MOLECULAR MIGRATION IN COMPLEX
INDUSTRIAL FORMULATIONS

by

KATARZYNA MAJERCZAK

A thesis submitted to the University of Birmingham for the degree of DOCTOR
OF PHILOSOPHY

School of Chemical Engineering
University of Birmingham
August 2021



UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.






Abstract

Understanding migration of small molecules within polymer matrices (either additives
already in the matrix or those infiltrating from adjacent media) is a challenge in many industrial
systems. Migration can lead to undesirable changes in product properties, reduced shelf-lives
and increased material wastage that is harmful for the environment. Herein, this challenge is
addressed by studying the migration characteristics of model additives (surfactants of various
head group chemistry, plasticiser, and fluorophore) in poly(vinyl alcohol) (PVA) films that are
widely used in single unit detergent applications. The aim of this project is to investigate how
lateral migration (x,y-migration) and vertical migration (z-migration) of small molecules affect
film behaviour, establishing the mechanisms that influence this phenomenon, the molecular
interactions associated, and their timescales.

To fully address the complex, multi-component nature of PVA-based films, complexity
was introduced stepwise into the system. First, the migration mechanisms of a model additive
(rhodamine B, RhB) were tracked through aqueous solutions of PVA, glycerol (a plasticiser)
and surfactants of various head group chemistry (cationic, nonionic, and anionic) using
fluorescence correlation spectroscopy. Specific intermolecular interactions and steric effects
were revealed to be the primary factors influencing migration in formulations containing ionic
surfactants and nonionic surfactants, respectively. Presence of the plasticiser was shown to
decrease the diffusivity of the tracer, chiefly due to increased viscosity in the system. These
solutions were then spin-coated, and RhB diffusion through the resultant films was tracked
using fluorescence recovery after photobleaching. In films, an additional mechanism of
migration was identified — compatibility of the components in the system, with phase separation
of glycerol from the PVA matrix lowering the overall tracer diffusivity; again, intermolecular

interactions and steric effects controlled tracer diffusivity in the surfactant-doped systems.



Third, the mechanism of surfactant migration was studied as films were aged under
various environmental conditions (primarily relative humidity, RH). The plasticising effect of
atmospheric water was demonstrated, with films restructuring to reach equilibrium molecular
conformation. The nature and speed of the restructuring was dependent on surfactant
concentration and its compatibility with the other components of the system. The properties of
the PVA-based matrix were then measured upon exposing it to elevated temperature, with
system compatibility overall increasing as the glass transition temperature was exceeded.
A significant dependence on compatibility was observed while changing the properties of the
matrix (increased degree of hydrolysis (DH) and molecular weight (Mw) of the polymer) as well
as introducing a second surfactant to the system. However, the molecular arrangement of
surfactant within the polymer matrix remained the same independent of polymer DH and M.
Overall, observed changes could be explained by the compatibility of the four components with
one another, their hydrogen bonding, and other intermolecular interactions in the system.

Finally, wetting of PVVA-based film by water, dodecane, or aqueous surfactant solutions
of various head group chemistry were examined. Variations in solvophilic behaviour were
observed upon changing the polymer crystallinity, crystallite size, size of the free volume
cavities, and polymer entanglement, regardless of liquid medium. Further, matrix
hydrophilicity was identified as an important factor controlling infiltration of surfactant
solutions into the polymer matrix.

Through this work, importance of environmental conditions and chemical environment
on molecular migration is highlighted, providing a set of variables that need to be controlled
while designing migration in industrially relevant systems as well as future directions for further

investigations.



Acknowledgements

This thesis summarises a very important chapter of my life. 1 would like to take this
opportunity to acknowledge people without whom this journey would not have been possible.

First and foremost, | would like to give my thanks to my supervisor, Dr Zhenyu Jason
Zhang, for providing me with this unique opportunity to be a member of his group. His support
and dedication have provided me with invaluable lessons and helped me widen my perspectives,
for which | am very grateful.

I would like to extend these thanks to the whole Molecular Migration Research
Consortium — collaborators from Procter & Gamble, Mondelez, AkzoNobel, as well as
University of Durham and University of Sheffield — for the helpful discussions and challenging
directions in the project. | gratefully acknowledge Royal Society of Chemistry for funding my
research project in Procter & Gamble in Mason — although the project did not go as planned
due to the pandemic, it was a very valuable experience for me, both professionally and
personally.

Thanks must go to my family and friends from all over the world. Special
acknowledgements should go to my partner Joe for his patience, help, and believing in me when
I did not believe in myself; my brother Przemek, who has always been my role model and taught
me that goals are there to be achieved; my parents, for constant approval of my life decisions;
and my friend Lena, who has never fully understood why | decided to do a PhD, but was with
me for better and for worse.

Finally, I would like to thank all fellow PhD students with whom | shared lab shifts,
lunch breaks as well as all the joys and worries of PhD life — it would be impossible to name

everyone here, but without these people this experience would have been much less enjoyable.



Contents

ADSTFACT ...ttt i
ACKNOWIBAGEMENTS ...ttt sttt sre e nbe s e beebesneenreas ii
(00 011=] TR PP OTRRPPUUPTROT \Y;
Chapter 1. INtrOAUCTION ......c.viiiiiieie bbb 1
I ] (0] [=Tot oo oS TP TP PP PRSP 1
1.2. POIY(VINYL @ICONOI) ... 3
1.2.1. CryStalling FEGION.....c.ei ittt nas 7
1.2.2. INterfacial rEQION. ........oiie e et 9
I I AN 4 To] o] g [0 T U 3 =Yoo o TSR 10

1.3. Phase transitions of POIYMErS...........coioiiiiiiiic e 11
1.4. Additives in POIYMET SYSTEMS ......couiiiiiiieiie et 12
I I o . TS 0] £ ST 12
U = Tod v L | (PSS 22

1.5. Mechanisms of molecular Migration .............coiiiiiiiiiie e 27
1.5.1. Effect of SUrface free BNergy.......cceiieiiiiiiiic et 28
1.5.2. EFfeCt OF ENITOPY ..ovviiie e 29
1.5.3. Effect of compatiDility .........c.ccoooiiiiiiiee 29
1.5.4. Small molecule MIgration..........cccvciueiieiece e 32
1.5.5. Specific aspects of diffusion in thin films ..., 35
1.5.6. Migration of molecules in PVA films from surrounding liquid medium............... 36

1.6, TRESIS OULIINE ....eeeeeeeei ettt e e e s e e enreeeeenee e 38
Chapter 2. Materials and Methods. .. ..o 40
2.1 IMAEEIIAIS ..ttt bt re e 40
2.2. SOIULION PrEPAIALION . ..eiiviiiie ettt ettt e e st et e e be e e e e steeanbeenneas 41
2.3, FIlM Preparation .......ccueoiiiiie ettt ae e nreas 42
2.4, AtOMIC TOICE MICTOSCOPY ...vvviervieiiieeiee ettt ettt e e be e be e sbeeanaeenreas 43
2.4.1. Operating PrinCIPIE ....ccvee i 43
2.4.2. CONTACE MOUE ....c.veeeieeiiesiee sttt ettt e et e et esteeseesreesteeseesseesseeneeaseeaneeneean 45
2.4.3. DYNAMIC MOUES ..ottt bbbttt bbb 46
2.4.4, FOICE SPECIIOSCOPY ..uvvveeutrieairieairteatetesteeessteeessteeessbeesssbeesssbeeesnseesssbeesssseesssneesseees 47
2.4.5. EXPerimental PrOCEAUIE .........civeiieeieiee et ee s ste et e e e e nneenee s 52



2.5. Fluorescence recovery after photobleaChing ... 52

2.5.1. Operating PrinCIPIE........oiiiieiee e 52
2.5.2. EXPerimental ProCRAUIE .........ccviieieeie ettt sbe et 54
2.6. Fluorescence correlation SPECIIOSCOPY ...cvvevveireerieiiieiiiesieeiestee e e e ste e re e nas 56
2.6.1. Operating PriNCIPIE......ccvv i 56
2.6.2. EXperimental ProCRAUIE .........ccviieiieeie et ste ettt 58
2.7. Dynamic light SCAttEIING .......ccveiiiiiie s 59
2.7.1. Operating PrinCIPIE........ciiiieee e 59
2.7.2. EXperimental PrOCRAUIE .........ooviiiiiiiii e 61
2.8, RNBOMELIY ...ttt bbb 61
2.8.1. Operating PriNCIPIE......c.e i 61
2.8.2. EXperimental ProCEAUIE .........ccviiiieeie ettt sttt 62
2.9. DYNamic VapOUL SOTPION........iiieiiiiieiteesie et steete sttt te e reeste e reesreeneesneenas 63
2.9.1. Operating PriNCIPIE......c.eiie e e 63
2.9.2. EXperimental PrOCRAUIE .........coviiiiiiiiii e 64
2.10. Contact angle GONIOMELIY .......cviiiiiieierie e 64
2.10.1. Operating PriNCIPIE......coiiieee e 64
2.10.2. EXperimental ProCEAUIE ..........ooiiiiiiiiiiee e 66
2.11. Fourier-transform infrared SPECIrOSCOPY .....ccvvevveiieiiieiiieie et 67
2.11.1. Operating PrinCIPIE.......coveieee et re e 67
2.11.2. Experimental ProCEAUIE ........c.coviiiiee et 71
Chapter 3. Molecular diffusion in tertiary poly(vinyl alcohol) solutions.............c.cccccceeverneenen. 72
K200 I 11 o L1 o4 £ o o S SS 72
3.2. Materials and MethOdS ..........couiiieiiiece e e 74
3.3. RESUILS AN TISCUSSION .....vvevviieieiieeie e siees e e e see e see e sie e e e sta e sraesneenseanaesreeneeenee e 76
3.3.1. Determining the appropriate model for PVA diffusion in solution ........................ 76
3.3.2. Molecular diffusion in PVA SOIULIONS .........cccoeiiiieiiee e 78
3.3.3. Molecular diffusion in PVA/glycerol binary solutions.............ccccoceivieiiiiiic i, 81
3.3.4. Molecular diffusion in PVA/glycerol/surfactant tertiary solutions........................ 86
KRR 0] o [od (11 o] S F TSR RP PR 94
Chapter 4. Kinetics of molecular migration in thin poly(vinyl alcohol)-based films............... 95
4.1 INEFOTUCTION ...ttt b b bbbt e e e e bbbt st ne e 95
4.2. Materials and MELNOGS .........coiiiiiiee e 97
4.3. RESUITS AN ISCUSSION .....ouviiiiiiieiieieie ettt 98



4.3.1. Effect of glycerol CONCENTration ..........ccooiiieiiiiieie s 98

4.3.2. Investigations into migration mechanisms in thin polymer films .............c......... 104
4.3.3. Modelling fluorophore Migration ...........ccccccveiiiieiieese e 108
4.3.4. RhB migration in thin films prepared from filtered solutions..............c.ccccceveenee. 110
4.3.5. Effect of surfactant of various head group chemistry addition................c.c........ 112
4.3.6. Modelling fluorophore migration in surfactant-doped films................ccccoveiennn. 117
4.3.7. RhB migration in surfactant-doped films prepared from filtered solutions ......... 118
O o] o] 1115 o] 1SS 119
Chapter 5. Humidity- and surfactant-accelerated aging of thin polymer films ................... 120
T8 I ] T [Nt A T o PSS 120
5.2. Materials and MEthOUS.........ccuiiiiiiiiere e 122
5.3. ReSUILS @Nd ISCUSSION.......ccuiiuieiiiiiieiieite sttt ettt nre e 123
5.3.1. Films aged at ambient RH ............c.cooveiiiiii e 124
5.3.2. Films aged at various RH conditions.............cccoovveiieiiiic e 138
oI B ©0] o] 1§ 1Y [ S PSSS 146
Chapter 6. Aging of surfactant-doped poly(vinyl alcohol) films at elevated temperatures... 149
G T0t I ] T [t A o o SR 149
6.2. Materials and MethOUS...........oiieiieeiiee e 151
8.3, RESUILS ...ttt ettt b e b b re e 152
6.3.1. Effect of temperature and humidity on surfactant migration...............cccccceenen. 152
6.3.2. Anionic surfactant fFormulations ............ccoceeiiiriiei e 154
6.3.3. Cationic surfactant formulations.............cccoviriiiin i 156
6.3.4. Nonionic surfactant formulations ............ccoocveieiierieeie e 157
6.4. Binary Surfactant MiXtUIES .........cccooiiiiiiiiiiieiee e 161
6.4.1. CTAB + C12E10 SYSIEM ...ttt 161
6.4.2. SDS + C12E10 SYSIEM ...eniiiiiiieeee e 162
6.4.3. SDS 4+ CTAB SYSIEIM ...ttt 163
6.5. Chemical characteristics 0f the fIIMS ... 164
6.5.1. Single surfactant SYSIEMS........coiviiiii it 167
6.5.2. Binary surfactant SYStEIMS .........c.vciieiieiiie et 169
5.6, DISCUSSION ...ttt sttt b et e et e st et e et e e b e e sbeenbeeneenbeeeeenee e 173
6.6.1. GENEIAl FEIMAIKS.......eiiiiiiti it 173
6.6.2. Effect of aging conditions on migration in single surfactant systems.................. 175
B.7. CONCIUSIONS ...ttt bbbttt nb bbb 182

Vi



Chapter 7. Kinetics of water migration in PVA-based formulations ..............cccoevevviieiennnns 184

% R o o L1 o 4 o o O RUORSRTRSPPRN 184
7.2. Materials and MethOUS .........coiiiiiiiee e 187
7.3. RESUILS @Nd AISCUSSION ......viiviiiieiieiieiiesie ettt st nre s 187
7.3.1. WELtING MOUEIS ..ottt re e 187
7.3.2. General remarks on film SITUCTUE...........cooviiiiiiie s 190
7.3.3. Effect of composition change on water spreading behaviour for thin films......... 192
7.3.4. Effect of composition change on water spreading behaviour for thick films ....... 196
7.3.5. FTIR characterisation of crystallinity in PVA-based formulations ...................... 199
7.3.6. Effect of liquid medium change on water spreading behaviour.............cc.ccocoouenee. 201

7.3.7. Effect of aging RH conditions on the water spreading behaviour of thick films..215

T4, CONCIUSIONS ...ttt sttt b bbb et e s e e e besbenbesbesnenreas 224
Chapter 8. CONCIUSIONS.........cciiiieie ettt e st e et e e e sraesteeneesraesreeeens 227
8.1, IMOTIVALION ...ttt ettt bbbt e et bbb nbenre s 227
8.2. MAIN TINAINGS ...ttt r bbb eneas 227
8.3, FINAL FEIMAIKS .....ovieiiiiecieeie ettt et e nee s e saeeneeeneenseeneens 229
Chapter 9. FULUIE WOTK ........oiiiiieiiiiti ettt 231
BIDHOGIAPNY ... 234
Chapter 10. APPENGICES. ......eeuiiieie ettt s e te e te et e s e e sbe e e sraesbeesnesreesreeneens 251
F N o] 0T a0 D OSSR 251

F N o] 0T a0 D = F OSSR 254
B1. Effect of sonicating spin coating solutions on eventual film properties................... 256
APPENTIX C ettt bbb bbbttt b bbb 258
APPENIX D ettt bbb bbb 270
D1. FTIR spectroscopy of PVA-based thick films ... 271

D2. Trends in 4A and AV during ionic surfactant solution Wetting .........ccccccccevevvnnnnns 282

D3. Trends in 4A and AV during nonionic surfactant solution wetting.............cc.ccoeeveee 283
Appendix E — Migration of molecules from adjacent media into PVA-based films.......... 288
EL. INtrOTUCTION. ....c..iiiiieii ettt sttt 288

E2. Materials and MethOdS.........cooo i e 289

E3. RESUILS AN QISCUSSION .....evviiieiieiie ettt sttt st ee e 290

B, CONCIUSIONS. ......oiiiiiii ettt ettt bbbttt sre et ene e 299

vii



List of figures

Figure 1.1. Fully (a) and partially (b) hydrolysed PVA. ... 4
Figure 1.2. Hydrogen bonding iIN PV A ........ooiiie e 5
Figure 1.3. Polymer structure that consists of amorphous and crystalline regions................... 6
Figure 1.4. Schematic diagram for intramolecular hydrogen bonding in the triad sequences of
oY USRS PR URPRPRPRON 8
Figure 1.5. Changes of the amorphous and semicrystalline state with temperature.. ............. 12
Figure 1.6. Schematic illustration of three-layers model. ............cccooiveii i, 36
Figure 2.1. AFM operating PrinCiple.. ......oovi i 44
Figure 2.2. Lennard-Jones potential and force distance dependence versus tip-surface
R0 L= LU o] TR TS T TS U PP TP PO PPV PRORON 45
Figure 2.3. Exemplary force curves showing cantilever deflection as a function of z-piezo
displacement, demonstrating hard and SOft SUIACES. .........cccueveiieiiieiicie e 50
Figure 2.4. Schematic diagram of SAM—surfactant bloom interactions.. ...........cccccecevvnennene 51
Figure 2.5. FRAP operating pPrinCiple. .........cooiiiiiiiiieiieeeeee e 53
Figure 2.6. Positions used to calculate scaled fluorescence intensity ...........cccceevevenerenennnne 56
Figure 2.7. (a) FCS operating principle, (b) changes of the autocorrelation function shape with
concentration and diffusion coefficient, and (c) characteristic fluorescence timescales.. ....... 58
Figure 2.8. Changes of light intensity dependent on the size of the particle and resultant
AUEOCOITEIAtION TUNCLIONS.......eiiieeie ettt esreeaeereenneeneeas 60
Figure 2.9. Graphical representation of shear flow..............ccccooveiiiiiici e, 62
Figure 2.10. Graphical representation of a DVS experimental setup. ..........cccceevevevvevieennenn. 63
Figure 2.11. Forces influencing wetting behaviour of the system. ...........cccccooveeiiiiiicceeen, 66
Figure 2.12. FTIR operating PrinCiple. .......c.ooviiioiiiie e 68
Figure 3.1. Chemical structure of compounds used in this study. .........cccccccevvvevieiicieeveenenn, 74
Figure 3.2. Preparation method for test solutions of various compositions...............c.cccc....... 75
Figure 3.3. Normalised diffusion coefficient of RhB as a function of PVA concentration
without and With glyCerol. ..........cov o 79
Figure 3.4. Distribution of hydrodynamic diameter for solutions of various PVA concentration
with the addition of water, glycerol stock solution and pure glycerol............ccccooeiiiiiieinns 80
Figure 3.5. Diffusion coefficient of RhB in PVA solution with the addition of pure glycerol.
.................................................................................................................................................. 85

Figure 3.6. Average diffusion coefficient of RhB in PVA solutions with the addition of
surfactant and water or glycerol solution, compared against control samples with no surfactants
.................................................................................................................................................. 87
Figure 3.7. Possible interactions between RhB and both cationic and anionic surfactants; PVA
—surfactant tail group interactions, using SDS molecule as an example. ..........ccccccevcverereenee. 89
Figure 3.8. Particle size distribution for PVA/water/surfactant, PVA/glycerol/surfactant
solutions and PVA/pure glycerol/pure surfactant SOIULIONS. ..........cccevivivivieinineie e 90
Figure 3.9. Average diffusion coefficients of RhB in PVA solutions with the addition of pure
glycerol and surfactant compared against equivalent samples with the addition of glycerol and
surfactant solutions and corresponding control solutions containing no surfactant ................ 93

viii



Figure 4.1. Morphology and height profile of compositions (a,b) A, (c,d) C and (e,f) D

INVESTIGALEd USING AFIML. ..ottt sttt sre e sbeentenreesbeenee s 99
Figure 4.2. Recorded diffusion coefficients of RhB in samples A-F. ..o, 100
Figure 4.3. (a) FRAP recovery curve for representative position for pure glycerol sample, (b,c)
AFM image and surface profile of pure glycerol sample (scratch region).........c.ccoceoevrvneenne. 103

Figure 4.4. Fluorescence recovery curve for samples of compositions (a) C, (b) D, (c) C with
increased bleach size, and (d) C prepared from filtered solutions (dots) and fits to Equation 4.1

(T TE) OSSR 105
Figure 4.5. Graphic representation of diffusion-uncoupled mechanism and diffusion-coupled
LT 0T 0T 51 OSSO 107
Figure 4.6. Comparison of average diffusion coefficient for filtered and non-filtered solutions
TSRS 111
Figure 4.7. Average diffusion coefficient and its distribution for surfactant-doped films
prepared from filtered and non-filtered SOIULIONS. ...........coviiiieeii i 113

Figure 4.8. Morphology and surface profiles of sample G (a,b) in the absence of RhB and (c,d)
containing RhB; sample H doped with RhB: (e,f) background morphology and (g,h) surface
(o LED L5 T TSRS 115
Figure 5.1. Morphology and height profile of: (a,b) PVA film and (c,d) glycerol-plasticised
PVA FIIM ON GAY 0.1ttt sre et eebe e sna e neenne e 125
Figure 5.2. AFM image and height profile of plasticised PVA film with CTAB addition...126
Figure 5.3. AFM image and height profile of plasticised PVA containing SDS................... 129
Figure 5.4. AFM images and height profiles of (a,b) spin-coated, glycerol-plasticised film with
20 wt% C12E10 on day 0 and (c,d) day 7 (exhibiting chequerboard pattern of surfactant blooms);
(e,f) solution cast thick film with 1 wt% Ci2Eio, and (g,h) SDS blooms on the surface of

plasticised PVA thick film with 1 W% SDS.........cccoiiiiiiee e 133
Figure 5.5. CFM measurements on areas without surfactant blooms: (a) day 0, and (b) day 7;
surfactant blooms/crystals on: (c) day 0, and (d) day 7.......cccoceverireriinieiieiee e 135
Figure 5.6. Exemplary force curves obtained from (a) acid- and (b) methyl-terminated
cantilevers. Bg stands for background — regions without surfactant blooms. ...............cc....... 137
Figure 5.7. Equilibrium water sorption versus RH for (a,c,e) absorption and (b,d,f) desorption
TOCESSES. ..t ttteetteeetteeatteeabeeeastee et eeaste e e asbe e e aate e e anbe e e e Rt e e e R b e e e R b e e e R b e e e R b e e e R b e e e R b e e e nr e e e nre e nnes 140
Figure 5.8. AFM image and height profile of a bloom on the surface of plasticised PVA film
containing 1 wt% SDS stored at 55% RH for 3 days. .........ccccevieiiiiiic i, 144
Figure 5.9. AFM image and height profile of plasticised PVA doped with SDS stored at various
RH CONTITIONS ...ttt ettt b et neesre e e ene e 145
Figure 6.1. Morphology and height profile of: (a,b) 87PVA film plasticised with glycerol and
(c,d) 99PVA film plasticised with glycerol onday O..........cccccovvviiiiiiiiieicce e 154
Figure 6.2. Morphology and height profile of plasticised 87PVA film containing 1 wt% SDS
................................................................................................................................................ 155
Figure 6.3. Morphology and height profile of plasticised 99PVA film containing 1 wt% SDS
stored at elevated temperature 0N day O ........ccooeiiiiiinieee e 155
Figure 6.4. Morphology and height profile of plasticised 87PVA films containing 5 wt%
O 1N = T TP R PP TT PPV 156

Figure 6.5. Morphology and height profile of plasticised 87PVA films containing C12E10..158



Figure 6.6. Morphology and height profile of plasticised 99PVA films containing 10 wt%

LG8 T T 159
Figure 6.7. Morphology and height profile of plasticised 99PVA films containing 10 wt%
CroE1o stored at [ow RH CONAITIONS. .....oviiviiiiiiiiiii e 160
Figure 6.8. Morphology and height profile of plasticised 87PVA films containing 5 wt% CTAB
L0 I KRN 1 Oy T Y 162
Figure 6.9. Morphology and height profile of plasticised 87PVA films containing 1 wt% SDS
L0 I KRN (N Oy T Y 163
Figure 6.10. Morphology and height profile of plasticised 87PVA films containing 5 wt%
CTAB aNd 1 WEY0 SDS......oiiiiiiieieeieit ettt bbb 164
Figure 6.11. AFM force curve measurements on samples prepared with 99PVA................ 166

Figure 6.12. Representative force curves for: (a,c) acid-terminated cantilever, measurements
on samples on day 0 and day 7, respectively; (b,d) methyl-terminated cantilever, measurements
on plasticised 99PVA samples on day 0 and day 7, respectively; (e,f) acid- and methyl-
terminated cantilever 87PVA on samples doped with two surfactants..............cccccceevevieenne 168
Figure 6.13. (a,e) Height and (c,g) friction channels for SDS+CTAB samples for acid-
terminated cantilever with corresponding height profiles; (i,k) height and friction channels,
respectively, for SDS+CTAB samples for methyl-terminated cantilever with corresponding
REIGNT PrOTIIES. ..ot e et et e reesreenas 171
Figure 7.1. Morphology and height profile of: (a,b) spin-coated plasticised 87PVA film, (c,d)
solution cast 87PVA film, (e,f) solution cast plasticised 87PVA film, (g,h) spin-coated 99PVA
film, (i,j) solution cast 99PVA film, and (k,l) solution cast plasticised 99PVA film............ 191
Figure 7.2. (a) CA evolution for spin-coated PVA films of various composition. (b)
Corresponding geometrical investigations for spin-coated samples prepared using 1000 rpm

SPIN SPBEU. 1.tttk e h e E b bRttt bbbt 192
Figure 7.3. Fitted values to the model by Farris et al for parameters (a) k and (b) n for spin-
coated and SOIULION CASE FIIMS. ......ooviiieiiee e 195

Figure 7.4. (a) CA evolution for solution cast PVA-based films of various composition
prepared from solutions of 10% (w/v) concentration (400 ul). (b) Corresponding geometrical

investigations for these SAMPIES. .........ccvoii i 197
Figure 7.5. FTIR spectra of PVA-based films of various composition prepared from solutions
of 10% (w/v) concentration (400 LU). ..ooeoeeiiiee e 200

Figure 7.6. Fitted values to the model by Farris et al for parameters (a,c) k and (b,d) n for
solution cast and spin-coated formulations, respectively, during spreading of surfactant

solutions and dodecane compared againSt Water. ...........ccoccveiieiiieiie e 205
Figure 7.7. CA evolution with time and corresponding geometrical investigations for solution
cast films prepared from solutions of 10% (w/v) concentration (400 pl)......cccccevvevviiennnnne 207
Figure 7.8. CA evolution with time and corresponding geometrical investigations for spin-
coated films prepared from solutions of 4% (w/v) concentration (1209 pl)......cccoocevvrnnene 209
Figure 7.9. Box and whisker graphs of Farris model fits for parameter (a) k and (b) n for
spreading of water on samples stored at various RH conditions. .........c.cccccvveviviinivernennnn 216
Figure 7.10. CA evolution with time and corresponding geometrical investigations for solution
CAST TIIMIS. et bbbt bbbt 218



Figure 7.11. FTIR spectra of solution cast PVA-based films stored at various RH conditions,

compared against freshly prepared SAMPIES.. ..o 220
Figure 10.1. FCS autocorrelation functions of PVA solutions of various concentrations
(COMPOSITIONS 2-6). ..ttt sttt st et r et e e st e s aeenteeneeabeenbeeneesreenseenee e 251
Figure 10.2. DLS autocorrelation functions of (a) PVA solutions of compositions 2-6 and
(b) PVA/glycerol solution COMPOSITIONS 28-58. ...c..eiveeiiieiiiiiiieie e 252
Figure 10.3. Average size distribution for C12E10 stock solution investigated by DLS. ....... 253
Figure 10.4. Sample preparation procedure used for FRAP measurements............cc.ccocvevene. 254

Figure 10.5. Films of composition D containing (a) Alexa 488 C5 Maleimide at 3.4 nM in the
spin coating solution — image size 214 um and (b) Alexa 488 carboxylic acid at 3.4 nM in the

spin coating solution — iMage SIZe 60.7 M. ......cceiveiiiieieeie e 254
Figure 10.6. Morphology of the pure glycerol films doped with RhB —image obtained from
optical microscope connected With AFM. .........cccoiiiiiii i 256

Figure 10.7. Optical microscope image of the bloom region (framed) in a plasticised PVA film
containing 3 wt% CTAB after two months of sample storage. The length of the protruding

CANLHEVET 1S CA. 125 LM c.eiiiieiiiecie ettt e et e s esreenesreesraete s 258
Figure 10.8. Optical microscope image of the bloom region (framed) for a film containing 4
wt% CTAB after 2 weeks of SAMpPIe STOrage.......ccviviirieiiieieiese s 258
Figure 10.9. Optical microscopy image of surfactant blooms and crystals visible on the surface
of a film containing S WE% CTAB ......oiiiiie s 258
Figure 10.10. Optical microscope image of bloom region for a sample containing 2 wt% SDS
(0] (T F- |V TSP TR PSP PP TUPTPR PPN 258
Figure 10.11. Optical microscope image of a bloom region (framed) for a sample containing 5
WEY0 SDS ON TAY 0.ttt bbbttt 259
Figure 10.12. Optical microscope image of a bloom region for a sample containing 20 wt%
C12E10 ON AAY 7. ottt ettt e s s e teeseeeseesteeneeanaenteeneenreenreenee s 259

Figure 10.13. FTIR spectra of solution-cast PVA films, comparing between different
thicknesses. (a) 87PVA, (b) plasticised 87PVA, (c) 99PVA, and (d) plasticised 99PVA.....274
Figure 10.14. Raman spectroscopy operating principle. Reproduced from reference 440. ..290
Figure 10.15. Mass change over time for PVA films stored at various solvents. ................. 291
Figure 10.16. Raman spectra for pure components (solvent, PVA film and surfactant) and
solutions of surfactant in non-aqueous solvent for investigated compositions. ..................... 293
Figure 10.17. AFM images and surface profiles of 87PVA-based films in contact with non-
aqueous solvent (CONrol SAMPIES).......cociiiiieii e 296
Figure 10.18. Images from the optical microscope connected to the AFM instrument: (a)
solvent visible on the surface of the sample, (b) surface features after drying the film surface
with compressed air, and (c) morphology of the film created from fully hydrolysed PVA...297
Figure 10.19. AFM images and surface profiles of 99PVA-based films in contact with non-
aqueous solvent with 15 Wt% SDS addition..........ccceiiiiirieiiiiseseseeee e 298

Xi



List of Tables

Table 1.1. Lattice parameters of the two crystal structures of PVA (adapted from reference 62).

.................................................................................................................................................... 7
Table 2.1. Details of the chemicals used in this thesisS. ... 40
Table 3.1. Compositions used to investigate the dependence of RhB diffusion coefficient on
PVA CONCENTIALION. . 1.ttt bbb bbbt b s e et bbb b e b 78
Table 3.2. Composition of PVA-based solutions with the addition of glycerol.. ................... 81
Table 3.3. Viscosity and average hydrodynamic diameter of PVA solutions with the addition
of glycerol and surfactant of various head group Chemistry..........cccoceveiieenii i 86
Table 4.1. Compositions and thickness of investigated thin films. Calculations of the glycerol
content in the films do not include water present in the films. ..........cccoooiiiiiiii s 98
Table 4.2. Immobile molecules data and bleaching data for samples A-F. ..........c.ccocoovnee. 102

Table 4.3. Half recovery times for different bleach radii as a function of film composition.106
Table 4.4. Average 712 and normalised amplitude for fast and slow migrating molecules for

INVESTIGAtEd SAMPIES. ... 110
Table 5.1. Average SFE values for freshly prepared formulations and those aged for one week.
................................................................................................................................................ 136
Table 5.2. Experimental plan for investigation into effect of RH conditions on morphology of
the thin TIIMS. ..o et e e ene e 143
Table 6.1. Average SFE values for freshly prepared formulations on day 0 and day 7, and
thickness for freshly prepared investigated SAMPIES. ........cccoceiiiiiiiiiice 153
Table 7.1. CMC and Nagg values for surfactants used in this study. .........cc.ccocevrirennincnnns 206
Table 10.1. Average diffusion coefficient of Rhodamine B in samples of various compositions
(TR282C). cooeeeeeeeeeeeee ettt ee et n et en et neen e en e 251
Table 10.2. Images obtained from confocal microscope for PVA/glycerol/surfactant films
o[0T oT=To I (T ] = TSSO S 255
Table 10.3. Average radius of FRAP bleach for samples A-l........c.ccccovveiiiieiieiic i, 256
Table 10.4. The average diffusion coefficient for the sample C prepared from solution with and
WILHOUL SONICALION. ...ttt ettt ettt b sbesbesnenneas 257
Table 10.5. Average half recovery times and normalised amplitude for fast and slow migrating
molecules for investigated samples prepared from filtered solutions. .............ccccvveiieeinnn, 257
Table 10.6. Thickness of PVA-based samples doped with surfactants of various head group
chemistry and concentration investigated using AFM scratch test............cccooveviviieiveieennnn 260
Table 10.7. Thickness (% changes) of the PVA-based samples doped with surfactants of
various head group chemistry and concentration investigated as in Table 10.6.................... 261
Table 10.8. Thickness of PVA-based samples doped with surfactants of various head group
chemistry and concentration investigated using AFM scratch test............cccoeeviviieiiveiecnnne, 262
Table 10.9. Thickness (% changes) of PVA-based samples doped with surfactants of various
head group chemistry and concentration investigated as in Table 10.8...........ccccccevvevvrieenee. 264
Table 10.10. Average thickness and thickness range of solution cast PVA-based samples doped
with surfactants of various head group chemistry and concentration. ............cccocvevevivereenns 267

Table 10.11. Time required to reach equilibrium (in minutes) for thick PVA-based samples
doped with surfactants of various head group chemistry and concentration investigated using
DAY USSP 268

xii



Table 10.12. Thickness, roughness, SFE, and fit parameters to Equation 7.1 for PVA films with

VariOUS COMPOSITIONS. ....eueiuiiiiteitesti ettt ettt e bbbt e bbbt b e enes 270
Table 10.13. CA evolution parameters for investigated compositions using water as the
=T |18y PSPPSR 271
Table 10.14. FTIR absorption bands of PVA filMS. ..o 272
Table 10.15. Average DC values for all investigated compositions. .............c.ccceevnnnee. 273
Table 10.16. Fit parameters to Equation 7.1 for spreading of SDS solution on the surface of the
FIlMS OF Various COMPOSITIONS.........c.ciiiieiiieitert st 275
Table 10.17. Fit parameters to Equation 7.1 for spreading of CTAB solution on the surface of
the films Of Various COMPOSITIONS. ........cueiiiiiiiiiie e 276
Table 10.18. Fit parameters to Equation 7.1 for spreading of C12E10 solution on the surface of
the films Of Various COMPOSITIONS. ........cuoiiiiiiiriie i 277
Table 10.19. Fit parameters to Equation 7.1 for spreading of dodecane on the surface of the
FIlMS Of Various COMPOSITIONS.. .....co.iiiiieiiieieet et 278
Table 10.20. CA evolution parameters for investigated compositions using CTAB solution as
TNE MEBAIUML. .o bbbttt st st benreenes 279
Table 10.21. CA evolution parameters for investigated compositions using SDS solution as the
0L 1T o OSSR 280
Table 10.22. CA evolution parameters for investigated compositions using C12E10 solution as
TNE MEBAIUML. .ottt ettt benreenes 281
Table 10.23. CA evolution parameters for investigated compositions using dodecane as the
00T T o RSSO 282
Table 10.24. Average DC values for all investigated compositions after one week of storage at
CONEFONIEA RH. ..ottt ettt be st srenneas 284
Table 10.25. Fit parameters to Equation 7.1 for spreading of water on the surface of the films
of various compositions after storing at 4% RH conditions.............ccooevviieienencieseseee 285
Table 10.26. Fit parameters to Equation 7.1 for spreading of water on the surface of the films
of various compositions after storing at 45% RH conditions. ...........c.cceoviiieienencniencncnns 285
Table 10.27. Fit parameters to Equation 7.1 for spreading of water on the surface of the films
of various compositions after storing at 100% RH CONdItioNs. ...........ccocvviiiienencnenineins 286
Table 10.28. CA evolution parameters for investigated compositions stored at 4% RH using
WALEr @S the MEUIUM. ..o te et e e teenaeeneenns 286
Table 10.29. CA evolution parameters for investigated compositions stored at 45% RH using
WALEr @S the MEUIUM. .....eiiiiie et te et e e aeenaenneenns 287
Table 10.30. CA evolution parameters for investigated compositions stored at 100% RH using
WALET @S the MEOIUM. ..o et es 287

Xiil



List of symbols and abbreviations

112
AA

AV
(Wiv)%
AFM
o*
C12E10
CA
CAC
CFM
CM
CMC
CTAB
D

DC
DoLis

Drrar
DH

dH
DLS
DSC
DVS
FCS
FRAP
FTIR
G(7)
HLB
HPLC
ICM

Xiv

Fluorescence half recovery time

Changes in droplet surface area

Changes in droplet volume

Weight per volume percent

Atomic force microscopy

Overlap concentration

Decaethylene glycol monododecy! ether
Contact angle

Critical aggregation concentration
Chemical force microscopy

Contact mode

Critical micelle concentration
Hexadecyltrimethylammonium bromide
Diffusion coefficient

Degree of crystallinity

Diffusion coefficient of the particle obtained from DLS
Effective diffusion coefficient of the fluorophore in the thin film
Degree of hydrolysis

Hydrodynamic diameter

Dynamic light scattering

Differential scanning calorimetry

Dynamic vapour sorption

Fluorescence correlation spectroscopy
Fluorescence recovery after photobleaching
Fourier-transform infrared spectroscopy
Autocorrelation function
Hydrophilic-lipophilic balance

High performance liquid chromatography
Intermittent contact mode

Normalised fluorescence intensity



IN fast
IN slow
k

m

Mw

n
NCM
NFcs
NMR
PEG
PVA
PVAC

wit%
XRD

Normalised amplitudes of the fraction of fast migrating molecules
Normalised amplitudes of the fraction of slow migrating molecules
Rate of contact angle evolution

Isotactic (meso) tacticity

Molecular weight

Parameter describing the dominant wetting phenomenon
Non-contact mode

Scaling parameter related to the polymer chain excluded volume
Nuclear magnetic resonance

Poly(ethylene glycol)

Poly(vinyl alcohol)

Poly(vinyl acetate)

Syndiotactic (racemic) tacticity

Radius of gyration

Relative humidity

Rhodamine B

Root mean square roughness

Small angle X-ray scattering

Sodium dodecyl sulfate

Surface free energy

Cloud point

Glass transition temperature

Krafft point

Melting temperature

Weight percent

X-ray diffraction

XV






Chapter 1

Chapter 1. Introduction

1.1. Project scope

Complex polymer formulations have become an almost indispensable part of everyday
life in the form of hygiene products, paints, and food. Due to the presence of many constituents
(small molecules) within these systems, however, unintended changes in material structure (e.g.
blooming, segregation, leaching, or even release of toxic additives into the atmosphere) may
occur. These changes are a consequence of molecular movement — both lateral (within the x, y
plane relative to the material surface) and vertical (within the z direction) migration — that is
dependent on many factors including compatibility with matrix constituents, component surface
tension, and ability to self-assemble into mesophases. Moreover, they are further influenced by
environmental factors during aging (e.g. relative humidity (RH), temperature, or chemical
environment). As a result, these systems can exhibit long term non-equilibrium behaviour that
is difficult to predict due to complexity of the system, potentially affecting their operational life
cycle.

An exemplary complex mixture where these phenomena are of utmost importance is
water-soluble poly(vinyl alcohol) (PVA)-based films used in packaging applications. PVA
exhibits a range of industrially desirable properties — characterised by good film forming
capability,>? low toxicity,? excellent barrier properties,®>* and biodegradability.>® However,
other properties of pure PVA such as brittleness and low flexibility” need to be improved before
its application to many sectors of industry. Finished artificial products use formulations of
polymer and several property-enhancing additives (e.g. plasticisers, antioxidants, or
reinforcements).® While mechanical properties of the material are improved, the presence of

many additives included in the formulation leads to substantial issues during aging, as described
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above. Paving a way to understand these difficult to predict systems can therefore result in
environmentally friendly, functionalised to purpose products with enhanced performance and
prolonged shelf life.

PVA films commonly used in the packaging industry are ca. 70 um thick (e.g. the plastic
film surrounding a single unit laundry pod). Due to the long time scales for migration in these
micron-thick films and limited experimental techniques that can analyse migration within the
bulk solid, simplified systems must first be investigated. Understanding migration phenomena
in thin (ca. 100 nm thick) films and on shorter time scales will enable conclusions to be drawn
about general trends that can then be translated to more industrially relevant formulations.
Similarly, adding new chemical species piecemeal will enable important insight to be gained
into the action of individual components and combinations of additives on the system
behaviour. In real-world applications, the chemical species can be either in contact with
a polymer film (in the case of single unit laundry pods, contact with washing water or surfactant
solutions enclosed within the pouch) or be already incorporated in the matrix (e.g. surfactants
and plasticisers improving film forming properties). This is of particular importance when
considering the process of pouch preparation: the seal is formed by partial dissolution of PVA
film, followed by two films being placed together. Sealing between these two films is a result
of interdiffusion of polymer chains, that can be significantly influenced by migration of other
components in the system and film aging. Therefore, by sequentially investigating the action of
each additive in the system, molecular migration can be described from nano- to microscale,
enabling further extension to multi-component systems in contact with various media.

This project aims to understand the migration behaviour of model additives (surfactants

of various head group chemistry, fluorophore, and plasticiser) in PVA films to establish
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migration mechanisms, timescales, and factors influencing this phenomenon. Specifically, this
is achieved by:
1. Developing the methodology to probe molecular migration using advanced microscopy
techniques.
2. Investigating the kinetics of molecular migration both in 2- and 3-dimensional contexts.
3. Evaluating the effect of environmental conditions on molecular migration in complex
mixtures.

4. Identifying the factors controlling migration.

1.2. Poly(vinyl alcohol)

PVA is the quintessential example of a broadly used polymer. Its high degree of water
solubility in combination with adhesive properties and resistance to oil, grease and other
nonaqueous solvents lead to application in many industries.® ' PVA is biocompatible,*?
nontoxic, noncarcinogenic, bioadhesive, and shows low acute oral toxicity.*® Further, it is the
only known polyolefin that can be biodegraded.!* Combined, these properties create an
opportunity for PVA to be increasingly used in the medical,**21*15¢ food packaging,* and
consumer goods industries.!” However, due to its low decomposition temperature and high
glass transition temperature (Tg), PVA needs to be modified to mitigate its disadvantages and
maintain desired properties. This can be achieved using modification methods e.g.
carboxymethylation'® or introduction of additives to the system.*® For example, in applications
where the brittleness and flexibility of PVA needs to be improved while retaining satisfactory
tensile and shear stress, addition of compatible plasticisers was shown to give desirable result.

The monomer of PVA (vinyl alcohol) does not exist in a stable form,'>?° rearranging

spontaneously to its tautomer, acetaldehyde.?’ Hence, PVA is produced by hydrolysing
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poly(vinyl acetate) (PVAc). This reaction usually does not convert all the acetate groups into
hydroxyl groups, producing PVA resins of various degrees of hydrolysis (DH, Figure 1.1) —

percent conversion of acetate groups to hydroxyl groups that is dependent on extent of the

a) b)

Figure 1.1. Fully (a) and partially (b) hydrolysed PVA.

reaction.

Many unique properties of PVA, for instance the ability to exhibit high crystallinity, are
caused by the presence of hydroxyl groups on the backbone and consequent hydrogen
bonding.?? Being weaker than ionic bond and covalent bonds (generally > 300 kJ/mol each),?
but much stronger than Van der Waals interactions (ca. 2 kJ/mol),® hydrogen bonding (ca.
20 kJ/mol)® is responsible for unique properties of some chemicals. Hydrogen bonds form
between atoms in the same or different molecules where one atom of the pair (donor) — usually
fluorine, nitrogen, or oxygen — is covalently bonded to a hydrogen atom (FH, -NH, -OH) across
which electrons are shared unequally. Therefore, slight positive charge is taken by hydrogen
due to its lower electronegativity. At the same time, fluorine, nitrogen, or oxygen exhibit
negative charges because of the higher electronegativity and presence of electron lone pairs.
Hydrogen bonding is formed at the confluence of two of these electronegative elements,

‘sandwiching’ the hydrogen atom between them (seen in Figure 1.2).
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Figure 1.2. Hydrogen bonding in PVA.

Hydrogen bonding and DH are intimately linked in PVA polymers. With increasing DH,
two effects are observed: firstly, the resin solubility in water decreases.?* Residual acetate
groups disrupt polymer-polymer inter- and intrachain hydrogen bonds, leading to preferential
polymer-solvent interactions. Conversely, in almost fully hydrolysed PVA, physical
entanglements due to higher hydrogen bond density retards dissolution in the solvent. While
for resins of lower DH solubility does not depend on the polymer molecular weight (Mw),
solubility of highly hydrolysed PVA decreases while My increases.?® Secondly, increased DH
facilitates PVA crystallisation — measured by the degree of crystallinity (DC) — leading to
amore homogeneous distribution of crystallites.>?® However, while higher DC may suggest
improved regularity of the matrix structure, this conclusion is not valid for PVA due to possible
changes in the head/tail chain configurations.?” Chain mobility in samples with higher
crystallinity is decreased, resulting in higher T¢?® and melting temperature (Tm). 2° Similarly,
changes in polymer My, and DH result in differences in swelling, Young’s modulus,*® and
surface activity for otherwise moderately surface active PVA.*° In addition to the previously
mentioned parameters, the amount, distribution and nature of crystallites are also dependent on
pre- and post- processing conditions. Possible ways to change PV A crystallinity include:

A) Crosslinking (chemical,*-2 physical 24343 or irradiative3"3®)

B) Thermal annealing36:3%40

C) Changes in film drying rates®4-4
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D) Changes in RH*

E) Choice of solvent for film preparation®%454¢

F) Mechanical stretching*’°

G) Introducing additives into the matrix>°°!

PVA films have a semicrystalline nature regardless of DH or Mw, with lack of long-
range order and stiffness typical for a crystal, but only short-range order and stiffness (Figure
1.3).2 There is still ongoing discussion about the best model to represent PVA film
morphology. A three-phase model assumes that there are three solid states that this polymer can
exhibit: amorphous, interfacial (a “rigid amorphous” layer of less mobile non-crystalline
chains), and crystalline, hence, making the term ‘crystallinity’ an approximate one.>® While this
model was confirmed by nuclear magnetic resonance (NMR) measurements,>>® recent
differential scanning calorimetry (DSC) and fluorescence correlation spectroscopy (FCS)
analysis found no evidence of a third phase, showing that the polymer can instead be described
using a two-phase model.>” The latter model is more frequently used®® due to its simplicity.

Below, descriptions of crystalline, interfacial, and amorphous region of PVA are given.

Crystalline  Amorphous Interfacial
region region region

Figure 1.3. Polymer structure that consists of amorphous and crystalline regions.



Chapter 1

1.2.1. Crystalline region

PVA chains in the crystalline region have a zigzag planar conformation with molecular
repeat distance equal to 2.52 A% and hydroxyl groups distributed in isotactic, atactic or
syndiotactic manner (Figure 1.4). Based on a detailed X-ray diffraction (XRD) investigation,
Colvin®! postulated that PVA has two crystal polymorphs: monoclinic and orthorhombic (lattice
parameters given in Table 1.1), with a structural preference for the monoclinic system. Indeed,
this structure in PVA was discovered in 1948 by Bunn,®® who suggested that monoclinic unit
cell is packed by chains in a lamellar, trans-planar conformation. Small crystallites dispersed in
an amorphous region of the matrix are created via folding of the chain.®? Hence, there is
aminimum chain length of PVA necessary to create those crystalline lamellar structures.®®
Strong hydrogen bonds hold together the double layer of molecules, while VVan der Waals forces
of weaker nature operate between the double layers.®® Lamellar structures created this way
usually have lateral dimensions much larger that their thicknesses and often build up in stacks.®*
Because of this, a two-phase PVA model with one-dimensional crystalline stacks is normally
applied for the polymers morphology, especially for small angle X-ray scattering (SAXS)

measurements.5°

Table 1.1. Lattice parameters of the two crystal structures of PVA (adapted from reference 61).

a form (monoclinic) B form (orthorombic)
a=15.58 A+0.02 A a=15.86 A+0.03 A
b=7.59 A+0.01 A b=5.95A+0.02 A
¢ =10.65 A+0.02 A ¢ =10.54 A+0.03 A
B =96°00"+10’ -

A similar model of PVA crystal topology was suggested by Sakurada.>® While his model
suggested corrections to the Bunn model (in orientation of the molecules and directions of

intermolecular hydrogen bonding within crystal lattices of similar parameters), it corresponds
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to higher packing energy and was confirmed experimentally®® and computationally®’®® to be

less appropriate compared to the Bunn model.

mm 1T

Figure 1.4. Schematic diagram for intramolecular hydrogen bonding in the triad sequences of PVA. Symbols
stand for: m — isotactic (meso) tacticity, r — syndiotactic (racemic) tacticity. Adapted from reference 54.

The overall tacticity of the polymer (determined by the percentage of m or r dyads —
Figure 1.4) plays an important role in resultant crystallinity of the polymer sample. Increased
regularity in hydroxyl group arrangement (associated with both isotacticity and syndiotacticity)
do not lead to increase in crystallinity of the polymer film, with crystallinity decreasing in the
following order:®°

Atactic > syndiotactic-rich > isotactic-rich

Naturally, one may expect that syndiotactic polymers would crystallise more easily due
to the perfectly alternating nature of the hydroxyl groups. A possible explanation for the
preference towards crystallisation of atactic chains may come from imperfections in chain
folding, itself a consequence of the film preparation method. Stereoregularity of PVA chains
also influences the character of the created hydrogen bonding (intra- or intermolecular), both in
crystalline and non-crystalline regions, in turn affecting crystallite structure. For instance, it
was proven that probability of intra- and intermolecular hydrogen bond creation is nearly equal
for mm sequences,® syndiotactic samples predominantly create intermolecular hydrogen
bonds, while isotactic samples — intramolecular hydrogen bonds.%® This fact, and consequent

changes in chain mobility, were used to explain differences in water resistance of PVA samples
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of different tacticities. While atactic material has the highest degree of crystallinity,
syndiotactic-rich and isotactic-rich PVA are more water-resistant.5®

Regardless of chain tacticity, bulk PVA melts between 220°C and 240°C.%* Normally,
crystalline fraction in polymer films does not exceed 40 wt%.? However, by applying changes
(multiple freeze-thaw cycles®® or very slow drying at high RH®) in the polymer film

preparation, it is possible to reach crystallinity of above 70 wt%.

1.2.2. Interfacial region

Aside from crystalline and amorphous regions, a less mobile non-crystalline region was
distinguished and associated with interfacial areas between the lamellar crystals and the fully
amorphous phase. Interfacial regions have been identified in PVA by NMR measurements,
where 13C spin-lattice relaxation analyses suggested three components with various relaxation
times existing in each polymer film.>* Such a definition of the so-called rigid amorphous region
enables polymer morphology to be described using a one-dimensional layer stack model.
However, assumptions need to be made about the thickness of both interfacial layer and crystal
lamellae. It was proven that assumption of constant layer thickness independent of the lamellae
thickness gives satisfactory results.®

Although interfacial regions are amorphous, they are in the glassy state.%® Therefore,
their presence is not identifiable by DSC in the usual conditions used for investigating Tq.”° The
fraction of rigid amorphous region within a polymer matrix is dependent on many factors,
including:™

— chain flexibility and crystallization conditions (high temperature and increasing chain

flexibility decreases its prevalence),

— crystal size (at low crystallization temperatures, the main mechanism of crystal

formation is via branching, creating small crystallites with large interfacial area. Hence,

9
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fraction of rigid amorphous region will increase),
— the degree of irregularity of the lamellar crystal stacking.
Due to the metastable nature of the rigid amorphous fraction, reorganisation and

recrystallization can occur during analysis.

1.2.3. Amorphous region

The amorphous state is characterised by a presence of only short-range order, providing
elasticity and flexibility. In the absence of cross-linking agents, large rotational barriers, or
strong inter-chain interactions, low tensile strength is exhibited by amorphous polymers.” Ty
of amorphous PVA films is within the range of 70-85°C, with a value of 85°C reported for dry
films that decreases in the presence of solvents.”* Hence, in ambient conditions, PVA is in its
glassy state.

There is ongoing discussion about the appropriate model to describe the long-range order
of polymer chains within the amorphous region. All established models, however, seem to
contain elements suggested by random coil”™ and Kargin’® models. In the random coil model,
conformations of the chains are similar to those present in the perfect (or theta) solvent.
Conversely, the Kargin model claims that the polymer chains in amorphous region exist as
aggregates in parallel alignment.”® In atactic PVA amorphous regions, like in the crystalline
region, intra- and intermolecular hydrogen bonds are formed according to a statistical
distribution. However, unlike in the crystalline region, two conformations are present: trans and
gauche, and are randomly distributed along the chains.”

The overall percentage of amorphous region is very important when considering
transport of any molecular species (water, additives etc.) in PVA films, as well as transport of
charge.?® This transport takes places almost exclusively in the amorphous region due to its

flexible molecular structure. Hence, the greater overall rate of amorphous region, the higher

10
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migration rate of guest molecules present in the system. In this thesis, any migration is therefore

going to be considered as taking place in the amorphous region.

1.3. Phase transitions of polymers

To determine the main polymer properties, phase transitions of polymers as well as the
temperatures at which they take place need to be known. Due to their very long molecular
structure, polymers cannot be divided into the traditional gas-solid-liquid states. They
decompose before boiling, are only rarely purely crystalline in solid phase and show only
thermodynamically metastable states in liquid phase.

At low temperatures, polymer molecules in the amorphous region do not show the
tendency for significant movement, but only for slight vibration. In this state, called the glassy
state, the polymer is brittle, rigid and hard. The glassy state is also characterised by the presence
of both short-range order and stiffness. Once the polymer is heated, its backbone atoms are free
to rotate around the carbon-carbon bond axis, increasing the overall material flexibility and
decreasing hardness (rubbery state). Polymers in the rubbery state show only short-range order
and have all property of liquids except short-timescale fluidity. The state of the polymer matrix
influences many properties of polymers, such as diffusion coefficient resulting in much slower
diffusion in glassy polymers than rubbery ones.”

The amorphous region of polymer makes a transition from the glassy to the rubbery state
at Tq. As the glassy state is not in equilibrium, this value is not unique and is influenced by
multiple factors such as measurement method, rate of heating and cooling as well as polymer
Mw. Tm of the polymer, similarly to Ty, is not fully discrete — it increases with the size of
individual crystallites, the presence of the side groups that confine the backbone flexibility (e.g.

aromatic groups), as well as with the presence of double bonds. Because the polymer is usually

11
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a combination of both crystalline and amorphous phases, polymer materials show both Tr, and
Ty (Figure 1.5). Every polymer has a Tg, although not every polymer possesses a Tm.

Liquid Rubbery
state

_/

Glassy |
state |

Glass
Melt state

Semicrystalline
solid

Specific volume

Solid
crystalline
state

Crystalline
solid

|
|
|
|
I
|
I
I
I
T, T, Temperature

Figure 1.5. Changes of the amorphous and semicrystalline state with temperature. Adapted from reference 79.

1.4. Additives in polymer systems

Nowadays changing the polymer matrix to obtain the desired characteristics of a product
has become a very important field of science since it enables tailoring of final properties.
Additives present in the polymer matrix can alter either the chemical or physical behaviour of
the matrix, e.g. by chemical reaction with the polymer, noncovalent interactions with the matrix,
or by directly affecting the matrix free volume. Among the substances used to improve the
polymer properties are plasticisers, antioxidants, heat stabilisers, slip agents, light stabilisers,
thermal stabilisers, lubricants, colorants, reinforcements, surfactants and antistatic agents.

Below, the specific additive types used within this thesis are discussed.

1.4.1. Plasticisers
Plasticisers — one of the most commonly additives in PVA matrices — in general act as
a lubricant between polymer chains, facilitating their movement across one another by

increasing their free volume. Plasticisation typically lowers Tq and elastic modulus, reduces the
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melt viscosity, and decreases tensile strength. The addition of plasticisers to the system may
also lead to change in substance odour, biodegradability, flammability, and cost of the resultant
product. Because of the growing importance of plasticisers in industry, analytical methods and
models to describe their diffusion in various systems are required during product development.
Equilibrium-based methods are not convenient to use as they generally require long
experimental timescales with unchanged conditions. To mitigate the costs associated with
waiting for a film to reach equilibrium, alternative environments that result in the same film
behaviour over short timescales (e.g. by increasing the environment temperature or RH) have
been developed.

Among the most popular plasticisers in PVA matrices are glycerol,*”® propylene
glycol,>! polyethylene glycol, sorbitol, polyether polyols and ethanolamines.®! Plasticisation
and consequent changes to DC in the PVA system is further dependent on the chemistry of the
plasticiser. Glycerol, having higher —OH group density than e.g. propylene glycol will more
readily form hydrogen bonds with the —OH groups of the PVA chains,*® leading to a more
pronounced effect on the system. In formulations where partially hydrolysed PVA is mixed
with fully hydrolysed PVA, partially hydrolysed PVA plays the role of the plasticiser and
decreases overall DC.%2

In this thesis, glycerol was used as the plasticiser of choice. Glycerol is characterised by
low molecular weight, high polarity, non-toxicity, and high potential for molecular bonding.
Due to these properties, it has been extensively studied in PVA with and without other guest
molecules.?>8%83-85 Glycerol changes the nanostructure of PVA due to PVA-plasticiser
hydrogen bonding, resulting in increased flexibility as well as lower tensile strength of the
plasticised materials compared to their non-plasticised counterparts. For polymer blends,

glycerol addition can change the compatibility and miscibility between the components of the
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system.®38 As a result, properties of the PVA/glycerol system such as Tm, hardness, and elastic
modulus are reduced proportional to the glycerol content.®

Glycerol influences the size and aggregation behaviour of the polymer, entanglement
behaviour of the polymer chains as well as DC (decreasing with increasing plasticiser
content).8® Although no effect on crystallite size distribution is apparent for partially hydrolysed
PVA upon glycerol addition (despite gradual decrease in crystallization rate with increasing
glycerol content), plasticiser disrupts the chain regularity in fully hydrolysed PVA, increasing
the activation energy of homogeneous nucleation and resulting in a greater range in crystallite
sizes.®? Indeed, T4 of the polymer is dependent both on the DH (increases with increasing DH
due to higher DC) and plasticiser content (decreases with increasing amount of plasticiser in
the system due to increasing free volume in the system).>}®2 The relationship between
plasticiser amount and T, of PVA systems can be obtained from the Kelly-Bueche equation,®
with equivalent models able to describe plasticiser influence on Tr.8?

The impact of glycerol on DC is correlated with its concentration, becoming more
prominent until the compatibility limit is reached (reported as 40 wt% glycerol®? for fully
hydrolysed PVA and values of 65 wt%® or 39 wt%>! for partially hydrolysed PVA), whereupon
phase separation occurs. Glycerol-glycerol interactions become much more important at the
point of phase separation, leading to different trends in matrix behaviour compared to these
observed before phase separation. For fully hydrolysed PVA, after reaching phase separation
DC decreases up until the miscibility limit after which no significant further changes in DC are
observed. Conversely, for partially hydrolysed PVA, DC continues to decrease slowly after

phase separation followed by a sharp reduction at 65 wt% glycerol.?
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1.4.1.1. Plasticisation theories

Despite the advent of complex computational methods over the last 100 years, the two
initial theories of plasticisation (lubricity theory and gel theory) remain popular today due to
their simplicity and generality. The first claims that plasticisers reduce the intermolecular
friction between polymer molecules without changes in polymer arrangement due to solvent
action and/or simple lubrication of the plastic matrix. The latter theory assumes rigidity of
a matrix is due to the dynamic bonds between randomly arranged polymer chains. Plasticiser
molecules interrupt this network in two ways: by reducing attachments between polymer
molecules to let the matrix deform without changing its structure, and by changing the local
equilibria in the film due to local variations in plasticiser concentration.¢8’

Free-volume theory was developed after the first attempts to explain change of the
polymer properties — viscosity, thermal expansion coefficient and specific volume — with
temperature.®® The free volume was first defined by Fox and Flory for temperatures above Ty
as:%®

Ve = Vr, — Vos 1.1.
where V¢ is the free volume of the polymer above Tg, Vr, is the polymer specific volume above

Tgand Vos is the solid specific volume extrapolated to the same temperature above the transition
temperature. Given that this definition suggests that for all temperatures below the Tq free
volume is equal to 0, other definitions have been suggested. However, they still contain
parameters that are difficult to obtain (e.g. specific volume at 0 K).8

Free-volume theory is applied to explain some properties of plasticised polymers.
Plasticisers have the tendency to increase the polymer free volume because of disruption of
noncovalent interactions between polymer chains. The motion of the polymer backbone, side

chains, and chain ends are the principal sources of free volume. Accordingly, free volume can
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be increased by internal plasticisation, increasing temperature, and lowering the molecular
weight of polymer.8® Changes in Ty with varying polymer molecular weight are described by

Flory-Fox equation:

K
=T,

T o — —
g MW

. 1.2.

where Tg is the maximum glass transition temperature that can be achieved at a theoretical
infinite molecular weight, and K is an empirical parameter related to free volume. Therefore,
increasing the molecular weight of the polymer leads to higher Ty.

Free volume theory has become the base theory for many mathematical models
connecting Tq of each component with Tg of the plasticised matrix, for instance the Gordon-

Taylor equation:!!

1 w w

T = r;l + T—g"; 1.3.
where Tq1 and Ty are the glass transition temperatures of the component 1 and component 2,
respectively, and w1, w» are the mass fractions of components 1 and 2, respectively. However,
Equation 1.3 assumes that components create a single amorphous phase with components
ideally mixed. Because of this, plasticisation effects predicted by this equation are associated
only with the amorphous region of the polymer. The composition of this region must be
corrected when one of the components undergoes a freezing transition.!*

For a compatible polymer blends, Tq can be expressed using Couchman’s relation.8%%

However, for systems with polymer-plasticiser phase separation, the individual T4 of each phase
needs to be taken into consideration. For the first polymer-rich phase, the glass transition

temperature is higher, while for the latter, plasticiser-rich phase — lower. Couchman’s relation

can hence be rewritten as:®°
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Ty = 2oy 1.4,
’ Z Xi,aACpi

where Xia is a molar fraction of the constituent i within phase a, Tgi is the glass transition

temperature of the pure constituent i in the phase a, and ACyi is the change in heat capacity at

Tg of the pure constituent i.

1.4.1.2. Antiplasticisation

An antiplasticiser is a substance that, like a plasticiser, reduces Ty of the polymer.
However, adding antiplasticisers to glassy polymers leads to increase in material stiffness or
bulk modulus.®* Antiplasticisation occurs when the additive strongly interacts with the polymer
matrix (e.g. via polar interactions), decreasing segmental chain mobility and consequently
increasing steric hindrance within the film. Antiplasticisation can also occur through the
addition of a small amount of plasticiser, as the increased chain mobility leads to increased DC,
decreasing the free volume in the matrix.%? Antiplasticisation can be a desired process that leads
to increased scratch resistance in polymer films and controls material brittleness as well as
nonlinear mechanical properties.

Depending on the My, of the polymer, the same additive can have plasticising properties
for one chain length and antiplasticising properties for the other. This behaviour can be
explained by considering the effect of free volume on additive compatibility in those polymers.
High Mw polymers have significantly less chain ends when compared to low My polymers,
reducing the number of voids within the matrix significantly. As plasticiser molecules initially
fill those voids, a lower amount is necessary to saturate a high My polymer. Once the polymer
is saturated and the compatibility limit is reached, phase separation occurs, leading to

antiplasticisation.%
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1.4.1.3. Plasticiser loss and migration

Plasticiser loss from the polymeric matrix is a significant problem, as even a small
reduction in plasticiser content leads to change in overall system properties. Plasticisers may be
removed from the system due to evaporation from the surface-air interface, migration to
adjacent polymers or extraction due to contact with solvent media.** When considering
plasticised polymer films in contact with solvents, it was proven that plasticiser molecules do
not migrate into water; however, they were found in products like shower gels,*® making
plasticiser loss very relevant to the formulations considered in this thesis.

For stand-alone polymer films, evaporation of the plasticiser is the only possible
mechanism of plasticiser loss. The amount of plasticiser that evaporates from the surface is
dependent on the plasticiser surface concentration, itself affected by the plasticiser migration
rate and solubility limit.>® For plasticiser concentrations above the solubility limit, deposition
and accumulation on the material surface (i.e. blooming) can occur. For concentrations below
that level, however, rate of additive loss is only controlled by volatility and plasticiser diffusion
rate.

In the latter case, plasticiser loss to the atmosphere is a two-step process (migration in
the matrix followed by evaporation), with diffusion coefficient expressed by the dependence of
concentration of plasticiser (C, Equation 1.5) or its free volume (f, Equation 1.6), itself function
of plasticiser content:

D(C) == Dcoeac 15

B
D = Ae f 1.6.
where Dco is the zero-concentration diffusion coefficient, « describes the plasticisation

efficiency of the plasticiser, and A, B are empirical constants.® Plasticiser excess on the surface

18



Chapter 1

occurs in the case of plasticiser loss where evaporation, rather than diffusion, is the rate-limiting
step.
The mass transfer theory (evaporation from stationary liquid into a stirred gas) can be

used to calculate the rate of evaporation of the plasticiser in the second step of the process:

205 P 0.17

where Vo is the rate of evaporation, | is the width of the surface, u is the velocity of the gas
flowing perpendicular to said surface, Sq is the concentration of the plasticiser in the gas phase,
Dy is the diffusion coefficient in the gas phase, and p and 4 are density and viscosity of the gas
phase, respectively. Naturally, this model is invalid in the case of perfectly still air.%

Given that plasticiser migration, polymer relaxation, and plasticiser vapour pressure are
temperature-dependent, the relative rates of the two stages of plasticiser loss are temperature-
dependent. In general, for polymer-plasticizer systems at low temperatures, plasticiser loss is
limited by evaporation, while at high temperatures — by diffusion; transition temperatures are
specific to each given system.% Rates of plasticiser loss are further controlled by properties of
the surrounding air as well as shape of the plasticiser molecule.*®

To calculate the rate of evaporation from the plasticiser partial vapour pressure (p), the
Hertz equation can be applied, using temperature, plasticiser molecular weight and the rate
constant of plasticiser transfer from the material (kp):%

p

Vg = ——
0 ’—ZkapT 1.8.
according to this equation, molecules with high boiling point (high enthalpy of vaporisation)

should be characterised by slow evaporation rate. However, in the case of glycerol used in this
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thesis (boiling point 290 °C),%" plasticiser loss within a week of aging has been identified,

therefore this phenomenon is of particular importance.

1.4.1.4. Plasticising properties of water

Water vapour permeation plays an important role in the packaging industry. This
phenomenon can change the quality of products as well as affect their shelf life®® because water
also can act as a plasticiser; it interacts with macromolecules via hydrogen bonds and removes
further barriers for polymer chains to move.* The extent of water permeation is determined by
polymer-water affinity, itself a function of the properties of the polymer (e.g. DH). In the case
of water soluble polymer films, refractive index,* Tg4, DC, film thickness, free volume and, as
a consequence, molecular mobility!! all change upon the uptake of water. As PVA is considered
to be the simplest hydrophilic polymer, it has become a convenient system to investigate the
influence of water content in water soluble polymers.t!

Water present in PVA can be both bound and free. The possible water states were
divided into three groups:*:100:101

1. Nonfreezing water, which is bound so strongly to hydroxyl groups that it shows no

thermal transition by DSC. It was proven to have the most significant plasticising effect

on PVA.

2. Freezable water, which can be weakly bound both to nonfreezing water and polymer

chain. Because of those interactions, in atmospheric pressure it melts on temperatures

above 0 °C.

3. Free water, which behaves like bulk water with the same phase behaviour.

Water dissolves crystalline regions increasing the amorphous regions, however, it is not
present in the regions of intact crystallites.1®* Therefore, overall water content is equal to water

content in the amorphous regions. At least two types of interaction between the polymer and
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water can be distinguished.?® For low water quantities (<10%), the polymer-water system is
more compact than a pure polymer-polymer system. Increasing water concentration forms
a looser network as water-water interactions occur.

Equilibrium water content in polymeric materials increases with RH.1® As a result,
tensile strength and Young’s modulus are both inversely proportional to RH, while elongation
increases with RH.1%31%4 In biaxially-oriented PVA films, water vapour and oxygen
transmission rate as well as swelling rate grow exponentially with increasing RH, even though
temperature has little effect on these properties.® Moisture sorption of polymer films is also
dependent on film thickness,**1% a fact which can be taken advantage of in polymer humidity
sensors as most other RH-dependent properties are also temperature-dependent.*® While
choosing the best polymer film thickness for a particular application, one needs to make
a compromise: thinner films have better humidity sensitivity but longer time for water
absorption.

If another plasticiser is present in the system, the water uptake is dependent on the
quantity and chemistry of the other plasticiser in the matrix. If this other plasticiser creates
strong hydrogen bonds with the polymer backbone, some sites initially occupied by water
molecules are later occupied by the plasticiser. When plasticiser concentration rises above
a threshold limit, all the sites surrounding polymeric units are occupied by plasticiser and water
molecules. Any further plasticiser or water addition leads to plasticiser-plasticiser interactions,
more mobile additive species, and eventually increased sensitivity to atmospheric water.®

Because of all aforementioned variations in polymer properties with changes in RH,
attempts have been made to produce polymers with improved moisture resistance®® or create
controlled RH environment during testing.'¢* A very common method to achieve constant

RH is by using saturated salt solutions in sealed vessels!*>11° as the water vapour concentration
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and therefore the RH over the salt solution is lower than over pure water.!'’ A second strategy
involves bubbling dry gases though a container with controlled water level.1%” RH is controlled
in this case by the amount of water entering the gas during bubbling, therefore lower gas flow

and higher water level results in high RH content in the outflow.

1.4.2. Surfactants

Surfactants (surface active agents) reduce the surface tension of a system, improving its
wetting properties. They are of great importance to industry, used in processes where mixing
or contact between various phases is desired e.g. dyeing of textiles, dispersing aqueous
suspensions of insoluble dyes or perfumes, wetting, coating, emulsification, or cleaning.!®

Structurally, a surfactant molecule consists of a hydrophilic head group and
hydrophobic tail group. Usually, this tail group is a hydrocarbon chain that consists of more
than 10 carbons in length, which makes it lipophilic. The hydrophobicity difference between
head and tail group is of great importance in detergents, in which lipophilic groups show affinity
to oil molecules, while the head groups show good compatibility with polar solvents e.g. water.
Four major groups of surfactant head groups can be distinguished: anionic, cationic, non-ionic
and zwitterionic. In this thesis, the behaviour of the first three groups in PVA-based systems
will be investigated, with more detailed description given in relevant chapters. Specifically,
sodium dodecyl sulfate (SDS), hexadecyltrimethylammonium bromide (CTAB), and
decaethylene glycol monododecyl ether (C12E10) were used. While the hydrophobic tail length
of SDS and C12E1ois shorter compared to that of CTAB (12 and 16 carbons, respectively), these
surfactant species are the most commonly utilised in consumer goods (as opposed to the higher-

priced dodecyltrimethylammonium bromide). Moreover, using nonionic surfactant of high My
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enables to draw a conclusion about the behaviour of a species with significantly larger
hydrophilic chain compared to its ionic counterparts.

An important parameter for describing the suitable usage (water/oil or oil/water
emulsions) of a surfactant is the hydrophilic-lipophilic balance (HLB), describing the balance
of the strength and size of the hydrophilic and lipophilic moieties of a surfactant molecule.!%°
According to Griffin,}2°121 HLB values range between 0 and 20, with surfactants of HLB
between 3.5 and 6.0 proven to be more suitable in water/oil emulsions,!!® and those of HLB
from 8 to 18 in oil/water emulsions. Using HLB as a way of characterising surfactant species
IS, however, limited as it does not provide the accurate description of various chemistries (e.g.
hydrocarbon versus fluorocarbon tail)*?? and it cannot be used for charged surfactant moieties.
To include these various chemical nuances, Davies'? developed a group contribution method
to estimate HLB. However, as with all other group contribution methods for chemical
thermodynamics, the Davies method requires dedicated studies to determine the contribution
values of the relevant moiety, and therefore cannot calculate the HLB values for large groups
of cationic and zwitterionic surfactants.!22

One of the characteristic features of surfactants is their tendency to create aggregates in
solutions, mainly micelles, with their arrangement dependent on the character of the
environment (water- or oil-based). Non-polar tails have low solubility in water, resulting in
their preference to aggregate with other non-polar molecules.*?* The main driving force for such
arrangement are hydrophobic interactions, which in aqueous solvents result in repulsive
interactions between the non-polar tail group and the surrounding water. As a result of such
arrangement into micelles, entropy is minimised in the system. The shape of the resultant

micelle is dependent on the relative size of the head group compared to tail group, with
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possibilities of spherical, ellipsoidal shapes, rods, as well as lyotropic crystalline phases
(lamellar, hexagonal, and cubic phases).

The formation of these structures for a given surfactant usually occurs at a critical
micelle concentration (CMC), dependent on the temperature and solvent type. Unfavourable
electrostatic interactions are responsible for much higher CMCs of ionic surfactants compared
to nonionic surfactants (as the surfactant head groups repel one another).12> Moreover, the CMC
decreases with increasing hydrophobic chain length.}??2 Above the CMC, the activity of the
surfactant in liquid medium becomes practically independent of its concentration, which
enables investigation of CMC based on surface tension measurements.

Another very important parameter that rules ionic surfactant behaviour in solution is
temperature. For each surfactant, micelles will not form if characteristic temperature (Krafft
point, Tx) is not reached. This temperature defines solubility of the surfactant that is equal to
CMC and therefore micelles will not form for temperatures that are below Tx. For temperatures
above the Tk and concentrations above the CMC, increasing the temperature leads to increase
in surfactant solubility. For nonionic surfactants, however, their solubility decreases with
increasing temperature until reaching until reaching cloud point (Tcp)*?212® — the temperature at
which phase separation of the solution becomes visible (solution becomes cloudy) — as

dissolution of the surfactant in the solvent is no longer complete.

1.4.2.1. Polymer-surfactant interactions

In this thesis, PVA-based films were prepared from aqueous solutions where both
polymer and surfactants can interact prior to film preparation, including a dedicated study for
their migration in the solution phase. As the polymer and surfactant are therefore in constant

contact throughout preparation and film characterisation, understanding polymer-surfactant
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interactions are of particular importance to predict the behaviour of molecules in solid polymer
films.

In general, weakly amphiphilic, uncharged cosolutes and electrolytes can lower the CMC
as they reduce the electrostatic penalty for self-assembly. Because of the additive effect of their
many functional groups, polymers also depress the CMC when present in surfactant solutions.
This effect may be insignificant for polymer-nonionic surfactant solutions as stabilisation of the
surfactant micelles by the polymer is less prominent. However, in cases where favourable
electrostatic interactions between the polymer and surfactant can be formed, the CMC can be
lowered by orders of magnitude through surfactant-polymer complex formation.!?® The
concentration at which such a surfactant-polymer complex is formed is called critical
aggregation concentration (CAC).*?” Polymer-surfactant interactions can also result in creation
of films at the air-water interface that contain an ordered micelle phase encapsulated in
a polymer gel matrix.28129

As with pure surfactant self-assembly, aggregation in aqueous polymer-surfactant
systems is largely driven by the reduction of hydrophobic interactions between the solvent and
aliphatic groups, balanced with the maximisation of favourable electrostatic interactions.*?> On
this basis, these mixtures can be characterised by three types of water-soluble polymer-
surfactant interactions:

— Systems containing polymers with hydrophobic groups where surfactant micellization

occurs prior to aggregation with polymer.

— Systems containing polymers with hydrophilic groups. Here, polymer-surfactant

binding occurs below the CMC. The polymer becomes saturated with surfactant prior to

micellization, leading to creation of complexes that behave like association
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polyelectrolytes™®® with the necklace model used to describe the structure of the

aggregate. 13!

— Complex intermediate behaviour between these two extremes, exhibited by systems

depending on the strength of the polymer-surfactant interactions.

As PVA is a neutral polymer, it can exhibit any of the three cases described (dependent
on the surfactant length, charge, and presence of other cosolutes in the system), hence the
relevant case for mixtures in this thesis cannot be predetermined. Accordingly, one must
consider all possible interaction types to interpret the behaviour of aqueous PVA-surfactant
mixtures.

While ionic surfactants in general associate with polymers starting at the CAC, nonionic
surfactants show weak interactions with most homopolymers.*?® The shape of the adsorption
curve of surfactant on suspended polymers also differ, generally presenting as a Langmuir
isotherm for nonionic surfactants and sigmoidal for ionic surfactants, without a clear
dependence on temperature.*?

For ionic surfactant-nonionic polymer systems, hydrophobic interactions further
influence system behaviour, with oriented aggregation of the surfactant tail groups onto
hydrophobic parts of the polymer. For that reason, polymer-surfactant assembly is dependent
on the type and structure of the surfactant itself, pH of the system,'?? degree of polymer
branching,*** hydrophobicity of the polymer®*°13* as well as presence of polar groups in its
surface.'®? While the interaction mechanism of anionic and cationic surfactants is expected to
show very similar behaviour, the latter group shows in general lower affinity for neutral water-
soluble polymers. This can be explained by the size of the hydrated head group of the surfactants

used that, in general, is larger for cationic and non-ionic surfactants compared to anionic ones.'?2
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Surfactants introduced to polymer systems strengthen the junctions in the polymer
network and increase osmotic pressure in the network. As a consequence, the T¢p of polymer
increases.® In PVA systems, this behaviour is more pronounced for polymers of lower DH due
to higher amount of hydrophobic acetate groups hence stronger polymer-surfactant tail group
interactions.'® Indeed, SDS forms polyelectrolytes with PVA of lower DH thereby disrupting
interactions between polymer chains in a more pronounced way compared to PVA of higher
DH.135'136

For nonionic polyol surfactants, a similar tendency was shown — increasing amount of -
CH2CH0- groups causes unfavourable interactions, while -CHa- groups cause favourable ones.
Cationic surfactants do not show significant dependence of surfactant association with the
polymer with increasing tail group length (and hence hydrophobicity), as the polar head group
plays a more important role in the binding affinity.!?> However, CTAB has shown similar
behaviour to SDS while in contact with PVA, creating polymer-surfactant complexes based on

tail group interactions.*3

1.5. Mechanisms of molecular migration

Additive migration and segregation in polymer blends, block copolymers or end-
functionalised polymers has been previously reported.’*”13 Migration of small molecules,
especially in solid films, received relatively little attention, though.

Molecular migration within the polymeric matrix is dependent on many factors, such as
component surface energies, compatibility between the components, and entropy. When
considering individual migration mechanisms, behaviour of the molecules present in the system
can be easily predicted. However, only rarely does a situation like this take place; the behaviour

of the migrant is typically the result of many variables, thus difficult to predict.
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1.5.1. Effect of surface free energy

Surface energy can be defined by considering the interaction between molecules in the
system. In the bulk, molecules interact with all adjacent neighbours. Molecules at surfaces,
however, have fewer neighbours — only on the surface and below it — inducing a surface free
energy (SFE). The magnitude of this SFE is related to the cohesive forces binding constituents
together. The component with the lowest surface energy tends to migrate to the surface and
create areas rich in this component to minimise the overall system SFE.'* The reduction in the

overall SFE increases with the differences in surface tension following the Gibbs equation:

p.:_i( Al ) 1.9
' RT\dInc; /.. e

where 77 is the SFE of component i at an interface, yis surface tension, ci is the concentration
of component i at the interface, R is molar gas constant, and T is temperature. Equation 1.9 was
further corrected for the case of charged molecules where both molecule and counterion adsorb

at the interface;1%°

r-=—i( il ) 1.10
‘T 2RT\dIng; /, i

The difference in SFE of the components is an important factor for migration within
polymer blends!4? and can be used to predict additive distribution within more complex polymer
blends, either through group contribution methods!*! or through the relationship between
component interfacial tensions.}*? These approaches been successfully applied to explain
migration processes of the plasticiser in the polyvinyl butyral/polypropylene system, enabling
prediction of plasticiser enrichment at the interface between the two polymers.1*3 However, as
interfacial surface tensions are not readily experimentally accessible, methods to estimate these

quantities are required to determine SFE. The most widely applied method to estimate
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interfacial tension is through contact angle goniometry and Young’s method, which will be

discussed in Section 2.10.

1.5.2. Effect of entropy

For polymer systems where polymer species of different My are present, entropic effects
may cause molecular migration. As species of lower My encounter lower entropic penalty for
being on the interface compared to higher My counterparts, they are likely to diffuse there to
lower the system SFE. Moreover, as the free volume associated with the chain ends increases
with decreasing My of the polymer, the smaller species adds mobility and configurational
freedom to the surface.4

The enrichment of the surface with additives is a result of a balance between the
reduction in SFE and gain in translational entropy. This mechanism is also responsible for
creation of surfactant micelles as described by the Gibbs-Helmholtz equation:

AG = AH,,, — TAS,, 1.11.
where AG is the Gibbs free energy of micellization, AHm is the enthalpy of micellization, T is
the temperature, and ASm is the entropy of micellization. Formation of micelles generally leads
to both increased enthalpy and conformational entropy in the system. As a consequence, the
Gibbs free energy of the system is lower and the system is more stable because the unfavourable
interactions are reduced. Further increase in surfactant concentration may lead to creation of

liquid crystal phases.'*

1.5.3. Effect of compatibility
In polymer systems, ‘compatibility’ can have several meanings, albeit all bearing

similarity to the lay definition of the term.*® In this thesis, this term is used to describe
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formulations where no phase separation takes place, i.e. discussed system components are

miscible on molecular scale.

1.5.3.1. Flory-Huggins theory

Flory-Huggins solution theory is commonly used for investigating the compatibility
between polymer and the solvent. In this lattice theory of polymer solutions, molecules are
assumed to be placed within a lattice composed of cubic cells of volume equal to that of an
individual solvent molecule (or segment of polymer chain). The total number of lattice sites is
equal to the number of solvent molecules and segments of polymer chain occupying
a continuous sequence of cells. The free energy of mixing in the system is a product of three
types of interactions: solvent-solvent, solvent-polymer segment and polymer segment-polymer
segment interactions. From these considerations, the Flory-Huggins solubility parameter (y)
can be expressed by the equation:

Agy,

1.12.
kT

x=(2-2)

where z is the number of nearest neighbours of a cell in a lattice, Agi2 is the Gibbs free energy
change for the formation of the solvent-polymer segment contact, and kg is a Boltzmann
constant. In a good solvent the polymer will swell because of favourable polymer-solvent
interactions while in a poor solvent the polymer will shrink, reducing mixing with the
surrounding medium. If y exceeds a threshold value (typically between 0.5 and 0.55), phase
separation will take place. However, due to the simplicity of this model the behaviours predicted
can only ever be approximate. For instance, because of the mobility of small plasticiser
molecules, they may be lost to the atmosphere after some time, even when the semi-empirical

constant is lower than 0.5.
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In Flory-Huggins theory, all interactions are assumed to be isotropic and the system to
be incompressible. Therefore, to apply this theory to strongly interacting systems (like the
polymer/charged surfactant systems discussed in this thesis), additional terms need to be
included to account for these effects.!4® Despite its drawbacks, this theory can successfully be
used to predict thermodynamic properties of polymers (swelling equilibria,
solubility/miscibility, formation of a ‘wetting layer’, bulk phase separation), as well as polymer-

plasticiser and polymer-solvent compatibility.

1.5.3.2. Solubility parameters
For discussing compatibility in the polymer/additive system, two parameters are usually

considered: Hildebrand and Hansen solubility parameters. The former parameter is defined as:

AH, — RT
5= o = /V— 113,
m

where ¢ is the Hildebrand parameter, ce is cohesive energy density, AHy is the heat of
vaporisation, and Vr, is the molar volume for a given component. This parameter can be widely
used for polymers and other non-polar materials as a tool to predict the degree of the interactions
within mixtures. Furthermore, it can be a solubility indicator as when values of Hildebrand for
two species are similar, materials are likely to be miscible.'#’

Based on Hildebrand solubility parameters, the Hildebrand-Scatchard equation is used

to estimate the heat of mixing of two-component solutions:

AHmix
VmiX

= (8; — 8)%* b1, 1.14.

where AHmix and Vmix are the heat of mixing and molar volume of the mixture, respectively,

and ¢ is the volume fractions of component i. In miscible systems, (§; — §,)? is small.
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However, due to its assumptions, Equation 1.14 cannot be used for polar solutions with
a negative enthalpy of mixing.

Providing more detail to the Hildebrand parameter, Hansen solubility parameters help
to predict the tendency of one material present in another material to form a solution. It splits

the Hildebrand solubility parameter into three components:

8 =\/(8§+85 + 682 1.15.

where &, &, on are the Hansen dispersion, polar, and hydrogen bonding parameters,
respectively. Hansen parameters work best predicting solvation of spherical molecules but can
also be applied to predict the behaviour of elongated molecules, including polymers. They can
therefore be used to choose the best plasticiser for a polymer to improve its properties. The
more similar each Hansen parameter is for two substances, the more compatible they are.
However, when considering industrial applications one needs to remember that other properties

of the substance, for example toxicity, must also be considered.

1.5.4. Small molecule migration

When surface active additives are present in small amount in the polymer system during
typical processing, it may be transported to the surface by physical processes such as
spontaneous surface segregation, shear, or diffusion.!*® Spontaneous surface segregation is
a result of the factors mentioned in the previous section, therefore will not be discussed in
further detail here. Moreover, while shear effects may be important because of the film
preparation method (spin coating), migration of suspended particles due to shear has only been
proven in cases of micron-sized additives,'*® and in simulations of polymer chain

aggregation.'*® Further, as in-depth evidence of shear-induced additive migration has only been
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studied in systems using different flow conditions to those studied here,*° these effects will be
disregarded.

This project aims to understand the timescales of migration in parallel to their
mechanisms, hence a general description of diffusion models will be given, with more
information about each system provided in the introduction to the relevant experimental

chapter.

1.5.4.1. Fickian and non-Fickian diffusion

Fick’s laws are broadly used for determination of the macroscopic diffusion coefficient
of a component in the system as a result of a concentration gradient. In polymer formulations,
they have applied to describe absorption®™! and release!® of additives from the matrix, which
is especially important in the food industry.’81%3154

Fick’s first law describes the linear dependence of diffusion over time, described by

equation:**

= _D(Z_;) 1.16.

where J is the diffusion flux in the x direction (per unit area), c is the concentration of the
diffusing species, and D is the diffusion coefficient. The change of diffusion coefficient over
time is described using Fick’s second law. For the 1-dimensional case it is expressed using
equation:

ac d%c
L _D(— 1.17.
ot D(a 2

Contrasting with Fickian diffusion, case Il diffusion describes molecular transport
typically involving a front propagating at a constant velocity, with consequent swelling of the

polymer and linear dependence of diffusion rates on time (proportional to t®° for Fickian
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diffusion).?®®1%8 Due to the variety of factors that influence diffusion in polymer system,
diffusion rates can differ from Fickian behaviour or case Il diffusion and display time
dependence following t", where ne<0.5;1> — i.e. anomalous diffusion. Moreover, in more

complicated systems, chemical reactions and convection need to be considered.

1.5.4.2. Other models

In addition to the macroscopic description of diffusion, there are many models that
describe the migration of single molecule in polymer systems, primarily Einstein’s work!®®
(Stokes-Einstein equation, Section 2.7), considered as foundation of molecular diffusion
processes. In this case — diffusion in homogeneous systems — the mean-square displacement of
the diffusing particle increases in a proportional manner with diffusion time.*%® Polymer
formulations cannot be considered as homogeneous systems, however. As has been previously
shown, solvent (in the case of polymer solutions), polymer, and diffusing molecules should be
considered as separate components, characteristics of which need to be included to accurately
describe their behaviour.t1162 That led to creation of a number of diffusion models based on
various physical concepts.

For dilute polymer solutions (defined in Section 3.3.1), the polymer can be modelled as
a hard sphere (following the Stokes-Einstein relation), a series of connected beads interacting
independently with the solvent (the Rouse model), and a series of connected beads interacting
both with one another and the solvent (the Zimm model).'%3 Here, only the latter model can
accurately describe the system behaviour as the Rouse model consistently overestimates the
influence of polymer length on diffusivity.

In the case of semi-dilute polymer solutions and polymer gels, more complex models

considering the restricted diffusion paths available are required. These include:
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— Obstruction, %1% where the polymer is considered as a rigid obstacle for diffusing
substances.

— Hydrodynamics, ¢

where the polymer network indirectly interacts with the diffusing
molecules, without acting as a rigid obstacle.

— Free volume,%718 where particles may only diffuse into cavities between solvent

molecules.

— Reptation, ' where the polymer chains diffuse as a tube rather than hard sphere, with

unconstrained motion only at the chain ends.

— Entropic trapping,'®® where the polymer network is considered as a series of

interconnected pores constrained by narrow paths.

Despite the variety of models described, the specific assumptions in each case limit their
applicability, resulting in limited general predictability in these systems.6%17° Moreover, these
models consider only geometric aspects of the system, and there is still ongoing discussion
about physical meaning of the model parameters.t’* The systems considered here are
complicated further by their network density, glassy state, and multicomponent nature. Indeed,

the free volume of polymer, size and shape of migrant, and migrant-polymer intermolecular

interactions are important for diffusion in glassy polymer films."

1.5.5. Specific aspects of diffusion in thin films

Thin polymer films are broadly used for device miniaturisation'’® as well as sensors and
show different behaviour than solution cast films. For these systems, diffusivity, temperature-
dependent properties'’® and Ty are different than those for bulk. The prevailing explanation for

these phenomena was presented as a three layer model, according to which polymer films can
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be divided into three layers that are distinguished because of the variant nature of the
interactions within them?% (visualised in Figure 1.6):
1. The layer next to the solid substrate, where properties are dependent on polymer-
substrate interactions.
2. The middle layer, which behaves in a similar way to bulk polymer.
3. The layer near polymer-air interface, which has reduced packing density and
enhanced mobility when compared to bulk polymer.

While considering micron-thick films, the thickness of the first and the third layers are
too small to contribute significantly to polymer properties. However, when the thickness
decreases, they have an overriding influence on the interactions present in the system.

The properties of thin films are therefore highly dependent on polymer-substrate
interactions and solvent-substrate interactions. Hence, homogeneous thin polymer films can be
obtained in cases when there is no preferential interactions between components, or when

substrate-solvent interactions are weaker than polymer-substrate ones.’

Free surface

. z=ly+HyH,
Layer 3 — surface-like

Layer 2 — bulk-like
Layer 1 — substrate-like

X

z=l4+l,

z

Figure 1.6. Schematic illustration of three-layers model.

1.5.6. Migration of molecules in PVA films from surrounding liquid medium
Infiltration of water and other compounds into PVA is of great importance to this thesis

(i.e. in Chapter 5, Chapter 7, and Appendix E); here, a brief overview is provided.
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While in contact with a polar solvent (e.g water), hydrogen bonding present in the PVA
chain will interact with incoming solvent molecules, leading to swelling of the material,
increased free volume, and increased diffusion coefficient of infiltrants inside the polymer
matrix. In general, infiltration of solvent or solute molecules into a semicrystalline PVA film
from fluid environments is determined by the distance between crystallites, polymer
entanglement,!” film-liquid medium partition coefficient,”> DC, and M. Polar solvent uptake
is negatively correlated with DC, while positively correlated with My as the higher amount of
crystallites within the matrix significantly increases the diffusion path length (tortuosity factor)
and restricts the movement of the chain in the amorphous region (chain-immobilization
factor).?® Moreover, DC and My also control the swelling in the system upon infiltration by
solvent molecules.?®

One of the main reasons for studying solvent infiltration into PVA is its influence on
the eventual release of additives into the surrounding media. Like many other mass transfer
processes, this release can be divided into three steps: solvent diffusion into the film network,
relaxation of the polymer matrix, and finally diffusion of the active compound from the swollen
polymeric network into the surrounding medium.?® This is particularly important when
considering infiltration of solvents from vapours i.e. aging of PVA films at elevated RH.

While large body of literature has been dedicated to study water infiltration into PVA
formulations, substantially fewer studies are dedicated to migration from other solvents. In
alcohol-water mixtures, it was proven that DH influences the degree of polymer interactions
with the solute — the higher the DH, the higher the affinity of the polymer to negatively charged
molecules.?® In this system, presence of ethanol modifies the amount of water molecules
interacting with polymer, hence slowing down the relaxation of the polymer matrix'’%*"” and

lowering swelling of the matrix. In studies of dye release from PV A films prepared from resins
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of different My and DH, the release profiles were similar for all polymers studied and depended
on the rate of crystal dissolution in the solvent. Total release is therefore only possible in
systems where the crystalline phase is completely dissolved.?
Additive release from films was proven to follow Higuchi’s diffusion model:17817®
Q = [DC,(2C, — C,)t]°° 1.18.

where Q is the amount of relaxed component per unit area of the matrix, Co is the initial amount
of the component per unit volume of the matrix, and Cq is the solubility limit of the component
in the matrix. Moreover, the importance of heat-treatment was underlined: release kinetics were
similar for both films heat-treated below Tg and untreated films. For films heated above Tg,

however, retardation of diffusant release was correlated with increasing DC,181® implying its

encapsulation in polymer crystallites.

1.6. Thesis outline

Within this project, the migration of three types of surfactants (cationic, nonionic and
anionic) as well as one type of plasticiser and fluorophore in PVA matrices is studied. All five
species studied represent model additives, with the surfactants additionally emulating the
concentrated detergent solutions contained within single unit laundry pods.

As was outlined in Section 1.1, complexity is introduced stepwise into the system. In
Chapter 3, migration of a fluorescent probe through PVA-based solutions is investigated as
a function of plasticiser content and surfactant head group chemistry. This is then extended to
spin-coated PVA-based films in Chapter 4, where the importance of overall system
compatibility and migration mechanisms are demonstrated.

Then, the effect of environmental conditions (i.e. RH and temperature) as well as
concentration of the additive on migration of surfactants within the film to the air-film interface

is addressed. In Chapter 5, the migration behaviour of surfactants with various head group
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chemistry in thin PVA-based films is investigated by aging these formulations both in ambient
conditions (as a function of surfactant concentration) or in controlled RH conditions (as
a function of RH). In parallel, surfactant influence on water vapour sorption as well as
investigations into surfactant molecular arrangement (tail-up or head-up) in mesophases on the
polymer surface are provided.

Building on these findings, the migration behaviour under various temperatures is
investigated using partially- and fully hydrolysed PVA as a matrix in Chapter 6. Accordingly,
the effect of temperature and RH on migration behaviour in the system as well as the effect of
physical properties of the matrix can be compared. The influence of temperature on aging and
migration of the additive is also investigated in films doped with binary surfactant mixtures,
followed by investigation into molecular arrangement and hydrophilicity changes using
chemical force microscopy.

A different perspective of migration is presented in Chapter 7. Here, the migration of
adjacent medium (water or surfactant solution) is investigated, establishing kinetics of liquid
wetting (spreading and infiltration) on PVA-based films of various composition. More
industrially relevant formulations (thick films) are compared to thin films to introduce further
complexity into the system, highlighting different phenomena that must be considered at each
length scale. Insight into changes in DC with changes in composition as well as influence of
DC on migration behaviour in the system are discussed alongside a comparison of film
morphology versus preparation method.

Finally, the thesis is summarised in Chapter 8. Then, future research directions are
presented in Chapter 9. Preliminary data on migration of surfactants from adjacent nonaqueous

media is presented in Appendix E.
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Chapter 2. Materials and methods

2.1. Materials
The following chemicals (Table 2.1) were purchased and used as received. Their

specific use is described in the relevant experimental chapter.

Table 2.1. Details of the chemicals used in this thesis.

Material reference Product Supplier Muw (g/mol) Purity (%)
87PVA P8136 Sigma-Aldrich 30 000-70000  87-90 (DH)
99PVA 341584 Sigma-Aldrich 89 000-98 000 99+ (DH)
Glycerol G9012 Sigma-Aldrich 92.09 >99.5

SDS BP8200 Fisher Scientific 288.38 >99
Decaethylene glycol . .
oo decilll ethe% z’anm) P9769 Sigma-Aldrich 626.86 >08
CTAB H5882 Sigma-Aldrich 364.45 >08
Rhodamine B (RhB) R6626 Sigma-Aldrich 479.02 >95
HPLC water 34877-M Sigma-Aldrich 18.02 HPLC Plus
Ethanol 200-578-6 Fisher Scientific 46.07 99.8
to-Mercaptonexadecanole 674435 sigma-Aldricn 288.49 99
1-Hexadecanethiol 674516 Sigma-Aldrich 258.51 99
. . . . Analytical
Trifluoroacetic acid 74564 Sigma-Aldrich 114.02
standard
Hydrogen peroxide UN2014 Fisher Scientific 34.01 30 (wWiv)
Sulfuric acid 8/921470/PB Fisher Scientific 98.07 >05
Ammonium hydroxide UN2672 Fisher Scientific 35.05 25=30
Scientific
Lithium chloride CHE 2360 Laboratory 42.40 99
Supplies
Potassium acetate 217105000 Acros Organics 98.15 99+
Magnesium chloride 197530010 Acros Organics 95.21 99
Potassium carbonate P/4080/60 Fisher Scientific 138.21 Extra pure
Magnesium nitrate A10329 Alfa Aesar 148.3 98
Silica gel S/0762/53 Fisher Scientific 60.08 HPLC grade
Po'y(‘(egg’(';e)“so%'yco') P3015 Sigma-Aldrich 190-210 99
2-ethoxyethanol A16100 Alfa Aesar 90.12 99
Ethylene glycol 102466 Sigma-Aldrich 62.07 >99
Dipropylene glycol D215554 Sigma-Aldrich 134.17 99
Butyl carbitol 579963 Sigma-Aldrich 162.23 >08
Tokyo Chemical
2-methyl-1-propanol 10094 Indu)sltry UK Ltd. 74.12 >99
2-butanone L13185 Alfa Aesar 72.11 99
2-undecanone U1303 Sigma-Aldrich 170.29 99
Oleic acid A16663 Alfa Aesar 282.47 90
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2.2. Solution preparation

Polymer films discussed in this thesis were prepared by spin coating (thin films) or
solution casting (thick films) from aqueous PVA-based solutions. Water was used as a solvent
of choice due to its wide application in industrial applications of PVA as well as poor solubility
or lack of solubility in other non-toxic solvents (e.g. ethanol).'® Moreover, water dissolves the
other additives used in this thesis, enabling preparation of homogeneous solutions.

PVA powder was dissolved in HPLC water by heating up to 75°C (87PVA) or 100°C
(99PVA) with continuous stirring (for ca. 2 hours or until completely dissolved) to obtain
a concentration of 4% or 10% (w/v). Then, the solution was stirred while cooling to room
temperature. Solutions of plasticiser (glycerol) of 4% (w/v), and ionic surfactant (SDS or
CTAB) of 1% (w/v) were prepared by dissolving required amount of substance and stirring at
room temperature for ca. 4 hours. Nonionic surfactant (C12E10) solutions of 1% (w/v) were
prepared by dissolving it at 30°C with continuous mixing for ca. 2 hours, then stirring at room
temperature until the temperature equilibrated. As prepared, all stock solutions were below the
solubility limits for the corresponding chemical.

Agueous solutions used for film preparation were created by mixing the above stock
solutions in the appropriate polymer/plasticiser/surfactant volume ratio. To avoid creation of
surfactant mesophases, PV A/glycerol/surfactant test solutions were heated up to 50°C for 15
minutes under stirring before cooling to ambient and stirring overnight. In addition, for some
contact angle (CA) measurements, pure glycerol was added to 10% (w/v) to achieve solutions
of PVA such that PVA/glycerol (w/w) ratio was 4:1. All of the investigated compositions were
sonicated for 20 minutes at ca. 30°C (sonication power 180 W) to ensure a uniform composition

and cooled down to room temperature prior to use.
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In solutions used for fluorescence measurements, RhB was incorporated by diluting
a 2.5 mM stock solution with the corresponding test solution to achieve desired fluorophore

concentration.

2.3. Film preparation

Thin films (<250 nm) were prepared using a spin coater (Spin 150i, SPS-Europe). As
a substrate, either glass slides cut to 1x1 inch? (for fluorescence recovery after photobleaching
(FRAP) or CA measurements) or silicon wafers (Pi-kem, P(Boron), 0003W25) cut to 2x2 cm?
(for atomic force microscopy (AFM) measurements) were used. The latter substrate provides
initial control of film properties (uniform coverage) and choice of optimal spin speed as the
coated substrate changes colour as a function of film thickness, enabling visual inspection of
film quality.'®® Glass substrates, on the other hand, can be conveniently adjusted in size, are
commonly used in fluorescence microscopy and are hydrophilic, hence minimising differences
between substrate-polymer and bulk layers of the film.

The substrates were previously cleaned using piranha solution (mixture of 98%
concentrated sulphuric acid and 30% hydrogen peroxide at a volumetric ratio of 7:3) for 1 hour
to remove any organic impurities as described in reference 182. Silicon wafers were further
cleaned in RCA solution (5:1:1 (v/v/v) solution of deionised water, aqueous ammonia, and 30%
hydrogen peroxide solution, respectively) for 40 minutes at 80 °C. Finally, all substrates were
sonicated (three times, 10 minutes each sonication) in ultrapure deionized water (Mili-g, 18.2
mQ cm) and dried in an oven at 70 °C. Films for AFM and FRAP measurements were prepared
by spin casting 200 ul of the solution on with spin speed equal to 2000 rpm for 100 s. Thin
films prepared for CA measurements were prepared from 4% (w/v) solutions (both with and

without glycerol) by spin coating 323 ul or 1209 ul (to account for a larger substrate) of the
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solution with the spin speed equal to 2000 rpm for 100 s or 1000 rpm for 300 s, respectively, to
obtain film of various thicknesses.

Solution cast films for CA measurements were prepared by dosing 400 pl or 800 pl of
either 4% (w/v) or 10% (w/v) solutions (with or without plasticiser) onto a glass slide and
placing in a vacuum oven (75°C, ca. 200 mbara) for ca. 1 hour to obtain films of micron-scale
controlled thickness. Films for DVS measurements were prepared by adding 15 ml of the
solution to a plastic petri dish (100 cm?) and placing in the same conditions in the vacuum oven

for ca. 4 hours.

2.4. Atomic force microscopy
2.4.1. Operating principle

AFM is a powerful technique that enables measurement of surface structure and
topography of a sample, investigation of the nature of interactions present in the system through
force-displacement curves, and manipulating the surface properties of the sample in a controlled
Way.183'184

In AFM, a nanoscopic probe (usually cylindrical or pyramidal) is placed at the end of
a microcantilever connected to a micrometre-size chip. The choice of cantilever material
depends on the application, with silicon (high spring constants, usually rectangular shape, used
mostly for tapping mode) or silicon nitride (low spring constants, usually triangular shape, used
mostly for contact mode) most commonly utilised. To improve signal quality, the cantilever is
usually coated with thin layer of reflective material (e.g. gold, aluminium).

During an experiment, a piezoelectric actuator (the z-piezo) brings the cantilever into
contact with a sample. Depending on the AFM system, it can operate in a scanned-sample
(actuator moves the sample) or scanned-tip (actuator moves the chip) mode. The actuator

enables movement in X, y, and z directions, thereby scanning the sample surface. While in
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contact with the sample, a laser beam is emitted and concentrated near the cantilever tip,
reflected by the back of the cantilever and recorded by a photodetector (Figure 2.1). As changes
in surface morphology cause bending of the cantilever, the variations in the position of the beam
are recorded (vertical movement and the lateral torsion of the cantilever), with signal

differences corresponding to the material structure.

DETECTOR
AND FEEDBACK
ELECTRONICS

PHOTODIODE ‘.ASER

AFM PROBE

VA

u——/\/\,v

SAMPLE SURFACE

-PEZD SCANNER

Figure 2.1. AFM operating principle. Reproduced from reference 185.

The principle of force microscopy is based on the Lennard-Jones model of potential
energy (U(z)) between a microscopic particle and the tip of the probe:

dU(z)
dz

F(z) =AU(z) = — 2.1.

where F(z) and z are particle-tip force and distance, respectively. When the tip and the surface
are separated by the distance zo (Figure 2.2) the net tip-surface interactions force is equal to
zero. For z > zo, van der Waals forces result in attraction of the probe towards the surface, while
for z < zo overlapping of the atomic orbitals results in repulsive tip-surface interactions.
Depending on the z distance, three operating modes of AFM can be distinguished: static contact
mode (CM, Figure 2.2), dynamic (i.e. with the cantilever oscillating near its resonance

frequency) intermittent contact mode (ICM, or tapping mode) and non-contact mode (NCM).
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Figure 2.2. Lennard-Jones potential (U(z), blue) and force (F(z), red) distance dependence versus tip-surface
separation. Reproduced from reference 186.

Because of the size of the cantilever tip, AFM has a subnanometre resolution.®’
Consequently, it is possible to observe single polymer molecules'® or use AFM as the tool for
polymer aggregate manipulation® and investigation of sample thickness within the z-scale of
AFM for non-uniform samples using AFM scratch method.!8 Moreover, it enables the
scanning of samples in variety of environments (ambient, variable RH, liquid, high vacuum).
A common application of AFM is observation of changes before or after surface modification,

for instance chemical contrasting®®® or humidity change.%

2.4.2. Contact mode

In this mode, constant contact is kept between probe and the sample (brought together
by the z-piezo), with short-range forces between the probe and sample enabling the scanning.
Contact mode can operate in two submodes: constant force and constant height mode.

In the first case, the user defines a setpoint value. Probe-sample contact results in the
cantilever bending and changes in the deflection value of the laser beam. The feedback system
controls z-piezo that is extended or retracted as needed to match the deflection with the setpoint,

and hence keep the force constant. The topography of the scanned sample is therefore obtained
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from movement of the z-piezo that is adjusted to keep the deflection equivalent to the setpoint
value. In the constant height mode, z-piezo is kept at a fixed position with no control from the
feedback mechanism. The cantilever therefore flexes only according to the sample topography,
and the resultant image is acquired from the photodetector signal obtained during scanning.
Constant height mode is much more restrictive compared to constant force mode and is
recommended to use for atomically flat surfaces only — however, if this condition is met,
acquiring images is faster and they are characterised by higher resolution compared to constant
force mode.

In general, contact mode is used for hard surfaces as constant contact between cantilever
and the surface can lead to surface deformations.!®> Moreover, for surfaces with large
morphological features, adjusting the parameters for scanning is difficult with the possibility of
cantilever drift. However, measurement channels correlated with contact mode allow

measurement of frictional information about the sample.

2.4.3. Dynamic modes

Dynamic AFM modes address the problems that are encountered while imaging in
contact mode. Here, the cantilever is oscillating near its resonant frequency using a bimorph
that is either placed in the cantilever holder base (acoustic mode) or directly drives a cantilever
coated with magnetic layer using external coils (magnetic mode). The latter in general provides
measurements with less noise and better control of the process.

In tapping mode, the cantilever periodically contacts the surface and is otherwise
disengaged. The user-defined amplitude of oscillation is changed during scanning as cantilever
encounters morphological features, with the feedback mechanism adjusting the z-piezo to keep
oscillation amplitude constant. The image is therefore obtained from the movement of the piezo.

This mode can be used for soft samples (e.g. thin polymer films) as it does not create friction
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during scanning. Images obtained in tapping mode are reproducible and do not change their
quality after several scans.'®?

In non-contact mode (or frequency-modulation AFM), the cantilever also oscillates near
its resonant frequency, but the amplitude is reduced such that the cantilever never touches the
surface. Instead, phase shift between the driving and oscillatory frequencies is caused by long
range surface-tip interactions, with the feedback system adjusting the z-piezo to obtain the
initial value of phase and recording the image based on the piezo movement. This mode is
mainly used in ultra-high vacuum conditions to avoid interference from capillary forces or
electrostatic interactions, which significantly lower the otherwise superior resolution of this
technique compared to other modes.

Dynamic modes are challenging to use in liquid environment due to the problems with
identifying the peak responsible for cantilever oscillation. However, these modes can provide
information about surface properties from changes in the phase shift for areas of various
chemistry because phase channel signal depends on viscoelasticity, adhesion and long-range
attractive forces.!®® For instance, it shows higher contrast for crystalline polymer regions'®* and
makes it possible to distinguish crystalline and amorphous regions of polymers in high-

resolution AFM measurements.

2.4.4. Force spectroscopy

Force spectroscopy can provide the information about the interactions between the
cantilever and the surface. Besides Lennard-Jones interactions between uncharged bodies,
capillary, electrostatic, and hydrophobic interactions can be detected. By chemical modification
of the tip with selected chemical groups,® polymer chains!®! or even macromolecules it is

possible to obtain information about the adhesive behaviour of the system while in contact with
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different media. For systems investigated in ambient atmosphere, capillary forces are of utmost

importance.

2.4.4.1. Capillary forces

Every sample stored in ambient atmosphere has thin liquid layer on the surface as
a result of water absorbance.?® The close contact of two solid bodies covered in this thin water
layer leads to the formation of a liquid bridge between those bodies — a capillary. This
phenomenon happens due to spontaneous condensation of the vapour (capillary condensation)
in the gaseous gap between the two surfaces, that subsequently is drawn into a meniscus to
reduce the overall liquid-vapour surface area. The volume of the created meniscus depends on
the RH of the environment and hydrophilicity of the surfaces involved.

Reduction of the liquid-vapour surface area between two solid surfaces minimises the
surface excess energy. Consequently, the system is more stable and adhesion force between
bodies increases, together with the force required to separate them. The higher the RH of the
surrounding air, the higher the tip-surface adhesion force and the worse the resolution of AFM
images.1%1% As the contact point generally corresponds to the first force minimum, the

dependence of the force at contact on RH for a spherical tip shape is given by Equation 2.2.1%

2, P A 4mry;cosOpy,
F—§1T P1P20" Tt |3508 T 2 —1+ D, = Kczy 2.2.
d(RH) - Dst

where ry is radius of a curvature of a tip, Dst is the distance between the sample and the tip, p1
and p, are the number density of molecules in the sample and tip, respectively, yi is the liquid

surface tension, RH is the relative humidity, ém is the contact angle between the tip and

meniscus, ke is the spring constant of the cantilever, ¢and o are semi-empirical parameters, and
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Zx is displacement of the tip from its zero point at no loading. Parameter d is given by Equation

2.3.

1.08 nm
cos 0 2.3.
In (RH)

Generally, it is possible to reduce the adhesion force and improve the resolution and contrast of
images by reducing the RH or radius of the curvature of the tip. However, for mica imaging,
once RH fell below 14%, atomic resolution was abruptly lost. This occurs because at some
point the oscillation of the tip-sample distance combined with decreasing humidity and,
consequently, adhesion force lead to abrupt shift from the first to the second force minimum.%’

Meniscus formation is mostly seen in contact mode as the cantilever tip is constantly in
contact with the surface of the sample, resulting in the images in general being unaffected by
capillary forces.!® In tapping mode, on the other hand, the intermittent formation and rupture
of capillary neck in each oscillation cycle of the AFM cantilever takes place, making the images
highly influenced by the presence of capillary forces.'®® These changes in capillary forces can
be accounted for however by modelling the cantilever movement as a simple harmonic

oscillator.2%°

2.4.4.2. Force spectroscopy measurements

Force spectroscopy measurements provide information about sample-probe interactions
(including the influence of surrounding media) with piconewton sensitivity. During
measurements the cantilever approaches the sample, interacts with it, and then is retracted away
from the surface creating force curve. Exemplary force curves are presented in Figure 2.3.

At the beginning of the measurements, the tip is far away from the sample (point A,

Figure 2.3). While approaching the sample (red line), the attractive forces overcome the
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stiffness of the cantilever — the probe “jumps into contact” with the surface (point B). Figure
2.3a shows attractive interactions at point B. For lack of interactions no bending of the curve is
observed, while repulsive interactions are represented by curve bended in the opposite direction
compared to the one in Figure 2.3a. Then, a repulsive force resulting from the atomic shells
interactions causes bending of the curve upwards. The deflection further increases until
reaching point C — here, the z-piezo starts the process of withdrawing cantilever from the
surface. The attraction forces (if present) result in longer contact of cantilever with the surface

(point D), with the cantilever that stops reacting with the surface at point E.
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Figure 2.3. Exemplary force curves showing cantilever deflection as a function of z-piezo displacement,
demonstrating (a) hard and (b) soft surfaces. Reproduced from reference 186.

Depending on the chemistry of the cantilever and the surface, different force curves are
created. For instance, in Figure 2.3b the behaviour of the soft sample is shown. The presence
of multiple peaks suggests multiple events of interaction-detachment between the cantilever
and the surface that is typical for desorption and unfolding of long molecules (e.g. polymers).

Force calculations are based on the Hooke’s law, assuming that behaviour of the
cantilever is similar to that of a spring:

F. = —kx, 2.4.
where F is the force experienced by the cantilever, and x. is the deflection of the cantilever. To
obtain the spring constant, information from manufacturer or more accurate calibration methods

(e.g. thermal tuning)?°* can be performed. Force curve measurements also require calibration
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on a flat hard sample (e.g. mica). Here, change in the deflection coincide with the distance
travelled in the z-direction, enabling to establish the deflection sensitivity of the cantilever.
These calibration measurements are further used to calculate the force to account for variations

between different cantilevers.

2.4.4.3. Chemical force microscopy

Tip-sample interactions investigated using AFM can be expanded by chemical
functionalisation of the tip or attaching particles at the end of the tipless cantilever. In this thesis,
chemical force microscopy (CFM) was utilised to investigate the molecular arrangement of
surfactant molecules on the film surface by preparation of self-assembled monolayers (SAMs)

on the cantilever (Figure 2.4).
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Figure 2.4. Schematic diagram of SAM-surfactant bloom interactions. Grey hexagons correspond to PVA, white
—to glycerol, while orange — to surfactant.

SAMs are formed due to the unusually high affinity between thiol groups and gold
coating on the cantilever.?%? By tethering thiol molecule with specific end group functionality
in this way, cantilevers with different interaction strengths on surfaces with a given
hydrophilicity can be created. Comparing results between hydrophilic and hydrophobic
cantilevers enables detection of surface molecular orientation deconvoluted from the capillary

forces present.
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2.4.5. Experimental procedure

In this thesis, both imaging in tapping mode and CFM measurements were performed
on a Dimension 3100 AFM (Veeco). Imaging in tapping mode utilised tapping mode cantilevers
(wmasch, HQ:NSC15/AL BS, aluminium coating, spring constant of ca. 40 N/m) to record
changes in film morphology with changing composition (Chapter 4, 5, 6 and 7, Appendix E).
Thickness variations with changes in composition or film aging were investigated using the
scratch test (Chapter 4, 5, and 6). It was performed by applying potential difference equal to
14 V with scanning angle equal to 0°, followed by imaging at the scanning angle equal to 90°,18
For each sample, three scratches were made and at least three profiles from each scratch were
extracted. The sample thickness was taken as the average value from all analysed positions.

Prior to SAM synthesis, glassware was cleaned using piranha solution.¥ Then,
a reported method of acid-terminated (hydrophilic) and methyl-terminated (hydrophobic) SAM
preparation?® was followed. 16-Mercaptohexadecanoic acid and 1-Hexadecanethiol were used
due to their similar molecular structure, leading to creation of SAMs with comparable length on
gold-coated contact mode cantilevers (umasch, HQ:NSC36/Cr-Au, spring constant ca.
0.6 N/m). The quality of the prepared SAMs was investigated prior to AFM measurements using
CA goniometry on a gold-coated glass slide prepared in the same way as cantilevers. AFM force
measurements were performed on regions visibly modified by surfactant presence (i.e. blooms,
crystals) and background regions (no clear morphology changes due to surfactant presence) with

a trig threshold equal to 5 nN.

2.5. Fluorescence recovery after photobleaching
2.5.1. Operating principle
FRAP is a fluorescence microscopy-based method used to investigate the mobility of

fluorescent molecules (tracers) in the system. FRAP can be used in various systems — from

52



Chapter 2

polymer films?** through multilayers®® to biological samples.2% It is based on bleaching
(irreversible conversion of a fluorescent molecule or particle into a nonfluorescent entity) the
fluorescent tracer within the region of interest, therefore decreasing fluorescence intensity in
this region. By continuous scanning of the image, intensity within chosen regions is monitored
with time. If the tracer is mobile, an increase in intensity over time will be observed (Figure
2.5) as two motions are taking place in parallel — bleached molecules are migrating out of the
bleached region, while fluorescent molecules are migrating inside. From the shape of the
recovery curve it is therefore possible to calculate the fraction of both mobile and immobile
tracers as well as half recovery time — an important parameter in majority of the FRAP models
that describes time needed for half of the fluorescent molecules to migrate back to region of

interest.

l Bleach Recovery Recovery Fraction
s of immobile
— molecules
Fraction
of mobile

molecules

Fluorescence
intensity [a.u]

Tin Time [s]

Figure 2.5. FRAP operating principle.

FRAP measurements utilise Fick’s law with change of the sign (due to change of the
migration direction) and a baseline shift (for non-complete bleaching).?’ Depending on the
system, models can be extended to account for diffusion, intermolecular interactions or
intermolecular binding. Moreover, real experiments are not characterized by an ideal intensity
step change at the beginning as the laser beam has a finite width and bleaching is not an
infinitely short process. This is why some corrections need to be introduced to the migration

equations®®’ as well as assumptions about 1D, 2D or 3D nature of diffusion.?® When the
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fluorescence recovery is higher than 50%, the system cannot be considered to be under 1D
diffusion. It is a clear indication of the presence of recovery acceleration by the molecules from
adjacent planes from above and below the irradiated area.?’® Further, the concentration of the
fluorophore plays a key role in measurements. It needs to be high enough to be able to see the
difference after bleaching, however, too high concentrations may lead to fluorophore
aggregation and re-absorption of the fluorescence emissions and fluorophore acting as
a plasticiser for the polymer.2%

FRAP can be successfully applied to establish the distribution of diffusion coefficients
in the system.?%’ In inhomogeneous systems, however, measurements are often on a length scale
bigger than individual mesophases, therefore the resultant diffusion coefficient will be the
average diffusion coefficient over investigated length scale.?’ FRAP is also capable of
quantifying chemical absorption as a function of position or time,?® measuring the swelling

process in polymer films?'! and proving the presence of two-photon isomerisation.?!2

2.5.2. Experimental procedure

FRAP was used to investigate changes in the diffusion coefficient with changes in
sample composition (Chapter 4). Experiments were performed on a ZEISS LSM 780 confocal
microscope under a 10x water immersion objective. To excite the fluorophore, the 488 nm line
of an Ar laser was used with imaging at 1.5% of its maximum power and bleaching at the
maximum laser power.

The radius of the bleach spot was set to 3 um, with the image size equal to 60.7 um?.
Because the resulting radius after bleaching differed from nominal radius, diffusion coefficient

was calculated using the formula for 2D samples:?*
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r2 +r?

8'[1/2

DFRAP = 25

where Drrap is the effective diffusion coefficient of the fluorophore in the thin film, ryis the
nominal bleach radius, re is the actual bleach radius, and i is the half recovery time. The
resulting radius was calculated using fluorescence intensity profiles following the method of
Kang et al.?®® Intensity profiles before and after bleaching were extracted using ImageJ.
Bleaching was repeated until fluorescence intensity decreased to at least 30% compared to its
initial value. For some positions on the samples, diffusion was too quick and the bleaching was
not possible. They were denoted as positions with no possible bleaching.

To take into consideration non-uniform distribution of the fluorophore within the film
as well as possible intensity changes during imaging, background fluorescence intensity was
normalised against the corners of the captured image (Figure 2.6). Normalised fluorescence
intensity (In) was calculated using formula:

I; Iz-s5m)
Iy=— —2

2.6.
s L

where 11 and Iy are intensity signal in the bleached region at the given time and the average
value from three measurements of the bleached region prior to bleaching. Similarly, I>-1s and
l2(0)-Isv) are the average intensity from the corners of the image at the given time and across
three measurements prior to bleaching, respectively. In was then used to calculate 7.

For each composition, three samples prepared from at least two different stock solutions
were analysed. Due to the non-uniform nature of the surface for majority of the samples, 10
positions from each sample were investigated resulting in 30 total diffusion coefficient values
unless stated otherwise. For samples prepared from filtered solutions, one film was prepared

with 10 positions investigated.
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Figure 2.6. Positions used to calculate scaled fluorescence intensity: 1 — bleached region, 2-5 — background
positions.

2.6. Fluorescence correlation spectroscopy
2.6.1. Operating principle

FCS is another fluorescence microscopy-based method that is used for investigating the
mobility of the fluorescent molecules (tracer). However, in this technique the primary parameter
of interest is spontaneous intensity fluctuations that are caused by a fluorescent molecule
passing through the excitation volume (Figure 2.7a), represented as the deviations from the
temporal average of the signal. If changes in the fluorescence are caused only by changes in the

concentration, they are often represented as a function:

SF() = | W(E)S(nC(r,0))dv, 2.6.

Ve
where SF(t) is signal fluctuation with time, W(r) is a function describing spatial distribution of
the light (usually approximated as a Gaussian distribution), C(r,t) is the function describing
fluctuations in the local particle concentration at a time t (e.g. as a result of Brownian motion),
n is a parameter describing signal-to-noise ratio (photon count rate detected per molecule per
second), and Ve is the excitation volume. FCS uses an autocorrelation function (G(z)) that
enables extraction of characteristic time constants of the given system and measures the self-

similarity of a time signal.?** In normalised form it is represented as:
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< SF(t)-SF(t+1) >

SO 2.7.

G(1) =

The signal is therefore analysed in terms of self-similarity after the lag time z. As the diffusion
coefficient depends on the lateral diffusion time (average diffusion time of the component
through the confocal volume m, itself related to G(z)), it can be estimated using Einstein’s

equation:2%®

2
w
T = 2.8

where wyy is the width of the confocal volume. It is possible to determine wyy by calibrating
against a fluorophore of well-known diffusion coefficient at given temperature. t, for both
calibration and experiments is calulated based on available models that consider Equations 2.7
and 2.8 using appropriate assumptions for the given system (e.g. 1D, 2D or 3D diffusion,
possibility of triplet state excitation etc).

From the shape of the autocorrelation function it is possible to estimate the
concentration of fluorophore and diffusion coefficient rate (Figure 2.7b). While discussing
various diffusion processes, different timescales need to be considered (Figure 2.7¢).2%* Further,
artefacts must be accounted for in the first few datapoints regardless of model and correlation
used (e.g. due to detector noise), therefore they are usually excluded from the analysis.

In FCS experiments, the concentration of fluorophore in the system is very low,
typically in the 1-50 nM range, with every molecule significantly contributing to the measured
signal. Moreover, the excitation volume is small (typically femtoliters), making FCS a very
sensitive technique. FCS can be applied to fluorescently tagged macromolecules or common
fluorophores, albeit with the requirement of colloidal stability of the measured species. This

technique is also capable of providing information about chemical or photophysical reactions,
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conformational changes in the molecules and intermolecular interactions due to the

fluorescence fluctuations they introduce to the system.?!4
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Figure 2.7. (a) FCS operating principle, (b) changes of the autocorrelation function shape with concentration
and diffusion coefficient, and (c) characteristic fluorescence timescales. Reproduced from references 216, 217
and 214, respectively.
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2.6.2. Experimental procedure

FCS was used to investigate changes in diffusion coefficient of the fluorescent tracer
with changes in the composition of PVA-based solutions. Measurements were performed on
ZEISS LSM 710 confocal microscope under 40x water immersion objective. RhB was excited
using the 488 nm line of an Ar laser at 5% of its maximum power, with the 505-610 nm band-
pass filter used to collect fluorescence emissions.

Calibration was performed using a 50 nM solution of RhB in HPLC water. The diffusion

coefficient of the fluorescent tracer in water is known (equal to 3.6 -10°° m%/s at 21.5°C),?%
from which the width of the confocal volume (dependent on laser power, laser calibration,
environmental conditions etc.) can be established with Einstein’s equation (Equation 2.8). As
experiments were not performed at exactly T=21.5°C, the following equation was used to obtain
the value of diffusion coefficient of RhB at temperature of experiment:

D,,cT
Dgig = 21.5 1xM21.5 29,

Tny

where Drng and D2y 5 are the diffusion coefficients of RhB in water at temperature of experiment

(Tx) and 21.5°C (T215), respectively, while 7« and 7215 represent the corresponding solution
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viscosity. Data was analysed using the free diffusion model that accounting for triplet state
excitation using ZEN 2010 software using the RhB diffusion coefficient calculated from

Equation 2.8.

2.7. Dynamic light scattering
2.7.1. Operating principle

Dynamic light scattering (DLS) is used to measure the size of suspended particles both in
the nano region (Nanosizer) and micron region (Mastersizer). Experiments are performed by
measuring the intensity of the light scattered by molecules present in the suspension at a set
angle. All variations in scattered light are a consequence of interactions with molecules other
than the solvent (as solvent molecules are too small to interact with light). The rate of the
changes in the scattering intensity is dependent on the size of the molecule and is described
using the Stokes-Einstein equation:

kgT

ot 2.10.

DpLs =

where Dpis is a diffusion coefficient of the particle, kg is the Boltzmann constant, T is the
temperature (given in Kelvin), and r, is the particle hydrodynamic radius — the radius of the
theoretical spherical particle that would have the same diffusion coefficient as investigating
species. Using the known correlation for a given polymer it is therefore possible to calculate
radius of gyration based on hydrodynamic diameter results obtained from DLS.

Similar to FCS, this technique is based on autocorrelation functions (Equation 2.7) to
measure the variations of the scattered light signal with time. The diffusion coefficient is

calculated using equation:

G(t) = Ap.s + Bps - e~ Dprsa? 2.11.
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where ApLs and Bpis are the function baseline and maximum (equal to 0 and 1, respectively, in
the case of normalised data), and q is the light scattering vector described by equation:

_ 47tnd
2

q (92_“) 2.12.
where nq is the refractive index of dispersant, A is the wavelength of the laser and & is the
scattering angle. The decay of the autocorrelation function is therefore dependent on the size of
the particle — smaller particles move faster, which results in faster autocorrelation decay (Figure
2.8). For multicomponent solutions, however, the situation is more complicated as every
particle has the ability to scatter light proportional to its diameter to the sixth power.?!8

Therefore, even when small particles are in large excess in a system, the results will be skewed

in favour of any large particles present.
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Figure 2.8. Changes of light intensity dependent on the size of the particle (left) and resultant autocorrelation
functions (right, notated as g?(t)). Reproduced from reference 219.

DLS enables fast data acquisition and can provide information about diffusion
coefficient of particles of a given size in any given medium (with possible particle tracking),
stability of the solution, presence of intermolecular interactions as well as aggregation and

chemical reaction kinetics.
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2.7.2. Experimental procedure

In this thesis, DLS measurements were performed to investigate the intermolecular
interactions between polymer and various additives. DLS measurements were performed on
a Malvern Instruments Zetasizer Nano-ZS with a measurement angle of 178° and beam
wavelength 632.8 nm at 25°C. Due to the presence of multiple species in some solutions,
hydrodynamic diameter (dn) distribution was measured as a function of intensity,20:22!
investigated over three repeats. Data was analysed using Malvern software (particle size), with
additional analysis of autocorrelation functions performed by the author to confirm observed

trends.

2.8. Rheometry
2.8.1. Operating principle

Rheometry measurements can be used to investigate the behaviour of fluids under stress,
enabling investigation into important rheological properties such as viscosity, shear modulus,
storage modulus and loss modulus. As for the purposes of this thesis only viscosity calculations
were performed, the other aspects of rheometry measurements will not be discussed.

Shear flow (as opposed to extensional flow) is the most commonly measured behaviour
on rotational rheometers that enable viscosity measurements. The liquid is divided into
imaginary layers (Figure 2.9), where the uppermost layer is characterised by the highest
velocity in the system. The lateral force (F) acting over a unit area (A) is called the shear stress
and causes sliding of the layer below it, which eventually results in the whole system flowing
in the direction of the applied force (n.b. in rheometers, this is a rotational movement).
Similarly, the velocity of the uppermost layer relative to the bottom layer, divided by the layer

separation h, is defined as the shear rate.
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Figure 2.9. Graphical representation of shear flow. Reproduced from reference 222.

Fluids can be generally classified as either having Newtonian (shear stress linearly
related to the shear rate) or non-Newtonian behaviour (viscosity varies as a function of the
applied shear stress). Polymer-based solutions, melts and dispersions are usually non-
Newtonian fluids.??®> Therefore, their behaviour needs to be modelled using more complicated
models, usually including empirical parameters, that enable estimation of the viscosity at zero
shear rate by extrapolation of solution behaviour.

An important consideration prior to measurements is the choice of rheometer geometry
that will enable obtaining accurate results for given fluid. For water-based solutions, double
wall geometry is recommended as it maximises the contact area (necessary due to the low

viscosity of water itself).

2.8.2. Experimental procedure

Rheology measurements were used to investigate the viscosity of the solutions necessary
for DLS measurements (Equation 2.10). The viscosity of test solutions (without RhB addition)
was measured using a HR-1 Discovery Hybrid Rheometer with double wall geometry. Prior to
measurements, solutions were sonicated for 20 minutes at ca. 25°C, and then allowed to cool
to ambient temperature. The viscosity of each solution was examined at constant temperature
equal to 25°C as a function of shear rate. The rheological data were fit to the Herschel-Bulkley

model??* by the TRIOS software to estimate viscosity at zero shear rate.
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2.9. Dynamic vapour sorption
2.9.1. Operating principle

Dynamic vapour sorption (DVS) is a gravimetric technique that measures the rate and
amount of solvent absorbed by a sample at given temperature. The solvent is present in the
vapour state, in an amount regulated by changing its partial pressure in the system.
Measurements are performed by changes in sample mass against a reference sample (usually
an empty steel mesh basket) that is exposed to the same conditions as the examined sample
(Figure 2.10). Changes in the mass are recorded by a microbalance, resulting in high precision
of the results. DVS measurements can be performed using variety of solvents and enable
evaluation of sample sorption behaviour (adsorption/absorption) as well as diffusion coefficient
of the solvent in the system.
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Figure 2.10. Graphical representation of a DVS experimental setup. Reproduced from reference 225.

Diffusion coefficient calculations are based on the mass balance equations with the

appropriate boundary conditions. For the mass change of polymer films under constant partial
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pressure of the solvent from completely dried material, diffusion coefficient of the solvent can

be evaluated from the linear part of the sorption isotherm following the equation:

My 4 [Dt 513
Moo_ds m o

where Mt and M. is the amount of solvent absorbed at the time t and at thermodynamic

equilibrium, respectively, and ds is the thickness of the sample.

2.9.2. Experimental procedure

In this thesis, DVS measurements were performed to evaluate changes in absorption
behaviour of thick, solution cast films against changes in film composition. Measurements were
performed using a DVS Advantage system. Ca. 15 mg of thick PVA-based film was placed in
the weighting basket and dried for 1 hour at 75°C (ca. 1% RH) as a pre-heat step to remove
moisture absorbed from the atmosphere during sample cutting. This was followed by
measurements of change in mass of the sample until equilibration (change in mass less than
0.02%/min) at humidity from 5% RH to 75% with increment equal to 10% RH, followed by

humidity decrease in the same manner to obtain absorption/desorption hysteresis.

2.10. Contact angle goniometry
2.10.1. Operating principle

CA measurements (or optical tensiometry) enable quantitative evaluation of liquid
wetting behaviour on a given solid. They can be performed as static (i.e. a droplet placed on
a surface, with CA values or their changes recorded over time) or dynamic (i.e. a liquid flowed
on and withdrawn from a surface) measurements. In this thesis, static measurements were

utilised. As modern CA goniometers are supplied with high-speed cameras, they enable
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recording of CA values immediately after liquid/solid contact, which is especially important for
solids that are soluble in the solvent of choice.

Geometrically, a CA is formed at the three-phase boundary between a solid, liquid and
the surrounding atmosphere (usually air). Therefore, the description of the phenomena is based
on the interactions between the three phases (Figure 2.11) and described using Young’s
equation:

Ysv = Yis T Yivcos6 2.14.
where v, #s and pv are the surface free energy of the solid, interfacial tension between liquid
and solid, and surface tension of the liquid, respectively. Young’s equation is empirical, and
other equations have been developed to explain the wetting phenomenon in greater detail.
196

However, Young’s equation is commonly used for systems of unknown wetting behaviour.

After rearrangement of Equation 2.14 with respect to the contact angle:

cosf = Yov 7 Vis 2.15.

Yiv

it is possible to predict the system wetting behaviour for known values of parameters in
Equation 2.15. For instance, in case of high surface energy solid or low surface tension liquid,
the droplet is expected to wet the surface (CA < 90°). In the reverse case (low surface energy
solid or high surface tension liquid), the liquid is likely to dewet the surface. Most of the time,
however, this behaviour is difficult to predict as ysvand yisare both unknown. Therefore, contact
angle measurements are used to calculate surface free energy (SFE) instead of the inverse.
Among the published methods are the acid-base theory, the harmonic mean method, Zisman
method and equation of state approach.??® All of them have significant drawbacks that make
comparison of the results as absolute surface energy values difficult. However, they provide

useful information while comparing results under the same experimental conditions and allow
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conclusions to be drawn about the influence of varying parameters on surface free energy

values.

gas

liquid

solid

Figure 2.11. Forces influencing wetting behaviour of the system. Reproduced from reference 227.

2.10.2. Experimental procedure

CA measurements were implemented to investigate both kinetics of PVA-based films
wetting and perform SFE energy calculations to determine the effect of introducing new species
into the system. CA measurements were performed using a Theta Optical Tensiometer (Biolin
Scientific) using an automated dispenser. As this study aims to describe initial stages of CA
evolution, measurements were performed for 90 s, with image recording at 72 fps. Every
measurement was preceded by camera calibration followed by placement of the syringe 0.6 cm
away from the surface. Films of each kind were prepared in triplicate. Due to the proven
dependence of CA evolution on the proximity of the substrate edge,??® 3 measurements were
performed in a triangle arrangement close to the centre of the sample, avoiding contact of any
drop with other drop. Measurements were performed using water, surfactant solutions of
various concentration (1% (w/v) or concentration below the appropriate CMC) and head group
chemistry (anionic SDS, cationic CTAB, nonionic C12E10), or dodecane. As results may have
been affected by the time difference between drop formation and drop deposition,?? the drop
was immediately deposited on the surface after its formation. Image analysis was performed
using OneAttension software to obtain CA values, area of the liquid/surface contact, height of
the droplet, and baseline length. The data was analysed using Python scripts to fit the

mathematical model described in experimental Chapter 7, as well as perform geometrical
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investigations into the CA evolution mechanism and validation calculations for the chosen
model.?° For all samples, model validation to check the assumption of the spherical droplet
geometry was performed.

SFE measurements were performed by investigating contact angle (CA) between two
liquids: polar water and non-polar dodecane. Then, SFE calculations were performed using the

modified harmonic mean method by Wu:t

d d D p
Vlvi 4 ylvi - ysv
(1 + cos6;) v, = 4( ) 2.16.

DA 7V - A Vi 3%

where the results are considered for two liquids (i = 1,2), and d and p stand for dispersion and
polar components of the surface energy, respectively. Parameters ni¢ and mi® for used liquids
were obtained from the literature.?32-234 In experimental Chapter 5 and 6, calculations were
performed both on freshly prepared films and those aged for one week to investigate the change
in SFE upon aging under various environmental conditions.

While CA and SFE measurements provide general trends of sample behaviour, due to
the large droplet size measurements are averaged across the areas larger than nonuniformities
resulting from changes in polymer morphology (e.g. surfactant blooming). Additionally, PVA
is soluble in water, leading to possible errors while establishing initial contact angle and the
necessity to perform measurements using dodecane and water on different positions. Combined,

these factors can result in lower experimental errors compared to more sensitive techniques.

2.11. Fourier-transform infrared spectroscopy
2.11.1. Operating principle

Fourier-transform infrared spectroscopy (FTIR) is a vibrational spectroscopy method
used for probing a wide variety of polymer materials to investigate both their chemical structure

and crystallinity. In the heart of an FTIR spectroscope is a Michelson interferometer that
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consists of an IR source, fixed and moving mirrors, a beamsplitter and a detector (Figure 2.12).
The radiation emitted by the source is divided into two beams onto the fixed and moving mirror
that recombines the beams and directs it into the sample. The moving mirror travels with
a constant speed — changing the distance from the beamsplitter — which results in interference
pattern change of the combined beam. The signal is further transformed from time to frequency
domain using Fourier transform, which is displayed as an infrared spectrum. While performing
experiments on a sample, the change in signal is observed due to sample absorbing wavelengths
of relevant frequency. Spectra can be displayed with y axis as either transmission or absorbance,

while x axis represents wavelength.

#, Cixed Mirror
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Figure 2.12. FTIR operating principle. Adapted from reference 235.
For each different chemical environment, absorption occurs at various characteristic
frequencies. The frequency at which the absorption occurs is represented by equation:

1 [k,

=— 2.17.
2 [ u

f

where f is the frequency of vibration, ky is the strength of the bond, and 4 is the reduced mass.
Hence, the lower the mass of the molecule or its part, the higher the frequency of absorption.
Based on that, various molecular conformations can be distinguished by FTIR, such as

stretching, rotation, or deformation (bending and twisting). IR absorption requires, however,
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a permanent interatomic dipole and dipole alignment with the electric field. Hence, symmetric
bonds such as N2 will not be visible in the IR spectra. Most of the peaks for any sample are
usually localized in the fingerprint region (the region between 400 cm™ to 1500 cm™), so-called
due to the unique spectrum for each relevant molecule.

Among FTIR techniques are transmission FTIR, Attenuated Total Reflectance (ATR)
FTIR, Specular Reflection and Diffuse Reflectance. In this thesis only ATR-FTIR was used. In
ATR-FTIR, the sample must contact a crystal through which the beam travels according to total
internal reflection. There are many kinds of crystals used in the FTIR spectrometers, with the
choice dependent on required spectral range, refractive index and depth of penetration. This
method is generally non-destructive and can be paired with a stage enabling temperature
control.

The measured absorbance (or transmittance) is dependent on many factors including
crystal-sample contact pressure, roughness of the sample, surrounding atmosphere, the
evenness of the sample, powder packing for powder samples etc. Hence, absolute values should
not be compared between different samples. Instead, they are usually discussed relative to other
nearby peaks in the spectrum (as the variation of the depth of penetration of evanescent waves
at low and high frequencies can occur).?%

Because of described ability of FTIR to probe the conformational states of polymer
chains, it is possible to identify differences in vibration between chains in crystals with a unique,
regular conformation and chains in non-crystalline regions with conformational irregularities,
hence providing information about degree of polymer crystallinity (DC). IR gives information
about short-range order or intramolecular phenomena; therefore, the DC will describe short-
range crystallinity. Short-range intermolecular order is necessary for a long-range order to

appear, but the reverse statement is not necessarily true, therefore DC obtained from IR will
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give different results compared to e.g. XRD (long-range order crystallinity) as those two
techniques give information about different kinds of crystallinity. However, IR can detect small
crystalline domains that cannot be detected by long-range crystallinity techniques.?’

While using IR, true crystallinity bands need to identified which can be a challenging
task due to their possible association with regularity or preferred conformations that are also
likely to be present in non-crystalline phase.?® Hence, IR bands should be assigned as
crystalline after confirmation that the given polymer can be crystalline (by other experimental
technique), and when it disappears upon sample melting. In the case of PVA, confirmed
crystalline bands have been identified at 1144 cm™.3%42

For bands that can be genuinely assigned to 3D crystalline order in the range of Beer-
Lambert law applicability and experiment performed on FTIR, Equation 2.18 can be used to

calculate DC:

Arrir = log (ITO) = ac " DCprir * ps * ds 2.18.
where Arrir is the absorbance or optical density, lo and | are the incident and transmitted
intensity, respectively, ps the overall sample density and ac the absorption coefficient of the
100% crystalline material. Equation 2.18 can also be used to calculate amorphous content of
the polymer if the spectrum of given polymer material contains bands that can be directly
assigned to non-crystalline phases.

As fully crystalline specimens are rarely available, there is a need to estimate ac.?*°
Measuring crystallinity using FTIR is therefore not a direct method as the quantitative
correlation between the intensity of a crystallinity band (normalized to the intensity of
a reference band to exclude effect of sample thickness) as well as values of degree of
crystallinity obtained by an independent method (to calculate ac) must be known.3%42 Even

though sometimes these calculations are not fully accurate as they provide the information
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about various kinds of crystallinity, they can be used for monitoring changes of DC with
changes in polymer matrix.

FTIR can be a very useful tool to provide complete structural information about the
polymer: chain conformation, stereoregularity, characterization of polymer blends, deformation
effect, inter- and intramolecular interactions, morphological units, and structural changes as
a consequence of thermal annealing or mechanical stretching. FTIR has been shown to be
a useful tool to investigate the effect of plasticiser (glycerol),®° starch®®® as well as other
additives (such as fillers) in the pure PVA system and their influence on polymer
crystallization.?*! Further, the effect of polymer DH on chemical crosslinking and resultant film
microstructure of PVA with glutaraldehyde has been investigated.?*> Moreover, FTIR was
utilized for mechanical studies on PVA,># and diffusion of water and acetone into

nanocomposites of PVA and clay.?*

2.11.2. Experimental procedure

In this work, FTIR measurements were applied to investigate the DC within solution
cast PVA-based films against changes in the polymer matrix microstructure. FTIR
measurements were performed on Bruker Lumos FTIR Microscope. Spectra were recorded
from 4000 to 600 cm™ with 32 scans and resolution of 4 cm™ using diamond as ATR-FTIR
crystal (penetration depth of ca. 2 um). Baseline data correction was performed using airPLS
algorithm?® — an iterative algorithm that does not require any input information, hence
minimising measurement error — using Python scripts. Crystallinity was determined using ratio
of the intensity of the crystalline to non-crystalline peaks using three pairs of these peaks and
two equations as mentioned in the literature (Chapter 7). As absorption values were too low and

noise was too high for spin-coated samples, it was not possible to establish DC for thin films.
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Chapter 3. Molecular diffusion in tertiary poly(vinyl
alcohol) solutions

Accepted for publication as: Majerczak, K.; Squillace, O.; Shi, Z.; Zhang, Z.; Zhang, Z. J. Molecular
Diffusion in Ternary Poly(Vinyl Alcohol) Solutions. Front. Chem. Sci. Eng. 2021.

3.1. Introduction

PVA is exposed to additives and surfactants throughout the life cycle of the formulated
product. Migration of additive molecules in such complex systems has a significant impact on
the manufacturing process as well as on product shelf-life and performance, itself determined
by the molecular interactions between PVA and the small molecules present, often in aqueous
solution.

Despite advancements in models describing diffusion in polymer systems, these

246,247

mechanisms still cannot fully model polymer behaviour, proving the need for further

248 93,248,249

investigations. Indeed, the size,”™ shape, and flexibility of the molecules were proven

to significantly influence the magnitude of the rotational dynamics*° and translational diffusion

> and reversible

coefficient?®'>* due to temporary confinement,>> molecular crowding,?
binding to ‘traps’ in the system.?>® Furthermore, intermolecular interactions between solutes
and solvent are often complex, substantially influencing the anomalous character of diffusion
in polymer solutions.

Investigations into the mechanisms that determine the molecular diffusion in PVA
solutions are further complicated by the formation of complexes in the presence of charged
molecules (e.g. surfactants).>>’?® For example, surfactants were shown to influence the

259,260

viscosity of PVA solutions because of the changes in intermolecular interactions and

formation of molecular aggregates. ¢!
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For polymer solutions, extensive studies had been carried out to investigate the
magnitude of the intermolecular interactions and the formation mechanisms of

257,259,260.262-264 \yith ]ess attention paid on the effect of the additives on the molecular

complexes,
diffusion characteristics. Further, the majority considers only a binary system that contains the
polymer and a particular guest molecule. To understand the molecular interactions in
a complex, multi-component polymer solution that is relevant to industrial applications, four
components are essential: solvent, polymer, plasticiser, and another additive (i.e. a surfactant
of various head group chemistry).

Molecular diffusion in a polymer solution can be measured by a range of techniques,
including fluorescence methods such as FCS,?!> DLS,?>26¢ pulsed-field gradient spin-echo
NMR,?*” and centrifugation (sedimentation).?®2% They can be further divided into techniques
measuring self-diffusion coefficient (describing the motion of the molecule due to the thermal
motion that is relative to the surrounding molecules) and cooperative diffusion coefficient
(transport of a number of molecules due to density gradient), both of which offer critical
information about migration behaviour of molecules in a controlled environment.?™

Among the techniques measuring self-diffusion coefficient, FCS enables investigation
at the single-molecule level, with minimal disruption to the system being investigated. It has

271-274

been used to characterise the self-diffusion of both polymer and probe of various sizes,

161,275-280

chemistry and concentration in both dilute and semi-dilute solutions, revealing the

282

binding,?’® reaction kinetics,”®! and crowding effects,?®? and offering the capability to explore

an unknown microstructure.?®* FCS also enables investigations into diffusion mechanisms,?%*

160,256,285,286

differentiating anomalous, walking-confinement,”®” and time-dependent diffusion

behaviours.?®® DLS, on the other hand, is used widely to measure the cooperative diffusion
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coefficient, but is incapable of examining multicomponent systems as all solutes contribute to
the scattering signal.'®!

In the present study, the effects of crowding and intermolecular interactions on the
molecular diffusion in ternary mixtures that replicate PV A-based chemical products dissolved

d,2892%1  well-characterised

in water were investigated. RhB, an industrially applie
fluorophore?®? was selected. Initially, diffusion of RhB in PVA solutions of different polymer
concentrations was measured by FCS and analysed by a hydrodynamic stretched exponential
model to examine the effects of molecular crowding.?”® Glycerol, a plasticiser commonly used
for PVA formulations,®® was subsequently introduced to observe its effect on the diffusion of
RhB. Finally, surfactants of various head group chemistry (cationic/nonionic/anionic) were
introduced to investigate the effect of detergent on molecular diffusion. By introducing
complexity in a stepwise fashion, the contribution of each newly added component was
examined independently. This way, the specific interactions between each component could be
characterised, revealing three primary effects: the behaviour of the polymer itself, the overall

molecular crowding in the system, and specific (charged) interactions between individual

species. Overall, these findings enable prediction of behaviour in complex systems.

3.2. Materials and methods

Materials. Chemical structures of the components used in this study are shown in Figure 3.1.
o)

OH OJK

OH
™ r W ] Ho._J_oH
\/g\ O O N~ 87-89% T
@c \ s PVA Glycerol
OH o | Q.0
O HO{/\/ %ﬁ) Br@@r‘\l{/\}?s Hﬁ)’ b@ Na®
RhB Ci2Eqp CTAB SDS

Figure 3.1. Chemical structure of compounds used in this study.
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Sample preparation. Stock solutions were prepared as described in Chapter 2. Then, multiple
sets of solutions were prepared by mixing PV A/glycerol/surfactant stock solutions at various
volumetric ratios, as presented in Scheme 1, to examine:

e Effect of PVA concentration in the absence of other additives (Figure 3.2A)

e Effect of glycerol addition at various concentrations (Figure 3.2B, C)

e Effect of surfactant in the absence of glycerol (Figure 3.2D)

e Synergistic effect of both surfactant and glycerol at a 12:4:1 PV A/glycerol/surfactant

mass ratio (Figure 3.2E, F)

Molecular probe, RhB, was introduced to the corresponding test solutions using a 2.5 mM stock
solution to obtain a final concentration of 50 nM. A piranha solution cleaned cover slip'®* with

50 pL of each as prepared solution was used for FCS analysis.

(F) | (A)
PVA stock Pure surfactant ~ Pure glycerol PVA stock HPLC water
(4% w/v) (4% w/v)

[ J /
PVA stock Surfactant stock  Glycerol stock \ / PVA stock Glycerol stock (4%
(4% w/v) (4% w/v) (4% w/v) (4% w/v) w/v)

6 G55
/D)/ (C)\\

PVA stock Surfactant stock HPLC water PVA stock
(4% w/v) (4% w/v) (4% w/v)

RPN AR

Figure 3.2. Preparation method for test solutions of various compositions: (A) PVA solutions of various
concentrations, (B) PVA/glycerol solutions of various ratio of components (with changes in PVA concentration),
(C) PVA/glycerol solutions of various ratio of components (with almost constant PVVA concentration),

(D) PVA/surfactant solutions, (E) PVA/glycerol/surfactant solutions and (F) concentrated
PV A/glycerol/surfactant solutions.

Pure glycerol

Methods. FCS, DLS and rheological measurements were performed as described in Chapter 2.
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3.3. Results and discussion
3.3.1. Determining the appropriate model for PVA diffusion in solution

Dynamics of polymers in solution is determined by their concentration, with three
distinguishable regimes: in the dilute regime, each polymer chain can be treated individually;
in the intermediate semi-dilute regime, polymer coils overlap and their diffusion is dominated
by a reptation process, with chains moving primarily parallel to their own backbones; whilst in
the concentrated regime, chains are in close proximity to the others, with consequent
interactions.?’>?** A polymer solution is in the semi-dilute regime when its concentration is

greater than the overlap concentration (c*) that can be calculated according to Equation 3.1:2"2

. 3M,
¢F=——
47N, R3

3.1
where Na is Avogadro’s number, and R, is the radius of gyration. R, of the PVA molecules
used in the present work is in the region of 6.7-10.3 nm, calculated with Equation 3.2.2%

Rg = 0.0388M° 3.2.
Minimum value of ¢* (1.1% (w/v)) suggests that most of the investigated solutions in the
present work are in the semi-dilute regime, wherein the thermodynamic behaviour is governed
by a specific correlation length (&) — the average distance between the points of entanglement
of different chains. While the exponent 0.5 in Equation 3.2 implies that water is a theta solvent
for PVA, this form is also valid for a good solvent in the case where Ry is presented as the

product of Flory expansion parameter (ar) and radius of gyration in a theta solvent (R,").>

295 c

Therefore, Equation 3.2 obtained from fitting experimental data to mathematical formula=> can

be used here for Ry calculations.
The difference between & and the size of the molecular probe introduces three sub-

regimes of semi-dilute regime: for probes whose size is either far greater or smaller than &,
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viscosity of the solution or pure solvent, respectively, determine their diffusion rates.'®!-?%

However, for molecular size that is of the same order of magnitude as & (ca. 1.14 nm for
RhB),?7 further investigation into dominating factors controlling the diffusion processes is

required.!®! To assess & Equation 3.3 was used:**’

R 0.75

c
?g = (C_) 3.3.
where ¢ is concentration of polymer solution. The average values of & (Table 3.1) and its
minimum in the currently investigated system (2.6 nm) are either lower or of the same
magnitude as R, of PVA, confirming the finding that all samples investigated can be treated as
belonging to semi-dilute regime.>*® Moreover, since the value of & is in general of the same
order of magnitude as dn of the tracer used, it is appropriate to use the third subregime. Therein,
a semi-empirical stretched exponential function (such as in Equation 3.4)?°* has been developed

to describe its diffusion behaviour:

D
oo = €xp (—Bc™Fes) 3.4.

0

where Dy is the diffusion coefficient of RhB in pure solvent; ngcs is a scaling parameter related
to the polymer chain excluded volume, which reflects the solubility of the polymer (nrcs=1 for
theta solvent and nrcs=0.75 for good solvent); and S1is a pre-factor related to the probe size that

can be described by Equation 3.5:!¢!
p
B = e 3.5.

where R, is the radius of the probe, and 7, is the average polymer chain size, signifying that S

scales linearly with the size of the probe particle, which was confirmed experimentally.'¢!
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Table 3.1. Compositions used to investigate the dependence of RhB diffusion coefficient on PVA concentration.
Average number of repeating units in PVA molecule used in the calculation is 581.

Sample PVA concentration (%(w/v)) Average £ (nm) Averagen (mPa's) Average dy(nm)

1 0.0 - 0.890% -

2 1.0 19.9 1.184 £ 0.016 12.6 £0.2
3 2.0 11.9 1.813 £0.032 82+0.1

4 3.0 8.8 2.669 +£0.024 6.1 +0.1

5 33 8.0 2.975+0.024 6.0+0.1

6 4.0 7.1 4.052 £ 0.081 3.8%£0.1

Equation 3.4 provided a satisfactory fit for changes of diffusion coefficient of particles

in semi-dilute PVA solutions, ¢!

and was used in the present work to interpret diffusivity
measurements as a function of PVA concentration with or without the addition of glycerol to

estimate £ and nrcs.

3.3.2. Molecular diffusion in PVA solutions

Diffusion of the molecular probe, RhB, in PV A solutions was quantified using FCS with
three sets of independent experiments on different days. Figure 3.3 shows the relationship
between the measured diffusion coefficients, upon satisfactory fit of the autocorrelation
function (Figure 10.1, Appendix A), and the concentrations of PVA (0-4% w/v), using Equation
3.4. It was found that there is a decrease in RhB diffusion coefficient (from 432.4 um?/s to
188.4 um?/s for solutions 1 and 6, respectively) with an increased PVA concentration. Using
the least squares method, values of £=0.27010.019 and nrcs=0.767+0.046 were obtained, which
are consistent with the values reported in literature for tracer molecules of similar chemistry

and/or size,'®! and confirming that water is a good solvent for PVA (nrcs =0.75).
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1.0 —— Dilution with water - fit
= Dilution with glycerol stock solution - fit
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Figure 3.3. Normalised diffusion coefficient of RhB as a function of PVA concentration without (samples 2-6)
and with glycerol (samples 1a-5a). Solid lines represent fit to Equation 3.4, with diffusion coefficient calculated
using Equation 2.8. Closed symbols correspond to PVA solution diluted with water, while open symbols — PVA
solution diluted with glycerol solution. Colour code for each PVA concentration corresponds to DLS data
(Figure 3.4). Standard errors are based on 10 measurements.

The observed reduction in the diffusivity of RhB is likely attributed to the increased
crowding density (itself a function of the polymer concentration), which can be directly
correlated with the reduced du of PVA determined by DLS (Figure 3.4a) and the corresponding
& (Table 3.1). For all of the investigated solutions, a polymodal size distribution was observed,
which is inconsistent with a previous report for PVA of similar DH,!*° but agrees with the
behaviour of an almost completely hydrolysed PVA.3% According to the calculated Rg, peak 1
in Figure 3.4 is assigned to the individual PVA chains, of which the maximum is shifted to
lower du when there is less room available as the result of an increased number of molecules.
This in turn leads to a significantly increased crowding density, impeding the migration of the
probe. It is likely that peak II found in the size distribution profiles in Figure 3.4 corresponds

to polymer aggregates,>*

whilst peak III is a sign of large clusters®®' in the solution.
Considering that the scattered light intensity is proportional to diameter of given particle to the
sixth power, the signal scattered from aggregates in intensity plot is amplified.>'® Majority of

the scattered signal detected contributes to peak I, suggesting that the quantity of polymer

aggregates and clusters is rather insignificant in the present work.
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Figure 3.4. Distribution of hydrodynamic diameter for solutions of various PVA concentration with the addition
of (a) water, (b) glycerol stock solution and (c) pure glycerol. The percentage of polymer in the graph is given in
(W/v)%.

Hydrodynamic diameter of PVA was theoretically estimated to be in the range of 10.3

—15.9 nm, following Equation 3.6.3%

dy
i 1.54 3.6.

g
The value calculated from Equation 3.6 is in general smaller than the average dn acquired from

samples 2-6 (Table 3.1), which is likely due to the presence of steric obstructions in discussed
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system. Since water is a good solvent for PVA, only weak excluded-volume interactions are
present, with changes in viscosity directly correlated with the overlapping of the polymer
chains.*®® The increased solution viscosity with increasing polymer concentration (Table 3.1)
alongside the crowding density effects proven by DLS measurements confirm the effect of

polymer-polymer interactions on molecular migration in the semi-dilute regime.

3.3.3. Molecular diffusion in PVA/glycerol binary solutions

Glycerol, commonly used as a plasticiser for PVA-based products such as water soluble
films,!” competes with PVA molecules to form PVA-glycerol hydrogen bonds at the expense
of PVA-PVA hydrogen bonds. However, both types of interaction could be hampered when
glycerol and PVA molecules are well solvated by an excessive amount of water. Addition of
glycerol led to an increased viscosity (Table 3.2), reducing the diffusivity of the molecular

probe due to the additional crowding effects.

Table 3.2. Composition of PVA-based solutions with the addition of glycerol. Samples of composition 1a did
not provide reliable dy results.

PVA . Glycero! PVA:glycerol Average 7 Average dy
Sample concentration concentration 3

(Wt%) (Wt%) molar ratio (mPa-s) (nm)
“— la 0.0 4.0 0:1 0.971+£0.011 -
% S § 2a 1.0 3.0 1:1629 1.437+0.051 10.4+0.1
% § k= 3a 2.0 2.0 1:543 2.136 £ 0.026 7.5+0.1
2 & 3 4a 3.0 1.0 1:181 3.065 + 0.060 52+0.1

5a 33 0.7 1:109 3.383 £ 0.004 4.7£0.1

. 2b 3.6 10.9 1:1629 4.574 £ 0.020 52+02
= g g 3b 3.9 3.9 1:543 4.020 + 0.044 49+0.1
é fa“ S 4 4.0 1.3 1:181 4.009 + 0.049 44+0.1
< TS5, 4.0 0.8 1:109 4.024 £ 0.097 44+£0.1

To distinguish the effects of overall solute concentration and interactions between PVA
and glycerol, two additional sets of samples (1a-5a and 2b-5b) were prepared, keeping either
the total (PVA + glycerol) or PVA concentration constant, for which the molar ratio between
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PVA and glycerol was equivalent (i.e. the PVA/glycerol molar ratio in sample 2a is the same
as in sample 2b etc.). Compositions of the binary PVA/glycerol solutions investigated are
presented in Table 3.2. As new species are introduced, it is expected that D of RhB will
decrease, either due to PVA-glycerol interactions (leading to increased polymer-plasticiser
aggregate size and consequent increase in RhB mean free path) or overall molecular crowding

(leading to increase in macroscale viscosity).

3.3.3.1. Synergistic effect of water and glycerol

The diffusion coefficients of RhB in PVA/glycerol binary mixtures were found to
decrease non-linearly with an increasing PVA concentration (Figure 3.3), in a similar trend to
that observed for PVA solution without glycerol (samples 2-5). Both sets of FCS experiments
(solutions with or without glycerol) were investigated on the same day to minimise the
experimental errors due to any potential variations in environmental conditions, laser output, or
calibration.

Overall, addition of glycerol solution instead of water led to an increased diffusion time
for solutions of the same PVA concentration. Following a stretched exponential fit (Equation
3.4), p and nrcs were estimated as 0.304+£0.016 and 0.666+0.036 for samples 2a-5a,
accordingly. In here, glycerol stock solution was treated as a new solvent, hence diffusion
coefficient of RhB in this solution was used as Do (equation 3.4). Different fitted values both
of S and nrcs may arise due to the composition of the solvent, i.e. normalisation against D.
Statistical t-test result (a=0.05) confirms that there was no significant difference in the
measured diffusion coefficients of RhB in PVA solutions with (2a-5a) or without glycerol (2-

5), as presented in Table 10.1, Appendix A. It can be concluded that concentration of PVA in
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the solvent plays a dominant role in determining the diffusivity of PVA at low glycerol
concentration (up to 4% (W/v)).

The decreased value of nrcs indicates a reduced solvent quality, whilst the increased pre-
factor S suggests migration of molecule of larger size. These are attributed to the interactions
between glycerol and the other species present. RhB-glycerol interactions will slow the tracer
diffusion directly due to entrainment of larger molecules in the solvation shell, whereas in the
case of PVA, larger glycerol-PVA aggregates will increase the solution molecular crowding
hence indirectly slowing tracer diffusion.

The latter is responsible for the changes observed in PV A size distribution with samples
2a-5a (Figure 3.4b). Similar to samples 2-5, shift of the size distribution towards larger dy with
increasing dilution of the system is observed. However, increased viscosity and higher number
of solute molecules present in samples 2a-5a, in comparison to samples 2-5, lead to the decrease
in dy of the PVA molecules (Table 3.1, Table 3.2), resulting in a decreased diffusion coefficient
of the probe. Upon dilution by either pure water or glycerol solution, changes in the average du
of PVA show an almost linear dependence on the viscosity of the solution, whilst the
corresponding DLS autocorrelation functions show almost no change in its characteristics
(Figure 10.2, Appendix A).

Although it is not possible to exclude the likelihood that the solvation shells of RhB
molecules are expanded in glycerol solution, the DLS results acquired strongly imply that the
additional crowding effects are responsible for the increased £ values. PVA concentration,
however, showed a dominating influence. To clarify conclusions about observed mechanisms,

further experiments using higher concentrations of glycerol were carried out.
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3.3.3.2. Effect of glycerol addition

A set of PVA/glycerol binary mixtures (samples 2b-5b,Table 3.2) were prepared by
introducing pure glycerol to PVA solutions to distinguish the effects of glycerol and water on
RhB diffusivity. The average diffusion coefficients (Figure 3.5) show that glycerol has no
notable impact on the RhB diffusion coefficient at low concentrations (0-3.9% (w/v)), but
causes it to decrease at high concentrations (> 3.9% (w/v)).

DLS results of this set of samples (Figure 3.4c) indicate that increasing glycerol
concentration causes a barely noticeable increase in du (the minimal shift of peak I that
corresponds to the individual PVA molecules), as well an increased intensity of peak II. This
suggests a formation of glycerol-PVA complexes (leading to the slight increase in du of peak
I) and a greater number of polymer-polymer clusters (peak II). In contrast, for samples 2a-5a
where the solute concentration was constant, the trend with increasing PVA concentration is
similar to that of samples 2-5 (containing only PVA). It appears that chains become more
compact (accelerated by the presence of other solutes) as PVA concentration increases to
4% (w/v). Conversely, when PVA concentration is constant but overall solute concentration
increases, glycerol-PVA complexes form, leading to the slight increase in measured dy.

Another factor that determines molecular diffusion is the solution viscosity, of which
a constant value was observed up to 1:1 polymer to glycerol mass ratio (Table 3.2). Glycerol is
therefore likely to disrupt polymer-polymer entanglements, which results in no viscosity
changes. For sample 2b (containing 10.9 wt% glycerol), however, an increased solution
viscosity was observed. It might be attributed to the high viscosity of glycerol itself (ca.
0.945 Pa-s for pure glycerol*** cf. 0.890 mPa-s for water®®® at 25°C), which becomes important

once 1:1 ratio of components is reached.
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It is worth noting that the increased glycerol content in samples 2b and 3b resulted in
a broad range of diffusion times and consequent diffusion coefficients (as can be seen by
relatively large error bars in Figure 3.5 as glycerol concentration increases), with measurements
of much slower diffusion time compared to samples 4b and 5b noted, and an overall decrease
of RhB diffusivity. It is probable that samples 4b and 5b have a more homogeneous
composition, where crowding effects is less important than for samples 2b and 3b. Samples of
low glycerol content show smaller changes in du (Table 3.2) compared against solution 6
(4.0 wt% PV A only), which, together with the described viscosity behaviour, leads to a similar
diffusion coefficient of the tracer to that in PVA stock solution. As for sample 3b, increased
number of solute molecules is likely the more pronounced effect than viscosity values similar
to that of PVA stock solution, despite the minor increase in the average du. PVA-glycerol
clusters therefore influence the migration of the molecular probe: the higher glycerol

concentration, the more visible change in tracer diffusion coefficient.

@ 220
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Figure 3.5. Diffusion coefficient of RhB in PVVA solution with the addition of pure glycerol. Error bars are one
standard error around the mean, number of measurements equal to 10.

Generally, adding glycerol to PVA solutions at low concentrations without adjusting
the overall water concentration has a minimal effect on the diffusion characteristics of RhB or
the aggregation behaviour of PVA compared to the results acquired in pure water. Addition of

large quantity of pure glycerol, however, caused a reduction in the diffusivity of RhB. It is
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worth noting that the size of PVA was very similar in these solutions, indicating that the
hydrodynamic diameter of PVA is primarily dependent on its concentration, whilst the addition
of glycerol appeared to promote the formation of PVA-glycerol complex. With this
characterisation of the effects of adding glycerol on the solution behaviour, understanding the

effect of introducing our model additives to the discussed system is now possible.

3.3.4. Molecular diffusion in PVA/glycerol/surfactant tertiary solutions

Diffusion of RhB in ternary aqueous solutions of PVA, glycerol, and surfactant were
studied to quantitatively establish the effects of crowding and binding on the mobility of the
probe as a function of the surfactant chemistry (cationic/nonionic/anionic). Specifically, the
samples were prepared from polymer-surfactant mixtures (samples 4c-4e, Table 3.3), glycerol
and surfactant solutions added to PVA solution (samples 4c-4h, Table 3.3), as well as from

polymer solutions with the addition of pure glycerol and surfactant (samples 4i-4k, Table 3.3).

Table 3.3. Viscosity and average hydrodynamic diameter of PVA solutions with the addition of glycerol and
surfactant of various head group chemistry.

PVA/glycerol/
Sample Surfactant %Lé:;?cﬁzgg Average n (mPa-s) Average du (nm)
- 4c SDS (-) 1:0:14.5 2.462 + 0.200 5.6 +0.2
g % 4d | CuEw(0) 1:0:6.7 2122 +0.034 6.9+0.1
< 4e CTAB (+) 1:0:11.4 2.877+0.022 51+0.1
5_ _ 4f SDS (-) 1:181:14.5 2.939 + 0.043 41401
g §§ 4q C12E10(0) 1:181:6.7 2.313 +0.040 6.0+0.1
g° ? 4h  CTAB(+) 1:181:11.4 3.060 + 0.222 45+0.1
= g E 4i SDS (-) 1:181:14.5 5.550 + 0.230 24401
é ij:*‘-: 4 C12E10(0) 1:181:6.7 4.315 + 0.057 3.9+01
§ %_é 4k CTAB (+) 1:181:11.4 5.658 £ 0.456 26x0.1
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In this case, rather than RhB diffusivity decreasing due to increased molecular
crowding, it is expected that strong directional (i.e. charge-matching) interactions between the
ionic surfactants and the tracer will lead to reduced diffusivity in the system. The nonionic

surfactant, however, is expected to act similarly to glycerol.

3.3.4.1. Addition of glycerol and/or surfactant stock solutions

Average diffusion coefficients of RhB in PV A/glycerol/surfactants ternary mixtures are
presented in Figure 3.6. It appears that the addition of surfactant led to a decreased diffusion
coefficient of RhB: SDS has the most significant reduction (by 86%), followed by CTAB (by
70%), whilst C12E1o shows the least impact (by 31%) compared with the control solution that
had no surfactants. Surfactants seemed to change the nature of the molecular interactions via
the formation of charge-matching complexes with RhB. Although this behaviour would likely
cause the ternary mixtures to become less homogeneous,!”*** diffusion coefficients measured
here show a monomodal distribution with low standard error, confirming that the average values

reported are representative.

300

S Dilution with glycerol solution
W Dilution with water
2501

200F

150+
1001
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0
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Average diffusion coefficient (umz.’s}

Figure 3.6. Average diffusion coefficient of RhB in PVA solutions with the addition of surfactant and water
(samples 4c-4e) or glycerol solution (samples 4f-4h), compared against control samples with no surfactants (4,
4a). Error bars are standard error based on 10 repeats.
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No notable difference in RhB diffusivity was found for system composed of
PV A/surfactant solutions with the addition of glycerol stock solution (samples 4f-4h, orange
bars in Figure 3.6), in comparison to the ones diluted by water (samples 4c-4e, blue bars in
Figure 3.6). Indeed, experiments performed on the same day resulted in the average diffusion
times and distributions of very similar range with no statistically significant difference
(a=0.05). It is clear that the addition of glycerol at low concentration does not influence the
diffusion coefficient of RhB in the polymer solutions with the presence of surfactant and
therefore that the surfactants are primarily responsible for such a significant change in probe
diffusivity. This is consistent with the findings acquired from the PV A/glycerol binary mixtures
(solutions 2a-2e, Table 3.2), where addition of glycerol solution has minimal effects on RhB
diffusivity and PVA particle size.

Strong interactions between RhB and charged surfactants have been identified elsewhere
as controlling their behaviour both below and above the critical micelle concentration (CMC)
due surfactant-dye aggregation or entrapment within micelles.>% In this study, surfactants were
above their respective CMC for all formulations studied with the exception of samples 4c and
4f (however, the CMC is expected to be decreased in the presence of PVA).!% Indeed, the
aggregation between RhB (in its zwitterionic form following dissociation)**® and surfactants
hinders its diffusion rate. The findings presented here agree with a previous study which showed
that the diffusion coefficient of RhB was significantly reduced due to the SDS-RhB interactions
that is dependent on the pH of the solution.**’ In addition, there is a possible polymer-surfactant
attraction, whose magnitude is determined by the counterion effect of surfactant on water’®®
and the chemical characteristics of the compounds involved.>?

Similarly to SDS, CTAB is likely to form charged aggregates with RhB, leading to

a substantial change in the diffusion coefficient of RhB, with a similar magnitude for SDS and
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CTAB.*>% Even though the number of possible interaction sites for cationic and anionic
surfactant is the same, accessibility is probably sterically hindered to the anionic moiety of RhB,
which explains the differences of RhB diffusivity in ternary PVA solutions with cationic and

anionic surfactant (Figure 3.7a).

]
A Hydrophobic interactions
OH | OAc OAc|OH OH OH

b A A A e

Figure 3.7. Possible interactions between (a) RhB and both cationic and anionic surfactants; (b) PVA-surfactant
tail group interactions, using SDS molecule as an example.

3.3.4.2. Specific effects of ionic surfactants (SDS and CTAB)

Upon the introduction of charged surfactants, DLS shows a reduction in average du of
the PVA molecules (Figure 3.8, Table 3.2 and Table 3.3). This effect is consistent in both PVA-
surfactant mixtures diluted by water (Figure 3.8a) and by glycerol (Figure 3.8b).

The polymer-surfactant interactions via their hydrophobic parts are believed to be
amajor driving force in the system (Figure 3.7).!3*31 SDS was shown to disrupt polymer
aggregates in aqueous solution®’ — such effect was more pronounced for PVA of low degree
of hydrolysis (i.e. 70% DH) due to an increased fraction of acetate groups in the polymer
chains.!*> Moreover, SDS is capable of shifting PVA-glycerol interaction to glycerol-SDS
interactions in PVA films.!” Even though presented measurements are in liquid state, those
interactions are also plausible. The combined effect of increased molecular crowding due to the
presence of surfactant micelles as well as polymer-surfactant interactions led to more compact

molecular packing, hence decreasing du of the PVA.
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Figure 3.8. Particle size distribution for (a) PV A/water/surfactant (compositions 4c-4e),
(b) PVA/glycerol/surfactant solutions (compositions 4f-4h) and (c) PVA/pure glycerol/pure surfactant solutions

(compositions 4i-4k). The percentages of polymer and glycerol in the graphs are given in (w/v)%.

In addition to the polymer-surfactant interaction, it is likely that the dilution itself could
play an important role in the ternary PVA solutions by reducing solution viscosity. In PVA-
SDS mixtures, hydrophobic interactions between species result in a preferential adsorption of
the surfactants on polymer chains,?!' and change viscosity depending on the degree of

hydrolysis of PVA!** and amount of surfactant added.’!! Accordingly, both decreased'***!! and

increased’!? viscosity values of PVA solutions containing SDS have been reported. In this study
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the viscosity decreased, primarily due to the reduced PVA concentration in all solutions
discussed in this section after the introduction of surfactant solutions.

Previous studies suggest that CTAB would interact with PVA chain in a similar fashion
to SDS, and form a polymer-surfactant complex.'3*!34312 Even though the PVA solution was
diluted by the surfactant stock solution in the present work, the average du of PVA decreased
(Table 3.2, Table 3.3), while viscosity either increased or remained unchanged compared to
samples 4 and 4a (without addition of surfactant). It is therefore likely that CTAB interacts with
PVA via hydrophobic interactions, disrupting the PVA-PVA interactions.

To conclude, two main factors hinder the diffusion of the molecular probe in the PVA-
based ternary solutions: firstly, crowding effect that is caused by the increased polymer size
and the presence of surfactants; secondly, interaction between RhB and surfactants that slow

down the diffusion of the probe*® (Figure 3.7a).

3.3.4.3. Effects of nonionic surfactant solutions

Although adding surfactant solutions resulted in only a slight dilution of PVA-glycerol
mixture compared to sample 4a, the presence of nonionic surfactants appeared to have
a noticeable effect on the diffusion of the fluorescent probe (Figure 3.6). While charge-
matching aggregation between Ci2E10 and RhB cannot occur due to its nonionic nature, it
remains possible for Ci2Eio to interact with PVA via hydrophobic interactions between
surfactant tail and acetate groups on the polymer. However, such effect appears to be less
pronounced in comparison to CTAB and SDS addition as the ionic strength of the solution
remains constant.

Unlike that of SDS and CTAB, stock solution of Ci2E19 showed a monomodal size

distribution (Figure 10.3, Appendix A), with a du very similar to peak I of the PVA particle-
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size distribution. Indeed, overall dy of solutions 4d and 4g increased compared their
corresponding surfactant-free solutions (4 and 4a). The increased intensity of peak I in sample
4d (Figure 3.8a, b) can be related to both individual PVA molecules and micelles of Ci2Eo.
Therefore, the nonionic surfactant acts in a similar way to glycerol in the system, however with
a larger effect due to the much larger molecular weight of Ci2Ejo.

Building upon the findings of surfactant-PVA and surfactant-RhB interactions at low
concentrations, systems with the addition of pure glycerol and surfactant to PV A stock solution
were investigated to study their influence in the absence of dilution (additional water being

introduced) in the system.

3.3.4.4. Crowding and binding effects

Adding pure surfactant and glycerol to PVA solutions showed the same trend to that
observed with adding their stock solutions. Their effects on the diffusion of RhB were
pronounced in PV A solutions with the addition of anionic surfactant, which decreased by 67%
for composition 41 compared to composition 4c¢ (90% compared to 4b). For cationic and
nonionic surfactants, the diffusion coefficients decreased by 44% and 46% respectively
compared to compositions 4d and 4e (Figure 3.9), and by 75% and 41%, respectively compared
to composition 4b. It is likely that the increased concentration of surfactants led to an additional
crowding effect (as seen in the decrease in hydrodynamic diameter in Figure 3.8c). This is
amplified due to the strong interactions between the RhB and surfactant in the now more
concentrated solutions. The variation with different head group chemistry provides further
evidence for preferential probe-surfactant interactions for charged surfactants, while the
relatively weak response of Ci2E10 compared to solution 4b again demonstrates its similar

behaviour to glycerol.

92



Chapter 3

Addition of surfactant to PVA solutions therefore has a significant retarding effect on
the diffusivity of RhB, with the driving force for these changes being largely dependent on head
group chemistry:

- For nonionic surfactant (Ci2E10), a minimal interaction with the fluorescence probe is
suspected, with the diffusivity of RhB being determined by the enhanced crowding
effects the surfactant places on the PVA molecules.

- For anionic surfactant (SDS), there are strong surfactant-PVA and surfactant-probe
interactions, leading to a significantly reduced diffusivity compared to Ci2Ejo.

- For cationic surfactant (CTAB), although the same type of interactions is present as in
the system with SDS (i.e. hydrophobic interactions between tail group and PVA, and
charge-matching interactions between head group and RhB), steric barriers reducing the

surfactant-tracer interaction strength cause a less pronounced decrease in RhB

diffusivity.
300 : : ‘
B Diluted PVA solution
Em Constant PVA concentration
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200+
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Figure 3.9. Average diffusion coefficients of RhB in PVA solutions with the addition of pure glycerol and
surfactant (samples 4i-4k, blue columns) compared against equivalent samples with the addition of glycerol and
surfactant solutions (4f-h, orange columns) and corresponding control solutions containing no surfactant (4a and

4b). Error bars are standard error based on 10 repeats.

The explanations above are supported by the viscosity data presented Table 3.3. The

changes in the viscosity of PVA ternary solutions is negligible when nonionic surfactant was
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used, but significant when ionic surfactants were interacting with the PVA molecules, in
agreement with previous findings.*'? For all investigated solutions, no phase separation was

observed (which is in line with results published for PVA-water-SDS system).!”

3.4. Conclusions

Diffusion behaviour of a molecular probe (RhB) in a series of aqueous PVA solutions,
representing complex formulations involved in industrial processes, was examined in the
present work as a function of polymer and plasticiser concentration, as well as presence of
surfactants of various head group chemistry. For the PVA solutions, our results present a good
agreement with the scaling theory of anomalous diffusion in semi-dilute polymer systems,
showing a non-linear increase of diffusion coefficient of the probe with decreasing polymer
concentration. PVA solutions diluted by glycerol solutions instead of pure water do not exhibit
significant changes in the mobility of RhB, proving the dominant nature of polymer
concentration in the system. For PVA solutions with increased glycerol concentration,
crowding effects play an important role in the system, leading to a decreased diffusivity of the
probe due to the increased diffusion path length.

Crowding effects also provided a plausible explanation for the diffusion kinetics in the
PVA solutions with the addition of nonionic surfactant. However, for solutions with the
addition of cationic and anionic surfactant, surfactant-PVA and surfactant-RhB interactions
play a dominant role, slowing down the migration of the tracer. These interactions are
strengthened in the more concentrated PVA solutions with additional pure glycerol and
surfactant (rather than their respective solutions), indicating that the concentration of each
individual chemical compound (polymer and additives) present in the PVA ternary solutions

has a profound influence on the diffusivity of the molecular probe.
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Chapter 4. Kinetics of molecular migration in thin
poly(vinyl alcohol)-based films

4.1. Introduction

Notwithstanding recent advances in polymer science, it is currently impossible to fully
predict the main mechanism of migration for any multicomponent polymer composite either
theoretically or computationally due to their complexity. Theoretical investigation (e.g. through
statistical thermodynamics methods such as Flory-Huggins compatibility theory)3'*3!# of such
systems is quite intricate because even though models can be used to describe bulk mixing
between two chemically different species, they cannot be applied to the systems where local
segregation close to the polymer/atmosphere interface takes place.’'® Therefore, they are
inappropriate for modelling many real-world industrial formulations (e.g. polymer films doped
with a surfactant) that exhibit the tendency for non-uniform distribution of the additive e.g. the
creation of a surfactant wetting layer, both at the air-film3!6317 and air-water interface!?®2° due
to incompatibility between the species.!”?*3® Moreover, the character of mesostructures
created in these products is dependent on specific intermolecular interactions!?® — jonic, polar,
and nonpolar. Therefore, phenomena arising as the consequence of these interactions need to
be considered to provide a possible set of design criteria which minimise guest molecule
migration in the polymer matrix while ensuring optimum distribution of additives.?%>3®

A common approach to make these complex systems experimentally manageable is by
using individual additive simulants rather than several additives, as are used in real-life polymer
formulations.®*® Consequently, current research focuses on two-component?® or three-
component systems.?! While there is in-depth understanding of interfacial phenomena in
polymer blends®*? (including wetting layer formation),?! the character of guest molecule
migration is highly dependent on the chemical interactions between the migrant and polymer
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matrix?* and its overall rigidity (as increasing rigidity results in lower amount of the migrant
molecule on the polymer surface).3™® Therefore, there is a need to extend experimental studies
of molecular migration to multi-component systems as opposed to simpler formulations.

Furthermore, while many studies have been carried out to explain the diffusion of
molecules from plastic films to surrounding media,®*3223% fewer describe migration in the
opposite direction.3?® By mimicking migration towards the packaging film — e.g. by studying
three component polymer/plasticiser/surfactant, rather than two component polymer/plasticiser
or polymer/surfactant systems — prediction of more complex migration behaviour will become
possible.

Techniques used for migration measurements can establish rapid diffusion coefficients
(i.e. 108-10° cm?/s, corresponding to the movement of single molecules or submicron-sized
particles in low viscosity liquids),?% as well as slow diffusion processes (i.e. 1012-108 cm?/s,
corresponding to the movement of particles in solids).?°® Raman correlation spectroscopy,?’

photon correlation spectroscopy,®?® FCS?® or capillary flow®?°

are exemplary techniques from
the first group, while NMR spectroscopy,®® holographic relaxation spectroscopy®*! and
FRAP3%2 _ the latter. Among these, FRAP is one of the most well-established methods®** that
additionally allows to control the time scales of the measurements by varying the size of the
bleached region.?®® FRAP has been successfully applied to various systems — from polymer
films (also below their Tg)?** through multilayer systems?® to biological samples?®® — enabling
direct detection of fluorophore diffusion within the film, calculation of fraction of immobile
molecules, and investigation into the dominant diffusion mechanisms present.

Therefore, this chapter uses FRAP and AFM to probe the migration of RhB through

PVA-based films. Changes in migration kinetics and mechanisms were recorded as a function

of additive concentration (plasticiser) and guest molecule presence (surfactants of various head
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group chemistry) in the polymer matrix. To gain more systematic understanding of the
behaviour of the system, investigations were performed on thin (ca. 100 nm) PVA films. It was
proven that properties of thin polymer films show significant difference compared to their
micron-thick counterparts®34-3% due to the necessity to consider interface-polymer interactions.
However, as the presence of a surface layer of several nanometres thickness was proven for
thick films,®*" it is concluded that a thin film may be a representative of this surface layer alone.
Using thin films together with relatively low numerical aperture of the objective leads to
bleaching without noticeable gradient in z-direction, hence enabling investigation of lateral
migration only.?%° Investigating migration in thin films enables identification of key factors that
influence tracer movement in formulations with surfactants that were proven to display
preferential segregation at the interface.?®> Explaining migration phenomena on the smaller
scale should therefore help with providing answers for problems faced in multicomponent

formulations, and provide natural translation of results from Chapter 3 to solid films.

4.2. Materials and methods

PVA film preparation. Thin, spin-coated PVA-based films were prepared as described in
Chapter 2. The compositions of the resultant films are presented in Table 4.1. Following spin
coating, films on substrates were placed facing down on cover slips cleaned with piranha
solution, with silicone elastomer (Merck, GF74606283, thickness 0.45 mm) used as a spacer
(Figure 10.4, Appendix B).

Experimental techniques. FRAP (migration kinetics) and AFM (imaging and investigation

into sample thickness) were used following the protocols described in Chapter 2.
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4.3. Results and discussion
4.3.1. Effect of glycerol concentration

Glycerol present in PVA matrix acts as a plasticiser, replacing PVA-PVA hydrogen
bonds with PVA-glycerol bonds. As a consequence, the elasticity of the PVA chain increases
due to increase in free volume®! and mechanical properties of the polymer film improve.® This
in turn is expected to lead to increase in migration rate of the guest molecules in the system. To
study the influence of glycerol on migration of the tracer, samples of different plasticiser

content in thin films were prepared (Table 4.1).

Table 4.1. Compositions and thickness of investigated thin films. Calculations of the glycerol content in the
films do not include water present in the films. Due to high non-uniformity and poor film-forming properties of
glycerol, scratch test was not performed on these samples. P in the table stands for PVA, G — for glycerol, and S

— for surfactant.

s P'G.'S P:G:Smolar G concentration Film thickness
ample S used solution - o nm)
volume ratio EID (o) (

A - 1:0:0 1:0:0 0 140+ 3
B - 1:0.25:0 1:109:0 16.5 136 £5
C - 1:0.33:0 1:181:0 24.8 116 + 4
D - 1:1:0 1:543:0 49.5 102 £ 3
E - 1:3:0 1:1629:0 74.3 79+ 3
F - 0:1:.0 0:1:0 99 -

G SDS (-) 1:0.33:0.33 1:181:14.5 23.3 29+ 4
H C12E10 (0) 1:0.33:0.33 1:181:6.7 23.3 9+1
| CTAB (+) 1:0.33:0.33 1:181:11.4 23.3 84 +17

Compositions A-E all produced films of uniform thickness (Table 4.1). Increased
glycerol concentration led to decreased film preparation solution viscosity (Chapter 3, Table
3.2), leading to formation of thinner films. Despite changes in glycerol content, no substantial
change in PVA film morphology was visible — characteristic roughness of ca. 0.4 nm was
present for all investigated glycerol concentrations (Figure 4.1) — indicating that the plasticiser
was uniformly distributed in the polymer matrix.?® In the absence of a polymer matrix to

structure the film, it was impossible to reliably determine the thickness of films with
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composition F. Addition of RhB does not change polymer morphology — no variations in
polymer structure were observed compared to samples without presence of the fluorescent

probe.

Height [nm]

Figure 4.1. Morphology and height profile of compositions (a,b) A, (c,d) C and (e,f) D investigated using AFM.

Not only film thickness, but also RhB diffusion through the film showed significant
dependence on plasticiser content (Figure 4.2). In composition A (pure PVA films), a diffusion
rate of 0.231 um?/s was observed, which increased to 0.589 um?s and 0.712 pm?/s for
compositions B and C, respectively. This signifies that glycerol addition leads to an increase in
RhB diffusivity until reaching the threshold of 49.5 wt% glycerol content. At this concentration,
diffusion decreased to a plateau at 0.090 pm?/s and 0.082 um?/s for samples D and E, followed
by slight increase in tracer diffusion coefficient in films prepared from pure plasticiser solution
(0.215 um?/s, Figure 4.2).

The thin films examined here showed a similar trend to that previously reported for
thick PVA-glycerol films of 30-50 pum thickness (cf. 80-140 nm).2%® Therein, significant
increase in RhB diffusion coefficient was observed upon addition of glycerol, increasing from
10" um?/s at 0 wt% glycerol to 101 um?/s at 40 wt% glycerol. The significantly faster diffusion

coefficients reported here may be a consequence of the different method of preparation and
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thickness of the films — in thin films, due to vicinity of the surfaces and interfaces, polymer-
interface interactions need to be considered, while in bulk films, they are negligible compared
to bulk polymer interactions.3343%8 As a consequence, properties of thin films vary compared to
their thicker equivalents. While the methodology applied here can model migration as a 2D
process, similar assumptions are not valid for thick films where bleaching and diffusion take
place not only at the surface, but also at the layers below the surface. Moreover, thick films are
more prone to water absorption due to the higher weight of glycerol present in the matrix
compared to thin counterpart. Due to its hydrophilic nature, glycerol increases the water
sorption in hydrophilic polymer films, leading to increase in diffusion coefficient up to 2 orders

of magnitude compared to pure polymer matrices.33
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Figure 4.2. Recorded diffusion coefficients of RhB in samples A-F. White circle represents median value, black
rectangle — interquartile range (25-75%), while blue lines represent the whole range of recorded values. The
shape of the violin (shaded area on both sides) is the estimated distribution, according to the kernel density

estimation algorithm. In schemes above the graph, lines represent PVA single chains, dashed lines — PVA-PVA

bonding, while green circles — glycerol. Dashed lines on the graph represent approximate trend of RhB diffusion
coefficient changes with increasing glycerol concentration.
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RhB had a non-uniform distribution in investigated thin films, evidenced by variation
in the background intensity (Table 10.2, Appendix B) also visible for other fluorophores (Figure
10.5, Appendix B). With increasing glycerol concentration, the number of regions of higher
intensity increased while the average background intensity decreased. This in turn led to
dependence of RhB diffusion coefficient on position in the sample and higher standard error
for samples E and F (Figure 4.2). Therefore, increased glycerol content creates inhomogeneous
molecular arrangement, with RhB aggregation expected to occur in regions high in glycerol.
The observed drop in diffusivity is a consequence of reaching PVA-glycerol compatibility
limit>1®2 — in partially hydrolysed PVA used in measurements, glycerol and polymer are
compatible up to 39 wt% plasticiser content,®* which is in good agreement with presented
results (Figure 4.2). Before reaching compatibility limit, addition of glycerol leads to increase
in free volume of the film and mobility of the fluorescent tracer therein. However, further
addition of plasticiser results in increased impact on chain separation leading to phase
separation® in the films and creation of regions rich in glycerol or polymer. Consequently, the
diffusion coefficient of RhB decreases as it separates into one of the two phases.

The influence of plasticisation can also be confirmed by looking at number of positions
with immobile molecules during FRAP analysis, signified by a lower equilibrium fluorescence
signal after bleaching than before. For pure PVA films, nearly all investigated positions had
some proportion of immobile molecules. However, fewer positions had immobile molecules
after addition of glycerol (Table 4.2) including for systems above the PVA-glycerol
compatibility limit, even though the average fraction of immobile molecules increased once the
PV A-glycerol compatibility limit was reached.

The value of the diffusion coefficient depends on both nominal and actual bleach radii

in addition to 712 values (Equation 2.5). Therefore, recovery 71 and diffusion coefficient do
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not necessarily depend equally on glycerol content. Indeed, while for formulations A-D this
trend was identical — initial increase and then decrease of average 712 with increasing glycerol
concentration, Table 4.3 (vide infra) — for sample E a small decrease of 71> values was noted.
For formulation E, the actual bleach radius decreased compared to formulation D (Table 10.3,
Appendix B), which explains the difference in 7> values for these two samples (less time
required for recovery due to decreased bleach size) despite the similar values of diffusion

coefficient for compositions D and E.

Table 4.2. Immobile molecules data and bleaching data for samples A-F.

. . Average fraction Positions with Positions with

Composition . Rl i of immobile required secondary no possible

Tilinglell 2 Girel(E8Llies molecules bleaching bleaching
A 28 0.055 0 0
B 4 0.033 0 0
C 3 0.013 0 1
D 8 0.166 8 0
E 5 0.053 2 1
F 6 0.358 3 24
G 5 0.1173 6 4
H 0 0.1705 0 0
I 9 0.1260 2 5

Sample F (pure glycerol) showed a particularly high dependence on analysis position,
with many positions recording no possible bleaching due to too fast migration of RhB (values
not included in average diffusion coefficient calculations, Table 4.2). A different characteristic
recovery profile compared to the polymer-based films was observed in regions where
measurements were possible — after initial increase of normalised intensity and reaching more
than 50% of the recovery, decreased fluorescence was observed (Figure 4.3a). Non-uniform
morphology and poor film-forming properties of glycerol may be responsible for this
unexpected behaviour observed after reaching half recovery. The fluorophore is located in

glycerol aggregates that create characteristic pattern on the surface on a similar length scale to
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the bleached spot size (Figure 4.3b and Figure 10.6, Appendix B), indicating that the measured
migration takes place within a single aggregate or a few small ones. Experiments on pure
glycerol films are therefore useful for interpreting the behaviour of other films which exhibited
strong non-uniformity. Hence, positions in which RhB showed a slow diffusion coefficient is
a consequence of migration in regions between the aggregates, while very fast diffusion or not
possible bleaching may indicate fast diffusion within aggregates. Similarly, single positions
with no possible bleaching for samples of composition C and E suggest creation of nano-

domains rich in glycerol in otherwise uniform polymer films.
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Figure 4.3. (a) FRAP recovery curve for representative position for pure glycerol sample, (b,c) AFM image and
surface profile of pure glycerol sample (scratch region). Shaded area represents half recovery time.

Overall, as presented in Chapter 3, the plasticiser has a complex impact on tracer

diffusion within the system. At low glycerol concentration further plasticiser addition promotes
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faster RhB diffusion, however, diffusion is significantly reduced once the compatibility limit
of glycerol and PVA is reached. At the extreme of diffusion through pure plasticiser, precise
diffusion measurement is hampered by the poor film-forming behaviour of glycerol. These
characteristic behaviours for different film compositions can be further investigated by
analysing not just the measured rate of RhB diffusion, but also the shape of the curve to

determine the recovery mechanism.

4.3.2. Investigations into migration mechanisms in thin polymer films

The decrease in the diffusion coefficient above the glycerol-PVA compatibility limit
occurred simultaneously to a change of the diffusion character compared to films B and C,
doped with 16.5 wt% and 24.8 wt% of glycerol, respectively. This can be seen in Figure 4.4a
and 4.4b, which show the normalised recovery curves for sample B and D, respectively.

When glycerol concentration was below 49.5 wt%, fluorescence recovery occurred in
two distinct stages. The initial bleach was followed first by a sharp increase in fluorescence
intensity, after which the sample slowly reached equilibrium (Figure 4.4a). For samples with
glycerol concentration higher than 49.5 wt%, the recovery behaved differently — without the
initial fast recovery, the sample reached equilibrium at a constant rate (Figure 4.4Db).
Consequently, 712 became longer and resulted in lower calculated diffusion coefficient of the
fluorophore.

The changes in the recovery curves suggest that different mechanisms of migration are
responsible for the observed differences in diffusivity. Two fundamental processes occur during
fluorescence recovery: tracer molecules diffuse through the film (unbleached tracers into the
analysis region and bleached tracers out) and bind, replacing bleached tracer molecules with

fluorescent ones within the bleach region, typically at a slower rate than pure diffusion. How
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these processes relate to one another results in differences in the measured recovery mechanism
(Figure 4.5). The processes of diffusion and binding can either occur separately (diffusion-
uncoupled mechanism, Figure 4.5a), or at the same time (diffusion-coupled mechanism, Figure
4.5b). By determining the mechanism of migration it can be concluded whether the detected
diffusion coefficient applies only to pure diffusion or to effective diffusion of the tracer within

the sample.
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Figure 4.4. Fluorescence recovery curve for samples of compositions (a) C, (b) D, (c) C with increased bleach
size, and (d) C prepared from filtered solutions (dots) and fits to Equation 4.1 (lines). The insets present the
derivative of fluorescence intensity over time, while shadowed regions represent half recovery time for given
formulation.

In the diffusion-uncoupled mechanism, the recovery curve is divided into two sections
(Figure 4.5a). At the beginning, tracer molecules rapidly diffuse into the bleached region due

to the concentration gradient and occupy available positions. Binding only occurs once the
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diffusion is complete. The rate of recovery for this part of the curve corresponds to the strength
of binding — the slower the recovery, the tighter the binding state.3*° In diffusion-coupled
recovery, no distinction between diffusion and binding is possible due to similar time scales of
these mechanisms.®*® They occur together — individual particles migrate then replace bleached

molecules with fluorescent molecules — until the equilibrium is reached (Figure 4.5b).

Table 4.3. Half recovery times for different bleach radii as a function of film composition.

Average zipfor  Range of 7, for

Composition  bleachsize3  bleach size 3 pm sTilzlzefg.rltﬂﬁ?ig) EXpﬁggga?]'if:rl:f'on
Hm (s) (s)
A 19.71+0.86 12.43-33.75 24.43; 26.11 Diffusion-uncoupled
B 6.26+0.19 4.28-8.48 6.10; 11.24 Diffusion-coupled
C 5.31+0.17 3.89-7.83 7.56;17.8 Diffusion-coupled
D 57.15+ 3.18 5.54-85.48 24.35; 102.34 Diffusion-coupled
E 34.03+ 1.67 19.87-62.22 47.40; 88.3 Diffusion-coupled

Because diffusion is dependent on the bleach radius, while binding kinetics are not, the
mechanism of diffusion can be determined by performing measurements on two different
bleach sizes. Diffusion-coupled recovery shows different 7> values for samples of different
bleach radius (as diffusion in these samples is gradual), while for diffusion-uncoupled recovery
they remain the same within experimental error. As full recovery did not take place in all
investigated samples and second bleaching at the same position was proven to have different
kinetics compared to the first,** the measurements of recovery within increased bleach size
were performed at different positions. Given the large range of absolute 71> values recorded
during initial 3 um bleaching experiments, experiments on a larger (5.1 um size) spot size were
compared against the absolute values of RhB recovery 7, rather than the average value (Table
4.3). Regardless, conclusions about the recovery mechanism could be made for all compositions

except pure glycerol F, due to the aforementioned non-uniformity of these samples.
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Figure 4.5. Graphic representation of: (a) diffusion-uncoupled mechanism and (b) diffusion-coupled
mechanism. Adapted from reference 340.
Even though recovery curves for samples B and C initially suggest a diffusion-

uncoupled mechanism, at least one measurement at the increased bleach size was outside the
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range of the 3 um spot size, suggesting a shift of the distribution to the higher 712 values.
Moreover, the shape of the recovery curve for increased bleach size changed, with initial fast
recovery less pronounced compared to the 3 um bleach size (Figure 4.4c cf. Figure 4.4a),
suggesting a diffusion-coupled mechanism. The exception to this pattern was composition A,
where 712 values overlapped completely between both bleach sizes, indicating diffusion-
uncoupled mechanism. However, due to the wide distribution of absolute 1> values there is
a distinct possibility that the diffusion Kinetics are diffusion-coupled and recorded values are in
the lower end of the shifted 71> distribution. Therefore, all compositions were analysed using
diffusion-coupled mechanism, with calculated diffusion coefficient representing the effective
diffusivity (i.e. describing all mechanisms that influence diffusion in these systems).

The diffusion-coupled mechanism in the investigated system can further be interpreted
on a physical basis. At low glycerol content, the PVA chain is expected to become more flexible
with an increase in free volume in the system, leading to faster diffusion of the tracer compared
to pure PVA film. With further increase of glycerol concentration, the overall diffusion value
is a result of two antagonistic factors: plasticisation of PVA molecules, and increasing glycerol
aggregation (i.e. plasticiser-plasticiser hydrogen bonding)*8%84 in films of decreasing thickness
(Table 4.1). Given that there is no substantial change in film morphology for formulations A-
E, the steric effects due to glycerol aggregation are the most likely explanation for changes in

the diffusion mechanism after reaching threshold of PVVA-glycerol compatibility.

4.3.3. Modelling fluorophore migration
To further establish phenomena behind observed changes in migration kinetics with film
composition despite all exhibiting the diffusion-coupled mechanism, the FRAP recovery curves

can be represented as sum of two exponentials representing fast and slow migrating species
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present in the system. The parameters for effective diffusion of each component in the system

can be modelled using equation:3+2

) - IN,slow T €xp (_ ) 4.1

In = Inw) — INjfast - €xp (— T
fast slow
where In and Ing) are the normalised (following Equation 2.6) intensities of the recovery curve
at given time t and at the beginning of experiment, respectively, Infast and Insiow are normalised
amplitudes of fluorescence after photobleaching of the fast and slow migrating molecule
fractions (correlated with their fractional concentration). Using fitted parameters Trast and Tsiow,
the values of 71, for given kind of molecules can be calculated:34®
Ty, = In(0.5) - Ty, 4.2
where Ty is either Trast Or Tsiow, and 72« is the half recovery time for the respective molecules.
While Equation 4.2 cannot accurately calculate strength and number of binding interactions for
diffusion-coupled recovery,® here it is only used to evaluate the diffusion kinetics of the two
species (Table 4.4).
The satisfactory fit of FRAP recovery data to Equation 4.1 (Figure 4.4a, Figure 4.4b)
suggests that there are three kind of species present in discussed system:33°
- Fast migrating molecules, with low value of 72 likely exhibiting weak physicochemical
interactions between the tracer and PVA/glycerol matrix.
- Slow migrating molecules that can not only interact in a similar way to fast population,
but also are more prone to binding effects and steric hindrance effects.
- Entirely immobile molecules over the time scale of experiment.
The trend in average values of 71> for fast and slow migrating molecules is clearly

dependent on the glycerol content in the films and follows the changes in average diffusion

coefficient calculated assuming only one kind of migrating species (Figure 4.2) — initial increase
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below the compatibility limit, followed by a decrease. The ratio of normalised amplitude for
faster and slower molecules does, however, change. For example, a higher fraction of faster
molecules and lower fraction of slow migrating molecules were detected in composition B
compared to composition C. Nevertheless, effective diffusion is faster for sample C than sample
B due to the lower 712 of both material types in the former material (Figure 4.2). Similarly, for
samples D and E, variations in amplitude and =2 balance out, leading to similar effective

diffusion times after accounting for variations in the bleached spot size (Table 10.3, Appendix

B).
Table 4.4. Average 712 and normalised amplitude for fast and slow migrating molecules for investigated
samples.

Composition In fast 172 fast (S) IN stow 7172, slow (S)

A 0.31 £0.0053 15.05 £ 0.68 0.20 £0.0073 166.88 + 14.62
B 0.41+£0.011 547 +£0.24 0.14 £ 0.0067 151.90+11.73

C 0.30 +£ 0.0087 3.67+0.11 0.19 + 0.0040 115.04 £ 5.58
D 0.15+0.018 42.00+4.11 0.26 £ 0.020 201.15+ 19.86
E 0.23+£0.014 2396+ 2.1 0.19 £0.016 288.29 +£48.13
G (SDS) 0.13+0.016 8.18+1.43 0.25 +£0.019 157.15+ 15.33

H (C12E10) 0.14 +£0.012 2.16+0.34 0.31 +£0.0085 51.24 +4.17
I (CTAB) 0.23+0.017 4.15+0.99 0.23 £0.017 101.00 + 14.13

4.3.4. RhB migration in thin films prepared from filtered solutions

Prior to spin coating, molecular interactions and plasticisation lead to creation of
aggregates that change the molecular arrangement in the resultant film and thereby influence
tracer diffusion coefficient. To exclude this effect, thin polymer films were prepared from
solutions filtered through syringe filter (0.22 um pore size) and investigated as described above.

In most cases, filtration of solutions prior to spin coating (and sonication, Table 10.4 and
Section B1, Appendix B) does not lead to substantial changes in RhB diffusion coefficient
(Figure 4.6). This may be a consequence of two factors: firstly, PVA-glycerol aggregates larger
than 0.22 um do not play significant role in influencing the polymer matrix structure and,

consequently, in changing diffusion coefficient of the tracer; secondly, filtration blocks
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aggregates from entering the solution, but further aggregates form after filtration and prior to
spin coating. Composition C is the only formulation that shows substantial differences in
diffusion coefficient of the tracer compared to film prepared from non-filtered solution. The 712
value is dependent on investigated position, which was not observed for all three samples
prepared from non-filtered formulations (as can be seen by a standard error of 0.099 cf. 0.037
for the unfiltered equivalent). In terms of diffusion kinetics, regions exhibiting fast diffusion
show similar behaviour to non-filtered samples (Figure 4.4d). However, initial trend of the fast
recovery in filtered samples is shorter compared to the unfiltered formulations (Figure 4.4a) and
results in slower diffusion coefficient of fluorescent tracer, similar to FRAP recovery curve for
bleach of increased size (Figure 4.4c). The dependence of diffusion coefficient on the position
is probably a consequence of non-uniform composition of the sample: it is likely that removal
of PVA-glycerol aggregates leads to overall decrease of PVA concentration and increase of

glycerol concentration, leading to diffusivity behaviour closer to that of formulation D and E.
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Figure 4.6. Comparison of average diffusion coefficient for filtered and non-filtered solutions A-F.

Overall, for filtered samples the trend in average 12 values for fast migrating molecules

remains unchanged compared to their unfiltered counterparts, while there is an increase in

111



Chapter 4

mobility for slow migrating molecules in pure PVA films (Table 10.5, Appendix B). The
decreasing ratio of amplitudes between fast and slow migrating species for sample C results in
decrease of overall diffusion coefficient measured for the whole of migrating species compared
to non-filtered samples.

Generally, pre-spinning filtration of the solution appears to promote formation of
inhomogeneous regions in plasticised glycerol films, although kinetics of recovery only differs
significantly compared to unfiltered counterparts when the glycerol content is close to the PVA-
glycerol compatibility limit. To confirm this finding further model additives, in the form of

surfactants with various head group chemistry, were introduced into the film.

4.3.5. Effect of surfactant of various head group chemistry addition

Surfactants of various head group chemistry (cationic, nonionic and anionic) present at
high concentrations in plasticised PVA matrix have been proven to change its morphology and
molecular arrangement, with the magnitude of changes dependent on compatibility of the
surfactant with the matrix and surfactant surface energy.t’?® These factors are also expected to
dominate formulations of plasticised PVA with lower surfactant content. As size of the
migrating tracer remains unchanged, by introducing molecules with various head group
chemistry and consequent charge one can make a conclusion about role of intermolecular
interactions in influencing diffusion coefficient of the fluorescent tracer. Compositions of films
prepared from the same polymer/plasticiser/surfactant weight ratios are presented in Table 4.1.

Addition of surfactant at 5.8 wt% to glycerol-plasticised PVA films results in overall
slower diffusivity of the tracer by 30%, 61% and 88% for cationic, nonionic and anionic
surfactant compared to composition C (the equivalent composition when not doped with
surfactants, Figure 4.7), respectively. However, the diffusion rate is highly dependent on the

position on the sample, suggesting surfactant blooming or phase separation in the films. This
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mirrors previous reports that have shown phase separation in surfactant-doped films, despite the
substantially lower surfactant concentrations used here than in those studies.}”?*® As a result,
the average value of tracer diffusion coefficient does not give full information about the
properties of the surfactant-doped compositions; instead, they are represented by the distribution

of the absolute recorded values of diffusion coefficient.
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Figure 4.7. Average diffusion coefficient and its distribution for surfactant-doped films prepared from filtered
and non-filtered solutions.

The largest changes in diffusivity were observed for systems with cationic and anionic
surfactants, with both positions of substantially lower RhB diffusion coefficient compared to
control composition C and positions where bleaching was not possible. The latter appeared as
the fluorescence recovery rate became faster than bleaching or the fluorophore re-absorbed, 34
and in most cases was connected with regions of higher fluorescence intensity prior to bleaching.
Distribution of the fluorophore does not substantially vary compared to sample C (Table 10.2,
Appendix B). As number of positions where bleaching was not possible was the highest for pure
glycerol films, it is expected that in samples containing SDS and CTAB, these regions

correspond to high local concentration of the plasticiser.
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Regions with slow diffusion coefficient of the tracer, on the other hand, are expected to
be connected with excess of surfactants. RhB was proven to interact with SDS?%22%" and CTAB
on the same level of magnitude®® due to ion-ion interactions. However, SDS-RhB interactions
are expected to be more favourable than CTAB-RhB interactions due to steric hindrance effects
(Chapter 3). These interactions are clearly visible while comparing morphology of the films
with and without addition of RhB. For PVA/glycerol/SDS films, surfactant blooms are
incorporated into the film structure (Figure 4.8a,b). In the presence of RhB, the film morphology
is similar to that of plasticised PVA films (Figure 4.1, Figure 4.8c,d). Moreover, prior to
spinning, small green crystals were observed when fluorophore was added into the solution used
for film preparation. The amount of crystals increased with increasing concentration of
fluorophore. 1t is likely that due to favourable electrostatic interactions, the anionic surfactant
head groups interact with cationic functional groups of the fluorophore and form an active centre
to accelerate nucleation of RhB crystals.3*> However, a lower average diffusion coefficient
compared to sample C was still recorded in the regions without crystals (Figure 4.7), suggesting
that SDS and RhB are also present in PVA-glycerol matrix. AFM measurements on samples of
different SDS content indicate that SDS concentration above 2 wt% changes the PVA film
morphology on the preparation day (Chapter 5, Figure 5.3). In addition to morphology, SDS
also changes PVA-glycerol interactions into SDS-glycerol interactions, resulting in creation of
lamellae at higher surfactant concentrations.’” This in turn results in lower degree of PVA
plasticisation and consequent possible reduction of tracer diffusion coefficient. The sum of these
factors — decelerated diffusion of RhB due to interactions with SDS present in the matrix and
non-uniform morphology of sample G — can explain the strongest decrease in tracer diffusion

coefficient observed upon introducing SDS into the system.
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These findings can be further confirmed by analysing scratch test results (Table 4.1). For
samples doped with SDS, scratches were performed at positions without visible surface features
and showed a decrease in film thickness equal to 75% compared to film C. The thickness of
films containing C12E10and CTAB also showed decreased thickness compared to PVA/glycerol
films of the corresponding plasticiser concentration. For films with C12E:0, this can be correlated
with decrease in viscosity of the solutions used for film preparation (Chapter 3, Table 3.3). For
samples with CTAB, however, the decrease in film thickness is observed despite similar
viscosity of the solution used for preparation of sample |1 compared to sample C (Chapter 3,
Table 3.3). These trends indicate more dense molecular packing for systems doped with ionic
surfactants as a result of glycerol-surfactant, PVA-surfactant and RhB-surfactant interactions,

with overriding importance in SDS-doped films.
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Figure 4.8. Morphology and surface profiles of sample G (a,b) in the absence of RhB and (c,d) containing RhB;
sample H doped with RhB: (e,f) background morphology and (g,h) surface features.

Incorporation of cationic surfactants into the plasticised polymer matrix shows the largest
standard error in sample thickness. CTAB is expected to create wetting layers at both the film-
air and substrate-film interfaces,?® with its excess in the system leading to creation of surfactant
crystals at film-air interface (Chapter 5, Figure 5.2). Compared to formulation C, there are no
visible morphology changes in the films after addition of CTAB at the investigated

concentration, although when both CTAB and RhB were included in the formulation, rod-
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shaped features appear. These features are also visible for samples containing C12E10 however,
hence likely indicate the presence of the tracer (Figure 4.8g,h).

It is expected that positions with similar diffusivity to the control sample are indicative
of similar local composition — i.e. PVA plasticised with glycerol with little to no surfactant
present — while areas of high local surfactant concentration will slow down migration of the
tracer with resultant slower diffusion coefficient. While migrating through regions with high
local concentration of CTAB within the matrix, intermolecular interactions will change
migration Kkinetics and hence tracer diffusivity. For these compositions, similar to solutions
doped with SDS, visible phase separation can be observed prior to spin coating, with crystals
observed in the solution. While in samples containing SDS, they were visible on the preparation
day, such crystals could only be observed after ca. 3 days of storage for solutions doped with
CTAB, proving weaker CTAB-RhB interactions compared to SDS-RhB interactions.

The average diffusion coefficient of the tracer shows the least significant change for the
addition of cationic surfactant compared to blank sample C. However, bleaching was possible
in all tested positions in samples with Ci2Ei, contrasting with both SDS and CTAB;
furthermore, compositions containing Ci12E10 exhibited morphology that was most similar blank
sample C (Figure 4.8e,f). Due to its nonionic nature, Ci2E1o is unlikely to interact with
fluorescent tracer. The higher My of C12E10 results in overall fewer moles of this substance being
present in the system (Table 4.1) as well as higher entropy penalty connected with its presence
on the surface compared to the shorter ionic surfactants.?®® Together with additional factor of
glycerol action that is expected to increase compatibility between this surfactant and PVA,2%
CpE1o is likely the most uniformly-distributed surfactant in the polymer among three
investigated. Slower diffusivity of RhB in this system is hence mainly a consequence of steric

effects — additional molecules decrease room available for plasticised PVA chain, decreasing its
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elasticity and decreasing a diffusion coefficient of fluorescent tracer. Crowding and binding
effects for samples doped with surfactants are further indicated by the increase in average

fraction of immobile molecules compared to blank sample (Table 4.2).

4.3.6. Modelling fluorophore migration in surfactant-doped films

Due to a very strong dependence of RhB diffusion coefficient on bleaching position,
investigation into mechanism of migration would not give reliable results. Therefore, it is
assumed that expected intermolecular interactions and crowding effects would result in
diffusion-coupled mechanism and calculated diffusion coefficient is effective diffusion
coefficient of RhB in given matrix, presenting results for both one (Figure 4.7) and two types of
migrating species (Table 4.4). In the double exponential model, intermolecular interactions
influence fast and slow migrating species, with 71> decreasing according to the affinity of RhB
molecule to each surfactant (zw2sps> 712cTaB> 7w2c1210). The faster species likely only interacts
with the polymer backbone rather than glycerol aggregates and surfactants. Less mobile
molecules, however, are likely to be dependent on both additional steric effects due to presence
of molecules of higher molar mass (nonionic surfactant) or due to ion-ion bonding with
migrating tracer (ionic surfactants). Similarly, the more uniform distribution of Ci2E1o
introduces the smallest changes in the matrix, while the energetically preferential surface excess
of the ionic surfactants leads to lowered uniformity of the film. Interestingly, 7, values for films
doped with nonionic or cationic surfactants are lower or very similar to composition C,
indicating that the relative abundance of fast- and slow-moving species changes between

formulations, rather than the intrinsic diffusivity of RhB.
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4.3.7. RhB migration in surfactant-doped films prepared from filtered solutions

As presence of the crystals and surface features may influence the effective diffusion
coefficient of the fluorophore in thin films, the absolute diffusion coefficient values of RhB for
films prepared from filtered solutions were compared with their non-filtered equivalents.

The trend of average RhB diffusion coefficient in thin films obtained from filtered
solutions (Figure 4.7) is similar to that obtained from FCS experiments in solutions of the same
compositions (Chapter 3, Figure 3.6). However, due to the position-dependence of the diffusion
coefficient and lower number of samples investigated, no strong conclusions can be made about
the change in the average diffusion coefficient in these films. By analysing the range of absolute
diffusion coefficient values, no significant difference between samples prepared from filtered
and non-filtered solutions appears, except for CTAB-doped films where the diffusivity reduces
compared to its unfiltered counterpart, similar to composition C. This change is correlated with
PVA-CTAB-glycerol competitive interactions, leading to decreasing concentration of PVA
upon removal of aggregates during filtration and consequently amplified steric effects as well
as intermolecular interactions. For samples containing SDS, however, crystal formation does
not lead to substantial differences in diffusion coefficient of RhB, as diffusion coefficient before
and after filtration has similar average values and range.

Filtration drastically hinders the recovery rate (i.e. 712 values) for both fast and slow
migrating molecules in nonionic surfactant formulations, while only small changes were
observed for anionic surfactant formulations (Table 10.5, Appendix B), indicating that filtration
changes the solution composition in the former case (Figure 4.7). Moreover, the absolute values
of RhB diffusion coefficient in filtered samples containing CTAB fit better to a single rather
than double exponential equation, resulting in non-physical values when fitting to double

exponential model for some investigated positions. This suggests only one kind of migrating
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species for these compositions, therefore, the fit values to Equation 4.1 (Table 10.5, Appendix

B) should not be directly compared with samples prepared from non-filtered solutions.

4.4. Conclusions

Investigations of molecular migration in complex industrial formulations were
performed on thin films, where diffusion can be approximated as lateral. Diffusion
characteristics of RhB were found to be dependent on the presence of glycerol (plasticiser) and
chemistry of any added surfactant (cationic/anionic/nonionic). Different migration Kinetics were
observed in thin films of various PVVA/glycerol ratio — tracer diffusion coefficient increased with
increasing glycerol concentration up to the compatibility limit of ca. 50 wt%, whereupon it
decreased below the diffusion rate even of unplasticized PVA. Above the PVA/glycerol
compatibility limit, further increase in plasticiser concentration resulted in glycerol aggregation
and consequent phase separation on microscale which inhibited the probe molecule from
migrating freely.

Addition of any surfactant (at ca. 6 wt%) hindered the diffusion coefficient of RhB (by
30%, 61% and 88% for cationic, nonionic and anionic surfactant compared to control sample,
respectively). Steric effects due to the presence of guest molecules of higher My in the system
seem to explain those phenomena in compositions containing the nonionic surfactant. However,
for films with cationic or anionic surfactant, it is likely that surfactant-fluorophore interactions
play a main role, slowing down the migration of the RhB and leading to RhB crystallisation.

Following the assessment of how internal contamination influences migration behaviour
in PVA-based films presented in this chapter, the influence of environmental conditions on
diffusive behaviour within films can be characterised. Specifically, the z-migration of
contaminants such as surfactants during contact with humid atmosphere is of great interest,
being a strong mimic of real-world storage conditions.
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Chapter 5. Humidity- and surfactant-accelerated aging of
thin polymer films

5.1. Introduction

Most packaging materials are polymers whose affinity to water is determined by their
chemistry. High affinity to water can widely affect the shelf life of packaging materials®® by
changing the product properties as a consequence of water infiltration, both during and after
production (e.g. because of swelling, changes in elasticity, impact strength or tensile strength).°
Understanding how RH affects the properties of polymers (especially water-soluble ones,
susceptible to degradation upon water infiltration) is therefore vital for improving their shelf-
life.

PVA films structurally consist of amorphous, crystalline, and interfacial regions which
display distinct behaviour and properties (Chapter 1, Sections 1.2.1-1.2.3). Water infiltration
disrupts crystalline regions, increasing the size of amorphous regions while leaving remaining
crystallites water-free.!®® Overall water content is therefore equal to the water content in
amorphous regions only. Water in the amorphous region promotes chain mobility due to
lubrication, interacts with macromolecules via hydrogen bonds and removes further barriers for
bonds to move.* As stated in free volume theory, diffusion in polymer systems can be described
as a series of movements of migrant molecules that jump from one hole available to the other,
following a concentration gradient.*®”% Plasticisers (e.g. water or glycerol) occupying these
holes contribute to the total free volume, swelling the film*® and facilitating the segmental
motion of PVA chains. Ambient water has therefore two important roles in PVA systems: it
controls the crystal structure in the films, but also acts like a plasticiser.

As with water, guest molecule migration only occurs in the amorphous region. Guest

346

molecule, shape, polarity,3*® and compatibility with single elements of the system!”?% have
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crucial importance in this process. Furthermore, by swelling the film, water has an indirect
effect on the migration of other guest molecules, in turn resulting in increased diffusion rates.®*’
This effect is of great industrial importance as it leads to faster aging of the product due to the
non-uniform distribution of guest molecules present in the system or migration from adjacent
media.

Water infiltration itself is a complex phenomenon, with multiple studies investigating
the nature of water migration within PVA, proving both Fickian®*®3# (independent of water
content) and anomalous non-Fickian?** (relaxation-controlled) character of water diffusion in
this polymer matrix. These inconsistent reports highlight a need to fully establish this
mechanism especially for industrial (multicomponent) PVA packaging materials. Indeed,
polymer chain-chain interactions, crystallinity, and presence of additives demonstrate that even
small changes in PVA matrix composition influence this mechanism.

Even though there are reports about changes of the material properties prepared at
various RH,*?! little has been done to understand the influence of environmental conditions on
aging of complex polymer materials. This is especially important while considering packaging
materials that are in close contact with concentrated media e.g. detergent liquids — in those
systems, migration of small molecules from adjacent media to polymer systems can lead to
further undesired changes in properties of the materials. In higher RH conditions, increased
migration is expected. Consequently, the time scales required to observe changes in systems
properties are likely to be decreased.

Here, an exemplar system mimicking single unit laundry pods — plasticised PVA films
in contact with concentrated detergent — is aged under various environmental conditions to
investigate the effect of RH on molecular migration. Measurements were performed on thin

(ca. 100 nm), spin-coated PVA-based films doped with surfactant molecules of different head
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group chemistry and concentration that imitate the polymer layer adjacent to the concentrated
detergent medium at various migration stages. These samples were investigated using in-situ
AFM, CFM (i.e. under controlled RH environments)*®*33 and DVS, giving insight into
dependence of chemistry on the amount of absorbed water.3*® Combined, these methods can
provide the kinetics of guest molecule migration as a function of RH of the environment and
system chemistry. As a result, the impact of surfactant concentration, head group chemistry and
RH on surfactant migration kinetics in simulated single use detergent packaging materials will

be characterised.

5.2. Materials and methods
PVA film preparation. In this chapter, compositions doped with cationic, anionic or nonionic
surfactants in the range of 1-5 wt% were used alongside control samples of plasticised and
unplasticised PVA with no surfactant. Thin, spin-coated films (ca. 100 nm thickness) were used
for AFM and CA measurements, and solution cast films (ca. 40 um thickness) were used for
DVS measurements. Films were prepared as described in Chapter 2.
Humidity control. AFM measurements on each sample on day 0 were performed in ambient
conditions. Samples were then aged in a desiccator with saturated salt solutions to maintain
constant RH. Lithium chloride, potassium acetate, magnesium chloride, potassium carbonate,
and magnesium nitrate were purchased and used as received to prepare saturated salt solutions,
providing a humidity range between 15% and 55% RH (as higher RH would likely cause
microscope damage).

AFM measurements were performed using a custom-built humidity chamber'®” modified
by the author wherein RH was regulated by the ratio of dry and wet nitrogen streams. The wet

stream flowed through 3 Duran bottles: the first 2 filled with water, and the third with glass
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beads to prevent condensation on the microscope. The dry stream flowed directly into a mixing
chamber and then the humidity chamber surrounding the AFM. Humidity and temperature were
monitored using a thermo-hygrometer (ATP HTD-625). Between measurements, samples were
stored in desiccator with controlled RH for a total of 6 weeks.

Measurement techniques. AFM (imaging, thickness measurements and CFM), DVS, as well
as CA measurements for SFE calculations were used following the protocol described in
Chapter 2. At least 3 samples were investigated for each composition and environmental
condition studied. To ensure that AFM images were taken at approximately the same position,
a cross scratch was made on every sample using a scalpel prior to investigation. Two further
nearby scratches were made using AFM, following the experimental procedure described in
Chapter 2. Samples were imaged following a set pattern around the scratches, with at least five
images of different sizes taken from every sample. Afterwards, the sample was scanned using
the optical microscope connected to the AFM, with further imaging performed in the region of

observed morphological changes.

5.3. Results and discussion

Spin coating leads to creation of thin films with molecules kinetically trapped in the
polymer matrix due to rapid solvent evaporation during preparation.®*3% Therefore, molecular
migration would be easily visible as the film equilibrates over time. When surfactants are present
in the film, two main factors influence the system behaviour over time: concentration of the
surfactant and compatibility with other additive species present. As compatibility (i.e. similarity
of Flory-Huggins interaction parameter) decreases, surface segregation is promoted which in

turn results in wetting layer formation (surfactant excess at the film surface).®®” Therefore, by
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spin coating thin films, the effect of incompatibility (i.e. surfactant concentration) and water
infiltration (i.e. RH conditions) on segregation rates (i.e. additive diffusion) can be investigated.

These phenomena were probed in two different ways: first, changes in morphology due
to aging of thin films of various composition and surfactant concentration were probed. For
these experiments, samples were stored in ambient conditions for the whole period of aging
(~35% RH, 21°C, 2 weeks storage). Afterwards, the influence of RH conditions on sample

morphology at fixed surfactant concentration was investigated.

5.3.1. Films aged at ambient RH

Initially, pure PVA films and glycerol plasticised PVA films were prepared to provide
a benchmark before introduction of surfactants. Pure PVA films had a very typical flat, uniform
morphology characterised with low root mean square roughness (Rq=0.3 nm, Figure 5.1a,b).
Introduction of glycerol led to no substantial change in morphology (Rq=0.4 nm, Figure 5.1c,d),
in agreement with previous findings that show glycerol is uniformly distributed within thin PVA
films.2%> Equally, aging for two weeks showed no visible effect on sample morphology, with
roughness staying approximately constant. These findings prove that either rapid equilibration
occurs in ambient RH conditions, films are already in equilibrium as-cast, or changes in glycerol
and distribution during aging do not lead to significant changes in film surface morphology.

Next, surfactant molecules were introduced into the formulation. To mimic initial stages
of the real-world phenomenon of surfactant migration into the film from adjacent media,
plasticised PVA films were prepared doped with relatively low concentrations (1-5 wt%) of
surfactants with various head group chemistry (cationic, nonionic or anionic). Aging was
performed as before (two weeks in ambient conditions), with AFM measurements performed

on days 0, 7, and 14.
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Figure 5.1. Morphology and height profile of: (a,b) PVA film and (c,d) glycerol-plasticised PVA film on day 0.

5.3.1.1. Effect of CTAB addition on morphology of the PVA-based films

lonic surfactants are known to associate with polymers.'?® Indeed, in aqueous solutions
CTAB was previously reported to interact with PVA chains via hydrophobic interactions, with
hydrophobic surfactant tail creating a complex with acetate groups on the polymer, 130134312 |
the systems investigated herein, no changes in polymer morphology were observed throughout
the two weeks aging period when CTAB concentration was below 4 wt% (appearing similar in
morphology to Figure 5.1). Therefore, additional measurements were taken after a total aging
time of 2 months, showing changed morphology in the 3 wt% formulation, with some limited
depressions forming at the film surface (Figure 5.2a,b, Figure 10.7, Appendix C). These
changes are ascribed to the CTAB as no such features were observed for control samples over
2 months. Conversely, these features were observed in films with 4 wt% and 5 wt% CTAB
concentration after only one week (Figure 5.2c,d, Figure 10.8, Appendix C). They are likely to
consist of hydrophilic mesophases arising from intermolecular interactions in the system,
leading to surfactant being pushed away from the polymer/glycerol matrix (although at

insufficiently high concentration to form crystals).>%
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Figure 5.2. AFM image and height profile of: (a,b) depressions visible on the surface of plasticised PVA film
with 3 wt% CTAB concentration after 2 months of aging; (c,d) crystallites and depressions correlated with
presence of 5 wt% CTAB and (e,f) large crystals visible on the surface of the film with 5 wt% CTAB on day 7.
Optical microscope images of the bloom regions on day 0 and day 7 are presented as Figure 10.9, Appendix C.

The sample with the highest CTAB concentration (5 wt%) was characterised by both
depressions and crystallites on the surface visible from day 0 (Figure 5.2c,d). After one week of
aging, crystal size increased, creating large dendritic structures across the whole film (Figure
5.2e,f, Figure 10.9, Appendix C).

In thin, unplasticised PVA-CTAB films, surfactant was proven to be uniformly
distributed in the polymer matrix, even at high concentration (ca. 20 wt%).2% It was inferred
that the even distribution of CTAB in PVA was caused by similarities in component surface
energy, contrasting with the much higher value for glycerol.?®® As a result, upon introducing
plasticiser to the system, regions of surfactant excess in substrate-film and film-air interface
form. Glycerol is therefore likely to create more favourable interactions with amorphous PVA
regions compared to cationic surfactant, outcompeting PVA-CTAB interactions and decreasing
compatibility between the three components.?*> Consequently, at CTAB concentrations above
3 wt%, spin-coated films display segregation after aging in ambient conditions. At CTAB
concentrations of 5 wt% and above the crystal formation is likely driven by the system being

below Tk for CTAB (25 °C).35%%0 Although the cationic surfactant is expected to be uniformly
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distributed in as-cast films, after storage in ambient conditions the driving force of increasing
non-compatibility between the components (especially for films with 4-5 wt% CTAB) causes

surfactant excess at the interface, aided by ambient humidity.

5.3.1.2. Effect of C12E10 addition on morphology of the PVA-based film

Upon addition of relatively low quantities of Ci2E10 (1-5 wt%) no blooming was
observed throughout the investigation period (as presented in Figure 5.30,p). Both on day 0 and
14, characteristic polymer morphology is visible (Rq=0.4 nm), similar to the control
formulations. Combined, these results suggest the film structure is either equilibrated as-cast or
not sensitive to changes in molecular arrangement within the film.

Indeed, nonionic surfactants are known not to form strong interactions with
homopolymers®®! — indicating higher compatibility. For C12Es (a structurally similar surfactant
to C12E10) however, different behaviour was observed. This surfactant, when mixed with pure
PVA, segregates to the surface due it its much lower surface energy compared to PVA, with
decreasing surface excess upon glycerol addition.?® Due to higher My of C12E10 and consequent
higher entropy penalty connected with its surface segregation, the surface excess will be lower
for the surfactant studied here. Furthermore, as suggested by Flory-Huggins theory, increasing
Mw of the surfactant will decrease compatibility in the PVA-C12E10 system compared to PVA-
C12Es. Therefore, the incompatibility between elements is expected to be the main driving force
leading to C12E10 segregation in pure PVA films. However, at the relatively low concentrations
used here, and given the presence of glycerol which acts to increase compatibility,?®® no

substantial morphology changes compared to blank sample were observed.
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5.3.1.3. Effect of SDS addition on morphology of the PVA-based films

As seen in systems with CTAB and Ci2Ei0, morphology changes are very much
dependent on the chemistry of the surfactant added. This is further shown upon addition of SDS
to the film. For this system, lower concentrations and shorter aging times were required to
observe surface morphology changes compared to either of the other surfactants. Further, unlike
the depressions or crystals characteristic of CTAB, SDS created blooms on the surface of the
film.

For films with 1 wt% SDS, addition of surfactant did not lead to substantial changes in
polymer morphology on day 0 (Rq=0.5 nm), however, individual blooms were occasionally
visible (with a similar morphology to the film presented in Figure 5.3a,b). Nevertheless, after
one week of aging, surfactant blooms were uniformly distributed on the surface of the sample
(Figure 5.3a,b) with no further changes observed after the second week of aging.

Surfactant blooms increased in size when increasing concentration from 1 wt% to 2 wt%
SDS (Figure 5.3e,f), with visible uniform distribution of blooms on the surface of the film from
day O (Figure 10.10, Appendix C). For these samples, characteristic polymer morphology was
still visible between the SDS blooms, however with some positions where changes were
observed indicating surfactant incorporation into the polymer morphology (Figure 5.3c,d,
Rq=0.6 nm). Blooms had the same height in both formulations — ca. 4 nm (Figure 5.3b, Figure
5.3f). This value corresponds very well to that reported by Coiro et al.*® for individual SDS
lamellae in highly concentrated aqueous solutions, highlighting similarities in surfactant
behaviour between solid and liquid systems. Therefore, it is surmised that the surfactants in

films investigated here also create single lamellae.
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Figure 5.3. AFM image and height profile of: (a,b) plasticised PVA containing 1 wt% SDS on day 7; (c,d)
modified background polymer morpology due to surfactant addition and (e,f) surfactant blooms on the surface of
plasticised PVA film with 2 wt% SDS on day 0; (g,h) modified polymer morphology for plasticised PVA film
with 3 wt% and (i,j) 4 wt% SDS on day 0; (k,I) modified polymer morphology and (m,n) blooms on the surface
of plasticised PVA film with 5 wt% SDS on day 0; (o,p) polymer morphology of sample with 5% C12E10
addition on day 14.

Surfactant content equal to 3 wt% led to further morphology changes, with both SDS
blooms throughout the film and increased roughness in the background polymer morphology
(Figure 5.3g,h). Even further concentration increase resulted in phase separation in films, greater
changes to polymer morphology (Figure 5.3i,j, Figure 5.3k,l) and creation of large surfactant
blooms on the sample surface (Figure 5.3m,n, Figure 10.11, Appendix C).

Throughout these experiments, SDS was shown to be the least compatible surfactant in
plasticised PVA films among those studied. Blooming of SDS in plasticised PVA systems at
high surfactant concentrations (20 wt%) has been shown to be thermodynamically-driven due
to interactions between SDS head groups and glycerol, enhancing the formation of smectic

layers.t” The total free energy of the system is likely minimised in two ways: firstly, as SDS has
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lower surface energy than PVA, it is present at the surface in multilammelar structures with
glycerol; secondly, by segregating in this way SDS does not disrupt arrangement of the PVA
chain below the smectic layers.!’

Although the systems investigated here have much lower SDS concentrations, this
scenario seems to explain the tendency of SDS to create a wetting layer at the surface of the
film. Even at 1 wt% SDS, changes in PVA-based film morphology are observed (blooms at the
film-air interface), with further changes appearing while increasing concentration of the anionic
surfactant. For samples of between 2 wt% and 5 wt% SDS, however, no morphology changes
during two weeks of sample aging were observed. This implies that the equilibrium molecular
arrangement is likely to be achieved either during spin coating or immediately after. For the
lowest investigated concentration of 1 wt% SDS, aging up to 1 week was required for the
equilibrium to be reached.

Regardless of head group chemistry or surfactant concentration, scratch test
measurements showed that thickness of all samples equilibrates after 1 week of sample storage
(Table 10.6 and

Table 10.7, Appendix C). Increasing surfactant concentration in general led to decreased
film thickness due to decreasing viscosity of the solution used for film preparation. However,
formulations with 1 wt% C12E10 were ca. 6% thicker compared to plasticised PVA film despite
decreasing viscosity (Chapter 3, Table 3.2, Table 3.3). Higher C12E10 concentrations showed a
decrease in film thickness with increasing surfactant concentration. As expected, thickness
decrease was noted from 1 wt% CTAB and SDS surfactant addition (ca. 29.6% and 14.3%
compared to plasticised PVA for SDS and CTAB doped PVA-based films on day 1,
respectively), being the most pronounced for SDS samples despite similar viscosity of both

solutions used for film preparation. Further deviations were only noted for SDS, where no clear
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trend in film thickness with increasing surfactant content was observed on day 0, however the
trend of decreased film thickness with increasing surfactant concentration was observed after 1
week of sample storage. These results suggest that at low concentrations, the higher My of
C12E10 compared to ionic surfactant studied here leads to increase in PVA-based film thickness.
However, ionic surfactants change arrangement and packing in the system (likely correlated
with glycerol distribution in the system),":?% with SDS causing the most significant thickness

variations.

5.3.1.4. Effect of glycerol evaporation on thickness of the PVA-based films

Generally, the thickness decreased ca. 20% for all plasticised films (with or without the
addition of surfactant) — approximately equal to the initial glycerol concentration. The two
notable exceptions from this behaviour were unplasticised PVA films and plasticised
formulations containing 5 wt% SDS. For the former, no significant changes in thickness were
observed throughout the 2 weeks aging time, with slight thickness variations correlated with
changes in humidity and temperature of ambient conditions. For the latter, conversely, a drastic
thickness decrease was found after 1 week of aging (decrease of ca. 40%). This can be explained
by the fact that scratches were taken in regions with no large surfactant blooms (i.e. morphology
consistent with Figure 5.3k, not Figure 5.3m), where glycerol local concentration may be higher.

It is suggested that decreasing film thickness upon storage is a consequence of glycerol
evaporation from PVA films.’81 While this phenomenon may appear counter-intuitive at
ambient conditions due to the high glycerol boiling point (290 °C),% the rate of pure component
evaporation at 25 °C was reported to be equal or higher than 0.016 g/(m?-h),63%%* corresponding
to an approximate value of 2.1 mg for 2 weeks storage time. The mass of thin films studied here

was calculated to be ca. 0.05 mg. Considering that surface area is much greater than thickness
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of the film and diffusion rates values that were reported to be 10 to 100 times larger than
evaporation rates,” glycerol evaporation appears to be a relevant explanation for observed
changes in the systems studied here.

These conclusions are consistent with the previous findings for PVA films doped with
glycerol only, where it was found that for an equivalent PVA polymer (i.e. identical Mw and DH
as used here) equilibrium was reached after ca. 5 days of sample storage at ambient temperature
and RH, with constant rate of glycerol evaporation.'8 However, the changes in film thickness
with aging might also result from changes in surfactant assembly in the presence of glycerol.
This phenomenon was observed for SDS assembly in glycerol, 3537 with significant variation
in surfactant behaviour compared to water systems, correlated with changes in solvent polarity.
In the systems discussed here, these interactions might result in changes in system packing,
hence thickness variations. Moreover, as plasticised films without glycerol addition also showed
decreased film thickness, these changes might be additionally influenced by physical aging —
a process of reaching equilibrium and minimising system energy by reducing free volume in

polymer matrix below T,

accelerated by glycerol plasticisation.

Overall, spin-coated plasticised PVA films doped with surfactants reach equilibrium
upon aging due to both glycerol evaporation and surfactant migration. Inter-component
compatibility and atmospheric water sorption are the main driving factors for this equilibration.
This is evidenced by the different concentrations of each surfactant required for blooming in
spin-coated films — 3% wt for CTAB, 1% wt for SDS, but ca. 20 wt% required to consistently
observe changes in C12E10 doped films (Figure 5.4a,b and Figure 5.4c,d). The time-dependency
of bloom formation seems to be unique for thin, spin-coated films. When films were prepared

using solution casting method (thickness ca. 40 pm), they exhibited phase separation

immedaitely after film preparation for films doped with 1 wt% of SDS (Figure 5.4g,h) and
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C12E10 surfactant (Figure 5.4e,f). This behaviour is linked to the longer evaporation time and
increased temperature during solution casting, hence longer time available to reach equilibrium

via surfactant migration, rather than being directly related to the increased thickness of the films.
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Figure 5.4. AFM images and height profiles of (a,b) spin-coated, glycerol-plasticised film with 20 wt% C12E10
on day 0 and (c,d) day 7 (exhibiting chequerboard pattern of surfactant blooms); (e,f) solution cast thick film
with 1 wt% C12E10, and (g,h) SDS blooms on the surface of plasticised PVA thick film with 1 wt% SDS.

5.3.1.5. Chemical character of surfactant doped films

To further understand the arrangement of surfactants within the blooms, CFM was
implemented using two chemically modified cantilevers — acid-terminated (hydrophilic) and
methyl-terminated (hydrophobic). Their different chemistries result in different capillary forces
in the ambient environment,®®® highlighting the relative degree of hydrophilicity®33° and
enabling differentiation between hydrophilic and hydrophobic surface groups (i.e. the
orientation of the surfactants — tail-up or head-up) via force measurements. They were
performed on a plasticised PVA film control sample and samples containing SDS (1 wt% and
2 wt% for measurements of the positions without blooms and positions with and without large
blooms, respectively, to ensure cantilever-bloom interactions), CTAB (5 wt%) and Ci2E1o
(20 wt%). Concentrations used for all surfactant chemistries allow for surfactant blooms or
crystals to be created within 1 week — following scratch test results, samples in general

equilibrate within this timescale, hence comparison between freshly prepared (day 0) and
133
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equilibrated (day 7) PVA films is possible. Complementary contact mode imaging (friction
channel) was performed on areas with surfactant blooms to confirm adhesion results (i.e. the
relative difference between adhesion for background and bloom regions). In all cases,
conclusions from imaging were consistent with those obtained from force measurements.

The control sample on day 0 showed on average stronger adhesion for acid cantilever
than methyl cantilever which is expected due to stronger capillary force for this chemistry
(Figure 5.5). This was visible also from the shape of the force curve which recorded longer
rupture distances for acid-terminated cantilever (Figure 5.6). While the acid-terminated
cantilever interacts with PVA hydroxyl groups and glycerol uniformly distributed in the film,8!
the methyl-terminated cantilever is attracted to acetate groups of unhydrolysed PVAc and
glycerol methylene groups. For both chemistries, the adhesion force between cantilever and the
surface decreases after one week of sample aging (Figure 5.5b).

Conversely, SFE values (Table 5.1) increased after one week of sample aging by ca.
6 mN/m independent of sample formulation, suggesting increase in films hydrophilicity and
highlighting the complex nature of investigated systems. It is hypothesised that glycerol
evaporation or changes in its surface concentration are responsible for this phenomenon.
Glycerol was observed to significantly enhance water sorption in polymer films3*° (also in
Section 5.3.2.1, vide infra), hence its presence will result in overall higher capillary force and
higher adhesion values and consequent decrease in adhesion values upon its loss. Further, as
SFE measurements are based on CA goniometry, and CA was shown to significantly change
over time due to PVA dissolution (Chapter 7), it is possible that plasticised samples require
longer time for droplet stabilisation compared to unplasticised samples. Alternatively, free
volume previously occupied by glycerol is likely replaced by water once equilibrating, with

possible faster droplet infiltration for matrices where some free volumes remain unoccupied,
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hence lower initial CA hence SFE. Regardless, it is unclear why hydrophilicity increases for

unplasticised formulations.
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Figure 5.5. CFM measurements on areas without surfactant blooms: (a) day 0, and (b) day 7; surfactant
blooms/crystals on: (c) day 0, and (d) day 7. Darker colours correspond to measurements with acid-terminated
cantilever, while lighter — methyl-terminated cantilever.

Comparing between different formulations, the SFE of the PVA film with 1 wt% SDS
was lower than plasticised PVA (Table 5.1). Addition of CTAB at 5 wt% and C12E1o at 20 wt%
concentrations led to increased surface energy values, however it is unclear whether this is due
to increasing surfactant concentration or the change in surfactant head group chemistry.
Conclusions about relative hydrophilicity between control and formulations doped with
surfactant are in general inconsistent with adhesion results (Figure 5.5, Table 5.1), suggesting

that surfactant might enhance wetting on the latter formulations (Chapter 7).
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Table 5.1. Average SFE values for freshly prepared formulations and those aged for one week. Error bars are
one standard deviation around the mean (n=6, mean + SD).

Sample SFE for day 0 (mN/m) SFE for day 7 (mN/m)
PVA + glycerol 46.56+0.30 51.31+0.43
PVA + glycerol +1% SDS 43.70+0.87 48.55 + 0.16
PVA + glycerol +20% Ci12E1o 50.39+0.56 57.48 + 3.93
PVA + glycerol +5% CTAB 48.76x0.02 54.61+0.04

For measurements on the sample containing 1 wt% SDS, lower average adhesion forces
were recorded for both hydrophobic and hydrophilic cantilevers compared to plasticised PVA
samples. These values for the acid-terminated cantilever further decreased at higher SDS
concentration in the system (Figure 5.5) and were likely connected with the preferable
interactions between glycerol and surfactant in the film (hence lower glycerol concentration on
the surface) as well as with the presence of surfactant tail group on the surface, lowering the
hydrophilic nature of these areas. For SDS blooms (Figure 5.5c and Figure 5.5d), lower adhesion
was consistently recorded compared to the non-bloomed regions. Changes after aging were
smaller for blooms than for the remainder of the film, indicating no impact of the glycerol
evaporation (or changes in its surface concentration) as little to no glycerol was incorporated in
surfactant blooms. Specific to SDS, hydrophobic tails are believed to be exposed to ambient
atmosphere as the films age, creating single surfactant lamellae in agreement with the findings
of Briddick et al.'’

The high concentration of Ci2E10 led to the most significant changes in surface
chemistry, both on the preparation day and upon aging, characterised by much longer rupture
distance compared to formulations with other surfactants (Figure 5.6). These findings suggest
that there is surfactant excess at the surface, similar to that suggested in the literature?® and by
AFM imaging (showing increased Rq, Figure 5.4a,b), with hydrocarbon tail of C12E10 exposed.
This concentration of surfactant was also sufficient for formation of characteristic, chequerboard

patterns of blooms after one week of aging (Figure 5.4c,d, Figure 10.12, Appendix C). Unlike
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other surfactant chemistries, no significant difference in adhesion was observed for these bloom
regions compared to regions without visible blooms, which may suggest that at such a high
surfactant concentration a significant amount of surfactant molecules remain within the film
even after blooming. This would also explain the similarity of adhesion measurements before
and after aging for this sample as the composition of films with 20 wt% C12E10 is changed less

compared to formulations with other surfactants (or plasticised PVA).

5+ a)

—— PVA + glycerol

1% SDS addition

—— 2% SDS addition (bg)

—— 2% SDS addition (bloom)

—— 5% CTAB addition (bg)
5% CTAB addition (bloom)

—— 20% C4,E4q addition (bg)

Force (nN)

0.25 0.30 0.35 0.40
Distance (um)

—— PVA + glycerol

—— 1% SDS addition

—— 2% SDS addition (bg)

——— 2% SDS addition (bloom)

—— 5% CTAB addition (bg)
5% CTAB addition (bloom)

— 20% C12E10 addition (bg)

Force (nN)

0.25 ' 0.3 035 ' 0.4

Distance (um)

Figure 5.6. Exemplary force curves obtained on day 0 using (a) acid- and (b) methyl-terminated cantilevers. Bg
stands for background — regions without surfactant blooms.

Lastly, background areas on the sample doped with CTAB showed similar behaviour to

the control sample (Figure 5.5a,b). As for CTAB crystals, lower values of adhesion for both
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cantilever chemistries compared to control formulation suggest arrangement with hydrophobic
tail exposed. Formulations with both cationic and anionic surfactants therefore present a similar
arrangement, with force curve shape and rupture distance alike that of plasticised PVA films
(Figure 5.6). Adhesion in these systems is primarily driven by capillary forces. In formulations
with nonionic surfactant, however, the surfactant wetting layer uniformly distributed on the film

surface results in dominant viscous force,*"* increasing rupture distance of the force curve.

5.3.2. Films aged at various RH conditions

5.3.2.1. Effect of RH on water sorption in solution cast films

To establish how changes in film chemistry at different stages of guest molecule
migration influence water sorption, thick films (characterised in Table 10.10, Appendix C)
containing surfactants of various chemistry and concentration were prepared and investigated
using DVS.

As PVA films have a hydrophilic nature, they contain certain amount of water in ambient
conditions (ca. 6.5 wt%).1®2 Water in the PVA system can be divided into three groups:
nonfreezing water, freezable bound water, and free waterl010137237 (Chapter 1, Section
1.4.1.4). For almost fully hydrolysed PVA (DH=99.8% cf. 87-89% used here), when total water
content in the film is below ca. 22 wt%, it acts as nonfreezing water.%* This water disrupts the
interfacial hydrogen bonding between PVA crystallites and amorphous regions by changing
configuration of the polymer chain — from zigzag crystalline planar configuration to random,
amorphous configuration. In this way, greater motion of the alcohol sidechain is allowed upon
water adsorption, and effective crystallinity in the system decreases. Simultaneously, water
molecules swell the amorphous polymer matrix, increasing overall mobility of the PVA matrix

and its free volume. For thick PVA films (ca. 40 um) moisture is readily absorbed after reaching
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ca. 50% RH,*"* therefore significant changes in film behaviour are expected above this humidity
level.

In this study, for pure PVA films these changes were seen only above 65% RH. Figure
5.7 presents the equilibrium amount of absorbed water at a given RH for the various
compositions studied in this chapter. Addition of glycerol to PVA films led to substantial
increase in water absorption compared to pure PVA formulation, leading to double amount of
water adsorbed compared to unplasticised polymer sample (12 wt% and 5.9 wt% uptake at 75%
RH, respectively). This echoes previous results of water absorption into plasticised PVA,3%
which showed that glycerol increases water absorption.

As previously stated, in solution cast films (such as were used for DVS), there is more
time for the system to reach equilibrium during water evaporation. Investigated compositions
exhibited surfactant blooms at the surface (visible white regions on the otherwise-transparent
films). As only freshly made films were used for DVS analysis, significant structural changes
are not expected to occur before the sorption measurements. However, if the equilibrium was
not reached during film preparation, migration is likely to take place during the measurements,
causing rearrangement in the film structure.

In these systems, calculation of diffusion coefficient at given RH would be inaccurate
not only because film thickness changed during the measurement (performed continuously
without knowledge of the thickness at each starting RH), but also because of non-uniform
thickness of the original film segment used (Table 10.10, Appendix C). For instance, films with
SDS did not create uniform structure either in thickness or in surfactant distribution (evidenced
by visible white blooms) above 2 wt% surfactant concentration. Therefore, it was not possible
to measure equivalent film segments for these formulations compared to other surfactant-doped

films.
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Figure 5.7. Equilibrium water sorption versus RH for (a,c,e) absorption and (b,d,f) desorption processes.

Samples were doped with (a,b) SDS, (c,d) Ci2E1o, and (e,f) CTAB.

Generally, plasticised PVA films doped with surfactants did not show greater water
absorption than plasticised PVA sample (around 12 wt% absorbed water at 75% RH, Figure
5.7). This conclusion is valid for all investigated head group chemistries of the surfactants and
all concentrations used. However, phase separation and variations in thickness of the film also
led to inter-sample variation in sorption behaviour for samples of the same composition. For

these samples it is assumed that due to the phase separation, the composition of the film
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segments being analysed may resemble pure PVA or plasticised PVA, dependent on exhibited
sorption behaviour.

Surfactant impact on water sorption is not explicit. Generally, these additives are
expected to affect the film water sorption capability due to their hydrophilic properties®*® — both
because of presence of surfactant aggregates within the film (leading to hydrophilic pathways)
and creation of hydrophilic pockets/aggregates. Such hydrophilic pockets were proven to lead
to prolonged water absorption due to creation of a strong osmotic driving force for water
diffusion.®

In terms of uptake kinetics, at low RH conditions (i.e. 1-15% RH), all investigated
samples (pure PVA films, plasticised PVA, plasticised PVA doped with surfactants) reached
equilibrium after ca. 10 minutes (Table 10.11, Appendix C). As humidity increased to between
25% and 65% RH, time to equilibrate did not change for pure PVA films, however, all
plasticised samples (with or without the addition of surfactants) showed significant increase in
sorption time — to ca. 50 minutes. The only exceptions were some investigated films with 3 wt%
SDS (Figure 5.7a, sample labelled 3 wt% SDS repeat) and 5 wt% SDS — a further indication of
phase separation in the system. Accordingly, these compositions showed sorption behaviour
like that of unplasticised PVA. Significant increase in sorption time for these samples was only
observed from 35% RH and 45% RH, respectively. It is worth noting that, at 75% RH, sorption
time for pure PVA increased to be at least twice as long as for all other samples, while other
compositions mostly showed reduced sorption time at this RH value. For desorption times,
values for plasticised PVA were again longer with overall lower changes in mass of the film
after the whole hysteresis cycle compared to pure PVA films (Table 10.11, Appendix C).

Despite having the same compositions, repeated DVS measurements on different

samples tended not to give the same results, showing that a variety of factors influence the
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sorption process (film thickness, surfactant chemistry and concentration, and molecular
arrangement of the structure). Despite this variability, glycerol clearly influences water sorption
the most, both when it comes to sorption times and amount of absorbed water. Introducing
surfactants into the system causes variations in sorption time and amount of absorbed water
even within the films of the same composition, suggesting phase separation taking place in

these formulations.

5.3.2.2. Effect of various RH conditions on molecular migration in thin PVA-based films

Having shown that water absorption is quantitatively similar in all plasticised PVA films
(with the caveat that surfactant-doped films show significantly higher variability), this section
focuses again on thin films. On films with 1 wt% SDS (Figure 5.3a,b), surfactant blooms only
appeared after aging in ambient atmosphere for one week. It is hypothesised that this behaviour
(and equivalent behaviour with other surfactants) is dependent on RH conditions due to the
hydrophilic nature of the plasticised PVA — with increasing RH the amount of water in the film
also increases (additionally enhanced by glycerol presence), further plasticising PVA-based
matrix and enabling quicker equilibration.

In this section, the influence of non-compatibility in the system as a driving force is
minimised by only using a low concentration of surfactant (i.e. 1 wt%). To compare the
morphology changes with blank samples, both pure PVA films and films plasticised with
glycerol were prepared and investigated. After preliminary tests, it was shown that at low
humidity (below 35% RH), no significant changes in morphology take place. Moreover, in the
investigated humidity range differences were noticed only for samples containing SDS.
Therefore, based on the described behaviour, a detailed experimental plan was created (Table

5.2).
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Table 5.2. Experimental plan for investigation into effect of RH conditions on morphology of the thin films.
Symbols stand for: x — all samples analysed given day, (-) — only samples containing SDS were analysed.

Time (day)—
RH (%) | 0 3 7 14 21 28 35 42
11 X () () X () X () X
23 X ) X X X X X X
35 X X X X X X X X
43 X X X X X X X X
53 X X X X X X X X

5.3.2.3. Specific observations on SDS-doped thin films

On day 0, samples doped with SDS had uniform polymer morphology characteristic for
pure PVA films. Surfactant blooms are only visible in limited places (as presented in Figure
5.3a,b). For samples stored at 11% RH, no additional blooms appeared on the surface over the
whole aging period. At 23% RH, changes started to appear after three weeks in the form of
individual blooms (in the regions where they were previously absent). After 5 weeks, the number
of blooms on the surface increased, however, they still appeared only in some irregularly
distributed regions on the sample surface. For samples stored at ambient conditions (ca.
35% RH), small blooms were uniformly distributed on the whole surface after 3 days of storage.
The most significant morphology changes were visible for samples stored at higher humidity
(45% RH or 55% RH), with large blooms (Figure 5.8) uniformly distributed on the surface after
3 days. The size of these blooms increased with increasing humidity.

As was seen in the DVS experiments (Figure 5.7), placing a film in a controlled RH
environment leads to a water concentration gradient between film and surrounding air. At low
RH, no significant water uptake was recorded; for higher RH, however, water uptake became
important. Increased water content accelerates molecular migration of surfactants, leading to
equilibrium molecular distribution (i.e. blooming). In bulk SDS-containing systems, water
stimulates formation of surfactant lamellae by forming hydrogen bonds between the sulfate

groups of opposing monolayers.!” Given the different behaviour at lower RH, it is clear that
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plasticisation solely by glycerol is not sufficient to reach this equilibrium, especially considering
changes in glycerol concentration and distribution in the investigated formulations. As a result,
kinetically trapped surfactant molecules are able to migrate to the surface of the film at higher
RH conditions, which is thermodynamically preferable and driven by inter-species compatibility
as well as reduction of SDS surface tension by glycerol.’” For low RH this additional
plasticisation with water is less significant, hence no morphology changes due to surfactant

migration were observed.

Height [nm]

Figure 5.8. AFM image and height profile of a bloom on the surface of plasticised PVA film containing 1 wt%
SDS stored at 55% RH for 3 days.

5.3.2.4. General observations for all film compositions

Samples with 1 wt% CTAB and C12E10 aged in the same way as control samples showed
no substantial morphology changes at humidity below ambient (15% RH, 25% RH) within the
investigated time scale. However, samples stored at RH conditions between 35% and 55% led
to PVA crystallite formation for all investigated compositions including PVA and plasticized

PVA (Figure 5.9).
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Figure 5.9. AFM image and height profile of (a,b) crystal features visible on pure PVA sample stored at 45%
RH for 4 weeks, (c,d) large crystals created at the surface of pure PVA films after storage at 55% RH for 5

weeks, (e,f) and (g,h): SDS blooms on which PVA crystals are created at the surface of plasticised PVA sample
with 1 wt% SDS imaged after 1 month at 45% RH.

During PVA film casting, evaporation at any temperature does not lead to creation of
crystal nuclei when below the sol-gel transition point. Above this point, nucleation with
simultaneous crystal growth takes place until reaching composition for gel-glass transition.3”
A significant crystallinity starts to develop at polymer content below ca. 70 wt%,53" continues
more rapidly between 80 wt% and 95 wt%, and becomes very slow near the glass transition
composition (ca. 97.5 wt%), aided by the ambient humidity.’® For high RH conditions,
however, significant crystallinity is already developed at 65-75 wt% PVA.”® In case of low RH
conditions, crystal growth is constricted before crystallites are fully developed, leading to glassy
film morphologies.

Despite that Tq of PVA is above the aging temperature of films in this study, crystals
were observed above 35% RH conditions due to the hydrophilic nature of the polymer. Ambient
humidity acts therefore as a plasticiser and facilitates slow, cold crystallization at these
temperature conditions. This behaviour results in creation of dendritic or hedritic PVA crystals
(stacks of crystals viewed along the chain axis)®’® at the surface, also observed for thick films
(ca. 10 um thick).*®* In this study, due to the rapid evaporation of the solvent during spin coating,

these large crystals were unlikely to have enough time to develop and grow. At low RH
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conditions, the amount of atmospheric water is not enough for slow, cold crystallization to
happen. At higher RH, this behaviour is indeed observed (Figure 5.9a,b and Figure 5.9c,d),
showing similarities between spin-coated, thin PVA films and solution cast thick films. Ambient
humidity in PVA films has therefore a double role; after entering the system, it increases free
volume and disrupts crystals within the polymer matrix, but also helps to facilitate creation of
the large crystallites on the surface of the film.

Large PVA crystal structures are also created on the sample upon introduction of SDS.
However, in this situation surfactant blooms act as a heteronucleation site, with PVVA crystals
changing the morphology of surfactant blooms. This leads to the formation either of large crystal
areas (Figure 5.9¢,f) or crystals incorporated into single surfactant blooms (Figure 5.9g,h).

For the investigated humidity range, and across all compositions, film thickness
decreased by 20% during the first week of storage, remaining at a constant thickness thereafter
(Table 10.8, Table 10.9, Appendix C). Hence, RH conditions do not significantly influence the
final thickness of investigated formulations, with changes in glycerol concentration being
similar across investigated range of RH conditions and the most notable changes within first

week of sample aging.

5.4. Conclusions

In this work, the aging of PVA-based films under various environmental conditions was
studied. The effect of introducing SDS, Ci2E10, and CTAB (i.e. common industrial anionic,
nonionic, and cationic surfactants) to the polymer matrix was investigated, and the impact of
film thickness (i.e. preparation by spin coating and solution casting) was assessed.

It was found that thin PVA-based films undergo aging to reach equilibrium after

preparation, and that behaviour of the sample is dependent on the following parameters:
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1. Chemical nature of the surfactant — changes in film morphology are the most
significant for samples with the addition of SDS, followed by CTAB and Ci2E10 (with
changes observed upon 1 wt%, 5 wt% and ca. 20 wt% addition, respectively). The
importance of surfactant concentration in investigated systems highlights different levels
of compatibility between guest molecule and plasticised polymer matrix as a function of
head group chemistry. Choice of surfactant for industrial formulation should be therefore
understood as fine balance between its action and compatibility with other molecules
present in the system.
2. RH conditions and aging time — glycerol evaporation/changes in glycerol surface
concentration and water infiltration are both time-dependent processes, with water
infiltration also dependent on local RH. Low RH was proven to inhibit the surfactant
migration process, highlighting the plasticising behaviour of water. Above a threshold
RH (ca. 35% RH), surfactants bloom on the surface as a function of time, eventually
reaching an equilibrium molecular arrangement within the film. Variations in surface
glycerol concentration lead to decreased surface adhesion, with the rate of changes
independent of RH conditions.
3. Sample preparation method — film changes upon aging are due to relaxation towards
thermodynamic equilibrium. Consequently, if film formation occurs over a longer time
period (i.e. by solution casting rather than spin coating), the materials are equilibrated
immediately after preparation, resulting in surfactant blooms being visible on day O.
For formulations with cationic and anionic surfactant, the hydrophobic tail was found to
be exposed to the atmosphere, evidenced by decreased adhesion from an acid-terminated

cantilever compared to a control formulation. For nonionic surfactant, however, different
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behaviour was observed, with surfactant wetting layer and hydrocarbon tail exposed to gaseous
phase.

The complex relationship between polymer, plasticisers (such as glycerol and water),
and other guest molecules can have a defining impact on formulation behaviour even at low
concentrations. The effect initial composition and storage conditions have upon polymer film
chemistry is highly relevant to many of their industrial applications due to the impact of film
aging on product shelf-life. Therefore, to ensure prolonged shelf life of any given packaging
material one should consider action of additives, compatibility between all species present, and

storage conditions that are especially important for materials with high affinity to water.
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Chapter 6. Aging of surfactant-doped poly(vinyl alcohol)
films at elevated temperatures

6.1. Introduction

Investigating diffusion and segregation in polymer films presents significant challenges
due to the crowded nature of these systems, causing substantial behavioural modifications
compared to the uncrowded state.3’” As stated in Chapter 1, properties of the semicrystalline
polymer matrix change with its characteristics (for PVA: Mw, DH), which influence
entanglement, free volume cavity radius,® and DC.?*? Moreover, the size and shape of
amigrating guest molecule,®® its concentration,®®38! compatibility towards the other
components in the system,*?>32 presence of charge, and environmental conditions (i.e. RH8!
or temperature®®®) all need to be accounted for while investigating these phenomena.

Among these factors, presence of a second chemical species of the same type (i.e.
presence of two surfactants, as found in common industrial formulations) and the convoluted
influences of temperature and guest migration on film morphology have received relatively
little attention in the literature — not only when it comes to changes within the polymer matrix,
but also while discussing release kinetics of substances from the polymer.®¥ Within
temperature ranges that do not involve any thermal transitions of the polymer, the Arrhenius
and van’t Hoff expressions can be used to describe changes of diffusion (D), solubility (S), and

permeability coefficients (P) of the additive:3%

E

D = Dyexp (- ﬁ) 6.1
H

S = Spexp (— #) 6.2
E

P = Pyexp (— ﬁ) 6.3

where Dy, Sp, and Py are pre-exponential factors, Eq is activation energy for diffusion, Ha is the
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heat of absorption, and E, is the activation energy for permeation.

In PVA-based systems, the release of migrating agents was proven to follow the
Arrhenius dependence for elevated temperatures (up to ca. 40 °C).38438 This simplistic model
of an exponential increase in diffusivity with temperature cannot be used for complex polymer
formulations containing multiple additives, however.®®” Specific to plasticised matrices,
glycerol significantly increases flexibility of the PVA polymer chains, hence leading to
a decrease in Ty dependent on its concentration.?? Even slight increases in temperature are
therefore likely to result in a transition from glassy to rubbery state, in which migration of
molecules is more easily accommodated in the system. Upon introducing more additives into
the system, intermolecular interactions and compatibility lead to emergent trends of particle
arrangement (e.g. segregation).

In addition to being sensitive to RH variations, PVVA-based formulations are sensitive to
temperature.®® This is because the mechanism of water infiltration and temperature in such
systems is generally similar: plasticisation and increase in free volume due to lubrication
induced by disruption of polymer-polymer hydrogen bonding. For atmospheric water this is due
to water-polymer interactions, while for increased temperature conditions — thermal energy.!!
Accordingly, many properties correlated with migration in PVA systems are dependent on
temperature (e.g. conductivity®® and storage modulus?*®3%) with polymer relaxation and
overall aging accelerated by increased temperature and humidity.>®* Moreover, increased
temperature not only influences the diffusion coefficient of already mobile molecules, but also
increases the amount of mobile molecules in the system.>*® Therefore, in parallel with RH,
storage at elevated temperatures may reduce shelf-life of PVA-based formulations of consumer

goods.
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In this chapter, the question of how temperature and presence of a second surfactant
influences molecular arrangement and aging in plasticised PVA systems was addressed. The
influence of temperature was investigated by aging samples under three distinct environmental
conditions: elevated temperature and low RH; ambient temperature and ambient RH; and
ambient temperature and low RH. First, single surfactant formulations were investigated in PVA
of various DH (partially- and fully hydrolysed). Then, 87PV A formulations with two surfactants
were investigated. AFM imaging was used to assess systems that present the most significant
changes upon aging, while CFM was applied to study the molecular arrangement of additives
within these formulations. As demonstrated previously (Chapter 5), visible morphological
differences in PVA films occur as a result of surfactant migration, with concentration at which
these changes appear dependent on its head group chemistry. Accordingly, films containing
1 wt% SDS, 5 wt% CTAB, and either 10 wt% or 20 wt% C12E10 were studied to investigate how
temperature influences surfactant migration. Samples of plasticised PVA with no surfactant

were studied in parallel as a control.

6.2. Materials and methods

Thin films of various surfactant concentration were prepared as described in Chapter 2.
AFM measurements were performed on each sample on day 0 in ambient conditions before
aging. Samples were then aged in one of 3 conditions: in the oven (60 °C, ca. 4% RH), in
a desiccator with silica gel (ca. 21 °C, 4% RH), or at ambient conditions (ca. 21 °C, 40% RH)
for 2 weeks to investigate the effect of temperature on film morphology. As water vapour
pressure is dependent on temperature, the amount present in the surrounding air (and, as
a consequence, creating equilibrium with polymer film) at 60 °C will be ca. 10 times greater

compared to that of ambient temperature (7.08 vs 0.70 g/kg of water vapour for 4% RH at 60 °C
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and 23 °C, respectively).3* Similar absolute humidity to 60 °C conditions is achieved at 23 °C
using higher RH (45% RH, 7.93 g/kg). Accordingly, aging under these 3 conditions enabled RH
influence to be decoupled from the temperature influence.

AFM imaging was performed in a controlled RH environment using a modified custom-
built humidity chamber (Chapter 5), with a minimum of 6 images taken from each investigated

formulation and 3 repeats of each formulation and aging conditions.

6.3. Results
6.3.1. Effect of temperature and humidity on surfactant migration

Plasticised PVA formulations (20 wt% glycerol addition) were examined as a control to
investigate the effect of various aging conditions on polymer morphology. Both 87PVA and
99PVA created thin films of similar morphology and low roughness that did not change at any
investigated condition (Figure 6.1), with specific Rq consistently below 1 nm independent of
aging time. As 99PVA has a higher My, it created thicker films compared to its 87PVA
counterpart (increase of 20% in average film thickness, Table 6.1). With increasing DH, the
SFE increased due to an increased number of hydrophilic groups in the system (Table 6.1).
These changes in the structure are expected to result in different interactions when surfactant
molecules introduced to the polymer matrix.

Accordingly, 99PVA showed overall lower compatibility with any surfactant studied
compared to lower DH counterpart, exhibiting visible morphological changes from day 0
onwards (vide infra). SFE values were, moreover, consistently higher for 99PVA samples both
on day 0 and day 7 for all surfactant chemistries studied, except for the sample with 20 wt%
nonionic C1oE1o. For 87PVA-based samples, SFE increased in order: anionic surfactant < no

surfactant < cationic surfactant < nonionic surfactant — both on day 0 and day 7 — indicating that

152



Chapter 6

no major change in matrix molecular arrangement took place given that SFE increased by ca.
5 mN/m for each composition as a result of changes in glycerol surface concentration (Chapter
5). Behaviour for 99PVA-based samples was different, however. Here, values of SFE increased
in order: cationic surfactant < no surfactant < nonionic surfactant < anionic surfactant on day 0
and nonionic surfactant < no surfactant < cationic surfactant < anionic surfactant on day 7. This
indicates more dynamic interactions within 99PVA matrices doped with surfactants, suggesting

non-equilibrated structures which will be discussed below.

Table 6.1. Average SFE values for freshly prepared formulations on day 0 and day 7, and thickness for freshly
prepared investigated samples. Error bars are one standard deviation around the mean (n=6, mean+SD).

Sample SFE for day 0 SFE for day 7 Thickness
(mN/m) (mN/m) (nm)
87PVA + glycerol 46.56+0.30 51.31+£0.43 116.6+0.1
87PVA + glycerol + 1% SDS 43.70+0.87 48.55 + 0.16 82.0+0.5
87PVA + glycerol + 10% C12E10 - - 65.0+4.7
87PVA + glycerol + 20% C1:E1o 50.39+0.56 57.48 + 3.93 44.9+1.6
87PVA + glycerol + 5% CTAB 48.76+0.02 54.61 £ 0.04 87.1+1.4
87PVA + glycerol + 1% SDS + 53.98+0.53 60.58 £ 0.05 67.2+1.7
5% CTAB
87PVA + glycerol + 1% SDS + 59.12+1.56 58.62 + 0.91 59.0+3.0
10% C12E10
87PVA + glycerol + 5% CTAB 62.84+0.87 58.00 + 0.37 44.2+1.5
+ 10% C12E10
99PVA + glycerol 57.10+0.26 59.03 £ 0.37 140.3+1.1
99PVA + glycerol +1% SDS 63.73+0.29 61.05 £ 2.56 89.6+5.3
99PVA + glycerol + 10% C12E10 - - 52.3£1.9
99PVA + glycerol + 20% C12E10 57.30+3.35 52.62 + 2.92 40.3+3.4
99PVA + glycerol + 3% CTAB - - 79.0£5.2
99PVA + glycerol + 5% CTAB 54.40+2.15 60.10 £ 1.69 73.1+1.0

While films were prepared from the same volume of solution, their thickness decreased
with increasing surfactant concentration; this happened because addition of a higher volume of
master surfactant solution led to dilution of the final mixture and consequently decreased
viscosity of solutions used for film preparation, with parallel changes in molecular arrangement

within the matrix due to the surfactant addition and changes in system compatibility.
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Figure 6.1. Morphology and height profile of: (a,b) 87PVA film plasticised with glycerol and (c,d) 99PVA film
plasticised with glycerol on day 0.

6.3.2. Anionic surfactant formulations

The general morphology of 87 PVA samples doped with anionic surfactant was similar
to that of plasticised 87PVA samples (Figure 6.1a, Figure 6.2a), with similar roughness
(Rg=0.5 nm for samples investigated on day 0). As reported in Chapter 5, aging at ambient
temperature and RH led to creation of surfactant blooms uniformly distributed on the surface,
with size increasing with increasing RH. For some samples aged at ambient temperature and
low RH, single surfactant blooms were visible on the surface from day 0 (Figure 6.2c) —
however, no further blooming was observed as the sample aged. After aging at elevated
temperatures, SDS blooms were visible in limited places with smaller sizes compared to those
reported during ambient aging — ca. 1 um during ambient aging (Chapter 5, Figure 5.3a,b) and
ca. 500 nm here (Figure 6.2g,h). Therefore, aging at elevated temperature with low RH did not
lead to uniform bloom distribution as was observed for aging at elevated RH conditions. For
one investigated sample, after aging at elevated temperature conditions, PVA crystals were
observed (Figure 6.2e,f). This unique behaviour may be a consequence of crystallization similar
to the slow, cold crystallization observed for RH conditions of ca. 35% RH and above (Chapter

5, Figure 5.9). Here, however, it is likely that the surfactant acts as a heterogeneous nucleation
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centre in parallel with polymer plasticisation by glycerol (enabling rearrangement within the

matrix accelerated by elevated temperature).
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Figure 6.2. Morphology and height profile of plasticised 87PVA film containing 1 wt% SDS: (a,b) background
morphology on day 0, (c,d) SDS blooms visible on day 1 during storage at low RH conditions, (e,f) PVA
crystals visible on day 1, (g,h) SDS blooms visible in limited positions on day 2 at elevated temperature
conditions.

SDS in plasticised 99PVA matrices created structures with a range of morphologies
(Figure 6.3), with background regions between SDS blooms exhibiting similar morphology to
the plasticised control composition from day 0 (Rq=0.4 nm). Micron-scale pictures collected
using the microscope connected with AFM (not shown here, for brevity) indicated that the size
of SDS blooms did not change during aging for either the elevated temperature or low RH

conditions.
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Figure 6.3. Morphology and height profile of plasticised 99PVA film containing 1 wt% SDS stored at elevated
temperature on day 0: (a,b) background film morphology, (c,d,e,f) SDS blooms, (g,h) large SDS blooms.
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6.3.3. Cationic surfactant formulations

Similar to compositions with SDS, 87PVA-based formulations doped with CTAB did
not exhibit morphological differences in background polymer structure nor changes in Rq
(0.5 nm and 0.6 nm for day 0 and day 14, respectively) compared to control samples (Figure
6.1a,b, Figure 6.4a,b). However, single small crystals were formed (Figure 6.4e,f), with similar
morphology to those reported after aging at ambient conditions (Figure 6.4c,d and Figure 5.2¢,f)
and increasing size with increasing RH at ambient temperature. No crystals were observed for

elevated temperature aging as system is above Tk of CTAB.
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Figure 6.4. Morphology and height profile of plasticised 87PVA films containing 5 wt% CTAB: (a,b) film
morphology on day 0, (c,d) CTAB blooms after storage at ambient temperature and RH on day 7, (e,f) small
CTAB blooms for sample stored at low RH on day 7; plasticised 99PVA films stored at elevated temperature on
day 0: (g,h) typical large crystal structures on a sample containing 3 wt% CTAB, (i,j) glycerol structures visible
for a sample containing 3 wt% CTAB, (k,l) crystals on a sample containing 5 wt% CTAB.

Compositions based on 99PVA showed large crystals uniformly covering the sample

surface on day 0 (Figure 6.4k,l). These large blooms remained visible when formulations with

156



Chapter 6

only 3 wt% CTAB were prepared (Figure 6.4g,h), proving the lower surfactant compatibility
with 99PVA compared to 87PVA. Furthermore, imaging was challenging for 99PVA
formulations because of glycerol presence on the film surface (Figure 6.4i,j), with imaging only
becoming possible after 3 days of sample storage. It is therefore hypothesised that cationic
CTAB changes the intermolecular interactions present in the system, leading to an increased
glycerol surface concentration, which is likely to further evolve during aging (Chapter 5).3
After equilibration, regions without blooms exhibited similar morphology to plasticised PVA:
Rq=0.6 nm to 0.9 nm for 5 wt% CTAB addition on day 0 and 14, respectively; and Rq=0.6 nm

to 0.7 nm for 3 wt% CTAB addition on day 0 and 14, respectively.

6.3.4. Nonionic surfactant formulations

The addition of C12E10 at high concentrations (10 or 20 wt%) led to morphology changes
in both 87PVA and 99PVA-based formulations. For 87PVA, background polymer morphology
became less uniform compared to samples with no surfactant: Rq was between 0.4 nm and
0.9 nmon day 0, and larger surface features were observed (Figure 6.5a-d). At 10 wt% surfactant
concentration, no morphology changes were observed upon aging at any investigated
conditions. Conversely, surfactant blooms with a characteristic chequerboard pattern (Figure
6.5i-n) appeared in 20 wt% C12E10 samples after 2 weeks of aging. These structures did not
appear at elevated temperature conditions (Figure 6.5e-h) but were observed for samples aged
at ambient conditions after 3 to 7 days. Generally, spin-coated films containing C12E10 were less
uniform compared to other surfactants — likely due to the higher concentration of nonionic
surfactant in the film, lower viscosity of the solution and possible inhomogeneity in the solution

prior to spin coating.
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Figure 6.5. Morphology and height profile of plasticised 87PVA films containing C1:E10: (a,b,c,d) film
morphology on day 0 at 10 wt% surfactant, (e,f) film morphology on day 0 and (g,h) day 14 at 20 wt%
surfactant, aged at elevated temperature; (i,j,k,I,m,n) C12E10 blooms created in films at 20 wt% surfactant stored
at ambient conditions on day 14.

As expected from the discussed morphology changes upon addition of ionic surfactants,
more surface nonuniformities were visible for C12E10-doped samples of 99PVA compared to
87PVA. Glycerol was observed either in the form of a uniformly distributed surface excess or
as concentrated glycerol mesophases (Figure 6.6¢-f), in line with behaviour observed for
systems doped with cationic surfactant. As glycerol surface concentration changed during
sample aging, the size and amount of regions rich in glycerol blooms observed under optical
microscope decreased over time. While glycerol-associated morphological features were
visible in optical microscope images, no blooms of surfactant were observed while aging films
at elevated temperature, showing lack of C12E10 surface excess. Depressions (characteristic of

glycerol or surfactant phase separation, Figure 6.6a,b) were also noted, both in AFM images
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and optical microscope images for freshly prepared samples containing 10 wt% surfactant

(Rg=1.2 nm).
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Figure 6.6. Morphology and height profile of plasticised 99PVA films containing 10 wt% C1.E10: (a,b,c,d)
surface nonuniformities visible on day 0, (e,f) glycerol aggregates observed on day 3 aged at elevated
temperature. Samples containing 20 wt% Ci2E10: (g,h,i,j) surface morphology on day 0, (k,I,m,n) surface
irregularities on day 3 and 9, respectively, and (o0,p) surfactant blooms on day 14 aged at elevated temperature.

For 99PVA samples, changes in morphology upon addition of 20 wt% Ci2E10 were
observed from day 0 onwards (Figure 6.6g,h and Figure 6.6i,j, Rq=1.8 nm and 1.0 nm,
respectively). Similar to samples with 10 wt% Ci12E10, glycerol was visible on the surface both
in the background polymer morphology and in aggregates due to phase separation in the system
(surface profile lines in Figure 6.7e-h). At ambient temperatures and low RH, glycerol was also
detected on the surface after 2 weeks of aging (indicated by difficulties in imaging because of
glycerol viscosity). Among all investigated compositions doped with surfactants, 99PVA with

20 wt% C12E10 showed the highest variation in morphology immediately after spin coating (e.g.
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Figure 6.6m,n). This is presumed to be a result of phase separation either before or during the
spin coating process, as the concentration of surfactant was so high that each aliquot of stock
solution was unlikely to be homogeneous.

99PVA samples were the only investigated compositions to show dependence on
temperature conditions during storage. With increased temperature, no blooming — either
chequerboard pattern regions or crystal-like structures as in Figure 6.5k,1 or Figure 6.7a-d —
were visible. Instead, lamella-like structures of elevated height were observed (Figure 6.6kl
and Figure 6.60,p), covering a significant portion of the film as confirmed by optical
microscopy. Meanwhile, storage at ambient temperatures and low RH resulted in creation of
crystal-like, chequerboard pattern structures with (Figure 6.70,p) or without (Figure 6.7i-m)

concurrent glycerol blooms.
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Figure 6.7. Morphology and height profile of plasticised 99PVA films containing 10 wt% C12E1o stored at low
RH conditions: (a,b,c,d) surfactant blooms visible on the surface on day 3. Samples containing 20 wt% C12E0:
(e,f,g,h) film morphology with surface glycerol blooms on day 7, (i,j,k,I,m,n,0,p), C12E10blooms on day 7.
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6.4. Binary surfactant mixtures

As has been demonstrated with glycerol and individual surfactants, interactions between
additives in PVA-based formulations have a significant impact on film behaviour upon aging.
As real-world industrial formulations commonly contain multiple surfactants, films containing
binary surfactant mixtures were synthesised and aged to investigate how surfactant-surfactant
interactions affect aging and morphology. Given that 99PVA films showed little aging effect
regardless of the head group chemistry of the added surfactant, only 87PVA formulations were
investigated, with the added benefit of being more broadly used in industry. Formulations were
prepared by mixing surfactants in the aforementioned concentrations (i.e. 1 wt%, 5 wt% and
10 wt% for anionic, cationic, and nonionic surfactants, respectively), leading to three surfactant

combinations, which were tested in turn.

6.4.1. CTAB + Ci2E10system

Presence of both cationic and nonionic surfactant did not lead to changes in background
polymer morphology (regions between the surface features in Figure 6.8). While single crystals
characteristic to the cationic surfactant formulations were visible, they appeared only in the
neighbourhood of scratches made for thickness measurement. It is hypothesised that the act of
scratching creates a heterogeneous nucleation centre for CTAB crystals, indicating that the
system is in a metastable state, with nonionic surfactant preventing spontaneous CTAB

crystallisation. For some compositions, small depressions like blisters®%

were observed (Figure
6.8a,b) that were also seen in formulations with the addition of only cationic surfactant at 5
wt% (not shown here, for brevity).

No changes were observed upon aging at ambient temperature and low RH. However,

for samples stored at elevated temperatures small features appeared on the surface (Figure

161



Chapter 6

6.8e,f), that were visibly similar to nonionic surfactant structures created at elevated
temperature (Figure 6.6k-p) as creation of smaller CTAB crystals is unlikely for a system

significantly above its Tk.
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Figure 6.8. Morphology and height profile of plasticised 87PVA films containing 5 wt% CTAB and 10 wt%
C12E10: (a,b) depressions on sample stored at ambient conditions on day 3, (c,d) CTAB crystal created around
the scratch on day 3, (e,f) surface features for sample stored at elevated temperature on day 7.

6.4.2. SDS + C12E10 System

Samples with SDS and C12E10 showed greater changes with environmental conditions
compared to the cationic/nonionic surfactant composition. Film morphology was very variable
for these samples: large SDS blooms were visible on day 0 in one sample (out of three prepared,
Figure 6.9a,b), indicating inhomogeneities in the stock solutions, similar to the 99PVA with
C12E10 system. As with CTAB/C12E10 samples, this formulation seemed to be sensitive to
heterogeneous nucleation, as blooms (likely corresponding to Ci12E10) appeared only on one
investigated film close to a scratch made by tweezers (Figure 6.9c,d).

SDS blooming upon aging was visible in all investigated conditions, however, with the
bloom morphology dependent on the storage temperature and RH. At low RH and ambient
temperature, SDS blooms were uniformly distributed on the whole sample (Figure 6.9i,j), with
significantly smaller size than those reported on day 7 in samples doped with SDS only (ca.

100 nm vs 500 nm, respectively). For aging at ambient temperature and RH, these blooms were

162



Chapter 6

larger (ca. 200 nm, Figure 6.9e,f) but scattered unevenly on the surface. Blooms observed at
elevated temperature conditions were distributed evenly across the surface, with similar
morphology to these observed for aging in ambient RH (Figure 6.99,h), however, their size (ca.

100 nm) seemed to be diminished by elevated temperature conditions.
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Figure 6.9. Morphology and height profile of plasticised 87PVA films containing 1 wt% SDS and
10 wt% Ci2E10: (a,b) SDS blooms on day 0, (c,d) blooms created on day 3; SDS blooms on the sample stored at:
(e,f) ambient conditions, day 7; (g,h) elevated temperature, day 7; (i,j) low RH conditions, day 7.

6.4.3. SDS + CTAB system

Despite having the highest thickness among samples containing two surfactants (Table
6.1), the composition containing cationic/anionic surfactant showed strong intermolecular
interactions even prior to film preparation (turbid stock solution compared to transparent for all
other formulations). After spin coating, these films showed the most significant variations

compared to both other mixed surfactant formulations and even single surfactant formulations
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(Figure 6.10). From day O onwards, characteristic depressions and blooms were visible (Figure
6.10a-d), with depressions likely connected with CTAB presence and blooms related to SDS
presence (Chapter 5, Figure 5.2 and Figure 5.3). In these samples, depressions exhibited
different morphology compared to plasticised PVA sample doped with only CTAB at
concentrations higher or equal to 3 wt% (flower-like compared to round shape reported here),
likely due to additional interactions with SDS that altered the self-assembly behaviour of both
surfactants. These interactions also led to creation of intermediate morphologies (blooms within
the depressions, Figure 6.10c,d).

The morphology of catanionic samples showed dependence on the aging conditions.
Crystal creation, correlated with CTAB due to the similar morphology to the single surfactant
system, was observed for samples stored at ambient temperature (Figure 6.10e,f). Moreover,
small crystals (Figure 6.10g,h) were created in low RH conditions as opposed to samples aged

in elevated temperature, where no crystallisation was observed.
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Figure 6.10. Morphology and height profile of plasticised 87PVA films containing 5 wt% CTAB and 1 wt%
SDS: (a,b,c,d) film morphology on day 0, (e,f) CTAB crystal structures on day 3 for sample stored at ambient
conditions and (g,h) low RH conditions.

6.5. Chemical characteristics of the films

CFM measurements were taken using two types of chemically modified cantilevers

(a hydrophilic acid-terminated and hydrophobic methyl-terminated cantilever, as in Chapter 5)
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to quantitatively compare the chemical character of the films and establish surfactant
arrangement within the polymer matrix. Like AFM measurements, CFM was performed on
plasticised PVA samples as a control, as well as on the background region and blooms/crystals
(if present) for formulations with one or two surfactants. Measurements were taken on day 0
and day 7 for samples aged in ambient conditions, as these conditions caused the most
substantial morphology differences during AFM imaging. Complementary contact mode
imaging (friction channel) was carried out on the areas with surfactant blooms to confirm
adhesion results. In all cases, conclusions from imaging were consistent with these obtained
from adhesion measurements.

On day 0, the plasticised 99PVA control sample showed on average weaker adhesion for
acid-terminated cantilevers compared to the 87PVA control, with no significant differences
between values of adhesion for methyl-terminated cantilevers — 7.0+0.3 and 6.4+0.4 nN,
respectively for 99PVA, (Figure 6.11), and 8.7+1.2 and 6.7+0.6 nN for 87PVA (Figure 5.5).
These results are unexpected as plasticised 99PVA had a higher SFE compared to 87PVA (Table
6.1) correlated with higher hydrophilicity. However, for all control samples, adhesion became
weaker after 1 week of aging — dropping to 6.4+0.7 and 4.6£0.8 nN for 99PVA, as well as

6.6+0.7 and 5.5£0.3 nN for 87PVA (acid- and methyl-terminated cantilevers, respectively).
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Figure 6.11. AFM force curve measurements on samples prepared with 99PVA: (a) areas without surfactant
blooms, day 0; (b) areas without surfactant blooms, day 7; (c) surfactant blooms/crystals, day 0; (d) surfactant
blooms/crystals, day 7; 87PVA with two surfactants: (e) day 0, (f) day 7.

The overall lower adhesion values for acid-terminated cantilever on 99PVA compared
to its lower DH counterpart on day O are suggested to be a consequence of different surface
glycerol concentration for these formulations — as 87PVA has a lower My, the free volume
associated with the polymer chain ends will be higher, therefore creating more free volume to

be occupied by glycerol. The almost identical values of adhesion for acid-terminated cantilever

for both PVA types after 1 week of sample storage suggests that decrease in glycerol surface
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concentration is responsible for this discrepancy in aging behaviour. The smaller change in
adhesion over the aging period for samples of 99PVA compared to 87PVA is speculated to be
a consequence of higher number of -OH groups on the former, hence changes in glycerol
concentration on the surface will have less significant influence on adhesion value.
Alternatively, there may be a different evaporation mechanism of the plasticiser from the film
— higher chain entanglement in the 99PVA compared to lower My 87PVA films may lead to
diffusion-controlled glycerol evaporation behaviour and consequent smaller changes in
adhesion values, while plasticiser loss would be expected to be evaporation-controlled in the
87PVA films.

Lower adhesion values with the methyl-terminated cantilever are expected for the
99PVA compared to 87PVA due to the lower amount of acetate groups in the polymer chain.
However, values were the same for freshly prepared samples and only different after 1 week of
aging (adhesion reducing on average 1.8 nN for 99PVA and 1.1 nN for 87PVA), highlighting

the role of glycerol in capillary formation.

6.5.1. Single surfactant systems

Upon addition of surfactants of various head group chemistry to the system, the overall
trend of adhesion changes for 99PV A-based system compared to 87PVA-based system was very
similar: lower values of adhesion were recorded both on background regions and
crystallites/bloom regions compared to control samples (Chapter 5). Background regions of
samples doped with CTAB showed the least significant changes compared to plasticised 99PVA
films (from 7.05 and 6.37 nN on day 0 to 6.68 and 5.69 nN on day 7 for acid- and methyl-
terminated cantilevers, respectively, Figure 6.11). The most substantial changes, as with

changes in film morphology, were noted for Ci2E10-doped samples, likely due to the overall
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high surfactant concentration within the system. Because of this similarity in changes seen for
both PVA-based systems, it is suggested that molecular arrangement of the surfactant in the
system is as follows:

- SDS: lamellar blooms with hydrophobic tails exposed to ambient atmosphere.

- CTAB: crystal structures with hydrophobic tail exposed to the ambient atmosphere.

- C12E10: surfactant wetting layer with hydrocarbon tail exposed to the atmosphere.
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Figure 6.12. Representative force curves for: (a,c) acid-terminated cantilever, measurements on plasticised
99PVA samples on day 0 and day 7, respectively; (b,d) methyl-terminated cantilever, measurements on
plasticised 99PVA samples on day 0 and day 7, respectively; (e,f) acid- and methyl-terminated cantilever 87PVA
on samples doped with two surfactants.
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Increased rupture distance was visible in all surfactant-doped compositions for acid-
terminated cantilevers on day 0 and on SDS blooms for methyl-terminated cantilever, also on
day O (Figure 6.12). However, these differences appeared only slight when compared against
the changes introduced by nonionic surfactants. The rupture distance has been shown to decrease
with sample aging, possibly due changes in glycerol and Ci2E10 concentration on the film
surface. Surfactant evaporation was previously demonstrated in the literature for C12E5'?>!8! and

other additives®®* and while C1,E1o is a longer molecule, this behaviour is still likely to occur.

6.5.2. Binary surfactant systems

The behaviour of 87PVA-based formulations doped with two surfactants was
significantly different depending on the specific surfactant pair used. Nonionic surfactant
presence on the surface could not be directly concluded from sample morphologies as the
background polymer morphology was similar to that of plasticised polymer sample in regions
without blooming. However, the adhesion values for both acid- and methyl-terminated
cantilevers (Figure 6.11) confirm C12E10 presence on the surface. Accordingly, similar adhesion
values to samples doped only with nonionic surfactant were measured, especially after 7 days
aging: with an acid-terminated cantilever adhesion increased from 4.12 to 4.51 and 4.95 nN for
sample doped with C12E10 only, CTAB+C12E10 and SDS+C12E10 sample, respectively; while for
a methyl-terminated cantilever, values rose from 2.96 to 4.24 and 3.83 nN in the corresponding
samples.

Comparison of only adhesion values does not fully describe changes in the system,
however; all formulations containing nonionic surfactant showed increased rupture distance in
the force curves confirming its presence (Figure 6.12¢,f). After one week of aging this distance

was vastly decreased, with the shape of the force curves closer to those seen in films with anionic
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or cationic surfactant only. These changes can be explained by two possible scenarios. Firstly,
presence of a second surfactant results in nonionic surfactant excess immediately after spin
coating, resulting in nonionic surfactants being kinetically trapped on the surface; with aging,
C12E10 migrates into the bulk of the film to minimise surface energy of the system. Alternatively,
C12E10 evaporates from the surfaces as a consequence of ambient aging, similarly to glycerol in
the control films. 8!

The dynamic character of changes in binary surfactant systems can be also confirmed
by looking at the changes in the SFE values in these formulations (Table 6.1). On day 0, SFE
decreased in order: no surfactant < SDS+CTAB < C12E10+SDS < C12E10+CTAB. After 1 week
of aging, however, the order became no surfactant < CTAB+Ci2E10 < Ci2E10+SDS
< SDS+CTAB, with absolute SFE values significantly increasing only for the SDS+CTAB
formulations. Unique adhesion behaviour was also visible in SDS+CTAB sample as acid-
terminated cantilever measurements recorded constant values between days 0 and 7 (6.16 vs
6.24 nN on average, respectively). In contrast, a decrease was noted for methyl-terminated
cantilever (6.44 vs 5.20 nN on average, respectively) — similar to that of control samples and
formulations doped with only one surfactant. These changes indicate equilibration upon aging
and were not as heavily influenced by changes in glycerol concentration on the film surface as

the previously discussed formulations.

6.5.2.1. SDS + CTAB system

In Section 6.4.3, three different characteristic surface features were identified: crystals,
depressions, and intermediate morphologies (blooms within the depressions). Similar adhesion
values were recorded on crystals compared to samples doped with CTAB only (Figure 5.5,

Chapter 5), suggesting that these surface features were created by CTAB molecules with little
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to no contribution from the SDS. By contrast, formation of depressions is connected with
increased hydrophilic character of these areas compared to the background structures, evidenced
by insubstantial changes for methyl-terminated cantilever compared to the background and

increased friction for the acid-terminated cantilever (Figure 6.13).
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Figure 6.13. (a,e) Height and (c,g) friction channels for SDS+CTAB samples for acid-terminated cantilever
with corresponding profiles; (i,k) height and friction channels, respectively, for SDS+CTAB samples for methyl-
terminated cantilever with corresponding profiles.

While depressions were previously observed in pure CTAB systems, these were very
rare within the films and exhibited a pronounced flower-like morphology (Figure 5.2a,b,
Chapter 5). In this mixed-surfactant system, these depressions were both significantly more
common and with a smaller, circular shape. It is posited that these differences are due to

catanionic mesophase formation as described by Tah et al.,** with head groups exposed to the

thin layer of water covering the film.2% Finally, CTAB creates crystal-like structures that could
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not be directly recognised from height channel analysis only but were clearly distinguished in
the friction channel (Figure 6.13). These dendritic structures seemed to have molecular
arrangement like CTAB crystals (tail-up), however did not form crystals. Because of the
solution behaviour of this sample — becoming turbid after mixing the two surfactants — and
creation of crystals on limited areas for SDS+CTAB formulations, SDS does not seem to reduce
Tk of CTAB significantly. Instead, SDS seems to promote CTAB surface segregation, while

CTAB discourages surface segregation — i.e. blooming — of SDS.1?2

6.5.2.2. SDS + C12E10 system

Insignificant SFE differences were recorded for aged SDS+C12E10 samples compared to
their freshly prepared counterparts. Increased adhesion with aging was recorded with both acid-
and methyl-terminated cantilevers: from 4.4+0.1 to 5.0+0.2 nN for the acid-terminated
cantilever; and 3.1+0.2 to 3.8+0.2 nN for the methyl-terminated cantilever, respectively. These
results are likely to be a consequence of SDS diffusion to the surface upon aging and concurrent
C12E10 migration into the bulk or evaporation?? (as can be seen from the changed force curve
shape, Figure 6.12). Similar to the samples doped with SDS only, adhesion values and
morphology changes suggest a tail-up conformation of SDS, while the C12E10 backbone is
exposed to the atmosphere (i.e. a surfactant wetting layer). It was proven that in mixed
surfactant systems, distribution of glycerol tends to be connected with distribution of SDS in
the system due to interaction of these two additives.’® Combined, the effects of surfactant
migration, preferential distribution of glycerol, and possible evaporation of both plasticiser and
nonionic surfactant led to the observed differences in adhesion values for both acid- and methyl-

terminated cantilever.
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6.5.2.3. CTAB + C12E10system

Formulations of CTAB and Ci2E10 are the only binary-surfactant formulations that
showed a substantial decrease in SFE while aged in ambient conditions (Table 6.1). Background
adhesion for acid-terminated cantilevers also decreased over time (from 5.2+0.03 to
4.5+0.1 nN), which may again be connected with expected changes in glycerol (and possibly
C12E10) concentration on the film surface. However, increasing hydrophobic interactions over
time (from 3.5£0.02 to 4.2+0.05 nN) indicated that, despite lack of morphological changes (i.e.
CTAB crystals) on the surface, CTAB migrates to the surface with crystal formation only

induced by creation of heterogeneous nucleation centres (i.e. film scratching).

6.6. Discussion
6.6.1. General remarks

Steric effects (e.g. increasing concentration of guest molecules) are crucial when
considering changes in the polymer formulations discussed here; it has previously been
observed that changes in system packing are more impactful on additive diffusion than changes
in T¢*"" (though these parameters are interconnected). This stands to reason, as strong forces
correlated with crowding (i.e. more hydrogen bonding within the PVA matrix) can significantly
reduce the motion of guest molecules in the system. Steric effects can be observed by comparing
diffusion coefficient of water vapour in the 10-40 °C range between polar and nonpolar
polymers.®® However, the polymer matrix is itself influenced by the increase in temperature:
for both plasticised and unplasticised formulations, the cavity radius has been shown to increase
up to 110°C, with a small step increase around Tg4 (45-65 °C for compositions with up to 10 wt%

glycerol). No equivalent transition was observed for samples plasticised with glycerol level
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comparable to this study (24 wt%), however. Changes in the cavity radius between plasticised
and unplasticised samples with temperature were not visible up to threshold of 65 °C.>!

For systems investigated here, it is therefore expected that the high glycerol
concentrations — like those used in real-world industrial formulations — will increase the
flexibility and cavity radius of the PVA. Similar effects are expected upon film aging at elevated
temperature® as thermal energy disrupts the hydrogen bonding and enlarges the matrix free
volume cavities.!! Despite the similar lubrication effect provided by water ingress and increased
temperature, these two phenomena have a very different influence on crystallinity in the system.
Water dissolves the crystalline regions leading to overall decreased DC, however introducing
thermal energy is expected to increase the film crystallinity.!!

Considering the influence of crystallinity and intermolecular interactions is important
because polar interactions and hydrogen bonding are the dominant forces in PVA-based
systems.® PVA of higher DH and M., creates a matrix of lower cavity radius and higher
To°11813% hecause chain entanglement increases for fully hydrolysed PVA, thus hindering
additive migration. As fully hydrolysed polymer chains contain fewer acetate groups, the
frequency of hydrogen bonding increases enabling stronger interactions and increased DC.6%18!
PVA of lower DH therefore exhibits higher flexibility in general, as the chain itself and created
matrices have more steric obstacles that prevent creation of perfect structures. Accordingly,
these differences in polymer behaviour are likely responsible for changes in the behaviour
between partially- and fully hydrolysed PVA matrices.

Increased temperature results in overall higher energy of the system, however, it does
not necessarily increase additive mobility (measured as the time at which noncompatible

surfactant molecules reach the surface) as other factors — e.g. exceeding Tg, changes in

solubility and compatibility — change the dynamics of the system. Although the increased
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prominence of entropic effects with increasing temperature may also contribute to the
segregation observed in this study,®”” only migration of smaller additives instead of long
polymer chains is considered here, therefore compatibility and specific intermolecular

interactions seem to be a far more likely explanation for this phenomenon.

6.6.2. Effect of aging conditions on migration in single surfactant systems
6.6.2.1. General remarks

As absolute humidity was similar at the elevated temperature and ambient conditions
used, overall differences in water vapour content are not expected to be the main reason for
differences in behaviour between these systems. Aging the films at 60 °C instead of ca. 20 °C
leads to higher system energy that does not seem to cause morphological changes in most of
the systems investigated here. This can be explained by the fact that increased temperature
increases the solubility and compatibility of the surfactant in the system, while morphological
changes are driven by incompatibility in the system.

Morphological variability between repeated samples was visible in some formulations
on day 0, independent from the DH of the PVA (higher/lower number of regions rich in
surfactant or glycerol), suggesting that inhomogeneity existed within the stock solutions. After
(or during) spin coating, surfactant either quickly achieved equilibrium structure or was
kinetically trapped in energetically unfavourable arrangement. Increased temperature of the
system and overall higher mobility of the matrix above Tq allows that equilibrium to be reached
more quickly. SDS and C1,Es are known to be very incompatible with PVA,1"1222% while
CTAB is compatible with unplasticised PVA at the concentrations used in this study.

Introducing glycerol to the system, however, changes the overall compatibility of the system,
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resulting in higher compatibility of PVA-glycerol-C12Es system while lowering compatibility

for PVA-glycerol-CTAB system.?®

6.6.2.2. Nonionic surfactant formulations

It is expected that due to the higher My of Ci2E10 compared to C12Es it will be less
compatible with the polymer matrix and also less energetically favourable to occupy the surface
(due to the entropy penalty for higher Mw molecules to occupy the surface). However, the
behaviour of the two Ci2Ex surfactants at elevated temperatures is likely to be similar —
evaporation from the system in parallel with migration into the bulk of the film due to increased
solubility of surfactant in the polymer film.'?2 This phenomenon is very different to that of the
C12Ex surfactants in solutions as their solubility decreases with increasing temperature (until
reaching Tp).1221%6

For films doped with nonionic surfactant, its presence is visible also in characteristic
surfactant structures (Figure 6.6, Figure 6.7) indicating interactions between glycerol and
C12E10. Due to the similarities in the structure of these two components, they may compete for
occupation of the available free volume in the matrix. Therefore, as glycerol evaporates and
ceases to occupy the matrix free volume, increased migration of surfactant into the bulk will be
possible. Although rather unexpected, similar behaviour was previously reported for the slip
additive erucamide in linear low-density polyethylene and polyolefin elastomer.3%

This behaviour is more pronounced at elevated temperature due to the increased
volatility of glycerol and any adsorbed water, with a more significant change expected for the
latter molecule (due to its lower boiling temperature).'?28! Accordingly, for systems where
glycerol occupies more free volume cavities compared to water, increased thermal stability is

observed.'?? Moreover, glycerol has overall higher affinity to PVA with higher DH as acetate
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groups do not form hydrogen bonds with glycerol, hence overall migration/evaporation is
slower. As a result, changes in the matrix properties are diminished for plasticised 99PVA

compared to 87PVA.

6.6.2.3. lonic surfactant formulations

Distribution of SDS at low concentrations for both fully- and partially hydrolysed PVA
shows little change with temperature increase, in line with results for significantly higher
surfactant concentrations (albeit for much shorter aging times and 87PVA only).?? As glycerol
does not substantially change compatibility in PVA-based films doped with anionic surfactant,
changes in its concentration are not expected to lead to significant changes in the arrangement
of the system. Instead, temperature increases system compatibility, preventing SDS blooming
in partially hydrolysed PVA (as seen in Chapter 5). It should be noted further that these blooms
are unlikely to be correlated with Tk for SDS as it is below any experimental conditions
investigated herein (ca. 14 °C).3°93%

At elevated temperatures, no CTAB crystals are observed on the surface of 87PVA
samples, which is expected as temperature of the system is far above T for CTAB (25 °C).35%:30
Presence of cationic surfactant on the surface is not indicated by changes in morphological
structure, evidenced by the similar Rq in control samples. It is therefore suggested that at
elevated temperature where crystal formation is not energetically favourable, changes in
glycerol concentration restore the equilibrium structure of CTAB uniformly distributed in the
polymer matrix for partially hydrolysed PVA.2% For fully hydrolysed PVA, CTAB and glycerol
excess is visible in the form of crystals and nonuniformities that prevent AFM imaging,

respectively. Elevated temperature does not decrease CTAB crystal size suggesting that once

177



Chapter 6

nucleation has occurred, increasing film temperature above Tk does not reverse this process

despite increased thermal kinetic energy of the system.

6.6.2.4. Effect of aging conditions on migration in binary surfactant systems
Formulations doped with two surfactants are more strongly influenced by aging
conditions compared to single surfactant formulations. Properties of these systems are
dependent on the pair of surfactants used, with the most significantly modified behaviour noted
for the anionic-cationic surfactant combination. This is expected to be a result of charge-
matching head group interactions — as both of these surfactants have linear hydrophobic tails
and similar head group size, the interactions are not reduced by steric effects associated with

branching or bulkiness.>%°

SDS + CTAB system

For the CTAB+SDS formulation, strong interactions are evident prior to film
preparation in the form of turbid stock solutions. Tk generally decreases for binary surfactant
solutions compared to single surfactant mixtures as mixed micelle formation is energetically
favourable,*® also leading to lower CMC and reduced concentration required for
crystallisation.*®* Here, aggregation was clearly observed, as the stock solution became turbid,
however it was impossible to visually determine if the aggregates formed were crystals or
micelles. It is possible that, similar to systems where salt is introduced to surfactant
solutions,*®24%3 T, is elevated by the increased ionic strength of the solution (arising from the
Br-and Na* counterions).

These favourable interactions are also highlighted on the film surface where depressions,

blooms and crystals associated with surfactant were all present, but distinct from features in the
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single surfactant systems. In binary surfactant systems, segregation of only one component is
usually entropically unfavourable. However, when two components form a surface excess, the
entropy of mixing increases while free energy of the system decreases.'?? For the SDS+CTAB
system, the surface excess of cationic surfactant is clearly increased, while concentration of
SDS probably decreases as fewer surface features correlated with this surfactant are observed.
It is likely that surface features consist of mixed micelles stabilised by electrostatic interactions
as confirmed by their morphology that varies compared to single surfactant systems.3%

While some CTAB crystals are visible on the surface during aging at ambient
temperature, they are not visible for elevated temperature conditions (again, due to its Tk value).
Friction measurements on these formulations have shown presence of regions rich in surfactant
— likely corresponding to CTAB excess — that were not observed for single surfactant
formulations, either at ambient temperature or at elevated temperature conditions. Therefore,
SDS seems to have a great influence in the CTAB segregation in the system. CTAB, on the
other hand, is likely to inhibit segregation of SDS, similar to reports of SDS/zwitterionic DDAO
systems.*?? This behaviour may be also connected with glycerol distribution in the system — as
plasticiser is likely to be associated to the distribution of anionic surfactant.'?> However, further
investigations would be required to confirm if the interactions between SDS and glycerol are

suppressed by the presence of CTAB.

SDS + Ciz2E10 system

In systems with nonionic surfactants these strong interactions are not observed, with
compatibility appearing as the main driving force for surfactant distribution within the PVA
matrix. Changes in SFE and adhesion for acid- and methyl- terminated cantilevers indicate that

the tail-up configurations of either SDS or CTAB seen in single-surfactant 87PVA systems is
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not affected by the presence of C12E10. Moreover, changes in surface morphology suggest that
segregation of either surfactant is reduced compared to single surfactant formulations —
evolution of SDS blooms upon aging is significantly reduced and no chequerboard patterns
associated with C12E10 are observed. While glycerol in the system in general increases the
compatibility of individual surfactants with PVA, presence of two surfactants seem to make the
formulation as a whole more compatible as this conformation is more energetically favourable.
For systems with SDS+C12Es, short storage at elevated temperature conditions lead to C12Es
segregation at both air-film and substrate film interfaces.!”1222% Therefore in the systems
studied here, glycerol may be outcompeting SDS-C12E1 interactions, and SDS-glycerol stacked
micelles are being formed — albeit of a smaller size — as a result of these interactions. This
hypothesis is supported by the distribution of SDS blooms with temperature: small, although
uniformly distributed blooms are observed for ambient temperature and low RH conditions.
Blooms created at ambient temperature and RH are less uniformly distributed but larger
compared to elevated temperature conditions — as higher mobility of the molecules in system
above Tg allows faster equilibration, with possible migration of C12E1o into the bulk, similar to

behaviour observed in the single surfactant system.

CTAB + Ci2E10System

CTAB, as a compatible surfactant with PVA, can promote the compatibility of any other
surfactant in the polymer matrix.?? That is likely the case in the CTAB+C12E10 system studied
here. Mixed ionic-nonionic surfactants systems usually exhibit Ty higher than these of pure
nonionic surfactants.*®* Solutions investigated here were transparent, with hydrophobic
interactions between surfactants (rather than electrostatic as observed for SDS/CTAB system)

playing a main role. Limited segregation of ionic surfactant is observed when present alongside
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a nonionic surfactant (CTAB crystals only formed when heterogeneous nucleation centres were
present), cf. spontaneous crystallisation in the systems doped with CTAB only. Moreover, no
morphology changes are visible in the background polymer morphology on day 0, suggesting
improved compatibility between the components and lack of air-film excess of nonionic
surfactant or glycerol which leads to substantial morphology changes in the single-surfactant
systems. Small structures observed on the film surface correlated with an excess of C12E1g are
highlighted after decrease in glycerol concentration on the surface, consequently decreasing
system SFE. While entropy penalty for larger molecules (here, C12E10 rather than CTAB or
SDS) occupying the surface is higher, compatibility appears to be the most important factor
here, leading to surface excess for C12Eo.

At elevated temperatures migration in the CTAB+C12E10 formulation is faster because
of higher energy of the system, while at ambient conditions steric effects slow down or prevent
this process. Changes in glycerol distribution are expected to significantly influence the
dynamics of migration — leading to more pronounced C12E10 surface excess and less pronounced
CTAB excess. Therefore, C12E10 migrates towards the surface and CTAB migrates to achieve
uniform distribution in the bulk film (Figure 6.11, Figure 6.12). These phenomena highlight the
complex and time-dependent nature of interactions in the system, further changed by possible
C12E10 evaporation.

To sum up, 3 parameters influence the behaviour of mixed-surfactant systems: surface
energy, entropy of mixing, and compatibility of the 4-component system. Surface energies
should be considered for the system as a whole, as surface energies of individual components
are not additive (although they are capable of suggesting the tendency of given component to

segregate).'?? To predict the system behaviour over time, changes of the three identified
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parameters should be considered as a function of environmental conditions and changes in film

composition.

6.7. Conclusions

In PVA-based plasticised films doped with surfactants, system behaviour is influenced
by the system chemistry and environmental conditions experienced during aging; accordingly,
system non-specific conclusions can be made.

While increased RH facilitates the changes in the polymer matrix and leads to surfactant
blooms visible on the surface, elevated temperature for all investigated formulations seems to
have the opposite effect, with increased compatibility observed between the elements of the
system and decreased surfactant excess present at air-film interface. These changes are
correlated with increased flexibility of the system, improved compatibility as a result of
increased energy in the system as well as possible changes in crystallinity.

Fully hydrolysed PVA is less compatible with any of the surfactants studied (SDS,
C12E10, and CTAB) compared to 87PVA. Phase separation and surface features connected with
surfactant presence were visible from day 0 for 99PVA, caused by more pronounced chain
entanglement and hydrogen bonding density compared to 87PVA. For these samples, aging at
elevated temperatures did not change the morphology of already formed surfactant
blooms/crystals, while the molecular arrangement of the blooms was proven to be the same as
for previously investigated formulations of partially hydrolysed PVA.

In films doped with binary surfactant mixtures, for any formulation containing nonionic
surfactant, the presence of an ionic surfactant seems to increase the compatibility in the system.
In the SDS+CTAB system strong interactions are visible, leading to creation of characteristic

surface structures that do not change under any environmental conditions applied. Generally,
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CTAB segregation seems to be increased in mixed-surfactant systems, while SDS segregation
seems to decrease. For nonionic/ionic surfactant systems, changes upon aging are dependent on
environmental conditions, suggesting that temperature minimises the energy of the system and

leads to increase in system compatibility.
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Chapter 7. Kinetics of water migration in PVA-based
formulations

7.1. Introduction

In the manufacturing process of single-dose detergents, a thin water layer is distributed
on two PV A-based films followed by pressing together. Due to the hydrophilic nature of PVA,
the wetting process leads to partial film dissolution, enabling interdiffusion of polymer chains
hence sealing the pouch. Despite the overall simplicity of this procedure, an array of problems
can occur due to complicated polymer matrix-water interactions, changes in DC and crystallite
size, and possible segregation of additives within the matrix. All these factors can cause product
failure either during storage or use (e.g. leading to incomplete dissolution of a capsule),
consequently consumer dissatisfaction.

The short time scales associated with the sealing process generate a need to understand
polymer wetting mechanism immediately upon contact with a liquid medium, as well as to
establish the influence of system chemistry on this phenomenon. The latter has been
a significant scientific interest of late. For example, interactions have been probed in humid air
to investigate water sorption in the presence3484%5406 and absence®° of additives. Moreover,
changes in the structure of PVA formulations (i.e. swelling) upon contact with various
liquids34°497-499 a5 well as solvent (i.e. water>”?* and acetone®**) migration in pure? and
modified polymer matrices with fillers®** and plasticisers’ was tackled. These studies highlight
the importance of the system chemistry on its overall behaviour, albeit providing inconsistent
conclusions for the same system.??** Moreover, despite the diversity of systems studied, no
information pertaining to the initial polymer/solvent contact can be concluded due to the
limitations of the experimental techniques used (e.g. FTIR, Raman spectroscopy, or swelling

tests).
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By contrast, CA goniometry combined with high speed cameras is an excellent
technique to measure initial wetting kinetics on polymer films. Generally understood as
a constant value, contact angle for materials soluble in the medium (here — hydrophilic PVA
soluble in water) naturally changes over time until an equilibrium is achieved. CA
measurements provide information about evolution of contact angle, allowing study of the
wetting mechanism — droplet formation, spreading (liquid movement in x,y-direction) and
absorption (liquid movement in z-direction) into the system#%41! as well as changes in wetting
upon aging at various RH conditions*'? and enabling calculation of system SFE.

To accelerate the CA evolution of the liquid medium, surfactants can be dissolved in the
water. This category of molecules exhibits interesting behaviour in contact with hydrophobic

229 or even superspreading,??®41344 making

surfaces, showing surfactant-enhanced spreading
these molecules desirable additives in cosmetics, detergents, or even during enhanced oil
recovery.*'* Surfactants also decrease the surface tension of water (ca. 70 mN/m for pure water
by up to 50 mN/m upon surfactant addition)*® consequently changing the molecular
interactions, thermodynamic driving forces,**® and surface molecular arrangement in the
system.*t” Indeed, the complexity of surfactant solution-polymer film interactions are
additionally compounded by the fact that there is not always a clear relationship between
spreading rate and spreading coefficient.*!® Therefore, theoretical models for spreading usually
require many assumptions, making them inappropriate for predicting system behaviour.*%®
Moreover, past studies were mainly focused on surfactant enhanced spreading phenomena for
hydrophobic films only, %4341 a5 opposed to the hydrophilic films discussed here.

Findings from lower energy (hydrophobic) substrates cannot be directly translated to

higher energy (hydrophilic) substrates due to the additional phenomena present in the system.*1°

While investigating wetting of PVA by water, one needs to consider the amount of solvent
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already present in the system due to the hydrophilic nature of this polymer. Even before any
processing, PVA powder contains ca. 6.5 wt% water at ambient temperature,'! with water
content increasing with increasing RH (Chapter 5). At low concentrations (below ca.
22 Wt%),*%t water in polymer films is present in a nonfreezing state. This amount can be further
increased in the presence of additives with high affinity to the polymer chain.'® After exceeding
this threshold, water becomes mobile within the matrix and begins to disrupt the intermolecular
hydrogen bond network between amorphous and crystalline PVA regions.X®* As water is not
present in the region of intact crystallites, the total amount of water in the system is equal to
water content in the polymer amorphous region.'%! As a result, overall DC is an important factor
when considering dissolution of PVA by water.

Understanding wetting phenomena for various liquid media (water, water with
detergent, and non-polar control media) can therefore enable tuning of both the PVA-based
films and composition of the solution inside single-dose detergents, improving control over
detergent release kinetics and film aging behaviour. This chapter aims to understand how
changes in the film composition (Mw and DH of PVA, addition of plasticiser, change in the
storage RH) as well as liquid medium (aqueous solution of surfactants with different head group
chemistry above and below CMC, use of non-polar solvent) influence the wetting mechanism
of PVA-based films of various thickness (spin-coated films of thickness below 250 nm and
solution cast films of thickness above 10 um). Changes in thickness, together with mathematical
modelling, will help to gain insight into the main mechanism of CA evolution — spreading or
absorption. First, established models used to determine wetting mechanism from CA
measurements are presented. Then, the influence of system chemistry on wetting behaviour is
discussed for both thin and thick films, alongside evaluation of changes in film morphology

through AFM measurements. As changes in the film composition are expected to change overall
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DC, FTIR measurements were undertaken to study the influence of crystallinity on the polymer

wetting behaviour.

7.2. Materials and methods

Solutions of 87PVA and 99PVA (plasticised and unplasticised) as described in Chapter
2 were used to prepare both spin-coated and solution cast films. Investigation into wetting
kinetics was performed using a CA goniometer with the following liquid media: water,
dodecane, 1% (w/v) solutions of cationic, anionic and nonionic surfactant, and surfactant
solutions further diluted below their respective CMCs. The effect of RH was examined by
storing freshly prepared films in a desiccator with silica gel (ca. 4% RH), saturated solution of
potassium carbonate (ca. 45% RH) or water (100% RH) for one week prior to CA measurements
(as described in Chapter 2). CA goniometry was additionally utilised to calculate SFE of
investigated formulations.

FTIR was utilised to investigate the DC in PVA-based films, while AFM was used to
observe changes to surface morphology with composition, and to measure film thickness (for
spin-coated films) following experimental procedure described in Chapter 2. Thickness of

solution cast films was determined using a digital micrometer.

7.3. Results and discussion
7.3.1. Wetting models

CA evolution over time is a consequence of the liquid/solid/air interactions which can be
deconvoluted into two key phenomena — spreading and absorption. Spreading arises due to
variations in energy states of the solid surface, its adsorption behaviour and wetting Kinetics,

which can be correlated to the droplet shape and structure of the surface. Conversely, absorption
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is mainly connected with the surface structure of the solid,*!° its porosity, and free volume. In
the case of PVA-based formulations, the hydrophilic nature of the polymer, its dissolution in
water and changes in free volume of the material all contribute to absorption.

To account for the concurrent absorption and spreading observed in water-soluble
polymers,? Farris et al. developed a model using semi-empirical exponential decay akin to the
Avrami mechanism of crystallisation kinetics,*? or equations used to establish the length of
a capillary.*?1422 The equation takes the following form:

0(t) = 06(0)exp (kt") 7.1
where &t) and €(0) are the contact angles at given time t and time O, respectively, k is the rate
of contact angle evolution, and n is linked to physicochemical phenomena underlying the
overall process, describing the fractional values normally attributed to the presence of two or
more phenomena that occur simultaneously. Theoretically, n=0 in the case of pure absorption
(a constant CA value) and n=1 in the case of pure spreading (exponential decrease in CA). To
corroborate the mechanism implied by the value of n, geometrical analysis of the solvent droplet

should be performed:

ASg = (ASB)absorption + (ASB)spreading 7.2
(V—-V,) 1+ cosb 73
(ASB)absorption =3[ h ) (2 T COSG) )

1/1+ cos® 1 /1+cosO
( cos> ( COS) 74

(ASB)spreading = 3V0[E 2+ c0s8) hy \Z% cosd
where V, Vo, h, and ho are the volume and height of the droplet at time t and 0, respectively. ASg
is the area of liquid-solid contact (the basal area). To conclude which phenomenon is
predominant, all ASg values should be normalised by the initial area, Sgo.

Several further models of CA evolution have been developed, however each contains

a set of assumptions making it inappropriate to address the presented research problem. Models
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based around first order kinetics*>4!! do not distinguish between the spreading and absorption
phenomena, while these using molecular kinetic theory*?® require knowledge of further
parameters including the number of adsorption sites per unit area and the frequency of solvent
molecular displacement which cannot be determined for the current system. Moreover, while
these models can predict CA, they do not explain the mechanism of wetting.

Models have also been developed considering spreading only as a function of time,*?*
however these models convolute CA with droplet surface area over time, necessitating
numerical solutions only. Further models of CA evolution frequently approximate the rate of
spreading according to a power law?*%42%42 or flow processes,*?’ which require chemical-
specific constants that are unknown in the systems described herein.

In summary, no existing model accurately describes both the physics and
hydrodynamics behind the wetting phenomenon??® — as spreading, absorption, change in the
surface structure, slip mechanism, dissolution, and properties of the surface on multiple length-
scales (chemical structure, roughness etc.) may all need to be included. Accordingly,
assumptions around the spreading rate and contact angle are made even for more detailed
models applied for surfactant solution superspreading®!’ rather than being based purely on
physical description of the phenomenon.

Because of the additional geometrical check of the dominating wetting mechanism in
the system, the model by Farris et al. seems to be the most appropriate for the current
investigation — it includes both absorption and spreading, the phenomena that are certain to take
place in PVA-based system. Further, from preliminary testing of the models (not shown here),
only the model by Farris et al. could adequately describe all the films prepared in this study.
Hence, in this chapter the empirical Avrami equation with spreading/absorption and rate of CA

evolution together with geometrical corroboration is implemented. Although this model
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assumes a perfect spherical droplet shape, the combined approach enables validation of this
assumption.
To confirm the other assumptions of the Farris model are appropriate for this study, i.e.

that the effects of gravity and evaporation are negligible, the following equation can be used:*?

0.5
lo < (2)/11;) 75
P9

where lo is lineal dimension of the droplet, p is the density of the liquid, and g the gravitational
acceleration. Given lp was smaller than the right hand side of Equation 7.5 (here found to be ca.
3.5 mm and 3.8 mm respectively, at t=0), it was determined that gravity can be neglected.
Similarly, to confirm that evaporation does not play a significant role, preliminary
measurements on pure glass substrates were performed finding no significant change to droplet
volume over the length of the experiment. These result together with the short measurement
duration (<90 s cf. several minutes for experiments where evaporation plays an important

role)**? confirm that evaporation is negligible.

7.3.2. General remarks on film structure

As stated in Chapter 5, spin coating is based on rapid solvent evaporation, leading to
creation of thin films with non-equilibrium structure. For solution-casting, however, elevated
temperature and prolonged evaporation time allow the sample to reach an energetically
favourable structure. Despite the differences in method used, films prepared using the two
described techniques were both characterised by uniform morphology (Figure 7.1) and low
roughness (maximum of ca. 1 nm, Table 10.12, Appendix D). In general, 99PVA films had
higher roughness, however the difference was not substantial. Therefore, for further

investigations these films were treated as flat and uniform (within investigated AFM image
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size), hence any differences in characteristics between the two preparation methods arose due

to phenomena other than film roughness.
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Figure 7.1. Morphology and height profile of: (a,b) spin-coated plasticised 87PVA film, (c,d) solution cast
87PVA film, (e,f) solution cast plasticised 87PVA film, (g,h) spin-coated 99PVA film, (i,j) solution cast 99PVA
film, and (k,I) solution cast plasticised 99PVA film.

Due to the higher My of 99PVA, films of these polymer were ca. 38% thicker than these
of 87PVA. Glycerol was introduced to the system in either pure form or as glycerol solution to
create films containing 20 wt% plasticiser. This was proven to lead to sufficiently flexible films
without causing significant changes in thickness.” Indeed, the addition of glycerol did not
typically decrease the film thickness by more than 20%. The most significant differences were
observed for solution cast films prepared from mixed 4 wt% polymer and surfactant solutions,
while a difference of only max. 6% was observed for thin films prepared using lower spin speed

(Table 10.12, Appendix D).
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7.3.3. Effect of composition change on water spreading behaviour for thin films

While the nonequilibrium structure of spin-coated PVA-based films cannot be
disregarded, thin films can be treated as a 2-dimensional rather than 3-dimenstional matrix,
therefore approximating a segment of the thick film. Formulations prepared from PVA of
various DH exhibited distinct changes in the CA evolution (Figure 7.2a). For unplasticised
87PVA (Figure 7.2a, black and grey lines), an initial exponential decrease was observed. For
99PVA the trend appears almost as a linear decrease (Figure 7.2a, red and orange lines). In fact,
99PVA exhibited similar CA behaviour to that of hydrophobic materials for which CA changes
are caused by evaporation (in prolonged experiments).*?® Generally, the thinner the film, the
quicker the CA evolved. However, because the character of CA evolution did not change with
the film thickness for any of the investigated DH, the differences in CA evolution between
87PVA and 99PVA cannot be attributed to differences in film thickness alone; they result from

the intrinsic properties of the matrix.

a)
1.0
0.8 ® 87PVA93nm m 87PVA 120 nm
' = 87PVA+G78nm m 87PVA+G 118 nm
99PVA 149 nm ® 99PVA 172 nm
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Figure 7.2. (a) CA evolution for spin-coated PVA films of various composition. (b) Corresponding geometrical
investigations for spin-coated samples prepared using 1000 rpm spin speed. Positive values correspond to
spreading behaviour, while negative — to absorption.

To explain these differences in CA evolution behaviours, it is imperative to consider the

underlying spreading and absorption mechanisms. In general, spreading is a much faster process
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compared to absorption due to the necessity of solvating polymer chains of the latter.*
Therefore, the initial fast CA evolution is likely correlated with spreading, followed by
infiltration. From geometrical analysis of water droplets (Equation 7.2-7.4) on 87PVA samples
(Figure 7.2b, black), spreading evidently had a larger effect than absorption as expected from
thin films. For 99PVA, however, contributions from spreading and absorption were similar in
magnitude (Figure 7.2b, red).

99PVA is more hydrophilic compared to 87PVA (increased presence of -OH groups),
which resulted in a lower initial CA (Table 10.13, Appendix D) and higher SFE (ca. 49 and 58
mN/m for 87PVA and 99PVA, respectively, Table 10.12, Appendix D). This greater population
of hydroxyl groups can also explain the slower CA evolution — assuming that a single water
molecule will attach itself to every hydroxyl group in the polymer chain'® before acting as
a freezable water, the amount of water molecules needed for 99PVA saturation would be 2.09
times higher than that required for 87PVA. Although reality is more complex, with plasticisation
and solvation occurring before this limit is reached,' the changes in PVA hydrogen bonding
behaviour with DH can explain the distinct change in the system behaviour. Moreover, despite
the fast solvent evaporation kinetics during spin coating, the overall degree of crystallinity (DC)
is expected to be higher for 99PVA, these crystallites are additional obstructions for migrating
water. Indeed, crystallinity was proven to change the dissolution mechanism of PVA thin films
by controlling the polymer relaxation rate and swelling behaviour.*%® Hence, higher amount of
crystallites would result in decelerated CA evolution behaviour.

An alternative explanation can be found based upon the difference in My of the two PVA
types studied — 87PVA had a lower My, than 99PV A — which could affect the physical properties
of the film.>8! The high My and DH of 99PVA result in interchain interactions which creates

a matrix of higher tortuosity. This behaviour is similar to PVA behaviour in solutions as
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decreased solubility is observed for polymers with higher DH or Mw, where more energy is
required to disrupt the hydrogen bonding and cause dissolution.

Plasticisation of the PVA films with glycerol markedly accelerated the CA evolution of
both PVA types used. For 87PVA, an exponential decrease in CA was observed (Figure 7.2a,
blue lines), however for 99PVA an immediate step change in contact angle was noted, followed
by linear decay similar to the unplasticised counterpart (Figure 7.2a, green lines). This rapid
change in droplet CA prevented meaningful image analysis for plasticised 99PVA films, as after
the initial CA decrease the droplet edges could not be reliably detected.

For all other samples (both plasticised and unplasticised), a simple geometric check was
performed to confirm that the droplet shape can be approximated as spherical. The trigonometric
relationship between CA and droplet volume, height and contact area was derived?*®
(summarised in Table 10.13, Appendix D), and instantaneous values were plotted against each
other (not shown here, for brevity). For unplasticised samples, little deviation from this
theoretical behaviour was found (as expected due to nano-thickness of the film), however larger
deviations were observed upon introduction of glycerol, likely for the same reasons as described
for 99PVA.

These findings are in good agreement with fits to the model of Farris et al. (Equation
7.1). The average values of n were 0.26-0.37 for 87PVA (with or without the presence of
glycerol, Figure 7.3b, Table 10.12, Appendix D), suggesting that spreading contributes
substantially to the wetting mechanism in these samples. By contrast, samples of unplasticised
99PVA showed n values of only 0.15-0.21, implying a predominance of absorption rather than
spreading. Plasticised 99PVA samples showed the inverse behaviour, however, with n values
of 0.37-0.54, indicating even more spreading than any 87PVA sample (Figure 7.3b and Table

10.12, Appendix D for a complete list of model fittings). Fitted values for time constant k (Figure
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7.3a, Table 10.12, Appendix D) naturally mirrored the overall change in CA across the duration

of the experiment (Figure 7.2a, Table 10.13, Appendix D).
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Figure 7.3. Fitted values to the model by Farris et al for parameters (a) k and (b) n for spin-coated and solution
cast films.

As a final characterisation of the thin films, SFE was measured by comparing dodecane
CA against water CA. In general, the value of SFE decreased when introducing glycerol to the
system (e.g. from ca. 50 to ca. 45 mN/m in the case of 87PVA, Table 10.12, Appendix D) — in
agreement with increase in SFE values upon glycerol loss observed in Chapter 5 and 6. Initial
CA values for these samples were, rather surprisingly, also higher (ca. 54 and 61° for

unplasticised and plasticised 87PVA, respectively, Table 10.13, Appendix D). Lower SFE is
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correlated with weaker bulk interactions within the film compared with pure PVA films —
glycerol replaces PVA-PVA interactions with PVVA-glycerol interactions, increasing flexibility
of the chains as well as hydrophilicity; however, increasing values of CA suggest more
hydrophobic character of the surface. For PVA of both DHs, inclusion of glycerol within the
formulation also increased ACA over the entire duration of the experiment (Table 10.13,
Appendix D). Glycerol introduced to the system forms hydrogen bonds with available -OH
groups of PVA, therefore lowering water content required to reach limit of nonfreezing state

and accelerating disruption of hydrogen bond network — hence faster spreading and absorption.

7.3.4. Effect of composition change on water spreading behaviour for thick films

For 99PVA samples, an initial period of quick CA change was followed by a linear
decrease, while prolonged exponential CA decrease was observed for 87PVA samples, i.e. very
similar behaviour to thin, spin-coated films (Figure 7.4a, summarised in Figure 7.3). Therefore,
the mechanisms of water infiltration are similar regardless of film preparation method due to
the similar changes in the amount of free hydroxyl sites for water binding, DC, and physical

structure of the polymer matrix. Indeed, for vacuum-dried films of 99PVA, the cavity radius

was found to be smaller than that of equivalent 87PVA (2.45 A compared to 2.64 A,
respectively®! cf. van der Waals radius of water, 1.7 A%9). Several thicknesses of films were

cast, all exhibiting similar CA evolution mechanisms regardless of film thickness (Table 10.12,

Appendix D).
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Figure 7.4. (a) CA evolution for solution cast PVA-based films of various composition prepared from solutions
of 10% (w/v) concentration (400 pul). (b) Corresponding geometrical investigations for these samples.

Plasticised 87PVA formulations exhibited quicker CA reductions than their unplasticised
counterparts, albeit with overall similar character of CA evolution (Figure 7.4a, Table 10.13,
Appendix D). Using the model proposed by Farris et al. the fitted time constant k changed from
-0.1 and -0.2, and exponent n increased from ca. 0.2 to 0.275 for unplasticised and plasticised
samples, respectively.

Glycerol-plasticised 99PVA films exhibited additional step-change phenomena in their
CA evolutions (Figure 7.4a, green), which appeared on the goniometer video capture as sudden
spreading events. This unusual observation could be attributed to two possibilities: first,
dissolution of glycerol and PVA into the droplet changed the liquid surface tension and viscosity
hence CA evolution behaviour, which was supported by visible marks appearing in thick films
after the experiment was complete and film dried; in thin films fewer molecules were available
to dissolve, therefore, changes in adjacent to film water-based solution were insignificant. The
second possible mechanism is glycerol incorporation into PVA crystallites as inclusion defects,

decreasing the overall DC without changing the crystallite size distribution for 87PVA (although
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broadening the distribution for 99PVA),® in turn leading to accelerated dissolution of
crystallites. 42943

Following the geometrical analysis of the water droplet one can deduce that spreading
and absorption play similar roles to one another for unplasticised polymer films (Figure 7.4b),
with fast initial changes leading to steady linear increase in both factors (black and red, Figure
7.4b). Addition of glycerol to the 87PVA formulation changed this behaviour to an exponential-
like trend while step-change behaviour was still observed for plasticised 99PVA (blue and
green, respectively, Figure 7.4b). Despite the fact that the values of n overall increased for
plasticised 87PVA (cf. unplasticised 87PVA), no equivalent increase in n was observed for
99PVA, presumably as the increased number of -OH groups on the polymer backbone reduces
the impact of plasticisation (Table 10.12, Appendix D).

In general, n values for thin films were greater compared to their thick counterparts with
the exception of plasticised 99PVA, where this trend is not as clear (Figure 7.3, Table 10.12,
Appendix D). In thick films absorption and spreading both involve PVA dissolution after
reaching the nonfreezing water threshold value in a given location. Aside from plasticised
99PVA, overall initial CA values for thick films the were higher with lower SFE values
compared to their thinner counterparts (Table 10.12, Appendix D). This can arise due to two
reasons: first, despite the fact that spin-coated films are ca. 100 nm thick, polymer-substrate and
polymer-air interactions can play an important part in the film behaviour; second, differences in
preparation method for the two film types will result in different molecular arrangement,
including more perfect crystals in solution cast polymer matrices compared to spin-coated ones.

The presence of more molecular layers in thick films also led to smaller ACA than in thin
films with the notable exception of unplasticised 99PVA which exhibited the same ACA in both

film types (Table 10.13, Appendix D). As higher amount of water migrates inside the thick films
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compared to thin formulations, less is available for spreading at the surface, in general slowing
down x,y-migration of water (on the surface) in favour of z-migration. Accordingly, k values
were smaller for thick films than in thin films, while 4A (change in drop surface area) decreased
(again, aside from 99PVA which remains unchanged, Table 10.12, Table 10.13, Appendix D).
While it is expected that AV would become more pronounced in thick films compared to thin
films, no significant difference was observed between the film preparation methods. These
similar AV values imply a limitation in the goniometry technique itself: the strict geometrical
assumptions used by the software to calculate droplet volume may lead to inaccuracies as the
droplet becomes non-ideal upon absorption into the film. To account for this limitation and
attempt to estimate AV indirectly, the discrepancy between measured droplet height and
calculated droplet height assuming AV=0 was determined following Farris et al.?*® (not shown
here, for brevity). This further analysis was inconclusive, therefore further study is required to
determine if absorption phenomena are more prominent in thick films than thin films.

To summarise, CA evolution of water on PVA shows a clear distinction between PVA
samples of different DH, as well as presence of plasticiser. Two possible underpinning
mechanisms may cause this behaviour — polymer crystallinity and matrix tortuosity — and affect
the rate of water ingress into the matrix. To discern between these two possible mechanisms,
FTIR can be used to quantitatively evaluate the degree of crystallinity, which requires PVA

films of micrometre thickness.

7.3.5. FTIR characterisation of crystallinity in PVA-based formulations
FTIR is an established method for characterising the behaviour of PVA film formulations
by analysing the nature of hydroxyl and acetate groups within the film as well as interactions

with any additives present. In this section, characterisation of crystallinity in PVA films systems
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is discussed. Detailed analysis of the spectra presented in Figure 7.5 can be found in Section

D1, Appendix D.
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Figure 7.5. FTIR spectra of PVA-based films of various composition prepared from solutions of 10% (w/v)
concentration (400 pl).

At its simplest, crystallinity can be estimated as the intensity ratio between peaks
corresponding to crystalline phase and a reference band.®”58241.242 |n PV A, crystalline peak was
assigned at 1140 cm® (C-C stretching mode or C-O stretching),?*? while the reference peaks —
to 850 cm™ (CHa rocking),” 1425 cm™ (CH2 bending),”= or 1094 cm™ (C-O stretching).®2
This method can, however, result in estimation of nonphysical values (i.e. a DC above 100%).
Hence, the calculated values need to be calibrated by supplementary techniques to establish an
empirical formula for crystallinity in the polymer films.3432 However, this approach leads to
errors due to different approaches of identifying crystals (i.e. through spectroscopic or
diffraction-based phenomena). Therefore, all peak ratio methods mentioned above were
compared as well as those calibrated against XRD®* or bulk density**? measurements (Table
10.15, Appendix D), with the term DC referring to the degree of crystallinity estimated by these

methods.
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It is worth noting that FTIR peaks corresponding to glycerol overlap with the 850, 1094,
and 1141 cm™ peaks used in DC calculations (Figure 7.5). By comparing equivalent methods
for plasticised and unplasticised PVA, it becomes clear that the calculated DC is relatively
higher in methods using these overlapping peaks (i.e. DC is reduced by ca. 20% for the
1140/1425 peak ratio, but only by ca. 10% for the 1140/850 and 1140/1094 peak ratio methods).

Regardless, DC was approximately constant for all unplasticised PVA and all plasticised
PVA formulations, irrespective of film thickness or DH (Table 10.15, Appendix D). This
indicates that changes in CA evolution behaviour is not correlated with the overall film
crystallinity. Small crystals, or those with low packing density, can more easily dissolve
however,* potentially accelerating spreading and absorption. It is hypothesised that crystallites
are larger, with more regular packing at higher DH PV A due to the greater amount of hydroxyl
groups and overall longer polymer chains. It takes therefore longer time to dissolve these
structures, resulting in a slow, linear decay seen in Figure 7.4a. Introducing glycerol to the
system caused significant decrease in system crystallinity; replacement of intra-and
intermolecular PVA-PVA hydrogen bonds with glycerol-PVA bonds appears to explain this
phenomenon. Even within crystallites, the presence of glycerol results in more defective
structure and smaller sizes’ that is more easily disrupted by migrating water hence leading to
faster CA evolution. More direct studies of crystallinity (e.g. using XRD) would be required to

prove this hypothesis and provide a more robust assessment of DC.

7.3.6. Effect of liquid medium change on water spreading behaviour
To investigate the effect of solution composition on CA evolution, further wetting
experiments were performed using surfactant solutions and dodecane as the liquid medium,

rather than water. As with other surfactant-based studies in this thesis, cationic, anionic, and
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nonionic surfactants (CTAB, SDS, and C12E10, respectively) were tested to account for the effect
of head group chemistry. Further, pure dodecane was also used to enable analysis of initial SFE
and infiltration of a nonpolar, nonagqueous medium into the polymer films.

The excess free energy of the droplet @ can be described by equation:%

¢ = V1S + PV + TRE(Ys1 — Vsv) 7.6
where Rs is the radius of the solid-liquid interface, V is droplet volume, S is the solid-liquid
interface area, and Pe is the excess pressure inside the liquid. The last term in Equation 7.6
represents the energy difference of the surface covered by liquid droplet and the one without the
droplet. The excess free energy can therefore decrease when ny or % decrease, or when v
increases. Surfactants reduce both xv and i, while surfactant migration into the film overall
leads to expansion of liquid-vapour interface and further reduction of excess free energy,??
leading to lower CA values. Furthermore, while the main mechanisms responsible for spreading
of pure solvents are disjoining pressure, capillary forces, gravity (for large droplets), viscous
resistance to the motion and inertia,*® additional intermolecular interactions need to be
considered for spreading of surfactant solutions.

Some groups of surfactants (i.e. trisiloxanes)*'® have been widely reported to improve
the spreading significantly, leading to a phenomenon called superspreading. Among many
discussed mechanisms that cause this unusual behaviour are “caterpillar motion” of the
surfactant molecule that reduces viscous resistance, formation of bilayers on the leading edge
of spreading,**® or Marangoni flow.*!® Superspreading is therefore a consequence of diffusion,
Marangoni stresses, chemistry of the surfactant, surface, and environmental conditions.**3
Advances of the flow front as a consequence of a Marangoni effect was described by a power
law (i.e. proportional to t% where a equals 0.5 for hydrophobic surfaces).*!” However, in other

studies, an a value of 0.2 for surfactant spreading was reported,'®® showing that additional
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effects such as high surfactant-surface affinity, transport efficiency of the superspreaders to the
surface, or direct adsorption of the micelles at the air-liquid and solid-liquid interface are the
reason for the observed deviation from perfect Marangoni behaviour.*!

In the investigated hydrophilic, water-soluble systems, addition of surfactants did not
follow the behaviour described for hydrophobic systems. The surface area followed a power law
dependence with a<0.2, which is indicative of a different spreading mechanism compared to
hydrophobic films. The most significant differences were observed for nonionic surfactant
which may, at first glance, be correlated with different My and CMC values compared to
investigated ionic surfactants (Table 7.1). To determine whether surfactants below CMC will
accelerate CA evolution, further tests were performed with sub-CMC surfactant solutions on
some representative compositions. No significant deviation from the behaviour of pure water
was observed for these sub-CMC solutions. This behaviour agrees with previous studies on
hydrophobic surfaces, where sub-CMC solutions were only partially capable of wetting the
surface, with complete spreading®** and the lowest CA*'! observed for concentrations above
CMC. This phenomenon can be explained by considering the CMC itself (Table 7.1) — for
C12E10, sub-CMC concentration can be at most 135 uM which may easily be fully depleted as
surfactant molecules adsorb onto the surface, leading to overestimation of the CA for these
solutions.??® Furthermore, for the higher 1% (w/v) surfactant concentrations used for
measurements presented in Figure 7.7 and Figure 7.8, the molar concentration of C12E10 was
still significantly lower than that of CTAB or SDS, meaning that the number of micelles present
in the system will also be lower (given a similar micellar aggregation number, Nagg, Table 7.1).
Should the number of micelles become too high however, the viscosity of the solutions will
increase (proven to slow down the polymer dissolution rate*® hence spreading and absorption).

In the systems investigated here, the solution viscosity was similar to that of pure water (Chapter

203



Chapter 7

3), therefore it can be assumed that any effects of viscosity and solution crowding were

negligible.
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Figure 7.6. Fitted values to the model by Farris et al for parameters (a,c) k and (b,d) n for solution cast and spin-
coated formulations, respectively, during spreading of surfactant solutions and dodecane compared against
water.

Independent of the chemistry of the surfactant, their addition to water above the CMC
within the investigated timescale (ca. 90 s) resulted in similar CA evolution on thin films
compared to spreading of pure water. However, more substantial changes in CA were visible

for thick films. Spreading of surfactant solutions resulted in an exponential decrease of CA over
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time for plasticised thick films, but step changes followed by slow, linear CA evolution for their
non-plasticised counterparts (Figure 7.7). At the end of the experiment, CA was much closer to
an equilibrium value in thin films compared to thick films, where constant decrease was
reported, unless full infiltration took place. From the model of Farris et al.? it is clear that
spreading is the predominant wetting mechanism for thick films (Figure 7.6b, Figure 7.7), which
is expected due to the associated decrease in liquid surface tension. Thin films showed
a relatively small influence of absorption compared to spreading, however for thick films, the
influence of absorption could not be overlooked (Figure 7.7b,d,f,h and Figure 7.8b,d,f,h). The
CA evolution behaviour of surfactant solutions follows models presented in the literature, where
droplet behaviour is divided into two regimes: fast spreading (until ca. 1 s), followed by slow
spreading.??® Timescales presented in investigations herein (Figure 7.7, Figure 7.8) correlate

well to the values reported in literature.

Table 7.1. CMC and Nagqy values for surfactants used in this study.

Surfactant | CMC (mM) Nagg ()
SDS (-) 8.34% 6543

C12E10 (0) 0.136%3%6 59437

CTAB (+) 1.0%4 64438

For some positions on the investigated films, the measured CA started to increase rather
than decrease over time (Figure 7.7c,e) or otherwise evolve in a disjointed fashion (Figure
7.7e,9, Figure 7.8g). This was due to deformation of surfactant droplets (termed the fingering
effect)1°6?2 |eading to data artefacts during fitting. The instability resulted in spreading of the
liquid in a dendrite-like manner, with exact shape dependent on the chemistry of the surfactant
and film. Asymmetric droplet structure has previously been correlated with arrangement of the
surfactant molecules at a hydrophobic film surface: for negatively charged surfaces, CTAB

adsorbs vertically with the hydrophobic tail upwards, while SDS and Ci2Eio adsorb
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horizontally.??® In this way, some of the regions on the surface are hydrophilised, leading to

faster local spreading behaviour.
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Figure 7.7. CA evolution with time and corresponding geometrical investigations for solution cast films
prepared from solutions of 10% (w/v) concentration (400 pl): (a,b) 87PVA, (c,d) plasticised 87PVA, (e,f)
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As the surface investigated here is hydrophilic, and covered with thin water film from
the atmosphere,'® it is hypothesised that surfactant heads are in contact with polymer surface*!
and a surfactant bilayer is formed. This bilayer enables faster local spreading on the surface,
with further expansion and surfactant arrangement as the droplet spreads, leading to asymmetric
CA evolution. Uneven droplet spreading may also be a result of nonuniform liquid absorption
into the film: on hydrophobic films, the rate of water advancement has been shown to depend
on the rate of surfactant molecule migration from solution into the bare polymer surface.??
Similarly, surfactants were shown to aid water infiltration into pharmaceutical tablets by
“sandwiching” between primary particles, creating channels through which water could advance
into the matrix.* In this way, one could speculate that surfactant-accelerated absorption in PVA
proceeds by a similar mechanism by lubricating the polymer-water interface.

Comparing plasticised and unplasticised formulations of various DHSs, solution-cast
polymer films of 99PVA showed both higher spreading and infiltration rate upon addition of
surfactant (Figure 7.7b,d,f,h), as well as higher overall ACA (Table 10.20 — Table 10.22,
Appendix D). While slow and steady spreading of pure water was observed in the 99PVA
formulations, this process was much faster after introducing any surfactant regardless of
surfactant chemistry. Despite the similarity in SFE between 87PVA and 99PVA, the presence
of hydrophobic acetate groups at the 87PVA film surface will retard surfactant surface layer
formation. This in turn leads to quicker and uniform surfactant arrangement on the surface of
99PVA, allowing abrupt spreading and infiltration. Plasticisation of the polymer matrix is
therefore less important here, as surfactants themselves change intermolecular interaction and
infiltrate into the system.

Below, specific effects of spreading observed for ionic and nonionic surfactants are

discussed.
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7.3.6.1. Specific behaviour of surface wetting by ionic surfactants

In terms of film formulation, the lower surface tension of surfactant solutions resulted
in lower initial CA, with values following the same trend as with pure water: 87PVA >
plasticised 87PVA > 99PVA > plasticised 99PVA. As with pure water wetting, no clear trends
could be drawn between solution-cast film thickness and CA evolution (Table 10.16 — Table
10.17, Appendix D).

Parameter k had a larger magnitude in solution cast films when wetted with ionic surfactants
compared to spreading of water in terms of the model by Farris et al.?®® For example, in the case
of 87PVA k increased from ca. -0.10 during water spreading to ca. -0.20 and -0.25 in the case
of SDS and CTAB solution spreading, respectively (Figure 7.6a). However, for this formulation
both ionic surfactants exhibited overall similar wetting behaviour when compared against water,
with similar initial CA values and ACA (Table 10.20 -Table 10.21, Appendix D).

For spreading parameter n (Figure 7.6b), surfactant wetting was similar in solution cast
films compared to water wetting. The notable exception to this is for CTAB infiltration into
99PVA, where n was higher for both plasticised and unplasticised films, indicating a greater
predominance of spreading instead of absorption for this surfactant.

Similar behaviour was not seen for thin films, however (Figure 7.6c,d). In the 87PVA
films, fitting parameter k had a smaller magnitude for SDS and CTAB compared to water,
indicating slower CA evolution. 99PVA had a larger magnitude of k for surfactant solution
spreading, while CA evolution was not significantly altered in plasticised films of either DH
value. Spreading parameter n also substantially changed in unplasticised films: 87PVA showed
a larger n value (hence greater effect of spreading), while 99PVA had an n value of almost 0
(almost no spreading). No overall change in average n value was recorded for plasticised films

in contact with SDS and CTAB solutions, mirroring the pattern in parameter k.
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The trend in Farris parameter n can be confirmed by inspecting 4A and AV directly
(discussed in detail in Table 10.20, Table 10.21, Appendix D). Higher values were recorded for
both parameters during surfactant spreading in thick films compared against the corresponding
findings for water. These contrasts demonstrate a change in absorption behaviour for the
surfactant solutions into these formulations, indicative of a change in the absorption mechanism.
As would be expected, almost no change in AV was recorded for thin films upon change in liquid
medium; given the ca. 100 nm height of these films, any large AV values recorded were
considered to be data artefacts. Detailed discussion of trends in AA and AV during surfactant
solution wetting can be found in Section D2, Appendix D.

The substantial difference in film behaviour, exemplified by accelerated CA evolution
for thick films and retardation for thin films, highlights the importance of surfactant solution
infiltration into PVA matrix compared to spreading at the surface. For thin films, the negligible
z dimension means that x,y-spreading is the only possible mechanism of wetting behaviour,
instead of absorption or infiltration-based spreading (i.e. spreading of the liquid medium after
absorption rather than spreading on the surface only). Based on the contrast between the two
film types, it is probable that infiltration-based spreading is the dominant mechanism of
surfactant solution wetting on PVA-based films. One could therefore postulate that thin films
represent the intended layer-like approach — with infiltration responsible for the changes in the
second part of the measurements that cannot be present in thin films as obstruction in the form
of substrate is met.

Similar to a previous study on hydrophobic surfaces,*'® common ionic surfactants used
in this study improved wetting of the surface. The importance of infiltration rather than pure
surface spreading was concluded in studies of hydrophobic surfaces,*'! which was also

established here for hydrophilic films. Small differences between the behaviour of SDS and
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CTAB in the films imply that specific interactions between surfactants and the film can modify
the spreading behaviour observed in agreement with previous findings for PVA-surfactant
solutions (Chapter 3). To confirm this hypothesis, further experiments on the films were

performed with the nonionic surfactant C12E10 and nonpolar molecule dodecane.

7.3.6.2. Specific wetting behaviour of nonionic surfactant and nonpolar dodecane

Of all the surfactants studied, including C12E10 led to the most significant changes in CA
evolution behaviour. The mechanism of CA evolution (i.e. the shape of the curves in Figure 7.7
and Figure 7.8 and changes in model parameters in Figure 7.6) remained similar to that of ionic
surfactants — accelerated when compared to water for thick films whereas only 99PVA showed
a different behaviour compared to water for thin films. Moreover, C12E10 was the only surfactant
that showed a substantial acceleration in CA evolution rate compared to water for thin,
plasticised 99PVA films (Figure 7.2c, Figure 7.8g). As with all investigated liquid media, no
clear relationship between wetting with nonionic surfactant and film thickness was observed.

With the exception of 99PVA films, values of parameter k for C12E10 on all solution cast
formulations had a higher magnitude compared to water and ionic surfactant spreading (change
in median value by ca. 0.2 and 0.7 compared to ionic surfactant and water, respectively — Figure
7.6a). Values of k for CA evolution of Ci2E10 solution were much larger for thick films
compared to thin films (generally about 2 times higher, Figure 7.6). These differences reinforce
the aforementioned observations: spreading plays a significant role during the initial stages of
wetting, while no further changes appear for thin films as there are no more layers of polymer
to enable infiltration (i.e. considerable spreading with a z-component). For 87PVA
formulations, C12E10 solutions showed a 5-10° decrease in initial CA however no significant

difference in final CA compared to ionic surfactant solutions, hence overall smaller ACA (Table
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10.20, Table 10.22, Appendix D), without clear changes for other investigated polymer
formulations. These fittings can be confirmed by analysing droplet geometry of the C12E10
solutions, discussion of which can be found in Section D3, Appendix D.

Comparing between thin and thick films, changes in parameter k were more pronounced
than changes in parameter n. For the latter quantity, no clear differences were found — average
values of parameter n were between ca. 0.1 and 0.55 for all thicknesses investigated (Figure
7.6b,d and Table 10.16, Table 10.18, Appendix D). The discrepancy in behaviour both in fitted
k and n values and droplet geometry of various surfactant solutions indicates that chemical
structure of surfactant plays an important role in facilitating the spreading within the polymer
matrix. Even though the behaviour of nonionic surfactant spreading on PVA films did not show
clear, significant changes in wetting parameters compared to ionic surfactants, overall increase
in parameter k magnitude suggests more marked changes in system behaviour. This trend is in
line with those observed in hydrophobic films, where linear C12Ex surfactants were reported to

be capable of showing similar superspreading behaviour to trisiloxanes,??

proving that a T-
shaped surfactant structure able to form bilayers*:® is not necessary for this phenomenon to
occur. Instead, the similar superspreading behaviour of CmEx and trisiloxane surfactants was
correlated with the similarities of their phase diagram and chemical nature of hydrophilic
portion of the surfactant.*®> However, as CiEx head groups have smaller cross sections
compared to that of trisiloxane surfactants, shorter chain lengths (x=3,4,5) were expected
exhibit superspreading effect and therefore only these shorter chains were investigated
previously.*> Hence, the behaviour of Ci1:E1 is predicted to have slower spreading rates

compared to Ci:Es.*"> At the same time, for CnEx surfactants on hydrophobic substrates,

spreading rates increased in samples with lower hydrophobicity and greater x, in a similar way
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to trisiloxane-based counterparts.*®> Further, on hydrophobic surfaces superspreading was not
observed for common ionic surfactants.

These differences in surface bilayer formation as a function of surfactant and film
chemistry provide a tentative explanation for the significant differences in CA evolution for
surfactant solutions on 99PVA compared to less hydrophilic 87PVA. lonic molecules were
unable to quickly replenish the interface with bulk-solvated surfactant molecules, preventing
complete surface coverage and creation of an advancing bilayer.*'®* Absorption was also
identified as more important for nonionic C1.Es than for CTAB and SDS.??® While there is no
clear trend in the changes of AV in the system, the liquid absorbed by the polymer matrix is
likely to spread quicker for nonionic surfactant solutions compared to ionic surfactant solutions
in the vicinity of the surface (both in the X, y- and z directions) due to its linear hydrophilic
section, resulting in one molecule creating longer hydrophilic pathways. Ci12E10 is therefore
capable of ‘sandwiching’ the matrix molecules quicker compared to ionic surfactants despite
its higher molar mass. Therefore, from the present study it is speculated that the lack of head
group charge for nonionic surfactant (hence no charge screening effect during infiltration),
linear structure of the molecule, and overall changes in compatibility with the matrix®® are
responsible for the distinction in behaviour between investigated surfactant species.

Introducing dodecane to the system led to more striking and consistent contrasts in CA
evolution behaviour (Figure 7.7 and Figure 7.8). Values of both k and n parameters were within
the same range regardless of film composition (both for thick and thin films), with median k
values equal to ca. -1, and median n values equal to ca. 0.5 (Figure 7.6 and Table 10.19,
Appendix D). In the same vein, values of initial CA were very similar (below 20 degrees, Table
10.23, Appendix D), with rapid infiltration and spreading (< 15 s) following droplet deposition.

It is suggested that the mechanism for this superspreading is a result of plasticisation of the PVA
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film by dodecane. The linear structure of the molecule (similar to C12E10), low Mw and surface

tension, as well as structure similar to that of PVA are all indicative of their high compatibility.

7.3.7. Effect of aging RH conditions on the water spreading behaviour of thick films

In Chapter 5, it was established that PVA-based films could change their overall
properties by absorbing atmospheric water over time. Here, solution-cast thick films were used
to investigate the effect of RH on water CA evolution after 1 week of aging. As PVA absorbs
more water with increased RH, changes in crystallinity and molecular packing within the matrix
are likely. It is expected that aging in ambient atmosphere would plasticise the PVA matrix —
water present in the atmosphere migrates into the polymer film, decreasing DC and increasing
free volume in the system. As a consequence, acceleration of CA change for formulations stored
at ambient RH compared to 4% RH is likely to increase.

In general, no notable changes in CA evolution on thick PVA-based films were observed
after one week of storage at 4% RH compared to simulated ambient conditions (45% RH) or
measurements performed on preparation day, as concluded from the spreading and absorption
components (Figure 7.10b,d). Despite some changes in wetting kinetics (Figure 7.9), both
previously identified CA evolution mechanisms — linear (e.g. Figure 7.10c, blue, red) or
exponential CA decrease (e.g. Figure 7.10c, black, maroon, and green) — were observed in
87PVA films. Both behaviours were occasionally observed for these samples on day 0 (hot
shown here, for brevity) therefore this observation was correlated with the intrinsic properties
of the films themselves rather than as an effect of aging. The lack of changes observed with
variable RH conditions were attributed to insufficient aging of the samples, leading to only the

surface layers of the matrix changing their molecular arrangement.
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samples stored at various RH conditions.
This supposition is supported in Figure 7.10 (a,c,e, and g), where the initial part of the

Figure 7.9. Box and whisker graphs of Farris model fits for parameter (a) k and (b) n for spreading of water on

curve shows oscillations in CA independent of the formulation (not observed for films
investigated on day 0). For 99PVA films (both plasticised and unplasticised) one can conclude

216



Chapter 7

that aging at both 45% RH and 4% RH causes lower CA evolution rates compared to
formulations investigated on day 0. However, as the presented curves are representative of
different behaviours, once all repeated measurements had been taken into account (i.e. Figure
7.9) no clear changes were observed. Moreover, the influence of spreading and absorption
(shown in Figure 7.10f,h) indicates that the mechanism is largely unchanged due to similar
shapes of the curves and spreading/absorption ratio.

These findings were corroborated by the model parameters of CA evolution (Figure 7.9).
Parameters k and n showed no significant difference between freshly prepared samples and those
aged for one week at 4% RH and 45% RH (Figure 7.9). The only notable difference in average
model fit values were recorded for plasticised 87PVA films aged at 4% RH. For these
formulations (Table 10.25, Appendix D), average k parameter values changed from -0.187 and
-0.225 t0 -0.06 and -0.04 for measurements on freshly prepared samples and stored for one week
at 4% RH, respectively, while n parameter values changed from 0.274 and 0.257 to 0.589 and
0.619, respectively. This anomalous behaviour was confirmed by geometric analysis of AA —
the changes were insignificant and comparable to 99PVA films and can be attributed to more
positions on the film exhibiting linear CA evolution than exponential (i.e. as in Figure 7.10c,
blue cf. black curves), lowering the average AA. It is suggested that this phenomenon is a result
of changes in molecular arrangement due to water and glycerol evaporation from the surface.
87PVA is again more sensitive to these changes due to overall lower amount of -OH groups
compared to 99PVA films. Changes in other parameters (ACA, initial CA values, 4A, AV) do

not indicate a consistent trend.
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The most significant changes, as expected, were noted for formulations stored at 100%
RH. In this case, films clearly absorbed water from the atmosphere, resulting in characteristic
morphological changes for formulations of different DHs. 87PVA samples created a gel-like
structure that sticks to the substrate. 99PVA, on the other hand, retained a swollen film that no
longer adhered to the substrate. Because of these problems, measurements were not possible on
majority of plasticised and unplasticised 99PVA formulations (uneven surfaces rendering image
analysis impossible), while for 87PVA these measurements were no longer reliable due to
nonuniform structure of the film after atmospheric water infiltration. Regardless, aging at 100%
RH resulted in almost immediate infiltration of the water droplet into the film (ca. 2 times and
4 times decrease of parameter k for unplasticised and plasticised 87PVA, respectively).
Insignificant changes in n parameter (ca. 30% increase for 87PVA compared to freshly prepared
samples, no clear trend for plasticised 87PVA) confirmed problems of precise measurements
with non-uniform surface. For samples of 99PVA where measurements were possible, no
changes compared to behaviour of freshly prepared samples were reported. Interestingly,
increase in initial CA was noted for 87PVA formulations (but not for 99PVA) compared to
formulations on day 0, with consequent increase in overall ACA (i.e. complete infiltration into
the film).

These observations were further confirmed by crystallinity measurements. No clear trend
or substantial changes in FTIR spectra was observed for samples stored at 4% RH and 45% RH
compared to freshly prepared samples (Figure 7.11). From this, it is concluded that no variations
in intermolecular interactions or DC are present as aging only affects the surface layer of the
film (while ATR-FTIR crystal penetration depth of ca. 2 um does not only give information
about the film surface, but also layers below). Among the few notable observations, one can

mention a higher ratio of 3300/2900 peak (OH stretching correlated with hydrogen bonds/CH>
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stretching and bending)3/3824243% for 99PVA samples stored at 4% RH, with peaks shifted
slightly to lower wavenumbers, which indicate small variations in character of hydrogen
bonding in the system. Changes in samples aged at uncontrolled ambient conditions were more
pronounced (Figure 7.11d). However, from insubstantial increases in the 1140/850 peak ratios
(Table 10.24, Appendix D), one can conclude that there is not an overall tendency of crystallite
C-O stretching (at 1140 cm™) becoming dominant over C-C stretching (at 850 cm™) for these
samples. Combined, these results indicate that DC is not significantly changed over time at

ambient RH — neither in terms of further crystallisation nor crystallite dissolution.
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Figure 7.11. FTIR spectra of solution cast PVA-based films stored at various RH conditions, compared against
freshly prepared samples. (a) 4% RH (ambient RH), (b) 45% RH, (c) 100% RH, and (d) samples aged in
ambient atmosphere.
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For samples stored at 100% RH, no conclusions about crystallinity changes can be drawn
for 87PV A-based samples due to clear changes in the matrix structure, dissolution of the matrix
and consequent non-physical results obtained. For these formulations, characteristic PVA peaks
were no longer visible, being replaced by peaks at 900 and 1000 cm™* with increased absorbance
of the hydrogen bond peak at 3300 cm™. Hence, a modified water spectrum was observed rather
than polymer spectrum. For 99PVA-based films, however, measurements were possible (as
swollen films were still one entity) and indicated clear decrease in DC with storage at 100%
RH. Plasticised films showed more significant decrease in DC calculated according to the
Peppas model*? based on 1140/1425 peak ratio (41% and 57% decrease for unplasticised and
plasticised films, respectively), compared to other two methods: a 10% and 21% decrease for
unplasticised and plasticised films, respectively, for crystallinity defined as ratio of
1140/850 cm™ peaks; and 17% and 31% decrease for unplasticised and plasticised films,
respectively, for crystallinity defined according to the Trettinikov model (based on 1150/1094
peaks).*® While water content increased in the polymer matrix, the most significant changes in
the structure were associated with hydrogen bonding and C-OH group interactions (950 cm™).
Accordingly, an individual peak at 1050 cm™ was no longer visible for 99PVA-based
composition, indicating overall weaker C-O stretching interactions, with increased importance
of hydrogen bonding again observed as water ingress replaced PVA-PVA hydrogen bonds with
PVA-water hydrogen bonds.*®” This resulted in creation of liquid-like clusters for samples
stored at 100% RH that further changed the character of intermolecular interactions in polymer
systems. 407

To interpret these findings, one must consider the thermodynamics of polymer
dissolution. This phenomenon is always associated with a very small positive entropy change,

therefore the sign of the Gibbs free energy change is determined by the enthalpy term (Equation
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1.16).44° Water uptake in polymer films is controlled by solvation of the polymer chains,?** as
dissolution involves two processes: solvent diffusion and chain disentanglement resulting in
changes from glassy structures into rubbery structures.**° Dissolution occurs in layers: first by
solvent filling the matrix free volume; then the amorphous, glassy polymer matrix will undergo
transition into gel-like swollen layer due to diffusion of the solvent into the film (as can be
observed in samples aged at 100% RH). As a consequence, two separate interfaces are created:
between glassy polymer and gel layer, and between gel layer and the solvent. After an induction
time, polymer dissolution takes place.**

According to Uerberreiter,*° dissolution of polymer films results in creation of yet more
layers: pure polymer, infiltration layer, solid swollen layer, gel layer, liquid layer and pure
solvent. The polymer dissolves into surrounding solvent, while solvent migrates into polymer
matrix creating more rubber-like polymer structure. The water concentration gradient within the
matrix is the driving force for further changes in the layers below those in direct contact with
the solvent. Therefore, solvent penetration into the polymer results in the increase of swollen
surface thickness until this process becomes polymer diffusion controlled.**° In the presented
study, the water in contact with the film is found in a surface adsorbed layer, caused by the
vapour-liquid equilibrium at the film surface. Despite this lack of pure solvent phase, the
difference in aging behaviour as a function of polymer DH (which follows trends in bulk
solubility of the corresponding polymer) proves that this model is at least partially valid for
describing the aging of polymer films at 100% RH.

The nature of the polymer chain itself determines much of the internal film structure and
hence its ease of dissolution when in contact with water. For uncrosslinked, amorphous
polymers, differences in free volume and segmental stiffness, along with the tacticity of the

polymer** all influence the dissolution rate of the polymer material. As stressed before, despite
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its overall atactic configuration, PVA has high preference to create crystallites because of
relatively small size of the hydroxyl group and strength of hydrogen bonding.*®” Water can be
bonded to the polymer on one side (weak bonding), two sides (strong bonding) and be placed in
the interface region between crystallites and amorphous region of the polymer.*%” Changes in
polymer dissolution behaviour are therefore a direct consequence of physical crosslinks
(crystallites) present in the system as a prolonged amount of time is required for dissolution of
these crystals compared to migration in completely amorphous matrices. Moreover, the
dissolution rate was proven to be inversely proportional to the polymer Myw up to a certain limit
characteristic for a given polymer.** This is connected with the chain disentanglement (also
function of a polymer My, generally the higher the My, the higher the level of disentanglement).
For higher degrees of disentanglement, higher degree of swelling is noted before dissolution.*4°

These findings are all in line with results presented here. The higher My and number of
-OH groups (available sites to create hydrogen bond with infiltrating water molecules) in the
99PV A polymer results in overall tighter molecular packing, less influenced by infiltrating water
than 87PVA samples. From the similar behaviour of plasticised versus unplasticised
formulations after swelling, one can conclude that higher chain entanglement is the main reason
for these contrasts between different DH values. Moreover, changes in the morphology of the
crystallites are believed to be the consequence of differences between 87PVA and 99PVA
formulations. While addition of glycerol influences the degree of crystal perfection, overall DC,
and increases free volume and chain flexibility, it does not change the continuity of 99PVA film
upon water infiltration. According to the description by Uerberreiter, the 99PVA film as a whole
behaves like a swollen polymer layer, while the 87PVA film behaves as a gel.

The interfacial character of water exchange between the atmosphere and film is also

confirmed by investigations at low RH. While no significant changes in geometrical parameters
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of wetting kinetics, fit parameters and FTIR spectra are observed, more variability in CA
evolution for a droplet is noted. This indicates that while transport and water infiltration at 4%
and 45% RH is unlikely to cause as significant of the changes as for 100% RH, they influence
the wetting behaviour of the surface. As below ca. 30 wt%, water is only present in the
formulations in the nonfreezing state, the absolute humidity is not enough to cause significant
changes in matrix properties for investigated thickness of the film. While 45% and lower RH
values were enough to cause molecular migration of the surfactant for thin films (Chapter 5),
thickness of the films (and ratio of the surface water layer to the film thickness) likely determines
the minimum absolute humidity for these effects to be observed. Not reaching threshold of
maximum nonfreezing water content therefore provides a good explanation for the similar

behaviour of 4 wt% and 45% RH in this chapter.

7.4. Conclusions

The dissolution behaviour of water-soluble PVA films was investigated using CA
goniometry. It was proven that the kinetics of CA evolution is determined by film composition
— primarily DH and My, of the polymer, presence of glycerol in the system, and the film
preparation method (spin coating vs solution casting). Both thin and thick films prepared with
partially hydrolysed PVA showed a longer initial period of CA evolution with overall higher
change (exponential trend), followed by slower, linear change of CA when compared against
fully hydrolysed PVA. For formulations of unplasticised 99PVA films, this initial period of
more significant changes was much shorter and was followed by linear decrease in CA, resulting
in significantly slower overall CA changes compared to 87PVA counterparts. It is suggested
that size and morphology of the crystallites (despite non-significant changes in overall DC

between these samples), higher My for 99PVA film compared to 87PVA film (resulting in
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higher degree of chain entanglement), changes in polymer structure (amount of -OH groups),
and differences in free volume within the matrix are all responsible for these changes. They
cannot be, however, correlated with film thickness as no substantial changes with changing
thickness for the same preparation method were noted for any of the investigated formulations.
Instead, different wetting behaviour appears for thin films compared to thick films — faster
spreading on the surface and overall lower ACA correlated with wetting taking place only in the
X,y-dimension. The model of spreading and absorption provided less accurate fits for 99PVA
samples.

Glycerol present in the matrix plasticises polymer chains and results in faster changes of
CA, with spreading playing a more significant role compared to unplasticised samples. It is
suggested that plasticisation has a more global effect in 87PVA (increases free volume and
flexibility of the chains) compared to 99PVA. Higher chain entanglement, expected lower cavity
radius, and higher amount of hydrogen bond donating -OH groups result in step-like changes in
CA for the latter polymer due to abrupt changes in liquid surface tension as the polymer solvates.

Wetting was accelerated when using surfactant solutions compared to water, with both
ionic surfactants showing similar trends in CA evolution and nonionic surfactant resulting in the
most substantial changes comparable to these of dodecane. Linear structure, lack of head group
charge and weaker polymer-surfactant interactions are likely the cause of this behaviour,
enabling CA to be lowered more quickly and creating intermolecular ‘sandwiches’ that
accelerate water infiltration into the system. The importance of water infiltration was
highlighted while investigating thin films — as surfactant solutions on the surface did not cause
acceleration of CA evolution with the exception of 99PVA films. Indeed, also for thick films,
99PVA-based formulations (both plasticised and unplasticised) were more susceptible to

changes upon replacing water with surfactant solutions. Higher amount of -OH groups
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compared to 87PV A and consequent changes of surface hydrophilicity are likely to be the reason
for this behaviour.

Aging PVA samples at 4% and 45% RH did not cause significant changes in either CA
evolution or in FTIR spectrum, although droplet instabilities were observed at the beginning of
the process. This is likely due to insufficient water infiltration into the PVA film from the
atmosphere to exceed the threshold of nonfreezing water in the system. It is further expected
that changes in glycerol concentration on the film surface affect CA evolution. For 100% RH,
the initial stages of PVA dissolution as a consequence of water absorption were observed, with
measurements being impossible to perform due to nonuniformities of the surface. Again,
molecular arrangement and properties of the matrix (chain entanglement, crystal structure,
cavity radius, DH) are believed to be the reason for swollen polymer and gel-like behaviour for

99PVA and 87PVA-based formulations, respectively.
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Chapter 8. Conclusions

8.1. Motivation

This project aimed to understand molecular migration in multi-component, PVA-
based systems both in two- (lateral, x,y-migration) and three dimensional (vertical, z-migration)
contexts, exploring the effects of chemical composition, environmental conditions (RH,
temperature), and adjacent liquid media on molecular migration. To this end, diffusive
behaviour of migrants was investigated both in solid and liquid environments, introducing
complexity into the system piecemeal to determine differences between thin- and thick films.
By investigating the influence of each individual component on system morphology, chemistry,
and inter-species interactions, it was possible not only to investigate the migration time scales,
but also the importance of compatibility between each component in the system. On the basis
of these findings, general rules for the formulation and storage conditions of PVA-based

packaging materials could be derived.

8.2. Main findings

In PVA-based solutions containing charged molecules, intermolecular interactions
play a crucial role in tracer migration rate. Favourable interactions lead to the formation of
complex-like structures, with an effective slowdown in migration because of larger diameter of
the molecule or longer time required to break this favourable interaction. In formulations where
charged interactions are either less prominent or absent, steric effects play a dominant role and
have an overriding effect on molecular diffusion in the system.

Specific intermolecular interactions and steric effects become more pronounced once
solutions are spin coated into thin PVA-based films, especially as the compatibility threshold

is achieved, e.g. upon excess plasticisation. Phase segregation, either in the form of plasticiser
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aggregation or surfactant blooming, leads to increased variability in tracer diffusivity albeit
with consistently lower diffusion rates than pure PVA or compatible PVA-glycerol
formulations.

Aging thin films at elevated RH seems to increase plasticisation in the system and
leads to faster migration of non-compatible additives to the surface. Surfactant presence does
not influence overall water sorption behaviour, however induces surface segregation at different
concentrations depending on head group chemistry. Temperature, on the other hand, increases
overall compatibility in the system, leading to surfactant migration into the bulk of the system
rather than to the air-film interface. The compatibility is also a function of DH and My of the
polymer, with more significant morphological changes observed for 99PVA compared to the
counterpart of lower My and DH. Despite these differences, model surfactant additives arrange
themselves similarly in films spun from either polymer, demonstrating the formulation
independent nature of the intermolecular interactions in the system.

In addition to the aforementioned environmental conditions, molecular arrangement
and compatibility are significantly affected as more additives are introduced into the system.
When ionic and nonionic surfactants are combined as additives in PVA-based films, overall
system compatibility increases leading to reduced segregation. Conversely, when ionic
surfactants with opposing head group charges are mixed, segregation is promoted. Similar
findings are observed in RhB-surfactant systems, i.e. where both additives contained opposite
charges. Electrostatic interactions between differently charged molecules again highlight the
importance of both compatibility and interactions as the main factors influencing system
behaviour.

Physical properties of the matrix also determine the PVVA-based system response to

outside influence i.e. wetting behaviour on contact with various liquid media. For films based
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on PVA with higher My and DH, slower wetting kinetics were observed despite more
hydrophilic character of the formulation. Although these changes can be explained by lower
solubility in water and tighter molecular packing of 99PVA compared to 87PVA, these systems
more promptly wet upon introducing surfactant solutions to the system, once more highlighting
the importance of intermolecular interactions and their complex behaviour in the studied

systems.

8.3. Final remarks

Although the majority of this work focuses on thin films with fewer additives than
industrially-relevant formulations, it highlights the importance of aging conditions as well as
additive choice on material performance. From the findings specific to the formulations studied
here, conclusions about the behaviour of not only PVA-based packaging materials, but also

a variety of other complex mixtures can be drawn:

Compatibility is the primary driving force for segregation in polymer formulations,
although supplementary additives can reduce phase separation in cases where the limits
have been reached.

— Specific (charge-matching) interactions between additives lead to system phase
segregation and can have subsequent effects on the migratory behaviour of additives in
each of the two resultant phases.

— Aging polymer films at high RH conditions leads to significant water ingress,
accelerating phase separation in incompatible systems and additive migration in general.

— Elevated temperature at low RH typically increases film compatibility, as solubility

limits are increased.
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— Matrix properties (i.e. chain entanglement and crystallinity) and polymer chemistry
significantly affect behaviour upon contact with adjacent liquid media, enabling tuning
to the desired application and known solute composition.

Presented studies can be further translated to even more complicated systems in order to
improve environmental impact, mechanical properties and shelf life of future packaging

materials.
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Chapter 9. Future work

To complete the methodology outlined in this thesis and provide a full picture of
additive migration, further experiments should be undertaken to investigate the case of
surfactant migration from adjacent nonaqueous media (e.g. concentrated surfactant solutions),
with the possibility of extending the scope to more diverse applications. Preliminary results and
suggestions are presented in Appendix E.

Investigations into z-directional migration from adjacent media to the polymer film can
be performed using a fluorophore as a model migrating molecule (as seen in Chapters 3, and 4)
and a confocal microscope. The concentration of fluorophore would be represented as changes
in intensity of the signal (within the instrument detection limit). A proof of concept experiment
performed on a fluorescence microscope has shown that the differences in surface fluorescence
intensity (indicating migration of fluorophore) are a function of temperature, RH, and head
group chemistry of surfactant used as a dopant. Therefore, exploring this area further using
fluorophores of various sizes and side chain chemistry will provide useful insight into migration
of model substances both within the film and from adjacent media to the film.

This thesis focuses on the migration behaviour in model systems that imitate industrial
single dose detergents and their packaging materials. To make these systems more industrially
relevant, presented models need to be extended by including more additives as well as broader
range of surfactants (both within investigated groups as well as zwitterionic surfactants).
Moreover, it would be worthwhile to perform measurements on migration from adjacent media
to the film (as described above) using industrial prototype films (within a confidentiality
agreement).

Within such complicated systems, PVA would interact with additives in a variety of ways

that are likely to result in a range of morphologies displayed by these formulations. Therefore,
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it is of interest to investigate the nature of PVA interactions with other additives. For that
purpose, FTIR (or near-ambient X-ray photoelectron spectroscopy) coupled with AFM can
reveal the nature of these interactions correlated with resultant morphological changes.
Moreover, to obtain an even broader image of the investigated system, confocal Raman
spectroscopy can provide the information of interaction changes with thickness change, while
optical microscopy or SEM can measure changes in the morphology on longer length scales
than AFM.

Evaporation of the plasticiser from the system is an important problem that changes the
properties of the investigated formulations. In-depth investigations into this problem in thick
films should be undertaken in a similar manner as presented in Chapter 5 to describe the kinetics
of evaporation. This should be coupled with a tracing technique for glycerol (e.g. Raman
spectroscopy using deuterated glycerol). As C12Ex surfactants also have tendency to evaporate
from the system, similar steps should be taken to track their evolution from the film in parallel
to glycerol.

Contact angle was shown to be a useful tool to investigate the water infiltration and
spreading kinetics. In industrial applications, polymeric films are doped with small
concentration of surfactant that changes interfacial properties of the film. Therefore, the work
carried out in Chapter 7 could be extended to see how addition of surfactant into the matrix will
influence initial kinetics of water spreading on the surface. This information would be important
to understand sealing of polymer films in greater detail.

Chapter 5 shows that morphology of samples containing SDS or CTAB is very sensitive
to the concentration of surfactant in the system, leading to creation of various morphological
features. Evolution of surfactant blooms and lamellae as a function of concentration as well as

presence of other additives should be further investigated. For thin films, Neutron
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Reflectometry (NR) or lon Beam Analysis (IBA) can be used to measure the distribution of
a given chemical in the system in the z-direction. By obtaining information for more than one
chemical in the system, the influence of other additives on changes in molecular arrangement
can also be concluded.

Finally, crystallinity in PVA is an important industrial problem that significantly
influences both mechanical properties of the films and migration behaviour within. Therefore,
detailed investigations into the influence of crystallinity on additive migration in the system
should be performed by combining techniques that measure crystallinity on short- (FTIR) and
long length scales (XRD), as well as thermal behaviour of the sample under elevated
temperatures and its influence on recrystallization in the system (DSC). Coupling these
techniques with AFM, Raman spectroscopy, or NR/IBA can provide the distribution of
additives as a function of polymer crystallinity (induced by chemical or physical methods), as
well as influence of other additives on crystallite behaviour, possibly under various
environmental conditions.

The research carried out in this thesis only considered PVA as a polymer matrix,
however the methodology used — piecemeal introduction of complexity from solutions, through
thin films to thick films, then considering environmental contaminants — can be applied
generally regardless of polymer chemistry. For example, studies on bio-derived polymers or
their blends with PVA could be performed to investigate low-carbon alternatives to oil-derived

polymers.
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