and ©y is the equilibrium angle. These parameters are
based on the type of bonded triplet of atoms involved (e.g. C-O-C, H-C-C, C-C-C etc.)
and are selected to achieve the equilibrium geometry and oscillation frequencies of the angle
bend. As with the bond-stretching terms, the accuracy of the force-field can be improved
by the incorporation of higher-order terms.

Torsion Potential: Uy, sion = % > kr[cos(nT — ¢) + 1]. The existence of barriers to
torsions

rotation about chemical bonds and the torsional energy have fundamental importance when
considering the structural properties of molecules and performing conformational analysis
[54,55]. Force-fields incorporate this behaviour by employing a torsional potential in modes
of flexible molecules where conformational changes due to rotations about bonds are allowed.
Within this, contributions are taken into account from each bonded quartet of atoms (e.g.
C-C-0-C, H-C-C-H, C-C—C—H etc) in the system. The torsional energy is almost always
expressed as a series of simple periodic functions (Fig. . n in the equation for the torsional
potential is the multiplicity value which gives the number of minimum points in the function
as the bond is rotated through 360°. The phase factor ¢ then determines where the torsion
angle passes through its minimum value. More sophisticated torsion potentials use a sum
over several n values. Normally, these characteristic parameters are derived from ab — initio
calculations and are able to ensure specific conformational structures of the molecule (e.g.

cis- and trans- conformations corresponding to local maxima and local minima respectively

(Fig. [2.3)).

ial: _ o2 _ (o) g5 3
Non-bonded Potential: U, bonded = ;%:8 [( ) ( ) } 4 ;;( 4iq ) Non

rij Tij dmeory;
bonded potentials are usually expressed through Van der Waals (first term) and electrostatic
interactions (latter term).

Van der Waals interactions are modelled using the best known potential function, the
Lennard-Jones potential (L-J) (Fig. [2.4)). In this, ¢ defines the strength of the interaction or
the depth of the potential "well", and o is the collison diameter — the separation for which the
energy is zero and the potential becomes repulsive [54]. The repulsive part of the interaction

12
is approximated by the (%) term, and the attractive longer-ranged tail is parametrised

by the — (:—5)6 term (Fig. [2.4). Use of the inverse twelfth power in the repulsive term is a
pragmatic approach, as it is the square of =% and, hence, leads to an efficient calculation
of the potential. For the purpose of modelling complex molecules, several more advanced
potentials can be linked together in order to obtain a high-performance model.

The attraction of electrons to atoms of electronegative elements results in an unequal dis-
tribution of charge across any molecule. The resultant charge distribution can be modelled
using fractional point charges throughout the molecule, designed to reproduce the electro-
static properties of the molecule. The electrostatic interaction between two molecules is then
calculated as a sum of the interactions between the pairs of point charges, using Coulomb’s
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law (Fig. [2.3). Here, ¢;; are the partial charges assigned to each point (usually, an atom)
and gg is the relative permittivity of free space.
Simulations are, in many respects, very similar to real experiments [6] and the basic form

of a MD algorithm is as follows:

step 1: set up the initial configuration, i.e. give all atoms a position and a velocity.

step 2: calculate the forces on all atoms using the chosen potential.

step 3: update positions/forces, i.e. move the atoms for a short timestep according to the

calculated forces and the equations of motion.

Steps two and three are then repeated until the simulation is completed.

2.1.1 Initialisation

To start an MD simulation, one should assign initial positions and velocities to all par-
ticles in the system. The particle positions should be chosen to be compatible with the
structure that one is aiming to simulate. In any event, the particles should not be located
in such a way that there is any appreciable overlap of the atomic or molecular cores. Often
this is achieved by initially placing the particles on a cubic lattice [6]. In most cases, this
is a highly unstable structure and will melt quickly as the simulation runs. Alternatively, a
preliminary simulation at 0 K can be used to enable a structure relaxation through which
particles develop more stable configurations.

Secondly, the initial velocities of all the molecules must be specified. It is usual to choose
random velocities, with magnitudes conforming to the required temperature and corrected
so that there is no overall momentum:

N

i=1
Also velocities may be chosen randomly from a Gaussian distribution, in particular a
Maxwell-Boltzmann distribution. Here, for particles with a mass m and a temperature T,

velocities are assigned to the particles according to the aforementioned distribution function:

) = () e HT,ZT] (26)

Equilibration

The equilibration period is the initial stage of each MD simulation. This period is de-
signed to allow the starting configuration of the system, with its accompanying assigned
velocities, to reach a state of equilibrium. During the equilibration time period, several
properties of the system are monitored, including the total energy which is the sum of the
potential energy terms from the atomic arrangement, and the kinetic energy due to atom-
istic motion. It is good practice to track these properties and take the point at which they
become constant as a possible indication that an equilibrium state has been achieved. The
length of the equilibration period depends on the size of the system or how dense is the initial
configuration, and normally ranges from 100 ps to 10000 ps. Close to some phase transitions,
a much greater equilibration period may be needed. Upon completion of the equilibration
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period, the proper simulation can commence during which the desirable statistics of the
calculation can be collated and extracted.

2.1.2 The Integration Algorithm

Having set up the system and assigned the initial velocities, the simulations can com-
mence. An analytical solution of Eqn. 2.1] when a system consists of many particles is not
possible. Therefore, the force that acts on each atom must be calculated by differentiating
the overall potential function for each one. Many algorithms have been developed to tackle
this problem, giving a vast selection of finite difference methods [54,55]. Chosen finite dif-
ference techniques is then used to generate the MD trajectory. The main idea here is that
the evolutionary integration is broken down into many small stages (i.e. time steps), each
separated in time by a fixed increment portion dt. The total force that acts on each particle
in the system at the given time ¢ is calculated as the vector sum of its interactions with
all nearby particles. Knowing this force, one can calculate the acceleration of each particle
at time t, which, when combined with the corresponding positions and velocities, can be
used to produce particle positions and velocities at time ¢ 4+ d¢t. Subsequently, the calcula-
tion algorithm can be repeated, resulting in a trajectory representing the "evolution" of the
system.

Verlet, velocity-Verlet, Leap-frog and predictor-corrector methods are some examples of
the finite difference algorithms widely used in MD [6,54,55]. All of these operate on the
basis that the positions, velocities and accelerations using approximation based on a Taylor

series expansion:

r(t+0t) = r(t) +7(t)dt + ;'f(t)at"’ + 31| 7 ()0t + i, )0 4

r(t) = wv(t) - velocity (2.7)

P(t) = a(t) - acceleration

Perhaps the most widely used method of integrating the equations of motion is the Verlet
algorithm [62]. This method is based on positions r(t), accelerations a(t) and the positions
from the previous step r(t — dt) and calculates the new positions at ¢t + ot, r(t + dt):

F(t + 6t) = 1(t) + 0(t)5t + ;a(t)étZ 4o
Pt — 6t) = r(t) — v(t)5t + ;a(t)étz -~ (2.8)
Summing these two equations gives:

r(t+6t) + r(t—6t)=2r(t) +alt)dt* +...

r(t+6t) ~ 2r(t) —r(t — 6t) + a(t)ot>. (2.9)

As a result, the new position estimates contain an error that is of order §t*. The Verlet
algorithm does not explicitly define velocities, however they are useful for estimating the
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kinetic energy (and hence, the total energy of the system). These can, though, be readily
calculated from knowledge of the trajectory, using:
[(r(t + 0t) — r(t — dt)]

u(t) = o (2.10)

Once the new forces, accelerations and the new positions have been computed, those for
time ¢ — &t can be discarded. The current positions become the old positions and the new
positions become the current positions. After each time step, the current temperature and
the current potential energy are calculated in the force loop as well as the total energy, which
should be conserved.

Time Step

Choosing an appropriate value for the time-step (dt) in an MD simulations is both highly
important and non-trivial. If the value chosen for the time-step is too small, the simulations
will take a very long time to achieve the required configurational evolution of the system.
However, if too large a value is chosen, there is the possibility of instabilities arising which
can lead to particles moving unphysical distances or having excessive forces acting on them
and causing the simulation to fail. The ideal choice is for the time step value to be as large
as possible, thus enabling the calculation to quickly simulate as much "real time" as possible,
but without threatening any instability. In practice, values ranging between 0.001 and 0.01
picoseconds are found to be appropriate for such calculations.

2.1.3 Molecular Dynamics in Different Environments

The thermodynamic state of a simulation system is set by a small set of parameters such
as the number of particles N, the temperature T and the pressure P. Other thermodynamic
properties may then be derived through knowledge of the equations of state and the funda-
mental equation of thermodynamics. A collection of all possible systems which have different
microscopic states but have an identical macroscopic or thermodynamic state is called an
ensemble. Three main ensembles can be distinguished:

> Micro-canonical ensemble (NVE): The thermodynamic state characterised by a fixed
number of atoms N, a fixed volume V and a fixed total energy E. Whilst the total
energy £ = K + U of the micro-canonical ensemble remains constant, the kinetic K
and potential U contributions can fluctuate. Since the micro-canonical ensemble allows
for large variations in temperature and pressure, the conditions produced are different
from the "real" conditions under which most experimental investigations take place

> Canonical Ensemble (N'VT): This is a collection of all systems whose thermodynamic
state is characterised by a fixed number of atoms N, a fixed volume V and a fixed
temperature 7. The canonical ensemble allows the system under study to be probed
as a function of temperature

>> Isobaric-Isothermal Ensemble (NPT): This ensemble is characterised by a fixed num-
ber of atoms NNV, a fixed pressure P and a fixed temperature T'. The isobaric-isothermal

ensemble allows the system to be studied as a function of pressure.
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Thermostat and Barostat

It is important to control the temperature and pressure during the simulation of systems
in NVT and NPT ensembles. This is made possible through use of mathematical thermostats
and barostats, respectively. The instantaneous temperature of a system is proportional to
its average kinetic energy and is, thus, directly related to the velocities of the constituent
particles [54.[55]:

1
T o< =Y m] (2.11)
25

An easy way to ensure that the system maintains the required temperature, is to scale
the velocities at each time-step. However, this approach would produce an unrealistic model,
since no fluctuations in temperature would be allowed.

Berendsen et al. [56] proposed the use of an improved thermostat in which the simulation
cell is weakly coupled[] to a hypothetical external heat bath with a fixed temperature Tjuy,.
At each step, the velocities are scaled thus, to keep the rate of change of temperature
proportional to the temperature difference between the simulation cell and the heat bath:

dr(t) 1
2 = ~(Than = T(1)), (2.12)

This produces an exponential decay of the system temperature towards the desired tem-
perature over time. The empirical parameter (7), known as the rise time, allows the user to
control the speed of this decay. Choosing an appropriate value of 7 is highly important. At
small values of 7 the simulation cell and the bath are tightly coupled, so the fluctuations in
the system temperature will be unrealistically small. As 7 — oo the effect of the Berendsen
thermostat is removed, resulting in the simulation effectively sampling the micro-canonical
ensemble. Typically, for MD simulations of condensed-phase systems, the value of 7=0.1 ps
is used.

In order to scale simulation cell volume, rather than temperature, Berendsen et al. ex-
tended their thermostant in order to provide a barostat [56]. A similar approach applies
when acting as a barostat, with the simulation cell now connected to a hypothetical external
pressure bath. Using the Berendsen barostat, the rate of change of pressure can be calculated
such that: p

PO~ L (P~ P, (2.13)

where, again, T represents an empirical coupling parameter (determining the strength of
the coupling between the simulation cell and the pressure bath) with the pressure of the bath
denoted Pp.n. Depending on the pressure difference, the positions of the atoms are simply

scaled so that the simulation cell is uniformly compressed or expanded as appropriate.

LA coupling constant describes the strength between an interaction between two systems. Systems are
weakly coupled when the coupling constant is much smaller than one
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2.1.4 Practical Aspects
Boundary Conditions and the Minimum Image Convention

The use of periodic boundary conditions is essential to modelling the bulk properties of
atomistically described materials in large extended systems, since they reduce the amount
of computational time required for the simulation. When periodic boundary conditions are
imposed on the simulation cell, the super-cell is considered to be replicated infinitely in
all three orthogonal space directions [30]. These super-cell images enable, in principle, the
particles contained within the unit-cell to interact with each other, as well as the other
particles contained within the images. Therefore, the periodic boundary conditions perform
an essential role in making the simulation cell "feel" as if it is part of a large extended bulk
system.

Even though periodic boundary conditions give representation of a bulk structure to small
cells, the cell employed must be large enough to enable avoidance of artificial periodicity
effects, where a molecule in one simulation cell is able to interact with its periodic replicas
in adjacent cells [24,30]. This means that systems are computed according to the ‘minimum
image convention’” where each particle interacts only with its nearest neighbours, including
‘images’ from the replicated boxes. In the course of the simulation, as a molecule moves in
the original box, its periodic image in each of the neighbouring boxes moves in exactly the
same way. Thus, as a molecule leaves the central box, one of its images will enter through the
opposite face [55]. A two-dimensional version of such a periodic system is shown in Figure
2.5

Cutoff and Verlet Neighbour List

The number of non-bonded terms in a force field increases as the square of the number
of atoms in the system, whereas the number of bond-stretching, angle-bending and torsional
terms is proportional to the number of atoms in the system. As a result, the most time-
consuming part of MD simulation is the calculation of the non-bonded energies and forces.
The Lennard-Jones potential diminishes very rapidly with distance (Fig. , therefore the
most popular way to deal with its long-range component is to impose a non-bonded spherical
cutoff. The dashed circle with radius r.,; in Figure represents a cutoff, and in this case
particles 1-7 contribute to the force acting on central particle, since their centres lie inside
the cutoff. Particles 817, on the other hand, are further away than the cutoff value and so
their interactions with the central particle are set to zero. Normally, r.,; is the separation
at which the value of the potential is less than 1% of potential well depth or less than half
the length of the shortest side of the simulation box when periodic boundary conditions are
being applied. After imposing the cutoff radius, the potential curve itself is shifted up to
avoid a jump in the potential.

The use of a cutoff on its own may not reduce computational time drastically, because
one would still have to calculate the distance between all pairs of particles in the system to
determine whether or not they lay within the cutoff radius. Calculating all the N(N — 1)
distances would still take a lot of computational time. For further efficiency in the compu-
tation, a so-called Verlet neighbour list can be created for each particle [62]. When using
this list, the potential cutoff sphere around a particular particle is surrounded by a ‘skin’,

25



to give a larger sphere of radius 75 as shown in Figure [55]. The Verlet neighbour list
is constructed of all neighbours of each particle, for which the pair separation is within 7.
This creates the list of atoms that are "potentially" ready for interaction and, during the
force loop, only those particles appearing in the list are considered.

The most efficient way to implement the Verlet neighbour list would be through using
a large neighbour array L, and a pointer array P. The pointer P[i] points to the position
in the neighbour list where the first neighbour for particle ¢ is located. The last neighbour
of particle ¢ is stored in element P[i 4+ 1] — 1 of the neighbour list. Thus, using P, one can
readily identify the part of the large L array which contains neighbours of particle i.

The selection of the frequency at which the neighbour list is updated is very important. If
skin (74;5t — Teut) is too large, an unnecessarily large number of interactions will be taken into
account and the force calculation will be inefficient; too low and particles might move within
the non-bonded cutoff region, thus leading to an incorrect calculation of the energies and
forces. Typically, an update frequency of between 10 and 20 steps and skin width (7,5 —7cut)
value of 0.17., is a good compromise between computational performance and the accuracy
of derived values [54,/55,62]. Allen and Tildesley [55, page 149] provided a table showing
time saving using a Verlet neighbour list for MD simulations of Lennard-Jones atoms. Using
the Verlet neighbour list provides a significant speed increase — like, twice as fast — especially
for large systems (500 atoms in this example).

Ewald Summation

Computation of non-bonded interactions can be a problem since their range is often
greater than half the box length and are slow to converge. The Coulomb electrostatic
interaction (Section , Non-bonded Potential) is particularly problematic in molecular
dynamics, because even though the energy of each interaction decays as r~!, the number of
interactions increases as 47r? (surface area of a sphere of radius 7). As a result, whilst one
may expect that electrostatic interaction decays at larger separations, in reality the energy
density of the interaction increases with particle separation. Spherical truncation cannot
be used to solve this issue, because charged particles tend to migrate back and forth across
the spherical surface, which inevitably would produce artificial effects at the cutoff [55]/63].
Fortunately, a variety of methods that can tackle the problem of slow convergence have been
developed, one of which is widely used in three-dimensional simulations and called the Ewald
summation method.

It was first introduced by Ewald in 1921 to study the energetics of ionic crystals [64].
The Ewald summation method divides the Coulomb series into summation of two convergent
terms: a real and a reciprocal space summation [54,55,65,66]. This separation can be
mathematically expressed in the following simple equation [54,64,/67]:

L fr)  1-f(r)

i +
T T r

(2.14)

Each charge in the system is surrounded by a screening charge of opposite sign but of equal
magnitude. The functional form of the screening charge cloud f(r) is commonly assumed
to be a Gaussian distribution (Fig. [6,/54]. In that case the electrostatic potential is
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constructed exclusively from the fraction of charges that are not screened. As a result,
such a potential can be easily computed because this fraction rapidly goes to 0 at large
separation and so the potential converges at the cutoff distance. However, to evaluate the
electrostatic potential due to point charges but not screened by a cloud, a compensating
charge distribution (negative screening charges, 1 — f(r)) of the same functional form is
added. A smoothly varying periodic functional form of screening charges can be represented
by a rapidly converging Fourier series resulting in an effective numerical implementation of
this method.
A Gaussian charge distribution of the following functional form is commonly used [6]:

PGauss(T) = —¢; <i>g exp(—ar?), (2.15)

where « is selected based on computational efficiency considerations.

Partial Charges

Atomic charges are an integral part of any forcefield and cannot be assigned arbitrarily.
A bonded potential assumes that the Coulomb energy associated with an atom is reduced by
the transfer of the electron valency to the bond. Thus, molecular models relying on a bonded
potentials will always use reduced partial charges. There are various methods available to
calculate these partial charges, most convenient of which are based on quantum mechanical
calculation, in particular, fitting to quantum mechanical molecular electrostatic potentials
(ESP) [54},63].

The electrostatic potential has contributions from both the nuclei and the electrons. The
potential due to the N nuclei is calculated as the normalised sum of all atomic numbers Z,,
and that due to the electrons is obtained from the integral of the electron density:

dz'p(r)
[ — 7]

N
Z
U(r) = Unue(r) + Uetee(r) = Y = — (2.16)
a |7ﬁ - Ra|
In order to implement this equation numerically, it is necessary to derive its discrete
representation. For this purpose, a least-squares fitting procedure is employed and optimum

atomic charges that reproduce the electrostatic potential are obtained.

2.1.5 Measuring System Properties

Completed MD simulations can provide a lot of useful information on properties such as
the diffusivity of ions and time averaged densities of particular particles. Various charac-
teristic parameters can then be calculated directly through appropriate manipulation of the

trajectories of simulated particles.

Pair Distribution Function

The radial pair distribution function or RDF (g(r)) represents the probabiliy of finding a
pair of particles 7 and j with intermolecular separation r;;. This function is particular useful
for giving insight into the average structure of the dynamic system under study. It can be
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expressed as follows [55]:

g(r) = <]‘\;iil5(7" - 7“@']')>a (2.17)

where this RDF is calculated as the mean value of all configurations; N is the total
number of atoms, r;; is the distance between the atoms (i, j); V' is the volume of a spherical
shell of inner radius r» which accounts for the increasing number of atoms in shells of greater
radius in an ideal gas. Lastly, ¢ is a function that is non-zero only for small input values,
thus, only pairs with separation close to the desired value of r are considered.

Practically, the RDF can be generated during a MD simulation by compiling a histogram,
over discrete intervals of bins (r), of the number of atom pairs with interatomic separations
between r and r + Ar. At each timestep, the number of pairs of atoms that fall in each of
these intervals is added on to the existing distribution. At the end of the simulation, the
value for each interval of r is then divided by the number of timesteps and scaled according

to the volume of the spherical shell.

Coordination Number

The coordination number (CN) of a central particle is the number of its near neighbours.
In relation to polymer/clay nanocomposites, CN is used for analysis of the first coordination
spheres of interlayer cations and their hydration state. The CN can be defined through
integration of the radial distribution function g(r):

n = 4r /Tl r2g(r)pdr, (2.18)

0

where [rg,r] is the interval that includes the first peak of the RDF.

Hydration Energy
The change in potential energy AU(N) associated with adding water molecules to a dry

clay was calculated as a function of increasing water content N:

AU(N) = : (2.19)

where (U(0)) is the average potential energy of dry Mt. All energy values were obtained
from the production run after the equilibration process.

Mean Square Displacement

Mean square displacement (MSD) measures the distances that atoms travel within the
simulation cell in relation to their initial location. Therefore, through examination of MSDs,
it is possible to gain valuable information regarding the diffusion rates of atoms within
various systems. MSD is calculated by determining the square of the displacement of each
atom from its initial position at time ¢, with the mean calculated over all the examined

atoms:

1 N
MSD(t NZ ) —r:(0) %, (2.20)
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where N is the total number of atoms, and ;(0) and ;(¢) are the initial and current positions
of atom i respectively (all periodic boundary conditions being removed).
The gradient of the MSD plot is directly related to the self-diffusion coefficient (D) for
the atomic species of interest:
MSD(t) = 2dDt, (2.21)

where d denotes the dimension of the system.

Radius of Gyration and Chain End-to-End Distance
The mean-square radius of gyration < Rf] > and average square chain end-to-end distance
< [2 > are defined in terms of chain configurations by:

1 N
2
<R, >= ¥ <l§:1 |ri — rcm|> (2.22)

<P >=(|ri—rxl?) (2.23)

where < ... > denotes both a time average and an average over all polymer chains; r;,ry

are the position vectors of the ith monomer unit; r.,, is the centre of mass of the polymer.

2.1.6 The DL__POLY Molecular Simulation Package

The DL POLY software package is considered as the most convenient for the applications
discussed in the current work. DLiPOLYE] is a general purpose parallel molecular dynamics
code developed at STFC Daresbury Laboratory, Warrington, UK [61]. DL_POLY is a
package of subroutines, programs and data files, designed to facilitate MD simulations of
macromolecules, polymers, ionic systems and solutions on a distributed memory parallel
computer. It is available in two forms: DL POLY Classic [68] and DL POLY 4 [61]. The
two forms differ primarily in their method of exploiting parallelism. DL_POLY Classic
uses a Replicated Data (RD) strategy [69] which works well on simulations of up to 30,000
atoms on up to 100 processors. DL_POLY 4 is based on the Domain Decomposition (DD)
strategy [70], and is best suited for large molecular simulations from 10% to 10 atoms on large
processor counts. The two packages are reasonably compatible, so that it is possible to scale
up from a DL_POLY Classic to a DL__POLY 4 simulation with little effort. DL_POLY
offers 14 MD integration algorithms, supports 13 different force fields and accommodates
5 different choices of boundary condition. Therefore the tasks that can be fulfilled within
DL _POLY and the nature of the explored systems can have vast variety.

For a typical simulation, DL_ POLY Classic requires three input files: a) The CONFIG
file which includes all of the spatial coordinates of every atom in the system in a Cartesian
form and the projection of the vectors defining the simulation box; b) the CONTROL file
which contains the parameters defining the type and duration of the simulation and the
thermodynamics state of the system; ¢) the FIELD file which contains the values of the pa-
rameters describing the force field(s) that define the simulation system. During a simulation,
all of the observable variables are printed in the OUTPUT file. Simultaneously, the STATIS
and HISTORY files collect statistical data and trajectory information, respectively. By the

Zhttp:/ /www.scd.stfc.ac.uk/SCD /research /app/44516.aspx
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end of the simulation, the new geometry of the system in Cartesian space, is summarised in
the REVCON file.

In order to fully exploit the capabilities of the parallel MD DL_POLY codes, a parallel
computing facility is required. The modelling group at Sheffield Hallam University (SHU)
has good access to a relatively powerful Beowolf cluster. A Beowolf cluster comprises a group
of normally identical, commodity-grade computers that are networked into a small local area
network with libraries and programs installed which allow processing to be shared among the
compute nodes. The result is a high-performance parallel computing cluster derived from
inexpensive personal computer hardware.

For the most of results presented in this thesis, the The Beowolf cluster at Sheffield
Hallam University has contributed two types of nodes - 15 ‘Hal” with 4 cores (processors)
each and 16 ‘Viglen’ with 12 cores each - a total of 252 cores. The communication between
the nodes has been fulfilled using a fast QDR Infiniband switch which allows transfer of
data at high speeds (up to 36 Gbit/s). The estimated computer performance of the cluster
in this configuration is approximately 1.8 TFLOPS (for FLoating-point Operations Per
Second) — this allows simulation of large and complex systems over long time-scales whilst
avoiding data storage / retrieval and queuing complications associated with use of national
high performance computing facilities.

2.1.7 Visualisation

Visualisation provides crucial qualitative insight into the emergent properties of compos-
ite simulations. The dynamics of constituent particles is a key factor to the macro-scale
behaviour of composite materials. Since the modelled systems consist of tens or hundreds of
thousand of particles, it is necessary to use visualisation tools that can load a large amount
of data, and be able to render particles’ representations effectively and smoothly. The Visual
Molecular Dynamics (VMD)E] software package is aimed at dealing with large MD simulation
scenes of this sort. [71].

It is a cross-platform open source visualisation application that is created to model and
visualise micro-biological systems such as proteins and enzymes. VMD can handle various
file formats, including those that are produced by DL_ POLY, and render a scene efficiently
by treating atoms and bonds as primitive spheres and cylinders. The main advantage of
VMD over other MD visualisation packages is its embedded command line interpreter and
various plugins and algorithms, such as z-buffering and volume-clipping, which, in turn, can
accelerate the rendering process. With these multiple tools, one can create scripts to set up
and render the visualisation of a scene such that the simulated system is presented in a most

effective way.

3http://www.ks.uiuc.edu/Research /vmd/
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Figure 2.5: A schematic representation of periodic boundary conditions in two dimensions
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Figure 2.6: The cutoff sphere and the Verlet neighbour list skin around a central particle.
Particles 1-12 are in the list of central particle. Only particles 1-7 are within the range of
the potential
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Figure 2.7: Schematic diagram of the series used in the Ewald summation method. The
total Coulombic contribution to the non-bonded potential is calculated from two sums: the
Upreqi sum consists of point and smoothly varying screening charges (performed in real
space); and the Upeciprocal Sum of smoothly varying screening background (adapted from [6])
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2.2 Force fields

In the beginning of section 2.1, the concept of a force field was given in respect to
computer simulations. The polymer/clay composites that are investigated in this thesis
consist of organic polymers, clays and water. Thus, selecting an appropriate set of force fields
for the corresponding components of this nanocomposite is essential to obtaining credible
results. In the following sections, we will present some historical development, functional
form and description of potentials used for simulation clays and their blends, with water
and organic materials. Since clay potentials are less well established than those for water
and organics, this is the key model selection for this thesis work. The compatibility of the
water and organic models with the chosen clay model and capability to exhibit the classes
of behaviour expected in the systems to be studied will be justified in section [2.2.5] of this
thesis.

2.2.1 Force Field for Clays Minerals

While molecular simulations of organic materials is a well developed research area, only
comparatively recently has simulation of clay minerals techniques developed to a state where
it is able to reproduce the mechanical and chemical properties of all clay minerals. Impor-
tantly, in the context of this thesis, it has also proved able to produce robust results when
the clay is interacting with other phases (e.g. water, organic molecules and exchangeable
cations). The current section will address the history of clay force field development as well
as architectural implementations and limitations of these computational models. Towards
the end of the section, details of force field that has been used throughout this thesis will be
given.

The very first computational model of montmorillonite was developed by Skipper, Refson
and McConnel in 1991 [47]. It was used to simulate the structure of interlayer water in
the presence of two exchangeable cations — Na* and Mg?*. The computational approach
used considered only intermolecular potential interactions, and to model a clay-water-cation
system, six different sets of interaction potentials were required (water-water, water-cation,
clay-water etc.). The clay-water interactions were based on the discrete MCY water model
[72]. Skipper et al. positioned a water molecule on each site where basal oxygen was found at
the clay surface, and directed the hydrogen atoms towards the silicon sites. The potentials
used were, therefore, based on the assumption that the electronic structure of an oxygen
atom bonded to two silicon atoms is similar to that bonded to two hydrogen atoms in water.
In order to avoid artificial "edge effects" being induced by a finite system size, the simulation
cell was replicated periodically in space so to mimic the system in nature [47]. Due to the
intermolecular potentials used, all atoms in the clay layer had to be immobile, the unit cell of
montmorillonite being represented by an ideal crystallographic cell of pyrophyllite with some
level of isomorphous substitution in the octahedral sheet to induce the layer charge. This
approach showed reasonable accuracy in calculation of the water absorption isotherm. This
model went on to be widely used for Monte Carlo and Molecular Dynamics calculations of
the hydration dynamics [46,73-75], structure of interlayer water in Mt [46-48,(73,/76,77] and
diffusion of water and various interlayer cations [74]. The model was also used to approximate
the free energy, entropy of hydration and swelling isotherms of Mt with different exchangeable
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cations in the interlayer [78-80].

A major advantage of Skipper’s model is its computational efficiency, which was largely
achieved from the movement restrictions imposed on the atoms comprising the clay layer.
However, it should be noted that, this approach may change the mobility of interlayer
molecules, especially if their oscillation frequencies match those of the clay surface. Another
limitation of the model is the fact that hydrogen bonds are not taken into account. This
can introduce a significant change in the behaviour of absorbed material closest to the clay
surface. Lastly, this Mt model cannot be used for thermomechanical analyses as it cannot
reproduce thermal expansion of the clay layer. As a result, validation of the computational
model can be difficult because comparing it to the experimental techniques such as IR-
spectroscopy would not be possible.

In 1992 Kawamura introduced atom-atom potentials for computer simulation of multi-
component oxides and, in particular, phyllosilicates [81]. The proposed force field was based
on three pair-wise interaction potentials including electrostatic interactions, short range
VDW interactions and bond stretch interactions described using the Morse potential (Section
, Bond Stretching). A three body interaction or angle bend potential was introduced
only for the H-O-H valence angle. Although the model was not extensively used, it was
successfully applied for the investigation into the effects of various salts on the hydration
process of Mt [82].

Five years later, Teppen et al. [7] demonstrated an alternative approach to the devel-
opment of a clay force field. Unlike previous semi-empirical methods, it was based on an
extensive analysis of experimental X-ray diffraction data and charge assignment from quan-
tum mechanical calculations. In their approach, Teppen et al. chose to develop covalent-type
potentials for all of the clay mineral atoms and also addressed the issue of octahedral co-
ordination. In the clay minerals described in Chapter 2, aluminium atoms are octahedrally
coordinated by oxygen which results in O—-Al-O angles near both 90° and 180°. This is
generally not easily modelled by computational techniques as it is difficult to find a func-
tion that can characterise these two states simultaneously [7]. The inclusion of cubic and
quartic terms to the angle-bending potential (Section , Angle Bending Potential) was
required to create the necessary anharmonicity of the potential function (Fig. . Most
unique in this study, however, was the use of an O-Al-O angle bend potential to simul-
taneously treat both tetrahedrally and octahedrally coordinated aluminium. Prior to the
Teppen et al. [7] study there was no published force field that could be used to properly
evaluate this structural peculiarity of clay minerals. The developed set of bonded terms was
successfully used to simulate several clay minerals and adsorption of organic materials in
their interlayers [30}83-85].

Despite the fact that the resultant force field showed good performance in simulating
several clay structures including gibbsite, kaolinite, pyrophyllite and smectite, transferability
proved a major problem in the practical implementation of this force field. Modelling of real
polymer /water/clay composites involves the description of complex and poorly characterised
crystal structures with low symmetries, large unit cells, variable interlayers and interfaces
[18]. For such systems, utilisation of bonded force fields can lead to over-parametrisation due
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Figure 2.8: Octahedral O—Al-O angle-bending potential that allows multiple equivalent
minima [7]

to a lack of relevant experimental data needed to meaningfully constrain the large number
of force field parameters necessary to describe all bonded interactions.

Just over a decade ago Cygan, Liang and Kalinichev succeeded in overcoming these
problems by designing an organic compatible force field called CLAYFF [18|. Unlike Teppen’s
covalent approach, CLAYFF is based on an ionic (nonbonded) description of the metal—
oxygen interactions. Also, it does not rely on quantum-mechanical calculations alone, but
also incorporates a set of experimental crystal structure refinements in the parametrisation
of the empirical force field. The functional form of the CLAYFF force field and its bonded
and nonbonded parameters are listed in the Appendix [A]l

The CLAYFF force field uses bonded potential parameters from the SPC water model, by
Berendsen et al. [86], to describe the hydroxyl and oxygen—oxygen interactions (Table .
Metal-oxygen interactions associated with hydrated phases are described by the conventional
L-J (12-6) function with the Lorentz-Berthelot mixing rule applied. Parameters for the L-J
function are optimised on the basis of known structures of simple oxides and hydroxides.
For example, quartz (a-SiOs), corundum (a-AlyO3), boehmite (y-AlO-(OH)) and gibbsite
(7-Al(OH)3) were used to derive optimum values for Si-O and Al-O interaction values |18].
These empirical nonbonded interaction parameters are provided in Table of Appendix [A]
An additional distinct feature of CLAYFF is the incorporation of three-body terms to de-
scribe metal adsorption on hydrated surfaces and to improve the vibrational behaviour of
hydroxyl groups. This is described by a harmonic function, the optimal parameters for which
were determined through an iterative process in which the results of MD simulations were
compared with infrared spectra of gibbsite and portlandite (Table .

As discussed in the Section (The Layer Charge), delocalisation of layer charges
occurs due to isomorphic substitution of metal species in the octahedral or tetrahedral clay
sheet. This difficult to implement behaviour was another innovative feature of the CLAYFF
force field. Partial charges for all atoms were initially assigned on the basis of the ESP
method and were subsequently modified for nearest neighbour oxygens associated with sub-

stituting metal. The variation of partial charges was finally determined by density function
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theory (DFT) calculations for structures derived from pyrophyllite clay with octahedral and
tetrahedral substitutions. Atom charges corresponding to various positions in the clay layer
are provided in the Table [A.5]

Some authors, including developers of the CLAYFF model, performed tests to compare
the CLAYFF potential model and DFT ab-initio method in predicting structural and vi-
brational properties of various phyllosilicates ,. This was done to probe the ability of
CLAYFF to simulate realistic crystallographic parameters of clay minerals. Figure [2.9(a)
suggests that the CLAYFF potential model over-idealises the hexagonal rings on the min-
eral’s surface. The structure derived from DFT (Figure 2.9(b))), on the other hand, is much
more similar to the experimental structure of pyrophyllite discussed in Section [1.1.1}]
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Figure 2.9: Structure of (001) surface of pyrophyllite minimised by (a) CLAYFF model and
(b) DFT ab-initio method. Colours: O red; Si yellow; H white [§]

Simulated bond lengths of pyrophyllite are compared with experiment in Table[2.1] Each
atom is classified by the atom type definitions reported in Table[A.6 The average modelled
bond lengths and angle bend distributions of the clay structure are all within 5% of experi-
ment. The average orientation of the hydroxyl groups relative to the mineral surface plane
predicted from DFT simulations is 28416°, while the mean CLAYFF angle is reduced down
to 15+21°. The experimentally measured muscovite (derivative of pyrophyllite structure) |87]
OH angle distribution of 16° supports the CLAYFF results for pyrophyllite . Therefore,
CLAYFTF yields a reasonably accurate description of the bulk structural properties of clay
minerals.

Table 2.1: CLAYFF and DFT pyrophyllite bond lengths (A) compared with experiment

ao-oba ao-oh ob-st oba-st oh-ho
CLAYFF 1.98+0.08 1.98+0.08 1.56+0.03 1.62+0.04 1.03+0.03
DFT 1.92+0.06 1.89+0.05 1.62+0.03 1.63+0.03 0.97+0.01
Experiment 1.90 1.92 1.61 1.63

The relative simplicity, computational efficiency and performance of the CLAYFF force
field makes it a very popular choice when simulating phyllosilicates of various types. It
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has shown good performance in predicting the structure of kaolinite, pyrophyllite, mont-
morillonite and many other minerals [18] as well as in reproducing vibrational spectra of
pyrophyllite and hydrotalcite under normal conditions [18] and under strain [88]. This force
field has also been successfully used for mechanical characterisation of clay layers [89-93],
simulation of clay/organic interfaces [94-98| and even in the study of electrical conductivity
in montmorillonite layers [99]. Validation of the choice of potential models and clay—organic—
water interactions will be discussed further in Section 2.2.5]

2.2.2 Force Field for Water

Discussion of the force fields available for computer simulation of water could be the topic
of a separate thesis. Martin Chaplin of London South Bank University has constructed a
database containing over 120 different water models [100], about 30 of which are routinely
used by various research groups. Extensive reviews of different water models by the Vega
group [101] and Bertrand Guilliot |[102] provide valuable insight into over 30 years of water
simulation history, as well as model applicability and limitations.

For the purposes of this thesis, however, a water potential model, known as TIP3P /Fs
was utilised |16]. This is a simple flexible three-point, non-polarisable model, intermolec-
ular interaction of which includes harmonic bond-stretching and bond-bending potentials.
Nonbonded interactions are described using the L-J function, two parameters of which were
chosen to reproduce the density and pressure of water at room temperature [101]. It is quite
often used to describe water interactions in systems including organic molecules. Bonded
and nonbonded parameters of TIP3P /Fs model can be found in Appendix .

2.2.3 Force Field for Organic Materials

The organic molecules are parameterised using the so called GAFF force field [17] which
started off as part of the (AMBER) Assisted Model Building with Energy Refinement)
project [103].

The GAFF force field is widely used for simulation of proteins, nucleic acids and simple
chain polymers. In reality, there is very little difference between the GAFF and AMBER
potentials and they can be used interchangeably. GAFF is designed specifically for smaller
molecules. Here, bond stretch and angle bend potentials are represented by a harmonic
expression, the VDW interactions are represented by a L-J potential and electrostatic inter-
actions modelled by a Coulombic form which assumes that the influence of the protons and
electrons in a given atom can be represented by a single point charge (Appendix |A)).

The potential used for polymeric materials was set up using the AmberTools package
[57]. This is a powerful software suite that contains a set of programs for biomolecular
simulation and analysis which are designed to work well together. In particular, energy
minimisations (geometry optimisations) and partial charges of organic molecules were derived
using a quantum chemistry program called sgm. Then the potential set was converted from
AMBER to DL_ POLY energy units and the FIELD file was generated.

The functional form, along with the bonded and nonbonded parameters of the resultant
AMBER potential are given in Appendix [A]
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2.2.4 Deriving Cross Terms

Description of the non-bonded interactions between organic and inorganic systems can
be challenging in MD as one often has to deal with different types of force field used to model
the two systems. A system containing N different types of atom would require N(N —1)/2
sets of parameters for the interaction between unlike atoms [54]. As calculation of the
van der Waals parameters may be a time consuming process, it is common to assume that
parameters for the cross interactions can be obtained from the parameters of the pure atoms
using mizing rules. In this work, the Lorentz-Berthelot [104,]105] mixing rules were used in
order to generate the required potentials, as it has previously shown good performance for
the combination of CLAYFF and AMBER force fields. The collision diameter o 45 for the
A-B interaction is represented as the arithmetic mean of the values for the two pure atoms,
and the well depth €45 is given as the geometric mean [6,54,55]:

1

OAB = 5 (0a4a +0BB) (2.24)

EAB — \/EAAEBB (2.25)

A table with calculated parameters for the intermolecular interactions can be found in
Appendix [B]

2.2.5 Validating the Potential Models

As noted in previous section, incorporation of organic interactions within the CLAYFF
force field may be challenging, especially when dealing with hydrated mineral surfaces. Free-
man et al. |9] provided a systematic approach of combining water-organic-mineral interac-
tions in their model. This utilised a model developed by Pavese et al. [106] to parametrise a
calcite surface, the AMBER potential to represent the organic interactions and the TIP3P
water model. This choice of water model eliminated any requirement to refit water-organic
interactions, as TIP3P is incorporated within the AMBER potential. Firstly, their method
involved using Schroder’s equation [107] to refit existing potentials to mineral structures so as
to achieve consistency with the Coulombic interactions between the mineral and non-mineral
atoms. Secondly, all of the surface interactions were generated by fitting a L-J potential to
the Buckingham surface oxygen-oxygen potential and mixing with Lorentz-Berthelot rules.
This approach showed great success in parametrising water-organic-mineral interactions,
leading to it being adopted, by other researchers [8,94-96]. With this in mind, it was de-
cided to follow a similar strategy in constructing the water-organic-mineral interactions used
in this work.

In terms of mixing between the models, the interactions between the TIP3P/Fs and
AMBER potential sets are justified as they are designed to work together. The parameters
required to combine TIP3P/Fs and CLAYFF force fields are established as well, because
the adsorption energy of a water molecule on the (001) surface of pyrophyllite TIP3P was
calculated to be -0.14 eV, which is identical to the value when CLAYFEF’s own SPC/E water
model is used [108]. Whilst organic-clay systems are less well studied than water-clay there
is some recent literature. In particular, Shapley and Parker have performed a significant
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number of DFT calculations to assess the mixing rules between CLAYFF and AMBER, and
found them to be acceptable. [§].

Motivated by this, various organic molecules were selected and their adsorption energies
on the pyrophyllite and NaMt surfaces were calculated and are presented in Table [2.2]
In broad view, a good agreement between the potential model and DFT calculations was
observed. The adsorption energies of pyridine and thiophene and, more importantly for the

purpose of this thesis, ethylene glycol on either mineral surface show excellent agreement.

Table 2.2: Comparison of adsorption energies of organic molecules onto pyrophyllite and
Na-montmorillonite using both the potential model and DFT methods [3]

Adsorption Energy (eV)

Pyrophyllite Na-Montmorillonite
Molecule Model DFT Deviation (%) | Model DFT Deviation (%)
ethylene glycol -0.48 -0.50 4.0 -0.63 -0.61 3.3
benzene -0.29  -0.28 3.5 -0.62  -0.86 27.9
pyridine -0.31  -0.32 3.1 -0.88  -0.86 2.3
thiophene -0.26  -0.29 10.3 -0.71  -0.76 6.5

Similarly, Freeman et al. performed a computational experiment of adsorbing dimethylether
onto a calcite surface (Figure [9]. Here, the absorption well depths were found to be
within 0.02 eV and the process of decaying to zero at larger separations showed very good
consistency. The main difference between the potential model and ab-initio calculations was
found in the range of very small separations where DFT calculation predicted a steeper
well than those seen in the potential model. All aforementioned differences may come from
the difficulty with optimising the position of the organic molecules on the complex mineral
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Figure 2.10: Comparison of adsorption energies for a dimethylether with a calcite surface

calculated with potential model (squares) and DFT method (circles) [9]. The Ca—C
separation is the distance between molecular carbon and the calcite surface

The CLAYFF force field displays reasonable agreement with DFT calculations for the
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adsorption of organic materials onto mineral surfaces and, therefore, it appears to be fit for
purpose in terms of this thesis. Hence, the following chapters will be focusing on the use of

the CLAYFF force field to probe the dynamics of polymer/clay nanocomposites.

2.3 Experimental Techniques

Part of this PhD study was based on experimental results that were acquired by the
candidate. These were obtained to validate computational models and inform on the inter-
play of experimental and simulation techniques. The broader aim here was to gain better

understanding of the processes involved in real polymer/clay composite formations.

2.3.1 X-ray Diffraction Analysis

Possibly the most extensively used technique in the study of clay minerals and associated
swelling behaviour of polymer/clay nanocomposites is X-ray diffraction (XRD) . It is
a non-destructive analytical technique used for identification of various crystalline forms of
powders or solid samples. As a result, the XRD method is widely used to monitor the
interlayer spacing (basal dggi-spacing) of clay mineral layers. The swelling profile can be
obtained by measuring X-ray diffraction curves of the clay at increasing relative humidity
or water content . Whilst it is effective for determination of interlayer spacings, the
main limitation of XRD analysis is lack of information it yields regarding the arrangement of
interlayer species or interactions of these species with the clay layers. Therefore, significant
care should be taken when interpreting the XRD results.

X-rays are a form of high energy electromagnetic radiation with wavelength ranging from
0.1 to 100 A. Figure schematically describes an X-ray diffractometer. It is generally
consists of an X-ray tube which generates radiation by targetting electrons onto a metal
target, a detector which is rotated to receive the signal from X-rays reflected from a sample,
which is supported so that its rotation through an angle © is accompanied by a 20 rotation
of the detector.

Incident ] Diffracted

Figure 2.11: (a) Schematic diagram of an X-ray diffractometer; (b) Bragg’s condition

Systems that have a certain level of order or a regular three dimensional array of atoms,
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molecules or layers, scatter X-rays such that diffracted beams from two adjacent arrays
positively interfere with each other giving a strong signal on the detector (Fig. [2.11(b))) [35].
Diffraction only occurs if the Bragg equation is satisfied for a particular family of planes:

nA = 2dsin ©, (2.26)

where n is the order of diffraction, A\ is the X-ray wavelength, d is the distance between
reflecting planes and © is the diffraction angle.
The interplanar distance, or in the case of this study, the interlayer spacing of the clay

is then calculated from the position of the 001 peak using Bragg’s law as follows:

n
2sin ©

dOOl =

(2.27)

In this study, all XRD measurements were undertaken on a X’Pert Pro Diffractometer,
Philips. A copper tube CuK, (1.54186 A) as the source of X-rays was used with current
and voltage of 40 mA and 40 kV applied to it respectively. A divergent slit of 0.5°and anti
scatter slit of 1° were used. Data was collected in the 20 range of 2-45° with step size of
0.02° and a scan time of 1 second per step.

2.3.2 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a technique used to measure the weight change of
a sample as a function of increasing temperature or isothermally as a function of time. Most
TG curves display weight losses due to the evaporation of volatile products (Fig. . Addi-
tionally, useful information on the rate of weight loss provides a negative first derivative curve
of weight loss W with respect to temperature 7' or —dW/dT. Thermogravimetric analysis
can reveal the distribution and the amount of water or organic material in a polymer/clay

composite sample which, in turn, can be used to understand the swelling process.
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Figure 2.12: Thermogravimetric analysis (direct curve and derivative) of a saturated
Na-montmorillonite showing two low temperature degydration stages and the
dehydroxylation stage [2]
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TGA relies on a high degree of precision in three measurements: mass change, tempera-
ture and temperature change. Therefore, it is consists of several basic components including
a precision balance, a crucible loaded with the sample and a programmable furnace.

In this study, a Mettler Toledo TG50 Thermogravimetric analyser was used with crucibles
made of alumina. Samples with mass of 5 = 0.1 mg were heated from 30 to 800 °C at a
rate of 20 °C/min. Nitrogen was constantly purged through the furnace chamber with
a flow rate of 40 mL/min. To minimise the amount of water vapour on the crucible, a
"normalisation process" was utilised. In this, samples were kept at 35 °C for 15 minutes
prior to measurements being undertaken.

2.3.3 Thermogravimetry Mass Spectrometry Analysis

Thermogravimetry Mass Spectrometry (TGMS) is a technique which is used to deter-
mine the elemental composition of a measured sample. It involves ionisation of chemical
compounds, to produce charged molecules or molecular fragments, and then measurement
of their mass to charge ratio. TGMS instruments are partially similar to TGA instruments.
Additionally to a TG furnace, a TGMS instrument comprises an ion source, a mass anal-
yser and a detector. The furnace is used to heat the sample in the same manner as that
described in the previous section and results in the desorption of species or the creation of
volatile products. The ion source is used to convert the evolved gas phase molecules into ions.
The mass analyser separates ions by their mass to charge ratio by applying electromagnetic
fields. Finally, the detector is used to count the number of ions hitting the detector over a
period of time.

2.4 Chapter Summary

In this chapter, the main simulation techniques applied to model polymer/clay compos-
ite behaviour have been briefly reviewed. The main focus on the MD simulation method
with particular attention being paid to the variety of potential models, their performance
and functional forms. Careful selection of simulation parameters is crucial to obtaining
trustworthy results in simulation.

The culmination of the chapter is the section Validating the Potential Models, where a
justification of model choice was presented. The creation of a reliable and flexible model
that can be applied to a range of interfaces has been presented. Arguably, this can be
considered as proof of concept and that the potential model could be applied to almost any
water-ogranic-mineral interface.

In conclusion brief details of experimental work performed on polymer /clay systems has
been given. In the following chapters, potential model of polymer/clay nanocomposite will
be used to probe more complex and realistic bilayer systems.
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3 Hydration of Clay Layers

The most important surface interactions in phyllosilicate minerals occur when liquid wa-
ter is in contact with clay surfaces [37]. An understating of these interactions requires not
only information about the structural chemistry of the mineral but also energetic character-
isation of the constituent particles, the exchangeable cations, for instance. The formation of
polymer /clay nanocomposites always involves hydration of the mineral’s surface or the poly-
mer itself to some extent. Taking into account the fact that hydration of interlayer cations
is the main driving force in the process of adsorption of water by clays [1], the importance
of understanding this phenomenon at a molecular level becomes evident. In particular, the
influence of the clay’s structure on the thermodynamics of this hydration process is a key
factor.

Previously reported simulation data investigating the effect of layer charge location and
magnitude on hydration is limited, and some of the conclusions drawn are contradictory.
For instance, Skipper et al. reported that the basal spacing of tetrahedrally charged NaMt
increase more than that of octahedrally charged clay [48]. Liu et al., however, reported that
the basal spacings of tetrahedrally and octahedrally charged CaMts were indistinguishable
within the reported error [110]. The more recent investigation of Greathouse et al. [11]
further extended this result to NaMt, where it was reported that clay charge location has
an influence on the interlayer structure of montmorillonite hydrates.

The previous chapters have been concerned with introducing the themes and methods of
this thesis. In this and the two succeeding chapters the results of the thesis are addressed.
Here we use the atomistic MD approach to investigate the effect of the layer charge location
and magnitude on the hydration properties of a range of clay minerals. One aim of this work
is to establish a set of simulation and analysis protocols for such systems, based on utilisation
of the DL POLY package. A more scientific aim is to relate simulation and experimental
results for swelling—deswelling behaviour of clay, and gain a molecular level understanding
of such behaviour. The specific objectives are to characterize the structure and energetics
of Nat and Ca?* adsorption as functions of water content; the relationships between the
coordination environments of clay surface—interlayer water—exchangeable cations; the influ-
ence of cation hydration energy on the dynamics and swelling mechanism of clays; and the
influence of charge distribution on all of the above. Finally, establishing an understanding
of these clay/water systems is viewed as a sensible foundation for the more complex systems
considered later in this thesis.

3.1 Simulation Details

Montmorillonite (Mt) was selected for this study, the model framework being generated
from a pyrophyllite crystal structure based on that from Zhu et al. [95]. A total of eighteen
Mt models were investigated with a selection of layer charge magnitudes, charge locations
and two exchange cations (Na*, Ca®T). The network of negative layer charge was created
by substituting Mg?* for AI3* in the octahedral sheet, giving rise to octahedral charge (Oh),
or AI3T for Si** in the tetrahedral sheet (Th charge). Mixed substitutions in octahedral and
tetrahedral sheets (Oh/Th) were also considered. Charge sites were randomly distributed,
but subject to the constraints of Lowenstein‘s substitution rule whereby substitution sites
cannot be adjacent to each other [111]. To balance the negative layer charge, an appropriate
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number of Na™ cations were initially placed in the gallery between clay layers. To generate
a CaMt structural model, every pair of Nat cations in the initial model was replaced by

a single Ca?* cation. The structural formulas and net negative structural charges of the

developed clay models are given in Table

Table 3.1: Cation exchange capacity, charge location and chemical composition of clay
models used in this work

Tetrahedral

CEC layer charge Nat Ca?t
0 Nag.¢25[Als.375Mgo.625]Sis O20 (OH)4® Cag.312[Al3.375Mgo.625]Si8 020 (OH)4
87.0 meq . .
(0.625)% 0.312 Nag.625[Al3.688Mgo.312][Si7.688Al0.312]020(OH)s  Cag.312[Al3.688Mgo.312][Si7.688Al0.312]020(0OH)4
0.625 Nag.625A14[Si7.375A10.625]020 (OH)4 Cag.312Al4(Si7.375Al0.625]020(OH)4
0 Nag.75[Al3.25 Mgo.75]Sig O20 (OH)4 Cag.375[Al3.25Mgo.75]Sig O20 (OH)4
104.4 meq . .
(-0.750) 0.375 Nag.75[Al3.625 Mgo.375][Si7.625Alo.375]020 (OH)4 Cag.375[Al3.625Mgo.375][Si7.625Al0.375]020 (OH)4
0.750 Nag.75Al4[Si7.25Al0.75]020 (OH)4 Cag.375Al4(Si7.25Al0.75]020(OH)4
0 Nag.g12[Al3.188Mgo.812]SigO20(OH)4 Cag.406[Al3.188Mgo.812]Sig 020 (OH)4
113.1 meq ) .
(-0.812) 0.438 Nag.g12[Al3.625Mg0.375][Si7.562Al0.438]020(OH)4  Cag.406[Al3.625 M8g0.375][Si7.562Al0.438]O20(OH)4

0.812

Nag.g12Al14[Si7.188Alp.812]020(OH)4

Cag.406Al14[Si7. 188 Alo.812]O20(OH)4

%Values in parentheses correspond to a layer charge expressed in e - uc™ 1t (e is the elementary charge, uc is the Og0(OH )4 based unit cell)

YBrackets denote atoms in octahedral and tetrahedral sheets for Mt respectively

The simulation supercell was constructed from two orthogonal clay layers each containing
32 unit cells in an 8 x 4 expansion. The lateral dimensions (x, y) for all simulated systems
were approximately 41.5 x 36.0 A2, which was large enough to fit all the required water
and organic molecules in the interlayer and avoid any gross finite size effects. The selected
cell dimensions also allowed for a disordered distribution of substitution sites, such that the
nearest distances between them were in the range 8 to 18 A, to comply with experimental
observations [1,3]. A broad range of water concentrations, ranging from 0 to 0.41 gu,0/8clay
(0 to ~33.74 HyO-uc™ '), were introduced between the clay layers (interlayer) to study the
effect of the interlayer expansion and the hydration processes associated with same. The final
supercell configuration with the lowest potential energy at each water content was chosen
for subsequent equilibration and production runs.

Initially, each required interlayer water concentration was obtained by filling two inter-
layers with pre-equilibrated multiple replicas of water boxes containing 125 water molecules
and equilibrated by NPT MD simulation without imposed periodic boundary conditions for
0.5 ns (Fig. , left). For each clay model, NPT simulations were performed under ambi-
ent conditions (7" = 300 K, P = 1 atm) for 1 ns to achieve equilibration (Fig. middle).
Equilibration was identified through monitoring of the interlayer water density, basal spacing
(doo1-spacing) and potential energy of the system (Fig.|3.2)).

The density of pure TIP3P/Fs water simulated at ambient conditions with the NPT
ensemble was calculated as 0.998 g-cm ™3, which is identical to the value calculated by Vega
et al. [101] and denoted as the blue dashed line in Figure 3.2 This water density can be
considered as the target value for the diffuse central region in the interlayer space of clay — it
represents a further indicator of equilibration of a system [112]. As shown by (Fig[3.2)), other
observables also reached statistical equilibrium within 250 ps simulation. Equilibration was
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followed by a 0.5 ns NPT production run where a range of thermodynamic properties and
cell dimensions were calculated to obtain the basal spacing of the clay interlayer.
Structural and dynamic properties were later determined from subsequent NVT simula-
tions of a single interlayer, which was performed for another 1 ns. The initial atomic positions
for the NVT simulations were taken from the previous NPT simulation but with 25 A of
vacuum added above the clay surfaces to eliminate the interaction between them through
the periodic boundary condition (Fig. right). The water density and basal spacing were
monitored during the NVT simulations to make sure that they matched those obtained from
the NPT simulations. One water interlayer region was removed from the simulation box in
this way as this significantly improved the computational efficiency of the simulation without
losing in the accuracy of obtained observables. This selection of thermodynamic ensembles
and simulation approach was motivated by the success of previous authors in determining
corresponding observables when simulating clay-water and clay-organic interactions .
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Figure 3.1: Construction and simulation flow of studied systems. Here a NaMt cell
containing 30.5 HoO-uc™! in the interlayers (460 water molecules in each interlayer) is
shown. Colours: Na blue; Si, yellow; Mg cyan; Al pink; O red; H white

Molecular dynamics simulations were performed using the Nosé-Hoover thermostat and
DL_POLY simulation package with a 1.0 ps relaxation time. For the NPT simulations, a
Nosé-Hoover barostat was utilised to control the pressure with a barostatic relaxation time
of 1.0 ps. Interatomic interactions were evaluated using a time step of 0.001 ps, and three-
dimensional periodic boundary conditions were employed with a cutoff of 15 A for short-
range interactions. Long-range electrostatic interactions were calculated using the Ewald
summation (Sec. 2.1, Ewald Summation) with an accuracy of 1 x 1076, All MD simulations
were performed at 300 K and at 1 atm for the NPT ensemble. Statistical and atomic position
data were collected over 1 ns and stored every 25 ps to obtain thermodynamic and structural
properties. The basal spacing was calculated by averaging the distance between planes

formed by basal oxygen atoms at the top surface of each clay layer and reducing the interlayer
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Figure 3.2: Basal spacing evolution of 104.4 meq NaMt clay model containing 30.5
Hy0-uc™! in the interlayers as a function of simulation time. First 250 ps of the
equilibration process are shown

water content in decrement of 20 water molecules starting from an initial configuration
with 540 water molecules (33.74 HyO-uc™') in the interlayer region. A number of swelling
simulations (achieved by incrementally introducing water into the interlayer region) were
then performed on the NaMt and CaMt systems. These gave identical montmorillonite
structures and dgg;—spacings as those observed for the series of de-swelling simulations. This
lack of hydration-dehydration hysteresis provides reasonable reassurance that the examined
final configurations were fully equilibrated. Therefore, due to the relative simplicity of the
system configuration, further simulations were performed using the de-swelling approach.

3.2 Results and Discussion

The crystalline swelling, structure, thermodynamics and dynamics of the interlayer of
montmorillonite at various water contents with respect to the type of exchangeable cation
and clay layer charge configuration was studied using the MD simulation approach. In the
following, comparison with previous theoretical and experimental results is presented. Novel
results of the effect of layer charge on swelling and hydration properties of NaMt and CaMt
are discussed later.

For a long time the clay mineral montmorillonite has attracted interest and found many
applications because of its ability to absorb large amounts of water [38]. Mt expands when
water is introduced into the interlayer region, thus reducing the electrostatic interactions
between the negatively charged layers, while simultaneously, solvating the free interlayer
cations and the clay surface. Increasing the quantity of interlayer water also leads to the
development of a hydrogen-bonded network of water within the interlayer. This intrinsic
behaviour of, in particular NaMt, clay was extensively studied both experimentally [10,/12,
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38,44.|113}|114] and theoretically |7,[11}/18,47,115].

Figure [3.3(a)| presents the results of the current series of simulations for the hydration
of NaMt. The calculated basal spacing of clay is plotted as a function of water content
along with experimental data. The results are in very good agreement, both qualitatively
and quantitatively, and indicate that the swelling of clay layers occurs in a stepwise manner,
with formation of plateaux around water contents of 0.1 and 0.2 gu,0/8clay-

For CaMt, comparison with experimental swelling curves is challenging due to a dearth of
data on swelling behaviour with reported interlayer water content. Therefore, our simulated
data for basal spacing of CaMt is presented in Figurealong with recent results obtained
from MD simualtion |11]. The inset axes show the experimental swelling behaviour of CaMt
with predominantly octahedral charge [12] as a function of relative humidity (RH). Analo-
gous to the NaMt simulations, CaMt demonstrates a non-linear increase in d-spacing with
increasing water content, although this reveals only a single plateau at around 0.15 gp,0/Zclay -
Despite the fact that direct correlation between RH and the actual amount of water in the
interlayer is not possible, the experimental swelling trend is in good agreement with simu-
lation, showing similar d-spacings of ~15 A starting from lower RH. Discrepancies between
the expansion behaviours of NaMt and CaMt upon hydration have been previously noted
through multiple experimental [12,37,/109,{114}/116,117] and theoretical [11,97] studies.
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Figure 3.3: Simulated and experimental basal spacing of (a) 113 meq NaMt with octahedral
charge and (b) 104 meq CaMt with octahedral charge as a function of increasing water

content
“Experimental data for NaMt taken from Fu et al. [10]. Structural formula of the clay used in the experiment is
Nag.g2[Als.1Feo.3Mgo.6][Si7.84Alo.16]020 (OH)4
®MD simulation data for CaMt taken from Teich-McGoldrick et al. [11]
¢Experimental data for octahedrally charged CaMt with net layer charge of 0.86 e - uc™! is taken from Sato et al. [12]

This good agreement with experimental findings and previous simulations ensured the
appropriateness of potential model selection and allows us to focus on the main topic of the
thesis. Therefore, the following sections will concentrate on investigating the effects of clay
layer charge distribution on the hydration and adsorption properties of montmorillonite clay

minerals.
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3.2.1 Swelling and Hydration Energetics

Nine simulated swelling and hydration energy curves for NaMt and CaMt models with
a range of layer charges are shown in Figures and respectively. Standard deviations
for all presented data were calculated from block averaging over the last 1 ns of simulation.
Resultant error bars are less than a curve symbol size and, therefore, are not visible on the

plots.
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Figure 3.4: Na™-montmorillonite swelling curves (left) and hydration energies (right) as a
function of water content from MD simulations at 300 K and 1 atm

The overall stepwise swelling behaviour of NaMt suggests the potential for formation of
a well-defined monolayer hydrate (1W) with partially and fully filled interlayers, a bilayer
hydrate (2W), and three layer hydrate, which will be further evidenced from the atomic den-
sity profiles discussed in Section m The observed values of basal spacings of 9.3-9.7 A for
the anhydrous interlayer, 12.15-12.27 A for the monolayer hydrate and 14.55-14.92 A for
the bilayer hydrate are in very good agreement with reported values from experimental ob-
servations (Table . Formation of a third water layer in the interlayer is identified by a
narrow shoulder at ~0.3 gn,0/8cay o1 the simulated swelling curves but is not supported by
some experimental observations [10,(109]. These studies suggested that the bilayer hydrate
was the expansion limit of NaMt under most ambient conditions found in nature. However,
if NaMt is exposed to a highly humid environment, basal spacings of ~18 Ahave been found,
indicating the formation of a three layer hydrate at corresponding water contents [12,74]. It
also should be noted that these experimental studies comprise a range of clay layer charge
states and that these can induce variation in the hydration dynamics of clay mineral. Our
simulated NaMt swelling curves show distinct OW-1W (0.05-0.15 gm,0/8clay) and 1W-2W
(0.17-0.23 gm,0/8clay) transitions (Fig. [3.4)), although the 2W state is less stable than 1W
and does not exhibit a flat plateau as the d-spacing grows slightly as the water content
increases.

Trends in basal spacing for NaMt with the selected charge locations and magnitudes are
virtually identical (Fig. [3.4). The d-spacing for 113.1 meq clay with tetrahedral charge is
smaller than 87.0 meq clay with octahedral charge by as little as 0.1 A at monolayer hydrate
and 0.3 A at bilayer hydrate water content. This indicates that neither clay layer charge
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magnitude nor its location appear to have a significant influence on the swelling behaviour of
Nat-montmorillonite clay. This corresponds well with corresponding values of 1W and 2W
hydrates obtained experimentally (Table . As discussed in Section m, siloxane surface
of smectites are predominantly hydrophobic, especially in locations where no isomorphous
substitutions in octahedral or tetrahedral sheet have occurred [1]. Therefore, the main
mechanism by which montmorillonites adsorb water is through hydration of exchangeable
cations. The hydration enthalpy of monovalent sodium is comparatively low (Table ; the
hydration shell that is formed around it is relatively weak, especially at low water content.
As a result, a uniform distribution of water is achieved in the interlayer of NaMt with various
charge networks.

Table 3.3: Experimental ion radii and hydration enthalpies, and water contents for 1W and
2W states in montmorillonite from MD simulations at 300 K and 1 atm

radius® A  —AH, hya (kJ-mol~!)  monolayer® bilayer?
Na*t 1.16 406 0.1068 (5.38) 0.1995 (13.00)
Ca2t  1.14 1577 0.0462 (6.00) 0.1693 (22.00)

®Tonic radii and hydration enthalpies are taken from ref [121]

YValues in parentheses correspond to water content in HoO-cation™!

In our calculations, the hydration energies denote the potential energy change of the
hydrated interlayer as a water molecule is introduced (Fig. 3.4] (right)). They show minima
at HoO/Na*t ratios of 2.5-7.5 (0.05-0.15 gn,0/8eay) Which correspond to partial and full
monolayer hydrates. As hydration continues, AU (N) rises before levelling off. The hydration
energies of all studied NaMts at all water contents are lower than thereof the bulk TIP3P /Fs
water model (-41.1 kJ-mol™" [122]), which may indicate the potential of expansion to larger
basal spacings. The increase in hydration energy at very low water contents indicates that
such states are energetically unfavourable. In the first phase of the hydration at lower water
content AU(N) for tetrahedrally charged clays show more negative hydration enthalpies
(up to ~15 kJ-mol!) compared to those for NaMt with octahedral charge. Therefore, it is
slightly more energetically favourable to add water molecules to tetrahedral charge sites of
NaMt.

Since the ionic radii of Na* and Ca?*t cations are similar (~1.15 A, Table , the sim-
ulated basal spacings of dehydrated NaMt and CaMt are also very similar (Fig. [3.5) and
equal to 9.340.05 A for all studied types of clay. Experimentally, however, it is very difficult
to obtain completely dry CaMt at room temperature due to the high hydration enthalpy of
the divalent cation (Table [11,109]. Consequently, even under extremely dry conditions,
the basal spacing of CaMt is ~12.0 A (Table [12,[114]. This difference of about 3 A ap-
proximately equal to the diameter of a water molecule. In normal conditions, the interlayer
of CaMt with octahedral charge contains two water layers [1,/114] which is consistent with
the simulated swelling behaviour of this mineral. There is no stable plateau corresponding
to a monolayer hydrate on swelling curves of octahedrally charged CaMt (Fig. ; swelling
to the bilayer hydrate with basal spacing of 14.5 A occurs at ~0.12 1,0/ &clay, much lower
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that that for NaMt. This difference relates to the hydration energies of the exchangeable
cations [109].
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Figure 3.5: Ca?*-montmorillonite swelling curves (top) and hydration energies (bottom) as
a function of water content from MD simulations at 300 K and 1 atm

Upon introducing tetrahedral charge to CaMt systems, the basal spacing reduces down
to 12.5 A corresponding to a monolayer hydrate (Figure . This will be further evi-
dent from the atomic density profiles illustrated in Section [3.2.2] for the first time by the
present study. The high hydration energy of divalent calcium, results in a strong interaction
with substitution sites in the tetrahedral sheet close to the clay surface, breaking up the
hydration shell of the cation and constraining the d-spacing. Comparison with experimental
observations is particularly challenging here, as there is little data on the swelling behaviour
of tetrahedrally charged CaMt. The few spacings presented in Table are insufficient for
a statistically valid assessment.

The computed interlayer hydration energy of CaMt is always more negative than that of
NaMt due to the greater affinity of Ca®" for water molecules (Fig. (bottom)). It shows
minima at an HyO/Na™ ratio of 5 (0.05 gu,0/8clay), associated with hydration energies of
-65 — -70 kJ-mol~!. Similar energies, much lower than that of bulk TIP3P/Fs water, were
observed in previous MD simulation studies of Ca?*-montmorillonite and Ca?*-hectorite
[11,97,123]. The sharp increase in hydration energy on approaching the dry interlayer limit,
indicates that such a hydration state is energetically unfavourable, in good agreement with
the experimental observations that basal spacing at very low RH correspond to the monolayer
hydrate (Fig. (inset)).

Together, these observations clearly confirm that the affinity of the cations for water
molecules plays an important role in determining the interlayer spacing in humid environ-

ments.
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3.2.2 Interlayer Structure of Hydrated Montmorillonites
Atomic Density Profiles

For every studied system, the distribution of interlayer cations and water molecules in
the interlayer was calculated for each water content, as shown in Figures and for
NaMt and CaMt respectively. The distributions are represented as one-dimensional atomic
density profiles (ADPs) along the c-axis normal to the basal surface of clay. These profiles
represent the average positioned probabilities for molecules across the interlayer with respect
to the simulation cell, where 0 A corresponds to the midplane of the interlayer. Systems
with a water content corresponding to the monolayer hydrate (~0.1 gm,0/8clay), bilayer
hydrate (~0.2 gm,0/8clay) and three layer hydrate (~0.3 gm,0/8clay) Were selected as most
representative. The obtained data confirm the water interlayer structures identified from the
swelling curves. However, the ADPs provide additional detailed structural information, in
particular, various cation adsorption configurations related to their hydration state (Fig. .
These configurations can be identified from their respective cation-surface distances and
correspond to anhydrous cation, inner-sphere (IS) and outer-spehere (OS) configurations.
An IS surface complex has no water molecules interposed between the interlayer cation and
the clay surface, whereas an OS adsorption complex has at least one such interposed water
molecule [46]. Similar hydration conformations were identified for mono and divalent cations
in previous theoretical [46}/124] and experimental studies [44].

The ADPs of the partial and full monolayer hydrate with a HoO/Na™ ratio of 2.5~
7.8 (0.05-0.14 gn,0/8cay) consist of a single peak for Op,o located in the centre of the
interlayer. This peak is not influenced in any way by the clay layer charge location or its
magnitude. The distribution of sodium cations, on the other hand, depends significantly on
the clay layer charge arrangement. Thus, octahedrally charged clay possess a single peak for
Na™ cations located in the centre of the interlayer, ~2.9 A from both basal surfaces. This
distance indicates that the Nat cation occurs in IS coordination (Fig3.7(b)), where it is
associated with both basal oxygens (Opasal) from the clay surfaces and water oxygens in xy
plane (parallel to the basal surface). Increasing the tetrahedral charge contribution to the
net layer charge, results in a splitting of the Nat peak into two positioned at +1.0 A. This
configuration corresponds to IS coordination as well, although in this case one side of each
cation is completely coordinated by Op,sa1 and the other by Oy, (as depicted in Fig..
This occurs due to the localised tetrahedral charge which attracts the exchangeable cations
much more strongly than the delocalised octahedral charge.

The three peaks for water hydrogen atoms (Hp,o) (Fig. top left) demonstrate the
different orientations of water molecules and their H-bonding configurations. The ratio of
integral intensities of the Oy,o peak and the Hy,o peaks at 1.2 A (~1.7 A off the basal
surface) suggests that one of the H-bonds is oriented towards the nearest montmorillonite
surface, with the other pointing approximately parallel to the basal surface. Considering the
single layer of water in the interlayer, it appears that nearly every water molecule donates,
on average, one H-bond to the Op,ga. The nuclear magnetic resonance (NMR) spectroscopic
studies on hydrated Li*-hectorite support this picture of water molecule configurations [44].
DFT calculations of water loading on a pyrophyllite surface also indicate that this water
configuration is the most favourable for a partial monolayer hydrate [108].
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Figure 3.6: Atomic density profiles from MD simulations at 300 K and 1 atm for NaMt of
water (Owater) and sodium (Na™). Left to right increases the water contents in the
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Figure 3.7: Snapshots of clay surface (yz plane) showing configurations of adsorbed calcium
cations in (a) anhydrous, (b) inner-sphere (IS), and (c) outer-sphere (OS) water complexes
on the Ca?T-montmorillonite. Colours as in Figure

The bilayer hydrate corresponds to a HoO/Na't ratio of 10.8 and is characterised by
two nearly discreet water peaks in the ADP at 2.7 A from each basal surface (£ 1.36 A)
(Fig middle). The Na™ cation distribution is characterised by a single peak positioned in
the centre of the interlayer at 4.1 A from octahedrally charged Mt, and three peaks located
at ~2.0 A from both basal surfaces (2.1 A), and 4.1 A (0 A peak) for Mt with tetrahedral
charge. Cations positioned in the centre of the interlayer occur in fully hydrated OS water
complexes (Fig. [3.7(c)) whereas cations located closer to the clay surface correspond to IS
coordination (Fig.|3.7(b))).

From the MD simulations it can be clearly seen that, if charge deficit occurs in the
tetrahedral sheet, adsorption of cations is favoured near to the tetrahedral sheet and pre-
sumably to the sites of isomorphous substitution. To determine the relative fraction of each
cation—water complex type in the bilayer hydrate interlayer, the sodium peaks in the ADP
were integrated as presented in Table 3.4 Due to the relatively low hydration enthalpy of
Na™ cations they can be easily solvated by water molecules. Therefore, Na™ cations are not
present in the dodecahedral cavities at the clay surface i.e. anhydrous complexes. Mov-
ing away from the surfaces, inner-sphere cations constitute only a small fraction (2-4%) of
sodium cations when the charge deficit is in the octahedral sheet, but this fraction increases
significantly up to 36-42% when there is charge deficit in the tetrahedral sheet. The rest of
the cations in the systems are coordinated within OS hydration shells.

The bilayer hydrate is characterised by four layers of water hydrogens located at 1.7 A (peaks
at 1.3 A) and 2.4 A (peaks at +1.7 A) from both basal surfaces. As in the monolayer hy-
drate, some hydrogen atoms point toward the basal surface, but, due to the larger space
available and the full hydration of the cation, the orientations of the water dipole moment
are more diverse (Fig.[3.9). To quantify this, the distribution of dipole moments of the water
molecules forming the hydration shell of each cation as a function of the angle between the
dipole moment vector and the c-axis is presented in Figure [3.10 Water orientations in which
one of the OHy,o bonds point toward the clay surface and other being nearly parallel to it
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Figure 3.8: Atomic density profiles of water hydrogen (Hyater) for NaMt (top) and CaMt
(bottom). Left to right increases the water contents in the interlayer space of clay

were the most frequent. These are followed up by the configuration in which both hydrogen
atoms are oriented toward the basal surface of clay. A NMR spectroscopy investigation into
the water dynamics at the smectite/water interface suggested similar water orientations in
bilayer hydrates [125].

Figure 3.9: Spatial arrangements of cation and water molecules in the bilayer hydrate on
the example of NaMt with a) octahedral charge (OS configuration) and b) tetrahedral
charge (combination of IS and OS configuration)

Increasing the water content in the interlayer results in the formation of three Oy,o peaks
(Fig. right), two of which are positioned at 2.7 A (peaks at +2.9 A) from both clay sur-
faces and one in the middle of interlayer at 5.6 A. The cations, in this case, occupy two layers
in octahedrally charged NaMt and four layers in montmorillonite with a tetrahedral charge
component. The cations responsible for peaks at 3.7 A(1.9 A above both basal surfaces)
in the interlayer of tetrahedrally charged Mt correspond to IS coordination (Fig. [3.7(b)).
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Table 3.4: Percentage of exchangeable cations in each adsorption layer of bilayer hydrate
interlayers (~0.2 guwater/8elay)

104.4 meq
Nat Ca?*t
Oh Th Oh Th
anhydrous 0 0 0 0

inner-sphere 2.3 421 1.2 84.3
outer-sphere 97.7 58.9 98.8 15.7

113.1 meq
Nat Ca?t
Oh Th Oh Th
anhydrous 0 0 16.2 0

inner-sphere 3.7 364 0.7 66.6
outer-sphere 96.3 63.6 83.1 334

Relative Probability, arb.un.

0 50 100 150 200
Angle, deg

Figure 3.10: Distribution of water dipole showing major orientations of water molecules in
the bilayer hydrate interlayer. Note that angle is with respect to the c-axis vector which is
perpendicular to clay layer

Cations positioned deeper in the interlayer, at 4.3 A from both surfaces (peaks at +1.36 A),
occur in the fully hydrated OS water complexes (Fig. [3.7(c))). The interlayer structure, in
the form of the ADPs for NaMt with various charges, is in a good agreement with previous
theoretical observations |11}78,97].

The ADPs of Ca?" cations and HyO molecules (Fig provide the more detailed
structural information required to interpret the thermodynamic results. The distinct swelling
behaviour of CaMt, discussed in previous sections, becomes evident from these profiles. Here,
at low water content (0.107 gm,0) (which corresponds to a monolayer hydrate for NaMt),
a bilayer of water is observed for octahedrally charged CaMt (Fig. , blue line). Just a
single peak for Ca?*, positioned in the centre of the interlayer, suggests the formation of an
OS coordination sphere at low water content (Fig. . This was previously attributed to
the much higher enthalpy of Ca?' in contrast to Na™ [109]. The single cation peak becomes
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broader as the layer charge magnitude increases. Eventually, for 113.1 meq clay, this splits
into three peaks, two of which are located at +2.5 A with the third peak at the midplane
of interlayer. At this point, the cation is "locked" in the siloxane rings on the clay surface
due to the high layer charge and hydration energy of the divalent cation, and an anhydrous
adsorption conformation is formed (Fig.|3.7(a))).

Shifting the clay layer charge into the tetrahedral sheet reduces the basal spacing, leading
to a much narrower distribution of water in the interlayer (Fig. black line). As pointed
out in the previous section, this configuration corresponds to dog;-spacing of 12.5 A or a
monolayer hydrate. Similar to Na* in NaMt, two, much sharper layers of Ca?t are formed
at 0.107 gu,0/8cay Water content. This hydration state is characterised by cations adsorbed
in IS configuration associated with the substitution sites in the tetrahedral sheets. The
ADPs presented here provide direct confirmation of the tendency of CaMt to form a bilayer
hydrate even at very low water concentrations, as observed by experimentalists over last half
of century [12},37,38,[109}/114].

The full bilayer hydrate formed at 0.2 gu,0/8cay (H20/Ca®t ~ 21.6) is consistently
observed for CaMt for all charge distributions within the layer (Fig3.11] middle). The
distribution of calcium, however, varies depending on where the deficit of positive charge
occurs. Tetrahedrally charged CaMt is characterised by three layers of exchangeable cations
(£1.75 and 0 A) corresponding to IS and OS complexes, respectively. Interlayers formed
by low charge clays with octahedral substitutions are composed by a single layer of Ca?"
positioned in the centre. For high charge clays, three Ca?* peaks are observed at £2.9 and
0 A indicating anhydrous and OS cation complexes. This sharp change in the fraction
of anhydrous cations for low and high charge clays (Table may be accentuated by
the relatively small simulated system size available (compared to length scale of real Mt).
Nonetheless, the higher probability of exchangeable cation being trapped in the dodecahedral
cavities of highly charged clay surfaces is a clear qualitative observation.

To summarise the interlayer structures discussed in this section, density profiles during
swelling are collated in Figure[3.12]where the ordinate corresponds to the dgp;-spacing and the
abscissa to the respective density profiles of water and exchangeable cation. This shows the
evolution of interlayer structure during the swelling process. The lowest interlayer separation
of NaMt comprises a monolayer hydrate with sodium cations forming IS surface complexes
(Fig. . This configuration is retained for a range of water contents from dry to
H,O/Na®™ ~ 4.1. A transformation occurs at a layer spacing close to 12.0 A, when the
exchangeable cation migrates towards the midplane of the interlayer. Subsequently, the
bilayer hydrate forms with d-spacing of ~13.5 A. When it is fully formed, the H,O/Na™ ratio
is approximately 5.8 which agrees well with the sodium coordination number in concentrated
NaCl aqueous solutions [99] and corresponds to the OS cation complex. CaMt, on the other
hand, does not form a distinct monolayer hydrate, only bilayers with a starting separation
of 14.2 A. The driving force for this is the energy associated with full hydration of these

cations.
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Figure 3.11: Atomic density profiles from MD simulations at 300 K and 1 atm for CaMt of
water (Owater) and calcium (Ca?*). Left to right increases the water contents in the
interlayer space of clay. Vertical dashed lines designate the planes of basal oxygens;
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Radial Distribution Functions

The relationship between the interlayer cations and water was probed further by the
calculation of a radial distribution function (RDF) and a coordination number (CN) of
Nat-Op,0/Opasal and Ca?t—Op,0/Opasal at various water contents (Fig. and Fig. |3.14
respectively).
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Figure 3.13: Radial distribution functions (solid lines) and the corresponding coordination
numbers (dashed lines) for atomic pairs in the interlayer of 104.4 meq NaMt at different
water content: Nat—Op,o (top) and Nat—Oyagar (bottom)

In all Na™-Oy,0 RDFs, the main peak represents the first hydration shell and is located at
about 2.35 A (Fig. , which agrees well with theoretical DFT and MD simulations [97,126]
(2.35-2.37 A) and experimental observations [127] (2.32 A). The first coordination shell of
Nat-Opasal is located at ~2.5 A and diminishes as water content is increased, completely
disappearing at 0.2 gg,0/8cay Water content which corresponds to bilayer hydrate. As was
evident from Table[3.4] the bilayer hydrate is characterised by a very small number of cations
adsorbed as anhydrous and IS configurations. Here, most Na™ cations are fully hydrated
(OS configuration) and do not interact with oxygens located in the basal plane of clay.

For NaMt the total oxygen CN of Na' is always in the range 5.5-6.0. However, the
distribution between HoO and Oyaea sites is strongly dependent on the hydration state of
the interlayer. When the layer charge is shifted form the octahedral to the tetrahedral sheet,
the coordination number of Na™-Oy,s decreases. This can be explained by the mechanism
of cation adsorption on the clay surface. When tetrahedral charge is dominant in the layer,
exchangeable cations tend to adsorb adjacent to the substitution site in the tetrahedral
sheet |127] where only three neighbour basal oxygens are available. In contrast, the cation
adsorbs at the dodecahedral cavity of octahedrally charged clays where a total of six oxygens
are available (Fig. [1.6]).

For Ca®*-Oy,o pairs, the average neighbour distance calculated is 2.43 A(Fig. . The
mean interatomic distance between Ca2t and first shell Op,q0 is 2.52 A. Both of these values
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are very similar to the value found in bulk solution and reported in the simulation of hydrated
Ca-hectorite (2.5 A and 2.7 A) [123] and Ca-montmorillonite (2.43 A and 2.52 A) [97].
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Figure 3.14: Radial distribution functions (solid lines) and the corresponding coordination
numbers (dashed lines) for atomic pairs in the interlayer of 104.4 meq CaMt at different
water content: Ca?T-Opao (top) and Ca?T—Opasar (bottom)

Similar to Na*, the CN of Ca?" is strongly dependent on the hydration state of the
interlayer and, thus, the distribution between HoO and Oy,ga coordination spheres. The
total CN of Ca2t, however, is always in the range of 7.0-8.0 A. For the partial monolayer
hydrate structure, the coordination of cations consists of ~4.0 HoO and ~3.0 Oypasa1, whereas
it is 6.0 HoO and 2.0 Opasar for the complete monolayer structure. For the bilayer hydrate
of CaMt and on its external surface, Ca®" is coordinated by 7.0 HyO molecules and ~1.0
Opasal atoms. This differs from the equivalent results for bilayer hydrate of NaMt because a
substantial amount of calcium in octahedrally charged CaMt is adsorbed in the dodecahedral
cavity of the clay surface (anhydrous conformation seen in Table .

3.2.3 Dynamics of the Interlayer

The dynamics of the interlayer species is a key process in the hydration of clay and it is,
therefore useful to explore the mechanisms involved in this. To this end, 500 ps overlapped
trajectory maps of NaMt and CaMt with various water contents in the interlayer are pre-
sented in Figure [3.15] These illustrate both the mobility and the hydration of exchangeable
cations and water in the interlayer.

The obtained patterns clearly indicate that adsorption of water by montmorillonite clays
occurs in two stages. Firstly, solvation of the exchangeable cations by either three (Na™
monovalent cations) or more (Ca?" divalent cations) water molecules takes place (Fig. [3.15]
0.046 gH,0/8clay)- At this stage, the water is located predominantly around the cations or
close to substitution sites that are the focus of the net negative charge of the clay layers.
This latter phenomenon is closely related to hydrophobic behaviour of neutral siloxane sur-
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Figure 3.15: Overlapped final 500 ps snapshots from MD simulations at 300 K and 1 atm of
113.1 meq octahedrally charged NaMt and CaMt at different water contents. It can be
observed that the overlapped trajectories of Ca?t and their accompanying coordinated
water molecules are much denser than is the case for Na™. Colours are as follows: Na™

blue, Ca’*t cyan, Osater red

faces of clay minerals . Secondly, as the amount of water in the interlayer increases, full
hydration shells around the cations are formed [44]. Monovalent sodium cations develop
an octahedral solvation complex, whereas divalent calciums form a second solvation shell
(Fig 0.1047 g1,0/8clay)- Since this hydration process depends only on the hydration
ability of the exchangeable cations, the formation of complete monolayers of water is not
necessary as indicated by the "non-occupied' region between the hydrated Ca?* cations.
At water content values that are too low for a full monolayer to form, molecules that are
involved in the formation of any cation’s hydration shell tend to condense in the siloxane
rings of the montmorillonite’s surface. This results in the "dot" pattern — localised areas
with high water concentration visible in Figure at 0.1047 gn,0/8clay- This simulated
water arrangement is in good agreement with IR spectroscopy analysis of adsorbed water in
Li-hectorite performed by Prost [44].

The more negative hydration enthalpy of Ca?*, produces a water coordination sphere
around it is much more stable than that of Na* (Fig. [3.15). The mobility of Ca?" is con-
strained because of this, in contrast to Na™ cations which remain mobile, even at low water
contents. Diffusion of Ca?T is further inhibited by a second coordination water shell, which
can either be complete or share some parts with those of neighbouring cations. Calculated
three dimensional diffusion coefficients derived from MD simulations of NaMt and CaMt are
presented in Figure as a function of exchangeable cation concentration (M). Here, data
points from right to left correspond to 1W hydrate, 2W hydrate and 3W hydrate. Overall,
five trends are distinguished: (i) diffusion coefficients for exchangeable cations (Deation) and
water (Dow) decrease as the clay layer charge increases; (ii) Deagion and Dow decrease when
clay layer charge is shifted to the tetrahedral sheet; (iii) diffusion of interlayer water is sig-
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nificantly higher than that of the exchangeable cations; (iv) diffusion of water in NaMt is
higher than that in CaMt; (v) diffusion of sodium (Dy,) is higher than diffusion of calcium
(Dca). The values of the diffusion coefficients obtained for water and exchangeable cations
in Mt with 104.4 meq are summarised in Table |3.5]

The results are quantitatively consistent with the recently reported self-diffusion coeffi-
cients of Na™ in clay nanopores [124./128]. For NaMt, Dy, sharply increases by a factor of
1.5-2, when the interlayer swells from monolayer to bilayer hydrate. This process is associ-
ated with the formation of full hydration shells around the cations, thus moving the cations
away from the mineral surface. This leads to a conclusion that OS adsorption complexes
are much more mobile than IS complexes. The corresponding increase in diffusion of Ca?*
cations in CaMt is much smaller as most calcium cations are already fully hydrated at low
water content (Fig.[3.15)). The smaller Dation in tetrahedrally charged montmorillonite can
be explained similarly, as the probability of forming IS cation adsorption complexes is greater
in clays with charge deficit in the tetrahedral sheet (Table . Further increase in the dif-
fusion coefficients Dy, and D¢, is shallower at 2W—-3W transitions, indicating that only the
increase in accessible volume rather than enhancements in the cation coordination environ-
ments. This observation is further confirmed by the RDF analysis discussed in the previous
section, which noted formation of full hydration shells at water content corresponding to the
bilayer hydrate (Fig. and Fig. [3.14)).

The trends obtained here are confirmed by experimental investigations into interlayer
dynamics available from quasi-elastic neutron scattering [129,/130]. Our simulated Dow
values for NaMt are well in the range of previously reported values (Table . It should
further be noted, that the mobility of interlayer water molecules is much lower than the
Dow value of (3.45+0.05) x 10~ m?s™ in bulk TIP3P/Fs water (3.53 x 107 m?s™! reported
in [131]). Their mobility is restricted due to the close proximity of the water molecules
to the metal cations, which significantly alter their physical and chemical properties from
those of bulk water [1]. Simulation was able to reproduce this behaviour and conclude that
polarisation effects due to the cation are sensitive to its nature. Also, experiment inferred
an extremely low D¢, coefficient for octahedrally charged CaMt at 1W hydrate. As is clear
from the interlayer structures presented in this chapter, this is due to confinement of Ca?*
in the ditrigonal cavity of clay surface.

Table 3.5: Cation and water diffusion coefficients (1071 m2s!) from MD simulations and
experiment for a CEC of 104 meq

Dow (NaMt) Dow (CaMt) DNa+ DCa2+
this work  exp® this work  exp this work  exp® this work exp?
1W 2.4-2.8 1-3 1.7-4.2 0.2-1.6 0.1 0.02-0.03  0.06-0.2
2W 7.5-9.7 5-10 3.5-6.7 0.9-2.9 1 0.02-0.5
3W  13.9-154 7.6-9.5 2.6-5.2 2 0.2-1.2

“Experimental results from Malikova et al. [129)
bExperimental results from Kozaki et al. [130[[132]
cStandard deviation for diffusion coefficients did not exceed £0.005 - 10710 m2g1
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3.3 Conclusions and Chapter Summary

In this chapter MD simulation has been used to study hydration structures and dynamics
of clay minerals. Initially, the work has focused on validating the carefully chosen potential
models from the literature (CLAYFF and TIP3P/Fs) by comparing simulated thermody-
namic characteristics of swelling clays with experiment. Later, simulation protocols that
allowed a range of clay minerals to be simulated with a range of structural and energetic
characteristics were developed. These showed that it is feasible to produce results that are
comparable with experimental observations and to replicate distinctive features of clay hydra-
tion. This, along with the agreement with experimental observations, provided reassurance
regarding the validity of the selected potential models.

A total of eighteen montmorillonite configurations with selected charge distributions and
cation choices were investigated. The simulations predicted the swelling behaviours of neg-
atively charged clay layers balanced with sodium and calcium cations with high accuracy.
This included prediction of a step-wise mechanism of water absorption by NaMt and swelling
from dry to bilayer hydrate of CaMt previously discussed in experimental studies. Addition-
ally, the mechanism of water absorption by CaMt with predominantly tetrahedral charge
was shown for the first time in this work.

Particular attention was paid to the interlayer structure and dynamics of water and ex-
changeable cations. This information will be crucial in subsequent chapters of this thesis
where competitive intercalation of water and polymers will be probed. It was shown that
cation coordination complexes are significantly influenced by clay charge location and mag-
nitude. For example, Ca?* adsorbed on the surface of clay with high octahedral charge forms
an anhydrous complex and resides in the dodecahedral cavity of clay surface, reducing sep-
aration of clay layers as a result. CaMt interlayers with low water content are characterised
by the presence of two layers of water with a layer of cations between them as most of the
divalent cations are fully hydrated due to their high hydration affinity. However, introducing
as little as -0.3 e - uc™! of tetrahedral charge into the clay model, rearranges the cations into
two distinct layers sandwiching one single layer of water. This leads to significant reduction
in the basal spacing of clay. The driving force of this process is considered to be the inter-
action between the exchangeable cation and the charged sites associated with isomorphous
substitution in the tetrahedral sheet of clay. Water adopts its final structure accordingly.

In conclusion, this chapter has reported investigation into the dynamics of interlayer
species as a function of clay layer charge distribution. The diffusion calculations allow
identification of five major trends: (i) diffusion coefficients for exchangeable cations (Dcation)
and water (Dow) decrease as the clay layer charge increases; (ii) Deation and Dow decrease
when clay layer charge is shifted to tetrahedral sheet; (iii) diffusion of interlayer water is
significantly higher than that of exchangeable cations; (iv) diffusion of water in NaMt is
higher than that in CaMt; (v) diffusion of sodium (Dy,) is higher than diffusion of calcium
(Dca)-

The work in this chapter can be considered as proof of concept and evidence that the
potential model used for clay minerals is transferable to a range of other scenarios. In the
following chapter the model is extended to probe the competitive intercalation of water and
poly(ethylene glycol) by a variety of clay minerals.
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4 Adsorption of Poly(ethylene) Glycol onto Montmorillonite

In the previous chapter, a detailed study of processes involved in the hydration of clay
minerals was presented as these processes play a major role in the formation of polymer/clay
nanocomposites. This chapter will firstly focus on a molecular simulation study of the dy-
namics and structure of a polymer/clay system that approximates an exfoliated nanocom-
posite, the definition of which was given in Chapter [I.2] The influence of the clay layer
charge distribution on the dynamics of this nanocomposite obtained using MD simulations
will thus be reported for the first time.

Later, the intercalated polymer/clay nanocomposite will be studied both experimentally
and theoretically. Structural and thermodynamic properties of formulated nanocomposites
will be probed using XRD, TGA and TG-MS techniques and then compared with cor-
responding values derived from a series of MD simulations of intercalated polymer/clay
nanocomposites. The swelling dynamics, energetics and structure of the clay interlayers will
be examined. Particular attention will be paid to the behaviour of polymer and water when
they coexist in the clay interlayer. The experimental results will help in setting the criteria
for the construction of the simulation cells in order that they relate to real systems as ac-
curately as possible. Finally, the effect of the clay layer charge distribution on the polymer
conformations in the interlayer of polymer/clay nanocomposites will be presented.

4.1 Introduction

Poly(ethylene glycol) (PEG, formula: H-(O-CHs-CH;),-OH) has the molecular structure
shown in Figure and is also known as poly(ethylene oxide) (PEO) or polyoxyethylene
(POE) [133]. The two names are chemically synonymous, but historically PEG refers to
oligomers and polymers with a molecular mass below 20 000 g-mol~!, and PEO to polymers
with a molecular mass above 20000 g-mol~!. It is commercially available over a wide range
of molecular weights from 100 g-mol~* to 10000000 g-mol~!. Pure PEG has been charac-
terised as a clear viscous liquid (MW < 200 g-mol™!), a wax-like substance (MW = 200 —
2000 g-mol™!), or as an opaque white crystalline solid (MW > 2000 g-mol~!). The methy-
lene groups are hydrophobic, whereas the ether oxygen is hydrophilic [134]. Thus, PEG is
readily soluble in water, but the solubility decreases with increasing molecular weight. Being
a non-toxic compound, it is one of the most important polymers widely used in biotechnol-
ogy, pharmaceutical compositions and as a food additive [135]. In recent years, however, it
has found popularity in biodegradable food packaging applications [19,136] where it can be
used as plasticiser for polymer/clay-containing films which are otherwise notoriously brit-
tle [137],/138].

To construct a PEG structural model for simulation, the unit cell of crystalline PEG
(CoH40) was replicated to create the chain segment which was then terminated with hydroxyl
groups. The resultant composition of a single PEG chain is HO[C;H4O]4H which corresponds
to a molecular weight of 194.2 g-mol~! and end-to-end length of ~ 19.4 A. This poly(ethylene
glycol) chain is denoted as PEG200. The polymer with this particular molecular weight was
selected for the majority of the runs performed due to restrictions imposed by the size of
the clay model and evidence that it readily intercalates into smectite minerals (shown later
from experimental observations in Section [£.3.2). PEG chains with different MW were also

utlhf%d to probe th dependeflce of oliecular nggﬁk&(} the %Welhn ehaviour of clays.

e interaction between clay and polymer, is influenced by many factors, such
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Figure 4.1: Graphical representation of poly(ethylene glycol) of MW = 194.2 g-mol~!
(PEG200). Colours: C cyan; O red; H white

as the nature of the clay, length and nature of the polymer chain and any solvent present.
There are different accounts of the intercalation of PEG in layered silicates in the available
literature [32,|41}/139,/140]. Studies based on X-ray diffraction propose a highly ordered
polymer arrangement within the clay galleries. One proposed structure of the intercalated
PEG is a helix (Fig. . In this model, the axis of the polymer chain is oriented parallel
to the basal surface and exchangeable cations reside in the centre of interlayer. It was first
proposed by Ruiz-Hitzky et al. [13] and was believed to be plausible because only one plateau
was observed in the adsorption isotherms, corresponding to basal spacing of 18 A. A second
possible interlayer structure considers PEG chains to be organised in two extended chains
parallel to clay surface layers (Fig. |4.2(b)). Here, exchangeable cations are also positioned in
the middle of interlayer [14,132,/41]. Unlike the helix conformation, this model contemplates
two stages of swelling depending on the amount of PEG available — a monolayer with dgg;-
spacing of 14 A and a planar bilayer with dgoi-spacing of 18 A [19].

layer silicate
I )
t.
intercalated TAYAAYAY {
\ | 3

PEO-salt complex

@ : interlayer cation ]

(a)

Figure 4.2: Schematic representation of models of PEG intercalation in smectites: a) helical
conformation of PEG chains [13]; b) double layer planar conformation [14]

It was also proposed [41] that fully replacing the water molecules in the coordination
environment of the exchangeable cation with the less polar PEG oxygen atoms was unlikely.
Therefore, there is always interlayer water present to some extent. This assertion is confirmed
via thermogravimetric analysis of formulated polymer/clay nanocomposites, and discussed
later in this chapter.

Using MD and MC simulations, Hackett et al. [141] showed that the intercalated PEG
chains in clay-based nanocomposites were arranged parallel to the basal surface of the hec-
torite galleries. This structure agreed well with results of neutron scattering experiments, a
review of which was given by Ray [142]. Further simulations of PEG/clay nanocomposites
also suggested layered PEG structures [3292,93]/134},143,|144].

Therefore, it is reasonable to take, from the literature, that PEG may adopt various
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conformations in the galleries of different clays. However, obtaining detailed molecular-scale
insight into the structure and dynamics in the interlayer is difficult because of static and
dynamic disorder of these systems. Here, computational approaches, e.g. MD, can be highly
informative especially when considering both hydration and polymer intercalation processes
simultaneously.

For the work presented in this Chapter, eighteen montmorillonite models with a selec-
tion of layer charge distribution and exchangeable cations (as described in Chapter 3) were
utilised (Table to simulate various PEG/Mt nanocomposites. Clay layers of similar size
containing 32 unit cells were used to provide a disordered distribution of substitution sites
and achieve sufficient statistics of the processes associated with adsorption of polymer on
clay surfaces.

This chapter presents, therefore, a study undertaken to investigate the structure of exfoli-
ated and intercalated PEG /Mt nanocomposites on a molecular level using the MD technique.
It will focus on important questions such as: (i) is the structure derived from experiment
confirmed in the MD simulations; (ii) how much water is co-adsorbed with PEG; (iii) how
this water is distributed in the interlayer space; (iv) should the magnitude of clay mineral
basal spacing be attributable purely to the varying amounts of PEG and water in the inter-
layer, or does the varying thickness of the PEG /water complex also play a role; (v) what is
the influence of the layer charge and its location; and (vi) what is the influence of the nature

of the exchange cation.

4.2 The Exfoliated System
4.2.1 Simulation Details

In the study of exfoliated PEG200/Mt system we consider a case with no water which
corresponds to the situation when PEG has replaced all the water from the clay surfaces |145].
Each simulation of PEG200/Mt exfoliated nanocomposite involved the following stages:

1. The initial structure of bulk molten PEG200, was constructed using a random distri-
bution of 130 molecules in a box with dimensions of 39 x 33 x 50 A3, such that the
system’s density was close to the experimental value of 1.120 g/cm?® [146]. Then, an
MD simulation in the NPT ensemble on this system was performed. Initially, the sys-
tem was heated to a molten state at 700 K over 0.5 ns and then run for 1 ns at 700 K
and quenched to 300 K over 0.5 ns. Thermodynamic and structural parameters were
observed to ensure that the system had no memory of the initial set-up configuration
(Fig. inset).

2. The next step involved the addition of PEG chains on the clay mineral surface. For this,
copies of the equilibrated PEG200 box were positioned on either side of the selected
clay layer, with a 45 A of vacuum gap imposed, to eliminate the interaction of polymer
chains through the periodic boundaries in a direction perpendicular to the clay layer.

3. Energy minimisation of the obtained PEG200/Mt supercell was followed by an an-
nealing process at 500 K for 0.5 ns and then cooling to 300 K over the next 0.5 ns in
the NVT ensemble. This was followed by a MD production run for 2 ns in the NVT
ensemble. A snapshot of an exfoliated system after such a production run is shown in

Fig.
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Figure 4.3: Energy minimisation of PEG200/Mt exfoliated system; After ~ 600 ps the
structure is minimised. The total energy during equilibration of the bulk PEG200 system is
shown in the inset

~

Figure 4.4: Snapshot obtained after 1 ns of MD simulation at 300K following the annealing
cycle for an expoliated PEG/NaMt system. Colours: Na blue; Si yellow; Mg cyan; Al pink;
C cyan; O red; H white
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For comparative purposes, a bulk PEG200 system was also considered. The initial struc-
ture contained 300 randomly distributed PEG200 molecules, and an annealing process was
performed by MD simulation at 700 K for 1 ns followed by cooling to 300 K over 0.5 ns.
The production MD run after that lasted for 2 ns at 300 K in the NPT ensemble. The
experimentally obtained glass transition temperature of bulk PEG200 is ~ 223 K [146]. It is
therefore expected that the simulated systems will contain PEG200 in an amorphous state,
as found experimentally at room temperature.

MD simulations were performed using the Nosé-Hoover thermostat with a 1.0 ps relax-
ation time. For the NPT simulations, a Nosé-Hoover barostat was utilised to control the
pressure with a barostatic relaxation time of 1.0 ps. Interatomic interactions were evalu-
ated using a time step of 0.001 ps, and three-dimensional periodic boundary conditions were
employed with a cutoff at 12 A for short-range interactions. Long-range electrostatic inter-
actions were calculated using the Ewald summation with an accuracy of 1 x 107%. All MD
production runs were performed at 300 K and at 1 atm for the NPT ensemble. Statistical
and atomic position data were collected over the last 1 ns and stored every 25 ps to obtain

the thermodynamic and structural properties of the simulated systems.

4.2.2 Results and Discussion
Structure at the Interface

For all simulated exfoliated PEG200/Mt systems, at least five distinct layers of PEG
chains were observable above the clay layers. This is apparent from atomic density profile
measured normal to the clay surface (Fig.[4.5]). The profiles shown here are for 104 meq NaMt
with isomorphous substitutions in octahedral sheet only. The other investigated clays with
various charge distributions show very little difference in the ordering structure of formulated
PEG200/Mt nanocomposites. The ordering of PEG molecules persists up to 25 A above the
clay surface forming layers of thickness ~ 4 A. The highest density peak is found close to
the clay surface, at 6.4 A from the basal surface, which indicates a strong affinity between
the polymer and the clay. A slight shoulder on the PEG oxygen atom density peak closest
to the clay surface (Fig. , red line) is due to the participation of ether oxygens in the
coordination of exchangeable cations.

The Na* profile has three distinct peaks, one of which is very close to the surface,
e.g. indicating the presence of a cation in the ditrigonal cavity of the clay surface and
the formation of an anhydrous adsorption complex (Fig. [3.7(a)). The other two layers of
sodium reside within the first peak of the PEG chains, leaving the opportunity to only form
complexes with the first layer of PEG oxygen atoms. The limited mobility of the exchange
cations is due to the development of a more complex coordination environment than that
found for hydrated cations in Chapter 3. The mobility of these complexes will be addressed
later in this chapter.

There is clear ordering of the PEG atoms in the direction perpendicular to the clay
slab. This does not mean, however, that individual PEG polymer chains cannot span more
than one polymer layer. To understand the PEG layer disorder, the calculation technique
described by Suter et.al. |[144] was employed. Here, the polymer domain is divided into layers
4 A thick, with the origin at the minima of the atomic density profile (Fig. . The layer
closest to the clay surface is denoted by Layer 1 and the farthest by Layer 5. In each layer,
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Figure 4.5: Atomic density profiles of the exfoliated PEG/NaMt nanocomposite species
from MD simulation at 300 K. Vertical dashed line designate the plane of basal oxygens

the position of the centre of mass of every PEG molecule was calculated and the PEG layer
to which it belonged to was ascertained. The relative proportion of each PEG chain’s carbon
atom in each layer was then calculated, as given in Table [1.1] This shows that the PEG in
the inner-most layer (Layer 1) does not mix much with polymer in the layers further from
the clay surface. In contrast, the further away the centre of mass is from the clay surface,
the more likely the PEG chain is to span several layers. The very planar arrangement of the
layer closest to the basal surface is another indication of the strong interaction between the

polymer and the clay.

Table 4.1: Distribution of carbon PEG200 atoms as a function of centre of mass location of
polymer chain. The results presented for Mt with 104.4 meq layer charge in the octahedral

sheet
PEG Percentage of PEG carbon atoms
layer Layer 1 Layer 2 Layer 3 Layer4 Layer 5
1 89 11
2 20 70 10
3 1 25 60 12 2
4 2 32 54 12
5 14 24 34 28

The differences in the structural conformations of PEG chains in the various layers are
further evidenced by end-to-end distance distribution analysis. Figure illustrates these
distributions for PEG molecules in each layer of the PEG/Mt exfoliated system and with
those found in the bulk polymer system. Initial end-to-end distance histograms were gener-
ated with a bin size of 0.5 A and were subsequently fitted with a Gaussian function. These
data show that the closer a PEG is to the basal surface (Fig. [4.6] Layer 1) the more extended
or linear conformations are. Also, moving away from the clay layer the full width at half
maximum of the distribution increases, indicating prevalence of more diverse coiled confor-
mations in distant layers. In the layer farthest above the clay surface it is expected that the
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end-to-end distance distribution of polymer molecules would approximate that in the molten
bulk system where the polymer conformations approach that of an expanded coil [144].
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Figure 4.6: Gaussian fits to end-to-end distributions of PEG200 chains forming different
layers above the clay surface of 104 meq NaMt and in molten bulk (dashed line)

The root mean square end-to-end distances of PEG200 molecules as a function of the
layer position and type of clay are listed in Table[d.2] For the bulk PEG system, the polymer
chains exhibit an average end-to-end distance of 6.5+1.7 A. The PEG chains in the exfoliated
PEG/NaMt system, however, have an average end-to-end distance of 11.1 £+ 0.5 A, again
indicating a more extended linear conformation of the PEG chains.

Whilst density profiles were indistinguishable for all systems simulated, a significant
difference was observed in the end-to-end distances and radii of gyration of the PEG chains
as the exchange cation and surface charge were varied. As shown in Table [£.2] for example
changing the cation gives a difference of ~ 2.5 A (with respective values of 11.940.5 and 9.5+
0.3 A) in Layer 1 end-to-end distance. This phenomenon is due to the nature of exchangeable
cation and the conformation that the PEG chains adopt with them (Fig. . The extended
linear conformations of the adsorbed PEG chains (Fig. are found more often on NaMt
than is the case of CaMt where the polymer tends to adopt bent conformations around
the exchangeable cations (Fig. 4.7(b))). This is, in part, due to more negative hydration
enthalpy of Ca?t which requires the polymer chains to form cation coordination spheres in
a more effective manner. The significantly closer relative proximity of Na™ cations, there
are twice as many interlayer cations in NaMt than there are Ca?* in CaMt, also plays a
role — it increases the likelihood of extended linking configuration between two neighbouring
Na™ cations. Analysis of simulation can also be used to interpret the prevalence of cis-
and trans- orientations of the polymer chains and compare these with those proposed from
experimental observations [41]. Thus, a high number of cis- orientation of H-C-C-H dihedrals
can be understood in terms of a cation which is coordinated by a single PEG chain, whereas
all trans- indicates that a chain lies flat on the clay surface (Fig. . A more detailed
qualitative and quantitative overview of the PEG — exchangeable cation conformations will
be provided in Section 4.3.3

The average root mean square radius of gyration (R,) for the PEG chains in each layer
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Table 4.2: Root mean end-to-end distance and radius of gyration of PEG200 chains in
different layers of exfoliated PEG /Mt systems. Values for montmorillonites with CEC of
104.4 meq are presented

End-to-end distance, A

PEG200
System Layer NaMt CaMt
Oh Th Oh Th
1 119405 12.3+0.4 95+03 93403
Exfoliated 2 112404 121404 104407 10440.7
xonae 3 113406 11.940.6 105408 10.1+0.6
PEG /Mt
4 108408 12.040.5 106409 9.8+0.5
5 103409 11.840.8 10841.0 95+0.8
PEG200 bulk 6.5+1.7
Radius of gyration, A
NaMt CaMt
Oh Th Oh Th
1 53401 54402 40401 38405
Exfolinted 2 51402 5340.1 AT+04 48402
PEG /Mt 3 50401 51403 48402 46403
4 47403 50402 49402 4540.1
5 49404 51403 46401 46409
PEG200 bulk 25+1.1

above the basal surface of different clays are also listed in Table [1.2] The radius of gyration
is an indication of the distribution of the components of a polymer chain around an axis
and calculated as root mean square distances between a molecule’s centre of mass and all
its constituent atoms (Section . We find R, in every PEG layer to be between 4.9
5.4 A for NaMt and 3.8-4.9 A for CaMt. Values for both exchanged forms are much larger
than in the bulk polymer system with its B, = 2.5+ 1.1 A. This indicates, again, that the
ordered and aligned PEG chains in the exfoliated nanocomposites are significantly expanded
compared to those in the bulk system.

Mobility at the Interface

Transport properties of PEG molecules were examined through calculation of the mean-
square displacements (MSD) of polymer backbone atoms in each layer and comparison with
those found in the bulk PEG200 system (Fig. . The slopes of these curves give a quan-
titative measure of the diffusion coefficients, according to Equation [2.21]

The previously evidenced strong interaction between the first polymer layer, basal surface
and exchangeable cations exerts a significant effect on the mobility of PEG backbone atoms
(Fig. , Layer 1). The dynamics of the PEG chains near the silicate surface is retarded
compared to that in the remaining polymer layers. In the polymer layer farthest from the clay
surface, the polymer chains are more mobile, however the MSDs for all the PEG molecules in
system are still much lower than those of the bulk PEG system (Fig. . Similar behaviours
were observed previously in theoretical investigations of exfoliated PEG /Mt nanocomposites
[144].

All the MSD curves were fitted with linear functions resulting in coefficient of determi-
nation R? found to be not less than 0.9970. The values of the diffusion coefficients obtained
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Figure 4.7: Fragments of clay surface of exfoliated a) PEG200/NaMt and b) PEG200/CaMt
systems showing structural conformations of PEG molecules in complexes with
exchangeable cations in the 15 layer. Distortion in measured and visual distances are due
to 2D orthographic projection; cations can be positioned at different distances from the clay
surfaces. Colours: Na blue; Ca purple; Si yellow; Mg cyan; Al pink; C cyan; O red; H white

for the backbone atoms of the polymer Dc,,, and cations Dyn+ are summarised in Ta-
bles [4.3 and [4.4] respectively. In general, the diffusion coefficients for the PEG carbon atoms
increase with distance from the clay surface. Atoms from first and fifth polymer layers of
PEG/NaMt system diffuse with a rate of (1.0240.01) x 1071 m?s! and (1.5340.01) x 10719
m?2s! respectively. In a similar manner to the end-to-end length distribution and the radius
of gyration of farthermost polymer layer, these carbon atom diffusion coefficients approach,
but do not reach those of the bulk PEG200 system. The obtained diffusion coefficient value
for the bulk PEG200 system ((2.91 + 0.01) x 107'° m?s’!, Table is very close to that
computationally derived by Lee et al. (3.09 & 0.15) x 107'% m?s! for a 9-mer PEG with
MW~ 300 g-mol~* and experimentally obtained by Waggoner et al. 2.76 x 1071 m?s?
for PEG194 . The type of exchangeable cation only appears to influence the dynam-
ics of PEG chains in the first polymer layer. This is consistent with the conclusion made
in previous section that exchangeable cations are always located within first polymer layer
(Fig. [4.5)).

Due to the large fraction of exchangeable cations in close contact with the clay surfaces
and, thus, only partially complexed by PEG (Fig. , one may expect the existence of a large
fraction of immobilised confined cations. The diffusion of exchangeable cations is inhibited by
the complexes formed with polymer chains (Fig. and is also sensitive to the magnitude of
the clay layer charge (Table . Overall, diffusion of both exchangeable cations is smaller
in tetrahedrally charged clays. Dy,+ in octahedrally charged clay significantly decreases
when clay layer charge reaches CEC of 113 meq. This corresponds to a scenario where the
cations are trapped in the dodecahedral cavity of the mineral surface. Divalent calcium, on
other hand, is positioned in these cavities even in a low clay-charge environments. Similar
trends were observed when the hydration dynamics of different montmorillonite clays were
investigated (refer to Chapter 3).
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Figure 4.8: The mean square displacement (MSD) of the PEG carbon atoms as a function
of time for exfoliated PEG/NaMt nanocomposite. MSD for PEG carbon atoms in the bulk
system has been added for comparison purposes

Table 4.3: Diffusion coefficients ((101° m2s7!)) of PEG200 chains carbons in each layer as a
function of clay layer charge location and exchangeable cation. Values for clay with CEC of
104.4 meq are shown

PEG20g _DCrec” (PEG/NaMt)  Deppe (PEG/CaMt)

System Layer  Oh Th Oh Th
1 1.02 0.08 0.94 0.95
9 1.35 1.33 1.34 1.30

Exfoliated

BEG /Mt 3 1.39 1.37 1.40 1.42
4 1.48 1.40 1.44 1.45
5 153 1.52 1.50 1.55

PEG200 bulk 2.91

aStandard deviation of all calculated diffusion coefficients did not exceed £0.01 x 10710 m2g!

Table 4.4: Diffusion coefficients ((1071% m2s™)) of exchangeable cations located in the first
polymer layer of the exfoliated PEG/Mt system. Values for clays with different charge
distribution are presented

DNa+ DCa2+
CEC Oh Th Oh Th
87.0 meq 061 050 034 033

104.4 meq 0.48 0.38 0.29 0.33
113.1 meq 0.28 0.23 0.25 0.31
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4.2.3 Conclusions

MD simulations of a range of PEG200/Mt systems containing full atomistic detail to
approximate the exfoliated nanocomposite case were performed to determine the structural
and the transport properties of polymer chains in the vicinity of the clay layer. Investigations
into the effect of clay charge distribution on the structure and dynamics of formulated
nanocomposites were also performed.

At least five layers of PEG chains were identifiable, these being 4 A thick and parallel
with the clay surface. The inner-most layer (closest to clay surface) was most stable due
to presence of the exchangeable cations and the charges within the clay surface. With
increasing distance from the clay surface, individual polymer chains showed a tendency to
be distributed over several layers. End-to-end distance distributions and radius of gyration
analyses indicated that PEG200 polymer chains were much more extended than in the molten
bulk PEG200 system and arranged parallel to the clay surface. This was apparent even at
distances more than 25 A away from the mineral surface due to the effective confinement
imposed by adjacent PEG layers.

Also, an interesting difference was found between polymer conformations in the NaMt,
and the CaMt based nanocomposites. Extended linear conformations of PEG chains were
found more often on the NaMt surface than in the case of CaMt, where polymer tended to
adopt coiled conformations around the divalent Ca** cations. This is due to more negative
hydration enthalpy of the Ca?* cation, and the significantly higher concentration of monova-
lent Na™ cations in the nanocomposite which increased the opportunity for polymer chains
to "bridge" two or more cations.

The polymer layer closest to the basal surface also showed the lowest diffusional motion.
This effect was particularly evident in nanocomposites formed with high charge clays with
charge predominantly located in the octahedral sheet. Similar to the clay-water systems,
presented in Chapter 3, cations were found to adsorb onto the dodecahedral cavity of the
mineral surface, thus, constricting their transport as well as that of the polymer chains that
have formed complexes with them. One may speculate that this immobilisation of adsorbed
polymer may contribute to the low permeability of gasses and vapours in clay nanocomposite
materials by making any diffusional path more tortuous.

It appears that MD is a useful tool for determining the structural and transport properties
of polymer/clay nanocomposites. In the next section, intercalated clay polymer nanocom-

posites will be investigated, and further extended by introducing water in the system.
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4.3 The Intercalated Systems

One of the reasons that clay minerals are efficient adsorbents is that the interlayer spaces
are potentially accessible not only for water molecules, but for organic materials as well.
Thus, it is necessary to investigate the adsorption between the layers by applying the tech-
niques employed to study single clay minerals to new bilayer systems. To this end, here
we present experimental and molecular simulation investigations of different combinations

of PEG and water in a range of montmorillonites.

4.3.1 Details of Experimental and Simulated Systems
Preparation of PEG200/Clay Films

In order to assess the ability of chosen models to simulate the swelling behaviour of
PEG/Mt composite and rationalise the simulation observations, some experimental work on
the swelling of various montmorillonite clays, when loaded with different amounts of PEG200,
was performed by the candidate. The broader aim here was to gain a better understanding
of the processes involved in real polymer/clay composite formations.

All experimental PEG /clay nanocomposites presented in this thesis were prepared using
the solvent casting method. The bentonite clay samples, Cloisite® Na* (NaMt) and Cloisite®
Ca?* (CaMt), were supplied by Southern Clay Products and used as received. The bentonite
is predominantly composed of montmorillonite with CEC value of 92.5 meq/100g. PEG of
molecular weight of 200 g-mol™* was used as supplied by Aldrich.

For the nanocomposite preparation, the concentration of each component used was based
on the total solid content. 3 + 0.001 g of clay was initially mixed with 60 ml of distilled water
in a beaker and agitated for 2 hours using a magnetic stirrer. The desired amount of PEG200
(PEG200:clay=0, 3, 9, 12, 18, 27 wt%) was mixed in 20 ml of distilled water and added to
the clay suspension. The PEG200/clay solution was then stirred for a further 6 hours at
room temperature before being cast onto a glass slide and placed into a Petri dish. All of
the suspensions were dried in an oven at 40 °C for 3 h and then left at room temperature
for 12 h before being analysed by XRD, TG and TG-MS. XRD, in particular, provides
evidence for the formation of intercalated systems by allowing measurement of the interlayer
spacing. The Petri dishes containing the dispersions were used for general characterisation
after grinding.

Simulation Details
The set up of the intercalated PEG/water /Mt nanocomposite model is similar to that
described in Chapter 3. A broad range of PEG200 and H5O concentrations, ranging from 0
t0 0.35 gprG200/8elay (0 to ~7.1 PEG200-uc™') and 0 to 0.2 g1,0/8clay (0 to ~16.5 HoO-uc™?)
respectively were used. Range of clay models utilised to simulate PEG /water/Mt interca-
lated nanocomposite comprised of eighteen montmorillonite models described in Chapter 3
(Table [3.1). The preparation of each simulation cell consisted of the following steps:
1. The initial structure of the PEG/H;0O blend was constructed using randomly dis-
tributed PEG200 molecules with pre-equilibrated water molecules at the desired ra-
tios. Then, a 2 ns MD simulation in the NPT ensemble of the formulated system was

performed. Initially, the system was heated to a molten state at 700 K over 0.5 ns and

7



then run for 1 ns at 700 K and quenched back to 300 K over 0.5 ns.

2. Two clay layers were then separated to create two interlayers wide enough to accom-
modate the PEG/H0 blend. Energy minimisation of the obtained PEG /Mt supercell
was then followed by an annealing process at 500 K for 0.5 ns and, then, cooling to
300 K over a further 0.5 ns in NPT ensemble. This was followed by a production run
for 2 ns in the NPT ensemble; the cell dimensions being monitored to allow the basal
spacing of the clay interlayer to be measured (Fig . A snapshot of the interca-
lated PEG/Mt nanocomposite model after a production run is shown in Figure m,
left. Subsequently, the d-spacing curves were calculated by decrementally removing a
number of polymer molecules from the interlayers, and the aforementioned annealing
process was performed at each reduced PEG content followed by a MD production
run. As for the clay + water systems presented in Chapter 3, for some systems, an
incremental increase of PEG200 interlayer loading was also performed. This provided
identical montmorillonite structures and d-spacings to those observed in the series
of deswelling simulations. This demonstrated conformity between the swelling and
deswelling behaviour (i.e. reversibility) for these systems and indicated that the ex-
amined configurations were fully equilibrated.

3. The structural and dynamic properties of constructed models were later determined
from subsequent NVT simulations of a single interlayer, which were performed for an-
other 2 ns. The initial atomic positions for the NVT simulations were taken from the
previous NPT simulation and 25 A of vacuum was added between one pair of clay
surfaces to eliminate the interaction between them through periodic boundary condi-
tion (Fig. [4.10] right). The basal spacing was controlled during he NVT simulations to
make sure that they matched those obtained from the NPT simulations. One interlayer
region was removed from the simulation box because this significantly improved the
computational efficiency of the simulation without losing in the accuracy of obtained
observables.

Molecular dynamics simulations were performed using the Nosé-Hoover thermostat and
DL_POLY simulation package with 1.0 ps of relaxation time. For the NPT simulations, a
Nosé-Hoover barostat was utilised to control the pressure with a barostatic relaxation time
of 1.0 ps. Interatomic interactions were evaluated using a time step of 0.001 ps, and three-
dimensional periodic boundary conditions were employed with a cutoff at 10 A for short-
range interactions. Long-range electrostatic interactions were calculated using the Ewald
summation with an accuracy of 1 x 1076, All MD simulations were performed at 300 K and
at 1 atm for the NPT ensemble. Statistical and atomic position data were collected over
the last 1 ns of the simulation and stored every 25 ps to obtain the thermodynamic and

structural properties of the simulated systems.
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Figure 4.10: Simulation flow of the intercalated PEG200/Mt systems. Here a NaMt cell
containing 34 PEG200 molecules (0.28 gprg/gclay) and 180 HoO molecules in each
interlayer are shown. Colours as in Figure [.4]
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4.3.2 Experimental Characterisation of PEG /water/Mt Intercalated Films

The XRD patterns for PEG/NaMt and PEG/CaMt with a range of PEG200 loadings
are presented in Figure [4.11] and the corresponding calculated dgg;-spacings are plotted in
Figure [4.12] The diffraction profiles obtained are in a very good agreement with numer-
ous previous investigations of PEG intercalation into NaMt [41}/139,{140]. The shift of the
XRD peak positions for Nat exchanged clay (Fig. indicate the presence of interca-
lated structures for the whole range of PEG loadings. Even a very small amount of PEG200
(3 wt%) forces the clay layers to expand from 12.7 A to 13.6 A (6.98° 20 and 6.46° 20 respec-
tively). This continues with higher loadings of PEG which gradually fills the interlayer until
a complete PEG200 monolayer in the interlayer is apparently formed at 12 wt% (6.22° 20)
with a d-spacing of ~14.4 A (Fig. . Further loading of PEG200 (18 wt%) results in
the formation of two coexisting structures — monolayer (14.4 A) and bilayer (16.7 A) which
are apparent from the two peaks in the XRD trace at 6.1° 20 and 5.1° 20 respectively. The
bilayer polymer structure is completely formed when the PEG200 loading reaches 27 wt%,
as evidenced by the narrow distribution of d-spacings and the high intensity of the XRD
peak, corresponding to a d-spacing of 18.5 A.

XRD traces suggest completely different behaviour for the Ca?* exchanged clay upon
intercalation of PEG200 (Fig. [£.11(b)). The XRD peak for the sample with 0 wt% PEG200
is located at 5.68° 20 which corresponds to d-spacing of 15.1 A (Fig. . At this
point, only water and hydrated Ca?" cations are present in the interlayer. The calculated
d-spacing agrees with that of the simulated clay + water systems presented in Chapter 3
where it was concluded that CaMt always forms a bilayer hydrate interlayer at ambient
conditions, due to the high hydration capability of bivalent the exchange cation. Upon
introducing PEG200 into this system, the d-spacing of PEG/CaMt increases nearly linear
until it reaches a spacing of 18.8 A at 18 wt%. It then levels off, presumably showing the
limit of intercalation capability of Ca?*-cloisite® at room temperature and normal pressure.

Although there is strong agreement between these observations and previously published
data [41,139//140], it should be noted, that clays with a range of layer charge distributions
and purity were used by different research groups. Also, the preparation methods and
measurement conditions in the different laboratories can induce discrepancies in calculated
basal spacings of PEG /Mt intercalated nanocomposites.

Thermal Decomposition of PEG in Nanocomposites
The thermal stability of the formulated samples was investigated using the TGA tech-
nique. The thermograms (TG) and corresponding negative derivatives (dTG) for PEG/Mt

nanocomposites are presented in Figures [4.13] and [4.14] and were utilised to quantify the

amount of intercalated PEG and water present in the nanocomposites. Thermal decompo-
sition of the PEG/Mt nanocomposites proceeds as a multiple-step process: (i) weight loss
due to the release of water at temperature less than 225°C; (ii) decomposition of polymer
at 250-400°C forming monomers, small oligomers, and other decomposition products [41];
(iii) dehydroxylation of the Mt layer at ~ 700°C. These three processes are intrinsic for both
Nat exchanged and Ca?* exchanged montmorillonites, as revealed by the TG curves shown
in Figures [4.13(a)|and [4.13(b)| respectively.
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Figure 4.11: XRD patterns of PEG /Mt with 0-27 wt% PEG200 for a) Nat-cloisite® and b)
Ca%*-cloisite®
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The first major weight loss occurs between 35 and 150°C. The reciprocal dTG peak,

denoted as 1% peak in Figures |4.14(a)|and [4.14(b)| corresponds to the removal of water from

the samples. The amount of released water decreases as the PEG concentration increases
from 0 to 27 wt% (Fig. 4.15(a)| and 4.15(b), 1%° peak). This indicates that either some of
the water present in clay is being replaced by PEG200 [139] or that more compact water

aggregates are created which remain in place up to ~ 150°C |140]. A shoulder at ~ 140°C in
dTG curve of pure Ca?*-cloisite® (Fig. is due to the decomposition of the relatively
strong Ca?* hydration shells [41].

Adding as little as 3 wt% of PEG200 to both clays reveals a 2°¢ weight loss peak between
300°C and 400°C (Fig. 4.14). The intensity of this peak increases as the amount of PEG
in the nanocomposite increases — significantly, up to 7x for NaMt but to a much smaller
extent for CaMt (up to 1.5x). The weight loss curves associated with the 2°¢ dTG peak
(Fig.4.15)) correlate clearly to the shapes and progression of the corresponding XRD swelling
curves (Fig. . In particular, the weight loss curves of PEG/NaMt nanocomposites level
off between 12 and 18 wt% PEG200 content, which corresponds to a monolayer polymer
organisation within the interlayer. Further increase in PEG content results in a significant
increase in the weight loss associated with this. The corresponding weight loss of the CaMt
based nanocomposites, on the other hand, reaches a plateau at a lower PEG200 content
which corresponds to the formation of a PEG200 bilayer in the interlayer. Similar to the
swelling curve, further increase in PEG200 content does not influence the observed weight
loss.

Selected m/z chromatograms from the TG-MS data obtained from PEG/NaMt (27 wt%)
are presented in Figure m These indicate, that the 2" peak is due to decomposition of
water (m/z = 17) and PEG200 (m/z = 43,44,45). The large amount of water could be due
to strong association with PEG200 (in gallery or bulk) or exchangeable cations. It should
be noted, however, that the intensity of the m/z chromatograms does not necessarily relate
to the amount of species present in the sample, since various levels of responses can be
observed from different m/z ions. Therefore, taking into account all above said (particularly
the correspondence of the weight loss and d-spacing data), it can be concluded that the

appearance of a 2°¢ peak is due to the decomposition of intercalated water and polymer.

The third peak (Fig. becomes sizeable at PEG200 contents of 18 wt% for NaMt
and 12 wt% for CaMt. These loadings correspond to the formation of the bilayer inter-
layer structure for clays in both exchanged forms (Fig. [4.12(a)). The weight losses at these
corresponding temperatures are nearly linear, especially at high PEG content (Fig. [4.15]
3'd peak). In mass chromatograms at temperatures corresponding to the 3" peak on Fig-
ure[4.15] substantial amounts of water (m/z = 17) and products of PEG decomposition (m/z
= 43,44,45) are detected. One explanation of the 3' weight loss peak could be not fully
intercalated PEG, in which only a few polymer chain segments are occluded by the gallery
and the bulk of each molecule remains in solution [32].

A 4" weight loss peak is visible only for calcium exchanged montmorillonite (Fig.
and becomes sizeable at 9 wt% PEG200 content, which corresponds to a partially complete
bilayer interlayer structure (dgo; = 17.2 A) and increases with an increase in PEG200 content.
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Figure 4.16: Mass chromatograms obtained from volatile degradation products during the
thermal degradation of a PEG200/NaMt mixture (27 wt%)

The change in weight loss with increase in the amount of polymer gives a good linear fit
with formula 0.3301z — 0.9355 and R? = 0.9998. The position of this weight loss peak also
coincides well with the temperature of PEG200 decomposition (300°C). Taking into account
the linear weight loss behaviour at this temperature, it is fair to conclude that the 4" weight
loss peak corresponds to bulk PEG200 that reside outside of the clay galleries (supernatant
configuration). This configuration is specific for Ca*"-montmorillonite only and correlates
with previous experiment which showed that NaMt uptakes of PEG is greater than than of
CaMt |149]

The amounts of water and PEG200 for all studied samples, calculated on the basis of TG
curves and TGMS analysis, are presented in Table . Only the 1%, 274 and 3" weight loss
peaks (Fig. [4.14]) were taken into account here. It is rather important to recognise that these
values do not relate exclusively to intercalated media, as there is no direct way to distinguish
intercalated from supernatant adsorption configurations. CaMt retained a higher amount of
water for all studied samples, as expected from hydration analysis presented in Chapter 3.
For example, pure NaMt and CaMt contained 5.0% and 7.3% of water respectively. NaMt,
on the other hand, adsorbed higher amounts of polymer, giving adsorbed PEG loadings
very close to the percentages of offered polymer. As the PEG content in the nanocomposite
increased the amount of water decreased for both exchanged clay forms. This suggests that
PEG intercalates by replacing the free water molecules in the gallery as well as some water
that is directly coordinated to the exchangeable cations.
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Table 4.5: Amounts of PEG and water adsorbed from water solution on NaMt and CaMt,
as determined by thermogravimetry

NaMt CaMt
PEG200 H,O  PEG H,O  PEG
offered amount amount amount amount
(wt%) %) (%) %) (%)
0 5.0 - 7.3 -
3 4.1 3.8 5.4 2.7
12 1.2 10.2 2.2 9.1
18 0.5 17.3 15 15.8
27 0.4 923.6 1.1 21.0

Conclusions

Two types of commercially available bentonite clay were used to produce intercalated
polymer/clay nanocomposites with a wide range of PEG and water concentrations. This
was done to provide an evidence base for direct comparison with computer simulations of
similar systems that will be presented in the next section of this chapter. Also, additional
information on the processes involved in the collaborative intercalation of water and PEG
into clay minerals was required. Through the use of XRD analysis, particular attention was
paid to the interlayer structure of the formulated samples. Thermal stability and quantitative
analysis of adsorbed organic material was assessed by TG and TGMS analysis.

XRD analysis indicated significant expansion of both clays studied upon increase of
polymer content. Two stable polymer structures within the interlayer of NaMt were identified
—a monolayer and a bilayer. The exchangeable cation has a significant effect on the expansion
properties of montmorillonite. CaMt did not produce a stable monolayer, showing a linear
increase of basal spacing as the polymer content in the system increased, until a stable
bilayer polymer structure was created. The value of the d-spacing at 0 wt% of PEG200 was
on par with that found in the simulations of the hydration process of clay layers presented
in Chapter 3, indicating the presence of a bilayer hydrate in the CaMt interlayer even at low
relative humidity.

Experimental measurements of intercalated PEG /Mt nanocomposites showed that poly-
mer chains replace some of the adsorbed water, filling the space between hydrated exchange-
able cations. The amount of polymer adsorbed is influenced by the hydration enthalpy of
the exchangeable cation, indicating possible associations between those exchangeable cation
and the ether oxygen atoms of PEG chains. The uptake of PEG200 by NaMt is higher than
that by CaMt.

Finally, it should be noted that XRD analysis does not readily tell one the amount of
water or organic material in the interlayer of a clay mineral. Therefore, computer simulation
of similar nanocomposites can be useful in assessing these values. This will be discussed in
the following sections of this Chapter.
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4.3.3 Molecular Simulation of PEG /clay Intercalated System

Intercalated PEG /clay nanocomposites are well studied both experimentally and theo-
retically. The aim of the following section is to probe the applicability of developed potential
models to predict structural features of these materials. Morphological characterisation of
the polymer chains, competitive adsorption of water and polymer in the interlayer and de-
pendence of this process on the clay net layer charge and location will be discussed in detail

as well.

Swelling Energetics and Interlayer Structures

Figure presents the results of a series of simulations for the intercalation of PEG200
in the montmorillonite exchanged by Nat and Ca?" cations. The calculated basal spacing
of the clay complex is plotted as a function of polymer content along with experimental
data presented previously in this chapter. Carefully selected variable amounts of water in
the interlayer were based on experimental data obtained from TGA and TGMS calculations
(Table [4.5)), but a whole range of PEG and water interlayer concentrations were simulated
to probe the dynamics of the intercalation process. The simulations correctly predict a step-
wise swelling behaviour for NaMt. Two plateaux around PEG200 contents of 0.10 and 0.25
gPEG200/Eelay are observed (Fig. , which supports interlayer polymer organisation in
two extended layers parallel to the clay surfaces — monolayer and bilayer (Fig . More
importantly, for the first time we have achieved realistic basal spacings from simulation for
these two polymer arrangements. The first plateau on the swelling curve corresponds to a
monolayer organisation of polymer with a d-spacing of 14.5 A. This is an excellent match to
the experimental observations presented in the previous section as well as previous experi-
mental investigations. [32,41,138,/140,/150]. The simulated spacing that corresponds to the
bilayer polymer structure is approximately 0.5 A smaller than that obtained experimentally.

Similar to the clay hydration process, the exchangeable cation affects intercalation of
PEG significantly (Fig. . CaMt exhibits a nearly linear increase in d-spacing with
uptake of PEG200 until reaching a plateau at around 0.2-0.25 gpra200/8eay With a spacing
of 18.8 A. This plateau corresponds to formation of a bilayer polymer structure and again
matches experimental observations. At lower polymer content, the swelling curve for CaMt
is less accurate than for NaMt, however, the nearly linear swelling trend is similar to that
observed experimentally. The absence of a stable monolayer polymer structure in the inter-
layer suggests that level of uptake of PEG200 by CaMt is smaller when compared to that
by NaMt. Similar behaviour was observed experimentally, where the ratio of the uptake of
PEG1500 by NaMt to that by CaMt has been found to be about 2.3 [140,/149].

All previous simulation investigations of intercalated PEG /clay nanocomposites [32,/33]
02,198,/134, 141,144, |151] have underestimated the basal spacing values for monomer and
bilayer structures, obtaining 13.5 A and 16-16.5 A respectively. It should be noted, however,
that those did not consider water in the interlayer. Achieving realistic basal spacings for a
range of polymer loadings in the interlayer gives additional assurance that combination of
AMBER and TIP3P/Fs potentials used here provides effective performance in simulation
of hydrated polymer/clay nanocomposites. It is also noteworthy that a structural model of
relatively small size is able to replicate macro properties of studied systems.
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function of increasing poly(ethylene glycol) (PEG200) content in the interlayer. Amount of
water in the interlayer was selected according to experimental findings presented in

Table |71;5|

Preferential Intercalation of Poly(ethylene glycol) and its Morphologies

The effect of polymer molecular on the process of intercalation has also been studied.
Figure shows the simulated swelling curves of anhydrous NaMt upon intercalation of
PEG chains of various molecular weights — from 100 to 450 g-mol~!. PEG450 here represents
the limit of the chain length that can be used in conjunction with the developed clay model.
The extended chain length of this polymer is ~ 37 A, which is very close to the lateral
dimensions of the clay model. In order to avoid artificial "edge effects" through periodic
boundary conditions, this is the highest MW of PEG that has been used.
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Figure 4.18: Dehydrated NaMt with PEG of different MW

Swelling curves of all nanocomposites are characterised by step wise expansion similarly
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to that discussed in the previous section. Due to lack of water in the interlayer, d-spacings
for monolayer (~13.5 A) and bilayer (~16.5 A) polymer structures are smaller than those
obtained experimentally (Figure [14,/138,/140]. Nonetheless,they are in a very good
agreement with these from previous simulations of PEG/M¢t intercalated nanocomposites
[30,321,92,98.|134//141/[144//151]. Surprisingly, these intrinsic basal spacings are identical across
the full range of studied intercalated polymers. This was previously observed experimentally
[411140], where montmorillonite clays with intercalated PEG with MW of 600 and 6 x 10°
g-mol~! showed identical dgy-spacings. Likewise, Vaia et al. [152] showed that the MW of
the polymer only affected the rate of polymer intercalation but not the final layer spacing
of the nanocomposite. It was positive to see that simulation techniques are able to replicate
this behaviour. From a simulation point of view, the number of polymer chain monomers in
the clay gallery remains constant regardless the polymer MW. At a given polymer content
in the interlayer, the higher MWpgg has fewer intercalated molecular chains, which results
in the same total energy of the system and, subsequently, similar basal spacings for the full
range of PEGs.

Simulation has also suggested preferential intercalation of higher MWpgg polymer chains.
This is indicated as a shift to lower PEG content values of the monolayer to bilayer transition
with increase of MWpgg (Fig. . A similar effect was recently observed by Chen who
investigated the intercalation dynamics of PEGs with MW of 4000 and 35000 g-mol™! in
montmorillonite |[140]. The author attributed this behaviour to specific conformations that
PEG chains form with the exchangeable cations and clay surface. Although, montmorillonite
is generally hydrophilic (Chapter, the basal Si-O groups in the spaces between hydrated
cations in clay interlayers are relatively hydrophobic and PEG is preferentially adsorbed on
these sites [41]. The low molecular weight polymer has a larger number of hydrophilic (OH™)
end groups than the high one, and this was thought to facilitate the energetically preferential
intercalation of high molecular weight polymer. Additionally, longer polymer chains can form
bridges linking the silicate layers and spreading them apart, thus forming a bilayer structure
even at low PEG content.

This conclusion was supported by our morphological investigation of intercalated polymer
chains as a function of clay type and clay layer charge structure. The root mean square end-
to-end distances of intercalated PEG200 molecules as a function of layer position and type
of clay are listed in Table[4.6] The limited number of interlayer PEG chains in these systems
mean it is not possible to plot appropriate end-to-end distribution functions similar to those
presented for exfoliated polymer/clay nanocomposite system because of statistical inaccu-
racy (Fig. . As shown in Table , there is a strong correlation between the layer charge
distribution and the root mean square end-to-end distance of polymer chains. Overall, it in-
creases with clay layer charge, indicating the transformation from coiled or "Saturn ring" like
polymer /cation conformation (Fig. to extended linear conformation (Fig. [4.19(b)]).
Obviously, higher clay layer charge requires higher number of exchangeable cations in the
interlayer which, in turn, reduces the average distance between neighbour cations. Con-
sequently, PEG200’s chain length is ultimately sufficient to link two neighbouring cations,

and this mechanism promotes more linear extended conformations. This interpretations is
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further supported by the fact that polymer end-to-end distances in CaMt are significantly
lower than those in NaMt due to the number of Ca?* cations in the interlayer. Therefore, a
coiled polymer/cation conformation is preferable in the interlayer of CaMt. Smaller polymer
end-to-end distances in the interlayer of tetrahedrally charged clay indicate prevalence of
"crown" like conformations, wherein a cation is coordinated by coiled polymer chains from

one side and by basal oxygens from another (Fig. [4.20]).

Table 4.6: Root mean end-to-end distance of PEG200 chains intercalated in various clays

NaMt CaMt
Oh Th Oh Th

87 meq 8.2£02 6.5+£0.1 83+£05 82+£0.2
104 meq 129+04 124+£04 95+04 79405
113 meq 141+0.3 15.0£0.6 10.5+0.2 9.8+0.6

CEC

Figure 4.19: Fragments of NaMt surface (110) of intercalated PEG200/M¢t system showing

predominant polymer conformations in (a) low charge clay — "crown" conformation and (b)

high charge clay — "planar extended" conformation. Overlapped trajectories are shown over
last 500 ps. Colours as in Figure @

To quantify correlation between the polymer conformation and the clay layer charge,
we have developed a code that calculates the fraction of each polymer—cation conformation
on the basis of the root square end-to-end distance of the PEG chain, the nature of the
polymer—cation linkage (ether oxygens or OH™ end groups) and the relative position of their
centres of mass. Four individual polymer conformations were distinguished: (i) "Saturn ring";
(ii) "Crown'; (iii) Planar extended and (iv) Non-planar extended. These conformations are
illustrated in Figure and their fractions in each PEG200/Mt nanocomposite are given
in Table .7, It should be noted that, due to limited statistics, these values can change
when the size of simulated model is increased and more polymer chains are present in the
interlayer of the clay. Nonetheless, the values in Table [4.7] indicate a clear trend of polymer
conformation dependence on the type of clay.

As shown in Figure m, polymer /clay nanocomposites based on low charge clay is char-

acterised by predominant polymer conformations in form of "Saturn ring" and "Crown" with
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Table 4.7: Percentage of characteristic polymer conformations in bilayer polymer structure
( 0.25 gPEG200/Eclay)

. 87.0 meq 104.4 meq 113.1 meq
Polymer conformation type oL Th oL Th oL Th
"Saturn ring' 69.5 329 19.1  12.7 5.0 14.6
"Crown" 24.1 67.1 10.0 13.0 13.7 10.2
Planar ext. 6.4 0 55.6 33.4 62.2 49.9
Non-planar ext. 0 0 15.3 40.9 19.1 253

latter more often occurring in tetrahedrally charged clays, due to their partial coordination
of the exchangeable cation by the oxygens of mineral surface (Fig . Increase of layer
charge, however, increases the fraction of linear extended conformation, both planar and
non-planar. Here, "planar polymer conformation" refers to polymer chains absorbed parallel
to the basal surface, and "non-planar conformation" to chains which bridge the silicate layers
(Fig. 4.20). When a polymer creates a "bridge' between adjacent clay layers, the resultant
basal spacing is larger for the given PEG content in the interlayer as shown in Figure [£.20]
This illustrates the mechanisms of preferential adsorption of a high molecular weight poly-
mer discussed earlier, that is when it is easier to bridge clay layers for a longer polymer
chain, thus enabling the layer to spread apart sooner. The small fraction of "Saturn ring"
conformations in high charge clays with positive charge deficit in the octahedral sheet is
due to the position of the exchangeable cations in the dodecahedral cavities of the mineral
surface, similar to that described in Chapter 3 of this thesis.
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Figure 4.20: Influence of magnitude and location of clay layer charge on the interlayer
conformations of PEG200
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4.4 Conclusions and Chapter Summary

In this chapter, computational and experimental techniques were applied to investigate
exfoliated and intercalated polymer/clay nanocomposites. For much of this work, PEG200
was utilised because of the restrictions imposed by the size of the clay model and experimen-
tal evidence that it is readily intercalated into the smectite minerals. Moreover, PEG200
showed great plastification properties - the reason to use it when creating paper coatings.
Particular attention was paid to the structure of the formulated nanocomposites, and the in-
fluence of clay layer charge on the polymer morphologies adopted. The model of PEG200/Mt
nanocomposites has proved both experimentally and theoretically to be successful at repro-
ducing the structural and thermodynamic properties of all studied nanocomposites. There-
fore, the simulation methods can be considered an asset in investigating structurally realistic
polymer /clay nanocomposites.

An ordered structure of PEG polymer chains parallel to the clay surface was observed
in the computational model of PEG /Mt system that approximates the exfoliated nanocom-
posite. At least five successive PEG chains layers were seen, indicating the strong influence
of the clay mineral surface on the polymer interface. The polymer layer closest to the basal
surface of the clay exhibits the least translational motion and shows a tendency to increase
the surface area in contact with the clay surface. This is especially evident in nanocomposites
based on NaMt and with charge deficit in the octahedral sheet. Immobilisation of adsorbed
polymer chains and formation of strong complexes with exchangeable cations very probably
contributes to the reduced permeability of gasses and vapours in clay nanocomposites, by
creating a more tortuous path for permeating molecules.

Experimentally obtained intercalated PEG200/Mt nanocomposites provide evidence of
having increasing basal spacing with increased PEG200 content. Two stable polymer struc-
tures within the interlayer were identified — a monolayer and a bilayer. The exchangeable
cation, however, has a significant effect on the dynamics of polymer intercalation — the up-
take of PEG200 by Na® exchanged montmorillonite is noticeably higher than that of Ca?*
exchanged montmorillnoite. It was also shown that polymer chains replace some of the
adsorbed water, filling the space between hydrated exchangeable cations. The amount of
polymer adsorbed is controlled by the hydration enthalpy of the exchangeable cation, indi-
cating possible associations between the exchangeable cation and the ether oxygen atoms of
the PEG chains.

PEG /Mt nanocomposites spanning a range of molecular weights (100 to 450 g-mol™!)
and a range of loadings (0 to 40 wt%) were simulated. In each case dgg;-spacing of the
clay increased, regardless of molecular weight, to 13.5 A and 16.5 A for monolayer and bi-
layer structure respectively. The clay containing higher molecular weight PEG was more
stable in water. It was also found that montmorillonite mineral preferentially absorbs the
high molecular weight fractions of PEG. From an engineering point of view, these results
are significant because they suggest that nanocomposites with better barrier and mechan-
ical properties could be obtained by controlling molecular weight distribution to avoid low
polymer fractions.
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5 Synergistic Adsorption of Poly(ethylene glycol) and Amylose

onto Montmorillonite

In the previous chapter, a detailed study of one-component polymer/clay nanocompos-
ites was presented. It was recently reported [19] that synergistic coexistence of two ogranic
materials in the interlayer of smectites, in particular poly(ethylene glycol) and starch signifi-
cantly enhances the water and oxygen barrier properties of this polymer /clay nanocomposite.
Structural investigation of polymer/clay intercalated nanocomposites containing more than
one organic compound is very difficult, if at all possible experimentally. It is, therefore, both
interesting and relevant to investigate the energetics and dynamics of adsorption of binary
mixture of poly(ethylene glycol) and starch onto hydrated montmorillonite clays. Conven-
tionally, poly(ethylene glycol) acts as a plasticiser for otherwise very brittle starch/clay
nanocomposite.

This chapter presents results of simulations series of starch/clay nanocomposite with and
without presence of poly(ethylene glycol) in the interlayer with relation to the barrier prop-
erties of formulated composite. Particular attention was paid to the structural confinement
of PEG and starch in the interlayer and investigation into the effect of clay layer charge
environment on them.

In the beginning, structure of PEG /starch blend from MD simulation will be presented.
Later, swelling dynamics and energetics of binary starch/clay system will be shown.

5.1 Introduction

The applications of disposable oil-based plastic materials are increasing significantly and
have let to serious ecological problems as being non-biodegradable and non-renewable. The
search for renewable materials to replace these materials is an intense search field. In the
domain of packaging applications, for instance, thermoplastic starch is one of the promising
biopolymer materials, because it is renewable, low in price, fully biodegradable and rather
importantly, approved for food contact [20-23,153-159]. The incorporation of clay minerals
into different polymeric matrices has drawn a particular interest due to their potential to
improve the barrier properties of formulated coatings. When montmorillonite clay was added
to starch polymer matrix, the barrier properties were significantly improved [159).

The clay type and, in particular, layer charge distribution, however, has significant effect
on the barrier properties of formulated coatings. In some studies addition of Mt sometimes
had no effect or even a slight negative effect on the resultant barrier properties [160-162].
One explanation of that has been difference in the polymer intercalation dynamics for var-
ious Mts [19,[23]. It was concluded that starch-PEG /clay based coatings would have good
barrier properties only when both starch and plasticiser coexist in the interlayer of clay.
Adsorbed PEG onto the Mt surfaces forms a strongly constrained layer with very low oxy-
gen permeability [23]. The organisation of plasticiser and bio-polymer in the clay interlayer,
however, is not accessible through experimental techniques. Therefore, molecular simulation
of PEG-starch/clay nanocomposites may provide insight on the nanocomposite interlayer
structure in relation to the clay type, and, as a result on the mechanism of the formation of
coatings with high barrier properties.

Starch is one popular natural polymer material due to the fact that it can be easily
produced from plants, e.g. potato, corn, cassava etc. [163]. Starch consists of two types
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of molecules: amylose (denoted as AML) and amylopectin. It it generally accepted that
amylose is amorphous polymer whereas amylopectin has semi-crystalline structure [163].
Through analysis of the XRD traces of the thermoplastic starch plasticised with urea, it was
shown that freshly prepared nanocomposite contained starch in its amorphous form [164].
Therefore, for our computer simulations we created a model of amorphous amylose, which
will be use throughout of this Chapter to represent starch/clay interactions. Amylose is a
spiral polymer made up of D-glucose units, the DFT-optimised structure of which is shown
in Figure 5.1l Each molecule of amylose in the developed model consisted of five D-glucose
units resulting in total molecular weight of 828.7 g-mol~'. It is rather unrealistically small
fraction of the amylose molecule found in nature, however for the sake of better statistics (as
more AML molecules will be present in the interlayer at the given AML/clay weight ratio)
and due to scale of clay model, we accept this approximation. Later we will provide evidence
of appropriateness of selecting such a small molecule. Computational model of AML was
parametrised by the same potential set as PEG.
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Figure 5.1: Graphical representation of amylose of MW = 828.7 g-mol~! (PEG200).
Colours: C cyan; O red; H white

5.2 Simulation Details

The construction of simulation cells for AML/Mt and AML-PEG /Mt nanocomposites is
identical to that described in Chapter 5. The initial binary and tri-systems were constructed
by randomly distributed AML or AML and PEG200 molecules with pre-equilibrated water
molecules at desired ratios. Starting amylose and water content for AML/Mt system was
0.7 gaML/8clay and 0.07 gm,0/gclay respectively. Water content of 7 wt% is reported from
experimental observation of starch based clay nanocomposites . For AML-PEG /Mt sys-
tem, a broad range of PEG200 and H,O concentrations, ranging from 0 to 0.35 gpra200/8clay
(0 to ~7.1 PEG200-uc™t) and 0 to 0.2 gi,0/8cay (0 to ~16.5 HyO-uc™t) respectively were
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used.

The procedure of simulation cell construction, energy minimisation and annealing simu-
lations, production runs and selection of equilibration points are identical to that described
in Chapter 4 (Section , so we will not repeat the description of this workflow here again.
Constructed equilibrated simulation cells for binary AML/Mt and tri-system AML-PEG/Mt
are presented in Figures and respectively.

To study the thermodynamics of the intercalation of amylose in the clay, the potential
energy of bulk AML is required. The procedure to obtain equilibrium configurations of the
pure amylose material is described as follows: (i) the material chains were randomly dis-
tributed in a large simulation box; (ii) After energy minimisation, the system was quenched
from 1000 K to 300 K with a cooling rate of 50 K per ps at 1 atm in the NPT ensemble;
(iii) finally, the MD simulation was performed at 300 K and 1 atm for 500 ps to obtain
the equilibrium state; (iv) structures which reached the equilibrium state were then used to
calculate the potential energy of the bulk AML system.

Adsorption of Clays with various charge distributions and exchange cations were The
adsorption analysis employs a simple model of montmorillonite — amylose interface, contain-
ing one layer of Mt and one single chain of AML. MD simulations were used in order to
investigate the adsorption process of AML on hydrated clays and influence of clay charge
location on this process. The simulation cell of this model is shown in Figure [5.4 The free
energy of adsorption was calculated from potentials of mean force (PMF).

Each AML was placed parallel to the selected Mt surface with its centre of mass at a
distance of 3.5 A above the surface. Two main orientations of amylose molecule were con-
sidered — parallel to [100] direction (Fig.[5.5(a))) and parallel to [010] direction (Fig. 5.5(b)]).
Thereafter, into each system 2400 of pre-equilibrated HoO molecules were added (Fig. |5.4)).

All simulations were performed in NPT ensemble at 300 K and 1 atm. The timestep was
1 fs. Simulation lasted for 10 ns. The data from final 5 ns was used for analysis. All bonds
were constrained.

The equilibration was established through monitoring two parameters — structural and
energetical stability. Structural stability of a molecule was assessed by calculating the root-
mean-square deviation (RMSD) of AML molecule.

Energy stability was judged by the total instantaneous interaction energy between the
AML and Mt, which is defined as:

Eii(t) = Eappsme(t) — Eanr(t) — Eae(t), (5.1)

where Fj,; refers to the interaction energy between the AML and Mt, Eanrian is the
total energy of the AML and Mt, and F 4y, and E) are the internal energies of AML and
Mt, respecitvely. The instanteneous RMSD of the AML and interaction energy between the
AML and Mt are presented in Figures |5.6(a)[ and [5.6(b)| respectively. Here, data for 104.4
meq NaMt with octahedral charge is shown. All twelve studied models reached equilibration

at around 4 ns of the MD simulation. Therefore, the data from final 5 ns was used for
analyses.
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NVT production runs
with vacuum gap

NPT equilibrated configuration

Figure 5.2: Snapshots of equilibrated configurations of AML/clay intercalated
nanocomposite obtained in NPT and NVT MD simulations. NaMt interlayer consists of 8
AML molecules (0.28 gamr./8clay) and 100 HoO molecules (0.07 gH,0/gclay). Colours: Na

blue; Si yellow; Mg cyan; Al pink; C cyan; O red; H white

. |

NVT production runs

NPT equilibrated configuration with vacuum gap

Figure 5.3: Snapshots of equilibrated configurations of AML-PEG /clay intercalated
nanocomposite obtained in NPT and NVT MD simulations. NaMt interlayer consists of 4
AML molecules (0.14 gamr,/8elay), 26 PEG200 molecules (0.21 gpra200/8clay) and 100 HoO

molecules (0.07 gH,0/8clay). Colours as in Figure
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Figure 5.4: Starting structure of the AML /Mt adsorption model. The centre of mass of
single amylose molecule in aqueous environment is positioned at 3.5 A above the clay
surface. Colours as in the Figure

Figure 5.5: Definition of the AML orientations of te AML/M¢t adsorption model. The
amylose molecule is oriented along (a) [010] and (b) [100]. Colours as in Figure
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Figure 5.6: Variation of (a) Eiy and (b) RMSD of amylose molecules adsorbed onto 104.4
meq NaMt with octahedral charge in different adsorption configurations with simulation
time

5.3 Results and Discussion

Unfortunately, to date, there are no research papers investigating interaction of starch
or its constituents with aluminosilicate minerals using computational techniques. There-
fore, obtained results will be compared with experimental investigations of PEG-AML /clay
systems where possible.

5.3.1 AML/Mt binary system
Thermodynamics of the Intercalation

In order to study the thermodynamics of the intercalation of amylose in the clay, the
change of potential energy during this process was calculated. Being multicomponent system,

the relation of reactants and products of AML/Mt-HO nanocomposite intercalation can be
expressed by following equation:

Mt — HyO + AML —s AML/Mt — Hy0, (5.2)

Where hydrated montmorillonite (Mt-H,0O) and Amylose (AML) are reactants, and in-
tercalated nanocomposite (AML/Mt-H50) is the product. The change of energy during the
reaction of intercalation can be calculated as follows:

AE = Z EPTOdUCtS - Z Ereactants (53)

or

AE = Eaprnme—w0 — Evie—m0 — Eamr (5.4)

The calculation of AE for this reaction requires computation of the potential energy of
all reactants. The potential energy of hydrated montmorillonite was taken from simulations
presented in Chapter 3 of this thesis. To obtain the potential energy of bulk AML, a simula-
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tion cell consisting of randomly distributed 100 AML molecules was constructed, equilibrated
and simulated in NPT ensemble at 300 K and 1 atm (Fig. [5.7). The resultant density of
the pure AML was calculated as 1.41 g/cm?, which is very close to the experimental value
of 1.43 g/cm3 and exactly matches simulated density of bulk AML parametrised by
COMPASS force field [163]. This gave us reassurance, that selected MW of AML in this

work is able to reproduce at least structural parameters of real amylose system.
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Figure 5.7: Simulation cell for molecular dynamics simulations of amorphous AML
containing 100 molecules. Simulation was equilibrated at 300 K and 1 atm

Swelling Dynamics and Interlayer Structure

Similar to simulation series presented in Chapter 4 and 5, investigation into the effect
of clay layer charge on the amylose intercalation process is presented here. A total of 12
simulated swelling curves for NaMt and CaMt models are shown in Figures and
respectively. Error bars based on standard deviation calculated from block averaging over
the last 1 ns of simulations are less than data symbol, therefore are not visible on the plots.

87.0 meq 104.4 meq 113.1 meq

d-spacing, A
e oN NN
= 8 N R

—
o

8 14+ —4=—0h1—] 14 - —— i

—=— Th —=— Th —=— Th

-
IS

o
N
1
o
N
1
o
N
1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Amylose content, g/g Amylose content, g/g Amylose content, g/g

clay clay clay

Figure 5.8: Swelling curves of NaMt as a function of amylose content in the interlayer from
MD simulations at 300 K and 1 atm. Swelling curves are shown for clays with various net
charge distribution
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Figure 5.9: Swelling curves of CaMt as a function of amylose content in the interlayer from
MD simulations at 300 K and 1 atm. Swelling curves are shown for clays with various net
charge distribution

Unlike swelling curves of hydrated montmorillonite or PEG/M¢t systems, intercalation
of amylose in the Mt do not suggest formation of highly ordered polymer structures within
the interlayer. Most simulated clays swell gradually with increase of polymer content in
the interlayer until reaching an "equilibrated" basal spacing of ~21-22 A. Similar d-spacings
were observed by many experimentalists who were investigating intercalation of starch in
montmorillonites under ambient conditions [19}22,/160,[161]. This is revealed as a plateau
at higher AML content on all simulated swelling curves (Fig. 5.8l and [5.9). It is very impor-
tant result obtained from simulation and indicates the preferable interlayer organisation of
amylose, evidences of which will be provided during the course of this chapter.

Another peculiar conclusion that can be drawn from the simulated swelling curves is that
spacings of AML/Mt nanocomposites based on the low charge clays are overall higher by
approximately 0.9-1.2 A in the region of 0.3 gamr/gclay than those that are based on the high
charge clays. Similar conclusion was drawn from investigation of barrier properties of starch-
clay nanocomposites based on various clay types [22,[140,/157]. There are evidences that high
charge clay do not uptake starch in the interlayer at all [160]. It is, however impossible to
investigate directly by the methods presented here, as content of ogranic material in the
interlayer is fixed and cannot escape from the clay gallery.

Clays with isomorphous substitutions occurring in tetrahedral sheet (Th charge) produce
higher basal spacing compared to those with charge deficit in the octahedral sheet (Oh
charge). The reason for that is primarily due to the distribution of exchangeable cation
within the interlayer of AML /Mt nanocomposite which is illustrated in Figure as atomic
density profile along the c-axis normal to the basal surface of clay. Strong association between
exchangeable cations and substitution sites in the tetrahedral sheet of clay, and low diffusivity
of cations and amylose, results in most of them being located between the clay layer and
amylose molecules. Additionally, exchangeable cations in the high charge clay with charge
deficit in the octahedral sheet form anhydrous adsorption complex more readily, similar to
that described in Chapter 4 and shown in Figure . This opens up space for organic
material, leading to overall smaller basal spacing.

Distribution of carbon atoms for all studied systems suggests formation of pseudo bilayer
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Figure 5.10: Atomic density profiles from MD simulations at 300 K and 1 atm for
AML/NaMt nanocomposite. Amylose backbone carbon atom (Canr, - blue curve), sodium
(Nat - black curve) and water (Oyater - Ted curve). Left to right increases clay layer charge

of starch in the interlayer. Amylose can produce larger number of conformations than PEG,
therefore its ADPs are so distorted (Fig. . Interestingly, even at relatively low water
concentration (~0.07 gu,0/8clay), @ water bilayer is found in the interlayers of all samples.
It is expelled from the middle of the interlayer and distinct, sharp OW peaks are positioned
between the basal surface of clay and layer of AML indicating hydrophilic nature of amylose
and formation of a network of hydrogen bonds. Similar behaviour is right for the divalent

exchangeable cations.
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General Conclusions

The theoretical and experimental research carried out in the PhD thesis led to the fol-

lowing considerations:

1. New scientific results of theoretical and applied importance in the field of biopoly-
mer technology for food packaging have been obtained. Potential biopolymer models
based on polyethylene glycol, amylose and Na™*- and Ca?T-montmorillonite clays were
developed and optimised. The research carried out allowed to describe the molecular
structure of the composites in order to improve the barrier properties of the layers
deposited on the basis of these biodegradable bio-composites, subchapters 3.2.1-3.2.2
(SIMINEL N. et al., 2022).

2. Based on the analysis of the main simulation techniques applied to the polymer /clay
composites model, the molecular simulation method of the intermediate layer was
selected, which is justified by creating a reliable barrier that can be applied to a wide
range of interfaces. Model validation was performed by applying the experimental
techniques of conventional X-ray diffraction (XRD), thermogravimetric analysis (TGA)
and thermogravimetry coupled with mass spectrometry (TGMS), subsections 2.1-2.3
(GURIEVA G. et al, 2022).

3. Experimental and computational investigations of polyethylene glycol/clay nanocom-
posites allowed to describe the swelling behavior of selected clay minerals in the pres-
ence of plasticizer and the relative affinity of water and polymer for different cations.
The experimental results corresponded to the model both qualitatively and quantita-
tively, demonstrating that the swelling of the clay layers occurs gradually, with the
formation of plateaus around water contents of 0.1 and 0.2 gp,o0/clayname. For CaMt
only one plateau was found at 0.15 p,0/claycams, subchapters 4.2.1-4.2.2 (SIMINEL
N., no.1, 2023).

4. Tt was found, that rotational disorder influences both the internal energy of the clay
layers and the basal distance. Hydrated clay and clay with water and PEG interca-
lated showed rotational resistance by increasing potential energy and extending basal
distance (0.1-0.2 A ). Disorder was energetically favorable in the case of dry clay, but
involved decreasing internal energy and interlayer distance (about 0.1 A ). Mutual
rotation of basal surfaces generates a configurational pattern. The distribution of in-
terlayer molecules (water and PEG) and counterions corresponds to the Moire model,
subsection 4.3.1 (SIMINEL N. et al., 2018).

5. It was found that the Mg?" /Al>* substitution occurs in the octahedral substrate of the
clay and the AI**/Si** substitution occurs in the tetrahedral substrate, leading to two
different swelling profiles. The substitution site influences the distribution of interca-
lated water and polymer molecules as well as counterions. In the Na-MMT system the
PEG conglomerates are disordered in the interlayer space. In the ternary Ca-MMT
system, they are organised and PEG conglomerates avoid isomorphic substitution cen-
tres, while cation-water complexes are positioned near these centres. Phyllosilicates
with a higher number of tetrahedral substitutions have a higher capacity to retain PEG
molecules, subsection 4.3.3 (SIMINEL N. et al., 2017).

6. The polymer layer adjacent to the basal clay surface shows minimal translational
motion and tendency to concretization with the clay surface, especially NaMt-based
nanocomposites with charge deficit in the octahedral substrate. Immobilization of
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adsorbed polymer chains and formation of complexes with exchangeable cations con-
tribute to reduced gas and vapour permeability by creating a more convoluted pathway
for permeable molecules. PEG/Mt nanocomposites with a molecular mass of 100-450
g-mol ™ and intercalated PEG content from 0 to 40% are bistratal, with dgg; distances
of 16.5 A | subsection 3.2.3 (SIMINEL N., 2019).

7. It was found, that the mineral montmorillonite preferentially adsorbs PEG fractions
with high molecular mass. Clay with higher molecular weight PEG content also showed
higher stability towards water. From an engineering point of view, these results sug-
gest, that nanocomposites with better barrier and mechanical properties could be ob-
tained by controlling the molecular mass distribution to avoid small polymer fractions,
subsection 4.3.2 ( LASCOVA-BACIU R et al, 2018)

8. It has been shown, that phyllosilicates with a layer charge < 0.4 electrons per stoichio-
metric unit can intercalate starch into the interlayer space, forming a barrier for water
vapour in the coating layer. Phyllosilicates with a layer charge of > 0.4 electrons per
stoichiometric unit were not able to intercalate starch. The water vapour transfer rate
(WVTR) for similar coatings prepared from higher charge bentonites was 3-4 times
higher (35 4+ 7 g-m?-day™!) than for phyllosilicates with a layer charge < 0.4 electrons
per stoichiometric unit. Thus, a dry food packaging material has been proposed, which
provides limited water vapour transfer rates of 8 4+ 2 g-m?-day™!, subsections 5.2-5.3
(SIMINEL N., 2022; SIMINEL N., no.2, 2023).

Recommendations

The research carried out in the framework of the PhD thesis allowed to recommend
the optimal methodology for planning and obtaining nanocomposites based on polyethylene
glycol, amylose and Na™- and Ca?t-montmorillonite clays for the manufacture of coatings
for food packaging. Recommended:

1. Coarse-grained model. Model for clay minerals and polymer molecules.

A big problem in modeling physical material processes is the time scale and length scale.
In this context, simulations of PEG molecule interaction using Coarse-Grained potentials are
recommended, which are more than 5 times faster than when using fully atomistic potential
models. This can provide a significant performance gain in simulating large-scale systems.
To parameterize the CG model of the clay, the use of the VOTCA potential is recommended.
In this model, the interface clay layer fragments do not differ from the internal ones. This
is the point where the model is to be improved and the wetting properties of the interfaces
should be analysed.

2. Starch intercalation and open surface enhancement in water and carbon
dioxide adsorption.

In experiments it was found that smectite layers are not purely continuous, but naturally
include discontinuities and breaks due to cracks and defects. Therefore, it is also recom-
mended to investigate surfaces in other geometrical directions, such as 010 and 100, which
include reactive sites. In the case of exposure to interbedded species, these may have an
impact on the behavioural response of the clay. Therefore, in future research edges of layers
should be considered to study different reactive clay surfaces and how they can enhance
swelling.
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Concluzii Generale

Cercetarile teoretice si experimentale realizate in cadrul tezei de doctorat au condus la

formularea urmatoarelor consideratii:

1. Au fost obtinute rezultate stiintifice noi de importanta teoretica si aplicativa in dome-
niul tehnologiei biopolimerilor, destinati fabricarii ambalajelor pentru alimente. Au
fost dezvoltate si optimizate modele potentiale de biopolimeri pe baza de polietilengli-
col, amiloza si argile Na™- si Ca?"-montmorillonit. Cercetarile efectuate au permis de a
descrie structura moleculara a compozitelor in vederea imbunatatirii proprietatilor de
bariera ale straturilor depuse pe baza acestor materiale bio-compozite biodegradabile,
subcapitole 3.2.1-3.2.2 (SIMINEL N. et al., 2022).

2. In baza analizei principalelor tehnici de simulare aplicate modelului de materiale com-
pozite polimer/argila a fost selectata metoda de simulare moleculara a stratului inter-
mediar (SM), care este justificata prin crearea unei bariere de incredere, ce poate fi
aplicata unei game largi de interfete. Validarea modelului a fost realizata prin aplicarea
tehnicilor experimentale de difractie conventionala de raze X (XRD), analiza termo-
gravimetrica (TGA) si termogravimetria cuplata cu spectrometria de masa (TGMS),
subcapitole 2.1-2.3 (GURIEVA G. et al, 2022).

3. Investigatiile experimentale si computationale ale nanocompozitelor polietilenglicol /argila
au permis descrierea comportamentului de gonflare a mineralelor argiloase selectate
in prezenta plastifiantului si afinitatea relativa a apei si polimerului pentru diferiti
cationi. Rezultatele experimentale au corespuns modelului atat calitativ, cat si canti-
tativ, demonstrand ca gonflarea straturilor de argila are loc in mod treptat, cu formarea
de platouri in jurul continutului de apa de 0,1 si 0,2 gn,0/claynans. Pentru CaMt s-a
constatat doar un singur platou la 0,15 g,0/claycawms, subcapitole 4.2.1-4.2.2 (SIMINEL
N., no.1, 2023).

4. S-a constatat, ca dezordinea rotationala influenteaza atat energia interna a straturilor
de argila, cat si distanta bazala. Argila hidratata si argila cu apa si PEG interca-
late au prezentat rezistenta la rotatie prin cresterea energiei potentiale si extinderea
distantei bazale (0,1-0,2 A ). Dezordinea a fost favorabila din punct de vedere energetic
in cazul argilei uscate, dar implica scaderea energiei interne si a distantei dintre stra-
turi (aproximativ 0,1 A ). Rotatia reciproca a suprafetelor bazale genereaza un model
configurational. Distributia moleculelor interstrat (apa si PEG) si a contraionilor core-
spunde modelului Moire, subcapitol 4.3.1 (SIMINEL N. et al., 2018).

5. S-a constatat, ca substitutia Mg?T/AI*T are loc in substratul octaedric al argilei, iar
substitutia A3+ /Si** are loc In substratul tetraedric, ceea ce conduce la doud profiluri
de gonflare diferite. Locul de substitutie influenteaza distributia moleculelor de apa si
de polimer intercalate, precum si a contraionilor. In sistemul Na-MMT conglomeratele
de PEG se afli dezordonate in spatiul interstrat. In sistemul ternar Ca-MMT, acestea
sunt organizate, iar conglomeratele de PEG evita centrele de substitutie izomorfe, in
timp ce complexele cation-apa se pozitioneaza in apropierea acestor centre. Filosili-
catele cu un numar mai mare de substitutii tetraedrice au o capacitate mai mare de a
retine moleculele de PEG, subcapitolul 4.3.3 (SIMINEL N. et al., 2017).

6. Stratul de polimer invecinat cu suprafata bazala a argilei prezinta miscare de translatie
minima si tendinta de concrestere cu suprafata argilei, in special nanocompozitele pe
baza de NaMt, cu deficit de sarcina in substratul octaedric. Imobilizarea lanturilor
de polimeri adsorbiti si formarea de complecsi cu cationi schimbabili contribuie la
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reducerea permeabilitatii gazelor si vaporilor, prin crearea unui traseu mai intortocheat
pentru moleculele permeabile. Nanocompozite PEG /Mt cu o masa moleculara 100-450
g-mol™ si continutul de PEG intercalat de la 0 la 40% sunt bistratale, cu distante dgo
de 16,5 A | subcapitolul 3.2.3 (SIMINEL N., 2019).

7. S-a constatat, ca mineralul montmorilonit absoarbe preferential fractiunile de PEG
cu masa moleculara mare. Argila cu un continut PEG cu masa moleculara mai mare
a prezentat si o stabilitate mai inalta fata de apa. Din punct de vedere ingineresc,
aceste rezultate sugereaza, ca nanocompozitele cu proprietati de bariera si mecanice
mai bune ar putea fi obtinute prin controlul distributiei masei moleculare pentru a
evita fractiunile mici de polimeri, subcapitol 4.3.2 ( Lascova-Baciu R et al, 2018).

8. S-a demonstrat, ca filosilicatii cu o sarcina de strat < 0,4 electroni pe unitate stoe-
chiometrica pot sa intercaleze amidonul 1n spatiul interstrat, forméand o bariera pentru
vaporii de apa in stratul de acoperire. Filosilicatii cu o sarcina de strat de > 0,4 elec-
troni pe unitate stoechiometrica nu au fost capabili sa intercaleze amidonul. Viteza de
transfer a vaporilor de apa (WVTR) pentru acoperiri similare, preparate pe baza de
bentonite cu Incircaturd mai mare a fost de 3-4 ori mai mare (35 + 7 gm?-zi'!') decit
in cazul filosilicatilor cu o sarcina de strat < 0,4 electroni pe unitate stoechiometrica.
Astfel, a fost propus materialul pentru ambalaj a produselor alimentare uscate, care

asigura viteze limitate de transfer a vaporilor de apa 8 + 2 g-m?-zi!, subcapitole 5.2-5.3
(SIMINEL N., 2022; SIMINEL N., no.2, 2023).

Recomandari

Cercetarile realizate in cadrul tezei de doctorat au permis de a recomanda metodolo-
gia optimala pentru planificarea si obtinerea nanocompozitelor pe baza de polietilenglicol,
amiloza si argile Na*- si Ca?t-montmorillonit, destinate fabricirii acoperirilor pentru am-
balaje alimentare. Se recomanda:

1. Modelul cu granulatie grosiera. Model pentru minerale de argila si
molecule de polimeri.

O mare problema in modelarea proceselor fizice materiale este scara de timp si scara de
lungime. In acest context, se recomanda simulirile interactiunii moleculelor de PEG folosind
potentialele Coarse-Grained, care sunt de peste 5 ori mai rapide decat atunci cand se uti-
lizeaza modele de potential complet atomistice. Acest lucru poate oferi un castig semnificativ
de performanta in simularea sistemelor la scara mare. Pentru a parametriza modelul CG al
argilei, se recomands utilizarea potentialului VOTCA. In acest model, fragmentele stratului
de argila de interfata nu difera de cele interne. Acesta este punctul in care modelul urmeaza
sa fie Imbunatatit si analizat proprietatile de umectare ale interfetelor.

2. Starch intercalation and open surface enhancement in water and carbon
dioxide adsorption.

In experimentele realizate s-a constatat, ca straturile de smectitd nu sunt pur continue, ci
includ in mod natural discontinuitati si rupturi datorate fisurilor si defectelor. Prin urmare,
se recomanda si cercetarea suprafetelor in alte directii geometrice; cum ar fi 010 si 100; care
includ situsuri reactive. In cazul expunerii la speciile interstratificate, acestea pot avea un
impact asupra raspunsului comportamental al argilei. Prin urmare, in cercetarile de viitor
trebuie luate in considerare straturile discontinute pentru a studia diferite suprafete reactive
ale argilei.
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A Force Field Parameters

A.1 TIP3P/Fs

Table A.1: Nonbond Parameters for the TIP3P/Fs Force Field [16]

charge €0 00
atom symbol (e) (kcal/mol)  (A)
ow -0.834 0.152 3.150
HW 0.417

Table A.2: Bond Parameters for the TIP3P /Fs Force Field [16]

bond stretch

species ¢ species j k1 (kcal/mol A?) o (A)
ow HW 1059.162 0.96
angle bend

species i species j species k kg (kcal/mol rad?) ©, (deg)
HW oW HW 68.087 104.5

A.2 AMBER

The AMBER force field function has contributions from bond stretch, angle bend and torsion
potentials in the form of a cosine function. Nonbonded interaction are represented by VDW and
Coulomb functions:

Epair = Y Ky(r —m0)? (A.1)

bonds

+ ) Ko(©—6y)

angles

£ T cos(ng )]
dihedrals

12 6
A\ (B, 4%
Tij T‘ij E’I”ij

Table A.3: Nonbond Parameters for AMBER, Force Field [17]

+2
ij

Aij Bij
atom type symbol (eV) (A)
sp? carbon c3 4.743 x 1073 3.816
sp> oxygen in ethers and esters 0s 7.371 x 1073 3.367
sp? oxygen in hydroxyl group oh 9.123 x 1073 3.442
hydrogen on oxygen ho 6.504 x 10~* 2.918
hydrogen on aliphatic carbon hl 6.807 x 1074 2.774
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Table A.4: Bond Parameters for the AMBER Force Field [17]

bond stretch

species ¢ species j K, (eV A?) ro (A)
oh ho 32.052 0.974
oh c3 27.239 1.426
c3 c3 26.285 1.535
c3 hl 29.129 1.093
c3 0S 26.146 1.439

angle bend

species i species j species K Kg (eV rad?) 0, (deg)

c3 oh ho 4.084 108.160
c3 c3 oh 5.873 109.430
c3 c3 hl 4.020 110.070
c3 oS c3 5.410 112.450
c3 c3 oS 5.878 108.420
0s c3 hl 4.409 108.820
oh c3 h1 4.420 109.880
hl c3 hl 3.398 109.550

A.3 CLAYFF

The functional form of CLAYFF force field is in many ways similar to that described in the
section However, for the reference, form of CLAYFF constituent potentials will be presented
bellow. Nonbond and bond parameters that have been used in this thesis will be given in tables[A5]
and [A-0] respectively.

Total energy of the CLAYFF force field have contributions from Coulombic interactions, short-
range interactions (van der Waals) and the boned interactions:

Etotal - ECoul + EVDW + Ebond stretch + Eangle bend (A2)

Coulombic energy is inversely proportional to the distance of separation r;; of two charges g; ;:

2 L
ECoul = < % (A3)
47[‘60 i) ’I"ij

The van der Waals term is represented by the Lennard-Jones (12-6) potential:

12 6
(Ro,ij> _ 9 (Ro,ij> ] (A.4)
Tij ’r'ij

The Lorentz-Berthelot mixing rule between the unlike atoms is used throughout the CLAYFF

force field. Details on these rules are given in section

Evpw = Z D, ij
i#]

1

R, = 3 (Ro,i + Ro,5) (A.5)

Dyij = \/DoiDo,i (A.6)
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The bond stretch and angle bend energies are described by harmonic terms:

2
Ebondstretchij = kl (”j - TO)

2
Eangievendijk = k2 (©i1 — O0)

/;/—\

Table A.5: Nonbond Parameters for the CLAYFF Force Field [18]

charge Do Ro
atom type symbol (e) (kcal/mol) (A)
hydroxyl hydrogen ho 0.4250
hydroxyl oxygen oh -0.9500 0.1554 3.5532
bridging oxygen ob -1.0500 0.1554 3.5532

bridging oxygen with octahedral substitution obos  -1.1808 0.1554 3.5532
bridging oxygen with tetrahedral substitution = obts  -1.1688 0.1554 3.5532

bridging oxygen with double substitution obss  -1.2996 0.1554 3.5532
hydroxyl with substitution ohs -1.0808 0.1554 3.5532
tetrahedral silicon st 2.1000 1.8405-107% 3.7064
octahedral aluminium ao 1.5750 1.3298-106  4.7943
tetrahedral aluminium at 1.5750 1.8405-10~6  3.7064
octahedral magnesium mgo 1.3600  9.0298-10~"  5.9090
sodium cation Na 1.0 0.1301 2.6378
calcium cation Ca 2.0 0.1000 3.2237

Table A.6: Bond Parameters for the CLAYFF Force Field [1§]

bond stretch

species ¢ species j k1 (kcal/mol A?) ro (A)
o} h 554.1349 1.0000

oh ho 554.1349 1.0000
ohs ho 554.1349 1.0000

angle bend

species i species j species k ko (kcal/mol rad?) O, (deg)
h 0 h 45.7696 109.47
Metal oh ho 30.0 109.47
Metal ohs ho 30.0 109.47
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B Cross Terms

Table B.1: Nonbonded Cross Terms for water—organic, water—mineral and organic—mineral
interactions

water—organic

ion pair (ij) Aij (eV A12) B;j (eV AS)
ow c3 34085.216 27.614
ow 0s 19961.812 23.594
ow oh 25264.352 27.997
ow hl 2063.305 4.182

water—mineral

ion pair (ij) Aj (eV A12) By (eV AS)
ow st 116.752 0.103
OW  ob, obos, oh, ohs 26249.418 26.456
oW ao 532.059 0.203
ow mgo 1978.605 0.357
ow Na 4571.319 10.560

organic—mineral

ion pair (ij) A (eV A12) Bij (eV AS)
c3 st 155.955 0.110
c3  ob, obos, oh, ohs 35402.054 28.295
c3 ao 670.429 0.211
c3 mgo 2380.970 0.360
c3 Na 6594.209 11.681
0s st 92.952 0.095
0s  ob, obos, oh, ohs 20769.439 24.197
0s ao 439.752 0.190
0s mgo 1684.016 0.338
0s Na 3462.760 9.451
oh st 117.282 0.112
oh  ob, obos, oh, ohs 26278.456 28.708
oh a0 545.666 0.224
oh mgo 2062.467 0.395
oh Na 4467.480 11.322
hl st 9.870 0.017
hl  ob, obos, oh, ohs 2152.602 4.294
hl ao 54.017 0.037
hl mgo 231.502 0.069
hl Na 301.939 1.538
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