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Abstract of the Dissertation
Adsorbed polymer nanolayers on solids: mechanism, structure and applications.
by
Mani Kuntal Sen
Doctor of Philosophy
in
Materials Science and Engineering
Stony Brook University
2017
In this thesis, by combining various advanced x-ray scattering, spectroscopic and other surface
sensitive characterization techniques, I report the equilibrium polymer chain conformations,
structures, dynamics and properties of polymeric materials at the solid-polymer melt interfaces.
Following the introduction, in chapter 2, I highlight that the backbone chains (constituted of CH
and CH; groups) of the flattened polystyrene (PS) chains preferentially orient normal to the weakly
interactive substrate surface via thermal annealing regardless of the initial chain conformations,
while the orientation of the phenyl rings becomes randomized, thereby increasing the number of
surface-segmental contacts (i.e., enthalpic gain) which is the driving force for the flattening
process of the polymer chains even onto a weakly interactive solid. In chapter 3, I elucidate the
flattened structures in block copolymer (BCP) thin films where both blocks lie flat on the substrate,
forming a 2D randomly phase-separated structure irrespective of their microdomain structures and
interfacial energetics. In chapter 4, I reveal the presence of an irreversibly adsorbed BCP layer
which showed suppressed dynamics even at temperatures far above the individual glass transition

temperatures of the blocks. Furthermore, this adsorbed BCP layer plays a crucial role in controlling

il



the microdomain orientation in the entire film. In chapter 5, I report a radically new paradigm of
designing a polymeric coating layer of a few nanometers thick (“polymer nanolayer”) with anti-

biofouling properties.
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Chapter 1
Introduction

Polymer thin films have numerous technological applications in various industrial and
biomedical applications including but not limited to protective and functional coatings',
electronics®, optics’, sensors’, non-fouling bio surfaces’, biocompatibility of medical implants,
separationsé, advanced membranes’, microfluidics®, adhesion’, lubrication and friction
modification'®. Many of these above-mentioned applications require polymer films to be confined
in dimensions comparable to the size of a single polymer chain to meet current technological
demands. However, it is well known that many fundamental characteristics of these confined
polymeric materials, including structure, chain conformations, dynamics and other physical and
mechanical properties, differ substantially from those of the bulks due to the so-called
“nanoconfinement” effects, where the polymer chains are confined between a polymer/air and

polymer/substrate interface' " '?

. Roth and co-workers reported that poly 2-vinylpyridine (P2VP)
exhibited a very strong increase in glass transition temperature (T,) with decreasing film thickness
below 150 nm on silica substrates due to hindered dynamics at the substrate interface caused by
the strong interaction of the nitrogen atom in the P2VP repeat unit with the hydroxyl groups of the
native oxide layer on silica substrate. Moreover, ultrathin polystyrene (PS) films supported on
silica displayed a strong decrease in T, with decreasing thickness since there is no mechanism of
preferential bonding or attractive interactions with the substrate''. Koga and co-workers reported
the decrease in viscosity in polymer thin films confined in thickness less than 60nm due to
substrate-polymer segment interactions'’. Furthermore, Zheng and co-workers utilized secondary

ion mass spectrometry (SIMS) to measure diffusion rates of deuterium-labeled polymers under

nanoconfinement. The authors showed that polymer dynamics together with diffusion rates were



reduced by two orders of magnitude relative to the bulk even at distances up to 10 times the radius
of gyration, R,, of the polymer from the substrate interface'?. Hence, a fundamental understanding
of the behavior of polymeric materials under “nanoconfinement” effect is crucial in the

development of new nanotechnologies.

Deposition of a polymer on an inorganic substrate via spin coating process is a popular
method to prepare smooth and uniform thin films in both scientific research and industrial
applications such as semiconductors. In the spin coating process, a few drops of polymer solution
are deposited on a solid substrate which is, or, will be, rotated. A thin homogeneous polymer film
forms on the substrate after quick evaporation of the solvent. The film thickness can be precisely
controlled from a few nanometers to sub micrometers by controlling the viscosity of the solution
via changing concentration and molecular weight. A general problem of this method is that
polymer chains take a conformation elongated in the substrate plane due to the torque caused by

. . . eqeq . 14. 15
the spinning process and are quickly frozen in a non-equilibrium stressed state ™

. The memory
of the configurations adopted in solution persists in the dry film. Upon solvent evaporation, when
the volume fraction of the polymer reaches a critical value, vitrification takes place. Polymer
chains are thus trapped in frustrated packing geometries where overlaps between chains are

16, 17

reduced (i.e., lower entanglement density), resulting in a lower viscosity ', which influences

dewetting'® '°.

Several techniques like thermal annealing at temperatures far above the glass
transition temperature (T,) of the polymer and solvent vapor annealing are used to equilibrate the

polymer melts against inorganic substrates through polymer chains relaxation and rearrangement.

There is now growing evidence to suggest that annealing also expedites irreversible
adsorption of (unfunctionalized or uncharged) polymer melt chains onto impenetrable planar

solids®*°. Adsorption of polymer chains on solid surfaces is a fundamental but highly complex



phenomenon in polymer physics. From a thermodynamic point of view, the adsorption process of
polymers can be described as a counterbalance between the loss in the conformational entropy of
chains during the transition from a randomly coiled state in melt to an adsorbed state, and the
enthalpic gain achieved upon increased number of solid/segment points®’. Depending on the
interactive forces that are involved in the adsorption process, two major types of adsorption
processes are reported in the literature. The first type: when polymer chains are attached to the
substrate due to covalent or chemical bonding forces generated by a chemical reaction between
the substrate surface and the chains, is called chemisorption. The second type: when no significant
chemical reactions are involved but the chains are adsorbed to the substrate surface via dispersion,
dipolar forces or van der Waals interactions, is called physisorption. Although the sticking energy
experienced by polymer chains during physisorption is of the same order as kT (where k is the
Boltzmann constant and T is the temperature), irreversible physisorption of polymer chains is still
largely observed even when the polymer-solid interaction is weak since desorption kinetics is often

349 Due to the formation of multiple surface-segment

much slower than the kinetics of adsorption
contacts, the energy required to desorb one chain is the sum of all the bonding energies per contact
of the adsorbed chain. This thesis will discuss about adsorbed layers from physisorption process,
unless otherwise stated. Adsorption of polymer chains on the solid substrate is governed by many
factors, such as polymer-solid interactions, chain lengths, chain stiffness, chemical compositions
of polymer, surface properties, solvent interaction etc. Jiang and co-workers have shown that the
final thickness of the adsorbed layer increases with increasing polymer/substrate interactions
whereas the thickness is independent of polymer chain length*'. Moreover, Linse and co-workers

have reported that the adsorbed chains from stiffer polymer chains relax much slower than flexible

chains and the chains are packed in a 2D nematic structure in the resulting adsorbed layer™.



Recently, adsorbed layers at the polymer/substrate interface have been linked to deviations in Tg17
and viscosity'” in the entire polymer thin films. However, studies on the structure-property
relationship of the adsorbed layer coupled with detailed molecular chain conformations at the
substrate interface are sparse in the literature. Therefore, a detailed investigation of the molecular
orientations linking it to the structure and thus properties of polymer chains at the substrate
interface is important to understand the effect of the polymer/substrate interface on the entire
polymer film.

To achieve these goals, I have integrated various surface sensitive techniques including x-
ray scattering, spectroscopic techniques, atomic force microscopy, optical microscopy and
scanning electron microscopy and aimed to provide detailed experimental descriptions of the
structures and properties of the adsorbed polymer layers and equilibrium chain conformations from

a melt onto smooth, flat solids to help bridge the theoretical and experimental viewpoints.

The first objective of my dissertation (Chapter 2) is to investigate the local equilibrium
polymer chain conformations near the solid polymer melt (SPM) interface using sum frequency
generation spectroscopy (SFG). Although, spin coating is a popular film deposition technique on
solid substrates as mentioned earlier, it has severe limitations on the shape of surfaces or substrates
to be coated. In case of irregular shapes of objects, spin coating is impossible. An alternate method
in place of spin coating is dip coating or solvent casting by simply dipping the substrate in a
polymer solution and thereafter extracting the substrate with a well-defined withdrawal speed
under controlled temperature and atmospheric conditions. Dip-coating is a low cost and waste-free
process to prepare thin polymer films from solutions and is easy to scale up and offers a good
control on thickness. The thickness of the sample can be controlled by controlling the extraction

of the substrate from the solution. Recently, Tanaka and coworkers showed the different



polystyrene (PS) chain configurations on quartz prepared from two different methods: the chains
are elongated parallel to the substrate due to the spinning torque in case of spin coated films while
they were randomly oriented in case of dip coat/solvent cast film*. In addition, our group recently
showed that the polymer adsorbed layers formed from the melts are composed of the two different
nanoarchitectures™: the flattened chains that constitute the inner higher density region of the
adsorbed layers and loosely adsorbed polymer chains that

Loosely adsorbed
form the outer bulk-like density region (Fig. 1-1). The / chains

polymer adsorption process from melts is dictated by S
piecemeal deposition of polymer chains with differential
spreading dictated by the still-uncovered surface area,

Flattened chalns

1 to pol tion fi ilute solutions™. . .
analogous to polymer adsorption from dilute solutions Fig. 1-1: Polymer nanoarchitecture

The early theoretical picture given by Simha and co- i the adsorbed layer.

workers showed that the equilibrium physisorbed polymer

chain on a solid surface consists of three types of segment sequences: trains, loops and tails*.
Trains comprised of all segments fully adsorbed to the substrate. Loops constituted of unbound
segments that connect trains, and tails are the unadsorbed chain ends. Here my aim is to answer
the question: how does this initial different chain configurations in films from different processes
affect the final equilibrium chain conformation in the flattened layer? The technique used was SFG
spectroscopy. The laser pulse sequence of SFG spectroscopy consists of an on-resonance infrared
(IR) pulse, followed by a non-resonance visible (VIS) pulse. In the SFG experiment a pulsed
tunable infrared (IR) (with frequency= wIR) laser beam is mixed with a visible (VIS) (with
frequency= o VIS) beam to produce an output at the sum frequency (0SFG = oIR + ®VIS). SFG

is second-order nonlinear process, which is allowed only in media without inversion symmetry.



At surfaces or interfaces inversion symmetry is necessarily broken, that makes SFG highly surface
specific. As the IR wavelength is scanned, active vibrational modes of molecules at the interface
give a resonant contribution to SFG signal. The resonant enhancement provides spectral
information on surface characteristic vibrational transitions. Different combinations of input and
output beam polarizations allow the determination of surface chemistry or molecular orientation.
SFG detects vibrational modes, which are rather localized to specific groups of atoms within the
molecules. The information about relative orientation of different groups within the same molecule
maybe obtained, and, hence, the molecular structure can be deducted. SFG spectroscopy offers
intrinsic advantages in studying interfaces, as the output is based on nonlinear optical selection
rules that render SFG sensitive only to regions of a material where inversion symmetry is broken.
In most materials that are isotropic and homogeneous in the bulk, the technique is ideal for
studying surfaces and buried interfaces noninvasively. The resulting output which is an infrared
(IR) vibrational spectrum offers molecular information with unparalleled surface sensitivity.
Following the investigation of the local chain conformations in homopolymer flattened
layer, I next aim to highlight the flattened chain structures for block copolymers (BCP) in Chapter
3. Block copolymers (BCP) are a class of macromolecules produced by covalently bonding two or
more chemically distinct polymer blocks. Due to the thermodynamic incompatibility but covalent
bonding of the different constituent blocks in BCP, they self-assemble on nanometer length scales,
depending on the relative composition of the blocks, the overall degree of polymerization (N), the
polymer—polymer interaction parameter (), and the ratio of statistical segment lengths, making
them ideal for emerging nanotechnologies. Thus, block copolymers (BCP) offer a simple and
effective route to produce highly structured materials with nanoscale regularity, which are

potentially useful in nanofabrication applications such as nanoparticle templates® ™,



20-52. photovoltaic cells™, low-k dielectrics™, and high density data

nanostructured membranes
storage media>. For most of these applications, control over the orientations of microdomain
structures is of great importance and the interfacial energetics at the polymer-air and polymer-
substrate interfaces play a crucial role in controlling the orientation and ordering of microdomain
structures™®°’. Recent advances have shown success in switching the orientations (i.e., parallel or
perpendicular to a substrate surface) by tuning interactions at the top and bottom surfaces, film

59, 60

thickness*® ', external forces such as electric field™®, shear force , chemically patterned

61,62 «

substrates , “neutral” substrates®

, thermal annealing above T, of both blocks °, and solvent

717 While there is development of advanced surface sensitive experimental tools,

vapor annealing
several critical questions remain unsolved: what is the self-organization process of BCPs at the
buried interface? Can BCP form the same microdomain structures as in the bulk? Are the
microdomain structures dependent upon interfacial energetics or film processing? Since the
formation of flattened layers on the solid substrate is rather general, such an in-depth study of the
flattened BCP layers is fundamental to studies of device design and other applications. I aim to

answer the above questions experimentally using atomic force microscopy, scanning electron

microscopy, grazing incidence small angle x-ray scattering and x-ray reflectivity.

Chapter 4 of my dissertation elucidates the effect of the adsorbed (consisting of flattened
chains and loosely adsorbed chains) BCP layer on the polymer dynamics and thus the microdomain
orientations in cylinder forming BCP polymer thin films. Grazing incidence x-ray photon
correlation spectroscopy (GI-XPCS) technique was use for this purpose. GI-XPCS technique is
the most direct and unambiguous way to study the lateral dynamics of polymer thin films prepared

76-78

on solid substrates based on the capillary wave fluctuations™ "*. Photon correlation spectroscopy

using laser light is a well-established tool for probing the dynamic properties of matter by



analyzing the temporal correlations among photons scattered by the matter. During the past decade,
the development of third-generation synchrotron radiation sources has enabled to extend photon
correlation spectroscopy from the optical region into the X-ray domain. The use of the brilliant X-
rays enables us to probe the dynamic properties of systems on molecular length scales and use
optically dense samples that are not accessible to conventional photon correlation spectroscopy.
The technique is based on the generation of a speckle pattern by a scattered coherent light
originating from a material where some spatial inhomogeneities are present. If the state of disorder
of the scattering system changes with time, the speckle pattern will change accordingly which can
thereby be studied with the time dependence of the scattered intensity at a fixed wavevector to
probe the dynamics of materials in thermodynamic equilibrium or out of equilibrium. Despite a
tremendous amount of work on the phase behavior and static structures of BCPs in thin films, the
structural dynamics of BCP in thin films has not been explored yet. The presence of heterogeneous
diffusivities and viscosities within the entire film due to the two interfaces (the air/polymer
interface and substrate/polymer interface) at different locations within the entire film is expected”.
The cylinder microdomain structures which orient in the direction normal to the film (upright
cylinders) prepared by solvent vapor annealing®® was used as a model system. I aim to answer the
following questions regarding the properties of the adsorbed BCP layer: (i) what is the mobility of
the adsorbed chains? (ii) What is the impact of this very thin adsorbed layer on the overall polymer
dynamics of BCP thin films? (iii)) How far does the effect of this irreversibly adsorbed layer

propagate into the film?

Chapter 5 of my dissertation explores the novel antifouling properties of these adsorbed
layers against model protein (bovine serum albumin (BSA)) and bacterium Escherichia coli (E.

Coli). Biofouling or bio-contamination is undesirable in a wide range of applications, such as



81, 82

surgical equipment and protective apparel in hospitals®" *?, medical implants®' ™, biosensors™,

textiles®® ¥, food packaging®™ and food storage®, water purification systems’’, and marine and

industrial equipment’®®'

. Biofouling is the accumulation or attachment of unwanted biological
matter on surfaces, with biofilms created by micro-organisms and macro-organisms. Biofouling is
generally characterized by the thickness, density, structure, composition, bio-adhesive strength and
weight of the attached fouling organisms using a variety of measurement techniques such as
optical, transmission electron (TEM), scanning electron (SEM), atomic force and fluorescence
microscopy along with other spectroscopic techniques. Biofouling involves attachment of proteins
or bacteria on surfaces. Anti-protein fouling is beneficial for in vitro diagnostics, where adsorption
of protein molecules can compromise the sensitivity of diagnostic and in vivo applications, such
as biomedical implants where protein adsorption can lead to undesirable events that can include
thrombus formation or fibrosis and scar tissue formation’*. Moreover, protein adsorption on the
surfaces of biological implants provides a conditioning layer for microbial colonization and
subsequent biofilm formation which provides an associated risk of infection”. Moreover,
biofouling is a common issue with marine vessels where noticeable aquatic growth appears on
ships and underwater structures. This increases ship hull drag, corrosion, fuel consumption and
engine stress’*. The most common approach to reduce protein adsorption on a surface is via a
coating of poly(ethylene glycol) (PEG)’*. Chemically or covalently grafted long chain PEGs (PEG
polymer brushes) with high grafting density on surfaces showed the highest reductions of
adsorption of proteins. However, most of these approaches require extensive chemical
modifications and it is often a tedious process. Moreover, long term stability of such coatings is
relatively poor, leading to the limited use in marine applications due to rapid oxidation of the

95,96

coatings in the presence of oxygen and transition ion metals present in seawater . In cases where



polymeric brushes display sufficient hydrolytic stability in their main chain, problems may arise
at the anchoring point of the brush. This problem is particularly visible for hydrophilic brushes
chemically or covalently end tethered on silicon oxide substrates (silicon, glass, and quartz) and
anchored to the surface by siloxane bonds (Si—0—Si)’" **. In a hydrophilic environment, the
hydrolytic stability of the siloxane bond is compromised because the water is drawn directly to the
interface. In the presence of water, a hydrolysis equilibrium between siloxane and silanol (Si—OH)
groups is established”'”. The equilibrium favors the formation of the siloxane groups, the
activation energy for this process can be drastically lowered at acidic and alkaline pH values'*"
19 Also, the generation of strong osmotic pressure at the glass/silane interface is presumed to
promote the hydrolytic cleavage of siloxane because of the mechanochemical effect of tensile

stress applied to the siloxane bond” "’

. Furthermore, hydrophobic coatings are more prone to
biofouling due to easier displacement of water molecules on hydrophobic surfaces'® ', Thus,
hydrophobic polymers suffer serious fouling problems which limit the practical use of
hydrophobic polymers in biomedical applications due to low wettability and nonspecific
protein/hydrophobic analyte adsorption and cell/bacterial adhesion. Therefore, there is a present
need for the development of novel anti-fouling coatings to resist nonspecific protein adsorption
and cell adhesion irrespective of hydrophobicity. In this chapter, I show the novel anti-biofouling
property of the polymer adsorbed layers. The emergence of the anti-biofouling property is the
structural-based origin, and the preparation of the polymer nanolayers is simple and versatile. In
addition, the adsorbed layers are stable against good solvents. The advanced material system will

be thus used as a simple, robust, and “green” (i.e., saving materials) coating alternative for a wide

range of industrial applications.
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Chapter 2

Flattening process of polymer chains irreversibly adsorbed on a solid

2.1: Abstract: We report the structural relaxation process of polymer chains on a weakly attractive
solid surface. Polystyrene (PS, M,, = 290 kDa) thin films prepared on curved quartz or planar
silicon substrates covered with a very thin silicon oxide layer were used as a model system. Two
different film preparation processes (spin coating and dip coating methods) were used to prepare
different initial chain conformations; and the resultant thin films were annealed under vacuum at
a temperature far above the bulk glass transition temperature up to 300 h. To study the buried
polymer-substrate interface, the established approach, which combines the vitrification of the
polymer and subsequent solvent washing with a good solvent, was used and the resultant residual
layers on the substrates were characterized by using x-ray reflectivity (XR), atomic force
microscopy (AFM), and sum-frequency generation spectroscopy (SFG). The SFG results revealed
that the backbone chains (constituted of CH and CH, groups) of the flattened PS chains
preferentially orient normal to the weakly interactive substrate surface via thermal annealing
regardless of the initial chain conformations, while the orientation of the phenyl rings becomes
randomized. We postulate that increasing the number of surface-segmental contacts (i.e., enthalpic
gain) is the driving force for the flattening process of the polymer chains even onto a weakly

interactive solid to overcome the conformational entropy loss in the total free energy.
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2.2: Introduction:

Thin polymer films on solid substrates are found in a variety of technological fields, such
as in both traditional applications (like protective coatings, lubricants, and decorative paints) and
newly emerging applications (like photovoltaic cells, semiconductor chips, and biosensors). A
spin-coating process is a popular method to prepare smooth and uniform thin polymer films on
planar solids. However, polymer chains in as-cast films are trapped in a highly stressed, non-
equilibrium state due to the fast solvent evaporation process'’” ', A post-thermal annealing
process (at temperatures far above the bulk glass transition temperature (7)) is thereafter required
to remove the residual stress and to facilitate rearrangements of the polymer conformations toward
equilibrium'®. Intriguingly, Thomas and co-workers reported that the recovery of bulk viscosity
for a spin-cast polystyrene (PS) film takes more than 100 h (i.e., 5 orders of magnitude longer than
the bulk reptation time''”). Similarly, Chung and co-workers reported that residual stress in a high
molecular weight PS spin-cast film exists for more than 100 h of thermal annealing at 7>> T, gm.
Different thermal annealing conditions used for bulk thin films would cause different sequences
of non-equilibrium chain conformations, resulting in sample history-dependent properties of thin
polymer films.

There is growing evidence to suggest that thermal annealing also expedites irreversible
adsorption of (unfunctionalized or uncharged) polymer melt chains onto impenetrable planar

- 1.20-36
solids

. Interestingly, Napolitano and Wiibbenhorst showed that extremely long equilibration
or relaxation times of thin polymer films are attributed to a sluggish adsorption process of polymer
chains on solid surfaces”'. Taking advantage of Guiselin’s approach''?, we recently revealed that

adsorbed homopolymer chains consist of two different chain conformations regardless of the

magnitude of attractive solid-segment interactions: early arriving chains lie flat on solids
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(“flattened chains”), while late arriving chains form bridges jointing up nearby empty sites,
resulting in “loosely adsorbed polymer chains” (see, the inset of Fig. 2-1b)*> **. This finding
suggests that the local rearrangement and deformation of the already adsorbed (flattened) chains
evolve with time to promote continued adsorption of additional (late arriving) chain segments''>

"4 This results in a reduction of free volume®’ and thereby an increase in the density of “matured”

25,32 42,114

flattened chains™°“, which is consistent with recent simulation results . It is predicted that the
driving force for irreversible chain adsorption is the total enthalpic gain due to an increase in the
solid-segment contacts that overcomes a loss in the conformational entropy of the adsorbed

polymer chain''> '

. However, a critical, but unanswered question is whether polymer chains still
favor an increase in contact of the number of segments with a very weakly interactive surface. If
that is the case, what are the equilibrium pathways, equilibrium chain conformation, and the time
scale of the process at the polymer/solid interface? These questions are still in debate due to the
lack of experimental techniques capable of providing the necessary structural information at the
buried interface.

To overcome the experimental difficulty and further address these questions, amorphous
PS melt chains on a weakly attractive quartz (prism) surface were chosen as a rational model
system. The technique used was sum-frequency generation spectroscopy (SFG), which takes
advantage of the fact that generation of an SFG photon is forbidden in the centrosymmetric bulk,

#1720 11 addition, two different

but is nonzero at interfaces where inversion symmetry is broken
film preparation processes, i.¢., spin-coating (quick solvent evaporation) and dip-coating processes
(slow solvent evaporation), were used to create different initial chain conformations, as previously

reported”. The SFG results reveal that the backbone chains relax in conjunction with

randomization of the side chains (phenyl groups) via the equilibration process irrespective of the
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original chain conformations, thereby allowing for an increase of the number of solid-(backbone)
segment contacts. This is a unique aspect of thermodynamics at the polymer-solid interface even
when the interaction between the polymer and solid is weak.

2.3: Materials and experimental techniques:

PS with an average molecular mass of My=290,000 g/mol (M,/M,=1.06, Pressure
Chemical Co.) was used. The polymer was dissolved in toluene (ACS, 99.5% from Alfa Aesar).
Quartz prisms for SFG experiments were cleaned using a hot piranha solution (i.e., a mixture of
H,S04 and H,O; [Caution! A piranha solution is highly corrosive upon contact with skin or eyes
and is an explosion hazard when mixed with organic chemicals/materials, extreme care should be
taken when handing it.]) for 30 min, and subsequently rinsed with deionized water thoroughly.
Simultaneously, we independently used planar silicon (Si) substrates, which were homogenously
covered with a native silicon oxide (SiOx) layer, to mimic the PS-quartz interaction'*' and
characterized the structures of the flattened chains on the “SiOx/Si” substrate by X-ray reflectivity
(XR) and atomic force microscopy (AFM). We confirmed that the cleaned quartz prism and the
Si0x/Si substrate showed very similar contact angle results (Supporting Information), proving that
the substrates have no significant effects on the resultant adsorbed layers prepared on the different
solids. For XR and AFM experiments (Supporting Information), Si (100) wafers (purchased from
University Wafers Inc.) were cleaned using a hot piranha solution for 30 min and subsequently
rinsed with deionized water thoroughly. The cleaned Si wafers were thereafter treated by a
UV/ozone cleaner (UVOCS Inc.) for 30 min. XR results clarified that the resultant surface of the
Si0Ox/Si was covered with a homogenous 2.3 nm thick oxide layer with a surface roughness of less
than 0.5 nm (Supporting Information). PS thin films were also prepared by dipping the cleaned

quartz prism or SiOx/Si substrates into a bath of the PS/toluene solution and allowing them to
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remain in the solution for 30 minutes, then extracting the prisms/Si substrates and drying the
polymer films under ambient conditions. The resultant film thickness was approximately 200 nm,
measured by an ellipsometer. In parallel, approximately 200 nm-thick spin coated PS films were
prepared from PS/toluene solution onto the cleaned quartz prisms or SiOx/Si substrates. In order
to extract the flattened layers from both the spin-coating and dip-coating films, we used the
established protocol: the PS thin films were annealed at 150 °C for a long period of time (up to
300 h) in an oil-free vacuum oven (below 10~ Torr) and then solvent-leached with chloroform at
room temperature repeatedly until the thickness of the residual layer remained unchanged®. On
the other hand, the “interfacial sublayers” (composed of the loosely adsorbed chains and flattened
chains shown in the inset of Fig. 2-1(b)) were prepared by the same solvent-leaching process but
with fresh toluene (a worse solvent than chloroform for PS) at room temperature until no obvious
change in thickness was observed (at least a total of 5 times of 30 min leaching)'®. Such a selective
extraction of the two different adsorbed chains is possible due to the large differences in the
desorption energy between the outer loosely adsorbed chains and the flattened chains, which is

122 All the resultant flattened

proportional to the number of polymer segment-surface contacts
layers and interfacial sublayers were post-annealed at 150 °C under vacuum for 6 h to drive away
any excess solvent molecules trapped in them. For the SFG experiments, a PS flattened layer on
the quartz prism was pressed together with another PS flattened layer prepared independently on
a quartz window to suppress any signals from the polymer/air interface. We confirmed that such a
sandwich configuration does not affect the chain conformations at the polymer melt-solid interface
(Supporting Information). The details of the SFG set-up have been described elsewhere®. In

summary, visible (wavelength of 532 nm) and tunable infrared (IR) beams were introduced into

the quartz prism with incident angles of 70° and 50°, respectively. The measurements with ssp
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(SFG/s; visible/s; and IR/p) and ppp polarization combinations allow us to detect functional groups
oriented only along the normal direction to the interface and along all directions, respectively®.

2.4: Results and discussion:

Fig. 2-1 shows the time dependence of the growth of the flattened layers extracted from

the spin-coated and dip-coated PS films
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prepared on SiOx/Si. The film thicknesses 4= O Spin coating |-
’g t O Dip coating
were measured by XR  (Supporting Y L cross i
% i
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Fig. 2-1 Time evolution of the (a) PS flattened
layers and (b) the interfacial sublayer composed
films (1.8 + 0.2 nm) is slightly larger than of the loosely adsorbed chains and flattened

chains derived from the dip-coated and spin-
that derived from the dip-coated thin films  coated PS thin films prepared on SiOx/Si. The
inset shows the schematic view of the two
different chain conformations.

flattened layer derived from the spin-coated

(1.4 + 0.2 nm)'®. Similar to a previous
report’”, fuess corresponds to the time at
which the substrate is fully covered with the flattened chains and the loosely adsorbed chains,

while the loosely adsorbed chains further grow at 7 > feoss via a “reeling-in” process'>* of the
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partially adsorbed (late arriving) chains. As shown in Fig. 2-1(b), we found that the saturation or

“quasiequilibrium” adsorption time ()" for the interfacial sublayer was 140 h for both the dip-

coated and spin-coated films. The final thicknesses of the interfacial sublayers are ~7 nm

irrespective of the film preparation processes. It is also interesting to point out that this saturation

or “quasiequilibrium” adsorption time is in good agreement with the time (168 h) which takes for

the residual stress of a PS (M, = 654 kDa) spin cast film to completely disappear via thermal

annealing at a temperature of 155 °C''!. The surface morphologies of the flattened layers and

interfacial sublayers are summarized in Supporting Information.

Fig. 2-2 shows the SFG spectra from the matured flattened layer extracted from the spin-

coated and dip-coated films annealed at 150 °C
for 144 h. The multiple peaks located in between
2800-3000 cm’ were assigned to the
contributions from the PS backbone chains'*.
The peaks at 2850 and 2906 cm™ were assigned
to the symmetric C-H stretching vibration of
methylene (CH, s) groups™ and the C-H
stretching vibration of methyne (CH) groups,
respectively, both of which are included in the

127 Furthermore,

backbone and the chain ends
the two peaks (indicated with asterisks) at 2876
and 2960 cm™', were assigned to the symmetric

and antisymmetric methyl groups, respectively.

Although PS does not possess methyl groups,
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films annealed at 150 °C for 144h. The
assignments of the multiple peaks are described
in the main text. The counterpart SFG spectrum
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is shown in Supporting Information.



they would be present in an initiator fragment, or a chain end portion, as previously indicated by
Tanaka and co-workers who used SFG in conjunction with deuterated PS synthesized with two
different initiators i.e., sec-butyllithium and potassium naphthalenide™'*’. Hence, the present
results reveal evidence of the segregation of the chain ends at the substrate surface, which is
consistent with previous experimental'*® and simulation results'>*"'**. The peak around 3060 cm™
is attributed to the contribution from the v, vibrational mode of phenyl rings'*’. As shown in
Supporting Information, the SFG spectrum from the flattened layer is in good agreement with that
of the PS annealed film before extraction of the flattened layer. Moreover, we confirmed that the
SFG spectrum from the interfacial sublayer composed of the loosely adsorbed chains and flattened
chains is identical to the flattened layer (Supporting Information). Hence, these results clarify that
the majority of the SFG signal from the PS thin film results from the flattened chains rather than
surface reorganization in glassy polymers which is associated with a surface activated -relaxation
occurring over length scales of a few nanometers'>”.

On the other hand, the SFG spectrum using ssp polarization from the matured flattened
layer derived from the spin-coated film annealed at 150 °C for 144 h is quite different from that
previously reported for a spin-coated PS (M,=56.5kDa) film (~ 100 nm in thickness) on the same
quartz prism annealed at 150 °C for 3h* (Supporting Information): the v, vibrational mode is
clearly seen, suggesting that the phenyl groups of PS are strongly directed toward the quartz

121, 135
substrate

, while the contributions from the PS backbone chain are insignificant. This
preferential interfacial orientation of the phenyl ring is attributed to the polar nature of the silanol
groups on the substrate as well as the hydrogen bonding between the © electron cloud of the phenyl

ring and a surface hydroxyl (OH) group of the quartz surface'*'. Tanaka and co-workers® also

reported that, when annealing time is not sufficiently long, the preferential orientation of the
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phenyl rings is more significant at the substrate interface of the spin-coated PS film than the
solvent-cast PS film (the left part of Fig. 2-3). It is due to the formation of an elongated chain
conformation along the lateral direction of a substrate surface due to the shearing force during the
spin coating process, as experimentally shown by Kraus and co-workers'*®. Intriguingly, as shown
in Figure 2-2, the contributions from the v, vibrational mode of the phenyl group in the matured
flattened layer become very weak regardless of the film preparation processes. Hence, the first
conclusion from the present SFG results reveals that the initial preferential orientation of the
phenyl rings is randomized during the prolonged thermal annealing process at T' >> T,, as
illustrated in Fig. 2-3.

Fig. 2-2 also reveals that the multiple peaks in between 2800-3000 cm™', which were
assigned to the contributions from the PS backbone chains, were dominant at the substrate
interfaces of both the spin-coated films and the dip-coated films in the quasiequilibrium state. This
is in contrast to the SFG result from the PS thin film annealed for a much shorter time* (Supporting
Information). Hence, our results hence indicate that the backbone chains in PS relax in association

with the randomization of the phenyl side

As spun Quasiequilibrium
groups and thereafter attach even with the PS chains PS chains
Thermal
) ) ) ) W ' annealing
weakly interactive solid surface (the right P ™ ‘ *
. " 7 V. \
| /'\4 N

illustration of Fig. 2-3) irrespective to the film , 1 ,
quartz quartz
preparation processes. We postulate that this
Fig. 2-3 Proposed chain conformational changes
increase in the number of solid/ (backbone)  on the substrate during the equilibration process.
segment contacts is the driving force for the flattening process to overcome the conformational

entropy loss in the total free energy®™ '’ and results in the improvement of the segmental packing

of the flattened chains. The local conformations of the flattened chains revealed in this study may
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be consistent with simulation results which describe the tendency of local 2D nematic ordering of
“train” parts of adsorbed chains derived from stiff polymers* ''*,

Tanaka and co-workers™* also reported that the preferred interfacial orientations of the phenyl ring
or backbone chains from the spin coating process disappeared after solvent vapor annealing which
facilitates relaxation of non-equilibrium polymer chain conformations even near the substrate''”
37 As mentioned earlier, we also used a solvent to extract the flattened layers intensively so that
an analogous plasticization effect of the solvent to remove the sample history should take place.
Therefore, it is reasonable to suppose that the polymer chains are strongly bound to the solid
surface and thereby the solvent effect on the chain relaxation is not critical. Rather, the structural
relaxation and re-organization process of the bound polymer chains is inherent in the equilibrium
pathway at the polymer melt-solid interface.

In summary, we have investigated the chain relaxation process toward the equilibrium state
of PS chains adsorbed onto weakly attractive solids using SFG. Two different kinds of film
preparation processes (i.e., dip coating and spin-coating) were used to illuminate the effect of the
initial chain conformations. The SFG results reveal that the phenyl side groups, which were
initially aligned at the quartz substrate'*" *>, become randomized via the equilibration process
regardless of the film preparation processes. Furthermore, the randomization of the phenyl side
groups expedites the relaxation of the backbone chains, allowing for an increase of the number of
solid/(backbone) polymer segment contacts and thereby overcoming the conformational entropy

loss of the bound polymer chains in the total free energy™ ''> ',
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2.5: Supporting information:

Experimental Section:

Ellipsometry: The thicknesses of the PS spin coating and dip coating films were measured using
an AutoEL-II ellipsometer (Rudolph Research) at room temperature. The wavelength of the laser
used in the measurements was 633 nm and a literature value of 1.589 as a refractive index for PS'**
was used for the experiments.

X-ray Reflectivity (XR): XR experiments were performed under ambient conditions at the X10B
and X20A beamlines of the National Synchrotron Light Source, Brookhaven National Laboratory
and the G2 beamline of Cornell High Energy Synchrotron Source (CHESS). The specular
reflectivity was measured as a function of the scattering vector (g) in the direction perpendicular
to the surface, g, = 4nsinf/A, where 6 is the incident angle and 4 is the x-ray wavelength (4 = 0.087
nm at X10B, 2 =0.118 nm at X20A, and 4 = 0.110 nm at G2, which are equivalent to the X-ray
energies of 14.2 keV, 10.5 keV, and 11.25keV, respectively). The XR data was fit using a standard
multilayer fitting routine for a dispersion value (§ in the X-ray refractive index) in conjunction
with a Fourier transformation (FT) method, a powerful tool to obtain detailed structures for low
X-ray contrast polymer multilayers'*’.

Atomic Force Microscopy (AFM) measurements: Surface morphologies of the interfacial
sublayers and flattened layers were studied using atomic force microscopy (AFM) (Veeco
Multimode V) at Center for Functional Nanomaterials (CFN) at BNL. Standard tapping mode
experiments were conducted in air using cantilevers with spring constants of about 40 N/m (for a

tapping mode). The scan rate was 0.5 to 1.0 Hz with a scanning density of 512 lines per frame.
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Fig. 2-S1: SFG spectra from the ssp and ppp polarization combinations for
the flattened layer derived from the dip-coating film annealed at 150 °C
for 144h. The assignments of the respective peaks are described in the main

text.
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Fig. 2-S2: SFG spectra for the PS spin-cast film annealed for 3 h
(blue) and 144 h (red) at 150 °C with the ssp polarization
combination. The SFG data for 3 h annealing is from Ref. 28. The
assignments of the respective peaks are described in the main text.
Note that the peak around 3020

cm’! is attributed to the contribution from the vyop Vibrational mode
9,11

of phenyl rings™ .
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Fig. 2-S3: SFG spectra from the ssp polarization combination for the
interfacial sublayers derived from the spin-coating and dip-coating films
annealed at 150 °C for 144h. The assignments of the respective peaks are
described in the main text.
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Fig. 2-S4: Comparison of the SFG spectra from the ssp
polarization combinations for the sandwiched (blue)
(bilayers) and (b) uncapped (single) (red) flattened layer
derived from the spin-coating film annealed at 150 °C for
144h. The assignments of the respective peaks are described
in the main text.
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Fig. 2-S5: XR curve of the cleaned SiO,/Si substrate. The black solid line
corresponds to the best-fit to the data based on the dispersion () profile against
the distance (z) from the interface between silicon substrate and native oxide
layer (SiO«/Si interface) as shown in the inset. The dotted line in the inset
corresponds to the SiO,/Si interface.
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Fig. 2-S6: XR curves of the quasiequilibrium flattened layers. The solid lines correspond
to the best-fit to the data based on the dispersion (d) profiles against the distance (z) from
the SiOx surface shown in the (b): red line, the flattened layer derived from the spin-
coated film with the X-ray energy (£) of 10.5 keV; blue line, the flattened layer derived
from the dip-coated film with E=11.25 keV. The & values of the bulk PS are 1.85x10°
for E=11.25 keV and 2.12x10°® for E= 10.5 keV. The curves are shifted vertically for
clarity.
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Fig. 2-S7: Representative time dependence of the XR curves of the flattened layers
derived from (a) the dip-coating films with £ =14.2 keV (red) and £ =11.25 keV (blue)
and (b) spin-coating films with £=14.2 keV (red) and E=10.5 keV (blue) and the
interfacial sublayers from (c) the dip-coating films with £=10.5keV (red) and £ =11.25
keV (blue) (d) the spin-coating films with £=14.2 keV. The numbers displayed in the
figures correspond to the annealing time. The solid lines correspond to the best-fits to
the data based on the dispersion (J) profiles against the distance (z) from the SiOx surface
shown in the inset. The & values of the bulk PS are 2.12x10° for E= 10.5 keV, 1.85x10°
% for E=11.25 keV, and 1.14x10° for E= 14.2 keV. It should be noted that there are two
different PS layers with different densities for the interfacial sublayer. The choice of the
two-layer model was determined by the corresponding Fourier transformation profile of
the XR profile. The details of the XR analysis for the PS interfacial sublayers in
conjunction with the FT method have been described elsewhere *°. The curves are
shifted vertically for clarity.
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Fig. 2-S8 AFM height images of the PS flattened layer surface derived
from (a) the dip coating film and (b) the spin-coating film and the
interfacial sublayers derived from (c) the dip coating film and (d) the
spin-coating film after annealing at 150°C for 144 h. The scan sizes and
height scales are 1 um x 1 pm and 0 - 6 nm for all the images,
respectively. The insets of the images (b) and (d) correspond to the height
profiles along the white lines in (b) and (d). The dotted line corresponds
to the SiOy surface.

Surface coverage of the flattened layers. In order to estimate the surface coverage (¢,) of the
) ) a) b)
flattened layers, a bearing area analysis was

utilized using the NanoScope Analysis software

(version 1.40, Bruker) that we have established

. 2 . .
previously’”. A bearing area gives a percentage

Fig.2-S9: Bearing area analysis results of the
AFM images shown in Fig 2-S8 (a) (left) and
analysis, the AFM height images were used and ~ Fig. 2-S8 (b) (right). The areas occupied by

the polymer (bearing areas) are colored in
we set the critical threshold to 0 nm at the piye.

of the surface above a critical threshold. For this
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polymer/SiO; interface. We independently preformed a scratch test to find the interface. Fig. 2-S9
shows the representative bearing analysis results using the AFM images shown in Fig. 2-S8 (a) of
the Supporting Information. An average ¢, value of 48 % (+ 5 %) was estimated for the flattened
layer derived from the dip-coating film based on several AFM images at different spots of the film.
The @, value for the flattened layer derived from the spin-coating film was estimated to be 70 +
5%.
The observed dispersion value of the flattened layer (dobs) is given by:
8ops = OpsXp + Oair X(1 — ¢pp) (S1)

where Jy,s and J,;r 1s the dispersion value of the PS flattened layer and air, respectively. Eq. (S1)
with the given d,ir (Which can be approximated to zero since the value is much smaller than Js),
Jp, and Jops values gives us dyps = 23107 for the flattened layer derived from the dip-coating film
and Ops = 2.4x10° for the flattened layer derived from the spin-coating film, respectively. This
higher J,s value of the flattened layer (by about 10%) derived from the spin-coating film is
consistent with the previous experimental®” > ** and simulational findings''* '*, while the Ops
value of the flattened layer derived from the dip-coating film is nearly the same as the bulk J. At
this point, it is not yet conclusive whether the high-density flattened layer is also formed at the
polymer-solid interface of the dip-coating film. However, we should emphasize the fact that the
lateral correlation length of the textures seen in the flattened layer is less than the coherent length
of X-ray beams at the sample position (~ 1 pm in the present case). Therefore, X-rays are sensitive
to the textures and would interfere with them, possibly causing a drastic change in the “amplitude”
of Kiessig oscillation fringes. This would make the accuracy of the data fitting (for the density and
roughness of the flattened layer) somewhat ambiguous, while the thickness can be independently

and still accurately determined from the “period” of the oscillation fringes. Hence, it may be
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difficult to obtain an accurate ¢ value for the flattened layers with low surface coverage. Further
experiments need to be done to clarify the issue.

SFG signal from methyl groups. According to a previous report by Miiller-Buschbaum and co-
workersm, it was demonstrated that residual toluene molecules are bound at the substrate interface
of PS spin-cast films even after thermal annealing, which may give signals from methyl groups.
To rule out this possibility, we independently prepared spin-coating and dip-coating PS
(M,=290,000 g/mol) films using deuterated toluene as a solvent. The films were then annealed at
150 °C for 96 h, which was a much longer annealing time compared to that (8h at 120 °C and 160
°C) used in the literature'*' to evaporate the solvent completely. The SFG experiments clearly
detected the signals at 2960 cm™, which is attributed to the C-H anti-stretching vibration of methyl
groups. Thus, it is reasonable to conclude that the SFG peaks (indicated with asterisks in Fig. 2-2)
are not from any residual solvent molecules. In addition, as reported previously'*’, we
characterized a film of deuterated PS (dPS) synthesized by sodium naphthalenide as a bifunctional
polymerization initiator so that there were no methyl groups in the polymer chains. The SFG results
illuminated no signals from methyl groups in the dPS thin film. Hence, it is reasonable to conclude
that the observation of the signal from methyl groups indicates that a fragment of the initiator, Sec-
BulLi, is segregated at the interface.

Liquid contact angle measurements for SiOx/Si and quartz surfaces. Static contact angle
measurements with two liquids (water and glycerol) were carried out using a CAM 200 optical
contact angle meter (KSV instruments, Ltd.) equipped with a video camera. A static contact angle
(0) of a film surface was determined based on the three-phase contact line with a 2 pL liquid
droplet. All the results were obtained by averaging data from at least 5 individual samples and 10

readings per sample at different locations. It was found that the static contact angle of the Si0x/Si
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is = (18 £ 1)° for glycerol, which is in good agreement with that of that the quartz substrate (6 =
(20 = 1)°) for glycerol, which is also in good agreement with a previous result (4 = 26 ° for
glycerol)'**. Since, the cleaned quartz prism and the SiOx/Si substrate showed very similar contact
angle results, the different substrates used in the above experiments have no significant effect on

the resultant adsorbed layers prepared on the different solids.
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Chapter 3

Two-dimensional flattened structures of block copolymers on solid surfaces

3.1: Abstract: Block copolymers (BCP) thin films offer a simple and effective route to fabricate
highly ordered periodic microdomain structures. However, it is known that preferential
interactions between the blocks and the substrate and air cause the microdomains to orient parallel
to the interfaces, resulting in a multilayered structure. We here report that one block coexist side-
by-side with the other block on solid substrates with highly specific interactions, resulting in a
novel two-dimensional (2d) flattened structure at the nanometer scale. Cylinder-forming
polystyrene-block-poly(4-vinylpyridine) diblock copolymer and lamellar-forming poly (styrene-
block-butadiene-block-styrene) triblock copolymer polystyrene-block-poly(4-vinylpyridine) were
used as models. In order to reveal the buried interfacial flattened structures, the following
experimental protocols were utilized: the BCP monolayer films were annealed under vacuum at 7
> T, of the blocks (to equilibrate the melts); vitrification of the annealed BCP films via rapid
quench to room temperature; subsequent intensive solvent leaching (to remove unadsorbed chains)
with chloroform, a non-selective good solvent for the blocks. A suite of surface-sensitive
techniques demonstrate that both blocks lie flat on the substrate, forming the 2d randomly phase-

separated structure irrespective of their microdomain structures and interfacial energetics.
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3.2: Introduction:

Smart material interfaces in a variety of applications, such as those used for
photolithography, removable inks, healable surfaces, and contact adhesives, demand control over
complex interfacial processes, often involving adsorbed polymers '*. Like any thermodynamic
process, polymer adsorption on a surface is governed by entropic and enthalpic contributions to
the free energy. In case of supported BCP thin films, interfacial energetics at the polymer-air and
polymer-substrate interfaces play a crucial role in controlling the orientation and ordering of
microdomain structures’® >’ In general, preferential interactions between one of blocks and the
substrate or free surface will induce enrichment of the block with the lowest surface energy at the
respective surface, resulting in parallel alignment of microstructure orientation'**'*’. However,
the situation is complicated when thickness of a BCP film is less than the equilibrium interdomain
spacing (Lq); the surface-parallel lamellar or cylinder orientation would incur an entropic penalty;
microdomains oriented perpendicular to the film surface plane are formed instead '**'°'. In this
study, polystyrene (PS)-based cylinder-forming or lamellar-forming block copolymers prepared
on silicon (Si) substrates were used as models. We found that both the non-PS blocks, which have
stronger affinity to the solid substrate than the PS block, and the PS block adsorb on the substrate
surface simultaneously and coexist side-by-side on the solid, resulting in a few nanometers thick
flattened layer with randomly phase-separated structure having the characteristic length of about
10 nm. Thus, the driving force for the development of such chain conformations is the total
enthalpic gain due to an increase in solid-segment contacts that overcomes a loss in the

conformational entropy of the adsorbed polymer chain''> % 122,
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3.3: Materials and experimental techniques:

Two different polystyrene (PS)-based block copolymers with varying PS contents were
prepared on Si substrates as model systems: poly (styrene-block-4-vinylpyridine) (PS-b-P4VP,
My=41,000 g/mol, M,/M,=1.1, Polymer Source Co.) and poly (styrene-block-butadiene-block-
styrene) (SBS, M= 85,000 g/mol, M,/M;=1.4, Asahi-Kasei Chemical Corp.). The volume
fractions of the PS component are 0.81 for PS-h-P4VP and 0.64 for SBS, respectively. We
confirmed that bulk PS-b-P4VP displays hexagonally packed cylindrical microdomain structures,
while SBS displays lamellar microdomain structures based on small angle X-ray scattering
(SAXS) results (Supporting Information). The interdomain spacing (L4) at room temperature was
determined to be 36 nm for PS-h-P4VP and 29 nm for SBS, respectively. Si substrates (purchased
from University Wafer Inc.) were pre-cleaned using a hot piranha solution (i.e., a mixture of H,SO4
and H,Oa, caution: a piranha solution is highly corrosive upon contact with skin or eyes and is an
explosion hazard when mixed with organic chemicals/materials; Extreme care should be taken
when handing it) for 30 min, and were subsequently rinsed with deionized water thoroughly. We
previously confirmed that the native oxide (SiOy) layer after cleaning had a thickness of dsiox =
2.4 nm'> (hereafter assigned as “non-treated Si”). The piranha solution-cleaned Si wafers were
further immersed in an aqueous solution of hydrogen fluoride (HF) for 20s to remove the SiOy
layer (hereafter assigned as “HF-etched Si”). However, we confirmed that a thin SiOy layer of 1.3
nm in thickness was reproduced even immediately after HF etching due to atmospheric oxygen
and moisture®’. A series of SBS monolayers with film thicknesses (%) of & = Ly were spun cast
from toluene solutions onto the HF-etched Si substrates, while PS-b-P4VP thin films with 2 = Lq4
were spin coated from chloroform solutions onto the non-treated Si substrates because of the strong

affinity of P4VP to the SiOy layer. The thicknesses of the spin-cast thin films were determined by
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an ellipsometer (Rudolf Auto EL-II) with the fixed refractive indices of 1.53 and 1.59°° for SBS
and PS-b-P4VP, respectively. According to previous results® '>* > PB and P4VP have a greater
affinity to SiO, than PS. On the other hand, Knoll and co-workers'*® showed that PB (ypp=31
mN/m) has a lower surface energy than PS (yps=41 mN/m) at the polymer-air interface, while
P4VP has a higher surface energy at the polymer-air interface than PS'>’. Hence, it is reasonable
to suppose that SBS exhibits a symmetric wetting condition, while PS-b-P4VP presents an

asymmetric wetting condition.

In order to uncover the interfacial structure, we used the established Guiselin’s protocol *.
In this method, a melt was equilibrated against a solid surface; unadsorbed chains can be then
removed by a good solvent, while the adsorbed chains are assumed to maintain the same
conformation due to the irreversible freezing experienced through multiple solid-segment contacts.
Several research groups have already demonstrated that Guiselin approach is practical for
revealing the buried interfacial structures for various homopolymers'> ' 20 2% 41, 43, 159167
Following the protocol, the spin-cast BCP thin films were annealed at 150 °C for SBS and at
190 °C for PS-b-P4VP, both of which are above the individual homopolymer bulk glass transition
temperatures, for prolonged periods of time (up to 300 h) in a vacuum oven at 10~ Torr. Based on
previous knowledge about the flattened layer formation of the constituting homopolymers*', we
leached the annealed BCP films with chloroform (CHCls), a good solvent for the individual blocks,
at room temperature until the thickness of the residual layer remained unchanged (at least 10 times
of 30 min-leaching). Note that the experiments were carried out in continually replenished solvent

143

to facilitate desorption kinetics . The resultant flattened layers were dried at high temperatures

(150 °C for SBS and 190 °C for PS-b-P4VP) for 24h under vacuum to remove any excess solvent

before further experiments.
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3.4: Results and discussion:

We start with the structural characterization of the

SBS flattened layer. Fig. 3-1 shows the XR profile of the -

SBS flattened layer with the annealing time () of 100 h. g‘

We utilized a three-layer model (a Si substrate, a SiOx g

layer, and a SBS layer) to fit the experimental XR data. ED 60 sps -
O PS-b-PAVP

The details of the measurement and the fitting procedure
1 2 3 4 5 6

are described in Supporting Information. A least-square (™)
q, (nm

fit (the black solid line) to the XR profile was performed ~ Fig. 3-1: XR profiles of the SBS and
PS-b-P4VP flattened layers. The

using the dispersion (3) profile shown in the inset of Fig.  solid lines represent the best fits to
the data based on the dispersion

3-1. The thickness of the quasi-equilibrium SBS flattened brofiles shown in the inset.

layer obtained from the fit is 1.5 + 0.2 nm. Note that since the lateral correlation length of the
textures in the flattened layer is ~ 10 nm (as will be discussed later), X-rays are sensitive to the
texture structure and would interfere with them, possibly causing a drastic change in the
“amplitude” of Kiessig oscillation fringes. This would make the accuracy of the data fitting (for
the density and roughness of the flattened layer) somewhat ambiguous, while the thickness can be
independently and still accurately determined from the “period” of the oscillation fringes. Hence,
it is inconclusive whether a high-density flattened layer is formed at the polymer-solid interface.
It is also important to mention that the quasi-equilibrium SBS flattened layer thickness was nearly

equivalent to those of the PS or PB homopolymer flattened layers previously reported*'.

Fig. 3-2 shows the time dependence of the film thicknesses of the flattened layers derived
from the annealed spin-cast films. From the figure, we can see that the growth of the flattened

layer reaches a plateau region after the cross over time (Zeross) ~. The Zeross values of 2 h for SBS is
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nearly identical to those of the respective homopolymer 6 T T T
O PS-b-P4VP

flattened layers, which correspond to the time when the T fooss O 000 T

= v

E 41 .00
substrate surface is fully covered*'. The AFM images = 00 DL

S 3 o) _
further verified that the Si substrate was E’ 5 5 0

= L -
homogeneously covered with the SBS polymer after t > - 5 ?®§ @ . Q@Q_

. . é § tCI'OSS
feross (Fig. 3-2(a)), but the detailed morphology of the 0 : : :
0.1 1 10 100

individual blocks on the substrate was not clearly Annealing time(hrs)

Fig. 3-2. Time evolution of the
flattened layers derived from the PS-
the PB blocks with OsOj selectively and a SEM 0-P4VP and SBS thin films. The

crossover times (teoss) for the PS-b-
measurement was conducted. As shown in Fig. 3-3(b), P4VP and SBS flattened layers are

estimated to be 6h and 2h,
the SEM image evidenced that the PB-rich regions respectively.

observed. To further visualize the structure, we stained

(which appear bright in the image®®) were dispersed in the matrix (which appear dark in the image).

To further characterize the microscopic structure of the flattened layer, we utilized
GISAXS. Fig. 3-3(d) shows the GISAXS profile of the SBS flattened layer with #,, =100 h. The
details of the measurements are described in the Supporting Information. The 2d intensity profile
was converted into the 1d profile along the gy,-direction at around ¢, = 0.1 nm™'. From the figure,
we can see a power law decay of the scattering intensity, i.e., I(qxy) & qxy(¢xy is the in-plane
scattering vector) at gy > 0.22 nm™' and a deviation from the power law at the lower gxy region. In

conjunction with the SEM image, it may be reasonable to suppose that this power law scattering
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arises from a randomly distributed two-dimensional
(2d) two-phase system '°*. The Debye-Bueche (DB)
model can be used to describe the scattering profile
from such a random structure where the correlation
is characterized by an inhomogeneity length (¢&)'%’.

The DB equation for a 2d random structure is given

168
as follows ~":

— cg?
1) = gzgmes (D 0
5
<
where C is a constant. The best-fit using eq. (1) to E
&
the GISAXS profile gave us ¢ = 10.2 £ 0.3 nm. é

Hence, the size is reasonably comparable to that of

2x10—I

-1

the individual PB rich region in the SEM image

Fig. 3-3. (a) AFM phase image (1 um x 1
um size). SEM images of (b) the SBS
where are the PS chains are located within the 1.5  flattened layer (0.25 pm x 0.25 um) and
(c) PS-b-P4VP flattened layer. The yellow

nm thick confinement space. circle in (b) corresponds to 10 nm in size.
(d) GISAXS profiles from the SBS (red)

To answer the question, we investigated the  and PS-b-P4VP (green) flattened layers.

The arrows indicate the cut-off positions
local chain conformations of the SBS flattened \yhere we can see a deviation from the

(see, Fig. 3-3(b)). The critical question is therefore

. . ) power law.
chains using sum frequency  generation

spectroscopy (SFG). This technique takes advantage of the fact that generation of an SFG photon
is forbidden in the centrosymmetric bulk, but is nonzero at interfaces where inversion symmetry

120, 170

is broken . The details of the SFG experiments are described in the Supporting Information.

Since our previous results showed that the majority of SFG signals under ssp (SFG/s; visible/s;

36



and IR/p) and ppp (SFG/p; visible/p; and IR/p) polarization combinations for a PS thin film is
attributed to the flattened chains'*?, we measured the SFG signal from an annealed 29 nm-thick (%
= L4) SBS thin film prepared on a quartz prism without extracting the SBS flattened layer. We
confirmed that (i) the resultant morphology and the film thickness of the SBS flattened layer on
the non-HF Si substrates are similar to those on the HF-Si substrates and (ii) the contact angles of
a quartz substrate and non-HF Si substrate are nearly identical'>>. Hence, the effect of the quartz

substrate on the chain conformations can be ruled out.

Fig. 3-4 shows the SFG spectrum with the ssp polarization combination from the SBS film
annealed at 150 °C for 96 h. From the figure we can see four peaks at 2836, 2906, 3030, and 3060
cm’', which are attributed to the contributions from the symmetric C-H stretching vibrations of
methylene (CHas) groups, the C-H stretching vibration mode of methyne (CH) groups™®, the vap
vibrational mode and v, vibrational mode of phenyl rings, respectively' . These peaks indicate
the main chains and the phenyl groups of PS are directed toward the substrate surface, as reported

170, 171

previously . The phenyl rings are nearly parallel to the substrate but slight directed towards

the substrate surface. This is consistent with a previous simulation result'’' and experimental

170 X
result . The @) 200x10 o s B )
. . . 150 —~ 80
interfacial ordering 3 =
< =
o Z 100 %-‘ 60
(tilting)  of  the g g
= = 40
@) = D)
. e 504 73] (
backbone chains 2 200
seems to arise from 2800 2850 2900 2950 3000 3050 2800 2850 2900 2950 3000 3050
Wavenumber (cm’) Wavenumber (cm'l)

the bulk t f
© Dulky nawre o Fig. 3-4. SFG spectra for the SBS thin film using the (a) ssp

the phenyl rings'”". and (b) ppp polarizarion combinations.
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It should be noted that the peak at 2906 cm™ may also be attributed to the contribution from the
asymmetric C-H stretching vibrations of methylene (CH»as) mode of a PB chain. However, as
shown in Fig. 3-4(b), the CH,s and CH=CH vibration modes of a PB chain in the SFG spectrum
with the ppp (SFG/p; visible/p; and IR/p) polarization combination are observed at around 2980

and 3000 cm™', respectively, while both modes are not visible in the SFG spectrum with the ssp

polarization combination. Given the fact that SFG fa0 N, Al e /
| T g 1
measurements with the ssp and ppp polarization e/

combinations are sensitive to chain orientations g, g 3-5. Proposed SBS chain
along the direction normal to the film surface and conformation on the substrate

all directions, respectively®, we may conclude that the adsorbed PB chains have the tendency to
lie parallel to the planar substrate surface due to the adhesive interaction with the substrate. Fig. 3-
5 shows the proposed chain orientations of the SBS chains at the substrate interface. As mentioned
above, due to the bulky nature of the side chains, the PS backbone chains tend to have the tilt
configuration in the direction normal to the substrate. Hence, the data implies that the formation
of a surface directed wetting layer reported previously® '>* "> does not take place. Furthermore,
it is reasonable to suppose that a few nm confined space does not induce a disordered state of BCP
previously reported'**. Note that this flattened layer bears similarity to a reported uniformly thick
“foot” (~ 1.5 nm in thickness) of various PS-based block copolymer thin films prepared from
microdroplets'”®, which was hypothesized to be a “precursor” film developed ahead of a
macroscopic edge of a spreading homopolymer droplets on a smooth SiOx/Si substrate'”*. To see
the generality of the buried adsorbed structure, we also characterized on the PS-b-P4VP flattened

layer. The AFM image (Supporting information) further verified that the Si substrate was

homogeneously covered with PS-b-P4VP after ty, > feross =6h (Fig. 3-2). The XR result for the
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flattened layer at tan > feross gave us the thickness of 3.5 = 0.2 nm (Fig. 3-1). The & value of the PS-
b-P4VP flattened layer (shown in the inset of Fig 3-1) obtained from the best fit is similar to the
bulk value. The final thickness at t,, > fcross 1S nearly equivalent to the thickness of the homopolymer
P2VP flattened layer *" '*>. To characterize the surface morphology, we stained the P4VP blocks
with iodine () vapors selectively' > ' and imaged with SEM. As shown in Fig. 3-3(c), the SEM
image demonstrated that the P4VP-rich regions (which appear bright in the image) are randomly
phase-separated in the PS (darker areas in the image) matrix. The GISAXS profile for the PS-b-
P4VP gave us £ = 13.4 £ 0.3 nm on the basis of the aforementioned DB model (Fig. 3-3(d)). Hence,
we may draw the conclusion that the random two-phase structure is rather general at the BCP-solid
interface regardless of the bulk microdomain structures and interfacial energetics. We further
confirmed that the resultant 2D adsorbed structures do not depend on the original film thickness,

at least 41 = 4L,.

Previous simulation results for homopolymer adsorption from a dilute solution predicted
that the time scale for early arriving polymer chains to lie flat on a solid is a few hundred
nanoseconds*> '’ In fact, we found the formation of a very thin adsorbed layer (less than 1 nm in
thickness) resulted from spin-casting alone without subsequent thermal annealing (Supporting
information). Hence, it is likely that the initial (non-equilibrium) flattened chains form under
solution conditions at the beginning of a spin-coating process rather than under melt conditions'®.
The adsorption kinetics of the flattened layer at # > fss corresponds to a “collapse and zipping-

£ 1,39, 178
down” process onto solids™ '’

and the succeeding relaxation and re-arrangement of the flattened
conformations toward their quasiequilibrium states in the melt. According to a mean-field theory

study on adsorption of an asymmetric A-B diblock copolymer from a non-selective (good) solvent,

the adsorbed layer is predicted to form a discontinuous “pancake” patchwork of individual A
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chains in contact with a solid (the A block has a much stronger affinity to the solid than the B
block), while the B block is stretched away from the solid surface, forming a brush in the good

179
solvent

. Hence, we postulate that, as the solvent evaporates, the B block collapses onto the
substrate surface rather than the A block to form minimal contacts between the two incompatible
blocks'®. As the evaporation proceeds further, the improvement of the segmental packing of the

adsorbed A and B block chains takes place, as previously reported in the flattened process of
homopolymer chains''>''*. As a consequence, the B block coexists side-by-side with the A block,
resulting in the 2D adsorbed structure. Since the bulk R, (= \/ma) value of the P4VP block is
estimated to be 2.4 nm, it may be reasonable to suppose that the PAVP rich domain (~10 nm in the
average size) corresponds to aggregates composed of several P4AVP blocks. Note that the polymer
concentrations used for preparing the spin-cast BCP thin films (0.003g/ml for SBS and 0.004g/ml
for PS-b-P4VP) are far below the respective overlap concentrations (0.025g/ml for SBS and
0.13g/ml for PS-b-P4VP) and we confirmed that the PS-»-P4VP and SBS copolymers existed as

single chains in the dilute solutions using small-angle x-ray scattering.

In summary, the combined AFM and SEM results imply that (i) P4VP, which is a lower
surface energy component at the substrate interface, do not cover the surface preferentially, and
(ii) the PS chain, whose interaction with the non-treated Si is very weak®, adsorb on the

substrate surface concurrently.
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3.5: Supporting information:

Experimental Techniques:

X-ray Reflectivity (XR) Measurements: X-ray reflectivity (XRR) measurements were conducted
at the G2 beamline (at CHESS) to study the structures of the flattened SBS and PS-b-P4VP layers
on Si substrates after the solvent-leaching process. The specular reflectivity was measured in air
at room temperature as a function of the scattering vector in the perpendicular direction to the film
surface, g,~(4nsind)/A where 6 is the incident angle and 4 is the x-ray wavelength (4=0.11 nm at
CHESS). The XR data was fit by using a standard multilayer fitting routine for a dispersion value
(0 in the x-ray refractive index) in conjunction with a Fourier method, a powerful tool to obtain

detailed structures for low x-ray contrast polymer multilayers'®’

. Note that ¢ is proportional to the
density of a film. For A=0.11 nm, the ¢ value of the bulk PS-b-P4VP is estimated to be dpux= 1.5
x10°and d value of the bulk SBS is estimated to be dpui= 1.8 X107, the density of polymer is 0.9

g/ce for PS-b-P4VP and 1.05 g/cm’ for SBS, respectively.

Atomic Force Microscopy (AFM) measurements: The surface morphologies of PS-b-
P4VP/SBS films were studied by atomic force microscopy (AFM) (Veeco Multimode V and
PARK NX20) at Center for Functional Nanomaterials (CFN) at BNL. Standard tapping mode
measurements were conducted in air using a cantilever with a spring constant of 42 N/m and a
resonant frequency of 204 - 497 kHz. The scan rate was 1.5 Hz with the scanning density of 512

lines per frame.

Scanning Electron Microscopy (SEM) measurements: PS-b-P4VP/SBS samples were

characterized in a top down direction by SEM (Hitachi S4800 and Magellan 400) at CFN at BNL

41



and UMass Ambherst Materials Research Science & Engineering Center (MRSEC) operating at

1kV-20kV.

X-ray photoelectron spectroscopy (XPS) measurements: XPS experiments were carried out in
an ultrahigh vacuum (UHV) system (base pressures <2 x 10 Torr) equipped with a hemispherical
electron energy analyzer (SPECS, PHOIBOS 100) and a twin anode X-ray source (SPECS, XR50)
with Al K, (1486.6 €V) radiation was used at 10 kV and 30 mA. The angle between the analyzer
and X-ray source was 45° and photoelectrons were collected along the sample surface normal. The
XPS profiles were fit using XPST, an IgorPro fitting routine using a Gauss-Lorentzian sum
function to approximate a Voigt profile after background corrections using a combination of

Shirley and 'Pseudo-Tougaard' method.

Sum frequency generation (SFG) spectroscopy measurements: For the SFG experiments, the
flattened layers prepared on the quartz prism was pressed together with another same polymer
flattened layer prepared independently on a quartz window to suppress any signals from the
polymer/air interface. We previously confirmed that such a sandwich configuration does not affect
the chain conformations at the polymer melt-solid interface'>>. The details of the SFG set-up have
been described elsewhere®. In short, visible (wavelength of 532 nm) and tunable infrared (IR)
beams were introduced from the quartz prism side with incident angles of 70° and 50°,
respectively. The measurements with ssp (SFG/s; visible/s; and IR/p) and ppp polarization
combinations allow us to detect functional groups oriented only along the direction normal to the

interface and all directions, respectively™.
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Figure 3-S1: Representative small angle x-ray scattering (SAXS) profile measured at 25°C in a
cooling cycle after heating the bulk polymer to 200°C of a) PS-b-P4VP at X27C beamline at the
National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL) using x-ray
wavelength (1)=0.1371nm. The bulk polymer shows hexagonally packed cylinder phase which
was also confirmed by b) AFM phase image (inset FFT) of a monolayer film spun cast on non-
treated silicon and annealed at 190°C for 6 h and surface reconstructed with ethanol. The P4VP
cylinders appear as holes (darker) due to the surface reconstruction process. ¢) Bulk SBS using
Bruker Nanostar U at Center for Functional Nanomaterials (CFN) at BNL at x-ray wavelength
(A=0.154nm). The bulk polymer shows a lamellar phase.
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Fig 3-S2: Fourier transform (FT) of the reflectivity curves shown in Fig. 3-1 in the main text.
The FT profiles show a peak (shown by the arrows) which corresponds to the total film

thickness of the samples
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Fig 3-S3: a) AFM height image (1um x 1pm) of a ‘quasiequilibrium’ PS-b-P4 VP flattened layer
b) the relative height profile along the black dashed line in Fig 3-S3 (a). The flattened layer
homogeneously covers the Si substrate. The rms roughness of the flattened layer is ~0.1 nm.
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Fig 3-S4: AFM height image (1pum x 1um) of a ‘quasiequilibrium’ SBS flattened layer b) the
relative height profile along the black dashed line in Fig 3-S4 (a). The rms roughness of the
flattened layer is ~0.25 nm.

Fig 3-S5: AFM height image (1um x 1um) of the adsorbed layer obtained via solvent rinsing of
the as-cast PS-b-P4VP with CHCls. The substrate surface was not homogeneously covered with
the polymer with the darker areas corresponding to SiOx layer. The height scale of the AFM
image shown is 0-1.6nm.
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Fig 3-S6: N 1s XPS spectrum of a) PS-b-P4VP flattened layer; b) PS-b-P4VP 5nm spin cast
film. The solid lines are the best fit to the XPS spectra using a Gauss-Lorentzian sum function
to approximate a Voigt profile after background corrections using a combination of Shirley
and 'Pseudo-Tougaard' method. The presence of two peaks in Fig. 3-S6(a) are denoted by the
triangles (fitted with the blue dotted lines).

Fig. 3-S6 (a) shows the N 1s XPS spectrum of the flattened layer derived from the thermally
annealed PS-b-P4VP film. The N 1s spectrum clearly shows two peaks at 399.7 eV and 397.9 eV
(shown by the triangles) with the component at 399.7 eV having a larger area (63% of the total
area) instead of a singular N 1s peak in the XPS spectrum from PS-b-P4VP (Fig. 3-S4 (b)) spin
cast film on the same substrate. The observation of two N 1s peaks demonstrates the presence of
more than one bonding configuration. The characteristic N 1s peak position at 399.7 eV (similar
peak position for N 1s was reported by Jiang et. al'*> for P4AVP homopolymer) from the XPS
spectrum is identical between the PS-b-P4VP flattened layer, PS-b-P4VP and P4VP spin cast
films. The N 1s peak at 397.9 ¢V can be identified as a contribution from Si;N, '>. Since Si is less
electronegative (Pauling electronegativity= 1.90) than N (Pauling electronegativity= 3.04), the N-
Si bound atoms would have a smaller binding energy than the unbound N 1s atoms. Similar results
were reported by Liu et al'®*. Therefore, our results indicate that the P4VP block is attached to the

substrate.
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The surface tension (y) of the H-Si is quite different (48.71 mJ/m? for the dispersion part (y4) and
3.98 mJ/m’ for the polar part (yp)m) from that of the B—Si (y4 = 25.8 mJ/m” and Yp = 25.8
mJ/m?)'™). The surface energies of different polymers used in this study and their dispersion and

polar components are listed below.

Polymer Surface tension (mJ/m?)
Y YD Yp
PS 40.6" 345" 6.1"
PMMA 41.1% 29.6" 11.5%
P4VP 50.5" 20.25 30.25
PB 41'%° 41 0

As summarized below, the interfacial energy (yls) between the polymer and the substrate were
calculated based on the Owens—Wendt—Kaelble equation with the respective surface tensions.
Yis=v1+7Vs — Z(ysdyld)l/z - Z(ysp ylp)l/z) (& and ysp are the dispersion and polar parts of the
surface energy of the solid, ¥/ and ylp are the dispersion and polar parts of the surface energy of
the liquid). The interfacial energies between the respective blocks of different block copolymers
used in this study were also calculated using the above equation.

vis for PS/HF treated-Si = 1.45 mJ/m?

vis for PS/non treated-Si = 7.84 mJ/m?

vis for PB/ HF treated-Si = 4.32 mJ/m?

vis for PB/ non treated-Si = 27.56 mJ/m?

vi; for PS/ PAVP = 11.07 mJ/m’

vis for PS/ PMMA = 1.04 mJ/m’
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vis for PS/ PB = 6.3 mJ/m’
vis for PMMA/ non treated-Si = 3 mJ/m?

vis for P4VP/ non treated-Si = 0.5 mJ/m’
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Chapter 4

Heterogeneous structures and dynamics of block copolymer thin films induced by

irreversibly adsorbed polymer chains

4.1: Abstract: Block copolymers (BCP) thin films have recently received significant attention
because of their potential nano-technology applications including nanostructured membranes,
nanoparticle templates, and high-density data storage media. For most of these applications, long-
range order and control over microdomain orientations (either parallel or perpendicular to the
substrate) within BCP films are of great importance. However, the structural dynamics of BCP in
thin films and the ordering process of these microdomain structures are poorly understood. Here,
we studied the dynamics of cylinders that were oriented normal to the substrate in polystyrene-
block-poly(4-vinylpyridine) diblock copolymer thin films using high temperature grazing
incidence x-ray photocorrelation spectroscopy (GI-XPCS). GI-XPCS results revealed that the
dynamics of the standing cylinders is quite heterogeneous within the entire film. We found that
this is attributed to the presence of an irreversibly adsorbed BCP layer which showed no favorable
dynamics even at temperatures far above the individual glass transition temperatures of the blocks.
Furthermore, we also revealed that the interfacial structure plays a crucial role in controlling the

microdomain orientation in the entire film.
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4.2: Introduction:

Block copolymers (BCP) have attracted increasing attention for various applications, often
because of their ability to self-assemble into nanostructures, periodic and otherwise. Over the last
decades, block copolymers (BCP) thin films offer a simple and effective route to fabricate highly

ordered periodic microdomain structures, which are potentially useful in nanofabrication

47-49 50-52

applications such as nanoparticle templates™ , nanostructured membranes™ ~°, photovoltaic
cells™, low-k dielectrics’, and high density data storage media’>. For most of these applications,
control over the orientations of microdomain structures is of great importance. In case of supported
BCP thin films, interfacial energetics at the polymer-air and polymer-substrate interfaces play a

56,57
»7". In general,

crucial role in controlling the orientation and ordering of microdomain structure
preferential interactions between one of blocks and the substrate or free surface will induce
enrichment of the block with the lowest surface energy at the respective surface.'**'*’. Despite a
tremendous amount of work on the phase behavior and static structures of BCPs in thin films, the
structural dynamics of BCP in thin films are relatively little studied and poorly understood. It is
because BCP dynamics compound the difficulties of polymer dynamics with the complications
caused by nanoscale inhomogeneities associated with competing interfacial energies at different
locations within the entire film, thereby giving rise to highly heterogeneous diffusivities and
viscosities within the entire film. There is now a growing evidence that the air/polymer interface
and polymer/substrate interface play crucial roles in these “nanoconfinement” effects. Although
most previous work has revealed the deviations of “average” quantities of entire nanometer films

from the bulks, it is expected that the local quantities within nanoconfined polymer thin films

would be different from the average ones, depending on the interplay between these interfaces.
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Here we studied the underlying polymer dynamics of a cylinder forming diblock
copolymer using grazing incidence x-ray photocorrelation spectroscopy (GI-XPCS). During the
last decade, the development of third generation synchrotron radiation sources has made it possible
to extend photon correlation spectroscopy (PCS) from the optical region into the x-ray domain.
This enables us to probe the dynamic properties of systems on molecular length scales as well as
the use of optically dense samples that are not accessible for conventional PCS. XPCS has been

extended into the sub-microsecond range of temporal resolution’®”®

, and the advent of an x-ray
free-electron laser would further provide a unique opportunity to identify chemical and biological
phenomena with an unprecedented temporal resolution (femtosecond regime). Thus, XPCS has a
great potential to impact the study of a variety of nonequilibrium phenomena. In the present study,
we prepared cylinders that are oriented normal to the substrate surface via solvent vapor
annealing™. The XPCS results evidenced the presence of an irreversibly adsorbed BCP layer at
the substrate interface which showed no dynamics even at temperatures far above the respective

glass transition temperatures of the blocks. Moreover, the effect of this adsorbed layer on the

overall polymer dynamics in BCP thin films is discussed here.

4.3: Materials and experimental techniques:

Polystyrene (PS)-based di-block copolymer (BCP): poly (styrene-block-4-vinylpyridine)
(PS-b-P4VP, M,=41,000 g/mol, M,,/M,=1.1, Polymer Source Co.) thin films were prepared on Si
substrates as model systems. The volume fraction of the PS component in PS-5-P4VP is 0.81. We
confirmed that bulk PS-b-P4VP displays hexagonally packed cylindrical microdomain structures
based on small angle X-ray scattering (SAXS) results (Supporting information). The interdomain
spacing (L) at room temperature was determined to be 36 nm for PS-b-P4VP. Silicon wafers (Si)
(100) wafers (purchased from University Wafers Inc.) were cleaned by a modified Shirake
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techniquem. The wafers were cleaned by heating, uncovered, without stirring, for 20 min at 150
°C in aqueous hydrogen peroxide and ammonium hydroxide, rinsing with deionized water,
followed by heating for 20 min in aqueous hydrogen peroxide and concentrated sulfuric acid.
[Caution: A solution of hydrogen peroxide and sulfuric acid is highly corrosive to skin and eyes
and pose a risk of explosion when in contact with organic materials. Extreme care should be taken
when handing it]. The wafers were then rinsed at least five times with distilled water. This cleaning
protocol removed organic contaminants and left the substrate surface covered with Si-OH
groups'™. XR results clarified that the resultant surface of the SiOx/Si was covered with a
homogenous 2.4 nm thick oxide layer with a surface roughness of less than 0.5 nm (hereafter
assigned as “non-treated Si”)’. A series of PS-b-P4VP thin films with film thicknesses (/) of & =
nL, were spun cast from chloroform solutions onto the non-treated Si substrates, where n is an
integer. The thicknesses of the spin-cast thin films were determined by an ellipsometer (Rudolf
Auto EL-II) with the fixed refractive index of 1.59°° for PS-b-P4VP. According to previous
results® °* 1% P4VP have a greater affinity to SiOy than PS. On the other hand, P4VP has a higher
surface energy at the polymer-air interface than PS'’. The thin films were solvent vapor annealed
in chloroform (CHCls), a non-selective solvent for both blocks and subsequently in 1,4-dioxane, a
selective solvent for PS block only at room temperature; following a protocol mentioned by Gowd
and co-workers™. The thin films were thereafter “surface reconstructed” after solvent annealing
using ethanol, which is a selective solvent for P4VP blocks only. The detailed solvent vapor
annealing (SVA) and “surface reconstruction” (SR) process is outlined in the supporting
information. “Surface reconstruction” enhances the contrast of the AFM images. Russell and co-

workers have showed that such a “surface reconstruction” process with the use of a selective
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solvent for PS-b-P4VP diblock copolymer thin films does not alter the order or orientation of the

microdomains®’.

4.4: Results and discussion:

Fig.4-1 shows a representative AFM phase image of a
monolayer PS-b-P4VP film after SVA and SR at optimum
conditions. The darker ‘“nanopores” in the AFM image
represents the P4VP microdomains which were enhanced after
SR. It is evident here that the P4AVP microdomains are ordered
in a hexagonally packed cylindrical morphology at the film
surface (shown by the fast Fourier transformation (FFT) image

in the inset).

Firstly, we focused on the interfacial (substrate)

A I s R A S A

Figure 4-1: AFM phase image
(Ilpym x 1lpm) of SVA PS-b-
P4VP monolayer film (inset:
FFT of the phase image).

structures in the upright cylinder forming PS-b-P4VP thin films. To reveal the buried interface of

these SVA films, we used the established Guiselin’s protocol'*®. In this method, polymer chains

were equilibrated against a solid surface; unadsorbed chains thereafter can be removed by a good

solvent, while the adsorbed chains are assumed to maintain the same conformation due to the

irreversible freezing experienced through multiple solid-segment contacts. Several research groups

have already demonstrated that Guiselin’s approach is practical for revealing the buried interfacial

: 13, 17, 20, 24, 41, 45, 159-16 :
structures for various homopolymers'™ 7 20 244145139167 ‘The SV A films were leached in fresh

baths of toluene at 60°C (at least five times for 30 mins each time) and thereafter “surface
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reconstructed” in ethanol. The solvent leaching process
was optimized for extraction of the adsorbed layer. Fig.
4-2(a) shows the AFM phase image of the resultant
adsorbed layer from SVA monolayer film. The P4VP
microdomains (darker “nanopores”) are perpendicularly
oriented at the surface although the lateral ordering of the
cylindrical microdomains is poor (inset: corresponding
FFT). We studied the structure of the SVA adsorbed layer
using X-ray reflectivity (XRR). Fig. 4-3 shows the XRR
results of the SVA interfacial sublayer. A least-square fit
(the black solid line) to the XR profile was performed
using the dispersion (3) profile shown in the inset plotted
against the perpendicular distance from the substrate
using a four-layer model consisting of: Si substrate, SiOx
layer, a higher density layer and a bulk like density layer.
The choice of the 4-layer model is based on the Fourier
transform (FT) of the XR profile (Supporting
information). The results showed that the adsorbed layer
is comprised of two different nano-architectures at the

substrate interface: a higher density (~10% higher than

bulk) inner layer of thickness 2.4+0.2 nm and an outer

FL

Substrate

Figure 4-2: a) AFM phase image
(lym x lpm) (inset: FFT of the
phase image) b) cross-sectional
SEM of SVA PS-b-P4VP adsorbed
layer. The solid lines are guide to the
eye: below the white line is the
substrate (darkest); between white
and red lines: flattened layer (FL)
(brighter) and between red and
yellow line: hollow perpendicular
cylinder on the surface. c) Fig. 4-2
(b) is zoomed for better viewing

purpose.

bulk like density layer of thickness 4.4+0.2 nm. The details of the XRR data fitting procedure are

outlined in the supporting information. This structure at the substrate is analogous to the nano-
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architectures of adsorbed layers from homopolymers*"

*_ Hereafter, we assign the inner higher density layer as

the “flattened layer” where both blocks lie flat on the

LogReflectivity (au)

substrate, forming the 2d randomly phase-separated

structure (see Chapter 2) and the entire adsorbed layer

comprising of the outer bulk-like density layer (loosely

gy (o)

adsorbed chains) and the flattened layer as the )
Figure 4-3. XRR profile of the

interfacial sublayer (IS). Furthermore, to visualize the ~ SVA adsorbed layer. The black
line is the best fit to the XR
extent of the formation of the perpendicular P4VP  profile using the dispersion (3)
profile shown in the inset plotted
against  the  perpendicular
distance from the substrate.

cylinders on the substrate we performed a cross-
sectional scanning electron microscope (SEM) (Fig. 4-2
(b) and (c)) measurement of the interfacial sublayer. The result showed that the perpendicular
cylinders on the surface only propagate until the flattened layer which is clearly visible in the SEM
image (Fig. 4-2 (c)). GISAXS 1D profile of the SVA adsorbed layer along q, plotted in a double
logarithmic scale (Fig. 4-4(a)) showed that the cylinders are arranged in a hexagonal lattice
structure (evident from the peak ratio of 1: V3). An L= 32+1nm was calculated from the first peak
position of q,= 0.2nm™ using Lo=2m/qy. Thus, the structure of the blockcopolymer interfacial
sublayer from SVA consisted of poorly ordered hexagonally packed perpendicular cylinders with

a bulk Ly.

To investigate the dynamics of the block copolymer interfacial sublayer at temperatures

(T) more than the glass transition temperature (T,) of the individual blocks, we performed high
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temperature grazing incidence (GI) XPCS experiments
under vacuum (~4.5*10° Torr). The details of the GI-
XPCS experiment and data analysis is mentioned in the
supporting information. GI-XPCS measures the
normalized intensity-intensity time autocorrelation
function, g2(g,, t) = <I(qy,t)(qy,t+t>/ <I(qy,t')>2, where
1(gy,t") refers to the scattering intensity at the in-plane
wave vector transfer g, and at time . The brackets <>
refer to averages over time ¢ and ¢ is the delay time.
g2(gy,?) 1s related to the normalized intermediate structure
factor (ISF) [f(g,.?)] via g2(qy, t) =1+ A|f (q,, t)|2, where A
is the speckle contrast. g2 at each g, was fitted by using a
stretched exponential function of the ISF given as f'(gy, t)
= exp[-( /1)"], where t and a (0<o <l) are the
characteristic relaxation time and the stretching exponent
that characterizes the shape, respectively. The correlation
function, g2, decays with increasing delay time (t), and

converges to unity at long time. The characteristic decay
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Figure 4-4: a) In-plane GISAXS
line cut 1D profile (inset: 2D
profile) of SVA interfacial
sublayer at 25°C; qy is the in-plane
scattering vector. b) g2 function of

SVA interfacial sublayer annealed
at 190°C.

time (1) reflects the structural dynamics of the sample, in our case the polymer dynamics at the

cylinder-cylinder length scales. We used an incident angle (6=0.17°) which is higher than the

critical angle (0.) for total external reflection (6.=0.14°) of PS-b-P4VP but lower than 6. of Si

(0.=0.2°) at X-ray energy of 9keV to visualize the dynamics within the entire polymer film.

Hereafter, we refer this measurement configuration as “bulk mode”. We performed XPCS

56



measurements at the vicinity of wave-vector q, = 0.23 nm™' which corresponds to the first order
scattering maximum of the static structure factor (Fig. 4-4(a)), thereby probing directly the
dynamics at length scales equal to inter-cylinder distance. Fig. 4-4(b) shows representative
normalized intensity-intensity time autocorrelation (g,) functions of the SVA interfacial sublayer
at 190°C at different q,. Hence, the g, functions do not decay at all within the time domain for the
different g, values, proving no dynamics of the standing cylinders even at T>>T, of the individual

blocks (Tg of PS~100°C; Tg of P4VP~142°C'®).

These physically adsorbed chains in the interfacial sublayer can be considered as a
““polydispersed Guiselin brush”’'*® where the chains are physically bound to the surface via
multiple monomer-surface contacts such that the chain mobility would be greatly reduced. In fact,
previous neutron reflectivity experiments for the PS
interfacial sublayer proved that no dynamics of the
loosely adsorbed chains is favorable even at T>>Tg">.

In addition, recent XPCS results reported that chemically grafted polymer brushes showed no

surface fluctuations even in a good solvent irrespective Figure 4-5. Schematic of SVA

190 interfacial sublayer after SR.

of polymer grafting density . Hence, it is expected
that the standing cylinders are not formed on top of the flattened layer but rather, the cylinders are

still bound to the substrate (as shown in Fig. 4-5) and are immobile within the time window.

Next, we studied the polymer dynamics of the standing cylinders formed within the SVA
processed 4L and 2L PS-b-P4VP thin films at T>>T,. in bulk mode. It is to be noted here that
both 4L and 2L, films solvent vapor annealed with CHCI; and 1,4-dioxane showed a similar
perpendicular cylinder morphology at the surface with a characteristic cylinder-domain spacing of

~30nm as 1Ly (Fig 4-1). The AFM images are shown in Fig. 4-6((a) and (b)) respectively.
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Although the surface morphology of the SVA 4L and 2L, films
look similar, GISAXS data (obtained in bulk mode shown in Fig.
4-6 (c)) showed that the overall ordering of the cylinders in the
entire film is better in case of 4L film than 21, The static structure
peaks from the 4L, film reveal better microdomain orientations
than the 2L film. Fig. 4-7 (a) shows the measured g2 functions as
a function of the delay time (t) for the 4Ly and 2L, PS-b-P4VP
SVA films at 190°C at q,=0.23 nm™', which is at the maximum of
the structure factor peak. The results show that the g, functions for
the 4L, and 2L, films do not decay completely within the

experimental time (Fig. 4-7a). Rather, there is a plateau at t> 250

sec, implying the contributions from the immobile adsorbed
chains. In fact, as shown in Fig. 4-7a, we confirmed that the

plateau is in good agreement with that g2 function for the

Intensity (au)

interfacial sublayer. Fig. 4-7(b) shows the corrected g

functions of the 2L and 4L thin films for the contribution of

the interfacial sublayer. The profiles were reasonably fitted ) )
Fig. 4-6: AFM phase image

with a stretched exponential function with 1= 163s and  (Ipm x Ipm) of SVA PS-b-
P4VP films a) 4Ly b) 2L c)

0=0.36+0.02 for 4L( and 1= 250s and a=0.8+0.1 for 2L, films, In-plane GISAXS line cut 1D
profiles from the two films.
respectively. Similar stretching exponential decay indicative of

191, 192
. Jang

heterogeneous relaxation modes in asymmetric blockcopolymers were reported earlier
et al.””! and Mochrie et al."”” have separately reported heterogeneous dynamical behavior in

asymmetric BCP melt using transmission XPCS as the compositional fluctuations in BCP
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undergoes reptation motion, the decay was expressed as a
sum of exponentials which mimicked a stretched
exponential function. In the present case, we hypothesize
the origin of the heterogeneous modes of relaxation is the
combined presence of a reduced viscosity polymer layer at
the polymer/air interface and a “reduced mobility layer”
near the substrate interface. Intriguingly, our data shows
that the relaxation of polymer chains in case of 2L film is

slower than 4L film.

To further study the effect of the interfacial sublayer
on the dynamics of the entire BCP film, we prepared bilayer
films where we spin coated ~2L and ~4L, films on the
SVA interfacial sublayer. It is to be noted here that the total
film thicknesses of the bilayers including the interfacial
sublayer were kept equal to 2L, and 4L, respectively to
avoid formation of islands and holes structure due to film

thickness incommensurability”®. The resultant bilayer films
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Fig. 4-7. a) Measured g2 functions
as a function of the delay time (t)
at 190°C for 4L, 2Ly SVA films
along with the SVA interfacial
sublayer (IS) at q,=0.23 nm’. b)
Normalized g2 functions w.r.t to
g> of IS. The solid black lines are
the best fit using a stretched
exponential function described in
the text.

were solvent vapor annealed in CHCl; and 1,4-dioxane subsequently following the same procedure

as mentioned earlier. The bilayer films showed a perpendicular cylinder morphology at the surface

with a characteristic cylinder-domain spacing of ~30nm (Supporting information). XPCS results

(Supporting information) show that the t and o values for 4L and 2L bilayer films are similar to

single layer films, respectively. Thus, the BCP dynamics in the bilayer films mimic the dynamics

in the 4L and 2L, films.
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In case of BCP films during a SVA process, it is known that the polymer/air interface is
the primary ordering front for cylinders'”*, whereby the concentration of solvent at the surface is
lowest during solvent evaporation and it creates a gradient in solvent concentration normal to the
surface'”*. However, the present results indicate that the interface between the unadsorbed polymer
chains and the interfacial sublayer play a crucial role as an additional cylinder ordering front, where
the unadsorbed polymer chains are entangled with the interfacial sublayer and act as a “transition

zone”'”” and thereby ensuring continuity in the mobility profile from the substrate to the bulk

196

through chain entanglements . Koga and co-workers revealed that the effect of the interfacial

sublayer in amorphous or semicrystalline polymer thin films can propagate up to ~ 60 nm from

the substrate surface into the film' 2

. We therefore postulate that the interfacial sublayer plays a
neutral “substrate” and initiates the ordering of the microdomain structures, independent of the
primary nucleation at the polymer/solvent interface. The polymer chains in the transition zone
would then form the same cylinder orientation (i.e., upright orientation) as in the interfacial
sublayer to minimize the free energy penalty at the polymer-polymer interface. Similar effect of
the loosely adsorbed chains was observed in the formation of lamellar crystalline structures within
PE or PEO thin films** ', In the present case, we thus hypothesize that the origin of the
heterogeneous relaxation within the thin films is the effect of the irreversibly adsorbed polymer

chains and its propagation into the film interior. When the film is thinner, the effect is more

noticeable, as seen in the 210 films.

In summary, we have revealed the effects of the irreversibly adsorbed layer formed at the
BCP/substrate interface on the inner structure and dynamics of the supported PS-b-P4 VP thin films
(2Ly and 4L, in thickness) with a perpendicular cylinder morphology via the solvent vapor

annealing. The XPCS results revealed that the BCP adsorbed layer derived by the solvent leaching
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process showed no dynamics even at T>>Tg of the individual blocks within the experimental time
window. Moreover, the XPCS results of the BCP thin films clarified the dynamics of the standing
cylinders is quite heterogeneous within the entire film and the dynamics was further retarded when
the film thickness was thinner. We hypothesize that the adsorbed layer plays as an additional front
in initiating the standing cylinder formation and the perturbation associated with the adsorbed layer
propagates into the film interior, retarding the dynamics of the cylinder as well as the degree of
the orientation within the film. Further studies with thermally annealed BCP films and different

microdomains structures are currently in progress.
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4.5: Supporting Information

Experimental techniques:

Solvent vapor annealing (SVA): The spin cast films were solvent vapor annealed in the vapors
of chloroform (CHCI;s) (non-selective solvent) and 1,4-dioxane (a preferential solvent for PS
block) in an air-tight chamber of 100cc volume at room temperature for vertical alignment of the

cylindrical microdomains following the protocol described elsewhere®” '*®

. Nanoporous films, for
better contrast, were obtained by “surface reconstruction” of SVA thin films in ethanol, a selective

solvent for P4VP for 14 minutes*’. The SVA conditions were optimized for maximum swelling of

the films for all experiments.

X-ray Reflectivity (XRR) Measurements: X-ray reflectivity (XRR) measurements were
conducted at the G2 beamline (at CHESS) to study the structure of the SVA PS-b-P4VP
interfacial sublayer layer on Si substrates after the solvent-leaching process. The specular
reflectivity was measured in air at room temperature as a function of the scattering vector
in the perpendicular direction to the film surface, g,=(4nsind)/A where € is the incident angle
and 4 is the x-ray wavelength (1=0.11 nm at CHESS). The XR data was fit by using a
standard multilayer fitting routine for a dispersion value (¢ in the x-ray refractive index) in
conjunction with a Fourier method, a powerful tool to obtain detailed structures for low x-

ray contrast polymer multilayers'®!

. Note that ¢ is proportional to the density of a film. For
J=0.11 nm, the & value of the bulk PS-b-P4VP is estimated to be dpu= 1.5 x10°, the density
of polymer is 0.9 g/cc.

Grazing incidence small angle X-ray scattering (GISAXS): Grazing incidence small angle X-

ray scattering (GISAXS) measurements were carried out at X9 beamline at the National
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Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL) and at G3 beamline
at Cornell High Energy Synchrotron Source (CHESS). Two-dimensional scattering patterns were
collected by using a MAR-CCD area or PILATUS 300k detector with a sample-to-detector
distance of 5.016 m (at NSLS) and 2.719 m (at CHESS). All measurements at NSLS were carried
out under vacuum (~10 Torr) at room temperature and the exposure time was fixed to 200 sec.
The measurements at CHESS were conducted under ambient conditions with exposure time of 50
sec. The two-dimensional scattering patterns were converted to 1-dimensional (1D) scattering
intensity (I (qy)) plotted against qy, defined by qy,= (4n/A) sin (6/2) with A and 0 being the
wavelength of the incident X-ray and the scattering angle respectively and where qy is the
scattering vector parallel to the film surface, after background scattering corrections. Silver

behenate powder was used as a standard for data conversion to g-space.

Atomic Force Microscopy (AFM) measurements: The surface morphologies of PS-b-P4VP
films were studied by atomic force microscopy (AFM) (Veeco Multimode V and PARK NX20) at
Center for Functional Nanomaterials (CFN) at BNL. Standard tapping mode measurements were
conducted in air using a cantilever with a spring constant of 42 N/m and a resonant frequency of

204 - 497 kHz. The scan rate was 1.5 Hz with the scanning density of 512 lines per frame.

I1-3. X-ray photocorrelation spectroscopy (XPCS) measurements.

XPCS experiments were performed at beamline 11-ID at NSLS-II, BNL using a Dectris Eiger 4M
detector which yielded g2(q,,t) where the magnitude of the scattering vector, q, is defined by q,=
(4m/A) sin (6/2) with A and 0 being the wavelength of the incident X-ray and the scattering angle
respectively. The sample to detector distance was 4.84m. Silver behenate (AgBe) powder was

used as a standard for data conversion to qy-space. A double crystal Si (111) monochromator was
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used to select 9 keV X-rays, having a relative bandwidth AMA = 10", A Si mirror downstream of
the monochromator was used to suppress higher energy X-rays from the monochromator. A
transversely coherent beam was defined by slit blades with highly polished cylindrical edges. The
slit size was 10 x 10 um®. A set of guard slits was placed just upstream of the sample to block the
parasitic scattering due to diffraction from the beam-defining slit. A q value ranging from 0.005 to
1 nm™ was accessible. Focusing on the dynamics, we collected speckle patterns every 1-10 sec,
being limited on the long-time side only by the overall instrumental stability yielding an upper
limit of a few hours in the accessible timescales. In order to avoid radiation damage, the sample
exposure over the total correlation time was limited to less than 10 minutes. For the data analysis
we proceeded as follows: first, individual pixels of the Dectris Eiger 4M detector were grouped in
15-25 qy-bins according to the values of their in-plane momentum transfer q,. Subsequently, every
qy-bin was filtered by excluding those pixels with average signals or standard deviations
significantly different from the average values. The intensity-intensity time autocorrelation

function, g2(g,, ) is calculated by taking an average of the pixels in the respective qy-bins.

64



10 T T T T T T 7T
O P3-b-P4VP

14

Intensity (a.u)

112

10" -

107 C L 1 P S S R I
3 4 5 6 7 8

4 (nm )

\Figure 4-S1: Representative small angle x-ray scattering (SAXS) profile measured at 25°C
in a cooling cycle after heating the bulk polymer to 200 C of PS-b-P4VP at X27C beamline
at the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL)
at x-ray wavelength (A)=0.1371nm. The bulk polymer shows hexagonally packed cylinder
phase.
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Figure 4-S2: Corresponding FT of the XR profile shown in Fig. 4-3 of the main text
confirms the presence of two separate layers (shown by the filled triangles) and the
total film thickness (shown by the empty triangle).
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Figure 4-S3: AFM phase image (1pm x 1um) of PS-b-P4VP films on SVA
interfacial sublayer a) 4Ly b) 2L, c) In-plane GISAXS line cut 1D profiles from the
two bilayer films. GISAXS profiles were measured in bulk mode.
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Figure. 4-S4. a) Measured g2 functions as a function of the delay time (t) at 190°C for 4L, 2L,
SVA films on the SVA interfacial sublayer (IS) at q,=0.23 nm™'. b) Normalized g2 functions w.r.t
to g, of IS. The solid black lines are the best fit using a stretched exponential function described
in the text. The profiles were best fitted with 1= 123s and a=0.6 for 4L, and t= 273s and a=0.8
for 2L films, respectively
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Chapter 5

Structural origin of anti-fouling characteristics of polymer chains strongly adsorbed on
solids

5.1: Abstract: We here report a radically new paradigm of designing a polymeric coating layer of
a few nanometers thick (“polymer nanolayer”) with anti-biofouling properties. The anti-biofouling
properties of this polymer nanolayer are considered to be of structural origin and is general to
various polymer systems regardless of interactions with water molecules or biological molecules.
Furthermore, the preparation of the polymer nanolayers is simple (i.e., no sophisticated chemistry
involved) and versatile (i.e., presents many choices of solid-polymer pairs and film preparation
methods). Additionally, the polymer nanolayers are stable even in good solvents. We hypothesize
that the origin of the antifouling property is the nanoarchitecture of this polymer nanolayer
whereby the large number of segment/solid contacts are the key factor in determining biomolecule
resistance. This finding facilitates a simple and “universal” polymer structure-based design of an

anti-biofouling surface using synthetic commodity polymers.
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5.2:Introduction

Biofouling or biocontamination is undesirable in a wide range of applications, such as

81, 82

surgical equipment and protective apparel in hospitals®" *?, medical implants®' ™, biosensors™,

textiles®® ¥, food packaging®™ and food storage®, water purification systems’’, and marine and

%0-91 Biofouling can be characterized into two broad categories: microfouling

industrial equipment
which involves proteins or bacteria and macrofouling due to barnacles or mussels. Anti-protein
fouling is beneficial for in vitro diagnostics, where adsorption of protein molecules can
compromise the sensitivity of the diagnostic and in vivo applications, such as biomedical implants
where protein adsorption can lead to undesirable events that can include thrombus formation or
fibrosis and scar tissue formation’”. Moreover, protein adsorption on the surfaces of biological
implants provides a conditioning layer for microbial colonization and subsequent biofilm
formation which provides an associated risk of infection®. The most common approach to reduce
protein adsorption on a surface is via a coating of poly(ethylene glycol) (PEG)’*. Chemically or
covalently grafted long chain PEGs with high grafting density on surfaces showed the highest
reduction of adsorption of proteins, but most of these approaches to surface modification with PEG
or PEG-containing copolymers do not reduce the adsorption of proteins below the nominal limit
of several ng cm™, which is considered a useful operational definition for protein resistance as it
is the approximate limit-of-detection (LOD) of most label-free interfacial detection techniques,
such as surface plasmon resonance (SPR)’. Physisorption process of polymer chains has
encountered very limited success in reducing protein adsorption due to the low surface density of

200

PEG chains on the surface (<4 mg cm™)"”, because of the excluded-volume effect*”’. Moreover,

it is reported that hydrophilic materials are more resistant to biofouling than hydrophobic ones due

105, 106

to easier displacement of water molecules on hydrophobic surfaces . Thus, there is a present
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need for the development of novel anti-fouling coatings to resist nonspecific protein adsorption
and cell adhesion irrespective of hydrophobicity.

Long term surface stability of anti-fouling coatings in biomedical applications such as
medical implants, contact lenses, drug delivery as well as in marine applications are of utmost
importance. Hydrophilic PEG and PEG derivatives, the most thoroughly studied anti-fouling
coating materials, have limited use in marine applications due to rapid oxidation of their backbone

95,96 :
B MOTGOVGI', 1m cases

in the presence of oxygen and transition ion metals present in seawater
where polymeric brushes display sufficient hydrolytic stability in their main chain, problems may
arise at the anchoring point of the brush. This problem is particularly visible for hydrophilic
brushes chemically or covalently end tethered on silicon oxide substrates (silicon, glass, and

quartz) and anchored to the surface by siloxane bonds (Si—O-Si)”" **

. In a hydrophilic
environment, the hydrolytic stability of the siloxane bond is compromised because the water is
drawn directly to the interface. In the presence of water, a hydrolysis equilibrium between siloxane
and silanol (Si—OH) groups is established”'?’. The equilibrium favors the formation of the
siloxane groups, the activation energy for this process can be drastically lowered at acidic and
alkaline pH values'®'%. Also, the generation of strong osmotic pressure at the glass/silane
interface is presumed to promote the hydrolytic cleavage of siloxane as a consequence of the
mechanochemical effect of tensile stress applied to the siloxane bond”® '*.

It is also believed that the local structure of water near the polymer surface or in a polymer

201-203

matrix plays a crucial role in determining their biocompatibility/bioinertness . The water

. . 204,205
barrier mechanism™ "

arises due to the formation of interfacial water molecules which strongly
interact with the surface of the hydrophilic polymer, acting as a barrier against proteins which

approach the polymer surface, since large energy is required to break the strong hydrogen
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network®" 2. Nagasawa and co-workers®” recently reported the effects of polymer-water
interactions on suppression of BSA protein adsorption. They synthesized various types of surfaces
(hydrophilic, hydrophobic, anionic, cationic, and zwitterionic) using end-grafted polymer brushes.
Their results validated that the better the interaction between water and the polymer brush, the less
protein adsorption on the brush surface, which is consistent with the above water barrier
mechanism. Tanaka and co-workers investigated the structure of water in hydrated poly(2-
methoxyethylacrylate) (PMEA) by using NMR*, DSC*®, and X-ray diffraction®”*'°. As a result,
they indicated that the water involved in these hydrated polymer matrices can be classified into
three types: (i) “free water/freezing water” that barely interacts with a polymer chain, and
crystallizes at around 0 °C (i.e., the bulk water); (ii) “tightly bound water/non-freezing bound
water” that does not crystallize even below 0 °C due to a strong interaction with a polymer chain;
(ii1) “intermediate bound water/freezing bound water” which interacts with a polymer in an in-
between way, i.e., stronger than free water, but weaker than the tightly bound water. Furthermore,
they showed the predominant population of the intermediate bound water in the hydrated PMEA
matrix, while a hydrated poly(2-hydroxyethyl methacrylate) (PHEMA) or other hydrophilic
polymers which exhibited less biocompatibility than PMEA, possessed only a small population of

the intermediate bound water>'!

. Hence, they proposed that the population of the intermediate
bound water can be used as a gauge of biocompatibility/bioinertness.

In this study, we proposed to use irreversibly adsorbed hydrophilic and hydrophobic
polymer chains on silicon substrates extracted using the Giuselin’s protocol **. Recently, we found
that when unfunctionalized or uncharged homopolymer chains contact a solid surface, they favor
an increase in the number of solid-segment contacts regardless of the magnitude of attractive solid-

34, 166, 212-215

segment interactions . This enthalpic gain is the driving force to overcome the
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conformational entropy loss in the total free energy” *'®. As a result, the polymer chains self-

assemble into a “flat” conformation on the solid via the equilibration process (hereafter assigned

as “flattened chains”). Interestingly, the thickness of the flattened layer is much thinner (a few

nanometers thick irrespective of chain lengths of a polymer "7

217

polymer dimension This increase in their solid-segment

contacts further results in the improvement of the segmental

25, 216

packing of the flattened chains , as predicted by simulation

results®'® 2! At the same time, we have established the approach

to derive the lone flattened chains from polymer thin films using

41, 220

good solvents . This is possible as the flattened chains can

maintain the same conformation even after the solvent leaching due
to the

irreversible freezing through many solid-segment

contacts®?'. Moreover, our recent results demonstrated that the
densely packed flattened chains are impenetrable even for
chemically identical polymer chains, resulting in instability of a

polymer thin film at the surface of the flattened chains (Fig. 5-1)*"".

) than the size of a random coil

N

10" Wi

Free chdms

<\>7>S/ Uc'/b

Flattened chains
(non-interactive)

Fig. 5-1. Polymer dewetting
on a solid occurs at the
interface ~ between  free
polymer chains and flattened
chain, rather than at the
solid-polymer interface, as
schematically illustrated.
The green chains in the
illustration correspond to
free polymer chains in the
matrix of the film.

Here we propose to utilize the densely packed flattened chains as a simple and robust antifouling

alternative coating in place of conventional end-grafted polymer coating that requires sophisticated

chemistry. The results show that these flattened polymer layers could successfully repel both

protein and bacteria from their surfaces irrespective of their hydrophobicity. The underlying

mechanism of the anti-fouling characteristics of the adsorbed layers is discussed.
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5.3: Materials and experimental techniques:

Two different polymers, poly (ethylene oxide) (PEO, average M, = 20,000 g mol ', Sigma-
Aldrich, product no. 83100) and poly (2-vinyl pyridine) (P2VP, M,,= 219,000 g/mol, M,/M,=1.11,
Scientific Polymer Products, Inc.) were used for the present study. The advantages of these two
polymer systems are two folds: (i) PEO is one of the most thoroughly studied “water-soluble
polymers”, while P2VP chains are categorized as a hydrophobic polymer under neutral or basic
conditions®**; (i) both polymers are strong interactive with glass or SiO, coated Si substrates,
allowing for preparation of the homogenous flattened layers, which will be discussed later.
Fluorescein isothiocyanate labeled bovine serum albumin (FITC-BSA) (albumin of M,,=66,000
g/mol labeled with FITC of My=389.4 g/mol (Protein Mods) in phosphate buffer saline (PBS,
pH=7 and 0.04% sodium azide, the initial concentration of 30mg/ml) was used for the experiments.
The stock protein solution was further diluted in dimethyl sulfoxide (DMSO) to prepare a resultant
protein concentration of 1mg/ml in DMSO (Sigma-Aldrich, HPLC grade, > 99.7%) for PEO thin
films as controls. Si wafers (University Wafer Inc.) were cleaned using a hot piranha solution for
30 min, and subsequently rinsed with deionized water thoroughly. The cleaned Si wafers were
then treated by a UV/ozone cleaner (UVOCS Inc.) for 30 min to create a homogenous 2.3 nm thick
oxide layer*'®. Hereafter we assigned the UV-treated Si wafer as a “non-HF treated” substrate. A
hydrogen-passivated silicon surface was created by dipping the silicon wafer cleaned by piranha
solution in aqueous HF to remove any native oxide (Si0,) layer immediately prior to spin coating
with the polymer solution. [Caution: HF is corrosive and causes severe burns to the eyes, skin,
and respiratory tract. Extreme care should be taken when handing it] (hereafter assigned as “HF-
etched Si”’). However, we confirmed that a thin SiOy layer of 1.3 nm in thickness was reproduced

even immediately after HF etching, possibly due to atmospheric oxygen and moisture*'. We also
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confirmed that the HF-etched Si has a very different hydrophobicity from that of the non-treated
Si, as previously reported’. P2VP (50 nm thick) thin films were spin coated onto non-HF treated
Si substrates from N,N-dimethyl formamide (DMF, Sigma-Aldrich, ACS reagent, > 99.8%)
solutions, while 50 nm thick PEO thin films were spin coated onto HF-etched Si substrates from
chlorobenzene (ACS, Macron Fine Chemicals) solutions. The thicknesses of the spin-cast thin
films were measured by an ellipsometer (Rudolf Auto EL-II) with a fixed refractive index of 1.455
for PEO* and 1.590 for P2VP** respectively. To extract the flattened layers, we used the
established Guiselin’s protocol'*®. In this method, the melt was equilibrated against a solid surface;
the unadsorbed chains were thereafter removed by a good solvent, while the flattened chains were
assumed to maintain the same conformation due to the irreversible freezing experienced through
multiple solid-segment contacts. Despite experimental difficulties, several research groups have
proved that Guiselin approach is practical for studying the buried polymer-solid interface for
various homopolymers*'»'> 17> 20- 24 26:43. 139, 160. 167 ‘The gpin_cast polymer thin films were annealed
at 85 °C for PEO and 190 °C for P2VP, both of which temperatures are far above the individual
homopolymer bulk glass transition temperature (T,) values, for prolonged periods of time (up to
300 h) in a vacuum oven at 10 Torr. Based on previous knowledge about the flattened layer
formation for the two homopolymers®> '*’, we leached the annealed PEO and P2VP films with
chlorobenzene and DMF, respectively, at room temperature until the thickness of the residual layer
remained unchanged (at least 10 times of 30 min-leaching). All the resultant flattened layers were
post-annealed at the same temperatures as those used for pre-annealing under vacuum overnight
to remove any excess solvent molecules. The flattened layer coated substrates were incubated in
the protein solution for 30 min, extracted and rinsed with DMSO and thereafter dried with a gentle

nitrogen stream.
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5.4: Results and Discussion.

Fig. 5-2 shows the growth curve of the flattened 3.0

2.5

I
o
o
o
o
o

layer derived from a series of annealed PEO films. From %
20 A —

the figure, we can see that the adsorbed layer grows as the s % Leross

Thickness (nm)

annealing time increases and crossovers to a plateau (i.e., a

“quasiequilibrium” state) after ~ 6h (denoted by tcross). The 051 % % —
5

morphology of the PEO flattened layer measured using 1 2 10
Annealing time (h)

AFM (Supporting information) showed that the flattened Fig. 5-2: Growth curve of the PEO

flattened layer as a function of
annealing time at t=85°C.

chains homogeneously covered the silicon substrate.
However, we confirmed that no crystalline structures
existed, as reported previously'”’. The thickness of the quasi-equilibrium flattened layer at t > 6h
was estimated to be 2.4 nm and is consistent with that obtained from the X-ray reflectivity
measurement'’’. Thus, we were able to extract the lone flattened layer using the leaching process
mentioned earlier.

It is known that thermal annealing promotes the irreversible adsorption of (uncharged)
polymer chains even onto weakly attractive surfaces,' ' forming three types of segment sequences,

) -1 55224
“‘trains’’, ‘‘loops’’, and ‘‘tails’’

. These physically adsorbed chains can be considered as a
““Guiselin brush””"*® where the chains are physically bound to the surface via multiple segments-
solid contacts. It should also be emphasized that the flattened layer has a highly packed (i.e., high
density ~ 10 % higher compared to the bulk) chain conformation'®’.

Fig. 5-3 (c) shows the optical microscope (OM) images of the PEO flattened layer surface

after the protein adsorption experiments with the FITC-labeled BSA protein molecules in DMSO.
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As a control, we also measured the protein adsorption on a 50 nm-
thick film as well as the bare Si substrate. The OM images for the
control sample and bare Si evidenced a large number of the BSA
molecules (which appear green on the image) adsorbed on the
surfaces (Fig.5-3 (a) and (b)). On the contrary, the OM image
proved the anti-fouling property of the flattened layer (Fig.5-3 (¢)).
We performed similar protein adsorption experiments with the
FITC-labeled BSA protein molecules in phosphate-buffered saline
(PBS) (pH=7) solution (a physiological buffer solution commonly
used for biological research) and found that the PEO flattened layer
repelled BSA completely, demonstrating the anti-fouling feature in
the aqueous solutions as well.

Several theoretical studies have modeled the mechanism of

225-228
G . Jeon and co-

protein resistance conferred by grafted PE
workers™® considered that a protein was modeled as a block of

infinite length placed parallel to a PEG-functionalized surface,

separated by the polymer chains and water. According to their

Fig. 5-3: Optical microscopy
(OM) images: (a) S0nm spin
coated film; (b) bare Si
substrate; (c) flattened layer.
BSA molecules appear green
in the images.

studies, the approach of the protein towards the PEG grafted substrate results in compression of

the PEG chains, leading to repulsive elastic forces. Additionally, the removal of water molecules

from the hydrated polymer chains during compression creates a thermodynamically unfavorable

osmotic penalty. These unfavorable elastic and osmotic stresses generate a repulsive force, the

magnitude of which depends on the surface grafting density and chain length of the PEG chains*>

2% as also predicted by Szleifer and co-workers using the single-chain mean field theory
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On the other hand, Grunze and co-workers predicted that the protein resistance of grafted PEG

22551 Their Monte Carlo simulations demonstrated that

chains depends on the chain conformation
a PEG chain on gold, which forms a helical conformation, was inert to protein adsorption, while a
PEG chain on silver, which results in a trans conformation, did not prevent protein adsorption®*®.
Moreover, they suggested that the helical conformation interacts more with water molecules than
the trans conformation, stressing the critical role of the polymer-water interaction in determining

protein resistance®” *!

. Recently, it was also shown that end-tethered polymer brushes do not
show any surface height fluctuations even in a good solvent and thus act as a “solid” substrate'*’.
Therefore, we hypothesize that the chain conformation and/or dynamics of the flattened layer in
the presence of water is responsible for the anti-biofouling
behavior.

The next question is whether a flattened layer composed
of a hydrophobic polymer also shows the structure-induced
antifouling property. Hydrophobic polymers are crucial in many
biomedical applications such as drug delivery®’, polymer

scaffolds™?, biomedical device fabrication, biological synthesis

and analysis, disease diagnostics, DNA sequencing, and

233-236

biosensors . However, hydrophobic polymers suffer serious

Fig. 5-4: OM image of BSA

fouling problems which limit its practical use in biomedical —molecules adsorbed on the

surface of P2VP a) 50 nm
applications due to low wettability and nonspecific spin cast film b) flattened

layer from PBS solutions.
protein/hydrophobic analyte adsorption and cell/bacterial 4 N

adhesion. Poly(2-vinylpyridine) (P2VP) is an attractive hydrophobic polymer for applications like

222,50

pH-sensitive systems . We used P2VP flattened layers as a model hydrophobic polymer. It
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should be noted that P2VP is hydrophobic under neutral or basic conditions, while the pyridine
groups get protonated and become hydrophilic under acidic conditions***. Since the PBS solution
used had pH=7, P2VP chains in PBS are considered as hydrophobic. We used the aforementioned
protocol to prepare the flattened layer on the non-etched Si substrates. The thickness of the P2VP
flattened layer was determined to be 3.0 + 0.2 nm and the polymer chains homogeneously covered
the substrate surface (Supporting information). The detailed structure and morphology of this
flattened layer have been described elsewhere’”.

Fig. 5-4 (b) shows the OM image of the P2VP flattened layer surface after protein adsorption in
the PBS solution along with a 50 nm-thick spin coated P2VP film (Fig. 5-4(a)). The protein
adsorption results interestingly demonstrated that the P2VP flattened layer also repelled BSA
completely, while the control P2VP spin-cast thin film (~ 50 nm in thickness) still showed BSA
adsorption. Hence, the results prove that the interaction between the polymer and water is not
critical for the emergence of the anti-fouling properties of the flattened layers. It was reported that
hydrophobic surfaces adsorb higher amounts of BSA than hydrophilic surfaces™’. This was
confirmed by the present results: a higher percentage of area covered by BSA for the P2VP 50 nm-
thick film than the PEO 50 nm thick films. We previously confirmed that the surface energy of the
P2VP flattened layer is identical to that of the 50nm film’. As mentioned in the introduction, the
formation of many solid-segment contacts forms the unique architecture of the flattened chain®'’.
Hence, we postulate that the large number of segment/solid contacts are the key factor in
determining protein resistance, as has been suggested by chemically end-grafted PEG

monolayers®’.
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Furthermore, as the bacteria adhesion mechanism is generally

238 239
d

protein-mediate , it is expected that the flattened layers with the

anti-biofouling properties would resist bacterial attachment and

subsequent biofilm formation. To check the possibility, we used s
Escherichia coli (E-coli) as a model bacterium. The details of

preparation of the bacterial solutions and adsorption experiments on

50.0 ym

polymer thin films are described in the supporting information. E. coli

DH5a cultured on a nutrient agar (at 37°C for 10h) were transferred to Fig. 5-5: OM image of
E-coli adsorbed on the

25mL of Lysogeny broth (LB). A 100ul aliquot of the bacteria surface of PEO a) 50

nm spin cast film and
suspension was pipetted out from the tube onto a clean petri dish. The b) flattened layer

(bacteria are false

PEO flattened layer was placed on top of the bacteria solution droplets
colored by blue).

with the polymer coated side down, to be in contact with the bacteria. The petri dish was thereafter
covered and incubated at 37 °C for 30 min. The incubated flattened layer was rinsed gently in
distilled water twice and dried under air flowing under a very low pressure. As shown in Fig. 5-5
(b), the PEO flattened layer repelled the bacteria completely, while E-coli strongly adsorbed onto
the control 50 nm-thick PEO spin-cast film (Fig. 5-5(a)). The initial attachment of bacteria was
believed to be mediated by recognition of components of a protein film by bacterial cells on the
surface®”**!. As proved above, the flattened layers repel protein adsorption such that the incoming
bacteria cells are not able to attach to the surface either. A similar correlation between adsorption

of BSA molecules and E. Coli cells on polyethylene glycol (PEG) surfaces was reported earlier®*.
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5.5: Summary

We demonstrated the novel anti-fouling characteristics of irreversibly adsorbed polymer
nanolayers on solid substrates irrespective of their hydrophobicity. Our results show that the PEO
and P2VP flattened layers could reduce model protein and bacteria adsorption on their surfaces
significantly compared to the thin films. We postulate that the large number of segment/solid
contacts are the key factor in determining protein resistance, as has been suggested by chemically
end-grafted PEG monolayers™’. Future work is needed to answer the following question:

(1) What are the chain architecture and local chain conformation of the flattened chains?

To understand the anti-fouling phenomenon as a whole, we also aim to reveal the structure

and dynamics of the interfacial water independently. It is believed that the structure and dynamics

of water are modified by the presence of solid surfaces™' >

. The assessment of the perturbations
of interfacial water structure and dynamics by hydrophilic surfaces is of fundamental interest since
water plays a major role in a vast number of biological processes. The next question to be clarified
is:

(ii) Does interfacial water*"">'°

exist near the polymer surface? If so, is that dependent on the
interaction between a polymer and water? What is the local structure and dynamics of the
water molecules?

For this purpose, SFG experiments, which provide molecular level structural and dynamical

information on the polymer chains and water molecules distinguishingly and quantitatively, will

be performed.

Moreover, to realize the necessary attributes for this next-generation polymer-based coating

technology, the third question to be addressed is:
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(ii1) What is the durability and stability of the flattened chains during multiple cycles of use in
water?
For this, we will perform ex-situ AFM experiments to check the film stability (whether

dewetting occurs after prolonged period of water immersion).
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5.6: Supporting information

Optical Microscopy (OM) measurements: Optical microscopy measurements were carried out
using an epifluorescent microscope (Olympus BX51) equipped with a fluorescein isothiocyanate

(FITC) filter.

Atomic Force Microscopy (AFM) measurements: The surface morphologies of the polymer
films were studied by atomic force microscopy (AFM) (Veeco Multimode V and Park NX20) at
Center for Functional Nanomaterials (CFN) at BNL. Standard tapping mode measurements were
conducted in air using a cantilever with a spring constant of 42 N/m and a resonant frequency of

204 - 497 kHz. The scan rate was 1 Hz with the scanning density of 512 lines per frame.

Bacteria experiments: The model bacteria, E.coli (Escherichia Coli) were thawed under room
temperature and the nutrient agar medium in a petri dish was swabbed with e-coli bacteria. The
petri dish was thereafter incubated in an incubator at 37°C overnight to help the e coli bacteria
grow as colonies on the nutrient agar medium. Multiple swabs of E. coli culture from the nutrient
agar petri dish is transferred into 25mL of Lysogeny broth (LB) medium in a centrifuge tube.
100u1 of the bacteria solution was pipetted out from the tube on to a clean petri dish. The polymer
films prepared om one side of the glass cover slips (glass cover slips cleaned with ethanol prior to
experiments) were placed on the bacteria solution droplet with the polymer coated side in contact
with the solution and the uncoated side facing the air surface. The petri dish was thereafter covered
and incubated at 37°C for 30 minutes. Post incubation, the polymer films were rinsed gently in

distilled water twice and dried under air flowing under a very low pressure.

Optical imaging for bacteria experiments: The bacteria were imaged using an Olympus BX51

microscope using a bright field configuration.
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Fig. 5-S1: AFM height image (4 um X 4 pum) of the
“quasiequilibrium” PEO flattened layer.

Fig. 5-S2: AFM height image (1 um X 1 um) of the
“quasiequilibrium” P2VP flattened layer.
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