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1.1 Introduction

Surface properties of any polymers have an imminent influence over key proper-
ties such as wetting, adhesion, friction, and biocompatibility, therefore affecting
the applicability of a polymer material [1]. It is nowadays well accepted that sur-
face properties differ from bulk in many aspects and a multitude of scientific
works has been done for the last 70 years in an attempt to highlight what actually
constitutes the surface, including the interphase, and how far into the material
its surface goes [2—10]. Moreover, while classical surface model will consider a
surface as rigid, immobile, and at equilibrium, which is more likely to be true for
rigid solids, the surface of a polymer material is highly depending on time and
temperature due to its viscoelastic behavior and is therefore thermodynamically
and kinetically dependent [11]. From this viewpoint , the polymer surface can
continuously restructure and reorient in response to different external factors
such as atmosphere, solvent, and so on and might be inherently a nonequilib-
rium dynamic system. The guiding force for these structural changes is that the
surface tends to decrease its free energy in a continuous way. In other terms,
surface chemistry, reactivity, and aspect vary in function of environmental and
processing conditions, influencing any desired modification and/or application
of the related material even when bulk properties are considered [12].

In order to understand the application-related modification of a polymer sur-
face, one should first learn what the polymer surface is actually, how its properties
are generally influenced, and what analytical methods are the most appropriate
to study and understand. This chapter aims at providing a summary of experi-
mental and theoretical concepts describing polymer surfaces near interfaces. It
discusses the role of the different factors such as the surrounding environment in
the surface properties and shows the multitude of analytical tools under different
situations involving surfaces and interfaces.
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1.2 The Surface of Polymers

1.2.1 Definition of a Polymer Surface

The word “surface” in its most general use includes the outermost or the
uppermost layer/boundary of a physical object or space/area (http://www
.wordreference.com/definition/surface). From the materials science viewpoint,
the surface, defined as the frontier between two different media, is characterized
by a certain thickness, reflecting a gradient of properties. With this respect, sur-
face ever differs from the bulk of any material in terms of density, composition,
or structure, and, even if it is present at very small fraction (by comparison to
bulk), the surface governs any polymer properties, as being the first contact sets
on. This statement remains true whatever the macroscopic material, including
polycrystalline solids or polymers.

However, for polymer surfaces, the molecular length scale goes well above the
angstrom scale (e.g. a typical end-to-end distance is about 107® m for a polymer of
10 000 monomer units and considering the random-coil conformation [13]), and
the term “small fraction” is broadly true. Herein, the connectivity, the entangle-
ments and the interactions between polymer chains at the surface are built up for
a surface thickness varying from several nanometers (for a layer in direct contact
with other medium) up to several micrometers (for a crystalline morphology)
[12]. Even though the interactions decrease upon increasing the distance, they
remain the source of cohesion and determine the surface properties such as fric-
tion, adhesion, surface tension, and biological activity. Moreover, polymer chains
have high degree of freedom (side-group [methyl, hydroxyl, carbonyl, etc.] C—-C
rotation, segmental a-process, and overall chain dynamics) and actual time and
temperature-dependent local or long-range motions, making surfaces dynamic
objects thereof [14] undergoing rearrangements upon changes into the surround-
ing phase(s): gas(es), liquid(s), or solid(s). Additionally, for a polymer macro-
molecule in the bulk, the interactions are similar in terms of type and force in all
three directions, while for a macromolecule at the surface, they are unbalanced,
leading to an excess of surface/interface free energy [15]. All these characteris-
tics create a thermodynamic force (configurational entropy) — the guiding force
determining an equilibrium state of minimal free energy or of maximum entropy
by transferring end-groups, functional groups, or additives to the surface, which
on the other hand causes segregation of polymer chains and/or their parts [5, 12].
The phenomena are known since the 70th of the twentieth century [16] and are
emphasized even today [17]. Examples can be found for gels (presenting low or
high contact angle in contact with water or air, respectively [18]), grafted poly-
mers (where the grafted chains are found to be hidden in the bulk or exposed
on the surface depending on the treatment conditions [19]), or even segmented
polymers [16].

Consequently, a polymer surface is a dynamic surface having temperature and
environmental responses — a place where phenomena provoking major evolu-
tions influence the polymer properties and lifetime (Figure 1.1) [12, 20].
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Figure 1.1 Schematic representation of factors determining a polymer surface and its related
properties.

1.2.2 Factors Determining a Polymer Surface

The previously driven consideration suggests that the polymer surface will be
determined by a multitude of factors within complex relationship without a
sharp discrepancy between them. A very general classification, however, can
be done based on factors’ origin: (i) internal — related to the polymer itself and
(ii) external — environment related.

1.2.2.1 Internal Factors
Among the internal factors, the polymer chemistry, composition and structure,
and molar mass and dispersity can be listed:

Polymer Chemistry It is generally considered that aliphatic C—C or C—O
bonds with non-bulky substituents are quite mobile and flexible, which make
them able to adopt any infinite number of configurations (in the ideal case)
with quasi-equal energy and to have a maximum entropy at thermodynamic
equilibrium. In this case, the substituents will be exposed to the surface or not
depending on the environment as shown by Cimatu et al. [21] for substituted
(in terms of ethyl/methyl groups) polymethacrylates with hydroxyl, chloro, or
phenoxy moieties. On the other hand, cyclic aliphatic or aromatic structures,
branches, or cross-linking points, as bulky substituents have a marked stiffening
effect that forces polymer chains to adopt a certain configuration that will reduce
system entropy and increase free energy [22]. Bulky substituents will therefore
be segregated at the surface [23], as illustrated by the studies of Hirai et al. [24]
on polymethacrylates with “side crystalline” chains. Restrictive chain mobility
and conformation are also related with the presence of functionalities allowing
attractive hydrogen, dipole, or electrostatic interactions. Such functionalities

3



4

1 The Surface of Polymers

will force adopting a certain conformation out of thermodynamic equilibrium.
In other words, chemistry determines mobility and the properties of a dynamic
polymer surface such as surface topography (or roughness) from atomic to
macroscopic scale and surface morphology in terms of crystallinity and crystal
structure [12, 13, 25]. Together, polymer chemistry, mobility, and conformation
will influence the surface chemistry and thus the surface topography and
wetting. Therefore, they all will play on surface mechanical properties, adhesion,
friction, etc.

Polymer Composition and Structure Additives in polymers, especially of low molar
mass (e.g. plasticizers), are often excluded from polymer bulk and migrate to
the surface, changing its properties and composition [2]. Moreover, the com-
position will change with thickness and form a gradient. This is similar in the
case of immiscible polymer blends, where the blend component with lower sur-
face free energy will migrate to the polymer surface in order to reduce the total
free energy of the system and place it in a thermodynamic equilibrium. Surface
excess and concentration gradient can be calculated based on the mean field
arguments [26, 27].

A similar effect is observed with block copolymers or comb-type copolymers
where one sequence enriches the surface depending on miscibility and composi-
tion. In some particular cases, such segregation may even lead to the formation
of lamellar structure normal to the surface [2].

Molar Mass and Dispersity Other important factors influencing polymer surfaces
are polymer molar mass and dispersity [22]. A low molar mass polymer or a poly-
mer with large dispersity, for example, is expected to present a greater number
of chain ends at the polymer surface, when comparing with a high molar mass
polymer or a polymer of lower dispersity. As chain ends are less restrained, they
provide the polymer surface with greater mobility at low temperature, yielding it
to expand. Greater mobility, as discussed earlier, will decrease surface free energy
and affect topography and morphology.

Higher molar mass and lower dispersity, on the other hand, will cause entan-
glements and even some crystallization at the polymer surface. These will reduce
chain mobility and increase surface free energy, causing irreversible topography
and morphology changes.

1.2.2.2 External Factors

Understanding the interactions of polymer surfaces with external factors is
important for selecting the right application. A multitude of examples can be
found in areas of wetting and dewetting, crystallization, or “smart” materials
for optoelectronics, as summarized in a very recent review [6]. Here again, the
surface properties are thermodynamically driven in such a way to decrease
the energy between different interacting components. This thermodynamically
driven decrease in surface free energy is directly related to the dispersion forces,
providing principal contribution to molecular interactions across polymer sur-
faces and allowing adsorption of substances from the environment (gas, liquid,
or solid low- or high-molar mass molecules) to the polymer surface [12, 28, 29].
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As shown by several reviews and experimental papers, these substances can
also penetrate the surface and cause swelling or plasticizing at the near-surface
regions [6, 8, 12, 29-31].

Gas Molecules Experiments on the physical adsorption of gases are one source of
information about dispersion forces at interfaces [28]. They date back to the late
50-60th of the twentieth century and usually show a fast way to reach the adsorp-
tion equilibrium without any hysteresis, suggesting a lack of gas molecules pene-
tration into the near-polymer surface range for energetically homogenic polymer
surfaces [32]. Gas molecules penetration into the near-polymer surface range was
found highly heterogeneous in terms of energetics polymer surfaces [29, 33], and
it evidenced the contribution of the dispersion forces to the surface free energy.
In these cases, a first gas monolayer is formed over the high energy portion of the
adsorbent, followed by a second monolayer formation over the polymer surface
[29]. More recent studies have shown that adsorption of gas molecules expanses
polymer surfaces and causes plasticization of the near surface regions [12].

Charged Molecules 'The role of the dispersion forces should also be considered in
the specific adsorption of ionic molecules onto polymer surfaces as it influences
phenomena as conformation and solubility of electrolytes, flocculation, micelle
formation, etc. [34]. For example, charged molecules such as salts and ionic sur-
factants, can form charged polymer surfaces from polymers that lack surface
potential [8, 35]. The surface potential will be different from zero whether ions of
the same sign are preferably adsorbed or equal to zero in the case of charge non-
specific adsorption. This is due to the formation of an electrical double layer at the
interface with a polymer surface of zero “native” surface potential as shown by the
studies of Jacobasch et al. [35] on technical poly(ether ether ketone) (PEEK, Vic-
trex 450G, Victrex GmbH, Germany) and a fluorocarbon polymer (provided by
the Institute for Applied Polymer Research, Teltow, Germany). Indeed, these two
polymers do have a zero “native” surface potential in aqueous solutions, because
they do not contain dissociable surface groups. However, direct force and zeta
potential experiments show a negative electrostatic surface potential due to an
excess adsorption of anions from the electrolyte solution. Therefore, an electrical
double layer is formed next to the solid polymer surface [35].

Such formation of an electrical double layer can be explained by considering
the contribution of dispersion interactions acting on ions in the theory of colloid
science. Specific ion adsorption due to dispersion interactions can be dominant
as well as in the case of charged interfaces at high salt concentrations. The effect is
shown to be at the same level of approximation as, and precisely equivalent to, the
Onsager limiting law for the interfacial tension change related with dissolved salt
at a single interface, i.e. to linearization of the Poisson—Boltzmann distribution,
and restriction to electrostatic potentials as the sole determinant of adsorption
excesses [8, 35].

Solvents Contact with solvents strongly influences polymer surface formation
and restructuring, in terms of segregation, composition, and morphology
[6, 31]. The comprehension of the mechanisms again lies on a consideration of
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thermodynamics. Polymers in contact with solvents tend to change conformation
and configuration in order to reduce surface energy through the formation of
temporary and favorable polymer—solvent interactions [6]. This ability of
polymer surfaces to change their performance (actuate and interact) with the
environment without requiring an external intervention conveys them as a form
of a “smart” behavior that attracts a lot of attention.

The first studies in this aspect were based on conformational changes of poly-
mer brushes induced by the environment [36]. Furthermore, they were trans-
lated to the migration of substituents and related to surface entropy and free
energy [21, 22]. Hydrogen bonding, van der Waals interactions, or electrostat-
ics were found to be responsible for solvent—polymer interactions. Complexity
arises if solvent also lowers its free energy in contact with polymers. Therefore,
solvent—polymer, solvent—solvent, and polymer—polymer interactions must be
considered to understand how solvent influences polymer surface.

Solvent effects on polymer surfaces have been pioneered by Thomas and
O’Malley [37]. The authors investigated the role of solvent—polymer interactions
onto the surface chemical composition of thin poly(styrene)-b-poly(ethylene
oxide) films. Results with different solvents showed that polymer surface enriches
in the component allowing lowering the surface energy depending on solvent
polarity, as expected from thermodynamics and energetics [37]. Additionally,
and as expected from solubility considerations, a good solvent yielded less
surface segregation of the soluble component, while a mutual solvent resulted
in most pronounced composition-depth gradient. In other words, good solvent
brings higher mobility of the polymer chains and reduces surface segregation
due to preferential solubility and higher mobility [37]. On the opposite, a bad
solvent contracts the polymer chains, restricts their motion, and favors surface
segregation.

The picture becomes more complicated by introducing solvent—solvent to
solvent—polymer interactions. For mixed solvents with preferential solubility to
both components, highly segregated surfaces have to be obtained [38]. In this
case, the effect of solvent—solvent interactions on polymer surface segregation
was found predictable based on the Hildebrand solvent parameter and was
considered relevant to solvent volatility [31]. Indeed, high solvent volatility
decreases segregation by allowing less time for the process to occur.

Concerning polymer blends (polymer—polymer interactions) and the Hilde-
brand and Hansen solubility parameters, hydrogen (or electrostatic) bonding
might be concluded to influence the phase behavior of polymer blends [39].
For miscibility based on hydrogen bonding polymers blends, a solvent of strong
hydrogen bonding ability will reduce miscibility and induce segregation of
polymer chains, based on competitive phenomena — solvation phenomenon
(according to Horn [40]). This will be different from the behavior of immiscible
polymer blends, where the surface organization is dominated by the equilibrium
thermodynamics [31]. As already discussed, equilibrium thermodynamics favors
complete phase separation and surface segregation of the component with lower
surface energy [5, 12].
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Lowering surface free energy might have undesired effect on polymer surface
stability and gives rise to solvent absorption into the polymer and/or the dissolu-
tion of polymer into the solvent. These considerations have been investigated by
Ruckenstein and Gourisankar [30], by a simple contact angle procedure for the
case of polymeric surface water interface. The experiments were performed on
three types of polymeric surfaces presenting high (Teflon FEP), medium (sput-
tered Teflon), and low (etched-sputtered Teflon) interfacial free energies with
water as a result of surface restructuring in aqueous environment. The results
from contact angle and dynamics of solid surface restructuring investigations
under water evidenced the instability of polymer surface in the case of very small
water—polymer interfacial free energy (the etched-sputtered solid surface), allow-
ing penetration of water molecules from the surface to the bulk of the polymer
material and possible dissolution of the solid in water. These contact angle results
were well supported by the physicochemical characteristics of the different poly-
mer surfaces used in this study [30].

The experimental works have been supported by a growing body of theoret-
ical studies with the interest in switchable wettability and adhesion, mainly for
polymer brushes in different geometries [41-46].

Polymers Another very intriguing (in view of applications) subject concerns the
changes of a polymer surface when placed in contact with another polymer sur-
face. Indeed, the idea of using polymer blends in order to broaden material appli-
cations is quite natural but turns out to be quite difficult. The reason for this
comes from the competition between entropy and enthalpy, often guiding a phase
separation of the pure polymers. The studies here lie on the Flory—Huggins theory
of mixing and consider four potential sources of errors coming from the following
assumptions:

o The long-range chain statistics of polymer molecules are ideal random coils,
while in reality they might collapse in contact with another polymer [47].

e Large composition fluctuation should be neglected, although in the case of
diluted regime or of low molar mass polymers, this mean-field theory faces
a failure [48]. In the case of the dilute regime, the failure will be determined by
the chain connectivity, while for low molar mass polymers, it will be induced
by the absence of screening effects [4].

e There is no volume change (extra space creation) when two polymers are
mixed. However, if two polymers are facing strong unfavorable interactions,
such as repulsive forces, the system will tend to slightly lower density, reduce
the number of possible interaction points, and gain some extra translational
entropy in order to reduce energy. These all will create “vacancies” or extra
space [4].

e There is now influence of the local structure and packing. Yet, it was already
shown that bulky side groups or local structure of monomer units restrict the
number of available conformations and thus provoke changes in entropy of
mixing [4, 21, 23].

A large number of studies have gone into achieving universal theory, but with
no success [4, 10, 49-51], and despite all its shortcomings, the Flory—Huggins
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theory (Eq. (1.1)) remains up to date the universal framework for considering
polymer blends.

¥ = 2(2€,5 — €an — Egp)/(KT) (L.1)

where y is the Flory—Huggins free energy of mixing, z — the z spatial dimension,
Eap Ean and e — the energies associated to the interactions between neighbor-
ing segments: an A next to a B, an A next to an A, and B next to a B, respectively;
k — the Boltzmann'’s constant (1.380 649 x 10723 J/K), and T — temperature (K).

According to this theory, polymer blends might be divided into three general
classes:

o Miscible polymer blends. Occurring only in few cases, where the energy
difference (y, Flory—Huggins free energy of mixing) is negative, so intimate
mixing between the components can be obtained [4]. Moreover, y will
be negative only for a certain temperature range, as shown for the case of
deuterated poly(styrene)/hydrogenated poly(vinyl methyl ether) blends [52],
and only within this temperature range, both polymers will be miscible for all
molecular weights.

o Similar polymer pairs. Nearly identical in structure (e.g. differing only in
isotropic substitution), where very small positive values of y can be obtained.
The classical example in this case is blends made of hydrogenated and deuter-
ated components of equivalent structure [53]. Although the technological
interest of such blends is irrelevant, they remain important for purely scientific
studies of miscibility.

o [mmiscible polymer blends. Comprising almost all other polymer blends lack-
ing chemical similarity or specific interactions, where y is taking a positive sign
in the range 0.001-0.1 and both components will be miscible only for lowest
molar masses [4].

Following the discussion, one may conclude that the important length scale
for polymer—polymer interfaces is the overall size of the polymer chain, which
broadens polymer/polymer interfaces compared with other liquids. Indeed,
the width of polymer/polymer interface depends on polymer miscibility, and
for miscible polymers the interface will broaden with time by the process of
interdiffusion of polymer chains and result into a single phase at equilibrium [4].
This interdiffusion will be slow due to chain entanglements but will control the
strength of the final material at equilibrium. On the opposite, immiscible polymer
blends will tend to demix with time and will form coarsen domains at equilibrium
(Figure 1.2). The predominant feature here being segregation with the lowest
free energy component situated at the near-interface polymer surface [4].

Although, the knowledge on how polymer molecules orient and interact with
the molecules of another polymer at the interface, the subject continuously
evokes interest as shown in the significant number of scientific papers, reviews,
book chapters, and books on polymer blends in the very recent years [55-73].

Solid Surfaces As was shown earlier, the composition of a polymer surface in
contact with a small molecule or with another polymer significantly differs from
bulk. The same applies to the polymer surface in contact with a solid and is of
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Figure 1.2 Domain coarsening. Temporal domain area <A> for three runs at a defined
composition and temperature. “k” - rate of growth of the mean radius, “n” - the exponent in
the growth low and “t” - growth time. Solid lines represent linear fits and (a) — (d) are optimal
parameters obtained from Gaussian fits. Inset: snapshots of domain patterns at different
stages of coarsening (from the top plot); the black panels correspond to 150 um (left) and to
240 pm (right). Source: Seul et al. 1994 [54]. Reused with permission from Scientific Publishing
and Remittance Integration Services.

importance in a number of problems of practical interest as polymer processing,
lubrication, permeation, separation, and adsorption processes [74-77]. A
very practical example can be found in colloid and surface science, where the
polymer surface will respond to a solid colloid particle by either preventing or
enhancing its aggregation, depending on polymer-induced phenomena, known
as adsorption or depletion [77]. Basically, both these terms refer again to the
surface segregation or enrichment in the species of low surface energy at contact.
As already discussed for other factors, large degrees of adsorption or segregation
can be obtained even when the interaction driving the segregation is small;
offset against any gain in energy obtained on adsorption is a loss of translational
entropy of the molecule in the bulk, but for a large macromolecule this entropy
is rather small. The length scale characterizing the distance from the surface
over which the composition is perturbed is generally much larger than that for
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small molecules, either liquid or solid, because this length scale is itself set by
the size of the molecules themselves [4].

The difficulty to understand the behavior of polymer chains at solid interfaces
comes from the fact that there are inaccessible (buried). According to the lit-
erature, the polymer/solid interface structure is determined by the molecular
interactions at such buried interfaces [78—82]. Therefore, elucidation of interfa-
cial structures at the buried polymer/solid interface leads to the detailed under-
standing of the buried interfacial interactions, which can be used to rationally
design interfacial structures with improved properties (e.g. adhesion). According
to the chemistry of the solid, polymer/solid interfaces might be divided into three
main groups: polymer/metal, polymer/metal oxide and polymer/polymer inter-
faces. The later has been shortly discussed earlier, so this section will focus on the
behavior of polymer chains in contact with metal and metal oxide surfaces.

e Polymer/metal interfaces have been studied [78] due to their importance
in microelectronics or anticorrosion coating applications, with one of the
largely investigated model systems being the poly(methyl methacrylate)
(PMMA)/silver (Ag) interface. Experiments have shown that at this buried
interface, in addition to the surface dominating ester methyl groups of
PMMA, the methylene groups and the alpha methyl groups are also present.
Orientation analysis indicated that the side ester methyl groups at the
PMMA/Ag interface tilted toward the polymer/metal interface [83]. Using
a self-assembled monolayer of methyl 3-mercaptopropionate (MMP) on Ag
as a control, the absolute orientation of ester methyl groups of PMMA at
the buried PMMA/Ag interface was deduced to be tilting away from the Ag
surface (Figure 1.3) [84].

Last experiments studied the interfacial molecular structures of an adhesion
promoter, polybutadiene modified epoxy (PBME) rubber or polystyrene (PS),
with gold (Au) [85, 86]. Buried surfaces of perfluorosulfonated ionomers (such
as Nafion), used in fuel cells and electrodes (such as Pt) have also been investi-
gated [87]. The obtained results suggested that Nafion molecules interact with
the Pt electrode surface via side-chain sulfonate terminals. Besides the evolu-
tion of polymer chemical functionality in contact with metal surfaces, the con-
formation evolution of the macromolecules was also investigated [80]. For PS
chains at the surface of a spin-coated film in a temperature-ramping mode as
well as under isothermal annealing, the conformation of the surface chains was

Figure 1.3 Molecular structure of the buried PMMA/Ag interface studied by Sum frequency
generation (SFG) vibrational spectroscopy showing side ester methyl groups tilting toward the
polymer—-metal interface. Source: Adapted with permission from Lu et al. [83]. Copyright 2018,
American Chemical Society.
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found to be in a nonequilibrium state. Based on these studies, the relaxation of
surface nonequilibrium chains was stated to be induced by the enhanced sur-
face mobility, while the whole chain motion (such as reptation) was suggested to
be a key factor in determining the time scale for equilibrating the surface chain
conformation [80].

o The importance of polymer/metal oxide interfaces can be found in the use of
metal oxides (such as SiO,) as (nano)fillers in polymer (nano)composite mate-
rials to enhance the mechanical strength of the final material. The multitude of
experimental and theoretical (modeling) studies have pointed out the impor-
tance of polymer/filler interactions (such as hydrogen bonding or CH-x) and
the preparation method (spin- or solvent-casting) onto the chemical and con-
formational structure of the polymer chains ate the interface [78, 88, 89].

More detailed information on the conformation of the polymer chains near
interfaces can be found in the late literature, summarized in the book of Jones
etal. [4]

1.2.3 The Polymer Surface at a Microscopic Level

An elegant physical argument about the effect of a surface on polymer configura-
tions was made by Silberberg in 1982, who argued the conformational modifica-
tions by considering an imaginary plane cutting a polymer melt in an exact mirror
image [90]. In particular, each configuration that crosses the plane has an image
configuration crossing in the other direction. Moreover, if cutting each chain that
crosses the plane and joining up the free end with the cut end of the mirror con-
formation, there remain no bonds crossing the plane, but the same number of
bonds are still present. From this, these chains whose centers of gravity lie less
than about two radii of gyration from the surface will have their configurations
perturbed; in particular the radius of gyration perpendicular to the interface will
tend to be reduced, with rather less change occurring in the directions in the
plane of the surface [90].

This picture of chains near the surface adopting rather flattened configurations
has been confirmed by lattice Monte Carlo study in computer simulations, con-
sidering the position of the chains, the chain-monomer profile (as the average
number of monomers in a layer a given distance z from the surface that belong
to the same chain), and the location of the chain ends [91]. Simulations herein
confirmed the hypothesis (based on physical grounds) that a polymer chain at or
near an interface suffers from a smaller loss of entropy (by virtue of the surface)
than does a chain with a middle segment at the surface, so that the density of
chain ends at the surface should be somewhat enhanced.

The knowledge over polymer interactions and chain conformation in contact
with surfaces is extremely important in the construction of materials for health-
care applications [92]. Studies in this field consider mainly protein orientation (in
terms of chemical functions and chain conformation) at the contact with other
surfaces. Despite any difference, they might be translated to any other polymer
chain and shed much light on the subject of what a polymer surface is.
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Figure 1.4 Schematic representation demonstrating control of conformation and orientation
by surface curvature (A) (Source: Reproduced with permission from Giamblanco et al. [97].
Copyright 2018, American Chemical Society) and (B) laminin adsorbed on a GaP nanowire
substrate (Source: Reproduced with permission from Fortes [99]. Copyright 1983, Springer
Nature). Confocal three-dimensional stack image of a 143 x 143 um? area with vertical 90 pm
diameter, 3.2 um long GaP nanowires (a). Single plane image (7.3 nm optical slice) of the same
sample (b). Scale bar 3 nm [99].

Based on a considerable body of experimental and theoretical work, the orien-
tation of a protein molecule on the surface can be characterized as “side on” or
“end-on” depending on the axis (long or short, respectively) interacting with the
surface [93-98]. Such interactions have been found to strongly influence the pro-
tein secondary structure. Another important factor is the surface curvature. High
surface curvature (as in the case of carbon nanotubes or silica nanoparticles) pro-
motes globular structure [97], while flat surfaces (such as gallium phosphate) is
more suitable for rod-like macromolecules (Figure 1.4) [99].

1.3 Properties of Polymer Surfaces at Interfaces
The dynamic nature of the structure and morphology of polymer surfaces near

interfaces influences surface properties and fascinates scientists since more
than half a century. Among all, surface wettability, density, adhesion, thermal
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(surface glass-transition temperature and crystallinity), optical (brilliance), and
mechanical (surface modulus, flexibility) properties are of primary interest in
terms of applications.

1.3.1 Surface Wettability

Historically speaking, the first surface property to be studied is the surface wet-
tability, defined as the ability of a material to remain solvated in the presence
of other molecules. The more common situation in wetting involves a solid (s),
interacting with a liquid (1), at the environment of a second immiscible fluid (v)
[100], each of them characterized by its interfacial tension under equilibrium
conditions at a certain temperature (7, v, and y,,, respectively). From a physical
point of view, the phenomenon is explained by the cohesive forces holding liquid
molecules together determining surface tension. As polymer macromolecules at
the surface are also held together by the action of cohesive forces, they undoubt-
edly exhibit surface tension. Detailed consideration and understanding of this
phenomenon with polymers are present in the books of Fortes [99] and Jones
et al. [4] and recently reviewed by Hall and Geoghegan [6], and therefore this
part of the chapter will only aim on providing a picture of the influence over the
internal and external factors discussed earlier on surface wettability in terms of
surface tension.

Surface tension is calculated from contact angle (6, °) measurements and com-
pared to water. With this respect surfaces are divided into hydrophilic (where the
interfacial energy at the water—polymer surface contact is below the free surface
energy of the polymer) and hydrophobic (where the polymer surface is of lower
free energy compared with the interfacial energy at the water—polymer interface).
If 0 is constant with time and the surface is in equilibrium, it will be expressed by
the Young’s equation (1.2)

0 = arccos <M> (1.2)
Vv

where the surface free energies are assumed to have the same value at all points
in each interface [100, 101]. This equation is only true for the case of ideal surface
(unreactive and chemically homogeneous, insoluble, completely flat, rigid, and
static) [6]. From the already exposed definition, however, polymer surfaces are
dynamically changing objects, responsive to internal and external stimuli. This
dynamic nature creates instability in the contact angles, described by a contact
angle hysteresis — a change in a droplet shape and volume provoked by spread-
ing and/or adsorption. In practice, the dynamic phenomenon of contact angle
is limited between the advancing (maximal) contact angle (§*®") and the reced-
ing (minimal) contact angle (6"), the first associated to wetting and the second
to dewetting of a surface [102]. The picture might be visualized according to
Figure 1.5.

It is then natural to consider that internal factors such as polymer chemistry
(presence of reactive/functional groups along the chains, lateral, or chain
ends), composition (presence of additives), and dispersity (presence of low
molar mass chains) will influence surface reactivity, chemical homogeneity, and

13



14 | 1 The Surface of Polymers

Figure 1.5 Schematic
representation of the
wetting and dewetting of a
surface (a) and according to
the contact angle value (b).
“6" - contact angle.

Wetting

>N
0 <90° >90° SEGR
Wetting Non-wetting Dewetting
(b)

Figure 1.6 Schematic
representation of (a) the
“beer bottle cap” concept
and (b) of a profile of rough
surface showing the
expected critical positions of
the contact line for the
advancing (1) and receiving
(2) modes. The line of contact
(@) jumps (arrows) between the
positions indicated as the
volume of the drop is made
to change. The horizontal
line represents the mean
surface. Source: Fortes et al.
1983 [99]. Adapted with
permission of Springer
Nature.

solubility [100]. External factors such as gases, solvents, polymer, and solids
will change the hydrophilic/hydrophobic balance due to the thermodynamically
driven reorganization of the functional groups exposed at a polymer surface
[6, 31]. This creates a multiplicity of equilibrium configurations of polymer
chains near the surface and consequently modifies surface wettability. This
multiplicity of equilibrium configurations is expected to give rise to a waved
contact lines between polymer surface and a liquid drop and to a liquid interface
with convolutions near the polymer surface as described by the “beer bottle cap”
concept (Figure 1.6a) [100]. Reconstructuring due to conformational changes
(chain motions as displacement and reptation) will induce local variations
in surface rugosity and rigidity that will create a droplet spreading and/or
adsorption. It is obvious that modifications in surface roughness also induces
the previously discussed multiplicity of equilibrium configurations for polymer
chains near the surface and thus influences surface wettability. The effect can
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be explained with Figure 1.6b, where the observed contact angle, measured in
relation to the mean surface (6*) is actually the sum of the real 6 and «; at point
1 or the difference between 6 and «, at point 2 [100].

Practically, surface wetting is an indicator of surface fouling and adsorption for
example in protein fouling. Here, two cases can be observed:

— In the case of hydrophilic polymer surfaces, the strong surface wettability cre-
ates a high-density layer of adsorbed water molecules that shields the polymer
surface and prevents it from interactions with proteins [92]. In this case, sur-
faces are characterized with limited (if any) protein fouling as very limited
(if any) polymer—protein interactions are possible and proteins preserve their
secondary structure.

— On the opposite, proteins undergo partial unfolding and spreading onto
hydrophobic surfaces, where polymer—protein interactions are highly pos-
sible. Decreasing fouling of such hydrophobic surfaces is then possible
with introducing specific nanocharges, influencing the morphology and the
rugosity of the polymer surface at the nano-level [17, 103]. Similar results are
obtained with polymer surfaces when wetting with nonaqueous solvents.

Thus, the surface reorganization upon wetting is an extremely important factor
to be taken under consideration when choosing the right application of a polymer
material.

1.3.2 Surface Thermal Properties

If it is intuitive to think that polymer chains near the surface would have higher
degree of freedom, and thus higher mobility in comparison to bulk ones [12], it
is also intuitive to consider that the thermal properties — glass (T,) and melting
(T',,) transition temperatures and crystallinity — will also differ from bulk. These
hypotheses are confirmed by experimental works showing the importance of the
environment (external factors) on chain mobility and thus on chain orientation
and rearrangement [8]. Experiments also revealed gradient evolution of polymer
thermal properties from surface to a bulk [104]. In general, there are three factors
to be considered to determine mobility and consequently thermal properties of
polymers: chain flexibility, interchain interactions, and polymer regularity [22],
all of them determined by internal (polymer chemistry, composition, and molar
mass) or external (contact with gas, solvent, or solid) factors. The way that they
influence bulk transition temperatures and crystallinity was recently described by
Gilbert [22] and can easily be transferred to the polymer chains near the surface.

1.3.2.1 SurfaceT,

For a polymer surface below the glass transition temperature (T ), where molec-
ular rotation about a single (C—C) bond becomes restricted and where the back-
bone dynamic is completely frozen, only small side-groups (methyl, hydroxyl,
carbonyl or phenyl substituents) can move [105]. It is then clear how polymer
chemistry, composition, and molar mass will influence Tg.
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e In terms of polymer chemistry, the presence of more bulky substituents
will restrict local motions from rotation to torsional processes, flips, or
only oscillations and thus increase surface T,. The presence of polar or
hydrogen bonding groups will also tend to increase 7'y, as they might create
bonding between adjacent groups and thus increase the energy required for
side-groups movement.

e In terms of composition, branching with long side-chains or cross-linking will
cause entanglements and again rise the 7',.

o A low molar mass polymer will have higher amount of chain ends tending to
migrate to the surface and increase its mobility, which reduces 7',. The relation

between 7', and the number average molar mass of (M) a polymer is given by
the Flory—Fox equation (1.3):

I,=T; - <%> (1.3)

where Iy is the glass transition temperature of a sample containing polymer
chains of infinite molar mass and K is a positive constant [106].

Above T,, segmental relaxation (a-relaxation) process, based on cooperative
motion of chain segments, completes side-group dynamics. Here, the rotation of
one part of the macromolecule about another one (over a C—C or C—O bond)
will also be impeded by the presence of more bulky groups (hydrocarbon groups,
phenyl groups, etc.) along the polymer chain backbone and T, will increase again
[22]. The presence of unsaturations as double (C=C) or triple bonds (C=C) will
stiffen the chain at the point of inclusion but might increase the flexibility of adja-
cent bonds, thus reducing the overall glass transition temperature. If polymer
composition is concerned, random copolymers will have a T, between those of
the corresponding copolymers according to the Fox equation (1.4):

1 @;
— e 1.4
I™ Z Tg, 4

where Ty and T, are the glass transition temperature of the mixture and of
the component i and w; is the mass fraction of component i [107]. It must be
pointed out that since random copolymerization tends to promote disorder
and reduce molecular packing and interchain interactions, the T, of random
copolymers is often lower (although sometimes also higher) than predicted by
the linear relationship. In the case of block copolymers, two types of effect have
been observed depending on blocks miscibility/compatibility. For incompatible
sequences, a transition corresponding to each block is observable, while for
compatible blocks a single transition is observed. This last one is also usually
close as predicted by the linear relationship [22].

Both below and above bulk T,, external factors as the presence of gases,
liquids, or solids will generally cause chain separation and increase mobility
[22, 105]. This effect is known as plasticization and results in a shift of the
surface T, toward lower temperatures with respect to bulk 7',. As an example,
the system poly(methyl phenyl siloxane) (PMPS)/organophilized silicate might
be cited [105]. With this system, a very fast process was found to dominate the
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dielectric spectra with a very weak, almost Arrhenius temperature dependence.
Additionally, at high temperatures its dynamics appeared to overlay the dynam-
ics of the bulk PMPS, whereas near and even below the bulk Tg, it was almost
6 orders of magnitude faster than the bulk segmental process. The attempt to
analyze the relaxation times of this process resulted in a Vogel temperature T,
of about 93 +2K, i.e. almost 100K lower than that in the bulk. The fragility
parameter, D = B/T, also increases about five times for the confined chains
with comparison to the PMPS, indicating that the confined PMPS behaves as a
stronger glass (more Arrhenius-like), i.e. confinement influences a conforma-
tional rearrangement. At high temperatures, a slow process was evident with
a weak dielectric strength and its relaxation times coinciding with the ones
of the bulk polymer; likely, this was due to the segmental motion of PMPS,
which occurred outside the galleries of the nanocomposites. This is because
the relaxation times of the polymer chains at the surface are much shorter
than those of the bulk and follow almost Arrhenius temperature dependence
[105]. Alternatively, the enhanced dynamics of surface polymer chains might
be explained by an enhanced monomeric mobility due to preferential parallel
organization of the polymer chains in contact with another surface that increases
supercooling [108].

1.3.2.2 Surface Crystallization

In the case of semicrystalline polymers, their crystallization starts with the
formation of lamellae [109, 110], due to chain folding effects. The lamellae grow
at different rates (with the fastest rate dominating the crystallization) until
spherulites are formed. Given this, crystallization is considered as a kinetic
phenomenon, although some considerations of a spinodal process also exist
[111].

Here again, among the internal factors, polymer chemistry plays an important
role in crystallization as it determines chain regularity [22]. For bulk polymers,
it is generally considered that regular polymers (with long linear chains) will be
able to crystallize, while branched or cross-linked polymers will form amorphous
structures. This somehow implies that polymer chains near the surface, where
the concentration of branches and chain ends is much higher the bulk, impeding
crystallinity. However, the higher mobility of polymer chains in the presence of
branches and chain ends facilitates rearrangement and would eventually improve
crystallization. Moreover, long branches can bring chain entanglements and even
crystallization. Due to all these differences, the surface formed by polymer crys-
tals might have different perfection (size and shape) and therefore, different melt-
ing/crystallization temperatures.

If not the most important, the most discussed external factor influencing the
crystallization of polymer chains at surfaces is the solid surface related with
nucleation [6, 22]. The role of a solid surface in polymer crystallization (epitaxy)
is important, particularly because it is accepted that polymer crystallization
proceeds by nucleation. In this case, the solid surface takes the role of a nucle-
ating site for crystallization. This would mean that crystallization proceeds at
a higher temperature on cooling or at a lower temperature on heating (if cold
crystallization is involved) [6]. These hypotheses are confirmed by experimental
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results, mostly including poly(ethylene terephthalate) (PET) [112—114]. Results
have shown that PET at a solid surface will start its surface crystallization at
a temperature close to its glass transition temperature, i.e. below the bulk T,
occurs. Because of this faster crystallization at surfaces, the process is considered
to be confinement controlled, what basically means that the thickness of the
sample in contact with a solid surface will be another important factor in
crystallization of surface polymer chains [114].

In any case, considering the overall thermal properties of a polymer surface is
of crucial importance as it imminently influences surface optical and mechanical
properties.

Surface Optical Properties Among the polymer material optical properties, the
transparence and the brilliance are the most often sought in a multitude of
industrial application areas such as painting, automobile, etc. Between them, the
brilliance is the surface property that scientists and industry often focused on.

The brilliance translates the ability of a surface to reflect light, or its reflectance
(R). This last one being defined as the ratio between the amount of reflected (®%)
and incident (@) light in a gas or fluid. Ideally, in air and on a plain surface R
will be only dependent on the incident light angle and the refractive index of
the material, which is determined by internal factors as surface chemistry (for
polymer surfaces, surface chemistry). However, reaching this ideal case of plain
surfaces is not always easy, and for the most common rough surfaces, the light
is not only reflected but also diffused in the environment just above the surface
(Eq. (1.5)):

4mo cos §

R=R, " (1.5)

where ¢ is the surface root mean squared roughness, 6 is the incident light angle,
and 4 is the incident light wavenumber [115].

Surface Mechanical Properties Last, but not least, the mechanical properties of a
polymer surface raise significant interest as they represent a direct measurement
of the surface resistivity toward mechanical aggressions as abrasion. As surface
thermal properties (7', and crystallinity) were found to differ from bulk with a
gradient evolution from the surface to the polymer bulk [8, 104, 105], the sur-
face mechanical properties are also suggested to differ from these of the bulk
[116]. Indeed, experimental studies have shown that surface dynamic storage
modulus (E’) and surface loss tangent (tan §) vary as a function of polymer sur-
face chemistry, polymer surface chains molar mass, segregation, and composition
(enrichment in chain-end groups) [116]. Surface Young’s modulus (E) and sur-
face hardness (H) on the scale of 0.05—1 pm were also found to be related to
polymer homogeneity at a surface [117], which is affected by the complex action
of both internal and external factors. With similar experiments, the E variation
with depth is also confirmed [118]. Despite the fact that the experiments provide
direct information on the surface properties of polymers, their scientific knowl-
edge requires the use of numerical simulation techniques [119].
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1.4 Experimental Methods for Investigating Polymer
Surfaces at Interfaces

The scientific knowledge on polymer surfaces at the interfaces will also depend
on the analytical method of choice [2, 6]. In general, analyses must provide infor-
mation on chemistry and chain conformation, chain-end distribution, surface
density and roughness, etc. with sufficient resolution (sub-nanometer scale) [2].
Although the analytical methods allowing knowledge on the polymer surface
near an interface are numerous nowadays, their choice is far from being trivial.
Indeed, the choice of relevant technique will depend on several factors:

e What information (chemistry, morphology, etc.) is needed.

e What is the surface accessibility (e.g. the type of external factor = accessible
and buried surfaces).

e What the required resolution is.

e Sample form in terms of preparation method.

e Is the sample to be destroyed or preserved.

Some techniques also allow depth profiling and give access to information on
lateral structures [2]. Thus, analyses of polymer surfaces at interfaces are case
specific. In the very recent review of Hall and Geoghegan [6], the available analyt-
ical methods for polymer surface characterization are split according to surface
accessibility and discussed in details. Here, they are summarized in with some
additional information in Table 1.1.

1.5 Conclusions

In this chapter, the polymer surface is described and defined as a dynamic sur-
face with temperature and environmental responses. The influence of a multitude
of internal (in terms of polymer chemistry, composition, and molar mass) and
external (gas and solvent molecules, polymers, and solids) on polymer surface
chemistry and organization is integrated based on literature data. Some basic
thermodynamically controlled properties are also discussed in view of the tem-
perature and environmental response of polymer surfaces. Finally, the available
analytical methods for the characterization of polymer surfaces and the general
information they can provide are listed.
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