Characterization, Modification
and Applications



Contents

1  Polymer Surface and Interface Characterization Techniques ............ 1
Manfred Stamm
[.1  Surface and Interfacial Tension (ST, IT)....cccccevvrvnriiiicnnsiinineninns 6
1.2 X-Ray Photoelectron Spectroscopy (XPS)...ocov 7
1.3  Scanning Force Microscopy (SEM) ..o, 8
1.4  Ellipsometry (ELLI) and Surface Plasmon Spectroscopy (SP)........ 9
1.5  Infrared Spectroscopy (ATR-FTIR) ..o, 9
1.6 X-Ray and Neutron Reflectometry (XR, NR}.....oocoorvriiincerenns 10
1.7 Scanning and Transmission Electron Microscopy (SEM, TEM)... 11
1.8 Electrokinetic Methods (Zeta POtential).......cocvvenerinsecersioneionns 12
1.9 Optical Microscopy Techniques (OM}....ooiveivivvccniinninnnnnnnn, 12
1.10  Secondary Ion Mass Spectrometry (SIMS)......ccoovvveininicininiininnn, 13
1.11  Indentation, Adhesion, Mechanical Properties........ccvreencniinns 13
1.12  Inverse Gas Chromatography (IGC) ... 15
1.13 Ion Techniques (FIB, RBS, ERD, NRA) .....cccoovciiiciiniiininninns 15
RETEIGICES - ettt ettt e e e e s s 16
2 Structure Determination in Thin Film Geometry Using
Grazing Incidence Small-Angle Scattering ..............cocoooooiviiivinennee. 17
Peter Miiller-Buschbaum
2.1 INEOAUCHION ..ot e e 17
22 Real Space ANALYSIS...ovveivirieinioiriminiorsimi e rinsree s e 20
2.3 Reciprocal Space Analysis — SCAllering.....oocccvvciimiinininininn, 21
2.3.1  Conventional Diffuse Scatfering......ccoemvrinininnnniinnon 23
2.3.2  Grazing Incidence Small-Angle Scattering .....cc.eecveviennn, 24
24  Experimental Set-Ups for GISAS ... 27
241 GISAKS . e e 28
242 GISANS...is e 29

vil



viii

Contents
2.5  Selected Cuts from 2D Data.....occeceermiivviininicii e enenenenes 30
2.5.1  Out-of Plane SCans .....ccccccvvvarinicinininieimimmere e 30
2.5.2  Detector and Off-Detector SCans.........cccvvviivionnicniininnns 31
2.6 Selected EXAMPLEs .ooverevrecvecrcreeii s 33
2.6.1  Spin-Coated Thin Polymer Films .......cocvovmviniiiieins 33
2.6.2 Dewetted Polymer Blend Films...........cooiiiiiiininnnnnnnn, 35
2.6.3 Dewetted Diblock Copolymer Films ...ocovveeervrnnrnninnininens 36
27 SUIMIMATY oottt s s s e bbb 38
ACKNOWIEAZIMENES ...eereririeirrrereec e e e e e bbb s 39
RETEICIICES .uviiveievessiesrerssenisrernrerns e ereeraeseeesressisestsestaebaebtesbassabessrsssnssinaeans 39
Vibrational Spectroscopic and Optical Methods..................occiinnn 47
Martin Miiller
3.1 INrodUCHON ..o e 47
3.2 Vibrational Spectroscopic Methods ..o 48
32,1 PrincCiples ..o e 48
3.2.2  Transmission Infrared {TRANS-IR}...cccccceviiiniciniiireinnnns 51
32.3  Aitenuated Total Reflexion Infrared (ATR-IR)................ 52
3.24  Grazing Incidence Infrared (GIR).......ooovvminiinmeinnnnnne. 58
3.2.5 Diffuse Reflexion Infrared (FT) (DRIFT) ...oooociiivivininns 59
326 Raman SPectrOSCOPY «vrvrecrcererersriimiiiiessissssissessssssanns 61
3.3 Optical Methods.......ocoiiiniiiim s 62
33,1 EIPSOMETIY coooereeve i enimesrirsimssnsevesse s ecb i 62
3.3.2  Surface Plasmon Resonance (SPR) v, 05
34 SUIMIMATY vrevvererecc et essses s a st e ras 69
ACKNOwledZments .........cccovinvininnninercri it 69
REFETEIICES 1.veevvirvreeieraeraeerrearirarresnesers e e cm e emceeae bbb b s b b e s b s 09
X-Ray Photoelectron SpectroScopy.......ccocoevvviminviorvsnieesseieeeeee 71
Dieter Pleul and Frank Simon
4.1  Intreduction, History and Physical Principle ..., 71
4.2 INSrUMENtAtioN ....cociiriieeeiiiriireneinneiaeeessrresrreessrnsanr s rrrssesseneeenes 73
43  Information Depth.......cccoermmi e, 74
44  Polymer and Other Non-Conducting Samples........cccoovvvrnnrrennens 75
4.5  Wide-Scan Spectra — Quantification and Interpretation................. 76
4.6  High-Resolution Element Spectra — Peak Deconvolution
And TREIPIELAtION 1veevereeeerereieeeeiereeeee i st e s 80
47  Labelling — The Derivatization of Functional Groups
for its IdentiliCatiON . ivieeveeeeereeeeeeeresta e e e smee st esreresressreeranenans 82
4.8  Angle-Resolved XPS ..o 84
4.9  Special XPS Techniques ... 85
4901 Kryo-XPS oot 86
4,92 Small-Spot XPS ..o s 86

493 Imaging-XPS ... 87



Contenis ix

REFETEICES et arsee s ess bbb ebe e e s b e snensrins 83
Monographs and REVIEWS .o crrrriresnsesssssn e ssesseeens 89
5 Time-of-Flight Secondary Ion Mass Spectrometry .............c.c....oonnnee 91
Dieter Pleul and Frank Simon
5.1 Introduction, History and Physical Principle ......cocoooeiiiiiiiinnn. 91
5.2 InSEUMENEATION .ooiveeceiieeiecieeci e easc e e rasr s sne s s e varesrsressesrrens 03
5.3 S AMPIES e e s srre e 95
54  Time-of-Flight Secondary Ion Mass Spectra
and Their Interpretation. ..., 95
5.5  Imaging Time-of-Flight Secondary Ton Mass Spectroscopy.......... 99
REEIENCES .ottt ettt e e 101
Monographs and ReEVIEWS ...cccovviiiiiiciiininsienis e 101

6  Characterization of Polymer Surfaces by Wetting and Electrokinetic
Measurements — Contact Angle, Interfacial Tension, Zeta Potential . 103
Karina Grundke

0.1 InOdUCHOM et s 103
6.2 Theoretical Background of Wetting
and Electrokinetic PRenomena ..........coo.ooo.ocevvveeoemveeseoeeneeseeenone. 106
6.2.1 Contact Angle, Interfacial Tension, Laplace
and Young BEQuations.......ceecmreermiesie e 106
6.2.2  Wettability of Solid Surfaces.......c.ccoooeeieiiiiiiieee 113
6.2.3  Origin of Surface Charge, Electrical Double Layer,
Zeta Potential.....ccoiiiiiirnienec e 119
6.3  Experimental TeChnIQues . ...coooooiiieeciee e eecee e 124

6.3.1  Contact Angle Measurements: Sessile Drop
or Adhering Bubbles, Wilhelmy Balance Technique, .
Capillary Penetration ..........c.ccccoceeeveincvinienevessinnnsnnes 124
6.3.2  Zeta Potential Measurements: Particle Electrophoresis,
Electro-Osmosis, Streaming Potential,

Sedimentation Potential .. ....ccccieeeniieinierrnesissinssnsssninens 134

R O BNCES ittt ettt en e eae e e re e e e e 136

7 Mechanical Properties of Polymers at Surfaces and Interfaces.......... 139

Konrad Schneider

Tl INOAUCHON cccciie i ceeecc e s sbar et nb s e ts b s s s s st ens s antsneas 139

7.2 Overview of Mechanical Bulk Behaviour.........cccooveneerninniricnenns 140
7.3 Fracture Mechanical Characterization

of Polymers and COmMpPOSItES.....cerrerrrenrierrienrreiieiciniesssreenmerienrennens 144

7.3.1  Stress Intensity-(K-)Factor ..o 144

7.3.2  Energy Release Rafe...cooo s 145

7.3.3  The Concept of Crack Resistance-(R-)Curve ........ccoceeuene 146

7.3.4  Stress—Strain Situation and Failure
in Heterogeneous SyStems .....cverineiienmnnincinienninn. 147



Contents

7.3.5  Characterization of Interlaminar Strength

1N COMPOSILES 1e.vveveecrecreccieinne s sasns e
7.3.6  Some Remarks on Shear Tests ..o i,
7.4  Characterization of Surface Forces and Adhesion .........cccvivvinnn
T4 Peel TeSL cvvivirreiirieeecieeeeeccarnssine s ssrn s tasaranen s ssseeeneeenees
T4.2  BlSEr TeSIS oooiiiiiiiiir e sreereessresiss srssse et e s s anranaeas
7.43  Blade Cutting Test (HeSiometer) ........covvvnvernsniennninnncin
74.4 The Adhesion Scratch Test (Diamond Scratch Test,
Stylometer}, Nanoscratch Test ..o
74.5 Nanoindentation Test. ...,
7.4.6  Surface Force Measurement: Surface Force
Apparatus/MASIF .
747  Force Measurement by AFM/SFM........cciviiiinnnn
7.4.8  Colloidal Probe Techniques with the SEM....ooconvvviniens
RETETEICES vt ivaverevirrs e vt e e ecteecae s et tesatesssessne s e rabsatsrn s ean e e e se s sasaabans
Interfaces Between Incompatible Polymers ............ccoooiviniinininns
Peter Busch and Roland Weidisch
8.1 INLrOTUCHON eieree e eressrsr s eeee st e sb e s r e n e aae sen e e
8.2 THEOIY vooererierir ettt s e e
8.3  Neutron ReflectOmEtry .o eresiiicemienee s ssnsss s sseesnnene
B4 APPHCAHONS cooveeireer it e
8.4.1  TOMOPOLYINETS ...oooiiiiiiiiiininimiresisssnnsnrsee et sanas
8.4.2 Polymer Blends ...
8.4.3  Block COPOLYMETS .overeemevceeeriiiiiisiisisininin e
§.4.4  Organic Films and Polymer Brushes ..o,
8.4.5 Comparison with Real Space Techniques..........coevininnn,
8.5 CONCHISION tivirririerevierrersrersae s saeasreereccemoeen b ebs s eis b e s e s e s saba e s
RETETEIICES 1vvviveiriei i ccitbee s ssrrrre e meeere e eeesaiaabs e s r e r b e e st a b A nee e rssae e enabeas

Liquid-Liguid and Liquid-Vapor Interfaces

in Polymeric SYSTEIMS. ..o e
Marcus Miiller
0.1 INEOJUCHION...cocctiiiiiriscrecr e rer e n et e ss s ebs e e e
9.2  Interfaces in Binary Polymer Blends ...
9.3 Self-Consistent Field (SCF) Theory...cccovvnininccinciiiiiins
0.4 Excess QUantities ....cociuervimeevninenmmmi s
9.5  Interface FIUCtUations. ....c.covviceiiimnniiiiii i nessnsassenmna s
9.6  Kinetics of Phase Separation.........cuimiimisiies s
9.7  Liguid-Vapor Interfaces ..o
9.7.1  Phase Behavior, Packing Effects
and Density Functional Theory...........cn.
972  Wetting and Stability of Thin FIIms ........coceviiiiinnrinenns
0.7.3  Explicit SOIVEnNt .....ccooviiiiiiiiniiin i
9.8  OULIOOK 1iivei et e b b

160



Contents xi

10

11

12

ACknOWIEdZEMENES ...t iririreineeiierrrrr s e e et sn s 200

RETETEICES ..ottt ettt e ee s g ere e esenean 200

Plasma Maodification of Polymer Surfaces

and Plasma Polymerization .............cccocooii oo, 203

Mirko Nitschke

10.1  Plasma Modification of Polymer Surfaces.........oovivvevreviriirnnns 203
10.1.1 Why Use Low Pressure Plasma? ........cccooevieiiieeviceninnn. 203
10.1.2 How to Apply Low Pressure Plasma ........cccocvciininnccnnnees 205
10.1.3  EXAMPIES c.ceiiiivvriieiernnrisiesrenssrenmmnireersesireessinssssssessnsseas 207

10.2  Plasma POLYMETIZAON cvecveeeeieeeeeeeeieieeeecteccee e e eeneceneseneens 211
10.2.1 Why Use Plasma Polymerization?.........ccccceevnnnnnnninnn 211
10.2.2  How to Apply Plasma Polymerization......cc.occcvvervvrrnnecnnen, 212
10.2.3  EXAMIPLE ot er e 213

10.3 Recommended LUEratiure .......coovvvieiinininiennccce e 213

References.......ccovevvennns e rEr e atE R ee e b s et e e re e nEeaaaateeaeeserrrnteerrere s 214

Grafting on Solid Surfaces: “Grafting to”’

and “Grafting from’ Methods ..., 215

Sergiv Minko ‘

111 IntrodUCtiON.. oottt e r e e s e 215

11.2  Behavior of Polymer Brushes .......cccccooeoerenvniniireiesrinininnssseses 217
11.2.1 Homopolymer Brushes ...oooviioniioniiiiniciicienisneeeeecieeiens 217
11.2.2  Bidisperse Polymer Brushes.........ocoovivinnninn. 219
11.2.3 Mixed Polymer Brushes .........ccovvvevvcrnvcrnveimnmnencenennes 220
11.2.4 Block-Copolymer Brushes.......coocooeioiieeiicniieieece e 224

11.3  Synthesis of Polymer Brushes........ccoovvvvivecninvnicceeeen 225
11.3.1 Modification of Solid Substrate........ocovvirnieiiiincnenns 225
11.3.2  “Grafting to” Method......cooooiiii s 227
11.3.3 “Grafting from” Method..........ccccccirmicnnnn e, 228
11.3.4  Synthesis of Mixed Brushes ..o vveriec e 229
11.3.5 Controlled Synthesis of Polymer Brushes

by “Living” Free Radical Polymerization ..........ccoceeeee.. 230
RETEIENCES ...ttt e e e s 231

Surface Modification by Adsorption of Polymers and Surfactants .... 235
Cornelia Bellmann

1201 IEOMUCHIONI . coeeeeeii e e s s rn e e s srnes s e s esntreannbnsssnrsarsesssn 235
122 Pundamentals ... .oveeiciimniiiciie e eeee e e e e eeane et eeeaneens 236
12.2.1 The Role of the Solid Surface........cccc.ooovveeeeivvvir i 240
12.2.2 The Role of the Solvent......cc.voicieeiiviciiicinneeiieieeieeee. 240
12.2.3 Influence of the Third Substance..........cccoocveevvvenvvienviennins 241
12.2.4 Adsorption of Uncharged Macromolecules.........ocoevveeen 241
12.2.5 Adsorption of Polyelectrotytes and Polyampholytes........ 243

12.2.6  Adsorption of Surfactants ..........cccoveevrnnnnnnnirnccecnenns 244



xii

13

14

15

Contents
12.3  Selected Methods for Investigation of Adsorption Processes ........ 246
12,4 ADPPHCAHONS .ovvvve ittt e 249
12.4.1 Adsorption of Surfactants ..., 250
12,42 Adsorption of Polyelectrolytes .......c.ooivvvermroeciecicniees 254
12.4.3  Adsorption of Coupling AZents.............cmiieviniinininnnnn 255
T (1 = U RTROUOP 257
Nanostructures in Thin Films from Nanostructured
Polymeric Templates: Self-Assembly.......coococovninnin 261
Alexander Sydorenko
13,1 INOAUCHOMN ettt e et s 261
13.2  Self-Assembly for Nanostructurinlg ..., 261
13.2.1 Self-Assembly in Block Copolymers ......cccorvmreeeeeenienenns 262
13.2.2 Supramolecular Assemblies Based
on Block Copolymers ... 263
13,23  Self-Assemnbly in SMA. ...t 265
13.3  Ordering and Orientation in SMA.....coorimiiiiir 268
13.4 Nanoreactors for Nanoparticles. ... ..o, 271
13.5  CongluSIONS .. ee et e 271
REBrenCes oo e citiiiieniinicniitessvea et s a s 272

Influencing the Interface in Polymer Blends by Compatibilization

with Block COpOLYMErS ..........ooviveiecensie i s 275
Doris Pospiech
14.1 Inwoduction: Why Block Copolymers and Polymer Blends? ........ 275
14.2 Miscibility of Polymers: Thermodynamic Basics.....ccoceeeeeeeecnnene. 278
143 Compasibilization of Immiscible Polymer Blends:
General OPLONS v irssrer s s s 281
14.3.1 Introduction of Specific Interactions ........oveccnininnnnnn 282
14.3.2 Reactions Between the Polymer Phases in the Blend....... 283
14.3.3 Block Copolymers as Compatibilizers ..., 286
14.4  Compatibilization in Polymer Blends: Examples........ccooivniainininns 287
14.4.1 Compatibilization by Using Reactions Between
the POLYINETS .uveevreeereriienr e nmsissimss s imvns e e s e 287
14.4.2 Compatibilization with Block Copolymers ........ccoccvvevnnns 292
14.4.3  CONCIUSIONS 1vvvvvrvverreie et s 295
RETEIEIICES cvvrvvirre e s 296
Interfacial Phenomena of Biomaterials ... 299
Carsten Werner
15,1 INtroduCtiON.. o eevereeeesees e esisiis st sss e s s e eas b st r e sanes 299
15.2 The Hierarchy of Bio-Interfacial Phenomena ....o.coovvviiiicininnna, 301
15.2.1 Surfaces of Biomaterials in Pre-Application Settings....... 302
15.2.2 Biopolymers at Interfaces .....ocvvrvereceeimeierc i, 303

15.2.3 Biomaterials in Contact with Cells and Tissues ......c..cv... 305



Contents Xiii

15.3  Surface Maodification of Polymeric Biomaterials............coveevuennnne 308
15.3.1 Minimizing Non-Specific Interactions ........c....ccvueererenne. 308
15.3.2 Implementing Bioactive Elements —
Maodulating Molecular Signals ......ccreeeveresvieniiisiensieenienns 310
15.3.3 Supramolecular Biopolymer Assemblies
Providing Morphogenetic Cues ......oovvvvrninvceincecceninenn, 313
154 CONCIUSION «oeomiieiiceeitir vt sa e sbars e s snr s sneeenes 315
ACKNOWIBAEEMEILS ..ot et 316
RETEIBNCES 1..ovvivisiiriirisiriiiiis s e se s e ene b e 316



