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1 Introduction

1.1 Crystallization of polymers

Crystallization is a process where atoms, molecules, or ions spontaneously organize themselves
into a regular, repeated, and 3D periodic pattern called crystal in order to minimize their
energetic state.l! Crystallization begins with nucleation, which is followed by crystal growth.
Small nuclei form when a melt/solvent cools or a solvent evaporates, growing into a
macroscopic crystal with a well-defined shape and facets. Crystallization can be seen in
different classes of materials including polymers, 23! despite being long-chain molecules made
of repeating units linked together by covalent bonds.[! Polymers exhibit crystallization during
polymerization, under external forces, or even in quiescent conditions.®) Monomers can be
joined up into chains leading to the formation of macroscopic single crystals during solid-state
polymerization.[®”] Orientation-induced crystallization happens under external forces.[!
Extrusion or injection process of polymers partially aligns the chain molecules in the stretch
direction and can lead to the development of fibrous crystals.[®! Crystallization in a melt or a
dilute solution occurs under quiescent conditions during cooling. Usually, polymer chains align
by folding or extending and then stacking together to form ordered structures called lamellae.!
The folding process is unique to polymer crystallization and has never been observed in other
classes of materials.['% The lamellae in the later stage grow radially in all directions at an almost
constant rate, resulting in a spherical region known as spherulite (Figure 1).%'2 Disordered
regions denoted as amorphous part are also present between the lamellae of the spherulite.[*®]
100% crystalline polymers, therefore, do not exist. Secondary crystallization happens in these
regions over months or years, forming small crystalline structures and causing lamellae
reorganization.**! Flexible polymers like poly(ethylene) (PE) or poly(ethylene oxide) (PEO)
exhibit chain folding, lamellae to spherulite formation, and finally, lamellae reorganization in
the spherulite.[®*5171 These are the well-accepted characteristic features of crystallization for
flexible-chain polymers.[*®1° Rigid-chain polymers (e.g., conjugated systems), however,
behave differently and their chain folding or non-folding behavior is still one of the major
subjects in polymer research.['82021 The majority of rigid polymers have an extended chain
structure in the crystal.[*®221 Some rigid polymers with a high molar mass are capable of chain
folding.[**24 The morphology of rigid polymers is layered?>%1 or fibrillar® and rarely
spherulitic.1?? So far, the ordering process and the resulting morphology are strongly influenced
by the polymer molar mass,?"? presence of side chains/branches at the polymer backbone,?]

orientation of pendent groups (e.g., tacticity),*% presence of various chemical compositions in
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the backbone chain (e.g., heteropolymers, chain defects),[®!! different chemical architectures
(e.g., star/comb-like),[323 presence or absence of intracrystalline mobility™®34 and finally,
other extrinsic factors (e.g., crystallization temperature/cooling rate)*%35], For example, PE also
shows extended chain lamellae during crystallization of low molar mass polymer, at a slow
cooling rate, and under high-pressure recrystallization.?236371  Although the crystal
morphologies are usually metastable but have a significant impact on the optical, mechanical,

thermal, and conductive properties of polymer materials.[*!
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Figure 1: Schematic drawing of chain ordering during the crystallization of a flexible-chain polymer

from the melt. The figure is reconstructed from several references. 133

1.2 Crystallization of polymers in thin and ultrathin films on solid supports

Crystallization of polymers from random coils to a partially aligned state is one of the most
striking phenomena in soft matter science. This is because polymers have to overcome huge
entropic barriers originating from the chain connectivity.*¥ The ordering process, therefore,
depends on many factors as already stated earlier. This Thesis however solely deals with the
confinement effects on polymer crystallization applied by fabricating ultrathin films.
Confinement can also be applied in various ways including polymer blending, synthesizing
copolymers, and polymer droplets as summarized in several review articles.[***3 The general
definition of a thin film is that the thickness stays within some pm to a few hundred nm.*4 A
film thickness of less than one hundred nm is denoted as ultrathin film.1*4 Crystallization in
thin and ultrathin films has been studied over the last few decades dealing with fundamental
research and applications.[*>-5% Several factors that become dominant in thin and ultrathin film
crystallization are surface free energy, chain orientation, segmental mobility, and chain
diffusion.*>%°  Crystallization in confinement, may therefore, demonstrates distinct
morphologies, degree of crystallinity, crystallization rates, and melting processes.[**! While
anisotropic spherulitic development is frequently observed in bulk, crystallization in thin and
ultrathin films exhibits unique morphologies with various lamellar orientations and

polymorphic crystalline structures.’*%? The two main lamellar orientations are “edge-on”,
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where the polymer folded plane (fold surface plane of lamella) is perpendicular to the substrate
plane and “flat-on”, where it is parallel to the substrate plane.[*”] Spherulites, axialites, and
lamellar bundles with an edge-on lamellar orientation are most frequently observed during thin
film crystallization (Figure 2). The ultrathin films, however, exhibit seaweeds, dendrites, or
single-crystallites with mostly flat-on lamellar orientation.*3%¥ These are large open structures
that occur due to less dense molecular packing.® The direction of the lamellae is further
influenced by the substrate types® and crystallization temperatures.”*”l It has been observed
that edge-on lamellae are found on slippery surfaces, whereas sticky surfaces dominate the flat-
on lamellar orientation.®® Substrate interaction also decreases the crystallization rate and
crystallinity of thin/ultrathin films compared to the bulk.[**5 This is most likely due to the
reduced mobility of polymer chains at the film-substrate interface. However, when polymer and
substrate exhibit lattice matching, a phenomenon occurs known as epitaxial crystallization, in
which the crystallization rate, melting temperature, and crystallinity of the film increase
compared to the bulk.[**53 Unlike morphologies and lamellar orientations, crystallization in
thin/ultrathin films can also change crystal plane distances or result in distinct crystal phases,

as summarized in several review articles.[4151]

Axialites Seaweed Dendrite Single crystal
I a | — >
1um Thin film 100 nm Ultrathin film

Figure 2: lllustration of most prominent morphologies that arise during polymer crystallization as a

function of film thickness. The figure is drawn using data from several references.** !

The reason for various morphologies is directly related to the lamellar orientations and
explained based on both thermodynamics and kinetics models.[**47-°6:571 The critical nucleation
and lateral surface energies for an edge-on orientation are found to be lower as compared to
flat-on lamella in thin films. As a result, edge-on orientation takes precedence initially.
However, this becomes unfavorable when the layer thickness decreases to ultrathin films due
to many factors such as increased interfacial area of the lamellae on the substrate surface, more
heterogeneous nucleation, and limited diffusion of chains.[*3475¢] The thermodynamic model
cannot alone explain the coexistence of both edge- and flat-on lamellae in thin/ultrathin films,

therefore, the kinetic model is taken into consideration. This model state that nucleation of
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edge-on orientation occurs at the free surface (polymer/air interface) and quickly propagates to
the substrate, meanwhile, flat-on lamellae nucleate at the polymer/substrate interface, then grow

to the free surface. As a result, both lamellar orientations are expected.’]

1.3 Fabrication of ultrathin films on aqueous surfaces of the Langmuir trough

Thin/ultrathin films are fabricated using various physical and chemical methods such as
sputtering, spin coating, and vapor deposition.’® Some methods possess complex setups (e.g.,
high voltage and vacuum) and are rigorous to polymers.%61 The surfaces that support the film
may also influence the final film morphology with their roughness,®? causing epitaxial
growth®83 and inducing dewetting.*® The Langmuir technique is a simple alternative
approach for resolving these challenges. The self-assembly process of molecules is utilized in
this technique to prepare ultrathin films.[%4%% The film fabrication starts with dissolving
molecules in a volatile solvent such as chloroform, then spreading the solution dropwise by
micro syringe over some random points on the aqueous surface of a Langmuir trough up to a
desired mean molecular area (mmA) value [average area for a single molecule]. After
chloroform evaporation, the trough surface is then compressed by moving the barriers, which
brings the adsorbed molecules close to each other and facilitates film formation.[54% Figure 3
shows a Langmuir trough used for ultrathin film fabrication. The setup includes a rectangular
trough filled with liquid (e.g., water) that supports the film, a Wilhelmy system as a pressure
sensor, and symmetrically moveable two barriers to facilitate compression. The pressure sensor
measures the surface pressure () as calculated from the difference between the surface tension
of pure water and the water with a monolayer. An electronic control unit is used to adjust the
barrier speed and calibrate the Wilhelmy system.[®¥ In comparison to other methods, the
Langmuir technique offers precise control over the film thickness in the range of A- to several
nm just by controlling barrier movement, allows to use of hydrophilic or hydrophobic
interfaces, offers mimicking cell membrane models, and provides molecular-level information.
The method also allows to investigate molecular reorganization and facilitates variation in the
crystallization progress of the film by adjusting the subphase temperature or the barrier
speed.® Interfacial viscoelastic characteristics can also be measured using the Langmuir

trough.[1

Page 4



Wilhelmy system

Moveable barrier ’ . Moveable barrier
I
Water surface
Langmuir trough

Figure 3: Schematic diagram of a Langmuir trough and its components.

The only shortcoming for this method is the need for amphiphilic molecules. These are
molecules having hydrophilic and hydrophobic parts in their chemical structure. The
hydrophilic part consists of polar groups (e.g., -OH, -NH., -COOH, and -COOR) that help the
molecules anchor to the water surface. The hydrophobic part is often a hydrocarbon chain (e.g.,
CnH2n+1) or a fluorinated hydrocarbon that keeps the molecules at the air-water interface. .6
There should also be a balance between these parts to prevent the molecules from dissolving in
the water subphase. This means that the hydrophobic part should not be too small and the
hydrophilic part should not be too big. Fatty alcohols (Figure 4) and lipids are classical
amphiphiles,® whereas polymers, polypeptides, proteins, polysaccharides, diureasil hybrid
compounds, dyes, carbonaceous compounds, macrocyclic molecules, magnetic soft spheres,
and fullerenes are non-classical types.’®73 Langmuir film formation from non-classical

amphiphiles is briefly discussed elsewhere in several review articles.[47!

Hydrophobic tail Hydrophilic head
P VN N N N N o T

Figure 4: Chemical structure of a small amphiphilic molecule (i.e., stearyl alcohol).

Fabrication of ultrathin films on liquid surfaces is a long-standing concept.[® Benjamin
Franklin was the first who investigated oil films on the water surface in 1774 through his famous
Clapham pond experiment.[%5] However, he could not estimate the film thickness, which was
later done by Lord Rayleigh in 1889."81 Now considering the Langmuir film, the history is
around 100 years old. Agnes Pockels showed monolayer preparation on the water surface by
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compression using a homemade trough.® Irving Langmuir adopted the trough used by Pockels
and gave the theoretical concepts of monomolecular films.’”! Due to his groundbreaking
contributions, the film formation of amphiphilic molecules on the water surface is today known
as Langmuir film or Langmuir monolayer. The research was later extended by Katherine
Blodgett. She developed an instrument to transfer Langmuir film from the water surface to a
solid substrate by vertical immersion and withdrawal of the substrate across the air-water
interface. This film is known as Langmuir-Blodgett (LB) film.["8 Both procedures are required
for the creation and characterization of ultrathin films/monolayers on the water surface.[®
There are also several methods available for preparing monolayers including self-assembled
monolayer method (SAM) and layer-by-layer (LBL) technique.[”® They use immersing of solid
supports (e.g., gold substrate) in solutions containing molecules with specific end groups (e.g.,
-SH) or polyions. They also share some common features with a LB technique like the ability
to deposit multiple film layers on solid supports as well as deposit the layers in a sequence.
However, LBL provides more simplicity in the film manufacturing process, allows to use a
variety of materials, and offers robustness in films. Therefore, sometimes LB is replaced by the
LBL technique in industrial applications. The Langmuir approach, on the other hand, offers
better control over the packing density, orientation, and conformation of the molecules in the
layer.[’”4 These are some unique benefits that no other method can offer.[”® Now, to understand
the film formation, the surface pressure (x) at a constant temperature is recorded while
decreasing the mmA of the molecules by barrier movement. This z~mmA isotherm gives
preliminary hints about the stable film formation along with phase information (e.g.,
liquid/solid). The molecular orientation information (e.qg., vertical/flat/tilted) in the film relative
to the water surface can also be extracted.®! The phases that develop during compression
depend on the hydrophobic parts and the polarity of the hydrophilic groups of the amphiphiles.
The attraction among the molecules rises as the hydrophobic parts increase, resulting in a
condensing phase. lonizable hydrophilic groups, on the other hand, produce repulsive forces
among them that impede the phase transitions. The experimental conditions e.g., subphase
temperature, composition, and compression speed also strongly influence the film formation.[
In a typical Langmuir film experiment, the trough is filled with ultrapure water or buffer
solution, the temperature is kept at ~ 20 °C and a low compression speed is applied.[ Figure
5 depicts 7=mmA isotherms of two common types of small amphiphilic molecules along with
various film phases (e.g., gas, expanded liquid, condensed liquid, and solid) that are formed at

different compression states of the molecules.
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Figure 5: (a) Typical 7mmA isotherm of a fatty acid (stearic acid) and a phospholipid
(dipalmitoylphosphatidylcholine-DPPC) on the water subphase at 20 °CE%8l and (b) schematic

presentation of a DPPC Langmuir film with different phases as marked by letters at the 7~mmA isotherm.

After spreading the amphiphiles to 7~ 0 mN/m and solvent evaporation, a 2D gas-like phase
is formed (Figure 5b, G zone). When the barriers are moved to reduce mmA of molecules,
several phases depending upon molecular interaction can be generated. Drawing tangents
(dotted lines) on the linear regions of the Langmuir isotherm and then extrapolating to 7= 0
mN/m, different phases can be identified. An expanded liquid phase (L1) is formed at the initial
increase of x (at Auif-off), Where the molecules start to exert forces among themselves. The
reduction in mmA by compression then leads to a condensed liquid state (L2) (e.g.,
intermolecular distance is slightly larger than solid) and finally, to a solid phase. This transition
(liquid to solid) sometimes appears as a plateau-like feature in the isotherm (e.g., no z change
upon mmaA reduction or horizontal line in the isotherm) known as the coexistence phase (Figure
5b, Li-L> zone). This phase does not exist for many amphiphiles like stearic acid, but it is
characteristic of liquid crystals.[®¥ Further reduction in mmA, when exceeding the limiting area
of the molecule (Ao), results in film collapse. It should be noted that the limiting area is the least
area that a molecule occupies. This area depends on the chemical structure of amphiphiles and

their orientation (e.g., flat/tilted/vertical) in the film. For example, stearic acid containing a
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single hydrocarbon chain has a limited area of around ~ 18 to 21 A? when oriented vertically in
the Langmuir film relative to the water surface.[* Using the space-filling method, one can
theoretically calculate the least area of molecules.[4 The 7-mmA isotherm, however, provides
the limiting area value experimentally. Once the film collapses, 7 drops immediately, or a
plateau typically high 7 in the 7~mmA isotherm appears. The film collapse usually occurs
through the formation of multiple layers or vesiclest® (Figure 6). The morphology of the

collapsed film is very interesting, which includes folding, buckling, cracking, and wrinkling.

(b) Folding bending

l d

Figure 6: Langmuir film collapse mechanism of small amphiphilic molecules. The figure is adapted

from the reference.®2

It should be noted that Gibbs film is another type of monolayer, which is also formed by the
adsorption process. This monolayer is an equilibrium system in which the solute concentration
drives the film formation rather than the compression as seen in Langmuir film.[% Instead of
water-insoluble amphiphilic materials, compounds that are soluble in one phase (for example
in water) are used. Surface pressure is recorded as a function of time to confirm the monolayer
formation. The typical film formation process is that the material is 1% dissolved in the water
subphase, and as time passes, molecules migrate from the water phase to the air-water interface.
When this migration process reaches equilibrium, a plateau zone appears in the surface pressure
vs. time (z-t) diagram, indicating the formation of a Gibbs monolayer.[#4
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1.4 Behavior of amphiphilic polymers on the water surface of a Langmuir
trough

Small amphiphilic molecules were used for most of the early work on Langmuir and LB films.
Except for the discovery of ordered films with various morphologies, these were not so
attractive for industrial applications. Langmuir film fabrication was therefore extended to non-
classical amphiphiles including polymers®27 and other classes of materials as summarized in
several review articles.[”>#8 Polymers that are amphiphilic and water-insoluble can form stable
Langmuir films. The film formation varies significantly from small amphiphiles since the
macromolecules can adopt different architectures (e.g., coils, pancakes, and helices) on the
water surface due to their conformational flexibility.l’*l The variation starts with the initial
adsorption process. Once the amphiphiles of small molecules are spread, all hydrophilic parts
anchor to the water surface, resulting in complete adsorption.[® However, this is hardly

possible for polymers due to their long-chain nature and different adsorption properties.%
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Figure 7: Schematic presentation of a typical (a) =mmA, (b) #I" isotherm, and (c) the polymer

chains on the water surface at different 7. The figures are reconstructed from several references. %l
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The behavior of different amphiphilic polymers on the water surface can be studied by
measuring z~mmA isotherms (Figure 7a). Some polymers show an extended mmA in the
isotherms with a gentle increase in 7 during compression (Figure 7a, red trace). These are
expanded type films caused by strong interactions between polymer chains and the water
surface.®] However, stronger interactions between the polymer segments compared to the
water surface result in condensed type films. In this case, # increases sharply at a small mmA
value during compression (Figure 7a, blue trace).[>8] The 7-mmA isotherm of polymers also
shows a hysteresis behavior. This implies that the 1% compression isotherm does not match with
the 2" or higher-order isotherms. This happens due to the irreversible structure formation
during the 1% compression. Another way of understanding the behavior of polymers on the
water surface is the 7 vs. surface concentration (I) (=I') plot as shown in Figure 7b. Here, the
change of 7 is monitored either by increasing polymer concentration while keeping the mmA
constant® or reducing the trough area by barrier movement (e.g., compression).!% Two types
of behavior can be seen in such measurements.®?l For example, if the water surface acts like a
good solvent, then at dilute 7", polymer chains adopt an expanded structure (1). When the I
increases to /7* (overlapping concentration), interpenetration of the chains happens, resulting in
a semi-dilute system (2). Above this 7™*, x saturates and a concentrated film is generated (3)
(Figure 7c, image: good solvent). The behavior is different when the water surface behaves like
a poor solvent. At dilute 7", polymer chains stay partially collapsed on the water surface (1). No
chain interpenetration occurs upon increasing I” to 7'* (2), rather than the deformation of the
collapsed chains above 7™* concentration (3) (Figure 7c, image: poor solvent).

Polymer Langmuir films also show structure formation immediately after spreading the
polymer solution on the water surface. For instance, isotactic poly(methyl methacrylate) (i-
PMMA)3 and poly(D-lactide) (PDLA)/poly(L-lactide) (PLLA)P form helical conformations
on the water surface and then crystallize during compression. Polymers can be copolymerized
or grafted with different materials to create novel amphiphiles.[®**" Unique phase transitions
that are not present in small amphiphilic molecules can be seen. One interesting behavior
observed in PEO-based block or grafted materials is the pancake to mushroom and then to brush
transition.®>%%1 |t should also be noted that the Langmuir film formation of polymers is
sometimes more difficult as compared to small amphiphiles. The success of film formation
relies on the ability to spread polymer solution on the water surface. Sometimes, it is difficult
to find suitable solvents for polymers as well as for other non-classical amphiphiles.”® The
aggregate formation is also an issue for polymer Langmuir films. The final problem is to
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achieve uniform films on the solid support, particularly when the films may be too stiff for
transfer. Despite these challenges, the interest in Langmuir/LB films is still growing
considerably due to the possibility of generating mechanically robust films with a wide range
of applications, especially in the production of devices and sensors.[*%]

1.5 Crystallization of homopolymers on the water surface of a Langmuir trough

The Langmuir technique utilizes the self-assembly process of molecules to create ultrathin films
at the air-water interface. The films undergo several phase transitions including crystallization
during compression and melting during expansion. Not all polymers can form a stable Langmuir
film, which limits the crystallization studies at the air-water interface. Poly(e-caprolactone)
(PCL) is one of the most studied polymers that crystallizes on the water surface of a Langmuir
trough during compression. The mechanism of crystallization has been discussed in detail
elsewhere. 29194 The crystallization was studied by spreading PCL on the water surface from
chloroform solution and measuring the 7z~mmA isotherm at isothermal condition upon
compression after solvent evaporation (Figure 8, black color trace). Initially, the ester groups
of PCL polymer adsorbed to the water surface, forming an amorphous 2D monolayer. During
compression above a certain mmA value, some of the ester groups left the water surface,
resulting in a 3D film. This process appeared as a plateau-like feature at 7~ 9-12 mN/m in the
isotherm related to the formation of butterfly-like single crystallites as seen by Brewster angle
microscopy (BAM) (Figure 8, image a). Interestingly, the crystallites disappeared when the
barriers were moved to their original position (expansion). This phenomenon was denoted as a
melting process. So, the crystallization only happens upon compression above a certain mmA
value. The crystallization was found to be diffusion-controlled growth,® which is typical for
thin film crystallization.[*] The crystallite size was influenced by the molar mass of PCL and
the compression speed of the trough.[*%? Large crystals were observed for low or intermediate
molar mass due to the high mobility of the chains compared to the higher molar mass PCL. The
higher compression speed also generated small crystals. Electron diffraction on the crystallites
transferred to a solid support revealed a vertical chain orientation of PCL with respect to the
solid support. Recently, some studies show that the chains in the crystallites are tilted with
respect to the water surface.[®® In addition, the melting temperature of these crystallites was
found to be higher than the bulk crystalline PCL.[*%! Another polymer that can be crystallized
on the Langmuir trough is PEO.[1%1 A concentrated aqueous salt solution instead of a water

subphase was used. The 7mmaA isotherm of PEO showed a plateau-like feature at ~ 30 mN/m
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(Figure 8, red color trace). This plateau was assigned to the crystallization of PEO with the help
of BAM. However, unlike PCL, crystallization in PEO was a very slow process that was
initiated by several compression-expansion cycles and keeping the barriers constant at a certain
surface pressure in the plateau region for some minutes to hours. BAM showed dendritic
features of the crystallites on the aqueous salt solution (Figure 8, image b). Once the crystallites
formed, they disappeared completely like PCL upon barrier expansion. This process is similar
to that one can see in bulk when crystallites melt with increasing temperature. The
crystallization of PEO was also confirmed directly on the aqueous salt surface of the Langmuir
trough with the help of GI-WAXS.['1 Almost vertical chain orientation with respect to the
subphase surface was found.

Other polymers which crystallized on the water surface are PDLA/PLLAI®108109 ang j-
PMMAR3. A short description of their crystallization at the air-water interface is provided.
PDLA/PLLA showed 7~mmA isotherm with a plateau zone at a surface pressure of ~ 9 mN/m
(Figure 8, light blue color trace). A film-like feature can be seen by BAM without obvious
morphological details (Figure 8, image c). Crystallization was confirmed by infrared reflection
absorption spectroscopy (IRRAS) at the air-water surface*®® and atomic force microscopy
(AFM) after transferring the films/crystallites to solid supports.[* Different morphologies can
be observed depending on the molar mass of the polymer.[®31%%1 A parallelly oriented fiber-like
morphology was commonly found in low molar mass PDLA.® In the case of i-PMMA, 7
mmA isotherm with a pseudo plateau at ~ 8 mMN/m was observed (Figure 8, green color trace).
BAM could not reveal any structure formation in the plateau region of the zmmA isotherm due
to the limited resolution of the instrument. Crystallization was, therefore, confirmed by IRRAS
at the air-water surfacel® as well as by AFM2% in LB films. Lamellae or even the double
helices parallel to the solid support were identified within the lamellae.l?31% So, it is evident
that PCL and PEO crystallize on the water surface, where the polymer chains in the crystallites
remain vertical with respect to the subphase surface. The scenario is opposite for PDLA/PLLA
and i-PMMA polymers, where the chains in the crystallites stay parallel to the water subphase
or solid support surface. Different chain orientations on the water surface were explained based
on the stiffness of the polymers. For instance, PDLA and i-PMMA, due to their chain stiffness,
have a higher tendency to remain parallel to the water surface than flexible polymers like
PCL.[210]

There are also some reports on the Langmuir/LB film formation of polymer blends.[*%®1 The

common blends are poly(styrene) (PS) with PCL,[%! PS with poly(methyl methacrylate)
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(PMMA),? and i-PMMA mixed with syndiotactic poly(methyl methacrylate) (s-PMMA)31,
Two common behaviors were found in such blend systems. A 1:2 mixture of i-PMMA and s-
PMMA showed a z-mmA isotherm with a plateau region corresponding to the co-crystallization
of the polymers.[**3] The isotherm showed only one plateau region at a slightly lower z value
compared to the isotherm of pure i-PMMA. Most interestingly, no phase separation was
observed. A uniform film with evidence of helical strands made of both polymers (i- and s-
PMMA) can be seen by AFM after transferring the film to a solid support above the plateau

region of the z-mmA isotherm.
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Figure 8: 7=mmA isotherms of some homopolymers recorded on the water surface (PEO on aqueous
salt solution surface) of a Langmuir trough (top) and BAM images taken at the plateau region of the
isotherms as marked by letters (bottom). Isotherms and images are reconstructed using several

references.[9293108,110]
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In other types of blends, such as PCL/PS, depending on the ratio of the polymers, strong phase
separation can be seen.[!%312 PCL/PS blend showed nucleation and crystal growth of PCL
molecules in the plateau region of the isotherm when the PCL content is significantly high.[%%]
However, an entirely different behavior emerges, an isotherm with no plateau region and a
small mmA value when the PS content was increased. Most interestingly, PCL crystallization
was strongly inhibited. PS nanoaggregates in the liquid PCL film can only be seen by BAM. In
short, phase separation occurred in Langmuir films of polymer blends when non-amphiphilic
materials were blended with amphiphilic materials. In that case, hydrophobic nanoscale
aggregates are the common features at the air-water interface. Crystallization can only be

observed when the amphiphilic components of the blends reach a certain concentration.[*%°]

1.6 Structure formation of block copolymers on the water surface of a Langmuir
trough

Block copolymers are well known for their unique morphologies such as cubic, cylindrical,
lamellar, and hexagonal in selective solvents, thin films, and bulk.!4151 These are the
microphase-separated structures formed by self-organization™™€l and can be controlled by
varying the lengths of the copolymer blocks, changing the nature of one of the blocks, and using
the different preparation methods™" including Langmuir trough. There are many publications
on the structure formation of amphiphilic block copolymers at the air-water interface.[1%%%7]
The majority of the reported block copolymers are diblock systems such as poly(ethylene
oxide)-b-poly(e-caprolactone), poly(styrene)-b-poly(ethylene oxide), poly(butadiene)-b-
poly(ethylene oxide), poly(styrene)-b-poly(4-vinyl pyridine), poly(styrene)-b-poly(tert-butyl
acrylate), poly(styrene)-b-poly(acrylic acid) and many more.[**5118-1201 Some triblock, [°>12!
pentablock,™?? and random[™?®1 copolymers were also reported. z——mmA isotherms of diblock
copolymers showed different regions related to various phase transitions and surface structures
of the diblock copolymers at the air-water interface.l®>'?41 These structures are strongly
influenced by the ratio of the hydrophobic/hydrophilic contents of the block copolymers,
spreading solvents, and compression states.*'® At low surface pressure/compression, PEO-
based diblock copolymers formed monolayers just like the PEO homopolymer.[11512]
However, surface micellization was reported for poly(styrene)-based block copolymers under
the same conditions.[*?6127] Other structures, such as planar-aggregates, strands or ribbons, and
nanodots or circular micelles, can also be observed depending on the compression states of the
block copolymers (at different mmA values) (Figure 9).[1%127.1281 Now concerning
crystallization, the majority of the studies were done in bulk, solutions, or thin films as
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summarized in the review article.l!?®! Only a few studies have been published on the
crystallization of block copolymers at the air-water interface. Crystallization can be seen in
PEO-b-PCL diblock copolymer.[1%1% The z-mmA isotherm showed a plateau region at above
~ 15 mN/m depending upon PCL content of the block copolymer. Crystallization occurred only
in PCL block at the plateau region of the isotherm. PEO, on the other hand, immersed in the
subphase and stayed amorphous.!**%3% Even after transferring the films onto a solid substrate,
only PCL crystallites can be seen. Different crystallite morphologies such as spherulite,
dendritic, and needle-like structures were found.!29130 These structures were different
compared to the crystallites of PCL homopolymer at the air-water interface.r®Y This diverse
structural variation is because crystallization in block copolymers is not only controlled by the
parameters that define the crystallization in homopolymers (e.g., chemical structures,
crystallization conditions) but also governed by the block lengths and amounts of the water
soluble/insoluble blocks.™1%21 |n most studies, amorphous hydrophobic polymers like
poly(styrene) (PS) are block copolymerized with a hydrophilic PEO in order to introduce new
types of amphiphiles. Unlike typical aggregates, no crystallization was observed for such

diblock copolymers.[133-13%]

- planar = : stra_r_ad _ dot

Figure 9: Common morphologies of diblock copolymers during Langmuir film formation as illustrated
schematically. Red and green colors indicate the hydrophobic and hydrophilic blocks of diblock

copolymers, respectively. The figure is adapted from the reference.[**]
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1.7 Motivation, aim, and outline of the Thesis

So far, the limited number of suitable polymers is a major issue in Langmuir monolayer and
LB film fabrication. Polymers must have a polar group in the repeating unit in order to prevent
immediate collapse of the molecules on the water surface and they should also be water-
insoluble.®581 Some polymers such as PCL, PDLA/PLLA, and i-PMMA meet the
requirements and are used in Langmuir film fabrication.[?39101 poly(ethylene) (PE), one of the
simplest polymers with many industrial applications, is not suitable for Langmuir studies. Thin
film research of PE on the water surface was reported, but the crystallization was
unsuccessful.[**1 When PE spread on the water surface, 3D aggregates were formed rather than
a monolayer film. This is due to the lack of a polar group per repeating unit of the polymer.
Polar groups can be introduced in various ways including surface modification or
polymerization.[*3":131 Some approaches result in highly branched PE with randomly dispersed
polar groups in the polymer backbone or side chains with large polydispersities. Acyclic diene
metathesis (ADMET) polymerization allows synthesizing of linear PE-like materials with polar
groups (e.g., halogens, acetyls, and esters) in the polymer backbone with moderate
polydispersities.[*3¥ These polymers are commonly known as precision or ADMET PE and the
groups in the polymer backbone can also be considered as chain defects. They contain precisely
separated polar groups in the backbone of the polymer. Crystallizing them in bulk, solvent-cast
films, and melt-grown domains have previously been reported.[**! Precision PE is very similar
to conventional PE materials. This motivated us to study the polymer at the air-water interface.
The polymers used are poly(ethylene)s (PEs) with various phosphoester group defects at the
21% position of the methylene backbone (main chain), referred to as Phenoxy- and Ethoxy- PPE
(polyphosphsester).[140141 Methyl-PPE-co-decadiene, another type of PE, has phosphoester
defects at every 21% or 29" position of the backbone.l**?l The first aim of this Thesis is to
understand the Langmuir film formation of these precision PEs and then their crystallization
behavior at the air-water interface. A Langmuir trough is therefore employed since it provides
the air-water interface necessary for the studies. The films are fabricated by spreading the
polymer solutions on the water surface of a Langmuir trough and compressing them by moving
the barriers after solvent evaporation.[**?l Several 7-mmA isotherms are measured to understand
the film formation. The morphologies of the films/crystals are explored by real-time monitoring
with BAM and epifluorescence microscopy (EFM). IRRAS is used to confirm the phase
transitions of the films at different compression states of the z~mmA isotherms. AFM is used to

reveal film morphologies and thicknesses. Grazing incidence wide-angle X-ray scattering (G-
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WAXS) is employed to identify the crystal structure and chain orientation of the crystallites
relative to the solid support. The basic working principle of these tools (e.g., BAM, AFM, GI-
WAXS) is briefly described in chapter 2. In the papers | and 11 of chapter 3, the results of PEs
crystallization at the air-water interface are presented. This includes a detailed discussion on z-
mmA isotherms, starting of crystallization, crystallites growth, crystallite morphologies,
transferring of the crystallites by the LB method, thickness measurements, and finally,
estimating chain orientations relative to the solid support.

Poly(e-caprolactone) (PCL) can form a stable Langmuir film and crystallize with butterfly-like
domains formation at the plateau region (9-12 mN/m) of the z-mmA isotherm.[2% The majority
of the studies used BAM experiments to confirm the crystallization on the water surface and
some used electron diffraction after transferring the films to a solid support.[*°! However, the
chain orientation of PCL in the crystallites at various compression states of the z-mmA remains
unexplored. This Thesis explores the chain orientations of PCL crystallites directly on the water
surface at different compression states using two sophisticated tools such as GI-WAXS and
IRRAS. The chain orientation is also measured after transferring the crystallites from the water
surface to the solid support by GI-WAXS. Paper Il in chapter 3 contains these results.

As previously stated, extensive research has been conducted on Langmuir film formation of
poly(ethylene glycol) (PEG) based amphiphilic block copolymers at the air-water
interface.[®®143 This is because they have distinct interfacial properties than PEG homopolymer.
The previous focus was on organic-organic block copolymers with different lengths of
hydrophilic and hydrophobic blocks.!**4 The behavior of organic-inorganic hybrid amphiphilic
block copolymers has received less attention. An example of such system is a diblock
copolymer of PEG with inorganic polyhedral oligomeric silsesquioxane containing
methacrylate (MA-POSS). The block copolymers can form rigid Langmuir films with different
interesting morphologies. The second aim of this Thesis is to understand the Langmuir film
formation along with the ordering behavior of a series of hybrid diblock copolymers made of
PEG and MA-PQOSS. In all block copolymers, the PEG molar mass is kept at 5000 g/mol (113
repeat units) and the MA-POSS block is varied from 4000 to 21000 g/mol (4 to 21 repeat units)
[PEGsk-b-P(MA-POSS)4 10 21]. Initially, several z=mmA isotherms are measured to understand
the film formation. Again, BAM and IRRAS are employed to observe the film morphologies
and reveal the molecular ordering at different compression states of the 7~mmA isotherms. In
order to better understand the film formation process, several LB films are made at different =

values and investigated by AFM to see the film morphology and estimate the film thickness.
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Among all the investigated diblock block copolymers, only PEG113-b-P(MA-POSS)2; showed
film fragments with sharp edges in the collapse state of the z~mmA isotherm. Several
compression-expansion cycles are applied to the fragments and the morphological changes are
monitored by EFM. The fragments are also transferred to solid supports to investigate the film
morphology by AFM and the molecular ordering by GI-WAXS. All of the results are published
and can be found in papers IV and V of chapter 3.

Finally, in chapter 4, the findings are summarized and a general conclusion is provided along
with a future outline of the crystallization or structure formation of homopolymers and hybrid
diblock copolymers at the air-water interface of a Langmuir trough.
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2 Experimental methods

The methods used in this Thesis were already presented in the material and method section of
each paper in chapter 3. This chapter will therefore only cover the basic working principle of
the instruments used. The Langmuir trough as the main technique employed to crystallize the
polymers on the water surface is described in detail. The other complementary techniques such
as BAM, EFM, and IRRAS utilized to monitor the film morphology and crystallization progress
are briefly reviewed. The trough is equipped with a LB transfer unit, which is also addressed.
Finally, AFM and GI-WAXS techniques used to assess the thickness and crystallite orientation

relative to the substrate surface are shortly described.

2.1 Langmuir trough and Langmuir-Blodgett (LB) transfer

The Langmuir trough depicted in Figure 3 is mainly a rectangular trough made of Teflon. It
holds a liquid called “subphase”. Water is mostly used as a subphase due to its non-miscibility
with amphiphiles and high surface tension.[% Buffer solutions, solvent mixtures, and aqueous
salt solutions can also be used as subphases.581 Other parts of the trough are two moveable
symmetrical barriers (can also be one barrier) and a surface pressure Wilhelmy sensor. The

surface pressure is a 2D analog of 3D pressure of the ideal gas law expressed as follows,

where 7, A, kg and T are the surface pressure, the molecular area, the Boltzmann constant, and
the absolute temperature, respectively.
n is calculated from the difference between the surface tension of pure water and the water

surface covered by adsorbed molecules,
T=y -7 (2)

where 7, y, and yare the surface pressure, the surface tension of pure water (72.75 mN/m at 20

°C), and the surface tension of water with adsorbed molecules, respectively.

A Wilhelmy plate made of filter paper or platinum is used to measure z. The plate is partially
immersed in water as depicted in Figure 10. The forces acting on the plate are gravity, surface

tension, and buoyancy. The former two forces act downwards and the latter force acts upwards.
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So the force balance equation can be expressed as follows, 4]

F 0= F gravity + F, surface tension ~ F buoyancy (3)
Fo = puglbd + 2y,(b + d)cost — p ghbd 4)

where F, is the net downward force exerted by the pure water. y, and 6 are the surface tension
of pure water and the contact angle of water on the Wilhelmy plate, respectively. py, [, b and d
are the density, length, width, and thickness of the Wilhelmy plate, respectively. g is the
gravitational constant. The immersion depth of the Wilhelmy plate is h, and the density of the

subphase is p;. The net downward force (F) exerted by the adsorbed molecular film is,

F = pyglbd + 2y (b + d)cos6 — p,ghbd (5)

If the liquid completely wets the plate, then 6 becomes zero (i.e., cos 0 = 1). The thickness (d)
can also be ignored since it is much smaller than the width of the Wilhelmy plate. The surface
pressure is then obtained by simply measuring the change of force acting on the plate with and

without an adsorbed molecular film present at the surface from the following equations,46]

Fo—F=2(y,— 7)(b+4d) (6)

FO_F _FO_F
2(b+d)  2b

Finally, a sensitive microbalance linked to the plate measures changes in mass to determine the

(")
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force.
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Figure 10: Front (left) and side (right) view of a Wilhelmy plate immersed in water.
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As already mentioned, Langmuir films are prepared by spreading solutions of amphiphilic
molecules from a volatile solvent up to a desired mmA value. The value is calculated by dividing
the trough surface area between the barriers by the total number of molecules spread. This can
be derived from the following relation,[24€]

M, [g mol™'] X Agrougn [A%]

mmAA | = G T W X N [mol~T] )

where mmaA is the mean molecular area. M,, is the number average molar mass of the polymer.

Agrougn 1 the trough area between the barriers. VV and C are the volume and the concentration of

the polymer solution spread at the air-water interface. N, is Avogadro's constant.

When the solvent evaporates, polar heads of the amphiphiles due to electrostatic interactions
anchor to the interfacial water molecules. The hydrophobic chains repulse the water surface and
stay in the air. The film formation is now achieved by reducing the trough area by moving the
barriers at a constant rate (e.g., compression at 1 cm?min). During the compression, 7 is
recorded at constant temperature and plotted as a function of mmA known as 7~mmA isotherm.
The slope change in zmmA isotherm helps to identify the molecular phases in the Langmuir
film. This change is sometimes not so obvious. A first-order derivative of the zmmA isotherm
can therefore be taken into account, which shows maxima in the isotherm related to various
phase transitions. Multiplying the mmA with the first-order derivative of 7~mmA gives the
elastic modulus (&5) and the inverse of it is called the compressibility modulus (C~1). Both of
these terms help to understand the mechanical behavior of the films. For instance, while the
film is liquid, it has high compressibility but low modulus. When the film changes to a solid-
state, the modulus increases (i.e., the film becomes stiffer), but the compressibility decreases
since the solid cannot be compressed more than a liquid. Note that the plot of modulus or
compressibility possesses strong scattering of data points, which is typically reduced by data

smoothening using an adjacent-averaging approach.

an
-1 9
&=C""=—-mmA (6 > )

on

Where g5, C™1, mmA and
ommA

are the elastic modulus, the compressibility modulus, the mean

molecular area, and the 1% derivative of the z-mmA isotherm, respectively.

So far, the z-mmA isotherm measurements only provide initial information about the Langmuir

monolayer. For example, the increase of z tells about the film formation, the mmA values give
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rough hints of the molecular orientations in the film, and the plateaus in the isotherm depict a
phase transition or film collapse. Besides, various experimental techniques are also used to
reveal more details about film formation. The molecular-level interactions, chain orientations,
and phases of the film at different compression states can be revealed by IRRAS or sum-
frequency generation (SFG) spectroscopy.l” The monolayer crystallization is studied by X-ray
or neutron reflectometry. The electrical properties of the monolayer can be studied by surface
potential and electrical conduction measurements.[” Morphology and topography of the films
are investigated by BAM and AFM. Some instruments can be used either directly or coupled
with a Langmuir trough during film compression or after transferring the film to solid
supports.[’® LB is the most commonly used technique for film transfer. The working principle
is very simple such as a cleaned substrate (e.g., silicon wafer) is cut to the desired shape (e.g.,
circle or rectangle) and hooked vertically to the arm of the transfer unit. The substrate is
immersed to a certain depth (some mm) into the subphase before spreading the solutions and a
transfer pressure is set. After trough preparation (e.g., spreading polymer solution and solvent
evaporation), the trough surface is then compressed. When the compression reaches the transfer
pressure, the substrate is slowly pulled upward (e.g., 1 mm/min) by the transfer unit. As a result,
the Langmuir films (or crystals) present on the water surface are transferred to both sides of the
solid support.[! The barriers of the trough move slowly (change in trough area) in order to
maintain z constant during the film transfer experiment. This area change of the trough when
divided by the substrate area (area dipped in the subphase) gives a value called transfer ratio
(equation 10). Alternatively, the film transfer can also be done while keeping the mmA constant.

A,

- (10)

T

Where t,AA; and Ag are the transfer ratio, the area change of the trough during the transfer

process to keep 7z constant, and the substrate area dipped into the subphase, respectively.

T ~ 1 is considered an ideal homogeneous transfer. This indicates that the orientation of the
molecules in the Langmuir film did not change during the transfer. Values outside 0.8-1.2 are
related to a poor homogeneity of the transferred films.[®® Sometimes, negative t can also be
seen that happens due to the removal of films from the substrate surface rather than transfer
during multiple dipping process. T depends on many factors such as types of amphiphilic
molecules, monolayer phases (gas or solid), dipping rate, subphase composition (pH), solid

substrate qualities, and deposition surface pressure.[®4l
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Among them, solid substrates are described shortly here. Common substrates used in the LB
transfer are silicon wafer, mica, glass, and graphite.[4 Substrates are usually chosen based on
the desired purpose or characterization method. Mica, for example, is used for AFM, and glass
is used for optical analysis. The type of substrates and dipping directions (e.g., up or
downstroke) determine which part (e.g., hydrophilic or hydrophobic) of the amphiphilic
molecules should link to the substrate during the transfer process. For example, polar head
groups of the amphiphilic molecules adhere to the polar substrate. Figure 11 demonstrates the
LB film preparation using two different ways. The substrate can also be dipped many times in
the trough to create multiple layers. Generally, the LB technique is very popular since it can be
used for homogeneous film deposition over a large substrate area, multi-layered film
fabrication, and the possibility of using any solid supports. Another way of film transferring
involves touching the film horizontally by the substrate and then pulling it upward. This was
introduced by Vincent Schaefer from Langmuir's team at General Electric (GE) in the USA.[*#7]
These films are known as Langmuir-Schaefer (LS) films.[% This method becomes very
effective when the Langmuir films are difficult to transfer by the LB method due to their
stiffness.[”

Air Upstroke Downstroke Up stroke

§ Soliﬁpor‘t _ _ _ m _
& & S e
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Figure 11: Schematic presentation of the Langmuir-Blodgett (LB) transfer of amphiphilic molecules

using (a) upstroke, (b) downstroke, and (c) illustration of the Langmuir-Schaefer (LS) transfer method.

In addition to the characterization tools indicated above, molecular dynamics simulations were
also utilized to investigate the structure and dynamics of the Langmuir monolayer.*4-1%01 The
experimental results were also sometimes compared to the simulated data. Small amphiphiles
(e.q., stearic acid) and their interactions with bioactive substances (e.g., proteins) were primarily
simulated.*>®151 The findings include entire z-mmA isotherms, electron density profiles, and
the distribution of gauche defects in the hydrophobic parts. Simulations revealed that the polar
head groups should be anchored at the air-water interface, and the hydrophobic parts (e.g.,
methylene groups) should be completely out of the water. With increasing density, the
hydrophobic parts were organized from a random state to an ordered structure.[*5%
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2.2 Brewster angle microscopy (BAM)

BAM uses an optical microscope that applies the reflectance properties of light to visualize
Langmuir films in real-time. The morphologies, phase transitions, and domain/crystallite
shapes of the Langmuir films can be seen. BAM is based on Brewster's law, which states that
p-polarized light is completely refracted (i.e., no reflection) when guided to the liquid surface
at the Brewster's angle (65).1*%? It was first introduced in 1991 by different research groups to
examine Langmuir films of small amphiphiles on the water surface.5*51 Figure 12 shows a
setup of BAM coupled with a Langmuir trough. The p-polarized light (i.e., wave vector of the
electric field is parallel to the plane of the incidence, denoted here as red arrows) is guided
towards the water surface of a Langmuir trough at 8. As expected, no light is reflected (i.e.,
all light is refracted) from the water surface, which results in zero contrast on the monitor[*53154
(Figure 12a). When the Langmuir film is formed during compression, it modifies Brewster's
condition (i.e., changes in the local refractive index), which results in small amounts of light
being reflected. A charge-coupled device (CCD) camera captures the optical signals and

visualizes the film on the monitor (Figure 12b).
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Figure 12: Schematic diagrams of a BAM coupled with a Langmuir trough (a) for the pure water surface

and (b) a film-covered surface. The figure is reconstructed from reference.®?
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Snell's law can be used to calculate 65 using the following relation,

ny
0p = arctan— (11)
ny

where 85, n; and n, are the Brewster angle, the refractive index of air, and water, respectively.

n; = 1 and n,=1.333, which give a 5 of 53.1° for the water surface.

Since p-polarized light is refracted at Brewster angle, which is then scattered from the Teflon
surface. This scattered light interferes with the signal coming from the Langmuir film. A
reflective silicon wafer (black rectangular bar in Figure 12) is therefore placed on the Teflon
surface to direct the scattering light out of the detector.[**! There are some advantages of using
BAM, for example, it visualizes Langmuir films without using any dyes that would interfere
with the film formation. A large surface area of the film can also be seen by BAM, which is
very helpful in understanding the overall conditions (e.g., morphology) of the film on the water
surface. However, there are also some limitations of BAM. Such as the reflectance of p-
polarized light depends on film thickness, as a result, the contrast can only be seen when the
film gains a certain thickness during compression.[*> Individual domains sometimes cannot be

resolved well due to the limited lateral resolution of the microscope. 42!

2.3 Epifluorescence microscopy (EFM)

EFM is a particular form of optical microscopy that uses the fluorescence properties of
molecules to generate images. EFM is frequently used to examine biological specimens.*5]
Langmuir films of small amphiphilest**! or polymers®*2 can be monitored in real-time with
better resolution than BAM. Figure 13 shows a possible setup of the microscope. A fluorophore
(e.g., dye) is added to the subphase at a low concentration!**?l or mixed with the spreading
solution™71 or even covalently attached to the amphiphiles® to enable surface imaging.
Through an objective lens, high-intensity light of a particular wavelength is guided to excite the
dye. The dye absorbs photons, which causes electrons to move to a higher energy state. The
electrons, later on, lose energy and return to their ground state upon emitting light with a longer
wavelength. The emission is then collected through the same objective lens and separated from
its original excitation light with a combination of filter sets. Finally, a magnified image of the
film under examination can be seen. Since the microscope uses the same objective lens to excite
the dye and collect the emitted light, it is called epifluorescence, the Greek word “epi”” means
“same”. Details on the absorption and emission mechanisms of different fluorophores can be

found elsewhere.[1%%]
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During the film formation, the dye molecules are either absorbed or excluded from the
Langmuir films compared to the subphase. This fluctuation in dye concentration generates
bright-dark contrast, which allows to distinguish e.g., crystalline or amorphous phases of the
Langmuir film. For example, the subphase and amorphous films can initially have the same
contrast (e.g., bright). When the crystallites form in Langmuir films during compression, dye
molecules are excluded from these domains, which results in dark contrast.#2 Obviously, dark
contrast can also be caused by dye quenching (e.g., losing fluorescent properties due to high
dye concentration).[**® It should be noted that the bright or dark contrast depends on the dye's
nature. Some dyes only show contrast when interacting with any molecules present in the
subphase. In that case, the subphase initially appears dark (e.g., Bis-ANS dye), and when the
Langmuir films form, the contrast changes to bright color. The main advantage of EFM is the
possibility to use objective lenses (e.g., 50x) with high magnifications to resolve the crystallites
with better resolution.**?l However, the dye molecules can act like impurities and affect the
isotherms as well as the morphology of the crystallites. The subphase purity must be checked
and the isotherm recorded with and without the dye subphase should be compared. Sometimes
stiffer Langmuir films cover the subphase, resulting in poor contrast. Therefore, partially

soluble dyes in both phases (e.g., subphase and film phase) give a better imaging environment.

- Objective

Figure 13: llustration of an epifluorescence microscope coupled with a Langmuir trough. The figure is

adapted from the reference.[*5%
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2.4 Infrared reflection absorption spectroscopy (IRRAS)

IRRAS is a surface-sensitive infrared (IR) spectroscopy technique that allows to investigate
adsorbed molecules or thin layers present on a surface.!*%% This technique provides information
on the chemical composition, conformation, and orientation of the adsorbed molecules. It was
first introduced in 1966 to investigate organic layers on metallic surfaces.[*®" IRRAS can also
be coupled with a Langmuir trough to study the behavior of small amphiphilic molecules and
polymers at different compression states of the z~mmA isotherm.['6216% Unlike typical IR
spectroscopy, IRRAS is measured in the external reflection mode rather than transmission. A

possible setup of the instrument is shown in Figure 14.

1
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1
1

Langrﬁuir film

— p-Polarized light

s-Polarized light ya

Sample trough ’

Shuttle system

Figure 14: Illustration of an IRRAS setup with its working principle. The insets show a schematic
drawing of the Langmuir film with molecular chains on the x, y, and z-axis. ¢4, ¢, and @, are theangles
of incidence, reflection, and refraction of the IR light, respectively. & is the tilt angle relative to the
surface normal z. «a is the angle between the molecular chain (M) and the transition dipole

moment ().
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First, polarized (s- and p-) IR light at a certain incidence angle, usually between 10° and 80°, is
guided to the reference trough containing only pure water and then switched to the sample
trough of Langmuir film with the help of a shuttle system. The reflected IR light is then detected
and used to calculate the reflectance-absorbance (RA) spectra by the following relation,

R
0

where R is the reflectivity of the film and R, is the reflectivity of the pure water surface.

In the final IRRA spectra, the water vapor signal is eliminated by subtracting the reference
spectra from the sample spectra. IRRA spectra contain information about phases, molecular
orientation, and film thicknesses. The position of IRRA bands provides information about the
film phases (e.g., liquid/solid).l*®* The orientations of molecules in the films are calculated
from the direction (e.g., positive or negative sign) and the intensity of the IRRA bands.[**°! For
example, at a given angle of incidence, IRRA bands become positive when the transition dipole
moments (TDMs) of molecular vibrations are orientated preferentially perpendicular to the
water surface. However, they change to negative bands when the TDMs are oriented parallel to
the water surface.l®0% The presence of intermediate TDMs results in a band with neighboring
positive and negative components. This happens since the intensity of certain vibrational bands
is enhanced or attenuated due to the direction of TDMs of molecules relative to the electric field
vector of the IR light. An enhanced IRRA intensity is observed when both (e.g., TDMs and
electric field vectors) stay in the same direction. Obviously, other factors such as incidence
angle and polarization influence the sign as well as the intensity of the IRRA bands.[*6”1 With
the help of simulation, it is possible to generate theoretical spectra of a certain band.[*%8] The
intensity of this band is then compared with the experimental IRRA spectra to calculate the
average chain orientation with respect to the surface normal. A detailed discussion regarding
the models to simulate IRRA spectra for a specific molecular vibration and fitting with

experimental data to evaluate molecular orientations can be found elsewhere.[*6]
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2.5 Atomic force microscopy (AFM)

AFM is a powerful imaging tool for analyzing surfaces at high resolution.*6%17% The
microscope can be used to examine the morphology and thickness of Langmuir films
transferred to solid supports.'’Y Figure 15 depicts the basic working setup of an AFM. A
cantilever, typically made of silicon with a sharp tip at the end, either in contact or intermittent
contact or even in non-contact with the sample surface, scans across the surface line by line at
a constant tip-sample interaction. A feedback system controls the interaction force by
maintaining a constant deflection or oscillation amplitude of the cantilever called setpoint. The
position of the cantilever movement during the scan is followed by a laser beam and a
photodetector system. When the cantilever experiences different roughness on the surface, it
bends, or the oscillation amplitude changes. The feedback controller moves the piezoelectric
scanner to keep the setpoint constant. Finally, the coordinates that an AFM tip tracks during the
scans are translated to a height image. This image contains height, roughness, and topography
information of the surface. Other common types of imaging that can be done in AFM are phase
by AC mode and modulus/adhesion/deformation by PeakForce mode.!*"? When the cantilever
scans the surface with up and down oscillations at a particular amplitude (intermittent contact
mode), depending on the surface properties (e.g., elasticity/friction), different oscillation
lags/leads (phase shifts) occur, which are then translated into a phase image. Some features of
the surface that are not well resolved in the height image can be seen better in the phase image

due to the enhanced contrast of the image.!**]

Detedo‘

Feedback
electronics

Scanner

Figure 15: Schematic presentation of an AFM setup with the working principle.F
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2.6 Grazing incidence wide-angle X-ray scattering (GI-WAXS)

GI-WAXS is an X-ray scattering technique for studying the crystallinity of surfaces and thin
films.!3 Langmuir films can also be probed by GI-WAXS, either while the films are being
compressed on the water surface of the Langmuir trough or after transferring to the solid
supports. The measurement geometry of the GI-WAXS technique is depicted in Figure 16 (left).
A coordinate system can be seen with the x-axis pointing to the X-ray beam, the y-axis parallel
to the sample surface, and the z-axis along the surface normal. An X-ray beam impinges onto
the Langmuir/LB film at a small angle a, typically below 1° with respect to the xy plane, and
is scattered at an angle orand w relative to the xy and xz plane, respectively. This scattering
intensity is collected with the help of a two-dimensional area detector (Figure 16, left). Gl-
WAXS measurements are performed at a constant incidence angle and detector position, which
is different compared to a 6-26 geometry in regular WAXS measurements, where both the X-
ray source and the detector move simultaneously along the angular range. Due to the fixed
shallow a;, the method is called grazing incidence WAXS. So, the selection of « is crucial.
This should be slightly larger than the critical angle (ac) for the total external reflection of the
materials to probe only the sample surface. In the case of PCL thin films on the silicon substrate,
the o is set between 0.17 to 0.2° to get scattering only from the polymer since PCL has a « of
0.16° and silicon has 0.22° with Cu Ka radiation.®®174 Since the X-rays come at a grazing
angle and illuminate a large area of the film, splitting occurs in reflections due to different
crystallites to detector distances. The detected scattering image is converted to the reciprocal
space of the sample coordinates as described in the result parts of the papers (I and I11) in chapter
3. The GI-WAXS image contains a large amount of information including the lattice plane of
the crystallites, their orientations relative to the surface, and the crystallite sizes. The former
one is used to determine the crystal structure. The position of the Bragg reflections in the GlI-
WAXS image reveals the crystal orientation and the peak width helps to calculate crystal sizes
by the Scherrer formalism.['1 Figure 16 (right) shows the position of the Bragg reflections
with the expected orientations of the crystallites. The horizontal out-plane reflections (out of
the scattering plane) at gy appear when the crystallites are vertical to the substrate surface, and
the vertical in-plane reflections at g, occur when the lattice plane is parallel to the substrate
(Figure 16 right, a). When both are present in the film, Bragg reflections appear along with the
gy and g directions (Figure 16 right, b). Broad Bragg peaks appear in the vertical direction due
to the angular distribution of the crystallites (Figure 16 right, c). The isotropic distribution of

the crystallites results in Debye Scherrer rings (Figure 16 right, d).
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It should be noted that the GI-WAXS studies performed in this Thesis are mostly taken after
transferring the Langmuir films or crystallites to a solid support, except for PCL, where both
water and solid surfaces were used. All GI-WAXS measurements aim to confirm the
crystallization of the polymers in the plateau region of the z-mmA isotherm and estimate the

chain orientation in the crystallites or films relative to the water surface or solid support.
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Figure 16: Schematic presentation of GI-WAXS setup with a 2D detector!*”® (left) and the expected
scattering patterns corresponding to the orientations of crystallites in thin films®*"! (right).
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3 Results

3.1 Paper I

Crystallization of poly(ethylene)s with regular phosphoester defects studied at the air-water

interface!

Nazmul Hasan, Karsten Busse, Tobias Haider, Frederik R. Wurm and Jorg Kressler
Polymers 2020, 12, 2408, https://doi.org/10.3390/polym12102408
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Poly(ethylene) (PE) cannot form stable Langmuir films(®! and is unable to crystallize at the air-
water interface.[*3] This is due to the lack of polar groups in the PE structure. Ethoxy-PPE or
Methyl-PPE-co-decadiene is similar to PE, containing regular phosphoester polar groups (e.g.,
defects) in the methylene backbone, can be an alternative, as demonstrated in this publication.
The Langmuir films were prepared by spreading the polymer solution on the water surface of a
Langmuir trough and compressing them after solvent evaporation. Both Ethoxy-PPE and
Methyl-PPE-co-decadiene crystallized with different morphologies during compression as
characterized by 7~mmA isotherm measurements, BAM, and EFM. Crystallites were further

investigated by AFM and GI-WAXS techniques after transferring them from the water surface
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to the solid support. Different morphologies of the PPEs crystallites related to different crystal

structures were confirmed.
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N. Hasan analyzed the data and wrote the draft manuscript. K. Busse did GI-WAXS
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Abstract: Poly(ethylene) (PE) is a commonly used semi-crystalline polymer which, due to the lack of
polar groups in the repeating unit, is not able to form Langmuir or Langmuir-Blodgett (LB) films. This
problem can be solved using PEs with hydrophilic groups arranged at regular distances within the
polymer backbone. With acyclic diene metathesis (ADMET) polymerization, a tool for precise addition
of polar groups after a certain interval of methylene sequence is available. In this study, we demonstrate
the formation of Langmuir/LB films from two different PEs with regular phosphoester groups, acting
as crystallization defects in the main chain. After spreading the polymers from chloroform solution
on the water surface of a Langmuir trough and solvent evaporation, the surface pressure is recorded
during compression under isothermal condition. These 7-A isotherms, surface pressure 7 vs. mean
area per repeat unit A, show a plateau zone at surface pressures of ~ (6 to 8) mN/m, attributed to
the formation of crystalline domains of the PEs as confirmed by Brewster angle and epifluorescence
microscopy. PE with ethoxy phosphoester defects (Ethoxy-PPE) forms circular shape domains,
whereas Methyl-PPE-co-decadiene with methyl phosphoester defects and two different methylene
sequences between the defects exhibits a film-like morphology. The domains/films are examined by
atomic force microscopy after transferring them to a solid support. The thickness of the domains/films
is found in the range from ~ (2.4 to 3.2) nm depending on the transfer pressure. A necessity of chain
tilt in the crystalline domains is also confirmed. Grazing incidence X-ray scattering measurements in
LB films show a single Bragg reflection at a scattering vector gy, position of ~ 15.1 nm~! known from
crystalline PE samples.

Keywords: poly(ethylene); Langmuir-Blodgett film; crystallization; AFM and GI-WAXS

1. Introduction

Polymer crystallization in thin films has been studied with respect to basic research [1-8]
and applications [9,10] for the last few decades. Various polymer properties change with film
thickness compared to their bulk state influencing polymer crystallization as molecular mobility [11,12],
glass transition temperature [3,13-18], and chain orientation [19,20]. Thin solid films are usually
prepared by spin coating a polymer solution onto a solid substrate [11,21]. An alternative approach
for the preparation of polymer thin films is spreading the polymer solution on aqueous surfaces of a
Langmuir trough, followed by solvent evaporation [22,23]. These films are also known as Langmuir
films [24]. Finally, Langmuir film compression yields various film thicknesses in the A- to nm-range
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connected with different states of order. This method also provides the option to control crystallization
kinetics by changing parameters of the Langmuir trough as the barrier compression—expansion speed
and subphase temperature or even replacing the water subphase with aqueous salt solutions [25].
The formation of butterfly-like crystals of poly(e-caprolactone) (PCL) [26] or dendritic morphology of
poly(ethylene oxide) (PEO) [25] Langmuir films are notable. The Langmuir films can be transferred to
solid supports using the Langmuir-Blodgett (LB) technique [24]. The LB films allow to study the surface
morphology with high lateral resolution, e.g., by atomic force microscopy (AFM). The observation
of the double helix of isotactic poly(methyl methacrylate) (i-PMMA) is one of the most impressive
examples [27,28]. A major drawback for the preparation of Langmuir films and finally LB films is
the limited number of suitable polymers [22,23]. They must contain a polar group in the repeating
unit, which helps to anchor the polymer chain to the water surface to avoid immediate collapse [29].
Some polymers such as PCL, poly(L-lactic acid) (PLA), and i-PMMA fulfill this requirement with their
ester groups and are used for the preparation of Langmuir or LB films [26,27,30,31]. However, Langmuir
or LB film formation of poly(ethylene) (PE) was not successful and crystallization studies were not
reported. Some thin film studies have been done using medium-density PE [32,33]. The issue
regarding PE Langmuir/LB film formation is the lack of polar groups in the repeating unit. Different
approaches are reported to introduce polar groups to PE such as surface modification of PE [34,35],
copolymerization [36], and living polymerization [37]. Some approaches yield highly branched
PEs with randomly distributed polar groups in the polymer backbone or side chain with high
polydispersities [38]. Acyclic diene metathesis (ADMET) polymerization [39] allows to synthesize
linear PE-like materials with polar groups (defects) in the polymer backbone (Scheme 1) with moderate
polydispersities [40,41]. These polymers are called precision polymers [40,41]. Their crystallization
behavior in bulk and solvent cast films or melt grown domains has already been reported in detail
elsewhere [41,42]. The crystallization of such a polymer on the surface of water has been reported by
our group. We reported the crystallization of a PE with a phosphoester defect in the main chain at
every 21st position of the CH, backbone (Phenoxy-PPE) at the air-water interface [43]. After spreading
this polymer from the chloroform solution on the surface of water, some polymer chains immediately
crystallize at 7 of 0 mN/m, but the final crystallization of most of the polymer chains occurs upon
compression in the expanded plateau zone of the Langmuir isotherm (77 ~ 4.5 mN/m). Crystallization is
monitored directly on the surface of water with Brewster angle microscopy (BAM) and epifluorescence
microscopy. Single crystallites with hexagonal shape are observed. Most of the crystallites have a
thickness of ~ 2.6 nm with an elevated region in the center of the crystal measured in LB films [43].

(@) W
(b) /V_\é__/_\_/

2 Different polar groups (defects) —————— Methylene sequence

Scheme 1. Schematic illustration of (a) Ethoxy-PPE and (b) Methyl-PPE-co-decadiene.

In this study, Langmuir films of different PEs namely Ethoxy-PPE and Methyl-PPE-co-decadiene
(see Table 1) are prepared by spreading the polymer solutions on the water surface of a Langmuir
trough and compressing them after solvent evaporation. The morphology of the films is monitored
by BAM and epifluorescence microscopy during the compression. Finally, LB films are prepared by
transferring the film from the water surface to a solid support to study the film thickness by atomic force
microscopy (AFM) and crystallization by grazing incidence wide-angle X-ray scattering (GI-WAXS).
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Table 1. List of the polymers under investigation with their chemical structure, short naming,
and number average molar mass M,,.

Polymer Name and Chemical Structure Abbreviatedas M,,* (g/mol) My/My*
o]
]
+oio Ethoxy-PPE 9900 2.30
QK Ethoxy-Poly(phosphoester) ¥y ’

o
B /\/\/\/\/\/\/\/\/\/\H’\/\/\/\/r
Fo ™o s Methyl-PPE-co-decadiene 8500 2.08

0.5
Poly[(phosphonate-Me)-co-(decadiene)](1:1)

* Determined by gel permeation chromatography (GPC) (Tetrahydrofuran; THE, Poly(styrene); PS) standard).

2. Materials and Methods

2.1. Materials

PEs with regular phosphoester defects in the main chain under investigation are listed in Table 1.
All polymers were synthesized by ADMET polymerization. Ethoxy-PPE has 20 CH; units in each repeat
unit. Methyl-PPE-co-decadiene contains randomly (20 to 28) CH, units in every repeat unit since it is a
(1:1) random copolymer obtained by copolymerization of an equimolar mixture of 1,9-decadiene and
di(undec-10-en-1-yl) methylphosphonate. The synthesis of the Ethoxy-PPE is described elsewhere [42].
Characterization data for the Methyl-PPE-co-decadiene copolymer can be found in the supporting
information (Figures S1-S3). All polymers are semi-crystalline in bulk and thin films, where only the
methylene chains crystallize [41,42]. The DSC traces, the X-ray diffraction (XRD) patterns, and the
FTIR spectra of the polymers can be found in Figures S4-S5 of the supporting information.

2.2. Langmuir Isotherms Measurement

The m-A isotherms were recorded using a Langmuir trough (Riegler & Kirstein GmbH, Potsdam,
Germany) with a maximum trough area of 545 cm?. The trough was equipped with two moveable
barriers and a Wilhelmy plate made of filter paper. The entire trough was covered by a Plexiglas box to
maintain an equilibrium environment. Millipore water was used as a subphase for the experiment.
The temperature of the subphase was kept at 20 °C using a thermostat. Before spreading the polymer
solution, the purity of the subphase was checked by surface pressure measurement at maximum barrier
compression (1t < 0.15 mN/m). Polymer solutions with a concentration of ~2 mg/mL were prepared
in chloroform and spread dropwise in some random locations on the subphase using a Hamilton
digital syringe. After a 20 min waiting time for complete solvent evaporation, the trough surface was
compressed at a speed of 50 A%/(molecule min) to record the pressure-area isotherm.

2.3. Microscopic Studies on Langmuir Films

To monitor the water surface during compression, a Brewster angle microscope (NFT Mini BAM,
Nanofilm Technologies, Valley View, OH, USA) coupled with a Langmuir trough of 142 cm? was used.
The lateral resolution of the microscopy was 20 um with a field view of 4.8 X 6.4 mm?. The images
were captured using the software WinTV (Hauppauge Inc, Hauppauge, NY, USA). The imaging
of the Langmuir film was done at different surface pressures during the film compression at a
rate of 50 A2/(molecule min). Epifluorescence images were recorded with an Axio Scope A1 Vario
epifluorescence microscope (Carl Zeiss Microlmaging, Jena, Germany). The microscope was equipped
with an EC Epiplan-NEOFLUAR 50x objective and a Hamamatsu EM-CCD digital camera. A film
balance (Riegler & Kirstein GmbH, Potsdam, Germany) with a maximum trough area of 258 cm?
covered with a Plexiglas chamber was used. The temperature of the subphase was kept at 20 °C.
To enable the experiment, the aqueous subphase contained 50 nM Rhodamine B fluorescence dye
([9-(2-carboxyphenyl)-6-diethylamino-3-xanthenylidene]-diethylammonium chloride). The dye was
excited using a 100 W mercury arc lamp through a combination of BP 546/12 nm window and a beam
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splitter FT 560 nm. The emission was detected via a BP 575-640 nm (filterset 20, Carl Zeiss AG, Jena,
Germany). The imaging of the monolayer was done during the film compression with a speed of
50 A2/(molecule min) at different surface pressures.

2.4. Langmuir—Blodgett (LB) Film Transfer, AFM, and GI-WAXS

2 was cleaned and mounted to a film transfer unit

Silicon wafer with a size of 20 x 10 mm
(KSV Instruments, Helsinki, Finland) to prepare LB films. The film was made at © of 10 mN/m and
15 mN/m, respectively. The substrate was attached vertically to the transfer unit and immersed into the
subphase ~8 mm. The polymer solution was then spread on the water surface and compressed up to the
transfer pressure. When the transfer pressure was reached, the submerged silicon substrate was moved
upward at a speed of 0.5 mm/min, while the surface pressure was kept constant. This process transfers
a film of the polymer on the substrate surface. The film was then dried at room temperature and stored
in a sealed box for AFM and GI-WAXS measurements. AFM studies were carried out in AC mode by
NanoWizard 4 (JPK, Berlin, Germany) instrument in air. A silicon cantilever with a spring constant of 40
N/m and a resonance frequency of 325 kHz was used. The captured images were then processed by JPK
and Gwyddion software. A Retro-F SAXSLAB setup (SAXSLAB, Copenhagen, Denmark) equipped
with an AXO microfocus X-ray source (AXO DRESDEN GmbH, Dresden, Germany) and a DECTRIS
PILATUS3 R 300K detector (DECTRIS Ltd, Baden-Daettwil, Switzerland) was used to perform
GI-WAXS measurements on the LB films of PEs. Figure 1 provides a schematic presentation of the
setup used. Measurements were conducted at room temperature under vacuum condition in reflection
mode. The incidence angle a; of CuKa radiation (A = 1.5418 A) was ~0.2°. The detector images were
converted to sample coordinates according to Equation (1) and the condition nxg = cos(e) cos(o)1
with the critical angle a. [26].

Gx COSQDfCOS(If—nXR
ko singrcosay 1)

v 1= nxr 5 2
qz NxR< — COS= af

where gy, g, and g; are the scattering vector in x, y, and z coordinates, nxg is the refractive index, ko is
the wavenumber, ay and ¢ are the vertical and horizontal scattering angle, respectively.

0

Figure 1. Sample geometry for GI-WAXS measurements.
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The horizontal part of the scattering vector q is given with gy, = 92 + qi.

3. Results and Discussion

Figure 2 depicts the surface pressure vs. mean area per repeat unit (1-A) isotherms of two
different PEs that are recorded after spreading the polymers from chloroform solution on the water
subphase of a Langmuir trough to 7 = 0 mN/m (A ~ 200 A?) and compressing them with a rate of
50 A2/(molecule min) after solvent evaporation under isothermal condition.

50
| Methyl-PPE-co-decadiene
g 40 - .‘ Different phosphoester defects
Z
é J /-\/\/ Methylene sequence
Q 304
S Ethoxy-PPE
Q|
e
o
o 20
&
t 4
>S5
@ 10 -
e L aa————

I I I |
25 50 75 100 125 150 . 175 200
Mean area per repeating unit (A2)

Figure 2. 7-A isotherms of two different PEs measured at a subphase temperature of 20 °C with a
compression rate of 50 AZ/(molecule min). The insets show the possible chain orientation of the PEs at
Ay position.

The isotherm of Ethoxy-PPE shows that with decreasing A, the 7 begins to increase from an
A value of ~106 A2, followed by an extended plateau region at ~6 mN/m and finally reaches ~45 mN/m.
The isotherm is slightly different for Methyl-PPE-co-decadiene, with an increase of 7 starting at ~90 A2
and reaches finally a surface pressure of ~37 mN/m. The plateau appears at a slightly higher pressure
of ~8 mN/m and a kink at a surface pressure of ~33 mN/m. Thus, both PEs form Langmuir films where
both PEs adopt different phases such as an amorphous film phase before the plateau and a crystalline
solid phase after the plateau as already known from Phenoxy-PPE [43]. Therefore, the plateaus are
obviously related to a 1st order phase transition from an amorphous phase to a crystalline state.
Both plateaus end with a limiting area per repeating unit Ag of ~25 A2, This is calculated by drawing a
tangent to the Langmuir isotherm after the crystallization plateau and extrapolation to zero surface
pressure. The value is almost equal to the space required for a phosphate group (~24 A?) [44,45],
but significantly larger than the area of a methylene sequence in zig-zag conformation (19 A2) or in
the rotator phase (21 A?) [46]. Since the CH, sequences are not sufficiently long for back folding,
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more likely is a Langmuir monolayer formation for PEs where every second phosphoester defect is
located on the water surface, while the hydrophobic methylene sequences (20-28 CH, units) avoid
water contact in the air. They are aligned slightly tilted to the surface of the water as will be discussed in
detail below. Every second phosphoester defect is placed at the polymer-air interface (see the insets of
Figure 2). This orientation might be slightly different for Methyl-PPE-co-decadiene since the methylene
sequences have a different length between the defects (see the insets of Figure 2). Finally, the area
ratio of the methylene chain, e.g., at Ay ~ 25 A2, in zig-zag conformation of 19 AZ or in the rotator
phase of 21 A2, gives an average tilt angle of 37° (arccos 19 A2/25 A2 or 21 A%/25 A2) with respect to
the surface normal. Note that chain tilt is a very common phenomenon in Langmuir films and has
been described extensively for polymers [26] and small molecules [47]. This can also be found in
crystalline lamellae of oligomers [48] as well as polymers in bulk [49] and thin-films [50]. Chain tilt
is typically caused by chain folding [49], the presence of defects in the main chain [48], or packing
of end groups [48]. The chains in the polymer crystals reach a higher density than the amorphous
chains due to the chain tilt. This has been confirmed for PE and discussed in detail elsewhere [49].
In the case of Langmuir films, a common reason for chain tilting is the packing of head groups. It is
observed that molecules with bulky head groups often form tilted conformations of long alkyl chains
in Langmuir films [51,52]. Here, the bulky head groups hinder the chain packing perfectly normal to
the surface. Thus, the molecules must be tilted to preserve the close contact between the chains in
crystallographic order [51]. Furthermore, chain tilting in Langmuir film depends on the compression
state, e.g., PCL under various compressional conditions shows a chain tilt in the rage of 21° to 38° [26].
Altogether, one can say that the observed limiting area values confirm the monolayer formation of
these hydrophobic polymers with tilted methylene chains normal to the water surface and the polar
chain defects which act as anchor groups to the water surface. In contrast, hydrophobic polymers
show an extremely small limiting in the range of (0.2 to 2) A2 [53], related to 3D film formation or
aggregation [29,54].

Now, various microscopic techniques will be used to observe the film morphology of the PEs
on the water surface. Figure 3 shows BAM images of the Langmuir film of PEs captured during
the compression.

No morphological features are observed before reaching the plateaus of the Langmuir isotherms of
both PEs, indicating a homogeneous film formation within the lateral resolution of the BAM equipment
(Figure 3a, b, left-side images). When the plateau region is reached during the compression, the
Ethoxy-PPE shows many bright domains (Figure 3a, right-side image). These domains are separated
from each other, indicating a two-phase system with the solid tiny domains surrounded by the thin
liquid film. For Methyl-PPE-co-decadiene sample, no domain formation is observed before and after
the plateau region is reached (Figure 3b images), even compressing the film up to its collapse phase at 7
of ~33 mN/m. The kink at ~33 mN/m of this polymer is assigned to film collapse by BAM (see Figure S6
of supporting information). Note that domains formation in Langmuir experiments for semi-crystalline
polymers is typically related to crystallization [43,54] and can be resolved by BAM, e.g., butterfly-like
crystals of PCL [54]. In our case, the domains are too small to identify their exact morphology by BAM
(Figure 3a, right-side image). Thus, epifluorescence microscope with the magnification of 40 times
compared to BAM is employed for further investigations. A 50 nM aqueous solution of Rhodamine-B
dye was used as subphase. Here, initially a bright contrast was observed from the dye subphase,
but a dark contrast was generated when the domains appear upon compression. This is due to the
exclusion of the dye from domains caused by crystallization [55-58]. Note that the dye molecules are
just like an impurity in the subphase, which might influence the 7-A isotherms or even the domain
morphology [55-58]. In our case, no influence of the dye subphase on the -A isotherm was detected
(supporting information Figure S7).
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(b)

Figure 3. Brewster angle microscopy (BAM) images of (a) Ethoxy-PPE at 7 of 2 mN/m, A ~ 96 A2 (left)
and 7 mN/m, A ~ 63 A2 (right), and (b) Methyl-PPE-co-decadiene at 7t of 2 mN/m, A ~ 84 AZ (left) and
9 mN/m, A ~ 47 A2 (right). All images were captured with a compression rate of 50 A%/(molecule min).
The image size is 4.8 X 6.4 mm?.

Figure 4 shows epifluorescence images of the PEs recorded on the dye subphase at two different
compression states. These images resolve the morphology of the domains formed at the plateau zone
and simultaneously indicate some tiny pre-domain formation before reaching the plateau region of the
Langmuir isotherms. We observe some dark spots (Figure 4a,b, left-side images) after spreading the
polymers solution on the dye subphase, solvent evaporation, and compressing them to initial increase
of the surface pressure at 2 mN/m. For the Methyl-PPE-co-decadiene sample, the number of spots is
larger and more clearly visible compared to Ethoxy-PPE. Note that the dark contrast of the domain is
typically related to crystallization caused by the dye exclusion [43,55-58]. Thus, some crystallization
may occur for both PEs immediately after spreading the polymer solutions and solvent evaporation.
This behavior has also been observed for arachidic acid (C20 compound) [59]. In our case, we cannot
confirm crystallization at this compression state by GI-WAXS experiment since this method is not
sensitive enough for these small amounts of crystalline material. Continuing the film compression
from 2 mN/m to the beginning of the plateau of the 7-A isotherm, no detectable changes on the
subphase surface are observed. When the plateau starts upon compression, lots of dark domains
are observed (not shown here). Upon further compression, these domains become large and the
morphology becomes distinguishable, e.g., circular- or hexagonal-shaped domains of Ethoxy-PPE
appear (Figure 4a, right-side image). Methyl-PPE-co-decadiene forms too small domains that are still
difficult to resolve by epifluorescence microscopy (Figure 4b, right-side image). Therefore, the domains
of both PEs are transferred from the water surface to silicon wafer and examined by AFM.
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(b)

Figure 4. Epifluorescence images of (a) Ethoxy-PPE at m of 2 mN/m, A ~ 96 A2 (left) and 7 mN/m,
A~ 63 A? (right), and (b) Methyl-PPE-co-decadiene at 7 of 2 mN/m, A ~ 84 A2 (left) and 9 mN/m,
A ~47 A2 (right). The images are captured during the film compression at a compression rate of
50 A%/(molecule min). The image size is 164 x 164 pm?2.

Figure 5 shows AFM height images of the PE LB films transferred at 10 mN/m. A circular-shaped
crystalline domain with a diameter of more than 15 pm is observed for Ethoxy-PPE (Figure 5a).
Note that PE typically forms a lozenge-shaped single crystal due to the slowest growth of {110}
planes [60]. There are also a truncated lozenge-shaped or lenticular-shaped crystal habits associated with
supercooling temperature-dependent growth rates of the crystal planes [61,62]. Obviously, other factors
are also involved in different crystal habits such as geometrical confinement [63], soft epitaxy [64],
or molecular fractionation [61,65]. For the Methyl-PPE-co-decadiene sample, the morphology is
very different compared to Ethoxy-PPE. Completely irregular-shaped large domains surrounded
by small domains are observed (Figure 5b). These small domains can be related to the low
molar mass fraction of the polymer as known from PE [61,65]. All domains together form a
film-like morphology when the LB film is transferred at slightly higher surface pressure (Figure 6b).
The irregularity in Methyl-PPE-co-decadiene domains can also be explained based on polymer
stiffness. The stiffer backbone of Methyl-PPE-co-decadiene together with the random distribution of
the length of the methylene sequences may hinder the growth of large regular domains. Note that
Methyl-PPE-co-decadiene is stiffer than the Ethoxy-PPE known from T, data as measured by DSC
(see Figure S4 of the supporting information). Chain length-dependent morphologies of melt/solution
grown crystals also show tiny irregular crystallites for Ethoxy-PPE with 20 CH, units [42]. This changes
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to a dendritic or branch-like feature when the chain length between the Ethoxy-PPE defects increases
to 40 CHy units [42]. It can be concluded that the morphologies of the PEs in Langmuir and
finally in LB films can be tuned by increasing the length of the methylene sequence in between the
phosphoester defects.

6
1 Profile 1
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Height (nm)

Profile (um)

Profile 1

Height (nm)
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Profile (um)

Figure 5. AFM height images (left) with the line profiles (right) of the LB film transferred at a rrof 10 mN/m
for (a) Ethoxy-PPE mN/m and (b) Methyl-PPE-co-decadiene. The image size is 20 x 20 pm?. Enlarged
AFM images of Methyl-PPE-co-decadiene can be found in Figure S8 of the supporting information.

Domain/film thicknesses are also estimated by drawing line profiles on the AFM images of the
LB films. A maximum value in the range of ~(2.4 to 3) nm is observed (see Figure 5). This value is
almost equal to the length of the methylene sequence (20 to 28 CHj units) in a fully extended state.
However, the theoretically calculated maximum length for Ethoxy-PPE is ~3.5 nm. This is estimated
considering two phosphoester defects (one defect is ~0.5 nm) on both sides of the 20 CH, groups
(2.5 nm) with a fully extended state (see discussion below). The small thickness obtained by AFM
measurements might have two possibilities; either the phosphoester defects might be accommodated
inside the crystalline domains, or the polymer chains in the domains are tilted by some degrees with
respect to the substrate normal. Thus, the length ratio, e.g., thickness from AFM (2.4 nm) and the
theoretically calculated maximum length (3.5 nm), gives a chain tilt of ~47° (arccos 2.4 nm/3.5 nm)
with respect to the substrate normal. The value is also consistent with the chain tilt angle value
calculated from the limiting area of the 11-A isotherm. The chain tilt can be further analyzed when
the domains/films are transferred at a slightly higher surface pressure of ~15 mN/m (see Figure 6a).
A slight increase (2.7 nm — 2.4 nm = 0.3 nm) in domain thickness is observed which might be related to
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the decrease in the chain tilt from ~47° to ~40° (arccos 2.7 nm/3.5 nm, i.e., thickness from AFM (2.7 nm)
divided by the theoretically calculated maximum length (3.5 nm)) due to the compression.
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Figure 6. AFM height images (left) with the line profiles (right) of the LB film transferred at a 7= of
15 mN/m for (a) Ethoxy-PPE mN/m and (b) Methyl-PPE-co-decadiene.

Finally, GI-WAXS experiments are performed with the LB films to reveal more details of the
crystallization process. LB films are transferred at a surface pressure 7 of 15 mN/m. At this surface
pressure, the substrate surface is mostly covered with domains or film without breaking or multilayer
formation as confirmed by AFM. Figure 7 shows the GI-WAXS pattern of the LB film of Ethoxy-PPE.
A single Bragg reflection in the horizontal direction (qxy axis) and Kiessig fringes [66] in the vertical
direction (q axis) are observed. The horizontal reflection at qyy positions of ~15.1 nm™! (d = 0.41 nm)
is related to lateral chain packing of the methylene sequence with a nearest neighbor spacing [41,42]
which occurs also as a rotator phase Ry known from n-alkanes [67-69]. Note that Langmuir films of
long-chain hydrocarbon or phospholipids under GI-WAXS investigation show a similar type of Bragg
reflection at the horizontal direction with a qxy value in the range of 14.8 to 15.1 nm ™!, which is typically
assigned to side by side chain packing with a nearly vertical rod-like orientation [70]. The Ethoxy-PPE
sample was also studied by wide-angle X-ray scattering (WAXS) in the bulk state (see Figure S4).
A single Bragg reflection at 20 ~ 21.91° (q ~ 15.4 nm™) is observed, indicating almost the same nearest
neighbor spacing as observed in GI-WAXS. This suggests that the LB film of Ethoxy-PPE possesses
a similar chain packing as its bulk state. Melt grown and solvent cast crystals of Ethoxy-PPE also
show a single Bragg reflection and the crystal structure was assigned to pseudo-hexagonal [42,71,72].
GI-WAXS pattern of Methyl-PPE-co-decadiene has also a single Bragg reflection at a similar qxy position
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of ~15.1 nm™! as Ethoxy-PPE (Figure S9 of supporting information). The WAXS pattern of this modified
PE in bulk state possesses two Bragg reflections at 26 of ~21.54° and ~23.91° (see Figure S4), which can
be identified as an orthorhombic rotator phase Ry of the methylene sequence [67-69]. This reflection is
not visible in the GI-WAXS image, even measuring the sample for a long time. This is because the
footprint of GI-WAXS spot is around 0.2 X 10 mm?, resulting in a broad distribution in the detected
signals due to the scattering from several locations of the film [73]. It is worth mentioning that the
crystal structure of these PEs is different, e.g., rotator phase Ry for Ethoxy-PPE and orthorhombic
rotator phase Rj for Methyl-PPE-co-decadiene.

20 7

20 15 -10 -5 0 3 10 15
-
q,, [nm"]

Figure 7. 2D GI-WAXS pattern of the LB film of Ethoxy-PPE transferred at 15 mN/m (after the plateau
zone) of the n-A isotherm. The two vertical bands in the image are the empty space between the
detectors and appear as blank. The dotted red lines are drawn in to the q, axis to guide the range of the
Kiessig fringe.

Besides, the vertically oriented reflections in the GI-WAXS image along q, axis are the Kiessig
fringes [66], which can be used to calculate the film thickness by d = 2n/Aq, where d is the layer
thickness and Aq is the fringe width, i.e., the difference between two minima or maxima of the fringes.
A film thickness of ~2.7 nm is estimated for Ethoxy-PPE, which is consistent with the film thickness
obtained by AFM measurement at the same transfer pressure. However, for Methyl-PPE-co-decadiene,
a film thickness of (5.2 + 0.5) nm is observed. This value significantly deviates from the value obtained
by AFM measurement (~3.2 nm). The origin of this difference is unknown. It should also be noted that
the thickness estimation using X-ray measurements and AFM usually result in some differences [74].

4. Conclusions

This study shows the possibility to prepare Langmuir/LB film from two different hydrophobic
polymers. Using ADMET polymerization, the issue regarding the lack of polar groups in PE chains
can be solved. The film morphology can also be tuned when changing the polar groups or increasing
the length of methylene sequence between the polar groups (defects). We show the Langmuir/LB film
formation of two different PEs (see Table 1), containing regularly spaced polar phosphoester defects in
the main chain. The films are prepared by spreading the polymers from chloroform solution on the
water surface of a Langmuir trough and compression after solvent evaporation by moving the barriers
of the Langmuir trough (Figure 8).



Polymers 2020, 12, 2408 12 of 16
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Sectional view of a PE crystal

At the plateau T Top view

Trough compression

Before the plateau T Top view

PE on Langmuir trough

Figure 8. Schematic illustration of the chain organization of Ethoxy-PPE at the air-water interface
during compression.

The surface pressure vs. area per repeating unit isotherms are recorded. They show a plateau zone
in the surface pressure range of ~(6 to 8) mN/m, assigned to crystalline domain formation by BAM
and epifluorescence microscopy. The shape of the domains depends on the defects and the methylene
chain length between the defects. PE with ethoxy phosphoester defects shows mostly circular shape
domain. The domains turn to a film-like morphology when the chain length between the methyl
phosphoester defects increases and when the length of the methylene chains within the PE is different.
The thickness of the domains/film is in between ~(2.4 to 3.2) nm, depending on the transfer pressure.
Finally, GI-WAXS investigations on the domains or film on solid support show a single Bragg reflection
at a qyy position of ~15.1 nm ™! known from crystalline PE samples.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/10/2408/s1,
Figure S1: '"HNMR spectra of Methyl-PPE-co-decadiene, Figure S2: 3'P NMR spectrum of Methyl-PPE-co-decadiene,
Figure S3: GPC elugram of Methyl-PPE-co-decadiene, Figure S4: DSC and XRD of PEs, Figure S5: FTIR spectra of
the investigated PEs and the reactants, Figure S6: BAM image of Methyl-PPE-co-decadiene at collapsed phase,
Figure S7: m-A isotherms of Ethoxy-PPE on different subphases, Figure S8: AFM images of the LB film of
Methyl-PPE-co-decadiene and Figure S9: 2D GI-WAXS pattern of the LB film of Methyl-PPE-co-decadiene.
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This paper shows the crystallization of a polyphosphoester (PPE) in Langmuir/LB film. The
polymer is similar to poly(ethylene) (PE) with a regular bulky phenoxy-phosphoester defect in
the main chain. The polymer was dissolved in chloroform, spread on the water surface, and
compressed after solvent evaporation. EFM revealed that the PPE develops hexagonal
crystallites at the extended plateau zone of the zmmA isotherm followed by crystal collapse at
maximum compression. IRRAS confirmed that the ordering happens in the methylene sequence
of the PPE. After transferring the crystallites at different compression states to the solid support,
AFM was used to observe the crystal morphology and estimate the thickness in order to

understand more details about the crystallization process.
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ARTICLE INFO ABSTRACT

Keywords: A polyphosphoester (PPE) with phenyl phosphate groups separated by precisely 20 CH, groups in its backbone
Polyphosphoester was dissolved in chloroform and spread on the water surface of a Langmuir trough. The surface pressure vs area
Laﬂg_m“ir film per monomer unit (-A) Langmuir isotherm together with epifluorescence and Brewster angle microscopy
LB film suggested that some crystallization occurred already at zero surface pressure immediately after solvent eva-
IRRAS . . . o .

L poration of the spread polymer solution. The extended plateau region of the Langmuir isotherm in the range of
Crystallization 1

n=~45mNm™ " corresponds to the 2D crystallization of most polymer chains. Brewster angle and epi-
fluorescence microscopy show that during the crystallization of PPE in the Langmuir film single crystal like
hexagonal entities are formed with lateral dimensions of up to 20 um. These entities break upon compression
beyond the limiting area per monomer unit which leads to a decrease of the elasticity modulus of the Langmuir
film. The morphology of the single crystals and their failure upon compression are also observed in Langmuir-
Blodgett films by atomic force microscopy. The thickness of the crystals is about 2.5 nm at the end of the plateau
range and reaches 3.0 nm upon further compression. The polymer crystallization on the water surface is also
confirmed by infrared reflection absorption spectroscopy.

1. Introduction

Many fundamental studies on polymer crystallization from melt or
solution have used various types of polyethylene (PE) [1-4]. Typically,
PE forms chain folded lamella crystals with an orthorhombic unit cell
[5,6]. However, depending on the crystallization conditions also hex-
agonal [7] or monoclinic [8] unit cells have been reported. Recently, it
has been emphasized that there is a necessity for the PE chains to be
tilted when packed into lamella crystals [9-11]. The crystallization of a
PE was also investigated in aqueous dispersions [12,13] or at the air/
water interface [14]. Due to the lack of any polar group which could
anchor the PE chains at the water surface, they do not form stable
Langmuir monolayers but rather thick layers with a small degree of
crystallinity. Several other completely hydrophobic polymers show a
similar behavior [15]. However, hydrophobic and water insoluble
polymers with polar entities in the polymer chain as e.g. an ester group
in poly(e-caprolactone) (PCL) or isotactic poly(methyl methacrylate) (i-
PMMA) can form stable Langmuir layers at the air/water interface
[16-18]. Upon compression in a Langmuir trough, a first order phase
transition in their surface pressure vs area (s51-A) isotherms indicative for
2D polymer crystallization was observed [17]. Another possibility to
form stable Langmuir layers of hydrophobic polymers on the air-water

* Corresponding author.
E-mail address: joerg.kressler@chemie.uni-halle.de (J. Kressler).

https://doi.org/10.1016/j.eurpolymj.2018.03.001

interface is given in amphiphilic block copolymers where the hydro-
philic block functions as anchor [19].

With the advent of acyclic diene metathesis (ADMET) polymeriza-
tion [20], it became possible to synthesize PE-like materials with a
polar group in equidistant positions between the CH, groups [21,22].
This reduces the crystallinity and these polymers crystallize mainly into
a pseudohexagonal unit cell [23]. In this study, we employ a precision
polymer synthesized by ADMET. It contains a phenylphosphate group
separated by exactly 20 CH, groups in its repeat unit (see Scheme 1).
The length of a monomer unit L,,, is approximately 3 nm, the length of
the 20 CH, groups 2.6 nm.

The crystallization of this polyphosphoester (PPE) in bulk and in
thin films on solid supports was already reported elsewhere [23]. Here,
we spread the PPE from chloroform solution on the water surface in a
Langmuir trough. Then, the 7-A compression isotherms are observed.
The morphology change in the Langmuir films is directly visualized by
Brewster angle microscopy (BAM) and epifluorescence microscopy. The
ordering behavior of the CH, chains upon PPE film compression is
studied by infrared reflection absorption spectroscopy (IRRAS) and
quantitatively evaluated. The morphology of Langmuir-Blodgett (LB)
films, obtained after film transfer onto mica substrates, is studied by
atomic force microscopy (AFM).
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Scheme 1. Repeat unit of the polyphosphoester (PPE) under investigation and the respective space filing model (color code: grey — carbon, white — hydrogen, red — oxygen, blue —

phosphorus). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2. Experimental
2.1. Materials

The polyphosphoester (M,, = 17,800 g mol ™!, b = 2.29) (PPE) was
synthesized by ADMET polymerization. Synthesis and characterization
details can be found elsewhere [22,23]. The melting temperature of the
polymer in bulk is 44 °C.

2.2. Methods

2.2.1. Langmuir trough measurements

Pressure-area (;t-A) isotherms were measured with a KSV 2000
Langmuir trough (Helsinki, Finland) which has a maximum surface area
of 76,050 mm?. It is equipped with symmetrically moving barriers and a
platinum Wilhelmy plate. Langmuir troughs (Riegler and Kirstein,
Berlin, Germany) with a surface area of 14,800 mm? and 26,212 mm?,
respectively, were employed for BAM and epifluorescence microscopy.
Here, filter paper was used instead of a Pt plate for surface pressure
measurements. The subphase used for the experiments was prepared
from deionized water (TKA GenPure Labor & Reinstwassertechnik
Christian Wiesenack, Jena, Germany) with a conductivity
of < 0.056 uS cm ™. Before the experiments, the subphase purity was
checked by measuring the surface pressure at maximum surface com-
pression (t < 0.15mN m™ ). To obtain the m-A isotherms, polymer
solutions with different concentration of 0.5-4 mg ml~* were prepared
by dissolving them in HPLC grade chloroform. The solutions were
stable at room temperature for several weeks. They were spread on the
subphase using a digital syringe. After spreading the solutions, there
was a 20min waiting time for complete solvent evaporation. The
compression rate used for recording the Langmuir isotherm was
120 A% molecule ™" min~!, whereas the BAM and epifluorescence
images were recorded with a compression rate of

80 A% molecule ™' min~ .

2.2.2. Microscopy

BAM (NFT Mini BAM, Nano-film technology, Valley View, USA)
provided images of the morphology of the Langmuir films with a lateral
resolution of 5 um. Epifluorescence images were recorded with an Axio
Scope Al Vario epifluorescence microscope (Carl Zeiss Microimaging,
Jena, Germany) equipped with an EC Epiplan-NEOFLUAR 50x objective
and a Hamamatsu EM-CCD digital camera. The images were contrast
adjusted during the in situ observations. The aqueous subphase con-
tained 0.1 mg mL~! rhodamine 123 fluorescence dye (6-amino-9-(2-
methoxycarbonylphenyl)xanthen-3-ylidene]azanium chloride). AFM
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images of the Langmuir-Blodgett films were obtained in tapping mode
using a Multimode 8 AFM (Bruker, Santa Barbara, USA) and a standard
silicon cantilever (NSC15, Mikromash, Ore, USA) with a resonance
frequency of 325 kHz and spring constant of 40 N m ™. Drive amplitude
of 8.0-30 mV, set point of 350-400 mV, and a scan rate of 1 Hz were
used as settings for the AFM instrument. The captured AFM images
were processed by Gwyddion software.

2.2.3. Langmuir-Blodgett (LB) film transfer

For the preparation of LB films, freshly cleaved mica was used as
solid support. The transfer was performed using a KSV Langmuir trough
(Helsinki, Finland) equipped with an automated substrate holder.
During the transfer the surface pressure was kept constant. The sub-
strate was vertically fixed to the holder and immersed in the subphase
(around 8 mm). When the surface pressure reached the transferring
pressure, the submerged substrate was moved upward with a speed of
0.1 mm min ~ ! which resulted in a PPE monolayer being transferred to
the substrate. After that, the substrate was dried at room temperature
and stored in a sealed box for later measurements.

2.2.4. Infrared reflection absorption spectroscopy (IRRAS)

IRRAS experiments were performed using a Bruker Vector 70 FT-IR
spectrometer combined with a Langmuir trough (Riegler & Kirstein,
Germany) of 30 x 6 cm? and a circular reference trough (d = 6 cm) to
measure the spectrum of the bare water surface. The Langmuir trough
was equipped with a Wilhelmy pressure sensor and two movable bar-
riers to permit film compression. The temperature was kept constant at
20 °C by a circulating water bath. To obtain the spectra, a polarized IR
beam was directed to the air-water interface of the Langmuir trough at
a particular angle of incidence ¢ relative to the surface normal. The
reflected IR beam was detected using a liquid nitrogen-cooled MCT
detector. The reflectance absorbance (RA) spectra shown here were
calculated following the relation RA = —Ig(R/R,), where R and R, re-
present the IR reflectivity of the sample and the reference trough, re-
spectively. The reflectivity spectra were repeatedly recorded in the
sequence: one reference spectrum (Ry) followed by 5 sample spectra
(R), while the Langmuir film was continuously compressed with a small
compression rate of 25AZmolecule 'min~'. The resolution, the
scanner speed and the number of scans in all experiments were 4 cm ™!,
160 kHz and 1000, respectively. A zero filling factor of two was applied
before Fourier transformation of the averaged interferograms resulting
in a nominal spectral resolution of 2 cm~'. Spectra were recorded with
the p-polarized IR beam at an angle of incidence of 40°.
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3. Results and discussion
3.1. The Langmuir isotherm

Fig. 1 shows the surface pressure-area per monomer unit (7-A)
Langmuir isotherm of PPE together with the elastic modulus as a
function of A (see inset). The surface pressure starts to increase at
A = 0.95nm? and reaches about 4.5mNm~"' at A = 0.85nm? After
the solvent evaporation the polymer chains form pancake-like island
separated by water and compression does not lead to an increase of .
At A = 0.95 nm? the pancakes come into contact and form a continuous
polymer film, a process that is finished at A = 0.85 nm?. The inflection
point of the Langmuir isotherm can be obtained from the elastic mod-
ulus €, which is calculated from the 5-A isotherm using equation (1) as a
function of A and the change in surface pressure with area per repeating
unit %’f. A maximum at ¥ = 2.3mNm~ ' and A = 0.89 nm? (see inset of
Fig. 1) is determined as characteristic values for this transition. Details
for the determination of the elastic modulus can be found in the sup-
porting document (S1).

e _A(d_ﬂ)
dA T=const

Further compression leads to an extended plateau in the isotherm
indicative for a thermodynamic 1st order phase transition in two-di-
mensional systems [24]. The occurrence of the plateau is obviously
related to the crystallization of the PPE, i.e. the crystallographic
packing of the n-alkane chains between the phosphate groups. The
plateau region ends at a limiting area of A, = 0.24 nm? per repeating
unit. It is given by the intersection of the maximum slope line of the -A
isotherm and the slope of the plateau region. The cross-sectional area of
an alkyl chain in the pseudohexagonal or rotator phase without tilt is
0.2nm? [23,25,26]. The minor difference of the values can be ex-
plained by a tilt of the alkyl chain by 34° with respect to the surface
normal (cos(34°) = 0.2nm>/0.24 nm?) [27]. The limiting area is also in
the range of the space requirement of a phosphate group of 0.23 nm>
[28]. Upon further compression, a sharp increase of the surface pres-
sure up to ~48 mNm ™! is observed. The occurrence of an additional
maximum of the elastic modulus of the Langmuir film at 25mNm ™!
(see inset of Fig. 1) indicates another process in the Langmuir film. For
the assignment of this process microscopic techniques will be em-
ployed.

(€8]
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Fig. 1. n-A isotherm of the polyphosphoester at 20 °C measured with a compression speed
of 120 A% molecule "' min~!. The squares indicate m-A values where BAM and epi-
fluorescence images are captured. The arrows mark n-A values where LB films are
transferred for AFM measurements. IRRA spectra are recorded in the 5-A range between
the two circles. The inset shows the elastic modulus and surface pressure as a function of
the area per repeating unit.
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3.2. BAM and epifluorescence microscopy

BAM and epifluorescence microscopy images taken at different
points of the Langmuir isotherm are shown in Fig. 2. The BAM image at
mw=0mNm~! and A = 1.3nm? shows a homogeneous film without
phase separation within the resolution limit of BAM (Fig. 2a, left).
However, the corresponding epifluorescence microscopy image shows
already some tiny dark spots (Fig. 2a, right) which have a diameter of
~0.5 um. Obviously, some small crystalline entities are formed after
spreading the polymer solution on the water surface and chloroform
evaporation [12]. The dark color indicates that crystallization leads to
an exclusion of the fluorescence dye initially located in the amorphous
regions of the polymer. This is in agreement with the enrichment of
rhodamine 123 in lipid membranes [29]. After further compression at
7 =46mNm ! and A = 0.85nm? a complete polymer monolayer is
formed. The crystalline areas increase in size and thus they are also
observable by BAM (Fig. 2b, left). Some of these domains have a hex-
agonal appearance in the epifluorescence microscopy images (Fig. 2b,
right). Further compression across the plateau region of the Langmuir
isotherm to m = 8.0mNm ™' and A = 0.27 nm? leads to a further in-
crease of the crystalline domains in the polymer film (Fig. 2c). All ob-
served domains have an almost hexagonal habit in the epifluorescence
microscopy image shown in Fig. 2c, right. Thus, the plateau region can
be assigned unambiguously to the crystallization process of PPE in the
Langmuir film.

A further series of BAM and epifluorescence microscopy images is
taken after passing the limiting area of Ay = 0.24 nm? of the Langmuir
isotherm upon film compression (Fig. 3).

All images show a heterogeneous film structure caused by polymer
crystallization. Most striking compared to the previous images shown in
Fig. 2 is the fact that a contrast inversion appeared in the epi-
fluorescence microscopy images taken at 20 and 30 mNm ™!, respec-
tively. Now the crystals appear bright and the surrounding film is dark.
This is obviously caused by the disintegration of the polymer crystals
upon compression which leads to an influx of fluorescence dye into the
crystalline areas of the polymer film. The cracks or folds in the crystals
are most obvious in the epifluorescence microscopy image of Fig. 3e
and indicated by yellow arrows. This is in agreement with the decrease
of the elasticity modulus in this range of the Langmuir isotherm as
shown in inset of Fig. 1. After further compression until the complete
film collapse at st ~48mNm~ ' and A =0.13nm? a complete
change of the crystalline entities from a hexagonal structure to a fi-
brillary structure is observed in BAM and epifluorescence microscopy
(see Fig. 3f). After these changes the crystals appear now dark in epi-
fluorescence images again and the surrounding area is bright. These are
apparently fractured crystals floating on the water subphase.

3.3. LB film characterization by AFM

The Langmuir film is transferred to mica by the Langmuir-Blodgett
(LB) technique at different ni-A values as indicated in Fig. 1. The LB
films are studied by AFM as shown in Fig. 4. The overall morphology of
the LB films is in good agreement with the epifluorescence microscopy
images captured directly on the water surface. Fig. 4a shows the crys-
talline entities obtained after LB film transfer at & = 10 mNm ™' and
A = 0.25nm? All crystals with a lateral dimension of 10-20 um have in
their center a tiny nucleation side. It has a larger height of 15-30 nm
compared to the other parts of the crystal. It should be noted that the
AFM images were recorded with a resolution of 512 x 512 pixels of the
50 pm X 50 pm image, where one pixel line has ~98 nm size and the
diameter of this 3D tiny entity is ~600nm. Therefore, the central
features are roughly resolved. Nevertheless, these central features are
always present in the crystals under investigation and also reported in
literature [30]. It seems possible that these three dimensional nuclei are
formed during the solvent evaporation after spreading the polymer
solution on the water surface [15] which is in agreement with the
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Fig. 2. BAM images (left) and epifluorescence microscopy images (right) of PPE captured during film compression on the Langmuir trough at selected st and A values. (a) 0 mNm™

1.3nm?, (b) 4.6 mNm ™!, 0.85nm?, (c) 8.0 mNm™’, 0.27 nm>

epifluorescence image as shown in Fig. 2 (a). Additionally, this nucleus
is sometimes surrounded by an area of 5 nm height. The thickness of the
crystals themselves is usually in the range of 2.5 nm as can be seen in
the height profile of Fig. 4a. Thus, the crystal thickness is determined by
the length of the polymer repeat unit. The crystal is formed by the
regular arrangement of the (CH,)so groups mainly in all-trans con-
formation as it is observed in bulk by the wide angle X-ray scattering
pattern [6]. The polyethylene like crystals formed on the water surface
have than on their fold surfaces the phenylphosphate groups located.
The slightly smaller crystal thickness compared to the length of a
monomer unit can be explained by the chain tilt, a phenomenon well
established for polyethylene crystals [9-11]. The estimated chain tilt
angle ¢ is ~34° (¢ = arccos 2.5nm/3nm) which is calculated
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Epifluorescence

1

B

following the relation (2)

L
¢ = arccos(—=)
mu

(2)

where L, and L, represent the lamella thickness and the length of a
monomer unit.

These data agree very well with the Langmuir film measurements
discussed above. Fig. 4b shows an AFM image of an LB film transferred
at 35 mNm~! and A = 0.18 nm?. Two typical phenomena are
observed. The crystals show folds with a larger height than the crystal
and some cracks appear too. These phenomena are also observed in
crystals of the Langmuir film directly on the water surface by epi-
fluorescence microscopy (cf. Fig. 3e). The cracks allow for the
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Fig. 3. BAM images (left) and epifluorescence microscopy images (right) of PPE captured during film compression on the Langmuir trough at selected st and A values. (d) 20 mNm ™",

European Polymer Journal 101 (2018) 350-357

Epifluorescence

1

0.20 nm?, (e) 30 mNm ™!, 0.19 nm?, the yellow arrows indicate cracks and folds in the crystals, (f) 48 mNm™?, 0.13 nm?

determination of the crystal thickness which is now in the range of
~3nm (see height profile of Fig. 4b). Since this is approximately the
length of a monomer unit, the (CH,)5o chains are now oriented per-
pendicular to the water surface and the chain tilt angle is now 0 (¢ =
arccos 3nm/3 nm). This phenomenon has been observed for the small
molecules as well as for polymers [31,32] and can be related to the
intracrystalline mobility [33] as well as the sliding of crystalline blocks.
Finally, LB films are prepared at &1 = 48 mNm ! and A = 0.13nm?,
the range of the complete collapse of the Langmuir film (see Fig. 4c).
Several ribbon-like crystals have formed with non-uniform heights.

3.4. Infrared reflection absorption spectroscopy

IRRAS is a powerful tool to study the behavior of polymers in
Langmuir films on the air-water interface [19,34,35]. Polymers with
long (CH»), chains in their backbone are especially suitable for IRRAS
studies since their methylene stretching vibrations give rise to intense
reflection-absorption bands, whose position depends on the alkyl chain
conformation and whose intensity depends on surface density and chain
orientation. The ordering behavior of polymethylene chains has ex-
tensively been studied in Langmuir films of fatty acids and
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Fig. 4. AFM height image of LB films transferred at (a) t = 10mNm ™' and A = 0.25 nm?, inset shows the zooming of the middle crystal (b) t = 35mNm~'and A = 0.18 nm?, (c) x =
48 mNm ™' and A = 0.13 nm> The respective height profiles are taken along the lines shown in the AFM images. Additionally, the consistency of the thickness measurements before and

after the cracks with several line profiles is shown in supporting document (S2).

phospholipids [36-38]. Fig. 5a shows the IRRA spectra of PPE mea-
sured on the water surface at the angle of incidence of 40° with p-po-
larized radiation. The spectra were recorded during continuous com-
pression of the PPE Langmuir film from an area per repeating unit of
A = 0.94nm? and a surface pressure 1 = 1.2 mNm ™' to A = 0.2nm?
and t = 20 mN m ™!, a range which covers the extended plateau region
of the Langmuir isotherm (cf. Fig. 1). The assignment of the IR bands
shown in Fig. 5a is done according to the literature [39-42]. The shift of
the CH, symmetric and antisymmetric stretching bands (vs and v,s) as a
function of &t (see Fig. 5b) provides information on the ordering beha-
vior of the n-alkyl chains [36,38,43]. It can be seen that at low surface
pressures, the CH, stretching vibration bands are observed at high wave
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numbers of v,s = 2926.9cm ™! and v, 2856.8 cm ™. These high wa-
venumbers reveal the fluid-like state of PPE n-alkyl chains with a high
content of gauche conformations at low compression, i.e. at surface
pressures smaller than the plateau value. This has also been reported for
long-chain hydrocarbon molecules [36,38,43]. When increasing the
surface pressure upon compression, the bands are shifted to lower
wavenumbers (Vs = 2916.5cm ™! and v, = 2849.7 cm™!) at a surface
pressure of 4.5 mNm™?, i.e. the plateau pressure of the compression
isotherm. This indicates a liquid to solid phase transition (i.e., crystal-
lization) where the (CH,)»o chains are densely packed in stretched all-
trans conformations within the solid phase. The extremely low wave-
numbers of the stretching vibrational bands are indicative for intense
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Fig. 5. (a) IRRA spectra of PPE recorded an angle of incidence ¢ = 40° with p-polar-
ization during continuous compression from 0.94 nm? per repeat unit (black) to 0.2 nm?
per repeat unit (green). The insets show a zoom of the most prominent bands, which are
assigned in the figure. (b) Shift of the position of antisymmetric (black, left scale) and
symmetric (red, right scale) CH, stretching vibrational bands as a function of surface
pressure. (c) Integral intensity of the CH, symmetric bending vibrational band normalized
to the molecular area density within the film as a function of surface pressures. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

inter-chain vibrational coupling, which only occurs when the rotation
about the chain main axis is restricted, i.e., in a crystalline packing of
the alkyl chains. A further compression beyond the plateau region to
A =0.20nm? and © = 20 mNm ™! shows no further shift of the CH,
bands which reveals that the polymer crystallization in the Langmuir
film is finished at the end of the plateau region. Another indication of
crystallization can be revealed by focusing on the intensity of CHj
symmetric bending vibrational band (scissoring).

The integral intensity of the 8(CH,) band normalized to the mole-
cular area density within the Langmuir film is shown in Fig. 5¢c. Due to
normalization any intensity variations can be attributed to molecular
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Fig. 6. Schematic presentation of the ordering behavior of PPE on the water surface upon
compression.

rearrangements affecting the absorption coefficient of the vibration.
The normalized band intensity increases in the range of the plateau
pressure (3-5 mN m 1) and stays constant at any further compression.
The increases of the intensity of this band with increasing crystallinity
is typical and has also been reported for PE [44,45]. Thus the 8(CH,)
band intensity can be used as another marker for PPE crystallization
upon compression. Additionally, the CH, scissoring band at
~1469 cm ™! could be an indication of hexagonal crystal packing [46].
However, it should be noted that the solution cooling and the melt
crystallization of this polymer studied by electron diffraction reveal a
pseudo-hexagonal crystal packing [23].

4. Conclusions

The experimental results are summarized in Fig. 6.

After spreading the polymer solution and evaporation of the solvent,
the polymer coils form pancakes and first nuclei of polymer crystals
appear. When the pancakes come into contact upon compression the
surface pressure increases together with the elasticity modulus in-
dicating that a uniform Langmuir film is formed. During further com-
pression in the plateau range of the Langmuir isotherm, PPE forms
single crystal like entities with mainly hexagonal habit. The (CHy2)2o
chains are tilted. The crystallization process can also be followed by
IRRAS. Especially the v and v,s CH, bands are sensitive to follow the
crystallization process. AFM studies of LB films indicate that the crystal
thickness is determined by the length of a polymer repeat unit con-
taining one phenylphosphate group and 20 CH, groups. Further com-
pression leads to a steep increase of the surface pressure and the elas-
ticity modulus. In this range the chain tilt disappears and the chains
arrange perpendicular to the water surface. After reaching a maximum,
the elasticity modulus decreases again as a result of the destruction of
the single crystal like entities. The surface pressure increases up to 48
mNm ! indicating that PPE is a real amphiphilic polymer with a hy-
drophilic phenylphosphate group and the lipophilic CH, groups. For
further analyses for the effect of the chain defect (phenyl phosphate
group) on the crystallographic behavior [47], it is necessary to employ
GI-WAXS measurement [48]. This is also caused by the fact that a
hexagonal habit of the macroscopic crystal does not necessarily mean
that a crystallographic hexagonal phase is present [49].
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Many fundamental studies on poly(e-caprolactone) (PCL) crystallization at the air-water
interface of a Langmuir trough by measuring z~mmaA isotherms together with BAM have been
reported.[*921% The following paper, however, demonstrates mainly the chain orientation of
PCL Langmuir films (crystallites) revealed by IRRAS and GI-WAXS techniques. At various
compression states of the z~mmaA isotherm, chain tilting of PCL from =~ 21° to 38° relative to
the normal of the water surface was identified. The tilting orientation remained the same even

when the crystallites were transferred to the solid support as confirmed by GI-WAXS studies.
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Poly (e-caprolactone) (PCL) dissolved in chloroform was spread on the water surface of a Langmuir trough and
after solvent evaporation, the surface pressure vs area (7-A) Langmuir isotherm was recorded. An extended
plateau region indicates a 1st order phase transition related to PCL crystallization as also confirmed by Brewster
angle microscopy (BAM). Infrared reflection absorption spectroscopy (IRRAS) and grazing incidence wide angle
X-ray scattering (GI-WAXS) reveal details of the PCL crystallization process on a molecular level. The IRRAS and

GI-WAXS experiments confirm that crystallization occurs at the plateau region of the 7-A Langmuir isotherm. GI-
WAXS also confirms that the polymer chains in the crystals are tilted by ~ 21° with respect to the water surface
normal direction. This value is consistent with IRRAS data at a maximum compression state of ~ 2 A2

1. Introduction

Poly(e-caprolactone) (PCL) has been known to form stable Langmuir
films at the air-water interface after spreading the polymer solution,
solvent evaporation, and compression on a Langmuir trough [1-6]. This
is difficult to understand when assuming that PCL is simply hydrophobic
since most hydrophobic polymers as polyolefins or polystyrenes [7] do
not form stable Langmuir films on water. They lack some polar groups
able to form strong physical bonds with water which prevent the im-
mediate film collapse upon compression. When looking on the chemical
structure of PCL (Scheme 1), it becomes clear that this polymer is rather
amphiphilic in nature [8,9].

Five hydrophobic CHy groups separate the hydrophilic ester bond
system in every repeat unit of PCL [4]. Thus, the CH; groups prevent the
water solubility and the polar ester bond system is sufficient to anchor
PCL Langmuir films on the air-water interface. The crystallization of PCL
has been reported in bulk [13,14], in blends [15-21], in thin films on
solid support [22-26] and in Langmuir films [4,6,27-30]. Under all
these conditions, PCL seems to crystallize in an orthorhombic unit cell.
Each unit cell contains two polymer chains each having two monomer
units with a nearly planar zigzag conformation [10-12]. Esker et al.
studied extensively the crystallization of PCL on the water surface in

* Corresponding author.
E-mail address: joerg.kressler@chemie.uni-halle.de (J. Kressler).

https://doi.org/10.1016/j.polymer.2020.122468

Langmuir films and in Langmuir-Schaefer (LS) films on a solid support
[4]. It has been reported that the surface pressure-area (z-A) isotherm of
PCL has a 1st order phase transition plateau at ~ 11 mN m .. It indicates
the transition from an amorphous monolayer to lamellar crystals upon
isothermal film compression [4]. The mechanism involved in such
transition is that upon compression some of the carbonyl groups of
amorphous PCL detach from the air-water interface while the chain
begins to fold back at the flexible ester linkage. This results in a 3D
upright orientation of the PCL chains, being folded above the water
surface [4]. This behavior is completely opposite to the Langmuir film of
PLA [31] and i-PMMA [30,32], where chains stay in a 2D configuration
(i.e. parallel to the water surface) due to the higher chain stiffness [30].
Brewster angle microscopy (BAM) reveals domains of butterfly
morphology of the PCL crystals for low molar mass PCL (i.e., 2.8-10 kg
mol ™) [5,6,29]. The phase transition is reversible, i.e. crystalline den-
drites disappear upon isothermal film expansion which is denoted as a
melting process [4]. Electron diffraction on LS films transferred to a
solid support (copper grid) at the end of the plateau region of the
respective Langmuir isotherm reveals that the PCL chains are oriented
perpendicular to the solid support in an orthorhombic unit cell known
from bulk samples [4]. It should be noted that LS film preparation which
includes film transferring on a solid substrate and the drying process
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Scheme 1. A repeat unit of poly(e-caprolactone). The length of one repeat unit
is calculated from the crystallographic data of PCL [10-12]. The cross-sectional
area in the crystalline state of a repeating unit is 18.6 A [6].

may alter the film morphology as well as chain orientation [33].
Therefore, in the present study, crystallization of PCL Langmuir film has
been investigated directly on the water surface for the first time by
grazing incidence wide angle X-ray scattering (GI-WAXS) and infrared
reflection absorption spectroscopy (IRRAS). GI-WAXS is a suitable tool
for in situ crystallization studies of polymers on the water surface. It
provides information on crystallographic data including the chain
orientation [34]. Additionally, infrared reflection absorption spectros-
copy (IRRAS) [35] is employed which also provides quantitative infor-
mation of PCL chain orientation with respect to water surface as well as
the polymer mean film thickness as a function of the area occupied by
PCL chains on the water surface. Thus, the combination of both tech-
niques, i.e. GI-WAXS and IRRAS, allows for the observation of unprec-
edented details of polymer crystallization on the water surface. For
comparison GI-WAXS measurement on PCL Langmuir-Blodgett (LB)
films on solid supports have been carried out.

2. Experimental section
2.1. Materials

The poly(e-caprolactone) under investigation has a number average
molar mass M, of 2800 g mol~! (equivalent to a degree of polymeriza-
tion of 25) and a polydispersity P of 1.33. It was synthesized by ring
opening polymerization. The synthesis and the characterization details
can be found elsewhere [6,36].

2.2. Langmuir isotherm measurement

The surface pressure — mean area per repeating unit (z-A) isotherm
was measured using a Langmuir trough (KSV, Helsinki, Finland). The
trough was equipped with two moveable barriers and a platinum Wil-
helmy plate. The subphase used for the experiment was deionized water
with a conductivity of <0.056 pS-cm™l. The temperature of the sub-
phase was kept at 20 °C. The purity of the subphase was checked by
surface pressure measurements at maximum surface compression (z <
0.15 mN m™1). To obtain the 7-A isotherms, PCL solutions with a con-
centration of 1 mg ml~! were prepared in chloroform and spread
dropwise on the subphase using a digital syringe. After a 20 min waiting
time for complete solvent evaporation, the trough surface was com-
pressed with a speed of ~1 A% (monomer unit) ! min~! to record a part
of the isotherm. These processes were repeated with different spreading
volumes in order to obtain the complete isotherm.

2.3. Brewster angle microscopy (BAM)

A Brewster angle microscope (NFT Mini BAM, Nano-film engineer-
ing, Valley View, USA) was used to monitor the crystallization of PCL
during compression. It had a lateral resolution of 20 pm, with a field
view of 4.8 x 6.4 mm?. The images were captured using the software
WinTV (Hauppauge, USA). The imaging of the monolayer was done
during the film compression with a speed of 0.6 A% (monomer unit) "
min~! at different compression states.

Polymer 196 (2020) 122468
2.4. Langmuir-Blodgett (LB) film transfer

A piece of silicon wafer (20 x 10 mm?) was cleaned and mounted to a
KSV (Helsinki, Finland) film transfer unit to prepare LB films. The
transfer pressure was set to ~11 mN m~! at A ~ 5 A% The substrate was
vertically attached to the transfer unit and immersed into the subphase
about 8 mm. Afterwards, PCL solution was spread on the water surface
and compressed up to the transfer pressure. When the transfer pressure
was reached, the submerged silicon substrate was moved upward with a
speed of 0.1 mm-min~!, while the surface pressure was kept constant.
This process leads to transfer LB films of PCL on both sides of the sub-
strate. The film was then dried at room temperature and stored in a
sealed box for GI-WAXS measurements.

2.5. Infrared reflection absorption spectroscopy (IRRAS)

IRRAS experiments were performed in a setup consisting of a Vertex
70 FTIR spectrometer equipped with an A511 reflectance unit (both
Bruker Optics, Germany) and a Langmuir trough system (Riegler &
Kirstein, Germany) consisting of a 30 x 6 cm? sample trough and a
circular reference trough (d = 6 cm). Both troughs can be brought into
the focus of the IR beam by means of an automated shuttle system. The
sample trough contained a Wilhelmy pressure sensor with a filter paper
serving as Wilhelmy plate and two movable barriers to permit film
compression. The subphase level in both troughs was kept constant by a
home build laser controlled pumping system connected to reservoirs of
H»0, which served to compensate for subphase evaporation during the
measurements. The troughs were covered with a closed plexiglass box to
maintain a stable water vapor atmosphere. The temperature of the
subphase was maintained at 20 °C by a circulating water bath. The
spectra were obtained by shining a polarized (s-perpendicular or p-
parallel with respect to the plane of incidence) IR beam to the air-water
interface of the Langmuir trough at a particular angle of incidence ¢
relative to the surface normal. The reflected IR beam was detected using
a mercury-cadmium-telluride (MCT) detector. Reflectance absorbance
(RA) spectra were calculated following the relation RA = — log;g (R/Ry),
where R and Ry represent the IR reflectivity of the sample trough con-
taining the film and the reference trough, respectively. Two different
types of measurements were performed.

Firstly, PCL was dissolved in HPLC grade chloroform with a con-
centration of ~1.0 mg mL ! and spread dropwise on the water surface of
the sample trough by a digital syringe (Hamilton 700 series) up to an
initial 7 value of ~ 2 mN m™! at A ~ 60 A2 (monomer unit)” L. After 20
min equilibration time, the film was compressed up to a = value of ~ 11
mN m ! atA~5 A2 (monomer unit)*1 while IRRA spectra were
continuously recorded in p-polarization and an angle of incidence of
40°.

Secondly, a freshly prepared monolayer was compressed up to five
different areas per repeating unit ~ 36 A%, ~ 14 A%, ~ 5 A% ~ 3A%and ~
2 A? and IRRA spectra were recorded at the given constant area at
various angles of incidence in p-polarization and s-polarization. The
angle of incidence ¢ varied in the measurement from 25° to 70° with an
increment of 3° excluding 52°, 55° and 58° due to the low reflectivity
close to the Brewster angle [37]. Resolution and scanner speed used in
all experiments were 4 cm™ ! and 80 kHz, respectively. 500 and 1000
scans were collected for s-polarization and p-polarization measure-
ments, respectively. A zero filling factor of two was applied before
Fourier transformation of the averaged interferograms resulting in a
nominal spectral resolution of 2 cm™L.

Simulations of IRRA bands were performed by MATLAB software
using a script written by Schwieger et al. [38]. A 3-layer model (sub-
phase/polymer film/air) developed by Kuzmin and Michailov [39,40] as
described by Flach et al. [35] was used. The necessary parameters for the
simulation such as wavelength dependent refractive indices (n) as well
as the absorption coefficient k of the subphase water were taken from
literature [41,42]. For the polymer film, an isotropic refractive index ny
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Fig. 1. Schematic presentation of the sample and measurement geometry for IRRAS measurements. The PCL unit cell is based on reference 12.

Fig. 2. Sample geometry for GI-WAXS measurements.

= 1.41 was used, as it is described for hydrocarbon molecules [35].

To fit the simulated spectra to the measured ones, several parameters
were optimized such as the molecular tilt angle ¢, the polymer absorp-
tion coefficient kyqyx, and the full width at half height, fwhh. IRRA spectra
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recorded at various angle of incidence ¢ and polarization (p- and s-)
were fitted together in one global non-linear least squares fit using the
Levenberg-Marquardt algorithm. The film thickness d was determined
from a fit of the H,O stretching reflectance-absorbance (RA) band prior
to the fit of the RA bands of the polymer film [38]. The procedure for the
spectra simulation and its fit can be found in detail elsewhere [35,38].
An illustration of the sample and measurement geometry is given in
Fig. 1.

2.6. Grazing incidence X-ray scattering (GI-WAXS)

GI-WAXS measurements on the water surface were performed at the
ID10 EH1 - LSIS beam line ESRF Grenoble, France. The X-ray beam with
22 keV energy and the MYTHEN detector (1-dim, 1280 pixels) were used
as describe elsewhere [43]. The incidence angle «; is at water critical
angle a, = 0.056° for 22 keV photons. The detailed experimental setup
can be found elsewhere [34]. GI-WAXS measurements on solid support
were performed using a Retro-F SAXSLAB setup (Copenhagen,
Denmark). The setup was equipped with an AXO microfocus X-ray
source (Dresden, Germany) and a DECTRIS PILATUS3 R 300K detector
(Baden-Daettwil, Switzerland). Measurements were performed in a

Fig. 3. (a) 7-A isotherm of PCL measured at
a subphase temperature of 20 °C with a
compression rate of ~ 1 A2 (monomer
unit) ! min~'. The letters (a to f) indicate
the A value where BAM images are captured.
The arrows show the z values where the
IRRAS angle dependent measurements are
carried out. The squares denote start and end
of the  values range where IRRA spectra are
recorded continuously during the film
compression. The star denotes the 7 value
where GI-WAXS measurements are per-
formed on liquid support. The cross indicates
the 7 value of 11 mN m™' at which a Lang-
muir film is transferred to a silicon wafer for
analysis with GI-WAXS. (b) BAM images of
PCL recorded at different states of compres-
sion, asa~ 60 A% b~ 2542 c~ 1542 d~
5 10\2, e~ 4 Az, and f ~ 3.4 A2 Dark areas
represent amorphous regions of the PCL film
and bright domains indicate crystallites.
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Fig. 4. Two dimensional GI-WAXS patterns recorded at the plateau region (i.e., 9 A% during the compression of PCL. The asterisks indicate peak positions and
corresponding peak indexation is given. Additionally, black lines at |g| = 1.516 A~1 ({110} reflection) and lg| =1.68 A1 ({200} and {112} reflections) are drawn to
guide the eye. Black squares indicate expected peak positions for an orientation with 19° tilt angle in (a) and 23 tilt angle in (b) (See Fig. 1 for schematic presentation
of the tilt angle). (c) GI-WAXS pattern of transferred LB film with the same peak indexation as in (b). The film was transferred on a silicon wafer at 11 mN m . (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

reflection mode at room temperature under vacuum condition. The
incidence angle was near silicon critical angle a. = 0.22° for Cu Ka ra-
diation (. = 1.5418 A).

All GI-WAXS data are given in sample coordinates according to
equation (1), which were calculated from detector coordinates, depicted
in Fig. 2, and the condition nxg = cos(a.) ~ cos(a;) ~ 1 with the critical
angle a..

q COS (7 COS Oy — Nxg
A ¢
0 sing, cos @
g | =—=| Sineycosa €b)

B Nyr
q: \/nxe® — cos’ay

Horizontal q values are given with g, = /g% + ¢2.

2.7. Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy experiments were performed in transmission
mode with a BRUKER Vector 22 (Bruker Optik GmbH, Germany) spec-
trometer. PCL was dissolved in chloroform and cast onto an IR window
of CaF,. After allowing for evaporation of the solvent, 64 scans were
collected with a resolution of 4 cm™! in the temperature range of ~12
°C-65 °C. The spectra were recorded in the wave number range of 4000
em™! to 900 cm™L.

3. Results and discussion
3.1. Langmuir isotherm of PCL and BAM images

The Langmuir isotherm of PCL is measured after spreading polymer
solution on the water subphase, solvent evaporation, and compression of
the film by moving the barriers of the Langmuir trough. A surface
pressure 7z vs area per repeating unit A isotherm which shows the in-
crease of 7 with decreasing A is presented in Fig. 3 (a). It is seen that =
increases to ~47 mN m~! with an extended plateau at ~ 11 mN m™!
upon decreasing A. The extended plateau covers an area range per
repeat unit of 25 A2 to 5 A2 including a little overshoot at the beginning
of plateau, which is indicative for nucleation [5,29]. Detailed discussion
about the isotherm can be found elsewhere [4,6,27-30]. The increase of
7 upon compression is common [44]. The appearance of a plateau in the
7-A isotherm of semicrystalline amphiphilic homopolymers is typically
caused by crystallization [30-32,34,45,46]. It should be noted that the
plateau region of the PCL isotherm has already been assigned to a
monolayer to crystal lamellae transition [4].

Now, in order to obtain more information about the film organiza-
tion, mean film thickness h is calculated at different A values by
following the relation,
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Fig. 5. IRRA spectra of PCL recorded at an
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during a continuous compression from ~ 26
0.002 Az/(repeat unit) (green) to ~ 7 Az/(repeat
unit) (violet), spectra recorded before the
plateau are shown in Supporting Informa-
tion, Fig. S1. The insets show magnifications
of the selected bands. The assignment of the
bands are as follows; (a) (OH), (b) v,s(CHs),
(¢) vs(CHy), (d) ©(CO), (e) S(HOH), (f and g)
85(CHy), (h) t(CH2) + y(CHa), (i) v(CH) +
v(CC) (§) v(CCH) + (OCH) (k) v,5(COC), ()
vs(COC) [55,57-60]. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the Web version of
this article.)
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ne Vi @ GI-WAXS experiments have been performed. Among them, Fig. 4(a) and
A (b) show two typical 2D GI-WAXS patterns recorded at around 9 A?, i.e.,

close to end of the plateau region of the z-A isotherm. The other mea-
surements (not shown here) exhibit a similar pattern. Besides the two
most prominent Bragg reflections {110} and {200}/{112} several other
reflections appear and can be identified. This finding confirms a poly-

where V;; and A represent the molar volume per repeating unit of
amorphous PCL and the mean area per repeating unit, respectively. The
value of Vy, = 175.3 A3 is calculated from the density of the amorphous

_ 3 . .
PCL, p = 1.081 g/cm”, and the molar mass of one repeating unit [47]. crystalline nature of the PCL Langmuir film [23]. The reflections are

. X °9 .
The compression of the polymer film to 30 A results in a calculated  ;qgined according to the orthorhombic unit cell of PCL with the lattice
average thickness of ~ 5.8 A (Fig. 3(a)). Such a thickness could corre- parameters a = 7.496 A, b = 4.974 A, ¢ = 17.297 A [12]. It should be

spond to a flat closely packed 2D monolayer of PCL, because 5 Ais tl}e noted that the {200} and {112} reflections have almost identical
thickness of a PCL chain [6]. However, when A is reduced to 10 A?

(nearly middle of the plateau) the predicted average film thickness in-
creases to ~ 18 A indicating a formation of a 3D monolayer on the water
surface. The value is approximately in agreement with the length of two
repeating units of PCL with some degrees of chain tilt [10-12]. In
addition, BAM microscopy was employed during the film compression to
monitor the water surface. The observations are presented in Fig. 3 (b).
Before the plateau is reached, the monolayer is homogeneous, as ex-
pected (Fig. 3(b) a). First domains form directly at the beginning of the
plateau, when the pressure relaxes from a metastable phase (Fig. 3(b)).

Multiple domain formation and their lateral growth upon compression water surface normal direction and in the other the tilt is 23° (Fig. 4(b)).
are evident in the plateau region of the Langmuir isotherm (Fig. 3(b) Most other measurements (not shown here) have also a characteristic

c-f). This indicates a two phase system of the PCL Langmuir film where {110} reflection in the range of q, = 0.50 A1 (Fig. 4(a)) and q, = 0.47
crystallites appear as bright domains and the amorphous layer appears

as dark area. Decrease of A to 5 A2 (end of the plateau), results in a
predicted average film thickness of ~ 35 A. In this state much larger
domains on the water surface are visible (Fig. 3 (b) d). Atomic force
microscopy investigation of these domains transferred to a solid support
reveals a thickness of ~ 75 A [4,30,48]. It should be noted that a dew-
etting process rather than crystallization occurs in thin films of PCL on
solid support at a film thickness of 40 A [24,49].

In order to reveal more details of the crystallization, both GI-WAXS
and IRRAS were employed. Thus, both the ordering behavior of the
PCL chains and the average film thickness in the plateau region of the
isotherm were determined.

g-values of 1.68 A~! and cannot be distinguished. The peak positions
depicted in Fig. 4 cannot be assigned to a single orientation of PCL
crystals, i.e., it must be assumed that we probe several crystals having
different orientations with respect to the normal direction of the water
surface. In general, it is possible to combine any two different peaks to
estimate a crystal orientation, but in both cases crystal orientations were
found, where at least the four most prominent peaks can be assigned
together. In Fig. 4, two GI-WAXS measurements are shown, where the
most prominent peaks can be assigned assuming a certain crystal
orientation. In Fig. 4(a), the chain axis has a tilt of 19° with respect to the

A1 (Fig. 4(b)), indicating that this is a preferred range of crystalline tilt
angles. It should also be mentioned, that a small number of additional
peaks were observed, which are not in agreement with a tilt angle of
19-23°, but in these cases no orientation could be identified. Due to the
large illuminated sample area (footprint of the beam is approximately 2
cm x 300 pm), the position of the crystallite influences the final tilt
angle determination, and a mean value of ~21° for the tilt angle will be
used.

The width in the g,-direction, Aque, as the fwhh value, is directly
related via the Scherrer equation to the thickness of the layer D, with a
Scherrer constant of K = 0.9 [50].
D.— 27K

o Agia,;

3
3.2. GI-WAXS measurements
The two most prominent peaks ({110} and {200}) lead to a thickness

Now, to confirm the structural hypotheses developed above, several
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Fig. 6. IRRA spectra of (a) (CO) (band d) and (b) v,5(COC) (band k) at different A, (c and d) transmission FTIR spectra of a thin film of PCL recorded at varying
temperatures from 12 to 65 "C. The dotted lines should guide the eyes for crystalline component at a wavenumber of 1725 cm ™! and 1196 cm™! as well as the
amorphous component at 1734 em ! and 1163 em ™! for 1(CO) and Vas(COC) bands, respectively.

of 54 A, which is very close to the values found by AFM measurements of
the respective LB films [4,30].

In addition, PCL crystals were also transferred to a solid support and
examined by GI-WAXS to see any effects in crystal orientation due to the
transfer. In Fig. 4 (c) the GI-WAXS measurement of an LB film trans-
ferred at ~ 11 mN m ! is depicted. Within the experimental error, the
data are in agreement with the crystal orientation observed in Fig. 4 (b),
indicated by the black dots for the expected peak positions for 23° chain
tilt angle. Therefore, we conclude that the chain tilt in PCL crystallites
with respect to normal direction of interface is identical in Langmuir and
Langmuir-Blodgett films. Thus, there is no apparent effect of the transfer
process during LB film preparation on the crystal organization.

3.3. IRRAS measurements

3.3.1. Crystallization studies

IRRAS is a powerful tool to study the behavior of Langmuir film on
the water surface [51]. The method is widely reported for studying the
crystallization as well as the chain orientation (e.g., chain tilt angle) of
small molecules [38,52] and polymers [53,54]. From the IRRAS exper-
iment, the reflectance-absorbance band intensity and band positions are
evaluated. The band intensity is sensitive to the concentration as well as
to the orientation of the polymer chains, whereas the band position is
indicative for their conformation.

Fig. 5 shows IRRA spectra of PCL recorded during PCL film
compression from an area of ~26 .z\z/(repeat unit) (green) to ~ 7 10\2/
(repeat unit) (violet), which covers the plateau region of the isotherm.
The spectra reveal bands originating from the water subphase (a and e)
and the polymer film (b to d and f to 1). Some bands appear at positive

values and some at negative values of —1g(R/Ro). At the given angle of
incidence (¢ = 40°), positive bands are attributed to transition dipole
moments (TDMs) orientated preferentially perpendicular to the surface,
whereas negative bands are associated to TDMs rather parallel to the
surface. A reflectance-absorbance intensity change is observed upon
compression. The reflectance-absorbance of all bands including the
crystallization sensitive band at ~ 1293 cm ! (i) [55] increases in its
absolute values upon reducing A. The reflectance-absorbance increase is
typically attributed to an increase of surface concentration and/or
reorientation of the molecules resulting in a better alignment of the TDM
of the respective vibration with the electrical field vector of the exciting
IR light [56].

To confirm the crystallization of PCL in the plateau region, two IRRA
bands (i.e., v(CO) and v,5(COC)) are selected and represented in Fig. 6(a
and b) for different A. The Figures demonstrate that the ©(CO) and the
Vas(COC) bands at wavenumbers of 1724 cm ! and 1197 cm’l, respec-
tively, increase in their absolute reflectance-absorbance upon
compression within the plateau region. Their positions are indicative for
the crystallinity of the sample. Looking to Fig. 6(c and d), similar band
position for v(CO) at 1725 cm ' and Vas(COC) at 1196 cm ! are observed
by transmission FTIR spectroscopy for a semi-crystalline thin film of PCL
on CaF,. However, at 49 °C both bands shift to different wavenumbers (i.
e., 1734 em™! and 1163 em™!) indicating a crystalline to melt phase
transition. In line with this observation, it has been reported that the
v(CO) band in the solid state is composed of contributions from the
crystalline state at 1725 cm ™! and the amorphous state at 1735 cm ™!
[55,57,58,60,61]. We conclude that the appearance of the v(CO) and
Vas(COC) IRRA bands at wavenumbers of 1724 cm ! and 1197 cmfl,
respectively, upon film compression indicates a transition from an



N. Hasan et al.

Polymer 196 (2020) 122468

3000 2950 2900 2850 2800 1800

1750 1700 1650 1600 1500 1400 1300 1200 1100

-0.12

L | T
3750 3500 3250 3000 2750

T
2500

T
2250 2000 1750 1500 1250 1000

Wavenumber (cm™)

Fig. 7. IRRA spectra of a Langmuir film of PCL recorded at various angles of incidence (¢ = 25°; red to 70°; violet) in p-polarization at A of ~ 3 A2, The insets show
magnification of the selected bands. The assignments of the bands denoted by letters a to k are as given in the caption of Fig. 5. Additionally, IRRA spectra obtained at
areas per repeating unit of ~ 36 A% ~ 14 A%, ~ 5 A? and ~ 2 AZ can be found in the Supporting Information, Figures S(2-5). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

amorphous phase to a crystalline state within the plateau region of the
isotherm. Contrary to the crystalline bands, the bands being indicative
for the amorphous phase are hardly visible in the IRRA spectra due to
the low surface concentration of PCL at higher areas and possibly as well
to a less favorable orientation of the PCL chains with respect to the
interface. Indeed, the change in sign of the v,s(COC) band during
compression concomitant to the shift of the band position (Fig. 6 (b))
indicates a reorientation of the PCL chains during crystallization.
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3.3.2. Chain orientation and film thickness estimation

It has already been reported for PCL spin coated thin films that the
chains are tilted by 17° and 22° on the substrate with respect to the
surface normal [58]. However, no quantitative information has yet been
reported for PCL at the air-water interface. Thus, the question remains
whether the substrate or the preparation technique influence the PCL
chain orientation. Herein, chain orientations as quantified by the chain
tilt angle and film thickness of a PCL film prepared directly at the
air-water interface were determined at different compression states. In a
typical analysis, IRRA spectra are recorded with varying angle of
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Fig. 8. Experimental (full lines) and best fitting simulated (dotted lines) IRRA spectra recorded in p-polarization and at various angles of incidence (¢ = 25°; red to
70°; violet) in the range of the (a) #(CO) band and (b) ©(OH) band of a Langmuir film of PCL at A of ~ 3 A2, Tilt angle in the simulation is 27° and the film thickness is
60 A. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 1

PCL chain tilt angles and film thickness obtained from CO and OH stretching
vibrational IRRA band fitting along with thicknesses calculated according to
equation (2).

Mean area/repeating unit Calculated thickness Thickness Tilt angle
(¢S] A &y ©)

~ 36 4.8 4.6 -

~ 14 13 12 28

~5 35 32 38

~3 59 60 27

~2 88 89 23

incidence ¢ as well as polarization (p,s) and the bands with defined TDM
orientations are fitted with simulated IRRA spectra [35,38,52,62]. From
the fitting, the chain tilt angle 6 with respect to surface normal can be
obtained. In addition, the film thickness can be calculated from the fit of
the OH stretching bands originating from the subphase water.

Fig. 7 shows IRRA spectra of a PCL film at A of ~ 3 A2 recorded at
various angles of incidence. The most prominent bands are the v(CO) (d)
and v(OH) (a) bands. To extract the information on chain tilt angle (6),
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Fig. 10. Schematic presentation of the chain ordering (i.e., crystallization) of
PCL on the water surface upon compression. One yellow rectangle is repre-
senting two repeating units of PCL. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

the ©(CO) bands and for the film thickness (d) evaluation, the v(OH)
bands are further analized. The mathematical formalism used for the tilt
angle calculation is described elsewhere [38]. The angle between the
TDM of the v(C=O0) band with respect to the chain axis was set to @ =
90° (see Fig. 1). The unknown parameters are kp,,x (polymer absorption
coefficient), 6 and d which were obtained by a global nonlinear least
squares fit of simulated IRRA bands to the observed ones at all probed
angles of incidence and polarizations (p,s). The simulated IRRA spectra
of these bands are plotted together with experimental IRRA spectra in
p-polarization as a function of ¢ in Fig. 8. It is evident that the simulated
spectra denoted by dots mostly superimpose the experimental IRRA
spectra (bold lines). In this case (A ~ 3 AZ) the chain tilt angle is found to
be 27° and the average film thickness is ~ 60 A (see Supporting Infor-
mation, Figs. S6-S8 for the fit of the bands at other compression states).
In addition, two plots are shown in Fig. 9(a) and (b), where the integral
area of ©(CO) and v(OH) bands of the experimental and the simulated
IRRA spectra at different A are shown as a function of ¢ to evaluate the
quality of the fit. The simulated spectra fit best to the experimental data
when the tilt angle 6 is 28°, 38°, 27° and 23° for A of ~ 14 A% ~5 AZ, ~
3A%2and~2 f\z, respectively (Table 1). These determined PCL chain tilt
angles are calculated from average order parameters of all PCL chain
segments, i.e. with contribution of remaining amorphous PCL as well as
chain segments forming the folds in the crystals. Therefore, these values
are slightly higher than the values determined by GI-WAXS, which
senses only the crystalline fraction. Interestingly, the PCL chain tilt
determined by IRRAS at highest compression (2 A?) is in good agree-
ment with the GI-WAXS data (IRRAS: 23° vs. GI-WAXS: 21°). This is
reasonable because at this compression state, beyond the phase transi-
tion plateau, the amorphous content is negligible and thus the contri-
bution of the crystalline component maximal. Thus, the IRRAS data
nicely corroborate the GI-WAXS experiments. A similar chain tilt is also
reported elsewhere [58]. It should be noted that, a perpendicular chain
orientation (@ = 0°) with respect to a solid support has been reported for
PCL LS films [4]. The IRRA band fitting could not be performed for the
spectra recorded A of ~ 36 A2 due to a low signal to noise ratio at this
lower surface coverage. Additionally, the average film thickness values
obtained from the fitting of the ©(OH) IRRA bands are listed in Table 1
along with the tilt angle. The obtained thickness values are in very good
agreement with film thickness mentioned in Fig. 3(a) as calculated
following equation (2), even though they are determined independent of
the measured area value and any molecular volume assumptions.

At a compression state of 36 A2, i.e. before the plateau, the average
film thickness is determined to be 4.6 10\, which corresponds to one
molecular thickness and can thus be assigned to a 2D monolayer of PCL.
Upon compression the average film thickness steadily increases and
reaches ~ 60 A at 3 A%/(repeat unit), i.e. at the end of the plateau when
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the film is completely crystalline. This thickness is equivalent to the
length of ~ 8 repeating units of PCL with a chain tilt of 27° and indicates
a 3D film formation, which means that not all the monomer units are in
contact with the air-water interface any more. This is also manifested in
the mean areas per repeat unit, which are, at the end of the transition
plateau, smaller than one PCL chain cross sectional area. Assuming a
PCL chain cross-sectional area of 20 A%, a PCL segment with 8 repeating
units in a tilt angle of 27° would occupy an area of 2.8 A%/(repeat unit),
which is very close to the actual experimental area of 3 A%y (repeat unit).
Thus, IRRAS, film balance and GI-WAXS data nicely combine and sup-
port the assumption that the PCL crystallites formed at the air-water
interface contain slightly tilted multiunit PCL stretches. Upon further
compression, the determined average film thickness and thereby the
theoretical calculated number of monomer units per fold increases to 89
A and 11, respectively. Whether that is due to an increased crystal
thickness or to a partial crystal stacking cannot be decided on basis of
the data. However, considering the morphology of the film as deter-
mined by BAM (see Fig. 3(b) f) and the reported crystallite thickness
after transfer and investigation by AFM [4,30,48], we assume that the
latter is the case.

4. Summary and conclusions

The crystallization of PCL at the air-water interface, as determined
by film balance, IRRAS and GI-WAXS measurements, is summarized in
Fig. 10. The process starts with spreading of the polymer solutions and
compression of the formed PCL films after solvent evaporation. A flat
closely packed unordered/amorphous 2D monolayer forms before the
plateau is reached. This is confirmed by IRRAS thickness measurements
after compression of the polymer film to A ~ 36 A2 (indicated by a).
Upon further compression to ~ 3 A? (indicated by b), we observe a
transition from the 2D monolayer to a lamellar crystal with an average
thickness of ~ 60 A. This corresponds to a PCL stretch of 8 repeating
units being tilted with respect to the surface normal by 27°. This
amorphous to crystalline phase transition is responsible for the plateau
in the surface pressure-area isotherm that expands from ca 25 A% to ca 5
A2, These values are indicative for the cross sectional areas of one flat
lying PCL unit and a nearly upright multimeric PCL stretch, respectively.
This shows that the PCL chains reorient for crystallization and partly
detach from the water surface. The reorientation as well as the crystallite
thickness that comprises multiple repeat units of PCL has been proven by
IRRAS. Butterfly-like crystallites are formed upon compression in the
plateau region, which are visible by Brewster angle microscopy. At the
end of the transition plateau the chains are tilted by an average angle of
27° with respect to the water surface normal and with further
compression to ~ 2 A%/(repeat unit), a chain tilt of 23° is obtained by
multi-angle IRRA spectroscopy. In addition, GI-WAXS experiments
confirmed that crystallization in the PCL film occurs in the plateau re-
gion upon compression. The formed crystallites possess an orthorhombic
unit cell with a crystal orientation where the polymer chain axes are
tilted by approximately 21° with respect to the water surface normal
direction. This completely corroborated the results obtained by IRRA
spectroscopy. Small differences in the obtained PCL chain tilt angels are
due to the fact that GI-WAXS senses exclusively the crystalline part of
the sample, whereas remaining amorphous parts or unordered folds
contribute to the averaged spectroscopic signal. This study demonstrates
that a pressure-induced crystallization of an amphiphilic polymer at the
air-water interface can be studied by appropriate techniques without the
need to transfer the film to solid supports. Herein, we used the Langmuir
film balance technique combined with BAM, IRRA spectroscopy and GI-
WAXS to obtain a consistent and precise understanding of the crystal-
lization process at the air-water interface and the morphology of the
formed crystallites.
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Formation of surface wrinkles in collapsed Langmuir films of a polyhedral oligomeric
silsesquioxane containing diblock copolymer*

Nazmul Hasan, Karsten Busse, Asad Ullah, Hazrat Hussain, and Jorg Kressler
Langmuir 2021, 37, 13399, https://doi.org/10.1021/acs.langmuir.1c02082
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Poly(ethylene glycol) (PEG) cannot form stable Langmuir films above a surface pressure of ~
10 mN/m at room temperature.['%! A hybrid diblock copolymer, PEG113-b-P(MA-POSS)21 can
resolve this issue with unique wrinkle formation in the collapsed film fragments when subjected
to several compression-expansion cycles. This wrinkle structure disappeared upon barrier
expansion and reappeared again with compression. The zmmA isotherm measurements
together with EFM revealed more details of the structure formation. GI-WAXS confirmed the
presence of two different orientations of the MA-POSS block in the collapsed film fragments.

These orientations were found to be responsible for the wrinkle development.
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ABSTRACT: Surface pressure versus mean molecular area
isotherms of Langmuir films of a hybrid diblock copolymer of
poly(ethylene glycol) (PEG) and poly(methacrylo polyhedral
oligomeric silsesquioxane) P(MA-POSS) together with Brewster
angle microscopy reveal details of the phase transitions. The
formation of a periodic wrinkling pattern in collapsed films is
observed by epifluorescence microscopy after applying several
compression—expansion cycles above the surface pressure of ~18
mN/m. The wrinkle formation is reversible upon compression and
expansion of the Langmuir films. Two distinct orientations of
POSS molecules are assumed in Langmuir films upon
compression, vertically for chains close to the water surface and
horizontally orientated upper layers with significant amounts of
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PEG in between them. Thus, the wrinkling forms mainly in the top stiffer MA-POSS blocks above a certain compressional stress.
The wrinkles disappear during the Langmuir—Blodgett (LB) transfer. Nevertheless, atomic force microscopy and grazing incidence
wide-angle X-ray scattering experiments reveal the formation of highly ordered POSS molecules in LB films.

H INTRODUCTION

Strain-induced surface patterns have received increasing
interest in recent years as a result of their applications in
flexible electronics,"”* soft actuators,” stretchable random
lasers,” smart adhesives,” optical grating’ and self-assembly
microfabrication.” Surface wrinkles or undulations belong to a
common type of spatial periodic pattern that develops in stiff
thin films deposited on a soft elastic substrate and subjected to
stress.”” This can cause contraction of the substrate that
reduces the projected area below the thin surface film.'® A stiff
substrate on the other hand might induce delaminating
patterns, like buckles.'' Furthermore, the application of biaxial
compression to films can facilitate labyrinth patterns,'> while
uniaxial compression generates straight wrinkles."> Although
the wrinkling pattern has several unique properties (e.g.,
optical and acoustic) caused by wave interference phenomena,
the lack of controllable fabrication limits their applica-
tions.'*"” A Langmuir trough with a controlled compres-
sion—expansion system might be suitable for well-defined
wrinkle formation. The fabrication of polymeric Langmuir
films begins with spreading solutions of amphiphilic polymers
on aqueous surfaces of the trough, solvent evaporation, and
applying symmetncal lateral compression by moving the
barriers.®'” This approach enables controlled compression
as well as real-time monitoring of the film morphology by
different microscopic, spectroscopic, and scattering techniques.

© 2021 American Chemical Society

7 ACS Publications
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Unfortunately, several amphiphilic polymers are not suitable
for the fabrication of wrinkles. This is caused by their semi-
crystalline nature, resulting in separated domains rather than a
uniform solid film.>°~>* Some polymers or small molecules can
form uniform solid films on the water surface,” but
compression leads to film collapse followed by surface folds
instead of periodic wrinkles.”> This problem can be solved
when an amphiphilic hybrid diblock copolymer of poly-
(ethylene glycol) (PEG) and poly(methacrylo polyhedral
oligomeric silsesquioxane) P(MA-POSS) is used. Typically,
closed cage POSS (Tg4Rg) is not suitable for Langmulr film
studies”® unless certain polar %roups are attached,”””* the cage
is opened [e.g,, T7R7(OH) 3% or a block copolymer, such
as PEG-b-P(MA-POSS),”" is used. The copolymer under
investigation consists of a hydrophilic PEG block and a
hydrophobic block of closed cage isobutyl POSS methacrylate
[Ts(i-Bu),MA] (Scheme 1). The Langmuir film behavior of
this copolymer has been reported recently, where the size of
the PEG block was kept constant (113 units) and the P(MA-
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Scheme 1. Chemical Structure of the Hybrid Diblock
Copolymer PEG,;-b-P(MA-POSS),,, Where the MA-POSS
Block Is Composed of Tg(i-Bu),MA Units
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POSS) block was varied from 4 to 21 monomer units of Tg(i-
Bu),MA.*' Here, the hydrophilic PEG block anchors the
hydrophobic P(MA-POSS) block on the water surface. A film
stiffening at moderate surface compression was observed
followed by film collapse at high compression.”’ Expansion
from this state reveals separated fragments of the collapsed film
on the water surface observed by Brewster angle microscopy
(BAM).

The present study demonstrates that compression—
expansion cycles induced a wrinkle pattern on the collapsed
Langmuir films of PEG,;-b-P(MA-POSS),; (Scheme 1). This
wrinkling is reversible and reproducible. The fabrication
process is similar to that of wrinkle formation in thin films
by strain relieve.'®'”**7*” Only a few reports use a liquid
subphase,”**** but this is the first study of wrinkle formation
in Langmuir films. We will, therefore, primarily focus on the
sinusoidal wrinkle formation on collapsed films of PEG,,;-b-
P(MA-POSS),, observed by epifluorescence microscopy. Prior
to this, the phase behavior of the Langmuir film upon
compression and expansion will thoroughly be characterized by
surface pressure versus mean molecular area (m—mmA)
isotherm measurements and BAM. Langmuir—Blodgett (LB)
films will also be prepared at different compression states to
reveal the film morphology by atomic force microscopy
(AFM)* and the molecular ordering by grazing incidence
wide-angle X-ray scattering (GI-WAXS).>*

B EXPERIMENTAL SECTION

Materials. The PEG,;-b-P(MA-POSS),; hybrid diblock copoly-
mer (Scheme 1), with M,, &~ 25 700 g/mol, comprises a PEG block of
5000 g/mol (113 EG units) and a MA-POSS block [T(i-Bu),MA] of
~20700 g/mol (21 MA-POSS units). The copolymer was
synthesized by atom transfer radical polymerization (ATRP) using
PEG as a macroinitiator. Synthesis details, characterization concerning
crystallization in bulk, and Langmuir film formation of a series of
PEG-b-P(MA-POSS) copolymers can be found elsewhere.>"*!

Langmuir Isotherms, BAM, and Epifluorescence Micros-
copy. The 7—mmA isotherms were measured using a R&K Langmuir
trough (Potsdam, Germany) with a maximum trough area of 258 cm’.
The trough was equipped with two moveable barriers and a filter
paper, which acts as Wilhelmy plate. The whole trough was covered
with a Plexiglas box to minimize the subphase evaporation. Deionized

water from TKA GenPure Labor & Reinstwassertechnik Christian
Wiesenack (Jena, Germany) with a conductivity of 0.054 4S/cm was
used as a subphase in the experiment. The temperature of the
subphase was maintained at 20 °C with a RCS 6 (Lauda, Germany)
thermostat. The purity of the subphase was ensured by maintaining 7
less than 0.15 mN/m at maximum compression. The isotherms were
recorded by spreading a certain amount of copolymer from
chloroform solution with a concentration of 1 mg/mL on some
random points of the subphase using a Hamilton (Reno, NV, U.S.A.)
digital syringe. After 20 min of waiting time for complete solvent
evaporation, the trough surface was compressed and expanded with a
speed of x50 A’ molecule™ min™' to record the compression—
expansion isotherms.

Epifluorescence images were recorded with an Axio Scope Al Vario
epifluorescence microscope from Carl Zeiss Microimaging (Jena,
Germany), equipped with an EC Epiplan-NEOFLUAR objective 20—
50X and a Hamamatsu electron multiplying charge-coupled device
(EM-CCD) digital camera. A Langmuir trough from R&K (Potsdam,
Germany) with a maximum area of 258 cm” placed on a Marzhauser
x—y—z stage (Wetzlar, Germany) and Ludl Mac5000 (Hawthorne,
NY, U.S.A.) controller was used. The temperature of the subphase
was kept at 20 °C with a water-circulating thermostat. To enable the
imaging of the Langmuir film, the tracer fluorescence dye rhodamine
123 ([6-amino-9-(2-methoxycarbonylphenyl)xanthen-3-ylidene]-
azanium chloride)*” was used. The dye was dissolved in ~140 mL
of water with a target concentration of ~#50 nM and then poured into
the trough. As a result of its lipophilic nature,*” some dye clusters
were formed on the water surface, which were observed as bright
spots in the epifluorescence microscope and then removed by sucking
the upper layer of the subphase at maximum barrier compression
using a pump system. The final dye concentration was not checked
afterward, but it was sufficient for imaging. The purity of the subphase
was confirmed by keeping 7 at smaller than 0.2 mN/m at maximum
barrier compression. It should be mentioned that a completely water-
soluble dye (rhodamine B) was also tested. However, this dye gave a
very poor contrast of the film at high surface pressure and is not
appropriate for imaging. Rhodamine 123 was excited using a HXP 120
C mercury arc lamp through a TRP-A filter set from Semrock
(Rochester, NY, U.S.A.) with a combination of a FF01-280/20 nm
window and a FT 310-Di01 nm dichroic mirror. The emission was
detected via the FF01-357/44 nm window. The imaging of the film
was performed as follows: (a) first, the film was compressed at a speed
of ~50 A* molecule™ min™" to its collapsed state (42 mN/m), and
imaging was carried out for every 2 mN/m increase of 7, and (b)
second, the film was expanded from its collapsed state to 0 mN/m,
upon tracking several fragmented films. Then, several compression—
expansions cycles were carried out upon monitoring these films with
the speed range of ~10—50 A” molecule™ min~". The morphological
changes were recorded in both video and image format.

A NFT Mini BAM from Nanofilm Technologies (Valley View, OH,
U.S.A.) coupled with the R&K Langmuir trough (Potsdam, Germany)
of 142 cm® was used to monitor the water surface during the
compression—expansion experiments. The field view on the surface of
the microscope was 4.8 X 6.4 mm” A WinTV module (Hauppauge,
NY, U.S.A.) was used to capture the images at different surface
pressures during the compression—expansion cycles at a speed of ~50
A% molecule™ min™".

LB Film Transfer, AFM, and GI-WAXS. A KSV (Helsinki,
Finland) film transfer unit coupled with a R&K Langmuir trough
(Potsdam, Germany) with a trough area of 142 cm® was used to
prepare the LB films. The films were made at several transfer
pressures ranging from 8 to 42 mN/m. Cleaned silicon substrates with
a dimension of 20 X 10 mm* were attached vertically to the transfer
unit and immersed into the subphase up to ~8 mm. The copolymer
solution was then spread on the water surface and, after chloroform
evaporation, compressed up to the transfer pressure under isothermal
conditions. When the transfer pressure was reached, the submerged
silicon substrate was moved upward at a speed of 0.5 mm/min, while
7 was kept constant. The transferred film was then dried at room
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Figure 1. (a) 7—mmA isotherms of a PEG,;-b-P(MA-POSS),, copolymer recorded on the water subphase at 20 °C with several compression—
expansion cycles at a speed of 750 A> molecule™ min™"' and (b) schematic presentation of the molecular orientations during the film compression.

temperature and stored in a sealed box for AFM and GI-WAXS
studies.

AFM was performed using a Bruker Multimode 8 (Santa Barbara,
CA, U.S.A.) instrument in peak-force tapping mode in air. A silicon
cantilever of ScanAsyst-AIR from Bruker with a spring constant of 0.4
N/m and a resonance frequency of 75 kHz was used. Images were
recorded with 512 pixels and at 1 Hz scan rate. The images were
processed by Gwyddion software.

GI-WAXS measurements on the LB films were performed by a
Retro-F SAXSLAB setup (Copenhagen, Denmark) equipped with an
AXO microfocus X-ray source (Dresden, Germany) and a DECTRIS
PILATUS3 R 300K detector (Baden-Daettwil, Switzerland). Measure-
ments were carried out in reflection mode under vacuum at room
temperature. The incidence angle o; of Cu Ka radiation (4 = 1.5418
A) was fixed at ~0.2°. The conversion of the detector images to
sample coordinates is described in detail elsewhere.”"*

B RESULTS AND DISCUSSION

Langmuir Film, Collapse Phase, and Wrinkle Pattern.
Langmuir film formation of PEG,;-b-P(MA-POSS),, begins
with spreading the copolymer solution on the water surface
and compression after chloroform evaporation. Several 7—
mmA isotherms are recorded during compression—expansion
cycles under isothermal conditions, as depicted in Figure la.

The lifting up of 7 starts from a mmA of ~3800 A* during
the first compression. This value is slightly larger than the area
of 21 POSS molecules of the copolymer (lift-off area of one
POSS is ~150 A?)*® but significantly smaller than the area of
113 EG units of the PEG block (area of one EG is ~44 A?).*
As POSS is attached to a polymer backbone, a more detailed
area estimation is carried out. The POSS core can be described
by a box with &5 A side length (or ~0.25 nm” core area) with
additional isobutyl groups in seven corners, increasing the side
length to ~1 nm.** At the eighth corner, POSS is attached via
a &1 nm long spacer to the polymer backbone, and at each
~2.5 A along the backbone, another MA-POSS follows. The
exact area requirement depends upon the direction of the
isobutyl groups; a horizontal orientation needs more space,
while a vertical orientation needs less. A flat two-dimensional
(2D) arrangement of 21 MA-POSS units can be obtained
(images a and b of Figure 1b) when always a group of four

consecutive POSS units is arranged almost side by side
perpendicular to the chain direction, possibly as a result of the
spacer length, followed by the next group of four in chain
direction. AFM measurements of transferred films at a low
surface pressure show a very smooth layer with ~1.34 nm
thickness, confirming the monolayer formation (Figure S1 of
the Supporting Information). It should be noted that the basal
plane of hexagonally packed Tg(i-Bu); would not fit this
arrangement, but the dense-packed {101} plane does. Now
upon further compression, a gradual increase of 7 to 8 mN/m
can be seen. There is no hysteresis (Figure S2 of the
Supporting Information) in the isotherm up to this point,
which suggests the formation of a reversible liquid-like film.
BAM or epifluorescence microscopy does not show any
structure of the surface film. A LB film was therefore prepared,
which reveals a flat surface with no distinct PEG and P(MA-
POSS) phases.’ When the compression continues, a sharp
increase of 7 at a mmA of ~1760 A” is observed. This reflects
the rigidity of the POSS molecules,”” and the area corresponds
to ~0.84 nm? per POSS unit, which is possible if the isobutyl
groups are oriented in a vertical direction. The PEG block is
now submerged into the subphase at this mmA. We can
consider this as a first transition region, and the expected
molecular orientation is depicted in image b of Figure 1b.
Typically, the dissolution of PEG Langmuir films into the
subphase happens at 7 £8—10 mN/m, followed by a plateau in
the isotherm.”*® The observed continuous increase of 7 is
also an indication of a reorganization of the POSS layer. A
pseudo-plateau or kink at 7 & 18 mN/m or at mmA of £1300
A? (1.2 nm? for two POSS units) indicates the formation of a
POSS double layer, where the polymer backbone probably
forms an intermediate layer (image c of Figure 1b). This can
be considered as a second transition. Further compression of
the film then yields 7 values up to 41 mN/m until another
pseudo-plateau (third transition) appears (Figure la). The
area of ~500 A? per molecule corresponds to a staple of five
POSS units; i.e., each POSS polymer block is now in a vertical
orientation with four POSS units as the basal plane and five
units high (image d of Figure 1b). A compression beyond this
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Figure 2. BAM images of the PEG,;5-b-P(MA-POSS),; copolymer captured on the water subphase at a 7 of (a) ~41 mN/m during the first
compression and (b) ~10 mN/m during the first expansion from the collapsed state. In both cases, a compression—expansion rate of ~50 A”
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molecule™ min~! was used.
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Figure 3. Epifluorescence images of PEG, 5-b-P(MA-POSS),, captured on an aqueous subphase with rhodamine 123 dye at 7 ~40 mN/m at
different locations of the Langmuir trough during the fifth compression cycle. A compression—expansion rate of 50 A> molecule™ min™" was
used. More images of collapsed films with wrinkles can be found in Figures S3—S5 of the Supporting Information.

area automatically leads to film collapse and multilayer
formation with horizontally orientated POSS layers on top.
Image e of Figure 1b illustrates a possible arrangement of the
molecules in the collapsed state. Unfortunately, no film
structure was observed by BAM or even by epifluorescence
microscopy, with the exception of some strips in the third
transition region (241 mN/m), which was already identified as
film collapse”" (see Figure 2a). The second transition at ~18
mN/m during the first compression cycle is, therefore,
characterized after transferring Langmuir films onto a solid
support as discussed in detail in the section of characterization
of LB films.

Additionally, Figure la also shows z—mmA isotherms
recorded during the expansion of the barriers from 7 of ~43
to 0 mN/m. Immediately, a sharp drop of 7z (relaxation
phenomenon)29 to ~#10 mN/m followed by a gradual decrease
to 0 mN/m can be seen. Both BAM (see Figure 2b) and
epifluorescence microscopy show some collapsed film frag-
ments of different shapes. The sharp edges are indicating some
kind of molecular arrangement (POSS molecules are on top of
the films), as illustrated in image e of Figure 1b. These
fragments are not disappearing, even when 7 reaches 0 mN/m,
caused by maximum barrier expansion. When the second
compression is applied (Figure 1a), the 7 value now begins to
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Figure 4. Epifluorescence images of PEG,;3-b-P(MA-POSS),; captured at 7 of (a) 10 mN/m during the first expansion from the collapsed state

and (b) 35 mN/m during the fifth compression cycle. For both cases, a compression—expansion rate of 210 A> molecule™" min~

! was used.

increase from a smaller mmA of ~3000 A’ and reaches a
slightly higher 7 of 45 mN/m. This smaller mmA is expected
because a stable structure (multilayers) on the water surface
was formed. Now monitoring the collapsed films using
epifluorescence microscopy reveals a very unique surface
morphology when several compression—expansion cycles are
applied. Many dark strips with spatial periodicity in the
micrometer range, depending upon the shape of the films, are
formed upon maximum compression. These structures become
more and more visible when several compression—expansion
cycles are performed. Figure 3 shows some epifluorescence
images that are captured at ~40 mN/m and at several
locations of the trough.

It is expected that the dye molecules are mostly absorbed in
MA-POSS parts of the block copolymer as a result of the
lipophilic nature of rhodamine 123." Thus, the bright white
background of the images represents the dye-incorporated
Langmuir film. The dark contrast in Figure 3 is the non-
fluorescent or dye-free region of the collapsed films. This is
because the compression either excludes (typical for
crystallization)*”*>*' ™ or deactivates (self-quenching phe-
nomenon)*’ the dye in this part of the Langmuir film. When
the film area is expanded, the dark regions become bright very
fast (Figure S9 of the Supporting Information), which is a
good indication for the dye self-quenching mechanism. In the
case of crystallization, upon film expansion, the domains would
remain dark until the crystals vanish.

The darker regions in Figure 3 possess periodic patterns in
different directions with respect to the direction of the
compression. This pattern can be called wrinkles according to
previously reported structures.'*'***"** In short, wrinkles,
folds, creases, and ridges are all examples of various surface
structures caused by mechanical instabilities of soft materials.
The last three examples are classified as extremely nonlinear
types, i.e., non-uniform, self-contact with sharp indentation,
period doubles, and narrow peaks.’> However, the surface
wrinkles, which have been well-identified in the past few years,
show a relatively uniform wavy shape, spatial periodic pattern,
or sinusoidal feature in the wavelength (1) range of S—15
um, 10323052 Ag g result of their large dimension, these

features can be well-resolved by different microscopic
techniques, such as optical microscopy or atomic force
microscopy (AFM). In our case, the observed periodic pattern
has fairly similar sinusoidal shapes and can be well-resolved by
epifluorescence microscopy. Figures S3, S4, and S10 of the
Supporting Information also provide some evidence for this
structure. Thus, the term “wrinkle” is accurately describing our
results. These wrinkles possess a periodicity of 1 &5—9 um
depending upon the compression speed of the barriers
(Figures 3 and 4 and Figures S3—SS of the Supporting
Information). This is because slow compression results in
bigger broken films, which results in a larger wavelength of the
wrinkles. In addition, wrinkling is a fast process. Therefore,
slow compression also provides better imaging conditions. Of
course, there might be some kinetic effects that we cannot
separate in this case. Regardless of the degree of compression,
wrinkling only develops when the mmA reaches a certain value.
Once the compression (applied stress) is released, the wrinkles
disappear and reappear again after further compression, which
indicates an elastic deformation.>® In addition, we observed
that the wrinkles are not apparent in BAM experiments (Figure
S6 of the Supporting Information). This might be caused by
the limited lateral resolution of BAM. In contrast, epifluor-
escence microscopy has a 10X higher magnification than BAM.
The dye used for the experiment has no significant influence
on the 7—mmA isotherm (Figure S7 of the Supporting
Information).

Now, to understand the formation of these wrinkles, we
follow a single collapsed film during several compression—
expansion cycles. The structural changes are recorded for every
2 mN/m increase or decrease of m. Figure S5 shows
epifluorescence images recorded during the fifth compres-
sion—expansion cycle of a collapsed film in the 7 range from
~14 to 42 mN/m.

The experiment exhibits dark nucleation sites at fragment
edges of the collapsed film (bright stripes), starting at 7 ~14
mN/m (top image 14 of Figure ). When the compression is
continued, many dark wrinkles appear up to the maximum
barrier compression (top image 42 of Figure S). The
periodicity varies from &5 to 9 pm. These features almost
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Figure S. Epifluorescence images of PEG,;-b-P(MA-POSS),, captured at different surface pressures during the (top) fifth compression cycle and

(bottom) fifth expansion cycle. The numbers in the images indicate 7. For both cases, a compression—expansion rate of ~10 A> molecule™ min

-1

was used. The whole process was recorded as a video, which can be found in Figure S9 of the Supporting Information, and similar wrinkled
structures for other collapsed films can be seen in Figure S10 of the Supporting Information.

disappear below 7 of 18 mN/m during the expansion cycle
(bottom image 14 of Figure 5) and reappear again with
compression. This reversibility is typical for wrinkle formation
in the elastic deformation region.” It is also clear from the
images (Figures 3—5) that the wrinkling is independent from
the compression direction of the barriers. This is because the
compression by moving barriers of the Langmuir trough is not
directly exerted to the collapsed film fragments rather than to
the flexible thin film surrounding them. A similar behavior is
observed for some systems where wrinkles are generated along
cracks not in the deformation direction.'* Generally, a stiffer
thin layer on top of an elastic substrate exhibits wrinkling

during relaxation of the strained substrate connected with the
transfer of elastic energy.® In our case, the vertically orientated
MA-POSS blocks may act as a soft layer and the horizontally
oriented MA-POSS blocks are the stiffer parts (Figure 1b).
During the compression, a stress acts to the vertical MA-POSS
layer anchored to the water surface. The vertically oriented
MA-POSS layer then transfers the stress to the horizontally
orientated MA-POSS blocks. The acting stress is then relieved
by wrinkle formation. This is only occurring when a certain
concentration of the MA-POSS molecules is present in the
copolymer. For example, wrinkle formation was not observed
in epifluorescence images for copolymers with MA-POSS
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Figure 7. (a) AFM height image and (b) line profile of the LB film of PEG,3-b-P(MA-POSS),, transferred at 7 ~#42 mN/m onto a silicon wafer

during the fifth compression cycle.

concentrations in the range from PEG, ;-b-P(MA-POSS), to
PEG,,;-b-P(MA-POSS),. This is because the collapsed films
are not stiff enough to form wrinkles; i.e, they are fluid-like
(Figure S8 of the Supporting Information). Now it is worth
mentioning that the Langmuir trough technique is suitable for
the fabrication of controlled wrinkling patterns, even though
quantitative studies, such as modulus calculation, are not
possible because the wrinkles are non-transferable to a solid
support to estimate the amplitude information (height) of
them.

Characterization of LB Films. To identify the structural
changes that occurred during the Langmuir film compression,
GI-WAXS experiments were conducted on LB films transferred
at various 7. Figure 6a shows a GI-WAXS image of the LB film
transferred at the first transition region (first compression
cycle) at 10 mN/m.

A very weak signal at the g, position of &5 nm ™" is observed
in horizontal and vertical directions. This indicates a typical
distance of d = 277/q, = 1.3 nm, which is slightly more than the
diameter of a POSS molecule. For LB films transferred above
the second transition region at 25 mN/m, the Bragg reflection
is slightly shifted to g, ~ 5.75 nm™, again observed in
horizontal and vertical directions (Figure 6b). This value is in
good agreement with the {101} signal of POSS in the
hexagonal crystal structure,****° and in the vertical direction,
it was expected as a result of its higher packing density;
however, the peak directions do not fit: in a hexagonal lattice, a
reflection from an equivalent plane (e.g.,, {011}) should show a
tilt between both reflections, which is not 90°, as observed in
our case. Additionally, in some measurements, a very weak
signal at g, ~ 8.13 nm™" was observed at a tilt of ~45°, leading

13405

to the assumption of a simple cubic structure (sc) with the
lattice parameter a = 1.09 nm showing {100} and {110} and
their equivalent reflections in the correct positions. Further-
more, in some measurements, the vertical direction is slightly
shifted, forming a tetragonal lattice with a longer ¢ direction. In
this case, the isobutyl groups are more extended in the vertical
direction, as discussed above. GI-WAXS on the collapsed film
transferred at 42 mN/m shows similar patterns with a more
intense signal as a result of the more transferred material and a
lattice parameter of a = 1.03 nm (Figure S11 of the Supporting
Information).

Now looking at Figure 6b again, a broad ring at g, & 14
nm™! is observed. This is identified as an amorphous halo for
the PEG block.*! Thus, it is obvious that the second transition
region at ~#18 mN/m is related to reorientation of POSS
molecules of the P(MA-POSS) block. The PEG block on the
other hand stays amorphous as a result of hydration or the
presence of bulky MA-POSS groups, which restrict the
molecular movement of the PEG chains necessary for
crystallization.”’ Note that wide-angle X-ray scattering
(WAXS) studies on this copolymer in the bulk show several
Bragg reflections. Reflections at the 26 position of 8.18° (d
spacing of 1.08 nm) and 11.03° (d spacing of 0.8 nm) are in
agreement with the {101} and {110} reflections for the POSS
units in a hexagonal lattice,**>**° but also a simple cubic or a
tetragonal lattice is possible. Without more reflections, the
crystal structure in bulk cannot be identified. The reflection at
23.51° is identified as the overlapping {112} and {032} signals
for the PEG block (Figure S12 of the Supporting
Information).****> The reflection at 20 of 19.26° can
originate from both POSS and PEG blocks.*' Thus, it is
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obvious that several reflections cannot be identified in the GI-
WAXS images. This is because of the broad distribution of the
detected signals caused by the scattering from several locations
of the film.>° The same LB films were then investigated by
AFM, as presented in Figure 7.

Several broken films with an elevated thickness from 25 to
32 nm are observed. In some regions, the thickness is more
than 150 nm. These values are much larger compared to the
film thickness (i.e., #3.0—3.5 nm) of the LB film transferred at
25 mN/m.*" We cannot distinguish the PEG or P(MA-POSS)
blocks from the surface analysis. The AFM image also reveals
no wrinkle structure of the collapsed films. We investigated
several films, but in all cases, no wrinkles were observed, even
after transferring the film directly after epifluorescence
measurements at ~#41 mN/m (Figure S13 of the Supporting
Information). This is because the wrinkles are only stable
under lateral compression and disappear during the film-
transferring process as a result of the relaxation of the stiffer
POSS molecules. As a result, conducting GI-WAXS or infrared
reflection absorption spectroscopic studies directly on the
collapsed Langmuir films without moving them to the solid
support are necessary for future work.

B CONCLUSION

Langmuir film formation of PEG;3-b-P(MA-POSS),, with
several plateaus in the 7—mmA isotherm assigned to multilayer

Collapsed Langmuir film 111 m
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Figure 8. Schematic presentation of the surface wrinkling on the
collapsed Langmuir film of PEG,;-b-P(MA-POSS),, during
compression. The orange color indicates POSS molecules; the blue
color indicates PEG chains; the green color indicates dye molecules;
and the black color indicates the water subphase. It should be
mentioned that the length scale for the wrinkling with several
micrometers is about 1000 times larger than the size of the POSS
molecules. Therefore, the sketch of the wrinkling is simplified.

formation and film collapse has recently been reported.>’ The
present study demonstrates the formation of a very unique
surface structure in collapsed Langmuir films. It is observed
that, when the films are subjected to several compression and
expansion cycles, periodically arranged surface wrinkles above
m of 18 mN/m appear as confirmed by epifluorescence
microscopy. The wrinkles disappear upon barrier expansion
and reappear again with compression. A schematic illustration

concerning the wrinkling on collapsed film fragments is shown
in Figure 8. Two distinct orientations of POSS molecules are
estimated, vertically for chains close to the water surface and
horizontally orientated upper layers with significant amounts of
PEG in between them. The wrinkled structure is thus believed
to be formed mainly in the top stiffer MA-POSS molecules of
the copolymer above a certain compressional stress.

The compression of the soft layer induces a stress in the stiff
layer, which is relieved by forming wrinkles.'”** The wrinkles
also exhibit dark contrast in the epifluorescence images as a
result of dye exclusion or dye deactivation. Finally, the
collapsed films are then transferred at a highly compressed
state to the solid support, and AFM investigations do not
reveal wrinkles on the films but ordering in POSS molecules as
confirmed by GI-WAXS experiments. The Langmuir trough
together with the hybrid diblock copolymer PEG, ;-b-P(MA-
POSS),; can be used to fabricate different fascinating patterns,
such as periodic surface wrinkles, in a controlled manner.
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Langmuir/LB film formation of a series of amphiphilic hybrid diblock copolymers based on
poly(ethylene glycol) (PEG) and poly(methacrylo polyhedral oligomeric silsesquioxane) (PEG-
b-P(MA-PQOSS) is demonstrated in this publication. In contrast to PEG homopolymer, the
investigated diblock copolymers form stable Langmuir films on the water surface as confirmed
by 7~mmA isotherm measurements. The IRRAS furthermore identified the ordering behavior
of the diblock copolymers during compression. The morphologies and the thicknesses were
then checked by AFM after transferring the films at different surface pressures to the solid

supports in order to understand the film formation.
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Abstract

The Langmuir film formation of poly(ethylene glycol) (PEG)- and poly(methacrylo polyhedral oligomeric silsesquioxane)
P(MA-POSS)-based diblock copolymers (PEGs-b-P(MA-POSS),) at the air/water interface is investigated. While the
Langmuir film formed by the PEGs) collapses at 7~ 8 mN m ', the PEGs,-b-P(MA-POSS), forms a stable film on the water
surface revealing various phase transitions in surface pressure vs mean molecular area (r-mmA) isotherm—manifested by various
pseudo-plateaus during compression. At higher surface coverage, the m-mmA isotherm exhibits a phase transition that is attributed
to the transformation of the P(MA-POSS) monolayer into a multilayer film that is confirmed by AFM measurements of the
Langmuir-Blodgett films fabricated before and after the phase transition and direct infrared reflection absorption spectroscopy of
the Langmuir film during compression. At a still higher surface pressure, another pseudo-plateau is observed that is assigned to
the ultimate film collapse as verified by the Brewster angle microscopy.

Keywords Langmuir film - POSS - Hybrid - Block copolymer - Langmuir-Blodgett - Amphiphilic

Introduction

Poly(ethylene glycol) (PEG) is a hydrophilic polymer; nev-
ertheless, it has the ability to form a Langmuir monolayer at
the air/water interface when the molar mass exceeds
1000 g mol ' [1, 2]. This is due to the fact that the (—-CH,—
CH,—O-) repeat unit of the PEG is amphiphilic in nature
where the two CH, groups offer hydrophobicity while the
oxygen atom is able to form hydrogen bonds with water
molecules [1, 2]. The surface pressure vs mean molecular
area (m-mmA) isotherm for the PEG Langmuir film suggests
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a liquid expanded phase at lower surface pressure followed
by a pancake conformation with compression and finally
the film collapse in the pseudo-plateau region, i.e., dissolu-
tion of the PEG chain into the water subphase [3-5].
However, because of its good water solubility in bulk, the
collapse surface pressure usually does not exceed 7=
10 mN m~'. Most recently, the salting out effect was
exploited by adding certain salts, such as K,CO;, to the
subphase that not only led to the formation of a very stable
film (up to 7=~30 mN m ') but also led to unusual self-
organization and PEG crystallization on the water surface
[3, 6, 7]. In contrast to PEG homopolymer, many fundamen-
tal studies have also been reported concerning the behavior
of PEG-based amphiphilic block copolymers at the air/
water interface [4, 5, 8—10]. They exhibit different interfa-
cial behaviors compared with the PEG homopolymer.
Previously, the focus has been on organic/organic block
copolymers where the lengths of the hydrophilic and hydro-
phobic blocks were varied [11, 12]. However, no attention
has been paid to the behavior of organic/inorganic hybrid
amphiphilic block copolymers of PEG at the air/water inter-
face. Block copolymers of PEG and a block containing
polyhedral oligomeric silsesquioxane (POSS) nanocages
can be considered as a typical example.

@ Springer
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The completely condensed POSS has a three-dimensional
nanocage-like framework of silicon and oxygen atoms bonded
in cubic shape (Scheme 1), where the R groups attached to the
POSS core, as shown in Scheme 1, represent various organic
moieties. The R groups are important for assimilation of the
inorganic core with polymers and other organic matrices and
facile functionalization for various applications. In addition to
the typical applications of POSS derivatives, such as
nanofiller in nanocomposites [15, 16], fluorescence sensors
[17—-19], photoresist materials [20], superhydrophobic sur-
faces [21], catalysts [22, 23], and low k-dielectric composites
[24, 25], there is also a considerable interest in POSS for
biomedical and pharmaceutical applications [26-29] and tis-
sue engineering [30-33].

Several reports have appeared in the literature on the self-
organization of POSS cages in thin films, including Langmuir
films at the air/water interface and Langmuir-Blodgett (LB)
films [34—44]. The POSS cages have a strong tendency of
aggregation in thin films and the most effective tool to prevent
that is to introduce the amphiphilic character to POSS. As an
example, Paczesny et al. [43] investigated four unsymmetrical
POSS cage derivatives with seven hydrophobic and one hy-
drophilic moiety (mercapto, glycerol, maleamic acid, or ami-
no group) attached at the cage corner. The mercapto-POSS
derivative was found to form aggregates and multilayer films
on the water surface and complex nanostructures in LB films.
The incompletely condensed trisilanol derivative of POSS
with three unbonded hydroxyl groups forms a stable mono-
layer at the air/water interface with a rod-like multilayered
morphology in the high surface pressure regime [13, 45, 46].
Mitsuishi et al. [34] reported the formation of ultra-thin LB
films with a homogeneous distribution of the POSS cages by
amphiphilic copolymers of N-dodecylacrylamide and a
heptaphenyl POSS-containing comonomer. Lee et al. reported
the interfacial behavior of telechelic POSS-PEG-POSS am-
phiphiles, with varying molar mass of the PEG chain ranging
from 1 to 10 kg mol ', at the air/water interface [2]. The PEG
chain was forced to submerge into the water subphase upon

PEGs,-b-P(MA-POSS)

Scheme 1 Chemical structure of PEGs-b-P(MA-POSS), diblock
copolymers, the colors indicate the hydrophilic block (black) and the
hydrophobic block (green) of the copolymer. The core size of the POSS
cage is = 0.53 nm and the i-butyl part has a length of ~0.42 nm. These
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compression on the Langmuir trough while the POSS cages
formed a closely packed film on the water surface at higher
surface pressures. The POSS-containing amphiphilic block
copolymers could have potential implications for the design
and fabrication of hybrid nanoscale building blocks in thin
films. The tuning of nanostructure formation by varying the
composition of the amphiphilic hybrid copolymers could lead
to a better understanding and the construction of the tailored
nanobuilding blocks.

In the present work, we are reporting the molecular behav-
ior of amphiphilic PEGs-b-P(MA-POSS) hybrid diblock co-
polymers, where the subscript Sk represents the molar mass of
the PEG chain (5 kg mol '), corresponds to average degree of
polymerization =~ 113 and the degree of polymerization of the
methacrylo-POSS (MA-POSS) segments varied from 4 to 21,
in thin films at the air/water interface and in LB films. The 7-
mmA isotherms have been measured coupled with Brewster
angle microscopy (BAM), and infrared reflection absorption
spectroscopy (IRRAS). This leads to a better understanding of
the molecular arrangements of the block copolymer segments
in Langmuir films and the phase transitions during compres-
sion. Langmuir-Blodgett (LB) films were also fabricated at
various surface pressures during compression to interpret
some of the observations made in the m-mmA isotherms and
to visualize the nanostructure morphology in thin films on a
solid substrate by atomic force microscopy (AFM).

Experimental part
Materials

The investigated block copolymers of PEG and
poly(methacrylo polyhedral oligomeric silsesquioxane)
(PEGsy-b-P(MA-POSS),) (Scheme 1) were synthesized via
atom transfer radical polymerization with PEGsy as the
macroinitiator [47] and have been thoroughly characterized
for their self-assembly behavior in aqueous medium and in

~0.53 nm

R =i -butyl

data are adopted from [4] as calculated by the molecular dynamics
simulation. It should be noted that the diameter and the cross-sectional
area of a POSS cage with different side groups range from 0.84 to
1.24 nm and from 1.40 to 1.80 nmz, respectively [2, 13, 14].
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bulk, as described elsewhere [48—50]. The degree of polymer-
ization x of the MA-POSS segments of the four PEGs;-b-
P(MA-POSS), copolymers in the current study is in the range
from 4 to 21 and the polydispersity indices are =~ 1.2—1.3 [48].

Methods
Langmuir trough measurements

The surface pressure 7 versus mean molecular area mmA iso-
therms of the investigated diblock copolymers were measured
using a Langmuir trough (Riegler & Kirstein, Germany). The
trough has a maximum available surface area of 26,212 mm?
and is equipped with two symmetrical movable barriers as
well as a Wilhelmy plate made from filter paper. The trough
was covered with a closed plexiglass box to maintain a stable
atmosphere and the temperature of the subphase was main-
tained at 20 °C by a circulating water bath. The subphase used
for the experiments was prepared from deionized water (TKA
GenPure Labor & Reinstwassertechnik Christian Wiesenack,
Jena, Germany) with a conductivity of <0.056 uS cm .
Before the experiments, the subphase purity was checked by
measuring the surface pressure at maximum surface compres-
sion (1< 0.15 mN m ). To obtain the m-mmA isotherms, the
block copolymer solutions (concentration 1-2 mg ml™") were
prepared in HPLC grade chloroform and spread on the sub-
phase using a digital microsyringe (Hamilton). After waiting
20 min for evaporation of the chloroform, the surface was
compressed to record the m-mmA isotherm. The compression
speed used for all of the experiments was 100 A*molecule -
min ', except for the BAM experiments where a slower com-
pression rate of 50 A*molecule "'min~' was used for better
imaging conditions [7].

Brewster angle microscopy

To monitor the Langmuir film during compression, a Brewster
angle microscope (NFT Mini BAM, Nano-film technology,
Valley View, USA) was used. The instrument has a lateral
resolution of =20 pwm, with a field of view of 4.8 x
6.4 mm?. The Langmuir trough used for this experiment has
a maximum surface area of 14,800 mm?. The images were
captured using the software WinTV (Hauppauge, USA).

Atomic force microscopy

The atomic force microscopy (AFM) images of the LB films
were acquired in tapping mode using a Multimode 8 AFM
(Bruker, Santa Barbara, USA) and a standard silicon cantile-
ver (NSC15, Mikromash, Ore, USA) with a resonance fre-
quency of 325 kHz and a spring constant of 40 N m™'.

Drive amplitude of = 18 mV, set point of 330-380 mV, and a

scan rate of 1 Hz were used. The captured AFM images were
processed by Gwyddion software.

Langmuir-Blodgett film transfer

A piece of circularly shaped mica (d =10 mm) was cleaved
from the middle and hooked to the substrate holder of the
transferring unit from KSV (Helsinki, Finland) for preparation
of the Langmuir-Blodgett (LB) film. During the transfer, the
surface pressure was kept constant. The transfer pressures
were set to 8 MmN m 'and 25 mN m™', respectively. The sub-
strate was vertically fixed to the holder and immersed in the
subphase (around 7 mm). Afterwards, the block copolymer
solution was spread on the water surface, and after waiting
for chloroform evaporation, the film was compressed to the
required transfer pressure. After achieving the required sur-
face pressure, the submerged mica substrate was automatical-
ly pulled upward with a speed of 0.1 mm min~' which resulted
in the block copolymer being transferred to the substrate.
Furthermore, the transfer was confirmed by surface analysis
of the mica substrate using AFM instrument and the transfer
efficiency was realized from transfer ratio (TR) as calculated
from reference [51]. The TR value (i.e., = 1.05) is close to the
unity for both cases. The fabricated LB film was dried at room
temperature in a desiccator and stored in a sealed box for later
measurements.

Infrared reflection absorption spectroscopy

The infrared reflection absorption spectroscopy (IRRAS) ex-
periments were performed using a Bruker Vector 70 FTIR
spectrometer equipped with a liquid nitrogen—cooled
mercury-cadmium-telluride (MCT) detector and an AS11 re-
flection unit (Bruker Optics, Germany). The setup was placed
over two troughs such as a sample trough (Riegler & Kirstein,
Germany) of 30 x 6 cm?” and a circular reference trough (d =
6 cm). The sample trough contained a Wilhelmy pressure
sensor made of filter paper and two movable barriers to permit
film compression. The monolayer was prepared in this trough.
The circular reference trough was used only to measure the
spectrum of the bare water surface. Both troughs were con-
nected to a water reservoir to maintain the same height level
by an automated pumping system. The temperature of the
subphase was maintained at 20 °C by a circulating water bath.
Furthermore, the troughs were covered with a closed
plexiglass box to keep a stable atmosphere. The IRRA spectra
were obtained by shining both troughs with an s-polarized IR
beam at a particular angle of incidence ¢ relative to the surface
normal. The reflectance-absorbance (RA) spectra were calcu-
lated using the relation RA =—1log;o(R / Ry), where R and R
represent the IR reflectivity of the sample and the reference
trough, respectively. The spectra were repeatedly recorded in
the sequence: one reference spectrum (R,) followed by 5
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sample spectra (R), while the Langmuir film was continuously
compressed with a small compression rate of
25 A%molecule "'min~". The spectra were recorded with s-
polarized IR beam at a 60° angle of incident. The resolution,
the scanner speed, and the number of scans in all experiments
were 4 cm !, 160 kHz, and 1000, respectively. A zero-filling
factor of two was applied before the Fourier transformation of
the averaged interferograms resulting in a nominal spectral

resolution of 2 cm™ .

Fourier transform infrared spectroscopy

The Fourier transform infrared spectroscopy (FTIR) experi-
ments were performed in transmission mode with a Vector 22
(Bruker Optik GmbH, Germany) spectrometer. The respective
polymers were pressed into KBr pellets. The spectra were
acquired with a resolution of 4 cm™' with 64 scans in the wave

number range of 4000 to 400 cm .

Results and discussion

The surface pressure vs mean molecular area (m-mmA) iso-
therm that reveals various phases and phase transitions corre-
sponding to different molecular conformations in Langmuir
films on the water surface is recorded by measuring 7 during
compression as a function of mmA. Figure 1 depicts the -
mmA isotherm of PEGs, homopolymer and the respective
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Fig. 1 m-mmA isotherm of PEGs, and the respective PEGs,-b-P(MA-
POSS), diblock copolymers measured at 20 °C with a compression
speed of 100 A>molecule "'min'. The inset shows a zoom of the
PEGs,-b-P(MA-POSS),; isotherm. The letter a and the arrows indicate
the 7 values where observations with BAM and LB film transfer were
carried out, respectively. The bold black lines on the isotherms represent
the range of the IRRAS experiments for the respective film. The numbers
denoted as 1, 2, 3, 4, and 5 guide the eyes to the plateaus of the respective
isotherm. The dotted lines indicate some characteristic areas Ay to A4 of
the isotherm (see text)

@ Springer

PEG-b-P(MA-POSS), diblock copolymers. For PEGs,, the
m-mmA isotherm depicts the typical PEG behavior on the wa-
ter surface, starting with the liquid expanded state at lower
surface pressure (low surface coverage), followed by the pan-
cake region (where PEG chains lie in flattened conformation
to maximize contact with the water surface) and then a pseu-
do-plateau—no further change in surface pressure upon film
compression occurs. The pseudo-plateau is an indication of
the removal of PEG chains from the water surface because
of their dissolution into the water subphase during compres-
sion [3, 6, 7, 52]. The onset of the plateau is the surface
pressure above which the PEG chains cannot retain their flat-
tened conformation on the water surface; thus, they assume
more and more extended conformation and penetrate the wa-
ter bulk. The pseudo-plateau for PEGs, homopolymer was
observed at ~8 mN m' 1 (Fig. 1) in the current study; how-
ever, this may vary depending on the molar mass of the PEG
employed [2]. The limiting pancake area, A,, calculated from
the extrapolation of the tangent of the pancake region to 7=

0mNm ', is estimated ~ 4400 A2, corresponding to an area of
(4400 A%/ 113) = 39 A? per ethylene oxide (EO) unit, which is
close to the previously reported values of 40-48 A? per EO
unit for PEG homopolymers [3, 9, 10].

After chain extension of PEGs, with MA-POSS segments
in PEGgs-b-P(MA-POSS), block copolymers, the behavior at
the air/water interface changes drastically as depicted in Fig. 1
for the corresponding diblock copolymers, where the m-mmA
isotherms of all the investigated block copolymer films reveal
several pseudo-plateaus (indicated by the numbers 1 to 5)
during compression. For PEGs-b-P(MA-POSS), (with the
smallest number of MA-POSS segments), the isotherm de-
picts a relatively well-defined pseudo-plateau 2 at =
10 mN m ! that is attributed to the dissolution of the PEGgs;
chains upon compression. Upon further compression, a sharp
increase in surface pressure appears with negligible change in
the mmA that can be assigned to the accumulation of MA-
POSS segments on the water surface resulting in a compact
film formation. This was also verified by a significant increase
in the intensity of Si—~O-Si (1108 cm ') band of POSS cages
in IRRAS spectra during compression of the film after the
plateau region (see supporting information Figure S1). The
film is stable up to more than the recorded 7~50 mN m .
The limiting brush area for the block copolymers increases
with increasing the P(MA-POSS) content in the block copol-
ymer. In the brush regime, at 7~22 mN m !, a small deflec-
tion 3 can also be seen which transforms into a more promi-
nent pseudo-plateau 4 in the isotherm of the PEGs,-b-P(MA-
POSS),; block copolymer.

It should be noted that the increase of 7w with reducing mmA
is trivial [53-55]; nevertheless, the plateaus for the block co-
polymers are indicative for phase transitions [3, 9]. As an
example, in our recent study on the behavior of
poly(isobutylene) (PIB) with small terminal PEO segments
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(symmetric PEO3-PIBgs-PEO; and non-symmetric PEO;-
PIBgs-PEO;,, where the subscript represents the respective
degrees of polymerization), a change in slope of the isotherm
in the brush regime was observed that was attributed to a
phase transition involving removal of the smaller PEO; seg-
ments from the water surface [3]. A similar deflection in the
brush regime of the Langmuir isotherm of PFMA-b-PEO-b-
PFMA triblock copolymers (PFMA represents
poly(perfluorohexyl ethyl methacrylate)) with higher PFMA
content was observed, which was attributed to the rearrange-
ment of the PFMA segments at the air/water interface [8]. To
clarify the phase transition in the current study, the area occu-
pied by the repeat unit of the diblock copolymer chain at
different surface pressures was calculated. Figure 1 depicts
that the initial increase in surface pressure starts at =
4600 A2 (A,) for PEGs-b-P(MA-POSS),. This corresponds
to 40 A? per EO unit, suggesting that the area occupied by the
MA-POSS segments at the interface is negligible. One of the
reasons for this could be the relatively small size of the P(MA-
POSS), block in this block copolymer. However, a similar
behavior has also been observed for PEG-based amphiphilic
block copolymers with relatively long hydrophobic segments
[9, 11]. Additionally, the limiting area A, is estimated as ~
615 A? by drawing a tangent of the isotherm to zero surface
pressure (dotted line) that corresponds to the cross-sectional
area of ~4 MA-POSS units [2, 13]. Since the diblock copol-
ymer also contains the same number of MA-POSS units, it
can, therefore, be argued that at this mmA, all PEG segments
of the block copolymer must be submerged into the subphase
with the air/water interface predominantly occupied by MA-
POSS segments. For PEGs-b-P(MA-POSS),; (block copol-
ymer with the highest POSS content), the plateau that corre-
sponds to the dissolution of the PEG chains could no longer be
observed, indicating that the PEG chains have already sub-
merged into the water subphase and that the interface is pre-
dominantly populated by the MA-POSS segments even at low
surface pressure. Therefore, the initial increase of the surface
pressure that started at ~ 3700 A? (indicated by Aj3) can be
attributed to the area of =21 POSS units [2, 13], followed by
two pseudo-plateaus at 17 mN m ' 4 and 44 mN m ™' 5. The
area A4~ 912 A after the plateau 4 corresponds to the cross-
sectional area of = 5 POSS units, indicating that several layers
of the MA-POSS units have formed during the film compres-
sion up to this point in the isotherm. To support this statement,
BAM microscopy is employed to monitor the water surface,
especially plateau regions 4 and 5 during film compression.
BAM is an important tool to monitor the water surface
during the m-mmA experiment on a Langmuir trough to visu-
alize the formation of film domains on the water surface dur-
ing compression [11, 56-58]. In the current study, the
Langmuir films of the PEGs-b-P(MA-POSS), and PEGs-
b-P(MA-POSS),; were monitored with BAM during the com-
pression from 7~0 mN m 'to 7~48 mN m ' and the

captured images are depicted in Fig. 2. It was observed that
no film domain formation occurs in both of the films up to 7=
42 mN m' (see Supporting Information Figure S2). This
reveals that no significant change in refractive indices takes
place in the investigated region of the isotherm and hence no
change in contrast of the BAM images could be detected [58].
The observation also inferred homogeneity of the Langmuir
film. However, for the PEGs,-b-P(MA-POSS),; copolymer,
at the 2nd plateau region 5, the appearance of strips to the
compressional direction, (indicated by the yellow arrow) of-
fers evidence of the film collapse (see Fig. 2 (right)). The strips
might be composed of several layers of PEG and P(MA-
POSS) blocks. A similar BAM observation has also been re-
ported for the POSS-PEG-POSS telechelics, where the ob-
served strips were assigned to the film collapse followed by
multilayer formation of POSS units [2]. The pseudo-plateau 4
that started at =~ 18 mN m_l, however, could not be explained
based on BAM observation. Therefore, several LB films were
fabricated before and after the plateau 4 region and examined
by AFM for changes in surface morphology and thickness.

Figure 3 depicts AFM images of the LB film of PEGs-b-
P(MA-POSS),; transferred at 7~8 mN m '. The LB film
transferred before the pseudo-plateau region 4 (see arrows in
Fig. 1) shows a very compact and smooth surface morphology
with a few holes in it. The maximum film thickness could be
measured as = (.70 nm. The value is slightly smaller than the
maximum height value (i.e., = 0.95 nm) of i-butyl MA-POSS
part, but, in the range of amorphous PEG Langmuir film,
which is typically = (0.6-0.7) nm in pancake region [6].
Now, looking to the phase image as shown in Fig. 3¢ reveals
no phase difference (except the holes within the film), indicat-
ing a uniform and homogeneous surface morphology of the
film with no distinct PEG and P(MA-POSS) phases. The mor-
phology suggested a non-crystalline film where the stiffer
POSS cage might be incorporated in the PEG layer that gen-
erates a smoother surface morphology with no change in im-
age brightness. It should be noted that the crystalline thin film
of PEG shows rough surface of lamella [59] and the stiffer
region in the AFM phase image appeared as brighter than the
softer region due to a positive phase shift [58]. The non-
crystallinity of the film arises due to the hydrated nature of
the PEG chain in LB film as well as their high affinity to the
mica substrate which prevent aggregation and chain folding
necessary for crystallization [60, 61].

Figure 4a depicts the LB film transferred after the plateau 4
region at 25 mN m™ ' revealing a completely different surface
morphology and film thickness. Two-layers film can be seen
from the surface. The bottom layer indicated by blue arrow
has an average film thickness value of =1 nm. The brighter
part indicates the upper layer (red arrow) has an average thick-
ness of = 1.7 nm. The overall film thickness varies from = 0.70
nm to = 2.7 nm (Fig. 4b), suggesting a multilayer layer forma-
tion. However, due to strong anchoring force at the interface
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Fig. 2 BAM image of PEGs,-b-
P(MA-POSS), (left) and PEGs)-
b-P(MA-POSS);,; (right) captured
during film compression on the
Langmuir trough at 7 value of
45 mN m™! (indicated by a in
Fig. 1). The yellow arrow
indicates the strips caused by film
collapse

of long hydrophilic PEG chains, this does not lead to the true
film collapse. In addition, no visible strips in BAM images
that are typically associated with the film collapse could be
observed at =25 mN m' (see Supporting Information
Figure S2(b) right). The ultimate film collapse happened at
7~44 mN m !, where the strips associated with the film col-
lapse, could be clearly seen in BAM images (Fig. 2). Now
looking to Fig. 4b, a very rough surface, i.e., inhomogeneous
line profiles, with lots of elevated spike-like structures can be
seen. The bright nanostructures in the phase image (Fig. 4¢)
and the elevated spike-like structures could be due to the MA-
POSS segments, while the PEG blocks because of their high
affinity for the mica surface are assumed to attain a flattened

Fig. 3 AFM measurements of the
LB films of PEGsy-b-P(MA-
POSS),, transferred at 7~

8 mN m ! a height image and b, ¢
corresponding to height profile
and phase image (see more AFM
images in Supporting Information
of Figure S3)

Compression

conformation on the mica surface without aggregation or crys-
tallization [60]. It should be noted that the POSS molecule has
a very strong tendency for self-aggregation and crystallization
into two-dimensional lamellar nanocrystals [13, 62, 63].
Finally, from the changes in surface morphology during com-
pression, it can be argued that phase transition or aggregation
processes take place in the plateau 4 regime.

Infrared reflection absorption spectroscopy (IRRAS) is a
powerful tool for studying the Langmuir film directly at the
air/water interface. IRRAS has been reported widely for inves-
tigating small amphiphiles as well as polymers at the water
surface [11, 57, 64-73]. IRRAS is based on the principle that
when s-polarized infrared radiation impinges onto a Langmuir
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Fig.4 AFM measurements of the
LB films of PEGs-b-P(MA-
POSS),, transferred at 7~

J— profile 1
(b) profile 2
profile 3

25 mN m ' a height image (the
arrows indicate different layers of
the film) and b, ¢ corresponding
height profile and phase image,
respectively (see more AFM
images in Supporting Information
of Figures S3 and S4)

film at the air/water interface, a small fraction of the light is
reflected by the film. The IRRAS signals are recorded as a plot
of reflectance-absorbance (RA) vs wavenumber, where RA is
defined as —log;o(R / R,), where R is the reflectivity of the
Langmuir film—covered surface and R, is the reflectivity of
the pure water surface. In this study, IRRAS is employed to
scan plateau region 4 of the isotherm of PEGs-b-P(MA-
POSS),; for any phase transition. Figure 5a shows the IRRA
spectra acquired during the film compression from 7=
4 mN m ' (black) to ~28 mN m™' (green) to cover plateau
region 4. The spectra reveal bands originating from vibrations
of the water subphase, PEG, and MA-POSS segments of the
block copolymer. The positive peaks (a) and (i) are due to the
stretching and bending vibration, respectively, of the water mol-
ecules in the subphase. These bands are visible in the spectra
due to the difference in reflectivity of the bare water surface and
polymer populated water surface. Therefore, the reflectance-
absorbance of these bands increases with the thickness of the
interfacial polymer film. All the negative bands in the spectra
(b) to (h) and (j) to (k) are due to the polymer chains on the
water surface [12]. It is obvious that upon compression, the
reflectance-absorbance of OH band from water and the nega-
tive bands from the polymer film increases in its absolute values
as expected since the surface concentration of the constituents
increases upon reducing mmA [69]. To support the statement

Height (nm)
~2.7nm

T T

T T T
00 02 04 06 08 10 12 14
Profile x (um)

made above that plateau 4 could be due to the formation of
several layers of MA-POSS segments on the water surface,
the reflectance-absorbance changes of the 1/,4(Si—O-Si) (j) and
(OH) (a) band with compression were recorded and the data
are depicted in Fig. 5b. The data reveal a significant change in
the reflectance-absorbance of the 1,,(Si—O-Si) and (OH)
bands in plateau regime (1825 mN m "), which is a strong
evidence of the increase in POSS concentration on the surface
as well as the increase of film thickness in the plateau 4 regime
[11]. This observation is also in agreement with the AFM im-
ages shown in Figs. 3 and 4 and the mmA calculation of the
MA-POSS segments in Fig. 1. Furthermore, the band position
of the IRRA spectra has also been compared with that of the
FTIR spectrum of the block copolymer in bulk as shown in Fig.
Sc, where the position of the IRRA bands matches with the
position of the corresponding bands in the FTIR spectrum with
a slight shift in the v,((CH) and v,4(Si—~O-Si) vibration bands,
respectively, from 2957 cm " and 1105 cm ™' to 2954 cm ™' and
1108 cm ™', Since most of the band positions of the IRRA
spectra at 7~28 mN m ' overlap with the corresponding bands
of the FTIR spectrum of the bulk sample, it can be assumed that
the Langmuir film preserves the conformations of the bulk
phase. It should be noted that the higher wavenumbers of sym-
metric and antisymmetric CH bands (i.e., higher than =
2919 cm !, 1,((CH,)) and ~ 2850 cm !, 1((CH,)) are indicative
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Fig. 5 a IRRA spectra of PEGs)-
b-P(MA-POSS),, recorded
during continuous compression
from 7~4 mN m ! (black) to

28 mNm ! (green). The insets
show zooms of the selected
bands. The assignment of the
bands are as follows: (a) (OH),
(b) vas(CHy), (¢) v(CHy), (d)
0(CHa), (€) w(CHy), () w(CHy),
(g) w(CHy), (h) UCC), (i) 6(OH),
(j) USi—O-Si), and (k) LCO) [11,
74-76]. b Integral area of the
IRRA band of Si—O-Si at

1108 cm ' and OH at 3400 cm '
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of fluid-like film phase with high content of gauche conforma-
tions as reported for polymers and small amphiphilic molecules
containing long-chain CH, units [57, 68, 73]. Since the
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Fig. 6 m-mmA isotherm along with schematic presentation of the
processes occur during the compression of the Langmuir film of
PEGs,-b-P(MA-POSS),, on the water surface. The letters (a to d) are
indicative of the 7 value of the isotherm related to the scheme
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investigated copolymers contain small chain CH, unit, there-
fore, to understand the ordering behavior (i.e., crystallization) of
the block copolymer with direct comparison of the CH band
position is hardly possible; however, it could be possible by
employing the GI-WAXS measurements [6].

Conclusion

The surface pressure vs mean molecular area (m-mmA) iso-
therms of the PEGs, homopolymer and the block copolymers
were measured. Upon compression, the PEGs, Langmuir film
was stable only up to a surface pressure of ~8 mN m™'; how-
ever, all the investigated PEGs-b-P(MA-POSS), block copol-
ymers could form an insoluble film on the water surface that
revealed various phase transitions as manifested by various
pseudo-plateaus during compression. The pseudo-plateau at
7~10 mN m ' could be attributed to the removal of the PEG
chains from the water surface. With increasing MA-POSS con-
tent, the pseudo-plateau that corresponds to the dissolution of
the PEG chains into the subphase vanished progressively. Upon
further compression, the MA-POSS segments formed a closely
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packed compact film on the water surface—exhibited by a
sharp rise in surface pressure. In the so-called brush regime,
the isotherm reveals another phase transition as a pseudo-pla-
teau. The corresponding AFM images of the LB films show a
transformation in surface morphology from a homogeneous,
compact, and thin film (thickness ~0.7 nm) before the
pseudo-plateau to a thick film (thickness ~ 2.7 nm) with a rough
surface morphology assigned to the multilayer film formation
by the MA-POSS segments of the block copolymer. This was
further corroborated by infrared reflection absorption spectra
recorded during compression. The m-mmA isotherms of the
block copolymers with high P(MA-POSS), content display an-
other phase transition at 7~44 mN m ™" that was confirmed by
Brewster angle microscopy to be associated with film collapse.
These observations are schematically summarized in Fig. 6 for
PEGs5,-b-P(MA-POSS),;.
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4 Summary, conclusion, and outlook

Crystallization in ultrathin films of different homopolymers such as PEs (i.e., Phenoxy-PPE,
Ethoxy-PPE, and Methyl-PPE-co-decadiene) with regular phosphoester defects in the main
chain, PCL, and hybrid diblock copolymers PEG-b-P(MA-POSS) was investigated at the air-
water interface of a Langmuir trough. The polymers were dissolved in chloroform, spread on
the water surface, and compressed by moving the barriers after solvent evaporation. The 7~
mmA isotherm measurements demonstrated the formation of stable Langmuir films with various
phases during compression. Two completely different behaviors were observed from the
investigated homopolymers and hybrid diblock copolymers. PEs crystallized in the plateau
region of the 7mmA isotherms during compression as confirmed by BAM, EFM, and IRRAS
as well as X-ray scattering techniques after transferring the films to the solid supports. PE with
Ethoxy and Phenoxy defects in the 21% position of the methylene sequences formed separated
circular/hexagonal single domains in the plateau region of the isotherm. These domains became
bigger after the plateau region and then collapsed into broken parts at high surface compression.
IRRAS measurements confirmed that the domains were the crystallites of PEs. These were
transferred to a solid support and thoroughly investigated by AFM and GI-WAXS. Crystallites
that were transferred in the plateau region have dimensions in the range of ~ 15 to 30 um with
thicknesses in the range of ~ 2.2 to 3 nm. The thickness value is almost equal to the length of
the 20 methylene groups sequence between the defects of the PEs. This confirms that using
ADMET PE (precision PE), it is possible to get a crystalline Langmuir monolayer of PE.
Finally, GI-WAXS revealed a rotator Ry crystal phase (pseudo-hexagonal unit cell) of the
crystallites transferred after the plateau region of the isotherm.

Methyl-PPE-co-decadiene, where the methyl PPE defect is randomly created at 21 to 29
positions of the methylene backbone, however, showed a completely different crystal phase and
film morphology, even though the z-mmA isotherm is very similar to the Ethoxy-PPE isotherm.
Instead of single crystallites, film-like structures can be seen in the plateau region of the
isotherm. AFM showed the film thickness in the range of ~ 3.2 to 3.5 nm. A completely different
crystal phase (i.e., orthorhombic rotator phase R;) was identified by GI-WAXS in LB films.
The variation in morphologies of PEs is due to the different crystal structures and stiffness of
the polymers. For example, Phenoxy-PPE is stiffer as compared to Ethoxy-PPE, therefore,
crystal growth in Phenoxy-PPE is highly restricted during compression, resulting in
hexagonal/polygonal crystals. However, a similar crystal phase (Ri) was found for both PEs
since they have the same chain length between the phosphoester defects. On the other hand, the
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Methyl-PPE-co-decadiene has randomly distributed defects in the main chain, which alter the
chain packing and result in a different crystal structure. So, the film morphology of Methyl-
PPE-co-decadiene is completely different compared to Ethoxy- and Phenoxy- PPE.

For PCL, butterfly-like domains were observed in the plateau region of the zmmA isotherm.
These domains were the crystallites of PCL confirmed by IRRAS and GI-WAXS. The chain
orientation (e.g., chain tilting) of PCL in the Langmuir films at different compression states of
the 7~mmA isotherm was found in the range of 21° to 38° relative to the normal direction of the
water surface. The crystallite orientations of PCL stayed similar even after transferring (at mmA
~ 2 A?) to the solid support confirmed by GI-WAXS.

In contrast to homopolymers, the scenario was found to be completely different for a series of
PEG-b-P(MA-POSS) hybrid diblock copolymers. The copolymers comprised 113 ethylene
glycol (EG) units and 4 to 21 units of MA-POSS. Instead of single crystallites that were
observed in PEs and PCL, rigid films were seen. The z~mmA isotherms of the copolymers
showed typical isotherms with high surface pressure, confirming stable Langmuir film
formation for all diblock copolymers. BAM and EFM revealed no film structure during the
compression experiment. Among these diblock copolymers, only PEG113-b-P(MA-POSS)21
showed two pseudo plateaus at ~ 18 mN/m and ~ 42 mN/m in the isotherm. They were related
to the multilayer formation confirmed by AFM measurements and film collapse identified by
BAM. More interestingly, these collapsed film fragments showed a unique sinusoidal periodic
pattern called wrinkles when subjected to several compressions above 7 ~ 18 mN/m. These
structures disappeared when the film was expanded below 7z~ 18 mN/m or during transferring
of the film by the LB technique. The collapsed film fragments were later extensively
investigated by GI-WAXS measurements. Two different orientations of the MA-POSS block
and a disordered state of the PEG block in the LB films of the diblock copolymer were
identified. These orientations were found to be responsible for the unique wrinkle formation
during the compression.

The overall conclusions from the experiments are that the air-water interface of a Langmuir
trough can be used to study the crystallization in ultrathin films of different amphiphilic
homopolymers and hybrid diblock copolymers. PE-like polymers can be successfully studied
and crystallized at the air-water interface of a Langmuir trough by introducing polar defects in
the main chain with ADMET polymerization. The crystallization process can be fully
understood using BAM, EFM, IRRAS, AFM, and GI-WAXS measurements. Depending on the
polymers (e.g., flexible to rigid), different crystal structures, morphologies from single
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separated crystallites to film-like features, and chain tilting in the crystallites can be explored.
Rigid Langmuir films instead of single-crystalline domains can be fabricated by introducing a
hybrid block copolymer system. Furthermore, by taking advantage of the Langmuir trough,
different periodic structures (wrinkles) can also be achieved.

This Thesis examined the possibility of crystallizing different polymers on the water surface of
a Langmuir trough. There is also some work left for the future outlook. At the first point, it will
be interesting to introduce new types of defects (e.g., instead of phosphoester groups) and to
increase the methylene sequence between the defects greater than 30 units. The chain
orientation at different compression states of the 7mmA isotherm should be checked with
angle-dependent IRRAS measurements and GI-WAXS. The kinetics of crystallization can also
be studied. Instead of employing water as a subphase, the impact of an aqueous salt solution
should be addressed. The melting behavior of the crystallites in the Langmuir film (e.g., either
by film expansion or increasing subphase temperature) should be compared with the crystallites
in bulk. High-resolution AFM can be employed to see more details of the crystallite
morphologies. In the case of diblock PEG113-b-(MA-POSS)21 copolymer, the wrinkle formation
should be examined during the compression-expansion experiments on the Langmuir trough by
GI-WAXS and IRRAS. The kinetics of the wrinkle formation is also interesting for future study.
The amplitude of the wrinkles should be checked in order to calculate the elastic modulus of

the system.
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Remarks on polymer naming

In paper (1), the investigated polymer is referred to in a simplified way as polyphosphoester
(PPE). This can also be written as poly(ethylene) (PE) with regular phenoxy-phosphoester
defects in the main backbone (Phenoxy-PPE). The latter naming style was used in the paper
(). The higher MA-POSS containing diblock copolymer is presented as PEGii3-b-(MA-
POSS)2: in the paper (IV). This diblock copolymer is denoted as PEGsk-b-(MA-POSS)2; in
paper (V).
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Abbreviations

List of symbols and abbreviations:

2D Two dimensional

3D Three dimensional

A Angstrom

nm Nanometer

pum Micrometer

mN/m Mili newton per meter

Alift-off Area when surface pressure starts to increase
Atrough Trough area between the barriers

Ao Limiting area

Ag Substrate area dipped into the subphase

a Angle of incidence relative to the xy plane

o Scattering angle relative to the xy plane

b Width of Wilhelmy plate

C Collapse phase

C Concentration of the polymer solution

d Thickness of Wilhelmy plate

AA; Area change of the trough during the film transfer process
F, Net downward force exerted by the pure water
F Net downward force exerted by the adsorbed molecular film
G Gas phase

g Gravitational constant

h Immersion depth of Wilhelmy plate

L: Liquid expanded phase
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L

?1

%)

Liquid condensed phase

Length of the Wilhelmy plate

Number average molar mass

Mean molecular area

Refractive index

Avogadro's constant

Boltzmann constant

Reflectivity

Solid phase

Scattering angle relative to the xz plane
Absolute temperature

Time

VVolume of the polymer solution spread
Density of the Wilhelmy plate

Elastic modulus

Surface pressure

Surface concentration

Surface tension of water

Surface tension of water with adsorbed molecules

Compressibility constant
Transfer ratio

Brewster angle

Tilt angle

Angle of incidence

Angle of reflection
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@2

gy and g

-

U

ADMET PE

AFM

BAM

Bis-ANS

CCD

DPPC

EFM

EG

GI-WAXS

IR

IRRAS

i-PMMA

LB

LBL

LFP

LS

MA-POSS

MCT

PCL

PE

PEs

PEG

PEO

Angle of refraction

X-ray scattering vector in two components at y and z coordinates
Transition dipole moment

Acyclic diene metathesis poly(ethylene)
Atomic force microscopy

Brewster angle microscopy
Bis-anilinonaphthalene sulfonates
Charge-coupled device
Dipalmitoylphosphatidylcholine
Epifluorescence microscopy

Ethylene glycol

Grazing incidence wide-angle X-ray scattering
Infrared

Infrared reflection absorption spectroscopy
Isotactic poly(methyl methacrylate)

Langmuir Blodgett

Layer by layer

Langmuir film of polymer

Langmuir Schafer

Methacrylate containing polyhedral oligomeric silsesquioxane (MA-POSS)

Mercury cadmium telluride
Poly(e-caprolactone)
Poly(ethylene)
Poly(ethylene)s
Poly(ethylene glycol)

Poly(ethylene oxide)
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PDLA

PLLA

PMMA

PPE

PS

RA

s-PMMA

TDMs

Poly(D-lactide)

Poly(L-lactide)

Poly(methyl methacrylate)
Polyphosphoester

Poly(styrene)

Reflectance absorbance

Syndiotactic poly(methyl methacrylate)

Transition dipole moments
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