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CHAPTER I

INTRODUCTION



1.1 Motivation

Surface and interface play an essential role in bioengineering. Biomaterials interact
with surrounding media through their interfaces both in vivo and in vitro. To promote or
prevent this interaction, many traits of the surface are considered critical, such as chemical
composition, surface energy, surface morphology and topography. Unfortunately, materials
with desired bulk properties (e.g. mechanical robustness, porosity, optical transparency, and
electric conductivity) usually lack the required surface properties. Surface modification of
biomaterials thus emerged as an important research field and is attracting more and more
attention.

To date, a wide variety of surface modification techniques have been developed to
facilitate the application of biomaterials in various bioengineering fields. Mainly, these
techniques can be categorized into two approaches.! Surfaces can be directly modified
physically or chemically so that the atoms and molecules at the surface are substituted,
removed, or rearranged. Alternatively, a thin coating over the surface can be applied so that
new surface composition, morphology and functionalities are imparted. Methods involving
either or both approaches have been implemented in bioengineering to achieve surfaces with
a variety of desirable properties including, but not limited to biocompatibility, cell or protein
adhesion and surface wettability.

Polymers with various composition and structures confer abundant surface
functionalities, enabling them to be widely used in surface modification in bioengineering.
For example, hydrogels, which are crosslinked high-swellable polymer networks, can be
employed to modify biointerfaces to achieve biocompatibility,” protein repulsion,”* and

stimuli-responsiveness’. Poly(tetrafluoroethylene) is well-known for its low surface energy,



and has been used to minimize surgical adhesions.® Polyquaternary amines, along with many
other polycationic compounds, are used in creating antimicrobial surfaces.”

Surface modification with polymers can be implemented using physical adsorption,
thin film coating, and polymer grafting. The method of thin film coating provides a versatile
and powerful tool in modification of biomaterial surfaces, as it immobilizes polymer films
with different surface functionalities and creates bonding to the substrate substantially
stronger than physical adsorption; however, it does not require complicated multi-step
processes as surface grafting. As such, a variety of bioengineering fields employ this method
to modify and create surface biofunctionalities. The objective of this work was to introduce a
novel vapor-based polymer coating approach and demonstrate its applications in solving

some real-world problems faced in different bioengineering fields.

1.2 Surface modification with polymers in bioengineering

Polymers have been employed for surface modification throughout the
bioengineering fields, including biosensors, drug delivery, implants, etc. We focus on the
application of polymer thin coatings in three different areas where surface modifications are
considered critical, but are difficult to achieve by conventional approaches.

1.2.1 Antimicrobial surfaces

Antimicrobial surfaces are highly desirable from daily use to hospitals and healthcare
facilities. Microorganisms can grow and spread in textiles, inducing unpleasant odors,
damage to the textiles, and hygienic problems. Bacteria are also the major cause of hospital
acquired infections, which affect 5-15% hospitalized patients in the United States and

account for a staggering $35.7 billion to $45 billion direct medical cost annually.’ Significant



efforts are therefore devoted to the development of effective, long-lasting, non-toxic, and

environmentally benign antimicrobial surfaces.

Various techniques have been employed to create antimicrobial surfaces,
predominantly involving two different bactericidal mechanisms: leaching based and non-
leaching based. The leaching-based antimicrobial surfaces kill bacteria by releasing the
antimicrobial agents into the surrounding medium and bacteria cells, and disrupting the
function of target cell components, such as intracellular proteins or cell membranes. Silver,
for instance, has been widely used in fabricating antimicrobial products, such as antibacterial
clothes, wound dressing, and self-sterile catheters.'™!" Silver or silver ions penetrate into the
cell and bind to the thiol groups of enzymes and proteins, inducing the loss of enzyme
functions and death of the bacteria.'? Leaching-based antimicrobial surfaces, however, suffer
from limitations such as the gradual loss of bactericidal efficacy over time, potential negative
influence on the human body and environment, and more importantly, the development of

. . 13,14
bacteria resistance. ™

Non-leaching antimicrobial surfaces, also known as permanent antimicrobial surfaces,
kill microorganisms on contact without releasing biocides into the surrounding medium,
which reduce the possibility of developing bacterial resistance. To achieve permanent
antimicrobial surfaces, cationic polymers are immobilized onto surfaces by means of
polymer coating or grafting. Klibanov et. al pioneered the work of creating permanent
antimicrobial surfaces that effectively kill both Gram-positive and Gram-negative bacteria by

15,16 and

grafting long-chain hydrophobic polycations, namely poly(vinyl-N-hexylpyridinium)
alkylated polyethylenimine'’, onto surfaces of glass and plastics. Ever since, an enormous

amount of literature has emerged covering reports on creating antimicrobial surfaces with

4



polymers using different approaches. Controlled polymerizations, including atom transfer

radical polymerization (ATRP)*'®

and reversible addition fragmentation chain transfer
(RAFT)," have been employed to immobilize antimicrobial polymers using both “graft to”
and “graft from” approaches. The ability to control the molecular weight, chain length, and
grafting density of the immobilized polymers contributed to the understanding of the

bactericidal mechanism of action and provided future guidance in creating permanent

antimicrobial surfaces.

Vapor-based polymer coating and grafting approaches represent an alternative to the
fabrication of antimicrobial surfaces. The solventless nature of the process avoids the
exposure of the surfaces to harsh organic solvents, allowing preservation of delicate chemical
and physical structures of surfaces, such as papers, dissolvable substances and many
biomedical devices, e.g. catheters.”’** Vapor-based fabrication of antimicrobial surface has
been explored by grafting poly(ethylenediamine) on stainless steel and filter paper using
plasma enhanced chemical vapor deposition, resulting in 95-98% killing efficacy against
both Gram-positive and Gram-negative bacteria.”> Poly(dimethylaminomethylstyrene)
(PDMAMS) was successfully deposited onto textiles using initiated chemical vapor
deposition, conferring bactericidal efficacy of more than 99.99%.** Without crosslinking,
however, PDMAMS coatings tend to gradually dissolve into neutral solution over time since

the amino moiety in the DMAMS unit has a pKa of 8-9.%°
1.2.2 Surface functionalization in biosensor fabrications

Biosensors detect analytes by the interaction of the immobilized biological

components, e.g. DNA strands, enzymes, and antibodies, with the target analytes. To



maintain the activity and specificity of the biological component in the sensor over time, it is
critical to provide a biologically friendly interface between the biological unit and the
transducer. Polymers are an ideal candidate for the surface modification of transducers, as

they offer mechanically “soft” structure, variable functionalities, and biocompatibility.**’

Surface modification of biosensors pose additional challenges in comparison with
other surface modification scenarios. First, the thickness of the modification layer should be
kept minimal, so that the transfer of the detection signal to the transducer is not impeded. On
the other hand, the thickness should be sufficient to ensure a complete coverage over the
surface, as well as be resistant to delamination in aqueous media. Second, because analytes in
the biosensing process are of micrometer to nanometer size, a patterned surface of
transducers with ordered microstructures, e.g. vertically aligned carbon nanotube (VACNT)

® is usually employed to enhance the detection sensitivity. Modification of such

arrays,’
micro- or nanoscale featured surfaces require minimized damage to the surface morphology.
Finally, surface modification of transducers requires precise control of surface functionality,

preferentially only manipulating the intended functional groups so that the non-specific

interactions to the interferants can be minimized.

Polymer coating techniques are used in biosensor fabrication mainly through two
approaches: solution-based and vapor-based. Conventional polymer coating processes, such
as spin coating and dip coating, lack the ability to precisely control the coating thickness.
Layer-by-layer assembly is a novel polymer coating technique that finely tunes the surface
composition and coating thickness by alternate and consecutive adsorption of oppositely
charged species.”””® However, the assembled multilayer structure is usually prone to

degradation over time in physiological environments.”’ More importantly, these solution-



based approaches cause damage to the microstructure of the transducers in the wetting and

drying process due to capillary force.”

Vapor-based polymer coating techniques enable precise control of the coating
thickness and excellent preservation of the surface morphology. For example, aldehyde
plasma vapor deposition and plasma oxidation have been used to functionalize aligned
carbon nanotubes.”~* The processes preserved the aligned structure and conferred surface
functionalities. The plasma assisted process, however, involves high energy input, which
induces the disruption of the delicate functional groups in the monomers. The resultant
polymer coatings are thus highly crosslinked with a wide spectrum of non-target functional

groups, lacking functional specificity.”

We show the modification of VACNT surfaces using a vapor deposition method with
moderate energy input. The all-dry process enables complete retention of the aligned
morphology and desired functional groups without introducing non-specific functionalities.
By depositing two different polymer thin films, we demonstrate the surface functionalization
of VACNT arrays with epoxy and hydrogel chemistries, indicating the potential of further
biofunctionalization and application in biosensor fabrications. The successful conferring of
the epoxy chemistry also enables the transfer of VACNT arrays onto different substrates,

which is crucial in the fabrication of biosensors.

1.2.3 Responsive polymer coatings
Stimuli-responsive polymers respond to environmental changes, e.g. temperature, pH,
electric and magnetic fields, by altering a variety of properties, e.g. volume, permeability,

and surface hydrophilicity. Figure 1-1 illustrates the responding mechanisms of the pH- and



thermo-responsive polymer systems, respectively. The pH-responsiveness usually stems from
the ionization/deionization of acidic or basic functional groups, while the thermo-
responsiveness involves the switch between thermally more and less favorable conformations
of the polymer chains.

By fine engineering of the composition and structure, the responsiveness of the smart
polymers can be harnessed to serve for specific bioengineering purposes. For example, pH-
and temperature-responsive polymer coatings are applied onto drug molecules and used in

drug delivery.*®’

When delivered to the targeted organs, the polymer coating swells or
dissolves subject to the local environmental changes, triggering the release of drugs. Smart
polymers have also been exploited to fabricate stimuli-responsive biological membranes with
tunable molecule transportations.***° Thermo-responsive coatings of poly(N-isopropyl

acrylamide) can switch between hydrophilic and hydrophobic states responding to the

. .. . . . . . . 41
environment, indicating potential applications in self-cleaning surfaces.

a b
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Figure 1-1 Schematic illustration of a) an anionic pH-responsive hydrogel responds to the pH
change; b) thermo-responsive polymer brushes respond to the temperature change.

While solution-based polymerization methods are versatile in fabricating responsive
polymer coatings, they are not suitable in certain applications, such as coating
microstructured substrates with precisely controlled thicknesses and modifying materials that

are sensitive to organic solvents or heating. Vapor deposition method with stoichiometric



control serves as a better alternative in these circumstances. We present the controlled vapor
deposition of ultrathin responsive hydrogels on nanoporous membranes and VACNT arrays,
which enables thermo-responsive transportation of biomolecules and pH-responsive surface

wettability, respectively.

1.3  Initiated chemical vapor deposition of biofunctional polymer coatings

Chemical vapor deposition (CVD) utilizes the chemical reaction of gaseous reactants
in a vacuum environment to produce solid state materials in the form of film or powder.
Compared with the conventional solution-based surface coating techniques, the CVD method
offers advantages of fully preserving the microscale and nanoscale structures of the
substrates, avoiding damages caused by organic solvents, forming conformal and uniform
coatings on substrates with complex geometry, and easy control of coating thickness.*

CVD is a well-established technique in producing inorganic thin film coatings, and
this technique has been extensively used in the semiconductor industry and metallurgical-
coating industry. CVD of polymeric materials is a relatively new field still under exploration.
Several CVD methods have been developed to produce polymeric thin films. For example,
plasma enhanced chemical vapor deposition (PECVD) utilizes plasma to induce the
bombardment of monomers, generating a mixture of electrons, ions, radicals, and atoms,
which subsequently undergo polymerization with a free radical mechanism.*** The high
energy input of the PECVD process, however, usually results in a highly branched and
crosslinked structure of the polymer coating. In addition, the desired functional groups may

be disrupted in the process, while non-specific functional groups can be generated.”**



Initiated chemical vapor deposition (ICVD) is a novel CVD technique that has been
recently developed to produce polymer thin films.*>** The deposition process is distinct from
other CVD polymerization methods, as it introduces initiator vapor molecules (e.g. tert-butyl
peroxide), which is decomposed around the hot filament and subsequently initiates the
polymerization. The iCVD process can be perceived as a combination of chemical vapor
deposition and free radical polymerization.

Figure 1-2 illustrates a typical setup of an iCVD system. During deposition,
precursors and the initiator are heated and vaporized using temperature controllers (V1-V4).
The vapors are metered by mass flow controllers (MFC 1-4) and fed into the reactor, which
is equipped with a transparent quartz cover and arrayed Nichrome filament ~2.5 cm above
the stage. The filament is usually heated to 180-250 °C, while the stage is maintained at 20-
50 °C by circulating water. The pressure inside the reactor is usually kept at 0.1-0.5 Torr by a
butterfly throttling valve. An interferometry system, consisting of a HeNe laser and a
photometer, is used to monitor the deposition process by the in situ measurement of the

thickness increase on a reference silicon wafer placed close to the substrates.

Inside the reactor, polymerization initiates from the decomposition of the initiator in
the vicinity of the heated filament as illustrated in Figure 1-3. The polymerization propagates
by the collision of consequently formed radicals with monomers in the vapor phase.
Evidence shows that the iCVD polymerization is an adsorption-based process—monomers
and oligomers are adsorbed onto the surface of substrates, where chain propagation
proceeds.” Thus, surface concentration of the monomer is a key factor in iCVD
polymerization, which is distinct from solution-based free radical polymerization. The

composition of the product in an iCVD copolymerization process is therefore not only related
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to the flow rates and copolymerization reactivity ratio of the monomers, but also to the

adsorption efficiency of each monomer to the substrate. Progress has been made in

49-51

understanding the kinetics and mechanism of the iCVD process,” ~ and polymer coatings

with a wide spectrum of functionalities have been fabricated and used in various

applications.”#*>*%

precursor 1 precursor 3

precursor 2 initiator

H
g
e |

variac photo meter

HeNe laser 0 _ -
(L2l mass flow controller

to exhaust

I:l temperature display
P manual valve

butterfly
—»  vapor flow throttling
—— heating e
—>

cooling water

laser chiller

heated filament

Figure 1-2 Schematics of a typical iCVD setup.
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Figure 1-3 Schematic illustration of the polymerization mechanism in the iCVD process. The

drawing is not in scale.

The iCVD method is advantageous over other CVD methods in producing
stoichiometric polymer films, because the introduction of the initiator significantly lowers the
energy input in the deposition process (3-4 W/cm?), enabling excellent retention of the
delicate functional groups and fine control of the polymer composition. In addition, the
substrate is cooled by the circulating water in the process and kept away from the heated
filament where initiator decomposes, which avoids exposure of the substrate material to any
excessive heat. The use of the interferometry system allows precise control of the coating
thickness, while the vapor phase polymerization provides conformal coatings on substrate
with complex geometry. These advantages, along with other attributes of the CVD process

make the iCVD technique ideal for biointerface modifications.

1.4  Scope of thesis

This thesis demonstrates the utilization of the iCVD technique to produce
biofunctional polymer coatings to address some surface modification issues faced in the

bioengineering field. Different polymer chemistries and coating structures are conferred onto



a variety of substrates including planar Si and glass surfaces, aligned carbon nanotubes,
microfibers, catheters, and nanoporous membranes. Each chapter is aimed to address a
particular problem in bioengineering, while the theme of the entire thesis is biofunctional
polymer coatings using iCVD.

CHAPTER 1I presents a novel vapor-based hybrid grafting method to fabricate
antimicrobial polymer coatings using iCVD. The grafting process employs a highly
crosslinked prime layer of poly(dimethylaminomethylstyrene-co-ethylene glycol diacrylate)
(P(DMAMS-co-EGDA)) and in situ grafting of PDMAMS polymer initiated from the
reactive sites of the crosslinked network. The hybrid grafting method not only creates a
strong bonding between the coating and substrate by crosslinking, but also maximizes the
surface functionality by surface grafting. The resultant coatings imparted durable
antimicrobial efficacy to textiles and catheters.

In CHAPTER 1II, we explore the surface functionalization of vertically aligned
multiwall carbon nanotubes with epoxy chemistry using iCVD. The mild condition and
solventless nature of the process enables complete retention of the monomer functionality, as
well as the aligned structure of the nanotubes. The epoxy chemistry of the coating was
further exploited to realize the transfer of nanotube arrays through an all-dry process, which
results in a hybrid array structure with significantly enhanced mechanical properties and
wetting stability.

CHAPTER 1V extends the vapor functionalization of epoxy chemistry to vertically
aligned single walled nanotubes (ASWNTs). By enhancing the access of radicals to the
SWNT surface, we demonstrate the covalent functionalization of ASWNT films. Raman and

terahertz time-domain spectroscopy proved the creation of covalent bonding and the tuned

13



electric properties of SWNTs. The vapor-based covalent functionalization of ASWNT film
indicates the possibility of tailoring the electronic structure of SWNTs without disrupting its
aligned morphology.

CHAPTER V demonstrates the surface functionalization of low-site-density carbon
nanotube arrays with pH-responsive hydrogel coating. The hydrogel coating substantially
improves the wettability of the nanotube array, facilitating the application of carbon nanotube
arrays in biological environments. Superwettability is achieved with a 50 nm hydrogel
coating under neutral conditions. We also discuss the quantitative correlation between the
coating thickness and surface wettability.

In CHAPTER VI, the iCVD process is employed to fabricate smart nanovalves by
coating a sub-50 nm thermo-responsive hydrogel on a nanoporous membrane. We emphasize
the capability of the iCVD process to precisely control the coating composition and thickness,
as well as the ability to coat surfaces with a complex geometry.

CHPATER VII concludes the advantages of the iCVD process in applications in

bioengineering field and discusses future directions.
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CHAPTER II

SOLVENTLESS HYBRID GRAFTING OF ANTIMICROBIAL

POLYMERS FOR SELF-STERILIZING SURFACES

Y. M. Ye, Q. Song, Y. Mao, “Solventless hybrid grafting of antimicrobial polymers for self-
sterilizing surfaces”, Journal of Materials Chemistry, 2011, 21, 13188-13194.
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Abstract

Self-sterilizing surfaces were created using a single-step solventless grafting method. The
grafting process was conducted by vapor deposition of a crosslinked
poly(dimethylaminomethyl styrene-co-ethylene glycol diacrylate) (P(DMAMS-co-
EGDA)) prime layer, followed by in situ grafting of poly(dimethylaminomethyl styrene)
(PDMAMS) from the reactive sites of the prime layer. The hybrid coating allows both
strong binding with the substrate and enriched bactericidal functionality on the surface.
Coating analysis indicated successful grafting of PDMAMS on the surface. The atomic
force microscope (AFM) observation revealed dense granular structures on the coating
surface at the initial stage of grafting and larger domains as the grafting proceeded.
Live/dead viability assay showed disruption of bacterial membranes upon surface contact
with the grafted coating. The hybrid grafted coating of P(DMAMS-co-EGDA)-g-
PDMAMS had more than 99% bacterial killing against both gram-negative Escherichia
coli and gram-positive Bacillus subtilis. The grafted coating exhibited durable

bactericidal efficacy after continuous washing.
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2.1 Introduction

Hospital-acquired infections caused by medical devices such as catheters and
implants is a major healthcare issue in the United States.' It is estimated that hospital
infections, mainly including catheter-associated urinary tract infections, central line-
associated bloodstream infections and ventilator-associated pneumonia, affect 5-15%
hospitalized patients in the U.S. and cause $35.7 billion to $45 billion direct medical
costs annually.” Self-sterilizing surfaces with effective and long-lasting biocidal activity
are highly desirable to prevent catheter-associated infections. Conventional antimicrobial
treatments, such as impregnation and coating of antibiotics and silver, have been widely
used in clinical practice.”® However, the antimicrobial effect of these coatings is based
on the leaching of biocidal agents, which results in the decrease of antimicrobial efficacy

over time and the development of bacterial resistance.*’

Grafting of antimicrobial polymers has advantages in creating sterile surfaces,
because the resultant surfaces kill bacteria on contact without releasing biocides into the
surrounding medium, which makes the surface permanently sterile and reduces the
possibility of developing bacterial resistance.”!' Great efforts have been made to graft
antimicrobial polymers onto solid surfaces using liquid-phase polymerization.
Antimicrobial polymers such as polyvinylpyridinium'>"* and polyethyleneimine'*'"*were
synthesized in solution and covalently attached onto pretreated glass and plastic surfaces,
resulting in surfaces with bacterial killing efficacy as high as 99%. Poly(2-
(dimethylamino)ethyl methacrylate) was grafted from substrates using atom transfer

radical polymerization and reversible addition-fragmentation chain transfer

polymerization, followed by quaternization of the amino groups to confer antibacterial
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118 The controlled surface polymerization enables surface design with

properties.
controlled grafting density and polymer chain length; therefore, high bactericidal efficacy
can be achieved by optimizing the grafting conditions. However, the “graft from” and
“graft to” methods require surfaces that can accommodate surface initiation and coupling
chemistry, respectively. Furthermore, the liquid-based grafting polymerization usually
involves sample pretreatment and multi-step reactions in various solvents, which can be

19,20

time-consuming and may affect the physical properties of substrate materials. Grafting

of antimicrobial polymers without any surface derivation has not been reported.

Vapor-based grafting of antibacterial polymers is an all-dry approach to create sterile
surfaces. The solvent-free process offers advantages of eliminating possible chemical and

2023 1y
Using

physical damages to substrates, as well as contaminations caused by solvents.
UV-generated radicals, chemical vapor deposition was employed to graft plastic surfaces
with poly(dimethylaminomethyl styrene) (PDMAMS) and poly(diethylamino ethyl
acrylate). Though these two polymers have been reported to be antimicrobial in the non-

grafted format,'®**

no antimicrobial activity was reported in the grafted coatings, possibly
due to the damage of antimicrobial functionality caused by UV.* In a different study,
surfaces of stainless steel and filter paper were grafted with poly(ethylenediamine) using

plasma enhanced chemical vapor deposition.”® The resulted surfaces exhibited 95-98%

killing efficacy against both gram- positive and gram- negative bacteria.

Previously, we have demonstrated the antibacterial properties of vapor-crosslinked
poly(dimethylaminomethyl styrene-co-ethylene glycol diacrylate) (P(DMAMS-co-
EGDA)) coatings with systematically varied crosslinking degrees.”” The bactericidal
effect was found to be influenced by the crosslinking degree. In this work, we explored
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hybrid vapor grafting of P(DMAMS-co-EGDA)-g-PDMAMS, which involves deposition
of a crosslinked P(DMAMS-co-EGDA) prime layer followed by in situ grafting of
PDMAMS via successive polymerization initiated from the reactive sites of the prime
layer (Figure 2-1). The resultant coating has a hybrid structure that consists of a highly
crosslinked prime layer, which is bound to the solid surface, and a grafted polymer layer,
which maximizes the surface bactericidal functionality. The hybrid vapor grafting is a
solvent-free process that proceeds rapidly (< 1 h) and can be applied onto any substrates
without surface pretreatment and derivation. The grafting process and the chemical
composition of the grafted coatings were investigated. The antimicrobial activities of the

grafted coating on both planar and three-dimensional substrates were studied.

@tiator + EGDA+ DMAMS DMAMS \

grafted
g 220°C PDMAMS

sites

. L] . I. L]
K surface (45°C)

surface

Figure 2-1 Schematic illustration of the hybrid grafting of P(DMAMS-co-EGDA)-g-

PDMAMS.
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2.2 Experimental

2.2.1 Materials

DMAMS (95%), EGDA (90%), and tert-butyl peroxide (TBP) (98%) were all
purchased from Sigma-Aldrich. The DMAMS monomer, consisting of 50/50 ortho- and
para-isomers, was vacuum purified prior to use to remove volatile contaminants. EGDA
and TBP were directly used without further purification. Silicon wafer (MEMC
Electronic Materials) was used as received. Glass slides were cleaned using
ultrasonication in acetone for 15 min and dried under N, flow. Sterile catheter tubings
(ICU Medical) with an outside diameter of 0.28 cm were cut into sections of 2.5 cm.
Nylon textiles (306 A, Testfabric) with an average fiber diameter of 16-18 um was

cleaned using detergent and cut into 4x4 cm? pieces prior to the deposition.
2.2.2 Hybrid grafting

The hybrid graft coating was carried out using initiated chemical vapor deposition
(iCVD) as previously reported.”” Precursors of DMAMS, EGDA and TBP were
vaporized at 75 °C, 60 °C and 25 °C, respectively, mixed well and metered into a custom-
built reactor (Sharon Vacuum) through mass flow controllers (MKS, model 1153, 1150
and 1479A). The deposition conditions of the hybrid coating were listed in Table 2-1. For
comparison, the deposition of the P(DMAMS-co-EGDA) prime coating was conducted
using the same conditions as in stage I. And the PDMAMS homopolymer coating was
synthesized without introducing EGDA. The deposition process was monitored real-time
using an interferometry system with a 633 nm He-Ne laser (JDS Uniphase), through

which the increase of coating thickness on a silicon wafer was observed. Catheters and
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textiles were coated on both sides to ensure a complete coverage of the surface. After the
vapor grafting, the coatings were continuously washed in phosphate buffer saline (PBS)
solutions at 200 rpm using an incubator shaker (Isotemp, Fisher Scientific) for 60 min to

remove any ungrafted PDMAMS.
2.2.3 Characterizations

Fourier transform infrared (FTIR) spectra of the coatings on silicon surfaces were
collected using a Nicolet 6700 FTIR spectrometer equipped with DTGS detector under
the transmission mode. The topography of the graft coatings was measured using a Veeco
Multimode SPM atomic force microscope (AFM) under the tapping mode. Surface
sectioning analysis was obtained using the Nanoscope software. The X-ray photoelectron
spectroscopy (XPS) measurements were performed using the Mg anode of a PHI 300 W
twin anode X-ray source. The resulting photoelectrons were detected by a PHI double-
pass cylindrical mirror analyzer (CMA) with a pass energy of 50 eV. The escape depth of

the measurement was within 10 nm from the surface.
2.2.4 Antibacterial assessment

Gram-negative Escherichia coli (ATCC 29425) and gram-positive Bacillus
subtilis (ATCC 6633) were cultured for 18 h in LB liquid medium and diluted in sterile
PBS solution to the desired colony forming units per ml (CFU/ml). The culturing

temperatures of E. coli and B. subtilis were 37 °C and 30 °C, respectively.

Live/dead wviability assay (Invitrogen) was conducted using a two-color
fluorescence method. Two fluorescent dyes, a green SYTQO9Y stain and a red propidium
iodide stain, were used. The dyes were mixed and incubated with E. coli at ~10’ CFU/ml.
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Subsequently, an aliquot of 15 pl of the bacteria solution was applied to pristine, prime,
and graft coated glass surfaces. The test surfaces were covered with coverslips and
incubated in the dark for 40 min. The bacteria cells were then observed using an Olympus

BXS51 epifluorescence microscope with GFP bandpass, GFP, and TRITC filters.

Pristine and graft coated catheter sections were separately immersed in 1 ml of E.
coli solution at the concentration of 1.5-3.0x10° CFU/ml and shaken under 250 rpm at
37 °C for 24 h. Afterwards the catheter sections were removed from the E. coli solutions,
washed thoroughly using a 0.85% NaCl solution, rolled and incubated in LB agar plates
at 37 °C for 20 h. To quantitatively test the bactericidal efficacy of the coated catheters,
the supernatant from the tested solution was diluted to 10', 10%, and10°® times in series,
and 100 pl of each dilution was incubated in LB agar plates for 20 h. Each sample was
placed in three plates. The bacterial colonies were counted, and the percentile reduction
was calculated from the CFU/ml of the uncoated catheter sections (U) and the CFU/ ml
of the coated catheter sections (C): reduction rate (%) = (U-C) /U x100 (%). The coated
nylon textiles were also tested against the gram-positive B. subtilis using the method

reported previously.”’

2.3 Results and discussion

2.3.1 Vapor-Based hybrid grafting

The vapor-based hybrid grafting was conducted through a one-step, two-stage process,
as illustrated in Figure 2-1. Details of the process conditions are listed in Table 2-1. At

the initial stage, vaporized monomers of DMAMS and EGDA were fed into the reactor
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along with the initiator TBP. A high flow ratio of EGDA versus DMAMS was used to
form a highly crosslinked P(DMAMS-co-EGDA) prime layer on the substrates with
strong substrate-coating adhesion. At the second stage, the flow of the EGDA crosslinker
was switched off, while the DMAMS vapor continued to flow in, resulting in the grafting
polymerization of PDMAMS from the unterminated radical sites of the P(DMAMS-co-
EGDA) prime layer. After the deposition, the ungrafted PDMAMS was removed by

continuous washing in PBS solutions.

Table 2-1 The deposition conditions of the hybrid graft coating.

flow rate (sccm) deposition  pressure

DMAMS EGDA TBP time(min)  (torr)

Stage I 0.45 0.2 0.4 15 0.2

Stage II 0.65 0 0.4 30 0.2

The vapor-based hybrid grafting combines the crosslinking and grafting of functional
polymers in one step without using any substrate pretreatment. The initiation sites for
polymer grafting are directly provided by the unterminated radicals generated in situ from
the crosslinking deposition of the prime layer, which serves as a transitional layer
between the grafted polymer and the substrate. The prime layer has a highly crosslinked
structure as to be discussed in the composition analysis; therefore, although the
PDMAMS chains are not directly grafted onto the substrates, the prime layer ensures

strong binding of the PDMAMS polymer with the substrate. In addition, the vapor-based
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grafting can be applied to a wide variety of substrates with complex geometries and

proceeds much faster (<1 h) than most liquid-based graft polymerizations.

To understand how the hybrid grafting proceeds, the grafting process was terminated
at different grafting time, and the topography of the resultant coatings was observed using
AFM. As seen in Figure 2-2a, the P(DMAMS-co-EGDA) prime coating showed a
smooth and uniform surface, which is a typical characteristic of hydrophilic coatings
synthesized using initiated chemical vapor deposition.”®* The root mean square
roughness (RMS) of the surface was measured as 0.31 nm. Granular morphology was
observed on the surfaces of the P(DMAMS-co-EGDA)-g-PDMAMS coatings. A clear
trend of increasing granule size and roughness with the increase of grafting time is shown
in Figure 2-2(b-d). Small granular structure appeared on the coating surface after 4 min
of grafting, resulting in a RMS surface roughness of 0.7 nm. The granules were densely
distributed with an average height of 1.5 nm as estimated from the sectioning profile (not
shown). The closely packed granular structure suggests abundant unterminated radicals
on the prime layer surface at the end of the P(DMAMS-co-EGDA) deposition. These
reactive sites competed with each other for the grafting of DMAMS monomers, leading
to a restricted growth of the grafted chains. Larger granular domains were formed as the
grafting time increased to 11 min. The average height of the granules and the RMS
roughness rose to 3 nm and 1.8 nm, respectively. After 30 min, significantly larger
domains with height up to 15 nm were observed, resulting in a RMS surface roughness of
4.4 nm. The dense granular structures have been observed on polymer grafted surfaces

using plasma activated initiation.>* The vapor-based activation combined with the
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“grafting from” approach provides higher grafting density and coating uniformity than

the “grafting onto” method in preparation of antibacterial surfaces.”

The average granule height was plotted as a function of the grafting time (Figure
S2-1). A linear relationship between the two variables was observed. The grafting of
PDMAMS was thus estimated to have a stable growth rate. It is noted that a small
amount of residual EGDA monomers may still exist in the beginning of the grafting
process, which possibly creates branched and crosslinked polymer chains in the grafted
granules. However, considering the volume of the reactor (ca. 2 L) and the total flow rate
of the precursors (1.05 sccm), the residence time of EGDA in the reactor was roughly
calculated to be 0.5 min; therefore, the effect of the EGDA residue was not significant in
the grafting of PDMAMS. The hybrid grafting process is expected to significantly
increase the concentration of the DMAMS component on the coating surface, as to be

discussed below.
2.3.2 Coating analysis

Figure 2-3a shows the FTIR spectra of the synthesized PDMAMS homopolymer,
P(DMAMS-co-EGDA) prime coating, and P(DMAMS-co-EGDA)-g-PDMAMS coating.
The strong absorption peak at 1735 cm™ was assigned to the C=0 stretching in EGDA,
while peaks in the region of 2700 -2850 cm™ were assigned to the C-H stretching of the
tertiary amine in DMAMS. Both characteristic absorption peaks were found in the
spectra of the prime and grafted coatings, indicating the successful copolymerization of

the DMAMS and EGDA monomers. It is noted that the intensity of the tertiary amine C-
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Figure 2-2: AFM images of a) prime coating and grafted coatings synthesized at different
grafting time: b) 4 min, ¢) 11 min, and d) 30 min. / represents the average granule height.

H stretching is much weaker than the C=O stretching in both spectra. The intensity

disparity was attributed to the high EGDA content in both coatings.

The composition difference between the grafted and the prime coatings was
further analyzed by comparing their tertiary amine C-H stretching at 2814 cm™ (Figure 2-
3b). Both spectra were normalized to the C=O stretching peak at 1735 cm™. The grafted
coating shows a slightly stronger absorption of C-H stretching than that of the prime

coating. Using FTIR quantification, the molar ratios of DMAMS to EGDA in the grafted
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and prime coatings were calculated to be 2.14 and 2.03, respectively. The detailed
procedures of the calculation have been described previously.”’?* The increased
DMAMS content in the grafted coating confirmed the successful grafting of PDMAMS
on the surface, since the P(DMAMS-co-EGDA) layer in the grafted coating has the same

composition and thickness as that of the prime coating.
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Figure 2-3: a) FTIR spectra of as-deposited PDMAMS, P(DMAMS-co-EGDA), and
P(DMAMS-co-EGDA)-g-PDMAMS coatings; b) enlarged region of the tertiary amine C-H
stretching in P(DMAMS-co-EGDA) and P(DMAMS-co-EGDA)-g-PDMAMS. Both spectra
were normalized to the intensity of the C=0 stretching.

Further evidence of the surface composition disparity between the grafted and

prime coatings was provided by XPS measurement (Figure S2-2). Compared with the
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spectra of the prime coating, the spectra of the grafted coating showed a reduced Ols
photoelectron peak and an increased Cls photoelectron peak. Since DMAMS contains
more carbon content than EGDA and no oxygen content, the enhanced Cls and reduced

Ols intensity confirms that DMAMS is enriched on the surface of the grafted coating.

2.3.3 Antimicrobial properties

The live/dead viability assay was employed to first examine the interaction of the
P(DMAMS-co-EGDA)-g-PDMAMS coating with the gram-negative E. coli, which is
commonly found in catheter-associated infections.” E. coli was incubated with the
pristine, prime, and graft coated glass slides and stained with two fluorescence dyes,
SYTO9 and propidium iodide. The green SYTO9 penetrates the cell membrane and
stains bacteria with both intact and damaged membranes, while the red propidium iodide
only stains bacteria with damaged membranes.” As shown in Figure 2-4a and b, only
green fluorescence was observed on the pristine and prime coated glass slides, indicating
that the bacterial membrane was intact after incubation on these surfaces. It is not
surprising that the prime coating with a DMAMS/EGDA molar ratio of 2.03 did not show
any bactericidal activity towards E. coli, since our previous study showed that the
DMAMS/EGDA molar ratio needed to be more than 5.4 in the P(DMAMS-co-EGDA)
coating to achieve strong bactericidal effect.”” However, most of the bacteria on the graft
coated glass surface were stained with propidium iodide (Figure 2-4c), indicating the
disruption of the bacterial membranes after being in contact with the graft coated surface.

The strong bactericidal effect of the grafted coating with the DMAMS/EGDA molar ratio
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as low as 2.14 proves that the hybrid grafting method significantly enhanced the

bactericidal functionality on the surface.

| .!!
| .==
| ...

Figure 2-4: Fluorescence microscopy images of E. coli after 40 min incubation on a)
pristine, b) P(DMAMS-co-EGDA), and ¢) P(DMAMS-co-EGDA)-g-PDMAMS
coated glass slides using green band-pass (left column), green (center column), and
red (right column) filters.

The bactericidal efficacy of catheter sections coated with P(DMAMS-co-EGDA)-
g-PDMAMS was directly studied using E. coli. After incubation with the bacteria
solution for 24 h, the catheter sections were transferred to LB agar plates and incubated
for 20 h. No colony was observed around the graft coated catheter section, while the

pristine catheter section was surrounded by dense colonies (Figure 2-5a). The results
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indicated that the grafted coating successfully inhibited the growth of bacteria on the
catheter surface. To quantitatively assess the bactericidal effect, the supernatant of the
challenged bacterial solution was extracted, diluted, and incubated in LB agar plate to
count the survived bacteria. The supernatant of the graft coated catheter resulted in nearly
no growth of colony, while the pristine catheter section showed colonies of more than
1000 (Figure 2-5b). Therefore, the killing efficacy of the grafted coating against E. coli

was estimated to be more than 99.9%.

Figure 2-5 a) E. coli colony formation on the P(DMAMS-co-EGDA)-g-PDMAMS coated
(left) and pristine (right) catheter sections; b) colonies of survived E. coli in solutions after
incubation with P(DMAMS-co-EGDA)-g-PDMAMS coated (left) and pristine (right)
catheter sections.
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To study the bactericidal efficacy of the grafted coating against gram-positive
bacteria, textiles coated with P(DMAMS-co-EGDA)-g-PDMAMS were challenged with
B. subtilis. As shown in Figure 2-6, the grafted coating exhibited potent bacterial killing
efficacy of more than 99%, while the prime coating showed a killing efficacy of less than
50%. The killing efficacy of the prime coating towards B. subtilis is comparable with that
of P(DMAMS-co-EGDA) copolymers with similar composition.”” Similar to the results
obtained in the E. coli viability assay, the grafted coating demonstrated greatly improved
B. subtilis killing efficacy than the copolymer counterpart due to the surface enrichment
of the DMAMS moiety on the coating surface, which resulted in a higher charge

. 2736
density.”"
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Figure 2-6 Bactericidal efficacies of the grafted and prime coatings against B. subtilis after
different time of washing.

We further investigated the durability of the grafted coatings using two

approaches. First, we compared the FTIR spectra of the P(DMAMS-co-EGDA)-g-
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PDMAMS coating before and after washing at 200 rpm for 24 h (Figure S2-3). The
spectrum of the post-wash coating exactly overlapped with that of the original grafted
coating, indicating no loss of PDMAMS. The resemblance of the two FTIR spectra also
indicated that the strong bacterial killing of the coating was not due to the leaching of
PDMAMS from the surface. Second, textiles with the grafted coating were washed in
PBS solutions followed by evaluation of the bactericidal efficacy. Figure 2-6 shows the
bacterial killing efficacy of the grafted coatings after different washing time. The graft
coated textile retained more than 99% killing efficacy with no loss of the bactericidal
effect observed after intensive washing for up to 10 h. In comparison, the prime coating
showed 0% bacterial killing after only 1 h washing, the cause of which is still unclear.
Nevertheless, the durability tests suggested that the grafted coating is durable with the

bactericidal functionality excellently preserved after washing under harsh conditions.

2.4 Conclusions

Hybrid grafted coatings of P(DMAMS-co-EGDA)-g-PDMAMS were synthesized
using a vapor deposition process. The grafting was achieved by depositing a highly
crosslinked P(DMAMS-co-EGDA) prime layer followed by in situ grafting of PDMAMS
from the reactive sites of the prime layer. AFM, FTIR, and XPS analysis confirmed
successful grafting of PDMAMS to the surface. The grafted coating disrupted bacterial
membranes upon surface contact. High killing efficacy of greater than 99% against both
gram-positive and gram-negative bacteria was observed. The grafted coatings exhibited

durable bactericidal efficacy against continuous washing. The vapor-based hybrid
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grafting is an all-dry, single-step process that requires no surface pretreatment and can be
applied onto a wide variety of substrates, including thermo-sensitive materials, surfaces
with nanoscale features, and surfaces with complex geometry. The hybrid grafting
concept can be extended to the grafting of other functional polymers to maximize the

surface functionality while maintaining the coating stability.
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2.7 Supporting Information
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Figure S2-1 The increase of the average granule height as a function of the grafting time.
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Figure S2-2 O1s and C1s XPS spectra of the prime and grafted coatings.
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Figure S2-3 FTIR spectra of the P(DMAMS-co-EGDA)-g-PDMAMS coatings before and
after washing for 24 h.
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CHAPTER III

FUNCTIONALIZATION AND TRANSFER OF ALIGNED CARBON
NANOTUBES WITH VAPOR-DEPOSITED POLYMER
NANOCOATINGS

Y.M. Ye, Y. Mao, F. Wang, H. B. Ly, L. T. Qu, L. M. Dai, “Solvent-free functionalization and
transfer of aligned carbon nanotubes with vapor-deposited polymer nanocoatings”, Journal of
Materials Chemistry, 2011, 21, 837-842.
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Abstract

We studied solvent-free, one-step functionalization of aligned multi-walled
carbon nanotube (MWNTs) using initiated chemical vapor deposition. Aligned MWNTs
with a variety of aspect ratios were uniformly functionalized with an epoxy polymer. The
vapor deposition process allowed excellent retention of the nanotube alignment and
control of the porosity of the resultant MWNT nanostructure. In addition, we transferred
the functionalized MWNTs using a flip-over procedure and directly measured the
mechanical properties of the transferred MWNTs using nanoindentation. The transferring
process created a synergistic effect by crosslinking the polymer coatings sheathed around
the aligned nanotubes and forming strong adhesion between the nanotubes and the target
substrate. As a result, the elastic modulus of the transferred MWNT nanostructure was
improved 650% and the nanoindentation hardness improved 92% compared with the
MWNT nanostructure before transferring. The transferred MWNT nanostructure also
demonstrated significantly enhanced stability towards wetting and drying. The
combination of surface functionality, nanotube alignment, controlled porosity, and
enhanced mechanical robustness in the MWNT nanostructures may greatly impact the

fabrication of carbon nanotube devices.
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3.1 Introduction

Thin films of carbon nanotubes (CNTs) have important applications in devices such
as chemical and bio-sensors, nanoporous membranes,”® dry adhesives,”® and thermal
management systems.”'’ Aligned CNTs, with the vertically oriented structure, offer
unique advantages in collective manipulation and easy integration of nanotubes into such
devices. To enable applications in sensors and membranes, it is critical that the aligned
CNTs have defined surface functionalities with controlled porosity and mechanical

robustness in the nanostructure.

Functionalization of non-aligned CNTs has been investigated extensively using both
covalent and non-covalent approaches as reviewed.'' However, functionalization of
aligned CNTs remains a challenge due to the difficulty of preserving the desirable
alignment. Traditional solution-based functionalization protocols involve use of solvents
and dispersion of nanotubes, which usually result in the disruption of the aligned
structure.'” To improve the mechanical stability, gap-filling materials such as spin-on
glass and polymers were used to consolidate the aligned CNTs and functionalize the

3 Other methods such as polymer impregnation’ and in situ

nanotube tips.*!
polymerization'*"> have been successfully used to incorporate functionalities to CNTs.

However, the resulting nanostructures usually have little porosity between neighboring

nanotubes.

Vapor-based methods such as microwave discharge and plasma vapor deposition
serve as an alternative strategy to functionalize CNTs.'®!” These solventless methods do

not result in collapse'? or contraction'® of neighboring nanotubes, as what are
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encountered in functionalizing aligned CNTs using solution-based protocols. Aligned
MWNTs have been functionalized with the preservation of nanotube alignment using
aldehyde plasma vapor deposition'’ and plasma oxidation.” However, the high energy
input in those plasma processes usually results in partial destruction of delicate functional
groups, thus limiting the control of surface functionalities. Recently an initiated chemical
vapor deposition (ICVD) method has been used for the surface engineering of high-
aspect-ratio pores®’ and microfabricated trenches.”’ During the iCVD process, initiator
molecules are thermally decomposed in the vapor phase at a relatively low temperature of
150-180°C, followed by radical polymerization of monomer vapor molecules to produce
conformal polymer coatings directly on solid structures. The low energy input in the
process limits the bond scission only to initiator molecules and preserves the
functionalities in precursor monomers, resulting in successful synthesis of a wide range

of functional polymer coatings. >’

To realize the full potential of aligned CNTs, the nanotube assemblies also need to
be transferred to target substrates with enhanced substrate adhesion because of the limited
choices of substrates for CNT growth and the poor adhesion between the substrate and
CNTs.?**" The improvement of interfacial adhesion and mechanical robustness has
particular importance in enabling applications of aligned CNTs in dry adhesives and
thermal interface materials.”®*’ Different approaches have been reported to transfer
aligned CNTs to target substrates. Metal pastes were successfully used to establish strong
contacts between the CNTs and the target substrates;”’ " but the processes required
flexible substrates or relatively high temperature (270-800°C) for the annealing of metal

materials. Aligned CNTs were transferred to gold-coated substrates using the reaction of
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oxidized CNTs with self-assembled monolayers.*' The chemical reaction resulted in two-
fold improvement in the interfacial strength at the transferred CNT/gold interface. Single-
walled CNTs were transferred to metal substrates using treatment of warm water or
etching of hydrofluoric acid.’*** Subsequent polymer coating and melting at the interface
was needed to ‘‘glue’” the CNTs to the target substrates. Most of the studies report the
morphology change and electrical characterization of transferred CNTs. Direct
measurement on the mechanical properties of the transferred CNTs, however, have not

been reported.

This paper reports one-step functionalization of aligned multi-walled carbon
nanotubes (MWNTs) using an iCVD method. Poly(glycidyl methacrylate) (PGMA), a
polymer with epoxy functionality, was used to demonstrate this functionalization concept.
The functionalization process not only preserves the alignment of MWNTSs, but also
enables facile transfer of the functionalized MWNTs with controlled porosity and
improved substrate adhesion. Morphology and mechanical characterization of the
transferred MWNTSs will be presented in this work. The improved mechanical properties

and stability will be discussed.

3.2 Experimental

3.2.1 Growth of MWNTsSs

Vertically aligned carbon nanotubes were prepared on silicon using thermal
chemical vapor deposition by pyrolysis of iron phthalocyanine (FePc) under Ar/H,.**

Briefly, a predetermined amount of FePc (0.1 — 0.3 g) was placed in the first zone while a
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clean silicon plate was placed in the second zone of a dual quartz tube furnace equipped
with independent temperature controllers. A flow of Ar/H, (1:1 to 1:2 v/v, 20-40 cm’/min)
mixture was introduced into the quartz tube. The second zone was heated to 800-1100°C
and subsequently the temperature of the first zone was increased to 500-600°C for 2-15
minutes. Thereafter, the first zone was also heated to 800-1100°C, and both zones were
maintained at that temperature for 10-20 minutes. The resulting carbon nanotubes

appeared as a black layer on the substrate.
3.2.2 iCVD process

The vapor deposition functionalization was performed in a custom-built iCVD
reactor (Sharon Vacuum) with a quartz plate at the top for visual inspection. The reactor
was 25 cm in diameter equipped with a water-cooled stage, on which samples were
placed on. A Nichrome filament (Ni80/Cr20, Goodfellow) was mounted in a parallel
array at 2.5 cm above the stage. During the deposition, the glycidyl methacrylate (GMA)
monomer (98%, Aldrich) was vaporized at 50 °C in a glass jar, and tert-butyl peroxide
(TBP, 97%, Aldrich) was vaporized at room temperature. The GMA monomer and the
TBP initiator were mixed well and fed into the reactor. The flow rates of the monomer
and initiator were regulated by a needle valve and a mass flow controller (MKS, Type
1479A) to be 1.2 sccm and 0.6 sccm, respectively. The Nichrome filament was resistively
heated to 150-180°C, while the substrate temperature was maintained at 30-33 °C, as
measured by thermocouples (Omega, Type K) directly attached to the substrate. The
pressure in the reactor was maintained at 150 mTorr using a throttling butterfly valve
(MKS, Type 253B). A silicon wafer was used as a reference surface and placed close to

the MWNT samples. The deposition process was monitored by measuring the reference
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thickness using interferometry with a 633 nm He-Ne laser. The cycle thickness in
interferometry was calibrated using the data obtained from variable-angle spectroscopic
ellipsometry. The polymer deposition rate on the reference surface was approximately 50

nm/min.

3.2.3 Transfer of MWNTs

In the MWNT transfer experiments, silicon substrates were used as the target
substrates. Both the MWNT films and the target substrates were modified by the iCVD
process described above. The functionalized MWNTs and the silicon substrate were then
placed in contact using a general-purpose, self-closing tweezer and annealed at 150 °C in
a vacuum oven for 2 hours. The wetting experiments of the MWNTs films were
conducted by immersing each sample in de-ionized water for 2 min and drying in air. The
morphology of the MWNT films was observed using a FEI Quanta 600F scanning
electron microscope (SEM). The FTIR spectra were collected by a Nicolet 6700 FTIR
spectrometer under transmission mode using a DTGS detector over the range of 400-

4000 cm™ at 4 cm™ resolution.

3.2.4 Nanoindentation

Nanoindentation measurements were conducted using a Nano Indenter XP system
(MTS Systems Corporation). A diamond spherical tip with a radius of 10 pm was used in
all the measurements. The nanoindentation tests were conducted in air at 23°C under a
relative humidity of about 50%. The resolutions for load and displacement are 50 nN and
0.01 nm, respectively. The maximum load applied was ImN at a loading rate of

0.0125mN/s, and the measured indenter tip drift rate was within £0.02nm/s. In all the
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nanoindentation tests, the indentation depths were below 300 nm. Films with thicknesses
of >2 um were used to minimize any substrate effects. Four nanoindentation tests were
conducted at different locations for each sample, and the load-displacement curves were

recorded.

3.3 Results and discussions

3.3.1 Functionalization of aligned MWNTs

Functionalization of aligned MWNTs was performed in an iCVD reactor (Figure 3-
1). During deposition, the peroxide initiator was decomposed at the vicinity of the heated
filaments, which generated reactive radicals and initiated the polymerization of the
functional monomer on each nanotube. Figure 3-2(a-d) shows the morphology of aligned
MWNTs before and after the iCVD PGMA functionalization. The aligned MWNTs have
an average length of 2.5 um. Each individual nanotube was observed to be uniformly
functionalized by the polymer coating with the aligned nanotube morphology preserved.
Some nanotubes bundled together because of the high site-density of nanotubes. Based
on the SEM measurements, the average diameter of modified MWNTSs was estimated to
increase from 70 nm to 120 nm after the iCVD functionalization process. In addition to
the functionalization of small-aspect-ratio MWNTs, the iCVD method was extended to
functionalization of aligned nanotubes with high aspect ratios. As indicated in Figure 3-
2e and 2f, the iCVD PGMA coatings were uniformly deposited on the nanotube sidewalls
down to the bottom of the 60-um MWNT forests. The above observations indicate that

during the iCVD functionalization, the monomer vapors and radicals are able to diffuse
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into the densely packed nanotube forests and produce polymers directly on the nanotube

sidewalls.

initiator and monomer

Pasasasasans /»' thermal zone
: (150- 180°C)

+
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-~

LLATLLET

aligned CNTs
(30°C)

Figure 3-1: Schematic illustration of the iCVD functionalization process of aligned

CNTs.

The iCVD method allows functionalization of nanotubes in a controllable manner.
As demonstrated in Figure 3-3b and e, with a thin PGMA coating deposited into the
MWNT forest, the resulting MWNT film preserved the porosity of the original
nanostructure. As the coating thickness increased, the aligned MWNTs became
embedded in the polymer matrix and formed a composite film (Figure 3-3c and f). The
resultant composite film shows a larger extent of nanotube bundling and significantly
smaller porosity compared with the MWNT nanostructure in Figure 3-3a and b. A
comparison of the functionalized MWNTs with the pristine MWNTs suggests that the
PGMA coating wraps around each nanotube at the beginning of iCVD functionalization,

and adjacent nanotubes bundle together as the process proceeds, which eventually can fill
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all the interstitial space between nanotubes. By adjusting the deposition time and rate, the

porosity of the MWNT-polymer nanostructure can be precisely controlled.

Mag:1000

Figure 3-2: SEM images of a) tilted view of pristine aligned MWNTSs (nanotube length ca.
2.5 pm); b) tilted view of the functionalized MWNTs; c) cross section of the pristine
MWNTs; d) cross section of the functionalized MWNTSs; e) functionalized MWNTSs with
about 60 pm in the nanotube length; f) the enlarged image of the portion at the bottom of
the aligned MWNTs.
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Figure 3-3: Cross section view of a) pristine aligned MWNTSs (nanotube length ca. 7 pm); b)
iCVD functionalized MWNTs with the porosity preserved; c¢) iCVD functionalized MWNTSs
with a much smaller porosity; d), e), and f) enlarged images of the portion indicated by the
squares in a), b), and c), respectively.

The iCVD process successfully retained the epoxy functionality in the PGMA
film. Figure 3-4 shows the FTIR spectrum of the iCVD PGMA film compared with that
of PGMA synthesized using liquid-phase polymerization. The epoxy characteristic
absorption peaks at 909, 848, and 760 cm™, can be clearly identified in the fingerprint
region as in the conventionally synthesized PGMA. The iCVD PGMA film can be self-
crosslinked at temperatures above the glass transition temperature. As shown in Figure 3-
4c, the intensity of the epoxy absorption peaks decreases upon heating at 150°C,

indicating the ring-opening of the epoxy groups and the formation of crosslinks.
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Figure 3-4: FTIR spectra of a) conventionally polymerized PGMA, b) iCVD PGMA as-

deposited, and ¢) iCVD PGMA after annealing at 150°C. The intensity of the peak at 909
cm™ was reduced after annealing.

iCVD &
MWNT array  functionali-

HHHH‘ zatlon

annea[
(150 °C)

—

Figure 3-5: Schematics of the MWNT transfer process.
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Figure 3-6: Cross section of the transferred MWNTs; inset: closed-up view of the
MWNT/substrate interface.

3.3.2 Transfer of aligned MWNTSs

The epoxy chemistry incorporated on the aligned MWNTs provides a simple method
to transfer the aligned nanotubes to other substrates. The transfer process is illustrated in
Figure 3-5. Both the aligned MWNTs and the target substrate were modified with the
iCVD PGMA at a thickness of about 50 nm. The modified MWNTs were placed in
contact with the target substrate and annealed under vacuum at 150°C. The crosslinking
extent of epoxy groups, X, is calculated to be around 18% from the change of the epoxy
absorption peak at 909 cm™ (Figure 3-4) before annealing (4ogo) and after annealing
(4 ’909): X=1- A’909/ A909.24 Because of the self-crosslinking reactions between epoxy
groups in PGMA, strong bonding was observed between the aligned MWNTs and the
target substrate at the point of contact, which enabled detachment of the aligned MWNTs
from the original silicon substrate. Figure 3-6 shows the SEM image of the transferred
MWNTs with the nanotube alignment well retained. The inverted nanotubes have the
aligned portion exposed at the top, while the entangled portion connected to the substrate

- a conFiguration that may be favorable for devices such as sensors and dry adhesives. A
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close observation indicates that the entangled part of the MWNTs is firmly connected

with the target substrate surface (Figure 3-6, inset).

This transfer process utilizes similar flip-over procedures as the metal welding®’ or
polymer wetting® transfer method, but with several potential advantages. First, the
transfer process does not involve wetting of nanotubes, thus resulting in no contraction of
nanotubes as reported in the wetting of aligned CNTs.'® The method provides control on
the porosity of the transferred MWNT nanostructure instead of filling all the spaces
between neighboring nanotubes. More importantly, the entire transfer process require
neither metal coating nor high temperatures as what used in metal welding, which allows
aligned nanotubes to be transferred to a wider variety of substrates. The epoxy reaction
with other chemical groups suggests that the PGMA functionalized MWNTs can be
transferred to target substrates at temperatures as low as 60°C.>> Additionally, the un-
reacted epoxy groups after the transfer process allows further chemical/biological

modification of the transferred MWNTs.
3.3.3 Mechanical properties and wetting stability

Mechanical properties of the functionalized and transferred MWNTs were measured
using nanoindentation following standard protocol.’® Low-aspect-ratio aligned MWNTs
(Figure 3-2¢) were used to minimize the buckling of nanotubes during nanoindentation.*’
Modulus and hardness of the pristine aligned MWNTs could not be measured due to the
collapse of nanotubes. To understand the contribution of the PGMA polymer to the
mechanical performance of MWNT-PGMA films, the PGMA film was annealed during

the MWNT-PGMA transferring process, and the mechanical properties of both un-
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annealed and annealed PGMA films were measured using nanoindentation. The initial
portion of the nanoindentation unloading curves of annealed and un-annealed PGMA
films showed a negative slope due to the time-dependent nature of polymers. Therefore,
the elastic modulus of PGMA films could not be obtained using the standard
nanoindentation protocol. Instead, linear viscoelastic analysis®® was used to extract the

relaxation modulus of the PGMA films (supplementary information).

The transferring process significantly improves the mechanical properties of the
MWNT-PGMA film, with the elastic modulus increased from 3.4 GPa to 25.8 GPa
compared with the film before transfer, and the nanoindentation hardness increase from
0.25 GPa to 0.49 GPa (Figure 3-7). It is noted that the mechanical property enhancement
of the MWNT-PGMA film after transferring is significantly higher than that of the
PGMA film. For example, the modulus of the PGMA-MWNT film increased more than
650% after annealing and transferring, while the PGMA modulus improved 66% after the
same annealing process. Therefore, the modulus enhancement of the MWNT-PGMA film
after transferring is only partially due to the stronger support from the crosslinked PGMA.
Other features of the MWNT nanostructure, such as the retention of nanotube orientation
and the enhanced adhesion at the aligned MWNT/substrate interface, also play an

important role in improving the mechanical properties of transferred MWNTs.

The aligned MWNTs can be viewed as reinforcement to the PGMA film. Before
transferring, the MWNT-PGMA film showed an increase of 145% in hardness compared
with the pristine PGMA film. After the transfer process, the hardness of the annealed
MWNT-PGMA films was 252% higher than that of the annealed PGMA film. Since the

stiffness of MWNT composite films can be negatively affected by the waviness of
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nanotubes,’’ the observed significant enhancement in the stiffness of the MWNT-PGMA
film suggests the alignment of nanotubes in the loading direction after the transfer

process.
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Figure 3-7: Modulus and hardness of the PGMA film, annealed PGMA film, PGMA
functionalized MWNTs, and the transferred MWNT-PGMA film measured by
nanoindentation. Modulus and hardness of the pristine aligned MWNTSs could not be
measured due to the collapse of nanotubes.

The wetting stability of the functionalized and transferred MWNTSs was investigated
and compared with that of the pristine MWNTs. Figure 3-8 shows the SEM images of the
aligned MWNTs after water immersion and evaporative drying. The pristine nanotubes
collapsed and bundled together due to the capillary force during wetting and drying
(Figure 3-8a). The PGMA coating helps alleviate the problem of nanotube collapse by
providing mechanical support to the nanotubes. However, the mechanical support is not
strong enough to counteract the capillary force, resulting in the formation of nanotube
clusters (Figure 3-8b). The transferred MWNTSs demonstrated outstanding stability during

the wetting and drying processes.. The nanotube alignment was well retained, with no
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collapse or clusters observed (Figure 3-8c). Similar to the mechanical property
enhancement, the improvement in wetting stability is attributed to the transferring of
aligned MWNTs, which crosslinked the PGMA coating sheathed around nanotubes and
formed strong epoxy bonding at the MWNT/substrate interface. As a result, the aligned
MWNTs possess sufficient mechanical robustness as well as enhanced adhesion to the

substrate to overcome the capillary forces during wetting and drying.

Figure 3-8: SEM images of a) original MWNTs, b) functionalized MWNTs, and c)
transferred MWNTs after wetting tests.

56



3.4 Conclusions

Aligned MWNTs were successfully functionalized by conformal coatings of PGMA
using a one-step iICVD process. MWNT forests with a variety of aspect ratios can be
functionalized with the aligned structure completely preserved. The iCVD process allows
in-situ control of coating thickness and the porosity of the resultant MWNT nanostructure.
The MWNT nanostructure was successfully transferred to target substrates through a
low-temperature flip-over method. The transferring process retained the nanotube
alignment and created a synergistic effect by crosslinking the PGMA coatings sheathed
around the nanotubes and forming strong adhesion at the nanotube/substrate interface.
The transferred MWNTs demonstrated significantly improved mechanical properties with
an elastic modulus of 25.8 GPa and a nanoindentation hardness of 0.49 GPa, while the
pristine MWNTs collapsed during nanoindentation. In addition, the transferred MWNTs
demonstrated significantly enhanced stability towards wetting. The combination of
surface functionality, nanotube alignment, controlled porosity, and enhanced mechanical
robustness in the MWNT nanostructures may greatly impact the fabrication of carbon

nanotube devices.
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3.7 Supporting information

Nanoindentation measurement

The elastic modulus () and the Hardness (H) are the basic properties measured by

nanoindenter system. The hardness () is determined using the equation':

H=P/A
where P is the applied load and 4 is the projected contact area at that load. The elastic
modulus (E) is determined from the reduced modulus E, using the expression':

1=y (-v)
E E E,

r 1

where v is the Poisson’s ratio for the test material and E; and v; are the elastic modulus

and Poisson’s ratio of the indenter. The reduced modulus E, is given by':

r _(7-S)
" 2pV4

where f is a constant related to the indenter geometry and S is the slope of the initial
portion of the unloading curve. For the transferred MWNT-PGMA nanostructure, the

recorded elastic modulus was 25.7+1.7 Gpa and the hardness was 0.46+0.05 Gpa.

Reference:

1. Theory of Instrumented Indentation Testing. Customer Care Kit, MTS Systems
Corporation: Oak Ridge, TN, 2000.
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CHAPTER IV

COVALENT FUNCTIONALIZATION OF ALIGNED SINGLE WALLED
CARBON NANOTUBES BY VAPOR-DEPOSITED POLYMER
COATINGS

Y. Mao, Y. M. Ye, W. L. Zhang, K. Kalkan, D. E. Resasco, “Covalent Functionalization of Aligned
Single Walled Carbon Nanotubes by Vapor-Deposited Polymer Coatings”, Journal of Physical
Chemistry C. (In preparation)
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Abstract

We report covalent functionalization of vertically aligned single walled carbon nanotubes
(SWNTs) using a novel vapor-based method. By introducing initiator and monomer in
the vapor phase, free radical polymerization occurred on the surface of SWNTs, resulting
in thin polymer coatings sheathed around nanotubes with controlled thickness. The mild
and solventless nature of the deposition process well-preserved the aligned morphology
and retained the delicate functional groups from the monomer. Further study proved
covalent grafting of polymer coatings to the SWNTs during the functionalization process,
manifested by the evidences of: 1) the increase of the intensity ratio of D- to G-band in
the SWNT Raman spectra after functionalization; 2) the decreased frequency-dependent
electric conductivity of the SWNT film measured by terahertz time-domain spectroscopy
(THz-TDS). Through the THz-TDS measurement and modeling, we also demonstrated
the decrease of the metallic behavior of the SWNT film after polymer grafting, indicating
the possibility of tailoring the chemical and electronic properties of aligned SWNT films

using a solvent-free approach.
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4.1 Introduction

Single walled carbon nanotubes (SWNTs) have demonstrated great promise in
nanofabrication due to their unique anisotropic electrical and optical proper‘[ies.l'3 The
aligned single walled carbon nanotube (ASWNT) ensembles offer the advantage of
collective manipulation and integration in device fabrications.*’ To further the
application of SWNTs, covalent functionalization is desired to tailor the specific

. 810 . L2
electronic™ " and chemical >

properties and to improve the nanotube biocompatibility.
Though random SWNTs have been successfully functionalized using solution- and

vapor-based schemes, studies in covalent functionalization of ASWNT films have been

limited due to the difficulties of nanotube wetting and alignment disruption.

Radical chemistry has been widely investigated using solution-based methods in

covalent functionalization of SWNTs. Radicals generated from reaction of diazonium

13,14

salts or thermal decomposition of peroxides'~'’ were reported to covalently bond to

SWNTs and change their electronic state. Polymer radicals were also grafted to the

518,19 9920-22

nanotubes through the in-situ “grafting to and “grafting-from methods.
However, these functionalization processes usually require the use of solvents (e.g.
organic solvents or strong acids) for nanotube dispersion and treatment, long reaction
time (2-120 h), and/or multiple processing steps, which are incompatible with the
functionalization of aligned SWNTs.

Solventless methods have also been reported to functionalize SWNTs with the
assist of plasma or high temperature. Covalent bondings between carbon atoms and
{24 p 2527

and N***° have been created by flowing vapors of H,, CF4, and NHj in a

plasmatic environment, respectively. Further study showed tuned electronic and optical
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properties of SWNTs after functionalization.”**** These vapor-based methods require
much simpler treatments than solution-based methods in SWNT functionalization, and
exert less disruption to the original SWNT morphology. However, plasma- and heat-
based processes impose high energy on the side walls and end caps of SWNTs, resulting
in difficulties in undesired defect sites and even tube fragmentation.”> Moreover,
although plasma-assisted methods are fully capable of covalently functionalizing SWNTs
with small molecules, polymeric functionalization is rarely studied, as the plasma process
lacks the control of stoichiometric chemistry.**

In this study, we report covalent functionalization of vertically aligned SWNTs
via a single-step, vapor-based, polymer grafting method. The vapor-phase grafting
method overcomes the problems of both solution-based and plasma-assisted
functionalization methods listed above by combining the radical polymerization
chemistry with the vapor deposition process to graft polymers directly to SWNTs. The
bypass of any solvent treatment enables a complete preservation of the aligned
morphology. We investigate how the vapor grafting process affects the structural and
electronic properties of ASWNTSs using Raman spectroscopy and terahertz time-domain
spectroscopy (THz-TDS). THz-TDS is a non-contact, non-destructive technique that can
directly interact with bulk electronic systems and characterize the cumulative electronic
properties of ASWNTs; which therefore represents a more practical approach towards
realistic applications. We study the electric conductivity of the ASWNT film before and
after functionalization, and fit the experimental results using an effective medium

approximation.
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4.2 Experimental Section

4.2.1 Synthesis of ASWNTs

The ASWNTs were synthesized by plasma chemical vapor deposition.”*> Catalyst
thin film was deposited on a pre-cut p-type Si wafer (from Montco Silicon Technologies,
Inc.) by dropping and self-spreading of isopropanol solution containing Co and Mo
followed by slow drying in a pseudo-saturate environment. The wafer with catalyst was
then baked in a convection oven at 100°C for 10 min and calcined at 500°C for 15 min.
After pretreatment, the wafer was placed in a quartz reactor oriented parallel to the
direction of flowing gases. Prior to forming SWNT by the CO disproportionation reaction,
the catalyst was heated in H, flow from room temperature to 500 °C, and then in He flow
up to 750 °C. Subsequently, the flow of pure CO was fed in to initiate the growth at
atmospheric pressure. The flow rate was kept at 1,000 sccm for each gas. The synthesized

ASWNTs were purified by heating to 600 °C in Helium with an O, flow rate of 10 sccm.
4.2.2 Vapor-based Functionalization

The vapor-based functionalization was carried out in a custom-built iCVD reactor
(Sharon Vacuum) as previously reported.’® Briefly, glycidyl methacrylate (GMA)
monomer (98%, Aldrich) and fert-butyl peroxide (TBP, 97%, Aldrich) were vaporized at
50 °C and room temperature in glass jars, and fed into the reactor by the regulation of a
manual needle valve and a mass flow controller (MKS, Type 1479A) at the flow rate of
1.2 sccm and 0.6 sccm, respectively. The reactor was equipped with a parellelly arrayed
filament (Ni80/Cr20, Goodfellow) and circulating water to quench the stage. The

filament was placed 1.5 cm above the stage to enhance the access of radicals to the
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SWNTs. During deposition, the Nichrome filament was resistively heated to 150°C,
while the substrate temperature was maintained at 30-33 °C, as measured by directly
attached thermocouples (Omega, Type K). The pressure in the reactor was maintained at
250 mTorr using a throttling butterfly valve (MKS, Type 253B). The deposition process

was monitored by an interferometry system with a 633 nm He-Ne laser.
4.2.3 Characterizations

The morphology of the ASWNT films was observed using a FEI Quanta 600F
scanning electron microscope (SEM). The FTIR spectrum of the polymer coating was
collected by a Nicolet 6700 FTIR spectrometer under the transmission mode using a
DTGS detector over the range of 400-4000 cm™ at 4 cm™ resolution. Since the IR
absorption of the ASWNT film exceeds the detection limit, FTIR spectrum of polymer
coatings on a reference Si wafer, which was placed close to the ASWNT sample during
deposition, was collected instead. Raman scattering spectra were acquired using a
Renishaw RM 1000 micro-Raman spectrometer at its SynchroScan Mode equipped with
a 514 nm Ar+ ion laser. Back-scattered radiation was collected employing a 50X
objective lens of 0.85 numerical aperture and analyzed with a 1800 lines/mm grating and
a Peltier-cooled (-70 C) RenCam CCD array detector (576x384 pixels). A slit width of 60
pm was employed. For rejection of the Rayleigh scattered light, a holographic notch filter

was employed. The signal was integrated for 10 s under 7.5 mW incident laser power.

The electric conductivity of pristine and functionalized ASWNT films were
experimentally characterized by broadband terahertz time-domain spectroscopy (THz-

TDS) transmission measurements.”’ The experimental setup of the THz-TDS is
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illustrated in Figure S4-1. By using four paraboloidal mirrors, the photoconductive
switch-based THz-TDS system was arranged into an 8-F confocal geometry, which
enables terahertz beam coupling between the transmitter and receiver and compresses the
beam to a frequency-independent waist with a diameter of 3.5 mm. The samples were
placed midway between the transmitter and receiver modules at the waist of the terahertz
beam. The THz-TDS system has a usable bandwidth of 0.1-4.5 THz (3 mm-67um) and a

signal to noise ratio (S/N) of >15,000:1.*®

4.3 Results and Discussions

4.3.1 Vapor-based Functionalization

Figure 4-1 illustrates the vapor-based functionalization of ASWNTs. During the
deposition process, the initiator molecules of zers-butyl peroxide in the reactor chamber
were thermally decomposed in the vapor phase at 150°C to generate radicals such as fert-
butoxy. The initiation was followed by an addition reaction of monomer vapor molecules
to produce polymer radicals, which directly react with the sidewalls of the nanotubes.
Using acrylic monomers with glycidyl groups, we show how the ASWNTs are
functionalized with epoxy chemistry. The low energy input (3-4 W/cm?) in the process
limits the bond scission only to the initiator molecules, thus preserving the functionalities
in the monomers.”*" FTIR spectrum of the synthesized poly(glycidyl methacrylate)
(PGMA) coating (Figure S2) revealed excellent retention of the carbonyl (1732 cm™)
and epoxy (909, 848, and 760 cm™) groups, which is in good agreement with previously

reported PGMA coatings on multiwall carbon nanotubes.*®
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Figure 4-1 Functionalization of aligned SWNTs through vapor-based polymer grafting.

Figure 4-2 shows the SEM images of the pristine and functionalized ASWNT
films. Slight bundling between adjacent nanotubes was observed in the pristine ASWNT
film due to the Van der Waals force. The solventless functionalization process allowed a
complete preservation of the aligned morphology as seen in Figure 4-2b and c. Uniform
polymer coatings sheathed around the nanotubes with a slight accumulation at the ends.
The porosity of the ASWNT film was retained with a thin PGMA coating. As the
deposition proceeded, the space between nanotubes was gradually filled by the coating,
which eventually resulted in a polymer composite filled with aligned SWNTs (Figure 4-
2¢). Because of the mild conditions it employs, the vapor functionalization method poses
minimal damage to the SWNTs, as opposed to many solution-based functionalization

schemes, which may cause the shortening and end opening of nanotubes.
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Figure 4-2 SEM images of a) pristine ASWNT film, b) and c) functionalized ASWNT films

with different polymer coating thicknesses.

4.3.2 Raman Spectra of Functionalized SWNTs.

Figure 4-3a shows the Raman spectra of SWNTs at the tangential mode before
and after functionalization. The intensity ratio (Ip/Ig) of the D-band (1335 cm™) to G-
band (1591 cm™) increased by a factor of 1.6 after functionalization. The increase of Ip/Ig

is not as prominent as that of heavily functionalized SWNTs,'*'* but comparable with the
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increase in polymer grafted SWNTs.**** Since the D band represents the degree of sp’
hybridization of carbon atoms, this increase of Ip/Ig in functionalized ASWNTs indicates
the disruption of the Il-conjugated electronic structure due to the partial conversion of
C=C bonds to C-C bonds in SWNTs. The conversion suggests the creation of covalent
bonding between the carbon atoms on the SWNTs and the polymer radicals during the

vapor grafting process.
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Figure 4-3 Raman spectra of pristine and functionalized ASWNT films at a) tangential
mode and b) radial breathing mode.

We further studied the Raman spectra of aligned SWNTs at the radial breathing
mode (RBM) from 100 to 300 cm™ (Figure 4-3b). The RBM mode corresponds to the
coherent vibration of carbon atoms in the radial direction with the vibration frequency
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inversely proportional to the diameter of SWNTs.* Two major peaks at 185 and 268 cm’
and several small peaks were observed in the RBM range of pristine ASWNTs, while
only peaks below 200 cm™ was observed in PGMA-functionalized ASWNTs. The
depression of peaks in the higher frequency range after functionalization is attributed to
the loss of resonance resulting from the disruption of the symmetric distribution of sp’-

sites.*®

This depression indicates that vapor-based covalent modification is more
favorable to the SWNTs with smaller diameter, since carbon atoms in smaller SWNTSs
bare more strains and are thus more reactive. This finding is in agreement with previous

. 17,4748
studies.

4.3.3 Electric Conductivity of Functionalized ASWNTs.

The effect of vapor grafting on the electric conductivity of ASWNTs was
investigated using THz-TDS, which has been demonstrated to be an -efficient
characterization method in probing the dielectric response as well as the electric
properties of SWNT films.*'~** The terahertz pulses transmitted through the reference,
pristine and functionalized ASWNT films, and the spectra of the transmitted pulses were
recorded. The power absorption coefficients () and refractive indices (n) of the ASWNT
films were subsequently derived from the obtained spectra. The detailed derivation
process is described in the supporting information. The frequency-dependent complex
dielectric constant (e.;) of the ASWNT film samples can be expressed using the general

function

&y = &gy +10/(05)) = (n, +in)’ (4-1)

where ¢, is the dielectric constant of the films at infinity; o is the frequency-dependent
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complex conductivity; w is the frequency; &y is the free-space permittivity; and », and
n;= al/4w are the real and imaginary index of refraction, respectively. The real and
imaginary conductivity of the pristine and functionalized ASWNT films were thus

calculated using equation (4-1) and plotted as the data points shown in Figure 4-4.

Considering the ASWNT film as a system of SWNTs embedded in an air medium,
we then model the films using the effective medium approximation (EMA) with

Maxwell-Garnett (MG) model:***

o _IN+/A=Nleg, +A=N)A- /)
v N = )egr + (/N +1-N)

where f'and N are the volume and geometrical factors of the MG Model obtained from

(4-2)

the best fitting, and egpnr is the intrinsic dielectric constant of the SWNTs. Since the
SWNTs can be assumed as a mixture of both metallic and semiconducting nanotubes
with slight bundling and cross junctions, the intrinsic dielectric function of the SWNTs

can be given by the Drude-Lorentzian (DL) model:*->*>*

2 2
a .

Eqy (@) = Eqppy ————+ 2 4-3
o ()= Exn o(w+il) ;(wf—a)z)—il“ja) )

where egyr” is the intrinsic dielectric constant of SWNTs at infinity, w, and I" are the
plasma frequency and damping rate, respectively, w,;, w;and I'; are the center frequency,
spectral width, and oscillator strength, respectively. The first two terms in equation (4-3)
represent the Drude model for metals, and the third term represents Lorentz oscillators for
semiconductors. Both the Drude and Lorentz oscillator terms are introduced, because the
dielectric properties of SWNTs are determined by both free and bound electrons. The

fitting parameters for the measurements are listed in Table S4-1.
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Figure 4-4 Comparison of measurements (dots: pristine ASWNT film; circles: PGMA-
functionalized ASWNT film) with theoretical model (dashed lines: pristine ASWNT film;
solid lines: PGMA-functionalized ASWNT film): (a) real part of conductivity and (b)
imaginary part of conductivity of the ASWNT films.

Figure 4-4 shows the real and imaginary conductivity of the pristine and
functionalized ASWNT films compared with the theoretical model. A good fit is
achieved using the combination of the DL and MG models for both pristine and
functionalized ASWNT films. In the simple Drude model, the conductivity of metals
decreases with the increase of electromagnetic frequency.”’ However, similar to previous

reports,31,49,50

an increase of the real conductivity was observed up to 1.7 THz in the
pristine ASWNT film. This disagreement confirms that the SWNT film in our study is a

mixture of metallic and semiconductor nanotubes with contact junctions, and the
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dielectric property cannot be solely explained by the Drude model. The maximum
conductivity of the pristine ASWNT film was achieved at 1.7 THz, while the previous
reports revealed resonance peaks of SWNT films differing from 0.4 to 1.2 THz.>**»*
The difference may originate from the density, synthetic method, and alignment of
different SWNT samples.

The vapor-based functionalization resulted in a decrease in the real conductivity
to approximately one sixth of that of the pristine ASWNT film within the entire
frequency range. Similar findings have been reported on the fluorine- and hydrogen-
functionalized SWNTs, where the conductivity decreases were up to one order magnitude
and 40% for the F- and H-functionalization processes, respectively.’'”* The decrease of
the conductivity is attributed to the reduced concentration of free electrons, caused by the
creation of covalent bonding between the polymer radicals and SWNTs. In addition, the
closer resemblance of the fitted real conductivity curve to the Lorentz oscillator curve
than to that of the simple Drude model® suggests that the covalent functionalization has
weakened the metallic behavior of SWNTs, which has also been reported in other vapor-

functionalized SWNTs.”?! The THz-TDS observation is in good agreement with the

results from Raman spectroscopy.

4.4 Conclusions

This paper demonstrates a vapor-based functionalization method that covalently
grafts functional polymers to aligned single walled carbon nanotubes. The grafting
process employed a mild solventless functionalization environment, which enabled a

complete preservation of the nanotube alignment and minimal damage to the individual
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nanotubes. The covalent functionalization resulted in a partial conversion of sp° to sp’
hybridization of carbon atoms, manifested by an increased intensity ratio of D- to G-band
in the Raman spectra. Further evidence of the covalent grafting was provided by the
reduced electric conductivity of the ASWNT film as measured by terahertz time-domain
spectroscopy. The measured real and imaginary conductivities were fit using the
combination of the Drude-Lorentizan and Maxwell-Garnett model. From the theoretical
fitting, a weakened metallic property of the ASWNT film was observed after
functionalization. The vapor-based polymer grafting method offers a convenient
approach towards the modulation of electronic property and surface functionality of
ASWNTs without the assist of any solvent, suggesting promising applications in the

ASWNT-based device fabrications.
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4.7 Supporting Information

Experimental Real and Imaginary Conductivity

The terahertz pulses transmitted through the samples and reference are shown in
Figure S4-3a. The normalized spectra of the reference and signal pulses, obtained by fast
Fourier transform, are shown in Figure S4-3b. The amplitude transmission and the
corresponding phase change were determined by | f(w) | = | E(w)/E(w) | and
d(w)=arg[f (w)], respectively, with Ei(w) and E,(w) being the Fourier-transformed
amplitude spectra of the terahertz pulses transmitted through the sample and reference,
respectively. When an electromagnetic wave propagates through a parallel slab, the

transmission ¢ (w) can be described as

F(o) = t,t, exp(ikL)exp(—aL/2)

1+7,r, exp(—aL)exp(i2kL)

(S4-1)

where ¢;,, t;; and r;,, r2; are the frequency-dependent complex Fresnel transmission and
reflection coefficients, respectively; a is the power absorption coefficient, & is the sample
wave vector k=2mn/49, and L is the sample thickness.' Through this relation, the power
absorption coefficient and index of refraction can be retrieved, as shown in Figure S4-3c

and d, respectively. Based on the frequency-dependent dielectric function

£y =€y +io/(we,) = (n, +in,)’ (S4-2)

eff
where &, is the dielectric constant of the films at infinity; o is the frequency-dependent
complex conductivity; @ is the frequency; gy is the free-space permittivity; and », and

n;= oA/4m are the real and imaginary index of refraction, respectively, the real and

imaginary conductivity are determined.
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reference and sample signal pulses; (c) power absorption; and (d) refractive index.

Table S4-1 Theoretical fitting parameters for the measurements

w,/2n 12n /21 w/2r I'/2x
parameters (THz) (THz) (THz) (THz) (THz) N f
pristine 9.2 0.15 18.5 43 7.6 044 07
functionalized 8.3 0.4 18.9 3.9 15.6 0.5 0.9

82



CHAPTER V

HYBRID STRUCTURE OF PH-RESPONSIVE HYDROGEL AND CARBON
NANOTUBE ARRAY WITH SUPERWETTABILITY

Y. M. Ye, Y. Mao, Zhifeng Ren, “Hybrid structure of pH-responsive hydrogel and carbon
nanotube array with superwettability”, Journal of Materials Chemistry, DOI:
10.1039/c1jm14547a.
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Abstract

We report an all-dry fabrication method of the hybrid structure of pH-responsive
hydrogel and carbon nanotube arrays using initiated chemical vapor deposition (iICVD).
Vertically aligned carbon nanotube (VACNT) arrays with low site density were coated by
vapor-deposited poly(methacrylic acid-co-ethylene glycol diacrylate) hydrogel with
complete retention of the aligned structure and precise control of the coating thickness on
each nanotube. The hydrogel coating imparted pH-responsiveness to the nanotube arrays
and significantly enhanced the surface wettability. With an ultrathin 50-nm hydrogel
coating, the hybrid hydrogel-VACNT array structure exhibited superwettability in neutral
buffer solutions, which was attributed to the synergistic effect of the structure porosity
and the ionization of the pH-responsive hydrogel. Under the acidic condition, the
wettability depended on the coating thickness, and the apparent contact angle of the
hybrid structure was in agreement with the calculated results from the Cassie-Baxter

model.
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5.1 Introduction

Vertically aligned carbon nanotube (VACNT) arrays offer an ideal platform for
miniaturized device fabrication,' owing to the exceptional electrical and mechanical
properties, as well as the ordered structure and easy integration into devices. VACNT
arrays have shown great potential in enhancing the detection sensitivity of
electrochemical sensors, as the aligned structure enables the fabrication of an electrode
array consisting of millions of nanoelectrodes, resulting in significant amplification of
electrical signals.”® To enable each nanotube to function as an independent nanoelectrode,
low-site-density VACNT arrays are preferred to avoid the overlapping of diffusion layers
from each nanotube.”'® Generally low-site-density VACNT arrays refer to arrays with

%' 1t has been

the nanotube interspace sufficiently larger than the nanotube radius.
reported that the detection sensitivity of VACNT nanoelectrode arrays was dramatically

improved by lowering the nanotube density.'”> On the other hand, high-site-density

VACNT arrays usually perform as a macroelectrode with no nanoelectrode behavior.”"

For sensing applications, surface functionalization of VACNT arrays is important,
as it not only provides the functionality needed for analyte detection but also improves
the biocompatibility and surface wettability, which play a vital role in applications both
in vitro and in vivo."” " Functionalization of VACNT arrays and the integration into
devices have been extensively studied. The conventional approach involves dispersing

randomly oriented carbon nanotubes, followed by functionalization in solution and

16,17 18,19
d

alignment using external forces such as magnetic fiel and mechanical shear.
However, the post-synthesis assembly strategy involves complex procedures and

significant energy input, while the control of the nanotube alignment remains
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challenging.*** An alternative approach is to directly grow VACNT arrays using
chemical vapor deposition followed by functionalization in solution using in situ

2% and polymer infiltration.>*® Compared with the post-synthesis

polymerization
assembly method, this approach offers improved alignment of nanotubes and thus the
advantage for device fabrication. However, the solution-based functionalization requires
the use of closely packed VACNT arrays to prevent the alignment collapse during the
wetting and drying process.”” Additionally, due to the limited control of coating thickness
during the solution functionalization process, the resultant structure was usually in the
form of nanotube-polymer composite with all the intertube space filled,”**° which

resulted in significant diminishment of the accessible surface area and the sensing

capability of the array structure.

Plasma vapor deposition has been explored as an approach to overcome the

2831 The solventless

limitations in solution-based functionalization of VACNT arrays.
process prevents the disruption of the nanotube alignment and offers more control on the
coating thickness, enabling retention of the original array structure. More importantly, the
vapor-based functionalization can be applied on any VACNT array regardless of the
nanotube site density. Plasma-deposited coatings with amino,*® aldehyde,” and carboxyl’
functionalities have been reported in the functionalization of VACNTs. However, the
high energy input during the plasma process causes partial damage in the desired
functional groups and generates unspecific groups in the resultant coatings.>* To the best

of our knowledge to date, functionalization of VACNTSs by polymers with stoichiometric

control, such as hydrogels, has not been reported using plasma vapor deposition.
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Previously, we demonstrated the functionalization of high-site-density VACNT
arrays with poly(glycidyl methacrylate) using initiated chemical vapor deposition
(iCVD).” The iCVD method shares the advantages of vapor-based process with no
plasma excitation needed. Instead, the process involves an initiation step in the heated
vapor phase to generate radicals followed by adding monomers to the chain radicals to

3435
>> The use of an

form polymer coatings on the un-heated substrate surface (Figure 5-1a).
initiator significantly lowers the energy input compared with conventional vapor
deposition processes, which allows the preservation of a variety of delicate chemical
functionalities.’®* Different from the non-selective chemistry in plasma vapor deposition,

36-38

the controlled radical polymerization chemistry in iCVD allows both linear and

41-43

crosslinked polymers with stoichiometric composition to be synthesized.

In this paper, we report one-step functionalization of low-site-density VACNT
arrays with pH-responsive poly(methacrylic acid-co-ethylene glycol diacrylate) (P(MAA-
co-EGDA)) hydrogel using iCVD (Figure 5-1). Poly(methacrylic acid) hydrogel has been
employed in the fabrication of electrochemical sensors.***> In addition, the hydrogel
allows wettability improvement and further derivation for molecular immobilization.*
We used P(MAA-co-EGDA) hydrogel to demonstrate the iCVD functionalization of
VACNT arrays with the retention of nanotube alignment, control of coating thickness,
and stoichiometric control of the hydrogel composition. The hydrogel imparted pH-
responsive property to the nanotube arrays and significantly enhanced the surface
wettability. With an ultrathin 50-nm hydrogel coating, the hybrid hydrogel-VACNT array

structure exhibited superwettability in neutral buffer solutions. Analysis on the
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wettability of the hydrogel-VACNT array using the Cassie-Baxter model will be

presented.

. " _ heated al ox
% b @ filament b o P
v - w - v " - ™ '.:

_ W @ @ Q _ 0~ OH g
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Figure 5-1 a) The controlled radical polymerization during iCVD. I-I, I, M;, and M, stand
for tert-butyl peroxide initiator, fert-butoxy radical, methacrylic acid, and ethylene glycol
diacrylate, respectively; b) iCVD functionalization of the VACNT array with hydrogel; c)
chemical structure of the P(MAA-co-EGDA) hydrogel.

5.2 Experimental

5.2.1 Growth of low site density VACNT arrays

VACNTs were prepared following the procedures previously reported.*® Briefly,
nickel (Ni) catalyst was deposited by electron beam evaporation on chromium coated
glass substrates of 10 mm X 10 mm with the self-assembled polystyrene microspheres as
a mask. The polystyrene microspheres were subsequently removed by sonication to
reveal the periodically patterned Ni dots. The substrates were then placed in a plasma

enhanced chemical vapor deposition system with the stage heated to 450-600 °C. After

88



the Ni dots were annealed for 2 min, growth of VACNTSs was triggered by supplying NH3
at 160 sccm and C,H; at 60 sccm in the presence of plasma. The length of VACNTSs was

determined by the growth time.
5.2.2 Vapor deposition of hydrogel

The vapor-based functionalization of VACNT arrays was performed in a custom-
built iCVD reactor (Sharon Vacuum) as previously described.”>***’ Methacrylic acid
(MAA) and ethylene glycol diacrylate (EGDA) were used as the precursor monomers and
tert-butyl peroxide (TBP) was used as the initiator. TBP, MAA, and EGDA were heated
to 25 °C, 50 °C and 60 °C, and the vapors were fed into the reactor at the flow rates of
0.4, 0.8, and 0.2 sccm, respectively. The flow rate was controlled using two mass flow
controllers (MKS, Type 1150 and Type 1479A) and a manual needle valve. TBP was
thermally decomposed at the vicinity of a Nichrome filament (Ni80/Cr20, Goodfellow),
which was mounted in parallel arrays at 2.5 cm above the stage and resistively heated to
190 °C. The thermally generated radicals initiated the copolymerization of MAA and
EGDA, which formed the copolymer coatings on the VACNT arrays. The substrate
temperature was maintained at 30 °C, as measured by directly attached thermal couples
(Omega, Type K). The pressure in the reactor was maintained at 250 mTorr using a
throttling butterfly valve (MKS, Type 253B). The deposition process was monitored
using an interferometer by measuring the real-time growth of the coating on a reference
silicon wafer placed close to the VACNT arrays. P(MAA-co-EGDA) coatings with two
different thicknesses were synthesized by controlling the deposition time at 5 and 15 min.

As a comparison, homopolymer coatings of poly(methacrylic acid) (PMAA) and
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poly(ethylene glycol diacrylate) (PEGDA) were deposited using the corresponding

monomer under the same processing condition as that of the P(IMAA-co-EGDA) coating.
5.2.3 Characterizations

The morphology of the VACNT arrays was observed using an FEI Quanta 600F
scanning electron microscope (SEM). The FTIR spectra of the iCVD coatings were
collected by a Nicolet 6700 FTIR spectrometer under the transmission mode using a

DTGS detector over the range of 400-4000 cm™ at 4 cm™ resolution.

The thickness of the hydrogel coatings on planar silicon wafer before (#;,) and
after immersing (#,.;) in phosphate buffer solutions (PBS) was measured using a Veeco
Multimode SPM atomic force microscope (AFM) under the tapping mode. A Z-shaped
scratch penetrating the soft hydrogel coating was made prior to the measurement. The
thickness of the coating was obtained by analyzing the depth profile of the scratch. The
swelling ratio (SR) of the hydrogel coating was determined using SR=(t,er-tir,)*100%/t 4.
The surface topography of the coated VACNT arrays was measured using the same AFM

under the tapping mode.

The contact angle measurement was conducted at 23 °C under a relative humidity
of approximately 50% using a standard contact angle goniometer (Rame Hart, Model
250-F1) equipped with an automatic liquid dispensing system. For each measurement, a
droplet of 2 uL was placed on top of the VACNT surface, and the static contact angle
was measured using images taken by the camera and analyzed by the DROPimage
software. Multiple measurements were taken on each sample, and the deviations are

within 2° for flat hydrogel surfaces and 3° for hydrogel coated nanotube arrays.
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Figure 5-2 SEM images of pristine VACNT arrays (a), hydrogel coated VACNT arrays with
coating thicknesses of 50 nm (b) and 140 nm (c). The scale bar is 2 pm.

5.3 Results and Discussion

5.3.1 Functionalization of VACNT arrays

Figure 5-2 shows the VACNT arrays before and after the iCVD functionalization
of PIMAA-co-EGDA) hydrogel. The pristine carbon nanotubes are estimated to have an
average diameter of 100 nm and length of 2 um, with an average distance of 500 nm

between adjacent nanotubes. The VACNT arrays were coated with 50 nm (Figure 5-2b)
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and 140 nm (Figure 5-2¢) hydrogels on the nanotube sidewalls by controlling the iCVD
deposition time. The aligned morphology was completely preserved. The hydrogel
coating was uniform in the 50-nm coated VACNTSs, while accumulation of the coating
was observed at the top of the 140-nm coated VACNTs, possibly due to the difference in
the mass transport of vapor reactants as the coating deposition time increased. The
capability to functionalize VACNT arrays in a controlled manner while maintaining the
aligned morphology is important for the successful fabrication of sensing devices.*’
Compared with the solution-based functionalization methods used in device fabrications,
which only allowed the nanotube tips to be derivatized because of the encapsulation of

VACNT arrays inside a supportive matrix,”"

the vapor-based process enabled
functionalization of both nanotube tips and sidewalls, providing high surface area for

sensing.

The iCVD P(MAA-co-EGDA) coating was characterized using FTIR and
compared with iCVD poly(methacrylic acid) (PMAA) and poly(ethylene glycol
diacrylate) (PEGDA) coatings, as shown in Figure 5-3a. No trace of vinyl moiety around
985, 1410 or 1640 cm™ was observed in any of the spectrum, indicating a complete
conversion of monomer vapors to polymer coatings. The broad absorption at 2500-3500
ecm” and the absorption centered at 1700 cm™ are assigned to the —OH and C=0O
stretching of the PMAA coating, respectively, while the strong absorption at 1735 cm™ is
assigned to the C=0 stretching of the PEGDA coating. The spectrum of the P(MAA-co-
EGDA) hydrogel shows characteristic peaks from both PMAA and PEGDA, with a
reduced intensity in the —OH absorption region. The enlarged C=O0 stretching of the three

coatings (Figure 5-3b) clearly shows that the carbonyl peak of the P(MAA-co-EGDA)
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coating is comprised of two peaks at 1700 and 1735 cm™, which are stemmed from the
C=0 stretching in PMAA and PEGDA, respectively. After decoupling the C=0O
absorption peak of the P(MAA-co-EGDA) copolymer using the Omnic software and
comparing with the C=0 peaks in homopolymer PMAA and PEGDA, the composition of
the P(MAA-co-EGDA) hydrogel was quantified using procedures previously
reported.’”* The molar ratio of MAA/EGDA in the P(MAA-co-EGDA) hydrogel coating

was calculated to be 1.00 £0.05.
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Figure 5-3 FTIR spectra of a) the iCVD PMAA, P(MAA-co-EGDA), and PEGDA coatings;
b) the enlarged C=0 stretching region.
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5.3.2 pH-responsive swelling

The pH-responsive swelling of the P(MAA-co-EGDA) coating was examined
both quantitatively on planar surfaces and qualitatively on VACNT arrays. Quantitative
measurement of the swelling ratio was performed by measuring the thickness change of
the coating after immersing in buffer solutions with different pH values. As shown in
Figure 5-4, the hydrogel did not swell appreciably when immersed in acidic solutions. At
pH 7, a swelling ratio of 38%, defined as the thickness increase relative to the dry
thickness, was observed, indicating the ionization of carboxyl groups in the P(MAA-co-
EGDA) hydrogel.” The swelling ratio of the P(MAA-co-EGDA) hydrogel coating was
close to that of the reported poly(methacrylic acid-co-ethylene glycol dimethacrylate)

hydrogel with a MAA molar composition of 0.52.*!

Surface topography of the hydrogel coated VACNT arrays at different pH was
investigated using AFM. Figure 5-5 shows the 140 nm-coated VACNT arrays in the dry,
wet, and swollen states. At dry state, the coated VACNT arrays showed features like
what was observed under SEM. At pH 2, the swelling of the hydrogel coating was not
significant, and the morphology of the coated VACNTSs resembled that of the dry state.
At pH 7, the hydrogel swelling was evident, and the coated nanotube arrays showed a
smoother surface due to the expansion of the hydrogel, similar to what was observed in
the wetting of PNIPAAm infiltrated VACNTSs.” The slightly higher surface roughness of
the P(MAA-co-EGDA) coated VACNTSs at the swollen state is possibly due to the lower
site-density of nanotubes and the less swelling of the hydrogel compared with the

counterparts in the PNIPAAm infiltrated VACNTs.
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Figure 5-4 The swelling ratio of the P(MAA-co-EGDA) hydrogel coatings at different pH.
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Figure 5-5 AFM surface topography of the 140 nm-coated VACNT arrays at dry state (a),
and immersed in pH 2 (b) and pH 7 (c) solutions.
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5.3.3 Surface wettability

The wettability of the pristine and coated VACNTs was compared by first
measuring the sessile drop contact angle (CA) at pH 2 (Figure 5-6). The pristine VACNT
film is hydrophobic with a CA of 112°. Given the fact that the graphitic surface has a CA
of 84-86°,>* the hydrophobicity of the pristine VACNTSs is mainly attributed to the
surface topography of the aligned nanotubes.” The P(MAA-co-EGDA) hydrogel
imparted significant wettability to the VACNT arrays, resulting in dramatic decreases of
the CA to 18° and 24° for the 50-nm and 140-nm coated nanotubes, respectively. It is
noted that the hydrogel coated VACNTs were more readily wetted than the
corresponding hydrogel, which has a CA of 58° at pH 2. As to be discussed below, both
the hydrogel coating and the porous VACNT structure contributed to the enhanced

wettability of coated VACNTs.

a b

112° 58°
e M=
C d

18° 24°

Figure 5-6 Contact angle of a pH 2 solution on pristine VACNTSs (a), P(MAA-co-EGDA)
hydrogel (b) , and hydrogel coated VACNTSs with coating thicknesses of 50 nm (c) and 140
nm (d).
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According to the Cassie-Baxter model,”>~

the apparent CA of a porous surface can
be derived from the cosine of each surface component’s CA. When a liquid droplet sits
on the surface of VACNT films, the pores between nanotubes can be 1) wetted and filled
with the liquid or 2) non-wetted with the air trapped inside the pockets, depending on the
surface wettability of the nanotube.’”® The criterion for the wetting transition can be

assessed using the critical imbibition angle (6.)**’:

(5-1)

where f'is the area fraction of the nanotube top surface and can be calculated from SEM
observations, and r is the roughness factor defined as the ratio of actual to projected

surface area.

The critical imbibition angle for the pristine VACNT surface is calculated to be 60.5°,
which is lower than the CA of the graphitic surface (84-86°),* suggesting that the liquid
bridges over the pores between nanotubes with low tendency to spread (Figure 5-7a). On
the other hand, 6, for the hydrogel coated VACNTs is calculated to be in the range of 73-
84°, depending on the coating thickness. Since the hydrogel is hydrophilic with a lower
CA of 58°, the liquid is predicted to invade into the interspace between the hydrogel-
sheathed nanotubes (Figure 5-7b). In this imbibition regime, the CA of the liquid
becomes 0° for the droplets of the same liquid, and the theoretical apparent CA (6) of the

hybrid structure can be calculated using the following equation: *%%¢!

cos@ =fcos +(1-f) (5-2)
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where 6, is the CA of the hydrogel on a planar surface.®* According to this equation, the
apparent CA at pH 2 was calculated to be 20° and 30° for the 50-nm and 140-nm coated
VACNTSs, respectively. As shown in Table 5-1, the calculated CAs were close to the
measured results at pH 2. The coated VACNTSs with a thinner hydrogel layer of 50 nm
showed better wettability than the VACNTs with a coating of 140 nm, because of the

smaller area fraction of the solid surface f.

.L@.LL.I@

Figure 5-7 Porous VACNT structure with liquid non-imbibed (a) and imbibed (b),
depending on the wettability of the nanotubes.

We further studied the wetting behavior of the coated VACNTs under the neutral
condition. At pH 7, the CA of the pristine VACNTSs remains at 112°, while the hydrogel
coated VACNTs showed significant increase in the wettability. The droplet spread
rapidly upon contact with the surface of the 50 nm-coated VACNTS, and the CA reached
0° in 2 s, resulting in a “superwettable” surface (Figure 5-8). Similarly, the CA of the 140

nm-coated VACNTSs decreased to 7°.

To understand the superwettability at pH 7, we tested the CA of the flat hydrogel
surface and observed a CA of 46°. The increase in the hydrogel hydrophilicity was
attributed to the ionization of the carboxyl groups at neutral conditions.”> Under the

assumption that the hydrogel swells to the same extent on the nanotube sidewalls as on
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the planar surface, the nanotube area fraction f at the swollen state can be calculated.
Using equation (5-2), the theoretical CAs of the hydrogel coated VACNTSs at pH 7 were
calculated to be 14° and 28° for the 50-nm and 140-nm coated VACNTs, respectively.
The deviation of the measured CAs from the calculated values suggests that the hydrogel
surface property and the porous structure of the hydrogel coated VACNTSs synergistically
contribute to the enhanced wettability. At pH 7, the ionization of the carboxyl groups
increased the hydrophilicity of each hydrogel-coated nanotube and facilitated the
invasion of the liquid into the intertube space, which was reflected in the experimental
observation that the buffer droplets were quickly absorbed within the porous structure.
The swelling of the hydrogel is expected to further enhance the impregnation process by
absorbing part of the liquid, resulting in more liquid invasion into the porous hydrogel-
VACNT structure and thereby the surface superwettability. Theoretically, equation (5-2)
predicts that superwettability cannot be obtained unless 6 is close to zero. Our work
demonstrated that superwettability can be achieved through the synergistic effect of

porosity control and coating chemistry. *®’

Table 5-1 Measured (6,,.,) and calculated (€.,) contact angle of the hydrogel-coated
VACNTs at different pH.

coating pH?2 pH7
thickness emea gcal gmea ecal

50 nm 18° 20° 0° 14°

140 nm 24° 30° 7° 28°
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Figure 5-8 Contact angle of hydrogel-coated VACNTSs with coating thicknesses of a) 50 nm
and b) 140 nm at pH 7.

5.4 Conclusions

Hybrid structure of aligned carbon nanotubes and a pH-responsive hydrogel was
fabricated by iCVD deposition of P(MAA-co-EGDA) hydrogel directly on carbon
nanotube arrays with low site density from monomer vapors. The iCVD process allowed
preservation of the monomer functionality, retention of the nanotube alignment, and
control of the coating thickness at the sub-100 nm level. The P(MAA-co-EGDA)
hydrogel demonstrated pH-responsive swelling on both planar surfaces and carbon
nanotube arrays. The hydrogel coating significantly enhanced the wettability of the
VACNT surface. The wettability of the coated VACNTSs depended on both the coating
thickness and the pH condition. At pH 2, the wettability of the coated VACNTSs with
different coating thickness was in agreement with the calculated results of the Cassie-
Baxter model. Under the neutral pH condition, the coated VACNT surface exhibited an
apparent contact angle of nearly zero. The superwettability was attributed to the
synergistic effect of the structure porosity and the ionization of the pH-responsive

hydrogel.
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CHAPTER VI

VAPOR-BASED SYNTHESIS OF ULTRATHIN HYDROGEL

COATINGS FOR THERMO-RESPONSIVE NANOVALVES

Y. M. Ye, Y. Mao, “Vapor-based synthesis of ultrathin hydrogel coatings for thermo-responsive
nanovalves”, Journal of Materials Chemistry, 2011, 21, 7946-7952.
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Abstract

We report vapor-based, single-step synthesis of hydrogel coatings and the
fabrication of thermo-responsive nanovalves with fine flow regulation. The hydrogel
films exhibited swelling ratios as high as 15.4 at room temperature. The swelling ratio
dramatically decreased with the increase of the temperature. The increase of the
crosslinking degree in the hydrogel reduced the swelling ratio of the coatings and
broadened the transition temperature region. Thermo-responsive nanovalves were
fabricated by depositing ultrathin hydrogel coatings inside nanoporous track-etched
polycarbonate membranes. Electron microscopy observations revealed hydrogel coatings
along the sidewalls of the nanopores with controllable thicknesses in the sub-50 nm range.
The “closed” and “open” states of the nanopores for the flow of bovine serum albumin
were achieved by varying the temperature. Fine regulation of the protein flow was also
demonstrated in nanopores with different hydrogel coating thickness. The hydrogel
coatings were estimated to have smaller temperature-induced swelling change in the

nanopores compared with the same coatings on planar surfaces.
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6.1 Introduction

Stimuli-responsive polymers are promising candidates for building smart devices,
as they sensitively respond to environmental alterations such as temperature, pH, and ion
concentrations by changing a variety of properties, including volume, surface
hydrophilicity, and permeability.'” These responsive behaviors can be exploited for

" sensors and actuators,”'* and

applications in tunable transportation of molecules,*
controlled release.!" Among the various responsive polymers, thermo-responsive
hydrogel is of particular interest in biological applications, since temperature can be
conveniently controlled to trigger the response using direct heating/cooling or remotely
controlled stimuli such as magnetic fields or near-infrared irradiation.'”"* Furthermore,

the biocompatibility of the hydrogel offers another advantage for applications in

biological entities.

Smart membranes that respond to external stimuli in controlled ways have been

15-17

developed by incorporating stimuli-responsive polymers. Thermo-responsive

membranes have gathered considerable attention because of their potential applications in
drug delivery."*'*'"® The design of thermo-responsive membranes usually falls into two

19-21 and

categories: direct membrane fabrication using thermo-responsive polymers
modification of existing membranes with the responsive polymers.”>* The direct
fabrication method involves synthesis of thermo-responsive copolymers followed by

2% and phase separation.”””’ In order to obtain

polymer processing such as solvent casting
good mechanical strength of the membranes, a non-responsive polymer needs to be

incorporated as the major component. For example, thermo- and pH- dual responsive

porous membranes were fabricated using block copolymers of polystyrene and poly(N,N-
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dimethylaminoethyl methacrylate) with 81 wt% of polystyrene.”’ By combining the
variation of both temperature and pH, a 7-fold change in the water flux through the

membrane was achieved.

Another method of fabricating thermo-responsive membranes is to graft
responsive polymers onto existing porous membranes with the desired mechanical
robustness. Poly(N-isopropylacrylamide) (PNIPAm) and its copolymers with a range of
response temperatures were grafted onto polyvinylidene fluoride and nylon membranes
by pretreating membranes with plasma followed by the grafting reaction. Water flux
through the membrane exhibited discontinuous change at the phase transition temperature
of the gating polymers, indicating the thermo-response of the membranes.” In another
study, poly(ethylene terephthalate) microfiltration membranes were photografted with
PNIPAm.” If the grafting density is high enough, the membrane surface can be
completely and partially covered with PNIPAm at the swollen and collapsed state,
respectively, resulting in the thermo-responsive permeation of bovine serum album (BSA)
through the pores. However, the precise control of grafting density and thickness is hard

to achieve using the grafting-based membrane modification.’

Vapor-based polymer coating represents an alternative approach for surface
modification.”” It is a solventless, one-step process that does not require any surface
pretreatment. Thermo-responsive PNIPAm films have been deposited by plasma
polymerization with swelling behavior and surface properties studied.””* Thermal
responsiveness of the plasma PNIPAm films was demonstrated; however, the hydrogel

swelling was only quantitatively measured using moisture sorption experiments. To the
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best of our knowledge, fabrication of thermo-responsive nanoporous membranes using

vapor-based polymer coating has not been reported.

Herein we report one-step vapor deposition of poly(N,N-dimethylaminoethyl
methacrylate-co-ethylene glycol diacrylate) (P(DMAEMA-co-EGDA)) hydrogel coatings
and the fabrication of thermo-responsive hydrogel nanovalves. The vapor deposition
process exploits the thermal decomposition of initiator fert-butyl peroxide (TBP)**** to
copolymerize DMAEMA and EGDA vapors,”* resulting in direct deposition of
hydrogel coatings on both planar surfaces and nanoporous polycarbonate membranes. We
investigate the thermo-responsive swelling of the synthesized hydrogel films with
different crosslinking densities. We demonstrate the switch between the “open” and
“closed” states of the nanopores and fine flow regulation enabled by the thermo-induced
phase transition of hydrogel coatings at different thickness inside the nanopores. The
disparity between the hydrogel swelling in confined nanopores and that on planar

surfaces will also be discussed.

6.2 Experimental

6.2.1 Materials

DMAEMA (98%), EGDA (90%), and TBP (98%) were all purchased from
Sigma-Aldrich and directly used without further purification. Silicon wafers (MEMC
Electronic Materials) and glass slides were used as the planar substrates for the hydrogel

coating deposition. Track-etched polycarbonate membranes (Nuclepore) with pore
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density of 3 X 10° pores/cm® and thickness of 10 pm were purchased from Fisher

Scientific and used as the porous substrate.
6.2.2 Synthesis

Vapor deposition of hydrogel coatings was implemented in a custom-built reactor
(Sharon Vacuum) with 25 cm in diameter and covered with a quartz plate for visual
inspection. The reactor was equipped with a parallelly mounted Nichrome filament array
(Ni80/Cr20, Goodfellow) 2.5 cm above the stage, where the planar and porous substrates
were placed on. During deposition, the DMAEMA and EGDA monomers were vaporized
at 50 °C and 60 °C in glass jars respectively, while the initiator TBP was vaporized at
room temperature. The vapors were metered using mass flow controllers (MKS, model
1153, 1150, and 1479A), mixed and fed into the reactor. The flow rate of TBP was kept
constant at 0.4 sccm. The flow rates of DMAEMA and EGDA were varied in the range of
0.45-0.75 sccm and 0.05-0.1 sccm, respectively, to obtain coatings with different
composition. The filament was resistively heated to 210 °C during deposition, while the
temperature of the substrate was maintained at 40 °C by water circulation at the backside
of the stage. The temperatures were monitored by thermocouples (Omega, Type K)
directly attached to the filament and the stage. The pressure inside the reactor was
maintained at 0.25 Torr during deposition by a throttling butterfly valve (MKS, Type
253B). The growth of the hydrogel coatings on the reference surface of a silicon wafer
was monitored real time using an interferometry system with a 633 nm He-Ne laser (JDS

Uniphase). The average deposition rate on planar substrates was 20 nm/min.
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6.2.3 Characterizations

Fourier transform infrared (FTIR) spectra of the hydrogel coatings were collected
by a Nicolet 6700 FTIR spectrometer using a DTGS detector under the transmission
mode at a 4 cm™ resolution. The morphology of the pristine and coated membranes was
observed using a FEI Quanta 600F scanning electron microscope (SEM). To observe
hydrogel coatings inside the membrane pores, the coated membranes were immersed in
chloroform (99%, Sigma-Aldrich) to dissolve the polycarbonate membrane, resulting in
hydrogel nanotube structures. The remained hydrogel nanotubes were collected on
copper grids and observed using a JEOL JEM 100CX II transmission electron

microscope (TEM).
6.2.4 Swelling test and flow measurement

The swelling ratio of the synthesized hydrogel coatings at different temperatures
was tested by measuring the water uptake of each coating. The thickness of the as-
deposited coatings was approximately 1 um. Prior to the test, each coating was soaked in
deionized water to remove any un-crosslinked component. The dry-state weight of the
coating was then determined by subtracting the weight of the substrate before deposition
from the weight of the coated substrate. In each swelling test, a hydrogel coating was
immersed in deionized water at a specific temperature for 3 min. After taking out the
coating, the excess water on the coating surface was removed by gently tapping a wetted
filter paper on the surface. The coating was weighed and reimmersed repeatedly until the
amount of water uptake reached a stable value. At least four tests were taken for each

coating composition at a particular temperature. The swelling ratio (SR) was calculated as
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SR= (W-Wy)/W,, where W is the weight of the hydrated coating and W) is the dry-state

weight of the coating.

Flow measurement was conducted on both pristine and hydrogel coated
polycarbonate membranes using a filtration cell with an effective filtration area of 1.1
cm’. BSA (Sigma-Aldrich) was used as the model permeant, and a phosphate buffer
solution (PBS) with an ionic strength of 30 mM was used as the carrier solution. The
filtration cell has an initial BSA concentration of 10 and 0 mg/ml on the donor and
receptor side, respectively. All measurements were performed in an incubator (Isotemp,
Fisher Scientific) at the desired temperature. The hydrogel coated membrane was
pretreated by soaking in PBS for 5 min and loaded into the filtration cell. The gravimetric
flow measurement was carried out over a 2-hr period, and repeated for at least three times.
The hydraulic pressure applied on the membrane was kept at 450 Pa. The amount of
released BSA was determined by measuring the UV absorbance of the receptor solution
at 280 nm at room temperature using a UV-Vis spectrometer (Cary 50 Bio) and converted
to the mass of BSA using a calibration curve. The volumetric flow rate (Q) of the BSA
solution was calculated from the slope of the mass-time curve according to the equation
of O=m/(cyt), where m is the mass of the released BSA, ¢ is the time of flow, ¢ is the
concentration of BSA solution in the donor compartment, which was maintained constant

at 10 mg/ml.
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6.3 Results and discussion

6.3.1 Synthesis of P(DMAEMA-co-EGDA) hydrogels

P(DMAEMA-co-EGDA) films with systematically varied composition were
synthesized using vapor deposition. Figurela shows the FTIR spectra of the synthesized
copolymer films compared with that of the PDMAEMA film. The vapor-based process
well preserved the desired functional groups. The absorption peaks at 2823 and 2774 cm’™
are assigned to the C-H stretching in the -N(CHj3), groups (N-C-H), while the strong
absorption peaks centered in the range of 1729 to 1735 cm™ are assigned to the C=0O
stretching absorption from both DMAEMA and EGDA units. In the spectra of
PDMAEMA and PEGDA films, the C=0 stretching from DMAEMA and EGDA centers
at 1729 cm™ and1735 cm™, respectively. Figurelb shows an enlargement of the carbonyl
absorption in P(DMAEMA-co-EGDA) films. The peak position of the C=O stretching
gradually shifts from 1729 to 1735 cm™, indicating an increase of the EGDA content in
the copolymer. As the EGDA content increases, the overall intensity of the C=0O
stretching increases because of the two C=0O bonds in each EGDA unit, while the
intensity of the N-C-H peaks at 2823 and 2774 cm’ decreases due to the reduced

percentage of DMAEMA.

The molar ratio of EGDA to DMAEMA in each hydrogel was calculated using
FTIR quantification. Details of the calculation have been reported previously.*** The
FTIR spectra of the P(DMAEMA-co-EGDA), PDMAEMA and PEGDA (not shown)

films were normalized to the thickness of each film. The peak area ratio of the C=0O
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Figure 6-1: a) FTIR spectra of the vapor-deposited PDMAEMA and P(DMAEMA-co-
EGDA) films with different molar ratio of EGDA to DMAEMA (r), b) the enlarged region
of the carbonyl absorption peaks.

stretching at 1729 cm’! (Ac=0’) to the N-C-H stretching at 2773 cm'l(AN.c.H’) in the
PDMAEMA homopolymer was calculated and denoted as X=A4¢-o /An.c.u’. The peak
areas of the C=0 (4¢-p) and N-C-H stretching (4x.c.x) in the copolymer films were also
measured. Under the assumption that the absorption coefficients of C=0 and N-C-H
stretching are the same both in the PDMAEMA homopolymer and copolymer, the peak

area of the C=0 stretching contributed by DMAEMA in the copolymer can be expressed
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as Ac-ommaemy=X-An.c.n. Hence, the area of the C=O stretching contributed by EGDA
in the copolymers can be calculated as Ac-o@Eepa)=Ac-0 -X-An-c.n. It should be noted that
the absorption coefficient of the C=O stretching in EGDA and DMAEMA may vary.
This difference was recognized by comparing the C=O stretching absorbance in the
spectra of PDMAEMA (Ac-oppmaemsy) and PEGDA (Ac-opecpa) at the same coating
thickness. Assuming equal density of the two homopolymer films, the ratio of the C=0
group molar concentration in PDMAEMA and PEGDA can be calculated as
Meepa/2Mpaiaema, where Mggps and Mpyaema are the molecular weight of the repeating
unit of EGDA and DMAEMA, respectively. There is a factor of 2, because each EGDA
unit contains two C=0O groups. Therefore, the ratio of the absorption coefficient of the

C=0 stretching in PDMAEMA and PEGDA (R) was calculated using the equation:

24

C=0(PDMAEMA)
R =

A M

C=0(PEGDA)

M

DMAEMA ( 6_ 1 )

EGDA

From the Beer-Lambert equation, the peak area of a particular oscillation mode is
proportional to the mole concentration and absorption coefficient of the corresponding
moiety. Therefore, the molar ratio of EGDA to DMAEMA in each copolymer film (r)

can be calculated using the equation:

p= (Aeo = XAy )R (6-2)
2XA4

N-C-H

A factor of 2 was introduced because of the two C=0 bonds in each EGDA unit. The

calculated molar ratios are listed in Figure 6-1a.
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6.3.2 Thermo-responsive swelling of hydrogel coatings

The thermo-responsive behavior of the vapor deposited hydrogel thin films was
examined by measuring their swelling ratios as a function of temperature. The swelling
ratio is defined as the weight of water uptake relative to the dry-state weight of the thin
films. Though PDMAEMA-based hydrogels have been reported to swell more than 40
times at the free state,’® the thin film counterparts are expected to have lower swelling
ratio than that of bulk hydrogels due to the confinement imposed by solid surfaces.”” For
the vapor deposited P(DMAEMA-co-EGDA) hydrogel, a swelling ratio of 15.4 was
observed for the coating with »=0.23 at 23 °C (Figure 6-2). The high water uptake of the

coatings can be meaningful in membrane applications to prevent protein fouling.*®
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Figure 6-2: The temperature dependence of the swelling ratio (SR) of P(DMAEMA-co-
EGDA) hydrogel.

As the temperature increased, the swelling ratio decreased significantly. At 54 °C
and 61 °C, most films showed swelling ratios of less than 0.5. This transition is attributed
to the change of intermolecular hydrogel-water hydrogen bonding to intramolecular

hydrogen bonding in the hydrogel with the elevation of temperature.**’ The transition
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temperature was estimated to be in the range of 40 to 45 °C. The broad transition
temperature range is attributed to the crosslinked structure of the hydrogel, which is

consistent with findings from previous studies.**"'

Another clear trend is that the swelling ratio of the film decreased with the
increase of the EGDA content, because the increasing degree of crosslinking prevents the
hydrogel network from swelling. It is also observed that hydrogel films with lower
EGDA/DMAEMA ratio showed much steeper temperature response, while the response
became linear as the EGDA/DMAEMA ratio increases. The linearization of temperature
response with the increase of crosslinking density is in good agreement with results
reported on crosslinked PNIPAm hydrogels." As hydrogels with sharp responses are
perfect candidate materials for fast-response and sensitive devices, hydrogels with linear

transition region may have potential applications in linear temperature-sensitive actuators.

6.3.3 Fabrication of thermo-responsive nanovalves

Thermo-responsive nanovalves were fabricated by depositing the P(DMAEMA-co-
EGDA) hydrogels along the sidewalls of the nanopores in the polycarbonate membranes
(Figure 6-3). The P(DMAEMA-co-EGDA) hydrogel with » = 0.60 was used to
demonstrate the concept. The swollen and collapsed states of the hydrogel coatings were
exploited to realize the “closed” and “open” states of the nanopores, respectively. The
pristine polycarbonate membranes (M) were track-etched with parallel cylindrical pores
with an average diameter of ca. 166 nm as observed from SEM (Figure 6-4a). It is noted
that the etching process created enlarged openings in some areas due to the connection of

neighboring pores (Figure S6-1). Taking advantage of the vapor deposition method,
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ultrathin hydrogel coatings were deposited into the nanopores at controlled coating
thickness, resulting in coated membranes M;, M,, and M3 with decreasing pore sizes
(Figure 6-4(b-d)). The pores at the bottom surface were observed to be larger than the
pores at the top of the same membrane. For example, the average pore radius of M; is 60
nm at the bottom (Figure S6-2) and 48 nm at the top. The difference between pore size at
the top and bottom surfaces may be caused by the competition between monomer vapor
diffusion and monomer consumption to form coatings along the cylindrical pores (aspect
ratio ~60), which resulted in faster coating growth around the entrance region compared
to the bottom part of the pores. This issue can be alleviated by lowering the coating
growth rate through the adjustment of process conditions such as the initiator partial
pressure.** Nevertheless, the distribution of the hydrogel coatings are uniform locally,
with a gradual variation of thickness at different sections of the cylindrical pores, as
shown in the TEM images of the remained hydrogel nanotubes (Figure 6-5) after

dissolving the polycarbonate membrane.
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Figure 6-3: Schematics of the thermo-responsive hydrogel nanovalves for flow regulation.

117



b

300 nm
d

300 nm

Figure 6-4: SEM images of a) pristine polycarbonate membrane (M,), hydrogel-coated
membranes with coating thicknesses of ca. b) 35 nm (M,), ¢) 47 nm (M) and d)83 nm (M;).

The thermo-responsive gating of the hydrogel nanovalves was examined by
measuring the amount of BSA released through the hydrogel coated membranes at
different temperatures. The release profile of BSA at 25 °C and 60 °C was plotted in
Figure 6-6. At 60 °C, the total amount of released BSA is linear with time during the test
period, while the BSA release profile at 25°C is flat with negligible release. The BSA
flow rate at 60 °C is approximately 10 times that of 25 °C. The data confirms that the
nanopores can be switched “open” or “closed” by responding to the temperature change.
This phenomenon also indicates that the hydrogel swells at 25 °C to block the flow of
BSA molecules through the nanopores and collapses at 60 °C to open the nanopores for
the BSA release. The non-zero release of BSA at 25 °C is ascribed to the possible
incomplete coverage of the interconnected pores (Figure S6-1) even at the hydrogel
swollen state. Another possible reason is the diffusion of BSA through the meshes inside
the hydrogel at the swollen state. However, as to be discussed below, the swelling of the
hydrogel in the nanopores is suppressed due to the confined geometry, which may
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significantly restrict the expansion of the meshes to allow the BSA molecules to diffuse

through.

Figure 6-5: TEM images of the hydrogel nanotubes after dissolving the polycarbonate
membrane. a) and b) are different sections of the nanotubes. The marked thickness
indicates the local coating thickness.
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Figure 6-6: The total amount of BSA released through the membrane of M, as a function of
time at 25 °C and 60 °C.
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6.3.4 Flow regulation

In addition to the gating of the nanopores, the vapor-deposited hydrogel coatings
enable fine regulation of the permeant flow through the nanopores by forming pores with
varied dimensions. Figure 6-7 shows the flow rates of BSA solution through membranes
of My, M, My, and M3 at 60 °C and 25 °C. To exclude the effect of temperature-induced
viscosity change, the flow rate of BSA at 60 °C was corrected with respect to the
viscosity.*** It is evident that the flow rates at both 60 °C and 25 °C decreased
dramatically with the decrease of pore size. For the membranes of M; and M,, the flow
rate was larger at 60 °C than at 25 °C at the same pore size, indicating the enlargement of
nanopores due to the collapse of the hydrogel above the transition temperature. The flow
was negligible in M3 at both 60 °C and 25 °C because of the sealing of the nanopores at

both temperatures.
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Figure 6-7: Flow rate of BSA solution through the pristine membrane (M,) and coated
membranes (M;, M, and M;3) at 60 °C and 25 °C. The flow rates at 60 °C were corrected
with respect to the viscosity.
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Swelling of hydrogels in a confined space can be significantly different from
hydrogel swelling in a less restricted space. The swelling ratio of hydrogel films in 800-
nm pores has been reported to be three times smaller than that on planar surfaces.” To
quantitatively analyze the swelling of the P(DMAEMA-co-EGDA) hydrogel inside the
nanopores, the Hagen-Poiseuille (HP) equation® was introduced:

_ ndnr*AP

6-3
8zl (6-3)

where Q is the volumetric flow rate, # is the pore density defined as the number of pores
per unit area, 4 is the total area of the membrane, r is the radius of the pores, AP is the
pressure difference across the membrane, 7 is the tortuosity of the pores, u is the viscosity
of the fluid, and / is the thickness of the membrane. Using equation (6-3), the HP
effective pore size of hydrogel coated membranes at different temperatures can be

calculated from the flow rates.
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Figure 6-8: The HP pore radius of the membranes calculated based on the flow rate,
compared with the dry-state pore radius observed from SEM.
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Figure 6-8 shows the HP pore size of the membranes at 25 and 60°C compared
with the dry-state pore size, which is the average of the pore sizes at the top and bottom
surfaces observed from SEM. Interestingly, the estimated pore size of both the pristine
and coated membranes at 60°C was larger than the dry-state pore size. It has been
reported in several studies that the calculation using HP equation tends to overestimate
the size of cylindrical pores in polycarbonate membranes.”*** The disparity may
originate from the overlapping of some neighboring pores in the membrane
manufacturing process (Figure S6-1), which was not taken into consideration in the

calculation of the dry-state pore size.

While we do not expect a precise calculation of the pore size from the HP
equation, it provides a relative scale estimation of the pore dimensions at different
temperatures. By comparing the HP pore radiuses of M; and M; at 60 °C and 25 °C, the
hydrogel coating thickness was calculated (Table 6-1). The coating thickness increased
with the decrease of temperature, indicating temperature-induced swelling inside the
nanopores. However, compared with the swelling change for the same coating from
60 °C to 25 °C on planar surfaces in the PBS solution, which is more than 5-fold (Figure
S6-3), the swelling change inside the nanopores is much smaller. The suppressed
swelling is mainly resulted from the space confinement imposed by the sub-100 nm
pores.” It is noted that the temperature-induced swelling change in the membrane of M,
(~80%) is more significant than that of M; (~30%), possibly due to the weakened surface

constraint with the increase of coating thickness.”’
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Table 6-1: The effective coating thicknesses calculated using the HP equation.

estimated coating thickness (nm)

membrane 60 °C 25°C
M, 14+2 18+3
M, 26 + 4 47 +3

6.4 Conclusions

Thermo-responsive  hydrogel coatings of P(DMAEMA-co-EGDA) were
synthesized using chemical vapor deposition. High swelling ratios of more than 15-fold
were observed at room temperature. The hydrogel coatings showed dramatic decrease in
the swelling ratio with the elevation of temperature. The swelling was also affected by
the crosslinking density of the hydrogel. Thermo-responsive hydrogel nanovalves were
fabricated inside the nanoporous membranes using the single-step vapor deposition
process. SEM and TEM observations demonstrated sub-50 nm coatings with controllable
thicknesses along the sidewall of the nanopores. The “closed” and “open” states of the
nanopores for the BSA flow were achieved by varying the temperature. We also
demonstrated fine regulation of flow through the nanopores by varying the hydrogel
coating thickness. The temperature-induced swelling change in the nanopores was
estimated to be much smaller compared with the swelling change of the same coating on
planar surfaces. Although we used the track-etched polycarbonate membrane as a model
substrate, this vapor-based hydrogel coating method can be applied on a wide variety of

substrates, since it bypasses the use of any organic solvent and employs only mild
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conditions during the process. We expect a wide spectrum of potential applications for
the vapor deposited responsive coatings, including controlled release, sensors and

actuators.
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6.7 Supporting Information

Figure S6-1 SEM images of the a) pristine polycarbonate membrane and b) hydrogel-coated
membrane (M;) viewed at the top surfaces. Inset: enlarged view of some interconnected
pores.

Figure S6-2 SEM images of the bottom surfaces of a) M; and b) M,.
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Figure S6-3 Swelling ratio of the P(DMAEMA-co-EGDA) coatings with r = 0.60 in the PBS
solution.
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CHAPTER VII

CONCLUSIONS AND FUTURE WORK
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Initiated chemical vapor deposition is a versatile technique in producing
polymeric thin films. The excellent combination of two distinct processes, chemical
vapor deposition and free radical polymerization, enables applications that are difficult to
achieve using conventional solution- and vapor-based methods. Two unique merits of the
process are highlighted: the ability to conformally coat nanoscale-featured substrates
without bringing any damage to the original structure; and the ability to fully preserve the
delicate functional groups of the precursor monomer and provide stoichiometric control
of the coating composition. The work in this thesis proved the promising applications of
iCVD in bioengineering by demonstrating successful surface functionalization of nano-

and microstructured materials.

Chapter II presentd a novel vapor-based hybrid grafting method of antimicrobial
polymers to modify catheter surfaces. The hybrid graft coatings consisted of a vapor-
crosslinked prime layer, as previously reported, and a subsequently grafted homopolymer
layer. The iCVD process demonstrated systematic control over the composition of the
crosslinked copolymer and perfect retention of the functionality of the
dimethylaminomethylstyrene monomer. The vapor-crosslinking and hybrid grafting
processes were proved to be applicable to substrates with complex structures (e.g.
textiles), and substrates with thermal- and solvent-sensitivity (e.g. catheters). It is noted
that this is the first successful attempt to employ the solvent-free approach to fabricate

antimicrobial catheters.

Chapter III, IV and V focused on the functionalization of both vertically aligned
single- and multi-walled carbon nanotube arrays in non-covalent and covalent ways using

i1CVD method. The iCVD method was proved to be ideal for VACNT functionalization,
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as its solventless nature avoids any disruption of the aligned morphology, which is
difficult to achieve using solution-based approaches. We demonstrated the iCVD
functionalization of VACNTSs with epoxy chemistry, which can undergo further chemical
reactions for future applications. The epoxy functionalization enabled successful transfer
of multi-walled carbon nanotube (MWNT) arrays, which were proven to significantly
enhance its mechanical strength and wetting stability. Covalent functionalization was
achieved on single walled carbon nanotube (SWNT) arrays, which was confirmed by
Raman spectroscopy and terahertz time-domain spectroscopy. The covalent grafting of
polymer altered the electronic structure of the nanotube arrays, which revealed the
possibility of modulating optical and electronic properties of SWNT arrays using vapor

phase approaches.

Functionalization of vertically aligned MWNT arrays with low site density was
demonstrated in chapter V. Low site density carbon nanotube arrays are advantageous
over closely packed carbon nanotube arrays in biosensor fabrication. However, they are
also proven to be difficult to treat using solution-based approaches. The iCVD process
enabled hydrogel functionalization of nanotube arrays with perfect retention of the
original array structure and controllable coating thicknesses. The hydrogel coatings
significantly enhanced the wettability of the nanotube arrays and imparted pH-
responsiveness. Nanostructured materials such as vertically aligned carbon nanotube
arrays are extensively researched for their exceptional properties and numerous potential
applications. The iCVD technique provides a unique and powerful tool to help realize

these applications by modifying and functionalizing the surfaces.
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We further explored iCVD coating of another type of responsive polymer—
thermo-responsive hydrogel on nanoporous membranes in Chapter VI. Using iCVD
coating, sub-50 nm hydrogel coatings with stoichiometric chemistry were uniformly
deposited along the nanopores. We demonstrated the fabricated “smart nanovalves”
modulated biomolecule transportation by the control of temperature change. Thin
hydrogel coatings are especially important in bioengineering applications. However,
other vapor deposition methods such as PECVD are not fully capable of fabricating
hydrogel coatings with stoichiometric control of the coating composition, which is a key
parameter in achieving the desired hydrogel functionalities. The iCVD process has been
demonstrated to provide precise and systematic control of the coating composition by

simply adjusting the flow rates of the precursors.

Since the first attempt of introducing an initiator in the chemical vapor deposition
of polymer films, iCVD has undergone a rapid development in both mechanism
exploration and practical application endeavors. However, the mechanism and kinetics of
the process is still not fully understood. We believe more detailed research in the relation
of deposition parameters (e.g. filament and substrate temperature, pressure, and initiator
type) with the properties of polymer coatings (e.g. molecular weight, coating structure,
and copolymer composition) is necessary in order to further push the development of
iCVD to real-world applications. Meanwhile, attempting to utilize more types of
monomers in the deposition would realize more diversified applications not only in the
bioengineering, but in miniaturized device fabrication, novel nanocomposites, etc.

Explorations in the different choices of initiators could enable the possibility of
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accelerating the deposition rate and adjusting the deposition kinetics, which are important

in scaling up the fabrication process.
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APPPENDIX A

FACAILE SYNTHESIS AND MICROPATTERNING OF
FUNCTIONALLY GRADED FREE-STANDING THIN FILMS BY
VAPOR DEPOSITION

Yumin Ye, Yu Mao, “Facile synthesis and micropatterning of functionally graded free-standing
thin films by vapor deposition”. (In preparation)

133



Abstract

We introduce a novel facile approach of synthesizing functionally graded free-standing
films using vapor deposition. Unlike traditional liquid-based layer-by-layer assembly,
which has limitations in incorporating nonpolar or uncharged components, the vapor-
crosslinking process is able to incorporate different surface functionalities such as
hydrophilicity (hydrogel) and hydrophobicity (fluorine polymers) without changing the
bulk property. The functionally graded films were easily exfoliated from the substrates
after immersing in deionized water because of the swelling of hydrogel layer. Attenuated
total reflectance Fourier transform infrared spectroscopy and contact angle measurement
confirmed the successful incorporation of desired chemical composition and
functionalities at the surface. The free-standing film was optically transparent and
mechanically strong. Furthermore, by simply applying a SiN template, functional
polymer micropatterns were deposited on a free-standing film. Scanning electron
microscope and atomic force microscope revealed highly ordered patterns with 2 pm in
diameter and 300 nm in thickness. The micropatterned free-standing films are flexible
and can be attached to both flat and curved surface, indicating the potential applications

as miniaturized patchable sensors.
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A.1 Introduction

Free-standing polymeric films are of great interests in a wide range of applications, such
as semipermeable membranes,'” flexible optical and electronic devices,”* miniaturized
sensors,™® mechanically reinforced nanocomposites,”® drug delivery,” biomimetics,'®"!
and tissue engineering.''® Two elements are considered essential for the successful
utilization of polymeric films in many situations: the precise control of the bulk property,
such as mechanical strength and optical transparency, and the fine tuning of the surface
functionality, such as hydrophilicity/hydrophobicity and protein repulsion. To achieve the
desired surface functionality while preserving the bulk property, a common strategy is to
introduce a compositional difference between the film surface and the bulk, which can be
achieved by constructing a film structure with multiple layers.'*'> Recent development of

nanofabrication techniques enables nanoscale control of the film composition, which

facilitates the fabrication of layer-structured functional polymeric thin films.

To date, a number of approaches to the fabrication of layered free-standing
polymeric films have been reported, such as layer-by-layer (LbL) assembly,''
Langmuir-Blodgett method,'” and recognition-mediated self-assembly.'®"” The method
of LbL assembly has received much attention and has been extensively investigated over
the past decade. The solution-based method creates a multi-bilayer structure by alternate
and repetitive adsorption of oppositely charged species or hydrogen-bond acceptors and
donors. The ability to easily manipulate the composition of the thin film at the nanometer
length scale enables the fabrication of multilayered ultrathin films with finely tuned

functionalities. Recent advances in the LbL assembly technique have broadened the

choices of building blocks from pure polyelectrolyte systems to nanoparticles,”
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21,22 24,25

nanotubes, nanopla‘[es,g’23 and biomolecules, which offers new functionalities and
architectures. In addition, the LbL assembly method can be combined with inexpensive
patterning techniques, offering the potential applications in the fabrication of sensors,

optical and electrical devices, and microelectromechanical systems.'

Despite of its versatility and convenience, conventional LbL assembly technique
has several limitations in extending its applications in certain areas. First, the deposition
of each layer in LbL assembly is based on the electrostatic or hydrogen-bond interaction
to the previously deposited layer, which increases the difficulty of incorporating nonpolar
and uncharged components.”**’ Second, since most LbL assembly methods use dipping
or spin coating followed by rinsing off weakly adsorbed species,” the thickness of a
single adsorbed layer is limited to several to several tens of nanometers; thus it is difficult
to scale up the film thickness to beyond micrometers. Third, the integrity of the LbL
assembled structures relies on the weak interaction between layers, namely electrostatic
interaction, hydrogen-bond or Van der Waals force; the long-term stability in aqueous
solutions is therefore hindered.”*’ To improve the film stability, post-processing steps,

30,31
such as heat-"

or chemical®**-induced crosslinking, need to be implemented. Recent
reports demonstrated a modified LbL assembly technique using consecutively alternating
spin coating and photo-crosslinking.”’**** Both hydrophobic and hydrophilic
components were deposited and UV-crosslinked into a multilayered structure. Since the
crosslinked structure ensured high affinity to the substrate, no rinse of weakly adsorbed

species was necessary, allowing the thickness of a single layer to extend to hundreds of

nanometers.
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Vapor deposition represents an alternative route to the fabrication of functional
polymer thin films.*>” By flowing both monomers and the initiator in a heated vapor
environment, polymerization occurs on the cooled substrates with a free radical
mechanism. Crosslinkers such as ethylene glycol diacrylate can also be introduced,
allowing dissolvable functional monomers to anchor onto substrates in the form of a two-
dimensional polymeric network. Previously, we have demonstrated single-step synthesis
of antimicrobial polymer coatings via vapor-crosslinking™ and vapor-based hybrid
grafting.®® The crosslinked thin coatings exhibited durable bactericidal efficacy against
continuous washing. In addition, free-standing films have also been fabricated using
vapor deposition. By spin coating of a sacrificial layer, followed by vapor-crosslinking
deposition of butyl acrylate, free-standing polymer films with thicknesses ranging from
500 nm to 5 um were fabricated.”” The obtained films were subsequently transferred onto
a microfluidic lung assist device to achieve gas permeable membranes with water

resistance.

In this study, we introduce a novel facile route of fabricating functionally graded
free-standing thin films using vapor deposition. The vapor-based process enables fine
tuning of the film composition along the vertical growth direction by simply adjusting the
feed ratio of precursors in situ, resulting in a graded polymeric structure. The in situ
composition control also enables the intended distribution of the crosslinking degree
across the film, which maintains the robustness of the film and surface functionality. As
opposed to most LbL assembly methods, the vapor deposition process utilizes chemical

crosslinking as the bonding mechanism between layers with different compositions;
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therefore the integrity and stability of the film is significantly improved without the

necessity of post-treatment.

We demonstrate the fabrication of functionally graded free-standing films with
thicknesses from as low as 150 nm up to 10 um. Both hydrophobic and hydrophilic
components were incorporated and arranged in a pre-determined order. The incorporation
of a thin poly(dimethyl amino ethyl methacrylate-co-ethylene glycol diacrylate)
(P(DMAEMA-co-EGDA)) prime layer, which has proven to have high swelling ratio in
neutral solutions,”' enables easy exfoliation of the film from substrates upon immersion
in deionized water; therefore additional procedures are avoided for the liberation of the
film.”"*" Characterization of both surface and bulk properties will be discussed.
Employing the method of vapor-crosslinking deposition, we further demonstrate single-
step patterning of micrometer-sized hydrogel domains on the free-standing films. The
micropatterned film can be transferred onto surfaces with complex geometries, indicating

the potential of applications in miniaturized device fabrications.

A.2 Experimental

Vapor deposition of graded free-standing films

The vapor deposition was carried out in a custom-built deposition reactor (Sharon
Vacuum) as previously reported.”®*' Briefly, precursor monomers of dimethyl amino
ethyl methacrylate (DMAEMA, 98%, Sigma-Aldrich) and 1H,1H,2H,2H-perfluorodecyl
acrylate (PFDA, 97%, Sigma-Aldrich), crosslinker ethylene glycol diacrylate (EGDA,

90%, Sigma-Aldrich) , and initiator tert-butyl peroxide (TBP, 98%, Sigma-Aldrich) were
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heated to 50 °C, 80 °C, 60°C, and 25 °C respectively, and fed into the reactor. The
reactor was equipped with parallelly arrayed Nichrome filament (Ni80/Cr20, Goodfellow)
and water-cooled stage. The flow rate of the precursor monomers and initiator was
adjusted by mass flow controllers (MKS, model 1153, 1150, and 1479A), while the flow
rate of the crosslinker was adjusted by a manual needle valve. The actual flow rates of the
precursors at different stages are listed in Table A-1. During deposition, TBP was
thermally decomposed in the vicinity of the heated filament and initiated the
polymerization on the substrates, which were cooled by the circulating water. The
temperatures of the filament and substrates were kept at 250 °C and 35 °C respectively,
as measured by directly attached thermal couples (Omega, type K). The pressure inside
the reactor was maintained at 250 mTorr through the first two stages and decreased to
150 mTorr towards the end of the deposition (Table A-1) using a throttling butterfly
valve (MKS, model 253B). An interferometry system with a 633 nm He-Ne laser (JDS
Uniphase) was used to monitor the deposition process by measuring the thickness
increase of the polymer films in situ. The deposition time spans from 5 to 120 min

depending on the film thickness.

The as-deposited films were immersed in deionized water for 3 min in order to be
released from the substrate. The edges of the films were cut by a diamond pen prior to the
immersion to facilitate the penetration of water into the hydrogel prime layer. The
released films with 10 pm thickness were easily collected by a pair of tweezers. To
fabricate the ultrathin 150 nm free-standing film, a 1 um sacrificial poly(dimethyl amino
ethyl methacrylate) (PDMAEMA) coating was deposited on the Si wafer prior to the

deposition to accelerate the exfoliation process.
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Micropatterning of the free-standing films

Vapor-based micropatterning was conducted in the same reactor as previously described.
A SiN mesh (DuraSiNry, Protochips) with a window area of 0.5 X 0.5 mm” supported by
a 2.65 mm diameter Si frame was used as the template and placed on the substrates of Si
wafer or free-standing films. The mesh has 2 um holes and 2 pm hole-to-hole distance. A
small droplet of water was placed on the mesh so that an intimate contact between the
substrates and template can be created through the wetting and drying process. After
vapor deposition, the template was lifted and the 2 um patterns were formed on the

substrate.
Characterizations

The contact angle of the free-standing films was measured at room temperature using a
standard contact angle goniometer (Rame Hart, Model 250-F1) equipped with an
automatic liquid dispensing system. For each measurement, a 10 pL droplet of deionized
water was used, and the static contact angle was measured using images taken by a F4
series digital camera and analyzed by the DROPimage software. At least five

measurements were taken on different spots of each film to acquire the standard deviation.

The morphology of the free-standing films and micropatterned surfaces was
observed using an FEI Quanta 600F scanning electron microscope (SEM). The FTIR
spectra of the films were collected by a Nicolet 6700 FTIR spectrometer under the
attenuated total reflection (ATR) mode using a DTGS detector and a diamond crystal
over the range of 400-4000 cm™ at 4 cm™ resolution. The surface topography of the free-
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standing films was examined using a Veeco Multimode SPM atomic force microscope
(AFM) under the tapping mode. The light transmittance of the film was measured using a

UV-Vis spectrometer (Cary Bio 300, Varian) over a 350-800 nm range.

The fluorescent functionalization of the patterned free-standing films was
performed by placing a drop of 1% fluorescein disodium solution (pH=7) on the
patterned area and let it sit for 5 min. The film was then rinsed thoroughly and dried in air.
The stained patterns were observed under an Olympus BX51 epifluorescence microscope

using a green filter.
Nanoindentation

Nanoindentation measurements were conducted using a Nano Indenter XP system (MTS
Systems Corporation). A diamond Berkovich tip with 65.3° center line to face angle was
used in all measurements. The nanoindentation tests were conducted in the air at 23°C
under a relative humidity of about 50%. The resolutions for load and displacement are 50
nN and 0.01 nm, respectively. The maximum load applied was 1mN at a loading rate of
0.02 mN/s, and the measured indenter tip drift rate was within £0.02nm/s. In all the
nanoindentation tests, the indentation depths were restrained within 10% of the film
thickness to minimize any substrate effects. At least five nanoindentation tests were
conducted at different locations for each sample, and the load-displacement curves were

recorded.

The hardness (H) is obtained using
P
H — max 1
e M
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where Py, is the maximum indentation force, 4. is the contact area corresponding to the
contact depth (4.) at the maximum load, which is calculated based on the tip area
function. To determine the modulus of the specimen, the reduced modulus of the

specimen (E,) is calculated at first using

2)

where E; and v are the Young’s modulus and Poisson’s ratio of the specimen,
respectively, and E; and v, are the Young’s modulus and Poisson’s ratio of the indenter
tip (made up of diamond), respectively. Due to finite stiffness of the indenter tip, its
modulus is considered in the calculation of sand grain modulus from the contact stiffness.
The contact stiffness S is calculated from the slope of the initial unloading curve,

_dp 2

Cdh n

Equations (2) and (3) along with the known values of the area function of the

s E,\J4.(h,) 3)

nanoindenter tip, the indent depth, the slope of the unloading curve, and the Young’s
modulus and Poisson’s ratio values for the indenter tip were used to determine the elastic
modulus for a specimen.

The contact area, taken as function of contact depth after indenter shape

calibration, has such form as follows

1/4 1/8

L @

A=a,h’ +ah +a,h”> +ah'"* +a,h

c
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A.3 Results and discussions

A.3.1 Fabrication of graded free-standing films

As illustrated in Figure A-la, the vapor deposition of graded polymer thin films was
carried out in a three-stage process. The detailed deposition conditions are listed in Table
A-1. At the initial stage, the vapors of TBP, DMAEMA, and EGDA were metered into
the reactor, where TBP was decomposed by the heated filament, initiating the
copolymerization of DMAEMA and EGDA on the substrates. A 200 nm layer of
P(DMAEMA-co-EGDA) hydrogel was thus deposited as the prime layer of the graded
film. The following deposition created a bulk layer of highly crosslinked poly(ethylene
glycol diacrylate) (PEGDA) and a top surface layer of poly(1H,1H,2H,2H-perfluorodecyl
acrylate) (PPFDA). To realize a gradual transition between the three layers and ensure the
integrity of the film, two transitional layers of P(DMAEMA-co-EGDA) and
poly(1H,1H,2H,2H-perfluorodecyl acrylate-co-ethylene glycol diacrylate) (P(PFDA-co-
EGDA)) were introduced between the surface and bulk layers. The resultant film has a
high crosslinking degree in the bulk, but the crosslinking degree substantially decreases
at the two surfaces, resulting in a robust structure with maximized surface functionalities.
It is noted that the monomers with other functionalities can be anchored onto the two

sides of the film using this method as well.
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Table A-1 Deposition conditions of the 10 pm free-standing film at different stages.

* d iti
stage la er FR DMAEMA FRcrosslinker FRPFDA FRinitiator pressure ﬂelll):ksrllel:;l
& Y (sccm) (sccm) (sccm)  (sccm) (torr)
(um)
prime 1.5 0.2 0 0.8 0.25 0.2
layer
I
transitional
layer 1.5 1.5 0 0.8 0.25 0.8
II bulk 0 1.5 0 0.8 0.25 8
transitional 0 15 0.4 0.8 095 0.8
layer . . . . .
111
surface 0 0 0.4 0.8 0.15 0.2
layer
“FR: flow rate.
d
initiator + monomer A + initiator + crosslinker initiator + monomer B
_ crosslinker 2 e G R L
" ! : L[l ig!' Ll | !lli -y
9220 e (ReER
o-.-o : ® a0 o *®een e**
. ;....:... .® . L] 8,8 .8 0.8

(3
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substrate (35 °C) substrate (35 °C)
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substrate (35 °C)
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: /"":_—___——_-_E_ — .

Figure A-1 a) Vapor deposition of functionally graded polymer films. In the circle is an
illustration of the crosslinked structure connecting adjacent layers. b) Self-exfoliation of the
deposited films.

— .
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Figure A-2 The optical and SEM images of the fabricated free-standing films with
thicknesses of 10 pm a) and b), and 150 nm c) and d).

Employing the high swelling behavior of the P(DMAEMA-co-EGDA) hydrogel
prime layer, we demonstrate the self-exfoliation of the synthesized film in DI water. As
shown in Figure A-1b, after immersing in deionized water for 3 min, the film was
released from the Si wafer due to the high water-uptake of the hydrogel layer, and was
easily collected by a pair of tweezers. The ionization of the tertiary amino groups induced
the swelling of the hydrogel, which resulted in the invasion of water underneath the

polymer film and subsequent separation of the film from substrate.

Figure A-2 shows the morphology of two exfoliated free-standing films with
thicknesses of 10 um and 150 nm. The 10 pm film is robust and can be easily
manipulated by tweezers. The cross-sectional SEM image (Figure A-2b) reveals that the
film is smooth and uniform. Since the hydrogel prime layer only contributes to a small
portion of the entire film, the swelling of the hydrogel did not induce any “wavy”
structure after exfoliation. The 150 nm film also retained its integrity after release from
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the substrate, and showed a smooth surface without any cracks or fractures (Figure A-2c).
The size and shape of the film resemble that of the silicon substrate. Small wrinkling
structure, which is similar to the reported free-standing films assembled using LbL
method,* was observed under the SEM, possibly due to the high swelling of the hydrogel.
The compositional difference in the vertical growth direction did not cause any
morphological variation across both films. We also demonstrate the fabrication of larger
scale films (8 X 4 cm?) by using a larger size substrate (A-S1). While free-standing films
with different thicknesses have been successfully fabricated, we mainly focus on the
characterization and discussion of the 10 um film in this report. Although beyond the
scope of this work, ultrathin free-standing films with functional grading are desirable in a

variety of applications,”*’ and the related research is ongoing in our lab.
A.3.2 Analysis of the graded free-standing films

The molecular structure of the graded free-standing film is schematically illustrated in
Figure A-3. The film is consisted of a highly crosslinked PEGDA bulk layer and ultrathin
layers of P(DMAEMA-co-EGDA) hydrogel and PPFDA at the two surfaces. Contact
angle measurements were conducted on both sides of the film. As shown in Figure A-3,
the top surface of the film exhibited hydrophobicity with a high contact angle of 118 £ 1°,
which is similar to the reported contact angles of PPFDA films;" while the bottom
surface of the film exhibited hydrophilicity with a low contact angle of 52 + 1°. The
contact angle measurements confirmed successful grading and amphiphilic nature of the

thin film.
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Figure A-3 Molecular structure of the graded free-standing film. The top and bottom
images show the water contact angles of the hydrophobic and hydrophilic sides of the film,
respectively.
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Table A-2 Comparison of the contact angle () and weight of the film before and after
soaking in a pH=7 buffer for a 7-day period.

day 0 day 7
Orop 118+ 1° 116 £1°
Gottom 52+1° 47 £ 1°
weight (mg) 36.1 36.0
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The graded film was then soaked in a neutral buffer solution (pH=7) for a 7-day
period in order to study its stability. After soaking and drying, the contact angles of the
two surfaces were measured again as shown in Table A-2. The soaking process did not
cause any obvious change in the contact angle of the hydrophobic side, while the contact
angle of the hydrophilic side decreased by 5°, possibly due to the residual water in the
hydrogel. The weight loss of the film is also negligible. Compared with the free-standing
films synthesized by LbL assembly, which are usually prone to degradation in

physiological conditions,***

the vapor-crosslinking deposition is able to create
functionally graded structures with substantially enhanced stability without any necessity

of post-treatment.

ATR-FTIR was employed to identify the surface composition of the graded film,
as it is able to measure the IR absorption of surface layers as thin as 1 pm. As shown in
Figure A-4, the hydrophobic side of the film has strong absorption peaks at 1146, 1201,
and 1234 cm'l, which are characteristic absorption peaks of —CF,— and —CF3 moieties in
PFDA.* The absorption peak at 1732 cm™ is designated to the C=O stretching, which
stems from the carbonyl groups of PFDA and EGDA. Compared with the spectrum of the
PPFDA homopolymer film (supporting information), the intensity ratio of C=O to C-F
(1146 cm™) stretching peaks from the graded film is larger, indicating the incorporation
of EGDA moiety at the transitional layer. The hydrophilic side of the film, on the other
hand, does not show any trace of the —CF,— or —CF; absorption. Absorption peaks at
2823 and 2774 cm™ are designated to the —CHj stretching of tertiary amine groups, while
the sharp peak at 1723 cm™ stems from the C=O stretching of both DMAEMA and

EGDA. The much stronger absorption of the C=O stretching than that of the —CHj
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stretching is due to the transitional layer of highly crosslinked P(DMAEMA-co-EGDA).
Neither the hydrophilic nor hydrophobic side of the film shows any trace of the
characteristic peaks from their counterparts, indicating the effective grading of the two

functional moieties.
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1201 cm\d-l ‘/T'

1233 cm™!
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Figure A-4 ATR-FTIR spectra of the hydrophobic (a) and hydrophilic (b) sides of the free-
standing film.

The surface topography of the graded free-standing film was investigated using
AFM (Figure A-5). Both surfaces are smooth without any wavy morphology. The top
surface of the film, which is composed of PPFDA, showed a relatively rough surface with
a root-mean-square roughness (Rq) of 8.37 nm. Vapor deposited fluoropolymer has been
reported to have rougher surfaces in comparison with hydrophilic polymers.*> Granular
structures were observed on the surface, indicating possible aggregation of the fluorine
groups. The surface composed of P(DMAEMA-co-EGDA) hydrogel exhibited a

significantly smoother surface with a Ry of 0.98 nm, which is comparable with that of the
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reported poly(2-hydroxyethyl methacrylate)” and poly(dimethylaminomethylstyrene-co-

ethylene glycol diacrylate)* films synthesized by vapor deposition.

oo 1: eight 50 m T} 1: Height 5.0 um

R, =8.37 nm R,=0.98 nm

Figure A-5 AFM surface topography of the hydrophobic (a) and hydrophilic (b) sides of the
free-standing film.

I modulus
5} ESS hardness
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hardness (GPa)

PPFDA graded film PEGDA

Figure A- 6 Modulus and hardness of the PPFDA, graded and PEGDA films.

A.3.3 Mechanical and optical properties

The mechanical property of the graded film was studied using nanoindentation. For

comparison, mechanical property of the vapor deposited PPFDA and PEGDA films was
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also investigated. As shown in Figure A-6, both modulus and hardness of the PPFDA
film are relatively low, due to the weak intermolecular interaction between fluorinated
chains and the consequent phase segregation.”® The mechanical property of the PPFDA
film is comparable to the reported values of other fluorinated polymers, such as
poly(tetrafluoroethylene)*” and poly((perfluoroalkyl)ethyl methacrylate)*®. The PEGDA
film, on the other hand, is mechanically strong with the modulus and hardness of 5.46
GPa and 0.42 GPa, respectively, which can be attributed to the cohesion of the EGDA
chains and the highly crosslinked structure. Compared with the PPFDA film, the graded
film exhibited enhanced mechanical property with the elastic modulus increased from
1.82 GPa to 4.09 GPa and hardness increased from 0.06 GPa to 0.16 GPa. It is therefore
evident that the highly crosslinked PEGDA in the bulk of the film along with the
transitional layer of P(PFDA-co-EGDA) has provided strong support to the PPFDA
surface layer. Additionally, as we previously reported, vapor-crosslinking and the
subsequent deposition of the functional monomer results in the hybrid grafting of the
monomer on the crosslinked polymeric network.” Similarly, the graded deposition of
PFDA lead to the secured immobilization of PPFDA on the film surface, which improved
the integrity of the film and further promoted its robustness. We thus conclude that the
graded structure renders the free-standing film enhanced mechanical robustness without

sacrificing the surface functionality.

Further study on the optical properties of the graded free-standing film was
performed by measuring the light transmittance of the film over a 350-800 nm
wavelength range using UV-Vis spectroscopy. Excellent transparency of the film was

observed from the UV-Vis spectrum, where more than 98% of transmittance was
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achieved across the visible light spectrum (A-S2). Although fluorinated polymers tend to
create optical hazes due to phase segregation,*® functional grading improves the optical
transmission of the film by confining the fluorinated components at the very top surface.
The optical transparency of thin films is of significant importance for applications in
optical devices and biomaterials. We prove our vapor deposition method fabricates
functionally graded polymer films with higher optical transmittance than most of the

reported multilayered free-standing polymer films.**"

A.3.4 Single-step vapor patterning

Employing the method of vapor-crosslinking deposition, we further developed a single-
step micropatterning strategy of free-standing films as illustrated in Figure A-7. A free-
standing film with the top surface composed of PEGDA homopolymer was used as the
substrate. An ultrathin prime layer (c.a. 40 nm) of highly crosslinked PEGDA was first
deposited to ensure the affinity of the patterns to the film. The deposition then proceeded
with a gradual transition to the desired surface composition, P(DMAEMA-co-EGDA)
hydrogel in this case. The graded coatings were deposited both inside the holes and on
top of the SiN template. Upon lifting off the template, coatings at the top were removed
after deposition, while the coatings inside the holes remained on the film surface forming

hydrogel micropatterns.

The topography and morphology of the patterned surface were examined using
AFM and SEM. As shown in Figure A-8, highly ordered patterns of P(DMAEMA-co-
EGDA) hydrogel with 2 um in diameter were uniformly distributed on the surface. The

micropatterns exhibited high fidelity to the template. From depth profile analysis (Figure

152



A-8b), each hydrogel domain exhibited cylindrical structure with an average height
around 300 nm. The patterns were well-separated with high edge resolution without any
debris between domains. To confirm the chemical functionality of the patterns, 1%
fluorescein disodium solution was used to stain the hydrogel patterns on the free-standing
film. Figure A-8d shows the selectively-stained patterning surface observed under
fluorescence microscopy. The hydrogel domains clearly exhibit green fluorescence under
the GFP filter, while the rest of the surface, which is composed of PEGDA, shows much
darker color. The selective fluorescence functionalization is resulted from the
electrostatic interactions between the positively charged tertiary amine in hydrogel and

. . 49,50
negatively charged fluorescein.™

template

free-standing film

vapor
deposition
free-standing film
lift
template

free-standing film

Figure A-7 Schematic illustration of the single-step vapor patterning of free-standing films.
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Figure A-8 a) Three dimensional AFM image and b) depth profile analysis of the patterned
surface. ¢) SEM image of the micropatterns. d) Fluorescent functionalized micropatterns
observed under fluorescent microscope.

The patterned free-standing film can be easily transferred onto surfaces with a
variety of geometry for further applications attributed to its high flexibility. We
demonstrate this concept by transferring the patterned film onto a glass rod. By simply
releasing the patterned film in water and using the glass rod to load it, the film was tightly
adhered to the end of the rod (Figure A-9). It is noted that the hydrogel layer returned to
the deswollen state after drying, which restrained the film and created good adhesion to
the glass surface. The film is not observable after transfer due to its high transparency,
while the patterned area can be seen at the tip. The single-step micropatterning strategy
combined with the ability to facilely synthesize functionally graded free-standing films is
expected to provide a versatile and powerful tool in the research fields of cell biology,

tissue engineering, and fabrication of biosensors and optical devices.
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Figure A-9 The micropatterned free-standing film transferred onto a glass rod. Highlighted:
the patterned area.

A.5 Conclusions

Functionally graded free-standing thin films were fabricated using vapor deposition. The
vapor-deposited film incorporates both hydrophobic and hydrophilic components in a
pre-determined order, resulting in an amphiphilic film with high crosslinking in the bulk
and maximized functionality at the surface. The functional grading along with the
crosslinked structure enabled high stability, high transparency, and mechanical
robustness of the film, while the desired surface functionality was perfectly retained at
the mean time. Furthermore, we demonstrate a facile route of micropatterning using
vapor-crosslinking deposition. Highly-ordered cylindrical hydrogel domains with 2 pm
diameter and 300 nm height were patterned onto the surface of the free-standing film in a
single step. The micropatterns have distinct surface functionality from the background
surface and high morphological fidelity to the template. The patterned thin film can be
easily transferred onto surfaces with a variety of geometry, indicating its potential
applications in miniaturized devices. It should be noted that although we used fluorinated

polymer and hydrogel as the two surface components as a demonstration, the vapor
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deposition method can be extended to fabricate graded structures with a variety of surface
functionalities, such as epoxy chemistry, antimicrobial property, and surface

responsiveness.
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A.8 Supporting information

A-S1 A larger-scale free-standing film with the size of 8 X 4 cm’.
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A-S2 a) UV-Vis spectrum of the free-standing film over the wavelength range of 350-800 nm,
b) high transparency of the film.
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APPPENDIX B

SYNTHESIS OF POLYMER NANOTUBES VIA VAPOR-BASED
APPROACH
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Polymer nanostructures are of great importance in a wide range of applications. Taking
advantage of the iCVD process, we were able to fabricate polymer nanotube structures
using a templated method. Two different porous membranes were used as templates,
alumina membrane and polycarbonate membrane. The morphology of the two
membranes was shown in Figure B-1. The alumina membrane has a more ordered
structure with the pore size of 200 nm and thickness of 60 um, while the polycarbonate

membrane is less ordered with the pore size of 1 pm and thickness of 10 um.

Figure B-1 Cross-sectional and top view of alumina a) and b), and polycarbonate c) and d)
membranes.

The membranes were first put into the iCVD reactor and coated with a thin layer
of polymer. Poly(glycidyl methacrylate) (PGMA) and poly(2-hydroxyl ethyl
methacrylate-co-ethylene glycol diacrylate) (P(HEMA-co-EGDA)) were applied onto
alumina membranes, while poly(methacrylic acid-co-ethylene glycol diacrylate)
(P(MAA-co-EGDA) was applied onto polycarbonate membranes. After coating, the

alumina membranes were dissolved in sodium hydroxide solution (pH=1) and the
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polycarbonate membranes were dissolved in chloroform. The obtained structures were
shown in Figure B-2. As shown in Figure B-2a and b, PGMA coatings formed disordered
nanotube structures with the diameter of about 200 nm, which is the diameter of the pore
size of alumina membranes. The P(HEMA-co-EGDA) nanotubes are still aligned after
dissolving the alumina membrane, while the diameter is about 400 nm. The increase of
the size of the nanotube is due to the swelling of the P(HEMA-co-EGDA) hydrogel in
sodium hydroxide solution. The (P(MAA-co-EGDA) nanotubes exhibited vertically
aligned structures, attributed to the low aspect ratio of the pores in polycarbonate

membranes.

Figure B-2 a) and b) PGMA nanotubes formed in alumina membranes; c¢) and d)
(P(HEMA-co-EGDA)) nanotubes formed in alumina membranes; e) and f) (P(MAA-co-
EGDA) nanotubes formed in polycarbonate membranes.
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Figure B-3 Schematic illustrations of the two setups during annealing of PGMA nanotubes.

We further analyzed the effect of annealing of PGMA coatings in the membranes
on the morphology of obtained PGMA nanotubes. Two different setups were employed
to anneal the PGMA coatings inside the alumina membrane as shown in Figure B-3. For
both of the setups, PGMA coatings were annealed at 180 °C for 1 h. The resultant
morphology of the nanotubes is distinct. When the coated side of the membrane was
facing down during annealing, the PGMA coatings inside the nanopores accumulated on
the surface of the membrane because of the gravity, forming short but thick nanotube
arrays (Figure B-4a). On the contrary, when the coated side of the membrane was facing
up during annealing, the nanotubes extended their length and formed long and thin

nanotube arrays.

Figure B-4 PGMA nanotube arrays formed after annealing with a) the coated side of the
membrane facing down and b) the coated side facing up.
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APPPENDIX C

THE EFFECT OF ICVD PROCESS ON THE ENZYME ACTIVITY
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Enzyme immobilization is an important step in biosensor fabrication. To use iCVD as a
means to encapsulate enzymes in hydrogel coatings suggests a simple immobilization
approach. Preliminary test on the impact of the iCVD process on the enzyme activity was
thus performed. a-chymotrypsin (CT) was employed as the model enzyme and dipped on
a silicon wafer. The dried CT was then put inside the reactor, coated with a 200 nm
poly(methacrylic-co-ethylene glycol diacrylate) hydrogel and tested for activity. As seen
in Figure C-1, compared with the enzymes in free solution and dipped on Si wafer, the
enzyme underwent the iCVD process still remained active. Considering the diffusion
factor of the coated enzyme from a confined space to the solution, the deposition process

itself showed minimal influence on the enzyme activity.

Enzyme activity measurement. The activity measurement was performed by
hydrolyzing a tetrapeptide (TP) N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide (Aldrich)
using o-chymotrypsin (CT) (from bovine pancreas type II, Aldrich). For the free solution
activity test, 1 ml 800 nM CT aqueous buffer (5 mM PBS, pH=7.4) and 1 ml stock
solution of 0.1 mM TP (5mM PBS, pH=7.4, containing 1% dimethylformamide) were
used. For the activity test of the enzymes underwent the iCVD coating process, 0.8 nmol
CT was dipped onto a Si wafer, air-dried and coated with a 200 nm hydrogel film. 1 ml
stock TP solution mixed with 1 ml PBS was then applied as the substrate solution. The
product concentration was monitored by measuring the absorbance of the resultant

solutions at 380 nm using a UV-Vis spectrometer (Cary 300).
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Figure C-1 Activities of chymotrypsin in free solution, deposited on Si wafer, and
underwent the iCVD process.

166



APPPENDIX D

ACRYNOMS
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AFM atomic force microscope

ASWNT aligned single-walled carbon nanotube
ATR attenuated total reflection

ATRP atom transfer radical polymerization

B. subtilis Bacillus subtilis

BSA bovine serum albumin
CA contact angle

CFU colony forming unit

CNT carbon nanotube

CT chymotrypsin

CVvD chemical vapor deposition

DMAEMA  dimethyl amino ethyl methacrylate

DMAMS dimethyl amino methyl styrene

E. coli Escherichia coli

EGDA ethylene glycol diacrylate

EMA effective medium approximation
FTIR Fourier Transform Infrared
GMA glycidyl methacrylate

HP Hagen-Poiseuille

iCVD initiated chemical vapor deposition
LbL layer-by-layer

MAA methacrylic acid

MFC mass flow controller

MG Maxwell-Garnett

MWNT multi-walled carbon nanotube

P(DMAEMA-co-EGDA) poly(dimethyl amino ethyl methacrylate-co-ethylene glycol
diacrylate)
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P(DMAMS-co-EGDA) poly(dimethyl amino methyl styrene-co-ethylene glycol
diacrylate)

P(DMAMS-co-EGDA)-g-PDMAMS poly(dimethyl amino ethyl methacrylate-co-
ethylene glycol diacrylate)-g-poly(dimethyl amino ethyl methacrylate)

P(MAA-co-EGDA) poly(methacrylic acid-co-ethylene glycol diacrylate)

P(PFDA-co-EGDA) poly(1H,1H,2H,2H-perfluorodecyl acrylate-co-ethylene glycol
diacrylate)

PBS phosphate buffer saline

PDMAEMA poly(dimethyl amino ethyl methacrylate)
PDMAMS  poly(dimethyl amino methyl styrene)
PECVD plasma enhanced chemical vapor deposition

PEGDA poly(ethylene glycol diacrylate)

PFDA 1H,1H,2H,2H-perfluorodecyl acrylate
PGMA poly(glycidyl methacrylate)
PMAA poly(methacrylic acid)

PNIPAmM poly(N-isopropylacrylamide)

PPFDA poly(1H,1H,2H,2H-perfluorodecyl acrylate)
RAFT reversible addition-fragmentation chain transfer
RBM radial breathing mode

SEM scanning electron microscope

SR swelling ratio

SWNT single-walled carbon nanotube

TBP tert-butyl peroxide

TEM transmission electron microscope

THz-TDS terahertz time-domain spectroscopy
VACNT vertically aligned carbon nanotube

XPS X-ray photoelectron spectroscopy
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