Elucidating the Interfacial Molecular Interaction Mechanisms of Silicone Adhesive,
Polymer Degradation and Polymer Bio-applications Using Advanced Spectroscopy

by

Ting Lin

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Macromolecular Science and Engineering)
in the University of Michigan
2024

Doctoral Committee:

Professor Zhan Chen, Chair

Professor Joerg Lahann

Assistant Professor Abdon Pena-Francesch
Professor Anish Tuteja



Ting Lin

linting@umich.edu
ORCID iD: 0000-0002-3016-1492

© Ting Lin 2024



Dedication

This work is sincerely dedicated to my beloved family as well as those who love and support

me along this journey.



Acknowledgements

As | near the completion of 23 years of education, | wish to seize this moment to extend my
deepest appreciation to my mentors, colleagues, family, and friends.

First and foremost, 1 would like to express my sincere gratitude to my Ph.D. advisor Prof. Zhan
Chen for his continuous support and instructive advice during my graduate school journey. His
unwavering enthusiasm for research serves as a profound inspiration to me. He consistently took
the time to engage in discussions, inspiring me in navigating complex problems. He not only aided
in my professional growth as an independent researcher but also empowered me to complete this
dissertation by unlocking my potential. | feel so honored and lucky to have him supervise both in
research and in life.

Along with that, 1 am grateful to my dissertation committee members: Prof. Joerg Lahann,
Prof. Anish Tuteja, Prof. Abdon Pena-Francesch for their detailed feedback and helpful discussion.
I also want to thank my collaborators in Dow Chemical Company: Dr. Xiaoyun Chen, Dr. Carol
Mohler, Dr. Nick Shephard, Dr. Dongchan Ahn, Dr. Elizabeth Santos, Dr. Frederic Gubbels for
guiding the silicone project; Dr. Yuming Lai in Dow Chemical Company, Rachel Cable, Dr.
Jessica Choi, and Prof. Melissa Duhaime in Ecology and Evolutionary Biology for Polyethylene
degradation project. I also would like to thank the sources that funded my doctorate research: Dow
Chemical Company University Project Initiatives, 3M fellowship, PPG fellowship, Rackham
Predoctoral fellowship.

Also, | appreciate all my colleagues in Chen lab, especially: Dr. Minyu Xiao, Dr. Xingquan



Zou, Dr. Joshua Jasensky, Dr. Bolin Li, Dr. Daniel Rossi, Dr. John Andre, Dr. Tieyi Lu, Dr. Wen
Guo, Dr. Ruiying Guo, Dr. Jun Zhao, Jinpeng Gao, Shuging Zhang, Yuchen Wu for all the help
and inspiring discussion in the past few years.

Finally, I am deeply grateful to my family who love and support me unconditionally. Without
their encouragement and unfailing support, this thesis would not be possible, and | won’t be who
I am now. Simultaneously, | want to express my sincere gratitude to all those who provided

invaluable support whenever | faced challenging moments throughout my Ph.D. endeavors.



Table of Contents

DBUICALION ...ttt r et b et e et b e n e r e i

ACKNOWIEAGEMENTS ...ttt b ettt et et st esbeebenneenns ii

LISt OF TADIES. ... IX

LISE OF FIQUIES ...ttt b ettt st e e be et e sb e et e e st e sbeebeeneenbeebens X

AADSTIACT ...t Xiv

Chapter 1 INTrOQUCTION ....oveiiiiii ettt ettt b e r e b eneenes 1

1.1 Motivation and BacKgroUNQ............cccueieiieiiiiieiiereee e 1

L.1.L INEFOTUCTION ...t 1

1.1.2 Polymer — Biomolecule INteractions..........ccccecvuevveriesieseeieseesie e sie e 2

1.1.3 Adhesion and Silicone AGNESIVES .........cc.coiiiiiiiiiiieeee s 2

1.1.4 Polyethylene Degradation Mechanisms under Simulated Solar Exposure........... 4

1.2 Sum Frequency Generation (SFG) Vibrational SpectroSCopy .......c.cccvveveriieniereniinnenns 5

1.2.1 SFG Background and BasiC THEOIY........ccccvueiiereeie e e sie e 5

1.2.2 SFG INStrUMENTALION ..o 7

1.2.3 Orientation Calculation of Buried INterfaces...........cccovviiiinciiiicncsecee, 8

1.3 Presented RESEAICH.......c.ociiieeie e 9

1.4 Research CoNtriDULIONS ..........coeiiiiiiieisesee e 11

1.5 RETEIBINCES ...ttt 12
Chapter 2 Probing Biological Molecule Orientation and Polymer Surface Structure at the

Polymer/Solution INEErface IN SIU.........ooveiiiie e 15

2.1 INEFOAUCTION ...ttt 15



2.2 Materials and METNOUS ... ... e e et e e e e e e, 18

2.2.1 Materials and Sample Preparation ...........cccoovereiieiienesin e e 18

2.2.2 Experimental MethOUS .........c.coveiiieiiecc e 20

2.3 RESUILS ANT DISCUSSION.......eiueiiieiieiiitisie ittt 23

2.3.1 Peptides Orientation ...........cccovvereiieieese e sre e ens 23

2.3.2 Phenyl Group Orentation ..........cccoueieiiiiie e e 31

2.4 CONCIUSION ...ttt 38

2.5 RETEIBINCES ...ttt b bbb 39
Chapter 3 Molecular Insights to Adhesion at a Buried Silica-filled Silicone/Polyethylene

Terephthalate INTEITACE .......c.ooiiiie et es 46

B.L INEFOAUCTION ...t 46

3.2 Materials and IMEtNOUS.........c.coviiiii e 49

3.2.1 Materials and Sample Preparation ............ccocveveeieiieennsie e 49

3.2.2 Experimental MethOdS ..........coveiiiiiiee e e 52

3.3 RESUILS AN DISCUSSION......cvieiiieiirieieiesiesr ettt 54

3.3.1 Adhesion Strength RESUILS ........cueiiiiiii s 54

3.3.2 SFG RESUIES......c.eieiecet e 56

3.3.3 Correlation between SFG and Adhesion Measurement Results......................... 78

3.4 CONCIUSION ...ttt 80

3.5 RETEIBINCES ...t 81

Chapter 4 Probing Covalent Interactions at a Silicone Adhesive/Nylon Interface................... 87

A1 INEFOAUCTION ...t bbbttt bbbt 87

4.2 Materials and MEthOUS ... 89

4.2.1 Materials and Sample Preparation ...........ccccooeeiiienienenie e 89

4.2.2 Experimental MethodS ..........oiveiiiiiiiee e 91

4.3 RESUILS aN0 DISCUSSION........oiuiiiiiiiiiiiieiieiet ettt 93

Vi



4.3.1 Buried Nylon/Silicone (with or without Adhesion Promoters) Interface: SFG N-

H SEretChing SIGNal.........ooiiiie e 93
4.3.2 Group Contribution Solubility Parameter Estimation..............cccccevvvviieiiennnn, 98
4.3.3 Buried Nylon/Silicone (with or without Adhesion Promoters) Interface: SFG
C=0 Stretching SIGNal .........ccoiiiiiiiee e nreas 101
4.3.4 AdNesion Test RESUILS.........cciiiiiiiiie e 104
4.4 CONCIUSTON ...ttt et 107
4.5 RETEIBNCES ...ttt bbbt 108
Chapter 5 Elucidating the Changes in Molecular Structure at the Buried Interface of RTV
Silicone Elastomers dUring CUMNG .........ooviiieieiie et 115
5.1 INEOAUCTION ...t 115
5.2 Materials and MEthOUS........c..ooiiiiiiiie e 117
5.2.1 Materials and sample Preparation ..........ccocceecevveresieesieese e 117
5.2.2 Experimental Methods ..........cooveiiiiiieiiee e 119
5.2.3 SFG Data Analysis Method ...........ccccoueiieiiiiiiiece e 121
5.3 RESUILS @N0 DISCUSSION.......eiuiiiiiiiiiiiisie sttt 124
5.3.1 Time-dependent Methoxy SFG ReSUILS ..........ccoveveiieiieesice e 124
5.3.2 Silylated Time-dependent Methoxy SFG ReSUItS..........cccevveiiiiiieciieiie i, 127
5.3.3 Humidity Comparison on Methoxy SFG ReSUltS ..........cccocevieveiieciecc e, 134
5.3.4 AGNESION RESUILS.......oiviiiiiiiiiiiie e 136
5.3.5 Peak Assignment of Ti CatalysSt.........cccccvevviiiiiiii e 138
5.4 CONCIUSION ...t et bbbt e 139
TSI R = 1= (] 101U 140
Chapter 6 Analysis of Accelerated Weather Aging Effect on Polyethylene with Varied
Densities Using a Combination of Analytical TEChNIQUES.........ccecovviiiiiveriesiesece e 144
6.1 INEFOUUCTION ...ttt bbbt 144
6.2 Materials and MethOdS ..o 146

vii



6.2.1 Materials and Sample Preparation ...........cccoccevveneiieiieese s ss e 146

6.2.2 Experimental Methods ..........couoiiiiiiieieice e 146
6.3 Results and Discussion (Ting Lin’S WOIK) .......cccccvevviieerieeri e 149
6.3.1 RAMAN SPECIIOSCOPY ....uveeiueieiieaiiiesieeaieesieeateesieeebeesieeebeesseeebeessneesaeessneenee e 149
6.3.2 Grazing incident X-ray diffraction (GIXRD) ......ccccccvvveviviiiiieie e 151
6.4 Results and Discussion (Shuging Zhang’s WOrk) .........ccccoeoeerieinenieniencse e 153
B.4.1 ATR-FTIR .o 153
6.4.2 NANOINGENTALION .....oviiiiiiiieiieie e 158
6.4.3 Water Contact Angle MeasUremMeNt..........cccovevvereeiieiieese e s ese e se e 160
6.5 FUIMNET DISCUSSION ...ttt bbb 161
8.6 CONCIUSION ...ttt 165
6.7 RETEIBINCES ... et b bt 166
Chapter 7 Conclusions and FULUIE WOTK ..........ccoiieieiiiir e 171
7.1 Conclusions and FULUIE WOTK...........cooiiiiiiiiieicie e 171
7.2 RETEIENCES ...ttt nr s 177

viii



List of Tables

Table 2.1 Number of amino acid of each type in each peptide investigated in this research....... 19

Table 2.2 Indices of refraction used in the Fresnel Coefficient calculations................cccccoennnn, 21
Table 2.3 Amide | peak fitting PAramMeters .........cccveveiieii e 31
Table 2.4 Phenyl group C-D stretching vibrational peak fitting parameters. ..........cccccevvvveniene 35
Table 3.1 Silicone elastomer (SE) COMPOSITIONS. ......ccveiiiiieiieieeiese e 51
Table 3.2 Compositions of the silicone adhesive samples investigated. ..........ccccoveviiiniienene. 52
Table 3.3 SFG peak assignments 5354 6489, 74 e 58
Table 3.4 FIttiNG PArAMELEL ... ...coieieiieiie ettt sttt seesbe et e eneesreeeeenes 77

Table 4.1 Compositions (in weight ratio) of the silicone adhesive samples investigated. More
details about Part A and Part B can be found in ref. 48.........ccoo i 90

Table 4.2 Fedors group contribution parameters at 25.0 °C for Hildebrand solubility parameter
estimates reported in this STUAY. ™ ..........o.oviioicce e, 08

Table 5.1 Fitting parameters of the time-dependent SFG spectra collected from the MSA/silica
interface before silylation as ShOwn in FIQUIE 5.3 ..o 125

Table 5.2 Tilt angles of methoxy group at SiO2/MSA interface with various curing times...... 126

Table 5.3 Fitting parameters of the time-dependent SFG spectra collected from the MSA/silica
interface after silylation as ShOwn in FIQUIE 5.5 ......ccvoviieiiee e 132

Table 5.4 Fitting parameters of the time-dependent SFG spectra collected from the MSA/silica
interface before silylation at different humidity levels (30% and 809%) ..........ccccevvevveiververnenne. 135

Table 6.1 Polyethylene sample iINfOrmation ...........ccccoooviiiiiii i 146

Table 6.2 Summary of change in carbonyl index and vinyl index for plaques after 4 weeks of
SIMUIALET SOIAI EXPOSUIE.......viiieiitie ettt sttt sttt be st e sre e beeneesbeenbeeneenreas 156



List of Figures

Figure 1.1 (a) SFG energy diagram, (b) schematic of the SFG experimental setup............c..c....... 6
Figure 2.1 SFG ssp and sps spectra collected from the d8-PS/PBS solution interface. ............... 20

Figure 2.2 Fresnel Coefficients calculated as a function of the d8-PS film thickness for the
CaF2/d8-PS interface and the d8-PS/peptide solution interface for SSP (a) and SPS (b) spectra.22

Figure 2.3 CD spectra of the wild-type hybrid peptide in PBS solution (a), the wild-type hybrid
peptide on quartz (b), the wild-type hybrid peptide on PS (c), hybrid peptide mutant A2 on PS, and
IMIST-T8 0N PSSt b bbbttt bbb bbb 24

Figure 2.4 SFG ssp and ppp amide | spectra collected from the interfaces between d8-PS and
solutions of the wild-type MSI-78 peptide (a) and the MSI-78 mutant (b).........ccccoevveieivernnnne. 26

Figure 2.5 SFG ssp and ppp amide | spectra collected from the interfaces between d8-PS and
solutions of mutant B (a), wild-type hybrid peptide (b), mutant A (c), and mutant A2 (d). ........ 29

Figure 2.6 Dependence of tilt angle on the SFG amide I signal ratio yppp/yxssp of an a-helical
peptide With 26 amMiN0 aCIA FESIAUES. .........ccveriiiieiees et raeneeenaenrees 30

Figure 2.7 Different C-D stretching modes for phenyl group (a), tilt angle and twist angle of a
phenyl group in lab-fixed (X, y, z) coordinate system and molecule-fixed (x’, y’, z’) coordinate
A1 (=100 1 (o) RSP RRR 31

Figure 2.8 SFG ssp and sps spectra collected from the interfaces between d-PS and solutions of
PBS buffer (a), mutant B (b), wild-type cecropin-melittin hybrid peptide (c), mutant A (d), and
MUEANT A2 (£). 1.veeeeeeeeiteeeeteste et e s te e e s te et e e st e s te e aeeseesteesbeaseesseesseasseaseesseeneenreeseaneeaseeseaneenrens 33

Figure 2.9 yssp,v2/ysps,v2 ratio as a function of phenyl group tilt angle (assuming a d-distribution
(0 0T 1= 0] 7L AT ] ) TSSOSO 35

Figure 2.10 SFG ssp and sps spectra collected from the interfaces between d-PS and solutions of

MSI78 peptide (a), and MUMSI78 peptide (D). ....ceeoveieiiee e 38
Figure 3.1 SFG experimental Sample gEOMELIY .........cooiiiiiiiiiiiee e 53
Figure 3.2 Schematic 0f 90° adheSION TSL. ........cveieiciicccc e 53



Figure 3.3 Adhesion data collected from different silicone adhesives with silica filler: (a) all
samples cured at 150 °C for 60 mins (b) all samples cured at 150 °C for 15 mins. All the silicone
samples tested here contain fillers, indicated by (f) in the two figures........cccccevevievvcic e, 55

Figure 3.4 SFG spectra collected from buried interfaces between d4-PET and different silicone
(with adhesion promoter) samples: (a) uncured and cured silica unfilled GPS/IDMMVS silicone;
(b) uncured and cured silica filled GPS/DMMVS silicone; (c) uncured and cured silica unfilled
GPS/DMMVS/AC silicone; (d) uncured and cured silica filled GPS/DMMVS/AC silicone. The
dots are experimental data and the lines are fitting reSUlLS. ..........ccoooeririiniei i 57

Figure 3.5 SFG spectra collected from buried interfaces between d4-PET and different silicone
(with adhesion promotor of mixed DMMVS and methyl terminated silane OTMS or HTMS)
samples: (a) uncured and cured OTMS/DMMYVS/AC silicone with silica filler; (b) uncured and
cured HTMS/DMMVS/AC silicone with silica filler. The compositions of samples
OTMS/DMMVS/AC and HTMS/DMMVS/AC can be found in Table 3.2.......ccccoovvivieieiennnn, 65

Figure 3.6 SFG spectra collected from buried interfaces between d4-PET and AC silicone with
silica filler samples under different curing times at 150°C: (a) Uncured AC silicone with silica
filler (0 mins); (b) Cured AC silicone with silica filler (15 mins); (c) Cured AC silicone with silica
filler (60 mins); These samples do not contain the adhesion promoters............cccceevevveievvernenne 69

Figure 3.7 SFG spectra collected from buried interfaces between d4-PET and GPS/DMMVS/AC
silicone with silica filler samples after curing for 15 min; (b) SFG spectra collected from buried
interfaces between d4-PET and GPS/DMMVS silicone with silica filler samples after curing for
15min. The dots are experimental data and the lines are fitting results............cccccoevevviieiviiennen, 70

Figure 3.8 Schematic of silicone methyl groups oriented at the d4-PET/silicone interface. 6 and y
are tilt and twist angles for a SI(CH3)2 GrOUP. ...o.oiiiiiiieiie e 72

Figure 3.9 Dependence of tilt angle of the vector v versus the surface normal on the SFG methyl
SigNal Strength ratio ySSP,S/ Y SSPIAS «vevververrerierieerieeeesteesteeseesteestesseesbeesbesseesbeesbesseesbeesbesneesreeneeanes 73

Figure 3.10 SFG spectra collected from buried interfaces between d-PET and different neat
silicone samples: (a) uncured and cured neat silicone without silica filler; (b) uncured and cured
neat silicone with silica filler; (c) uncured and cured silicone with silica filler and adhesion catalyst.
....................................................................................................................................................... 74

Figure 4.1 Schematics of SFG experiment and adhesion test: (a) SFG experimental sample
geometry, (b) experiment configuration of 90° adhesion test...........cccceevveiieii i 92

Figure 4.2 SFG spectra in the N-H stretching frequency region collected from buried interfaces
between nylon and silicone with different adhesion promoter samples: (a) uncured neat silicone;
(b) uncured GPS/IDMMVS/AC silicone; (c) uncured SA/IDMMVS/AC silicone; (d) cured neat
silicone; (e) cured GPS/DMMVS/AC silicone; (f) cured SA/IDMMVS/AC silicone................... 94

Figure 4.3 SFG spectra in the C=0 stretching frequency region collected from buried interfaces
between nylon and silicone with different adhesion promoter samples: (a) uncured neat silicone;

Xi



(b) uncured GPS/IDMMVS/AC silicone; (c) uncured SA/IDMMVS/AC silicone; (d) cured neat
silicone; (e) cured GPS/DMMVS/AC silicone; (f) cured SA/IDMMVS/AC silicone................. 102

Figure 4.4 (a) Adhesion strengths measured from different nylon/silicone interfaces; (b) Photos of
the cross sections of different SIlICONE SYSLEMS. .....c.oiiiiiiiiie e 105

Figure 5.1 Schematic showing a methoxy group and the coordinate system chosen for orientation
analysis. The methoxy group adopts a C3v symmetry. The xyz coordinate demonstrates the lab
coordination frame. O is tilt angle of the vector v of the SIOCH3 group. .......cccccvvvvvveiiiieininnnnn 123

Figure 5.2 yssp/xppp ratio as a function of the tilt angle of the net transition dipole of the methoxy
C-H stretching (with respect to the surface NOrmMal) ..........ccccoevieiiiic i, 124

Figure 5.3 SFG SSP (black) and PPP (red) spectra collected from the MSA/silica interface as a
function of curing time of (a) 0 h, (b) 3 h, (¢c) 6 h, (d) 10 h, (e) 23 h. Dots: experimental data. Lines:
fitting results. (f) Time-dependent SFG yssp/yppp ratio. (g) The time-dependent yssp, xppp, and
the AVEraged VAIUES. ........ceeiiee et et e e et e te e e e s naesaeeneenneas 127

Figure 5.4 XPS spectra collected from the silica substrates (a) before and (b) after silylation, (c)
SFG spectra before and after silylation, (d) water contact angle results before and after silylation.
..................................................................................................................................................... 129

Figure 5.5 SFG spectra collected from the MSA/silylated silica interface as a function of curing
time: (a) 0 hr; (b) 3 hr; (c) 5 hr; (d) 23 hr; (e) 26 hr; (f) 57 hr; (g) Time-dependent SFG yssp/yppp
ratio; (j) The time-dependent yssp, xppp, and the averaged values ..........ccccevvevveiieeinciiernennene, 130

Figure 5.6 (a) Schematic of molecule orientation difference on regular and silylated silica surfaces;
(b) Schematic showing curing process in RTV silicone at silica substrate. ..........c.c.cccccevevenenne. 133

Figure 5.7 SFG spectra collected from the MSA/silica interface as a function of time when cured
at different humidity levels: exposure of (a) 0 hr; (b) 1 hr; (c) 2 hr; (d) 5 hr to 30% humidity level;
(FH 0hr; (g) 1 hr; (h) 2 hr; (i) 5 hr to 80% humidity level; (e) Time-dependent SFG yssp/yppp ratio
at 30% and 80% humidity levels. (j) Time-dependent yssp, xppp, and the averaged values at 30%
and 80% NUMIAILY TEVEIS. ......c.veieiee e 134

Figure 5.8 Adhesion strength on silica substrate with and without silylation...................c......... 136

Figure 5.9 Schematic of the curing process of RTV silicone. Initially curing occurs using the
hydroxyl groups because it takes some time for moisture to diffuse to the interface. Top right:
silylated silica/silicone interface. Bottom right: silica/silicone interface. Different objects in the
figure were NOt drawWn t0 SCAIE.. .......ecvi i e e nrees 137

Figure 5.10 SFG spectrum from the MSA (with Ti catalyst but without MTMS)/silica interface
(@), SFG spectrum from the MSA (wih MTMS but without Ti catalyst)/silica interface (b), SFG
spectrum from the MSA (with both Ti catalyst and MTMS)/silica interface (c), Raman spectrum
of Ti catalyst (d), IR spectrum of Ti catalySt (8).......cccevivereriiiiierr e 138

Xii



Figure 6.1 Raman results of various LLDPE samples in pristine condition, after two and four weeks
of UV exposure. a) LLDPE #5 crystalline region, b) LLDPE L crystalline region, ¢) LLDPE K
crystalline region, d) LLDPE J crystalline region, €) LLDPE #5 amorphous region, f) LLDPE L
amorphous region, g) LLDPE K amorphous region, h) LLDPE J amorphous region................ 149

Figure 6.2 Raman results of various HDPE samples in pristine condition, after two and four weeks
of UV exposure. a) HDPE #6 crystalline region, b) HDPE G crystalline region, ¢) HDPE H
crystalline region, d) HDPE #6 amorphous region, e) HDPE G amorphous region, f) HDPE H
Va0 o] g 0T RN 1=To | o] o TSP P PSRRI 150

Figure 6.3 Raman intensity change of various samples as a function of the UV exposure time in
the crystalline region (left) and the amorphous region (Fight). ..o, 151

Figure 6.4 GIXRD results of various PE samples in pristine condition, after two and four weeks
of UV exposure. a) LLDPE L, b) LLDPE K, c) HDPE G, d) HDPE H, e) Summary of crystallinity
change trend probed DY GIXRD. .....cc.oiiiiiee et 152

Figure 6.5 ATR-FTIR of LLDPE film #5 and HDPE film #6 in pristine condition (TO), after two
and four weeks of simulated solar exposure. (a: 3100-3800 cm, b: 1550-1900 cm, c: 880-940
7111 OO 153

Figure 6.6 Carbonyl index (a) and vinyl index (b) of LLDPE film #5 and HDPE film #6 in pristine
condition (TO0), after two and four weeks of simulated solar eXposure. ..........ccccoevveviveeieeineenne. 154

Figure 6.7 ATR-FTIR of LLDPE plaques J, L in pristine condition (T0), after two and four weeks
of simulated solar exposure. (a: 3100-3800 cm™, b: 1550-1900 cm™, ¢: 880-940 cm™)............ 155

Figure 6.8 Carbonyl index (a) and vinyl index (b) of LLDPE plaques in pristine condition, after
two and four weeks of simulated SOlar EXPOSUIE. .........eoiiiiiiieiieeee e 155

Figure 6.9 ATR-FTIR of HDPE plaques G, H and LLDPE plaques J, L undergoing four weeks of
simulated solar exposure. (a: 3100-3800 cm™, b: 1550-1900 cm, c: 880-940 cm™)................ 156

Figure 6.10 a) Schematic of different sample locations for testing. ATR-FTIR of HDPE plaques H
(b, ¢, d) and LLDPE J (e, f, g) undergoing four weeks of simulated solar exposure at different

locations. (b, e: 3100-3800 cm?, ¢, f: 1550-1900 cm™ d, g: 880-940 cM™)......cvvvvvevvivicrereinae. 157
Figure 6.11 Nanoindentation results: plaques G, H, J, K, L in pristine condition and after four
weeks of simulated SOIAr EXPOSUIE. ......cc.viieiieieie s ereete et eee e e e e e reeaessaesneeneennens 159
Figure 6.12 Water contact angle MeasuremMent..........cooveiirieeienie e 160

Figure 6.13 Summary of the normalized difference between 4-week aged and pristine polyethylene
samples: a) Raman deduced crystallinity, b) GIXRD deduced crystallinity, ¢) Carbonyl index, d)
Vinyl index, €) NanOINAENTATION. ........veciiieiiee e e e nnees 162

Figure 6.14 Correlations of the crystallinities measured from different samples with GIXRD and
RAMAN SPECITOSCOPY. +.eiuvtiiiiiiieiitieesitee ettt e ettt sttt sab e e sab e e e nsb e e e nbb e e e bb e e e bneeanseeeanes 164

Xiii



Abstract

In the past, SFG research has primarily focused on simple model systems. This thesis
highlights the potential of using SFG to study buried polymer interfaces of practically applicable
and commercial polymers, such as silicone adhesives, developing a tool to investigate real-world
interfaces relevant to many applications. Also, this thesis provides an in-depth study on
silicone/polymer buried solid/solid interface like first time probing the interfacial chemical
reactions in situ and orientation analysis during curing. The SFG methodologies developed in this
thesis are widely applicable for many polymer systems.

High-performance adhesives become increasingly important across diverse applications due to
the demand of energy efficiency. Adhesion is mediated by interfacial molecules and occurs at
buried interfaces. Optimizing and controlling the adhesion often relies on understanding the
interfacial molecular structure. However, it has always been challenging in both academia and
industry to investigate such buried interfaces nondestructively. In this thesis, sum frequency
generation (SFG) vibrational spectroscopy was applied to study molecular structures of buried
interfaces to understand molecular mechanisms of polymer adhesion in situ.

High-temperature vulcanized (HTV) silicone is one of the most commonly used silicone and
the HTV silicone mentioned in this work is mainly based on the hydrosilylation curing chemistry,
which is the addition reaction of Si-H and Si-vinyl group catalyzed by platinum catalyst. SFG was
applied to study buried interfaces of HTV silicone composite systems and the results were

correlated to adhesion measurement data to understand the molecular adhesion mechanisms.
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Silicone matrices with different added compositions such as adhesion promoters, fillers, and
catalysts were investigated to understand the effects of various additives on the buried interfacial
structure. The added filler appeared to reduce the interfacial segregation of the adhesion promoter
at the silicone/substrate interface, while the adhesion catalyst can facilitate the interfacial
segregation of adhesion promoter to enhance adhesion. SFG was also utilized to probe the
interfacial chemical reaction between HTV silicone and polar polymer substrate in situ. This is the
first time to directly monitor this process at buried interfaces of commercial silicone adhesive
system. It illustrates that manipulating segregation and functionality of adhesion promoter,
interfacial reaction, and surface composition at buried interfaces can substantially amplify silicone
adhesion.

Besides HTV silicone, room temperature vulcanized (RTV) silicone based on condensation
curing was also investigated by SFG. Here the RTV silicone indicates the silicone involving the
formation of crosslinked networks through chemical reactions between silanol groups and other
reactive groups in formulated products such as alkoxysilanes or acetoxysilanes.

This thesis also investigates the molecular interactions between biological molecules and
polymer surfaces in situ. SFG was used to study molecular interactions between polystyrene and
various peptides with different numbers of aromatic amino acids by monitoring the orientation
changes of polystyrene phenyl groups and alpha-helical peptides during the interactions. It was
found that the charge-charge interaction was the dominant interaction at the interface, which
outperformed the n—r interaction.

Polyethylene weathering mechanism was investigated and such research was included in this
thesis as well. With global plastic production exceeding 300 million tons per year since 2014,

plastics accumulating in the environment are increasing at an alarming rate. Globally, only a small

XV



portion of plastic waste is recycled. A comprehensive study on plastic degradation mechanisms
can offer essential knowledge to ultimately understand the impact of the degraded materials,
helping the development of strategies to mitigate such impact. Changes in the structure of
polyethylene after exposure to UV irradiation depend on the exposure time and the polyethylene
characteristics. This study employed multiple analytical tools and offered a systematic
understanding of polyethylene degradation. This approach provides knowledge on how plastics

behave in the environment and their degradation mechanisms.
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Chapter 1 Introduction

1.1 Motivation and Background

1.1.1 Introduction

Polymer-based substances are widely used in many applications like biomedical implants,
adhesives, coatings, and composites.>® It is crucial to understand the surface and interfacial
structures of these polymers as they dictate crucial interfacial characteristics such as
biocompatibility, adhesion, chemical responsiveness, and interfacial stability.!%** Therefore it is
important to study surface/interfacial structures of polymer materials. For instance, it is necessary
to study the interfacial structure of organic adhesives because such structure influences the
adhesion strength. Different interfacial structures of polymeric biomaterials would lead to various
interactions with biological media leading to varied biocompatibility, thus investigating and
understanding such interfacial structures is vital.

However, surface and interface only involve small numbers of molecules, which makes it
extraordinarily difficult to probe them. In addition, many interfaces are buried, which lead to
further difficulties to study. Traditional analytical techniques for studying surface structures like
attenuated total reflectance infrared spectroscopy (ATR-FTIR) lack monolayer surface sensitivity.
Other techniques like grazing incidence X-ray diffraction (GIXRD) and X-ray photoelectric
spectroscopy (XPS) require the breakage of buried interface to produce two exposed surfaces to
probe, which can likely destroy the original structure of the buried interface.

Benefiting from the advancements in high-power pulse laser techniques and nonlinear optical

systems, nonlinear vibrational spectroscopies such as sum frequency generation (SFG) vibrational



spectroscopy have emerged as non-destructive techniques well-suited for probing buried interfaces
at the molecular level without the interference from bulk materials. This thesis research applies
laboratory-developed methods to study real-world materials and interfaces to address industrial
adhesion issues and investigate biomolecule-polymer interactions.

In addition to the SFG research, this thesis also studied polyethylene degradation mechanisms
after simulated solar exposure. The three research topics which will be covered in this thesis,
including polymer-biological molecule interactions, silicone adhesives, and polyethylene
degradation mechanisms, will be briefly introduced below. More detailed introductions of each

topic will be presented in chapters 2 to 6.

1.1.2 Polymer — Biomolecule Interactions

Polymers are widely used for many applications involving interactions with biological
molecules such as proteins and peptides, ranging from biomedical materials, marine antifouling
coatings, membranes for biomolecule separation, to substrates for enzyme molecules for
biosensing. For such applications, it is important to understand molecular interactions between
biological molecules and polymer materials in situ in real time. Such understanding provides vital
knowledge to manipulate biological molecule—polymer interactions and to optimize polymer
surface structures to improve polymer performance. In chapter 2, SFG was applied to study
interactions between peptides (serving as models for biological molecules) and deuterated
polystyrene (d8-PS, serving as a model for polymer materials). The peptide
conformations/orientations and polymer surface phenyl orientation during the peptide-d8-PS
interactions were determined using SFG, providing important knowledge for the field of polymeric

biomaterial.

1.1.3 Adhesion and Silicone Adhesives



An adhesive is a substance capable of holding materials together by surface attachment.
Adhesives work by developing bonds with the materials they contact, allowing two different
surfaces to resist separation. With global focus now on sustainability and environmental
friendliness, adhesive research can help us develop new materials with better bonding capabilities,
creating stronger, lighter, and more durable products across various industries.

The origin of adhesion, or the mechanisms through which different substances stick to each
other, occurs generally due to four types of forces: mechanical, chemical, dispersive, and
electrostatic interactions. Mechanical Interlocking: When the surfaces of two solids come into very
close contact, such that the surface roughness of one surface falls into the valleys of the other
surface, mechanical interlocking can occur. It is reliant on the surface roughness of the materials.
Chemical Bonding: Adhesion can occur when the two surfaces chemically react with each other,
forming a bond at the interface. This can be very strong but often requires specific conditions or
pre-treatments. Dispersive Adhesion (Van der Waals forces): This happens due to physical
interactions between the two surfaces. These weak attractions occur when polarized molecules
interact, including dipoles, induced dipoles, and instantaneous dipoles. Electrostatic Forces:
Electrostatic forces between charged bodies or between charged bodies and neutral bodies can also
cause adhesion.

These mechanisms contribute to the adhesive's strength. The overall adhesion strength can be
influenced by various factors, including the intrinsic properties of the adhesive material (like its
mechanical properties and chemical bonding structure), the types of materials being adhered
together, the roughness and cleanliness of the surfaces, and the environmental conditions (like
temperature and humidity). Different applications may require optimizing different factors to

maximize adhesion strength. For example, an adhesive for a wet or humid application may need



to be primarily chemically bonding to resist water interference, while an adhesive for a dry, rough
surface may work most effectively by mechanical interlocking.

Silicone adhesives are widely used in many important applications in aviation, automotive,
construction, and electronics industries.’>* Thus, understanding the correlation between the
interfacial structure of silicone adhesive systems and adhesion is needed for understanding silicon
adhesion mechanisms. The research in this thesis specifically investigated the molecular behaviors
of silicone adhesives at buried interfaces in situ. Such investigations were divided into three parts
in this thesis research. The first part was the study on the impact of fillers and adhesion catalyst on
interfacial structures of silicone adhesive system in contact with PET. The second part was the
examinations of interfacial chemical reactions between polymer and silicone adhesive to uncover
the adhesion promotion mechanism and the adhesion promoter selection strategy. The studies in
the first two parts focused on the HTV hydrolyzation based silicone chemistry. The research in the
third part elucidated the molecular behavior of adhesion promoters at the buried interface of RTV
condensation silicone elastomers during curing. The research on silicone adhesives not only sheds
light on the molecular behaviors/interactions of silicone adhesives but also provides a framework
applicable to study interfaces of a wide array of complex polymer-based systems in practical

applications. The research results on silicone adhesives were presented in chapters 3 to 5.

1.1.4 Polyethylene Degradation Mechanisms under Simulated Solar Exposure

Polyethylene, the most commonly utilized plastic globally, contributes significantly to the
mounting volume of solid waste, posing a rising threat to the natural environment. A deeper
comprehension of how plastics break down can offer valuable insights into reducing the
accumulation of plastic waste post-use. In this study, a variety of commercially available

polyethylene materials with varied manufacturing parameters were exposed to simulated solar



exposure for different lengths of time. A combination of analytical techniques were employed to

assess the chemical and physical alterations in these polyethylene materials following exposure.
1.2 Sum Frequency Generation (SFG) Vibrational Spectroscopy

1.2.1 SFG Background and Basic Theory

SFG, a second-order nonlinear optical process, involves the combination of two photons to
produce a third photon with the combined energy of the incoming photons.*23 The selection rule
for SFG specifies that this photon combination is restricted to media lacking inversion symmetry.
Since most bulk media exhibit inversion symmetry, SFG signals cannot be generated from such
environments. However, for surfaces and interfaces where inversion symmetry is broken, the SFG
process occurs, making SFG spectroscopy a technique intrinsically specific to surfaces/interfaces.

In our SFG vibrational spectroscopic studies, the incoming beams consist of a visible beam at
532 nm and a frequency-tunable infrared (IR) beam. By adjusting the frequency of the IR beam, it
is feasible to selectively examine various functional groups on a surface or at an interface. Control
over the polarization of each incoming beam and the generated SFG beam enables the
determination of the surface/interfacial orientation of these functional groups.

Recent advancements in SFG research underscore its potency in exploring surfaces and
interfaces across diverse systems, including biological systems, organic molecules, water, and
polymer materials.?*?® The energy diagram for an SFG process is depicted in Figure 1.1a. As
mentioned above, SFG’s surface/interfacial selectivity is due to its specific selection rule. The
signal strength in SFG is directly linked to the square of the second-order nonlinear susceptibility,
¥®, of a material (under the electric dipole approximation). ¥®, being a polar third-rank tensor,
undergoes a sign change when subjected to an inversion operation: ¥@(r) = —?(—r). In materials

that possess inversion symmetry, ¥ remains unchanged under such an operation: y?() = y®(-r).



Consequently, the only feasible solution for these conditions is ¥® = 0, implying the absence of
an SFG signal for materials with inversion symmetry under the electric dipole approximation.
Most bulk polymer materials, including polymer solutions, melts, and solid polymer systems,
exhibit inversion symmetry because their functional groups are typically randomly oriented. Thus,
they do not produce SFG signals. At a surface or interface where inversion symmetry is disrupted,
the situation changes as molecules or functional groups exhibit a discrepancy between ¥ (r) and
y@(-r). In such cases, ¥ does not necessarily equate to zero, enabling the detection of SFG signals
from surfaces and interfaces. The inherent surface/interface sensitivity of SFG, with a capability

to detect submonolayer properties, is a result of the selection rule.?%-38

(a) Energy Level Diagram (b)
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Figure 1.1 (a) SFG energy level diagram, (b) schematic of the SFG experimental sample
setup

Clearly, the sensitivity of SFG to surfaces/interfaces is not contingent upon the penetration
depth of the incident laser beams into the sample. Even if the laser beams penetrate the entire
sample volume, only molecules situated on the surface or at the interface contribute to the signal

due to the governing SFG selection rule.

SFG signal intensity can be expressed as:
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eq. 1.1

Where %@ is the effective second-order nonlinear optical susceptibility that can be measured
by our SFG experiment. Iir and lvis represent the intensities of the input IR and visible beams,
respectively. For the ye#?, it can be expressed as below:

X2 = xor + szi—jﬂrq
q eq. 1.2

Where ynr IS the non-resonant contribution. The gth resonant contribution has frequency mq
(peak center), signal amplitude Aq (related to intensity), and line width I'q. All the SFG spectra in
this thesis are fitted with equation 1.2. ye+® is the effective second-order nonlinear susceptibility

tensor of the sample (e.g., a surface or an interface).

1.2.2 SFG Instrumentation

The SFG experiments reported in this thesis utilized a Nd:YAG laser (EKSPLA PL2251,
Lithuania) to produce a picosecond fundamental output laser pulse at a wavelength of 1064 nm.
This pulse was divided into two parts: one was frequency-doubled to create a fixed-frequency,
visible (532 nm) beam (EKSPLA H500), while the remaining 1064 nm energy, along with part of
the 532 nm energy, was employed to generate a frequency-tunable infrared (IR) input beam
through optical parametric generation/amplification (OPG/OPA) and a difference frequency
generation (DFG) process (EKSPLA PG501/DFG1P).

The visible and IR beams were directed at the buried interfaces from angles of 65° and 60°,
respectively, relative to the surface normal. The region of overlap for these beams had a diameter
of approximately 0.5 mm. The energies of the visible and IR pulses were roughly 30 pJ and 120

uJ, respectively, for the C-H and O-H stretching frequency range (2700-3800 cm™). In the carbony/l



C=0 stretching frequency range (1550-1950 cm™), the energies were 30 pJ for the visible beam
and 40 pJ for the IR beam at the sample interface. It is important to note that these energy values
are specific to the instrument used in this study and may vary between instruments.

The generation of an output SFG beam occurred when spatially and temporally overlapped
visible and IR beams interacted at a surface or a buried interface. The SFG sample geometry was
shown in Figure 1.1b. The intensity of the SFG beam was recorded by a monochromator/PMT as
a function of the IR frequency (wavenumber, cm™), resulting in the production of a vibrational

spectrum.

1.2.3 Orientation Calculation of Buried Interfaces

In the lab-fixed coordinate system, the measured ye? can be correlated to the sample

susceptibility components defined in the lab coordination system after accounting for the Fresnel

coefficients:
XEj'f),ssp = Lyy(@)Lyy(@1)Lzz(w3) sin B2 Xyyz
Xt oo = — Lo (@)x(@1)Lzz(@2) cos Bcos By sin Ba ywee

—Lyx(w)Lzz(w1 )Lxx(w; ) cos B sin B €os B Xxzx
+Lzz(@)Lax (@1 )Lxx(@2 ) sin B €OS B1 €OS B2 Xzxx

+Lzz(@)Lzz(01 )L zz(w2 ) sin Bsin By sin B xzzz eq. 1.3

Here, B1 and B2 are incident angles of the input visible and IR beams vs. the surface normal.
Li’s (i = x, y, z) are Fresnel coefficients which are related to the refractive indices of materials
forming the interface and input angles of the input beams.

The ratios of SFG second-order nonlinear optical susceptibility components (e.g., Yyyz OT Yzz2)
can be measured and connected to related elements of molecular hyperpolarizability via molecular
orientations. Such connections for functional groups like methyl and methoxy groups that adapt

C3v symmetry have been extensively reported.>**? The ratios of SFG second-order nonlinear



optical susceptibility components (e.g., xyyz Or Xzzz) can be measured and connected to the related

elements of molecular hyperpolarizability via molecular orientations. For instance, in the case of

the symmetric stretching mode of a methyl group:

Xzzzs = Xyyzs — %Nsﬁccc [COS 0(1 + T) — COSHQ(]- - T‘)]
Xzzzs = NaBeee|r cos 8 + cos®6(1 — )] eq. 1.4

Where Baac equals rPccc, and 6 represents the angle formed between the principal axis of the
methyl group and the z-axis aligned along the surface normal. The number density, Ns, represents
the number density of molecules on surface or at interface and remains unchanged when different
polarization combinations of the input and output beams are used in an SFG experiment.
Consequently, valuable insights into molecular orientation can be derived from experimental
measurements by analyzing the ratio of signal intensities obtained from two polarization
combinations (such as ssp and ppp). This method eliminates the need for knowing the surface
coverage because this factor cancels out in the signal strength ratio. When determining the
orientation of methyl groups on a surface, the ssp and ppp signal strength ratio can be used to
determine the orientation angle 6, assuming the orientation angles for all the groups (e.g., methyl
groups) are the same or a delta angle distribution. In cases where surface/interface methyl groups
display varied orientations (or have an orientation distribution), the terms of cos® and cos®0 shown
in Eq. 1.4 should be replaced by <cos6> and <cos®0> (“< >” meaning average). To
comprehensively describe the orientation distribution and average orientation, knowing the surface

coverage (Ns) might be necessary.*?

1.3 Presented Research

Each thesis topic was briefly mentioned above. Here, in more detail, chapter 2 will focus on



using SFG to investigate molecular interactions between biological molecules and polymer surface
in situ. Various peptides with different numbers of aromatic amino acids were used as models for
biological molecules, and the d8-PS surface served as a model for polymer surfaces. The
orientations of both the PS phenyl group and the peptides at the polymer/peptide solution interface
were determined to understand the interfacial interactions especially the n—n interaction. This
research shed lights on how the n—r interaction plays a role when biological media come in contact
with polymer surfaces with aromatic functionality.

Chapters 3 and 4 investigated the molecular structures at the hydrolyzation HTV silicone/polar
polymer (polyethylene terephthalate (PET) and nylon) interfaces to understand the adhesion
mechanisms of silicone adhesives. Such research also sheds light on the effects of fillers and adhesion
catalyst on the interfacial behavior of the adhesion promotion system for silicone elastomers as well as
the related impact on adhesion. Chapter 3 focused on studying interfacial structures of silicone
elastomeric adhesives in the presence of silica fillers and/or a zirconium(lV) acetylacetonate adhesion
catalyst at the silicone/PET interface to understand their individual and synergistic effects. The
interfacial structures obtained from the SFG study were correlated to the adhesion behavior of silicone
adhesive to PET. The interfacial reactions of methoxy and epoxy groups of the adhesion promoter were
found to play significant roles in enhancing the interfacial adhesion at the buried interface. Chapter 4
focused on studying the interfacial chemical reactions between nylon and two alkoxysilane adhesion
promoters with varied functionalities (succinic anhydride (SA) and epoxy) formulated into silicone.
Evidence of reactions between the organofunctional group of each silane and the reactive groups on
the polyamide was found at the buried interface. SFG results elucidated the mechanisms of organo-
silane adhesion promotion for silicone at the molecular level and mapped out the adhesion promoter
selection strategy.

Chapter 5 aimed to elucidate the interfacial molecular structural changes and origins of interfacial

10



reactive hydroxyl groups in RTV condensation cured silicone during curing, focusing on the methoxy
groups at interfaces and their relationship to adhesion. This study established the correlation between
interfacial molecular structure changes of RTV silicones and their effect on adhesion strength. It also
highlighted the power of SFG spectroscopy as a unique tool for studying chemical and structural
changes at RTV silicone/substrate interfaces in situ and in real time during curing. This work provides
valuable insights into the interfacial chemistry of RTV silicone and its implications for material
performance and application development, aiding in the development of improved silicone adhesives.

Chapter 6 utilized a combination of analytical techniques to evaluate the chemical and physical
changes in polyethylene materials subjected to simulated solar exposure, including water contact angle
measurements, attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR),
Raman spectroscopy, grazing incidence X-ray Diffraction (GIXRD) and nanoindentation tests. It was
found that various polyethylene samples underwent structural changes under UV irradiation, leading
to increased hydrophilicity, a greater number of polar groups, an increased degree of crystallinity, and
higher elastic modulus. The structural changes of polyethylene are time-dependent and vary depending
on the difference in their parameters. This research demonstrated that the combined use of various
analytical tools in the study can provide a more complete picture of polyethylene degradation

mechanisms for understanding the fate of plastics in the environment.

1.4 Research Contributions

Chapter 6 presents my joint research with another Ph.D. student, Shuging Zhang, in our group.
This research was completed by Shuging Zhang and me. Shuging collected ATR-FTIR, water
contact angle, and nanoindentation data. | collected the Raman and GIXRD data. We both
performed data analysis and worked on the conclusions from the results together. | want to
acknowledge Shuqing’s effort on the research work in this chapter and for her assistance in

presenting such results in this chapter.
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Chapter 2 Probing Biological Molecule Orientation and Polymer Surface Structure at the

Polymer/Solution Interface in Situ

Adapted with permission from Langmuir 2020, 36 (26), 7681-7690 (Copyright 2020 American

Chemical Society).

2.1 Introduction

Polymer materials have been extensively used as biomaterials in a variety of biomedical
applications because of their excellent properties.12 They are highly biocompatible, customizable,
and/or biodegradable. Polymers are compatible to biological tissues because they have carbon-
based chemistry - Many polymers and their degradation products would not present toxicity after
being implanted in vivo. Also, polymers are flexible and easy to fabricate into multiple shapes and
three-dimensional structures, which is beneficial for cell attachment and growth.® As a result,
polymers are promising materials used as tissue scaffolds for tissue engineering.* Polymers are
available in a wide range of forms (films, gels, fibers, bulk solids, etc.) and properties, which can
be used as drug delivery vehicles and separation membranes to collapse or swell when responding
to temperature and pH.>’ Certain functional groups (anhydride, ester, carbonate) in polymers can
be degraded by hydrolysis or enzymatic degradation. This makes polymers as ideal materials for
“working” inside the body for only a period of time and then disappear without the need to have
any second surgery.8®

For better use as biomaterials, extensive research has been performed to modify or tailor

polymer bulk and surface structures to improve their functions - e.g., by incorporating different
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backbone functionalities and altering sidechains flexibility.1%1? However, there are still many
unanswered questions. Biomedical polymers are implanted materials, therefore they have
extensive interactions with biological media. Knowledge about such interactions is needed for
developing biomedical polymer materials with better performance. Proteins are one of the most
common biological materials to adsorb onto implanted polymer materials, while peptides are
commonly used as models for proteins since they have protein secondary structures. Extensive
research has been carried out to understand interactions between polymers and proteins/peptides,
but most of such research focused on the behavior of biological molecules.*?* We believe that
when studying the interactions between proteins/peptides and polymers, it is also important to
consider how the “soft” polymer surface structure changes during the course of biological
molecule adsorption and interaction, since such changes on the polymer surface structure could
greatly influence interactions between polymers and adsorbed biomolecules.

Many polymer biomaterials contain conjugated functionalities such as aromatic rings in the
backbones or sidechains. Such aromatic groups could entitle polymers with better electronic
properties for various biological processes such as inter-/intra-cellular synchronization and
neurophysiological communication.?* These optoelectronic and electron conductive biomaterials
will facilitate the development of biomedical devices and sensors used in vivo.?® Besides, out of
the twenty naturally occurred amino acids in proteins/peptides, five contain aromatic functionality.
When proteins and peptides interact with a surface, the pi-pi interaction between the aromatic
functional groups in amino acids and the surface aromatic structure have been considered to be
one of the major interactions.?%° Our previous study has revealed that pi-pi interaction can
dominate in the peptide-surface interaction. For example, we found that on graphene, whether a

peptide can stand up or lie down is mainly determined by the pi-pi interaction because graphene

16



has extensive pi electrons on the surface.®! However, hydrophobic or charge interaction can
outweigh the pi-pi interaction for some other cases when the surface lacks aromatic structure. For
example, for peptides on MoS; (another widely studied 2D material®?-3), pi-pi interaction does not
play a significant role.®* Instead, charged amino acids on one terminus of the peptide enable the
peptide to stand up on the MoS; surface in water.®* To the best of our knowledge, there is limited
study on the pi-pi interactions between polymers and biological molecules like peptides and
proteins and on how to control such interactions. Therefore, it is necessary to investigate how the
pi-pi interaction plays a role when biological media contact with polymer surfaces with aromatic
functionality.

It is challenging to probe polymer — biological molecule interactions because such interactions
occur at solid/liquid interfaces. As discussed in chapter 1, SFG is a second-order nonlinear optical
spectroscopic technique with sub-monolayer surface/interface selectivity, which can be applied to
study molecular structures of many buried interfaces including solid/liquid interfaces, 623 31, 34-73
We have extensively applied SFG to investigate detailed structural information of interfacial
biological molecules, such as proteins and peptides, while interacting with various materials'4-
3452 including polymers.t9 214245 SEG can probe the amide I signals from interfacial peptides and
proteins using different polarizations of the beams and determine their orientations. Interfacial
ordering and time-dependent structural changes of biological molecules on polymer surfaces have
also been examined using SFG.1%“ In addition, we applied SFG to study polymer surface changes
after protein adsorption, focusing on methyl groups.>°

To study biological molecule — polymer interactions, in this work, we used deuterated
polystyrene (d8-PS) as a model aromatic polymer, and wild-type MSI-78 and its mutant with two

less aromatic amino acids as model biomolecules. In addition, wild-type cecropin—melittin hybrid
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peptide (we will refer this peptide to hybrid peptide below in this thesis) and its mutants were also
used as model biomolecules. The wild-type hybrid peptide and the mutants studied here have
similar (but not identical) amino acid sequences, with different numbers of amino acids with
aromatic groups, as presented in more detail below. SFG vibrational spectroscopy was applied to
study the phenyl group orientation on the polymer surface and the peptide orientation at the
polymer/peptide solution interface to understand the interfacial interactions including the pi-pi

interaction.

2.2 Materials and Methods

2.2.1 Materials and Sample Preparation

All peptide samples were purchased from Peptide 2.0. The sequences of the studied peptides
are: N-terminus cysteine-modified MSI-78 (MSI-78(C1)): CGIGK FLKKA KKFGK AFAKQ
LKK; mutant MSI-78(C1): CGIGK FLKKA KKAGK AAAKQ LKK. Wild-type hybrid peptide:
KWKLF KKIGI GAVLK VLTTG LPALI S; mutant A: KWKEF KKIGI GAVLK VLTTG LPALI
S; mutant A2: KWKEF KKEGI GAVLK VLTTG LPALI S; and mutant B: KAKLA KKIGI
GAVLK VLTTG LPALI S. All the peptide solutions used have a same concentration of 5.0 uM,
prepared by dissolving the peptide in phosphate buffered saline (PBS) (pH 7.4).

In this paper, amino acids were assigned into different groups in order to better describe the
effect of each part of peptides. A wild-type hybrid peptide has 26 amino acids in total (see the
peptide sequence presented above), including 1 proline (with a ring structure and electron rich
nitrogen in the ring — may have favorable interaction with the PS phenyl group), 1 kind of charged
amino acid (K), 5 kinds of non-aromatic hydrophobic amino acids (L, I, G, A, V), 2 kinds of
hydroxyl-containing hydrophilic amino acids (T, S), and 2 kinds of aromatic hydrophobic amino

acids (W, F). The 9 amino acids in the N-terminus region of the hybrid peptide contain 2 aromatic
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amino acids, 3 hydrophobic (non-aromatic) residues, and 4 charged residues. The number of amino
acids of each type in each peptide investigated in this research is listed in Table 2.1.

Fully deuterated polystyrene (d8-PS, Mn=575,000, Mw/Mn=1.09) was obtained from Polymer
Source, Inc. The deuterated polystyrene was used here to avoid the spectral confusion of C-H
vibrational signals from the peptides. Right-angle CaF, prisms were purchased from Altos
Photonics (Bozeman, MT).

Table 2.1 Number of amino acid of each type in each peptide investigated in this research

Peptide Charged Hydrophilic Hydrophobic Aromatic
(K) (T, S, Q) (L 1,GAVC (W, F)

Hybrid 5 3 15 2
Mutant A 5 3 14 3
Mutant A2 5 3 13 4
Mutant B 5 3 17 0
MSI-78 9 1 10 3
MSI-78 mutant 9 1 12 1

CaF, prisms were used as substrates for d8-PS thin films for SFG studies. Before polymer film
deposition, these prisms were cleaned by soaking in toluene and acetone respectively, for 10 hours
and then washed with detergent and DI water multiple times. After drying with nitrogen gas, the
CaF> prisms were exposed to air plasma treatment for 3 min. The d8-PS sample was dissolved in
toluene (2.5%, w/w) and d8-PS films were prepared by spin-coating the solution at 2000 rpm for
30 seconds onto CaF; prisms. All the d8-PS thin films were annealed in the oven at 100°C for three
hours before SFG experiment. With this preparation condition, d8-PS films with a thickness of

165 nm were obtained (The thickness was measured by a Dektak profilometer). We chose this
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thickness of the d8-PS films for study because based on our Fresnel coefficient calculation (see
Section 3.2.2.1), at this film thickness, the SFG signal from the buried d8-PS/CaF interface can
be minimized. Therefore, SFG spectra collected from the d8-PS film in contact with peptide

solution were only contributed by the d8-PS/peptides solution interface (See Section 2.2.2.1).
2.2.2 Experimental Methods

2.2.2.1 SFG Experiment
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Figure 2.1 SFG ssp and sps spectra collected from the d8-PS/PBS solution interface.
For SFG experiment in this research, a peptide solution (5 uM) was placed in contact with the

bottom of a CaF> prism (with d8-PS thin film deposited), and SFG signal was monitored as a
function of time until equilibrium was reached (no further signal change). After using PBS
solutions to replace the peptide solution several times in order to wash off weakly adsorbed
peptides, SFG spectra were collected with different polarization combinations of the input visible,
input IR, and generated SFG beams, including ssp (s-polarized SFG signal, s-polarized visible
input, and p polarized input IR), ppp and sps. The SFG spectra for each sample was collected and
averaged by 5 scans for each trial and 4 trials for each peptide.

SFG C-D stretching signal collected from the d8-PS/peptide solution interface may also
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contain the contribution from the d8-PS/CaF, prism interface. To minimize the signal contribution
from the d8-PS/CaF interface, it is necessary to choose the optimal d8-PS film thickness. The
thickness dependent Fresnel Coefficients of the d8-PS/CaF. interface and d8-PS/solution
interfaces were calculated using the method published previously®®8? (Figure 2.2). The refractive
indices used in calculation are listed in Table 2.2. We chose 165 nm for the d8-PS film thickness
in this study to minimize the signal contribution from the d8-PS/CaF prism interface.

Table 2.2 Indices of refraction used in the Fresnel Coefficient calculations

474 nm 532 nm 4366 nm, (2290 cm™)
CaF, prism 1.44 1.44 1.40
ds-PS 1.61 1.60 1.57
Peptide solutions 1.33 1.33 1.33
CaF, Prism/d8-PS 1.52 1.52 1.49
d8-PS/Peptide solutions | 1.48 1.47 1.45
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Figure 2.2 Fresnel Coefficients calculated as a function of the d8-PS film thickness for the
CaF2/d8-PS interface and the d8-PS/peptide solution interface for SSP (a) and SPS (b)
spectra.

2.2.2.2 Circular Dichroism (CD) Experiment

To support the SFG amide | study, we used the Circular Dichroism (CD) spectroscopy to
characterize secondary structures of various peptides adsorbed onto the d8-PS surface. The CD
spectrometer applied here is a J-1500 CD spectrometer from Jasco Inc., Japan. All the CD spectra
were collected by a continuous scanning mode from 190 nm to 240 nm at room temperature. The
polystyrene (PS, Mw=593500, Mw/Mn=1.04) thin films were prepared by spin-coating PS solution
(0.08 wt%) on high-quality quartz slides. The PS slides were placed in contact with various peptide

solutions. The low concentration PS solution was used for preparing thin PS films to avoid high

22



UV absorbance by PS films. After peptide adsorption on PS, CD spectrum was collected at 1 nm
resolution and 50 nm/min scanning rate. Each spectrum was averaged by 3 scans and 4 slides were

stacked together in order to increase the signal to noise ratio.
2.3 Results and Discussion

2.3.1 Peptides Orientation

To investigate the molecular interactions between d8-PS and peptides, we studied an
antimicrobial peptide, MS-78, and a mutant of MSI-78. The sequences of these two peptides were
presented above in the previous section. The MSI-78 mutant studied here has two different amino
acids compared to the wild-type MSI-78, with the two phenylalanine residues in MSI-78 replaced
by alanine. In our previous SFG study on interactions between peptides and graphene, we found
that MSI-78 lies down on the graphene surface, due to the strong pi-pi interaction between the
three aromatic amino acids (Phe5, Phel2, Phel6) along the MSI-78 molecule and the pi electrons
in graphene.®* With two phenylalanine amino acids (Phe12 and Phel6) replaced by alanine, the
mutant MSI-78 tilts (stands up) on the graphene surface instead of lying down.*! Due to the
reduced pi-pi interaction with graphene, the mutant MSI-78 does not need to lie down on the
surface, but tilts instead. In the current research, instead of graphene, we want to study the
interaction of d8-PS with MSI-78 and the MSI-78 mutant to understand whether pi-pi interaction
plays a significant role in peptide — polymer interactions.

When a monolayer graphene sheet is deposited on a surface, the ring structure in graphene lies
down on the surface, which enables MSI-78 on graphene to lie down on the surface as well due to
the pi-pi interaction between the graphene and the MSI-78 aromatic amino acids. Before we
present the SFG results on the MSI-78 interaction with d8-PS, we want to discuss whether the

aromatic structure (phenyl group) on d8-PS is standing up or lying down on the surface. Figure
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2.1 shows the SFG ssp and sps spectra collected from the d8-PS/PBS buffer solution interface in
the C-D stretching frequency region. Compared to the SFG C-D stretching signals collected from
the d8-PS/peptide solution interfaces which will be presented later, here SFG signals are much
weaker. It was found from orientation analysis that the phenyl groups are more or less lying down

on the d8-PS, which will be discussed in more detail below.
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Figure 2.3 CD spectra of the wild-type hybrid peptide in PBS solution (a), the wild-type
hybrid peptide on quartz (b), the wild-type hybrid peptide on PS (c), hybrid peptide mutant
A2 on PS, and MSI-78 on PS.

By comparing the CD spectra in Figure 2.3 with the CD spectrum reference of each secondary
structure,® 8 we can identify the secondary structure of various peptides in each case. The wild
type hybrid peptide has a random coil structure in the phosphate buffered saline (PBS) solution (as
shown in Figure 2.3a). The spectra displayed in Figures 2.3c, d, and e show two negative peaks
at 208 nm and 222 nm, indicating that these peptides adopt alpha-helical structures on the PS

surface. Differently, the spectrum in Figure 2.3b shows that the wild-type hybrid peptide does not
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adopt an alpha-helical structure on quartz. The CD results of peptides on PS are well correlated to
the SFG amide I signals presented below.

Figure 2.4 shows the SFG ssp and ppp spectra collected from the d8-PS/peptide (MSI-78 or
MSI-78 mutant) solution interfaces. All the SFG spectra showed a strong amide | peak at ~1650
cm™, indicating that both peptides adopt an a-helical structure on the d8-PS surface. This
conclusion matched the CD data shown above.

The observed SFG results are different from those collected from the graphene/peptide solution
interfaces for MSI-78 and MSI-78 mutant.3! MSI-78 lies down on graphene due to strong pi-pi
interaction, leading to no detectable SFG amide | signal.®* SFG amide | signal can be observed
from the graphene/MSI-78 mutant solution interface because the mutation of the aromatic amino
acid phenylalanine residues in MSI-78 with alanine reduced the pi-pi interaction between the MSI-
78 mutant and graphene.3! Here, SFG signals can be clearly seen from MSI-78 on d-PS, showing
that MSI-78 does not lie down on the d8-PS surface. As we reported previously, using SFG amide
I signal strengths detected using different polarization combinations of the input and output beams
such as ppp and ssp (or yppp/xssp ratio), the tilt angle of the a-helical peptides versus the surface

normal can be determined.3* 4849 According to the measured y ppp/xssp ratio here, MSI-78 more or

less stands up on the d8-PS surface, with a tilt angle of 4 degree vs. the surface normal. From the

X ppp/xssp ratio measured from the MSI-78 mutant, it was found that the MSI-mutant adopts a

similar orientation compared to the wild-type MSI-78 —tilting at 11 degrees vs. the surface normal.
Therefore, both MSI-78 and MSI-78 mutant stand up more or less on the d8-PS surface. Likely
the pi-pi interaction does not play an important role in the peptide — d8-PS interactions for MSI-
78 and MSI-78 mutant, otherwise they should adopt vastly different orientations on d-PS, with

similar behavior on graphene surface.
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Figure 2.4 SFG ssp and ppp amide | spectra collected from the interfaces between d8-PS
and solutions of the wild-type MSI-78 peptide (a) and the MSI-78 mutant (b).

To further understand the molecular interactions between peptides and d8-PS as well as the
effects of pi-pi interactions, we also studied the hybrid peptide and its mutants. By studying the
hybrid peptide and its mutants as models, we can well control the number of the aromatic amino
acids in the peptide without varying other factors to investigate the effects of pi-pi interactions
between PS and the peptides. The hybrid peptide studied here is an excellent antimicrobial peptide
with better antibacterial activity and selectivity than its parental peptides. SFG ssp and ppp spectra
in the amide | frequency region collected from the interfaces between d8-PS and the wild-type
hybrid peptide and its mutant solutions are shown in Figure 2.5. Again, all the collected SFG
spectra exhibit a distinct amide | peak centered at around 1650 cm™, indicating that all these
peptides adopt an a-helical structure on the d8-PS surface, which was further verified by CD data
presented in Figure 2.3 above.

A wild-type hybrid peptide has 26 amino acids in total (see the peptide sequence presented
above). There are 9 amino acid residues in the C-terminus region, including 1 proline (with a ring

structure and electron rich nitrogen in the ring — may have favorable interaction with the PS phenyl
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group), 5 non-aromatic hydrophobic amino acids, and 3 hydroxyl-containing hydrophilic amino
acid residues. The 9 amino acids in the N-terminus region of the hybrid peptide contain 2 aromatic
amino acids, 3 hydrophobic (non-aromatic) residues, and 4 charged residues.

In addition to the wild-type hybrid peptide, we also studied three different hybrid peptide
mutants: mutant A, mutant A2 and mutant B. From the peptide sequences presented above, we
know that the mutant A was mutated one non-aromatic amino acid in the wild-type hybrid peptide
to aromatic amino acid and thus there is one more aromatic functionality in mutant A than the
wild-type hybrid peptide. Mutant A2, which has 4 aromatic amino acids in total in the N-terminus,
has 2 more aromatic residues than the wild-type hybrid peptide. Differently, the mutant B has less
aromatic amino acids than the wild type hybrid peptide, and there is no aromatic residue on the N-
terminus. For the C-terminus, the composition of all the three mutants are the same, and also the
same as the wild-type hybrid peptide. If the pi-pi interaction plays a dominant role in the peptide
- polymer surface interaction here, different peptides with different numbers of the aromatic amino
acids should have different pi-pi interaction strengths with d8-PS, leading to varied peptide
orientations. Therefore the stronger interaction between the peptide with more aromatic amino
acids and the surface would occur, likely leading to a more tilted peptide orientation.

Figure 2.5 shows strong SFG amide | signals collected from the interfaces between the d8-PS
and peptide solutions for wild-type hybrid peptide and all the three mutants, indicating that none
of the peptide lies down on the d8-PS surface, regardless of the number of the aromatic amino

acids in the N-terminus. The deduced y ppp/ ) ssp ratios from the spectral fitting parameters (Table

2.3) of the SFG spectra from the four peptides are similar, only varied slightly from 1.13 to 1.23
(Figure 2.5), showing that the peptides adopt similar orientations at the d8-PS/peptide solution

interfaces. Such results demonstrate two possibilities: one is that here the pi-pi interaction does not
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play a significant role, the other one is that all the peptides lie down onto the interfaces which is
the special case of the first possibility. Here we believe the first case is more likely to happen.
Because if all the peptides lie down on the surface the net dipole of a-helical peptides will be along
with the interface, which will lead to very weak SFG signal. However, strong Amide | SFG signal
can be observed here. Therefore, these results indicate different peptides adopt similar orientation
but not lying down on d-PS surface. This conclusion matches the result obtained from the study
on the interactions between d8-PS and MSI-78 as well as MSI-78 mutant presented above.

Our previous study showed that when the pi-pi interaction does not play an important role,
charged amino acids on one terminus could enable the peptide to stand up on a hydrophobic
surface.® For example, we showed that the hybrid peptide and the above three mutants can stand
up on a 2D material MoS; surface at the MoS/peptide solution interfaces.®* MoS; is different from
graphene, which does not have aromatic functionality, therefore no strong pi-pi interaction exists
between the peptides and the MoS; surface. The charged amino acid residues have more favorable
interactions with water than the hydrophobic MoS; surface, enabling the peptides to stand up (or
tilt) on the MoS; surface. Here likely similar situations occurred. For the wild-type hybrid peptide
and all the three mutants, the more hydrophobic C-terminus interacts with the d8-PS surface, while
the N-terminus interacts with water due to the favorable interactions between the charged amino

acids on the N-terminus and water.
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Figure 2.5 SFG ssp and ppp amide | spectra collected from the interfaces between d8-PS
and solutions of mutant B (a), wild-type hybrid peptide (b), mutant A (c), and mutant A2
d

It is impossible to determine a tilt angle for any of the above four types of peptides at the d8-
PS/peptide solution interfaces using the measured y ppp/ ¥ ssp ratios by assuming a delta or
Gaussian orientation distribution, because the ratios are out of the possible range (Figure 2.6).
One possibility is that the hybrid peptide and its three mutants studied here may not adopt a straight
helical conformation. As we reported previously, the SFG orientation determination method for a

bent helix is different from that for a single helix.®® Therefore for interfacial hybrid peptide and
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mutants investigated here, we cannot use the method for single helix for orientation determination.
Another possibility is that even if the peptides are straight helical structures, they may adopt
multiple orientations.'® > Nevertheless, we do not have enough measured parameters to determine

the orientation of bent helix or multiple orientations. Since the measured y ppp/yssp ratios are more

or less the same for all the four peptides, we believe that different peptides adopt similar
orientations regardless of the number of aromatic amino acids in the peptide. Therefore likely the

pi-pi interaction does not play a major role for the interfacial interaction occurred here.
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Figure 2.6 Dependence of tilt angle on the SFG amide I signal ratio yppp/yssp of an a-
helical peptide with 26 amino acid residues.
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Table 2.3 Amide | peak fitting parameters

Mutant B | Hybrid | MutantA | Mutant A2 MSI-78 MSI-78
mutant
Amplitude PPP, Ag (a.u.) 178.8 146.1 111.4 162.8 79.0 106.7
Wavenumber PPP, wi (cm™) 1647.3 1646.6 1646.1 1650.1 1650.3 1646.2
Width PPP, T'i (cm™) 17.5 19.1 17.7 18.5 22.3 22.8
Amplitude SSP, Ag (a.u.) 201.3 152.5 121.9 145.5 72.4 78.2
Wavenumber SSP, wi (cm™) 1648.0 1648.1 1644.9 1647.1 1647.9 1647.5
Width SSP, T'i (cm™) 22.1 221 20.4 19.5 22.1 21.9

The above results were corrected with the Fresnel coefficients and the detailed Fresnel

coefficient calculation method has been discussed in a previous publication.®

2.3.2 Phenyl Group Orientation

Figure 2.7 Different C-D stretching modes for phenyl group (a), tilt angle (6) and twist
angle (y) of a phenyl group in lab-fixed (X, y, z) coordinate system (the molecule-fixed
systemis (x’,y’, 2°)) (b).

As we discussed in the introduction section, upon biomolecule adsorption, the polymer surface
can be restructured, as we showed previously.>® In order to better understand the molecular

interactions between polymer d8-PS and various peptides, we want to probe the surface structural
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changes of d8-PS upon various peptides’ adsorption, including wild-type hybrid peptide, mutants
A, A2, and B. The vibrational modes of C-D stretching of a phenyl group and the phenyl
orientation angle definition are shown in Figure 2.7. To monitor the d8-PS surface structural
changes, SFG spectra were collected from the d8-PS/peptide solution interfaces in the C-D
stretching frequency region, as shown in Figure 2.8. For comparison purpose, the SFG spectra
collected from the d8-PS/PBS buffer interface are re-plotted. Figure 2.8 shows that the SFG
spectra collected from various d8-PS/peptide solution interfaces are quite similar, which are well
correlated to the similar SFG amide I signals collected from different peptides on d8-PS. The d8-
PS surface is mainly covered by phenyl groups, evidenced by strong SFG C-D stretching signals
from the phenyl C-D stretching modes. The C-D signals from d8-PS have peaks centered at around
2265 cm®, 2275 cm™, and 2288 cm™, which can be assigned to the phenyl C-D stretching
vibrational modes (Figure 2.7) of vza, vz and vz, "8 respectively. For the PS/buffer interface, a
peak at around 2175 cm™ in the ssp SFG spectrum comes from the backbone CD; antisymmetric
C-D stretching mode.”® To quantitatively determine the orientation angles of the aromatic ring of
the interfacial d8-PS molecule, SFG spectra were fitted and the fitting parameters are presented in
the Table 2.4. However, not all the vibrational modes can provide reliable signal intensities for
orientation analysis of phenyl groups. We decided to use the signal intensities of the v. mode for
quantitative analysis. Although the orientation of a planar phenyl group is defined by a tilt and a

twist angle, in this study only the tilt angle is determined. The y yy/ x yzy ratio of the v» vibrational

mode measured in the ssp and sps spectra was used to deduce the tilt angle (by assuming the twist

angle is random and can be averaged).
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Figure 2.8 SFG ssp and sps spectra collected from the interfaces between d-PS and solutions
of PBS buffer (a), mutant B (b), wild-type cecropin-melittin hybrid peptide (c), mutant A (d),
and mutant A2 (e).

The phenyl group orientation analysis was reported in previous publications. 86-8° Here we will

briefly discuss the tilt angle determination based on the fitting parameter listed in Table 2.4. To

determine the tilt angle of the phenyl group on the d8-PS/solution interfaces, first it is necessary

to use the Fresnel coefficient for local field correction.*® The v vibration mode belongs to the A

irreducible representation, the relationships between the measured yzzz, yxxz, Yxzx terms and

molecular hyperpolarizability components are listed below:

Az

Az

Xzzz = N(Byr 5,1 < c0SO sin?0 cos?@ > + 1,1, < cos30 >)

Xxxz = %(ﬁxrxfzr < cos0(3 + cos 20 — 2sin?0 cos2¢) > +
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A Xozx = _g(ﬁx’x'z’ < cos0 sin%0 cos?p) > —
By, < cosOsin?6 >) 1)
According to the literature®, the hyperpolarizability ratio p=8,,7,//B,' ', Can be obtained
by density functional theory (DFT) calculation. For the v vibrational mode, the value of p is equal

to 1.13. From the fitting parameters of the SFG spectra, we can deduce yxx; and yxzx. For the v

mode and after averaging the twist angle, we have:

Xxxzy2 __ 983 cosf@—cos36

@)

Xxzx,v2 cosf@—cos36

After considering the Fresnel Coefficients, we can convert equation (2) into equation (3)

Xeff,sspv2 — 081 * 9.83 cosf@—cos30
Xeff.spsv2 ) cosf—cos30

®)

Figure 2.9 shows that the tilt angle of the phenyl groups at the d8-PS/peptide solution
interfaces falls in a narrow range for various peptides. The tilt angles are 44°, 51°, 52°, and 47°,
respectively, at the interfaces between d8-PS and solutions of mutant B, wild-type hybrid peptide,
mutant A, and mutant A2. With increased number of aromatic amino acids of the peptides on d8-
PS, the tilt angle of phenyl groups does not change substantially, indicating that the number of the
peptide aromatic residues is irrelevant to the interaction between the hybrid peptide or its mutants
and d8-PS. This result is consistent with that obtained from the peptide orientation analysis
presented above. Also as we stated above, the much weaker SFG signals collected from the d8-
PS/PBS buffer interface compared to those of the d8-PS/peptide solution interfaces indicated that
the phenyl groups more or less lie down at the d8-PS/buffer interface. Here we quantitatively
deduced the phenyl group orientation at the d8-PS/buffer solution interface. It was found that the

phenyl tilt angle at this interface is 68° versus the surface normal, indicating that the phenyl rings
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lie down more towards the interface compared to those at the polymer/peptide solution interfaces.

0.4

—— b&-distribution

el

0.3

Xsps,vZ/Xssp,vZ

0.1 =

d8-PS/PBS solution /

30

Tilt angle (°)

20

Figure 2.9 xsspv2/yspsv2 ratio as a function of phenyl group tilt angle (assuming a -
distribution of orientation)

Table 2.4 Phenyl group C-D stretching vibrational peak fitting parameters.

PBS-SSP PBS-SPS
oi (cm’ I (cm’ AgQ oi (cm’ I (cm’ Ag (a.u.) assighme
2265 5 -1 2265 5 -17 v7a
2275 5 -1.1 2273 5 -3 V7b
2290 7.7 29.8 2288 7.2 9.4 V2
Mutant B-SSP Mutant B-SPS
oi (cm’ I (cm’ AgQ oi (cm’ I (cm’ Ag (a.u.) assignme
2265 5.2 4.1 2265 6.1 -36 v7a
2273 5 -3 2275 5.2 -17.5 V7b
2288 6.3 78.5 2288 7.1 18 V2
Hybrid-SSP Hybrid-SPS
oi (cm’ I (cm’ AgQ oi (cm’ I (cm’ Ag (a.u.) assighme
2268 54 -3.3 2268 5.7 -39.8 v7a
2273 5 -2.9 2275 5.2 -17.5 V7b
2288 6.8 77.6 2288 6.9 20.3 V2
Mutant A-SSP Mutant A-SPS
i (cm” I (cm Aq i (cm” I (em Ag (a.u.) assignme
2268 5 -3.3 2265 6 -40.4 v7a
2275 5 -2.5 2275 5 -15.1 V7b
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2288 | 6.4 | 65.7 2288 | 7 | 20.2 v2
Mutant A2-SSP Mutant A2-SPS
oi (cm I (cm’ Aq i (cm” I (em Ag (a.u.) assignme
2265 5.6 -3.5 2265 6 -40 v7a
2273 5 -2.8 2275 5.2 -18 V7b
2287 7.4 77.9 2288 7.1 18 V2
MSI78-SSP MSI78-SPS
ol (cm I' (cm’ AQ ol (cm I' (cm Ag (a.u.) assignme
2265 5.6 -1.4 2267 5.6 -17.2 v7a
2275 5.2 -3.1 2275 5.1 -6.3 V7b
2290 7.4 34.3 2290 7.5 9.6 V2
MUMSI78-SSP MUMSI78-SPS
oi (cm’ I (cm’ AgQ oi (cm’ I (cm’ Ag (a.u.) assignme
2267 5.6 -1.2 2265 5.6 -15.0 v7a
2275 5.1 -2.1 2275 5 -10.2 V7b
2290 7.5 335 2290 7.4 10.3 V2

The similar SFG spectra collected from the various d8-PS/peptide solution interfaces in the C-
D stretching frequency region led to similar polymer surface structure while in contact with
different peptides, further confirming the similar interactions between d8-PS and peptides with
different numbers of the aromatic amino acids. This shows that the pi-pi interaction does not play
a major role here for the interactions between d8-PS and peptides. This conclusion is consistent
with that obtained from SFG studies in the amide | frequency region above. This is very different
from the interactions between graphene and peptides,® but more similar to those between MoS;
and peptides.>* As we reported, for MoS; — peptide interactions, charged amino acids on a peptide
terminal are important to ensure that the peptide would not lie down on the surface. Here the wild-
type hybrid peptide and the three mutants investigated all have multiple charged amino acids on
the N-terminus, therefore SFG amide | signals were detected from all the peptides on d8-PS,
because these peptides do not lie down at the interface.

To further verify this conclusion, we also collected the C-D stretching spectra from the d8-

PS/MSI-78 and d8-PS/MSI-78 mutant solution interfaces (Figure 2.10) to examine whether the
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pi-pi interaction is the dominant interaction between peptides and the d8-PS surface. Similar to the
results obtained from the hybrid peptide and its mutants presented above, the SFG spectra collected
from these two interfaces in Figure 2.10 are very similar, which is consistent with the results
acquired from the SFG study of the two peptides in the amide | frequency region. Using the spectra
fitting results, the tilt angles of the phenyl ring at the d8-PS/MSI-78 and d8-PS/MSI-78 mutant
solution interfaces were deduced to be 52° and 54°, respectively. Again, the increased number of
the aromatic amino acids did not substantially change the interfacial molecular structure of the
phenyl group on d8-PS, showing that the pi-pi interaction is not the dominating interaction between
the peptide and PS surface, otherwise the PS phenyl orientation should be different when
interacting with peptides of different amino acid numbers.

As we discussed above, the aromatic phenyl ring tilts towards the d8-PS surface at the
polymer/PBS solution interface. This is because water is hydrophilic, while d8-PS is hydrophobic,
the unfavorable interaction between water and polymer pushes phenyl groups to lie down more.
This is similar to the methyl groups in air and in water on a polymer surface, as we reported
previously.>! After peptides were adsorbed, the d8-PS phenyl groups stand up more, due to the
peptide - polymer interaction. Peptides have hydrophobic amino acids - they are much more
hydrophobic than water. The hydrophobic interactions between the peptide and polymer enable
the aromatic phenyl groups to orient more towards the peptides, leading to more standing-up

orientation and stronger SFG C-D stretching signals.
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Figure 2.10 SFG ssp and sps spectra collected from the interfaces between d-PS and solutions
of MSI78 peptide (a), and MUMSI78 peptide (b).

2.4 Conclusion

In this study, we applied SFG to investigate molecular interactions between biological
molecules and polymer surfaces in situ. Various peptides with different numbers of aromatic
amino acids were used as models for biological molecules, and d8-PS surface was served as a
model for polymer surfaces.

Interactions between d8-PS and MSI-78 as well as its mutant with two less aromatic amino
acids were investigated. It was found that the two peptides adopt similar orientations at the d8-
PS/peptide solution interfaces, which indicates that the pi-pi interaction does not play a major role
in determining peptide — d8-PS interactions, otherwise the peptides should adopt different
orientations, as what was observed on a graphene surface.!

SFG studies on hybrid peptide and three mutants with different numbers of aromatic amino
acid residues show that all the peptides adopt a similar orientation on d8-PS surface, regardless of

the aromatic amino acid number in the peptide. This is again different from the peptide - graphene
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interaction, where the number of the aromatic amino acids influences the peptide orientation due
to the fact that the pi-pi interaction dominates the interfacial interactions. The observations from
these four peptides at the d8-PS/peptide solution interfaces are similar to those from the
MoSz/peptide solution interfaces, where the pi-pi interaction is not important. We believe that on
the d8-PS surface, the pi-pi interaction does not play an important role, which is well correlated to
the results obtained from the studies on the interactions between d8-PS and MSI-78 as well as the
MSI-78 mutant.

SFG studies on the phenyl orientation on the d8-PS surface while in contact with various
peptide solutions in the C-D stretching frequency region produced compatible results to the above
SFG amide | studies on interfacial peptides. Phenyl orientations on the d8-PS surface while
contacting peptides with different numbers of aromatic amino acids are similar, showing that the
pi-pi interaction between the surface phenyl group and the peptide aromatic groups are not
dominating.

Molecular interactions between polymer surfaces and biological molecules are important for
many applications involving biomedical polymers, antifouling polymer coatings, polymer
membranes for bio-separation, and surface immobilized proteins or peptides for biosensing. SFG
is a powerful tool to probe such interactions at buried solid/liquid interfaces in situ at the molecular
level. The knowledge obtained from such studies helps the development of polymers with

improved performance.
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Chapter 3 Molecular Insights to Adhesion at a Buried Silica-filled Silicone/Polyethylene

Terephthalate Interface

Adapted with permission from Langmuir 2020, 36 (49), 15128-15140 (Copyright 2020

American Chemical Society).

3.1 Introduction

Silicone elastomers, adhesives, sealants and coatings with poly(dimethyl siloxane)
(PDMS) as the major component, are commonly used in the aviation, automotive, construction
and electronics industries because of their ability to passivate and protect components from
extremes in thermal, mechanical and environmental stresses.! The global market for silicones has
increased rapidly and in 2021 is expected to be 20 billion U.S. dollars.? In many applications, the
reliability and durability of the device, article or joint is reliant upon the adhesion of the cured
silicone material to the underlying substrates.>® Silicones excel over other elastomers when
thermal and environmental resistance is required; they are able to retain their elasticity and other
mechanical properties over time. Silicone adhesives are supplied as one- or two-part formulations,
generally relying on room temperature vulcanization (RTV) products that crosslink by
condensation reactions or high temperature vulcanization (HTV) products that crosslink by
addition reactions. The latter relies predominantly on hydrosilylation chemistry, in which a vinyl
terminated PDMS and a silicone-hydride functional siloxane oligomer crosslink in the presence of
a platinum catalyst.” This addition-cured system is preferred when a rapid cure is desired with no

leaving groups. Also, addition-cured silicones are good candidate adhesives for their outstanding
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thermal stability and controllable curing process 8°. Silicones, while fundamentally chemically
inert, have low surface energy and are able to wet substrates exceptionally well. However, their
non-polar nature and intrinsic lack of reactive organofunctional groups in addition-cured silicones
lead to poor adhesion of these silicone adhesives to polymers.!® To address this issue, plasma or
corona surface treatments have been applied'*'? but require extra processing steps and expense.
Therefore, self-priming curable silicone formulations are most broadly sought after in most
applications. In the past few decades, blending adhesion promoters into silicone matrices was
utilized as an economic and efficient way to achieve good adhesion for addition-cured silicones.™*-
19 Different organosilane-based coupling agents have been developed as adhesion promoters to
improve silicone adhesion to various substrates such as metals and polymers by providing
interfacial reactive functionalities.?>?> Common classes of adhesion promoters or adhesion
catalysts in silicone formulations include organosilanes, titanates, and zirconates, along with
reactive organic small molecules and organosiloxane oligomers that typically have either an
unsaturated group or SiH group to provide complementary coupling to the hydrosilylation cured
matrix.

While adhesion involves a complex interplay of bulk and interfacial phenomena?2°,
adhesion of silicone to any substrates must originate at the buried silicone/polymer interfaces.
Without a minimum of wetting and interfacial contact, no subsequent coupling to viscoelastic
energy dissipation schemes can be invoked upon exposure to various stress fields. The
understanding of adhesion mechanisms needed to accelerate the development of new adhesives
therefore can be greatly assisted by probing the molecular interactions and structures present at
silicone/polymer interfaces. Since such interfaces are buried interfaces between two solids, their

structures are difficult to examine in situ nondestructively at the molecular level.
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Unlike SFG?* many traditional surface sensitive analytical techniques (e.g., XPS)
require debonding of composite parts to obtain structural information of the original buried
interface, which may destroy information about the original interface.* Practically, good adhesion
is often defined by the observation of cohesive failure of the adhesive or substrate which occurs
because the interface is sufficiently strong that it cannot be separated cleanly. This rules out the
application of conventional destructive surface analytical techniques to successfully examine the
adhesive joints. As mentioned above, in contrast, SFG can directly probe the interfacial structure
of a buried interface in situ nondestructively.>®-%? This unique property makes SFG an excellent
tool to study buried silicone adhesive/polymer substrate interfaces.>°

Previously, we have carried out systematic studies to reveal the adhesion promotion
mechanism of alkoxysilane-siloxane mixtures on aliphatic group deuterated polyethylene
terephthalate (d4-PET) using SFG>** 5388 The interfacial ordering of the three methoxy end
groups of (3-glycidoxypropyl)trimethoxysilane (y-GPS, which is an alkoxysilane, Scheme 3.1)
was found to play important roles in determining adhesion strength at the silicone/PET interface.
The addition of DMMVS (Hydroxyl terminated dimethyl methylvinyl co-siloxanol, Scheme 3.1)
caused more ordering of the methoxy groups at the d4-PET/silicone interface before curing and,
therefore, promoted the adhesion by the interfacial chemical reactions between methoxy groups
and hydroxyl end groups of PET during the curing process.®*

Along with the alkoxysilane-siloxanol mixture adhesion promotion system, other
components are introduced into silicone matrices to achieve better performance and properties for
silicone elastomers. This current study focused on the effects of two common components on
interfacial structures and adhesion of silicone adhesives: adhesion catalyst and filler. Adhesion

catalyst is typically added to silicone adhesives to accelerate interfacial reactions involving the
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alkoxysilane groups of y-GPS or the silanol groups on DMMVS and enhance the adhesion.
However, the detailed mechanism of adhesion catalyst still remains unclear. To improve the
mechanical strength and toughness of silicone materials, inorganic silica fillers are widely used as
additives in silicone elastomers. Nevertheless, any components added to the silicone system may
change the interfacial molecular structure and then affect adhesion. For example, the introduction
of high surface area silica fillers may create silica/silicone interfaces that also compete for reactive
species needed for adhesion.

In this study, the interfacial structure of a silicone/d4-PET interface was investigated for a
silicone elastomer containing a y-GPS-DMMVS mixture. The SFG results were correlated to
adhesion measurements to understand how the interfacial structure changes caused by the addition

of silica filler and/or adhesion catalyst to silicone affect the interfacial adhesion.

3.2 Materials and Methods

3.2.1 Materials and Sample Preparation

CHy CHy
(a) E J?\ gp . (b) (c) HO |/0 |/{]
HC* \]/ (o Si Si H
. -OTL}C,CH Dz (L‘ |\\
Hy
o " o X CHa|
d4-PET Zirconium(IV) acetylacetonate Dimethyl methylvinyl co-siloxanol (DMMVS}
@ QO CHCH;O(CHy)CH E,-CHS © oo ® QCHs
pye CHCHZO(CHaICH—8i—0CH, CHy(CHz)4CHz~$i-OCH; CHa(CH2)16CH2~Si-OCH;
CH, OCH3 OCHg

(3-glycidoxypropyl)trimethoxysilane (y-GPS) Hexyltrimethoxysilane (HTMS)  Octadecyltrimethoxysilane (OTMS)

Scheme 3.1 Molecular structures of materials used: a) d4-PET, b) adhesion catalyst (AC),
¢) DMMVS, d) y-GPS, e) HTMS, f) OTMS.

Aliphatic chain deuterated PET (d4-PET) was used as polymer substrate in this study to avoid

spectral interference of the C-H stretching signals from PET. The d4-PET (Mv=72,000 g/mol, lot
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number P3416) was obtained from Polymer Source, Inc and dissolved in the solvent 2-
chlorophenol to prepare a d4-PET solution at 1.5 wt%. A polymer thin film was prepared by spin-
coating the d4-PET solution on a fused silica prism at 2000 rpm for 30 seconds (VTC-100 spin-
coater, MTI1 Corporation). The polymer films were placed in a vacuum oven and annealed at 150
°C for 14 hours to remove remaining solvent. Samples for adhesion testing were prepared using
unreinforced 0.25 inch thick Ertalyte® PET-P (Boedeker Plastics Inc,).

The adhesion promoter y-GPS was purchased from Millipore-Sigma, Inc.
Hexyltrimethoxysilane (HTMS) and Octadecyltrimethoxysilane (OTMS) were purchased from
Santa Cruz Biotechnology and Sigma-Aldrich, respectively. Hydroxyl terminated dimethyl
methylvinyl co-siloxanol (DMMVS) and Zirconium (IV) acetylacetonate were supplied by Dow,
along with all siloxane polymers. It should be noted that Zirconium (IV) acetylacetonate was
supplied as a paste-like dispersion in a 1:1 (w/w) mixture with a vinyl-terminated PDMS (Vi-
PDMS11) having a number average molecular weight (Mn) of about 11 kDa. This catalyst
dispersion containing 50 wt% active metal coordination complexes is hereby referred to as
adhesion catalyst (AC). The silica-filled silicone elastomer matrices (Table 3.1) were also
provided by Dow, as a two-part kit. The molecular structures of the above chemicals and the d4-
PET polymer are shown in Scheme 3.1.

The two-part platinum-catalyzed addition cured silicone elastomer was provided by Dow
(Table 3.1). The fumed silica is trimethylsiloxy-surface treated by a high shear mixing process
with the vinyl terminated PDMS matrix polymer (Vi-PDMS60) that has Mn of about 60 kDa. Part
A of the silica-filled silicone elastomer contains SiVi-functional PDMS and the Karstedt’s catalyst
complex, which is also supplied as a dilute dispersion in Vi-PDMS1. This Karstedt’s catalyst

loading in Part A yields a total Pt level of about 9 ppm (w/w) for curing of the total formulation
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when Parts A and B are mixed at a 1:1 (w/w) ratio. Part B contains both Vi-PDMS58 and a PDMS
crosslinker that is about 40 mol% randomly substituted with methylhydridosiloxane units and has
Mn of about 900 Da, and 1-ethylnyl-1-cyclohexanol (Sigma-Aldrich) as a catalyst inhibitor to
permit working time before heat curing. Equivalent formulations without the treated silica filler
were also provided by Dow.

Table 3.1 Silicone elastomer (SE) compositions.

wt%
Material

Part A Part B
Treated silica 19.20 19.33
Vi-PDMS60 80.77 73.93
SiH-functional PDMS crosslinker - 6.67
Karsedt’s (Pt) catalyst complex dilution 0.027 -
Catalyst inhibitor - 0.074

For control samples (no adhesion components), the two parts were mixed in a 1:1 ratio (w/w).
Adhesion components, including y-GPS, DMMVS, and AC were then added to the two parts to
produce samples for studies exploring the effect of the additives on adhesion. Formulations are
detailed in Table 3.2.

All formulations were mixed by manually stirring for 10 minutes. Thick films of silicone
(around 5 mm) were dropped onto the d4-PET-coated prism and the assembly was cured in an

oven under nitrogen gas at 150 °C for 1 hour.
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Table 3.2 Compositions of the silicone adhesive samples investigated.

Sample PartA PartB AC DMMVS v-GPS OTMS H
SE 50.00 50.00 - - - - -
SE-AC 49.70 49.25 030 - - - -
SE-GPS/DMMVS 49.70 49.25 - 0.15 0.60 - -
SE-GPS/DMMVS/AC 49.70 49.25 030 0.15 0.60 - -
SE-OTMS/DMMVS/AC  49.70  49.25 0.30 0.15 - 0.60 -
SE-HTMS/DMMVS/AC  49.70  49.25 0.30 0.15 - - 0.

3.2.2 Experimental Methods

3.2.2.1 SFG Experiment

To gain molecular structure information at the silicone/PET interface and correlate structure-
properties relationship, SFG experiments were conducted. As mentioned in chapter 1, SFG is a
well-developed technique used for investigating molecular structures at buried interfaces and there
are many publications in this realm3: 47-°0. 6568, 70 Detajled SFG theory and experimental
procedures have been extensively published and will not be repeated here. 26-2% 607172 preyiously,
we have examined molecular structures at buried silicone (Sylgard 184) interfaces and performed
qualitative and quantitative characterizations on adhesion®* 53-%4, The sample geometry used in this
study is shown in Figure 3.1. The silicone films used here were sufficiently thick to avoid
penetration of the visible and IR beams to the other side of the silicone sample, so only the buried
silicone/d4-PET interface contributes to the SFG aliphatic C-H stretching signal from silicone
adhesives, and there is no need to consider the signal contribution from multiple interfaces.”
Under the experimental condition used, there was no sample damage by the input laser beams. The
SFG spectra were collected from the buried silicone/d4-PET interfaces using the SSP polarization

combination of the input and output beams. Multiple samples were tested for each interface and
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the SFG spectra are reproducible. Each spectrum shown below is the averaged data for at least six

individual spectra.

Right Angle Prism

ds-PET PDMS

Figure 3.1 SFG experimental sample geometry to study d4-PET/silicone interfaces

3.2.2.2 Adhesion Strength Test

PET
0
( |
\ N
> / \ 90°
Silicone

Fa

Weight 1

Figure 3.2 Schematic of 90° adhesion test.

In order to study the effects of silica filler and other components on adhesion strength of
silicone elastomer on PET, 90-degree peeling test was conducted using the experimental

configuration shown in Figure 3.2. By comparing the adhesion strengths of different sample
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formulas and curing conditions, we can learn the adhesion promotion mechanism of silicone
adhesives.

Samples were prepared by applying silicone stripes (10 cm long, 2 cm wide, 0.5 cm thick) onto
PET plates. The samples were cured in an oven under various conditions specified below.
Adhesion measurements were conducted at room temperature, after 12 hours of equilibration at
ambient temperature.

A silicone stripe was peeled approximately 1 cm on one side for weight attachment. A clamp
(not shown in Figure 3.2) was used to connect a stainless-steel hooked weight with the peeled
section of the silicon stripe. The hooked weight was held manually to ensure that the angle between
the hooked weight and the silicone stripe was about 90 degrees, and the hooked weight was
released. If no adhesive failure between the silicone and PET occurred, additional weight was
applied. This process was repeated until adhesion failure between silicone and PET occurred. The
minimum weight to induce such a failure was recorded to characterize the adhesion strength. If the
adhesion failure occurred during the first trial, the experiment was repeated with a new sample

using a lighter hooked weight.

3.3 Results and Discussion

3.3.1 Adhesion Strength Results
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Figure 3.3 Adhesion data collected from different silicone adhesives with silica filler: (a) all
samples cured at 150 °C for 60 mins (b) all samples cured at 150 °C for 15 mins. All the
silicone samples tested here contain fillers, indicated by (f) in the two figures.

Figure 3.3 shows the measured adhesion strengths at polymer/silicone interfaces for various
samples annealed at different temperatures with different annealing times. Because the silicone
samples without silica are too soft and vulnerable even after curing, reliable adhesion data could
not be obtained using the 90-degree peel test. Therefore, all the samples tested here are silica filled.
The following results can be obtained from the adhesion testing experiments:

(1) The silicone samples containing the y-GPS-DMMVS adhesion promoters (samples
GPS/DMMVS/AC and GPS/DMMVS) have higher adhesion strength than the sample AC (which
does not contain such adhesion promoters) at the silicone/polymer interface, as shown in Figure
3.3a. This indicates that the y-GPS-DMMVS adhesion promoter is important for enhancing the
silicone adhesion at interface.

(2) The adhesion strength of the silicone/polymer interface for the silicone sample containing
v-GPS-DMMVS adhesion promoters and AC is higher than that for the silicone sample containing

v-GPS-DMMVS adhesion promoters without AC (Figure 3.3a, GPS/DMMVS/AC vs.
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GPS/DMMVYS). This shows that AC facilitates interfacial adhesion.

(3) When the y-GPS was replaced with a different silane without the epoxy end group, OTMS
and HTMS, the adhesion strength was measured to be lower (Figure 3.3a, GPS/DMMVS/AC vs.
OTMS/DMMVS/AC and HTMS/DMMVS/AC). This demonstrates the significance of the epoxy
groups on silicone adhesion.

(4) Comparing the adhesion strengths of samples AC and OTMS/DMMVS/AC in Figure 3.3a,
we can see that the addition of OTMS-DMMVS and HTMS-DMMVS increased the adhesion
slightly (OTMS/DMMVS/AC and HTMS/DMMVS/AC vs. AC).

(5) Comparison between Figure 3.3a and Figure 3.3b shows that the adhesion strength
increases as the curing time increases. Comparing to 60 mins annealing samples, the addition of
v-GPS-DMMVS adhesion promoter has little effect on promoting adhesion strength in 15 mins
annealing samples, which is consistent with SFG study below (AC vs. y—-GPS/DMMVS/AC and
v—GPS/DMMVS in Figure 3.3b). The addition of AC has positive effect on facilitating y-GPS-
DMMVS adhesion promoter to enhance adhesion strength.

All the above observations from the adhesion measurements can be interpreted by SFG results

presented below at the molecular level.
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3.3.2 SFG Results

3.3.2.1 Interfacial Methoxy Behavior
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Figure 3.4 SFG spectra collected from buried interfaces between d4-PET and different
silicone (with adhesion promoter) samples: (a) uncured and cured silica unfilled
GPS/DMMVS silicone; (b) uncured and cured silica filled GPS/IDMMVS silicone; (c)
uncured and cured silica unfilled GPS/IDMMVS/AC silicone; (d) uncured and cured silica
filled GPS/IDMMVS/AC silicone. The dots are experimental data and the lines are fitting
results.

As reported in our previous studies on silicone adhesives with neither silica filler nor
adhesion catalyst, the interfacial behavior of y—-GPS-DMMVS adhesion promoter plays a
significant role in determining the adhesion strength of silicone.>3->* 83-64.68 Thjs current research
is focused on the effects of silica filler and adhesion catalyst on interfacial structure and adhesion
at silicone/polymer interfaces. In Section 3.3.2.4, we presented the results on the effects of silica
and adhesion catalyst on the interfacial structure of NEAT silicone (without y-GPS-DMMVS
adhesion promoter)/polymer interfaces (Figure 3.10). Here we investigate the effects of silica and
adhesion catalyst on the interfacial structure of the silicone (with the y-GPS-DMMVS adhesion
promoter)/polymer interfaces. In our previous publications, we reported that strong adhesion of
the silicone adhesives without silica fillers or adhesion catalyst is correlated to two SFG spectral
observations from the silicone/polymer interface:** (1) ordered methoxy groups of y—GPS at the

uncured silicone/PET interface (evidenced by a strong SFG methoxy signal before curing), (2)

57



reaction between the methoxy groups and PET surface (evidenced by a decrease in SFG methoxy
signal intensity). Therefore, we expect that the SFG methoxy signal collected from the
silicone/polymer interface before and after curing in this research should also provide important

information regarding adhesion.

Table 3.3 SFG peak assignments 53-54. 64,69, 74

Interfaces Peak Center (cm™) Assignment
d4-PET/PDMS samples | 2840 sym C-H stretching of methoxy (O-CHs)
(cured, SSP) 2875 Sym C-H stretching of methylene(-CH,)
2910 sym C-H stretching of PDMS methy! (Si-CHs)
2925 asym C-H stretching of methylene(-CH>)
2965 asym C-H stretching of PDMS methyl (Si-CHs)
3010 Epoxy ring C-H stretching
3085 Phenyl ring C-H stretching
d4-PET/PDMS samples | 2845 sym C-H stretching of methoxy (O-CHs)
(uncured, SSP) 2875 sym C-H stretching of methylene(-CHy)
2900 sym C-H stretching of PDMS methy! (Si-CHs)
2935 asym C-H stretching of methylene(-CHy)
2965 asym C-H stretching of PDMS methyl (Si-CHs)
3085 Phenyl ring C-H stretching

SFG spectra collected from the buried interfaces between d4-PET and silicone elastomers
(with y—-GPS-DMMVS adhesion promoter), with and without adhesion catalyst, are shown in
Figure 3.4. Table 3.3 shows the SFG peak assignments. The 3085 cm™ peak is assigned to the
phenyl C-H stretching of d4-PET. The SFG peaks centered at ~2900 cm™ and 2965 cm™ are again

assigned to the symmetric and anti-symmetric C-H stretching modes of Si-CHg, respectively. The
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symmetric Si-CHsstretching peak slightly shifts to 2910 cm™ with the addition of adhesion catalyst
in both uncured and cured system. The peak centered around 3000-3010 cm™ is assigned to the
epoxy C-H stretching of y-GPS, indicating the presence of the epoxy end group of y-GPS at the
silicone/d4-PET interface with order'®. The sharp peak at 2840-2845 cm™ is assigned to the
symmetric C-H stretching of the methoxy head group in y—GPS.54 % The peaks at 2875 cm™ and
2925-2935 cm™ are assigned to the symmetric and anti-symmetric -CH; stretching, respectively,
from the backbone methylene groups of DMMVS and y-GPS as well as the curing agent. Table

3.4 shows the SFG spectra fitting parameters.

Silica filler effect:

SFG spectra displayed in Figure 3.4a were collected from the unfilled GPS/DMMVS
silicone/d4-PET interface before and after curing. Methoxy group signals at the silicone interface
are present in the SFG spectra before curing, which is consistent with the presence of the y-GPS
with order at the interface. After curing, the SFG signal from the methoxy group greatly increased,
indicating that the interfacial methoxy groups have a higher interface coverage and/or becoming
more ordered. This observation is quite different from the results obtained from our previous
studies on silicone/d4-PET interfaces using SFG.** As we mentioned above, for a silicone/polymer
interface with strong adhesion, our previous study indicates that SFG methoxy signal needs to be
strong before curing (ordered methoxy groups at the uncured silicone/polymer interface).®* % After
curing, the SFG methoxy signal should greatly decrease, indicating the reaction between methoxy
and the PET surface (likely hydroxyl end groups).®* 8 However, here we observed the opposite
trend — The SFG methoxy signal intensity was higher after curing. This is due to the different
silicone samples we studied here from those used in previous investigations. The silicone sample

used in this study contains a much smaller amount of y-GPS (0.6 wt%) compared to that used in
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the previous studies (1.5 wt%). Here at room temperature before curing it is difficult for methoxy
groups of smaller amount of y-GPS to segregate and order at the silicone/d4-PET interface. During
the curing process, methoxy groups can be more efficiently diffuse to the silicone/polymer
interface, increasing the SFG signal at 2840 cm™. At the same time, the interfacial methoxy groups
could react, leading to lowering the SFG signal at 2840 cm™. The observed SFG signal increase is
the overall effect from the methoxy diffusion and reaction, the details of which can be elucidated
by time-dependent SFG studies. We performed such time-dependent studies for silica filled
silicone systems which will be presented below but did not perform studies on unfilled silicone,
because this research is focused on the filler and catalyst effects.

Comparing SFG spectra shown in Figure 3.4a with 3.4b, we can observe the effect of silica
filler on the interfacial structure at the silicone/polymer interface. Much weaker SFG signals from
methoxy groups at ~2840 cm™ were detected from the silicone/polymer interfaces after the
addition of the filler for both uncured and cured cases. The addition of silica to the silicone matrix
increases the amount of interfacial area in the silicone matrix. Substantial amount of methoxy
molecules may segregate and adsorb to such silicone/silica interfaces, which greatly reduces the
amount of y-GPS-DMMVS at the silicone/d4-PET interfaces. The presence of the lower
concentration of methoxy groups at the silicone/d4-PET interface may generate the weaker SFG
methoxy signal intensity for uncured sample for a given average orientation. This lower amount
of methoxy groups at the silicone/d4-PET interface may result in poor adhesion. It might be
expected that curing would facilitate migration of the methoxy groups to the silicon/polymer
interface and cause a resultant increase in adhesion strength. The SFG methoxy signals are
however also very weak in the cured system (Figure 3.4b), indicating the surface

coverage/ordering of methoxy groups at the silicone/d4-PET interfaces are minimal with added
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filler in the silicone matrix, regardless of curing. The decrease in coverage/ordering of the methoxy
groups at the cured silicone/polymer interface may be due to the opposite effect of interfacial
segregation (increasing the methoxy coverage) and interfacial chemical reaction (decreasing the
methoxy coverage). This will be further studied by time-dependent curing experiment presented
below.

The effect of the filler in the presence of the catalyst in the silicone matrix is shown by
comparing the SFG spectra displayed in Figure 3.4c and 3.4d. Before curing, SFG methoxy signal
from the unfilled silicone/polymer interface (Figure 3.4c) is larger than that collected from the
filled silicone/polymer interface (Figure 3.4d). This is similar to what was observed when
comparing Figure 3.4a with 3.4b in the absence of adhesion catalyst. This can be interpreted by
the segregation of methoxy to the silica filler/silicone interfaces, as discussed above. Differently,
after curing, the SFG methoxy signals are both large in Figure 3.4c and 3.4d, showing that filler
does not substantially change the interfacial structure of adhesion promoters. This is different from
the results in the absence of the catalyst. Apparently, the addition of catalyst to the silicone matric
alters the effects of filler on the methoxy interfacial behavior, which will be discussed in more

detail later.

Adhesion catalyst effect:

First, we want to study the effect of adhesion catalyst on the interfacial structure at the
silicone/polymer interface in the absence of silica filler. Comparing the SFG spectra shown in
Figure 3.4a with 3.4c, we can see that the addition of the catalyst affects the interfacial behavior
of methoxy groups, which is presumably expected to impact the silicone adhesion to PET. We
discussed the methoxy SFG signal change before and after silicone curing without the presence of

the catalyst in Figure 3.4a above. Here with the presence of catalyst, very strong methoxy signal
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at 2840 cm™* could be detected in Figure 3.4c, indicating that ordered methoxy groups cover the
silicone/polymer interface before curing, which is one of the requirements for good adhesion. After
curing, the methoxy signal intensity is still very large in Figure 3.4c. The large SFG methoxy
signal after curing indicates that AC facilitates the interfacial segregation of the methoxy groups
to ensue substantial methoxy interfacial coverage even after the interfacial reaction occurred. This
should help to improve adhesion.

We then studied the effect of adhesion catalyst on interfacial methoxy behavior with the
presence of filler in silicone. In order to do so, we compared SFG spectra plotted in Figure 3.4b
with 3.4d. Before curing, SFG methoxy signal from the uncured silicone (with filler and
catalyst)/polymer interface is minimal, which is similar to that from the uncured silicone (with
filler but without catalyst)/polymer interface. This shows that filler plays a dominating role to
reduce the methoxy segregation at the silicone/polymer interface; the adhesion catalysts has little
effect at the interface if the adhesion promoting species are adsorbed on filler surfaces. However,
the SFG methoxy signal in Figure 3.4b is much larger than that in 3.4d. As we discussed above,
curing facilitates the methoxy interfacial segregation and interfacial reaction, which should have
opposite effects on SFG signal changes. Here, even in the event of interfacial reaction of some of
the methoxysilane groups, the methoxy SFG signal still increased after curing. One possible reason
is that each y-GPS molecule is comprised of three methoxy groups. Even if one or two react, there
would still remain two or one residual methoxy group”®. It is known that the first and second
alkoxy groups hydrolyze and condense much faster than the third, so it is unlikely that all three are
consumed simultaneously’”"8, Thus, if one of the methoxy groups (or alternately, the epoxy tail)
reacts directly with the substrate, this should induce a stronger orientation of the remaining alkoxy

groups, relative to a “free” y-GPS for which entropy would favor a more random orientation near
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the interface. The fact that the adhesion catalyst is expected to facilitate reactions of the y-GPS
moieties suggest that it would favor stronger alignment of methoxy at the silicone/polymer
interface. The rationale behind the combination of y-GPS and DMMVS as an adhesion promoter
system for Pt-cured silicones is that one of the alkoxysilane groups also couples to the Si-OH end
of DMMVS which is able to tie into the silicone network through hydrosilylation of the pendant
vinyl groups. Under this hypothesis, one should see a correlation to improved adhesion. More
details of the methoxy interfacial behavior will be reported in the time dependent studies in Section

3.3.2.3 below.

3.3.2.2 Interfacial Epoxy Behavior

After we discussed the interfacial behavior of methoxy groups, we want to study the behavior
of epoxy groups at the interface. As we showed in Figure 3.4 above, for all the silicone materials
with y-GPS-DMMVS adhesion promoter, before curing, the 3010 cm™ peak could be clearly seen,
indicating the interfacial coverage and ordering of the epoxy groups for all the samples. After
curing, for all the four samples, the 3010 cm™ peak disappeared. The disappearance of the SFG
signals of epoxy after curing can be caused by the elimination or randomization of the interfacial
epoxy groups. We believe that the interfacial epoxy groups have participated in the interfacial
reaction during the curing process, leading to the disappearance of the SFG epoxy signals.

The ring-opening reaction of the epoxy functionality can be triggered by heat during the
curing process (Scheme 3.2). On the other hand, the SFG signal intensities of CH> methylene
peaks increased after curing (Figure 3.4), indicating increased coverage or ordering of interfacial
methylene groups. The higher interfacial coverage/ordering of methylene groups may be caused

by the methylene containing products generated from the network via hydrosilylation (Scheme
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Scheme 3.2 Some possible reactions at the silicone/d4-PET interface during curing

Since all the epoxy signals disappeared for the cured samples, here we want to examine the

effects of fillers and AC on the interfacial behavior of epoxy groups before curing. Comparing the

SFG spectra collected from the uncured samples in Figure 3.4a to 3.4c, and 3.4b to 3.4d, we can

see that the addition of AC to the sample increased the epoxy signal, indicating that AC could help

to segregate epoxy groups to the interface with order. Comparing the SFG spectra collected from

the uncured samples in Figure 3.4a to 3.4b, and 3.4c to 3.4d, we can see that the silica fillers did

not substantial change the epoxy signals, which is different from above discussed effects of silica

fillers on methoxy interfacial behavior. Especially for Figures 3.4c and 3.4d, fillers decreased the

SFG methoxy signal because of less methoxy (therefore also y-GPS) coverage at the silicone/PET

interface, but not the SFG epoxy C-H stretching signal. This shows that epoxy groups can be more

ordered when there is less methoxy groups at the interface.
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Figure 3.5 SFG spectra collected from buried interfaces between d4-PET and different
silicone (with adhesion promotor of mixed DMMVS and methyl terminated silane OTMS or
HTMS) samples: (a) uncured and cured OTMS/DMMVS/AC silicone with silica filler; (b)
uncured and cured HTMS/DMMVS/AC silicone with silica filler. The compositions of
samples OTMS/DMMVS/AC and HTMS/DMMVS/AC can be found in Table 3.2.

To further examine the effect of interfacial behavior of the y-GPS end epoxy group at the
silicone/polymer interface, we performed a set of control experiments by replacing y-GPS with
silanes of the same head methoxy groups but different end group, OTMS and HTMS, in the
GPS/DMMVS/AC formula. The compositions of samples OTMS/DMMVS/AC and
HTMS/DMMVS/AC can be found in Table 3.2. SFG spectra collected from the interfaces between
d4-PET and silicone samples with OTMS and HTMS instead of y-GPS are shown in Figure 3.5.

Comparing the SFG spectra in Figure 3.5a with those in Figure 3.4d, we can see that the

silane end group in the promoting mixture influences the interfacial molecular structure at the
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silicone/polymer interface. Without the epoxy group in OTMS, the SFG signal at 3010 cm™ was
absent in Figures 3.5a, which verifies our above peak assignment that the 3010 cm™ peak is
contributed by the C-H stretching mode of the epoxy group.

The influence of the silane end group on molecular structure of the silicone/polymer interface
can also be seen from the methoxy interfacial behavior. Although for the uncured
GPS/DMMVS/AC sample, the SFG signal of interfacial methoxy at 2845 cm™ is weak in Figure
3.4d, it becomes much stronger after curing, indicating ordered methoxy at the cured
silicone/polymer interface for the GPS/DMMVS/AC sample. Differently, only very weak SFG
signals at 2845 cm™were detected from both uncured and cured OTMS/DMMVS/AC samples at
the silicone/polymer interface in Figure 3.5a, indicating there are not many methoxy groups
segregating to the interface with ordering.

The only difference between the GRS/DMMVS/AC and OTMS/DMMVS/AC samples is the
different silane molecules used, y-GPS vs. OTMS, which is only 0.6 wt% in each sample (Table
3.2). The different interfacial behavior of silane methoxy for GPS/DMMVS/AC and
OTMS/DMMVS/AC at the silicone/polymer interface may be caused by three possible reasons:
(1) The different silane end groups, epoxy in y-GPS and methyl in OTMS, may have different
effects on interfacial segregation/ordering of methoxy groups. (2) The OTMS molecule is much
longer - The length of the silane molecule may affect the diffusion of the molecule to the interface
with order. (3) The molecular weight of OTMS (374.67 Da) is 58.5% greater than that of y-GPS
(236.34 Da), such that for the same loading of 0.6 wt %, there would be less than half as many
methoxy groups present in the OTMS system than y-GPS. Let us examine these possibilities below.

To test the second and third possibilities mentioned above, we performed another control

experiment by replacing OTMS with HTMS (Scheme 3.1), which has the same head groups and
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the same end group as OTMS, but the length is much shorter than OTMS while comparable to y-
GPS. The formula weight of HTMS is 206.35 Da, or 14.5% lower than that of y-GPS, such that
the molar concentration of HTMS would be correspondingly higher at the constant weight loading
of 0.6 wt% silane. As shown in Figure 3.5b, no SFG signal could be detected at 2845 cm for
both uncured and cured HTMS/DMMVS/AC samples at the silicone/polymer interface. Therefore,
it is clear that the absence of methoxy with order at the silicone/polymer interface is not because
of the length nor concentration of the methyl terminated silane, but likely due to the non-polar
composition of the alkyl tail group.

This can be understood from the perspective of matrix compatibility differences among the
three silane coupling agents by examining their solubility parameters. Using the group contribution
method of Fedors to estimate solubility parameters’®, we obtain the following respective values
for y-GPS, OTMS and HTMS: 8.49 (cal/cm®)°°, 8.14 (cal/cm®)®°, and 7.76 (cal/cm®)°°. For
comparison, the same method yields a solubility parameter of 7.38 (cal/cm?®)®° for PDMS, which
is in good agreement with literature values.®’ Following the “like dissolves like” adage, smaller
differences in solubility parameter between the silane and PDMS favor enhanced compatibility.
Hence, y-GPS can be expected to be significantly less compatible in PDMS and likely driven to
interfaces by incompatibility in PDMS, as opposed to the alkylsilanes which, would tend to be less
enthalpically dissatisfied to remain dispersed in the bulk of the PDMS matrix. This follows
experimentally observed solution behavior, as hydrocarbons like n-alkanes are excellent solvents
for even very high molecular weight PDMS, and unsurprisingly, the use of alkyl substituents is a
simple way to enhance compatibility of organic compounds in PDMS.8° Hence, both OTMS and
HTMS will tend to be relatively compatible in PDMS. In contrast, y-GPS contains both the strained

three membered glycidyl ring, as well as an ether linkage, both of which introduce polarity and act
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to reduce PDMS compatibility. It follows that the glycidoxypropyl tail of y-GPS can promote
segregation to the silicone/polymer interface. Orientational bias could then be induced by
interfacial reactions with the substrate that occur on exposure to heat and may be accelerated by
the adhesion catalyst, which is consistent with what we reported in our previous publication®. This
study clearly shows that the synergistic behavior of the methoxy and epoxy groups on y-GPS plays
important roles in adhesion at the silicone/polymer interfaces, with evidence that suggest that both
the methoxy and epoxy ends could be undergoing reactions. We note that the methoxy groups
could react with the substrate or with the silanol termini of DMMVS, or undergo self-condensation
reactions with either the methoxy or -OH groups (from epoxy ring opening) present on neighboring
v-GPS molecules.

Comparing Figure 3.5a to 3.5b, we can tell that the silane molecule length affects the
structure at the silicone/polymer interface. For HTMS/DMMVS/AC, methyl symmetric stretching
signal at 2880 cm™ can be detected from the uncured (as a shoulder) and cured (a distinct peak)
silicone/polymer interface. For OTMS/DMMVS/AC samples, this signal was not detected. This
indicates that methyl group is present and ordered at the silicone/polymer interface when HTMS

was used to replace y-GPS, which is not the case when OTMS was used.

3.3.2.3 Time Dependent Curing Studies
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Figure 3.6 SFG spectra collected from buried interfaces between d4-PET and AC silicone
with silica filler samples under different curing times at 150°C: (a) Uncured AC silicone

with silica filler (0 mins); (b) Cured AC silicone with silica filler (15 mins); (c) Cured AC
silicone with silica filler (60 mins); These samples do not contain the adhesion promoters.

Figure 3.6 shows SFG spectra collected from the silicone/polymer interface for AC silicone
with silica filler with different curing times. As aforementioned, the peaks at 2910 cm™ and 2965
cm* are assigned to the symmetric and asymmetric C-H stretching modes of Si-CHs, and the peak
centered at 3085 cm™ is attributed to the phenyl C-H stretching from d4-PET. All the three spectra
shown in Figure 3.6 are similar; the only differences are the decreased ratio between the Si-CHs
C-H symmetric/asymmetric stretching intensity and the increased signal from d4-PET phenyl C-
H stretching as a function of the increased annealing time, caused by the interfacial orientation
changes of Si-CHs (see Section 3.3.2.4 for Si-CHs orientation discussion) and phenyl groups at

the interface.
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Figure 3.7 SFG spectra collected from buried interfaces between d4-PET and
GPS/DMMVS/AC silicone with silica filler samples after curing for 15 min; (b) SFG spectra
collected from buried interfaces between d4-PET and GPS/DMMVS silicone with silica filler
samples after curing for 15min. The dots are experimental data and the lines are fitting
results.

Before curing, only weak SFG methoxy signal at 2845 cm™ could be detected (as a shoulder)
from the d4-PET/GPS/DMMVS/AC filled silicone interface in Figure 3.4d, indicating that
methoxy groups do not have substantial interfacial coverage or are not ordered at the interface.
After curing for 60 minutes, the intensity of SFG methoxy signal at 2845 cm™ increased (Figure
3.4d), showing that more ordered methoxy group are present at the interface. We believe that
methoxy groups diffused to the interface in the curing process and reacted at the interface to
enhance adhesion. After curing for 15 minutes, strong SFG methoxy signals could be detected in
Figure 3.7a. The methoxy C-H stretching signal intensity at 2845 cm™ continued to increase from

15 to 60 min of the curing time (Figure 3.4d), showing that more methoxy groups were present
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with order at the interface (even after some of the methoxy groups reacted at the interface). No
SFG signal was detected at 3010 cm™ in Figure 3.7a, suggesting that the epoxy groups may have
already undergone ring opening with 15 min®.

Before curing, no SFG methoxy signal at 2845 cm™ could be detected from the d4-
PET/GPS/DMMVS silica filled silicone interface in Figure 3.4b, indicating that methoxy groups
are not present or not ordered at the interface. It is worth mentioning that the only difference
between sample filled GPS/DMMVS silicone and the sample filled GPS/DMMVS/AC is that the
filled GPS/IDMMVS sample does not contain the AC component. After curing for 60 minutes, the
intensity of the SFG methoxy signal at 2845 cm™ only slightly increased as a shoulder (Figure
3.4b), showing that small amount of ordered methoxy groups are present at the interface. As we
discussed repeatedly, methoxy groups could diffuse to the interface in the curing process and react
at the interface to enhance adhesion. After curing for 15 minutes, strong SFG methoxy signals
could be detected in Figure 3.7b. Therefore, for the filled GPS/DMMVS silicone, initially
methoxy groups are not present with order at the uncured silicone/polymer interface (Figure 3.4b).
After curing for 15 minutes, methoxy groups diffused to the interface with order (some reacted as
well), exhibiting a strong SFG methoxy signal at 2845 cm™ (Figure 3.7b). Such interfacial
methoxy groups reacted during the further curing process, leading to the decreased methoxy
interface coverage, which reduced C-H stretching signal intensity at 2845 cm™ (Figure 3.4b). The
difference between Figure 3.4b and 3.4d is due to the effect of AC on the silicone/polymer
interfacial structure. AC promotes methoxy groups to continuously segregate to the interface,
leading to strong methoxy SFG signal after curing the sample for 60 mins. Nevertheless, the
methoxy interfacial segregation, ordering, and reaction play important roles in determining

adhesion at the filled silicone/polymer interface, which can be observed using SFG.
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3.3.2.4 Silicone Methyl (Si-CH3) Orientation Analysis

Surface Normal
z

Interface

Figure 3.8 Schematic of silicone methyl groups oriented at the d4-PET/silicone interface. 0
and y are tilt and twist angles for a Si(CHs)2 group.

Figure 3.8 displays the molecular structure and orientation of methyl groups in PDMS at
interface. Note that © is the tilt angle and W is the twist angle in the lab fixed coordination system.
Although the individual methyl group belongs to C3v symmetry, the overall Si(CHzs)2 group has a
C2v symmetry. The vector v which is used to describe the orientation of two methyl groups, bisects
between these two methyl groups. According to the previous publication, the average angle
between the two neighboring methyl groups in PDMS is 112°, 8283

The “lying down” orientation of Si-CHz indicates a large tilt angle © versus the surface
normal and the vector v leans more towards the interface. Likewise, the “standing up” orientation
indicates a small tilt angle and the vector v tilts more away from the interface. To quantitatively
analyze the orientation, the relationship between the tilt angle of the vector v and SFG methyl
signal strength ratio yssps/ysspas Was determined (Figure 3.9), which was reported in detail in the
literature®2®* and such details will not be discussed here. The twist angle was averaged in the

calculation.
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Figure 3.9 Dependence of tilt angle of the vector v versus the surface normal on the SFG
methyl signal strength ratio yssp.s/yssp.as

In the text above, we mainly focused on the interfacial behavior of methoxy and epoxy
groups. To understand the curing effect on other functional groups than methoxy/epoxy, e.g., the
silicone Si-CHjs structure at the silicone (with adhesion promoter)/d4-PET interface, we compared
the SFG spectra displayed in Figures 3.4a and 3.4b. It was found that the symmetric C-H
stretching signal of the Si-CHs group decreased for both cases after curing, leading to much smaller
intensity ratios between the symmetric and asymmetric stretching signals. The silicone methyl
groups appear to stand up more at the interface after curing, similar to the neat silicone cases which
will be presented below in Figure 3.10. By comparing Figures 3.4c and 3.4d, we can see that the
vector v between the two interfacial silicone methyl groups also stands up more at the interface

after curing, similar to what was observed in other silicone systems.

73



14 14
=— cured-unfilled-NEAT = cured-flled-NEAT ! ®— cured-filed-AC
2] () *— uncured-unfilled-NEAT 21 (b) s uncured-filed-NEAT| ] (€) +— uncured-filed-AC
. [ ] 1

2 [ =104 2

=
L
=)

u.)

f

=
@
o
@
L
-

0g4 &
A u

s 5 El
z =S = e
- o L] & |
Eus .r:| - N B o6 - '] o T Eou k
= | -y, = | E
204 < 4 L T Dos F+t ‘.' . D044 l'o
w o b ] L w | s Lp i I ..'
1 L] -
024 ; .‘:. I “~ 024 4 :é‘l :h’ 02 r‘ L b .
H M w ! L ] 'ﬁ
oo 1t o] ¥* w 00 *m

T T T T T T T T T T T T
2100 2800 2900 3000 3100 3200 2700 2800 2000 3000 300 3200 2100 2800 2900 3000 300 3200

Wavenumber(cm-1) Wavenumber{cm-1) Wavenumber(em™)

Figure 3.10 SFG spectra collected from buried interfaces between d-PET and different neat
silicone samples: (a) uncured and cured neat silicone without silica filler; (b) uncured and
cured neat silicone with silica filler; (c) uncured and cured silicone with silica filler and
adhesion catalyst.

SFG spectra collected from the interfaces between d4-PET and neat PDMS, or neat PDMS with
silica filler, or neat PDMS with both silica filler and AC are illustrated in Figure 3.10. These
systems do not contain the adhesion promoting y-GPS-DMMVS mixture. These spectra are very
similar and dominated by three peaks, which can be assigned to the symmetric and anti-symmetric
C-H stretching modes of the Si-CHs group at 2900 cm™ and 2965 cm™, and the phenyl ring
aromatic C-H stretching mode of d4-PET at 3085 cm™, respectively (Table 3.2).8% 87-% This
indicates that the interfacial molecular structures as judged from the C-H stretching frequency
region appear to be similar regardless of the addition of low levels of silica filler or zirconium

adhesion catalyst.

Silica filler effect:

The individual effect of the addition of silica filler to silicone on the molecular structure at the
silicone/d4-PET interface can be elucidated by comparing the spectra displayed in Figure 3.10a
with 3.10b. Since the 3085 cm™ peak is from the d4-PET substrate, not from the silicone, we will
not discuss this peak. As discussed above, in all four spectra, there are two peaks below 3000 cm”

!: They are centered around 2900 cm™ and 2965 cm™, which are assigned to the C-H symmetric
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and anti-symmetric stretching modes of the Si-CHs groups in the silicone matrix, respectively. 84
6769 The features of the SFG spectra collected from the systems with and without silica filler in
silicone are very similar, indicating that there is no substantial change of interfacial molecular
structure in the C-H stretching region at the uncured and cured silicone/d4-PET interfaces. If we
compare the SFG spectra collected from the uncured silicone/d4-PET interfaces to those from the
cured silicone/d4-PET interfaces, for both cases with and without filler, the intensity ratio of the
symmetric Si-CHs stretching and anti-symmetric Si-CHzs stretching decreases after curing. This
indicates that for both cases the silicone methyl groups at interface tilt less towards the interface
(or “standing up” more) after curing, indicating interfacial reconstruction upon curing.
Nevertheless, for neat silicone samples without the adhesion promoting y-GPS-DMMVS mixture,
addition of silica filler to the silicone sample does not appear to have a substantial effect on the Si-

CHjs interfacial structure in the C-H stretching region at the silicone matrix/d4-PET interface.

Adhesion catalyst effect:

Similarly, by comparing SFG spectra displayed in Figure 3.10b with 3.10c, the effect of
adhesion catalyst on the interfacial molecular structure at the silicone/d4-PET interface before and
after curing can be revealed. With the addition of the adhesion catalyst, the symmetric Si-CHs
stretching peak center slightly shifted from 2900 cm™to 2910 cm™. In addition, the intensity ratio
of the symmetric and asymmetric C-H stretching signals of Si-CHs groups increased for both
uncured and cured silicone, indicating that the bisector angle between the two methyl groups
(vector v) lies down more at the interface. Besides the slight spectral differences, there are no other
significant differences between the SFG spectra collected from the silicone/d4-PET interfaces with
and without adhesion catalyst. The added adhesion catalyst also does not appear to have a

substantial effect on the interfacial structure in the C-H groups at the silicone/d4-PET interface.
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With the added catalysts, the vector between the two silicone methyl groups stands up more at the
interface after curing (Figure 3.10c). This is similar to the trend observed from the other two cases
without adhesion catalyst in silicone as presented above.

In summary, the above three silicone/d4-PET interfaces were investigated, including the
filled and unfilled NEAT silicone, and filled and unfilled AC silicone. The spectral features are
similar, indicating similar interfacial structures. After curing, at the silicone/d4-PET interface for
all the three silicone systems, the vector v between two silicone methyl groups stands up more at
the interface. The addition of silica fillers to the silicone sample does not change the collected SFG
spectra substantially, showing that fillers do not have strong effect on the interfacial structure. The
addition of adhesion catalyst also does not substantially change the collected SFG spectra, only
slightly shifting the band positions and intensity ratios, showing some small effect of the added
adhesion catalyst on the interfacial structure of the silicone/d4-PET interface. This indicates that
adhesion catalyst appears at or near the interface to slightly change the chemical environment,
leading to small peak shift, which agrees with the purpose to add the catalyst to segregate to the
interface to facilitate the reaction with the water moisture at the interface (Scheme 3.2b). Scheme

3.2¢ shows the catalyzed reaction between silicone and epoxy silane molecules.
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Table 3.4 Fitting parameter

Fig. 3.4a-cured

Fig. 3.4a-uncured

i (cm” I (cm’ Aq i (cm” I (em Ag (a.u.) assignme
2840 7.2 6.7 2845 7.2 1.6 sym
2875 8.5 3.0 2875 8.0 5.8 sym CH;
2910 8.0 0.5 2897 7.8 6.1 sym CHs
2925 7.8 -5.6 2935 7.8 -14.3 asym
2965 10.6 -10.8 2965 10.6 -20.2 asym
3013 15.3 0.2 3010 15.0 9.8 Epoxy
3085 9.2 0.9 3085 9.3 15.0 Phenyl

Fig. 3.4b-cured Fig. 3.4b-uncured

ol (cm’ I (cm’ AQ ol (cm I (cm’ Ag (a.u.) assignme
2840 7.1 2.7 2845 7.2 0.4 sym
2875 8.2 6.1 2875 8.0 3.6 sym CH>
2910 8.5 1.3 2898 7.8 6.2 sym CHs
2925 7.7 -8.6 2935 7.8 -15.3 asym
2965 10.6 -6.8 2965 10.6 -11.0 asym
3013 15.3 0.2 3010 15.0 5.9 Epoxy
3085 9.2 1.2 3085 9.3 4.6 Phenyl

Fig. 3.4c-cured Fig. 3.4c-uncured

i (cm” I (cm’ Aq i (cm” I (cm Ag (a.u.) assignme
2840 7.2 135 2845 7.2 16.8 sym
2875 8.5 1.3 2875 8.0 2.5 sym CH.
2910 7.9 0.2 2900 7.8 0.4 sym CHs
2925 8.1 -14.3 2935 7.8 -15.1 asym
2965 10.6 -16.7 2965 10.6 -15.9 asym
3012 15.3 0.9 3010 15.0 9.0 Epoxy
3085 9.2 1.2 3085 9.3 4.7 Phenyl

Fig. 3.4d-cured Fig. 3.4d-uncured

ol (cm I' (cm’ AQ ol (cm I (cm’ Ag (a.u.) assighme
2840 7.1 4.1 2845 7.2 0.7 sym
2875 8.5 3.5 2875 8.0 2.3 sym CH>
2910 8.0 1.2 2901 7.9 8.5 sym CHs
2925 7.8 -7.2 2935 8.3 -1.0 asym
2965 11.6 -9.8 2965 10.3 -7.9 asym
3013 15.9 3.3 3010 15.0 6.9 Epoxy
3085 9.2 1.1 3085 9.3 1.8 Phenyl

Fig. 7a Fig. 7b

i (cm” I (cm’ Aq i (cm” I (em’ Ag (a.u.) assignme
2840 7.2 7.2 2845 7.2 3.2 sym
2875 8.5 6.8 2875 8.0 3.8 sym CH;
2910 7.9 1.9 2900 7.8 1.9 sym CHs
2925 7.8 -10.7 2935 7.8 -4.7 asym
2965 10.6 -8.9 2965 10.5 -7.6 asym
3012 15.3 2.3 3010 15.2 4.0 Epoxy

7
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There is peak center shift in SFG spectra fitting. The degree of shift is within the resolution of

the spectrometer (~6 cm'), which is reasonable.

3.3.3 Correlation between SFG and Adhesion Measurement Results

In Section 3.3.1 above, we presented the adhesion measurement results of silica filled
silicones on PET. In Section 3.3.2 above, we discussed SFG results on silicone/d4-PET interfaces
of both silicone samples with and without silica fillers. Here we will correlate the SFG and

adhesion data for silica filled silicones.

3.3.3.1 Samples GPS/DMMVS/AC and GPS/DMMVS vs. sample AC

SFG results presented in Figures 3.4b, 3.4d, 3.7a, and 3.7b show clearly that epoxy and
methoxy groups of y-GPS in samples GPRS/DMMVS/AC and GPS/DMMVS segregated to the
interfaces and reacted during the curing process. Such interfacial chemical reactions greatly
strengthen the adhesion between d4-PET and silicone adhesives, as measured by adhesion testing
experiments (Figure 3.3a). Differently, sample AC does not contain y-GPS, and no chemical
reaction can be detected from the epoxy and methoxy groups by SFG (Figure 3.6), leading to a

much lower adhesion (Figure 3.3a).

3.3.3.2 Sample GPS/DMMVS/AC vs. GPS/IDMMVS
Comparison of the SFG spectra shown in Figure 3.4b from sample GPS/DMMVS and the
SFG spectra shown in Figure 3.4d from sample GPS/DMMVS/AC shows that AC facilitates the

interfacial segregation of the methoxy and epoxy groups, which were involved in the interfacial
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reactions. Therefore, the adhesion of GPS/IDMMVS/AC is stronger than that of GPS/IDMMVS

(Figure 3.3a).

3.3.3.3 Sample GPS/DMMVS/AC vs. OTMS/DMMVS/AC

OTMS does not contain epoxy group, therefore no epoxy signal can be detected from the
uncured silicone/d4-PET interface (Figure 3.5a). Comparison between Figure 3.4d and 3.5a
shows that the epoxy group in y-GPS facilitates the interfacial segregation and order of the
methoxy groups. The lack of interfacial epoxy reaction and the less ordered methoxy groups at the
interface lead to much lower adhesion at the silicone adhesive/d4-PET interface for the sample

OTMS/DMMVS/AC compared to GPS/DMMVS/AC (Figure 3.3a).

3.3.3.4 Sample AC vs. AC/DMMVS/OTMS

Small SFG signals of methoxy groups can be detected from the interface between d4-PET
and the sample OTMS/MVA/AC (Figure 3.5a), but not from the d4-PET/sample AC interface
(Figure 3.6). The interfacial reaction of methoxy groups leads to slightly higher adhesion at the
interface between d4-PET and OTMS/DMMVS/AC compared to that between d4-PET and the

sample AC (Figure 3.3a).

3.3.3.5 Time-dependence

Figure 3.3 shows that longer annealing time increased adhesion for all the three samples AC,
GPS/DMMVS, and GPS/IDMMVS/AC. Figure 3.6 shows that the adhesion increase for the sample
AC is likely because the interfacial orientation change of the Si-CHsz and d4-PET phenyl groups
after a longer annealing time. For samples GPS/DMMVS and GPS/DMMVS/AC, a longer
annealing time facilitates the interfacial segregation and chemical reaction of the methoxy groups

(Figures 3.4b, 3.4d, and 3.7), leading to stronger adhesion.
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From the above discussions we can see that the adhesion measurement results presented in

Figure 3.3 can be fully interpreted by the SFG data on interfacial structures.

3.4 Conclusion

SFG was used to investigate molecular structures at buried silicone/d4-PET interfaces before
and after silicone curing, in an in situ nondestructive manner. Silicone matrices with different
added compositions such as adhesion promoters, filler, and catalysts were investigated to
understand the effects of various additives on the buried interfacial structure. SFG results were
compared to adhesion data to understand the molecular mechanisms of adhesion of silicone
adhesives.

With adhesion promoter in the silicone matrix, the added filler appeared to reduce the interfacial
segregation and ordering of methoxy groups of the adhesion promoter at the silicone/polymer
interface before curing. During the curing process, methoxy groups can segregate with order to the
interface and then react at the interface. The adhesion catalyst appears to promote the segregation
of methoxy groups to the silicone/polymer interface, especially in the absence of silica filler. With
the filler in the silicone matrix, with the high curing temperature, adhesion catalyst can also
facilitate the segregation and ordering of methoxy groups, which helps to enhance the silicone
adhesion.

In addition to the methoxy group, we also studied the effect of epoxy end group of y-GPS in
the adhesion promoting mixture on interfacial structures and adhesion at the silicone/polymer
interface. The interfacial epoxy groups appeared to participate in the chemical reaction at the
interface, enhancing the adhesion. In addition, the epoxy groups may facilitate the segregation with
ordering of methoxy groups at the silicone/polymer interface. These results suggest the epoxy

groups also play significant roles in enhancing the silicone/polymer adhesion.
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For the first time, this research provides direct mechanistic insights to the role of functional
groups responsible for adhesion of silicone adhesives to PET with silica filler at the molecular
level. It was found that interfacial behavior of both methoxy and epoxy groups plays significant
roles in determining silicone adhesion to polymer surfaces. Such interfacial behavior is greatly
influenced by the composition of the adhesion promoter and the addition of the silica fillers as well
as the adhesion catalyst. Such knowledge offers important direction for optimizing the design of
silicone adhesive interfacial structure by varying the compositions in the silicone matrix to
improve adhesion to polymeric substrates such as polyesters. This research elucidated the
interfacial behavior of adhesion promoters and the impacts of fillers and catalysts in silicone on
such behavior qualitatively. We believe that by systematically studying silicone adhesives with
different amounts of adhesion promoters added in the future, we should be able to quantitatively
correlate the silicone adhesion strength to SFG spectral fitting parameters, providing quantitative

understanding on silicone adhesion effect to polymer materials.
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Chapter 4 Probing Covalent Interactions at a Silicone Adhesive/Nylon Interface

Adapted with permission from Langmuir 2022, 38 (8), 2590-2600 (Copyright 2020 American

Chemical Society).

4.1 Introduction

The research presented in this chapter will also focus on silicone adhesives. Compared to
mechanical fasteners, polymeric adhesives can offer advantages in more uniform stress
distribution, lighter weight construction, streamlined processing, and lower energy consumption
for joining materials. The demand of bonding technologies is projected to reach $66.44bn by 2027
with increasing applications of adhesives across the global aerospace, automotive, construction,
electronics, and medical sectors.! As discussed in the previous chapter, silicone elastomers,
typically with poly(dimethyl siloxane) (PDMS) as the major component, representa common and
commercially important class of polymeric adhesives. The advantages of addition-cured silicones
include their extreme heat and UV stability, low temperature flexibility, water repellency,
controllable curing process and low surface energy that provides exceptional wetting
characteristics.>’ However, due to their non-polar nature and intrinsic lack of reactive
organofunctional groups, many addition-cured silicone adhesives exhibit poor adhesion to
common polymers.® To address this issue, blending organo-silanes as adhesion promoters into
curable self-priming silicone elastomer formulations offers an efficient and cost-effective
alternative to the use of primers or pretreatments on polymer surfaces such as plasma, flame or

corona surface treatments.®2° The introduction of a small amount of these organo-silane molecules
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into silicone or the substrate surface introduces functionalities at the interface which can form
covalent bonds between polymer substrates and silicone matrix, and enhance the silicone adhesion
strength, as we presented in the previous chapter.}-?

In the previous chapter, SFG was applied to study buried silicone/PET interface.?®*" Here, SFG
was utilized to investigate the interfacial molecular structure at buried silicone interface with nylon
6,6/6 copolymer (Ultramid C33-02 from BASF) in situ. SFG was shown to be effective for
investigating buried polymer interfaces, including silicone elastomer/thermoplastic interfaces.*?”
136, 148-151, 198-201 However, most of the silicone elastomer interfacial studies have focused on the
orientation, alignment and reactivity of alkoxysilane groups, and none have studied adhesion of
silicone elastomers to polyamides, which are widely used as engineering thermoplastics both in
textiles and in structural components because of their excellent strength, toughness and heat
resistance. The semi-crystalline nature of common polyamides such as nylon makes them a
challenge for developing adhesion. In this work, SFG was used to provide detailed interfacial
structure information at the molecular level between a silicone elastomer and nylon copolyamide
PA 6/66 before and after the elastomer is cured. SFG results provide evidence of the interfacial
chemical reactions that occur at the buried polymer interfaces, helping to elucidate the adhesion
mechanisms of different silanes in addition-cured silicone systems. These results were shown to
correlate to adhesion properties.

In previous work we have examined the molecular interactions between poly(ethylene
terephthalate) (PET) and silicone with silane adhesion promoters, and successfully detected
interfacial reactions involving methoxy and epoxy groups.*® To the best of our knowledge, the
interfacial chemical reactions between nylon and silane-containing silicone have not been

examined and the related molecular adhesion promotion mechanisms are not yet well understood.
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Here we studied two silicone adhesives, both containing trialkoxysilane coupling agents, but with
different organofunctional groups. Specifically, we studied the [3-(trimethoxysilyl) propyl]
succinic anhydride silane with succinic anhydride (SA) end group and (3-
glycidoxypropytrimethoxy (y-GPS) silane with an epoxy end group. The organofunctionality of
the silane coupling agent was found to influence the interfacial structural changes after the
interfacial chemical reactions probed by SFG. The resulting adhesion property changes were

examined by the 90° peeling test, which can be correlated to SFG results.
4.2 Materials and Methods

4.2.1 Materials and Sample Preparation

The molecular structures of the relevant species of interest to our adhesion studies are presented
in Scheme 4.1. The nylon studied here was Ultramid C33 nylon-02 (copolyamide PA 6/66) which
was obtained from BASF. The nylon thin film was prepared by spin-coating with nylon/m-cresol
(5 mg/mL) solution onto the CaF prism at 2000 rpm for 60 seconds (VTC-100 spin-coater, MTI
Corporation). The nylon film thickness is around 15 nm, measured by ellipsometry. Samples for
adhesion testing were prepared using high molecular weight commercial grade nylon 6/66 natural
sheet (Boedeker Plastics Inc.).

The adhesion promoters y-GPS and [3-(trimethoxysilyl) propyl] succinic anhydride silane
(described as SA silane below) were purchased from Millipore-Sigma and Gelest, respectively.
Hydroxyl terminated dimethyl methylvinyl co-siloxanol (DMMVS) and Zirconium (1V)
acetylacetonate were supplied by Dow Chemical Company, and are thought to function as co-
adhesion promoter and adhesion catalyst, respectively. The two-part platinum-catalyzed addition
cured silicone elastomer with a base vinyl-terminated PDMS having number average molecular

weight (Mn) of about 60 kDa was provided by Dow Chemical Company.*® Part A contains
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Karstedt’s catalyst complex and SiVi-functional PDMS. Part B contains SiVi-functional PDMS,
cross-linker with methylhydridosiloxane, and catalyst inhibitor. More detailed formulation can be
found in Ref. 48. Neat silicone free of adhesion promoting compounds was used for benchmark
study as a control. Two fully formulated silicone formulas with different functional silanes were
compared. In the following, SA/DMMVS/AC silicone and GPS/DMMYVS/AC silicone refer to the
silicone materials containing SA silane and y-GPS silane respectively, substituted in a 1:1 molar
ratio; compositions can be found in Table 4.1. For SE and SE-GPS/DMMVS/AC samples, the
sum of the weight ratios of different components is 100, therefore the weight ratios are weight
percentages. The sample SE-SA/DMMVS/AC has the same composition as SE-
GPS/DMMVS/AC, except the silane. To facilitate the comparison of the two samples, the weight
ratios of various components were kept the same except the silanes (because of the different
molecular weights of SA silane and y-GPS silane). Thus the sum of the weight ratios of different
components in SE-SA/DMMVS/AC is higher than 100. All formulations were prepared by
manually mixing different components for 10 minutes and degassed in vacuum for 15 minutes at
ambient laboratory temperature.

Table 4.1 Compositions (in weight ratio) of the silicone adhesive samples investigated. More
details about Part A and Part B can be found in ref. 48.

Sample PartA Part B AC DMMVS vy-GPS SA
(weight ratio)
SE 50.00 50.00 - - - -
SE-GPS/DMMVS/AC 49.70 49.25 0.30 0.15 0.60 -
SE-SA/DMMVS/AC 49.70 49.25 0.30 0.15 - 0.77
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Scheme 4.1 Molecular structures of materials used in this research: a) nylon, b) adhesion
catalyst (AC), c) DMMYVS, d) y-GPS, e) SA silane.

4.2.2 Experimental Methods

4.2.2.1 SFG Experiment

A thick semi-opaque film of silicone (around 5 mm thick) was applied by scraper onto the
nylon-coated prism for SFG study. The silicone film is sufficiently thick so that no SFG signals
could be produced from the air/silicone interface on the other side. The silicone samples for SFG
experiments and adhesion experiments were cured in air oven at 150 °C for 1 hour. Both SSP (S-
polarized sum frequency beam, S- polarized visible beam, P- polarized IR beam) and PPP

polarization combinations of the input and output beams were used in SFG spectra collection.
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Figure 4.1 Schematics of SFG experiment and adhesion test: (a) SFG experimental sample
geometry, (b) experiment configuration of 90° adhesion test.

4.2.2.2 Adhesion Strength Test

A 90-degree static loaded peel test was conducted to determine the adhesion strength between
the silicone elastomer and nylon, as shown in Figure 4.1b. The adhesion data provides correlations
between macroscopic adhesion property and microscopic interfacial molecular structures detected
by SFG. Adhesion testing samples were prepared by spreading 0.4 cm thick silicone layer onto 6
cm long, 2.4 cm wide nylon plates and cured in air oven at 150 °C for 1 hour. Before the peel test,
samples were stored at ambient temperature in air for 12 hours after removal from the curing oven
to reach equilibrium.

Each sample used for the adhesion test was manually peeled back along the nylon/silicone
interface about 1 cm from one end to expose a tab for attachment of a weight. We then clamped a
weight to the exposed silicone tab and allowed it to freely hang vertically relative to the substrate
which was supported on each end in a horizontal orientation as shown in Figure 4.1b. The
suspended weight was gradually increased until adhesion failure occurred at the silicone/nylon
interface. All the failures were observed to be adhesive (interfacial) failures. The minimum weight

to induce failure normalized by the width of the peel specimen was recorded as the adhesion
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strength. If the adhesion failure occurred during the first trial, the experiment was repeated with a

new sample using a lighter weight.*®

4.3 Results and Discussion

4.3.1 Buried Nylon/Silicone (with or without Adhesion Promoters) Interface: SFG N-H

Stretching Signal

SFG spectra collected in the N-H stretching frequency region (3000 - 3500 cm™) from the
nylon/neat uncured silicone (without adhesion promoter) interface and the interfaces between
nylon and formulated uncured silicones with different adhesion promoters (SA/DMMVS/AC
silicone and GPS/DMMVS/AC silicone) are shown in Figure 4.2. In each of the SFG SSP and
PPP spectra collected before curing, a broad peak centered at around 3300 cm™ was observed,
which can be assigned to the N-H stretching mode of nylon (since these silicone elastomer systems
do not contain any NH groups).*647- 67" SEG spectra collected from nylon in contact with different
silicone samples are varied, due to different interactions between nylon and silicone or different
adhesion promoters: The thin nylon film used in the study has two interfaces: one is the nylon/CaF
prism interface, and the other is the nylon/silicone interface. Both interfaces may generate SFG
signals from nylon. As we demonstrated previously, the nylon/CaF interface does not generate
detectable SFG signals.***’ Likely this is due to a random orientation distribution of the nylon
molecules at the nylon/prism interface. Also, if the signals were dominated by the contributions
from the nylon/CaF; interface, the SFG spectra collected from the nylon films in contact with
different silicone samples should be similar, which was not what we observed. Figure 4.1 shows
clearly that SFG spectra collected from nylon in contact with different silicone samples vary in

peak center locations and intensity ratios between the SSP and PPP signals, further confirming that
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the SFG N-H stretching signals collected from nylon film in contact with silicone are mainly

contributed from the nylon/silicone interface, not the nylon/CaF; interface.

The SFG N-H stretching signals from the uncured silicone sample shown in Figure 4.2 are

thought to originate from NH> (amine end groups of nylon) or NH (amide groups in the nylon

backbone). The detected SFG signals show that the NH> and/or NH groups are ordered and not

lying down at the nylon/silicone interface. As evidenced from the N-H stretching PPP/SSP signal

intensity ratios of the various samples, it can be concluded that NH, and/or NH groups of nylon

orient differently at the interface in each system.’®"® From these differences, it can be inferred that

the Nylon NH> and NH moieties’ orientations are affected by the interfacial environments created

by the various silicone systems through different interactions (e.g., hydrogen bonding interactions,

hydrophobic interactions, etc.).

SFG Intensity(a.u.)

=]

@

SFG Intensity(a.u.)
.

o

noom o~ e

R on

®  uncured-GPS/IODMMVS/AC-55P

@

e

3200 3300 3400 3500

Wavenumber(cm-1)

3|DEI

T©

= uncured-SA/DMMVS/AC-SSP

= uncured-SE-S5P
(a) *  uncured-SE-PPP (b) ¢ uncured-GPS/OMMVS/AC-PPP| 6 s uncured-SA/DMMVS/AC-PPP
. &84 e
‘ hi o e .o » 5
* oy e : o 5 []
LS . — 6+ s o . : L n P
-
% i s % f me ~1 = L]
. 0y c * 2 ae e .
* % . % 44 S -’;. -‘; E 39 e .-l.
i e - o o bl E : P
-
% ,:.. . g ‘.';* f"'...: o, G“' e,-“_.:.
e 24 » Ll n LRl -
LA . 5 o - v
" #IF%:# “ff. w‘ " Y # M
A 04 ol x
3100 3200 3300 3400 3500 3100 3200 3300 3400 3500 4100 4200 2200 3400 1500
Wavenumbericm-1) Wavenumber{cm™) Wavenumber(em)
l . cumdgg-ﬁﬁg »— cured GPSIDMVVSIAC -SSP o 5 ®  cured-SADMMVS/AC-SSP
(d) * cured-SE- (e) o cured-GPS/DMMVS/AC-PPP (f) *  cured-SAIDMMVSIAC-PPP
- '3 —_ .—\4'
. F] 3
‘l’\. 2 &
- ] - L) .
BRI £ £
S NS 2 £
.’I' ." jul @ 24
e 3 ] .*o.‘ ™0 %
She 2 e . ‘1\' a’e, .s
o i||'" 'I,H'UI 5 { .- 1 te '- .
oy . L M f
L T W Sy W‘-?"\-. A
T

=]

JIDD 1230 a}DD 1-IDD 3500

Wavenumber(cm ')

JZOO JJ'DD 3430 3500

Wavenumbericm ™)

J‘-OO

Figure 4.2 SFG spectra in the N-H stretching frequency region collected from buried
interfaces between nylon and silicone with different adhesion promoter samples: (a) uncured
neat silicone; (b) uncured GPS/DMMVS/AC silicone; (c) uncured SA/DMMVS/AC silicone;
(d) cured neat silicone; (e) cured GPS/IDMMVS/AC silicone; (f) cured SA/IDMMVS/AC
silicone. Black and red spectra are SFG SSP and PPP spectra, respectively.
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After curing, strong SFG N-H stretching signals could still be detected from the nylon/neat
silicone interface but with an obviously different PPP/SSP intensity ratio. This indicates that the
NH2 and/or NH groups are still present and ordered at the nylon/neat silicone interface after curing.
This is anticipated because the silicone elastomer does not contain any functionality which is
expected to be reactive with nylon NH, and/or NH groups. The PPP/SSP intensity ratio change
shows that the average tilt angle of NH> and/or NH groups changed at the neat silicone/nylon
interface after curing. This is reasonable because nylon could have varied interactions with
uncured and cured neat silicone at the interface, leading to different interfacial orientations of
NH/NH: groups. Such varied interactions also led to the spectral feature changes (e.g., through
hydrogen bonding strength changes due to different interfacial environments) after curing the
sample.

In contrast, after curing much weaker SFG N-H stretching signals were detected from the
nylon/GPS/DMMVS/AC silicone interface, and no N-H stretching signals were observed from the
nylon/SA/DMMVS/AC silicone interface. The disappearance of SFG signal could result from two
situations: one is that the NH2 and/or NH groups were not present at the interface anymore, the
other is that they were still present at the interface but with random orientation (or disordered).
Comparing with the neat silicone case, if the interfacial interactions between nylon and silicone
are the dominating interfacial interactions, strong SFG signals should still be detected from the
NH2 and/or NH groups. The vastly different SFG signals observed here demonstrate that the
adhesion promoters in SA/DMMVS/AC and GPS/DMMVS/AC silicones substantially influenced
the interactions between nylon and silicone, changing the interfacial NH2 and/or NH behavior. As
shown below, the silane adhesion promoters can react with nylon NH. and/or NH groups, leading

to the decrease or disappearance of the SFG N-H stretching signals.
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Scheme 4.2 Two reaction mechanisms at the buried nylon/silicone interfaces: (a)

nylon/SA/IDMMVS/AC silicone interface, (b)nylon/GPS/DMMVS/AC silicone interface.

It is well known that the SA groups and epoxy groups in the two silanes we studied can react

with nylon NH2 groups. The reaction mechanisms have been extensively reported in the literature.

80-90 SA can also react with nylon NH groups.® We believe the reduction or disappearance of the

SFG N-H stretching signals is due to the consumption of the interfacial NH2 or NH groups by

chemical reactions. Scheme 4.2 shows possible chemical reactions between nylon and two silanes

in silicone. In our previous study, it was found that SA groups could directly react with nylon NH>

end groups at the buried interface between nylon and SA-grafted polyolefin layers, producing

imide linkages and amic acid moieties as reaction intermediates and water as a by-product.*” This

reaction happens readily, and the conversion rate can be very high - up to 99% at 180 °C for 2
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minutes.®* The produced water molecules may hydrolyze the amide groups in the nylon backbone
to produce additional NH> groups. If there is excess SA in the system, the second reaction between
the produced NH. groups and excess SA might happen. This likely occurred at the
nylon/SA/DMMVS/AC silicone interface because nylon with high molecular weight which we
used do not have many NH> end groups. Using the group contribution method of Fedors to estimate
solubility parameters,®> we obtain the following values: 8.49 (cal/cm®)®® for y-GPS, 9.43
(cal/lcm®)®> for SA silane, and 7.38 (cal/cm®)%® for PDMS. More details about the solubility
parameter calculations will be present in the next section. Due to the “like dissolves like” rule,
substances with similar solubility parameter have better compatibility. Therefore, SA silane is
more likely to drive to an interface because of less compatibility in PDMS. Even though the
amount of SA silane is only 0.77 wt% in the silicone adhesive, SA may be very interfacially active
and thus an excess amount of SA groups could be present at the interface after all the nylon NH>
end groups have reacted. In contrast, although the epoxy rings of y-GPS silane could react with
NH: groups, no water by-product would be produced, as shown in Scheme 4.2. Thus no reaction
of NH band is observed at the buried interface.

The SFG observations in the N-H stretching frequency region can be explained as following:
For the nylon/neat silicone interface, no reactive groups from neat silicone can react with the nylon
NH. or NH groups. As a result, stronger SFG signals would be detected from the interface before
and after curing. At the nylon/GPS/IDMMYVS/AC silicone interface, SFG results show that the
interfacial aggregated epoxy end groups of the y-GPS silane could react with the nylon NH2 amine
end groups, but not the amide NH groups. Therefore, strong SFG N-H stretching signals would be
collected before curing, but weak signals were detected after curing (from the amide NH groups).

At the nylon/SA/DMMVS/AC silicone interface, the interfacial aggregated silane SA groups
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reacted with both NH groups at molecular chain ends and NH groups in the backbone. As a result,
strong SFG N-H stretching signals could be detected before curing, but no N-H signals could be
seen in both SSP and PPP SFG spectra after curing. The SFG results in the C=0 stretching

frequency region which will be presented below further confirm these conclusions.

4.3.2 Group Contribution Solubility Parameter Estimation

The Hildebrand solubility parameters (8) of 8.49 (cal/cm?®)®° for y-GPS, 9.43 (cal/cm?®)®° for SA
silane, and 7.38 (cal/cm?®)®® for PDMS were obtained using the method of Fedors,”* which is based

upon the cohesive energy density relationship of Equation 4.1

5= \/g - % Eq. 4.1

in which AE,, is the energy of vaporization, and 4e; and Av; are the group contributions of the

i sub-structural unit that comprises a given molecule. All the group contribution parameters used
were taken from Table 4.2 of Fedors, which provides a list of 4e; and Av; for many of the most

commonly occurring and useful structural units found in polymers, including siloxanes.

Table 4.2 Fedors group contribution parameters at 25.0 °C for Hildebrand solubility
parameter estimates reported in this study.”

Group Aei (cal / mol) Avi (cm3 / mol) Afw (Da)
a) Si 810 0.0 28.090
b) O 800 3.8 16.000
c) CHs 1125 33.5 15.034
d) CH: 1180 16.1 14.027
e) CH 820 -1.0 13.018
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f) C 350 -19.2 12.010

g) H.C= 1030 28.5 14.026

h) -CH= 1030 13.5 13.018

j) C203 (anhydride) | 7300 30.0 72.020

k) Ring Closure (3 | 750 18.0 0.000
or 4 atoms)

I) Ring Closure (5 | 250 16.0 0.000
or more atoms)

Below are the details of the calculations for each of the compounds. For this calculation of high
molecular weight PDMS, we use the vinyl terminated PDMS (Mn=60,000 Da) studied in this
research as the structure to model. Vinyl terminated PDMS with a number average formula weight
of 60,000 Da corresponds to the following number average structure in closest integer form. The
structure of PDMS is shown below:

CH2=CH-Si(CH3)2-O-[Si(CH3)2-O]so7-Si(CHs)2CH=CH:
To apply Equation 4.1, we can first calculate the summation ); Ae; for the numerator as follows:
AE, =Y Ae; = 2*( Aeg + Aen + Aea + 2*Aec) + Aep + 807*[ Aea + 2*Aec + Aep)
=[2*(1030 + 1030 + 810 + 2*1125) + 800 + 807*[810 + 2*1125 + 800]] cal/mol
= 3126060 cal/mol
Similarly, for the denominator, we sum the molar volume contributions.
V =3,4v; = 2*( Avg + AVh + AVa + 2*AVc) + AV + 807*[ Ava + 2*Avc + Avp]
= [2%(28.5 + 13.5 + 0.0 + 2*33.5) + 3.8 + 807*[0.0 + 2*33.5 + 3.8]] cm*/mol

=57357.4 cm®/mol
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By substituting the formula weight (FW) group contribution parameters into the same formulas
for AE,, and V, one can re-calculate the molecular weight of the compound as a cross-check to
ensure key structural groups have not been omitted or double counted.

MW =} Afw; = 2*( Afwg + Afwh + Afwa + 2*Afwe) + Afwy + 807*[ Afwa + 2*Afwe + Afwe]

= [2*(14.026 + 13.018 + 28.090 + 2*15.034) + 16.000 + 807*[28.090 +
2*15.034 + 16.000] Da

=60031.91 g/mol, which is consistent with the My of 60,000 Da of the structure.

5= % = (3126060 cal/mol / 57357.4 cm3/mol)°® = 7.38 (cal/cm?)%®

This value is in good agreement with literature values between 7.3 and 7.7 (cal/cm?)?%-°,219-220
For this calculation of y-GPS:
AE, =), Ae; =Aeq + Aep+ Aee + Aek+ Aeq+ Aep + 3*%Aeq + Aa+ 3%(Aep + Ae)
= [1180 + 800 + 820 + 750 + 1180 + 800 + 3*1180 + 810 + 3*(800 + 1125)] cal/mol
= 15655 cal/mol
V =3Y,4v; = Avqd + Avp+ AVe + AVk+ AVg+ AVp + 3%AVg + AVa + 3%(AVp + AVc)
=[16.1+3.8+-1.0+18.0 + 16.1 + 3.8 + 3*16.1 + 0.0 + 3*(3.8 + 33.5)] cm®/mol
=217 cm®/mol
MW =} Afw; = Afwg + Afwp + Afwe + Afwk + Afwg + Afwy + 3+Afwg  + Afwa + 3x(Afwp
+ Afwe)
=[14.027 + 16.000 + 13.018 + 0.000 + 14.027 + 16.000 + 3*14.027 + 28.090 + 3*(16.000
+15.034)] Da

= 236.345 Da, which agrees with the published formula weight for y-GPS.

5= % = (15655 cal/mol / 217 cm3/mol)®® = 8.49 (cal/cm?®)%®
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For this calculation of SA silane:
AE, =) Ade; =Agj + Aeq + Aee + Aey + 3:Aeq + Aea + 3#(Aep + Agc)
=[7300 + 1180 + 820 + 250 + 3*1180 + 810 + 3*(800 + 1125)]cal/mol
=19675 cal/mol
V =3, Av; =AVj+ Avg + AVe + AV + 3%AVq + AVa + 3%(Avp + AVe)
=[30.0 + 16.1 — 1.0 + 16.0 + 3*16.1 + 0.0 + 3%(3.8 + 33.5)] cm®/mol
=221.3 cm®mol
MW =Y Afw; = Afwj + Afwg + Afwe + Afwy + 3xAfwg + Afwa + 3x(Afwp + Afwe)
= [72.0 +14.027 + 13.018 + 0.000 + 3*14.027 + 28.090 + 3*(16.000 + 15.034)] Da
= 262.33 Da, which agrees with the published formula weight for 3-(trimethoxysilyl)

propylsuccinic anhydride.

§ = /% = (19675 cal/mol / 221.3 cm3/mol)°*® = 9.43 (cal/cm?)°>

4.3.3 Buried Nylon/Silicone (with or without Adhesion Promoters) Interface: SFG C=0

Stretching Signal

Figure 4.3 displays SFG spectra collected from the buried interfaces of nylon with various
silicone samples in the C=0 stretching frequency region. Before curing, the features of these
collected SFG spectra from different interfaces between nylon and silicones with and without
adhesion promotion silanes show a similar band around 1635 - 1640 cm™, assigned to the
stretching mode of the amide C=0 groups in the nylon backbone.*>*3 The PPP/SSP signal intensity
ratios of this peak in the three spectra are also comparable, indicating the average orientations of
the amide C=0 groups are similar at different nylon/silicone interfaces. The SFG spectra collected

before curing are also similar to those collected from the nylon/air interface.*¢4’
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Figure 4.3 SFG spectra in the C=0 stretching frequency region collected from buried
interfaces between nylon and silicone with different adhesion promoter samples: (a) uncured
neat silicone; (b) uncured GPS/DMMVS/AC silicone; (c) uncured SA/DMMVS/AC silicone;
(d) cured neat silicone; (e) cured GPS/IDMMVS/AC silicone; (f) cured SA/IDMMVS/AC
silicone. Black and red spectra are SFG SSP and PPP spectra, respectively.

After curing, the SFG spectra collected from the three nylon/silicone interfaces vary

substantially. For the nylon/neat silicone interface, the SFG amide C=0 signals were detected, but

with a different PPP/SSP ratio from that measured from SFG spectra collected from the interface

before curing. This agrees with the fact that the nylon amide C=0 groups did not react with silicone

at the interface, which is reasonable because in the neat silicone there is no reactive component

which can react with the nylon amide C=0 groups. The different intensity ratio shows that the

C=0 orientations changed after curing at the interface, which may be caused by the annealing

effect on the C=0 groups at the interface, or different interactions between interfacial C=0 groups

and uncured as well as cured (cross-linked) PDMS molecules. For the nylon/GPS/DMMVS/AC

silicone interface, the amide C=0 signals still dominate the collected SFG spectra, which is

consistent with the results obtained from the SFG studies in the N-H stretching frequency region
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discussed above. The epoxy groups of the y-GPS silane could only react with the nylon amine NH;
end groups but not the amide NH backbone groups because no intermediate byproduct water
molecules could be formed from the above reaction to facilitate the hydrolysis reaction to produce
NH2 groups from nylon amide groups. Therefore, the nylon backbone C=0O groups would not
participate in the reaction, leading to no significant changes in the bands observed in the carbonyl
C=0 stretching frequency region in the SFG spectra from the nylon/GPS/DMMVS/AC silicone
interface before and after curing. In contrast, for the nylon/SA/DMMVS/AC silicone interface, a
new peak centered around 1725 cm™ was detected, which could be assigned to the imide group
and/or the carboxylic acid group — the products of the interfacial reaction between nylon and SA
as shown in Scheme 4.2 above.*’ Besides this new peak, the original nylon amide C=0 signal was
barely observed after curing, with much weaker intensity. The decreased SFG amide C=0 signal
reveals that the nylon NH groups were involved in the interfacial reaction, as we proposed above.
The presence of the SFG signal of the reaction products (imide and carboxylic acid), the absence
of the reactant nylon amide NH groups in backbone, and the greatly decreased nylon amide I signal
are well correlated with each other.

The combined SFG studies in the N-H and C=0 stretching frequency regions better elucidated
the reaction mechanisms between nylon and silicones with different silane adhesion promoters
proposed in Scheme 4.2. At the nylon/SA/DMMVS/AC silicone interface, the nylon NH> end
groups reacted with the silane SA groups first, producing imide groups and water as by-product.
Secondly, the water molecules hydrolyzed the exposed amide NH groups to generate additional
NH2 groups that reacted with the excess SA groups at the interface. The above reactions produced
new C=0 moieties (imide group and carboxylic acid) at the interface, leading to the detection of

the 1725 cm™ peak. These reactions consumed interfacial nylon NH; end groups and backbone
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amide groups, resulting in the disappearance of the SFG N-H stretching signal and the substantially
decreased amide C=0 signal. At the nylon/lGPS/IDMMVS/AC silicone interface, the silane epoxy
end groups reacted with the nylon NH> groups, without generating water molecules. Therefore,
there was no additional NH2 groups which could react with the excess epoxy groups in the silicone
system. Such an interfacial reaction led to the substantial decrease of the SFG N-H stretching
signal and no obvious change in the amide C=0 stretching spectral features and relative intensity
ratio of the SSP and PPP signals.

It is interesting to observe that the C=0 stretching signal intensities increased after curing for
the SFG spectra collected from the nylon/neat silicone interface, but decreased for the
nylon/GPS/DMMYVS/AC silicone interface. For the nylon/neat silicone interface, curing has an
annealing effect for nylon, which may lead to a more ordered interfacial C=0 structure, resulting
in increased SFG C=0 signal intensity. For the nylon/GPS/DMMVS/AC silicone interface, during
the curing process, in addition to the participation of silanes in the chemical reactions to form
covalent bonds at the interface, diffusion of silanes into the nylon substrate could occur, followed
by self-condensation to form an interpenetrated network across the nylon/GPS/DMMVS/AC
silicone interface. This greatly reduced the ordering at the interface, leading to substantially
decreased SFG C=0 signal intensity, as observed (Figures 4.3b and 4.3e). Although the C=0
groups are more disordered at the cured nylon/GPS/DMMVS/AC silicone interface, the average
orientation of the C=0 groups is similar to that before curing, but with a broader orientation
distribution, resulting in a similar PPP/SSP signal intensity ratio but greatly reduced signal

intensities after curing.

4.3.4 Adhesion Test Results
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Figure 4.4 (a) Adhesion strengths measured from different nylon/silicone interfaces; (b)
Photos of the cross sections of different silicone systems.

Covalent bonding offers one of the strongest and most robust molecular interactions. Forming
covalent bonds at the interface between a substrate and an adhesive is expected to improve
adhesion strength and durability, provided the bond is irreversible under relevant environmental
aging conditions. Here adhesion tests were conducted and the results are shown in Figure 4.4,
together with photos of the cross sections of different silicone systems in contact with nylon. The
following results can be obtained from the adhesion testing results:

(1) Compared to the adhesion strength measured at the nylon/neat silicone interface, the
addition of small amount of reactive adhesion promoting silane molecules to silicone enhances the
adhesion strength between nylon and silicone (83% improvement with the addition of y-GPS silane
and 93% improvement with the addition of SA silane to silicone). The adhesion promotion
mechanism of the silane molecules is partially attributed to the formation of covalent bonds at
interface by interfacial reactions observed by the SFG analysis, evidenced by the observation of

the SFG imide or/and carboxylic acid signal and the decreased SFG N-H signal. As discussed
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above, interpenetration at the interface may also contribute the adhesion enhancement.

(2) For the adhesion promoters SA silane and y-GPS silane, the difference in measured
adhesion strength is small, which may suggest the main determinant of interfacial adhesion
strength is from the reactions involving the amine NH2 end groups of the nylon substrate. This
result verifies the above explanation of our SFG results and the proposed reaction schemes.

Figure 4.4b shows that in the sample cross-section photo of the nylon/SA/DMMVS/AC
silicone interface, some holes caused by gas bubbles were observed in the silicone adhesives after
curing, which were not observed in nylon interfaces with neat silicone or GPS/DMMVS/AC
silicone. Since all the samples had the same sample preparation (including the same de-gas)
procure, the initial amount of gas (air) trapped in all three silicone materials should be similar
before curing. While there can be many sources of void formation while curing the samples at 150
°C, we will note that the unique level of voiding in SA/DMMVS/AC silicone is consistent with a
mechanism that involves water vapor generation from the interfacial reaction between nylon and
SA/DMMVS/AC silicone shown in Scheme 4.2. Although nucleation and growth of voids during
peeling can affect measured adhesion strength values upon peeling of soft adhesives like pressure
sensitive adhesives, % we note that these voids were formed in the SA silicone sample during
the curing process, rather than being formed during the peeling process. In all three samples shown
in Figure 4.4, the level of bulk deformation was quite extensive and observed to be qualitatively
similar despite the difference in initial bulk morphology of the cured SA/DMMVS/AC sample.
Importantly, the nylon/ silicone adhesive interface exhibited adhesive failure for all three samples,
cleanly detaching with no visible silicone residue on the substrate in the peeled region, despite the
relatively large deformations in the bulk arising from the soft, compliant nature of these

elastomers. Therefore, these measured adhesion strength values (within experimental error limits)
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are expected to still be indicative of relative differences in the strength of intrinsic interfacial
interactions present in the three samples, although the absolute magnitudes of the measured peel
strength values are certain to contain large contributions from the bulk energy dissipation incurred

during peeling.

4.4 Conclusion

SFG spectroscopy was successfully utilized to probe interfacial chemical reactions between
nylon and two silicone adhesives with different adhesion promoters: silane molecules with SA and
epoxy end groups respectively, in situ at the buried solid/solid interfaces. Two different interfacial
reaction mechanisms were deduced from the observed SFG results. At the nylon/SA/DMMVS/AC
silicone interface, after curing the nylon N—H stretching signals disappeared in both the SSP and
PPP spectra, consistent with nylon reacting with the SA groups of the SA silane molecules at the
buried nylon/SA/DMMVS/AC silicone interface, while the nylon C=0 stretching signals at ~1635
cm ! substantially decreased. At the same time, a new peak at 1725 cm ™! was observed from the
reaction products of imide and carboxylic acid groups at the interface. A two-step reaction is
thought to occur at the nylon/SA/DMMVS/AC silicone interface, with SA groups reacting with
both nylon NH2 end groups and amide NH groups in the nylon backbone to form carboxylic acid
and imide functionalities.

At the nylon/GPS/DMMVS/AC silicone interface, interfacial chemical reactions between the
nylon NHz end groups and epoxy silane were detected. The SFG N—H stretching signals of nylon
dramatically decreased but did not disappear in both SSP and PPP spectra. We believe that the
nylon NH2 end groups reacted, but the nylon amide N-H groups in the backbone did not participate
in the reaction which can be confirmed by the detected SFG C=0 stretching signals. The C=0

stretching signals of nylon at ~1635 cm™ remained intact after the interfacial reaction (after
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curing), indicating that the nylon amide groups were not involved in the interfacial chemical
reaction between nylon and GPS/DMMVS/AC silicone. Although the interfacial chemical reaction
mechanisms are different at the nylon/SA/DMMVS/AC silicone and nylon/GPS/DMMVS/AC
silicone interfaces, the reactions enhanced interfacial adhesion strengths of both silicone adhesives
to nylon by the formation of covalent bonds at the buried nylon/silicone interfaces.

SFG is a unique technique which can probe molecular interactions at buried solid/solid
interfaces in situ nondestructively. We have applied SFG to study chemical reactions at various
interfaces including polymer interfaces such as nylon/polyethylene interface, " poly(ethylene
vinyl alcohol) (EVOH)/polyethylene interface,® PET/silicone interface, % %% and primer/sealant
interface,’* demonstrating that SFG is a powerful tool to elucidate interfacial chemical reaction
mechanisms in situ in real time. To the best of our knowledge, this is the first time to directly
characterize interfacial reactions at the nylon/silicone adhesive interface in situ. The combined
SFG study and adhesion measurement reported here shed light on the adhesion mechanisms at the
nylon/silicone interfaces, revealing the effects of silane adhesion promoters on the enhancement

of adhesion strength.
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Chapter 5 Elucidating the Changes in Molecular Structure at the Buried Interface of RTV

Silicone Elastomers during Curing

The contents of this chapter are adopted from a manuscript entitled “Elucidating the Changes
in Molecular Structure at the Buried Interface of RTV Silicone Elastomers during Curing” which
was recently submitted for publication. This manuscript was finished by Ting Lin, Yuchen Wu,
Elizabeth Santos, Xiaoyun Chen, Frederic Gubbels, Nick Shephard, Carol Mohler, Dongchan Ahn,

Tzu-Chi Kuo, Zhan Chen.

5.1 Introduction

As discussed in the previous chapters, silicone elastomers are one of the most widely used
polymeric sealants in many important industrial and other applications, due to their excellent
mechanical properties, outstanding high-temperature resistance, and excellent chemical stability.!
4 Silicone elastomers can withstand harsh environmental conditions, reducing the need for frequent
replacement of sealant and thus minimizing waste. According to a market research report
published by Grand View Research, the global silicone market size was valued at USD 15.3 billion
in 2020 and is expected to grow at a compound annual growth rate (CAGR) of 4.9% from 2021 to

2028.°.
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In the above chapters, we presented our research on addition cured silicone systems, which
require high temperatures for curing. Room-temperature vulcanized (RTV) silicone another major
sub-categories of the silicone elastomer. Curing of RTV silicone to form an adhesive seal involves
the formation of crosslinked networks through chemical reactions between silanol groups and
other reactive groups in formulated products such as alkoxysilanes or acetoxysilanes. During
curing, in addition to the bulk structural changes, the interfacial molecular structure of RTV
silicone may also undergo significant transformations which can affect the interlayer adhesion. It
is vital to determine any molecular-level changes at the interface that occur during curing in order

to correlate interfacial structure to interfacial properties.

One of the critical aspects of RTV silicone curing is the reaction involving reactive
hydroxyl (-OH) groups, wherein the hydroxyl groups play a vital role for crosslinking. The origin
of these hydroxyl groups in bulk has been extensively investigated. Several studies have suggested
that they can come from various sources, such as moisture, alcohol, or reactive silanes, which are
either from the silicone bulk formulation or the ambient environment.> 88 However, the primary
source of hydroxyl groups at the substrate/silicone interface and their role in interfacial reactions

are not well understood.

There are multiple sources of interfacial hydroxyl groups in the silicone samples as well as
the substrates to which silicone adhesives adhere. Glass is a commonly used substrate or adherent
of silicone adhesive or sealant. In this study, silica substrate was used as a model of glass. Silica
surface can have silanol groups, which contain hydroxyl functionalities.®! Also, silica surface is
hydrophilic, which can strongly adsorb water on the surface. These hydroxyl groups can act as

active sites for various interfacial chemical reactions to occur and can participate in surface
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modification processes. Hydroxyl groups at the interface during the curing process can also
originate from the silicone formulation present at the interface and the hydroxyl groups in the
silicone bulk which have diffused to the interface. In addition, water moisture in the environment

may diffuse to the interface directly or through the silicone bulk.

To understand the molecular adhesion mechanisms of RTV silicone adhesives, it is
necessary to elucidate the interfacial molecular structural transformations and the origins of
interfacial reactive hydroxyl groups during silicone curing. Such knowledge can help to optimize
the curing conditions and develop new formulations with improved adhesion along with better
bulk properties such as enhanced thermal and chemical resistance. To our knowledge, there are
very few studies which reveal the interfacial change of RTV silicone and identify the primary

reacting source of interfacial hydroxyl groups.

In this research, we elucidated the interfacial molecular structural changes and the origins
of interfacial reactive hydroxyl groups in RTV silicone during curing. We investigated the
interfacial molecular structures of RTV silicone at different stages of curing using SFG,
supplemented by other surface-sensitive analytical techniques. Our findings provide insight into
the fundamental curing chemistry of RTV silicone and help enable the development of new RTV
adhesives and sealants with improved performance and durability. This research demonstrates that
SFG is able to detect chemical and structural changes occurring at buried interfaces between

silicone adhesives and substrates under different curing and humidity conditions.

5.2 Materials and Methods

5.2.1 Materials and sample preparation
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Scheme 5.1 (@) silylation reaction of silica substrate, and (b) condensation curing reaction
In this study, silica right-angle prisms were utilized as silica substrates, while a model

sealant (Model Sealant A or MSA) was used to study the RTV condensation cure silicone. The
major components of MSA are: trimethoxysilyl terminated polydimethylsiloxane (53%), calcium
carbonate (43%), silanes for crosslinking and adhesion enhancement (3%), and diisopropoxy-bis
ethylacetoacetato titanate as Ti catalyst (1%).

In addition to the studies on MSA/silica interface, studies on MSA/silylated silica interface
were also performed.t? For silylation experiments, the -OH terminal groups on silica substrates
were silylated using hexamethyldisilazane (HMDS) as described in the literature.*? The schematic
showing the silylation reaction is presented in Scheme 5.1a. HMDS is a commonly used silylating
agent due to its reactivity and the ability to create stable silyl ethers under mild conditions.
Additionally, extra HMDS was removed from the reaction product mixture by rinsing with ethanol
and nitrogen flow drying, in order not to interfere with the subsequent analysis. Following the
silylation, several methods were employed to characterize and verify the silylation reaction
including water contact angle, SFG and XPS. SFG was then used to study the molecular details of

the interface between MSA and silylated silica.
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The curing reaction of RTV silicone in this work is shown in Scheme 5.1b.1** The
moisture from the ambient environment hydrolyzes trimethoxy end groups of PDMS polymer and
forms silanol terminated PDMS polymer. The produced silanol PDMS reacts with trimethoxy
terminated PDMS for curing. Besides the major curing reaction, the silanol PDMS also reacts with

the small number of methoxy groups from silane molecules in the system
5.2.2 Experimental Methods

5.2.2.1 SFG Experiment

A series of time-dependent SFG experiments were performed on condensation cured
silicone samples with different curing conditions. In order to mimic the real-life applications of
RTV silicone adhered on glass and provide more in-depth scientific insight on the interfacial
silicone interaction, silica substrate was selected in this set of experiments. The goal of these SFG
experiments was to study the changes of the interfacial molecular structure of RTV silicone that
occurred during the curing process and to identify the primary reacting source of hydroxyl groups
at interface.

The details of the SFG theory and SFG results have been discussed in the previous chapters
and extensively presented in the literature,>*? thus we will not repeat them here. Previously, our
group has studied several silicone systems using SFG;***373 Some of such studies were
discussed above in this thesis. In this study, SFG experiments were conducted using a picosecond
SFG system (EKSPLA, Lithuania) which was described above and presented in detail in previous
publications.™ 2% 4346 Briefly, the system generates two input laser beams: a frequency tunable IR
beam (2.3 - 10 um) and a frequency fixed visible beam (532 nm). The two beams overlapped at
the buried silica/silicone interface (with input angles of 54° and 60° relative to the surface normal,

respectively), both spatially and temporally, to generate an output beam with the sum frequency
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of the two input beams. The overlapped beam size at the sample interface was approximately 0.5
mm in diameter. The SFG signals were collected by a monochromator and a photomultiplier tube
to produce vibrational SFG spectra. The intensity of the SFG signal is directly proportional to the
square of the second-order nonlinear optical susceptibility, ¥, of the sample, which is the
macroscopic average of the hyperpolarizability (B) of the surface or interfacial molecules. The sub-
monolayer surface/interfacial specificity of the SFG technique is due to the selection rule of a
second-order nonlinear optical process, as extensively reported in the previous publications.*’->’
In this study, SFG spectra in the C-H stretching frequency region (2750 — 3000 cm™) were
collected from silica/silicone interfaces. Each SFG spectrum shown below is the average of at least
five scans. The silica prisms were cleaned using piranha solution (mixture of sulfuric acid and
hydrogen peroxide) and air plasma for 3 minutes in a PE-25-JW plasma oven (Plasma Etch) before
use. A thick semi-opaque film of silicone was applied to the silica substrate using a scraper. The
silicone film was approximately 5 mm thick, which prevented the generation of SFG signals from
the air/silicone interface on the opposite side. Both SSP (S-polarized sum frequency beam, S-
polarized visible beam, P-polarized IR beam) and PPP polarization combinations of the input and
output beams were utilized for SFG spectra collection. Scheme 5.2a shows the SFG sample

geometry. More details of SFG data and orientation analysis are presented below.

5.2.2.2 X-Ray Photoelectron Spectroscopy (XPS) Experiment

XPS measurements were made using an Axis Ultra XPS system (Kratos Analytical Ltd,
UK) to confirm the successful conversion of the hydroxyl groups into trimethyl groups on the
silica substrate after silylation. The sample spot size probed by XPS was 700 um x 300 um. To
generate the x-ray for XPS experiments, an 8 mA emission current and 14 kV high voltage were

used. For the survey scan, 160 eV pass energy was used. XPS samples were prepared in the same
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fashion as those studied using SFG and water contact angle measurement. Data was analyzed using

CasaXxPS software (version 2.3.22PR1.0).

5.2.2.3 Water Contact Angle Experiment

A CAM 100 optical contact angle goniometer (KSV Instruments, Finland) was used to
measure static water contact angles on the silica surface before and after silylation reaction to
characterize the outcome of surface modification. Samples used for contact angle measurements

were also used in SFG study after nitrogen flow drying.

5.2.2.4 Adhesion Strength Test

The mechanical adhesion between interfaces was determined by employing the ASTM
D3163 standard method, using a lap shear setup as shown in Scheme 5.2b.%%° The microscope
slides used in the tests had an average overlap of 25 mm x 50mm with 5mm thickness of silicone.
The tests took place at ambient temperature, utilizing an Instron 5544 mechanical testing device
(Instron Co., Norwood, MA). Upon the lap shear samples reaching their breaking point at the

interface, a sharp decrease in shear force was observed and documented as the adhesive strength.

(a) (b)

Scheme 5.2 (a) SFG sample geometry, (b) lap shear adhesion test sample geometry (not to
scale)

5.2.3 SFG Data Analysis Method
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Methods for SFG quantitative data analysis have been extensively published.?>5-2%8 In this study,
the Fresnel coefficient for yyy: is 3.43. The e of PPP has four terms: yxxz, yxzx, Xzxx Xzzz and the
Fresnel coefficients for each term are 0.15, 0.09, 0.12, and 3.88, respectively. As a result, the
contributions of yxxz, yxzx, Yzxx t0 the signal are usually small, and the signal contribution of yz;; can
dominate the ppp signals. In order to simplify the data analysis, here we only consider the yzz; term
for the ppp spectrum in the following data analysis.

In our RTV silicone system, there are trimethoxy groups from the silicone matrix and silane
additives. To simplify the data analysis, here, the methoxy groups were treated as independent
groups and each methoxy group adopts a C3v symmetry. Therefore, the methoxy orientation we
deduced here is the average orientation of all the independent methoxy groups at the silicone/silica
interface.

For the C-H symmetric stretching methoxy signal:

1
Xxxz,s = Xyyz,s = iNsﬁccc[cos 01 +r) - cos® 6(1—-r)]

(4)

Xzzz.s = NsPecc[r c0s 0 + cos? H(1 - )]

()

Where Ns is the surface number density of the functional groups under study, Bcc IS a
hyperpolarizability component of a single methoxy group C—H symmetric stretching mode, r is
the ratio of Baac/Pecc, 0 is the tilt angle of the principal vector v of the entire SiO(CHs) group versus
the surface normal. The detailed tilt angle was demonstrated in Figure 5.1. It has been reported
that the ratio of Paac/Pecc is around 1.7 for a methoxy group.®

By taking the ratio of equations (4) and (5), the Nsand Bccc were canceled. Here we can correlate

the yxxz/yzzz ratio to the tilt angle of methoxy group. After considering the Fresnel coefficient in
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equation (3), the relationship between the tilt angle of the transition dipole vector v and the

measured yssp/xppp ratio can be deduced and is shown in Figure 5.2.

Surface Normal
A
z

Interface !

Figure 5.1 Schematic showing a methoxy group and the coordinate system chosen for

orientation analysis. The methoxy group adopts a C3v symmetry. The xyz coordinate

demonstrates the lab coordination frame. O is tilt angle of the vector v of the SIOCH3
group.

Figure 5.1 shows the orientation of a methoxy group at the MSA silicone/silica interface. Note
that 0 is the tilt angle used to describe the methoxy orientation, which is the angle between the z
axis (surface normal) and the vector v (the principal axis of the OCHz group or the direction of the
C-O bond). The “lying down” orientation of -OCHj3 indicates a large tilt angle 6, while the

“standing up” orientation indicates a small tilt angle.
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Figure 5.2 xssp/yppp ratio as a function of the tilt angle of the net transition dipole of the
methoxy C-H symmetric stretching (with respect to the surface normal)

5.3 Results and Discussion

5.3.1 Time-dependent Methoxy SFG Results

For the condensation cured silicone, methoxy groups in the silicone formulation participate
in multiple reactions including the curing reactions in the bulk and interfacial reactions to form
covalent bonds. The change of SFG methoxy signal at interface is a good indicator to monitor the
interfacial chemical reaction and curing reaction of silicone matrix. SFG ssp and ppp spectra were
collected from the MSA silicone/silica interface as a function of curing time (under the ambient
condition at room temperature), shown in Figure 5.3. The fitting results are also shown in the same
figure and the fitting parameters are listed in Table 5.1. According to the spectral fitting results,
peaks centered at ~2815, ~2840, ~2910, ~2935, and ~2960 cm™* were detected in the SFG spectra.
The 2840 cm™ peak is assigned to the symmetric C-H stretching signal of the methoxy groups.
The 2910 cm™ peak is assigned to the symmetric C-H stretching signal of the Si-CHs. The 2935
and 2960 cm™* peaks are assigned to the asymmetric C-H stretching signal of the methylene (e.g.
from Ti catalysts or silane) and methyl groups (e.g., from silicone Si-CH3z or methoxy O-CHz),

respectively.3* %63 The 2935 cm™ peak may also be contributed by the methyl Fermi resonance.
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The 2815 cm™ peak can be assigned to the C-H stretching signal of Ti catalyst in the MSA formula.

More details about the assignment of the 2815 cm™ peak can be found in Section 5.3.5.

Table 5.1 Fitting parameters of the time-dependent SFG spectra collected from the

MSA/silica interface before silylation as shown in Figure 5.3

0 hour-SSP 0 hour-PPP
i (cm’ I (cm’ AQ oi (cm’ I' (cm’ AQ assignment
2815 14.3 0.21 2815 14.3 0.07 TDIDE
2842 14.2 0.75 2842 14.2 0.47 s O-CHs
2935 18.3 0.84 2935 18.3 0.68 as
2960 13.5 -0.63 2960 13.5 -0.54 as Si-CHs/O-
3 hour-SSP 3 hour-PPP
i (cm’ I (cm’ AQ ol (cm I' (cm’ AQ assignment
2815 14.3 0.18 2815 14.3 0.13 TDIDE
2842 14.2 0.67 2842 14.2 0.39 s O-CHs
2935 18.3 0.80 2935 18.3 0.59 as
2960 13.5 -0.74 2960 13.5 -0.48 as Si-CHs/O-
6 hour-SSP 6 hour-PPP
i (cm’ I (cm’ AQ oi (cm’ I' (cm’ AQ assignment
2815 14.3 0.17 2815 14.3 0.08 TDIDE
2842 14.2 0.67 2842 14.2 0.40 s O-CHs
2935 18.3 0.80 2935 18.3 0.65 as
2960 13.5 -0.72 2960 13.5 -0.57 as Si-CHs/O-
10 hour-SSP 10 hour-PPP
i (cm” I' (cm AQ oi (cm I' (cm’ AQ assignment
2815 14.3 0.13 2815 14.3 0.09 TDIDE
2842 14.2 0.64 2842 14.2 0.42 s O-CHs
2935 18.3 0.79 2935 18.3 0.61 as
2960 13.5 -0.79 2960 13.5 -0.52 as Si-CHs/O-
23 hour-SSP 23 hour-PPP
i (cm’ I (cm’ AQ ol (cm’ I' (cm’ AQ assignment
2815 14.3 0.005 2815 14.3 0.06 TDIDE
2842 14.2 0.25 2842 14.2 0.16 s O-CHs
2935 18.3 0.23 2935 18.3 0.15 as
2960 13.5 -0.68 2960 13.5 -0.55 as Si-CHs/O-

As shown in Figure 5.3, during the time-dependent curing process, the SFG peak features
and the peak positions remain the same. However, the overall intensities of various peaks in the

spectra consistently decrease with cure time. The spectral fits indicate the C-H symmetric
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stretching SSP/PPP signal ratio of the methoxy groups is not significantly time dependent. Since
this ratio is related to the cosine function of the tilt angle (see equations (4) and (5) above in Section
5.2.3), we conclude that the orientation of the interfacial methoxy is similar at various times during
the curing process. Note the SFG signal intensity is influenced by both the functional group
orientation and/or surface coverage of the molecules. Because the orientation of methoxy groups
at the interface does not change substantially as a function of curing time, we believe that the
overall methoxy SFG signal intensity decrease is related to the reduced interfacial coverage, due
to the consumption of the interfacial methoxy groups by interfacial reactions. To verify this
interpretation, a quantitative analysis was conducted for orientation determination. The tilt angles
of the methoxy groups at different curing times were deduced and presented in Table 5.2. The tilt
angle of the interfacial methoxy group at the MSA silicone/silica interface during the first 23 hours
of curing ranged from 6.3° to 17.7°, indicating that the methoxy groups more or less stand up at
the interface. This may be caused by the favorable interaction between interfacial methoxy groups
and the hydroxyl groups on silica surface, which facilitates the later interfacial chemical reactions.
When there are hydroxyl groups at the interface, methoxy groups could be continuously
hydrolyzed and consumed, providing driving force for the excessive methoxy groups to migrate
to the interface from silicone bulk and stand up at the interface. A more detailed discussion will

be presented below with the comparison to the results obtained from the control experiments.

Table 5.2 Tilt angles of methoxy group at SiO2/MSA interface with various curing times

Time stamp 0 hour 3 hours 6 hours 10 hours 23 hours
Xssp/ppp 1.60 1.66 1.68 1.55 1.59
Tilt angle (°) 13.7 8.0 6.3 17.7 15.4
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Figure 5.3 SFG SSP (black) and PPP (red) spectra collected from the MSA/silica interface
as a function of curing time of (a) 0 h, (b) 3 h, (c) 6 h, (d) 10 h, (e) 23 h. Dots: experimental
data. Lines: fitting results. (f) Time-dependent SFG yssp/yppp ratio. (g) The time-dependent
Yssps Yppp, aNd the averaged values.

The above observed time-dependent reduction of interfacial methoxy groups may be
caused by reactions between methoxy and hydroxyl groups on silica surface and/or water moisture
in the environment. To understand whether silica surface hydroxyl or moisture plays a dominating
role in reacting with interfacial methoxy groups, the silica surface hydroxyl groups were decreased
or eliminated through surface silylation (Scheme 5.1a). The effectiveness of the surface silylation

treatment was investigated using multiple characterization techniques.

5.3.2 Silylated Time-dependent Methoxy SFG Results

Figure 5.4 displays the XPS spectra collected from both untreated and treated silica substrates.
In the survey spectra (a) and (b), no nitrogen 1s signal was observed in the 307~400 eV region,

indicating that there is no nitrogen contamination before silylation and no HMDS left on the
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surface after silylation. On both silica surfaces, signature peaks for O 1s, C 1s, Si 2s, and Si 2p
were observed in the XPS spectra at 529, 282, 151, 100 eV, respectively. The qualitative analysis
was conducted on XPS spectra to observe changes of surface compositions by comparing the peak
intensities of Si and C before and after silylation. Both the Si and C peak intensities increase on
the silylated silica surface, confirming the replacement of surface Si-OH groups by Si-(CH3)3

groups.

SFG was also utilized to examine the surface change after silylation (Figure 5.4c). Before
silylation, O-H stretching signal dominated the SFG spectrum collected from the silica surface
while no C-H stretching signal was detected. There appear to be no CH groups present at the
untreated silica surface but OH groups are well represented. Strong Si-(CH3)s SFG signal was
detected while SFG O-H signal disappeared after the silylation treatment on silica surface,
indicating the successful silylation reaction. Water contact angle measurements on silica surfaces
were performed as well to confirm the successful silylation of the silica surface (Figure 5.4d).
Before silylation, the surface had a low contact angle and the water droplet could well spread on
the surface, indicating a very hydrophilic surface. After silylation, a much higher contact angle
was observed, showing that the silica became more hydrophobic. These observations from three
different analytical techniques confirm the successful silylation treatment on silica and rule out the
possibility of any leftover HMDS on the silica surface which could affect the silicone interfacial

behavior.
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Figure 5.4 XPS spectra collected from the silica substrates (a) before and (b) after silylation,
(c) SFG spectra before and after silylation, (d) water contact angle results before and after
silylation.

Figure 5.5 displays the SFG spectra collected from the interface between MSA and silica
after silylation as a function of curing time. The fitting results are also shown in the same figure
and the fitting parameters are listed in Table 5.3. The initial TO SFG spectra collected from the
MSA/silylated silica interface (Figure 5.5a) exhibit different features from those collected from
the MSA/unsilylated (or bare) silica interface (Figure 5.3a). Besides the 2840 cm™ methoxy C-H
symmetric stretching signal, Figure 5.5a also shows a strong peak centered at ~2910 cm™, which

can be assigned to the symmetric C-H stretching signal of silicone Si-CHz groups or the Si-CHs

groups on silica due to silylation. Another strong peak centered at ~2960 cm™ was also observed,
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which is assigned to the C-H asymmetric stretching mode of the methyl groups. This peak can be
contributed from methyl groups from silica surface silylation, silicone Si-CHs, and/or methoxy
groups in silicone, therefore we cannot use the intensity ratio of this peak and the ~2910 cm™ peak

to deduce silicone Si-CHjs or silica silylated Si-CHz orientation.
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Figure 5.5 SFG spectra collected from the MSA/silylated silica interface as a function of
curing time: (a) 0 hr; (b) 3 hr; (c) 5 hr; (d) 23 hr; (e) 26 hr; (f) 57 hr; (g) Time-dependent
SFG yssp/yppp ratio; (j) The time-dependent yssp, yppp, and the averaged values

The methoxy orientation at the MSA/silylated silica interface can be deduced using the
same method as presented in section 5.2.3. It was found that the methoxy tilt angle falls in a narrow
range from 38.5° to 50.1°, which is different from the tilt angle of methoxy groups at the
MSA/unsilylated silica interface (6.3° to 17.7°) reported above. This demonstrates that the overall
tilt angle increased and interfacial methoxy groups adapted a more lying down orientation at the
interface after silylation. Presumably, the silylated silica surface is more hydrophobic which

should have more favorable hydrophobic-hydrophobic interactions with methoxy, leading to a

more stand-up methoxy orientation. However, in this case, we observed an opposite trend. In our
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previous work, we found that alkoxy silane additives are less compatible with addition cured
silicone matrix, and thus tend to segregate to the interface.®> " Such silane molecules are highly
interface active and could substantially cover the interface with only small amount of silane in the
bulk. In methoxy terminated RTV silicone system, when methoxy silane molecules segregate to
an untreated (unsilylated) silica/silicone interface, the methoxy groups tend to interact with the
hydrophilic hydroxyl group to participate in the interfacial reaction. Therefore, methoxy adapts a
stand-up orientation at interface. This can be understood because with an oxygen atom in methoxy,
it is more hydrophilic compared to a regular methyl group (Si-CHs or C-CHzs). This should also be
true at the MSAV/silica interface when PDMS is terminated with trimethoxysilyl functionality.
However, the methoxy of silanes or methoxy of PDMS likely cannot favorably interact with
silylated silica (with Si-CHs groups). As a result, interfacial methoxy groups lie down more at the
interface after silylation. Figure 5.6 shows the schematic of molecular interactions at the interfaces

between silicone and native (unsilylated) as well as silylated silica surfaces.

Before silylation, the SFG methoxy SSP/PPP intensity ratio was found to be similar at
different curing times, demonstrating similar methoxy orientations during the curing process (see
Figure 5.3). However, the overall SFG methoxy intensity decreased as a function of time, even
with the first three hours, due to the interfacial reaction between methoxy and silica hydroxyl
groups or water moisture at the interface during the on-going curing process. After silica silylation
was performed to remove the silica surface hydroxyl groups, SFG spectral features and intensities
remained similar at different times in the first 5 hours, indicating the absence of time-dependent
molecular structure change or reaction at the interface during this period of time. For the first 5

hours, the interfacial molecular structure change observed at the silica (without silylation) interface
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must be due to the interfacial —OH, not the bulk —OH from water in ambient condition, otherwise

the methoxy signals from the silica with silylation should have decreased as well.

Table 5.3 Fitting parameters of the time-dependent SFG spectra collected from the
MSAV/silica interface after silylation as shown in Figure 5.5

0 hour-SSP 0 hour-PPP
i I (cm Aq i (cm” I (em Ag (a.u.) assignment
2815 14.3 0.016 2815 14.3 0.036 TDIDE
2842 14.2 0.41 2842 14.2 0.29 as O-CHs
2935 18.3 0.73 2910 18.3 0.64 as
2960 11.5 -0.54 2960 11.5 -0.42 as Si-
3 hour-SSP 3 hour-PPP
i I (cm Aq i (cm” I (em Ag (a.u.) assignment
2815 14.3 0.015 2815 14.3 0.025 TDIDE
2842 14.2 0.42 2842 14.2 0.32 as O-CHs
2935 18.3 0.82 2935 18.3 0.77 as
2960 11.5 -0.46 2960 11.5 -0.43 as Si-
5 hour-SSP 5 hour-PPP
i I (cm Aq i (cm” I (em Ag (a.u.) assignment
2815 14.3 0.013 2815 14.3 0.023 TDIDE
2842 14.2 0.43 2842 14.2 0.33 as O-CHs
2935 18.3 0.79 2910 18.3 0.77 as
2960 11.5 -0.51 2960 11.5 -0.45 as Si-
23 hour-SSP 23 hour-PPP
i I (cm’ Aq i (cm” I (em Ag (a.u.) assignment
2815 14.3 0.016 2815 14.3 0.031 TDIDE
2842 14.2 0.24 2842 14.2 0.23 as O-CHs
2935 18.3 0.67 2910 18.3 0.74 as
2960 11.5 -0.53 2960 11.5 -0.46 as Si-
26 hour-SSP 26 hour-PPP
i I (cm Aq i (cm” I (em Ag (a.u.) assignment
2815 14.3 0.012 2815 14.3 0.033 TDIDE
2842 14.2 0.16 2842 14.2 0.19 as O-CHs
2935 18.3 0.68 2910 18.3 0.67 as
2960 11.5 -0.54 2960 11.5 -0.42 as Si-
57 hour-SSP 57 hour-PPP
i I (cm’ Aq i (cm” I (em Ag (a.u.) assignment
2815 14.3 0.011 2815 14.3 0.032 TDIDE
2842 14.2 0.09 2842 14.2 0.12 as O-CHs
2935 18.3 0.60 2910 18.3 0.60 as
2960 11.5 -0.41 2960 11.5 -0.34 as Si-
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Figure 5.6 Schematic of molecular interactions on (left) native (unsilylated) and (right)
silylated silica surfaces

This comparison demonstrates that the primary source of reacting hydroxyl group at the
interfacial region for the initial several hours of curing is more likely from the substrate instead of
the ambient moisture. Later after water (moisture) molecules diffuse to the interface, further
interfacial reaction can consume more methoxy groups. This may explain why at the
silicone/unsilylated silica interface (Figure 5.3), the SFG methoxy signal decreased in the first
three hours (reacted with hydroxyl groups on silica), only slightly decreased between 3 and 10
hours (the silica surface hydroxyl groups already reacted and almost no interfacial reaction with
methoxy occurred), and substantially decreased again after 10 hours (reacted with moisture
diffused from environment — it took some time for moisture to diffuse to the interface from the

environment). Further evidence supporting this hypothesis will be presented below
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5.3.3 Humidity Comparison on Methoxy SFG Results

SO Intensity (au ]

oy 0]

Figure 5.7 SFG spectra collected from the MSA/silica interface as a function of time when
cured at different humidity levels: exposure of (a) 0 hr; (b) 1 hr; (c) 2 hr; (d) 5 hr to 30%
humidity level; (f) 0 hr; (g) 1 hr; (h) 2 hr; (i) 5 hr to 80% humidity level; (e) Time-dependent
SFG yssp/yppp ratio at 30% and 80% humidity levels. (j) Time-dependent yssp, ¥ppp, @and the
averaged values at 30% and 80% humidity levels.

To further verify this hypothesis, humidity control experiments were conducted in 30%
and 80% relative humidity environments. If the interfacial -OH groups (from silica) are the primary
sources for the interfacial methoxy reactions instead of the -OH groups from the ambient moisture,
the molecular structure change reflected in the SFG spectra (e.g., reduction of the methoxy signal)
should be the same at different humidity levels. Figure 5.7 shows that the SFG spectra collected
from MSA/unsilylated silica interface exposed to different relative humidities. The fitting results
are also shown in the same figure and the fitting parameters are listed in Table 5.4. The results
exhibit similar features including peak positions, widths, and intensities in the first three to five
hours, indicating that ambient moisture is not the primary source of —OH for methoxy interfacial
reactions initially. By five hours, the interfacial -OH groups provided by the silica substrate surface
were fully reacted and substantial water molecules could gradually diffuse to the interface, and

start to participate in the interfacial reactions.
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Table 5.4 Fitting parameters of the time-dependent SFG spectra collected from the
MSAV/silica interface before silylation at different humidity levels (30% and 80%o)

0 hour-SSP (RH 30%)

0 hour-PPP (RH 30%)

i I (em Ag i (cm” I (cm’ Ag (a.u.) assignment
2815 14.3 0.06 2815 14.3 0.05 TDIDE
2842 14.2 0.38 2842 14.2 0.17 as O-CHs
2935 10.1 0.42 2935 10.1 0.23 as
2960 115 -0.41 2960 115 -0.49 as Si-

1 hour-SSP (RH 30%) 1 hour-PPP (RH 30%)

i I (em Ag i (cm” I (cm’ Ag (a.u.) assignment
2815 14.3 0.06 2815 14.3 0.06 TDIDE
2842 14.2 0.33 2842 14.2 0.19 as O-CHs
2935 10.1 0.41 2935 10.1 0.21 as
2960 11.5 -0.34 2960 115 -0.45 as Si-

2 hour-SSP (RH 30%) 2 hour-PPP (RH 30%)

i I (em Ag i (cm” I (cm’ Ag (a.u.) assignment
2815 14.3 0.07 2815 14.3 0.06 TDIDE
2842 14.2 0.36 2842 14.2 0.16 as O-CHs
2910 18.3 0.13 2910 18.3 0.11 s Si-CHs
2935 10.1 0.40 2935 10.1 0.20 as
2960 11.5 -0.46 2960 115 -0.45 as Si-

5 hour-SSP (RH 30%) 5 hour-PPP (RH 30%)

i I (cm’ Ag oi (cm’ I (cm’ Ag (a.u.) assignment
2815 14.3 0.07 2815 14.3 0.05 TDIDE
2842 14.2 0.33 2842 14.2 0.15 as O-CHs
2935 10.1 0.37 2935 10.1 0.20 as
2960 115 -0.44 2960 115 -0.51 as Si-

TO0-SSP (RH 80%b) TO-PPP (RH 80%b)

i I (cm’ Ag oi (cm’ I (cm’ Ag (a.u.) assignment
2815 14.3 0.04 2815 14.3 0.04 TDIDE
2842 14.2 0.39 2842 14.2 0.23 as O-CHs
2935 10.1 0.39 2935 10.1 0.23 as
2960 11.5 -0.45 2960 115 -0.51 as Si-

1 hour-SSP (RH 80%) 1 hour-PPP (RH 80%)

i I (cm’ Ag oi (cm’ I (cm’ Ag (a.u.) assignment
2815 14.3 0.09 2815 14.3 0.07 TDIDE
2842 14.2 0.32 2842 14.2 0.19 as O-CHs
2935 10.1 0.27 2935 10.1 0.22 as
2960 11.5 -0.40 2960 115 -0.45 as Si-

2 hour-SSP (RH 80%) 2 hour-PPP (RH 80%)

i I (cm Ag oi (cm’ I (cm’ Ag (a.u.) assignment
2815 14.3 0.07 2815 14.3 0.05 TDIDE
2842 14.2 0.34 2842 14.2 0.19 as O-CHs
2935 10.1 0.45 2935 10.1 0.25 as
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2960 | 115 | -042 2960 | 115 | -0.50 as Si-
5 hour-SSP (RH 80%) 5 hour-PPP (RH 80%)

i I (em Ag i (cm” I (cm Ag (a.u.) assignment
2815 14.3 0.11 2815 14.3 0.04 TDIDE
2842 14.2 0.29 2842 14.2 0.15 as O-CHs
2935 10.1 0.37 2935 10.1 0.21 as
2960 115 -0.46 2960 115 -0.55 as Si-

5.3.4 Adhesion Results

Lap Shear Adhesion Test
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Figure 5.8 Adhesion strength on silica substrate with and without silylation
The lap shear adhesion test was conducted on the fully cured silicone samples to correlate
the results obtained from the interfacial structure study presented above to those from the property
(adhesion) measurements. The adhesion results are shown in Figure 5.8. Compared to the silylated
silica substrate, the silica without silylation treatment shows a significant enhancement in the
adhesion strength. According to the interfacial structure and composition probed by SFG and XPS,
we believe the enhancement originates from more reaction sites (more hydroxyl groups) at the

interface, leading to more covalent bonds formed at the interface by interfacial chemical reaction.

136



O o
Do Qw ° 9

/H" -

Si-OH + Si(OCH5); —» Si-O-Si(OCH,); + CH,OH

| siica S & @

r zzz. =

Figure 5.9 Schematic of the curing process of RTV silicone. Initially curing occurs using the
hydroxyl groups because it takes some time for moisture to diffuse to the interface. Top right:
silylated silica/silicone interface. Bottom right: silica/silicone interface. Different objects in
the figure were not drawn to scale.

The curing mechanism at the interfacial region is depicted in Figure 5.9. It is well known that
ambient moisture triggers the curing reaction of RTV silicone and provides hydroxyl group which
reacts with methoxy terminated RTV silicone. However, this is likely not the case for the
interfacial region. The interfacial hydroxyl from the substrate is the primary source of the curing
and interfacial reactions initially. Even though the water permeability of silicone is quite high,
there would be a crust layer formed in the outside region of silicone during curing. The region
underneath the crust layer contains unreacted methoxy groups which could capture the water and
slow down the water migration process to the interface. Therefore, there is no moisture hydroxyl
at the interface for the first several hours (Figure 5.9). The interfacial hydroxyl groups are crucial

for silicone curing and interfacial reaction, which can form covalent bonds between silicone matrix
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and the substrate. As a result, stronger adhesion strength can be obtained if there are more
interfacial hydroxyl groups on the surface. Later on, as the crust layer propagates to the interfacial
region, moisture hydroxyl groups could play a more significant role for the interfacial curing. This

aligns well with the results obtained by other researchers using NMR.®°

5.3.5 Peak Assignment of Ti Catalyst
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Figure 5.10 SFG spectrum from the MSA (with Ti catalyst but without MTMS)/silica
interface (a), SFG spectrum from the MSA (wih MTMS but without Ti catalyst)/silica
interface (b), SFG spectrum from the MSA (with both Ti catalyst and MTMS)/silica interface
(c), Raman spectrum of Ti catalyst (d), IR spectrum of Ti catalyst (e).

The SFG spectra displayed in Figures 5.3 and 5.7 show a peak centered around 2815 cm™. We
believe that this signal can be contributed by Ti catalyst and/or MTMS. Figures 5.10a and 5.10b
show that the 2815 cm™ signal was not detected from the MSA/silica interface when MSA only

contains Ti catalyst or MTMS. However, a peak at 2815 cm™ was detected from the MSA/silica
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interface when MSA contains both Ti catalyst and MTMS (Figure 5.10c). Both Raman and IR
spectra from Ti catalyst show the 2815 cm™ signal (Figures 5.10d and 5.10e), while this signal
was not observed from the IR or Raman spectra from MTMS (not shown). Therefore, we assigned
the 2815 cm™ peak to Ti catalysts, the detection of which by SFG requires the addition of the
MTMS to the silicone adhesive as well. More detailed assignment of this peak is beyond the scope

of this research, which will be reported in our future work.

5.4 Conclusion

SFG has been successfully applied to study adhesion mechanisms of condensation cured
silicone materials to glass, modeled by silica. Our time-dependent in situ SFG experiments
revealed that the condensation cured silicone samples undergo interfacial changes (especially for
methoxy groups) during the curing process. Such observed interfacial changes indicated that the
primary reacting source of interfacial hydroxyl groups in these materials for initial curing (3 to 5
hours) was the hydroxyl groups on the substrate surface, rather than the hydroxyl groups on the
silicone itself or from environmental moisture. Such interfacial hydroxyl groups reacted with
methoxy groups in silicone to form covalent bonds at the interface. At longer cure times moisture
from the environment may diffuse into the interface to cause further interfacial reactions.

The results of this research further validate the usefulness of SFG as a unique and effective
method for examining buried solid/solid interfaces — like the ones between silicone and silica
substrates —at the molecular level, in real-time during curing and other processes. Insights gained
from the study enhance our understanding of the relationship between changes in the interfacial
molecular structure and the characteristics and functionality of the condensation cured silicone.
This important understanding will assist in the design and development of RTV silicone materials

with superior performance qualities for a variety of applications in the future.
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Chapter 6 Analysis of Accelerated Weather Aging Effect on Polyethylene with Varied

Densities Using a Combination of Analytical Techniques

The contents presented in this chapter were adopted from a submitted manuscript entitled
“Analysis of Accelerated Weather Aging Effect on Polyethylene with Varied Densities Using a
Combination of Analytical Techniques”. The research related to ATR-FTIR, water contact angle,
and nanoindentation measurements were performed by a graduate student in our lab, Shuging

Zhang. | performed research related to Raman and GIXRD measurements.

6.1 Introduction

Plastics, owing to their cost-effectiveness, easy handling, and lightweight nature, have been
universally integrated into diverse applications, enhancing living standards. However, a flip side
exists: post-consumption, plastics contribute significantly to global municipal waste.*®
Alarmingly, with annual plastic production surpassing 300 million tons since 2014, environmental
plastic build-up is escalating.”® On the global front, a tiny fraction of plastic waste is repurposed,®
13 and a majority either ends up in landfills or contaminates natural habitats, heralding
environmental and sustainability challenges.!* Investigating plastic degradation processes can
unveil the repercussions of these decomposed materials, guiding mitigation approaches.

Polyethylene (PE) stands out as one of the most produced and versatile plastics globally,
catering to various applications.*>8 Derived from polyolefin, its intrinsic traits—large molecular
structure, hydrophobic nature, and absence of vulnerable functional groups—qrant it durability

and resistance to biological interactions.'®?° These properties, while advantageous for applications

like automotive components and pipework,???> complicate its disposal post-usage. A number of
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studies have delved into PE's degradation behavior under diverse conditions.?>230 Notably,
photooxidation has been identified as an effective accelerator for PE degradation and has been a
research hotspot for decades.®"’ In theory, pure PE should repel photooxidative degradation due
to its hydrocarbon configuration's resilience against the majority of the sun's spectrum. However,
the production process can introduce imperfections and contaminants, predisposing PE to
degradation.

Although the UV-induced deterioration of PE has been rigorously studied, most research in
photooxidation has zoomed in on model PE variants or specific commercial products without
extensive material profiling. Establishing a definitive link between PE attributes and degradation
outcomes is vital for understanding the environmental implications and guiding producers towards
eco-friendly products. This research's distinction lies in its focus on a wide spectrum of PE types
tailored for packaging, encompassing HDPE and LLDPE, fashioned into diverse physical and
chemical forms. Subjecting these to simulated solar radiation, the study demonstrates the UV
degradation effects and subsequent weathering mechanisms. A suite of analytical methods—
including water contact angle measurements, ATR-FTIR, Raman microscopy, GIXRD, and nano-
indentation—was deployed to evaluate the PE variants post UV-exposure. The study, through its
methodological arsenal, sheds light on the transformative structural dynamics of PE under UV
influence over time. The integrative approach provides an all-rounded perspective on PE
photooxidation due to solar activity. This research not only uncovers PE's degradation patterns but
also underscores the environmental implications, empowering industries to innovate less

environmentally detrimental plastics.
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6.2 Materials and Methods

6.2.1 Materials and Sample Preparation

All the polyethylene (HDPE and LLDPE) samples in the form of plaques and films were

provided by The Dow Chemical Company. Table 6.1 lists detailed characteristics of the samples

used in this study with information on density, melt index, and thickness.

Table 6.1 Polyethylene sample information

. . : Melt Index .
Densit
GLenber:c Architecture q Gen.ertllc 3y (9/10 min at Thickness
abe escription (g/cm)) 190 °C) (mm)
G Plaque HDPE 0.9573 14 ~3
H Plaque HDPE 0.9555 15 ~3
J Plaque LLDPE 0.9159 0.94 ~3
K Plaque LLDPE 0.9145 0.98 ~3
L Plaque LLDPE 0.9214 0.95 ~3
Generic : Generic Density Melt Index Thickness
Label Architecture q ot 3 (9/10 min at "
abe escription (glcm’) 190 °C) (mil/pm)
#5 Film LLDPE 0.923 1 3/75
#6 Film HDPE 0.9646 0.91 3/75

The aging technique utilized was the ISO 4892 cycle 4, which incorporates UV, heat, and

moisture factors, executed in the SUNTEST XXL chamber from ATLAS MTS LLC. This

approach is believed to expedite the aging process by about four to five times compared to outdoor

aging in southern Florida, based on equivalent UV dosage assessments. Polyethylene specimens

underwent simulated solar aging for varied durations, either two or four weeks, prior to analysis.

6.2.2 Experimental Methods
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6.2.2.1 ATR-FTIR Experiments

ATR-FTIR spectra were collected using a Nicolet iS50 (Thermo Scientific) spectrometer
controlled by OMNIC software from the polyethylene material in contact with the ATR crystal.
Samples were characterized at a 4 cm™ resolution within the range of 4000 to 600 cm™. By
detecting the change at distinct bands at different times, ATR-FTIR is capable of describing the
species formed throughout the process. Carbonyl index and vinyl index are commonly used as
indicators to quantitively evaluate the photooxidation process of polyethylene samples and will be
applied in this study. Multiple methods of calculating the carbonyl index and vinyl index have
been reported and are yet to be unified, but typically are based on a ratio of carbonyl or vinyl peak
to a reference peak.” 343 In this study, the carbonyl index was calculated as the maximum
absorption in the carbonyl range (around 1714 cm) relative to the reference methylene absorbance
around 730 cm™ as described in the literature,* based on the average values gained from repeated
tests on each sample. The vinyl index was evaluated as the absorbance around 909 cm™ to that of

the same reference methylene absorbance.

6.2.2.2 Raman spectroscopy

All the Raman spectra were collected by a Leica optical microscope equipped Renishaw inVia
Raman spectrophotometer. The Raman system uses a 785 nm laser, a 1800 lines/mm grating, a 65
micron slit, and a RenCam CCD detector. The spectra were obtained with extended mode (200 —
3800 cm™). Raman spectroscopy was utilized to characterize the photodegradation of above HDPE
and LLDPE samples after simulated weather aging. Raman spectra can provide insightful

microscopic structure information in the chemicrystallization during the degradation process.
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6.2.2.3 Grazing incident X-ray diffraction (GIXRD)

A Rigaku Ultima IV diffractometer with grazing incident mode was used to obtain GIXRD
results. The diffractometer was equipped with a 2.2 kW and 0.4 x 12 mm focus size Cu K-alpha
radiation long-fine focus tube, a 285 mm radius and 0.0001° minimum step size goniometer, and
a D/teX-ULTRA scintillation detector. Calibration was conducted before data collection. The
detection depth of GIXRD is in the magnitude of nanometer and can be considered a surface-

sensitive crystallinity characterization technique to provide complementary results to Raman.

6.2.2.4 Nanoindentation tests

Nanoindentation is considered a powerful method to measure the mechanical properties of
polymer materials.*>*#’ Here, nanoindentation tests were conducted using the Hysitron T1 950
Tribolndenter (Bruker, Eden Prairie, MN) with an optical camera for viewing the surface structures
in high-resolution and defining areas to be indented. Tests were controlled by TriboScan9
software. A Berkovich indentation probe with a triangular base was used for depth-sensing
indentation (lift height 25 nm). Before nanoindentation experiments, samples were glued onto
circular AFM specimen discs (Ted Pella Inc., Redding, CA) and mounted on the intender stage
which transfers samples back and forth between optics and probes. The device was calibrated
before indentation experiments to ensure the probe was at the desired location during the tests. The
experiments were performed in ambient conditions. Each sample was indented 18 times in
different locations by setting up two 3 x 3 grids using array pattern with a load range of 0-100 puN.
The reduced elastic modulus was obtained from each indentation process, and Young’s modulus
can be deduced by the Oliver and Pharr method.*® Parameters needed for calculations were

obtained from previous literature. 9>
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6.2.2.5 Water contact angle

Water contact angles were measured on the polyethylene material surfaces with a CAM 100
contact angle goniometer (KSV Instruments) to assess the hydrophilicity. At least contact angles
for five water drops were measured on each sample, and multiple samples of the same type were

tested to obtain the error bar for each data.
6.3 Results and Discussion (Ting Lin’s work)

6.3.1 Raman spectroscopy

Raman spectra were collected and processed before the data interpretation. The data processing
included baseline correction, standard normal variate transformation and normalization by the
intensity of the CH, twisting band at 1298 cm™. The peaks at 1080 and 1418 cm™ are assigned to
the C-C stretching mode of the amorphous chains and combination of CH2bending and wagging

vibrational mode of crystalline (orthorhombic) chains, respectively.>-%’
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Figure 6.1 Raman results of various LLDPE samples in pristine condition, after two and four
weeks of simulated weather aging. a) LLDPE #5 crystalline region, b) LLDPE L crystalline
region, ¢) LLDPE K crystalline region, d) LLDPE J crystalline region, €) LLDPE #5
amorphous region, f) LLDPE L amorphous region, g) LLDPE K amorphous region, h)

LLDPE J amorphous region.
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Figure 6.1 represents the Raman results of LLDPE samples in the crystalline (a, b, ¢, d)
frequency region and the amorphous (e, f, g, h) frequency region. The peak at 1418 cm™ refers to
the crystalline form of PE, which increased in its intensity from pristine condition to two weeks
and then to four weeks of UV exposure. This marks the increased degree of crystallinity as the
result of the proceeding of photooxidation. On the other hand, signals at around 1080 cm
representing the amorphous region show a downward trend with UV exposure time, which means

that the amorphous region is reduced by aging, well correlated to the crystalline region results.
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Figure 6.2 Raman results of various HDPE samples in pristine condition, after two and four
weeks of UV exposure. a) HDPE #6 crystalline region, b) HDPE G crystalline region, c)
HDPE H crystalline region, d) HDPE #6 amorphous region, €) HDPE G amorphous region,
f) HDPE H amorphous region.

The Raman spectra collected from HDPE samples in the crystalline region and the amorphous
region are shown in Figure 6.2. The results obtained from these spectra are also summarized in

Figure 6.3. For the HDPE sample set, the same trend of changes after UV exposure was observed
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as that of LLDPE samples. As the UV exposure time increases, the crystalline signal at 1416 cm-

increases and the amorphous signal at 1080 cm™ decreases.
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Figure 6.3 Raman intensity change of various samples as a function of the UV exposure
time in the crystalline region (left) and the amorphous region (right).

Figure 6.3 quantitatively compared the Raman signal intensities detected in the crystalline
frequency region and the amorphous frequency region of different samples. Overall, the change of
the Raman signal from the crystalline region is opposite to the change of the Raman signal from
the amorphous region for all the samples. The intensity change in crystallinity and amorphous is
more obvious on LLDPE than HDPE, which indicates the amorphous domain is more vulnerable

to attack by UV photon as reported by other researchers.®

6.3.2 Grazing incident X-ray diffraction (GIXRD)

To further verify the degree of crystallinity induced by UV photodegradation, GIXRD was

applied to characterize the surface crystallinity change.
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Figure 6.4 GIXRD results of various PE samples in pristine condition, after two and four
weeks of UV exposure. a) LLDPE L, b) LLDPE K, ¢) HDPE G, d) HDPE H, €) Summary of
crystallinity change trend probed by GIXRD.

The XRD pattern is utilized to analyze how the different timespans of UV photodegradation
affect various PE with different densities. All the XRD results demonstrate two sharp diffraction
peaks at 21.6° and 24.5°, indicating the semicrystalline structure in both HDPE and LLDPE
samples. These two diffraction signals can be assigned to (110) and (200) lattice planes of PE,
respectively. The broad band diffraction peak centered at 20.2° is the signal contributed by the
amorphous content of PE, which is stronger in LLDPE and weaker in HDPE samples. The
calculation methods based on XRD results were well developed and demonstrated by many
researchers.®®® Here, the degree of crystallinity in various PE samples with different UV
treatments was calculated using the published method. The trend of crystallinity in PE was shown
in Figure 6.4. The overall trend observed by GIXRD is the same as Raman results: There is an
increasing degree of crystallinity in both LLDPE and HDPE along with the UV treatment, and the
crystallinity increases as the increase of UV treatment time. Similar to Raman, the GIXRD results

indicate that there is more obvious change in LLDPE than HDPE in terms of crystallinity. Again,
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this can be explained by the fact that LLDPE has more amorphous content and is more vulnerable
to be attacked by UV photon to trigger the photodegradation reactions including chain scission.®*
Oxygen is necessary for photodegradation reaction and can diffuse across amorphous domains
relatively freely but restricted within the more condensed crystalline domain. As a result, the
previously entangled polymer chains in amorphous domains are released and tend to crystallize

near the existing crystal.

6.4 Results and Discussion (Shuqing Zhang’s work)

6.4.1 ATR-FTIR

ATR-FTIR monitors the change in functional groups of polyethylene samples by simulated solar
exposure. UV effects on the HDPE and LLDPE films are shown in Figure 6.5. The signals
detected from the 3100 — 3800 cm™ are assigned to the O-H stretching modes, the C=0 signals are
detected in the 1600 — 1800 cm™* region while the peak around 910 cm™ is due to the vinyl groups.

Their changes in intensity were studied as an indication of the photooxidation progression.
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Figure 6.5 ATR-FTIR of LLDPE film #5 and HDPE film #6 in pristine condition (T0),
after two and four weeks of simulated solar exposure. (a: 3100-3800 cm™, b: 1550-1900 cm-
1 c: 880-940 cm)
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Increases in peak intensity were observed from the three wavenumber regions in Figure 6.5, as
a result of hydroxyl groups, carbonyl groups, and vinyl groups generated by simulated solar
exposure. This result is consistent with the increasing hydrophilicity measured by water contact
angles, as the amount of polar groups is increased upon UV aging. The formation of terminal vinyl
groups was caused by the chain scission of its backbone.*° In addition, both LLDPE and HDPE
film samples were changed in their chemical structures as a function of time by exposure. Their
changes are quantified by the carbonyl indices shown in Figure 6.6, where increases in the values
are observed along the exposure time. Both LLDPE films and HDPE films experienced a sharp
increase in carbonyl indices after two weeks (from two weeks to four weeks), indicating longer
simulated solar exposure led to a greater number of groups generated. Figure 6.6 also displays the

vinyl indices of the films. Overall, the vinyl index increases after simulated solar exposure.
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Figure 6.6 Carbonyl index (a) and vinyl index (b) of LLDPE film #5 and HDPE film #6 in
pristine condition (TO0), after two and four weeks of simulated solar exposure.
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Figure 6.7 ATR-FTIR of LLDPE plaques J, L in pristine condition (TO0), after two and four
weeks of simulated solar exposure. (a: 3100-3800 cm-?, b: 1550-1900 cm, c: 880-940 cm?)
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Figure 6.8 Carbonyl index (a) and vinyl index (b) of LLDPE plaques in pristine condition,
after two and four weeks of simulated solar exposure.

Apart from thin films, rigid plagues were also tested after undergoing UV irradiation for

different lengths of time. Figure 6.7 depicts the results of two types of LLDPE plaques. Simulated

solar exposure also changed the functional groups in them. The increase in peaks reflects that the

degradation of LLDPE plaques proceeded as a function of time. The results indicate that LLDPE

plaques of J with a lower density (0.9159 g/cm®) degraded faster than those of L (0.9214 g/cm?),

which could also be seen from their carbonyl indices as shown in Figure 6.8. Figure 6.8 also

shows that the overall trend of the vinyl index increases after simulated solar exposure.
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Figure 6.9 ATR-FTIR of HDPE plaques G, H and LLDPE plaques J, L undergoing four
weeks of simulated solar exposure. (a: 3100-3800 cm-?, b: 1550-1900 cm, c: 880-940 cm?)

Figure 6.9 compares HDPE plastic plagues with LLDPE plaques undergoing four weeks of UV
aging. It was found that both LLDPE plaques exhibit stronger peaks in the three regions compared
to HDPE samples. As indicators of chain scission induced by photooxidation,” ° the increases of
carbonyl groups and vinyl groups are normalized to carbonyl index and vinyl index to evaluate the
degree of chemical oxidation as listed in Table 6.2 LLDPE plaques J and L both show higher
carbonyl indices and vinyl indices than HDPE plaques G and H. In general, LLDPE plaques show
a higher degree of degradation than HDPE after being exposed to UV radiation for the same length
of time. This is because compared to HDPE, more branches in LLDPE led to polymer chains not
being closely packed and a reduced degree of crystallinity. A lower crystallinity increases oxygen
permeability and therefore shows an increased sensitivity to photooxidation.

Table 6.2 Summary of change in carbonyl index and vinyl index for plaques after 4 weeks
of simulated solar exposure

G H J L
(0.9573 g/cm?) (0.9555 g/cm?) (0.9159 g/cm?) (0.9214 g/cm?)
Carbonyl Index 0.135 0.145 1.252 0.526
Vinyl Index 0.018 0.016 0.058 0.041
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Figure 6.10 a) Schematic of different sample locations for testing. ATR-FTIR of HDPE
plaques H (b, ¢, d) and LLDPE J (e, f, g) undergoing four weeks of simulated solar
exposure at different locations. (b, e: 3100-3800 cm™, ¢, f: 1550-1900 cm d, g: 880-940

cm?)

Furthermore, a comparison was made between different locations of plaques on ATR-FTIR
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(Figure 6.10). Sunny sides represent the side towards the UV source, while the back sides mean
the one away from the light source. Based on the intensity of peaks, the core part of both LLDPE
and HDPE plaque samples with nominal thickness of 3 mm was less likely affected by UV
exposure. Degradation processes are subject to diffusion-limited oxidation phenomena,® oxygen

present in the core part of the polyethylene samples is believed to be much less than in the surface



region. The depth and oxygen permeability of the material will be factors that lead to different
oxidation results.

The back sides away from UV sources were also degraded to varying degrees, and the signals
of oxidation products are even stronger than those of sunny sides. This indicates that the oxidation
rate on the back side is possibly faster than on the sunny sides. It may be due to the difference in
adsorbed water amount between the two sides of the sample resulting from the UV exposure where
water was sprayed onto specimens for 18 mins in every 120 mins duration. The adsorbed water
amount on the sunny side may be less compared to the back side, as the rate of evaporation is faster
on the side of direct exposure to UV light. This will be further studied in future works.

We also performed water contact angle measurements on selected PE surfaces before and after
the UV exposure. The results are presented in Figure 6.12, which show that the PE surfaces
become more hydrophilic after the UV exposure, due to the surface photooxidation caused by UV

irradiation. Such results are well correlated to the ATR-FTIR data presented above.

6.4.2 Nanoindentation
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Figure 6.11 Nanoindentation results: plaques G, H, J, K, L in pristine condition and after
four weeks of simulated solar exposure.

The mechanical properties of polyethylene plaques before and after four weeks of simulated
solar exposure were measured by nanoindentation tests (Figure 6.11). The values shown in the
figure are averaged based on 18 data sets with error bars presented. By comparing HDPE and
LLDPE samples, the moduli of all HDPE plaques G and H are around 2 GPa and above, much
greater than the three types of LLDPE plaques tested J, K and L, which is likely because of the
difference in their crystalline regions. Specifically, HDPE molecules with little branching are
easier to pack and tend to form more crystalline regions, and therefore contributed to higher
modulus values. According to our XRD results, both HDPE and LLDPE samples are dominated
by the signals contributed from crystal (110) and (200) lattice planes, indicating that the crystal
forms are the same for the two types of polyethylene samples while the main difference is only on
the degree of crystallinity. Compared to the untreated samples, those experiencing four weeks of
UV aging generally show an increasing trend in modulus, except for sample G with no significant
increase. In general, the increased moduli could be explained by the increased crystallinity of

polyethylene caused by UV treatment, as UV irradiation led to chain scission of polyethylene with
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shorter chains formed and facilitated the formation of crystalline regions. However, sample G is
possibly less affected by simulated solar exposure than others, likely due to its highest density.
The change is subtle that it did not show an obvious increase on nanoindentation tests. This
corresponds to Figure 6.9 of ATR-FTIR data, where sample G shows the smallest change in
carbonyl groups in comparison to the other three types of plaques. The trend is also similar to the
trend in the Raman results regarding the change in crystallization. Figure 6.3 shows that sample

G has the least crystallinity change among all the PE plaques.

6.4.3 Water Contact Angle Measurement
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Figure 6.12 Water contact angle measurement results

We also performed water contact angle measurements on selected PE surfaces before and after
the UV exposure. The results (Figure 6.12) were used to compare the hydrophilicity of
polyethylene samples before and after two weeks of simulated solar exposure. Pristine
polyethylene samples are hydrophobic inherently due to their simple hydrocarbon structures,
evidenced by their water contact angles above 90 degrees before UV aging. After two weeks of

UV aging, all of the polyethylene samples, regardless of their architectures or types, show a
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downward trend in their water contact angles, revealing the increased hydrophilicity of the plastic
surface after UV aging. This change indicates the effect of photooxidation caused by the UV
exposure on the surface of polyethylene samples. Photooxidation introduced oxygen-containing
hydrophilic functional groups to the surface and therefore resulted in a more hydrophilic plastic
surface. The water contact angle measuresment results are well correlated to the ATR-FTIR data

presented above.

6.5 Further Discussion

As we presented above, we have extensively investigated the simulated weathering effect
on several different polyethylene samples using a variety of analytical tools. It is worth noting that
various analytical tools adopted in this research have varied surface sensitivities, thus they may
probe varied sample regions. However, as presented above, similar trends were found when
studying a sample with different analytical techniques. Therefore here we want to compare the
results obtained from different analytical methods in more detail. To facilitate the understanding

of the weather effects, we only compare the samples at time zero and four weeks.
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Figure 6.13 Summary of the normalized difference between 4-week aged and pristine
polyethylene samples: a) Raman deduced crystallinity, b) GIXRD deduced crystallinity, c)
Carbonyl index, d) Vinyl index, e) Nanoindentation.

Figure 6.13 displays the differences between the 4-week aged and pristine polyethylene
samples, aiming for a more detailed connection between different techniques applied in this study
to depict a more complete picture of the polyethylene degradation process. To better reflect the
relative difference between varied polyethylene samples, all the data were normalized with the
following method: For the results obtained from all the analytical techniques, the difference value
in sample H aged in 4 weeks compared to time zero was normalized to 1 as a defined benchmark.
The results of all other samples were calculated based on this benchmark. It is worth noting that
the data normalized in Figure 6.13 a-d were based on the difference between 4-week aged and
time zero data, whereas in Figure 6.13 e, the difference between the 4-week data and time zero

data versus the time zero data for each sample is shown.
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It can be observed from Figure 6.13 that the results of LLDPE samples obtained from all
the analytical techniques applied in this study exhibit higher difference values compared to those
from HDPE samples. As we discussed above, a limited number of branches exist in an HDPE
sample, while many more branches were introduced into an LLDPE sample during the
polymerization process, giving rise to a significant decrease in density and crystallinity for
LLDPE. The presence of more tertiary carbons and more amorphous contents in LLDPE allows
for increased oxygen permeability and relatively low stability of LLDPE. Hence, LLDPE was
more significantly affected by photooxidation, reflected by the increased carbonyl C=0 groups
and vinyl C=C bonds as the reaction products, leading to the increase of the carbonyl index and
vinyl index. This was also shown by the increased crystallinity induced by chain scission, resulting
in the increased signal from the crystalline phase in Raman scattering and the increased
crystallinity measured by GIXRD. The increase in crystallinity corresponds to the increased
modulus observed from the nanoindentation experiments. Sample J with the lowest density shows
the most distinct changes in Figures 6.13 a-d. For the nanoindentation test, Sample J did not
exhibit the largest change. It is possible that for this nanoindentation setup, a longer period of aging
is needed to better differentiate the difference between LLDPE samples or perhaps the
nanoindentation method is not sensitive enough to detect the microstructural changes. It is also
worth noting that Figure 6.13e compares the modulus change ratio. If we compare the modulus
change value instead of the ratio, samples J and L have similar values.

Quantitatively, the effect of simulated solar exposure can be correlated to PE density.
Figure 6.1 shows that the density of various PE samples follows the trend of G (0.9573) > H
(0.9555) >> L (0.9214) >J (0.9159). Figure 6.13 shows that the Raman scattering result follows

G <H <L <J. The GIXRD, carbonyl index, and vinyl index changes all suggest G~ H <L <},
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while the nanoindentation data indicates G < H < L > J. Clearly, except for the nanoindentation
result of sample J, which was explained above, all the results demonstrated that the effect of
simulated solar exposure on PE increases when the PE density decreases. For HDPE samples G
and H, the similar changes of the GIXRD, carbonyl index, and vinyl index results indicate that
likely solar exposure leads to a similar effect on the G and H samples while the Raman results
which reflected both the surface and bulk changes follows the above rule: the lower the density,
the larger the change. Further discussions on the PE crystallinity measured by using Raman and

GIXRD are presented below.
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Figure 6.14 Correlations of the crystallinities measured from different samples with
GIXRD and Raman spectroscopy.

Figure 6.14 shows the correlations of the crystallinities measured from different samples
with GIXRD and Raman spectroscopy. The crystallinity determination method for GIXRD data
was presented above in the experimental section. A published method was used to determine the
crystallinities of various samples from Raman spectra.5-% This method uses the peak intensities
of the 1418 cm™ peak and the twist band at around 1300 cm™.®® Figure 6.14 shows that the

crystallinities of various samples deduced by GIXRD are lower than those determined by Raman.
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This is due to the fact that in GIXRD, the amorphous broad peaks overlap with the crystalline
peaks and it inevitably underfits the crystalline signal and underestimates the crystallinity phase
region. It is worth noting that the two crystallinity characterization techniques, Raman and
GIXRD, demonstrated different sensitivities in distinguishing crystallinity change in the sample.
In Figure 6.14, the Raman crystallinity difference on the same set of samples is larger than that
measured with GIXRD. Therefore, Raman may be a better technique to analyze the crystallinity
change by photodegradation. As presented above, it is also worth noting that GIXRD has a much
better surface sensitivity which probes the surface crystallinity. Nevertheless, the trends of the
overall changes observed by GIXRD and Raman are more or less similar — That is - the PE samples
have an increased degree of crystallinity after longer photodegradation treatment.

Both the amount of crystalline regions and the crystal sizes could affect the intensity and
shape of XRD signals. We believe that the crystalline domains also experienced some changes

during the simulated weathering process, which is beyond the scope of this paper.

6.6 Conclusion

In this study, various polyethylene samples subjected to artificial solar exposure were analyzed
using multiple methods. The water contact angle test displayed an increase in hydrophilicity for
both LLDPE and HDPE samples post UV exposure, indicating the formation of more polar groups
during degradation. ATR-FTIR results supported the observation that the polyethylene samples
developed more unsaturated and polar structures, like hydroxyl and carbonyl groups, over time.
Interestingly, samples with lesser densities had a more rapid degradation, evidenced by carbonyl
and vinyl indices. The depth of photooxidation varied from the exterior to the inner parts, possibly
due to differences in oxygen contents at different sample locations. Raman spectroscopy revealed

that the polyethylene's crystallinity rose over exposure time, while its non-crystalline portions
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reduced, making them more prone to damage. The GIXRD method further confirmed this change
in crystallinity on the surface, with LLDPE samples undergoing a more pronounced shift than
HDPE, possibly due to their initial non-crystalline content before exposure. After four weeks of
simulated sunlight exposure, samples analyzed by nanoindentation showed increased moduli,
suggesting more brittleness in the crystalline areas resulting from photooxidation. Macro-level
mechanical findings mirrored molecular-level data from Raman and GIXRD, reflecting the
ongoing degradation of the polyethylene surfaces. Findings from various methods were
interconnected to enhance understanding of the degradation process. Overall, here the research
using multiple analytical methods provided a more detailed comparison and understanding of how
different polyethylene materials degrade, benefiting future polyethylene production and

development.
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Chapter 7 Conclusions and Future Work

7.1 Conclusions and Future Work

This thesis research aimed to elucidate the structure—function relationships of polymer
materials, focusing on the molecular structural studies on buried interfaces using SFG, and on bulk
polymer materials after simulated solar exposure using a variety of analytical tools. To be more
specific, this thesis provided in-depth understanding on: (1) the effect of pi-pi interactions between
peptides and polymers at the solid/liquid interface in situ, providing fundamental knowledge on
molecular interactions between biological molecules and polymer biomedical materials; (2) the
effect of fillers and adhesion catalyst on the structure of silane adhesion promoter at the composite
HTV silicone/PET interface, and adhesion promotion mechanism resulting in different adhesion
performance; (3) details of the interfacial chemical reactions of various silane adhesion promoters,
elucidating the adhesion promotion mechanism and developing a silane adhesion promoter
selection strategy; (4) the RTV condensation silicone interfacial molecular structure change during
curing and the primary sources of hydroxyl functionality participating in curing and adhesion
reactions; (5) degradation mechanisms of various polyethylene materials with different properties
studied by using a variety of analytical techniques.

Furthermore, this thesis demonstrated that SFG cannot only study simple model systems, but
also complex ‘real life’ commercial material systems. The insights gained from the research
conducted are significant for both fundamental science and practical applications. This allows a

more profound understanding of the molecular mechanisms of adhesion and promotes enhanced
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comprehension of commercial materials used in common industrial applications, wherein adhesion
plays a vital role in ensuring quality and durability.

In Chapter 2, d8-PS was used as a model polymer to study pi-pi interactions between polymer
and biological molecules with different numbers of aromatic amino acids. The investigation
initially focused on a hybrid peptide alongside three mutational variations with varying quantities
of aromatic amino acid residues. We observed that all the peptides and the phenyl ring of PS
exhibited a comparable orientation at interface using SFG, showing similar interactions at the
interface which were independent of the number of aromatic amino acids present within the
peptide. This indicated that the pi-pi interaction did not play a major role. The results are similar
to those obtained at the MoS./peptide interface studied by SFG previously.! In contrast, during the
peptide-graphene interaction, the peptide's orientation was greatly influenced by the number of
aromatic amino acids, owing to the dominance of the pi-pi interaction in steering the interactions
at the interface. To further confirm the above conclusion, interactions between d8-PS and MSI-78
as well as its mutant with two less aromatic amino acids were investigated using SFG. It was found
that the two peptides adopted similar orientations at the d8-PS/peptide solution interfaces, which
verified that the pi-pi interaction did not play a major role in determining peptide — d8-PS
interactions, otherwise the peptides should adopt different orientations, as what was observed on
a graphene surface.?

The research in Chapter 2 discovered that the pi-pi interaction was not the dominant interaction
between peptides and polystyrene. It is well known that there are many other possible interfacial
interactions, examples of which include hydrophobic interactions, charge interactions, and
hydrogen-bond interactions, etc. In order to provide a more complete understanding on polymer—

biomolecule interactions to manipulate such interactions, it is necessary to investigate interfacial
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interactions beyond the pi-pi interaction. Therefore, Research focused on such interfacial
interactions can be performed in the future. For example, model peptides can be mutated
systematically with different kinds of amino acids with different charges, with varied
hydrophobic/hydrophilic characteristics, and with different hydrogen bond formation capabilities.
SFG studies on interfaces between such peptide mutants and polymers can provide important
knowledge on various interfacial interactions. Polymers with different surface structures and
properties (e.g., varied charges, hydrophobicity etc.) can be used in such studies. In addition to the
peptides, proteins with more complex structures can be used in such studies to further understand
polymer—biomolecule interactions in the future. The feasibility of applying SFG to study molecular
interactions between proteins and solid surfaces has been demonstrated extensively in our
research.>” The SFG results can also be correlated to those obtained from computational
simulations to understand detailed structural changes of biological molecules and polymer surfaces
during the interaction in the future.

Chapter 3 focused on the elucidation of interfacial structures of silicone adhesives with different
additive compositions including adhesion promoters, fillers, and catalysts, and the impact of such
interfacial structures on adhesion. We successfully investigated how different additives influence
the structure at the buried silicone/polymer interface. To unravel the molecular mechanisms that
facilitate the adhesion of silicone adhesives, we compared the adhesion data with the results on
interfacial structures obtained from SFG studies. Our previous SFG studies on simpler silicone
adhesive systems without fillers or adhesion catalysts indicated that methoxy groups of adhesion
promoters played important roles in adhesion. Such methoxy groups could segregate to the
interface with ordering before curing. Here it was found that adding fillers to the silicone

formulation appeared to diminish the interfacial segregation of adhesion promoter's methoxy
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groups to the silicone/polymer interface from the bulk prior to curing. This is because many silane
adhesion promoters segregated to the filler/silicone interface. Our SFG studies also found that
during the high temperature curing phase, these methoxy groups could migrate to the
silicone/polymer interface and react with the polymer, leading to strong adhesion. The impact of
adhesion catalyst on interfacial segregation of methoxy groups on adhesion promoter was also
investigated. SFG results showed that the inclusion of adhesion catalyst in the silicone adhesive
formulation could facilitate the methoxy interfacial segregation, particularly when silica fillers
were absent. When fillers were present in the silicone matrix, the adhesion catalyst could also
facilitate the systematic reorganization of methoxy groups at an elevated curing temperature,
enhancing the adhesive property of the silicone. In addition to the methoxy groups, the impact of
adhesion promoter y-GPS's epoxy end group at the silicone/polymer interface on adhesion was
also examined. The detection of epoxy before curing and disappearance after curing by SFG
indicated that epoxy groups were involved in the interfacial chemical reactions at the
silicone/polymer interface to improve adhesion.

With the knowledge acquired from Chapter 3, Chapter 4 further investigated the interfacial
chemical reactions between silicone adhesives with various functional silanes as adhesion
promoters and nylon substrate. SFG was used to study such interfacial chemical reactions in both
C=0 and N-H stretching frequency regions. Two different silane adhesion promotes, SA and GPS
with different end groups were used in the study. SFG results clearly demonstrated that two silanes
led to two different interfacial reactions at the silicone/nylon interface. For SA silane, a two-step
reaction was observed, with SA groups reacting with nylon NHz end groups, then reaction product
water breaking the nylon C-N bonds to produce more NH2 groups for more reactions, leading to

the formation of carboxylic acid and imide functionalities. For GPS silane, interfacial chemical
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reactions between the nylon NH2 end groups and epoxy silane were detected. Although the
interfacial chemical reaction mechanisms are different between SA and GPS, the reactions
enhanced interfacial adhesion strengths of both silicone adhesives to nylon by the formation of
covalent bonds at the buried nylon/silicone interfaces.

For the research in Chapter 3 and 4, the adhesion promotion mechanisms of silane adhesion
promoter systems were well elucidated using SFG. However, there are still unclear mechanisms
related to the adherent substrates. It is important to understand the polymer substrate effects in
order to further understand the adhesion mechanisms of silicone adhesives. Many possible research
topics can be covered in the future. For example, it is necessary to investigate how the surface
functionality and polarity of the polymer substrate affect the adhesion promotion mechanism with
silicone adhesives, and how to select an optimal adhesion promoter for a polymer substrate with
certain surface functionality or polarity to maximize the adhesion. It is also important to understand
how the crystallinity of a polymer substrate could influence its interfacial interactions with silicone
adhesion promoters. In addition to the polymer substrates, silicone adhesives can also be used to
adhere to other substrates such as metals and oxides. Therefore it is also crucial to investigate
molecular interactions between silicone adhesives and metal or oxide surfaces, and how adhesion
promoters enhance the silicone adhesion to these surfaces.

With the well-established research in Chapters 3 and 4 on HTV silicone, Chapter 5 focused on
another main category of silicone: RTV condensation silicone. In this chapter, SFG studies
explored the adhesion mechanisms of condensation cured silicone adhesives to glass (modelled by
silica). Time-dependent in situ SFG tests uncovered interfacial transformations (particularly for
methoxy groups) during the curing process of the condensation cured silicone samples. SFG results

showed that the primary reaction source for the interfacial hydroxyl groups during the initial curing
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period of 3 to 5 hours was the hydroxyl groups present on the silica substrate surface, not those on
the silicone itself or from ambient moisture. Such interfacial hydroxyl groups reacted with
methoxy groups in silicone to establish covalent associations at the interface. Further interfacial
reactions could later be induced by the diffusion of environmental moisture into the interface.

Since this was the first time to probe RTV silicone system using SFG, the research included in
this thesis laid a foundation for future research on condensation cured silicone. There is still much
research required to be systematically performed to understand interfacial molecular structures and
interactions of such silicone systems. Similar to the future research after Chapters 3 and 4, here
many different adhesion promoters can be studied to systematically understand the effect of
adhesion promoters on adhesion of condensation cured silicone. Also, a verity of substrates with
varied properties can be studied in addition to silica in the future.

Chapter 6 successfully investigated the structure and property changes of PE after simulated
solar weathering using multiple characterization techniques. Several important conclusions can be
made in this research: (1) The extent of photooxidation varied from the exterior part to the inner
part of a PE sample, possibly due to the varying amounts of available oxygen at different sample
locations. (2) The crystallinity of polyethylene, as revealed by Raman spectroscopy, increased with
simulated solar exposure time, while its non-crystalline portions decreased, thus becoming more
susceptible to damage. (3) The elevated moduli, indicating increased brittleness in the crystalline
regions due to photooxidation, was detected. (4) Both LLDPE and HDPE samples became more
hydrophilic after UV exposure, suggesting that the degradation process led to the creation of more
polar groups. (5) ATR-FTIR analysis confirmed that the polyethylene samples formed more

hydroxyl and carbonyl groups and other unsaturated and polar structures over time. Notably, more
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rapid degradation was seen in samples with lower densities, as shown by certain carbonyl and
vinyl indices.

Polymer waste poses a negative impact on our environment. Many different kinds of polymers
in plastic wastes were found in ocean and on land. Although PE is the most produced polymer, it
is necessary to study degradation mechanisms of many other polymers to understand their
environmental fates. The developed methodology of using a variety of analytical tools to study PE
degradation in this research is generally applicable, which can be used to study degradation of
many other polymer materials in the future. Especially, more and more “green” and degradable
polymers have been and will be developed to satisfy the environmental protection needs. It is

important to study the degradation mechanisms of such polymers in the future.
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