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ABSTRACT

Biofouling, the undesirable settlement and growth of organisms, occurs immediately when a
clean surface is immersed in natural seawater. It is a universal problem and the bottleneck for
seawater desalination, which reduces both the yield and the quality of desalted water. Mitigation
of fouling in a desalination operation is an on-going challenge due to the delicate nature of
desalination membranes, the vast diversity of fouling organisms, and the additional cross-
membrane transport resistance exerted by an extra layer of coating. This thesis focuses on benign
interface engineering methods and ultra-thin zwitterionic coating synthesis to bridge this gap in
surface modification strategies. The direct application of ultra-thin coatings on commercial
membranes with intact membrane performance has been enabled by a room-temperature vapor
treatment called initiated chemical vapor deposition (ICVD). Diffusion-limited reaction
conditions have shown to significantly improve the surface concentration of the antifouling
zwitterionic moieties, which is crucial to the fouling resistance of modified membranes.
Robustness of the ultra-thin coating is enhanced through cross-linking and covalent attachment
between the membrane and the film. The resulting durability of the antifouling coating and its
resistance to oxidative reagents lead to an unprecedented synergistic effect that is critical to long-
term fouling resistance, which provides unique insight into the adhesion of microbial foulant and
promises to lower the price of freshwater in water-scarce countries, where desalination may
serve as the only viable means to provide the water supply necessary to sustain agriculture,
support personal consumption, and promote economic development.

Thesis Supervisor: Karen K. Gleason
Title: Alexander and I. Michael Kasser Professor of Chemical Engineering



Acknowledgements
It has been truly amazing what I have learnt and accomplished throughout my five years at MIT,
much of which would not be possible without the support of many generous people. I would like
to thank all, who have helped me get to this point. I am truly grateful.

First and foremost, I would like to express my deepest thanks to my advisor, Professor Karen
Gleason for teaching me almost everything I have known about research and being a researcher.
I am indebted to Karen for her patience, guidance, technical help and moral support. If it were
not for her immense support and encouragement, I would never be pursuing an academic career
path that I truly desire. Karen has been an incredible advisor, mentor and role model in all
aspects of my academic life.

I would also like to gratefully acknowledge the help and support from Professor Bradley Olsen,
an invaluable mentor during my time at MIT. I thank him for the insightful advice, scientifically
and beyond, and for believing in me and generously dedicating so much of his time and effort to
my various endeavors. I thank Professor Evelyn Wang for her support and comments as a
member of my thesis committee.

The Gleason group, past and present, has been an exceptional environment of collaboration and
support. A special thanks to David Borrelli for being an incredible classmate, colleague and
friend. T have also thoroughly enjoyed collaborating with Christy Petruczok, Gozde Ozaydin-
Ince, Jingjing Xu, Priya Moni, Andong Liu, and Baby Reeja Jayan. Gozde Ozaydin-Ince, Ayse
Asatekin, and Jingjing Xu were amazingly helpful in guiding me through 'my first year in the lab.
Additional thanks to Rachel Howden, Mahriah Alf, Miles Barr, Anna Coclite, Jose Yague,
Francois De Luca, Asli Katmis, Nan Chen, Xiaoxue Wang, Peter Kovacik, and Amelia Servi for
valuable discussions and being great company in the lab.

This thesis has benefitted tremendously from cross-department collaborations. I am grateful for
the enthusiastic discussions and insightful feedbacks from Professor Tonio Buonassisi. I want to
thank Yaron Segal in the Buonassisi group for his help in the lab and thoughtful discussions.
Special thanks go to Professor Roman Stocker for his scientific support and incredible passion
over the past year. I have truly enjoyed working with Hongchu Jang and Roberto Rusconi in the
Stocker group and am excited to include some of our findings in this thesis. I also want to thank
Jonathan Shu from Cornell Center for Material Research, Omar Khan from the Anderson group
at MIT, Professor Chiesa Matteo and Carlo Amadei from Masdar Institute of Science and
Technology in Abu Dhabi for the fruitful collaborations.

The research was generously supported by DOE office of ARPA-E and King Fahd University of
Petroleum and Minerals in Dhahran, Saudi Arabia through the Centre for Clean Water and Clean
Energy at MIT. Through this support, I have had the pleasure of working with many researchers
with extraordinary passion on water research. I thank Bumjoo Kim, Si Won Choi, Jason Kovacs,
and Simon Choong for sharing this passion with me, and for their constant help and support.



Additional thanks go to many wonderful people outside of the lab. To Gwen Wilcox and Joel
Dashnaw, for their unconditional help at all times. To my classmates for their camaraderie and
many fond memories, notably Siddarth Srinivasan, Amanda Dilenno, and Hyomin Lee for their
technical supports and for introducing me to new and exciting research areas. Special thanks to
Po-Yen Chen, for being an incredible collaborator and friend. I have especially appreciated his
continuous wholehearted support, amazing intellectual curiosity and creativity. There are
countless others, and my sincerest appreciation goes out to all; I would not have reached MIT
without them.

Finally, I would like to thank my family, particularly my parents for their unconditional love and
support. They have instilled in me the curiosity to observe and explore the world, the courage to
follow my heart, and the persistence to proceed through the highs and lows of life, for which 1
will be forever grateful.



Table of Content

ABSTRACT 2
Acknowledgements 3
Table of Content 5
List of Figures 8
List of Tables 18
List of Acronyms and Abbreviations 19
CHAPTER ONE Introduction 21
11 Biofouling and mitigation of biofouling in seawater deSQliNALION .............cccoovveeeeviiiriecciniininiiiciiienanne 22
1.2 Overview of the initiated chemical vapor deposition ................c..cccccccocvviiiiiiiiiiiin i 23
1.3 Antifouling coatings 10 Control SUrface IRIETACHONS .........c..ccoeeveiiveriesiiiieeiritinieenie et sree e 25
14 SCOPE Of BRESIS ..ttt ettt et er et e o et es et st en e sa e st en e e 28
REFEIEHEES .ottt ettt ettt e e eh st e e e st et b e 31
CHAPTER TWO Solvent-free synthesis of zwitterionic ultrathin coatings for reverse osmosis membranes........ 33
2.1 ADBSIFACE .ocvvi ettt sttt se et e s st sa e et et en e e e et e ne et et e et n s s s s re et aae s e 34
2.2 TFEFOUUCTION. ...t e e e e e s e st e sa e seeese e s e e as e neeseeeate et baesteeanesesbe e et ensaeesrnesaesbaes 34
2.3 EXPETIMENIAL SECHON ..ottt ettt sttt et et sa e e e sasera s sasersceseasennennan 38
2.4 RESUILS ANA DISCUSSION ..o veieieirireieeiei e eetieseeere e s sties et asesssstearesteessin e ssbatesasbeseasrasetntesaaeeesaaanesnnnesanees 41
2.4.1  Film synthesis and CharaCterZatION ......c..ccoiiuirr it ettt ettt sbe s s esr o saeesrassranassranes 41
2.4.2  Characterization of surface-coated RO Membranes........c.ccoveevviiiiviiinniiiiiice e 44
2.4.3  Stability of the iCVD zwitterionic thin filImS.......ccccoceii it seeens 47
2,44 PEIMEATION TESIS ..uviievriuriereresrerereeseesiseeneeeseetersraeaeeeeseesee e e ee s e e e me e et en e eeaee s seeeaaeeseteeueesibeeeaeeeeeciniesbaaans 47
2.4.5  Cell AdNESION LESLS ...vvicvreriuieirrreeicre i et irtteraretee e nrateentrsteesraaessamaseesases s s necenne s raeneaneeeeraanessnnaeeennaeeneen 49

2.5 CONCIUSION ..o cviiiveiei e ees e tte et eseees e rtsaassesat e st e et s e s e e as e ee s e eas e e e st ees e e et em e e es i ee et s e e soe e smeeemeeene e e e eane 51
REETENCES ..ottt e et et e bbb e ettt et s 52
CHAPTER THREE Enhanced fouling resistance via surface-concentrated zwitterionic moieties .......vvverresressse 54
3.1 AABSIFUCE vt ee e e e e tiee e et e e eat e e e et esasbssaessssaansassaasssasaassseesssaenssntas sesenattneensteenanberersnsoares 55
3.2 TIIPOQUCHION. ...ttt ettt et st et rat e s s m e ib s e b e et e bbb e st s s arseanenan e 55
3.3 EXPEFIMENIAL SECHOMN .....c..coviviiie ettt ettt ettt et et et sh e ere st sb et ns st ns 57
3.4 ReSUILS ANA DISCUSSION ... ieieie et eeeeesev e sae s ereasase st e et e aseees e emet e e e me et e e eme e e e e et aeeeae e 58
3.4.1 Film synthesis and surface Zwitterionic MOIBLIES ......c.ooveieiiiieiiieeicneeieieeee e eceerestesie e sre e e 58
3.4.2 Surface structure reorganization and stability in ambient QiT........c.cocoiinirnerieceninneneee e 63
3.4.3  Substrate-independent and conformal coating on various SUDSITALES.........c.evevrviieiirieieeienr e 65



3.44 Fouling resistance of the iCVD zwitterionic thin film ... 66

3.5 COPCIUSION ..ot ettt ettt h e e e e et e e obaenrta e et e smeeeamneesateeabessbas cosnnesreneas 71
REFETEICES .ottt e e e ea e er e e ettt 73
CHAPTER FOUR Control of interfacial adhesion via iCVD chemistry 75
4.1 ADSEFACT «..ceoencecierirertie ettt coene s et s e ea s e n v et en e eanes 76
4.2 THEPOAUCTION. ...ttt et sttt et s se b e s e et sasaae s 76
4.3 EXPETTMENIAL SECTIOM ...ttt e st e e 77
4.4 RESULLS ARA DUSCUSSION ..ottt sttt et she et besane s sae et saaer e oteseenmteneennemae e 79
4.5 CORCIUSTON <.ttt et e eat e e et e e bt s e ses e e eb e e eesae e mn et e sbeesmsesennesersaeeaneas 86
REFEFEICES ..ottt ettt ettt b et b e ee e b b bE e b s e n e b bt s bbb e e ab st saae s R s e i e 87
CHAPTER FIVE Chlorine-resistant zwitterionic chemistry via iCVD 88
5.1 ABSIFACT .ottt ettt ettt ettt et e h etk a e e bt et be ek eea b bt e bttt e et e st et e st et areenne 89
5.2 TPUFOAUCTION. ...ttt ettt et e n st sa st s e sa s ssnaeaaesamessnes 89
5.3 EXPErimental SECHOMN ........cooeeviieiii it et nn e 91
54 RESUILS ANA DISCUSSTOMN...c..ccovieeiieiieiiete ettt ettt et et ettt ees e et e raae sae et e eee et e et et e e st saaenetes e eranens 94
5.4.1 Characterization of poly(divinylbenzene). ...t 94
5.4.2 Degree of cross-linking in poly(divinylbenzene) homopolymer ..........ccccecevceiiiienvcnieniennienerineeene e 95
5.4.3 Poly(divinylbenzene) content and degree of cross-linking in COPOLYMETS. ......cccevvorirncrecinirierernianne 100
5.4.4 Sticking probability CalCULALIONS. ......cviiiriiieie ittt ettt ettt sbe e e st seeenesenneene 102
5.4.5 Tuning mechanical properties via degree of cross-IinkKing ...........cocoeieiviiiiiiiniinoinceecenec e 104

5.5 COTCIUSION <.oeeooei ettt e et ettt e et e e e se e e e beaestaeameaeestaeaesaeesaeanmsenanasataenas 105
REJEFEHICES ..ottt ettt sttt et et b e e e b e e et s s et a st e s e et sttt et e sienene 107
CHAPTER SIX Synergistic prevention of biofouling by zwitterionic surfaces and low-level chlorination......... 109
6.1 AADBDSIFGACE .ottt ettt e en e et e e en e et a ettt et e e e e e e e aesn e e en 110
6.2 TREPO@UCTIOTL ..ottt ettt et et e e s te et e e ee e e e e e s eb e e e neeenee s e neeennaeennes 110
6.3 EXPETIMERIAL SECIION ...ttt ettt ettt sa e s e bt st bt o bt e sabtstesnabes 114
6.4 ReSUlts ANnd DISCUSSION........cvovvieuieiiiiiiniiiiiiicitciicirceiieetiat st stte st ases seraes s es s s s e s s sse s s esnsesaansnnes 115
6.5 CONCIUSTON <ottt ettt s et e e et et e net ettt e eas et e eamtn e autesanesaeeeueeasecaaen 128
REFEFEICES ..ottt ettt ettt et et et emt e et e et e e ee e et e et e at et et a et e st et e s s e ne e reneent et s erenas 129
CHAPTER SEVEN Molecular fouling resistance of zwitterionic and amphiphilic antifouling thin films ......... 130
7.1 ADSIFACE oottt ettt ettt s e a s s R b e R R b e r b en b ea bbb ens 131
7.2 TRIFOAUCTIOM. ..ottt et s e et b et et e as e st e e e s et e seaeneeereentsresstenneneenseneea 131
7.3 EXPETIMERIAL SECTION ..c.c.eieeeei ittt ettt et e et et e st st sasee e e e et e et e amtemesaetaee st aseanennenanseeas 134
7.4 RESULLS QRA DIESCUSSION...c..oeeeeeeeieiieieeet ettt ettt ettt ete et eme e st eet e eeeae e emt e st st eaeameesteatenseneeeuea 136



7.4.1  Synthesis and chemical characterization of iCVD antifouling films .......ccccooveiniriiiniiiicnne 136

7.4.2  Surface characterization of iCVD antifouling films ........c..ccccernieiiirnee e 139
7.4.3  Fouling resistance of iCVD antiforling films ........ccooiieriiiiiiii ettt 141

7.5 COPCIUSION ..ottt ettt ettt e st e et eas e em e e et aames et e sbtanate et beesbeeanbaesenesattensbeertnasnseesnesunas 145
REFETENCES .ovvvvveiiv i ieie sttt et e et e et e stb e e st e asae s b besassesbas st eesseass s e e s orac s ot e aamt sbas e ebbees et e ebeentes et esenee e sanen 147
CHAPTER EIGHT Conclusion 148
8.1 CONCIUSION ANA OUHOORK..c...oceooveeeevieieevireeieeieetteseet ettt et st st et et cas v 149
REFEFEILCES ..ottt et e es e e e e e et se e se s e esan e e s naseeesa st et e e bante st e ans e et ea et s s 151
APPENDIX A Probing nano-scale heterogeneities of iCVD amphiphilic copolymers 152
AT ADSITACT ..ottt et et ettt ettt etk na ekttt ekt et e et e et ettt e anesrat s R s 153
A2 IRIFOAUCTION ...t et et ar e e r s ene e s sb et bbbt bt e s st e s s nnanas 153
A3 EXPETIMENTAL SECHION ....vvevievsveeeereeee et ee sttt e e et e e b aesaease v et e es e e ee et e nae s me e e ae e e e e e e e nreeameeeaeeenneaeniesaeans 155

A G RESUILS ANA DISCHUSSION ...ttt e n s ene s e n e sr s e sae st b st e ensnsensanan 158
A5 CONCIUSTON ...ttt bttt st e s et e e s s masanesaneem s sneeaeeanes 167
REFETEIICES ..ottt ettt ettt ettt st e sttt et ee e n e e et et 168



List of Figures

Figure 1-1 | Mechanisms of CVD techniques. In parylene CVD, substituted [2.2]paracyclophanes are pyrolyzed to
prepare functionalized poly(p-xylylenes) (a). In PECVD, plasma excitation creates radical species from monomers
and polymerization proceeds through various radical species (b). In iCVD, thermal energy dissociates the initiator to
form radicals (c). The reaction mechanism of iICVD resembles that of a standard sclution-phase free-radical

POLYMETIZALION. .. ...ttt et et e et et et e e e e e e 24

Figure 1-2 | Schematic of an iCVD reactor (a) and cross-section view of the reactor chamber interior (b). Red
arrow represents the thermal decomposition reaction of initiator, tert-butyl peroxide in this case, and black half
arrow indicates the free radical initiation of the vinyl bond in monomers. Monomer is presented in a generic formula
here, with the orange ball representing a desirable organic functionality. Resistively heated filaments are indicated

with red bars. Cooling lines and pumping systems are not shown in this figure........................... 25

Figure 2-1 | Surface modification process on RO membrane with zwitterionic films. (a) Treatment of RO
membranes with MA for 20 min (b) iCVD deposition of random copolymer poly[2-(dimethylamino)ethyl

methacrylate-co-ethylene glycol dimethacrylate] (c) Reaction with 1.3-propanesultone at 80 °C for 6 hours.........37

Figure 2-2 | Fourier transform infrared spectroscopy (FTIR) spectra of (a) DMAEMA monomer, (b) iCVD
deposited homopolymer of pPDMAEMA, (c) copolymer with a pDMAEMA content of ~70%, (d) copolymer with a
pDMAEMA content of ~35%, and (e) homopolymer of pEGDMA. Dot line indicates the characteristic of tertiary

amine group and dash line indicates characteristic of the carbonyl in carboxylic acid groups........................... 42

Figure 2-3 | Confirmation of the sulfobetaine repeat units. (a) the FT-IR spectra of copolymer 2 films (1) before
reaction and (2) after reaction; the arrow indicates the characteristic peak of the SO; group and the dash line
represents for the tertiary amine peak, which does not appear in quaternary amine, (b) the XPS nitrogen high

resolution scan before reaction and (c) after reaction with 1,3-propanesultone...........c.c..coooiviiiiiiniiiiiiiian e 43

Figure 2-4 | SEM images of cross-sections of bare and modified RO membranes. For bare RO membrane (a),
polysulfone layer and polyamide barrier layer (i.e., the non-porous top layer) were shown in the image. After iCVD
deposition, it is very clear that a smooth and conformal coating with the thickness of 600 nm formed on top of the
polyamide. (c) the correlation between the film thickness on Si measured by ellipsometer and film thickness on RO

membrane measure by SEM images. The scale bars indicate 1 Pm.........coiiiiiiiiiiiiii i, 44

Figure 2-5 | AFM images of membranes. As the thickness increases the surface roughness increases. The RMS
roughness values for bare RO membrane (a), membrane modified with 30-nm iCVD coating (b), and membrane

modified with 100-nm iCVD coating (c) are 0.3, 0.9 and 2.8 nm respectively........c...ocoiviiiiiii i, 46



Figure 2-6 | Flux of DI water across bare and modified RO membranes. Permeation rates are measured with DI
water at the pressure of 80 psi through bare RO membranes and the coated membranes of different thicknesses with
the pSB content of ~35% (a), different compositions with the thickness of 30 nm (b) and at the pressure of 300 psi
through bare membranes and ones modified with iCVD polymers (35% pSB) with different thicknesses (c), and with

different compositions with the thickness 0f 30 nm (d)....... ...t e 48

Figure 2-7 | Salt rejection percentages of the bare and coated RO membranes. The coating chemistry has no effect

on the salt rejection of the MEeMDTANES. .. ... e et et ee e e e e e aaans 49

Figure 2-8 | Bacterial attachment on bare and modified RO membranes. Fluorescence micrographs are taken
after the incubation with concentrated E. coli culture for bare RO membrane (a and ¢), iCVD coated RO membrane
(b), and 1ICVD coated RO membrane with scratch (d), exhibiting the contrast between the antifouling capabilities of

Coated/UnCoated MIEIIDIANIES. ... ...ttt a et e ettt e e et e e ennaenna 00

Figure 3-1 | Synthesis scheme of the iCVD zwitterionic copolymers. iCVD deposition of random copolymer
Poly[2-(dimethylamino)ethyl methacrylate-co-ethylene glycol dimethacrylate] (PDE) is followed by vapor phase
reaction with PS at 75 °C for 6 hours (a). The red dots represent the heated filaments, which thermally decompose
the initiator tert-butyl peroxide (TBPQO) and generate oxide free radicals to initiate the polymerization. The pink
layer represents the copolymer; the green layer represents the reacted zwitterionic top layer. The reaction between
tertiary amine in the polymer and gas phase 1,3-propanesultone(b) is carried out under diffusion

30 4L 21410 1 - 60

Figure 3-2 | FT-IR spectra of the iCVD films before (a) and after (b) the reaction with PS. The arrow indicates

the characteristic peak of the SO5” group, which appears only in the reacted films....................................... 61

Figure 3-3 | XPS spectrum of N(1s) of the iCVD zwitterionic film. The large peak near 401 eV represents

quaternary amine (reacted); while the tail near 400 eV represents the tertiary amine (unreacted)....................... 61

Figure 3-4 | Concentrations of quaternary ammonium and protonated amine along the film cross-section and
ARXPS spectra. Composition of the zwitterionic component (quaternary ammonium) at different depth in the film
(a) was obtained by ion-bombardment followed by XPS measurement. High resolution ARXPS N (1s) scans were

obtained with photoelectron takeoff angles of 19.5% (b) and 90% (C)....vovevivrini e 62

Figure 3-5 | Contact angle hysteresis, and images of the droplets. © indicates the results obtained with freshly-
prepared samples; ¢ represents the dynamic contact angles measured after 100 days of storage. There is no
significant difference between the two sets of data, indicating that the surface composition remains the same. A
droplet during the advancing measurement (a) and one during the receding measurement (b) are demonstrated as

I £ S U URR 63



Figure 3-6 | Water contact angle hysteresis of the iCVD PDVB film, measured via sessile drop method. PDVB
is a highly-crosslinked and non-swelling polymer, and thus its hysteresis is mainly resulted from surface roughness.

The advancing contact angle is about 98° and the receding contact angle is about 84°..............cccoiiviineiininan 64

Figure 3-7 | The swelling of iCVD PDDE films with different thicknesses, as measured by VASE. Under dry
conditions, the thicknesses are about 43 nm, 124 nm and 207 nm for samples 1, 2 and 3 respectively. When samples
are soaked in water, the thicknesses become 43 nm, 124 nm and 211 nm, which are essentially the same as those

under dry conditions given the statistics of the Teasuremment. ........... ..ottt 64

Figure 3-8 | SEM images of various coated/uncoated substrates. (a) Cross-section of iCVD coated trenches cut
into a silicon wafer with aspect ratios of 1.5:1, and (b) 14:1. Both images represent good conformality over surface
features in the substrate. The white lines are guides to highlight film thickness. SEM images of (c) uncoated and (d)
600 nm coated reverse osmosis membranes, and (e) uncoated and (f) coated electronspun nanofiber mats. The dotted
line in image (b) ii highlights iCVD coating thickness of ~600nm. The scale bar represents 1 pm on images (a), (b),
(c) and (d), and 10 pm on image () and (£).........oiiiiitiii e 65

Figure 3-9 | Fouling resistance of the iCVD zwitterionic coatings measured with QCM-D. QCM-D data depicts
frequency and dissipation changes over time as BSA was introduced to the system at time = ~230 second (a). The
black line represents the protein adsorption onto a QCM-D sensor coated with iCVD zwitterionic film. The dark
grey line represents the protein adsorption onto a sensor coated with the unreacted copolymer film, while the light
grey line represents that onto a bare gold sensor. The dissipation changes are not significant for all three surfaces.
Therefore the frequency changes are proportional to the mass of the protein adsorbed. Fouling by protein (BSA),
polysaccharide (sodium alginate, or SA) and natural organic matter (humic acid, or HA) onto all three surfaces are
quantified with QCM-D (b). The black columns indicate the surface concentrations of the foulants at the end of the
test on the iCVD zwitterionic surface; while dark grey columns indicate the results for the unreacted copolymer

surface and light grey ones correspond to the gold surface..............oooviiii 67

Figure 3-10 | AFM images of bare and iCVD-modified surfaces before and after exposure to protein. Bare
silicon wafer (a) and silicon wafer coated with iCVD PDDE film (c¢) were soaked in a solution of BSA for 12 hours.
Surface roughness changed significantly for bare silicon (b) after the soaking, indicating the adsorption of BSA. For

the coated wafer, the roughness remains almost unchanged before (c) and after the soaking (d)....................... 68

Figure 3-11 | Correlation between the surface zwitterionic content, hydrophilicity and fouling resistance. (a)
the dependence of the surface hydrophilicity on the surface zwitterionic content. Solution phase polymerization and
solvent evaporation usually results in hydrophobic surface (upper panel) under dry condition to minimize the
interface energy in air. The hydrophobic chains predominantly cover the surface and result in low zwitterionic
surface content, and thus the contact angle is high. The homopolymer of PEGDMA was used to mimic this surface
and the static contact angle was 61+2°. When the zwilterionic coating fabricated via solution polymerization and

solvent evaporation is fully hydrated, the zwitterionic moieties become the dominant species on the surface. The

10



static contact angle of the iCVD zwitterionic surface was 35+1°. Therefore, the higher surface zwitterionic
concentration corresponds to lower contact angle. (b) The dependence of the surface fouling resistance on the
surface hydrophilicity/zwitterionic content. The QCM-D data depicting frequency and dissipation change over time
as BSA was introduced to the system at time = ~260 second. The black line represents the protein adsorption onto
the hydrophilic iCVD zwitterionic film, while the grey line represents that onto the less hydrophilic PEGDMA
surface. This illustrates that the resistance to protein fouling is highly dependent on the hydrophilicity/zwitterionic

COMLENE OF ThE SUTTACE . ..o i et et e 69

Figure 3-12 | Dependence of the fouling properties of humic acid on the presence of divalent cations. The black
line and deep blue line represent the frequency and dissipation changes respectively, when humic acid is introduced
into the system without CaCl, in the feed solution. The grey line and blue line represent the frequency and
dissipation changes when the concentration of CaCl, in the humic acid solution is ~10 mM. The surface adsorption

of humic acid depends strongly on the presence of divalent cations, Ca in this Case................cooeereereriaianan 71

Figure 4-1 | (a) The wafer is transferred into iCVD chamber within 3min after HF etching is completed. TBPO and
DD are introduced separately to prevent the formation of polymer. A vapor mixture of TBPO and EGDA is used in
Process B, which results in iCVD polymerization. With the surface vinyl groups generated during Process A, the
polymer is grafted onto the Si substrate; otherwise only dispersion forces present between the polymer film and the
substrate. (b) Si (2p) XPS spectrum of the surface resulted from Process A. The samples have been exposed to air
prior to XPS measurements, but the growth of oxide is inhibited by the iCVD passivation. (c) Reflection spectrum of
the surface resulted from Process B. The 200 nm ARC is grafted on Si via iCVD passivation layer. The reflection at

the wavelength with maximum solar irradiance is SUPPTessed. ........oviiiiiii i, 79

Figure 4-2 | AFM image of 200 nm PEGDA film grafted on silicon substrate via iCVD 1,9-decadiene passivation.
The RMS roughness 15 0.28 £ 0.04 DI .. ...t e e e 82

Figure 4-3 | (a)-(b) Nano-scratching images and (¢)-(d) cross-sectional SEM images of ARC, which is deposited by
Process B alone (i.e., traditional iCVD polymerization) in (a) and (c) and a combination of Process A and B in (b)
and (d). The spalling of ARC in (a) is due to lack of adhesion to the Si substrate, which is not present in (b),
suggesting good adhesion resulted from the passivation interlayer, which is also observed in the cross-sectional

SEM images. The scale bars represent 7 pm in (a) and (b) and 1 pmin (c)and (d).........ccooeviiiiiiiiiiiiiininn 82

Figure 4-4 | (a) Injection-dependent minority carrier lifetimes, and (b) time-dependent decay of lifetimes at the
injection level of An = 1.0x10" em, of iCVD and E-1 passivation. The effective (measured) lifetimes achieved with
the iCVD process are superior to those of the E-I treatment. After 200 hours in air, E-1 passivation is nonexistent,
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Figure 6-1 | Antifouling zwitterionic coatings applied onto commercial RO membranes via iCVD. a,b, Cross-
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RMS roughness. d, N(1s) XPS high resolution scan of the iICVD P4VP as-deposited (blue) and post-functionalized
by PS (red), demonstrating full conversion of pyridine to zwitterion. e, Salt rejection of bare and coated membranes.
The comparable values of salt rejection indicate that the coating leaves the thin selective layer of the delicate RO
membranes intact. f, Water flux through bare and coated membranes. Membranes coated with 30-nm functionalized
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Figure 6-2 | Synthesis of antifouling zwitterionic coatings via iCVD. (a) Processing and reactions during the
synthesis of iICVD zwitterionic coatings. Initiator ferr-butyl peroxide (TBPO) is radicalized by heated filaments (e)
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Reaction conditions (b) and FTIR spectra (c) for homopolymers PDVB (cyan) and 4VP (black) and copolymers 1
(dark blue), 2 (blue) and 3 (light blue). Increasing the flow rate of DVB in the reactor feed while keeping the overall
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spectra of the iCVD P4VP as-deposited (black) and post-functionalized by PS (grey), demonstrating conversion of
pyridine to zwitterion by the emergence of peaks around 1199 and 1036 cm™(grey arrows), attributed to the

asymmetric and symmetric stretching vibrations of SOs . ... i 116

Figure 6-3 | Relative water permeability of unmodified and surface-coated reverse osmosis (RO) membranes.
Water permeability was measured with a dead-end stir cell with 700 psi feed pressure. No salt was added to the feed.
All permeability results are normalized by that of unmodified RO membrane (Bare). Coatings of functionalized
P4VP and copolymer 1 (4% DVB repeat units) do not lower the permeability significantly (less than 20% reduction);
while functionalized copolymer 2 (17% DVB) drastically decreases the permeability, indicating that additional
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only 16% of the permeability of bare RO membranes. ... 117

Figure 6-4 | Chlorine-resistant zwitterionic chemistry. (a) FTIR spectra of homopolymers and copolymers as-
deposited, after PS functionalization, and after chlorine exposure. Copolymer 1 and 2 contain 4% and 17% DVB
repeat units, respectively. The spectra of functionalized P4VP and copolymer 1 display a peak corresponding to the
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of the water droplet used to measure the contact angle. Contact angles are unchanged by chlorine treatment,

confirming the chlorine resistance observed via FTIR (8)......oviririiniiiiiiitiii e e et e eeeneae e 119

Figure 6-5 | FTIR spectra of functionalized iCVD P4VP homopolymer before and after treatments with 1000
ppm chlorine solution. The coating was first soaked in DI water for 2 hours to remove the surface absorbed PS
molecules and loosely attached oligomers of 4VP. The sample was then treated with 1000 ppm chlorine for 2 hours.
The SO; peaks around 1199 and 1036 cm™ have significantly smaller peak areas, indicating the dissolution of
uncross-linked iCVD zwitterionic coating. After 24 hours in 1000ppm chlorine solution, the coating becomes

completely soluble in water the no peaks remain in the FTIR spectrum...........c.coooveiiiiiiiiiiiiiiiiiiiii e, 120

Figure 6-6 | Dynamic contact angles of functionalized iCVD P4VP homopolymer before and after treatments
with 1000 ppm chlorine solution. After 2 hours in 1000 ppm chlorine solution, the advancing contact angles of
functionalized homopolymer P4VP (e) increase significantly, indicating the damage to the film by chlorine. Larger
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cross-linker DVB in copolymer 1 (Fig. 6-4f, ) renders the advancing contact angle 20° higher than PAVP (e), but
with minimal effects on the receding contact angle (Fig. 6-4f, A and 6-6 A), indicating the surface chain
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toward the surface by thermodynamic driving force to minimize the interfacial free energy. This phenomenon, in
part corroborates the similar water flux obtained with functionalized homopolymer P4VP and copolymer 1 films
(Fig. 6-3). It also ensures the high concentration of zwitterionic moieties on the submerged iCVD coating surface,

precisely where the antifouling properties are exploited. ..... ... i 121

Figure 6-7 | Surface adsorption of sodium alginate and bovine serum albumin (BSA) on gold and
functionalized copolymer 1 surfaces. Img ml" solutions were introduced into the chamber of quartz-crystal micro-
balance with dissipation monitoring (QCM-D), where the gold or coated QCM-D sensors were placed. The solutions
of foulants were fed continuously for 2 h, and changes in the dissipation and frequency were recorded in situ. The
dissipation changes are negligible for all cases and thus frequency changes are converted to surface adsorbed masses
using the Sauerbrey equation. Gold surface adsorbs sodium alginate (blue) very strongly, and the surface mass
reaches ~340 ng cm’ after 2 h. The adsorption of BSA (red) on gold is ~208 ng cm™. Functionalized copolymer 1
resists the adsorption and the surface adsorbed mass remains around 0 ng cm™ for both foulants, demonstrating the
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Figure 6-8 | Surfaces after 100 h in natural seawater. Both (a) functionalized copolymer 1 surface and (b) bare
glass surface remain clean after exposure to flowing seawater for 100 h. Therefore, accelerated fouling experiments

are conducted with concentrated cultures of Vibrio cyclitrophicus. ...............ccoviiiiiiiiiiiiiiiiiiiii i, 123

Figure 6-9 | Enhanced fouling resistance by zwitterionic surfaces and low-level chlorination. (a-h) Attachment
of concentrated suspensions of the marine bacteria V. cyclitrophicus to glass surfaces with (a,e) no treatment; (b,f)

the zwitterionic coating (functionalized copolymer 1); (c,g) chlorination (5 ppm); and (d,h) the zwitterionic coating
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plus chlorination, after 5 hours (a-d) and 12 hours (e-h). The zwitterionic coating shows no signs of fouling after 5
hours under accelerated biofouling tests conditions (b), whereas after the same amount of time the bare surface has
significant surface coverage by bacteria (a). After 12 hours, neither the coating alone (f) nor chlorination alone (g) is
effective at resisting biofouling, whereas the combined treatment exhibits dramatically increased fouling resistance
and maintains a clean surface (h). Relative fouling indices, F; (b,f) — the fraction of surface coverage for the coated
surface compared to the bare glass control — and F, (c,g) — the fraction of surface coverage in the presence of
chlorination, compared to that in the absence of chlorination for a bare glass surface — are used to quantify the
effects of coating and chlorination, respectively. The synergistic fouling prevention is quantified by the synergistic
index, S (d,h), where § < 1 indicates synergy between the coating and chlorination. See also Supplementary Movies
3 and 4. Images in (a-h) are captured with the same magnification and the scale bar represents 50 pm. i-q,
Comparison of the attachment and proliferation of a V. cyclifrophicus bacterium on (i,1,0) a bare surface, (j,m,p) a
bare surface with chlorination, and (k,n,q) a coated surface with chlorination. The 5 ppm chlorine addition did not
prevent bacterial proliferation on the surface (m,n,p). The zwitterionic chemistry is critical for the synergistic
fouling resistance, as bacteria are readily removed from the zwitterion-coated surface by even laminar flow

(Reynolds number ~0.1) (q). See also Supplementary Movie 5. The scale bar represents S um..................... 124

Figure 6-10 | Surface coverage by V. ¢yclitrophicus on bare glass and iCVD zwitterionic surfaces and relative
fouling index F,. V. cyclitrophicus attaches readily on the bare glass surface (black), for which the surface coverage
reaches ~65% after 300 minutes. After the same amount of time, the functionalized copolymer 1 surface (orange)
remains clean, with 0% surface coverage. The relative fouling index F,(blue), defined as the fraction of surface
coverage for the coated surface compared to the bare glass control, decreases steadily over the course of the test.
After 300 minutes, F; reaches ~107, corresponding to ~100 times better fouling resistance of the functionalized

copolymer 1 surface compared 10 the bare glass surface..............oooiii i 125

Figure 6-11 | Synergistic prevention of bacterial fouling by the combination treatment. (a) Surface coverage by
V. cyclitrophicus bacteria under different conditions. The synergistic treatment — integrating iCVD zwitterionic
coating with low-level (5 ppm) chlorination — shows exceptional long-term antifouling activity even under
accelerated biofouling conditions (i.e., dense bacterial suspensions), when each method in isolation begins to fail.
Inset, Time series of the synergistic index (S), quantifying synergistic effect of the two antifouling strategies. Values
of § < 1 indicate a positive synergy between the two treatments. The monotonic decrease of S, with no signs of
saturation over 15 hours, demonstrates the importance of synergistic effect on long-term fouling resistance. (b)
Viability of V. cyclitrophicus upon addition of chlorine at different concentrations. 1 ppm chlorine does not
significantly impact bacterial growth, whereas 5 ppm chlorine reduces the optical density by 42%, but does not kill
bacteria. Killing by chlorine is thus not the dominant factor in the success of the synergistic treatment. (c) Mean
swimming speed of V. cyclitrophicus, obtained by tracking of individual cells. Addition of up to 5 ppm chlorine
does not significantly change the bacteria’s swimming speed, suggesting that prevention of attachment is not due to
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Figure 7-1 | iCVD reaction scheme and monomers used in this chapter. Free radical polymerization is initiated
by rert-butoxide radical, which is created by decomposing fert-butyl peroxide via passing it through resistively
heated filaments. Substrates to be modified are placed on a cooled stage. All monomer and initiator species are

delivered into the vacuum chamber in the vapor phase.................ooii i 133

Figure 7-2 | Spectroscopic characterization of iCVD antifouling coatings. (a) FTIR spectrum of iCVD
amphiphilic copolymer P(HEMA-co-PFDA). (b) FTIR spectrum of iCVD zwitterionic copolymer P(4VP-co-DVB).
(c) XPS spectrum of P(HEMA-co-PFDA). (d) XPS spectrum of P(4VP-co-DVB).......ccoooiiiiiiiiiis 137

Figure 7-3 | Surface properties of iCVD antifouling coatings. (a) water advancing contact angle of iCVD
amphiphilic copolymer P(HEMA-co-PFDA). (b) water receding contact angle of P(HEMA-co-PFDA). (c) water
advancing contact angle of iCVD zwitterionic copolymer P(4VP-co-DVB). (d) water receding contact angle of
P(4VP-co-DVB). () AFM of 30 nm iCVD amphiphilic coating in air. (f) AFM of 30 nm iCVD amphiphilic coating
I P B S DU . . e s 139

Figure 7-4 | Protein adsorption on iCVD antifouling coatings, glass and gold. All four surfaces were incubated
with 0.1 g L' fluorescein-labeled BSA for two hours and then imaged with fluorescent microscopy. Black

background observed in a, b and ¢ indicates no detectable protein adsorption............ocoovviiiiiiiiiiin 141

Figure 7-5 | Force-displacement curves of iCVD antifouling coatings recorded during MFP measurements.
Black curves represent the case where the functionalized AFM tips are approaching the surface, whereas green
curves represent force-displacement recorded during tip retraction for the iCVD amphiphilic copolymer P(HEMA-
co-PFDA). Likewise, blue curves demonstrate the force-displacement for iCVD zwitterionic copolymer P(4VP-co-
DVB). The functional groups labeled in each panel indicate the moieties that the AFM tips are functionalized with.

Positive and negative force values indicate repulsive and attractive forces respectively..........ooooeviiniiniiin, 142

Figure 7-6 | Attractive force distribution measured during MFP test of iCVD antifouling coatings. 64 tests
were carried out for each tip-surface combination. Green bars represent results for the iCVD amphiphilic copolymer

P(HEMA-co-PFDA) and blue bars represent results for the iCVD zwitterionic copolymer P(4VP-co-

Figure 7-7 | Attractive forces and their distributions for iCVD antifouling coatings, glass and gold surfaces.
The functional groups labeled in each panel indicate the moieties that the AFM tips are functionalized with. Positive
and negative attractive force values indicate attractive and repulsive forces respectively. Force distributions are
indicated with open circles. The upper and lower boundaries of each box indicate the 25 and 75 percentile

respectively. The horizontal bar inside each box represents the median................oo . 144

Figure A-1 | Experimental amplitude curve obtained as a function of cantilever separation z, with a standard
ACS55TS (OLYMPUS) cantilever on the F75 (a). In (b), the phase contrast channel shows that nanoscale structures

with lateral dimensions on the order of 1 nm are resolved in the SASS mode of imaging (bottom of the image
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contrast >60°) while no contrast is observed in the NC mode (top of the image contrast <0.5°)). The transition from

NC mode to the SASS mode was induced by simply reducing the set point from = 1.5 nm (NC mode) to =0.4 nm

Figure A-2 | 10x10 nm phase images of the (a) FO, (b) F40, (¢) F75, (d) F100. All images have been obtained in the
SASS mode and with tips with radii of 5 nm or less. In (a) the phase image presents contrast of less than 2 degrees
whereas (b), (¢) and (d) show nano domains (1-2 nm?) with greater contrast, i.e. ~10°. Phase image (e) refers to F75.
The size of the domains is consistent and scales with a larger scan areas (20x20 nm) as shown in (e). In (d),
hexagonal packings of perfluorinated side chains in PFDA repeat units have been highlighted in red and lamellar
structures in yellow. Parameters: Ag=1 nm, A,,=0.3 nm and scan rate 1Hz. Histograms (f)-(j) represent the

distribution of the phase contrast of images (a)-(e) respectively.... .. ... 162

Figure A-3 | Normalized conservative force (Fts*, red lines) and normalized phase difference signal (A®*, black
lines) as a function of d,,. (a) FO, (b) F40, (¢} F75, (d) F100. Data were acquired at random spots in each surface.
For each sample the most dissimilar results are plotted. Larger green areas imply large variations or heterogeneity in
terms of the couservative force profile (b, ¢, d). All plots show similar dissipative processes via the normalized
phase difference A" signals (black lines) since these overlap. A® =0 implies zero dissipation showing that in (b),
(c), (d) dissipation occurs mainly after mechanical contact between the tip and the sample (A(D*:O for d, >0). (a) FO
presents long range dissipative processes with A®~ >0 for d,, >0 (labeled with a red ellipse). |Fts| (minima) ranging
between 0.63/0.65, 0.22/0.56, 0.16/0.33, 0.39/1.32 nN and A® (maxima) = 36°/38°, 8°/9°, 8°/9°, 9°/11°, for samples
(a) to (d) respectively. The largest values have been employed to normalize the y axes in each figure. The reference
value d,=0 nm has been taken as coinciding with minima in Fts* and thus indicating the point of mechanical
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Figure A-4 | Histograms of the population of force curves taken randomly on each sample. (a) FO, (b) F40, (¢)
F75, (d) F100. For each sample the force of adhesion (F,p) and distance AdF,p, are shown. Smaller variations in Fyp
and larger values of AdF,p, are observed for the 100% hydrophilic homopolymer (F0, a) as compared to the 100%
hydrophobic polymer (F100, ). ... e e et e 166
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CHAPTER ONE

Introduction

Reproduced with permission from Yang R., Asatekin A., Gleason K. K., Soft Matter 2012, 8, 31.
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1.1 Biofouling and mitigation of biofouling in seawater desalination

Fresh water scarcity affects one in three people in the world." It is at the core of sustainability
due to its essential role in the development of agriculture, industry and health care. In particular,
energy production represents one of the largest ground water withdrawer in the US.?
Consequently, fresh water scarcity profoundly impacts energy production. For example, in the
Millstone nuclear-power plant in Connecticut one of two reactors was shut down in early August
2012 for two weeks due to the lack of cool, fresh water, which resulted in 255,000 megawatt

hours of lost power production worth several million dollars.’

With nearly 98% of the world’s available water supply being seawater or brackish water,
desalination has become an important means to address the scarcity of freshwater resources. The
breakthrough of seawater desalination occurred in early 1960s with the invention of reverse
osmosis (RO) technology. RO membranes enable the removal of salt ions from seawater at room
temperature by applying pressure to the seawater feed. In particular, thin film composite (TFC)
RO membrane is considered to have the greatest water permeability with high salt rejection rate,’
which has quickly become the dominating desalination method since its commercialization in the

1980s and is now used in nearly all RO desalination plants.4

RO technology has improved drastically since its invention and new designs of membrane
modules and stage configurations can bring the energy consumption of a RO process close to the
thermodynamic minimum energy of 1.06 kWh/m>.* However, the RO technology suffers
considerably from biofouling, which drives up the energy consumption, impairs water
permeation and salt rejection of the highly efficient TFC-RO membranes and thus reduces
freshwater yield of a desalination practice.“’5 Biofouling — the unintended accumulation of
biopolymers or whole organisms (microorganisms, plants, algae or animals) on wetted structures
— represents a global problem across various maritime industries.’ Biofouling occurs
immediately when a RO process starts and has to be tolerated until the flux is reduced to 25% of
the initial value.’ It represents the bottleneck for the development of seawater desalination.
Currently, marine biota and in particular bacteria are removed from the feed by pretreatment, the
most energy-intensive (responsible for >36% of total plant energy consumption) and chemical-
intensive step in a desalination plant and one that poses environmental risks to marine organisms

when treated water is discharged back into the ocean.* Periodic cleaning is another standard
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industrial practice to reduce the adverse effects of fouling.” Despite its effectiveness, periodic
cleaning at an average frequency of 1 day per month, interrupts the fresh water production
process, reduces productivity and shortens the lifetime of the TFC RO membranes. Overall, this
can lead to as much as 25% additional costs.” Therefore, fouling-resistant RO would bring major
improvements in economic viability, energy usage, process reliability, and lower the

environmental impact of seawater desalination.

Biofouling originates from surface properties of the TFC RO membranes and can be resolved
by membrane surface modifications. The major challenge in the surface modification of the
delicate TFC-RO membranes is to implement antifouling chemistries without compromising salt
rejection and high water flux.* The limiting step for the transport of water and salt across the
membrane is the extremely thin (~100 to 200 nm) polyamide selective layer, which is prone to
damage when treated with solvents or at elevated temperature.” Pin-holes or defects in the
polyamide layer are routes for non-selective salt transport and thus quench the salt rejection
performance of the membranes. In addition, water permeability across the membrane decreases
rapidly with additional layers of coating. Coating thicknesses >100 nm are undesirable because
they cause >40% reduction in the water flux.® Therefore, an ideal surface modification method
should be solvent-free, at mild temperature, and produces ultra-thin (<100 nm) antifouling

coatings.

1.2 Overview of the initiated chemical vapor deposition

Most solvent-free and low temperature surface modification methods employ certain variants
of chemical vapor deposition (CVD), among which parylene CVD, plasma enhanced CVD
(PECVD), and initiated CVD (iCVD) are the most appropriate for the synthesis of antifouling
polymer thin films (Fig. 1-1).
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Figure 1-1 | Mechanisms of CVD techniques. In parylene CVD, substituted [2.2]paracyclophanes are
pyrolyzed to prepare functionalized poly(p-xylylenes) (a). In PECVD, plasma excitation creates radical species
from monomers and polymerization proceeds through various radical species (b). In iCVD, thermal energy
dissociates the initiator to form radicals (c). The reaction mechanism of iCVD resembles that of a standard

solution-phase free-radical polymerization.

During the synthesis of poly(p-xylylenes) and derivatives, substituted [2.2]paracyclophane
dimer vapor is thermally cracked and self-initiates the polymerization on a cool substrate.”"'" The
application of poly(p-xylylenes) and derivatives features conformal coatings over high-aspect-
ratio structures. The combination of topological and chemical patterning has been extensively
used to immobilize biomolecules selectively. The use of functionalized poly(p-xylylenes) in
many cases requires custom synthesis of substituted [2.2]paracyclophanes, which is

economically and technically challenging to scale-up and commercialize.'*'*"*

In PECVD, radical species are created by vapor phase plasma excitation (i.e., fragmentation
of monomers), and then react and deposit on a substrate along with a wide range of molecular
fragments and chemical species.”” The retention of a specific organic functionality often
increases with less plasma power, which can be achieved through pulsing plasma excitation'" or
performing the deposition downstream of an active plasma region.'""® Low retention of organic
functional groups and poor conformality over structured surfaces are the two major drawbacks of
PECVD. Despite these, PECVD has been demonstrated in industrial scale'®™'” due to a wide

range of commercially available monomers that are compatible with PECVD.

To achieve better retention of organic functionalities, the activation by plasma can be
replaced by radical-initiating species, namely initiator. Such initiators can be decomposed by
heating (iCVD; Fig.1) to form free radicals under relatively benign conditions.'® By avoiding the
need for nonselective plasma excitation, high-rate depositions of true linear free-radical polymer

chains can be achieved by iCVD with 100% functional retention.
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The thermal excitation of initiator is supplied with resistively heated filaments. Substrates to
be modified are placed on a cooled stage, to protect delicate substrates from the heat of the
filaments, and to promote the adsorption of monomers on the surface. Proceeding from volatile
monomer unites, polymer synthesis and film deposition occur simultaneously at modest vacuum.
iCVD allows the facile integration of polymer coatings on virtually any substrates.'""? A wide
range of commercially available monomers are compatible with this mild process, which gives
rise to a library of functional surfaces enabled by iCVD.? In addition, it has been operated in a
roll-to-roll manner, which is compatible with industrial infrastructures for RO membrane

production.”"** Industrial scale iCVD reactors have been demonstrated at the GVD Corporation.

monomer

substrate on cooled stage b)Y e initi
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Figure 1-2 | Schematic of an iCVD reactor (a) and cross-section view of the reactor chamber interior
(b). Red arrow represents the thermal decomposition reaction of initiator, tert-butyl peroxide in this case,
and black half arrow indicates the free radical initiation of the vinyl bond in monomers. Monomer is
presented in a generic formula here, with the orange ball representing a desirable organic functionality.
Resistively heated filaments are indicated with red bars. Cooling lines and pumping systems are not shown in

this figure.

Therefore, iCVD is selected as the appropriate surface modification technique for the
integration of antifouling thin film coatings on delicate RO membranes given its benignity,

versatility, scalability and compatibility with existing membrane production industry.

1.3 Antifouling coatings to control surface interactions
The development of antifouling chemistry has been an important subject of surface

modification and control of surface interactions. Successful prevention of biofouling will have

25



profound impact across all aspects of sustainability, including energy, water purification, food,

and healthcare.

A variety of organic functionalities have demonstrated resistance to protein attachment.>**

In 2001, Whitesides et al. postulated the molecular characteristics of antifouling chemistry based
on the screening results of approximately 60 surface functionalities afforded by self-assembled

monolayers (SAMs): 2%

(i) antifouling surfaces are hydrophilic; (ii) they contain hydrogen bond
acceptor groups but not hydrogen bond donor groups; (iii) their net charge is neutral.'”'® Among
these surfaces, the ones containing derivatives of oligo(sarcosine), N-acetylpiperazine, and
permethylated sorbitol groups showed protein resistance close to polyethylene glycol (PEG)-
modified surfaces, which are often considered as the gold standard in protein resistance.
Conformational flexibility is a non-essential characteristic of many of these groups.28 Since this
study, new materials have been developed with comparable, if not better, fouling resistance to
PEG. Monolayers of chimeric peptoids (oligomers of peptide structures made of non-natural
aminoacids) as one example, have shown exceptional inertness.”** Ultra-low fouling has also
been achieved with zwitterionic coatings synthesized via SAMs and atom-transfer radical-

polymerization (ATRP).2%!

In general, hydrophilic surfaces, such as PEG or polyhydroxyethylmethacrylate (PHEMA),
resist fouling because the enthalpic driving force for fouling (i.e., the enthalpic driving force for
foulants to replace the surface-bound water molecules and adsorb to the surface) is small.
Hydrogels have long been used in biomedical implants‘”, tissue engineering®, drug delivery™
and biosensor fabrication™ partly because of their good resistance to protein adsorption. The
surface adsorption of protein on a hydrogel thin film (e.g., PHEMA) is ~250 ng cm” before
removing of reversibly adsorbed foulants, which can be reduced to 2 — 25 ng em? by prolonged
washing of the fouled hydrogel films (Table 1-1). However, PEG and its derivatives are prone to
degradation in long-term applications,3 " which has been attributed to oxidative degradation and

enzymatic cleavage of PEG chains.*®*’
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Table 1-1 | Surface protein adsorption of different antifouling chemistries.

surface chemistry total protein adsorption [ng cm™] irreversible protein adsorption[ng cm’]
bare gold surface™* ~270 ~240
hydrogel thin film coating®**** ~250 2-25
zwitterionic thin film coating®**  ~10 <03
amphiphilic coating'*" ~10 ~1
protein adsorption above LCST protein adsorption below LCST

switchable surface™* ~150 ng/em ~10 ng/fem®

*: The values were calculated from figures in the corresponding references
*: The unit of protein adsorption for hydrogel nano-structures is mg/cm?, which is equivalent to 10éng/cm?

The general molecular characteristics of antifouling surfaces describe many, but not all inert
surfaces. Surfaces that simultaneously possess hydrophilic and hydrophobic properties, namely
amphiphilic surfaces, have demonstrated excellent antifouling properties.lz"w*’45 Compositional
heterogeneities on the length scale of a foulant of interest may discourage the thermodynamically
favorable interactions between foulant and surface and thus mitigate fouling. Amphiphilic
materials have gamered much attention in applications on ship hulls to resist the adhesion of
marine microorganisms.13’44'46 The amphiphilic moieties usually reside on side chains of a
polymer because the incorporation of comonomers with drastically different solubility is
challenging. However, this can be accomplished via a solvent-free method. An amphiphilic
random copolymer synthesized via iCVD has demonstrated reduced protein adsorption and

bacterial adhesion.*’

Thermo- and pH-responsive polymers that switch in hydrophilicity have also been used to
impart to surfaces biofouling-release properties. Foulants can be released upon changing
temperature of the underlying material that has been coated with responsive polymers.z“’48
However, such surfaces do not prevent or reduce the attachment of foulants at first, rendering

them less attractive for most antifouling applications.

Within the rich library of antifouling chemistries, the primary focus of this thesis has been
placed on the hydrophilic, ultra-low fouling zwitterionic materials due to their exceptional
antifouling properties (Table 1-1).”' The fouling resistance is due to the strong electrostatic

27.31,49

hydration, which is considered more effective than the hydrogen bond-induced hydration

27



for PEG.*' The nonspecific adsorption of proteins is not detectable by surface plasmon resonance
(SPR) on carboxybetaine SAMs. Furthermore, whole human blood has been used as the fouling
media, and zwitterionic surfaces demonstrated very low surface adsorption.*® Its resistance to
bacterial adhesion and biofilm formation has been demonstrated by multi-hour culturing of

. . . . . . 5
zwitterionic surfaces in concentrated bacterial solutions.”’

Zwitterionic coatings can be synthesized on glass or gold surfaces via SAMs, ! ATRP!
solution polymerization and solvent evaporation.”>>’ However, these methods generally involve
harsh process conditions and/or require specific surface functionalities, rendering zwitterionic

chemistry not applicable to the delicate TFC RO membranes.

1.4 Scope of thesis

This thesis utilizes the enabling technology of iCVD to synthesize and apply zwitterionic,
among other antifouling surface chemistries, to resolve the bottleneck of biofouling for seawater
desalination. With novel designs of molecular structures and synthesis of ultrathin polymer
coatings, effective and practical antifouling strategies that can benefit the desalination industry
directly have been identified. Emphasis has been placed on fundamental understanding of
structure-property correlations to direct the molecular design and to adapt the modified
desalination membranes for long-term applications. To demonstrate the broader impact, a
grafting chemistry developed for RO membranes is applied to silicon for high-efficiency hybrid
solar cells. Silicon surfaces are functionalized with organic molecules via a variant of iCVD at
room temperature, leading to the lowest surface recombination velocity reported to date for air-

stable organic passivation.5 *

CHAPTER TWO describes the first attempt to synthesize zwitterionic surface chemistry via
an all-dry method. Poly(sulfobetaine) (pSB)-based zwitterionic coatings were synthesized using
iCVD and covalently grafted onto reverse osmosis (RO) membranes through a vapor phase
reaction.® While organic solvents can damage RO membranes during the coating step,’ this
solvent-free method achieved intact membrane performance after the surface treatments.
Antifouling properties of the as-fabricated zwitterionic coatings were tested with static bacterial

adhesion tests. While unmodified RO membrane coupons were completely covered by
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Escherichia coli at the end of the test, zwitterion-coated RO membranes exhibited no signs of

adhesion.

CHAPTER THREE lends further insight into the antifouling mechanism of the iCVD
zwitterionic coatings. Angle-resolved X-ray photoelectron spectroscopy (ARXPS) revealed that
the diffusion-limited functionalization step led to unique film architecture — the antifouling
zwitterionic moieties are highly concentrated in the top 3 nm. The fouling resistance of iCVD
zwitterionic coatings was understood to a greater extent. Low absorption of various foulants
mcluding bovine serum albumin (BSA), humic acid (HA), and sodium alginate (SA), was
demonstrated with the quartz crystal microbalance with dissipation monitoring (QCM-D). The
first attempt to demonstrate long-term stability of the iCVD zwitterionic films was conducted.
Dynamic contact angles were assessed before and after 100 days of storage in air, and unchanged
contact angle values elucidated the film stability under normal storage conditions. The substrate-
independent nature of this surface modification method was demonstrated by applying the iCVD
zwitterionic coatings to a variety of substrates, including micro trenches cut into a silicon wafer,

commercial RO membranes, and custom-fabricated electrospun nanofiber mats.

CHAPTER FOUR extended the application of the surface grafting scheme developed in
chapter two to silicon surfaces. A new method of creating surface passivation on silicon by using
a vapor phase treatment was demonstrated. iCVD passivation offers several advantages over
previous techniques including a largely simplified reaction scheme, inexpensive reactants, mild
reaction conditions, fast kinetics, and excellent long-term stability. In addition, the iCVD
passivation technique allows for the fabrication of a large variety of surface functionalities with
desirable surface coverage and adhesion properties on a silicon surface. The organic layer
composed of 1,9-decadiene that was synthesized directly on silicon obtained the lowest surface
recombination velocity reported to date (less than 10 cm s™), and remained unchanged over 200

hours of air contact.

CHAPTER FIVE introduces a novel pyridine-based zwitterionic chemistry enabled by iCVD
that has superior stability to the existing zwitterionic molecular structures. The novel zwitterionic

chemistry is based on a precursor copolymer film composed of 4-vinylpyridine and
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divinylbenzene repeat units, whose compositions are not trivial to reveal. This chapter therefore

focuses on detailed chemical characterizations of this copolymer.

CHAPTER SIX reveals a very interesting observation of the synergy between low-level
chlorination of the surrounding media and the surface zwitterionic chemistry to further reduce
surface fouling. The new zwitterionic coatings show strong antifouling activity against marine
organic compounds and bacteria. The fouling resistance of these surfaces is 100 times better than
bare glass, a notable achievement in view of the fact that glass is already a rather good
antifouling surface.’” The zwitterionic coatings are transformative compared to existing
antifouling materials because the pyridine molecular structure renders them stable against
exposure to chlorine, the most prevalent disinfection reagent in the water industry. This led to the
discovery of an unprecedented, dual-strategy antifouling scheme: coupling our chlorine-resistant
surface treatment, having already superior antifouling properties, with low-level chlorination. At
concentrations comparable to those in drinking water (5 ppm),” chlorine enhances the long-term

fouling resistance of the zwitterionic coatings by almost 10 times.

CHAPTER SEVEN investigates and compares the molecular fouling of the iCVD
zwitterionic and amphphiphilic antifouling coatings by molecular force spectroscopy. A
reductionist approach was adopted, where the molecular interactions between AFM tips

functionalized with specific organic moieties and the iCVD films are quantified.

Appendix details the visualization of nano-scale heterogeneities of the iCVD amphiphilic
copolymers and sheds light on the antifouling mechanism of this unique category of antifouling

materials.
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CHAPTER TWO

Solvent-free synthesis of zwitterionic
ultrathin coatings for reverse osmosis
membranes

Reproduced with permission from Yang R., Xu J., Ozaydin-Ince G., Wong S. Y. and Gleason K.
K., Chemistry of Materials 2011, 23, 1263.
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2.1 Abstract

Poly[2-(dimethylamino)ethyl methacrylate-co-ethylene glycol dimethacrylate] (PDE) thin
films were synthesized via initiated chemical vapor deposition (iCVD) and reacted with 1,3-
propanesultone to obtain the zwitterionic structure. The crosslinker ethylene glycol
dimethacrylate (EGDMA) was utilized to make the copolymer insoluble in water. The
composition of the copolymer was tuned by varying the flowrates of precursors and calculated
from Fourier transform infrared spectroscopy (FTIR) spectra. The zwitterionic coatings were
covalently grafted on to reverse osmosis (RO) membranes and surface characterizations were
carried out. Scanning electron microscope (SEM) and atomic force microscope (AFM) revealed
that the i1CVD zwitterionic coatings were conformal and smooth over the RO membrane and the
coating thickness can be measured by using ellipsometry. Salt rejection was not impaired by the
coating. Permeation tests were carried out under different feed pressures, film thicknesses and
film compositions, showing a 15% to 43% reduction in permeation. Cell adhesion tests were
carried out using Escherichia coli (E. coli), and the coated RO membranes showed superior
antifouling performance compared with the bare RO membrane. This is the first time that the
library of iCVD functional groups has been extended to charged zwitterionic moieties, and the

zwitterionic coatings have been applied on delicate substrates, such as RO membranes.

2.2 Introduction

Biofouling is receiving increased attention in various applications, ranging from biomedical
devices to water desalination membranes. Biofouling refers to the unintended accumulation of
biopolymers or whole organisms (microorganisms, plants, algae or animals) on wetted structures,
and the subsequent formation of biofilms. It is always associated with the degraded performance
or decreased efficiency of a system. For example, reverse osmosis (RO) membranes are one of
the most popular water purifying materials due to their high salt rejection and permeation rates as
well as their excellent chemical, thermal, and mechanical stability.1 However, fouling of RO
membranes can lead to reduction in flux, salt rejection impairment, and shortened membrane
lifetime.” This limitation is considered the bottleneck to improve the efficiency of RO
technology.” The biofouling process can be reduced or delayed by methods such as pretreating
the feed watelr,4 periodic Cleaming,5 or surface modification of RO membranes.>% However, the

former two methods are costly, time consuming and periodic cleaning will shorten the membrane
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lifetime.> Surface modification such as physical adsorption and chemical bond formation are
potential solutions to the biofouling problem.® However, the modification is no longer effective
in preventing fouling once the deposition of foulants has taken place because the effect of
solute/membrane interaction is reduced and replaced by solute/foulant interaction. Therefore,
stable polymer architectures and surface modification strategies that impart ultralow-fouling

characteristics to a surface are highly desired.

Poly(ethylene glycol) (PEG)/Oligo (ethylene glycol) (OEG) are the most widely used
nonfouling materials."' PEG/OEG and other hydrophilic materials are less prone to biofouling
due to hydration via hydrogen bonding.> However, their antifouling properties degrade during
long-term applications. This failure has been attributed to oxidative degradation and enzymatic

cleavage of PEG/OEG chains.'® Zwitterionic-based materials can bind water molecules even

14,15

more strongly than PEG/OEG chains via electrostatically induced hydration. For this reason,

zwitterionic-based materials are considered as the most promising candidates for preparation of

16,17

ultra-low fouling surfaces. Zwitterionic-materials-modified surfaces can reduce the

nonspecific protein adsorption to the ultra-low level from single-protein solutions'® and perform
similarly or superiorly compared with PEG/OEG-modified surfaces in reducing plasma protein

adsorption.w’zo Furthermore, zwitterionic materials exhibit high resistance to bacterial adhesion

and biofilm formation in long-term cell adhesion tests.'”?!

Innovative techniques have been developed to synthesize zwitterionic coatings. Self-

14,22

assembled monolayers (SAMs),"” solution polymerization and solvent evaporation, and atom

18.20,23,24

transfer radical polymerization (ATRP) are the most common (Table 2-1).

Table 2-1| Synthesis methods for the zwitterionic coatings.

compatibility with RO post-treatment

method solvent temperature /°C

membrane substrates roughness*/ nm
SAMs"= ethanol 25 no ~1-4
solution
polymerization and methanol, hexane o 0934
solvent or tetrahydrofuran
evaporation' *22
ATRP® methanol, water 25 no 05-1.2

* for SAMs, the roughness is estimated from the cross-section profile; for Solution Polymerization and
Solvent Evaporation, the roughness is reported as average roughness, ra; for ATRP, the roughness is reported
as the root-mean-square roughness, rq
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However, these methods generally involve harsh process conditions, for instance organic
solvents, which may cause damage to delicate substrates (such as RO membrane). This limits
their applications to certain surfaces (gold, glass etc.). In addition, these methods may lead to
high surface roughness, which is undesirable for the antifouling purpose. Poly[N,N-dimethyl-N-
methacryloxyethyl-N-(3-sulfopropyl)] (PDMMSA or poly(sulfobetaine) or pSB) is one of the
ultralow fouling zwitterionic polymers. Li and Jiang physically adsorbed pSB on to a gold
surface covered by methy-terminated SAMs, and the surface exhibited undetectable nonspecific
protein adsorption (<0.3 ng cm™) from single-protein solutions by surface plasmon resonance
(SPR)-sensor measurements.> pSB coating can be synthesized through ATRP," solution

422 o incorporated into ultrafiltration membrane

polymerization and solvent evaporation,
through water phase suspension polymerization and solution phase reaction.” The synthesis of
zwitterionic polymers through vapor phase treatment has not yet been reported. Initiated
chemical vapor deposition (iCVD) is an all-dry free-radical polymerization technique performed
at low temperatures and low operating pressures,27 which has shown great promise as a surface

modification technique. It has been successfully utilized in synthesizing many distinct

28,29 30,31

homopolymers, random copolymers, and alternating copolymers.32
Poly(tetrafluoroethylene) has been coated on tissue paper using iCVD technique.33 The wetting
behavior was changed without affecting the bulk properties of the substrate material. Nylon
fabric has been coated with poly (dimethylamino)methyl styrene with grafting chemical vapor
deposition (gCVD) which is a similar process to iCVD.** The low substrate and filament
temperatures and the solventless nature of iICVD make it an attractive polymer deposition

technique on delicate substrates.

In this chapter, a copolymer containing pSB zwitterionic groups was synthesized through the
initiated chemical vapor deposition (iCVD) technique and was applied onto an RO membrane for
the first time. 2-(dimethylamino)ethyl methacrylate (DMAEMA) was chosen as the precursor
(vapor pressure=0.45 Torr at 25 °C), which is compatible with the iCVD process. A random
copolymer poly[2-(dimethylamino)ethyl methacrylate-co-ethylene glycol dimethacrylate] (PDE)
was synthesized and deposited as a thin film in a single step. Ethylene glycol dimethacrylate
(EGDMA) was chosen as the crosslinker to increase the stability of the coating. The PDE
copolymer was then reacted with the 1,3-propanesultone (PS) at the solid-gas interface to convert

the DMAEMA group into zwitterionic DMMSA functional group (Fig. 2-1).
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Figure 2-1| Surface modification process on RO membrane with zwitterionic films. (a) Treatment of RO
membranes with MA for 20 min (b) iCVD deposition of random copolymer poly[2-(dimethylamino)ethyl
methacrylate-co-ethylene glycol dimethacrylate] (¢) Reaction with 1.3-propanesultone at 80 °C for 6 hours.
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The zwitterionic structure was confirmed by FT-IR and XPS utilizing films deposited on
silicon wafers. Coatings of identical composition were also grown directly on RO membranes. A
strategy to covalently attach the polymer to RO membranes was developed to further increase the
stability of the coating and adapt the coated membrane for long-term usage in water processing.
Finally, surface properties of the coated RO membranes were characterized, along with their salt-

rejection, permeation and antifouling performance.

2.3 Experimental Section
Film preparation and derivatization. All iCVD films were deposited in a custom built vacuum

d.%3 Thermal excitations of the initiator were

reactor (Sharon Vacuum), as previously describe
provided by heating a 0.5 mm Nickel/Chromium filament (80% Ni/ 20% Cr, Goodfellow)
mounted in a parallel array and the temperature was measured by a thermocouple attached to one
of the filaments. The filament holder straddled the deposition stage which was maintained at a
set point temperature using water cooling. The vertical distance between the filament and the

stage was 2 cm.

All the chemicals were used as purchased without further purification. Silicon (Si1) wafers
(Wafer World, test grade) were coated with PDE copolymer without pre-treatment. Prior to
deposition, commercial RO membranes (Sterlitech, TFC-HR) were treated with maleic
anhydride (MA, Fluka, puriss >99.0%). MA was heated to 65 °C in the glass jar and the vapor
was delivered into the vacuum chamber maintained at a pressure of 200 mTorr for 20 minutes.
Filament temperature was kept at 200 °C to induce the MA to react with the secondary amide
group in the RO barrier layer. At the end of the grafting reaction, flow of MA was stopped; the
vacuum chamber was pumped out for a minimum of 1 h to remove any physisorbed MA from

the surface of RO membranes.

During iCVD depositions, terr-butyl peroxide (TBPO, Aldrich, 97%) initiator and the
nitrogen patch flow were fed to the reactor at room temperature through mass flow controllers
(1479 MFC, MKS Instruments) at 1 sccm and 0.5 sccm respectively. 2-(dimethylamino)ethyl
methacrylate (DMAEMA, Aldrich, 98%) and ethylene glycol dimethacrylate (EGDMA, Aldrich,
98%) monomers were heated up to 55 °C and 80 °C in glass jars, respectively and delivered into

the reactor using needle valves. Systematic variation of the flow rate ratios was performed to
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yield high-zwitterionic-percentage, yet insoluble films of poly[2-(dimethylamino)ethyl
methacrylate-co-ethylene glycol dimethacrylate] (PDE). Films were deposited at a filament
temperature of 250 °C and a stage temperature of 20 °C. Total pressure in the vacuum chamber

was maintained at 0.215 torr for all depositions.

In situ interferometry with a 633 nm HeNe laser source (JDS Uniphase) was used to monitor
the film growth and deposit desired thicknesses on Si substrates. A more accurate film thickness
on the Si wafer substrates was measured post-deposition using a J.A. Woollam M-2000
spectroscopic ellipsometry at three different incidence angles (65°, 70°, 75°) using 190

wavelengths from 315 to 718 nm. The data were fit using a Cauchy-Urbach model.

After deposition, the PDE coated substrates were fixed in a crystallizing Dish (VWR) with
lg 1,3-propanesultone (Aldrich, 98%). The crystallizing dish was placed inside a vacuum oven
(Shel Lab, 1415M) which was maintained at 60 Torr, 80 °C for 6 h to let 1,3-propanesultone

vapor react with the coating on substrates.

Film characterization. Fourier transform infrared (FTIR) measurements were performed on a
Nicolet Nexus 870 ESP spectrometer in normal transmission mode. A deuterated triglycine
sulfate (DTGS) KBr detector over the range of 400-4000 cm” was utilized with a 4 cm’
resolution. Films were measured immediately after deposition and measurements were averaged
over 128 scans to improve the signal-to-noise ratio. All spectra were baseline corrected by

subtracting a background spectrum of the Si wafer substrate.

X-ray photoelectron spectroscopy (XPS) survey spectrum and high-resolution spectra of Ny
were obtained on a Kratos Axis Ultra spectrometer with a monochromatic Al Ka source.

Samples were stored under vacuum overnight prior to analysis.

The thickness of the coating on the RO membrane was measured from Scanning electron
microscope (SEM) images. Membranes were frozen by liquid nitrogen and broken to obtain
cross-sections. 6 nm of gold (Denton Desk II) was sputter coated onto the samples and SEM

images were obtained by a JEOL J5M-6700F with acceleration voltage of 10 kV.
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Surface roughness characterization of the coatings was performed using atomic force
microscope (AFM, Veeco, Nanoscope V with Dimension 3100). Tapping mode was employed to

prevent damage to the membrane surface morphology.

Hydrophilicity of coatings and bare RO membranes was evaluated by contact angle
measurements performed on a goniometer equipped with an automatic dispenser (Model 500,

Ramé-Hart) using a 2 pLL DI water droplet.

Permeation test. Permeation tests of the coated/bare membranes were performed using a
commercial cross-flow membrane filtration unit (Sterlitech Corp., Sepa CF II) with a Hydracell
Pump (M-03S) with DI water at 25 °C. The feed pressure was adjusted using a pressure control
valve and a secondary metered valve. The flowrates of the feed were monitored by a vortex
shedding flowmeter (FV101, Omega Engineering Inc.). The temperature of the feed was kept
constant using a NESLAB chiller. The flowrates of the permeate were determined using a 100
mL metered flask. For the salt rejection calculations, a conductivity meter (CDH-152, Omega

Engineering Inc.) was used.

Bacterial adhesion tests. Escherichia coli (E. coli) were used as the model microorganism.
Static bacterial adhesion tests were performed following the protocol reported by Atar Adout and
co-workers with minor modifications.® A single colony of E. coli was inoculated into Lysogeny
broth (LB) medium and cultured overnight. The bacterial liquid was reinoculated into fresh LB
medium and cultured until the logarithmic phase, centrifuged and resuspended with fresh LB
medium to the concentration of 4x107 cells mL . The suspension was incubated with fluorescent
dye fluorescein (Sigma-Aldrich) at 20 rpm and room temperature for 2 hours. Then the bacterial
liquid was centrifuged and resuspended with fresh LB medium to get rid of the excess
fluorescein. Then membranes were placed into this dye-free suspension and incubated for 1 h.
The membranes were then rinsed gently with a bacteria-free LB medium and observed under a

fluorescent microscope (Carl Zeiss Axioskop 2 MAT).
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2.4 Results and Discussion

2.4.1 Film synthesis and characterization

Homopolymers pPDMAEMA, pEGDMA, and copolymer PDE films were deposited by iCVD.
The deposition rate and conformality of polymers were controlled by adjusting P"/P*“, the ratio
of partial pressure of the monomer and its saturated partial pressure at the temperature of the
substrate during deposition. This ratio is adjusted between 0.1 and 0.7 during the iCVD process
to prevent condensation of the monomer inside the reactor. High P"/P*“ values usually
correspond to high deposition rate and poor conformality.”’ A PPMAEMA/pit of (04 and a

PECGDMA psat o _().1 were adopted in the copolymer depositions after optimization.

Prior to deposition, the RO membranes were treated with maleic anhydride (Fig. 2-1a, 2-1b);
MA groups at the interface of polymer film and substrate form covalent bonds with the substrate
through the reaction between the anhydride and amide functional groups in RO membrane.
Without MA grafting, zwitterionic films delaminated from the membrane surface when placed in
water. The monomer DMAEMA was chosen because the tertiary amine group is the precursor of
zwitterionic structure; the reaction between DMAEMA in polymer and 1,3-propanesultone in
various organic solvents was previously reported”'*. However, homopolymer pDMAEMA was
soluble in water; therefore ethylene glycol dimethacrylate (EGDMA) was used as the cross-
linker to prevent the coating from dissolving in water. The copolymer shown in Fig. 1b is a
three-dimensional network; EGDMA groups link different polymer chains to one another. The
chemical composition of copolymer was controlled by adjusting flow rates of precursors, as
shown in Table 2-2. N, patch flow was used to keep the total flow rate constant, maintaining the

same residence time for each deposition.

Table 2-2| Deposition conditions for the five iCVD coating compositions.

. F(DMAEMA) F(EGDMA) F(TBPO) mol%eppapma™
material (scem) (scem) (scem) F(N,) (scem) (%)
pDMAEMA 3.03 0 1 1 100
Copolymer 1 3.27 0.16 1 0.5 70
Copolymer 2 3.04 0.22 1 0.7 35
Copolymer 3 1.79 0.18 1 2 15
pEGDMA 0 1.04 1 3 0

*: calculated from the FTIR analysis
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The Fourier transform infrared spectroscopy (FTIR) spectra of DMAEMA monomer
precursor, the as-deposited homopolymers pPDMAEMA and pEGDMA, and copolymer films
provide resolved features of the polymerized DMAEMA and EGDMA units. The vinyl bond in
monomer precursor contributes to the sharp C=C stretching mode at 1630 cm™ (Fig. 2-2a); the
multiple peaks at 1299 and 1321 cm™' are assigned to the conjugation structure between ester and
vinyl bond®® in the methacrylate precursor. The formation of polymer backbones with saturated
carbon groups is verified by the disappearance of those C=C characteristic peaks (Fig. 2-2b to 2-
2e). The double absorption at 2771 and 2822 cm™ is characteristic of the tertiary amine structure
in DMAEMA unit; this absorption is absent from quaternary amine spectra. The peak at 1721
cm’', which is characteristic of the carbonyl in carboxylic acid groups, was used along with the

peak at 2771 em™ to calculate the content of DMAEMA unit in the copolymers (Fig. 2-2c and 2-

2d).
:(a) DMAEMA h aﬂ)\

AAD) PDMAEMA

‘(c) Copolymer |

Intensity (a.u.)

. (d) Copolymer 2

. :(e) pEGDMA 11

T T T T T
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Wavenumbers (cm ')

Figure 2-2| Fourier transform infrared spectroscopy (FTIR) spectra of (a) DMAEMA monomer, (b) iCVD
deposited homopolymer of pPDMAEMA, (c) copolymer with a pDMAEMA content of ~70%, (d) copolymer with
a pDMAEMA content of ~35%, and (e) homopolymer of pEGDMA. Dot line indicates the characteristic of

tertiary amine group and dash line indicates characteristic of the carbonyl in carboxylic acid groups.

According to the Beer-Lambert equation,*® the absorbance of a mode is proportional to the
concentration of the moiety that is responsible for that particular mode, assuming that the bond
oscillator strength is the same for each film. According to this equation, the areas under 2771 cm’
"'and 1721 em™ are proportional to the concentration of tertiary amine and carbonyl groups
respectively in the copolymers. Assuming these copolymers follow Beer-Lambert equation, the

chemical compositions can be calculated. In homopolymer pPDMAEMA, the ratio of the carbonyl
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peak area to the amine peak area is 8.42 (denoted as » in Eq. 2-1). Using this ratio, the
corresponding carbonyl intensity contributed by DMAEMA units can be obtained from the
amine peak area, A,min.. Taking into account the two carbonyl bonds per EGDMA unit, the ratio
of EGDMA units to DMAEMA units in a copolymer can be calculate as,

[EGDA] - (AC=O e Il_lal.minc:)/2 (2-1)
[DMAEMAJ i ‘L‘L.lrn'mc

This method has previously been reported to calculate the composition of p(2-hydroxyethyl
methacrylate-co-ethylene glycol dimethacrylate).37 The calculated compositions (Table 2-2)

were confirmed by XPS results (not shown here).

Reaction with 1,3-propanesultone was carried out following the synthesis of films. As shown
in Fig. lc, the tertiary amine in DMAEMA was converted to a quaternary amine inner salt by
reacting with 1,3-propanesultone vapor at 80 °C for 6 h. The FTIR spectrum (Fig. 2-3a) confirms
that the zwitterionic structure is obtained. The 1036 cm™ adsorption is ascribed to the symmetric
stretch vibration of the SO group™ and the characteristic peak of tertiary amine (2771 cm™') is
undetectable after the reaction, indicating the formation of quaternary amine. This charged
zwitterionic structure is also confirmed by the XPS nitrogen (1s) high resolution scan (Fig. 2-3b
and 2-3c¢). The peak around 398.8 ¢V corresponds to the quaternary amine (reaction product) in
the sulfobetaine unit while the 396.5 eV peak is assigned to tertiary amine in DMAEMA unit
(reactant). Before the reaction, the tertiary amine peak is dominant and the small amount of
quaternary amine is attributed to the post-treatment adsorption of atmospheric CO,,*® which
takes place in milliseconds and is inevitable. The occurrence of the reaction is indicated by the

reduction of tertiary peak and the increased intensity of quaternary amine.
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Figure 2-3| Confirmation of the sulfobetaine repeat units. (a) the FT-IR spectra of copolymer 2 films (1)
before reaction and (2) after reaction; the arrow indicates the characteristic peak of the SOz group and the
dash line represents for the tertiary amine peak, which does not appear in quaternary amine, (b) the XPS

nitrogen high resolution scan before reaction and (c) after reaction with 1,3-propanesultone.
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Both FTIR and XPS data confirmed the hypothesis that iCVD produced the zwitterionic
copolymer  poly[N,N-dimethyl-N-methacryloxyethyl-N-(3-sulfopropyl)-co-ethylene  glycol

dimethacrylate], which contains the sulfobetaine repeat units.

2.4.2 Characterization of surface-coated RO membranes
Commercial reverse osmosis (RO) membranes were coated with PDE (with 15% or 35%

DMAEMA content in the PDE copolymer) and reacted with 1,3-propanesultone to form a
zwitterionic copolymer layer on RO barrier layer. The SEM images before and after the surface

modification shown in Fig. 2-4 confirm this.

)
e

(0)

Thickness on RO (nm)

Thickness on Si inm)

Figure 2-4| SEM images of cross-sections of bare and modified RO membranes. For bare RO membrane
(a), polysulfone layer and polyamide barrier layer (i.e., the non-porous top layer) were shown in the image.
After iCVD deposition, it is very clear that a smooth and conformal coating with the thickness of 600 nm
formed on top of the polyamide. (c¢) the correlation between the film thickness on Si measured by

ellipsometer and film thickness on RO membrane measure by SEM images. The scale bars indicate 1 um.

A high surface roughness was observed on the bare RO membrane cross-sectional SEM
image. This was due to the mechanical stretching and tearing during the freeze fracture breaking
of RO membrane, which has been reported by Ferlita and co-workers.” iCVD was controlled in
situ with an interferometer monitoring the film thickness on the Si wafer, which was measured
more precisely afterwards with a variable angle spectroscopic ellipsometer. To check that the
thickness of the coating on the Si wafer is representative of the thickness on the RO membrane,
additional cross-sectional SEM measurements were performed on separate samples. Four PDE
coatings (with the thickness of ~100, 200, 400 and 600 nm respectively) were deposited on Si
wafers and RO membranes by iCVD. For each coating, 10 SEM images were taken and the
average thickness was calculated. The relationship between the thicknesses on Si and the four

SEM averages were plotted and shown in Fig. 2-4c¢. There is a clear linear relation, and the slope
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of linear fitting is 0.97 (nm on RO/ nm on Si) with an intercept of 1.91 (nm on RO). Therefore,
the film thickness on Si is comparable to the film thickness on the RO membrane and will be

used to estimate the film thickness on RO membrane.

In the permeation process of coated RO, water molecules have to diffuse through the coating
layer in addition to the barrier layer; therefore the coating thickness needs to be optimized for
high water throughput and shear strength. The film thickness also affects the morphology of the
RO membrane surface and consequently the antifouling property of the surface. A surface with
micron scale roughness may induce an uneven flow distribution or channeling, thus acting as
physical barriers and entrapping bacteria.** The uneven flow distribution may also impair the
throughput and lifetime of the membrane. Irregularities within tens of nanometers would provide
“shield” to attached proteins from shear forces by disturbing static boundary layer. The
probability of membrane fouling increases with the surface roughness also because rough
surfaces have larger surface areas and more binding sites for foulants to attach. Furthermore, the
formation of defects such as pinholes increases with surface roughness, which will accelerate the

formation of the biofilm.

#4142 thin iCVD coatings have little effect

Due to the conformal nature of the iCVD process,
on the surface roughness of RO membranes according to the AFM characterization of the iCVD
coating on RO membranes. As shown in Fig. 2-5, compared to the surface roughness of bare RO
membranes (~0.3 + 0.02 nm root mean square (RMS) roughness), thin coatings (~30 nm) with
35% sulfobetaine increased the roughness to 0.9 £ 0.1 nm RMS roughness, and thick coatings
(~100 nm) with the same composition increases the surface roughness to 2.8 £ 0.2 nm RMS
roughness. The increase in roughness is due to the instability on the surface, which increases
with the film thickness. However, the iCVD coated surface remains relatively smooth (<3 nm
RMS roughness). It is worth noting that at this low surface roughness, morphological effects on

measured contact angles are minimal and thus the contact angle data will primarily reflect the

surface energy of the film.



-10 nm

Figure 2-5| AFM images of membranes. As the thickness increases the surface roughness increases. The
RMS roughness values for bare RO membrane (a), membrane modified with 30-nm iCVD coating (b), and

membrane modified with 100-nm iCVD coating (c) are 0.3, 0.9 and 2.8 nm respectively.

Therefore, in order to minimize the surface roughness and maximize the throughput of coated
membrane, thick coatings need to be prevented; therefore a thickness of 30 nm was adopted as a
compromise between the membrane performance and stability. The later will be discussed in the

next section.

Because of its effects on permeate throughput, hydrophilicity is another very important
criterion for evaluating surface modification of membranes used in water processing. Static
contact angles were analyzed to evaluate the surface hydrophilicity in this work. Measurements
before and after the reaction with 1,3-propanesultone with the film on Si are 48.3 + 1.0 degrees
and 33.9 + 0.9 degrees (for polymer 2, Table 2-3), respectively which demonstrates the strong
hydration via ionic salvation of zwitterionic units. For RO membranes, the contact angles before
and after the modification with polymer 2, are 41.9 + 1.5 degrees and 33.3 + 0.9 degrees
respectively (Table 2-3). With decreased zwitterions and increased cross-linker content in the
film (polymer 3), the contact angle becomes 60.7 + 0.7 degrees. Therefore, it is clear that

sulfobetaine units are the reason for increased hydrophilicity after modification.

Table 2-3| Static contact angles of coated/bare RO membranes before/after water soaking.

material contact angle before soaking contact angle after soaking
bare RO 41915 487x13
copolymer 2 333409 40510
copolymer 3-grafted 60.7 0.7 68.2+0.6
copolymer 3-non-grafted 613+1.0 494 +1.7
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2.4.3 Stability of the iCVD zwitterionic thin films

In commercial or industrial operations, RO membranes are used for prolonged periods in
order to cut the cost. With proper pretreatment and cleaning, commercial RO membranes can last
for up to 2 years.* In order to reduce fouling and protect the membrane, the antifouling coating

has to be mechanically strong and adhesive to the RO membrane.

Covalent bonding of PDE to the RO membrane through MA grafting was required for
stability in long-term usage. The grafting process is shown in Fig. 2-1a. The anhydride moiety in
MA reacted with the secondary amide group on the RO surface and the MA vinyl bonds
polymerized with DMAEMA and EGDMA to covalently bond the PDE coating to the substrate.
In order to test the stability of the grafting method, iCVD coated membranes with and without
MA treatment were put in DI water for 24 hours. Contact angles before and after the soaking
(Table 2-3) were used to indicate the condition of the iCVD coating. The coating composition of
copolymer 3 was used because the difference between bare and coated membrane contact angles
is largest for this composition. For the bare RO membrane and grafted iCVD coating, the contact
angles increased by ~7 degrees after soaking, while for the non-grafted coating, the contact angle
dropped to 49.4 + 1.7 degrees, which is comparable to the bare RO membrane surface (48.7 £
1.3). This drastic decrease in contact angle indicates the detachment of coating from the RO
membrane during the soaking. Wrinkles on soaked membranes were observed with AFM; this
increase in surface roughness explains the ~7 degrees of change of contact angles for bare RO

membrane and grafted iCVD coating.

2.4.4 Permeation tests

Permeation tests were performed with the bare RO membranes and RO membranes coated
with different thicknesses and different compositions of iCVD coatings. The thickness of 30 nm

and the composition of 35% sulfobetaine were adopted in the salt rejection tests.

Two pressures were used in the permeation tests in order to study the effect of hydrophilicity
of the surface. Fig. 2-6a and 2-6b are operated under 80 psi, while Fig. 2-6¢c and 2-6d were
operated under 300 psi.
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Figure 2-6| Flux of DI water across bare and modified RO membranes. Permeation rates are measured
with DI water at the pressure of 80 psi through bare RO membranes and the coated membranes of different
thicknesses with the pSB content of ~35% (a), different compositions with the thickness of 30 nm (b) and at
the pressure of 300 psi through bare membranes and ones modified with iCVD polymers (35% pSB) with

different thicknesses (c), and with different compositions with the thickness of 30 nm (d).

The permeation of water through an RO membrane consists of several steps. First, water
molecules are adsorbed onto the membrane surface, and then these molecules will diffuse
through the coating layer and barrier layer, and become permeate. The adsorption step is slower
under low pressure than that under high pressure; therefore the hydrophilicity of the surface
plays a more important role in determining the permeation rate under low pressure. In Fig. 2-6a,
the composition of coating is 35% pSB. When the thickness was 30 nm, the permeation rate of
the coated RO membranes became higher than the bare membrane due to the more hydrophilic
surface after surface modification. However, with the film thickness of 100 nm, the diffusion
through membrane became rate-limiting, and therefore the thicker coating induced slower
permeation rate than bare RO membrane. Furthermore, when the composition of 15%
sulfobetaine was adopted, the surface hydrophilicity was less than bare RO, and a lower

permeation flux was observed (Fig. 2-6b).
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Under high pressure (300 psi), the diffusion step becomes the slow step; therefore coated
membranes have lower permeation flux compared to bare RO membranes. With the increase of
film thickness from 30 nm to 100 nm, the flux was further reduced from 91.1 L h'm?t0623L
h'! m? compared to the 109.8 L h”! m? of bare RO membranes (Fig. 2-6¢). The flux can be
increased by further decreasing the coating thickness. Increasing the surface hydrophilicity can
also increase the permeation of coated membrane. The flux increased from 75.0 L h' m?to91.1
L h"' m™? when the chemical composition of the coating was changed from 15% sulfobetaine to

35% sulfobetaine.

Salt rejection of the bare and coated membranes were measured by monitoring the
conductivity of the permeate using a conductivity meter. The measurements were recorded every
2 minutes for 4 hours. 2000 ppm NaCl solution was used as the feed, and the tests were operated
under 300 psi. The overall salt rejection of the bare RO membrane is around 97%. Fig. 2-7 shows
the salt rejection percentages for bare and coated membranes at the end of 4 hours. The minor

decrease in salt rejection (~2%) after coating is within the experiment error.

044

Salt Rejection Percentage

024

Bare RO Coated RO

Figure 2-7| Salt rejection percentages of the bare and coated RO membranes. The coating chemistry has

no effect on the salt rejection of the membranes.

2.4.5 Cell adhesion tests

The antifouling capability of the zwitterionic surface modification was tested with E. coli.
The attachment and settlement of bacteria is the key step in the formation of biofilm, and E. coli

84495 1 this

is a gram negative bacterium which is widely used in membrane antifouling studies.
work, the static adhesion of E. coli cells onto the zwitterionic films was studied and compared

with bare RO membrane.
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The membrane coupons were incubated with concentrated E. coli bacteria culture for 1 hour,
and then observed under fluorescent microscope. It should be pointed out that in order to
prevent the fluorescent dye from diffusing into the films and the consequent “false-positive”
phenomenon, the bacteria were centrifuged and washed thoroughly with fresh LB medium

before the static adhesion tests.

The representative fluorescence microscopy images showing E. coli attachment to the
coated/uncoated RO membranes are shown in Fig. 2-8. On the bare RO membrane surface,
significant bacterial adhesion and formation of a confluent biofilm of E. coli were observed at
the end of the 1 hour incubation. However, no such film formed on the zwitterion-coated RO
membrane. It has further been shown by Li and coworkers that after 3-day flowing adhesion
experiments, polysulfobetaine SAM surface reduced 99.6% of the adhesion of bacteria compared
to that on bare glass surfaces.'” In future work, rigorous testing will be performed to quantify this

antifouling behavior.

Figure 2-8| Bacterial attachment on bare and modified RO membranes. Fluorescence micrographs are
taken after the incubation with concentrated E. coli culture for bare RO membrane (a and c), iCVD coated RO
membrane (b), and iCVD coated RO membrane with scratch (d), exhibiting the contrast between the

antifouling capabilities of coated/uncoated membranes.

The antifouling property of zwitterionic materials in inhibiting the formation of biofilm is
attributed to the electrostatically induced strong hydration. The excellent ability of pSBMA to
reduce protein adsorption as well as bacteria adhesion has been shown before. This work
provides a technique for grafting a stable, defects-free thin layer of zwitterionic polymer onto

delicate substrates, and rendering them the ultralow fouling properties for various applications.
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2.5 Conclusion

Antifouling, surface-attached zwitterionic ultra-thin (30 to 100 nm) films were synthesized
using initiated chemical vapor deposition (iCVD) for the first time. The zwitterionic moiety in
the iCVD film was confirmed by FTIR and XPS results. The content of zwitterionic units in the

copolymer was controlled precisely in the iCVD process.

The motivation to use the iCVD synthesis process was demonstrated by depositing iCVD
zwitterionic thin films on commercial RO membranes, where traditional solution-phase
modifications were not favored because of the harsh conditions involved. The capabilities of the
all-dry iCVD process in the surface modification of delicate substrates were demonstrated. The
iCVD zwitterionic coating on RO membrane is highly smooth as confirmed by AFM
measurements. The coating thickness on an RO membrane was shown to be comparable to the
film thickness on Si and can be controlled in situ. However, increasing the thickness of the
coatings increases the surface roughness and decreases the permeation rates. For a 30 nm coating
with the composition of 35% sulfobetaine, the permeation flux was reduced by ~15% compared
to bare RO membranes. It is possible to further decrease the coating thickness and obtain higher
flux. The coating left the salt rejection of the membrane intact. Furthermore, cross-linker in the
copolymer and MA grafting improved the coating stability compared with non-grafting coatings.
The enhancement in antifouling performance was exhibited by the static cell adhesion tests with
E. coli. The attachment of bacteria is readily prevented by coating the membranes with iCVD

zwitterionic thin film.

Combining the high stability and the significant antifouling performance, this surface-
tethered antifouling zwitterionic thin film made the prolonged usage of RO membranes possible.
Future work will investigate techniques to optimize membrane permeability and extensively

characterize the antifouling performance of the membrane.
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CHAPTER THREE

Enhanced fouling resistance via surface-
concentrated zwitterionic moieties

Reproduced with permission from Yang R. and Gleason K. K., Langmuir 2012, 28, 12266.
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3.1 Abstract

Antifouling thin films of poly[N,N-dimethyl-N-methacryloxyethyl-N-(3-sulfopropyl)-co-2-
(dimethylamino)ethyl methacrylate-co-ethylene glycol  dimethacrylate] (PDDE) were
synthesized via a substrate-independent, all-dry initiated Chemical Vapor Deposition (iCVD)
technique followed by a diffusion-limited vapor phase reaction with 1,3-propane sultone. Coated
surfaces exhibited very low absorption of various foulants including bovine serum albumin
(BSA), humic acid (HA) and sodium alginate (SA), as measured by quartz crystal microbalance
measurements with dissipation monitoring (QCM-D). The fouling by humic acid was dependent
on the presence of divalent cations such as Ca**. Both depth profiling and angle-resolved X-ray
photoelectron spectroscopy (XPS) measurements indicated that the zwitterionic groups were
highly concentrated in the top ~3 nm of the film. The contact angle measurements revealed a
limited degree of surface chain reorganization upon contacting water. The dynamic contact
angles remained unchanged after 100 days of storage in air, indicating the stability of the
interface. The coating was substrate-independent, and the film was conformal on surface

nanostructures including trenches, reverse osmosis membranes and electrospun nanofiber mats.

3.2 Introduction

Reducing protein adsorption to surfaces has been a significant challenge due to its crucial
role in many applications including biosensors, medical implants and equipment, water
purification systems, marine and industrial equipment.l’2 Innovative techniques have been
applied to synthesize surfaces that strongly resist protein adsorption and cell adhesion, termed
“inert” surfaces. Among them, zwitterionic surfaces synthesized via self-assembled monolayer
(SAMs) and atom transfer radical polymerization (ATRP) exhibit ultralow adsorption of protein
and bacteria.”* Zwitterionic surfaces are of great interest in various antifouling applications due
to their comparable inertness relative to polyethylene glycol (PEG)/polyethylene oxide (PEO),
and better stability.’

With the rapid development of zwitterionic surfaces, comes the challenge of applying such
functionalities to a much wider range of substrates and fabricating more sophisticated surface
structures with these materials. SAMs with zwitterionic moieties can only be applied to gold
substrates with limited coating thickness.” Zwitterionic brushes generated by “graft-from” or

“graft-to” methods require certain surface functional groups, which are not possessed (or could
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not be possessed through pretreatment) by all substrates.*® Polyelectrolyte multilayer films
containing zwitterionic moieties that resist the adhesion from proteins and cells have been
fabricated via layer-by-layer (LbL) assembly on glass surfaces.”® More rapid assembly via spray
LbL has been demonstrated for several compositions, but not zwitterionic films specifically.”*°
However, the conformality of the sprayed films on non-planar substrates is variable and requires
forced convection through a porous substrate. The gas flow required to achieve conformality
with spray LbL is not possible for liquid- or gas-impermeable substrates."! Many attempts have
been made to synthesize zwitterionic copolymer films via bulk solution polymerization and

1215 where cross-linker is needed to prevent the films from dissolving in

solvent evaporation,
water. Under dry conditions, however, as-synthesized copolymers provide only low
concentrations of zwitterionic surface moieties as the hydrophilic zwitterions tend to bury
themselves under the hydrophobic chains in the cross-linkers. This process is favored to
minimize the interfacial free energy under dry conditions.'*'*'® This effect diminishes the
antifouling performance because the fouling resistance is directly related to the surface density of
zwitterions for both ATRP brushes and polymer thin films.''® Prolonged wetting pretreatment
induces surface group reorientation and increases the surface density of zwitterions. However,
the restricted rate of steric rearrangement in a solid thin film makes the process very time-
consuming.’® The treated surface still undergoes surface rearrangement and becomes
hydrophobic again if it is stored in air.”® Naphthalene side groups have been added to the
copolymer to restrict the chain mobility in hopes of sterically trapping the zwitterionic groups
on the surface.'® However, the required polymerization time increased by 4 folds due to the large
steric hindrance. In addition, very specific molecular structures are required to reduce the chain
mobility to an extent that no surface rearrangement occurs. This requirement limits the viable
copolymer chemistries, restricts potential physical properties, and eliminates the possibility of

multi-functional design.

We recently reported the first synthesis of zwitterionic thin film via iCVD. iCVD is a
vacuum-based, vapor phase technique for the facile integration of polymer coating on virtually
any substrates. Proceeding from volatile monomer unites, polymer synthesis and film deposition
occur simultaneously at modest vacuum and low temperature. This all-dry process enabled the
application of zwitterionic thin film directly onto delicate substrate such as reverse osmosis (RO)

membranes. '’ Here, we first demonstrate that the diffusion limitation of the gas phase reaction is
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critical to obtain high surface zwitterionic concentration. This is elucidated by the ARXPS of the
as-fabricated coatings. Contrary to most bulk solution phase polymerization and solvent
evaporation methods, this reaction scheme results in the highest concentration of zwitterionic
moieties on the top surface, which is desirable for antifouling applications. Compared with the
chain-mobility-constraining (CMC) method, '® where the polymerization time was 46 hours at
60°C, high surface densities of zwitterionic antifouling groups are achieved with only 1/8 the
fabrication time of the CMC method. We also proved that the undesirable changes in surface
energy over time can be reduced or prevented by crosslinking the bulk film. Finally, the
zwitterionic coatings fabricated via this two-step scheme are inert and resist the adsorption of
various foulants. The surface adsorption was quantified using quartz crystal microbalance

measurements with dissipation monitoring (QCM-D) and modeled with Sauerbrey equation.

3.3 Experimental Section

Film preparation and derivatization. All initiated chemical vapor deposition (iCVD) films
were deposited in a custom built vacuum reactor (Sharon Vacuum), as previously described.**?!
Thermal excitations of the initiator were provided by heating a 0.5 mm Nickel/Chromium
filament (80% Ni/ 20% Cr, Goodfellow) mounted in a parallel array and the temperature was
measured by a thermocouple attached to one of the filaments. The filament holder straddled the
deposition stage which was maintained at a set point temperature using water cooling. The

vertical distance between the filament and the stage was 2 cm.

All the chemicals were used as purchased without further purification. Depositions were
performed on several substrates including 100 mm diameter silicon wafers (Wafer World),
trench wafers, electrospun nanofiber mats and Koch TFC-HR reverse osmosis membrane.
During iCVD depositions, tert-butyl peroxide (TBPO, Aldrich, 97%) initiator and the nitrogen
patch flow were fed to the reactor at room temperature through mass flow controllers (1479
MFC, MKS Instruments) at 0.5 sccm and 1 sccm respectively. 2-(dimethylamino)ethyl
methacrylate (DMAEMA, Aldrich, 98%) and ethylene glycol dimethacrylate (EGDMA, Aldrich,
98%) monomers were heated up to 55 °C and 80 °C in glass jars, respectively and delivered into
the reactor using needle valves. Systematic variation of the flow rate ratios was performed to
yield insoluble films of poly[2-(dimethylamino)ethyl methacrylate-co-ethylene glycol

dimethacrylate] (PDE) with high zwitterionic-percentage. Films were deposited at a filament
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temperature of 250 °C and a stage temperature of 20 °C. Total pressure in the vacuum chamber

was maintained at 0.215 Torr for all depositions.

In situ interferometry with a 633 nm HeNe laser source (JDS Uniphase) was used to monitor
the film growth and deposit desired thicknesses on Si substrates. A more accurate film thickness
on the Si wafer substrates was measured post-deposition using a J.A. Woollam M-2000 Variable
Angle Spectroscopic Ellipsometry (VASE) at three different incidence angles (65°, 70°, 75°)
using 190 wavelengths from 315 to 718 nm. The data were fit using a Cauchy-Urbach model.

After deposition, the coated substrates were fixed in a crystallizing Dish (VWR) with 1g 1,3-
propanesultone (Aldrich, 98%). The crystallizing dish was placed inside a vacuum oven (Shel
Lab, 1415M) which was maintained at 60 Torr, 80 °C for 6 hour to let 1,3-propanesultone vapor

react with the coating on substrates.

Film characterization. Fourier transform infrared (FTIR) measurements were performed on a
Nicolet Nexus 870 ESP spectrometer in normal transmission mode. A deuterated triglycine
sulfate (DTGS) KBr detector over the range of 400-4000 cm™ was utilized with a 4 cm™
resolution. Films on Si wafers were measured immediately after deposition or post-treatment and
measurements were averaged over 128 scans to improve the signal-to-noise ratio. All spectra
were baseline corrected by subtracting a background spectrum of the Si wafer substrate and

smoothed by averaging 17 adjacent points.

An X-ray photoelectron spectroscopy (XPS) survey spectrum was obtained on a Kratos Axis
Ultra spectrometer with a monochromatized Al KR source, operated at 150 Watts. The pass
energy and step size for survey scans was 160 eV and 1 eV. For high-resolution scans, the pass
energy and step size was 20 eV and 100 eV. Pressure during analysis was kept under 2x10® Torr.
The analysis area was 400x750 um and the take-off angles were 90° and 19.5° respectively for
the angle-resolved XPS (ARXPS). CasaXPS was used to fit the high-resolution spectra, with

Shirley as the background. All samples were stored under vacuum overnight prior to analysis.

Hydrophilicity and contact angle hysteresis of the coatings were evaluated by sessile drop
measurements performed on a goniometer equipped with an automatic dispenser (Model 500,

Ramé-Hart). 2 pL. DI water droplet was used for the static contact angle measurement.
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The scanning electron microscope (SEM) images were obtained by JEOL J5M-6700F with
acceleration voltage of 10 kV. Reverse osmosis (RO) membranes were frozen by liquid nitrogen
and broken to obtain cross-sections. 6 nm of gold (Denton Desk II) was sputter coated onto all

the samples prior to taking images.

The surface roughness characterization of the coatings was pertormed using atomic force
microscope (AFM, Veeco, Nanoscope V with Dimension 3100). Tapping mode was employed to

prevent damage to the surface morphology.

Film thicknesses were measured using VASE (JA Woollam M-2000) for both dry and
swollen films by mounting coated wafers in a liquid cell (JA Woollam). An incident angle of 75°
was used and the data were fit to a Cauchy-Urbach isotropic model with an ambient water layer

using commercial modeling software (WVASE32, JA Woollam).

Fouling tests. The inertness of the iCVD zwitterionic coating was determined using QCM-D
(Model E4, Q-sense). Three foulants were selected including sodium alginate (SA), humic acid
(HA) and bovine serum albumin (BSA), representing polysaccharide, natural organic matter and
protein respectively. The solution concentration of 1mg/mL was used for all three foulants in all
the tests. Gold-coated QCM-D sensors with a fundamental frequency of 5 MHz (QSX-301, Q-
sense) were used as a deposition substrate. Duplicate coated sensors and blank reference were
placed in flow cells and allowed to equilibrate at 25°C for 30 minutes while flowing deionized
water (DI, for SA and HA) or phosphate buffered saline (PBS, for BSA) at the rate of 100
pl/min. Then the solution was changed to SA or HA in DI, or BSA in PBS, and monitored at

constant temperature.

3.4 Results and Discussion
3.4.1 Film synthesis and surface zwitterionic moieties

The chemical structure and synthesis route of the investigated zwitterionic copolymer PDDE
are shown in Fig. 3-1. In addition to 2-(dimethylamino)ethyl methacrylate (DMAEMA),
comonomer ethylene glycol dimethacrylate (EGDMA) was used as the cross-linker to render the
copolymer water-insoluble. The copolymers were synthesized via iCVD. The copolymers feature
full retention of the tertiary amine functional groups, which is difficult to achieve by other CVD

methods such as PECVD.**? The reaction with 1,3-propanesultone (PS) was carried out at the
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gas-solid interface. Due to the limited diffusivity of polymer thin films,”** only the very top
layer of the copolymer is anticipated to have access to the PS molecules and thus possess the

zwitterionic moieties via the reaction shown in Fig.3-1b.
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Figure 3-1| Synthesis scheme of the iCVD zwitterionic copolymers. iCVD deposition of random copolymer
Poly[2-(dimethylamino)ethyl methacrylate-co-ethylene glycol dimethacrylate] (PDE) is followed by vapor
phase reaction with PS at 75 °C for 6 hours (a). The red dots represent the heated filaments, which thermally
decompose the initiator tert-butyl peroxide (TBPO) and generate oxide free radicals to initiate the
polymerization. The pink layer represents the copolymer; the green layer represents the reacted zwitterionic
top layer. The reaction between tertiary amine in the polymer and gas phase 1,3-propanesultone(b) is carried

out under diffusion limitations.

The occurrence of this reaction was confirmed by Fourier transform infrared spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XPS). The 1036 cm’’ adsorption on the FTIR

spectrum (Fig. 3-2) is ascribed to the symmetric stretch vibration of the SO5 group,26 indicating

the ring-opening of 1,3-propanesultone.
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Figure 3-2| FT-IR spectra of the iCVD films before (a) and after (b) the reaction with PS. The arrow

indicates the characteristic peak of the SO3" group, which appears only in the reacted films.

The formation of quaternary ammonium introduces a new nitrogen environment, as
evidenced by the N (1s) XPS spectrum (Fig. 3-3). The reaction conversion is ~90%, as estimated
by fitting the N (1s) envelop: tertiary amine (reactant) at 399.4-400.3 eV and quaternary
ammonium (product) at 402.1-402.5 eV.*"* This set of data was obtained using a photoelectron
takeoff angle of 55°, and the corresponding analysis depth is ~7 nm (1-1/e, i.e. ~63% of electrons
collected are from < 3nm depth into the film; ~30% from 3-5 nm and ~5% from 5-7nm). It is
worth noting that even in the control film (unreacted copolymer), a small protonated amine peak

around 401.3-402.6 eV>""° was observed. This has been reported and attributed to post-treatment

adsorption of atmospheric CO,.”""!

CPS (a.u)

408 404 400 396
Binding Energy (eV)
Figure 3-3| XPS spectrum of N(1s) of the iCVD zwitterionic film. The large peak near 401 eV represents

quaternary amine (reacted); while the tail near 400 eV represents the tertiary amine (unreacted).

Depth profiling XPS of the N(1s) was carried out on a 100 nm film to test the assumption

that the zwitterionic groups are highly concentrated on the top of the film. Ion bombardment was
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used to remove a ~10 nm thickness of the film with each time step, and XPS was conducted at
each corresponding depth. The total percent of quaternary ammonium and protonated amine
along the film cross section is plotted in Fig. 3-4a. The amount of quaternary ammonium and
protonated amine in the top ~7 nm film is about 90%; while deeper in the film, this amount
levels off at about 20%, which is likely due to the adsorption of atmospheric CO, as mentioned

previously. To examine the fine composition profile of the top ~7 nm, angle-resolved XPS

(ARXPS) measurements were carried out.
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Figure 3-4| Concentrations of quaternary ammonium and protonated amine along the film cross-
section and ARXPS spectra. Composition of the zwitterionic component (quaternary ammonium) at
different depth in the film (a) was obtained by ion-bombardment followed by XPS measurement. High
resolution ARXPS N (1s) scans were obtained with photoelectron takeoff angles of 19.5° (b) and 90° (c).

ARXPS has been widely used in characterizing the concentration profile in the z-direction
(i.e., the cross-section) of a zwitterionic thin film coating. Ruiz ef al. applied ARXPS on
zwitterionic thin films synthesized and casted via bulk solution polymerization and solvent
evaporation. The zwitterionic moieties were undetectable at 3 nm into the film; while at 9 nm,
about 0.3% nitrogen component was detected, which corresponded to ~2% zwitterionic
component in the terpolymer.'” Yang er al. prepared terpolymer containing zwitterionic
component and the ARXPS revealed decreased nitrogen content once the escape depth was
decreased from 9nm to 2nm, indicating lower zwitterionic concentration near the interface than
that in the bulk film. This concentration profile is not ideal for the antifouling purpose because
the fouling resistance of a zwitterionic coating is strongly dependent on the surface concentration
of zwitterionic moieties.'®'” Therefore, surface-concentrated zwitterionic moieties are highly
desirable. Here, two photoelectron takeoff angles (19.5° and 90°) were used, and the

corresponding escape depths (depths sampled in ARXPS scans) are approximately ~3 nm (~63%
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of electrons collected are from < 1nm depth into the film; ~30% from 1-2 nm and ~5% from 2-
3nm) and ~9 nm (~63% of electrons collected are from < 3nm depth into the film; ~30% from 3-
6 nm and ~5% from 6-9nm). As shown in Fig. 3-4b and 3-4c, the atomic ratios of quaternary
ammonium are drastically different for these two scans. The zwitterionic groups are highly
enriched (~97% of the total nitrogen) within the top ~3 nm, while at the escape depth of ~9 nm,
the unreacted tertiary amine becomes the dominant species (with ~30% of the total nitrogen
being quaternary ammonium). It is important to note that the currently observed high
concentration of zwitterionic groups at the surface is exactly opposite to films formed by solution
phase methods.'*"*'® The current high surface concentrations are obtained because the gas
phase reaction is diffusion-limited and thus the highest conversion is achieved on the surface,

precisely where the anti-fouling properties of the zwitterionic groups can be exploited.

34.2 Surface structure reorganization and stability in ambient air

The dynamic water contact angle measurement was conducted using the sessile drop
technique. The advancing and receding contact angles are ~43° and ~20° respectively (Fig. 3-5

inset (a) and (b)), with a contact angle hysteresis of ~23°(Fig. 3-5).
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Figure 3-5| Contact angle hysteresis, and images of the droplets. © indicates the results obtained with
freshly-prepared samples; 0 represents the dynamic contact angles measured after 100 days of storage.
There is no significant difference between the two sets of data, indicating that the surface composition
remains the same. A droplet during the advancing measurement (a) and one during the receding

measurement (b) are demonstrated as insets.

The three main factors to contact angle hysteresis are surface roughness, swelling and surface

chain reorganization.*® In order to estimate the effects of surface roughness, the contact angle
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hysteresis of a highly crosslinked, non-swelling iCVD polymer, poly(divinyl benzene) (PDVB)

192233 the hysteresis of

is measured. Given the similar surface roughness of all iCVD thin films,
PDVB is a good presentation of the effects of surface roughness for the iCVD PDDE films. As
shown in Fig. 3-6, the hysteresis of PDVB is ~14°, which is ~8° lower than that of our films.

Then the swelling of the iCVD PDDE films was measured.
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Figure 3-6] Water contact angle hysteresis of the iCVD PDVB film, measured via sessile drop method.
PDVB is a highly-crosslinked and non-swelling polymer, and thus its hysteresis is mainly resulted from

surface roughness. The advancing contact angle is about 98° and the receding contact angle is about 84°.

Interestingly, the iICVD PDDE film did not swell significantly upon contacting water (Fig. 3-
7), which is likely resulting from the crosslinking in the bulk polymer. Thus the higher hysteresis

is likely due to the quick surface chain reorganization upon contacting water.
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Figure 3-7| The swelling of iCVD PDDE films with different thicknesses, as measured by VASE. Under dry
conditions, the thicknesses are about 43 nm, 124 nm and 207 nm for samples 1, 2 and 3 respectively. When
samples are soaked in water, the thicknesses become 43 nm, 124 nm and 211 nm, which are essentially the

same as those under dry conditions given the statistics of the measurement.
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It has been reported that long periods of aging may result in the irreversible migration of
hydrophobic sections toward the surface, which decreases the fouling resistance and
biocompatibility of the materials."? Therefore iCVD PDDE films were stored in open air for 100
days and the dynamic contact angles, which indicate possible changes in surface structure, were
measured again. As shown in Fig. 3-5 (grey diamonds), the advancing and receding contact
angles of the “aged” sample overlap with the freshly-prepared samples, implying good stability

of the surface structure against aging effects.

3.4.3 Substrate-independent and conformal coating on various substrates

iCVD is a mild process, which can successfully coat practical substrates that may lack
solvent or thermal resistance or have non-planar geometries.‘”‘35 Fig. 3-8a and 3-8b display the

conformality of iCVD zwitterionic film deposited over micron-scale trenches etched in silicon.

Figure 3-8| SEM images of various coated/uncoated substrates. a) Cross-section of iCVD coated trenches
cut into a silicon wafer with aspect ratios of 1.5:1, and b) 14:1. Both images represent good conformality over
surface features in the substrate. The white lines are guides to highlight film thickness. SEM images of c)
uncoated and d) 600 nm coated reverse osmosis membranes, and e) uncoated and f) coated electronspun
nanofiber mats. The dotted line in image b) ii highlights iCVD coating thickness of ~600nm. The scale bar

represents 1 um on images a), b), ¢) and d), and 10 pm on image ) and f).

" e 2
22233 conformality improved on

In agreement with results for other iCVD polymers,
reduction of the monomer partial pressure. On the other hand, the non-conformal nature of
various solution phase methods renders it difficult to coat nanostructures or modify the internal
pores of membranes. Even for dry methods such as PECVD, good conformality can be difficult

to achieve due to the presence of charged species and nonuniform electric fields.*” For the iCVD
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process, conformality can also be achieved on the nano-scale features of both reverse osmosis
membranes and electrospun nanofiber mats. Fig. 3-8¢ and 3-8d verifies that iCVD PDDE film
can successfully coat RO membranes, preserving the thin composite film morphology while
providing antifouling properties. The morphology of the nanofiber mat remained unchanged after
deposition (Fig. 3-8e and 3-8f), without the merging of individual fibers at crossover points seen
many times with solution processing methods, thus retaining the high surface area of the mat.
The thickness of the coatings in Fig. 3-8 ranges from 300 to 600 nm. However, ultrathin coatings
with the thickness around 30 nm have been deposited on RO membranes to minimize the impact

on the membrane performance.

3.4.4 Fouling resistance of the iCVD zwitterionic thin film

Quartz crystal microbalance measurements with dissipation monitoring (QCM-D) were used
to monitor the adsorption of various foulants on the PDDE films.**% Frequency change of the
QCM-D crystal was monitored while a solution of foulant was passed through the QCM-D cell.
Fig. 3-9a depicts the frequency and dissipation changes when BSA was used as the foulant, with
the black and grey curves representing the frequency signals and the blue curves representing the
dissipation signals. The iCVD zwitterionic surface was tested and compared with gold and the
unreacted copolymer surface (i.e., the coating obtained directly from iCVD deposition and
without the reaction with 1,3-propanesultone). The surface-adsorbed mass can be quantified

from the frequency change through the Sauerbrey relationship,
1
Am=—-C—Af (3-1)
n

where Am is the mass change, C is a crystal-specific constant (17.7 ng s em?), n is the
harmonic overtone and Af is the frequency change.37 Therefore, the adsorbed mass is related
linearly to the frequency changes provided that the adsorbed mass is evenly distributed, does not
slip on the surface, and is sufficiently rigid and/or thin to have negligible internal friction.*® The
dissipation changes correlate with the viscoelasticity of the film and adsorbed mass. The small
dissipation changes imply that the BSA molecules are surface adsorbed as opposed to absorbed.

The frequency changes in Fig. 3-9a record the rapid adsorption of protein to the bare QCM-D
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crystal when the surface is gold and the absorbed surface BSA concentration is ~210 ng cm” as

calculated using equation (3-1).
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Figure 3-9| Fouling resistance of the iCVD zwitterionic coatings measured with QCM-D. QCM-D data
depicts frequency and dissipation changes over time as BSA was introduced to the system at time = ~230
second (a). The black line represents the protein adsorption onto a QCM-D sensor coated with iCVD
zwitterionic film. The dark grey line represents the protein adsorption onto a sensor coated with the
unreacted copolymer film, while the light grey line represents that onto a bare gold sensor. The dissipation
changes are not significant for all three surfaces. Therefore the frequency changes are proportional to the
mass of the protein adsorbed. Fouling by protein (BSA), polysaccharide (sodium alginate, or SA) and natural
organic matter (humic acid, or HA) onto all three surfaces are quantified with QCM-D (b). The black columns
indicate the surface concentrations of the foulants at the end of the test on the iCVD zwitterionic surface;
while dark grey columns indicate the results for the unreacted copolymer surface and light grey ones

correspond to the gold surface.

The adsorption of BSA to the unreacted copolymer film is comparable to the gold surface
(~200 ng cm™®); while the adsorption onto the iCVD zwitterionic surface is much lower (~14 ng
cm™), indicating the good antifouling properties of the iCVD zwitterionic coating. Therefore we
demonstrated that the presence of the zwitterionic groups is responsible for the fouling resistance
of the surface and the diffusion-limited gas phase reaction is necessary for rendering the
copolymer coating antifouling. The protein resistance of the zwitterionic films was also
confirmed by static protein-adsorption tests, characterized by atomic force microscopy (Fig. 3-

10).
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Figure 3-10| AFM images of bare and iCVD-modified surfaces before and after exposure to protein.
Bare silicon wafer (a) and silicon wafer coated with iCVD PDDE film (c) were soaked in a solution of BSA for
12 hours. Surface roughness changed significantly for bare silicon (b) after the soaking, indicating the
adsorption of BSA. For the coated wafer, the roughness remains almost unchanged before (c) and after the

soaking (d).

Similar fouling tests were conducted by flowing 1mg/ml sodium alginate or humic acid in DI
through the uncoated QCM-D sensor and the sensors coated with the unreacted copolymer and
zwitterionic thin film (Fig. 3-9b). Sodium alginate (SA) is a model polysaccharide that is widely
adopted as a representative foulant in marine fouling tests.* In this case, the observed surface
adsorption for the gold surface was more dramatic. The dissipation change was more significant
as well (~10 Hz), implying the formation of multilayers of adsorbed sodium alginate molecules.
The frequency change was ~19 Hz, corresponding to a surface concentration of sodium alginate
of ~340 ng cm™. The adsorption of sodium alginate on the unreacted copolymer coating was ~90
ng cm”. The adsorption onto the iCVD zwitterionic surface is undetectable. Humic acid (HA) is
another important model foulant in marine fouling studies. When 1mg/ml humic acid solution
was fed into the QCM-D flow cell containing the sensors with the three different surfaces (i.e.,
gold, unreacted copolymer and zwitterionic surfaces), lower fouling on the zwitterionic surface
was observed than the gold and unreacted copolymer surfaces (Fig. 3-9b). The error bar (~33 ng
cm?, corresponding to ~1.9 Hz in frequency) shows the standard deviation between two different
runs. These results demonstrated the ability to resist protein adsorption on a surface afforded by
an iCVD PDDE thin film, whose antifouling properties are comparable to the counterparts

fabricated via solution phase methods.>*
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It has been accepted both theoretically and experimentally that the excellent fouling
resistance of zwitterionic surfaces is a result of strong electrostatic interaction with the ambient
water molecules.'”'® It is important to note that the fouling resistance of zwitterionic surfaces
depends strongly on the surface concentration of zwitteironic moieties. For the zwitterionic
SAMs, even 1% impurity in the thiol can cause a 3-fold increase in protein aclsorption.17 This
decreased fouling resistance has also been observed for thin film polymer coatings fabricated via
bulk solution phase polymerization and solvent evaporal:ion.'ﬁ‘40 Ishihara et al. studied two
different compositions of zwitterionic copolymers made from solution phase free radical
polymerization, and discovered that the surface concentration of all proteins from human plasma
decreased with increasing content of zwitterionic groups, and thus increasing hydrophilicity, in

* However, the uppermost surface of the polymer thin films fabricated via

thin film polymer.
solution phase polymerization and solvent evaporation is often hydrophobic and depleted in
zwitterionic groups (Fig. 3-11a upper panel). The hydrophilic zwitterionic moieites are rather
cover by the more hydrophobic polymer chains to minimize the surface energy in dry

environments. >
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Figure 3-11| The correlation between the surface zwitterionic content, hydrophilicity and fouling
resistance. a) the dependence of the surface hydrophilicity on the surface zwitterionic content. Solution
phase polymerization and solvent evaporation usually results in hydrophobic surface (upper panel) under
dry condition to minimize the interface energy in air. The hydrophobic chains predominantly cover the
surface and result in low zwitterionic surface content, and thus the contact angle is high. The homopolymer of
PEGDMA was used to mimic this surface and the static contact angle was 61+2°. When the zwitterionic
coating fabricated via solution polymerization and solvent evaporation is fully hydrated, the zwitterionic

moieties become the dominant species on the surface. The static contact angle of the iCVD zwitterionic
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surface was 35+10. Therefore, the higher surface zwitterionic concentration corresponds to lower contact
angle. b) The dependence of the surface fouling resistance on the surface hydrophilicity /zwitterionic content.
The QCM-D data depicting frequency and dissipation change over time as BSA was introduced to the system
at time = ~260 second. The black line represents the protein adsorption onto the hydrophilic iCVD
zwitterionic film, while the grey line represents that onto the less hydrophilic PEGDMA surface. This
illustrates that the resistance to protein fouling is highly dependent on the hydrophilicity/zwitterionic

content of the surface.

The buried zwitterionic groups do not play a pivotal role in resisting foulants adsorption, but
the surface can become hydrophilic and antifouling by the hydration treatment and a new
minimum interfacial energy state is reached by surface chain reorganization to present the
zwitterionic groups at the top surface (Fig. 3-11a, lower panel). Here, the correlation between the
surface zwitterionic concentration and the fouling resistance was investigated using BSA as a
model protein. To mimic the hydrophobic surface directly obtained from solution phase
polymerization and solvent evaporation, 200nm homopolymer PEGDMA film was deposited on
a QCM-D sensor. ARXPS results have proven that the two-step iCVD method obtains surface-
concentrated zwitterionic moieties without hydration pretreatment. Therefore, the fouling
resistance of the iCVD zwitterionic coatings was compared with that of the PEGDMA coating to
elucidate the correlation between the surface zwitterion concentration and the fouling resistance.
1 mg/mL BSA in PBS solution was fed into the QCM-D flow cell at the rate of 100pL/min and
changes in the frequency and the dissipation were recorded and plotted in Fig. 3-11b. The
hydrophilic surface (i.e., iCVD zwitterionic surface) exhibited low surface adsorption of BSA,
while the surface covered by the hydrophobic chains from the cross-linker showed significant
adsorptions. No dissipation change was observed for the hydrophilic surface, which confirmed
the fouling resistance. The dissipation change of the hydrophobic surface was ~3 Hz, which
indicated that the BSA molecules were surface adsorbed and did not diffuse into the bulk film.
Given the small change in the dissipation, Sauerbrey equation was used to model the frequency
change and quantify the adsorbed protein concentration at the end of the test for the hydrophobic
surface. The adsorbed protein was ~320 ng cm™. Therefore, we demonstrated that the presence
of the zwitterionic moieties at the uppermost surface is closely correlated with the fouling
resistance of the surface. Higher coverage of the zwitterionic groups gives better antifouling
performance. The surface-concentrated zwitterionic functionalities generated via the two-step

iCVD scheme does not require any hydration or pretreatment and showed superior fouling
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resistance compared with the hydrophobic surfaces, which mimicks the surface obtained directly

from solution phase polymerization and solvent evaporation.

It is worth noting that the fouling characteristics of humic acid were found to be dependent
on the solution chemistry. The fouling by humic acid increased dramatically with the presence of

CaCl; (Fig. 3-12).
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Figure 3-12| Dependence of the fouling properties of humic acid on the presence of divalent cations.
The black line and deep blue line represent the frequency and dissipation changes respectively, when humic
acid is introduced into the system without CaCl; in the feed solution. The grey line and blue line represent the
frequency and dissipation changes when the concentration of CaCl; in the humic acid solution is ~10 mM. The

surface adsorption of humic acid depends strongly on the presence of divalent cations, Ca?* in this case.

Similar trends have been observed for the fouling of nano-filtration membranes by humic
acid,”*" where the carboxyl moieties in humic acid interact with the Ca** cations in the solution
and form a compact cake layer on the surface of interest. The increased fouling tendency with
the presence of divalent cation is likely caused by a small amount of surface charge. Since the
reaction with PS does not reach 100% conversion, it is possible that the tertiary amine residues
are protonated in the humic acid solution, and therefore the surface becomes positively charged
and loses the fouling resistance. It will be the focus of future work to develop a charge-neutral

zwitterionic coating that resist fouling under all conditions.

3.5 Conclusion
The two-step fabrication of iCVD zwitterionic coatings resulted in high surface concentration
of zwitterionic moieties, which rendered the substrate surface fouling-resistant for a variety of

model biofoulants, including BSA, humic acid, and sodium alginate. The iCVD zwitterionic

71



films are stable in air and display the same dynamic contact angles after 100 days of storage.
ARXPS proves the high yield of zwitterionic functional groups on the top surface after a

diffusion-limited gas phase reaction.

iCVD method has the ability to conform to the roughness and surface features in the
substrate. Additionally, it is substrate independent, and able to form zwitterionic coatings on
substrates which are incompatible with solution methods. The successful coating of various
substrates, including the delicate reverse osmosis (RO) membranes and electrospun nanofiber
mats, has been demonstrated. No re-optimization is required for each new type of substrate. This
substrate independence is a result of the absence of concerns about wettability during vapor

phase processing.

Combining the mild nature and the high conformality of iCVD, this substrate-independent
surface modification made the zwitterionic chemistry more accessible for a larger variety of
applications. Even higher densities of zwitterionic functionalities can be obtained by depositing

9342

“graded films™" and this will be a possible future direction of this work.
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CHAPTER FOUR

Control of interfacial adhesion via iCVD
chemistry

Reproduced with permission from Yang R., Buonassisi T., and Gleason K. K., Advanced
Materials 2013, 25, 2078.
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4.1 Abstract

In this chapter, a new method of creating surface passivation has been demonstrated on
silicon by using a vapor phase treatment, initiated Chemical Vapor Deposition (iCVD). iCVD
passivation offers several advantages over previous techniques including a largely simplified
reaction scheme, inexpensive reactants, mild reaction conditions, fast kinetics, and excellent
long-term stability. In addition, the iCVD passivation technique allows for the fabrication of a
large variety of surface functionalities with desirable surface coverage and adhesion properties
on Si (100) surface. Here we directly synthesize organic layers grafted to silicon from an olefin
monomer 1,9-decadiene. The surface recombination velocity after the iCVD passivation remains

less than 10 cm s‘l, over 200 hours of air contact.

4.2 Introduction

Passivation to reduce the surface recombination of minority carriers is of key importance for

3

improving photovoltaic efficiency,'” especially for thin devices. High quality electronic

passivation (Table 4-1) is achieved for surface recombination velocities (SRV) <10 cm std
Table 4-1| SRV of various passivation techniques
surface chemistry SRV [cm s™']  stability in ambient air ~ fabrication conditions typical thickness [nm]
untreated SiO,’ ~10° N N.A. 20- 120
SiN,* , PECVD with
10-10° v 65— 150
Tsubstrate“'3750C
Si-H’ <1 X HF etching Monolayer
ultra-thin Sio, * controlled oxidization
~3 v and annealing at Typstrie N.A.
~1050°C
$i-OCH CH._ 7 ~10 X HF etching-1 /EtOH Monolayer
Si-CH;® solution fabrication
<25 Y under stringent limitation Monolayer
of ambient air and water
iCVD method <10 ) HF-iCVD 200 - 700
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Chemical vapor deposition (CVD) is currently used in industry to deposit 65-150 nm thick
SiNy, which also acts as an anti-reflective coating (ARC).% ' The high temperature of the SiN,
degrades the quality of the bulk Si and raises operational costs.'' Thus, lower temperature
passivation methods are desired. Additionally, low temperature processing retains organic
functionalities, enabling the fabrication of hybrid or multi-functional devices.'™'? Protocols for
organic passivation typically start with chemical etching of the native silicon oxide to obtain H-
terminated Si surfaces. The Si-H bonds are subsequently activated by various solution methods.*
Most organic passivations rely on monolayer coverage rather than on producing layers with
nano-scale thickness, as is the case for SiNy passivation. A two-step chlorination/alkylation
scheme produces the lowest air-stable SRV among organic passivations;“’9 however, the time-
consuming process and stringent limitations on ambient water and oxygen contents hindered its
industrial application. Ethanol-iodine (E-I) passivation produces SRV~10 cm 5,7 but this value
increases to 10° cm s within minutes in air. E-I still serves as a good reference for high-quality
passivation due to its ease of preparation. In this chapter, we seek a rapid, simple and cost-
effective method for forming an air-stable organic passivation layer. Our approach utilizes a
variant of initiated CVD (iCVD),"? which operates under dry conditions for depositing organic
layers, and represents a low temperature analog to the CVD utilized for SiNy passivation. The
degradation of the passivation layer caused by solvents is thus prevented. The iCVD method also
creates layers of nano-scale thickness which serve other functions in the device, such as ARC.
The scale-up of the iCVD process has been demonstrated in a roll-to-roll system,m‘15 which is
compatible with the existing infrastructures in semiconductor industries. The iCVD passivation

layer, even after 200 hours of air exposure, provides superior passivation performance with a

SRV~10cm s

4.3 Experimental Section
Fabrication process. All initiated Chemical Vapor Deposition (iCVD) passivation and
polymerization processes were carried out in a custom built vacuum reactor (Sharon Vacuum), as

previously described'®.

All the chemicals were used as purchased without further purification. Passivation and
polymerization were performed on typically 1-10Qcm p-type silicon with the (100) orientation.

During Process A, tert-butyl peroxide (TBPO, Aldrich, 97%) initiator and the nitrogen patch
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flow were fed to the reactor at room temperature through mass flow controllers (1479 MFC,
MKS Instruments) at 3 sccm and 1 sccm respectively with the total pressure of 800 mTorr and
filament temperature of 312°C for 60 minutes. The chamber is then pumped down to base
pressure (~3 mTorr) for ~10 min. 1,9-decadiene (DD, Aldrich, 96%) was heated up to 45 °C in
glass jar and delivered into the reactor using needle valves with the total pressure of 800 mTorr
and without filament heating for 20 minutes. The TBPO-pump-DD-pump cycle was then
repeated for 5 times but with shorter cycle lenghts: TBPO (10 min)-pump (2 min)-DD (10 min)-

pump (2min). The silicon wafer is kept at 20°C throughout the process.

During process B, TBPO and ethylene glycol diacrylate (EGDA, Aldrich, 98%) were
introduced into the chamber simultaneously as reported previously”. Films were deposited at a
filament temperature of 250 °C and a stage temperature of 20 °C. Total pressure in the vacuum
chamber was maintained at 0.215 torr for all depositions. In situ interferometry with a 633 nm
HeNe laser source (JDS Uniphase) was used to monitor the film growth and deposit desired
thicknesses on Si substrates. A more accurate film thickness on the Si wafer substrates was
measured post-deposition using a J.A. Woollam M-2000 Variable Angle Spectroscopic
Ellipsometry (VASE) at three different incidence angles (65°, 70°, 75°) using 190 wavelengths
from 315 to 718 nm. The data were fit using a Cauchy-Urbach model.

Characterization methods. The X-ray photoelectron spectroscopy (XPS) spectra were obtained
on a Kratos Axis Ultra spectrometer with a monochromatized Al KR source, operated at 150
Watts. The pass energy and step size was 20 eV and 100 eV. The nano-scratching was performed
on Nanovea Ergonomic Workstation and the scratching procedure was designed based on ASTM
C1624, ASTM D7027 & ASTM G171. The scanning electron microscope (SEM) images were
obtained by JEOL J5M-6700F with acceleration voltage of 10 kV. The lifetime measurements
were conducted based on Quasi-Steady State Photoconductance (QSSPC) technique with Sinton
WCT-120 apparatus. The Spatially resolved photoluminescence images were obtained by
exciting the Si with an 822 nm laser while recording a 20 second exposure image with a charge-
couple device (CCD) camera. A 1000 nm longpass filter was used to select the band-edge
emission of Si. The surface roughness was measured using atomic force microscope (AFM,
Veeco, Nanoscope V with Dimension 3100). Tapping mode was employed to prevent damage to

the surface morphology.
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4.4 Results and Discussion

The passivation procedure is shown as Process A in Fig. 4-1a. Following the HF etching of
the native silicon oxide to obtain surface hydride, the iCVD passivation is carried out in a single
vacuum chamber at modest vacuum (~0.1 to 1 Torr) and low substrate temperatures (20 °C),
with two types of vapor phase reactants: (i) the initiator tert-butyl peroxide (TBPO) and (ii) a

vinyl monomer 1,9-decadiene (DD).
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Figure 4-1 | (a) The wafer is transferred into iCVD chamber within 3min after HF etching is completed. TBPO
and DD are introduced separately to prevent the formation of polymer. A vapor mixture of TBPO and EGDA is
used in Process B, which results in iCVD polymerization. With the surface vinyl groups generated during
Process A, the polymer is grafted onto the Si substrate; otherwise only dispersion forces present between the
polymer film and the substrate. (b) Si (2p) XPS spectrum of the surface resulted from Process A. The samples
have been exposed to air prior to XPS measurements, but the growth of oxide is inhibited by the iCVD
passivation. (c) Reflection spectrum of the surface resulted from Process B. The 200 nm ARC is grafted on Si

via iCVD passivation layer. The reflection at the wavelength with maximum solar irradiance is suppressed.
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Traditional iCVD process delivers the molecules simultaneously to obtain a polymeric layer
via free-radical polymerization,'? however, the novelty of the current work focuses on promoting
a reaction between the surface hydride and the vinyl groups of the vapor-delivered monomers.
The first layer of iCVD polymer formation is undesirable because it will simply cover the
surface hydride groups without reacting, slow down or even stop the monomers from accessing
the hydride groups. To prevent polymerization during Process A, TBPO and DD were fed into
the chamber sequentially, and the chamber was pumped down to 3 mTorr between the initiator

and monomer cycles to minimize the simultaneous presence of the two reactants.

The TBPO vapors were exposed to heated filaments to produce free radicals. Previously, two
types of radicals were observed upon the thermal decomposition of TBPO in an iCVD reactor.'®
The dominant free radical species is tert-butoxide (TBO) at the filament temperature Ty >150°C;
while at Ty >270°C, TBO undergoes [-scission to produce methyl radicals.”® Interestingly, we
note that all samples exhibiting high-quality and air-stable passivation behavior required
exposing the silicon wafer to TBPO pyrolyzed at filament temperatures greater than 300 °C as
the first step. Prolonged exposure to vinyl monomers alone or simultaneous delivery of TBPO
and vinyl monomers with the filament heating does not result in good passivation. This can be
explained by the greater reactivity of methyl radicals,'® which can possibly “activate” Si-H
moieties by H-abstraction.* It is worth noting that the filament is heated resistively with a typical
current value of 1-2 Amp for a total power of 0.0086-0.0343 Watts cm™. The Si wafer is kept at

20 °C throughout the passivation process, which ensures low energy consumption.

iCVD can utilize essentially any monomer that can be activated by a free radical. The
traditional 1CVD polymerization process has been used to fabricate functionalized surfaces with
a wide variety of useful moieties,"® such as amine,'*" hydroxyl® and vinyl.*' This study focuses
on a vinyl functionalized surface, which is a versatile platform for subsequent functionalization
via free radical polymerization. The non-branched di-vinyl monomer, DD has linear structure,
which minimizes the steric hindrance and improves the coverage on surface Si atoms. DD is
chosen among other terminal dienes, because it has the appropriate volatility and can be
vaporized and delivered into the iCVD chamber at a moderate temperature. Although the

122

relatively low reactivity (kp~10 L mol™ s, greater details in the supplemental materials) and

high sensitivity to contaminants of DD requires exceptional cleanliness throughout the process,

80



the lowest minority carrier SRV reported to date has been obtained with iCVD DD passivation
among the air-stable organic passivations. The initiator-monomer cycles are repeated for 5 times

to obtain higher surface coverage.

The oxidation of the silicon substrate has been an issue for many organic passivation
methods.*** A low-quality passivation leaves unreacted surface dangling bonds that are
susceptible to oxidation; unstable passivation layers, such as Si-O-R, are replaced by the native
silicon oxide layer upon exposing to air. To determine the protection against oxidation by the
1CVD passivation method, we used XPS and focused on the high resolution Si (2p) scan for the
presence of oxide peaks on the samples treated with Process A. The film thickness at the end of
Process A was estimated to be less than 6 nm based on the information depth in the XPS
measurements (~63% of electrons collected are from < 2nm depth into the film; ~30% from 2-4
nm and ~5% from 4-6nm). The representative XPS Si (2p) high-resolution scan on the
passivated samples after exposure to air is shown in Fig. 1b. The binding energy of SiOy is ~ 104
eV, while that of non-oxidized silicon is around 100 eV. No significant silicon oxide peak is
observed on the iCVD-passivated silicon samples. The double peak around 100 eV is due to the
spin orbit splitting of the covalent Si 2p (3/2 and 1/2), confirming that the vinyl-functionalized

passivation layer is thin enough to permit detection of the silicon wafer substrate.

Following the process A, a poly(ethylene glycol diacrylate) (PEGDA) layer with the
thickness of 200 — 700 nm was deposited in situ via traditional iCVD polymerization®' on DD-
passivated silicon wafers (denoted as “Process B” in Fig. 4-1a). The roughness of 200 nm-
PEGDA coating is ~0.3 nm (Fig. 4-2). The smoothness of the film allows one to control the
reflectivity and a passivation-ARC is thus achievable by this simple scheme. The reflection
spectra of 200nm PEGDA coatings on passivated Si are shown in Fig. 4-1¢, where the reflection

1s suppressed effectively at the wavelength with the maximum solar irradiance.
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-1.1nm

Figure 4-2| AFM image of 200 nm PEGDA film grafted on silicon substrate via iCVD 1,9-decadiene passivation.
The RMS roughness is 0.28 + 0.04 nm.

The PEGDA film is covalently grafted to the silicon substrate through the surface vinyl
groups generated by Process A; and nano-scratching tests provide a qualitative evaluation of the
strength of this adhesion. We performed a ramping load scratch from 0.01 to 0.5 mN on 660 nm
PEGDA-coated samples to observe the possible delamination events. Fig. 4-3a is an image of
multiple delamination events that occurred on a non-passivated sample, for which the ARC was
grown onto a clean wafer via Process B (i.e., traditional iCVD) in absence of Process A, with

only dispersion forces present between the polymer film and the substrate."?

Figure 4-3| (a)-(b) Nano-scratching images and (c)-(d) cross-sectional SEM images of ARC, which is
deposited by Process B alone (i.e., traditional iCVD polymerization) in (a) and (c¢) and a combination of
Process A and B in (b) and (d). The spalling of ARC in (a) is due to lack of adhesion to the Si substrate, which is
not present in (b), suggesting good adhesion resulted from the passivation interlayer, which is also observed

in the cross-sectional SEM images. The scale bars represent 7 pm in (a) and (b) and 1 pm in (c) and (d).

The spiral patterns are indications of poor adhesion to the substrate and delamination of the
coating. In the same load range, the scratches on the samples treated with both Process A and B

are shown in Fig. 4-3b, where no delamination events were observed. This is an indication of the
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high coverage and good uniformity of the passivation produced in Process A. The adhesion of
the passivation-ARC is also verified by the scanning electron microscope (SEM) imaging (Fig.
4-3¢ and 4-3d) on the sample cross-section. Delamination of the polymer coating as shown in Fig.
4-3¢ is common due to the mechanical stretching and tearing during the SEM sample preparation.
For the passivated samples, such delamination was not observed (Fig. 4-3d) because the coating

was covalently bounded to the substrate.

In addition to the promoting adhesion and protecting devices against oxidation, a high-
quality electronic passivation should also reduce the number and cross section of the surface
minority charge carrier recombination sites. The rate of the minority carriers’ surface
recombination is quantified by SRV, which can be calculated from minority carrier lifetime
(MCL) measurements using the Quasi-Steady State Photoconductance (QSSPC) technique with
Sinton WCT-120 apparatus.* The current configuration of the iCVD passivation tool enables
only single-sided coating. Thus, to allow the measurement of the MCL at the Si-polymer
interface, the back side of each wafer was passivated with a thick (~700 nm) layer of PECVD-
grown SiN,.® Therefore, the effective (measured) lifetime is affected by minority carrier
recombination at both the back and front surfaces, and the two are decoupled using a common-
reference method described forthwith. Following the deposition of the SiN, coating on one side
of the wafer, the wafer was etched with 1% HF solution without removing the SiNy layer, and
treated with 0.1 M E-I solution.” The minority carrier lifetime of the E-I passivation was
measured instantly. This process captures the bulk and back-surface recombination, which can

later be subtracted to extract the effect of the iCVD passivation using the following relation:’
1 1 2(SiCVD —SIAE)

—t (4-1)
7’-i(,‘VD TI—-E d

where 7., (or 7, ) is the effective (measured) lifetime of the iCVD (or E-I) passivation; S is

the SRV; and d is the thickness of the wafer. After the measurement, the E-I solution was
cleaned off by standard RCA and HF etching procedure. The wafer was transferred into the

iCVD chamber within 3 minutes to be treated with Process A followed by Process B.

The average injection-dependent lifetimes for the iCVD passivation and E-I passivation are

plotted in Fig. 4-4a. The instant lifetimes after the iCVD passivation are superior to those

83



observed after the E-I passivation at all injection levels, indicating that the iCVD DD passivation
is able to achieve <10 cm s ' surface recombination velocities. This is equivalent to, if not better

than, the best results for organic passivation of silicon.”
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Figure 4-4| (a) Injection-dependent minority carrier lifetimes, and (b) time-dependent decay of lifetimes at
the injection level of An = 1.0x10%5 cm3, of iCVD and E-I passivation. The effective (measured) lifetimes
achieved with the iCVD process are superior to those of the E-I treatment. After 200 hours in air, E-I
passivation is nonexistent, while the iCVD sample lifetime decays only slightly. (c) Photoluminescence images
of (c)-i, as-passivated sample by iCVD method, and (c)-ii, the same sample after 200 hours in lab ambient. The
passivation is uniform, and robust in air, indicated by the consistency of both overall signal magnitude and
spatial features between two images. (d) Capacitance and conductance of an Al/iCVD PEGDA/n-Si/InGa stack
as a function of bias voltage, taken at 30 kHz. The ability to switch the interface state indicates a low defect

density (no Fermi level pinning).

The error bars in Fig. 4-4a indicate the standard deviations between two iCVD passivation
runs. The passivated samples were kept in the lab ambient for more than 200 hours and a slight

decrease in the minority carrier lifetime is observed (Fig. 4-4a and 4-4b). After 200 hours of
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storage, the lifetimes of iCVD passivation at all injection levels are better than or comparable to
the E-I passivation at t = O hour. Fig. 4-4b demonstrates the time-dependent decay of lifetimes at
the injection level of An = 1.0x10" cm™ for both passivation methods. After ~15 hours, the
lifetime of the iCVD passivations stablized around 56 ps, which is comparable to the E-I control
at t = 0 hour (dotted line in Fig. 4-4b), implying that the surface recombination velocity remains
around 10 cm s”'. However, the E-1 passivation has un-detectable lifetime after # = 200 hours at
the injection level of An = 1.0x10" ¢cm™. The lifetime at the injection level of An = 0.7x10° cm™
1s plotted in Fig. 4-4b instead, which is around ~3 ps. This observation suggests an excellent

quality and stability of the iCVD passivation method.

Camera-based photoluminescence imaging (PLI) % evaluates the minority carrier lifetime
distribution across the wafer, revealing the surface passivation uniformity. PLI measurements
were obtained via s standard measurement practice (see supplemental materials for details).”
The images (Fig.4-4¢-i and -ii) show relatively uniform luminescence across the entire wafer
piece, indicating good passivation uniformity. After 200 hours of air exposure, the qualitative
features of the PLI measurement as well as the overall intensity remain largely unchanged,

further indicating the robustness of the surface passivation.

Finally, one of the many possible applications of the silicon-polymer thin film structure was
demonstrated. Parts of a field-effect transistor (FET) device were fabricated using iCVD
passivation and tested via capacitance-voltage (C-V) measurements. After Process A and B, 0.28
mm® Al pads were evaporated onto the surface of the polymeric layer using a shadow mask. The
nitride layer was scratched and an InGa eutectic was used to make a back contact. The
capacitance-voltage curve (Fig. 4-4d) shows the characteristic behavior of a Metal-Insulator-
Semiconductor (MIS) capacitor structure that can be driven from accumulation to depletion.26
This indicates the absence of a large density of interfacial states that may pin the Fermi level to a
position in the mid-gap of silicon. When the structure is driven into accumulation (positive bias),
the Si bands bend downward at the Si-polymer interface, accumulating electrons near it. The
measured capacitance is that of the polymer film alone, and conductance is controlled by leakage
of electrons through it. When the structure is driven into depletion, the capacitance measured is
that of the polymer film and the depletion region. Here, the conductance is further limited by the

transport of electrons through the depletion layer, which lengthens with increased bias. A small
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but noticeable hysteresis is observed, possibly suggesting the presence of a small concentration

of charged interface states; perhaps these are the same states that give rise to a finite SRV.

4.5 Conclusion

In conclusion, we demonstrate a strategy of using an iCVD method to passivate a silicon
hydride surface and to grow robust organic surface films with several hundred nanometers
thickness. Our estimates of the SRV obtained using iCVD-grafted DD are at or below 10 cm s,
which is comparable to if not lower than the best air-stable organic passivations of Si. Atop this
functionalized silicon surface, organic films can be grown to several hundred nanometers thick
and exhibit robust adhesion to the silicon surface; iCVD-deposited PEGDA films resist spalling
in nano-scratch tests. Preliminary observations suggest air-stable surface passivation up to 200
hours. The simple reaction, commercially available and inexpensive reactants, and relatively
mild reaction conditions render it feasible to be incorporated into the existing semiconductor
fabrication infrastructure. Our method therefore offers a practical solution to the various
problems existing in the fast-developing organic electronics and PV industry. Functionalities
other than the vinyl moiety are possible via the iCVD passivation method. No modifications to
the passivation procedure should be required for other monomers. Future work will focus on
improving the reproducibility, obtaining dual-side iCVD-deposited wafers, conducting strenuous
stability tests, and identifying the nature of the molecular layer and the reaction mechanism of

the passivation process.
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CHAPTER FIVE

Chlorine-resistant zwitterionic chemistry
via iCVD

Reproduced with permission from Petruczok C. D., Yang R., and Gleason K. K.,
Macromolecules 2013, 46, 1832.
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5.1 Abstract

We report the single-step preparation of controllably cross-linked poly(divinylbenzene)
(PDVB) and poly(4-vinylpyridine -co-divinylbenzene) thin films using initiated Chemical Vapor
Deposition (iCVD). Fourier Transform Infrared spectroscopy-based methods for quantifying
film composition and degree of cross-linking are elucidated; the validity of these methods is
assessed using x-ray photoelectron spectroscopy and nanoindentation, respectively. The extent
of reaction of divinylbenzene (DVB) pendant vinyl bonds in homo- and copolymer films is
unaffected by changes in initiator concentration, suggesting that bond reactivity, rather than
radical concentration, is the limiting factor. Analysis of film step coverage (S) over high aspect
ratio (AR) features and sticking probability calculations lend insight into the reactivity of both
monomers and explain the extreme conformality of PDVB films (S = 0.87 + 0.02 at AR=4.7). In
addition, the incorporation and cross-linking of DVB moieties in the copolymer is extremely

reproducible and can be used to tune the elastic moduli of the films from 3.4 to 5.8 GPa.

5.2 Introduction

Cross-linked polymer networks are used in a variety of essential applications. Cross-linked
hydrogels can be used as sensors,’ cell immobilization platforms,2 and components in
microfluidic devices.® Porous cross-linked polymers form catalyst frameworks® and capillary
columns for separation processes,5 while cross-linked polymer films have been used as barrier
coatings,’ electroactive layers in organic light-emitting diodes,” and stimuli-responsive materials
for sensors and other devices.® Control of the amount of cross-linker and degree of cross-linking
are critical, as they lead to tunable material properties, including glass transition temperature,9
swelling behavior,'® and modulus.'"! Unfortunately, cross-linking renders polymeric materials
insoluble or intractable, making characterization difticult.”?  Processing--in particular, the
preparation of cross-linked thin films—is also challenging. Common techniques for preparing
films include post-treating non-cross-linked layers or using confined solution-phase
polymerization; these processes are time-consuming and complex, however, and the resulting
films often contain residual solvent that can be difficult to fully remove.'? These solution-based
methods also make coating of micro- and nano-scale features difficult, as surface tension effects

render the films extremely non-uniform.'*

89



These difficulties can be eliminated by using a vapor-phase coating method, such as initiated
Chemical Vapor Deposition (iCVD). In this one-step process, vinyl monomer(s) and thermally
labile initiator flow into a vacuum chamber (Fig. 5-1). For cross-linked films, at least one
monomer possessing two or more vinyl bonds is employed. The reactants pass through an array
of heated filaments, and initiator radicals are formed. The filament temperature is controlled such
that the vapor-phase monomers remain intact. The initiator radicals and the monomer(s) adsorb
onto the substrate, and free radical polymerization and thin film formation occur. iCVD is a low-
energy technique; as a result, complete retention of polymer functionality is observed. Since the
process is solvent-free, surface tension and de-wetting effects are absent, and the iCVD films
conform to the geometry of the underlying substrate. Consequently, substrates that are typically
incompatible with solution-based processing methods, including fabric, paper, nanotubes,
microparticles, and trenches, have been uniformly coated with iCVD thin films."* The absence
of solvent also facilitates synthesis of insoluble thin films—including highly cross-linked

materials—and copolymers. Bln

vapor activation
. of initiator

surface polymerization
of monomer

Figure 5-1| Schematic of an iCVD reactor. Monomer(s) and an initiator species pass through a heated
filament array, which breaks thermally labile bonds in the initiator. Initiator radicals and monomer adsorb

onto the cooled substrate and free radical polymerization occurs.

iCVD has previously been used to create controllably cross-linked films. The deflection of
microcantilever sensors coated with poly(maleic anhydride) cross-linked with di(ethylene glycol)
divinyl ether was tuned by adjusting the cross-link density of the polymer film."” Additionally,

the permeability and stability of reverse osmosis membranes functionalized with an antifouling
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coating were tuned by changing the concentration of cross-linker in the c:oating.18 Yagiie and
Gleason demonstrated systematic control of mesh size in poly(2-hydroxyethyl methacrylate)
hydrogels cross-linked with ethylene glycol diacrylate.” Cross-linked iCVD thin films have also
been used for a variety of controlled-release applications.20 In addition, the iCVD process has
been used to deposit highly cross-linked organosilicon polymer films useful as biopassive

coatings21 and low-k dielectric materials for the semiconductor indus,try.22

This work reports the first detailed analysis of divinylbenzene (DVB) as an iCVD cross-
linker. DVB is an ideal monomer for vapor-phase deposition due to its high volatility and low
cost. Plasma-Enhanced Chemical Vapor Deposition (PECVD) has been used to deposit films of
poly(divinylbenzene) (PDVB) homopolymer;‘23 however, PECVD is an extremely high-energy
process in which organic functional groups are often destroyed through side reactions.”® The
energy density of the iCVD process is an order of magnitude lower than that of PECVD.*
Previously, Asatekin and Gleason used iCVD PDVB to uniformly narrow the pores of high (400-
4000) aspect ratio track-etched membranes.” This work suggested that iCVD PDVB forms
extremely conformal coatings. Here, we perform additional work to characterize the
conformality of iCVD PDVB. Additionally, we elucidate a Fourier Transform Infrared (FTIR)
spectroscopy-based method that can be used to quantify the degree of cross-linking. DVB has
been controllably and quantifiably incorporated into a PDVB homopolymer and a copolymer
with 4-vinylpyridine (P(4VP-co-DVB)). P(4VP-co-DVB) is a common industrial polymer, most
notably used as an ion exchange resin,”® and significant for its insolublity, infusibility, and
thermal and chemical stability in a variety of harsh solvents.”” Tuning of material properties is
demonstrated by observing the effect of changes in the degree of cross-linking on the elastic

modulus of the copolymer.

5.3 Experimental Section

Synthesis of polymer thin films. Polymer thin films were deposited on 100 mm-diameter
silicon wafers (Wafer World, Inc) and silicon wafers with etched trench structures (Analog
Devices) using a CVD reactor described elsewhere.'® The temperature of the Chromaloy O
(Goodfellow) filament array was 205°C for all depositions. The operating pressure was
maintained at 800 mTorr using a throttling butterfly valve, and the substrate temperature was

20 °C. Film growth was monitored via in sifu interferometry with a 633-nm HeNe laser (JDS
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Uniphase). All reactants were purchased from Sigma-Aldrich and used as received.
Divinylbenzene monomer (DVB) was heated to 65 °C and delivered to the reactor through a
needle valve. The certificate of analysis indicated that this monomer consisted of 56.0 mol% m-
DVB, 25.0 mol% p-DVB, and 18.9 mol% ethylvinylbenzene.”® 4-vinylpyridine (4VP, 95 mol%)
and tert-butyl peroxide initiator (TBPO, 98 mol%) were delivered using mass flow controllers

(MKS Instruments, 1152C and 1479) at 55 °C and ambient temperature, respectively.

Detailed experimental conditions are included in Table 5-1. Depositions of PDVB
homopolymer films are referred to as the “H” series. For these depositions, the amount of DVB
was held constant, and the flow rate of TBPO varied from 1 to 6 sccm. To ensure the residence
time in the reactor was kept constant, a patch flow of Ar was used to maintain a total reactant
flow rate of 15 sccm for all depositions. P/Pgy is the ratio of the partial pressure of a reactant to
its saturation pressure at the substrate temperature and is indicative of surface concentration."
The “C” series refers to depositions of P(4VP-co-DVB) copolymer with an increasing flow rate
of DVB compared to 4VP. C, conditions refer to P4VP homopolymer. For the “I” copolymer
series, the flow rates of 4VP and DVB were held constant and the amount of TBPO was varied

from 1 to 3 sccm.

Table 5-1] Reaction conditions for the PDVB homopolymer and copolymer P(4VP-co-DVB)«

4VP DVB TBPO Ar
flow rate Jlow rate Sflow rate Sflow rate

sample P/P, (sccm) P/P,, (sccm) P/P, (scem) (sccm)
H series
H, - - 42x10! 3 28x10? 1 11
H, - - 42x10! 3 84x10° 3 9
H; - - 42x10" 3 1.7x107 6 6
C series
o 52x 107 9 - - 84x10° 3 3
C, 52x 10" 9  7.1x10? 0.5 8.4 x107 3 2.5
c’ 5.2x 10" 9 1.4 x 10 1 84x10° 3 2
C; 5.2x 10" 9  21x10" 15 84x10° 3 1.5
I series
I 5.2x 10" 9 1.4 x 10 1 28x10° 1 4
I 5.2x 10" 9 1.4 x 10" 1 5.6x 107 2 3
I; 5.2x 10" 9  1.4x10" 1 84x10? 3 2

2 Tsubstrate = 20°C, Trlamene = 205°C, and P = 800 mTorr for all depositions.

b Note that I3 and C; conditions are the same.
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Chemical characterization. Thicknesses of polymer thin films were obtained using a JA
Woollam M-2000 variable angle spectroscopic ellipsometer at incident angles of 65, 70, and 75°;
data were fit to a Cauchy-Urbach isotropic model using WVASE32 modeling software (JA
Woollam). The homogeneity of the films was assessed by using ellipsometry to measure the film
thickness at five positions on coated 100 mm-diameter silicon wafers. For both PDVB
homopolymer and P(4VP-co-DVB), the standard deviation of the measurements was within 6.8%
of the mean. The thickness of each 1 cm® sample used for FTIR analysis was measured prior to
obtaining its spectrum. The average thicknesses of these series of films have been included in the
Supporting Information. FTIR spectra were obtained using a Thermo Nicolet Nexus 870
spectrometer operated in transmission mode with a deuterated triglycine sulfate KBr detector.
Baseline-corrected spectra were collected over 400-4000 cm™ at 4 cm™ resolution and averaged
over 256 scans. Spectra were processed using the OMNIC software package (Thermo Scientific).
X-ray photoelectron spectroscopy (XPS) survey scans were obtained using a Kratos Axis Ultra
spectrometer equipped with a monochromatic Al Ka source and operated at 150 W. The pass
energy and step size for the survey scans were 160 eV and 1 eV, respectively. Samples were
stored under vacuum for approximately 12 hours before analysis. Pressure during analysis was
maintained under 2x10™® Torr, and the analysis areas were 400x750 pm. The spectra were

analyzed using the CasaXPS software package.

Conformality of polymer thin films. The conformality of the thin films was assessed by
depositing 350 nm-thick films on silicon wafers with etched trench structures of different aspect
ratios. The films were imaged using JEOL 6060 and Hitachi TM-3000 scanning electron
microscopes. Film thicknesses at the top and bottom of the trenches were measured for three

trenches of each aspect ratio using Measurel T software (ResAlta).

Nanoindentation. A TI-900 Tribolndenter (Hysitron) was used for the nanoindentation
experiments. The indentation axis calibration was performed in air with a triangular load
function (10 s time segments, 700 uN peak load). Seven indents were made in the shape of an “H”
on a standard aluminum sample to determine the offset between the optics and the indenter probe
(H calibration). For the iCVD film samples, the load function for the H calibration was adopted
from Lee.”” A conical diamond indenter tip (Young’s modulus = 1140 GPa, Poisson’s ratio =

0.07) with a radius of 10 um was used during all indentations. The area function of the diamond
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tip can change over time and, thus, was determined experimentally by indenting a fused silica
standard sample with a Young’s modulus of 72 GPa and Poisson’s ratio of 0.17 (reduced

modulus = 69.6 GPa). The area function was fitted with a polynomial model.

The polymer films used in the nanoindentation experiments were approximately 1 um thick,
and a maximum indentation depth of 90 nm was used to eliminate the possibility of substrate

3 A 7x7 grid was used during the indentation of iCVD polymer films, with 6 um

effects.
separation in both directions between indentations. Therefore, 49 indentations were performed
on each sample and an area of 1296 um” was probed. 8192 values of indentation depth were used
and the corresponding indent forces were measured during each indentation. The load function
for iCVD film samples contained 3 segments with segment times of 10 s, 5 s, and 10 s and a

peak depth of 90 nm.

5.4 Results and Discussion

5.4.1 Characterization of poly(divinylbenzene)

Structures of the DVB isomers and possible types of DVB repeat units in the homopolymer
are included in Fig. 5-2a and 5-2b, respectively. FTIR spectra of the DVB monomer and iCVD
PDVB are shown in Fig. 5-3a.

(a) (b) (c)
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Figure 5-2| Structures of (a) DVB monomers, (b) possible types of DVB repeat units, and (c) P(4VP-co-DVB).
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Figure 5-3| (a) FTIR spectra of the DVB monomer and iCVD PDVB confirms polymerization has occurred. (b)
FTIR spectra of PDVB and P4VP homopolymers show convolution of peaks commonly used to quantify

pendant vinyl bonds. Peaks at 710 and 903 cm! used in this analysis are marked with asterisks.

Successful polymerization of the homopolymer is confirmed by the reduction of the peak at
903 ¢cm™ in the PDVB spectrum. This peak results from CH, out-of-plane deformation in
unreacted vinyl groups; its post-polymerization existence is due to the presence of pendant vinyl
bonds.” Strong peaks at 2870, 2930, and 2960 cm™ are also observed in the PDVB spectrum
and are due to symmetric Sp3 CHs, asymmetric sp3 CH, and asymmetric sp3 CH; stretching in
the backbone of the newly-formed polymer chain.*? Excellent agreement is observed between
spectra of iICVD and solution-polymerized PDVB.,* indicating that the non-vinyl organic
functionality in the monomer is retained in the iCVD film. This confirms that the monomer is
not altered by the heated filaments during the vapor deposition process. For this work, samples
of various thicknesses (150 nm to 1 pm) were prepared; given processing time and measurement

considerations, reasonable bounds on PDVB film thickness are 15 nm to 5 pm.

5.4.2 Degree of cross-linking in poly(divinylbenzene) homopolymer

FTIR spectra were used to quantify the percentage of DVB repeat units whose vinyl bonds
have reacted to form cross-links--that is, those without pendant vinyl bonds (Fig. 5-2b)--as well
as the mole fraction of 4VP incorporated into the copolymers. From these quantities, the degree
of cross-linking can be obtained. Existing techniques for quantifying pendant vinyl bonds in
PDVB have utilized vinyl bond peaks at 1630 and 990 cm', as well as peaks at 1510 and 795
cm” resulting from p- and m-substituted aromatic rings.>* The vinyl peak at 903 cm™ and the p-

substituted aromatic peak at 837 cm™ have also been used.'' "> * These existing methods are
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not easily applied to P(DVB-co-P4VP), as characteristic DVB peaks are often obscured by those
of 4VP (Fig. 5-3b). The vinyl peak at 990 cm™ in the PDVB spectrum is convoluted by the peak
at 993 cm™ in the PAVP spectrum, caused by stretching of the pyridine rings.*® Quantification of
the peaks at 795 and 837 cm™ in the PDVB spectrum is also made difficult by the presence of a
strong peak at 820 cm™ in the P4VP spectrum resulting from out-of-plane deformation of the

pyridine rings.”’

To quantify the degree of cross-linking in PDVB samples, the area under the peak at 903 cm’
" was measured and compared to the area under the peak at 710 cm™ (Fig. 5-3b). The peak at 903
cm’' is indicative of the number of pendant vinyl bonds, while the peak at 710 cm’’, resulting
from C-C vibration in the phenyl moieties, is a measure of the number of m-substituted aromatic
rings.*® In order to analyze the PDVB samples, the presence of a small quantity (18.9 mol%) of
ethylvinylbenzene (EVB) in the commercial monomer mixture must be considered. By
temporarily considering the PDVB homopolymer as a “copolymer” of DVB and EVB impurity
and using the Fineman-Ross copolymerization equation (adapted for polymerization on surfaces),
we find that the amount of EVB impurity incorporated into the PDVB homopolymer samples is
equivalent to the amount present in the monomer. Details of this analysis are included in the

Supporting Information.

The Beer-Lambert equation relates absorbance, A, to absorptivity, a, pathlength, b, and

concentration, c:¥

A = abc (5-1)

Absorptivity can be described as a proportionality constant between absorbance and
concentration and is a physical property for a specific molecule and wavenumber.” For known
concentrations and absorbance of m- and p-substituted aromatic rings, a ratio of absorptivities,
an/a,, can be determined using the following equation:

am _ (Cp Am) _*p (Am) — (xp,DVB+xp,EVB ) (Am
ap cmAp monomer Xm \ Ap Xm,DVBtXmEVB Ap

monomer

(5-2)

)monomer

Here, A,, and A, signify the absorbance of m- and p-substituted aromatic rings, which are

obtained by measuring the areas under the peaks at 710 and 1510 cm’l, respectively, in the
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monomer spectrurn.39 x, and x,, are the mole fractions of p- and m-substituted aromatic rings in
the monomer, and have contributions from both DVB and EVB repeat units (x,pvs, Xppva,
Xmevp, and X, pyp). Pathlength has been canceled from the equation because components being
considered are part of the same sample. x, pyp and x, pyp were provided by Sigma-Aldrich, as
noted in the Experimental Section. The ratio of m- to p-EVB in the monomer was assumed to be
identical to the ratio of m- to p-DVB based on the similarity of the molecular structures.
Substituting in the mole fractions (xupvs = 0.560, x, pvs = 0.250, xpuevp = 0.106, and x, pvp =
0.047), and the value of 3.46 measured for (A,,/A,)monomer» We calculate a value of 1.54 for a,/ay,.
The ratios of m- and p-substituted repeat units in the H series of samples were calculated using

the following equation (for a set of reaction conditions, H,, n=1-3):

(m) = (% (iﬂ) =L (A_m) (5-3)

Here, y,, and y, are the mole fractions of m- and p-substituted repeat units in the polymer film.

A, and A, are the areas under the 710 and 1510 cm’ peaks in the FTIR spectrum of the polymer
sample. Values of y./y, for the H series of polymer films (average=1.75) were consistently less
than x,,/x, for the monomer (2.24); this implies lower reactivity of the major component, m-DVB,

compared to the other major component, p-DVB, in agreement with previous results. 40

The mole fraction of m-substituted DVB in the H series of polymer films, y,, pyg, can be

calculated using:

Ym,DVB

(Ym,DVB)Hn = ( > (xm,DVB + xp,DVB) =|1- 1_,3;11‘)‘“: (xm,DVB + xp,DVB) (5-4)

Y, +y — (Zn
mDVB " /p.DVB Hy, 1.54( v
Hp

We note that this equation uses A, and A,, which are obtained by measuring the areas under
the peaks at 710 and 1510 cm’. These values contain small contributions from EVB since the
peaks corresponding to the aromatic rings of DVB and EVB are not easily differentiable. The
ratio of m- to p-EVB in the film is assumed to be comparable to the ratio of m- to p-DVB; this
assumption is reasonable because EVB is a minority component, and the propagation rate

constants of the isomeric species do not differ drarnatically.4Ob
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Once the percentage of m-substituted DVB in the homopolymer has been accounted for, the

percentage of DVB pendant vinyl bonds that have reacted to form cross-links, %g, is calculated:

x 100 (5-5)

NS
O, = (1- 22 ) x 100 = Il _( Av(Am)Hn (ymm),,n)
XpvB (_

3 Xm,DVB
M/ monomer

Here, A, is the area under the vinyl bond peak at 903 cm’'. The DVB monomer was used as
an internal standard for rings with two pendant vinyl bonds; the pre-factor of 2 used in eq 5-5
accounts for the fact that DVB repeat units incorporated into the homopolymer have, at most,
one pendant vinyl bond. A linear decrease in the area under the 903 cm™ peak upon reaction of
the second vinyl bond in each DVB repeat unit is assumed, in accordance with eq 5-1. Finally,

the degree of cross-linking, %y, can be defined as:

Ny

x 100 (5-6)

0/0 x =
total

where N, is the number of DVB repeat units without a pendant vinyl bond and Ny is the total
number of repeat units. For “pure” PDVB homopolymer samples, %yx should be equivalent to %g.
However, due to the presence of EVB, %y = (%g) (ypvs). Results for the degree of cross-linking

in the H series are included in Fig. 5-4 (in parentheses).
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Figure 5-4| The elastic moduli of samples Hi-Hz are the same, indicating a similar degree of cross-linking for
all samples, despite the different initiator concentrations used. The degree of cross-linking is calculated
using FTIR spectra of the monomer and homopolymer samples; these results, shown in parentheses, also

have limited variability.
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The calculated values for %jy indicate that the degree of cross-linking does not change with
initiator concentration in the range of flow rates used. This suggests that the ability to polymerize
the pendant vinyl bonds is not limited by radical concentration but by bond reactivity. An
estimation of the time required for initiator radicals to diffuse through the polymer film further

supports this conclusion.

We note that the values reported in Fig. 5-4 were calculated using eq 5-5. The pre-factor of 2
used in this equation assumes that each molecule present in the commercial DVB monomer
contains two vinyl bonds; this neglects the presence of EVB. The Fineman-Ross analysis used to
investigate the concentration of EVB in the H series of films can be used to calculate the extent
to which EVB incorporation lowers the value of this pre-factor. Based on this analysis, we find
the average absolute error on the %g calculations in PDVB as a result of neglecting the effect of

EVB on the pre-factor is approximately 3.9%.

To further verify the degrees of cross-linking in the H series, we used nanoindentation to
measure the elastic moduli, which are typically proportional to %x. A 10 um conical diamond
tip was used to indent the iCVD films and the area function of the tip was determined
experimentally by indenting a standard fused silica sample with known mechanical properties.
The reduced moduli were calculated from the load-displacement curves with the following
equation:41

_ Uvm
T 2 Ahe)

(5-7)

where U is the initial unloading contact stiffness (the slope of the initial portion of the unloading
curve), and A(h,) is the projected contact area at a contact depth of k.. The reduced moduli (eq 5-

7) relate to the elastic moduli of the tested samples, E, through the following equation:*’

2 2
L _(1-v 1=y (5-8)
r sample indenter

where v is the Poisson’s ratio. For a standard diamond indenter probe, Ejgenrer is 1140 GPa and

Vindenter 18 0.07.* We used a value of vy =0.5 for the sample films, which is commonly accepted tor

polymeric materials.”® The elastic modulus of the sample can be calculated from eqs 5-7 and 5-8
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and the load-displacement curve. The elastic moduli of the samples from H series (Fig. 5-4) are
identical within experimental error, supporting the validity of the FTIR method used to quantify

extent of reaction of the DVB pendant vinyl bonds.

5.4.3 Poly(divinylbenzene) content and degree of cross-linking in copolymers.

The structure of P(4VP-co-DVB) is included in Chart 1c; the DVB repeat units can take the
form of any of the structures shown in Fig. 5-2b. Successful copolymerization was confirmed by
comparing FTIR spectra of films before and after treatment with ethanol, which is a good solvent

for PAVP homopolymer (Fig. 5-5).

|P(avP-co-DVB) after EtOH

I N W RS YA

|P(4VP-co-DVB)

P4VP after EtOH

P VO

L L LL i -
4

3500 3000 2500 1500 1000 500
wavenumbers (cm-*)

P4VP

Figure 5-5| FTIR spectra of iCVD P4VP and P(4VP-co-DVB) before and after soaking in ethanol (EtOH). The
homopolymer film is fully soluble in EtOH, as indicated by the absence of representative peaks. The spectra
of the as-deposited and EtOH-soaked copolymer samples are virtually identical. Peaks corresponding to sp?
CH; stretching in the polymer backbone are unchanged, as are peaks at 1597, 1557, 1493, 1453, and 1415 cm-
1 assigned to vibration of the pyridine rings.%!? The lack of change observed in the spectrum of the solvent-

treated P(4VP-co-DVB) sample indicates that successful copolymerization has occurred.

The overall degree of cross-linking, %y, was calculated for the copolymer films by
multiplying the mole fraction of DVB in the copolymer, ypyg, by the percentage of the DVB
pendant vinyl bonds that have reacted, %g. For the C series, %g was calculated using eq 5-5.
For these calculations, y,, pvs/ xm pvs Of the copolymer was assumed to be the same as that of the
homopolymer, where y,, pvs represents the mole fraction of m-DVB in the copolymer and x,, pvs
represents the mole fraction of m-DVB in the vapor phase monomers, including 4VP, DVB and

EVB; the average value derived from the H series results is used here.
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The mole fraction of 4VP in the C series of copolymer samples, ysvp, was calculated using eq
5-9:

Gareden = (1= Om +3),, ) = (1- 2] = (1 - fmen) (5:9)

()’m)Hn (Am)Hn

Here, (Ay,)c, is the area under the peak at 710 cm’ for each set of conditions in the C series
(n=1-3). (A,)y, is the average area under the peak at 710 cm! for the H series of

homopolymer. %jy is then calculated as:

(%x)c, = [Yor - (1 — y4VP)]Cn(1 - (xEVB)Hn) (5-10)

assuming the amount of EVB relative to DVB in the copolymer is comparable to that in the

homopolymer. The resulting values for %g, ysvp, and %y are shown in Table 5-2.

Table 5-2| Results for 4VP incorporation and degree of cross-linking in the C series of P(4VP-co-DVB)

Yavp® Yo Jox * Yavp (XP. S)b
C, 0.912 £0.016 789+ 6.8 56+06 0.929 + 0.023
C; 0.836 = 0.005 69.1 +48 9.2+0.9 0.815+0.023
Cs 0.740 £ 0.040 534%1.3 11.3+£20 0.693 + 0.023

“ Results calculated from FTIR spectroscopy-based method; reported error is standard deviation.
» Results calculated from XPS survey scans; reported error is obtained by varying the borders of the fitting regions

and calculating the absolute area changes when different endpoints were selected.

As expected, 4VP content in the copolymer decreases as the flow rate of DVB increases.
This trend is observable in the FTIR spectra of the C series (Fig. 5-6a). Peaks due to vinyl bonds
(903 cm'l) and m-substituted aromatic rings (710 cm’l) are undetectable in the spectrum of the
P4VP homopolymer (Cy), and increase in intensity as the flow rate of DVB monomer is
increased from O to 1.5 sccm. The results for y4yp calculated using the FTIR spectroscopy-based
method were reproducible over multiple trials and are in excellent agreement with results
determined using XPS. Sample XPS survey scans and high resolution C (1s) and N (1s) scans are
included in the Supporting Information, as are details of the composition calculations. The
agreement of the results validates the use of the FTIR spectroscopy-based method. As the DVB
flow rate--and consequently, the amount of DVB incorporated into the copolymer--increase, %g

decreases. This can be attributed to the difference in reactivity between the available monomeric
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vinyl bonds and the pendant vinyl bonds of DVB.** Fig. 5-6b shows the increase in degree of

cross-linking with increasing feed concentration of DVB monomer.
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Figure 5-6| (a) FTIR spectra of C series of P(4VP-co-DVB). Peaks at 710 and 903 cm! increase with DVB

monomer flow rate. (b) Degree of cross-linking, %y, as a function of co-monomer ratio.

The results for the I series of copolymer were calculated using the same method as the C

series. Results for ysvp, %g, and %y are shown below in Table 5-3.

Table 5-3| Results for 4VP incorporation and degree of cross-linking in the | series of P(4VP-co-DVB)

Yavr® Yor " Yox Yavp (XPS)
I 0.835 63.9 8.6 0.815
I, 0.825 68.0 9.9 0.815
I; 0.825 65.4 9.3 0.793

a Results calculated from FTIR spectroscopy-based method.

The amount of DVB incorporated into the copolymer does not change with initiator
concentration for the range of flow rates tested. As for the C series, the results obtained using the
FTIR spectroscopy analysis agree well with XPS results. As a further check, we note that the
results for the I3 and C; series are in good agreement; this is to be expected since the reaction
conditions are the same (Table 5-1). The similarity of the results for %y and %jy across the range
of conditions suggests that as for the H series, the lower reactivity of the second vinyl bond, not

radical concentration, is the limiting factor in creating cross-links.

5.4.4 Sticking probability calculations

The reactivity of the DVB and 4VP monomers can be further assessed by calculating the

sticking probability of each monomer. For iCVD polymerization, the sticking probability is the
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probability that an initiator radical chemisorbs to an adsorbed monomer on the surface and reacts
to form a polymer chain. This probability is directly related to the monomer surface
concentration. The conformality of the deposition is also correlated with the sticking probability,
in that a lower sticking probability will result in a more conformal coating. For a detailed
discussion of sticking probability calculations for iCVD films, the reader is directed to the work
by Baxamusa and Gleason.” In short, sticking probability, I, is calculated using the following

equation:

In(s) = —0.48T (&)2 (5-11)

in which L and w are the length and width, respectively, of a high-aspect ratio (AR) feature such
as a trench. § is the step coverage of the polymer film over this feature, here measured as the
thickness of the iCVD film at the bottom of the trench divided by the thickness of the film at the
top of the trench. Excellent step coverage was observed for both the homo- and copolymer films.
For depositions of PDVB homopolymer (H; conditions), the average S in trenches of AR=4.7
was 0.87 £ 0.02. For P4VP homopolymer (Cy), S = 0.84 £ 0.02 (AR=3.4), and for P(4VP-co-
DVB) (Cy), S = 0.73 £ 0.03 (AR=4.4). Fig. 5-7a shows average results used to calculate sticking
probability for depositions of these films on trenches of three different aspect ratios (Fig. 5-7b

through d). Results for sticking probability are shown in Table 5-4.

Table 5-4| Sticking probability, total Py/Ps,, and reactivity
factor for PDVB, P4VP, and P(4VP-co-DVB) depositions

IE P/Pol R
H, 0.009 = 0.006 0.42 0.021
Cy 0.018 +0.003 0.52 0.035
C, 0.022 +0.009 0.66 0.033

@ Error represents 95% confidence interval.

b Sum of Pm/Psa for 4VP and DVB.

In order to compare the reactivity of the DVB and 4VP monomers, a linear relationship may
be assumed between the total Pn/Pg, and sticking probability, based on the results of Baxamusa
and Gleason.”® A reactivity factor, R, can be defined as the calculated sticking probability
divided by the total P, /Py, of the co-monomers. These values, included in Table 5-4, indicate

that the DVB monomer is less reactive than 4VP. This conclusion is supported with kinetic data
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from solution free-radical polymerization; the propagation rate constant (k,) of 4VP (12 L/mol-s
at 25 °C)"" is approximately twice that of DVB (~6.5 L/mol-s at 25 °C),* assuming that the pre-
exponential factor for DVB is similar to that of styrene.” The low sticking probability and
reactivity factor observed for DVB support the extreme conformality of PDVB coatings noted by

25

Asatekin and Gleason.” The R observed for the copolymer deposition is understandably closer

to that of 4VP, which is the majority component and the more reactive monomer.
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Figure 5-7| (a) Step coverage versus aspect ratio data for (©) PDVB, H; conditions; (0) P4VP, Cy conditions;

and (A) P(4VP-co-DVB), C; conditions used to calculate sticking probability and evaluate reactivity. (b)-(d)

Trenches of three different aspect ratios coated with H, PDVB. Scale bars represent 2 pm; arrows in (b)

indicate the thickness of the coating on the bottom of the trench.
5.4.5 Tuning mechanical properties via degree of cross-linking

The results of the FTIR spectroscopy and sticking probability analyses were used to
investigate the correlation between the film composition and elastic modulus. Fig. 5-8a illustrates
the change in elastic modulus as the transition is made from P4VP homopolymer (co-monomer

ratio=0) to PDVB homopolymer (co-monomer ratio=0).

8

(a) 120} (b)

3

o

S el 20 PDVB

& z /

3 = 60f iy

8 o] P4vP

= 4} t $ 10 o

E f i i } j/

= -

(=]

> ol i i ; i : 0 ; - ;
0 5 10 15 20 Infinite 0 30 60 90
Co-monomer Ratio(4VP/DVB) Depth (nm)

Figure 5-8| (a) Nanoindentation data indicate that the elastic modulus of P(4VP-co-DVB) increases with

increasing DVB concentration. (b) Force-depth curves indicate that P4VP is more plastic than PDVB.
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The modulus of the PDVB homopolymer is greater than that of the copolymer samples. This
can be attributed to the fact that the degree of cross-linking is also much higher for the
homopolymer (Fig. 5-4); the comparatively low degrees of cross-linking observed in the
copolymer samples (Tables 5-2, 5-3) are the result of the presence of large amounts of more
reactive 4VP monomer in the feed. This monomer contains no cross-linking functionality. By
increasing the amount of DVB in the feed, it is possible to adjust the modulus of the copolymer

between 3.4 (P4VP) and 5.8 GPa (PDVB) simply by tuning the flow rates of the monomers.

Fig. 5-8b lends insight into the differences in mechanical properties for P4AVP and PDVB
films. During the nanoindentation experiments, 49 indentations were generated on each sample
to ensure the elastic moduli were statistically representative, and, therefore, 49 load-displacement
curves were obtained for each polymer sample. Eight out of the 49 curves are shown as examples
in Fig. 5-8b for PAVP and PDVB. From Fig. 5-8b it can be concluded that the elastic moduli are
extremely reproducible as the load-displacement curves overlap within each sample. It is worth
noting that P4VP is more plastic than PDVB, which is evidenced by the unloading segments of
the load-displacement curves. For PDVB, the force decreases to O uN only when the indentation
depth becomes O nm. This indicates there is no detectable plastic deformation. Conversely, for
P4VP, the force reduces to O uN at indentation depths between 44 nm to 57 nm, implying
significant plastic deformation occurs during indentation. The modulus of iCVD P4VP agrees
well with the modulus of poly(4-vinylpyridine) polymerized using solution methods.™® The
modulus of iCVD PDVB is higher than published results for solution-polymerized PDVB; this
can be attributed to the high degree of cross-linking observed in the vapor-deposited films.' 21!
5.5 Conclusion

iCVD was used to deposit highly conformal thin films of cross-linked PDVB. Degree of
cross-linking was quantified via a FTIR spectroscopy-based method and empirically confirmed
by measuring the elastic moduli of the films. The degree of cross-linking did not change with
initiator concentration, suggesting that the reactivity of DVB pendant vinyl bonds, rather than
initiator radical concentration, is the limiting factor. FTIR spectroscopy was also used to quantity
4VP content and degree of cross-linking in P(4VP-co-DVB) films. The 4VP content in the
copolymer decreased as DVB monomer feed rate increased and was verified by XPS. The

percentage of reacted pendant vinyl bonds decreased with increasing DVB feed rate; however,
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the degree of cross-linking in the film increased due to the higher DVB content. Initiator feed
rate had no effect on degree of cross-linking in the range tested. Sticking probability calculations
indicated that the DVB monomer is less reactive than 4VP; these results support prior work
demonstrating the extreme conformality of PDVB coatings. Finally, we note that DVB
incorporation and cross-linking were reproducible and could be used to tune the modulus of the
copolymer. Deposition parameters and quantification methodology detailed in this work can be
used to extend the use of DVB as an iCVD cross-linking molecule and will be used to synthesize

custom thin films for a variety of applications.
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CHAPTER SIX

Synergistic prevention of biofouling by
zwitterionic surfaces and low-level
chlorination

Reproduced with permission from Yang R., Jang H., Stocker R., and Gleason K. K., Advanced
Materials 2014, 26, 1711.
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6.1 Abstract

Biofouling — the attachment of organic molecules and microorganisms to submerged surfaces
such as membranes — is the bottleneck for seawater desalination that is currently without an
effective solution. Biofouling reduces water flux and compromises salt rejection, lowering the
productivity and increasing the price of freshwater obtained by seawater desalination. Here, we
demonstrate a new approach to anti-biofouling of desalination membranes, based on the
application of pyridine-based zwitterionic surfaces synthesized via a low-temperature, solvent-
free method. This approach results in smooth, durable, ultrathin layers (30 nm) that are directly
deposited onto commercial reverse osmosis membranes without damaging them. Accelerated
testing against marine bacteria in multichannel microfluidic devices shows ~100-fold reduction
in biofouling compared to bare glass. The unique resistance of the pyridine-based films against
degradation by chlorine allows a new synergistic approach to antifouling, based on coupling
surface modification and low-level chlorination (5 ppm) in the feed. This combination approach
substantially enhances longer-term fouling prevention compared to either surface modification or
chlorination alone, and has the potential to reduce or eliminate pretreatment of seawater, the
most energy- and chemical-intensive step in desalination plants, and thus to reduce the cost of

freshwater production and its collateral toxicity to marine biota.

6.2 Introduction

Water scarcity affects one in three people in the world." With nearly 98% of the world’s
available water supply being seawater or brackish water, desalination has become an important
means to address the scarcity of freshwater resources. Thin film composite (TFC) reverse
osmosis (RO) membranes enable the removal of salt ions from seawater at room temperature by
applying pressure to the seawater feed. TFC-RO has quickly become the dominating desalination
method since its commercialization in the 1980s and is now used in nearly all RO desalination
plants.” TFC-RO is considered to have the greatest water permeability with high salt rejection
rate.” The bottleneck of TFC-RO to produce freshwater via seawater desalination at a
comparable price to natural freshwater is severe membrane fouling, which impairs water
permeation and salt rejection and thus reduces freshwater yield. Currently, marine biota and in
particular bacteria are removed from the feed by pretreatment, the most energy-intensive

(responsible for >36% of total plant energy consumption) and chemical-intensive step in a
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desalination plant and one that poses environmental risks to marine organisms when treated
water is discharged back into the ocean.” Fouling-resistant RO membranes would bring major
improvements in energy usage, process reliability and lower the environmental impact of

seawater desalination.

Zwitterions are a type of molecular structures with ultra-low fouling properties, demonstrated
in applications ranging from bio-assays to artificial tissues,* originating from the extreme
hydrophilicity induced by electrostatic interaction with water molecules,™ which makes the
replacement of surface-bound water molecules by foulants enthalpically unfavorable. However,
the zwitterionic coatings fabricated so far are not sufficient in long-term antifouling applications

due to the limited stability in real-world environments.’

The major challenge in the surface modification of TFC-RO membranes is to implement
antifouling chemistries without compromising salt rejection and high water flux.? The limiting
step for the transport of water and salt across membranes is the extremely thin (~100 to 200 nm)
polyamide selective layer (Fig. 6-1a). Pin-holes or defects in the polyamide layer are routes for
non-selective salt transport and thus quench the salt rejection performance of the membranes.
Surface modification methods involving solvents or exposure to high temperatures (Table 6-1)
can generate or enlarge the undesirable pin-hole defects.® Surface modification layers produce an
additional resistance to water permeability and thicknesses >100 nm are undesirable because

they cause >40% reduction in the water flux.’
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Figure 6-1 | Antifouling zwitterionic coatings applied onto commercial RO membranes via iCVD. a,b,
Cross-sectional SEM image of (a) bare and (b) iCVD coated RO membrane. Panel (a) shows the porous
supportive polysulfone layer (colored in orange) beneath the nonporous, 200-nm-thick, selective polyamide
layer of the RO membrane. In (b), the smooth top layer is the iCVD zwitterionic coating, which is grafted to
the selective layer. ¢, AFM scan of coated membrane and (inset) bare membrane. Both surfaces are
exceptionally smooth, with ~1 nm RMS roughness. d, N(1s) XPS high resolution scan of the iCVD P4VP as-
deposited (blue) and post-functionalized by PS (red), demonstrating full conversion of pyridine to zwitterion.
e, Salt rejection of bare and coated membranes. The comparable values of salt rejection indicate that the
coating leaves the thin selective layer of the delicate RO membranes intact. f, Water flux through bare and
coated membranes. Membranes coated with 30-nm functionalized copolymer 1 maintain 86% of the original

water flux. Error bars (e,f) represent the standard deviations obtained with 3 parallel tests.

Table 6-1| Comparison of the important characteristics of surface modification techniques for zwitterionic
antifouling chemistries

atom-transfer radical- bulk solution layer-by-

10 .
methods SAMs polymerization'' polymerization® layer' Ve
all-dry processing X X X X Y
substrate-independence X X Vv X V
small post-treatment Vv Vv X Vv
roughness

conformal coating Vv Vv X \

ultra-thin coating \' \% X Vv \%

high surface concentration
of zwitterionic groups
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In CHAPTER TWO AND CHAPTER THREE, we showed that anti-biofouling coatings of
various compositions can be grafted and directly deposited on commercial TFC-RO membranes
via an all-dry process, called initiated chemical vapor deposition (ICVD).”"*'* The low-
temperature, solvent-free processing leaves the delicate polyamide intact and thus maintains the
high salt rejection. Water flux is maintained by utilizing ultrathin (30 nm) iCVD layers.
However, these acrylate-based films do not resist the degradation by chlorine, the most prevalent

disinfection reagent in water treatment."”

In this chapter, a novel pyridine-based zwitterionic surface chemistry will be introduced,
which displays significantly improved resistance against a variety of molecular foulants and
improved tolerance to chlorine exposure as compared to acrylate-based analogs. The chlorine-
resistant surface provides a new perspective for achieving long-term antifouling. The pyridine-
based zwitterionic surfaces demonstrate a synergy with drinking-water-level chlorination (5
ppm), resulting in exceedingly high antifouling performance. The chlorine-resistant antifouling
surfaces are derived from ultrathin iCVD poly(4-vinylpyridine) (P4VP) and its Copolymers.“”17
The vapor deposition allows the synthesis of insoluble cross-linked coatings as thin films directly
on a surface in a single step. Enhanced durability results from cross-linking co-monomers and in
sity grafting. The in situ reaction with 1,3-propanesultone (PS) vapors produces pyridine-based
sulfobetaine zwitterionic functional groups, having a balanced surface charge. The i1CVD
synthesis is carried out at low surface temperature (20 °C) to produce robustly adhered, smooth,
ultrathin layers (30 nm) directly on even delicate substrates, such as TFC-RO membranes
without damaging them. Accelerated testing against marine bacteria in multichannel microfluidic
devices shows ~100-fold reduction in biofouling on the coated surface compared to bare glass.
The unique resistance of the pyridine-based films against degradation by chlorine allows a new
synergistic approach to antifouling, which substantially enhances longer-term fouling prevention
compared to either surface modification or chlorination alone, and has the potential to reduce or
eliminate pretreatment of seawater, the most energy- and chemical-intensive step in desalination
plants, and thus to reduce the cost of freshwater production and its collateral toxicity to marine
biota. This approach can facilitate the rational design of the next generation of RO membranes'®
* and of antifouling stratcgics in desalination plants, and find additional utility on the hulls of

ships and for submerged marine structures.?’
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6.3 Experimental Section

Film deposition and derivatization. All iCVD films were deposited in a custom built vacuum
reactor (Sharon Vacuum), as previously described.”"® All the chemicals were used as purchased
without further purification. Silicon (Si) wafers (Wafer World, test grade) were coated with
P4VP or the copolymer of 4VP and DVB without pre-treatment. Prior to deposition, commercial
RO membranes (Koch Membrane System, TFC-HR) were cleaned with filtered nitrogen, and
then treated with oxygen plasma for 1 minute and then placed in the reactor chamber. The glass
slides were treated with trichlorovinylsilane (Aldrich, 97%), as described previously.”” During
iCVD depositions, 4VP (Aldrich, 95%) and DVB (Aldrich, 80%) monomers were heated up to
50 °C and 65 °C in glass jars, respectively and delivered into the reactor using mass flow
controllers (1150 MFC, MKS Instruments). Argon patch flow was metered into the reactor
through a mass flow controller (1479 MFC, MKS Instruments) and the flow rate was varied to
keep the residence time constant. Systematic variation of the flow rate ratios of the two
monomers was performed to yield high-zwitterionic-percentage, yet chlorine-resistant films of
poly(4-vinylpyridine-co-divinylbenzene) (PVD). Films were deposited at a filament temperature
of 250 °C and a stage temperature of 20 °C. Total pressure in the vacuum chamber was

maintained at 0.8 Torr for all depositions.

In situ interferometry with a 633 nm HeNe laser source (JDS Uniphase) was used to monitor
the film growth and deposit desired thicknesses on Si substrates. A more accurate film thickness
on the Si wafer substrates was measured post-deposition using a J.A. Woollam M-2000
spectroscopic ellipsometry at three different incidence angles (65°, 70°, 75°) using 190
wavelengths from 315 to 718 nm. The data were fit using a Cauchy-Urbach model. After
deposition, the PVD-coated substrates were derivatized as reported previously.g’13 FTIR, XPS

and contact angle measurements were performed as described previously.g’13

Permeation tests. Tests of the coated/bare membranes were performed using a commercial
dead-end membrane filtration unit (Sterlitech Corp., HP4750) with a nitrogen cylinder to supply
feed pressure, which was kept at 700 psi for all tests. The flow rates of the permeate were
determined using a 100 ml metered flask. For the salt rejection calculations, a conductivity meter

(CDH-152, Omega Engineering Inc.) was used.
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Chlorine resistance tests. Samples subject to chlorine resistance tests were soaked in deionized
water for 2 hours, to remove the surface absorbed PS molecules and loosely attached oligomers
of 4VP. Samples were dried with nitrogen gas and soaked in aqueous solution of sodium
hypochlorite with the concentration of 1000 ppm for various treatment durations. FTIR spectra
and dynamic contact angle measurements were taken before and after treating with chlorine

solutions.

Bacterial adhesion tests. V. cyclitrophicus was used as the model microorganism. Bacteria cells
from freezer stocks were inoculated and grown overnight in artificial seawater at 30 °C to an
optical density (ODggo) of 1 while agitated on a shaker (150 rpm). Cells were suspended in fresh
artificial seawater and incubated at 37 °C on a shaker (180 rpm) until the optical density reached
0.2. The bacterial solution was then injected into the microfluidic channels at a constant flow rate
of 2 pl min~', which corresponds to an average flow velocity of 560 pum s~'. During the
combination treatment, chlorine was directly added to the vessel containing the media with
bacteria to a final concentration of 5 ppm. Note that in this case the images acquired at a certain

time (¢ hours) captured bacteria that have been exposed to chlorine for ¢ hours.

6.4 Results and Discussion

Ultrathin (30 to 300 nm) iCVD coatings are successfully grafted and deposited directly onto
commercial TFC-RO membranes (Fig. 6-1b), followed by the vapor phase derivatization (Fig. 6-
2).
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Figure 6-2 | Synthesis of antifouling zwitterionic coatings via iCVD. a, Processing and reactions during
the synthesis of iCVD zwitterionic coatings. Initiator tert-butyl peroxide (TBPO) is radicalized by heated
filaments (®) kept at around 250 °C. Tert-butyl oxide radicals react with vinyl bonds in 4-vinylpyridine (4VP)
and divinylbenzene (DVB) to form cross-linked copolymer, which then react with 1,3-propanesultone (PS) to
form zwitterions. b, ¢, Reaction conditions (b) and FTIR spectra (c) for homopolymers PDVB (cyan) and 4VP
(black) and copolymers 1 (dark blue), 2 (blue) and 3 (light blue). Increasing the flow rate of DVB in the
reactor feed while keeping the overall flow rate constant results in more incorporation of DVB repeat units
(b). Areas under peaks at 710 cm! (c), corresponding to pendant vinyl bonds in DVB repeat unit, decrease
readily from PDVB to copolymers, and to P4VP, indicating compositional difference. The 710 cm! peak is
used to calculate composition of copolymers.1¢ d, FTIR spectra of the iCVD P4VP as-deposited (black) and
post-functionalized by PS (grey), demonstrating conversion of pyridine to zwitterion by the emergence of
peaks around 1199 and 1036 cm!(grey arrows), attributed to the asymmetric and symmetric stretching

vibrations of SOz~

The all-dry-processed coating conforms to the geometry of the underlying substrate (Fig. 6-
Ib,c), because surface tension and de-wetting are avoided. The root-mean-square (RMS)
roughness of bare and coated RO membranes is 1.3+0.3 nm (Fig. 6-1c, inset) and 0.8+0.1 nm
(Fig. 6-1c), respectively. This exceptional smoothness is critical to the fouling resistance of the
membrane surface,” because larger surface areas and more binding sites are available for foulants
to attach on a rougher surface. In addition, nano- and micro-scale roughness can entrap proteins

and bacteria, respectively, and provide a “shield” to attached foulants from shear forces.” The
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benign reaction conditions allow retention of the zwitterionic groups, as evidenced by the N(Is)
high-resolution scan by X-ray photoelectron spectroscopy (Fig. 6-1d). The binding energy of the
pyridine nitrogen species from the as-deposited iCVD layer is ~399.5 eV** with a small tail
around 402 eV that is attributed to the inevitable post-treatment adsorption of atmospheric cO,”
The binding energy of quaternized pyridine nitrogen is ~401.5 eV”> and the symmetric peak

profile indicates complete quaternization by the PS post-treatment.

The salt rejection of the surface-modified RO membranes is unaltered, confirming the benign
nature of the solvent-free process (Fig. 6-le). This substrate-independent method allows
simultaneous deposition on multiple substrates. This feature is used to simultaneously deposit on
RO membranes and on a silicon wafer in order to achieve precise control of coating thickness,
which is critical because thin coatings are essential to maintaining the high water flux across RO
membranes.” The coating thickness on RO membranes is compared to that on a silicon wafer,”
which is monitored via in situ interferometry. With the 30-nm coating thickness achieved with
this method, the water flux is reduced only by ~14% compared to untreated RO membranes (Fig.
6-1f). This high water flux is achieved with an amount of the cross-linker (4%: copolymer 1 Fig.
6-2), divinylbenzene (DVB), sufficiently high to ensure the stability of the coating and
sufficiently low to effect a minimal reduction in water flux. As expected, water flux is reduced
(by 72%; Fig. 6-3) for higher DVB content (17%; copolymer 2) and also (by 84%) for the
homopolymer PDVB, owing to its high cross-linking density.

100

50 F

Permeability (%)

Bare P4VP 4%DVB 17%DVB PDVB
Figure 6-3 | Relative water permeability of unmodified and surface-coated reverse osmosis (RO)
membranes. Water permeability was measured with a dead-end stir cell with 700 psi feed pressure. No salt
was added to the feed. All permeability results are normalized by that of unmodified RO membrane (Bare).
Coatings of functionalized P4VP and copolymer 1 (4% DVB repeat units) do not lower the permeability

significantly (less than 20% reduction); while functionalized copolymer 2 (17% DVB) drastically decreases
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the permeability, indicating that additional cross-linking density increases resistance of water transport

across membranes. Homopolymer of PDVB can achieve only 16% of the permeability of bare RO membranes.

It is worth noting that copolymer 1, despite the higher cross-linking density, has similar water
flux as homopolymer P4VP (Fig. 6-2 and 6-3). This is likely a result of surface chain
reorganization of copolymer 1 upon contacting water. Therefore, copolymer 1 is chosen as
providing the optimal trade-off between coating stability and water flux. Taken together, these
results show that the proposed approach can overcome the major challenge in the field of surface
modification for desalination, by implementing antifouling chemistry without compromising

water flux and salt rejection of the resulting membranes.

To reveal the chemistry of the antifouling coatings, the retention of functional groups and
compositions of as-deposited and functionalized iCVD polymers are analyzed using Fourier
transform infrared (FTIR). Excellent agreement is observed between the spectra of iCVD- and
solution-polymerized PDVB and P4VP,***7 indicating that the non-vinyl organic functionalities
in the monomers are retained in the iCVD films. Successful polymerization of DVB (Fig. 6-4b)
is evidenced by the reduction of the 903 cm™ peak in the PDVB spectrum (Fig. 6-4a, black),
which results from the out-of-plane CH, deformation in vinyl groups. The existence of this peak

in the PDVB spectrum is due to the presence of unreacted pendant vinyl bonds.'®*
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Figure 6-4 | Chlorine-resistant zwitterionic chemistry. a, FTIR spectra of homopolymers and copolymers
as-deposited, after PS functionalization, and after chlorine exposure. Copolymer 1 and 2 contain 4% and 17%
DVB repeat units, respectively. The spectra of functionalized P4VP and copolymer 1 display a peak
corresponding to the zwitterionic moiety (1036 cm-). Copolymer 1 shows unchanged spectra after 1000 ppm
chlorine treatment for 2 hours and 24 hours, demonstrating excellent chlorine resistance. Spectra are offset
vertically for clarity. b-d, Molecular structure of the cross-linker DVB, 4VP and the zwitterionic moiety
obtained after functionalization. e, The polymers’ chlorine resistance, quantified as the area under the 1600
cm! peak (corresponding to the pyridine ring). Functionalized homopolymer P4VP does not resist the
oxidative damage of chlorine, whereas functionalized copolymer 1, containing merely 4% cross-linker repeat
units, resists chlorine considerably better. Increasing cross-linker repeat units beyond 4% improves chlorine
resistance only slightly. f, Advancing (®) and receding ( A) contact angles of the functionalized copolymer 1
before and after chlorine treatment. The drop volume is the volume of the water droplet used to measure the
contact angle. Contact angles are unchanged by chlorine treatment, confirming the chlorine resistance

observed via FTIR (panel a).

For the iCVD polymers PDVB (black), copolymer 2 (wine)., copolymer 1 (magenta) and
P4VP (blue), there is a decreasing trend in the area under the 710 cm™! peak, a measure of the
number of m-substituted aromatic rings in the DVB repeat units (Fig. 6-4a). This is utilized to

calculate compositions of the iCVD copolymers,'® which are confirmed by X-ray photoelectron
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spectroscopy (XPS) survey scans. The composition of the copolymers can be tuned simply by
varying the flow rate ratios of 4VP and DVB monomers (Fig. 6-2). In the spectra of P4VP and
copolymers, the strong peak at 1600 cm™! is attributed to the C-C and C-N stretching vibrations

in the pyridine ring (Fig. 6-4c),'**®

whose intensity increases with more P4VP repeat units (Fig.
6-2). FTIR spectra collected after the PS derivatization (Figs. 6-4a and 6-2) confirms the
formation of the pyridine-based sulfobetaine (Fig. 6-4d) via ring-opening of PS, as evident by the
appearance of a peak at 1036 cm™" in the spectra of functionalized P4VP (red) and copolymer 1
(orange) (Fig. 6-4a). This peak is attributed to the symmetric stretching of the SO;~ group.”®
Therefore, pyridine-based zwitterionic structures designed to resist oxidative damages are

successfully synthesized using the solvent-free scheme.

To evaluate the chlorine resistance of the iCVD films, we subject the functionalized
homopolymer P4VP, copolymer 1 and copolymer 2 to treatment with a 1000 ppm solution of
sodium hypochlorite and we acquire FTIR spectra after different treatment durations. From the
spectra, we measure the areas under the 1600 cm™ peak (Fig. 6-4a.e) to quantify the functional
retention of the zwitterionic structure; the strong peak intensity renders the quantification more
accurate. The excellent chlorine resistance of copolymer 1 (4% DVB) is evident from the
negligible changes in its spectrum after 2 (green) and 24 (grey) hours of chlorine treatment (Fig.
6-4a). In contrast, homopolymer P4VP is rendered soluble by a 10-hour exposure, as shown by

the absence of functional peaks in the FTIR spectrum (Fig. 6-5).

Pavp 1,000 ppm chlorine 24h

Functionalized P4VP

1,000 ppm chlorine 2h
Functionalized P4VP

Functionalized P4VP

1 n st £ s n 1
3200 2800 2400 2000 1600,
Wavenumbers (cm)

1200 800

Figure 6-5 | FTIR spectra of functionalized iCVD P4VP homopolymer before and after treatments with
1000 ppm chlorine solution. The coating was first soaked in DI water for 2 hours to remove the surface
absorbed PS molecules and loosely attached oligomers of 4VP. The sample was then treated with 1000 ppm
chlorine for 2 hours. The SO3" peaks around 1199 and 1036 cm have significantly smaller peak areas,
indicating the dissolution of uncross-linked iCVD zwitterionic coating. After 24 hours in 1000ppm chlorine

solution, the coating becomes completely soluble in water the no peaks remain in the FTIR spectrum.
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Importantly, the addition of 4% DVB cross-linker produces a major increase in the resistance
to chlorine, whereas additions beyond 4% result in minor additional resistance (Fig. 6-4e): after
10000 ppm h exposure to chlorine, ~94% and ~99% pyridine functionalities remain in
functionalized copolymers 1 (4% DVB) and 2 (17% DVB), respectively. Functionalized
copolymer 1 is thus most desirable because it resists chlorine very effectively while leaving the

water flux nearly intact (Fig. 6-3).

These observations are corroborated by dynamic contact angle measurements on
functionalized P4VP and copolymer 1 before and after chlorine treatment, which yields a
comprehensive evaluation of the effects of chlorine on the coatings, because the dynamic contact
angles of coated surfaces are affected by coating chemistry, surface roughness, swelling, and
surface chain reorganization.”” For the functionalized P4VP before chlorine treatment we
measure advancing and receding contact angles of 31° and 20°, whereas after 2000 ppm h

chlorine exposure these values become 48 and 18°, respectively (Fig. 6-6).
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Figure 6-6 | Dynamic contact angles of functionalized iCVD P4VP homopolymer before and after
treatments with 1000 ppm chlorine solution. After 2 hours in 1000 ppm chlorine solution, the advancing
contact angles of functionalized homopolymer P4VP (@) increase significantly, indicating the damage to the
film by chlorine. Larger error bars are signs of inhomogeneity of the chlorine-treated film. Dynamic contact
angles of the film after 24 hours chlorine exposure are not shown here because the film dissolves in water. It
is worth noting that the incorporation of cross-linker DVB in copolymer 1 (Fig. 6-4f, @) renders the
advancing contact angle 20° higher than P4VP (@), but with minimal effects on the receding contact angle
(Figs. 6-4f, A and 6-6 A), indicating the surface chain reorganization. When the functionalized copolymer 1
is in contact with water, hydrophilic segments tend to migrate toward the surface by thermodynamic driving
force to minimize the interfacial free energy. This phenomenon, in part corroborates the similar water flux

obtained with functionalized homopolymer P4VP and copolymer 1 films (Fig. 6-3). It also ensures the high
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concentration of zwitterionic moieties on the submerged iCVD coating surface, precisely where the

antifouling properties are exploited.

These considerable changes in dynamic contact angles reflect the poor chlorine resistance of
the functionalized P4VP films. In contrast, the advancing and receding contact angles of the
functionalized copolymer 1 are 51° and 24°, respectively. In spite of the higher cross-linking
density, copolymer 1 has similar receding contact angle as P4VP. This is a sign of surface chain
reorganization®’ and corroborates the comparable water flux obtained with functionalized P4VP
and copolymer 1 films. The dynamic contact angles remain unchanged after as much as 24000
ppm h chlorine treatment (Fig. 6-4f), confirming the excellent chlorine resistance of the
functionalized copolymer 1 films: the coating chemistry, surface roughness, swelling, and
surface chain reorganization all remain essentially unaltered even upon prolonged exposure to

chlorine.

We demonstrate the anti-biofouling properties of the new surface treatment both with
dissolved foulants and with marine bacteria. Quantification of the surface adsorption of 1 mg
ml™" bovine serum albumin (BSA) in phosphate-buffered saline (PBS) is conducted via quartz
crystal microbalance with dissipation monitoring (QCM-D). BSA is a widely used test protein

for antifouling studies.’*¥!

Analogous tests are carried out with a representative polysaccharide,
1 mg ml™ sodium alginate, the major component of extracellular materials that lead to
membrane biofouling.’> QCM-D tests reveal no adsorption of either foulant over 200 minutes on

the functionalized copolymer | surface (Fig. 6-7).

mm Sodium alginate
300 + mmm Bovine serum albumin

2004

100 |

copolymer 1

100}

Surface adsorbed mass (ng cm?)

Figure 6-7 | Surface adsorption of sodium alginate and bovine serum albumin (BSA) on gold and
functionalized copolymer 1 surfaces. 1mg ml-! solutions were introduced into the chamber of quartz-
crystal micro-balance with dissipation monitoring (QCM-D), where the gold or coated QCM-D sensors were

placed. The solutions of foulants were fed continuously for 2 h, and changes in the dissipation and frequency
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were recorded in situ. The dissipation changes are negligible for all cases and thus frequency changes are
converted to surface adsorbed masses using the Sauerbrey equation. Gold surface adsorbs sodium alginate
(blue) very strongly, and the surface mass reaches ~340 ng cm2 after 2 h. The adsorption of BSA (red) on
gold is ~208 ng cm=2. Functionalized copolymer 1 resists the adsorption and the surface adsorbed mass
remains around 0 ng cm for both foulants, demonstrating the fouling resistance of iCVD zwitterionic

coatings.

The successtul antifouling against dissolved chemicals leads us to test the surfaces against
fouling by marine bacteria. We use natural seawater samples and a culture of Vibrio
cyclitrophicus, a species broadly representative of bacteria prevalent in coastal waters, from
where seawater for desalination typically originates. The dynamics of bacterial attachment are
studied in a microfluidic flow system and imaged with an inverted microscope equipped with a
CCD camera.” Images are extracted from full movies and quantified by image analysis.
Microchannels of 600 x 100 pum rectangular cross-section are fabricated out of
polydimethylsiloxane (PDMS) using standard soft lithography techniques® and mounted on a
microscope glass slide that has been coated with a ~300-nm-thick film of functionalized
copolymer 1. Fresh seawater is harvested and used on the same day as the feed solution for the
microfluidic fouling tests, without any pretreatment, through continuous injection at a rate of 2
ul min™' (corresponding to a mean flow velocity of ~560 pm s™'). Fabrication of multiple (2-4)
microchannels on the same chip allows parallel, simultaneous experiments and thus a direct
comparison of different treatments and the minimization of confounding factors. Because
experiments lasting up to 100 hours reveal no discernible surface attachment (Fig. 6-8),
irrespective of surface conditions, we run accelerated fouling experiments with concentrated
cultures of V. cyclitrophicus, grown overnight in artificial seawater and concentrated to an
optical density (ODggo = 0.2; ~2x10% cells ml™") corresponding to early exponential phase. This

bacterial concentration is ~200 times that of typical seawater.

Figure 6-8 | Surfaces after 100 h in natural seawater. Both (a) functionalized copolymer 1 surface and (b)
bare glass surface remain clean after exposure to flowing seawater for 100 h. Therefore, accelerated fouling

experiments are conducted with concentrated cultures of Vibrio cyclitrophicus.



In the accelerated tests, the iCVD zwitterionic coatings show much greater resistance to

bacterial attachment than bare glass (Fig. 6-9a.b.e.f; Fig. 6-10).

Bare Coated Bare Coated
5 ppm chiorine 5 ppm chlorine

50 ym

Bare Bare Coated
5 ppm chlorine 5 ppm chlorine

0 min

85 min

120 min

Figure 6-9 | Enhanced fouling resistance by zwitterionic surfaces and low-level chlorination. a-h,
Attachment of concentrated suspensions of the marine bacteria V. cyclitrophicus to glass surfaces with (a,e)
no treatment; (b,f) the zwitterionic coating (functionalized copolymer 1); (c,g) chlorination (5 ppm); and
(d,h) the zwitterionic coating plus chlorination, after 5 hours (a-d) and 12 hours (e-h). The zwitterionic
coating shows no signs of fouling after 5 hours under accelerated biofouling tests conditions (b), whereas
after the same amount of time the bare surface has significant surface coverage by bacteria (a). After 12
hours, neither the coating alone (f) nor chlorination alone (g) is effective at resisting biofouling, whereas the
combined treatment exhibits dramatically increased fouling resistance and maintains a clean surface (h).
Relative fouling indices, Fi (b,f) - the fraction of surface coverage for the coated surface compared to the bare
glass control - and F (c,g) - the fraction of surface coverage in the presence of chlorination, compared to that
in the absence of chlorination for a bare glass surface - are used to quantify the effects of coating and
chlorination, respectively. The synergistic fouling prevention is quantified by the synergistic index, S (d,h),
where S < 1 indicates synergy between the coating and chlorination. See also Supplementary Movies 3 and 4.
Images in (a-h) are captured with the same magnification and the scale bar represents 50 pm. i-q,
Comparison of the attachment and proliferation of a V. cyclitrophicus bacterium on (i,1,0) a bare surface,
(j,m,p) a bare surface with chlorination, and (k,n,q) a coated surface with chlorination. The 5 ppm chlorine
addition did not prevent bacterial proliferation on the surface (m,n,p). The zwitterionic chemistry is critical

for the synergistic fouling resistance, as bacteria are readily removed from the zwitterion-coated surface by
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even laminar flow (Reynolds number ~0.1) (q). See also Supplementary Movie 5. The scale bar represents 5

um.
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Figure 6-10 | Surface coverage by V. cyclitrophicus on bare glass and iCVD zwitterionic surfaces and
relative fouling index F;. V. cyclitrophicus attaches readily on the bare glass surface (black), for which the
surface coverage reaches ~65% after 300 minutes. After the same amount of time, the functionalized
copolymer 1 surface (orange) remains clean, with 0% surface coverage. The relative fouling index Fi(blue),
defined as the fraction of surface coverage for the coated surface compared to the bare glass control,
decreases steadily over the course of the test. After 300 minutes, F; reaches ~10-2, corresponding to ~100

times better fouling resistance of the functionalized copolymer 1 surface compared to the bare glass surface.

Fouling is quantified by time-lapse imaging of the surface, followed by image analysis to
determine the number of attached cells and the percent surface coverage by bacteria. Despite the
intrinsic fouling resistance of glass surfaces,” the number of attached cells on bare glass
increases steadily over time, and exponentially after 50 minutes. After 5 hours, the cell count
over a 0.16-mm” area of the bare glass surface reaches ~7500, (Fig. 6-9a), whereas it remains
close to zero on the coated surface (Fig. 3-9b). Defining a relative fouling index, Fy, as the
fraction of surface coverage for the coated surface compared to the bare glass control, we find
that ', decreases drastically over time for functionalized copolymer 1 and drops to ~0.01 after 5
hours (Fig. 6-10). This result demonstrates the exceptional fouling resistance of iCVD
zwitterionic coatings, in particular in view of the fact that smooth, bare glass is already a rather

good antifouling surface.™

The surfaces’ antifouling effects are further boosted by low-level chlorination, resulting in a
new synergistic approach against fouling made possible by functionalized copolymer 1’s good
resistance to chlorine (Fig. 6-4a.e,f). We run additional, accelerated microfluidic tests where the

suspension of V. cyclitrophicus is amended with 5 ppm of sodium hypochlorite (Fig. 6-9¢,d,g,h),
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a concentration comparable to the residual chlorine level in the USA national drinking water
standards.** To quantify the effect of chlorination we define a second fouling index, F3,
computed as the fraction of surface coverage in the presence of chlorination, compared to that in
the absence of chlorination, for the case of a bare glass surface. Although chlorination overall
reduces surface fouling, signs of fouling on bare glass in the presence of 5 ppm chlorine emerge
after 5 hours (F; ~0.45; Fig. 6-9¢) and after 12 hours fouling is severe (F> ~0.58; Fig. 6-9g).
Therefore, chlorination at a level of 5 ppm is less effective than the zwitterionic coating in
preventing bacterial attachment. However, the synergistic effect of the zwitterionic coating and
chlorination dramatically increases fouling resistance over each treatment in isolation (Fig. 6-
9d,h). After 12-hour exposure to the V. cyclitrophicus suspension, the surface coverage is
35.3+1.7% on bare glass in the presence of 5 ppm chlorine, 14.1+3.4% on the coated surface
without chlorine, and only 1.5£0.4% on the coated surface in the presence of 5 ppm chlorine.
The percent surface coverage in the synergistic treatment is 0.02 of that of a bare glass surface
without chlorine, four-fold smaller than the prediction (¥ X F>) obtained if the effect was simply

multiplicative.

To quantify the synergistic effect of the two antifouling strategies, we compute an antifouling
synergistic index, S (Fig. 6-11a, inset). Synergistic indices have been used among others to
describe the effects of multi-strategy anti-tumor treatments, where S < 1 indicates a synergistic

effect in killing tumor cells by the different strategies in the treatment.>>”® Here we define S as

__ Y%Surface coveragecombination treatmentobserved __ /oSurface converagecombination treatment,observed (6 1)

%Surface converagecombination treatment,expected Fy X F, X %Surface converagepare glass

The temporal dynamics of S (Fig. 6-11a, inset) reveal values of S < 1 after ~400 minutes, and
a subsequent steady decrease to ~0.1 after 900 minutes. No signs of saturation in the decrease are
observed, demonstrating the long-term nature of the synergy. The values of § within the first 5
hours are not shown because the surface chemistry alone reduces fouling to non-detectable levels

(i.e., Fy ~ 0) during this time and thus a quantification of S is not meaningful.
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Figure 6-11 | Synergistic prevention of bacterial fouling by the combination treatment. a, Surface
coverage by V. cyclitrophicus bacteria under different conditions. The synergistic treatment - integrating iCVD
zwitterionic coating with low-level (5 ppm) chlorination - shows exceptional long-term antifouling activity
even under accelerated biofouling conditions (i.e., dense bacterial suspensions), when each method in
isolation begins to fail. Inset, Time series of the synergistic index (5), quantifying synergistic effect of the two
antifouling strategies. Values of S < 1 indicate a positive synergy between the two treatments. The monotonic
decrease of S, with no signs of saturation over 15 hours, demonstrates the importance of synergistic effect on
long-term fouling resistance. b, Viability of V. cyclitrophicus upon addition of chlorine at different
concentrations. 1 ppm chlorine does not significantly impact bacterial growth, whereas 5 ppm chlorine
reduces the optical density by 42%, but does not kill bacteria. Killing by chlorine is thus not the dominant
factor in the success of the synergistic treatment. ¢, Mean swimming speed of V. cyclitrophicus, obtained by
tracking of individual cells. Addition of up to 5 ppm chlorine does not significantly change the bacteria’s
swimming speed, suggesting that prevention of attachment is not due to a reduction of encounter rates with

surfaces.

In the attempt to reveal the mechanism underpinning the synergistic effect, the cell-surface
interaction is investigated by observing a single bacterium for its proliferation and motility on the
surface for the different treatments (Fig. 6-9i-q). After 85 minutes, replication has occurred under
all conditions (Fig. 6-91-n), at a mildly lower rate in the presence of 5 ppm chlorine (Fig. 6-
9m,n), suggesting that the low dose of chlorine has only small effects on cell growth. This
hypothesis is supported by direct viability tests (Fig. 6-11b), showing that the growth of V.
cyclitrophicus (measured as the optical density of cell cultures) is negligibly affected by addition
of 1 ppm chlorine and exhibits a 42% reduction with 5 ppm chlorine addition. Furthermore,
tracking of individual cells shows that motility is not significantly affected by 1 ppm or 5 ppm
chlorination (Fig. 6-11c). Although growth in batch culture might differ from growth on a
microchannel surface, taken together these results (Figs. 6-11b and 6-91-n) demonstrate that the

observed antifouling and synergistic effect of chlorine are not based on killing of the bacteria.
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Instead, the primary difference among the three single-cell cases (Fig. 6-9i-q) resides in the
dependence of cell removal from the surface on the surface chemistry (Fig. 6-90-q): whereas
bacteria remain largely attached to the bare glass surface, they are easily removed from the
coated surface by ambient fluid flow, independent of the presence of chlorine. In particular,
bacterial removal from the iCVD zwitterionic coating occurs readily even under the low, laminar

flow conditions within the microchannel (Reynolds number ~0.1).

6.5 Conclusion

We have demonstrated the ability of ultrathin, chlorine-resistant iCVD zwitterionic
copolymers to act as antifouling coatings and, based on their resistance to chlorine, we have
proposed a novel, multi-strategy approach to antifouling, which hinges on the synergy between
surface chemistry and chlorination. The zwitterionic coating prevents the attachment of V.
cyclitrophicus almost 100 times more effectively than glass after 5 hours (Figs. 6-9a,b, 6-11a and
Fig. 6-10), while chlorination, with concentrations as low as the regulated chlorine residue in
drinking water, is able to enhance the long-term fouling resistance of the zwitterionic coating by

9.4-fold after 12 hours (Figs. 6-9d,h and 6-11a), with no signs of saturation.

A key advantage of the zwilterionic coatings reported here is the substrate-independence of
the vapor application process, which makes these coatings easily applicable to a broad range of
surfaces. In particular, these coatings may be applied on the latest salt-rejecting layers,'>*’ which
resist exposure to chlorine, providing a path towards solving the desalination industry’s
bottleneck of the susceptibility of TFC-RO membranes to oxidative damage by chlorine. The
surface treatment is benign, easily scalable®” and compatible with the infrastructure in membrane
industry,” which gives rise to a stable, non-toxic and inexpensive ultrathin coating. The good
fouling resistance and chlorine resistance of this coating can help eliminate the most energy- and
chemical-intensive step (pretreatment of seawater) in a RO desalination plant,2 and reduce the
environmental impacts of brine discharge. This approach therefore promises to lower the price of
freshwater in water-scarce countries, where desalination may serve as the only viable means to
provide the water supply necessary to sustain agriculture, support personal consumption, and

promote economic development.
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CHAPTER SEVEN

Molecular fouling resistance of
zwitterionic and amphiphilic antifouling

thin films

Reproduced with permission from Yang R., Xu J., Ozaydin-Ince G., Wong S. Y. and Gleason K.
K., Chemistry of Materials 2011, 23, 1263.
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7.1 Abstract

Prevention of fouling is critical in various applications ranging from water purification to
implantable biomedical devices. Recent development in surface modification has created a rich
library of antifouling surface chemistries, many of which can be categorized into one of two
groups: hydrophilic surfaces or amphiphilic surfaces. The straightforward preparation of an
antifouling thin film coating in both categories via initiated chemical vapor deposition iCVD) is
reported. A molecular force spectroscopy-based method is demonstrated as a rapid and
quantitative assessment tool for comparing the differences in antifouling characteristics. The
fouling propensity is assessed by using both amine-functionalized and bovine serum albumin-
functionalized AFM cantilevers. The molecular force spectroscopy-based method is able to
distinguish differences in antifouling capability that is not resolvable by traditional static protein
adsorption tests. To lend further insight into the intrinsic fouling resistance of zwitterionic and
amphiphilic surface chemistries, Fourier transform infrared spectroscopy, X-ray photoelectron
spectroscopy, advancing and receding water contact angles and atomic force microscopy (AFM)

are used to elucidate the film properties that are relevant to their antifouling capabilities.

7.2 Introduction

Fouling, the undesirable attachment of organic matters and micro-organisms on submerged
surface, has garnered increasing attention due to its prevalence in water purification,’ marine
transportation,” medication, and healthcare.® Surface modification with organic functional groups
that resist non-specific surface attachment has been one of the most environmentally friendly and

effective strategies in combatting fouling.

A variety of functionalities that resist protein attachment have been developed, including
derivatives of oligo(sarcosine), N-acetylpiperazine, permethylated sorbitol groups, chimeric
peptoids (oligomers of peptide structures made of non-natural amino acids) and zwitterionic
moieties.* These hydrophilic surface chemistries all demonstrated fouling resistance close to
polyethylene glycol (PEG), an FDA-approved biopolymer that is often considered as the gold
standard in protein resistance.” Amphiphilic surfaces represent another interesting category of
antifouling chemistry that does not rely on hydrophilicity.2’6 Their compositional heterogeneities
at a molecular-length scale (amphiphilic nanodomains) create a degree of chemical ambiguity,

which may lower both the entropic and enthalpic driving forces for protein adsorption.(”7
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With the very rich and highly diverse library of antifouling surface chemistries, comes the
need for a rapid and quantitative assessment tool to compare and evaluate the efficacy of various
chemistries."**? The most accurate way to achieve this goal is to subject the modified surfaces
to long-term performance tests in real-world environments. However, it is very time consuming
and sometimes not realistic considering the rapid rate at which new antifouling materials are
invented. > Single-component fouling tests, such as protein adsorption and bacterial adhesion,
are broadly accepted and commonly used as antifouling performance tests.>>!! However, it is
tedious and time-consuming to test an antifouling surface against all the possible molecules and
organisms that might present in the targeted environment such as seawater or whole blood.
Therefore, an efficient and effective fouling test that can reveal the fouling resistance against a
wide range of foulants is highly desirable. Such a standardized test can also shed light on the
underpinning fouling mechanism of specific foulants. Fast screening for new and more effective

antifouling surface characteristics is also possible with such a method.

In this chapter, a reductionist approach was taken to tackle this problem. Instead of sampling
numerous foulants, the fundamental building blocks of fouling species (i.e., specific functional
moieties that lead to fouling), were used during a molecular force spectroscopy measurement.
For example, fouling by humic acid, a natural organic matter that causes severe fouling in water
purification, has been attributed to carboxylic acid groups,'® which were used to decorate an
AFM cantilever for the investigation of molecular fouling. Similar experiments were carried out
using amine functional groups, a representative moiety of proteins, and also for the model
protein, bovine serum albumin (BSA). This methodology represents a quantitative and
reproducible way to access fouling resistance against a large library of foulants and screen a

collection of antifouling surface chemistries rapidly.

Four types of surfaces were characterized using this method, among which two have been
known as antifouling surfaces (amphiphilic and zwitterionic surfaces). Gold and glass surfaces,
which are commonly used controls in laboratory testing, were also examined. The amphiphilic
and zwitterionic surfaces were synthesized with the same polymerization technique, namely

initiated chemical vapor deposition (iCVD, Fig. 7-1).*"*
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Figure 7-1 | iCVD reaction scheme and monomers used in this chapter. Free radical polymerization is
initiated by tert-butoxide radical, which is created by decomposing tert-butyl peroxide via passing it through
resistively heated filaments. Substrates to be modified are placed on a cooled stage. All monomer and initiator

species are delivered into the vacuum chamber in the vapor phase.

iCVD is a facile method to carry out free radical polymerization in the vapor phase, enabling
the synthesis of insoluble and infusible polymers in a single step. For instance, amphiphilic
polymers, which are challenging to synthesize using solution phase methods due to the lack of a
common solvent for two comonomers with contrasting solubility, are easily obtained via iCVD
with flexible compositional tunabilit:y.6 Zwitterionic polymers with surface-concentrated

1315 The use of

zwitterionic moieties have been synthesized using iCVD via a two-step scheme.
the same synthesis method for both types of antifouling surfaces ensures comparable film
thickness and morphology. Therefore, differences in fouling resistance can be attributed to film
chemistries. Attractive forces on all four surfaces measured by molecular force probe (MFP)
correlate very well with their reported short-term and long-term fouling resistance,

demonstrating the validity of using MPF as a rapid and quantitative fouling assessment tool.

7.3 Experimental Section

Synthesis of antifouling thin films. All iCVD films were deposited in a custom-built vacuum

14,15

reactor (Sharon Vacuum), as previously described . All the chemicals were used as purchased
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without further purification. 100 mm-diameter silicon (Si) wafers (Wafer World, test grade) were
coated with poly(2-hydroxyethyl methacrylate) (PHEMA), poly(1H,1H,2H,2H-perfluorodecyl
acrylate) (PPFDA), poly(HEMA-co-PFDA), poly(4-vinylpyridine) (P4VP), poly(divinylbenzene)
(PDVB), or poly(4VP-co-DVB) without pre-treatment. During iCVD depositions, HEMA
(Aldrich, >99 mol%), PFDA (Aldrich, 97 mol%), 4VP (Aldrich, 95 mol%) and DVB (Aldrich;
the certificate of analysis indicated that this monomer consisted of 56.0 mol% m-DVB, 25.0 mol%
p-DVB, and 18.9 mol% ethylvinylbenzenezg) monomers were heated up to 70 °C, 85 °C, 50 °C
and 65 °C in glass jars, respectively and delivered into the reactor using mass flow controllers
(1150 MFC, MKS Instruments). Tert-butyl peroxide initiator (TBPO; Aldrich, 98 mol%) was
delivered using mass flow controllers (MKS Instruments, 1152C) at ambient temperature. Argon
patch flow was metered into the reactor through a mass flow controller (1479 MFC, MKS

Instruments) and the flow rate was varied to keep the residence time constant.

Films were deposited at a filament (Chromaloy O, Goodfellow) temperature of 250 °C and a
stage temperature of 20 °C and 30 °C for zwitterionic and amphiphilic copolymers respectively.
Total pressure in the vacuum chamber was maintained at 0.121 Torr for PHEMA, PPFDA, and
P(HEMA-co-PFDA) and 0.8 Torr for P4AVP, PDVB, and P(4VP-co-DVB) using a throttling

butterfly valve for all depositions. Detailed experimental conditions are included in Table 7-1.

Table 7-1 | Reaction conditions for the copolymers P(4VP-co-DVB) and P(HEMA-co-PFDA).

P(4VP-co-DVB) ﬂo[‘:cz ‘f:; P/Py. | P(HEMA-co-PFDA) ﬂo[vsvcz ‘,’Z P/P,,
4VpP 6.3 0.39 | HEMA 0.45 0.13
DVB 1.4 0.23 | PFDA 0.03 0.03
TBPO 21 0.007 | 1BPO 1.50  0.003
Ar 0.8 0| ar 1.10 0
%DVB 25 %PFDA 40

P/Pgy 1s the ratio of the partial pressure of a reactant to its saturation pressure at the substrate
temperature and is indicative of surface concentration.'®’” After the iCVD deposition, the
copolymer P(4VP-co-DVB) was derivatized with 1,3-propanesultone (PS; Aldrich, 98 mol%) as

described previously to obtain the zwitterionic functionalities.'*"’

In situ interferometry with a 633 nm HeNe laser source (JDS Uniphase) was used to monitor

the film growth and deposit desired thicknesses on Si substrates. A more accurate film thickness
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on the Si wafer substrates was measured post-deposition using a J.A. Woollam M-2000 variable
angle spectroscopic ellipsometry at three different incidence angles (65, 70, and 75°) using 190
wavelengths from 315 to 718 nm. The data were fit using a Cauchy-Urbach isotropic model

using WV ASE32 modeling software (JA Woollam).

Chemical characterization. FTIR, XPS and contact angle measurements were performed as
described previously.”’15 The thickness of each 1 cm? sample used for FTIR analysis was
measured prior to obtaining its spectrum. FTIR spectra were obtained using a Thermo Nicolet
Nexus 870 spectrometer operated in transmission mode with a deuterated triglycine sulfate KBr
detector. Baseline-corrected spectra were collected over 400-4000 cm™ at 4 cm’! resolution and
averaged over 256 scans to improve the signal-to-noise ratio and smoothed by averaging 17
adjacent points. Spectra were processed using the OMNIC software package (Thermo Scientific).
X-ray photoelectron spectroscopy (XPS) survey scans were obtained using a Kratos Axis Ultra
spectrometer equipped with a monochromatic Al Ka source and operated at 150 W. The pass
energy and step size for the survey scans were 160 eV and 1 eV, respectively. Samples were
stored under vacuum for approximately 12 hours before analysis. Pressure during analysis was
maintained under 2x10™® Torr, and the analysis areas were 400x750 um. The spectra were
analyzed using the CasaXPS software package. The surface roughness and surface morphology
in ambient conditions were characterized using atomic force microscopy (AFM, Veeco,
Nanoscope V with Dimension 3100). Tapping mode was employed to prevent damage to the soft
materials. The surface roughness and morphology changes when submerged in aqueous
environment were measured with 3D Molecular Force Probe (MFP-3D, Asylum Research, Santa
Barbara, CA) in phosphate buffered saline (PBS) solution. Special silicon nitride cantilevers
(AC40, Bruker, Camarillo, CA) with a spring constant around 0.1 N/m were used, which are

designed for liquid imaging.

Fouling resistance of the iCVD thin films and other surfaces. The inertness of the iCVD
antifouling coatings was determined using protein adsorption tests and AFM-based force
spectroscopy. Uncoated gold and glass surfaces, as well as iCVD amphiphilic and zwitterionic
films were incubated in 0.1 g/L fluorescently labelled BSA (BSA-fluorescein isothiocyanate)

solutions (PBS-buffered). After two hours, the samples were retrieved and rinsed thoroughly
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with deionized water. Fluorescent micrographs were obtained with Olympus CX-41 optical

microscope.

Attractive forces were measured between amphiphilic, zwitterionic, gold or glass surfaces,
and AFM cantilevers that were end-functionalized with spherical SiO; colloids coated with 2 nm
Cr and 50 nm Au (with colloid end radius R~300 nm, and cantilever nominal spring constant k
of 0.06 N/m; Novascan, Ames, IA). The colloidal tips were functionalized with self-assembled
monolayers (SAMs) bearing carboxylic acid (-COOH), or amine (-NH,), or BSA. Colloidal force
spectroscopy measurement was carried out using a MFP-3D, where a functionalized AFM tip
approached an iCVD film or an unmodified surface at a constant AFM piezo displacement rate
of 1 um s in PBS. This process continued until approximately 40 nN compression force was
reached. For certain tip-surface pairs, the tip was then held still for a period of 0-10 seconds,
namely dwell time, before the tip was retracted from the surface at the same displacement rate as
mentioned previously. The maximum adhesion force measured from the retraction portion of the
force—distance curves was defined as attractive force between the cantilever and the surface. The

measurement was repeated for at least 64 times at different locations for each tip-surface pair.

7.4 Results and Discussion

7.4.1 Synthesis and chemical characterization of iCVD antifouling films

Precursor polymer films containing comonomer pairs of HEMA and PFDA, or 4VP and
DVB are deposited using iCVD as the first step of polymer coating synthesis (Fig. 7-1). During a
deposition, the two monomer species adsorb onto the surfaces of substrates, which can be
described by the Brunauer—Emmett—Teller (BET) isotherm. Therefore, substrates are placed on a
temperature-controlled stage that is maintained at room temperature to enhance the monomer
adsorption. This cooled stage also protects delicate substrates, particularly the ones with limited
thermal stability such as reverse osmosis (RO) membranes, from the heat of filaments suspended
above the cooled stage. Filament array is heated during a deposition to break down initiator
TBPO and form free radicals and initiate polymerization reactions. A random copolymer is

obtained at the end of an i1CVD process due to the free radical polymerization mechanism.

Random copolymerization of HEMA and PFDA creates nano-domains of contrasting surface

energy (i.e., hydrophilic HEMA domains and hydrophobic PFDA domains),'® disrupting the
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adsorption of proteins,® bacteria,' zoospores and green alga Ulva.* Successful copolymerization

of HEMA and PFDA is evidenced by FTIR spectroscopy (Fig. 7-2a).
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Figure 7-2 | Spectroscopic characterization of iCVD antifouling coatings. a) FTIR spectrum of iCVD
ampbhiphilic copolymer P(HEMA-co-PFDA). b) FTIR spectrum of iCVD zwitterionic copolymer P(4VP-co-DVB).
¢) XPS spectrum of P(HEMA-co-PFDA). d) XPS spectrum of P(4VP-co-DVB).

The peaks at 1152, 1205 and 1241 cm’ are attributed to the symmetric and asymmetric
stretches associated with the fluoroalkyl side chains. For detailed peak assignments for this
copolymer, the reader is directed to reference 6.5 1t is worth noting that homopolymers of
PHEMA and PPFDA have their carbonyl peaks at 1727 and 1731 cm’ respectively; whereas for
the copolymer, a single carbonyl peak appears at 1729 cm™ (Fig. 7-2a). This indicates that there
is only one carbonyl bonding environment. Therefore, the comonomers truly copolymerized
instead of forming a physical blend of homopolymers, which would give rise to two distinct
carbonyl peaks. This nature of the copolymer P(HEMA-co-PFDA) is also confirmed by the

water contact angle measurements in section 7.4.2.

Bulk composition of the amphiphilic copolymer (40 mol% PFDA repeat unit) is quantified
by measuring the index of refraction via spectroscopic ellipsometry, as reported previously.**
Specifically, the indices of refraction are measured to be ~1.51 and 1.35 respectively for

homopolymers PHEMA and PPFDA. Assuming the index of refraction for the copolymer
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correlates linearly with the composition of the copolymer, the composition can be calculated
with equation (7-1),

1.51-Ncopolymer (7_ 1)

molY =
0l%prpa 0.16

where neopotymer Tepresents the index of refraction of the copolymer as measure by ellipsometry;
0.16 is the difference of indices of refraction between PHEMA and PPFDA. The copolymer with
40 mol% PFDA is adopted for further characterization because it has demonstrated the best

fouling resistance.’

Pyridine-based iCVD zwitterionic coatings have demonstrated excellent fouling resistance
and long-term stability. The incorporation of cross-linker DVB 1is necessary to render the
zwitterionic films water-insoluble and stable in strong oxidative conditions.” The copolymer
P(4VP-co-DVB) is functionalized with PS to obtain zwitterionic functionalities, which is
evidenced by the FTIR spectrum (Fig. 7-2b). The peaks at 1199 and 1036 cm™ appear after the
functionalization, which are attributed to the asymmetric and symmetric stretching of the SO3;~
group in the sulfobetaine moiety. For detailed peak assignments and analysis of the FTIR spectra
for this copolymer, the reader is directed to reference 13."> The bulk composition of the iCVD
zwitterionic copolymer (19 mol% DVB) is calculated from the FTIR spectrum using a method
reported previously,21 with detailed calculations included in Table 7-2. The copolymer with 19
mol% DVB is selected here because it has demonstrated good fouling resistance as well as

excellent long-term stability."

Table 7-2 | Calculation of copolymer composition

iCVD films Ap
homopolymer PDVB 0.040
copolymer P(4VP-co-DVB) 0.0078

mOI%DVB = (Am)cvpolymer/ (Am)homapolymer = 0.0078/0.04 = 0.19

7.4.2 Surface characterization of iCVD antifouling films

The copolymer surface composition (top 7 nm) in vacuum (65 mol%prpa) is probed via XPS

(Fig. 7-2c). Despite the thinness (30 nm) of the iCVD amphiphilic coatings, their surface
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compositions in vacuum differ significantly from bulk compositions. In vacuum, the outward
arrangement of fluorinated side chains and inward orientation of the hydroxyl side chains at the

622,23
d

copolymer uppermost surface are commonly observed. This side chain arrangement

minimizes the free energy at the polymer-vacuum interface.

The side chain arrangement for the iCVD amphiphilic films is also very dynamic as

evidenced during the advancing and receding contact angle measurements (Fig. 7-3a and 7-3b).

137.610.6° 36.415.0°
52.3+3.0° 22.6%1.9°

-20 nm

Figure 7-3 | Surface properties of iCVD antifouling coatings. a) water advancing contact angle of iCVD
amphiphilic copolymer P(HEMA-co-PFDA). b) water receding contact angle of P(HEMA-co-PFDA). c) water
advancing contact angle of the copolymer P(4VP-co-DVB). d) water receding contact angle of P(4VP-co-DVB).
e) AFM of 30 nm iCVD amphiphilic coating in air. f) AFM of 30 nm iCVD ampbhiphilic coating in PBS buffer.

During a measurement of advancing contact angle, droplet volume and area in contact with
the surface increase simultaneously while a droplet expands on the surface. Therefore, large
advancing contact angle (137.6 + 0.6°) of the iCVD ampbhiphilic films indicates low surface
energy when the amphiphilic film is in the dry state, with the fluorinated side chains oriented
outward. On the other hand, the drop volume and surface contacting area decrease during a
receding contact angle measurement. Such a measurement therefore assesses the surface energy
of a film in its wet state. A small receding contact angle (36.4 = 5.0°) is observed for the iCVD
amphiphilic films, which is likely a result of outward orientation of the hydroxyl side chains and

inward arrangement of fluorinated side chains. The large contact angle hysteresis (~101.2%) is
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greater than all iCVD thin films to the best of our knowledge. It is also worth noting that the
advancing and receding contact angles are measured within 1 minute, indicating that the
complete switch of surface energy from hydrophobic in air to hydrophilic in water occurs at a

very rapid rate.

The rapid surface chain reorientation is also corroborated by the AFM scans of the iCVD
amphiphilic surface under dry and wet states (Fig. 7-3e and 7-3f). When measured in air, the
root-mean-square (RMS) roughness is 0.56 + 0.29 nm for an amphiphilic coating with the
thickness of 30 nm on polished silicon surface (Fig. 7-3e). When submerged in PBS buffer, the
ultra-thin coating undergoes considerable surface chain reorientation, and a greater RMS
roughness (2.96 £ 0.51 nm) was observed (Fig. 7-3f). The increased surface roughness can also
be attributed to the swelling of the nano-domains composed of HEMA units, which is under the

constraints of unchanged hydrophobic PFDA nano-domains.

For the iCVD zwitterionic copolymer, the surface composition (17 mol%pyg) quantified via
XPS (Fig. 7-2d) matches the bulk composition within experimental error, indicating that surface
chain rearrangement is insignificant. This is likely a result of the cross-linked nature of the iCVD
zwitterionic copolymers. The homogeneous film composition and limited degree of surface chain
reorganization lead to very small water contact angle hysteresis (Fig. 7-3c and 7-3d). The
advancing and receding contact angles are 52.3£3.0° and 22.6x+1.9° respectively for the iCVD
zwitterionic surface (Fig. 7-3c), representing one of the most hydrophilic surfaces enabled by
iCVD. The high level of hydrophilicity is due to the strong electrostatic hydration of zwitterions,
which is considered the molecular origin of the excellent fouling resistance of zwitterionic

Chemistry.“’m’25

7.4.3 Fouling resistance of iCVD antifouling films

Static protein adsorption test is one of the most prevalent methods to compare fouling
resistance across different surface chemistries. Here, four different surfaces (i.e., gold, glass, and
iCVD amphiphilic and zwitterionic films) are treated with 0.1 g L fluorescently labelled BSA
(BSA-fluorescein isothiocyanate) solutions (PBS-buffered) for two hours. After thorough rinsing,

fluorescent micrographs are taken to assess the resistance to protein adsorption (Fig. 7-4).
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(a) Amphiphilic (b) Zwitterionic

(c) Glass (d) Gold

Figure 7-4 | Protein adsorption on iCVD antifouling coatings, glass and gold. All four surfaces were
incubated with 0.1 g L fluorescein-labeled BSA for two hours and then imaged with fluorescent microscopy.

Black background observed in a, b and ¢ indicates no detectable protein adsorption.

Gold surface is entirely covered by BSA, as illustrated by the strong fluorescence in Fig. 7-
4d. Glass, iCVD amphiphilic coating and iCVD zwitterionic coating all demonstrate non-
detectable protein adsorption (Fig. 7-4a to 7-4c) despite the superior fouling resistance
demonstrated by the iCVD zwitterionic coating compare to glass surface during a previous
accelerated fouling test."”” Therefore, the fluorescent imaging technique is able to differentiate a
surface with high fouling propensity (such as gold) from one with low fouling propensity (such

as glass), but not sufficient to distinguish a surfaces with different antifouling capabilities.

In order to distinguish the antifouling capabilities of different surface chemistries, MFP is
selected as an appropriate antifouling assessment tool because it is quantitative, highly sensitive,
and compatible with existing materials and equipment without relying on custom synthesis or
device fabrication. A set of force-displacement curves as shown in Fig. 7-5a are obtained during
a single MFP measurement, where black curve represents the scenario where an AFM cantilever
approaches the surface and green curve represents the case where the cantilever retracts from the

surface after making a contact.
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Figure 7-5 | Force-displacement curves of iCVD antifouling coatings recorded during MFP
measurements. Black curves represent the case where the functionalized AFM tips are approaching the
surface, whereas green curves represent force-displacement recorded during tip retraction for the iCVD
amphiphilic copolymer P(HEMA-co-PFDA). Likewise, blue curves demonstrate the force-displacement for
iCVD zwitterionic copolymer P(4VP-co-DVB). The functional groups labeled in each panel indicate the
moieties that the AFM tips are functionalized with. Positive and negative force values indicate repulsive and

attractive forces respectively.

Panels 7-5a to 7-5d demonstrate representative force-displacement curves for 4 tip-surface
combinations: iCVD amphiphilic (green) or zwitterionic (blue) surfaces probed with AFM
cantilevers that are end-functionalized with -COO™ or -NH;* SAMs (as labelled in each panel).
Positive force values represent repulsive force; displacement values indicate distance between an
AFM cantilever and the surface to be characterized. All MFP measurements are carried out in
PBS buffer at room temperature. The peak force value on the retract curve (i.e., the absolute
value of most negative force) is recorded as the attractive force between the specific functionality

that presents on the AFM cantilevers and the surface.

At Jeast 64 sets of such force-displacement curves are obtained for each tip-surface
combination. Statistics of the attractive forces for the combinations of <COO™ or -NH;" tips and

1CVD surfaces are shown in Fig. 7-6 in the form of histograms.
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Figure 7-6 | Attractive force distribution measured during MFP tests of iCVD antifouling coatings. 64
tests were carried out for each tip-surface combination. Green bars represent results for the iCVD amphiphilic
copolymer P(HEMA-co-PFDA) and blue bars represent results for the iCVD zwitterionic copolymer P(4VP-co-
DVB).

The mean attractive force between the iCVD amphiphilic surface and a carboxylic-acid-
functionalized AFM cantilever is 2.92 nN, whereas that for an amine-functionalized AFM
cantilever is 1.79 nN. Both attractive forces are small relative to a surface with high fouling
propensity, such as gold (Fig. 7-7), for which the mean attractive force is almost an order of
magnitude greater than the iCVD amphiphilic surface. A slightly greater attractive force was
captured with the carboxylic-acid-functionalized AFM cantilevers compared to that obtained
with amine-functionalized tips. This is likely due to the hydrogen bonding between the
carboxylic acid groups on the AFM tip and the hydroxyl groups present on the surface of the

amphiphilic coating (green molecular structure in Fig. 7-1).

The mean attractive force between the iCVD zwitterionic coating and a carboxylic-acid-
functionalized AFM cantilever is 0.43 nN, and that for an amine-functionalized AFM tip is 0.54
nN. The attractive forces are much smaller than those for the amphiphilic surface, indicating a
lower fouling propensity on zwitterionic surfaces. The attractive forces obtained with carboxylic-
acid-functionalized tips and amine-functionalized tips are comparable within experimental error.

This is a good indication of a zwitterionic coating with balanced surface charge, which implies
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that the vapor-phase derivatization reaction has reached complete conversion. This reaction was
carried out to convert the pyridine nitrogen to avzwitterionic nitrogen; without full conversion,
the unreacted pyridine nitrogen will result in positive surface charges (with pK, for its conjugate
acid being ~5.25). The neutral surface change is critical to good antifouling performance,
because a charged surface can attract foulants with the opposite charge and the electrostatic

interaction is a strong driving force for surface fouling.

This test is conducted on glass and gold surfaces and with BSA-functionalized AFM

cantilevers. All the attractive forces and statistical analysis are included in box charts (Fig. 7-7).
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Figure 7-7 | Attractive forces and their distributions for iCVD antifouling coatings, glass and gold
surfaces. The functional groups labeled in each panel indicate the moieties that the AFM tips are
functionalized with. Positive and negative attractive force values indicate attractive and repulsive forces
respectively. The upper and lower boundaries of each box indicate the 25 and 75 percentiles respectively.

The horizontal bar inside each box represents the median.

The bottom and top of the box indicate the 25% and 75% percentiles (i.e., first and third
quartiles), and the band inside the box is the median (i.e., second quartile). Circles to the left of
the box charts are the attractive force values calculated from at least 64 sets of force-
displacement curves. Four surfaces measured with the same type of functionalized AFM
cantilever are compared simultaneously in one panel. The iCVD zwitterionic surface has the
smallest molecular interaction with all the functionalized tips, which indicates that the

zwitterionic surface likely has the strongest fouling resistance.

It is interesting to note that the iCVD amphiphilic surface has greater interaction with -COO™
but smaller interaction with -NH3" compared to bare glass. However, its interaction with the

BSA-functionalized AFM tips is smaller than that of glass. In addition, the relative strengths of
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interactions across four different surfaces have similar trends for -NH;3;* and BSA-functionalized
AFM cantilevers. That is, for both types of cantilevers, the zwitterionic surface has the smallest
interaction, and the amphiphilic surface has the second smallest interaction, whereas the
interaction with gold surface is more than an order of magnitude greater than that of the
zwitterionic surface. Under the pH of 7.4 (PBS buffer), the surface of BSA is negatively charged,
while the amine functional groups are positively charted. Therefore, the similar trend is not due
to the electrostatic interactions. Thus, it can be inferred that the dominating interaction during the
surface adsorption of BSA is not electrostatic force, and it is highly possible that amine-mediated
specific interactions represent a significant factor in the surface fouling by BSA. Therefore, MFP
measurements conducted with amine-functionalized AFM cantilevers can capture the protein
fouling propensity of various surfaces and serve as a versatile assessment tool for the comparison

of antifouling capabilities and for the fast screening of novel antifouling surface chemistries.

7.5 Conclusion

Two types of distinct antifouling chemistries, namely amphiphilic and zwitterionic
copolymers, are synthesized via iCVD in the form of ultra-thin film coatings. The film
composition, architecture, hydrophilicity, and surface chain mobility are discussed in the context
of their correlations with surface antifouling properties. Attempts are made to compare the
fouling resistance with the widespread static protein adsorption method. However, this method 1s
proven insufficient to distinguish different antifouling capabilities of surfaces with inherent
fouling resistance. Therefore, molecular force spectroscopy is applied to evaluate the fouling
resistance of the iCVD antifouling surfaces as well as control surfaces with different fouling
propensities. The building blocks of various fouling species, specifically carboxylic acid and
amine functional groups, are attached to AFM cantilevers and the molecular interactions with all
four surfaces are quantified with MFP. The superior fouling resistance of the zwitterionic
chemistry, in comparison to the amphiphilic chemistry and a smooth and hydrophilic glass
surface, is clearly manifested with this characterization method. The antifouling capabilities of
all four surfaces measured with amine-functionalized AFM cantilevers correlate very well with
that measured with BSA-functionalized tips. This MFP-based method represents a rapid and
quantitative fouling assessment tool for the evaluation and comparison of the vast diversity of

existing antifouling chemistries. It is worth noting that the key assumption of this
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characterization method is that different fouling species have the same probability to attach to a
certain surface when they are immobilized on a cantilever as when they are free in the solution
and in the presence of other fouling species. Future work will focus on the detailed assessment of

these effects on the molecular force interactions and surface fouling.
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CHAPTER EIGHT

Conclusion



8.1 Conclusion and Outlook

The fabrication of effective antifouling reverse osmosis (RO) membranes and the new
concept of synergistic fouling resistance have been demonstrated for the first time in this thesis,
which resolves the bottleneck of biofouling for seawater desalination. This thesis provides both
scientific insights and practical solutions to the global problems of compromised device
performance resulted from biofouling and fresh water scarcity for sustainability.

The successful fabrication of antifouling RO membranes relies on the enabling technology,
initiated chemical vapor deposition (iCVD). In this thesis, antifouling zwitterionic chemistry was
developed with iCVD for the first time, and has become an active and important component in
the rich library of iCVD chemistry. Specifically, iCVD zwitterionic coatings were applied to
commercially available RO membranes without jeopardizing the membrane performance (i.e.,
water permeability and salt rejection; CHAPTER TWO). The as-modified RO membranes
demonstrated excellent fouling resistance to a range of common species including components in
natural organic matters, extracellular matrixes, proteins and bacteria. Insights into the fine film
architecture revealed the structure-property correlations for the iCVD zwitterionic coatings and
attributed the antifouling properties to the surface-concentrated zwitterionic moieties resulted
from a diffusion-limited vapor phase functionalization reaction (CHAPTER THREE).

Chlorination is the most prevalent disinfection and a very important antifouling strategy in
water industry. However, the iCVD zwitterionic coatings lack chlorine tolerance because the
ester bonds in the methacrylate repeat units are susceptible to oxidation by hypochlorite.
Therefore, a novel pyridine-based zwitterionic structure was designed for better chemical
stability. Special attention was paid to ensure the monomer precursors, 4-vinylpyridine and
divinylbenzene (DVB), are prevalent and cost-effective. Despite the prevalence of the copolymer,
characterization of its composition is not trivial to conduct due to various isomers of DVB that
are extremely difficult to separation. Beer-Lambert and Finemann-Ross equations were adapted
from solution free-radical polymerization to describe the surface polymerization during iCVD,
with which the copolymer composition can be calculated based on FTIR spectra (CHAPTER
FIVE).

The pyridine-based zwitterions were used as antifouling chemistry for the first time and
demonstrated excellent fouling resistance as well as stability. Stress tests were conducted where
the new zwitterionic films were treated with 1,000 ppm chlorine solution for as long as 24 hours.
The films remained chemically and morphologically unchanged after the treatment, which
enabled the very interesting observation of synergistic antifouling when chlorination and surface
coating were adopted simultaneously (CHAPTER SIX). The antifouling performance can be
enhanced by 10 folds during the combination treatment compared to the performance when
simple multiplicative effects are assumed. This represents the first observation of synergy in
antifouling applications, which opens up a whole new area where a vast diversity of
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combinations of antifouling strategies can be used simultaneously to gain drastically improved
performance.

A key advantage of the iCVD zwitterionic coatings is the substrate-independence of the
vapor application process, which makes these coatings easily applicable to numerous
applications where both inertness and stability are essential.

The broad-spectrum fouling resistance of iCVD surfaces was demonstrated with a
reductionist approach, molecular force spectroscopy and the fouling resistance can be tested
under harsh, high-salinity conditions.

Another example involves the organic functionalization of silicon. Surface of silicon was
passivated and functionalized with organic molecules at room temperature by transferring the
surface grafting scheme developed for commercial RO membranes (CHAPTER FOUR). The
iCVD passivation method led to the lowest surface recombination velocity reported to date for
air-stable organic passivation, which can benefit a wide range of industries ranging from
semiconductor devices to clean energy production.

The iCVD zwitterionic chemistries and the new synergistic approach to antifouling are
transferrable to many other applications including the design of highly efficient and specific
separation processes and performance enhancement of electrochemical reactors. The ability to
nondestructively deposit conformal layers on virtually any substrate can greatly facilitate the
integration of antifouling coatings into existing products. Most importantly, the coating
fabrication and the synergistic strategy are compatible with existing membrane and water
purification infrastructure, which will have important industrial and ultimately societal
implications by enabling the advancement of low-cost seawater desalination in water-scarce
areas.

An important problem yet to be solved in seawater desalination is the poor chlorine
resistance of the commercial TFC membranes. The energy consumption of the RO process alone
is very close to the theoretical minimum, but the overall energy consumption and capital
investment for an RO plant are not ideal for the wide-spread installation of RO worldwide. The
root of these problems resides in the membranes’ sensitivity to chlorine damage. The
pretreatment processes, chlorine-removal and re-chlorination infrastructures are necessary to
protect RO membranes. The new chlorine-resistant antifouling coatings bring hope to the next-
generation chlorine-tolerant and antifouling RO membranes. However, more work needs to be
done to improve the membrane itself. In particular, the chlorine-resistant zwitterionic coatings
may be applied on the latest salt-rejecting layers, which resist exposure to chlorine.

Surging population growth, urban development and vast industrialization will increase fresh
water demand worldwide and the need for new source of fresh water is urgent. The existing
freshwater augmentation means, such as water conservation, water recycle and reuse and
regional transportation alone may not be sufficient to meet the need. Seawater desalination
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provides a potential solution by obtaining fresh water from the vast oceans and can be
economically favorable if the biofouling and chlorine tolerance issues are successfully resolved.
The materials and strategies developed in this thesis will help eliminate the most energy- and
chemical-intensive step, pretreatment of seawater, in a RO plan and reduce the environmental
impacts of brine discharge. The substrate-independent and scalable iCVD approach therefore
promises to lower the price of freshwater in water-scarce countries, where desalination may
serve as the only viable means to provide the water supply necessary to sustain agriculture,
support personal consumption, and promote economic development.
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APPENDIX A

Probing nano-scale heterogeneities of
iCVD amphiphilic copolymers
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A.1 Abstract

Undesired bacterial adhesion and biofilm formation on wetted surfaces leads to significant
economic and environmental costs in various industries. Amphiphilic coatings with molecular
hydrophilic and hydrophobic patches can mitigate such biofouling effectively in an
environmentally friendly manner. The coatings are synthesized by copolymerizing
(Hydroxyethyl)methacrylate and perfluorodecylacrylate via initiated chemical vapor deposition
(iCVD). In previous studies, the size of the patches was estimated to be ~1.4-1.75 nm by fitting
protein adsorption data to a theoretical model. However, no direct observation of the molecular
heterogeneity exists and therefore the origin of the fouling resistance of amphiphilic coatings
remains unclear. In this appendix, the amphiphilic nature is investigated by amplitude
modulation atomic force microscopy (AM-AFM). High resolution images obtained by
penetrating and oscillating the AFM tip under the naturally present water layer with sub-
nanometer amplitudes reveal, for the first time, the existence of amphiphilic nanodomains (1-2
nm?®). Compositional heterogeneity at the nano-scale is further corroborated by a statistical
analysis on the data obtained with dynamic AM-AFM force spectroscopy. Variations in the long
range attractive forces, responsible for water affinity, are also identified. This nanoscopie results
on the polymers wettability are also confirmed by contact angle measurements (i.e. static and
dynamic). The unprecedented ability to visualize the amphiphilic nano-domains as well as sub-
nanometer crystalline structures provides strong evidence for the existence of previously-
postulated nanostructures, and shed light on the underlying antifouling mechanism of

amphiphilic chemistry.

A.2 Introduction

Surfaces which resist biomolecule and microbe adsorption are highly sought after for tissue
engineering, medical implants and drug delivery systems, as well as for marine antifouling, water
purification and desalination membranes, and other industrial applications.’

It is known that hydrophilic building blocks or electrostatic hydrated zwitterionic groups2
display low values of polymer/water interfacial energy, diminishing the adsorption of biofilms.
Hydrophobic membranes, on the other hand, are characterized by higher values of interfacial
energy and they tend to adsorb biofilms in order to reach thermodynamic equilibrium.3

Nevertheless, hydrophobic membranes are widely used in industrial applications for their lower
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degradation rate and higher chemical stability compared to hydrated membranes.* A dichotomic
anti-biofouling coating that displays solely hydrophilic or hydrophobic properties might not be
adequate due to the intrinsic amphiphilic nature of large organism (e.g., bacteria) or biopolymer.
On the other hand, surfaces with compositional heterogeneities have been hypothesized to resist
adsorption, provided the length scale of surface domains is smaller than the region of contact
between the foulant and the surface. >® The alternation of hydrophilic and hydrophobic domains
is postulated to limit thermodynamically favorable interactions between the foulant and the
surface, hence reducing adsorption.7’8.9’10 However, disruption of protein adsorption requires

2,11

compositional heterogeneity at the nanoscale, " 'to create a mismatch between the nano-domains

and the anchoring sites of the protein.12

Amphiphilic  protein-repellant surfaces have been successfully fabricated by
copolymerization of hydrophilic 2-hydroxyethylmethacrylate (HEMA) and hydrophobic
(IH,1H,2H,2H-perfluorodecyl)acrylate (PFDA), through initiated chemical vapor deposition
(iCVDY’. In this appendix, CVD was used to synthesize thin films of the pure homopolymer
pHEMA, the pure homopolymer pPFDA, and copolymers of HEMA and PFDA which spanned
the entire compositional range in between. These surfaces were extensively characterized to
determine composition, morphology, swelling, and contact angle properties. On the hydrophilic
pHEMA, the BSA uptake reduced by 75% as compared to the hydrophobic pPFDA. All of the
amphiphilic surfaces measured displayed an even lower BSA uptake than pHEMA. The
copolymer composition with 40% PFDA displayed the lowest BSA uptake, with a reduction of
95% as compared to the pPFDA surface. In this initial study, the substrates were silicon wafers.
In follow-up work, the same compositional range of thin films were deposited directly on the
polymeric reverse osmosis membranes.'> The ability of these CVD coated membranes to resist
bacterial adhesion was studied and again the copolymer deposited from the 40% PFDA provided
the best antifouling performance.

BSA protein is a globular protein that exhibits a structure made of hydrophilic and
hydrophobic patches.'* BSA predominantly exposes hydrophilic patches toward the surface that
are rich of hydrophilic residues and hydrophobic patches towards the interfaces which display
hydrophobic nature. This phenomenon increases protein/surface interaction. On the other hand,
in the case of copolymers, the creation of surface ambiguity with molecular heterogeneity

comparable to the dimension of the patches limits favorable interactions. While nano-domains
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responsible for the low protein adsorption were not directly visualized in the previous study,9 a
random lattice model was used to estimate the average size to be ~ 1.4-1.75 nm. The model
successfully explained the experimental observation of the minimal BSA adsorption with 40%
PFDA content. This composition also resisted the attachment of Escherichia coli (E.coli).”

In this appendix, direct visual evidence of nano-scale surface compositional domains on
the iCVD amphiphilic surfaces (i.e. copolymer HEMA/PFDA) is provided. To achieve this goal,
the investigation techniques must meet three requirements: 1) high lateral resolution imaging, i.e.
~1-2 nm; 2) minimal sample invasiveness of soft matter; 3) spectroscopic-like capabilities for the
identification of compositional heterogeneity and, possibly, for the detection of the accumulation
of adsorbed water layers on the hydrophilic domains. In order to meet these requirements, we
employ a recently-reported high resolution and minimally invasive mode of amplitude
modulation atomic force microscopy (AM-AFM) operated under ambient conditions, i.e. Small
Amplitude Small Set-point (SASS)."> In this imaging mode, the cantilever oscillates near the
surface with oscillation amplitude on the order of sub- nanometer (please refer to section A.3).
This allows resolving the molecular heterogeneities of random amphiphilic thin polymers,
something not achievable with traditional imaging mode (i.e. Non-Contact NC mode).
Requirements 2 and 3 are simultaneously addressed by employing phase contrast imaging and
force spectroscopy while carefully controlling peak forces.'® Furthermore, we define nano-scale
observables that provide information about the presence or absence of chemical heterogeneity on

the samples and we corroborate these results with macroscopic contact angles measurements. '’

A.3 Experimental Section

Film preparation. All iCVD films were deposited in a custom built vacuum reactor (Sharon
Vacuum), as previously described.>'®" Thermal excitations of the initiator were provided by
heating a 0.5 mm Nickel/Chromium filament (80% Ni/ 20% Cr, Goodfellow) mounted in a
parallel array and the temperature was measured by a thermocouple attached to one of the
filaments. The filament holder straddled the deposition stage which was maintained at a set point
temperature using water cooling. The vertical distance between the filament and the stage was 2

cm.

All the chemicals were used as purchased without further purification. Silicon (Si) wafers

(Wafer World, test grade) were coated without pre-treatment. During iCVD depositions, fert-
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butyl peroxide (TBPO, Aldrich, 97%) initiator and the nitrogen patch flow were fed to the
reactor at room temperature through mass flow controllers (1479 MFC, MKS Instruments) at 1.5
sccm and 1.1 sccm respectively. 2-Hydroxyethylmethacrylate (HEMA, Aldrich, 97%) and
1H,1H,2H,2H-perfluorodecyl acrylate (PFDA, Aldrich, 97%) monomers were heated in a glass
jars up to 75 °C and 80 °C respectively, and delivered into the reactor using needle valves.
Systematic variation of the flow rate ratios was performed to yield copolymers with various
compositions. Films were deposited at a filament temperature of 250 °C and a stage temperature

of 30 °C. Total pressure in the vacuum chamber was maintained at 0.121 Torr for all depositions.

In situ interferometry with a 633 nm HeNe laser source (JDS Uniphase) was used to monitor
the film growth and deposit the desired thicknesses on Si substrates. A more accurate film
thickness measurement on the Si wafer substrates was made post-deposition using a J.A.
Woollam M-2000 spectroscopic ellipsometer at three different incidence angles (65, 70, and 75°)
using 190 wavelengths from 315 to 718 nm. The data were fit using a Cauchy-Urbach model.

SASS imaging. Recently, two groups'>*’ have independently demonstrated that it is possible to
scan under the water layer universally present when a surface is exposed to ambient condition.
This allows increasing resolution and minimizing conservative and dissipative peak forces.!
Remarkably similar results have been shown in the two common modes of dynamic operation
respectively, namely AM" and frequency modulation FM AFM.*® One of these two modes is
referred as Small Amplitude Small Set-point (SASS). SASS has been shown to maximize
resolution without the requirement of intrinsic 3-dimensional lattice periodicity or sufficient
stiffness of the 521mple.15’22’23 2425 GASS technique consists in imaging with sub-nanometer
oscillation amplitudes, free amplitudes in the range of 1-5 nm and sharp tips with radii smaller
than 5 nm. Under these conditions, the tip oscillates in the proximity of the surface. Moreover,
small cantilevers (OLYMPUS 55TS) were employed to reduce thermal noise while imaging in
SASS.? While these cantilevers were very stiff, i.e. k=170 N/m, the maximum energy dissipated

per cycle in SASS was less than 1.7 eV throughout.

Reconstruction of force profile in AM AFM. The ability to recover the tip-sample interaction
as a function of tip-sample distance (d,) from observables is generally defined as the

reconstruction of nano-scale force profile.
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The experiments have been carried out using Asylum Research Cypher Scanning Probe
Microscope. The silicon cantilevers’ parameters (OLYMPUS 55TS) are: k= 150N/m, Q=700,
f=fo=1.9 MHz and R<5nm. The size of the tip (R) has been constantly monitored in sifu by
following the onset of the transition from the attractive to the repulsive regime, i.e. A¢ method.”’
The force reconstruction exploits Katan-Sader-Jarvis formalism®® (eq. (7-2)) in which the force
versus distance profile is recovered from the variations in the frequency shift £ that occur by
decreasing the cantilever-sample separation (z.). Then from z. is possible to obtain the tip/sample

distance d,, by subtracting the perturbed oscillation amplitude A:

dyn =2, —A (7-1)

min ¢

. . * .
The normalized conservative force F; as function of d,, reads:

: U e A A dQ)
Frd,) = [ 14— Q) - d 7-2
s () IFADlL“’"'H i ﬂ(u—dm)j O ad) du }” (72

where the force has been normalized with the absolute value of the force of adhesion |Fap| and

where £ is the normalized frequency expressed by:

Qd,) = {1 + g%cos(cb(dm ))} o (7-3)

where Ay is the free or unperturbed amplitude of oscillation and @ is the phase lag relative to the
driving force. The free amplitude, Ay, is a key parameter to avoid bi-stability and discontinuity in
the amplitude-phase-distance (APD) curves. For OLYMPUS 5578, the value of Ay needed to

avoid bistability was less than 5 nm.

The normalized energy dissipated per cycle, Eg , is estimated with the standard equation:29’30

E, =—M—A—&—[Sin(®)~ii} (7-4)
E,,(Max)Q A,

where Egj(Max) corresponds to maxima in the APD curve, and can be plotied versus d,, to

highlight particular long range dissipative process (i.e. capillary).
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Contact angle measurements. The contact angle measurement was executed with a Kriiss
FM40Mk2 EasyDrop contact angle instrument and static contact angles were measured using 2
pL DI water droplets. The data for each polymer refers to a series of 5 measurements. Advancing
and receding contact angles were measured by recording the advancing and receding of the
contact line, while increasing or decreasing the droplet volume by means of the sessile drop
method.*’ The initial volume was set to 2 pL and the volume of the droplet is increased up to

SpL, after which the receding phase was evaluated.

A.4 Results and Discussion
Table A-1 summarizes the HEMA and PFDA content for the four polymers investigated in
this appendix. In particular, each polymer has been labeled in respect to its hydrophobic content

(i.e. for F40 the hydrophobic content is equal to 40%).

Table A-1| HEMA and PFDA content for the four polymers

Normalized Static Advancing Receding
protein Contact Contact Contact
adsorption Angle Angle Angle Hysteresis
Type Label % pma % npma (%) (deg) (deg) (deg) (deg)
Hydrophilic
homopolymer FO 0 100 25 65.8+2.1 82.3+09 22.5x14 59.3x13
Amphiphilic
copolymer F40 40 60 5 115.1+05 122.1+0.3 26x1.8 96.1x1.5
Amphiphilic
copolymer F75 75 25 20 123.0+0.2 1234406  70.7x1.7 52.7+1.6
Hydrophobic
homopolymer F100 100 0 100 123.2+0.6 128.7+0.4 81+2 4544

In the previous study’, protein adsorption onto the polymer films was measured by a quartz
crystal microbalance with dissipation monitoring (QCM-D, Model E4, Q-sense). This work
shows that the amphiphilic copolymer, F40 is superior in resisting BSA protein adsorption as
compared to either the hydrophilic (FO) or hydrophobic homopolymers(F100) respectively.” The
normalized protein adsorption results are summarized in Table A-1. We note that the
hydrophobic homopolymer is characterized by the higher protein adsorption. This is due to the
fact that apolar surfaces destabilize the BSA proteins, facilitating their unfolding, and leading to

strong inter-protein and protein-surface interactions.*?
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It can be argued that imaging in the NC mode of operation in AM AFM is preferable for soft
matter imaging.'® The NC mode is experimentally reached by sufficiently decreasing the free
amplitude, i.e. typically ~ to 1 nm, while keeping the set-point as high as possible.‘q3 On average,
in the NC mode the tip oscillates higher above the sample so there is no mechanical contact
and/or sample deformation.”® A drawback of the NC imaging mode is that compositional contrast
via the phase channel might be limited or minimal. A second drawback is the origin of contrast
in NC imaging mode even in topography, i.e. long range unlocalized interactions. Unlocalized
interactions (i.c. van der Waals) limit lateral resolution and might even negatively affect apparent
height reconstruction.*® The limitations of NC mode imaging might be particularly pronounced
in ambient conditions since nano-scale water films covering the tip’s and the sample’s surfaces
screen the forces originating from the sample.35 Traditional NC imaging methods are limited in
resolution since they operate with long range non-localized forces (Fig. A-1b, top) and therefore
are not appropriate for visualizing nano- and sub-nano-scale features. Thanks to its sub-
nanometer oscillation amplitudes, SASS mode of operation is sensitive to more localized forces
and, as seen in Fig. A-1b, bottom, it can resolve nano-domains on the F75 copolymer with phase
contrast of more than 20°. In Fig. A-1b, the transition from the NC mode (Ayp=1.5 nm) to the
SASS mode (Ay=0.4 nm) was induced while acquiring the image by sufficiently reducing the
oscillation amplitude Ay, (Fig. A-la) while keeping A, constant at A¢=1.7 nm as recently

reported. -
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Figure A-1| Experimental amplitude curve obtained as a function of cantilever separation z. with a standard
ACS5TS (OLYMPUS) cantilever on the F75 (a). In (b), the phase contrast channel shows that nanoscale
structures with lateral dimensions on the order of 1 nm are resolved in the SASS mode of imaging (bottom of
the image contrast >60°) while no contrast is observed in the NC mode (top of the image contrast <0.5°)). The
transition from NC mode to the SASS mode was induced by simply reducing the set point from = 1.5 nm (NC

mode) to 0.4 nm (SASS mode) as predicted in (a). The free amplitude was Ap =1.7 nm.



The SASS mode was then utilized to acquire 10x10 nm phase images with 256 by 256 pixel
resolution (Fig. A-2) for the 4 polymers listed in Table A-1. Phase contrast is sensitive to surface
compositional variation and it can be converted to energy dissipation maps between the tip and
the surface during each oscillation cycle.*®* Phase contrast images have been employed here on
all the coatings with various compositions. While several images in SASS were obtained for
each polymer, those shown in Fig. A-2 are representative scans of the coatings and therefore are
the focus of the following discussion. Hydrophilic homopolymer (FO, Fig. A-2a). The phase
contrast is not significant for FO compared to F40 (Fig. A-2b), F75 (Fig. A-2c) and F100 (Fig. A-
2d) even in SASS. The distribution of phase values is shown in Fig. A-2f with the mean value at
~65°. This coating composition has the lowest standard deviation in phase contrast out of the
four coating compositions, i.e. 6=2.3°. The qualitative observations and quantitative results
obtained for this sample are in accordance with the homogeneous chemical composition of the
surface. Thus, these results can be regarded as direct evidence of the absence of nano-scale

domains in terms of compositional variations or heterogeneity.

Amphiphilic copolymers (F40, Fig. A-2b and F75, Fig. A-2c and A-2e). The images display
domains on the order of 1-2 nm®. Furthermore, the phase values are broadly distributed (Fig. A-
2f and A-2g) indicating that the origin of the contrast is compositional heterogeneity. The
broadened distribution of phase values is evidenced quantitatively by the standard deviations
values of 12.1° for F40 and 10.9° for F75; the 95" percentiles are 58.3° and 75.2° for F40 and F7
Srespectively. The enhanced phase contrast confirms the surface chemical heterogeneity
characteristic of the copolymers P(HEMA-co=PFDA) while the nano-scale dimensions of the
domains are confirmed from dimensions of the features in the phase images, which are measured

to be 1-2 nm>."

This size 1s consistent with the values inferred from a random lattice model (i.e.,
1.4-1.75 nm).*'In summary, the combination of these findings supports a correlation between the
presence of chemical heterogencous nano-domains and low values of protein adsorption for the
copolymers. The nano-domains thermodynamically discourage the adsorption of protein due to
low surface/protein interaction. Moreover, the heterogeneity minimizes protein conformational
re-organization. If this reorganization had happened, the protein would have increased its entropy,
Jeading to a spontaneous adsorption process (i.e. Gibbs free energy less than zero).®® In Fig. A-

2e, an increased scanning area (20x20 nm) for the F75 copolymer also shows the nano-domains
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structure. Thus, these results can be regarded as direct evidence of the presence of nano-scale

domains in terms of compositional variations or heterogeneity.

Hydrophobic homopolymer (F100, Fig. A-2d). Surprisingly, significant phase contrast is also
observed for this homopolymer. The images reveal unique lamellar (yellow lines) and hexagonal
features (red hexagon) pointed out with the arrows. The standard deviation here is approximately
14.2° (Fig. A-2i). The phase contrast here can be explained by the tendency of the iCVD pPFDA
polymers to form crystalline structures. The mesomorphic state of the heptadecafluorodecyl
(CgF17) group in the side chain of a PFDA repeat unit has an ordered smectic liquid crystalline
(LC) structure in the Smectic B phase consisting of a succession of bilayers.”’40 Each bilayer is
composed of two heptadecafluorodecyl groups without interpenetrating and thus has the
characteristic thickness of 3.2 nm, precisely twice the length of extended heptadecafluorodecyl
groups®’ The heptadecafluorodecyl groups are oriented perpendicularly to the polymer

backbones and exhibit hexagonal packing with a lattice parameter of 0.64 nm.

It is also worth mentioning that the peaks centered at 130” and 150° in histograms A-2g and
A-2i respectively do not express true phase contrast and are interpret as outliers. This is
corroborated by comparing the population of the intervals 130+10° and 150+10°. These intervals
represent, in both cases, less than 1% of the entire population, and the peaks can be attributed to
instabilities or feedback errors during the scans due to topography induced transient amplitudes.
Thus, these peaks do not refer to a variation in the surface composition. . Furthermore, anon-zero
standard deviation in phase can follow from errors related to thermal excitation, i.e. typically
~0.5-1° in our experiments, or feedback. Here feedback errors were minimized by keeping the

scan axis at speeds below 20 nm s™ as discussed in detail below.
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Figure A-2 | 10x10 nm phase images of the (a) FO, (b) F40, (c) F75, (d) F100. All images have been obtained
in the SASS mode and with tips with radii of 5 nm or less. In (a) the phase image presents contrast of less than
2 degrees whereas (b), (c) and (d) show nano domains (1-2 nm?) with greater contrast, i.e. ~10°. Phase image
(e) refers to F75. The size of the domains is consistent and scales with a larger scan areas (20x20 nm) as
shown in (e). In (d), hexagonal packings of perfluorinated side chains in PFDA repeat units have been
highlighted in red and lamellar structures in yellow. Parameters: Apx1 nm, Asp=0.3 nm and scan rate 1Hz.

Histograms (f)-(j) represent the distribution of the phase contrast of images (a)-(e) respectively.

162



It could be argued that the phase contrast observed in Fig. A2b to A-2e could have been an

2941 related to the coupling of phase with

artifact of the non-ideal response of the feedback loop,
topography . In order to minimize this effect, small errors in the amplitude signal (maxima ~10
pm) were achieved by 1) scanning rate of. 20nm/s or less in the scan axis, 2) choosing an
appropriate number of pixels per scan to allow resolving domains of 0.01 nm?’ or less (pixel size
< 0.01nm?), 3) carefully tuning the feedback gains for optimum tracking. Moreover, a correlation
study between the height (topography) and the phase signals has been carried out in order to
confirm the lack of correlation (Pearson product-moment Correlation Coefficient PCC) between
the two observables. In summary, the PCC is centered at zero in all cases giving r= 0.05, -0.18,
0.02 and -0.08 for the images in Fig. A-2a to A-2d respectively. These results confirm that any

phase contrast in the images above is related to compositional heterogeneity in the nano-scale

rather than error related artifacts.

Note that nano-domains were also resolved in a previous study by means of scanning
electron microscopy.® In particular, the authors reported larger domain dimensions than those
reported here but they did not exclude the possible presence of the smaller domains. Further
confirmation of the presence of heterogeneous nano-domains is given by employing force
spectroscopy measurements in AM-AFM. In particular, recently proposed force spectroscopy

methods'”#

are exploited to identify compositional heterogeneity in the nano-scale and, possibly,
the source of fouling resistance. Conservative and dissipative interactions are recovered as a
function of minimum distance of approach d,, (see Materials and Methods section). This allows
increasing the number of observables such as Fup, 4dF4p and A®". The force of adhesion Fap
represents the minimum value in the conservative force and is an important parameter that
distinguishes surface heterogeneity“. Small wvariations of Fsp can indicate chemically

homogeneous surfaces. AdFap, defined as a distance AdF,p for which Fi* < 0.8|Fpl, can

represent a footprint of nano-scale adsorbed water layer*?, reaching values on the order of 1 nm
when adsorbed water films are present on the surface*?. The arbitrary value 0.8 has been chosen
to tolerate a certain level of noise due to reconstruction of force profiles. AdFap can also be
employed to qualitatively discriminate between nanoscale variations in terms of the surface
energy of a material. For example, AdF4p will vary as water adsorbs on a surface®® and constant
AdFap values should follow from homogeneity of surface properties. However, if the sample

displays heterogeneity in terms of surface energy this will translate into large variations in AdFsp
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when measurements are acquired on different regions of the surface.*? Step-like variations in the
normalized phase difference 4®°, which occur before mechanical contact between the tip and the
surface is established (d,,>0 nm), are related to capillary phenomena and thus to the presence of

adsorbed water on the surface*?**,

Fig. A-3 shows the Fis* (red lines) and A®* (black line) versus the minimum distance
between the tip and the surface d,. The datahave been obtained from experimental amplitude-
phase-distance (APD) curves acquired at several spots on the four samples. In each figure the
two most dissimilar phase and force versus distance profiles, obtained from 100 APD curves
randomly acquired on the surface of each polymer, are plotted. Note that since 4d* can be
directly related to energy dissipation,ﬁ‘4 the overlapping of A®* in the figures represents
homogeneous energy dissipation profiles.*® It is only for the FO homopolymer that a step-like
variation (49 = 6°), highlighted with a red ellipse in Figure 3a, is observed. This signal indicates
the presence of capillary interactions and is consistent with the hydrophilic nature of the
homopolymer (static contact angle = 65.8° + 2.1%) and the presence of nano-scale water films on
the surface. The corresponding energy dissipation is Egs(cap) = 2 eV, where cap stands for
capillary. This value is in accordance with those typically reported in the literature for such
phenomena with the use of sharp tips, i.e. R <5 nm, as employed here.*> Conversely, for the
three samples containing the hydrophobic compound (PFDA) 4% = 0 in the long range, i.e. dyp>
0. The lack of long range dissipation, including capillary dissipation, agrees with the intrinsic
non-wetting macro-scale nature of the three samples, as confirmed by static contact angle
measurements (Table A-1); F40, F75 and F100 assume static contact angles of 115° + 0.5°, 123°
#+0.2° and 123° + 0.6° respectively. Dynamic contact angles confirm the non-wetting behavior of
these three polymers. In particular, for all three polymers the advancing contact angle reaches a
value of approximately 125°. However, F40 polymer is characterized by a receding contact angle
of 26° + 1.8°, which is significantly lower compared to those of F75 and F100. The low receding
contact angle of F40 leads to a high degree of contact angle hysteresis (i.e. 96.1° = 1.5°). It is
widely acknowledged that high values of contact angle hysteresis are caused by the presence of
regions with contrasting surface properties or by surface roughness.“’46 In our case, we can
disregard the second reason, since the roughness of F40is similar to that of F75 and F100. Other
reason behind high values of contact angle hysteresis might be connected to surface

reconstruction at the film—water interface.*’ In particular, after contact with water, the surfaces
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might reconstruct so that the hydroxyl moieties preferentially orient outward and the fluorinated

moieties preferentially orient inward.

F75

~ F100

\ Y
AN
LAY
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force (F,") difference (A®")

Figure A-3 | Normalized conservative force (Fts*, red lines) and normalized phase difference signal (A®*,
black lines) as a function of dn. (a) FO, (b) F40, (¢) F75, (d) F100. Data were acquired at random spots in each
surface. For each sample the most dissimilar results are plotted. Larger green areas imply large variations or
heterogeneity in terms of the conservative force profile (b, ¢, d). All plots show similar dissipative processes
via the normalized phase difference A®" signals (black lines) since these overlap. Ad'=0 implies zero
dissipation showing that in (b), (c), (d) dissipation occurs mainly after mechanical contact between the tip
and the sample (A®*=0 for d, >0). (a) FO presents long range dissipative processes with A®* >0 for dm >0
(labeled with a red ellipse). |Fts| (minima) ranging between 0.63/0.65, 0.22/0.56, 0.16/0.33, 0.39/1.32 nN
and A® (maxima) ~ 36°/38°, 8°/9°, 8°/9°, 9°/11°, for samples (a) to (d) respectively. The largest values have
been employed to normalize the y axes in each figure. The reference value dn=0 nm has been taken as

coinciding with minima in Fts* and thus indicating the point of mechanical contact.

Contrary to the phase signal. the conservative force F s profiles show remarkable variations
(green areas in Fig. A-3) for the polymers containing the hydrophobic matrix. These variations
can be quantified by a statistical study based on AdFp (left side Fig. A-4) and Fp (right side Fig.
A-4) as obtained from the APD population curves. First, note that only the hydrophilic
homopolymer, FO, displays a narrow distribution in Fap (i.e. relative standard deviation 3.6%)
centered at 0.64 nN. This provides further confirmation regarding the homogeneous chemical
nature of the surface and the absence of heterogeneous nanoscale domains. The other three
samples reflect their compositional heterogeneity yielding a broader distribution in terms of Fyp
(i.e. relative standard deviation 24.7%, 25.6% and 26.1% for the F40, F75, F100 respectively).

These stochastic variations in local surface chemical composition, as quantified by Fyp,
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corroborate the findings obtained from phase contrast images in SASS (Fig. A-2b, A-2c, A-2d
and A-2e). Second, in terms of AdFsp, it can be observed that the FO homopolymer is
characterized by a distribution centered at 1.08 nm (Fig. A-4a) with relative standard deviations
of 13.9%, which is indicative of a uniform grade of wettability. Moreover, it implies that the
water layer has a thickness in the range of 1nm.* For the F40, F75 and F100 polymers, average
values of AdFp are on the order of sub-nanometer. These values are closer to those obtained in
the absence of nano-scale water films. Standard deviations are 25.9%, 29.8%, 37.5% for F40,
F75 and F100 respectively. Variations in AdFyp, i.e. standard deviations ~20-40%, might relate
to heterogeneity in nano-scale wetting and heterogeneous surface energy (copolymers) or
inherent chemical structures that compose the pPFDA homopolymer, F100, as detailed above
when discussing Fig. A-2d. The presence of heterogeneity in terms of surface energy discourages
any kind of interaction between proteins and polymers as has been confirmed in previous studies

conducted with other techniques (i.e NEXFAS spectroscopy).*®

o=3.7%

0=24.7%

0=29 8% 0=25 6%
£20 Frs'
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Figure A-4 | Histograms of the population of force curves taken randomly on each sample. (a) F0, (b)
F40, (c) F75, (d) F100. For each sample the force of adhesion (Fap) and distance AdFsp are shown. Smaller
variations in Fap and larger values of AdFap are observed for the 100% hydrophilic homopolymer (F0, a) as

compared to the 100% hydrophobic polymer (F100, d).
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A.5 Conclusion

The presence of nano-domains has been confirmed on amphiphilic coatings by employing a
minimally invasive and high resolution mode of AM-AFM with SASS under ambient conditions.
In particular, it has been demonstrated that the surfaces of the amphiphilic copolymers (i.e., F40,
F75) consist of nano-scale domains of compositional heterogeneity. Heterogeneity is also found
in these samples in terms of their ability to form nano-scale water films. However, water films
patches on the amphiphilic coating are not sufficiently large in the xy plane to induce capillary
phenomena.” In summary, the exceptionally fine resolution of the AM-AFM with SASS
operation mode enabled the visualization of nanometer and sub-nanometer domains in
amphiphilic copolymers for the first time. This provides direct evidence of the unique film
morphology and sheds light on the nature and origin of the fouling resistance of amphiphilic
chemistry. The sub-nanometer crystalline structures are also resolved nicely with the AM-AFM
technique. This is the first observation of crystalline structures of all iCVD thin film coatings,
which is corroborated by XRD measurements. The unprecedented high resolution mapping of
molecular domains with simultaneous spectroscopic capabilities resolves the long-lasting
challenge of direct visualization of molecular structures and can serve as a powerful tool in the

fast-growing fields of nanofabrication and nanotechnology.
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