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Abstract

In this thesis, thermo-responsive polymer films, consisting of poly(methoxydiethylenglycol
acrylate) (PMDEGA) and poly(styrene-block-monomethoxydiethylenglycol-acrylate-block-
styrene) (P(S-0-MDEGA-b-S)), are investigated. The focus is on the structure and the
corresponding transition behavior. As probed with imaging and scattering techniques,
although the films show homogeneous and smooth surfaces, they possess porous structure
inside the films. Compared to the well studied poly(N-isopropylacrylamide) (PNIPAM)
films, thin PMDEGA films show a higher lower critical solution temperature (LCST)
and a broader transition region. The introduction of hydrophobic PS blocks shifts the
LCST of thin P(S-6-MDEGA-b-S) films to a lower value, whereas the transition region
is still broad. Under a sudden thermal stimulus the PMDEGA based thermo-responsive
films react with a complex response, which is understood as shrinkage, reorganization and

reswelling.

In dieser Arbeit werden thermoresponsive Polymerfilme, die aus Poly(Methoxydiethylen
glycolacrylat) (PMDEGA) und Poly(styrol-block-monomethoxydiethylenglycolacrylat-
block-styrol) (P(S-6-MDEGA-b-S)) bestehen, untersucht. Der Fokus liegt dabei auf ihrer
Struktur und dem dazugehorigen Ubergangsverhalten. Obwohl die Filme in abbildenden
und Streutechniken homogene und glatte Oberflachen zeigen, besitzen sie eine porose in-
nere Struktur. Im Vergleich zu den ausgiebig untersuchten Filmen aus Poly(N-Isopropyl
acrylamid) (PNIPAM), zeigen diinne PMDEGA Filme eine héhere untere kritische Ent-
mischungstemperatur (LCST) und einen breiteren Ubergangsbereich. Die Einfiihrung hy-
drophober PS-Blécke verschiebt die LCST diinner P(S-b-MDEGA-b-S) Filme zu niedrigeren
Werten, wihrend der Ubergangsbereich unverandert breit bleibt. Das Antwortverhalten
des Films auf eine plotzliche thermische Anregung ist komplex und wird auf Schrumpfen,

Reorganisation und Wiederanschwellen zuriickgefiihrt.
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Chapter 1
Introduction

Among the wide categories of synthetic and natrual polymers, a special class of polymers
possessing stimulus-responsive properties have attracted tremendous attention. Stimulus-
responsive polymers show relatively abrupt, physical or chemical changes to a weak ex-
ternal stimulus such as temperature [II, 2], light [3, 4], or pH value [3, [6]. Due to this
special property, there is a broad field of potential applications arising for these polymers
[7, 8, @, 10, 11, 12]. As the variation of temperature is easy to realize, the thermo-
responsive polymers are of special interest among these stimulus-responsive polymers
[13, 14, 15, 16, 17, 18, 19, 20, 2T]. With a thermal stimulus, they can switch between
an extended and a collapsed chain conformation. Thus the sample volume expereinces a
strong change, accompaning with release of water [22]. Such a transition of polymers with
a lower critical solution temperature (LCST) behavior is used in a large variety of appli-
cations. For instance, micro- and nanocontainers prepared by polymers with the LCST
behavior can be used for delivery and release of active materials [23], 24]. By coating them
on the surface, it is even possible to control the attachement or detachment of a sepcific
cell in biotechnology [25, 26].

Among these thermo-responsive polymers, poly(N-isopropylacrylamide) (PNIPAM) is
well known for its thermo-responsive behavior with a LCST at 32 °C in aqueous solution
[2, 27, 28, 29] B0, 31, B2, 33, B4], 35, 36}, 37]. When the temperature is below the LCST,
the amide and ether groups of PNIPAM are generally considered to form hydrogen bonds
with water. Due to this bound water, the volume of the polymers dramatically increases
compared to the dry ones. When the temperature is raised to the LCST, new hydrogen
bonds form between the amide and ether groups. Thus the former bound water is repelled
from the film. The dehydration results in an abrupt phase transition from the swollen

state to a collapsed state and induces the volume to shrink [38]. However, the LCST of
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2 CHAPTER 1. INTRODUCTION

PNIPAM based thermo-responsive polymers is rather low, e.g. when comparing to human
body temperature. Also for instance in some tropical countries, ambient temperature can
easily reach the LCST of PNIPAM, thus confining the polymers to its collapsed state.
For this reason, the switchable function of PNIPAM cannot be utilized. Hence, novel
thermo-responsive polymers have been developed, such as poly(methoxydiethyleneglycol
acrylate) (PMDEGA), ,which shows a LCST at about 39 °C, ensuring a broader applica-
tion region. Moreover, by modification of both ends of a hydrophilic PMDEGA block with
hydrophobic polystyrene (PS) blocks, an amphiphilic block copolymer P(S-6-MDEGA-b-
S) is obtained. According to the chemical structure of P(S-b-MDEGA-b-S), it shows the
ability to form self-assmbled micellar structure in solution. In addition, the introduction
of the hydrophobic groups also influences the transition behavior of the PMDEGA based
thermo-responsive polymers.

Until now, most of the work is focused on the bulk or the aqueous solution of thermo-
responsive polymers [13],[39, 40, 41, 42] and thin films are only rarely investigated [43)], 44}
45], 146]. However, instead of changing the volume in three dimensions (bulk or solution),
thin films on a solid substrate can only change in one confined dimension, e.g. only the
film thickness. Such change in film thicknesses is interesting for applications such as
nano-switches or nano-sensors films [45].

Although thermo-responsive polymers are thoroughly investigated, many details about
the swelling and the transition of thermo-responsive films in water vapor atmosphere
are still not understood. Knowledge about the influence of the morphology - such as
surface and internal structure - on the transition behavior are desired. Therefore, in this
thesis, PMDEGA based thermo-responsive thin films are investigated. By spin-coating
and solution casting, films in the nanometer range and films in the micrometer range
are obtained, respectively. The morphology of these films is probed with imaging and
scattering techniques (see figure [[LT]). In particular, the following questions are addressed
in this thesis: What is the surface and internal structures of such thin films? Is it possible
to transfer micellar structure into thick films? How does the internal structure influence
the swelling and the transition behavior? What is the role of the introduced hydrophobic
groups in the swelling and the transition process? How does bound water change in the
transition process?

As seen in figure [[LT], the thermo-responsive polymers PMDEGA and P(S-0-MDEGA-
b-S) are firstly prepared as thin films (chapter 4 and chapter 5, respectively). The surface
structure is investigated by optical microscopy and atmoic force microscopy. The vertical

structure is meausred by grazing incidence small-angle X-ray scattering (GISAXS). The
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swelling and transition behavior of the thermo-responsive films in the vapor atmosphere
is probed with white light interferometry. In-situ neutron reflectivity measurements are
performed to investigate the swelling behavior of thin films in D>O vapor atmosphere and
the responsive behavior of swollen films to an abrupt thermal stimulus. The variation of
bound water in films with different thermal stimuli is measured by ATR-FTIR. Moreover,
P(S-0-MDEGA-b-S) is also used to prepare thick films from different selective solvents

(chapter 6). The related various internal structures are probed with SAXS measurements.

AFM white light interferometry neutron reflectivity
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Figure 1.1: Schematic illustration of the films prepared from PMDEGA based thermo-
responsive hydrogels and the used characterization methods to investigate the morphology

and transition behaviors of these films.

To provide a background, the next chapter covers a short introduction to the theories
related to block copolymers, phase separation and thermo-responsive polymers. The
fundamentals of scattering methods applied in this thesis are also introduced. Afterwards,
the sample preparation and the applied measurement methods are presented in chapter 3.

In the mainpart of this thesis, the experimental results of thin PMDEGA films (chapter 4),
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thin P(S-0-MDEGA-b-S) films (chapter 5) and thick P(S-b-MDEGA-b-S) films (chapter
6) are presented. Finally, a conclusion and outlook is given to complete this thesis (chapter

7).



Chapter 2

Theoretical background

2.1 Homopolymers and block copolymers

A homopolymer is a polymer consisting only one type of repeating units throughout the
whole backbone without any branches [47]. Due to the different available monomers,
molecular weight and weight distribution, homopolymers are formed in a large variety of
plastic products and are widely used in our daily life. In order to extend the accessible
polymers, different types of monomers are introduced into the backbone. These polymers
containing different repeating units are called copolymers. According to the number of
monomers introduced, as well as their ratio and position in the backbone, the copolymers
can be devided as: (a) random copolymers, which consist of different repeating units with
an arbitrary heterosequence, (b) alternating copolymers, in which the repeating units
strictly alternate with each other, (c) graft copolymers, in which the backbone is com-
posed of one kind of repeating units, whereas the side chains are formed by different
repeating units, (d) block copolymers, in which two or more segments of pure repeating
units are present (figure 2Z1]). Among these copolymers, block copolymers, especially the
amphiphilic block copolymers, are of great interest due to their applications in separa-
tions [48], surface modifiers [49] and cosmetic products [50]. In this section, microphase
separation of block copolymer is firstly introduced. Afterwards, the behavior of block

copolymers in solution and on surfaces are discussed separately.

2.1.1 Microphase separation

Amphiphilic block copolymers are composed of at least two types of incompatible poly-

mer blocks, which are covalently linked together. Generally, one block consisting of polar

b}



6 CHAPTER 2. THEORETICAL BACKGROUND
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Figure 2.1: Sketch of copolymers with different architectures: a) random copolymer, (b)
alternating copolymer, (c) graft copolymer, (d) block copolymer.

monomers is soluble in water, and named hydrophilic block. On the contrary, another
block consisting of nonpolar monomers is insoluble in water, and named hydrophobic
block. The amphiphilic block copolymers can be a diblock copolymer (AB) [51], triblock
copolymer (ABA or ABC) [52], or even have a more complex structure such as ABCD or
ABCA. Because the incompatible blocks are connected by covalent bonds, they can not
separate into distinct macroscopic phases. Instead, they segregate into microdomains,
which is called microphase separation, resulting in ordered structures with different mor-
phologies (figure 222)) [53].

The formation of these different morphologies is driven by an unfavorable mixing
enthalpy coupled with a small mixing entropy. The microphase separation depends on
three parameters [54]. The first one is the volume fraction of the blocks f. Considering
a diblock copolymer AB, as there is only A and B components, f4 + fg = 1. The second
parameter is the total degree of polymerization N, where N = N4+ Ng. The third one is
the Flory-Huggins interaction parameter x 45. It represents the degree of incompatiblility
between A and B blocks, which is the driving force of phase separation. x4 is given by
equation 211 [54, [55]:

kBZT €AB — %<€AA +€BB)| - (2.1)

In equation R z is the number of nearest neighbours per repeating unit in the

XAB =

polymer. kg is the Boltzmann constant, kgT' is the thermal energy. €44, egp and esp are
the interaction energies per repeating unit of A-A, B-B and A-B, respectively [56]. Thus
formation and stability of the ordered structure depends on the value of Y N.

From figure 2.2] it is clear that the value of YN not only determines the formation

of segregation, but also influences the degree of the segregation (sharpness of interface
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between neighboring blocks). When y N is less than 10, the block copolymer exhibits only
one phase. When y /N is increased between 10 and 60, segregation can take place. Thus
the interfaces between the neighboring blocks emerge (see the right side of figure 2.2)).
However, due to the weak segregation, there is still diffusion between the neighboring
blocks, causing the interfaces to be broad. When yN is larger than 60, the segregation
between the blocks is so strong that the sharp interfaces are observed. The pure subphases

periodically repeat in space.

IZ()_
e Strong e A |
A [ > segregation i
80
AN s |
q0r Weak A 1
! segregation |
20
; No
oL segregation A+
R ¥ 1 . A B
¢ v

Cub, Col,, Cuby SmA

Figure 2.2: Phase diagram of symmetric AB diblock copolymer. Cub; denotes the arrange-
ment of spherodic aggregates in a cubic lattice. Coly denotes the arrangement of columnar
aggregates in a hexagonal 2D lattice. C'ub, denotes the interwoven network structure with
cubic symmetry. SmA denotes the arrangement of alternating layers. CPS denotes the
disordered arrangement of spheroidic aggregates. The structure of the mesophases are
presented below the phase diagram. On the right side of the phase diagram, the strong-,
weak-, and non-segregation of the intermaterial regime are exhibited by the sharpness of

the interface. Images are taken from reference [57).

In the discussion above, it is obvious that the value of y/N can determine formation
and degree of the subphase separation. If the value of xN is fixed, by changing the volume
fraction of the blocks in the copolymer (f), the morphology of the subphase can be varied.
For instance, in figure 2.2 when y/N=40 and f=0.4, the ordered structure obtained is
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lamellar (SmA). When f increases, the morphology switches to bicontinuous networks
with a cubic symmetry (Cuby), a hexagonal arrangement of infinite columns (Col,,), the
spheroidic aggregates organized in a cubic lattice (Cuby) and a disordered arrangement
of spheroids (Isp) [57].

2.1.2 Block copolymers in solution

When solvent is introduced into amphiphilic block copolymers, the complexity of self-
assembly in solution dramatically increases comparing to the self-assembly in bulk. For
instance, when a diblock copolymer (AB) is placed into a solvent (S) - nonsolvent (N)
mixture, there are 6 y-parameters existing in the system (xap, Xas, XAN> XBs, XBN and
Xsn) instead of one y-parameter in bulk. Further increasing the components in solution
induces more complexity in the self-assembly process.

The morphology of the amphiphilic block copolymers in solution can be influenced by
several factors.

The first factor is the composition of copolymer. Similar to the copolymer in bulk,
varying the composition (volume fraction of the blocks) affects the self-assembly in solu-
tion. For example, in the case of PS-b-PAA copolymer, when the PAA molar percentage
decreases from 10.1 to 2.0 in DMF-water solution, the morphology changes from spheres,
rods, vesicles to large compound micelles [50].

The second factor is the concentration of copolymer in solution. For instance, the
morphology of copolymer PSigo-b-PAAyy in DMF-water solution varies from spheres to
rods and vesicles, when the concentration increases from 1 to 3.5 wt% [58].

The third factor is the properties of solvents. As the solvent directly influences the
dimension of the hydrophobic and hydrophilic domains in solution, the properties of the
solvents play a important role in the formation of the morphology. For example, PSoqo-b-
PAA g forms spheres in DMF-water solution. However, the morphology switches to large
compound micelles in THF-water solution [59].

The fourth factor is the water content in solution. It is observed that when water is
added into the copolymer solution, the copolymer always forms a spherical morphology
first. This behavior is independent on the solvents used to prepare the solution. Then with
the increase of the water content, the morphology varies from spheres to rods and vesicles
[60, 61]. Besides these main factors mentioned above, temperature, polydispersities of
copolymers and surfactants influence the morphology as well [62].

Figure 2.3 exhibits the transmission electron microscopy (TEM) micrographs and cor-
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responding sketches of diverse morphologies formed from the amphiphilic block copoly-
mers PS-b-PAA [63] [64]. In these graphs, the hydrophobic PS part is red, and the hy-
drophilic PAA part is blue. It is obvious that the amphiphilic block copolymer is able to
form spherical micelles (figure 2:3h), rods (figure 2:3b), bicontinuous rods (figure 2:3kc),
small lamellae layers (figure 2:30d), large lamellae layers (figure 2.3k), vesicles (figure [23F),
hexagonally packed hollow hoop (figure 2:3g) and large compound micelles (figure 2:3h).

" i | b i il
P / | = I

(a) Spherical Micelles || (b) Rods ' (¢) Bicontinuous Rods || (d) Small Lameliae

 PSaeb-PAA | PSise-b-PAA PS132-b-PAAz

i i L

4

1 pm

(e) Large Lamellae (f) Vesicles i (g) HHHs (h) LCMs
PS4a-b-PAA;q PS410-b-PAA;; PS410-b-PAA;; PSz0-b-PAA,

Figure 2.3:  Transmission electron microscopy (TEM) micrographs and corresponding
sketches of diverse morphologies formed from the amphiphilic block copolymers PS-b-PAA.

Images are taken from reference [67)].

2.1.3 Block copolymers on surface

In section 2.1.1, it is found that the bulk phase behavior of amphiphilic block copolymers
(AB) depends on two factors. The first one is the interfacial tension between the two
A- and B-rich microdomains. The second one is the entropic stretching energies of the
two blocks [65]. The competition between these two factors determines the domain size.

Additionally, the stretching energies of A and B blocks form a spontaneous curvature in
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the interfaces. When the content of one component decreases, meaning A and B blocks
become asymmetric, the morphology varies from lamellae, cylinders, to spheres [66].

When amphiphilic block copolymers are put onto a solid substrate, new parameters
such as film thickness [67, 68] and interaction with the substrate are involved [69, [70] [71].
To address on the two new parameters mentioned above, the amphiphilic diblock copoly-
mer AB with the same content is selected for discussion in this section. The morphology
obatined from the copolymer is assumed to be lamellae.

When the amount of the amphiphilic diblock copolymer used for the sample prepara-
tion is small, the film obtained is ultrathin, meaning that the thickness (D) is even less
than the lamellar period (Lg). As a consequence, only the vertical lamellar structure is
predicted [72] and observed [67] (see figure 24h). Under this condition, the interaction

with the substrate is not the dominant factor.

a)

b) C)
D=nL,
D=(n+0.5)L,
D L, L,
substrate substrate substrate
d) e)
' substrate substrate

Figure 2.4: Sketch of amphiphilic block copolymer films on a soild substrate with lamellar

structure in different conditions. (a) ultrathin film with thickness D less than the lamellar
period Ly, (b) thin film with a symmetric boundary condition, (c) thin film with an asym-
metric boundary condition, (d) thin film with one nonpreferential and one preferential

interface condition, (e) thin film with the nonpreferential condition.

When the film thickness D is much larger than Ly, the interaction with the substrate
becomes the dominant factor [73, [74]. For instance, when a symmetric PS-0-PMMA film
is placed on a solid substrate which contains random copolymer brushes rich in PS; the
PS blocks segregate to the film/substrate interface. Because the surface energy of PS
is lower than PMMA, PS blocks also segregate to the film/air interface. Therefore, it
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results in a horizontal lamellar structure with symmetric wetting (figure 2:4b) 71, [75),
76]. On the contrary, if the substrate is modified by random copolymer brushes rich
in PMMA, then segregation of PMMA on the film/substrate interfaces takes place. It
still forms the horizontal lamellar structure, but with asymmetric wetting (figure 2.4c).
Further modifying the substrate with random copolymer to a condition that the interfacial
interaction is balanced, meaning the substrate exhibits no preferential to either PS or
PMMA, the resulting lamellar structure is a mixture of horizontal and vertical (figure
2.4d). If both interfaces (film/substrate and film/air) are modified to nonpreferential, a
completely vertical structure is achieved (figure 2.4k). As a consequence, the modification

of the interface can easily result in films with different morphologies.

2.2 Thermo-responsive polymers

Stimuli-responsive polymers are defined as polymers which undergo relatively large and
abrupt, physical or chemical changes in response to small external changes [77]. These
responses of polymers attract more and more attentions due to their applications in the
fields of biology [7, [78], [79], medicine [80, R, 82] and sensor technology [8, 83, 84 [85].
Among stimulus-responsive polymers, as the variation of temperature is easy to realize,
the thermo-responsive polymers are considerably investigated [20, [86, 87, 88, 89, 00]. In
this section, phase separation, transition behavior and effects influencing the transition

behavior of thermo-responsive polymers are discussed.

2.2.1 Phase separation of thermo-responsive polymers

When a neutral linear polymer is dissolved in a solvent, the excluded volume interaction
and the elastic force determine the swelling of the polymer [91],[02] 03]. When the thermal
energy (kgT) of the repeating units in the polymer is very high, the excluded volume
interaction dominates over the attraction between the repeating units. Therefore, the
polymer can swell in the solvent. But it should be noted that the former case is only
suitable for the thermodynamically good solvent, meaning that the conformation of the
linear polymer is a very loose extended coil. There are two limitations for the extension of
the polymer chains. The first one is the C-C covalent bonds. The second one is the entropy
of the coil, which decreases when the coil swells in solvents. The total internal energy of

the segmental interactions, indicating the excluded volume effect, can be described as a



12 CHAPTER 2. THEORETICAL BACKGROUND
power series of the segment density p (equation 2.2]) [93]:
U=VkT(p*As+ p*As+---). (2.2)

In equation 2.2, A, is the second osmotic virial coefficient of expansion. It is used
to describe the thermodynamic quality of the solvent to the polymer, which depends on
temperature and interaction potential between the segments [93]. When T = Tj, the
conformation of polymer is an ideal Gaussian coil, and the repeating units in the chains
can be described as an ideal gas (connected in a chain). The molecules of gas do not
interact with the polymer. Therefore, when Ay = 0 and the molecular weight of the
polymer is infinitely high, the polymer solution is in the 6 condition [94].

When the temperature is cooling below Ty, the coil-to-globule transition of a single
polymer chain in organic solvents can be described by the mean-field theory [95]. Because
the thermal energy of repeating units becomes lower than the minimum of the potential
related to the van der Waals interactions, the solvent switches from the thermodynamic
favorable to thermodynamic unfavorable (A < 0). Thus, the former swollen repeating
units start to separate from the solvent. Condensation sets in. It should be noted that
this transition taking place at Ty is strictly only wvalid for the polymers with infinite
molecular weight. For real polymers with finite molecular weight, this transition occurs at
a temperature lower than Ty [96] 97, 08]. To determine the value of A, in an experiments,

light scattering and osmotic pressure measurements are usually applied.

a) T b) T

___________ ,'T
T(-) T J/ 'BP
Pay LCST 'dnst
liquid and solid " * single phase i
phase  .glass (solution) o

-

¢ ¢

" glass

Figure 2.5: Sketch of phase diagram for polymer solution with (a) upper critical solu-
tion temperature (UCST) behavior and (b) lower critical solution temperature (LCST)
behavior. Tye, is the demizing temperature, Ty is the theta temperature, T, is the glass

transition temperature and Tgp 1s the temperature corresponding to the Berghmans point.

Figure 2.5h shows a typical upper critical sloution temperature (UCST) phase transi-
tion behavior (PS in cyclohexane), which is described above [99, 100, 101l 102, 103, 104].
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When the temperature is above the critical solution temperature, the polymer is miscble
with the solvent. The solution is homogeneous and transparent. When the temperature
is below the critical solution temperature, the polymer and solvent are phase-separated.
Thus the solution turns into turbid. In contrast, figure presents a different type of
phase separation (PNIPAM in water). When PNIPAM is dissolved in water, due to the
introduction of water, hydrogen bonds are formed between the chains and water. More-
over, as there are hydrophobic groups in PNIPAM, hydrophobic interaction also exists in
the system. Thus, these interactions are dominant to the swelling of the polymer instead
of the van der Waals interaction. The phase transition is changed, which can be described
by a phase diagram with a lower critical solution temperature (LCST). It exhibits single
phases in solution at low temperature. When the temperature increases above the LCST,
the polymer will become immisible to the solvent (water) and the phase separation takes
place. The detail about the theory for swelling and transition process of the polymers
with LCST will be discussed in the next section.

2.2.2 Transition behavior of thermo-responsive polymers

As mentioned in section 2.2.1, the LCST transition behavior is attributed to the favor
of internal energy. When a water-soluble neutral polymer, containing both hydrophilic
and hydrophobic groups, dissolves in water, the hydrophilic groups interact strongly with
the water molecules and form hydrogen bonds. The formation of hydrogen bonds is the
initial driving force for dissolution. Simultaneously, the hydrophobic groups do not like
water. Thus they interfere the association of the polymer with water. But at lower
temperature, the attraction between the hydrophilic group and water is much stronger
than the repulsion between the hydrophobic groups and water. Therefore, the polymer
dissolves in water. Additionally, the water surrounding the hydrophobic groups organizes
itself and forms an ordered hydration layer. This behavior is called “hydrophobic effet”
[89, [105], 106, 107, 10§, which can help to minimize the contact surface between the
hydrophobes and water. However, this state is entropically unfavourable and unstable
[109, [1T0]. By increasing the temperature, the dominant force in the system is changed.
Therefore, the solubility of the polymer is also changed and precipitation occurs.
Because PNIPAM is a typical and the most investigated thermo-responsive polymer
with LCST behavior [2, 27, 28], 29, B30, 31, 32], B3], 34, [35] 36], 37], the transition behavior
of PNIPAM is discussed here as a example. The amide groups (N-H) and ether groups
(C=0) in PNIPAM can form hydrogen bonds with water (C-O- - -H,O, N-H- - -OH,). With
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H\O/L} hydrogen bonds

Figure 2.6: Sketch of the swollen and collapsed thermo-responsive polymer chains below

and above LCST.

infrared spectroscopy, it is found that besides the intermolecular hydrogen bonds men-
tioned above, there are also the intramolecular hydrogen bonds formed between the amide
groups and ether groups (C-O---N-H) [38] [42], 1111, {12} 113]. At lower temperature, the
intermolecular hydrogen bonds are dominant ones, thus PNIPAM is able to dissolve in
water (see figure[20]). However, the hydrophobic effect increases with temperature. When
the temperature increases above the LCST, the intramolecular hydrogen bonds between
hydrophobic part of the polymer chains are more favored [114]. Thus, the bound water
are released and the polymer chains collapse (see figure 2.6]). During the heating process,
the negative change of the entropy is larger than the enthalpy of the hydrogen bonds,
therefore the change in the free energy of the mixing is positive. This change results in

the phase transition of the thermo-responsive polymer (see figure 2.5b).

Besides the hydrogen bonds discussed above, the cooperation of bound water also
contributes to the transition of PNIPAM [115]. The PNIPAM chains are in the coiled
state before being immersed in water. After being placed in water, the water molecules
(blue circles in figure 2.7)) start to connect with the amide groups or ether groups by
hydrogen bonds. These water is called bound water. Whereas the other water molecules
are called free water. The bound water causes a slight displacement of the isopropyl group
on side chain. This displacement results in an easier formation of the second hydrogen
bond on the neighboring position. Thus, a series of bound water is formed along the
swollen chains. Simultaneously, the residual chains still stay in the coiled state, which is

marked by grey circles in figure 2.7 When the temperature is heated up to the LCST, the
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Figure 2.7: Sketch for the cooperation of the bound water in PNIPAM solution.

detachment of one bound water induces the easier detachment of the neighboring bound
water. Therefore, similar to a zip, a series of bound water is released from the polymer

chains. This cooperation results in the sharp transition behavior of PNIPAM [115].

2.2.3 Effects influencing transition behavior of thermo-responsive

polymers

The transition behavior of thermo-responsive polymer can be influenced by several effects.
In this section, PNIPAM is taken as an example to discuss the effects that influence the

transition behavior.

The influence of molecular weight

Many investigations have been done about the influence of molecular weight on the tran-
sition behavior of PNIPAM. It is reported that the variation of molecular weight does
not influence the transition temperature [116, 117, 118]. On the contrary, it is also ob-
served that in some cases, the transition temperature shows a decreasing tendency when
the molecular weight of PNIPAM increases [119, [120]. For instance, when the molecular
weight of PNIPAM is smaller than 50,000 g/mol, the LCST is changed by 1 °C during the
decrease of the molecular weight. Whereas the LCST stay constant when the molecular
weight of PNIPAM is above 50,000 g/mol [120]. The reason for the contrary results may
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be attributed to the different end-group structures in PNIPAM being present in these

investigations.

The influence of end groups

As mentioned above, due to the incorporation of specific end-groups during the polymer-
ization of PNIPAM, these end-group influence the transition behavior of PNIPAM. For
instance, PNIPAM ended with the pyrenyl group shows a strong aggregation when the
temperature increases. Thus the LCST even decreases from 32 °C to 22 °C [121]. In con-
trast, PNIPAM ended with amide end group exhibits a LCST of 45 °C (molecular weight
3,000 g/mol) [122]. However it should be noted that this end-group effect is most promient
for PNIPAM with low molecular weight. When the molecular weight is increased, as the
relative concentration of the end-group is reduced, the influnce of the end-group to the
transition behavior is alleviated [120} [123]. For example, when the molecular weight of
PNIPAM ended with amide end group is 3,000 g/mol, the LCST is 45 °C. If the molecular
weight increases to 16,300 g/mol, the LCST drops to 34 °C [122].

The influence of hydrophobic and hydrophilic modifications

The transition behavior of PNIPAM can be easily modified by introduing hydrophobic or
hydrophilic groups into the PNIPAM chains. For instance, when hydrophobic groups are
introduced into PNTPAM, the LCST drops [124]. As discussed in section 2.2.2; the phase
transition is realized by switching from the hydrophilic interaction to the hydrophobic
interaction. The hydrophobicity of the copolymer is increased when the extra hydrophobic
groups are introduced into the chains, the LCST shifts to lower values. Additionally, the
higher the hydrophobic content in the copolymer, the lower the LCST [I3]. However,
when hydrophilic groups are introduced into PNIPAM, the result obtained is reversed.
Due to the higher hydrophilic content in the copolymer, the switching from the hydrophilic
interaction to hydrophobic interaction is hindered, inducing the LCST to shift to higher
temperatures [40].

Furthermore, the position of the hydrophobic groups or the hydrophilic groups intro-
duced influences the LCST as well. For example, when only one end side of the PNIPAM
chain is copolymerized with hydrophobic groups, the copolymer will form core-shell mi-
celles in water. The hydrophobic groups form the core, while the PNIPAM chains form
the shell with a brush-like corona structure |39, [125]. If both ends of the PNIPAM chain

are copolymerized with hydrophobic groups, core-shell micelles are still obtained in water,
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but the shell part exhibits a flower-like structure instead of the brush-like corona [126].
Because the formation of the micelles increases the apparent molecular weight, the differ-
ent kinds of micelles formed in the solution will further reduce the mixing entropy of the

polymer chains. Thus, it favors the phase separation and shifts the LCST to lower value.

2.3 Scattering methods

For thermo-responsive polymer films, the internal structure is not only important for ap-
plications [I3],[127], but also strongly influences the swelling and transition behavior [128].
X-ray and neutron scattering methods have proved to be powerful techniques to investi-
gate the internal structure of thermo-responsive polymers [20, 37, 126, 129]. The most
fundamental difference between X-ray and neutron scattering is the interaction mechanism
of the incident radiation with the sample. X-rays are scattered by electrons around the
atomic nucleus, whereas neutrons are scattered by the nucleus itself. The energy of an X-
ray beam is given by £ = hc/)\. Because neutrons have a mass (m = 1.674x107%7 kg),
the energy of neutrons is calculated via E = h%/2mA?> = muv?/2. Thus, if X-ray and
neutron have the same wavelength, it is obvious that X-ray contains much higher energy
than neutron. For this reason, neutron has much less radiation damage effect than X-ray,
which is suitable for the sensitive samples such as polymers. Secondly, due to the fact
that the scattering of neutrons is from the nucleus. It introduces a large contrast between
'H and ?H, which is widely used for labelling in polymers and biology. In this section,
the basic principle for elastic scattering is troduced firstly (section 2.3.1). Afterwards,
the mainly applied scattering techniques, including X-ray reflectivity (XRR) and neu-
tron reflectivity (NR), are discussed in section 2.3.2 and 2.3.3, respectively. In order to
probe the internal structure in thick polymer films, small angle scattering (SAS) is intro-
duced in section 2.3.4. Finally, grazing incidence small-angle X-ray scattering (GISAXS)
is discussed in section 2.3.5 to measure the vertical and lateral structure in thin polymer
films.

2.3.1 Basic principle

As mentioned above, X-ray and neutron scattering are the main methods used to in-
vestigate internal structure of films. Thus, the principles of X-ray elastic scattering are
discussed in this section.

For an electromagnetic plane wave, the electric field vector E (7) can be described by
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equation 2.3
E(7) = E(0)exp(ik;-7). (2.3)

In equation 23] E (0) is the amplitude and polarization of the electromagnetic wave.
Ei is the wavevector and 7”is the position vector. When the electromagnetic wave impinges
into a medium characterized by an refraction index n(7), the propagation of the wave is
described by the Helmholtz equation (equation [2.4]):

AE(7) + E*n?(F)E(F) = 0. (2.4)

In equation 2.4] %k is the modulus of the wavevector l%, which can be calculated by
k =2m/A. X is the wavelength of the incident X-ray. The refraction index n is described
by equation 23] [130]:

n(F) = 1 — 8(7) + iB(7). (2.5)

The dispersion term §() and absorption term (3(7) in equation can be calculated
by equation and 27, respectively.

2 N f9 (E
6(F) = ;—Wrep(F)ZjlfjJrTfJ(). (2.6)
2 N f(E
B(F) = ;—Wrep(F)ijl Jé ) _ %M(F). (2.7)

In equation and 277 7. is the classical electron radius and p(7) is the electron
density. f; is the forced oscillation strength of the electrons of each single atom, which
can be calculated by f} + fjl(E) + sz”(E) Z is the total number of electrons, which is
obtained from ;Zj, in which Z; is defined as the number of electrons of each component
in material. u(7) is the linear absorption coefficient. When the incident angle a; (defined
as the angle between the incident X-ray beam and the interface) and exit angle ay (defined
as the angle between the exit X-ray beam and the interface) are very small, fJQ is closed
to Z;.

Furthermore, when the medium is homogeneous, the refractive index can be simplified
by equation 2.8

A2 A

—1- 2 rptilp 9.
n 5 TeP +ig_H (2.8)

From equation 28] the dispersion term 6 = A\7.p/27 ~ 107> —107°. As the dispersion

term is very small, the refractive index |n| is only slightly smaller than 1. It induces one
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special property of X-ray or neutron. When the incident angle «; is smaller than the

critical angle ||, the total reflection takes place. «. is given by equation
cosa, =n =1—20. (2.9)

Because 6 is in the order of 107% — 1079, it is clear from equation that a. is also
very small. Therefore, cosa, can be further replaced by 1 — 2. Finally, equation 2.9 can

be reformatted to:

e = V20 = \/rep/T (2.10)

Thus total reflection can only take place when the incident angle is very small. When
the incident angle increases, the beam penetrates into the sample and the reflected inten-

sity dramatically decreases.

2.3.2 X-ray reflectivity (XRR)
XRR on semi-infinite substrate

In section 2.3.2, the principle of X-ray scattering is introduced. For X-ray reflectivity, the
specular scattering is measured as a function of the incident angle |o;|. The example of a
semi-infinite substrate is sketched in figure 2.8l

N7

vacuum
n=1

medium
n=1-3+if

Figure 2.8: Basic principle of X-ray specular scattering. An X-ray beam with incident
wave vector K; impinges the surface of medium with an incident angle «;. One part of
the wave s scattered with wave vector f(} at the angle of ay. If af = «y, the specular
reflectivity is obtained. Another part of the wave is transimitted into the medium with

wave vector [Z’t at the angle of «y.

Because o; = ay, the scattering vector is normal to the sample surface (¢, = ¢, = 0).

There is only the Z component of the scattering vector left, which is given by equation
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5> o 2 2
¢ =kf—k; = (;sinaf) + (Tﬂsmai). (2.11)

As o; = ay, equation 2111 can be rewritten to equation 212k

L. 4
. =k —k; = Tﬂsinai. (2.12)

—\

In figure 2.8 the incident, reflected and transmitted waves are expressed by E_;(r)
al-exp(ilgi-?), Ef(F) = afea:p(i/;ff) and E}(F) = atexp(ilgtf), respectively. The amplitude
a and the wave vector k satisfy equation 213 and 2214l

ai—l—af = Qyp. (213)

CLZ'EZ‘ + (lf];f = argr. (214)

From Fresnel formulas [131], the reflection and transmission coefficient can be obtained
(see equation 2.15] and 2.16]):

rp = ———r. (2.15)
i T Rt
2k
tp = ———. (2.16)
ki + K

Thus, the intensities of the reflected and transmitted X-ray wave are Rp = |rp|* and

Tr = ]tp|2, respectively.

XRR on multilayers

Until now, the discussion is based on a semi-infinite medium only. But in reality, more
complex scenarios are likely. Therefore, the scattering from all interfaces should be taken
into consideration. Figure exhibits the scattering of a incident wave impinging a
medium with N+1 layers and N interfaces [131, (132, 133, 134, 135]. Position Z; is
defined as 0 position, then the others position Z; are less than 0. The layer between
the position Z;_; and Z; is defined as the jy, layer. The thickness of jy, layer (d;) can
be calculated from Z; — Z;_;. n; denotes as the refractive index of each layer, which is
given by equation k;j and kg ; are the incident and reflected wave vector in the jy,

layer, respectively. T} and R; are the amplitude of the transmitted and reflected wave.
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Before the incident wave (k;;) impinges the medium at position Z;=0, the transimitted
amplitude 77 = 1. After the impingement, R, is the reflected wave from the first interface,
and T is the transmitted wave into the second layer. According to the literature from
Parratt [135], the reflected wave and the transmitted wave in the jy, layer are given by
R; and T}, respectively. Then the ratio of R; and 7j in the j, layer can be calculated
from equation 217 [136]:

X, = L exp(—2ik, jz;)~ 20t + Xjeap(2ik.,j412))

(2.17)

T; V47 Xjnerp(2ik. jnz;)
R,
1st Vacuum
2nd layer
Ju layer
N, layer
Zy
(N+1), layer Ny

7-N+1

Figure 2.9: Scattering of an incident wave impinges a medium which contains N+1 layers
and N interfaces. The first layer is vacuum (top), and the (N+1)th layer is the substrate.
For reflectivity, the incident angle (o) is equal to the exit angle (o). The amplitude of

the incident wave (11) is normalized to 1.

In equation 2.I7, the Frensnel coeflicient of the jy, interface r; ;41 can be given by
k.j—k.ji1/ksj+ ksjs1. While k, ; = k;(n? — cos®a;)'/? is the z component of the wave
vector in jy, layer. It is assumed that the substrate is so thick that the X-ray can not

penetrate it. Therefore, Ry;1=0 and Xx11 = Ryy1/Tn+1 = 0. From equation 217, the
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reflected intensity R can be obtained as equation [2. I8k

R=|X,|* =R (2.18)

Influence of roughness in XRR

Until now, by switching the medium from single layer to mutilple layers, it is closed to the
reality. However, the medium with ideally flat interfaces does not exist. There is always a
roughness presented. To describe the surface roughness, the root mean square roughness

Trms is applied, which is given by equation 2.19 [137]:

N

1
LA —— Z;, — 7). 2.19
e = N 2% = 2) (2.19)

In equation 2.19] N is the number of data points, Z; is the surface level on the ¢ point
and Z is the mean surface level, which is given by equation 2.20:

1 N
Z== 2. 2.20
N; (2.20)

By using the Névot-Croce factor, which is described by an expotential function, to
correct the Fresnel reflection coefficients, the surface roughness can be taken into consid-
eration. However, the limit of this correction is that the roughness can not be larger than
the thickness of the layer. More detail about the influence of the roughness to the X-ray

reflectivity scattering can be found in literature [136].

XRR curve of thin PMDEGA film

Figure 2.I0 shows a representative XRR curve of a thin PMDEGA film on a silicon
substrate. It is clear that when the incident angle is very small (g, is small), due to
the total reflection of the X-ray beam (o; < a.), the intensity of the reflectivity stay
constant. When «; increases to a critical value, which is equal to the critical angle of the
component (PMDEGA or Si), the minimum of the reflectivity appears (marked by the
black arrow in the curve). Further increasing «; to a large value, the oscillation of the
reflectivity (Kiessig-fringes) occurs. From the distance between the neighboring fringes
(Aq.), the film thickness d can be approximated by d ~ 27/Agq,. Moreover, the amplitude
of the oscillation is related to the roughness, indicating that the amplitude dramatically
decreases when the roughness of the surface increases. Using software such as Parratt32,
the XRR curve can be fitted. The film thickness, roughness and density profile can be
obtained from the fits.
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Figure 2.10: Representative XRR curve of the PMDEGA film on the silicon substrate
together with fit.

2.3.3 Neutron reflectivity (NR)

Due to the large scattering contrast between 'H and 2H, neutron reflectivity is widely
applied in the field of polymer and biology by selectively labelling a certain component
of the sample with deuterium.

As the polymers are non-magnetic material, the optical indices can be introduced
into neutron reflectivity, which is similar to X-ray reflectivity discussed above [134]. In

vacuum, the energy of neutrons is described by equation 22T}

ke k2
E, = = . 2.21
0 2m 2mA? (2:21)
Without magnetic field, the Schrodinger equation is given by equation 2.22k
h* d*
———+ By - V]| =0. 2.22
By - V]Y (222)

In equation 2.22] ¢ is the neutron wave function, A is the Plank’s constant and m is
the mass of neutron. V is the mean potential in the medium, which can be achieved by

the integration of the Fermi pseudo-potential (equation [Z.23]).

1 21h?
S [voee) = (223)
Equation 2.22] can be further rewritten to:
d2
il + k% = 0. (2.24)

dr?
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where k? = 2m/h* [Ey — V]. Thus, the refractive index of neutrons is defined as:
k? A2
2
n“=-—5=~1-— —pb. 2.25
where p is the coherent scattering length and b is the number density. Thus, pb is
the scattering length density. As the neutron adsorption for most elements is very small,
the imaginary part of the refractive index can be neglected. As a consequence, n can be

further rewritten:

)\2
~1——pb=1-0. 2.2
n 5 (2.26)

2.3.4 Small-angle scattering (SAS)

Small-angle scattering (SAS) is a powerful scattering technique to investigate structured
materials [I38]. SAS contains small-angle X-ray scattering (SAXS) and small-angle neu-
tron scattering (SANS) [139, 140]. As SAXS and SANS share the same basic principle,
the later discussion is only focused on the SAXS technique. Figure Z11] shows a sketch
of typical setup for the SAXS measurement. After the X-ray beam is produced by the
source, it first goes through the monochromator and slits. Then, the X-ray beam with
a single wavelength is elastically scattered by the sample. Finally, the scattered beam is
recorded by a detector. By analyzing the scattering pattern, the information about the

size, the shape and the correlation in the sample can be obtained.

detector

monochromator sample

X-ray source

Figure 2.11: Sketch of typical setup for SAXS measurement.

Radius of gyration

First of all, an important parameter in small-angle scattering is introduced before the

calculation of the scattering intensity of a single particle. The radius of gyration (R,) is
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used to describe the size of the polymer, and is given by equation .27}

_ [ Ap(ri)rdV;
fAP('f’z')dVi '

R, (2.27)

From equation 2.27, R, of the solid sphere with radius R and the solid ellipsoid of half

axes a, b and c is given by \/ER and \%(cﬂ + b% 4+ c)'/2, respectively.

Form factor

In order to describe the scattering from a single particle, the form factor P(q) is introduced
into the calculation, which depends on the size and the shape of the particles. For instance,
some particles with electron density p, and volume V}, are dispersed homogeneously in a

diluted solution. The electron density of the solvent is ps (see figure 212]).

O 5% O -

r-r particles

solvent Ps

-

Figure 2.12: Sketch of homogeneous particles with electron density p, and volume V,

dispersed in the solvent with electron density ps.

Then the scattered intensity /(q) can be calculated from equation 228}

1 .
vp/ p(r)e " dr

In equation 2.28 V is the illuminated volume and V, is the volume of the particle.

2

I(q) = d%Q(q) = g(pp = ps)*Vy

(2.28)

p(r) = p, — ps is the difference of the electron density (SLD) between particle and solvent,
which is usually named scattering contrast. Thus, the form factor can be defined as
equation [2.29

(2.29)
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Particularly, the form factor P(q) for a monodisperse spherical particle with a core-
shell structure can be described by equation 2.30k

1 3‘/00 co Ms . qTco 3VS sh = FMso . qrs 2
Pg) = - (peo = psn) 7(qreo) | 3Ven (Ps = pso) (arsn)
sh qTco qTsh

The form factor is normalized by the volume of the shell V;. In equation2.30, V., and

(2.30)

Vi are the volume of the core and the shell, respectively. Both of them can be calculated
by equation 2311
4
V; = §7r7“3. (2.31)
In order to define the core and the shell in the micelle, the difference of SLD between
the core and the shell (p., — psp) is multiplied. Similarly, (psn — pso) is multiplied to define
the contrast of the shell and the solvent. In equation .30 j is the first order Bessel
function, as expressed in equation [2.32]
SINT — TCOST

j(@) = —————. (2.32)

22
Porod law

The porod law is usually used to describe the slope of the plot (Inl, as a function of ing).
It shows the interface and fractal dimension of the scattering particles. For instance, the
porod law is expressed with the Porod amplitude K, and the Porod exponent « (equation
2:33) [141].

K
T 1+ 0.22(qr)”

For a = 4, the cluster exhibits a smooth surface. For a < 4, the surface is rough, and

Pporoa(q) (2.33)

a > 4, the surface displays a scattering length density gradient [126].

Structure factor

From the discussion above, when the solution is dilute, the scattering intensity is domi-
nated by the sum of scattering from each independent particles. Further increasing the
concentration of the particles above a critical value, the particles are so close to each
other that they can feel the existence of the neighboring particles. Thus the interaction
between particles should be taken into consideration (see figure 2.12]). In the case that all

of the particles are monodisperse spheres, the intensity can be calculated by:

I(q) = d%g(q) — n(|Ee(@)?) {1+ <Z 3 e—iq(rk—rj)>}. (2.34)

k=1j=1,j#k
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In equation 2.34) r, and r; are the mass center of particle & and j, respectively

(figure 212)). The term <|Fk(q)|2> is the form factor of the particles, while the term
N N

{1 + <Z > e‘iQ(T’f_Tj)>} corresponds to the dispersion of the particles in solution.

k=1j=1,j#k
This dispersion is related with the interaction between neighboring particles. Therefore,

it is defined as the structure factor S(gq). Then equation 2.34] can be simplified to equation
2,00

I(q) = =nP(q)5(q)- (2.35)

Particularly in the case of simple hard sphere interaction, S(q) is given by:

1

1+ 24nG(2qr)/2qr (2.36)

S(q)

The structure factor S(g) is determined by the radius of the hard-sphere r and the
volume fraction n. r describes the distance between the neighboring hard spheres, and n
is the proportion of the occupied hard-sphere volume to the total volume, indicating the

packing density. In equation 2:36] the function G(z) is given by equation 237t

SinT — rcos 2zsinx + (2 — x%)cosx — 2
y tF 3
x x

G(z) =«
(2.37)

—xicosx + 4 (32% — 6cosz + (23 — 6)sinx2xsinT + 6)

+y o

where the factors a, § and v are defined in equation 2.38

(1+2n)?
(1—n)*
_ —6n(1+n/2)? (2.38)
(1 —mn)?
arn

’V:?-

g

Combining these three components together, the total intensity of the scattering is

obtained, which is given by:
I(q) = P(q)5(q) + Proroa(q) + by. (2.39)

In equation 2.39] the last term bg denotes the incoherent background in the measure-

ments.
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2.3.5 Grazing incidence small-angle X-ray scattering (GISAXS)

Grazing incidence small-angle X-ray scattering (GISAXS) is an investigation method,
which is simialr to SAXS. Instead of transmitting through the sample as in SAXS mea-
surements, the X-ray beam hits the sample surface at a very small incident angle (< 1 °)
in GISAXS measurements. The specular and diffuse scattering are recorded by a 2D
detector. Due to the diffuse scattering monitored, in GISAXS lateral structure inside
the film are probed. Moreover, because the X-ray beam impinges the surface at a very
small angle, the information about the surface structure is also achievable. The setup for
GISAXS measurement is shwon in figure 213l

specular peak

Yoneda peak

Figure 2.13: Sketch of typical setup for GISAXS measurement.

As seen in figure 2.13] a thin PMDEGA film is placed horizontally. The incident angle
is fixed at «;. The component of the diffuse scattering vector ¢’ in x-, y-, z-plane can be
described by equation 240

(e = 2{(005(1/})005((11:) — cos(ay))
iy = S (sin()cos(a)) (2.40)
q. = 2—7T(sin(ai) + sin(ay)).

A
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where ay and 9 are the exit angle and out-of-plane angle, respectively.

If ¢ = 0, the scattering is denoted as the in-plane scattering, which is usually used
to investigate the vertical structure of the sample. When «; = ay, the corresponding
reflected intensity maximum is called specular peak (see figure 2.13)), which is normally
shielded by a beamstop to avoid damage to the detector. When «; = ., in which «. is the
critical angle of material, the maximum of the characteristic diffuse scattering intensity
is named Yoneda peak (see figure 2Z13]). When «a; > «, the incident beam penetrates the
film. Due to the interference between the interfaces, such as the top interfaces between
the air and the film, or the bottom interface between the film and the substrate, there is a
resonance diffuse scattering (RDS) in the scattering plane on the detector. By an analysis
of the modulations between Yoneda peak and specular peak, the information about the

correlation of the interfaces can be gained [142, [143].
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Figure 2.14: Sketch of the detector cut for GISAXS measurement.

For instance, figure 2.4 shows a 2D scattering image of thin PMDEGA film. By
making a vertical cut on ¢, = 0 (¢ = 0) and integrating the intensity over this region,
the intensity can be plotted as a function of the piexl number of the 2D detector. By

converting the piexl number to the sum of the incident and exit angle, the final curve,
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named “detector cut” is obtained for thin PMDEGA film. Specular peak (S) and Yoneda
peak (Y) are observable in this profile. If there is a multilayer structure formed in thin
PMDEGA film, due to the correlation between the different interfaces, a modulation of
the intensity should be observed between specular peak and Yoneda peak. However, to
thin PMDEGA film, the modulation is not observed, which is attributed to the low glass
transition temperature (T,) of PMDEGA. As T, = -50 °C, the PMDEGA chains sustain
high mobility in the film, indicating that the chains can slowly rearrange themselves.
Therefore, the possible multilayer structure parallel to the film is removed. The GISAXS
is proved to ba a good tool to investigate the vertical structure in the samples.

If ¢» # 0, the scattering is denoted as the out-of-plane scattering. It is usually used
to investigate the lateral structure of the sample. Simialr to “detector cut” described,
by making the out-of-plane cut at the critical angle of the material and integrating the
intensity over this region, the intensity can be plotted as a function of g, value. By fitting
the obtained curve with a model, which contains the strcutre factor S(q) and form factor

P(q), the lateral structure of the sample can be resolved [144].



Chapter 3

Samples and experimental methods

3.1 Sample system

The polymers used in the investigation are the homopolymer poly(methoxydiethylenglycol
acrylate), denoted as PMDEGA, and a PMDEGA based tri-block copolymer poly(styrene-
block-monomethoxydiethylenglycol-acrylate-block-styrene), denoted as P(S-b-MDEGA-
b-S). Both of them are received from our cooperation group in Potsdam (Prof. Dr.
Laschewsky). In this section, the details about these two PMDEGA based thermo-

responsive polymers are introduced.

3.1.1 Homopolymer PMDEGA

CH+~=CH
Z 7 MDEGA 8
e CH30 CHy—S—C—S—CH,CH,CH3
O'CH2CH2-OCH20H2-O'CH3 CTA

S
1
CH30‘©‘CH2+CH2-(|;H‘}ES_C_S_C H2CH20H3

|
PMDEGA O-CH2CHy-OCH,CHy-O-CH3

Figure 3.1: Chemical formulas of the monomer MDEGA, the chain transfer agent C'TA
and the homopolymer PMDEGA.

Monomer methoxydiethyleneglycol acrylate (MDEGA) is synthesized from the chain
transfer agent (CTA) 4-methoxybenzyl sulfanylthiocarbonylsulfanylpropane according to

31
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the literature [I45]. The detail about the polymerization of PMDEGA can be found in
literature [52]. The chemical formulas of the monomer MDEGA, the chain transfer agent
CTA and the homopolymer PMDEGA are presented in figure 3.Il The number average
molecular weight of PMDEGA is determined as 17,000 g/mol by 'H-NMR and the poly-
dispersity is 1.7. As seen in figure B.1] although there are ester group and ether group in
PMDEGA, it is found that only the ether group can act as the H-acceptor and form hydro-
gen bond in PMDEGA [12§]. At low temperature, as the intermolecular hydrogen bonds
are favored, the ether group form hydrogen bond with water. When the temperature
increases above the transition temperature, the intramolecular hydrogen bonds between
the hydrophobic parts of the chains are more favored. Thus, the bound water is detached
from the ether groups. By switching between the attchment and detachment of the bound
water, the thermo-responsive property of PMDEGA is realized. Moreover, because the
side chain in PMDEGA is very large, it hinders the attachment and the detachment of
the bound water, which results in a very broad transition region in the PMDEGA based
thermo-responsive polymers. The details about the influence of the chemical structure to

the transition behavior will be discussed in chapter 4, 5 and 6.

3.1.2 Tri-block copolymer P(S-b-MDEGA-b-S)

The tri-block copolymer P(S-b-MDEGA-b-S) is obtained by chain extension of the chain
transfer agent CTA7 with PMDEGA in THF at 70 °C up to high conversions [20, [52].
Chemical formulas of P(S-b-MDEGA-b-S) and CTA7 are presented in figure B2l The
number average molecular weight of P(S-6-MDEGA-b-S) is determined as 24,000 g/mol
by 'H-NMR and the polydispersity is 1.5.
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Figure 3.2: chemical formulas of the chain transfer agent CTA7 and the tri-block copoly-
mer P(S-b-MDEGA-b-S).
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3.2 Sample preparation

3.2.1 Spin coating

Silicon wafer with a defined oxide layer on the surface is used as the solid substrate
for the thin hydrogel films. The silicon wafers are p-doped and purchased from Si-Mat
with a diameter of 100 mm and a thickness of (5254+25) um. The precut substrates
are placed in dichloromethane at 46 °C for 30 minutes, afterwards rinsed several times
with Millipore water. Next, the substrates are put into a basic solution which contains
350 mL water, 30 mL H,O, and 30 mL NHj at 76 °C for 2 h to remove organic traces.
Then, the substrates are stored in Millipore water. Before spin coating, the substrates are
throughly rinsed with Millipore water to remove all possible traces of the basic bath [146].
Compressed nitrogen is used to dry the substrates. Because of this cleaning protocol, a
hydrophilic oxide layer with a thickness of 5 nm is present on the substrate [46] [128].

Thin PMDEGA and P(S-b-MDEGA-b-S) films are prepared by spin-coating (2000 rpm,
30 s) from 1,4-dioxane solution at room temperature (relative humidity 40 %) onto the
pre-cleaned substrates. A series of solution concentrations are prepared to achieve the
films with different thicknesses. The film thickness obtained is related with the selected
rotation speed w, the solution concentration Cy and the molecular weight of the polymer
M, which is described by equation 31 [147, 14§].

(1950 rpm 2 Co M i
4= a( w ) (20 g/l) (100 kg/mol) ' (3:1)

In equation B.1], the constant a is dependent on the spin coater used and the environ-

ment. The film thickness exhibits a linear dependence on the solution concentration. For
instance, figure [3.3] shows the linear depencence of the PMDEGA based film thickness
to the solution concentration. In the PMDEGA solution (figure B.3h), the concentration
varies from 1 mg/mL to 30 mg/mL, and the thickness obtained is in the range from 2 nm
to 162 nm. Whereas in the P(S-6-MDEGA-b-S) solution (figure B:3b), the concentration
varies from 1 mg/mL to 15 mg/mL, and the thickness obtained is in the range from 3 nm
to 82 nm. From the linear fitting, the constant a are calculated to 204 nm (PMDEGA
solution) and 174 nm (P(S-6-MDEGA-b-S) solution).

The relation between the film thickness and the polymer solution concentration can
be devided into three regimes [148]. In the first regime, the polymer concentration is very

low. As there is not enough polymers in the solution, instead of homogeneous film, only
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Figure 3.3: Linear depencence of the film thickness to the solution concenration: (a)

PMDEGA solution, (b) P(S-b-MDEGA-b-S) solution.

the island like structure is obtained by spin coating. When the concentration increases, it
comes to the second regime. Because there is enough polymer to entangle with each other
in the solution, homogeneous films are obtained. Equation 3.1l can be used in this regime.
Further increasing the concentration, the viscosity should be taken into consideration.
Thus, equation B.1] is no longer suitable to calculate the thickness. It still shows a linear
dependence on the concentration, but with a increased slope. As seen in figure 3.3 both

polymer concentrations are in the second linear regime in this investigation.

3.2.2 Solution casting

Solution casting is used to prepare thick P(S-6-MDEGA-b-S) films with thickness in pm
scale. Kapton foil is used as a flexible substrate. The precut Kapton foil is placed in
acetone, and rotated overnight to clean the possible impurities and dust on the foil.
Afterwards, the Kapton foil is rinsed with Millipore water to remove possible traces of
acetone. Before solution casting, the Kapton foil is dried with compressed nitrogen to
remove remaining water from the foil.

P(S-6-MDEGA-5-S) is an amphiphilic block copolymer, which consists of a hydrophilic
PMDEGA block in the center and two hydrophobic PS blocks on the outside of the
PMDEGA block. Thus, when P(S-6-MDEGA-b-S) is dissolved in the solvent, it has the
ability to self-assemble into micelles. Moreover, by choosing different selective solvents,
micelles with different core-shell structure can be formed. The solvents used to prepare
the solutions in this investigation are seperated into two groups. The frist group is the

PMDEGA-selective solvents, which contains water, methanol (purity 99%) and ethanol
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(purity 99.8%). Wheares the second group is the PS-selective solvents, which contains
toluene (purity 99.9%), benzene (purity 99.5%), THF (purity 99.9%), dichloromethane
(purity 99.9%) and 1,4-dioxane (purity 99.5%). The defination of the selective solvents
is given in section 6.1.1. The concentration of the P(S-6-MDEGA-b-S) solutions is fixed
to 60 mg/mL. All solutions are transparent and do not show any sign of aggregation.
The obtained film thickness is 5 pm. Several identical films are prepared to prove repro-

ducibility.

3.3 Measurement method

3.3.1 Optical microscopy

In order to assure the quality of the sample preparation and probe the surface structure in
pm scale, the sample surfaces are observed with optical microscopy using a Zeiss Axiotech
25H optical microscope. By switching between four different objects, the magnifications
is varied between 1.25x and 50x. A PixeLink S621CU CCD camera is used to record the

micrographs.

3.3.2 Atomic force microscopy

A PARK Autoprobe CP atomic force microscope (Thermomicroscopes - Veeco, California,
USA) is used to probe the sample surface at high resolution (nanometer scale). The
atomic force microscope (AFM) has the advantage that it can measure almost any kinds
of surface, such as polymers, ceramics, and biological samples. For this reason, AFM
plays an important role to investigate the surface morphology of polymer films. The basic
principle of AFM is presented in figure 3.4l

A gold covered, conically shaped silicon tip is mounted on the bottom side of a trian-
gular silicon cantilever with a force constant of 2.1 N/m. The force between the tip and
the sample surface depends on the spring constant of the cantilever and distance between
the tip and the sample surface, which can be described by Hooke’s law with the spring
constant k. When the tip approaches to the surface, the cantilever is bend if the spring
constant of cantilever is less than the surface. The deflection of the cantilever is detected
by the laser beam system, where a laser is reflected from the back of the cantilever and
onto a position-sensitive photodiode detector. The measured cantilever deflections are

used to generate a map of the surface topography.
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Figure 3.4: Sketch of the basic principle of AFM.

For the AFM used in the investigation, the tip is excited by a piezoelectric driver
with a frequency of w (around 60 KHz). The sample is moved horizontally below the tip,
which is also controlled by a piezoelectric scanner. The sample-tip distance is less than
100 nm. During the measurement, the changes in amplitude, frequency and phase of the
cantilever are detected and a feedback software controls the sample holder to keep the
sample-tip distance constant. The software records these detected changes, and calculates
the topography and phase images.

According to the sample-tip distance, the scanning modes in the AFM measurement
can be divided into: contact mode, tapping mode and non-contact mode. In the investi-
gation, the tapping mode is selected as the operating mode. During the measurement, the
amplitude of the cantilever is kept as a constant. The excitation frequency is set above

the resonant frequency. The tip still repeatedly touches the sample surface.

In the investigation, all measurements are performed at ambient conditions. At each
individual sample position, scans with different ranges from 1 x 1 ym? up to 4 x 4 pm?
are performed. The scanned rate varies from 0.25 Hz to 1.0 Hz. Each scanned micro-
graph consists of 256 lines. Several images are measured for each sample. From the raw
data obtained, the background due to the scanner tube movement is fully subtracted to

determine the values of the rms roughness over the complete scan area.
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3.3.3 White light interferometry

Sample thickness and index of refraction (n) for optical wavelengths are measured with the
Filmetrics F20 ThinFilm Measurement System (Filmetrics Inc., San Diego). By adjusting
the distance between the sample and the light cable, the spot size of the incident white
light beam varies from 500 gm to 1 cm in diameter. The wavelength used for obtaining
the characteristic intensity oscillations in the measurement is in the region from 400 nm

to 1100 nm.

light source

detector

sample
chamber

heating chamber

thermal bath

Figure 3.5: Sketch of the setup for white light interferometry measurements.

For the transition behavior measurements, an as-prepared film is mounted in water
vapor atmosphere in a small aluminum sample chamber. In order to eliminate the con-
densation of vapor on the glass located on top of the sample chamber, another larger
aluminum chamber (the heating chamber) is placed on the outside of the sample cham-
ber. Thus, the whole system is called a double chamber system (see figure B.H). During
the measurement, the variation of the temperature is realized by the thermobar connected
to the heating chamber. The white light beam is generated by the light source, and fo-

cused through the lens on top of the sample chamber to illuminate the sample with a
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very large incident angle, approximately 90°. The reflected beam goes through another
optical cable, and is monitored by the detector. As the light made multiple reflections
between different parallel surfaces or interfaces, the multiple beams interfere with each
other. According to Fresnel equation, this interference results in a net transmission and
reflection amplitude depending on the wavelength of the incident beam. Thus, the re-
flection spectrum obtained shows a series of fringes, where the positions and amplitudes
are related to the thickness and optical properties (n). By fiiting the spectrum with a
model containing layers of different thicknesses, roughnesses and optical properties, the
desired film thickness and optical property are obtained from the fits. Figure shows a
spectrum (black dots) of the as-prepared PMDEGA film together with fit (red line). As
the film is only composed of PMDEGA, single layer model is applied in the fit. The film

thickness and refractive index obtained are 38.3 nm and 1.52, respectively
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Figure 3.6: A spectrum of the as-prepared PMDEGA film (black dots) together with fit
(red line).

3.3.4 X-ray reflectivity (XRR)

X-ray reflectivity curves are measured with a Siemens D5000 diffractometer using a re-
flectivity extension. The measurements are performed in air with a scintillation counter.
The samples are fixed on the sample stage by vacuum. A tantalum knife edge is mounted
above the sample surface to reduce background and to control the footprint of the X-ray
beam on the sample. The measurements are performed at a wavelength of A = 0.154 nm

(secondary graphite monochromator, Cu Ka). The theory of XRR is discussed in detail in
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section 2.3.2. Data are fitted by the program Parratt32 [149] using the Parratt algorithm
[135]. To describe the XRR curves of the PMDEGA films, as there is only one component
(PMDEGA) in the film, a single layer model is sufficient to fit the curves. In contrast in
the P(S-6-MDEGA-b-S) films, because the film consists of two components with different
refractive indices (PS and PMDEGA), a model with multiple layers is necessary to fit the
XRR curves. The dispersion (0) and absorption () values are fixed and matched with
the values from literature, which are listed in table B.I] [136]:

| Type [s[10°%] | (1070 |

Si 7.57 1.75
SiOq 7.12 9.24
PS 3.62 4.64
PMDEGA 4.18 5.68

Table 3.1: The dispersion (§) and absorption (3) values of materials used in this investi-

gation.

3.3.5 Small-angle X-ray scattering (SAXS)

SAXS experiments are performed in the beam line A2, HASYLAB at DESY in Hamburg,
Germany. An X-ray beam with a wavelength A = 0.15 nm and a size of 2x3 mm? is
used. The detector is a MarCCD camera with a resolution of 1024x1024 pixels, which
is mounted 2.51 m from the sample. A piece of lead is used as the beamstop to avoid
destruction of the detector by the direct beam. The ¢ range used for fitting is 0.015-
0.21 A", The q calibration is performed using silver behenate standard.

The as-prepared thick P(S-b-MDEGA-b-S) film obtained from solution casting, is
mounted between two pieces of Kapton foil in a sample holder with five sample positions.
The temperature is controlled by a JUMO temperature controller and is measured by a
thermocouple directly embedded in one of the sample cells. During the measurement, the
as-prepared film is first measured for 600 s at room temperature. Afterwards, 0.3 mL of
DO is injected into the sample holder, inducing the swelling of the P(S-6-MDEGA-b-S)
film. Then the temperature-dependent measurements are carried out between 30 °C and
50 °C with steps of 2 °C. Each measurement takes 600 s subsequently with a waiting time
of 600 s for equilibrium after each change of temperature. Additionally, the blank sample
holder filled with D50 is also measured.

During the data analysis, the 2D scattering pattern of the blank holder with D,O
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is first substracted from the obtained 2D scattering pattern of the film to remove the
influence of the scattering from DO and holder. Afterwards, a mask is made on the
2D SAXS data to shield the beamstop and the abnormal scattering pattern on the top
right corner. This abnormal scattering might result from background scattering at the
beamline during the measurement. Finally, the intensity integration is performed on the
2D data with mask to convert the 2D image to a curve, in which the intensity is a function
of the ¢ value.

For the analysis of the SAXS curves, the NIST SANS package 7.02 implemented in
the software IGOR Pro 6.1 is used [I50]. The data are fitted by a model discussed in
section 2.3.4. [28] [I51].

3.3.6 Small-angle neutron scattering (SANS)

SANS experiments are carried out in the beamline KWS-2 at the FRM II in Garching,
Germany. The neutron beam with a wavelength A = 0.7 nm (AX/A = 20 %) is used. The
detector design is based on a modified Anger technology with a SLi glass as a scintillator
[152]. During the meaurement, the sample-detector distances (SDD) is chosen to 2 m and
8 m. Thus, the resulting ¢ covers the range of 0.049-0.45 nm~! and 0.25-1.7 nm™*.

To compare the resulting transition behavior of the thick P(S-b-MDEGA-b-S) films
probed by SAXS and SANS measurements, the identical protocol used in the SAXS
measurements is applied in SANS measurements as well. The model and the software used

for analysis are also the same as described in section 2.3.4 and section 3.3.5, respectively.

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

GISAXS measurements are carried out in the beam line BW4 of the DORIS III storage
ring at DESY in Hamburg, Germany [153]. The selected wavelength is A = 0.138 nm.
The beam divergence in and out of the plane of reflection is set by two entrance cross-
slits. To operate a micro-beam, the X-ray beam is moderately focused to the size of
(HxB) 40x80 um? by using an assembly of refractive beryllium lenses [154]. The sample
is placed horizontally on a goniometer. A beam stop is used to block the direct beam in
front of the detector (MARCCD, 2048x2048 pixels). A second, point-like moveable beam
stop is also used to block the specular peak on the detector. The incident angle is set
to a; = 0.35° for the as-prepared PMDEGA film and the P(S-6-MDEGA-b-S) films with
different thermal treatments, whereas a; = 0.365° for the PMDEGA film after exposed to
water vapor. Both incident angles are well above the critical angles of PMDEGA (0.149°)
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and silicon (0.20°), therefore instead of total refletion, the X-ray beam penetrates into the
film. At the chosen sample-detector distance of 2.22 m (for the as-prepared PMDEGA
film and the P(S-6-MDEGA-b-S) films with different thermal treatments) and 1.99 m
(for the PMDEGA film after exposed to water vapor), the Yoneda and the specular peak
are well separated on the detector [144], 155], 156 157]. Thus, both the surface and
the internal structure of a film are probed. According to the two dimensional GISAXS
pattern, structural information is obtained from vertical and horizontal cuts of the 2d
intensity distribution [I57]. The vertical cut at ¢, = 0, called detector cut, contains the
information of the structure perpendicular to the surface. The intensity of the g,-cuts is
integrated over a small slice Ag, in the vertical direction to achieve an improved statistics
[157]. The detail for the analysis of GISAXS data is described in section 2.3.5.

3.3.8 Neutron reflectivity

The neutron reflectivity measurements are performed at the D17 reflectometer at ILL
Grenoble in the time-of-flight (TOF) mode. The experimental setup of the neutron re-
flectivity is presented in figure 3.7

PMDEGA film

aluminum foil |
windows

A ()

exit beam

incident beam

customized aluminum chamber .
thermal bath

Figure 3.7: Sketch of the experimental setup for the neutron reflectivity.
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A broad range of wavelengths A (varies from 2 A to 24 A) is used simultaneously for
TOF mode and neutrons are registered at the detector as a function of their respective
time of flight. The necessary pulsing of the beam is realized by a double chopper system
[158]. The largest sample-detector distance of 3.4 m is used in the measurements. The
scattered intensity is recorded on a 2D detector. The two dimensional scattering pattern
is shown as a function of wavelength [I5§].

The selected TOF mode, in combination with an experimental instrument resolution,
optimized to the thickness of the probed thermo-responsive polymer films, allows the
detection of kinetic changes of hydrogel films during the swelling process and during the
collapse transition of the swollen film with a high time resolution. Neutron reflectivity
scans are performed at one fixed incident angle every 20 s. The as-prepared films are
measured with a longer time (7200 s) to obtain a well defined starting condition for
the switching kinetics. The probed ¢, range varies from 0.01 At 0.1 A_l, which is
selected to cover the critical edges of protonated (Si, PS and PMDEGA) and deuterated
(D20) substances. All reflectivity curves are fitted by the Motofit software [159]. In the
automated batch fit approach of this software, it is possible to analyze all the datasets
in series. The scattering length density (SLD) values are fixed from the fit of the initial
static sample, and matched with the values from literature, which are listed in table
[160].

—2

Type SLD value [ A~ ] ‘

Si 2.07x10~6
SiO, 3.47x1076
PS 1.42x10-6
PMDEGA 1.06x10~6
D,O 6.36x10~°

Table 3.2: SLD wvalues of materials used in this investigation.

During the neutron reflectivity measurement, an as-prepared PMDEGA or P(S-b-
MDEGA-b-S) film is mounted vertically in the customized aluminum chamber (see figure
B.7). Before the neutron reflectivity measurements are carried out, 8 mL D,O are injected
into the water reservoir of the pre-evacuated chamber to install an unsaturated D,O vapor
atmosphere surrounding the film (relative humidity of 79 %). Initially, the temperature
is thermostated to 23 °C. Due to the D,O vapor atmosphere inside the chamber, the film
absorbs D,O and starts to swell. The swelling process reaches its equilibrium state after

300 min. To start the kinetic measurement, a sudden change of temperature is applied
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on the chamber. The temperature is increased from 23 °C to 45 °C. Thus, the final tem-
perature is well above the LCST of PMDEGA (39 °C) and P(S-b-MDEGA-b-S) (36.5 °C)
films. This increase of temperature marks the starting point of the switching kinetics
(time = 0). Due to the thermal conductivity of the sample chamber, the LCST is passed
after 110 s. During the whole time, the sample is monitored by in-situ neutron reflectivity.
In addition, to understand the response of the swollen films to different thermal stimuli
(above or below the LCST), a second experiment is performed. The temperature is in-
creased from 23 °C to 35 °C. As a consequence, the final temperature is below the LCST
of the PMDEGA and P(S-b-MDEGA-b-S) films. By analyzing the response of the film
to the thermal stimulus below or above the LCST, the characteristics of the transition

behavior of the PMDEGA based thermo-responsive polymers are obtained.
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Figure 3.8: Representative sketch of the TOF mode in neutron scattering measurement.

In neutron scattering measurements, time-of-flight (TOF) mode is widely used. As the
TOF mode can simultaneously measure an entire order of magnitude in a large ¢ range
in less than one minute, it is suitable for kinetic measurements [I58]. A representative

sketch of the TOF mode in neutron scattering measurement is shown in figure
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The white neutron beam from the reactor firstly passes through a double chopper
system to realize the pulsing of the neutron beam. Figure 3.8 presents the detail for the
double chopper system in the zero-phase configuration. The two choppers rotate in the
same direction with the same speed. When the beam passes the gap on the first chopper
and fly over the distance between the two choppers (D’), the gap on the second chopper
just rotates to the open position to allow the neutron to pass. At the same time, the
gap on the first chopper rotates to closed position. Thus, by the simultaneous open of
the second gap and close of the first gap, a neutron pulse containing all wavelength is
obtained. The wavelength resolution (AX/\) can be described by equation

AN At D'

S (3.2)

In equation [3.2] At is the pulse width, and D is the distance from the second chopper
to the detecotr. It is clear that AX/\ is constant for all wavelength, and only depend on
the ratio of D" and D. After passing the chooper system, the pulsed beam is focused and
illuminate the sample. The scattered beam goes through the detector tube and recorded

by the detector as a function of their respective time of flight.

3.3.9 ATR-FTIR

Bound Water in the PMDEGA and P(S-6-MDEGA-b-S) films is measured by atten-
tuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) using a
JASCO FTIR-4100 spectrometer. The scaned wavelength covers a range from 650 cm™!
to 4000 cm~!. To ensure identical conditions to the neutron reflectivity experiment, the
water vapor treatement is performed in the customized aluminum chamber following the
same thermal stimulus protocol used in the neutron reflectivity experiments (described in
section 3.3.8). In the following, the FTIR and ATR are briefing.

Fourier transform infrared spectroscopy (FTIR) is an analytical method to identify
organic substances. FTIR detects the vibration characteristics of chemical functional
groups in a sample [I61), 162]. Figure exhibits the main components of the FTIR
device. The IR-source generates an infrared light. Afterwards, the infrared light goes
through the splitter and mirrors. When it transmits through the sample, the chemical
bonds inside will stretch, contract and bend. Therefore, the absorbed infrared radiation
can be correlated to a particular chemical functional group. The absorbed wavelength is
independent of the structure of the rest of the molecule. The transimitted infrared light

is recorded by a detector. Because the signal from the detecotr is an interferogram, it
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Figure 3.9: Sketch of the main components of the FTIR device.

need to be analyzed by Fourier transforms to obtain a single-beam infrared spectrum.
In FTIR spectrum, the intensity is usually plotted as a function of wavenumber (cm™!),
which is the reciprocal of the wavelength. The intensity is described by the percentage of
infrared light transimittance or absorbance at each wavenumber. Thus, by comparing the
band wavenumber obtained to the standard infrared bands, a specific functional group
in a sample can be identified. For instance, the C-O stretching is around 1100 cm™!.
Therefore, when a band at 1100 cm™! is observed in the spectrum, meaning that there

are C-O bonds in the sample.

In some cases, because the samples are thick or have a strong absorption of infrared
light, the FTIR with transmission mode does not work. For this reason, attentuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR) is developed. Besides
measuring the thick samples or samples with high absorption, due to the fact that the
penetration depth of infrared light in ATR-FTIR is only several micro meters, it is also
suitable to analyze the surface of the sample [I63]. During the ATR-FTIR measurement,
the sample is placed on top of the ATR crystal (figure 310).

By pressing the sample, it has a good contact with the top surface of the crystal. The
infrared light enters into the crystal with a highly refractive index. Thus the light can
reflect between the sample and the crystal several times before it leaves the cystal. The

penetration depth of the infrared light into the sample depends on the wavelength of the
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Figure 3.10: Sketch of the ATR-FTIR geometry.

incident infrared light A, and is described by equation [3.3}

A
 2my/n2sin?(0) — n2

dp (3.3)

0 is the incident angle, n; and ny are the refractive indices of the crystal and the
sample, respectively. From equation B.3] it is obvious that the depth of penetration can
be controlled by selecting crystals with different refractive index or varing the incident

angle of the infrared light.



Chapter 4

Thin PMDEGA films

In this chapter, the main focus is on the structure and thermal responsive behavior of thin
PMDEGA films. For this reason, thin PMDEGA films, prepared by spin coating, are first
investigated with respect to the surface and internal structure. Then, the as-prepared thin
films are exposed to a water vapor atmosphere to study the swelling behavior. Afterwards,
the temperature is increased above the LCST to investigate the responsive behavior of
the films to a thermal stimulus. Finally, the bound water in the swollen and collapsed
films is measured to understand the formation of the hydrogen bonds in the films. The

results presented in this chapter have already been published in [46] [12§].

4.1 Structural investigation of thin PMDEGA films

In this section, the structure of thin PMDEGA films is investigated. The as-prepared
PMDEGA films are first measured by X-ray reflectivity to obtain the film thickness and
roughness. According to the images obtained by optical microscopy and atomic force
microscopy (AFM), the thin films exhibit a smooth, homogeneous surface both on the
large and local scale. However, when the homogeneous thin films are stored in ambient
conditions, a dewetting is observed on the surface, which is attributed to the low glass
transition temperature (T,) of PMDEGA. To further study the dewetting behavior, time-
dependent surface structures are measured by optical microscopy. Also, AFM is used to
measure the films to compare the difference between the as-prepared and aged films.
Moreover, since optical microscopy and AFM can only approach the surface structure,
grazing incidence small-angle X-ray scattering (GISAXS) is performed on the as-prepared

films and films with different thermal stimuli, to investigate the internal structure.

47
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4.1.1 Surface structure of thin PMDEGA films

With the base cleaning applied and via spin coating, smooth and homogeneous PMDEGA
films are prepared on Si substrates. Probed by optical microscopy and atomic force
microscopy, no heterogeneities are found in the as prepared films with thicknesses above
10 nm. Figure d.I]shows the surface of the as prepared PMDEGA film with a thickness of
40.2 nm as seen with optical microscopy. The film is homogeneous on a very large surface
area. As observed with AFM, the film is homogeneous on a local scale as well (see figure
M2). There are no visible large defects on the surface. Locally, it has a peak-to-valley

surface roughness below 1 nm as determined from the AFM data.

Figure 4.1: Optical micrographs of PMDEGA film (40.2 nm thickness): (a) as prepared,
(b) after 1, (c) 2 and (d) 6 days storage in air under ambient conditions. (The micrographs

are measured with a magnification of 2.5 and show an area of 4096x 3276.8 um?.)

With X-ray reflectivity (XRR), the film thickness and roughness are obtained. Figure
.3 shows the measured XRR curves for PMDEGA films of different film thickness together
with fits. As the films are prepared from pure PMDEGA, a single layer model is used for
the fitting. A film thickness regime from 2 nm to 162 nm is covered in this investigation.
In general, within the applied fitting model, the data are well described. The intensity
modulation (Kiessig fringes) in the data of the thinnest PMDEGA film (2 nm) is damped,
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Figure 4.2: AFM micrographs of thin PMDEGA films (40.2 nm thickness): (a) as-
prepared, (b) after swelling in water vapor and (c) after 6 days storage in air under
ambient condition (measured on a homogeneous spot). The color code for the heights is

indiwidually adapted to emphasize on the surface morphology.

which is attributed to the imperfections of the PMDEGA layer. Instead of a continuous
and homogenous layer of PMDEGA on the Si substrate, the PMDEGA forms islands on it.
The PMDEGA islands cause a large surface roughness and result in damped fringes in the
XRR curve. When the PMDEGA concentration increases, continuous films are obtained
on Si from 1,4-dioxane solutions. Overall, the intensity modulations are well pronounced

in the XRR curves due to a small surface roughness (nm regime) of the PMDEGA films.

12 =
8 \
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log(Int) (a.u.)

Figure 4.3: Representative X-ray reflectivity curves (black dots) shown together with model
fits (red lines) for the thickness regime covered in this investigation. With increasing film

thickness (2, 21, 27, 46, 58, 83, and 162 nm from bottom to top), the curves are shifted

vertically for clarity of the presentation.

In figure 44k, the resulting film thicknesses are shown as a function of PMDEGA
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concentration in the 1,4-dioxane solutions used for spin coating. The solid line is a linear
fit of the data points. It fits the data points well. Figure 4.4k presents the film roughness
as a function of PMDEGA concentration. For the lowest concentration, the surface is very
flat. The roughness is only 0.5 nm. When the concentration increases, the surface becomes
rough. But even on the highest concentration, the roughness is still less than 2 nm. Thus,
it is concluded that the overlap concentration is not reached in the addressed concentration
regime, and the PMDEGA solutions behave like simple homopolymer solutions in the spin

coating process [147, [14§].
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Figure 4.4: (a) Film thickness and (b) surface roughness plotted as a function of the
PMDEGA concentration used for spin-coating. The solid line in (a) is a linear fit.

All XRR measurements are performed on as-prepared PMDEGA films. During storage
in ambient conditions, the films roughen as illustrated with optical micrographs. As an
example for this aging, optical images of a film with a thickness of 40.2 nm are shown
in figure 1] for different storage times. For other PMDEGA film thicknesses, a similar
behavior is observed. The as prepared film is optically homogeneous with only very few
distortions, which are presented here to illustrate that the polymer surface is in the focal
plane of the optical microscopy. An onset of dewetting is visible already after 1 day
storage (see figure [.1]). Very clearly, holes of different diameters are seen in the polymer
film. The broad distribution of hole diameters indicates a nucleated dewetting process
with grains of different nucleation strength being embedded in the PMDEGA film and
acting as nucleation sites. Impurities such as dust particles can be excluded due to applied
filtering of the solutions used for spin coating. The holes grow with time and a further
roughening of the film occurs (see figure LIk and figure [£Td). However, a complete
destruction into isolated polymer drops is not found. Thus, the PMDEGA films are not

unstable on the base treated Si surfaces, but metastable and are only partially destroyed
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in the areas influenced by the non-swollen nucleation sites [164].

A corresponding dewetting behavior was not observed in the PNIPAM based thermo
responsive films [43], 44 [45] on identically treated Si surfaces. At first glance, this might be
caused by the strong differences in the glass transition temperatures T,. T, of PMDEGA
is -50 °C, which is well below room temperature [165], whereas T\, of PNIPAM is 142 °C,
which is well above room temperature. As a consequence, PMDEGA chains have a
sufficiently high mobility on base treated Si, whereas PNIPAM chains do not have this
mobility.

4.1.2 Internal structure of thin PMDEGA films

In the previous discussion, the focus is put on the surface morphology of thin PMDEGA
films, whereas the internal structure is still not clear. To clarify this question, the long-

ranged correlation in thin PMDEGA films is investigated.
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Figure 4.5: GISAXS data of a thin PMDEGA film with a thickness of 40.2 nm: two
dimensional data of (a) the as-prepared film, (b) the film after exposure to water vapor and
(c) vertical cuts from these two dimensional data at g,=0 with Yoneda (Y) and specular
(S) peaks indicated (as-prepared film at the bottom and film after exposure to water vapor
at the top).
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Using grazing incidence small-angle X-ray scattering (GISAXS), these correlations
along the surface normal can be probed [142, 143, [166]. In case the chains are close to
immobile in the thin polymer film, a roughness correlation between the solid support and
the polymer surface is installed by spin coating. This correlated roughness has been found
in many galssy polymers [166]. Being energetically unfavorable for the polymer chain,
this correlation is cured if the polymer is sufficiently mobile. In a GISAXS measurement,
correlated roughness causes intensity modulations along the vertical direction (g, axis)
due to partial phase coherence of diffusely scattered waves [142].

In figure [4.5] the GISAXS data of a PMDEGA film with a thickness of 40.2 nm
are presented together with corresponding vertical cuts. Results from the as-prepared
film and film exposed to water vapor atmosphere are compared. Obviously, no intensity
modulations is found in the vertical cuts. Only the Yoneda and specular peak are visible,
even though the resolution of the setup is highly sufficient to resolve possible modulations.
Thus, the as-prepared PMDEGA film has already had sufficient mobility to cure the long
ranged correlation installed from spin coating. For this reason, there is no correlated
roughness found in thin PMDEGA films. However in PNIPAM films, strong intensity
modulations were observed [43], which proves that the PNIPAM films are glassy and

frozen-in after spin coating.

4.2 Swelling behavior of thin PMDEGA films

In this section, by applying white light interferometry, the swelling behavior of thin
PMDEGA films is measured at different vapor pressures. With increasing the vapor
pressure, the swelling capability of the thin film is also enhanced. Due to the high reso-
lution of neutron reflectivity, the swelling process of thin PMDEGA films can be probed
in more detail and by this can be divided into two regimes. In the first regime, water will
occupy all vacancies and holes in the film, resulting in a constant film thickness while the
water content in the film is dramatically increasing. Afterwards, water will start to form
hydrogen bonds with PMDEGA chains. Thus the film thickness begins to increase with

time.

4.2.1 Swelling capability of thin PMDEGA films

The swelling capability of thin PMDEGA films is investigated by white light interferome-

try. The PMDEGA films are placed in a sealed chamber which contains a water reservoir
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to install a saturated vapor atmosphere. The swelling behavior of PMDEGA films at
room temperature is shown in figure [4.6h for an example. The film thickness is 41.9 nm.
The relative change in film thickness is monitored as a function of time. By varing the
concentration of aqueous sodium chloride solutions, different water vapor pressures are
installed in the chamber. During the measurement, the as-prepared PMDEGA films are
placed in the chamber for each concentration. Thus, the swelling behavior at different

water vapor pressures is investigated.
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Figure 4.6: (a) Swelling behavior of PMDEGA films when exposed to sodium chloride
solutions with different concentrations. From top to bottom, the concentrations of the
sodium chloride solution are 0 (black), 0.045 g/mL (red), 0.09 g/mL (blue), 0.18 g/mL
(cyan), 0.36 g/mL (magenta). (b) Ratio of the mazimal reached swollen PMDEGA film
thickness normalized to the initial dry film thickness as a function of the vapor pressure.

The solid line is guide to the eye.

In figure [£.6k, from the top to the bottom, the concentration of sodium chloride
solution increases from 0 to 0.36 g/mL, indicating that the water vapor pressure decreases
from 3169 Pa (0 g/mL) to 2380 Pa (0.36 g/mL). At 3169 Pa, the strongest swelling is
observed. Equilibrium is reached after 60 min. After this exposure time, films are still
homogeneous but slightly roughened as probed with AFM (see figure [£2)). The peak-to-
valley surface roughness increases to values above 1 nm. Further increasing the exposure
times to longer than 70 min, the swollen film reaches an instable state, and dewetting
sets in. In the white light interferometry measurement, the dewetting is observed as
a further increase in the film thickness, which is attributed to the film heterogeneities.
Because the PMDEGA film has already incorporated water during the initial swelling,
the polymer chain mobility is further enhanced compared to the as-prepared films. As a

consequence, the dewetting process happening in the dry film under ambient conditions
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in days is accelerated to hours in the swollen film.

When the vapor pressure is reduced, the swelling ability of the films also decreases. The
tendency of the films to dewet is also less pronounced. Therefore the swelling capability
of the investigated PMDEGA films depends on the surrounding vapor pressure. Figure
summarizes this behavior by plotting the swelling capability (swollen film thickness
normalized to the as-prepared film thickness of the respective PMDEGA film) as a function
of the vapor pressure. The film thickness of the swollen PMDEGA film depends on the
water vapor pressure in a strongly non-linear way. At high vapor pressures (3000 Pa -
3169 Pa), the swelling capability is very sensitive to the vapor pressure. A slight reduction
of the pressure induces a dramatically drop of the swelling capability. For this reason,
it is defined as pressure sensitive region. Upon further reducing the vapor pressure from
3000 Pa to 2380 Pa, the swelling capability shows less strong dependence on the vapor
pressure. Due to the insufficient amount of water molecules present surrounding the
PMDEGA film, the film can not reach the full swelling capacity. This region is defined
as vapor insensitive region.

Until now only few swelling experiments with thin PNIPAM films were reported in lit-
erature, and most of them were related to end-grafted PNIPAM [87, 167, [168]. Comparing
the swelling behavior of PMDEGA with PNIPAM end-capped with n-butyltrithiocarbonate
(nbe-PNIPAM), there is one prominent difference observed. The swelling capability of thin
nbc-PNIPAM film can be up to a factor of 6.5 (the ratio of the maximum swollen film
to the as-prepared film) [43], whereas for the PMDEGA the maximal swelling factor is
only 1.63 [46]. This difference can be attributed to the different chemical structure of
PNIPAM and PMDEGA. To PNIPAM, not only the amide group (H-donor), but also
the ether group (H-acceptor) on the side chain can form hydrogen bonds with water. In
contrast, there is only the ether group (H-acceptor) on the side chain in PMDEGA. Thus,
the bound water in swollen PMDEGA film is much less than in swollen PNIPAM film.
Furthermore, it is reported that water cage can be formed around isopropyl group on the
end of the side chain in PNIPAM [169]. Thus PNIPAM can absorb more water. The
swelling ability of thin PNIPAM film is better than thin PMDEGA film.

4.2.2 Swelling of thin PMDEGA films probed by neutron re-
flectivity

With white light interferometry, the swelling capability of thin PMDEGA films as a func-

tion of the vapor pressure is decided. However, the distribution of the water in the swollen
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Figure 4.7: Neutron reflectivity curve (black dots) together with the model fit (red line)
for the as-prepared PMDEGA film.

film during the swelling is not probed with this technique. For this reason, neutron reflec-
tivity is applied to monitor the swelling process of thin PMDEGA films with a thickness of
36 nm. The as-prepared, dry PMDEGA film is measured first. Figure [4.7] shows the cor-
responding neutron reflectivity curve (black dots) together with the model fit (red line).
Because the film is prepared from PMDEGA homopolymer, a simple one layer model is
sufficient to fit the data. From the fit, the PMDEGA film thickness of 35.940.1 nm, a sur-
face roughness of 0.94-0.2 nm and a SLD value of (1.0640.02)x10~° A_Q, matching with
literature, are determined. Thus, the initial properties of the film subjected to the swelling

and the thermal stimulus are consistent with those from white light interferometry.

To set the starting conditions of the kinetic measurement and obtain the moderately
swollen hydrogel film, 8 mL D;O are injected into the reservoir of the customized alu-
minum chamber. Therefore the as-prepared, dry PMDEGA film is exposed to an unsat-
urated DsO vapor atmosphere. In order to limit the film swelling, the relative humidity
is controlled at 79%. Simultaneously, the structural changes of the PMDEGA film due to
the absorption of DyO are monitored with in-situ neutron reflectivity. Due to the deuter-
ated water and protonated polymer applied in the measurement, there is an enhanced
contrast in neutron reflectivity, which allows to determine the internal distribution of
D50 inside the PMDEGA film as well as the degree of swelling, i.e. the increase in film
thickness. Figure[4.§ comprises the neutron reflectivity curves probed during the swelling
of the PMDEGA film in D,O vapor.
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Figure 4.8: Swelling of the as-prepared, dry PMDEGA film in D3O wvapor atmosphere at
23 °C: (a) Eleven selected neutron reflectivity curves (black dots) together with model fits
(red lines). With increasing time the curves are shifted vertically for clarity of the pre-
sentation. (b) Two dimensional intensity presentation (mapping) of the specular neutron
reflectivity curves versus time as a function of log(q.). Different scattering intensities are

displayed with different grey scale (brighter indicates high and dark low intensity).

In Figure. 8k, eleven selected individual neutron reflectivity curves (black dots)
together with model fit (red lines) are shown to illustrate that the intensity oscillations
shift towards lower values of the scattering vector component ¢, due to the incorpora-
tion of DyO molecules. Again, the data are successfully fitted. In a mapping type of
presentation of the neutron reflectivity data (Figure [L.8b), the overall reflected intensity
increases, which is attributed to the strong scattering of DoO absorbed by the PMDEGA
film. Moreover, the critical angle of total reflection (marked by the red arrow) shifts to-
wards higher ¢, values with time, which is also related to the deuterated material (DO)

incorporates into the protonated polymer (PMDEGA) film.

All observations show that thin PMDEGA film absorbs D,O vapor, starts to swell and
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thereby gets thicker. By fitting the individual neutron reflectivity curves, more details such
as film thickness, roughness and SLD values of the film are determined during swelling.

Furthermore, the DyO volume fraction (V%D,0) is calculated from equation 4.1k

n—ny

V%D,0 = x 100%. (4.1)

ng — 1y

where n is the SLD obtained from the model fit, n; is the SLD of the as-prepared
PMDEGA film and ny is the SLD of D,O. Figure. presents the resulting relative film
thickness d/dq,y and the DO volume fraction (V%D20) as a function of time.
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Figure 4.9: Swelling of PMDEGA film at 23 °C: (a) Relative film thickness and (b) D3O
volume fraction (V%D20 ) as a function of swelling time. The solid line is a fit of a model

as explained in the text.

When the swelling reaches an equilibrium state, the film thickness is only increased
15% in total, and a volume fraction of 18% D50 is incorporated in the swollen film. Thus,
a moderate swelling is successfully installed, accompanied with a limited uptake of water
which is the pre-requisite to obtain gel-type films. The swelling process can be analyzed
in more detail. As visible in Figure 4.9k, the swelling process can be divided into two
regimes. In the first regime, from 0 s (D50 is injected into the reservoir) to 1500 s, the
thin PMDEGA film swells only weakly. The thickness increases from 35.9 nm to 36.6 nm,
corresponding to an increase of only 2%. However, the DO volume fraction increases
much stronger, namely from 0 to 9%. One possible reason for this discrepancy is the free
volume present in the PMDEGA film. When the thin film is placed in the DO vapor
atmosphere, vapor enters into the free volume of the PMDEGA film first. Because D50

only fills the vacancies and holes, the film thickness does not significantly increase, i.e.
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the film does not swell significantly. In the second regime, from 1500 s to 20000 s, due
to the affinity of DoO to the PMDEGA, the PMDEGA chains absorb water and swell.
Correspondingly, both the film thickness and the water content increase with time. This
second process can be described by a modified diffusion process using a model explaining
gel swelling kinetics [I70, 171, 172, 173]. In this model, swelling or shrinking follows first-
order kinetics, and is not considered as a pure diffusion process, which can be described
by equation [4.2k

V%D;0(0) = VADO() _, o ¢ (4.2)

z
" V%D,0(c0) T

where V%D,O(t) and V%D,0(00) are the water uptake at time ¢ and at infinite time
(the equilibrium state of swelling), respectively [170, 171, 172]. B is the function related
to the shear modulus and the osmotic modulus, and 7 is the relaxation time. From the
fitting model, V%DyO(00) = 17.654+0.3, 7 = (4.7+0.1)x 10®> s and B = 0.6640.05 are
obtained. When comparing to the values found recently for end-capped PNIPAM films

[44], the response takes place on a comparable time scale, but is slightly slower.

4.3 Phase transition behavior of thin PMDEGA films

For a thermo-responsive polymer, the phase transition behavior is of most interest. To
investigate the transition behavior, the as-prepared PMDEGA film is placed in a vapor
atmosphere. After the swelling approaches its equilibrium state, the temperature is in-
creased slowly in steps of 2 °C. Simultaneously, the transition behavior is monitored by
white light interferometry. Until now, most studies of the thermo-responsive polymers
focused on the transition behavior when the temperature increases slowly. But in some
special applications, such as thermal sensors or switches, the temperature will increase
dramatically in several seconds. In order to investigate the responsive behavior of thin
PMDEGA films to a sudden thermal stimulus, neutron reflectivity measurements are

performed.

4.3.1 Transition behavior probed by white light interferometry

For thermo-responsive polymer films, the transition behavior is chracterized by the change
of the film thickness. White light interferometry is used to measure the temperature

dependence of the film thickness in a water vapor atmosphere. Starting at 31 °C, which
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is below the LCST known from bulk investigations, the as-prepared PMDEGA film is
exposed to a water vapor atmosphere installed at a fixed salt concentration in the water
reservoir of the chamber. The measured changes of the film thickness are shown in figure
ATI0h for three different vapor pressures (installed by three sodium chloride solutions
with different concentrations). Figure LT0l compares samples with an equal initial film
thickness of 41.9 nm. At a concentration of the sodium chloride solution of 0.023 g/mL
(black in figure [£.10k), the PMDEGA film shows the strongest response, with the largest
change in film thickness due to the chain collapse. The sodium chloride solutions with
higher concentrations (0.045 g/mL and 0.09 g/mL) result in a weaker shrinkage and in
a shift of the LCST to slightly higher temperatures. As a consequence, the decrease of
the saturated vapor pressure causes the LCST to shift to higher temperature, while the

transition becomes broader, which is more clearly seen from the first derivatives shown in

figure E10b.
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Figure 4.10: (a) Temperature-dependent changes of the film thickness measured for
PMDEGA films when exposed to sodium chloride solution with different concentrations
of 0.023 g/mL (black), 0.045 g/mL (red) and 0.09 g/mL (blue). The solid lines are
guides to the eye. (b) Corresponding first derivatives of these data.

In general, all transitions appear broader as compared to the behavior measured for
PNIPAM films. This phenomenon is not limited to a selected film thickness as fig-
ure [L.11] demonstrates. At a fixed value of the sodium chloride solution concentration
(0.045 g/mL), the film thickness dependence of the transition temperature is determined.
For film thicknesses between 17.4 and 422.6 nm, a broad transition is also observed. This
variation is firstly attributed to the different amount of bound water formed in the poly-
mer chains discussed in section 4.2.1. Additionally, as the side chains of PMDEGA are

very large, more time is required to form or break the hydrogen bonds between ether
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group and water. Considering these two differences, a much broader transition region in
PMDEGA appears reasonable [12§].
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Figure 4.11: (a) Temperature-dependent changes of the film thickness measured for
PMDEGA films ezxposed to a sodium chloride solution with a concentration of 0.045 g/mL.
The film thickness varies from 17.4 (black), 36.5 (red), 41.1 (blue), 80.3 (cyan), 178 (ma-
genta), to 422.6 nm (orange). The solid lines are quides to the eye. (b) Corresponding

first derivatives of these data.

In a previous investigation, thin nbe-PNIPAM film was studied [43]. The thinner the
nbc-PNIPAM films were, the stronger was the response to swelling in saturated water va-
por atmosphere. Similar to the behavior of PNIPAM based hydrogel films, the strength of
the chain collapse also depends on the PMDEGA film thickness. The thin film (thickness
17.4 nm) reduces its thickness by more than 20% when passing the LCST, whereas the
thick film (thickness 422.6 nm) shrinks only by 7% (figure E.11h). Moreover, the LCST
decreases slightly with increasing film thickness (figure .1Tb). The thickness-dependent
change of the LCST is exhibited in figure .12l A plateau is visible in the thin film regime
(up to film thicknesses of 40 nm), indicating that an increase of the film thickness does not
cause a prominent change of the lcst in this region. Above this critical film thickness, a
further increase of the film thickness affects the LCST. A decrease from 40.6 °C (41.1 nm)
to 36.6 °C (422.6 nm) is observed.

The thermal response of thin PMDEGA films is very weak when comparing with thin
nbc-PNIPAM films. For example, a 10.5 nm thick nbc-PNIPAM film responded by a
change of more than 50% in thickness during the shrinkage [43]. As well this weaker
response is attributed to the different monomers in these polymer chains and to hydrogen

bonds formed in the swollen state [128§].
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Figure 4.12: Thickness-dependent change of the LCST measured for thin PMDEGA films
(dots). The solid line is a guide to the eye.

4.3.2 Transition behavior under a sudden thermal stimulus

In the former investigation, the transition behavior of thin PMDEGA films is measured
when the temperature increases slowly from room temperature to value above the LCST.
In order to find out whether the thermal response of swollen film shows a same or different
behavior under a sudden thermal stimulus, neutron reflectivity experiments are performed.
After the swelling reaches its equilibrium state, D;O volume fraction (V%D,O) of the
whole swollen film has increased to 18%. Considering that the film only swells by 15% in
thickness, the film is considered to be gel-like. Afterwards, this swollen film is subjected
to a sudden change of the temperature (temperature jumps from 23 °C to 45 °C). Figure
shows eleven selected neutron reflectivity curves (black dots) together with the
model fits (red lines). Figure displays a two dimensional intensity representation
(mapping) of the specular intensities of neutron reflectivity versus swelling time as a
function of log(q,). During the first 400 s after the change in temperature, the intensity
oscillations in the reflectivity curves shifts towards higher values of ¢, wheares the critical
angle of total external reflection (marked by the red arrow) shifts towards lower values
of ¢.. Both observations reveal that D50 is repelled from the film and the film thickness
decreases. Surprisingly, 400 s after the change of temperature, both features shift back.
Obviously, the film again absorbs water and gets thicker. In order to obtain more details
on the changes introduced by the jump of temperature, all individual reflectivity curves
are fitted.
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Figure 4.13: Kinetic changes of the swollen PMDEGA film in D>O wvapor atmosphere
during a jump of temperature from 23 °C to 45°C: (a) Selected neutron reflectivity curves
(black dots) together with model fits (red lines). With increasing time the curves are
shifted vertically for clarity of the presentation. (b) Two dimensional intensity presenta-
tion (mapping) of the neutron reflectivity curves versus time as a function of log(q,). The
red arrow marks the initial position of the critical angle. Different scattering intensities

are displayed with different grey scale (bright resembles high and dark low intensity).

Figure B 14h and figure .14b show the corresponding relative film thickness and the
D50 volume fraction (V%D-0) as a function of time, respectively.

It is obvious that the initial response of PMDEGA to a jump of temperature from
23 °C to 45 °C, which is above the LCST of thin PMDEGA film (40 °C), is fast. The film
reacts by decreasing the water content from 18% to 9%. This water release is accompanied
by a shrinkage of the film back to its original thickness. The whole process takes only
400 s.

When the film reaches its initial thickness, however, a DO volume fraction of 9%
remains in the film. As a consequence, the residual water might occupy vacancies and

holes in the porous PMDEGA film which does not add to the film thickness. This water
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Figure 4.14: Response of the swollen PMDEGA film to a jump of temperature from 23 °C
to 45°C: (a) Relative film thickness and (b) DO volume fraction (V%D>0 ) as a function

of time. The solid line in (b) is a fit of a model as explained in the text.

is bounded that strongly to the polymer that it is not repelled from the polymer. Af-
ter the fast shrinkage process, the film thickness stays constant for 420 s. Surprisingly,
after this second stage both the film thickness and V%D,O increase again, indicating
that the PMDEGA film absorbs water again and thickens. Such a relaxation process
was already observed in PNIPAM based thermo-responsive polymer films [43]. A possible
reason is kinetically introduced conformational changes of the polymer molecules: after a
sudden change of temperature above the LCST, the polymer film responds immediately
and collapses. As the film is still located in the D,O vapor atmosphere after the collapse,
the chains could slowly rearrange into a more favorable conformation. Due to this rear-
rangement, the film is able to bind more water, resulting in an increase of film thickness.
Therefore, the hydrogel film reacts with a complex three stage process to the abrupt jump
of temperature.

In a second transition behavior measurement under a sudden thermal stimulus, the
temperature jumps from 23 °C to 35 °C instead of 45 °C, which is well below the LCST
of the thin PMDEGA film with a thickness of 35.9 nm (40.5 °C). The protocol for the
initial swelling step remains unchanged. Figure and figure show the relative
film thickness and V%D,O as a function of time after the temperature jump to 35 °C.

Because the final temperature (35 °C) is below the LCST of thin PMDEGA film, a
collapse of the polymer chains, accompanied with water release and film shrinkage, is not
expected. However, the swollen PMDEGA film also responds to the jump of temperature
with a shrinkage of the film (figure [.I5h). During the first 500 s, the film shrinks back

to its original dry thickness. This shrinkage is accompanied with a decrease of the water
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Figure 4.15: Response of the swollen PMDEGA film to a jump of temperature from 23 °C
to 35 °C: (a) Relative film thickness and (b) DyO volume fraction (V%D20) as a function
of time. The solid line in (b) is a fit of a model as explained in the text.

content from 17% to 9%. After a short period with constant film thickness and water
content, the PMDEGA film takes up water again and swells back to the value before the
jump of temperature. This three stage behavior is similar to the one observed in the case
of the temperature jumps from 23 °C to 45 °C. However, the change in thickness as a
function of time may appear unexpected. The initial drop in film thickness and water
content is attributed to the continuous loss of solvent quality with increasing temperature
already below the LCST-type phase transition of PMDEGA. From figure 4. 10k, it is clear
that even at temperatures as low as 34 °C, the polymer chains already start to collapse
and release water. For this reason, even if the final temperature is only set to 35 °C, a
partial dehydration of the film occurs. After this shrinkage, polymer chains in the film
might slowly rearrange in the Dy;O vapor atmosphere. This rearrangement enables the
film to reabsorb water, possibly into free volume or micro-voids. As the final temperature
is still below the transition temperature, the final state of the film is still a swollen one.
For this reason, the final thickness and D5O volume fraction recover its initial value, as

seen in figure [4.15]

4.4 Bound water in PMDEGA films

The neutron reflectivity data presented in section 4.3.2 reveal the amount of water ab-
sorbed or repelled from the PMDEGA films, in case the final temperture is below or above
the LCST. For a further analysis of the hydrogen bonds formed between PMDEGA and

water, attentuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)
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measurements are performed.
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Figure 4.16: FTIR spectra of PMDEGA films: (a) Whole spectra range form 650 cm™*
to 4000 cm™" and (b) zoom into 650 cm™" to 2000 cm™'. From bottom to top the data of
(1) as-prepared film, (2) swollen film at 23 °C, (3) swollen film after temperature jumps
from 23 °C to 35 °C and (4) swollen film after temperature jumps from 23 °C to 45 °C

are shown. The curves are shifted vertically for an improved presentation.

Figure shows the obtained spectra in the wavelength range from 650 cm™ to
4000 cm™!. In the spectra of the as-prepared film (curve 1) two characteristic peaks
related to C=0 and C-O bonds are observed at 1728 cm~! and 1104 cm™!, respectively.
Besides these two peaks, the absorption bands in the range of 2800 - 3000 cm™! are
assigned to C-H streching. In the swollen film (curve 2), a band in the range of 3300 -
3600 cm~! is observed, which is attributed to the O-H bond in water, indicating that

1 arises.

water is absorbed by the film. Furthermore, a characteristic peak at 1640 cm™
This peak is assigned to hydrogen bonds between C=O0O and water. The characteristic
peak related with the C-O bond does not exhibit any change. Therefore it is concluded
that hydrogen bonds can only form between C=0 and water. There are no hydrogen
bonds found between C-O and water. In order to compare the change of bound water in
the swollen films caused by different thermal stimuli, the FTIR spectra are shown over
a limited range from 650 cm™! to 2000 cm™! in figure EIGb. In all spectra the peak
at 1640 cm~! is visible, and the intensty varies with temperature. However, the C-O
peak still does not present any change. The amount of bound water is extracted from
integration of the peak area around 1640 cm™!. For the as-prepared, dry PMDEGA film
the value of the peak area is 13. After swelling, the peak area increases to 65, indicating

that a significant amount of water is bound to C=0. After the temperature jumps from
23 °C to 35 °C (final temperature below the LCST) the characteristic peak at 1640 cm ™!
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remains mainly unchanged and the peak area reduces only slightly to a value of 57. In
contrast, after the temperature jumps from 23 °C to 45 °C, above the LCST, the value
of the peak area significantly drops to 28. However, the peak is still observable, meaning
that there is still bound water left in the film. Therefore, due to the final temperature
being above the LCST, some hydrogen bonds break and water repels from the film. But
not all hydrogen bonds are broken. These results are in agreement with the neutron

reflectivity measurements.

4.5 Summary

Thin and homogeneous PMDEGA films on base cleaned Si substrates are successfully
prepared by spin coating. By varing the concentration of the 1,4-dioxane solution, the
obtained PMDEGA film thickness ranges from 2 nm to 162 nm. The as-prepared thin
PMDEGA films are homogeneous and have smooth surface as probed with optical mi-
croscopy and atomic force microscopy. Due to the low glass transition temperature of
PMDEGA (T, = -50 °C), the PMDEGA chains show high mobility in ambient con-
ditions. Due to storing film at ambient conditions for one day, an onset of dewetting
occurrs. Although rupture of the full film into isolated droplets of PMDEGA is not ob-
served, the films become heterogeneous. Additionally due to the low T, of PMDEGA, no
correlated roughness is observed in the films. The transition behavior is investigated by
white light interferometry. When comparing the thermal response of PMDEGA to the
one of the well-investigated PNIPAM, three important differences are found. The first
one is the absolute value of the LCST is increased from 29.0 °C (nbc-PNIPAM film with a
thickness of 40.0 nm) to 40.6 °C (PMDEGA film with a thickness of 41.1 nm). This value
is well above (instead of below) body temperature which might offer certain advantages
for biomedical applications. The second difference is the width of the transition from a
swollen to a collapsed state. PMDEGA exhibits a much broader transition region than
PNIPAM. Therefore, switching of thin PMDEGA films will require slightly larger changes
in the temperature than PNIPAM. Thirdly, the response of the PMDEGA films is not as
strong as in the PNIPAM films, meaning that the changes in film thickness are smaller.
Besides these differences mentioned, the thermal response of PMDEGA also shares
some similarities with PNIPAM. The LCST of thin PMDEGA films depends on the film
thickness. With increasing film thickness, the transition temperature decreases by 4 °C,
from 40.6 °C (41.1 nm) to 36.6 °C (422.6 nm), which is in good agreement with the

observations for thin PNIPAM films on identical substrates. However, all these thin films
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are non-bulk films and thus the transition behavior is influenced by the interaction with
the substrate. In the investigated range of film thickness (up to 422 nm) the bulk hydrogel
behavior is not reached.

In order to investigate the thermal responsive behavior under a sudden thermal stimu-
lus, in-situ neutron reflectivity is performed. To obtain thin PMDEGA films with a LCST
of 40 °C, the thickness is fixed at 35.9 nm. Thus the LCST-type transition temperature
of the PMDEGA films under investigation is close to that of aqueous PMDEGA solutions
[46].

By analysis of in-situ neutron reflectivity data, the swelling process of thin PMDEGA
films can be divided into two stages. In the first stage, water occupies all holes and
vacancies of the PMDEGA film given by the free volume of the film. In the second
stage the hydrophilic polymer chains form hydrogen bonds with water and cause the film
to swell. By a sudden change of temperature, the swollen PMDEGA films react with a
complex response, which is understood as shrinkage, reorganization and reswelling. Above
the LCST, the swollen film experiences a shrinkage process, in which the film repels water
and its thickness decreases. As the film is still mounted in the vapor atmosphere, a slow
rearrangement of the polymer chains can induce a relaxation of the film. During the
relaxation process, the film can reabsorb a certain amount of water from the surrounding,
and the film structure changes. Besides this complex response, the overall final film
thickness and water content of the film is decreased due to the collapse of the polymer
chains. For a final temperature chosen below the LCST, the PMDEGA films reacts in
a complex manner as well: a shrinkage of the swollen film followed by a relaxation are
also observed. However, below the LCST, the final film thickness and water content
recover to their initial values which characterized the swollen film before the temperature
jump experiment. With GISAXS meaurements, the inner morphology of the as-prepared
PMDEGA film and film exposed to water vapor atmosphere do not give rise to differences.
Very likely the high chain mobility of the PMDEGA molecules due to the low glass
transition temperature of PMDEGA (T, = -50 °C) equilibrates possible differences. Thin
PMDEGA films might be a good candidate for applications such as thin film sensors,
as the chain conformation and film morphology are not influenced by the temperature
treatment and the working conditions of the thin film sensors will not depend on the

temperature history.
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Chapter 5

Thin P(S-b-MDEGA-b-S) films

By the modification of both ends of the hydrophilic PMDEGA block with hydrophobic
PS blocks, an amphiphilic tri-block copolymer P(S-b-MDEGA-b-S) is obtained, which
has the ability to self-assemble into micellar structures in solution. In this chapter, the
focus is on the structure and the transition behavior of thin P(S-6-MDEGA-b-S) films.
Thus, similar to thin PMDEGA films, the surface and internal strcutre of thin films are
investigated. In addition, the swelling capability of the as-prepared P(S-6-MDEGA-b-
S) films is meausred at different water vapor pressures. Then the transition behavior
of thin P(S-0-MDEGA-b-S) films with a thickness of 39.0 nm is investigated for two
different thermal stimuli. In the first series, the temperature slowly increases from 30 °C
(below the LCST of bulk P(S-6-MDEGA-b-S)) to 50 °C (above the LCST of bulk P(S-b-
MDEGA-b-S)) in steps of 1 °C. Simultaneously, the temperature-dependence of the film
thickness is monitored by white light interferometry. According to the first derivative of
the film thickness as a function of temperature, the LCST is determined as 36.5 °C. In the
second series, the temperature suddenly jumps from 23 °C to 35 °C or 45 °C. The thermal
responses of thin films are monitored by neutron reflectivity. Additionally, the influence
of the hydrophobic PS blocks to the transition behavior is investigated. Finally, bound
water in the swollen and the collapsed films is measured by ATR-FTIR to understand the

formation of hydrogen bonds in the films.
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5.1 Structural investigation of thin P(S-b0-MDEGA-

b-S) films

In this section, the structure of thin P(S-b-MDEGA-b-S) films is studied. Similar to the
investigation of thin PMDEGA films, the structral investigation consists of two parts.
In the first part, the surface structure of the as-prepared films is imaged by optical mi-
croscopy. The films obtained are homogeneous and have a smooth surface. However, due
to the low glass transition temperature of PMDEGA, dewetting is also observed in thin
P(S-0-MDEGA-b-S) films when stored at ambient conditions, which is similar to thin
PMDEGA films. To further study the dewetting behavior, the time-dependent evolution
of the surface structure is measured with optical microscopy. Moreover, AFM is also used
to obtain the surface images of the dewetted films on a local scale. In the second part,
as optical microscopy and AFM can only approach the surface structure, X-ray reflec-
tivity (XRR) and neutron reflectivity (NR) measurements are performed to obtain film
thickness and density profile. Furthermore, grazing incidence small-angle X-ray scatter-
ing (GISAXS) measurements are performed on the as-prepared film and the swollen films

with different thermal stimuli to probe the change of internal morphology.

5.1.1 Surface structure of thin P(S-b-MDEGA-b-S) films

By base cleaning and spin coating, thin and homogenous P(S-b-MDEGA-b-S) films on
silicon substrates are successfully prepared. Figure [5.I] shows the optical micrographs of
a film stored in ambient conditions for different storage times. In figure 5.Th, no hetero-
geneity is visible for the as-prepared film. However, after storage in ambient conditions
for only one day, an onset of dewetting is found (figure B:Ib). Plenty of tiny holes and
rings are observed on the surface. Further prolongation of the storage time to 4 days or
even 30 days does not result in a pronounced change of these surface structure (figure
b1k and BId).

To obtain a view of the aged film on a local scale, AFM measurements are performed
on the film stored in ambient conditions for 30 days (figure [5.2)). Firstly, although the
film is heterogeneous on large scale, a complete destruction into isolated polymer drops
is not found. As seen from the AFM images, the polymer surface has still flat parts.
The rms-roughness obtained is less than 4 nm. Secondly, due to the aging, plenty of tiny
holes (diameter of 80 nm) are visible on the surface. This surface structure is attributed
to the high mobility of the PMDEGA chains in the film. As the T, of PMDEGA is
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very low (-50 °C), instead of having a frozen chain conformation, the PMDEGA chains
have a high mobility. It causes the chains to rearrange themselves after the preparation.
This rearrangement results in the observed aging of the film. Additionally, PMDEGA is
water soluble. When the film is stored in ambient conditions, it will absorb water vapor
from air. The absorbed water will even increase locally the chain mobility and cause
the observed spots [46]. However, due to the hydrophobic modification of the PMDEGA
block by PS blocks, physical crosslinks are present inside the film. Thus, the movement
of the PMDEGA chains is hindered by these crosslinks. For this reason, the dewetting of
thin P(S-6-MDEGA-b-S) films is not as severe as in the case of thin PMDEGA films [46].

Figure 5.1: Optical micrographs of thin P(S-b-MDEGA-b-S) film (thickness of 39.0 nm):
(a) as-prepared, after storage in ambient conditions for (b) 1 day, (c) 4 days, (d)
30 days. The micrographs are measured with a magnification of 2.5 and show an area
of 2560 x 1920 um?.

With optical microscopy and AFM, only the surface morphology of the thin P(S-b-
MDEGA-b-S) films is obtained. However, the internal structure of these films is still
unclear. To gain more information about film thickness and density profile, a series of
thin P(S-6-MDEGA-b-S) films with different thicknesses are prepared and measured with
X-ray reflectivity (XRR) in a significantly large area.
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Figure 5.2: AFM images of thin P(S-b-MDEGA-b-S) film (thickness of 39.0 nm) stored
in ambient conditions for 30 days. The scan size varies from (a) 1xX1 um?, (b) 2x 2 um?,
to (c) 4x4 um?. The color code is adjusted independently to emphasize on the surface

morphology.

Figure (.3 shows the XRR curves of thin P(S-6-MDEGA-b-S) films (black dots)
together with the fit (red lines).
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Figure 5.3: (a) X-ray reflectivity curves (black dots) are shown together with model fit
(red lines) for thin P(S-b-MDEGA-b-S) films. With increase of film thickness (6, 16, 30,
47, 54, and 82 nm from bottom to top), the number of fringes increases. The curves are
shifted vertically for clarity of the presentation. (b) Film thickness is plotted as a function
of the P(S-b-MDEGA-b-S) solution concentration used for spin coating. The solid line is

a linear fit.

From these six reflectivity curves, it is obvious that even for the thinnest film (the
bottom one), the intensity oscillations (Kiessig fringes) are well pronounced. It indicates
that even for the lowest concentration used in spin coating (1 mg/mL), a homogenous film
is obtained on the substrate. Further increasing the concentration (from bottom to top),

the number of fringes in the curves is increasing, indicating that the films become thicker.
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Generally, the data are well described by the applied fitting model, which is composed of
two layers: the bottom layer is a thin PMDEGA layer, and the top layer is a mixture of
PMDEGA and PS. From the fits, the film thickness obtained varies from 6 nm to 82 nm.

Figure [5.3b shows film thickness as a function of the solution concentration. The soild
line is a linear fit. Thus it is obvious that the film thickness shows a linear dependency on
the solution concentration. As a consequence, in the regime of the solution concentration
investigated, the overlap concentration is not reached and only a linear behavior is ob-
served. This behavior of the P(S-6-MDEGA-b-S) solution in the spin coating process is
similar to a simple homo polymer solution [46]. From the determined linear dependency,
the desired film thickness can be easily accessed by selecting the appropriate concentration

of the solution used in spin coating.

5.1.2 Internal structure of thin P(S-b-MDEGA-b-S) films

According to the results of the XRR measurements, thin P(S-b-MDEGA-b-S) films con-
sists of two layers. The bottom layer, which is in direct contact with the substrate, is
a pure PMDEGA layer, while the top layer is a mixture of PMDEGA and PS. Due to
the low contrast between PMDEGA and PS in XRR measurements, the distribution of
PMDEGA and PS in the top layer is still unknown. Therefore, neutron reflectivity mea-
surements are performed on a selected as-prepared P(S-b-MDEGA-b-S) film to further
investigate the internal structure. Figure [5.4] shows this neutron reflectivity curve (black
dots) together with the model fit (red line).

The density profile of the film is achieved from the fit. A four-layer profile has
to be used: the bottom layer, with a direct contact to the substrate, has an SLD of
1.06x10-% A~ and a thickness of 4.1 nm. According to table 3.2 this SLD value indi-
cates that this layer is composed of pure PMDEGA. Due to base cleaning, the substrate
is expected to be hydrophilic. Because PMDEGA is hydrophilic as well, it is reasonable
that the bottom layer is pure PMDEGA. Additionally, this result is also in agreement
with the XRR measurements. On top of this PMDEGA layer, the other three layers
show a sandwich like structure. In the center, there is a thick layer with an SLD of
1.06x10~% A™% and a thickness of 25.1 nm. This SLD value indicates that the center
layer is composed of PMDEGA as well. Both the other two layers (one is located between
the thin and thick PMDEGA layers, and another is direct contact with air) have an SLD
of 1.42x10- A~ and a thickness of 5.1 nm. According to the SLD value, these two thin

layers are considered to be PS layers. Combining these four layers together, the total
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Figure 5.4: Neutron reflectivity curve (black dots) together with model fit (red line) for the
as-prepared P(S-b-MDEGA-b-S) film. The fitting model is described in the text.

thickness of the as-prepared P(S-6-MDEGA-b-S) film is determined as 39.4 nm.

Besides XRR and neutron reflectivity, grazing incidence small-angle X-ray scattering
(GISAXS) is also a powerful method to investigate the internal structure parallel to the
surface (lateral structure) and the long ranged correlation in thin P(S-0-MDEGA-b-S)
films. If polymer chains do not have mobility, a roughness correlation between the solid
substrate and the polymer surface in the film can occur due to spin coating [I74]. In
GISAXS measurements, correlated roughness will cause intensity modulations along the

vertical direction (¢, axis).

In the previous investigation of thin PMDEGA films [46], no matter the films are
as-prepared or with different thermal stimuli, no correlated roughness was observed. This
behavior is caused by the low glass transition temperature of PMDEGA (T, =-50 °C). In
order to confirm the multilayer structure observed in neutron reflectivity, as-prepared P(S-
b-MDEGA-b-S) film and films with different thermal stimuli are measured with GISAXS.
Figure shows the corresponding two dimensional data. Similar to thin PMDEGA
films, no correlated roughness observed in the GISAXS data. This is also caused by the
low Ty of PMDEGA, which induces the rearrangement of the PMDEGA layers in the films
after preparation, and finally eliminates any long-ranged correlations with the substrate

or in the film.
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Figure 5.5: Two dimensional GISAXS data of thin P(S-b-MDEGA-b-S) films with a thick-
ness of 39.4 nm: (a) as-prepared, (b) after exposure to DoO wvapor, (c) first exposure to
D5O wapor, then temperature jumps from 23 °C to 35 °C (below the LCST), (d) first
exposure to DyO wvapor, then temperature jumps from 23 °C to 45 °C (above the LCST),
(e) vertical cuts from these two dimentional data, as-prepared (solid circle), after exposure
to D>O wvapor (open circle), first exposure to DO wvapor, then temperature jumps above
(solid square) and below (open square) the LCST, at q,=0 with Yoneda and specular peak
indicated with Y and S, respectively.
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5.2 Swelling behavior of thin P(S-b-MDEGA-b-S)

films

The swelling behavior of thin PMDEGA films is discussed in section 4.2.1. Due to the
hydrophobic modification of both ends of the PMDEGA block by PS blocks, physical
crosslinks are formed in thin P(S-b-MDEGA-b-S) films, which are assumed to influence
the swelling behavior of thin films. By white light interferometry, the swelling behavior of
thin P(S-0-MDEGA-b-S) films is measured under different water vapor pressures. Similar
to thin PMDEGA films, the swelling capability of thin P(S-b-MDEGA-b-S) films also
depends on the vapor pressure. By the high resolution of neutron reflectivity, it is found
that both thin PMDEGA and P(S-b-MDEGA-b-S) films share the same swelling process,
which can be divided into two regimes. In the first regime, water vapor immediately
occupies all the free volume in the film. The absorbed water accelerates the mobility of
the PMDEGA chains, inducing the film thickness to shrink slightly while water content
in the film dramatically increases. Afterwards, the swelling comes to the second regime.
Water starts to form hydrogen bonds with the PMDEGA chains, and the film swells
with time. However, due to the physical crosslinks in the film, the swelling capability of
P(S-0-MDEGA-b-S) films is less than thin PMDEGA films.

5.2.1 Swelling capability probed by white light interferometry

In the previous investigation, it is observed that the swelling capability of thin PMDEGA
films depends on the vapor pressure (humidity) [46]. By replacing water with sodium
chloride solution, the saturated vapor pressure is reduced and the swelling capability
of thin PMDEGA films is also decreased [46]. Moreover, the swelling capability can
be generally divided into two regimes. In the first regime, where the vapor pressure
is above 3000 Pa (3000 Pa - 3169 Pa), the swelling capability is sensitive to the water
vapors pressure. A slight reduction of the pressure induces a remarkable drop of the
swelling capability, therefore it is denoted as sensitive regime. However, when the vapor
pressure is below 3000 Pa (2380 Pa - 3000 Pa), the swelling capability stays constant
and is independent of the vapor pressure. Thus, this regime is denoted as non-sensitive
regime. To address the swelling behavior, thin P(S-6-MDEGA-b-S) films with a thickness
of 39.0 nm are measured at different vapor pressures (figure [5.6h). The variation of vapor
pressure is realized by applying sodium chloride solutions with different concentrations. In

figure 5.0k, the concentration increases from 0 g/mL (pure water) to 0.36 g/mL (saturated
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sodium chloride solution) from top to bottom. When the concentration of the sodium
chloride solution increases, less and less water molecules are present in the air surrounding
the polymer film. Because there are insufficient number of water molecules in contact
with the thin P(S-6-MDEGA-b-S) films, the swelling capability is hindered. In figure
[(.0b, the swelling capability (swollen film thickness normalized to the as-prepared film
thickness of the respective P(S-0-MDEGA-b-S) film) is plotted as a function of the vapor
pressure. The solid line in figure shows the similar dependence of swelling capability
as compared with thin PMDEGA films [46]. The full pressure region can be divided into
a pressure sensitive region and a non-sensitive region as well. Besides this similarity, one
pronounced difference should be noted. In case of thin PMDEGA films, due to the lack
of physical crosslinks, the swollen film will be unstable and start to dewet after exposure
to pure water for 90 min. However, the instability of thin P(S-6-MDEGA-b-S) films is
not observed even after exposure to pure water for 200 min. Thus, it is concluded that
the physical crosslinks in thin P(S-6-MDEGA-b-S) film only slightly influence its swelling

behavior, while may prevent the dewetting to take place in swollen films.

2.0 2.1
a) b)

2 1.8}
T 15 £ g 15

= o o)

o =

o
5 ? = 1.2

© : ’.,.oc ° . . . o . -Ow
1.00’—*““"”-” MR 0.9

100 200 300 ~ 2400 2700 3000 3300
time (min) saturated vapor (Pa)

Figure 5.6: (a) Swelling behavior of thin P(S-b-MDEGA-b-S) films (thickness of 39.0 nm)
when exposed to sodium chloride solution with different concentrations. From top to bot-
tom, the concentration of sodium chloride solution are 0 (black), 0.022 g/mL (magenta),
0.045 g/mL (cyan), 0.09 g/mL (blue), 0.18 g/mL (green), 0.36 g/mL (red). (b) Ratio
of the swollen P(S-b-MDEGA-b-S) film thickness to the as-prepared film thickness as a

function of the vapor pressure. The solid line is guide to the eye.
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5.2.2 Swelling behavior probed by neutron reflectivity

The swelling capability of thin P(S-b-MDEGA-b-S) films exhibits a nonlinear dependency
on the vapor pressure in white light interferometry measurements. But the details about
the swelling process still remain unclear. By in-situ neutron reflectivity measurements,
the swelling process of thin PMDEGA films can be resolved and divided into two regimes
[128]. Therefore, in order to study the swelling process of thin P(S-6-MDEGA-b-S) films,

the in-situ neutron reflectivity measurements are performed again.
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Figure 5.7: Swelling of the as-prepared P(S-b-MDEGA-b-S) film in D2O vapor atmosphere
at 23 °C: (a) Selected neutron reflectivity curves (black dots) together with model fit (red
lines). With increasing time the curves are shifted vertically for clarity of the presentation.
(b) Two dimensional intensity presentation (mapping) of the specular neutron reflectivity
curves versus time as a function of log(q,). Different scattering intensities are displayed

with different grey scale (brighter resembles high and dark low intensity). The red arrow

marks the initial position of the critical angle.
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The as-prepared film is first mounted in the customized neutron cell described in
section 3.3.8. Afterwards, the cell is evacuated to remove air and water vapor in it. Then
8 mL D,O are injected into the reservoir and the film is exposed to unsaturated DO vapor
atmosphere (relative humidity 79%). Simultaneously, the swelling of the film is monitored
by in-situ neutron reflectivity. FigureB.7h shows eleven selected neutron reflectivity curves
(black dots) together with model fit (red lines) from the beginning (on the bottom) to
the end (on the top) of the swelling process. In figure B.7h, the intensity oscillations
show no pronounced shift to the scattering vector component ¢, indicating that the film
thickness has no prominent change during the swelling process. Therefore, it is concluded
that thin P(S-b-MDEGA-b-S) films do not swell in unsaturated D,O vapor atmosphere.
However, in a mapping type of presentation of the neutron reflectivity data (figure 5.7b),
the critical angle (marked with red arrow) prominently shifts towards higher ¢, value and
the overall reflected intensity increases with time. These observations show that although
the film does not swell, it still absorbs DO molecules. Due to the strong scattering of
D50, the critical angle shifts and the overall scattering intensity becomes stronger. By
fitting of individual neutron reflectivity curves with the model described in section 5.1.2,
more details such as film thickness and SLD value are obtained. Additionally, DoO volume
fraction (V%D50) can be calculated from SLD value by equation .1l
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Figure 5.8: Swelling of the as-prepared P(S-b-MDEGA-b-S) film at 23 °C: (a) Relative
film thickness, (b) D2O volume fraction (V%D30) as a function of time. The solid line

1s a fit of a model as explained in the text.

Figure 5.8 and [5.8b present the relative film thickness d/dg4,, and D2O volume fraction
(V%D20) as a function of time, respectively. As seen in figure 5.8 and [B.8b, although the
swelling process of thin P(S-6-MDEGA-b-S) films still can be devided into two regimes, it

shows a different behavior. In the first regime, from 0 s (D50 is injected into the reservoir)
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to 2000 s, instead of thickening, the film shrinks from 39.4 nm to 37.8 nm. Simultaneously
D,0O amount in the film dramatically increases from 0 to 6%. This behavior is dissimilar
to thin PMDEGA films investigated previously [46]. The no swelling and shrinkage of
thin P(S-0-MDEGA-b-S) films will be explained respectively. No swelling of the films
is attributed to the following reasons: firstly, simialr to thin PMDEGA films, thin P(S-
b-MDEGA-b-S) film also has a porous structure. When the film is mounted in D20
vapor atmosphere, the DO molecules immediatly enter the free volume in the porous
film. Therefore, the film thickness stay unchanged but water content increases. Secondly,
the vapor pressure in the cell is unsaturated (relative humidity 79%). Thus there is
no sufficient DoO molecules surrounding the film and the swelling capability is hindered.
Thirdly, the hydrophobic modification introduces physical crosslinks inside the film, which
also prevents the swelling of the film. Combining all these three factors together, there
is no swelling observed in the measurement. While the shrinkage of the film is related to
the rearrangement of the PMDEGA chains in the film. By spin coating, the as-prepared
film is in a metastable state. The PMDEGA chains can slowly rearrange themselves to an
energetically favorable state. When the film is mounted in the water vapor atmosphere,
the absorbed water will even accelerate the mobility of the PMDEGA chains. Therefore
the PMDEGA chains can easily rearrange themselves into more favored conformation,
causing film thickness to decrease. Regarding all these four factors, instead of thickening
in D,O vapor atmosphere, the swollen film is even 4% thinner in the first 2000 S. In the
second regime, from 2000 s to 24000 s, as PMDEGA is soluble in D,O, the PMDEGA
chains form hydrogen bonds with D,O. Both the film thickness and water content increase
with time. Although the final swollen film absorbs 11% D50, the film thickness is still
3% thinner than the as-prepared film (figure 5.8h).

To confirm that thin P(S-0-MDEGA-b-S) films can abosorb D2O while slightly shrink
in D,O vapor atmosphere, neutron reflectivity is repeated on another as-prepared P(S-b-
MDEGA-b-S) film. The protocol for the measurement is same.

Figure[5.9h and [5.9b show the relative film thickness and D2O volume fraction (V%D,0)
as a function of time, respectively. When the swelling reaches the equilibrium state, the
film is still 3% thinner than the as-prepared film and D,O volume fraction increases 12%.
Both results are similar to the former film measured. Regarding the film thickness keeps
unchanged, the amount of DO absorbed is remarkable. For this reason, thin P(S-b-
MDEGA-b-S) film is a promising candidate for the applications such as water storage.

From the previous invesitgation of thin PMDEGA films [128], the second regime of

swelling can be described by a diffusion process with a model explaining gel swelling
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Figure 5.9: Swelling of another as-prepared P(S-b-MDEGA-b-S) film at 23°C: (a) Relative
film thickness, (b) DO volume fraction (V%Dy0) shown as a function of time.

kinetics [170} 17T}, [172] I73]. This model can also be applied on thin P(S-0-MDEGA-b-S)

films, the resulting parameters are present in table B.1l

‘ sample ‘ V%D20(00) ‘ 7/10%s ‘ B ‘
the first swollen P(S-6-MDEGA-b-S) film (figure (£.]) 12.3 0.46 | 0.46
the second swollen P(S-b-MDEGA-b-S) film (figure [£.9]) 11.2 0.56 | 041

Table 5.1: Values of V%D20O(0), T and B of the swollen P(S-b-MDEGA-b-S) films.

5.3 Phase transition behavior of thin P(S-b-MDEGA-
b-S) films

The hydrophobic PS blocks on both ends of PMDEGA block, not only influence the stabil-
ity and swelling capability of thin P(S-0-MDEGA-b-S) films, but also affect the transition
behavior. To investigate the influence of hydrophobic modification to the transition be-
havior, white light interferometry measurement is performed on thin P(S-6-MDEGA-b-S)
film with a thickness of 39.0 nm. In the measurements, temperature increases from 30 °C
(below the LCST of bulk P(S-6-MDEGA-b-S)) to 50 °C (above the LCST of bulk P(S-b-
MDEGA-b-S)) in steps of 1 °C. Simultaneously the temperature-dependence of the film
thickness is monitored by white light interferometry. Then the transition behavior ob-
tained is compared to thin PMDEGA film with a similar thickness to study the influence
of the hydrophobic PS blocks. Moreover, the thermal response of swollen P(S-b-MDEGA-
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b-S) film to sudden thermal stimuli (temperature jumps from 23 °C to 35 °C or 45 °C) is

measured with in-situ neutron reflectivity.

5.3.1 Transition behavior probed by white light interferometry

From the previous investigation, it is reported that the hydrophobic modification of the
PNIPAM chains with hydrophobic groups, e.g. PS chains, shifts the LCST to lower
temperature [44]. As PMDEGA is a novel thermo-responsive polymer, there is few in-
vestigation on the influence of the hydrophobic modification to the transition behavior
of PMDEGA. To clarify this question, white light interferometry is used to measure the
transition behavior of thin P(S-b-MDEGA-b-S) film. Figure 5.10k shows a temperature-
dependence of the film thickness measured for a thin P(S-0-MDEGA-b-S) film when ex-

posed to water vapor. The initial film thickness is 39.0 nm.
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Figure 5.10: (a) Temperature-dependent change of the film thickness measured for thin
P(S-b-MDEGA-b-S) film when ezxposed to water vapor. (b) Corresponding first derivative
of the data. The initial film thickness is 39.0 nm.

When the temperature approaches to the LCST, the hydrogen bonds formed in the
swollen film start to brake. Therefore the film repels water and shrinks. In contrast to
PNIPAM based films, which exhibit a sharp transition region [43], thin P(S-6-MDEGA-
b-S) films show a very broad transition region, which is similar to thin PMDEGA films
recently reported [46]. This variation is attributed to the different chemical structures
discussed in section 4.3.1. To determine the LCST, the first derivative of thickness over
temperature is plotted as a function of temperature in figure 5.10b. As seen in the curve,
the LCST of thin P(S-0-MDEGA-b-S) film with a thickness of 39.0 nm is determined as
36.5 °C. Because the LCST of thin PMDEGA film with a thickness of 41.1 nm is 40.6 °C,
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it is confirmed that due to the hydrophobic PS blocks on the both ends of PMDEGA
block, the LCST shifts to lower temperature, which is similar to the PNIPAM based

thermo-responsive polymer films reported [43].

5.3.2 Transition behavior under a sudden thermal stimulus

In section 5.3.1, the transition behavior is measured when the temperature increases
slowly above the LCST (in steps of 1 °C). But in certain applications, e.g. fire alarm
sensors, the temperature abruptly jumps to a higher value. Therefore, the response of
thin P(S-0-MDEGA-b-S) films to a sudden thermal stimulus is also important.
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Figure 5.11: Kinetic changes of the swollen P(S-b-MDEGA-b-S) film in D3O wvapor at-
mosphere when the temperature jumps from 23 °C to 45 °C: (a) Eleven selected neutron
reflectivity curves (black dots) shown together with model fit (red lines). With increasing
time the curves are shifted vertically for clarity of the presentation. (b) Two dimensional
intensity presentation (mapping) of the neutron reflectivity curves versus time as a func-
tion of log(q,). The red arrow marks the initial position of the critical angle. Different

scattering intensities are displayed with different grey scale (Bright resembles high and

dark low intensity).
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After the swelling reaches an equilibrium state, the temperature suddenly jumps from
23 °C to 45 °C. Eleven selected neutron reflectivity curves (black dots) are shown together
with model fit (red lines) in figure B.ITh. The curves are shifted vertically for clarity of
the presentation. The initial state is at the bottom, while the final state is at the top.
After the jump of temperature, the intensity oscillations immediately shift towards higher
q. value when comparing the first and the second curve at the bottom of figure L.11h.
Then the oscillations slowly and slightly shift back to lower ¢.. The curve in the final
state does not show a prominent change to the one in the initial state. Therefore it is
concluded that when temperature jumps above the LCST, the swollen P(S-6-MDEGA-b-
S) film immediately responses with a shrinkage. Then the collapsed film slowly recovers
back to its initial thickness. Simultaneously the critical angle of total external reflection
(marked with red arrow) shifts towards lower g,, then slowly shifts back to higher ¢,
(figure 510b). The shift of the critical angle indicates that D,O is first repelled from the
film, then reabsorbed again. This relaxation behavior is observed in thin PMDEGA film
as well [I12§]. In order to obtain more details, individual curves are fitted by the model

introduced in section 5.1.2.
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Figure 5.12: Response of the swollen P(S-b-MDEGA-b-S) film to a jump of temperature
from 23 °C to 45 °C: (a) Relative film thickness and (b) DsO wvolume fraction (V%D20)

shown as a function of time.

Figure[5.12h and show the relative film thickness d/d4,y and D2O volume fraction
(V%D20) as a function of time, respectively. From figure 12 it is obvious that the
response of swollen film can be divided into three regimes when the temperature jumps
from 23 °C to 45 °C, which is above the LCST of thin P(S-b-MDEGA-b-S) film with a
thickness of 39.0 nm (36.5 °C). In the first regime (0 s - 160 s), the relative film thickness
shrinks 2%, and the water content abruptly drops from 11% to 6%. This regime is denoted
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as shrinkage regime. When film thickness reaches its minimum value, there is still 6% D2O
left in the film (see figure B.12b). This residual water is exactly same as the amount of
water occupying the free volume in the porous film during the first step of swelling (figure
[(.8b). Because similar behavior is also observed in the collapsed PMDEGA films [12§], it is
concluded that this part of D,O is bound so strongly to the PMDEGA based polymer that
it can not be repelled from the polymer. In the second regime (160 s - 2500 s), both film
thickness and water content keep unchanged. The chains slowly reorganize themselves in
the DO atmosphere. For this reason, it is denoted as reorganization regime. Afterwards,
it comes into the third regime (reswelling regime): both film thickness and water content
(V%D,0) slowly increase, indicating that the film starts to reabsorb water and become
thicker. This relaxation process has been observed in thin PNIPAM and PMDEGA based
films as well [44], 128]. This interesting relaxation can be comprehended as following: when
the temperature suddenly jumps above the LCST, the swollen film immediately responses
and starts to collapse. But this collapse occurs in such a short time that the polymer
chains do not have time to reorganize themselves to obtain a more energenically favored
comformation. Therefore, the collapsed chains can spontaneously reorganize themselves.
As the film is still mounted in vapor atmosphere, the film can reabsorb water during this
relaxation process. Thus both film thickness and water content increases. But there is one
noticeable difference between the relaxation of thin PMDEGA and P(S-b-MDEGA-b-S)
films. The relaxation of the collapsed PMDEGA films still can be described by the model
from Li [I70]. But to the collapsed P(S-b-MDEGA-b-S) film, as the physical crosslinks
might be in a more entangled conformation, the relaxation process is more complicated,
and can not be simply described by the model from Li.

From the discussion above, it is clear that when the temperature suddenly jumps
above the LCST, both the swollen PMDEGA and P(S-6-MDEGA-b-S) films first shrink,
then reorganize themselves in vapor atmosphere, finally slowly relax. In addition, the
response of the swollen PMDEGA film to a sudden jump of temperature below the LCST
also contains the three steps mentioned above. The only difference is due to the final
temperature is below the LCST, the collpased PMDEGA film fully recovers back to its
initial swollen state. But until now, it is still unclear that whether the response of swollen
P(S-6-MDEGA-b-S) film to a thermal stimulus below the LCST also contains three steps.
In order to verify this question, another swollen P(S-6-MDEGA-b-S) film is measured
with neutron reflectivity again. In this measurement, the temperature jumps from 23 °C
to 35 °C instead of 45 °C, which is well below the LCST of thin P(S-b-MDEGA-b-S)
film. Figure 513k and show relative film thickness d/d4,, and D2O volume fraction
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Figure 5.13: Response of the swollen P(S-b-MDEGA-b-S) film to a jump of temperature
from 23 °C to 85 °C: (a) Relative film thickness and (b) DyO volume fraction (V%D30)

shown as a function of time.

(V%D40) as a function of time, respectively. As seen in Figure (.13h, when the tem-
perature increases to 35 °C, the film immediately shrinks 4%. It is accompanied with a
reduction of water content from 12% to 6%. The unexpected shrinkage of film thickness
and drop of water content are attributed to the characteristic broad transition region of
thin P(S-6-MDEGA-b-S) film. From figure [5.10h, it is obvious that even at low temper-
ature (32 °C), the swollen film has already started to collapse and release water. For
this reason, even the temperature only reaches 35 °C, the collapse of the swollen film still
can take place. After the shrinkage, the film also slowly reorganize itself in DO vapor
atmosphere. But one pronounced difference is that the time needed for the reorganiza-
tion (700 s) is much shorter than the former case when the temperature jumps above the
LCST (2000 s). This phenomenon might be attributed to the degree of collapse. When
the final temperature is above the LCST, the chains are in the fully collapsed state, thus
it takes longer time to rearrange them. But when the final temperature is below the
LCST, the chains do not compeletely collapse. Therefore, shorter time is required for the
reorganization. Afterwards, as the film is still placed in D,O vapor atmosphere, the film
can absorb water again. Because the final temperature is still below the LCST, film can
recover from the collapsed state to the swollen state. Both film thickness and water con-
tent reach their initial values. This three-step collapse is similar to the swollen PMDGEA
films probed previously [128]. As a consequence, it is confirmed that to the PMDEGA
based films, no matter the final temperature of a sudden thermal stimulus is below or
above the LCST, the swollen films first collapse, then reorganize themselves, finally relax.

The only difference is the films are still in the collapsed state when the final temperature
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is above the LCST, but recover to the swollen state when the final temperature is below
the LCST.

5.4 Bound water in P(S-b-MDEGA-b-S) films

According to the previous investigation of thin PMDEGA films, it is found that although
there are both C=0 and C-O existed in PMDEGA chains, hydrogen bonds can only form
between water and C=0 [12§8]. As P(S-0-MDEGA-b-S) is hydrophobically modified the
PMDEGA block with PS blocks, it is unknown that whether the PS blocks will influence
the formation of hydrogen bonds. To address this question, ATR-FTIR measurement is
performed on thin P(S-0-MDEGA-b-S) films as well.
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Figure 5.14: FTIR spectra of thin P(S-b-MDEGA-b-S) films: (a) whole spectral range
form 650 ecm™" to 4000 cm™ and (b) zoom into 650 cm™* to 2000 cm™'. From bottom to
top the data of: (1) the as-prepared film, (2) the swollen film at 23 °C, (3) the film first
exposure to DsO vapor, then the temperature jumps from 23 °C to 35 °C and (4) the film
first exposure to DoO wvapor, then the temperature jumps from 23 °C to 45 °C. The curves

are shifted vertically for an improved presentation.

Figure 5.14h presents the obtained spectra in the wavelength range from 650 cm™! to
4000 ecm~t. Curve 1 shows the whole spectra of the as-prepared film, which is similar
to the as-prepared PMDEGA film probed previously [128]. Two characteristic peaks
related to C=0 and C-O bonds are observed at 1728 cm™! and 1104 cm™*!, respectively.
Besides these peaks, the absorption bands in the range of 2800 - 3000 cm™! are assigned
to C-H stretching. However, one prominent difference between P(S-6-MDEGA-b-S) and
PMDEGA is an additional peak visible at 700 cm~!. This peak is attributed to the
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benzene ring from polystyrene [I75]. After swelling in water vapor atmosphere for 2
hours, the swollen film (curve 2) emerges a band in the range of 3300 - 3600 cm™!, which
is related to the O-H bond in water. Therefore, it is proved that water is absorbed

U arises. This peak can

by the film. Furthermore, a characteristic peak at 1640 cm™
be assigned to hydrogen bonds between C=0 and water. While the characteristic peak
related to the C-O bond does not show any change after swelling. Thus it is confirmed that
to P(S-0-MDEGA-b-S), hydrogen bonds are also only formed between C=0 and water.
To compare the change of bound water in the swollen film caused by different thermal
stimuli, the spectra of limited range from 650 cm™! to 2000 cm™! are plotted in figure
B.I4b. Besides the as-prepared film (curve 1), the characteristic peak at 1640 cm™? is
observable in the other three curves and the peak area varies with temperature. However,
the peak related to C-O bond stays unchanged in these four curves. By integration of the
peak area around 1640 cm™!, the amount of bound water in each film can be obtained.
For the as-prepared P(S-b-MDEGA-b-S) film (curve 1), the value of the peak area is
6.57. After swelling in water vapor atmosphere (curve 2), the peak area dramatically
increases to 57.35, indicating that a significant amount of water is bound to C=0. After
the temperature jumps from 23 °C to 35 °C (curve 3), the characteristic peak at 1640 cm™*
stay unchanged and the peak area only slightly reduces to 53.26. However, when the
temperature jumps from 23 °C to 45 °C (curve 4), although this peak is still visible, the
peak area significantly drops to 30.01. Thus, it indicates that due to the final temperature
is above the LCST, some hydrogen bonds are broken, and water is repelled from the

swollen film. But there is still bound water left in the film. These results are in agreement

with the data obtained from neutron reflectivity measurements.

5.5 Summary

Thin and homogeneous P(S-0-MDEGA-b-S) films on silicon substrates are prepared by
spin coating from 1,4-dioxane solution. With optical microscopy, the as-prepared film
exhibits a smooth surface. Due to the low glass transition temperature of PMDEGA
(Ty = -50 °C), the high mobility of the PMDEGA chains causes the dewetting of the
films. As probed with optical microscopy and AFM, the onset of dewetting occurs only
storing at ambient conditions for one day. However, as the hydrophobic PS blocks can
form physical crosslinks inside the films, which hinder the further aging of the film, the
dewetting observed is not as severe as in the case of thin PMDEGA films. In addition,
the high mobility of PMDEGA chains also enhances the disorder of the parallel structure
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in the as-prepared film, which results in no correlated roughness observed by GISAXS
measurements. Exposure to vapor or with different thermal stimuli will even accelerate
the mobility of the PMDEGA chains, inducing more disorder in the film.

The LCST of thin P(S-6-MDEGA-b-S) film with a thickness of 39.0 nm is determined
as 36.5 °C by white light interferometry. As probed by neutron reflectivity, the swelling
process of thin P(S-6-MDEGA-b-S) films can be devided into two steps. In the first
step, water occupies the free volume in the porous film. Because water accelerates the
mobility of the PMDEGA chains, the rearrangement of the PMDEGA chains causes the
film to shrink 4% instead of swelling. Afterwards the swelling comes into the second step.
The hydrophilic PMDEGA chains absorb water, and induce the film to swell. When the
swelling reaches an equilibrium state, the film is still 3% thinner than the as-prepared
film, whereas the water content increases 11%.

When the temperature jumps from 23 °C to 45 °C (above the LCST), the swollen P(S-
b-MDEGA-b-S) film immediately collapses. It repels water and shrinks. The collapsed
chains can slowly reorganize themselves to a more energetically favored conformation.
Because the film is still mounted in vapor atmosphere, it can slowly reabsorb surrounding
D>O and swell. But overall, due to the collapse of PMDEGA chains, the final film
thickness and water content are still less than the initial values of the swollen film.

Unexpectedly, when the temperature jumps from 23 °C to 35 °C (below the LCST),
the response of the swollen film still possesses three steps (shrinkage, reorganization and
reswelling). However, because the final temperature is below the LCST, the film thickness
and water content slowly recover to their initial values characterizing the swollen film
before the jump of temperature. In addition, as the collpased film is not in the fully
collapsed state, the reorganization time is much shorter when comparing to the former
case (final temperature is above the LCST and the film is fully collapsed).

With ATR-FTIR measurement, it is found that hydrogen bonds are only formed be-
tween C=0 and water. By integrating the characteristic peak of bound water, it is ob-
served that the bound water dramatically decreases when the final temperature is above
the LCST. However, the characteristic peak does not vanish even in the collpased film,
indicating that there is still residual bound water, which is in agreement with the data
obtained from neutron reflectivity measurements.

As a consequence, due to the relaxation behavior observed in the PMDEGA based
thermo-responsive polymer films under sudden thermal stimuli, they may not be a good
candidate for applications such as thermo-sensitive switches. However, thin P(S-6-MDEGA-

b-S) films can absorb 12% water, while the film thickness stays constant. Therefore, it is
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a promising candidate for applications such as water storage.



Chapter 6

Thick P(S-b-MDEGA-b-S) films

In the previous chapters, the main focus is on thin PMDEGA based hydrogel films (nm
scale) prepared by spin coating. With XRR and neutron reflectivity, it is confirmed that
thin P(S-0-MDEGA-b-S) films show a multilayer structure. However, from the chemical
structure of P(S-6-MDEGA-b-S) (see figure B.2)), it is clear that this amphiphilic tri-block
copolymer has the ability to self-assemble thermo-responsive micelles in solution, which
possess a core-shell structure. Nevertheless in thin P(S-6-MDEGA-b-S) films, the micellar
structure is not observed, which may be reorganized by the substrate interaction after spin
coating. In order to successfully transfer the micelles from the solution to the film, solution
casting is used to prepare the films. Moreover, by choosing different selective solvents,
P(S-0-MDEGA-b-S) is expected to form micelles with different structure. Therefore,
this chapter contains four sections: in the first section, the PMDEGA- and PS-selective
solvents are introduced. Then the internal structure and the transition behavior of thick
P(S-6-MDEGA-b-S) films prepared from the PMDEGA-selective solvents are investigated
by SAXS. In the second section, the P(S-0-MDEGA-b-S) films prepared from the PS-
selective solvents are meausred by SAXS as well. Afterwards the internal structure and
the transition behavior are compared to the films prepared from the PMDEGA-selective
solvents. In the third section, the films prepared from ethanol (PMDEGA-selective)
and THF (PS-selective) are measured by SANS to gain further insight into the internal
structure and the transition behavior of thick P(S-6-MDEGA-b-S) films.
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6.1 Films prepared from the PMDEGA-selective sol-

vents probed by SAXS

As mentioned above, due to the chemical structure of P(S-6-MDEGA-b-S), micelles with
The

Hildebrand solubility parameter is used to describe the influence of the solvents on the
resulting structure in thick P(S-6-MDEGA-b-S) films.

various structures are expected to form by choosing different selective solvents.

material Hildebrand | PMDEGA-selective | Hildebrand PS-selective Hildebrand
parameter solvents parameter solvents parameter
PS 9.13 water 23.5 toluene 8.9
PMDEGA 19.2 methanol 14.5 1,4-dioxane 9.0
ethanol 12.9 THF 9.1
benzene 9.1
dichloromethane 9.9

Table 6.1: Hildebrand parameters of PS, PMDEGA and eight solvents used for preparing
the P(S-b-MDEGA-b-S) films in the SAXS measurements.

Table lists the Hildebrand solubility parameters of PS, PMDEGA and the solvents
used in SAXS measurements [176}[177]. The Hildebrand solubility parameter of PMDEGA
is calculated by the formula from Hoftyzer and Van Krevelen [I78]. From table 6. it
is obvious that the solvents from the PMDEGA-selective group (water, methanol and
ethanol) prefer to dissolve PMDEGA, as the difference of the Hildebrand solubility pa-
rameters of PMDEGA (Hpypgrga) and the PMDEGA-selective group (HpmprGa —selective)
is much smaller than the difference of Hps and Hpypraa—selective- 11 contrast, the solvents
from the PS-selective group (toluene, 1,4-dioxane, THF, benzene and dichlomethane) pre-
fer to dissolve PS. As a consequence, P(S-0-MDEGA-b-S) is expected to form micelles
with different core-shell structures in these two groups of solvents. In the PMDEGA-
selective solvents, the PS blocks will form the core of the micelle, while the PMDEGA
blocks will be the shell. Whereas in the PS-selective solvents, the core-shell structure will
be reversed. By solution casting, these micelles with core-shell structure are assumed to

transfer from the solutions to the thick films [I79].
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6.1.1 Internal structure of dry films prepared from the PMDEGA-

selective solvents

To prove the assumption that the micellar structure is transferred from the solutions

to the films, three dry films prepared from the PMDEGA-selective solvents are firstly

investigated with SAXS. Due to the thick films (5 pm) used in the measurements, a

strong signal is obtained.
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Figure 6.1: (a) SAXS scattering curves of the dry P(S-b-MDEGA-b-S) films from the
PMDEGA-selective solvents (black dots) shown together with fits (red lines) (from top to
bottom: water, methanol and ethanol). (b) The micelle radius (solid circle) and the core
radius (open circle) obtained from the fits (equation[2.39). (¢) The hard-sphere radius and
(d) the volume fraction of the micelles as a function of the deviation of the Hildebrand

solubility parameter between PMDEGA and the PMDEGA-selective solvents in these three

films.

Figure[6.Th shows the SAXS scattering curves of the films prepared from the PMDEGA-

selective solvents. Firstly, a very strong forward scattering in the low ¢ region is observed

in the three films, indicating that large domains are formed by the micelles in the dry
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films. Secondly, a pronounced correlation peak is visible in the ¢ region of 0.05 - 0.06 AT
This correlation peak results from the structure factor (equation [230). It presents the
correlation between the neighboring micelles. By the equation d = 27/q, the intermicel-
lar distance can be calculated, which is around 120 A. When the Hildebrand solubility
parameter reduces from 23.5 (water) to 12.92 (ethanol), the amplitude of the correla-
tion peak decreases as well. Because the Hildebrand solubility parameter of water is the
closest to PMDEGA in the PMDEGA-selective solvents, a well-defined micellar structure
is formed in water, which is later transferred from the aqueous solution into the thick
film by solution casting. When the solvent is changed from water to methanol, although
the difference of the Hildebrand solubility parameter between PMDEGA and the solvent
does not show a prominent change (PMDEGA-water is 4.3, while PMDEGA-methanol
is 4.7), due to the shrinkage of the amplitude, it is clear that the degree of order in the
micellar structure has already been significantly influenced by the exchange of solvents.
As seen from the SAXS curves, the micellar structure formed in methanol is not as well
established as in water. When the solvent is further switched to ethanol, the correlation
peak is only faintly visible, indicating that the micellar structure is even less pronounced
in ethanol. Thirdly, the position of the correlation peaks in the three films slightly shifts
towards higher ¢ values when the Hildebrand solubility parameter decreases. As men-
tioned above, the correlation peak is attributed to the structure factor. This shift shows
that the intermicellar distance shrinks. Fourthly, a shoulder is always presented in the ¢
region from 0.08 A7 0 0.09 A™". This shoulder is independent of the solvent used and
attributed to the form factor of the micelle. From the ¢ value, the average micellar radius
is estimated to be around 70 - 80 A.

In order to obtained more details about the micellar structure, the individual scattering
curves are fitted by the model described in section 2.3.4 (equation[2.39)). The fitting results
are presented in figure -[6.1d as a function of the deviation of Hildebrand solubility
parameter between PMDEGA and the PMDEGA-selective solvents. From figure[6.Ib, it is
clear that both the core radius and the shell thickness in the three films show similar values,
which are 22 A and 50 A, respectively. The hard-sphere radius (half of the intermicellar
distance) decreases from 61 A (water) to 51 A (ethanol) (see figure BIk). Moreover, a
decreasing tendency is observed in the volume fraction of the micelles as well (see figure
[6.1d). The value drops from 0.36 (water) to 0.08 (ethanol). Because the volume fraction
is related to the occupied volume in the hard-sphere, a higher volume fraction indicates
a more dense packing of the micelles in the film. Thus, it is concluded that the micelles

are most densely packed in the thick film prepared from water.
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6.1.2 Transition behavior of films prepared from PMDEGA-

selective solvents

After characterizing the dry films prepared from the PMDEGA-selective solvents, the
transition behavior of these films is investigated. In order to obtain the swollen films,
liquid D50 is injected into the cell. When the swelling reaches an equilibrium, the tem-
perature is increased from 30 °C to 50 °C in steps of 2 °C. The swollen films experience
an overall increase of temperature crossing the transition temperature. Simultaneously,

the whole transition process is monitored by SAXS.
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Figure 6.2: (a) 2D SAXS pattern of the film prepared from water and immersed in liquid
D50 from 30°C to 50 °C. (b) Integrated SAXS data at representative temperatures. The
three separated regions (swollen, transition and collapsed) are colored differently (blue,

pink and red, respectively) for clarity of the presentation.

The 2D SAXS pattern of the film prepared from water at representative temperatures
are shwon in figure [6.2h as an example. The color code used in these images is identical.

From figure [6.2h, it is obvious that the transition process of the swollen P(S-0-MDEGA-
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b-S) film can be devided into 3 regions. In the first region, when the temperature is
below 40 °C, the scattering pattern does not show a pronounced change. As the micelles
absorb Dy,O and swell, this region is denoted as “swollen region”. When the temperature
is heated up to 40 °C, the scattering pattern immediately changes and differs from the
former ones, which is used to define the starting point of the second region. Further
increasing the temperature from 40 °C to 46 °C, the intensity of the scattering pattern
continues to decrease. When the temperature is above 46 °C, the scattering patterns
again stay unchanged. Therefore, the second region is defined from 40 °C to 46 °C, and
denoted as “transition region”. While the third region with the temperature above 46 °C,

is denoted as “collapsed region”.
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Figure 6.3: (a) Four representative SAXS scattering curves of thick film prepared from
water and immersed in liquid DO (black dots) shown together with fits (red lines) at
32°C, 38°C, 42°C and 48°C from top to bottom. (b) Temperature-dependence of the core
radius (open circle) and the micelle radius (solid circle). (c) Temperature-dependence of
the hard-sphere radius of the micelles. (d) Temperature-dependence of the volume fraction

of the mucelles.

From the scattering patterns (figure [6.2h), it is confirmed that the P(S-b-MDEGA-
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b-S) film shows a transition behavior from the swollen state to the collapsed state, but
the detail is still unclear. Thus, four representative SAXS curves of the film prepared
from water at 32 °C, 38 °C, 42 °C and 48 °C in liquid DyO are shwon in figure [6.3h.
Comparing the scattering curves of the swollen film at 32 °C to the dry film (figure G.1h),
the strong forward scattering observed in the low ¢ region in the dry film is replaced by a
flat intensity plateau in the swollen film. This indicates that the large domains in the film
no longer exist. As PMDEGA chains absorb D,O and swell, the micelles with swollen
PMDEGA shells rearrange themselves and the domain boundaries vanish.

When the temperature increases above the transition temperature (40 - 42 °C), a
strong forward scattering reappears in the low ¢ region (figure [6.3h), showing that the
collapsed micelles in the film form large domains again. Simultaneously, the correlation
peak in the curves shifts from 0.042 A" t0 0.055 A™'. Thus the intermicellar distance
shrinks from 75 A to 57 A, meaning that the collapsed micelles tend to move close to
each other. Moreover, as seen in figure [6.2b, instead of an abrupt change of the scattering
curve when the temperature crosses the transition temperature, a gradual change of the
scattering curve is observed to the P(S-b-MDEGA-b-S) film prepared from water. This
finding is in agreement with the former investigation about thin PMDEGA films [46].
Therefore, it is concluded that PMDEGA based thermo-responsive polymers exhibit a
broad transition region.

To obtain more details about the transition behavior of the swollen micelles, the scat-
tering curves are fitted by the model described by equation Figure shows
temperature-dependence of the core radius and the micelle radius. Because the core con-
sists of PS blocks, it is reasonable that the core radius stays constant and is independent
of the temperature. Surprisingly, the micelle radius also exhibits no shrinkage, even when
the temperature is well above the transition temperature. This behavior is similar to
P(S-0-MDEGA-b-S) solutions investigated previously [20], and totally different from the
transition behavior of the PNIPAM based block copolymer [126], in which the swollen
shell dramatically shrinks when the temperature is above the transition temperature. In
contrast to the constant shell, the hard-sphere radius (rgg) dramatically shrinks when
the temperature is above the transition temperature (see figure [6.3c). The value of ryg
decreases from 74 A (below the transition temperature) to 58 A (above the transition
temperature). It is noted that rys below the transition temperature is even smaller than
the micelle radius, which may have two reasons. The first reason is the bridge connections
of the neighboring micelles. Due to the overlap of the micelles, the diameter of the micelles

obtained from the fits is slightly larger than the real distance between the micelles. The
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second reason is that the hard-sphere structure factor is not a good model assumption
any longer, as the micelles formed in the film may not have a well defined spherical shape,
and even show size polydispersity. Additionally, as mentioned previously, the collapsed
micelles have a tendency to densely pack in the film. The volume fraction stays constant
before the temperature approaches the transition temperature. After crossing the tran-
sition temperature, the volume fraction gradually increases from 0.09 to 0.35 (see figure

6.34).
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Figure 6.4: Four representative SAXS scattering curves of the films prepared from (a)
ethanol and (b) methanol (black dots) shown together with fits (red lines) at 32°C, 38 °C,
42°C and 48 °C from top to bottom, respectively.

Until now, the transition behavior of the film prepared from water is understood.
To compare it with the films prepared from the other PMDEGA-selective solvents, four
representative scattering curves of the films prepared from ethanol and methanol at 32 °C,
38 °C, 42 °C and 48 °C are plotted in figure 6.4k and B.4b, respectively. Similar to the
curves of the film prepared from water, the forward scattering strongly increases and the
correlation peak shifts towards higher ¢ values when the temperature passes the transition
temperature. Both indicate that the collapsed micelles approach close to each other and
start to form large domains.

To summarize the transition behavior regarding the films prepared from the PMDEGA-
selective solvents, figure presents the parameters obtained from the fits to the SAXS
data. Firstly, it is obvious that the swollen PMDEGA shells exhibit no pronounced shrink-
age in all films (see figure[@.5h). Secondly, from figure[6.0b, it is clear that the hard-sphere
radii immediately drop when the temperature passes the transition temperature, which is
in the region between 40 °C and 42 °C. Thus, the starting point of the aggregation is used
to define the transition temperature of thick P(S-6-MDEGA-b-S) films prepared from the
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PMDEGA-selective solvents, which is around 40 - 42 °C. Thirdly, the volume fraction
gradually increases when the temperature approaches the transition temperature. This
increase also proves that the aggregation process takes place in the collapsed micelles.
Moreover, the hard-sphere radii and the volume fractions in the final state almost reach
the same values in all three films. Within the fitting uncertainties, it is concluded that
the transition behavior of thick P(S-b-MDEGA-b-S) films prepared from the PMDEGA-

selective solvents is independent of the solvents used to prepare the films.
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Figure 6.5: (a) Temperature-dependence of the core radii (open circle) and the micelle radii
(solid circle) of the films prepared from water (black), methanol (red) and ethanol (blue).
(b) Temperature-dependence of the hard-sphere radii of the micelles. (c) Temperature-

dependence of the volume fractions of the maicelles.

In the end of this section, figure is used to describe the swelling and transition
process of thick P(S-b-MDEGA-b-S) films prepared from the PMDEGA-selective solvents.
From the SAXS data of the as-prepared films, it is confirmed that the micellar structure
is formed in solutions and successfully transferred into the thick films by solution casting.
During the evaporation of the solvents, the shells of the micelles stay intact, and do
not merge in the films. By the injection of D50 into the films, the micelles can absorb

D50 and swell. When the temperature increases above the transition temperature, the
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collpased micelles tend to approach close to each other and form large domains, wheares

the swollen PMDEGA shells do not show a pronounced shrinkage.
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Figure 6.6: The swelling and transition process of thick P(S-b-MDEGA-b-S) films prepared
from the PMDEGA-selective solvents.

6.2 Films prepared from the PS-selective solvents probed

by SAXS

According to the discussion in section 6.1.1, the micelles in the thick films prepared from
the PMDEGA-selective solvents exhibit a well-established core-shell structure as expected.
When the temperature passes the transition temperature, the formation of large domains
from the collapsed micelles is observed. However it is still unclear whether the films
prepared from the PS-selective solvents show the same micellar structure and transition
behavior. To clarify this question, the individual SAXS scattering curves of the films

prepared from the PS-selective solvents are also fitted.

6.2.1 Internal structure of films prepared from the PS-selective

solvents

Firstly, the internal structures of the films prepared from the PS-selective solvents are

investigated. The scattering curves are plotted together with fits in figure B.7h. As the
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PS blocks have a preference to contact with the PS-selective solvents, a reversed core-shell
micellar structure is assumed to form in the solvents. Thus, the micellar structure is set
PMDGEA to be the core and PS to be the shell in the fit.
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Figure 6.7: (a) SAXS scattering curves of the dry P(S-b-MDEGA-b-S) films prepared
from the PS-selective solvents (black dots) shown together with fits (red lines) (from top
to bottom: benzene, THF, 1,4-diozane, toluene, dichloromethane). (b) The micelle radius
(solid circle) and the core radius (open circle) obtained from the fits (equation[2.39). (c)
The hard-sphere radius and (d) the volume fraction of the micelles as a function of the

deviation from Hildebrand solubility parameter of PS and the PS-selective solvents.

Comparing the scattering curves of the films prepared from the PS-selective solvents
(figure [6.7h) to the ones of the PMDEGA-selective solvents (figure 6.Ib), two similari-
ties are found. The first one is the strong forward scattering observed at low ¢ region,
exhibiting that micelles form large domains in the dry films as well. The second one
is a pronounced correlation peak, which is also visible in the films prepared from THEF,
toluene and dichloromethane. However, this peak is hardly seen in the films prepared
from benzene and 1,4-dioxane. Because the deviation of the Hildebrand solubility param-

eter of benzene (9.1) and PS (9.13) is smallest, a well defined micellar structure should
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form according to the hypothesis, which should show a prominent correlation peak in the
scattering curves. However, instead of a prominent peak at 0.06 A_l, only a shoulder is
observable for the film prepared from benzene. Thus, it is concluded that the formation
of micelles with core-shell structure is very complex. It is not suffient to explain it with a
simple approach based on the Hildebrand solubility parameter. Unlike the films prepared
from the PMDEGA-selective solvents, the peak positions in these scattering curves are
all around 0.06 Afl, showing that the intermicellar distances are all similar (=100 A).
From the fits, the core radius (PMDEGA) and the shell thickness (PS) are around 36 A
and 13 A (figure[6.7b), while the hard-spheres radii are between 45 and 50 A (figure B.7c).
Comparing to the values obtained from the PMDEGA-selective solvents, it is noted the
PMDEGA block occupies different volumes in the films prepared from different selective
solvents. For instance, in the PMDEGA-selectice solvents, PMDEGA forms the shell,
and the occupied volume is equal to 1,518,085 A®. Wheares in the PS-selectice solvents,
PMDEGA forms the core, and the occupied volume dramatically reduces to 195,333 A’
For the PS block, the analogous situation is found as well. When PS forms the core, the
occupied volume is 44,579 A®, However, the occupied volume increases to 297,224 A’
when PS is the shell. This variation of the occupied volume may be attributed to the
different packing degree of PMDEGA or PS chains in the micelles. For example, when
P(S-0-MDEGA-b-S) is dissolved in the PMDEGA-selective solvents, PMDEGA chains
are supposed to be the shell of the micelle and stay in the swollen state. Thus, these
micelles with swollen PMDEGA chains are transferred into the films by solution casting.
Although the solvent evaporates during the sample preparation, a shell with loosely packed
PMDEGA is left in the film. On the contrary, no matter whether in the solution or in the
film, the PS cores always stay the densely packed state in the PMDEGA-selective solvents.
This loose or dense packing explains why the same block shows a different volume in the

shell and the core.

6.2.2 Transition behavior of films prepared from the PS-selective

solvents

According to the discussion in section 6.1.2, exchanging the PMDEGA-selective solvents
used to prepare the films will not influnce the transition behavior. To further investigate
the influnce of the solvents, thick films prepared from the PS-selective solvents are mea-
sured as well. Four representative scattering curves of the film prepared from benzene and

immersed in DyO at different temperatures are displayed in figure [6.8a as an example.
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These four representative scattering curves do not show pronounced differences compared
to the ones of the film prepared from water (see figure [6.3]). The increase of forward
scattering at low ¢ region and the shift of the correlation peak towards higher ¢ values
are observed when the temperature passes the transition temperature. Both behaviors
are consistent with the former ones, indicating that no matter which kind of selective
solvents is used to prepare the films, the swollen micelles always first collapse before they

aggregate to form large domains.
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Figure 6.8: (a) Four representative SAXS scattering curves of thick film prepared from
benzene and immersed in liqguid DsO (black dots) shown together with fits (red lines)
at 32 °C, 88 °C, 42 °C and 48 °C from top to bottom. (b) Temperature-dependence of
the core radius (open circle) and the micelle radius (solid circle) when the temperature
increases from 30 °C to 50 °C. (c¢) Temperature-dependence of the hard-sphere radius of

the micelles. (d) Temperature-dependence of the volume fraction of the micelles.

To obtain the transition behavior in detail, the model described by equation is
used again to fit the SAXS data. Due to the selective effect of DO, in the swollen micelles,
PS and PMDEGA are assumed to form the core and the shell, respectively. As seen in
figure [6.8h, this model fits the scattering curves very well. Therefore, it is concluded that
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although the micellar structure in the dry film prepared from benzene contains PMDEGA
as the core and PS as the shell, the core and the shell are reversed due to the exposure
to D50 for 10 min.

Although the swollen films prepared from different selective solvents show the same
core-shell micellar structure, three noticeable differences are found.

The first visible difference is the core radius in the swollen micelles prepared from the
PS-selective (benzene) or the PMDEGA-selective (water) solvents. The core radius of the
swollen micelle in the film prepared from water is 24 A, whereas the core radius increases
to 27 A in the film prepared from benzene. The reversal of the core and shell during
immersion in DyO may result in the variation of the core radius. In the film prepared
from water, injection of D,O does not change the core-shell structure, and only induces
the PMDEGA shell to swell. However, the reversal takes place in the film prepared from
benzene, which causes the new core (PS) to be in a state of less dense packing. Thus,
the core radius is slightly larger in the swollen film prepared from benzene. In contrast
to the core radius, the swollen PMDEGA shells show similar values (70 A) in both films
prepared from water and benzene.

The second pronounced difference is the width of the transition region. As discussed
in section 6.1.2, the film prepared from water has already presented a broad transition
region (40 - 42 °C). But the transition region of the film prepared from benzene is even
broader (36 - 42 °C). Instead of abrupt collapse, the swollen micelles gradually switch to
the collapsed state. One possible reason will be discussed below.

The third prominent difference is the value of the volume fraction. The volume fraction
of the swollen micelles in the film prepared from benzene is 0.23, much higher than the
value obtained from the film prepared from water (0.14). It may also relate to the reversal
of the core and the shell. Because the PMDEGA chains need to transfer from the core to
the shell during the reversal, this transfer induces additional entanglement of the swollen
PMDEGA chains between neighboring micelles.

The transition behavior of the films prepared from different selective solvents not
only show three differences, but also share three similarities. Firstly, no pronounced
shrinkage of the swollen micelles is observed as well when the temperature crosses the
transition temperature. Both the core radius and the micelle radius stay constant during
the transition process. Secondly, the hard-sphere radius also remarkably drops from 76 A
in the swollen state to 56 A in the collapsed state (see figure B.8c). Both values are
similar to the film prepared from water. Thirdly, the volume fraction also shows the same

increasing tendency. Although the initial values are different as discussed above, the final



6.2. FILMS FROM PS-SELECTIVE SOLVENTS PROBED BY SAXS

105

values reached in both films are around 0.35. Thus, it is concluded that when the films

are in the collapsed state, there is no structural difference between the films prepared
from the PMDEGA- and PS-selective solvents.
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Figure 6.9: (a) Four representative SAXS scattering curves of thick film prepared from
THF and immersed in liqguid D2O (black dots) shown together with fits (red lines) at
32 °C, 38 °C, 42 °C and 48 °C from top to bottom. (b) Temperature-dependence of
the core radius (open circle) and the micelle radius (solid circle) when the temperature
increases from 30 °C to 50 °C. (c¢) Temperature-dependence of the hard-sphere radius of

the micelles. (d) Temperature-dependence of the volume fraction of the micelles.

From the resulting data of the films prepared from the PMDEGA- (water) and PS-
(benzene) selective solvents, the influence of the selective solvents on the structure and
the transition behavior of the films is obtained. Although the final collapsed state of the
micelles is the same, the initial state of the swollen micelles as well as the transition be-
havior depend on the solvents used to prepare the films. However, because the correlation
peak is hardly observable in the film prepared from benzene, there is supposedly no well
formed micellar structure in the film. Though it is found that the transition behaviors

of the films prepared from the PMDEGA-selective solvents are independent on whether



106 CHAPTER 6. THICK P(S-B-MDEGA-B-S) FILMS

the micelles are well defined or not in the dry films. To clarify if this also holds for the
PS-selective solvents, the film prepared from THF is measured with SAXS. The reason to
select THF is that the film prepared from THF exhibits the most pronounced correlation
peak (see figure [6.7)), indicating that there is a very well established micellar structure in
the film.

a) 112} i i i i i 1112 b) - :
104} I {104 ~ ;¢
=3 BEEEEREEEER < Fa0,
= 96 & ¢ g o 8 ¢ 196 © 70 2
B O S S 2 S (PP A g R |
C ggp * t 188 o <
e ] ] o) 5 60} ¢ o4 0
8 32t 132 g o st
D 28 2222 5 L1 a8 4 8 128 o 50} s
© o4l 2 & ¢ v U g ¢ o ¢ ¢ O lss % & . e & O
20 T T T T ? ? % {) {) 20 40
28 32 36 40 44 48 52 28 32 36 40 44 48 52
temperature (°C) temperature (°C)
0.5
c)
c 04} o 8 & ® . s @
2 @ ® T e . .
§ 0.3+ g M. ¢ @ : N z ;
© L
E o2t s iy, *
3 @ *
> 01}
0.0

28 32 36 40 44 48 52
temperature (°C)

Figure 6.10: (a) Temperature-dependence of the core radius (open circle) and the micelle

radius (solid circle) of the swollen films prepared from THE (black), toluene (red), benzene

(green), dichloromethane (purple) and 1,4-diozane (blue). (b) Temperature-dependence of

hard-sphere radius of the micelles in the five films prepared from the PS-selective solvents.

(c) Temperature-dependence of volume fraction of the micelles in the five films prepared

from the PS-selective solvents.

Figure 6.9k shows the four representative SAXS scattering curves at 32 °C, 38 °C,
42 °C and 48 °C (from top to bottom). While figure - [6.9d present the parameters
obtained from the fits. The fit parameter at 42 °C is not presented in figure - 694,
because the fit to the SAXS curve at this temperature does not show good agreement. In
figure 6.9k, the first difference found is a more pronounced correlation peak observed in
the range of 0.04 - 0.06 AT Though this correlation peak is also visible in the curves from

benzene, its amplitude is very small. The higher amplitude of the peak indicates better
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packing of the collapsed micelles in the film prepared from THF, which causes the volume
fraction of the micelles to be higher (figure [£.9d). The second difference is the further
swelling of the micelles when the temperature is well above the transition temperature.
For instance, the micelle radius continues to increase from 96 A (30 °C) to 106 A (50 °C),
wheares the core radius stays constant (28 A), showing that the growth of the shell is
driven by the PMDEGA shell.

Besides these two differences, there are also some similarities found between the films
prepared from benzene and THF. Firstly, when the temperature is below the transition
temperature, the scattering curve is similar, meaning there is no pronounced difference
between these two films in the initially swollen state. Both of them show a reversed core-
shell micellar structure after the injection of D,O. Secondly, the evolution of the forward
scattering with increasing temperature is visible, indicating that the collpased micelles
form large domains above the transition temperature. Additionally, the shift of the cor-
relation peak towards higher ¢ values is observed as well, showing that the intermicellar
distance shrinks and the micelles approach each other. Although the shrinkage of the
swollen micelles is not found when the temperature is above the transition temperature,
the intermicellar distance gradually decreases from 75 A to 60 A. Thirdly, the transition
region of the film prepared from THF is also very broad (36 - 44 °C), which is similar
to the film prepared from benzene. As a consequence, it is concluded that the reversal
of the core and the shell after immersed in D;O causes additional entanglements of the
PMDEGA chains in the swollen films. Due to these entanglements, the attachment and
detachment of water to the ether groups are hindered [46], [169], which further influence
the transition behavior of the micelles from the swollen state to the collapsed state.

Figure plots the resulting parameters obtained for the films prepared from the
PS-selective solvents. To provide a better understanding of the internal structure and the
transition behavior, figure is used to summarize this section. Due to the selective
effect of D50, the core-shell micellar structure is reversed when the dry films are immersed
in D2O, which causes additional entanglement of the PMDEGA chains in the shell. When
the temperature is increased, no pronounced shrinkage of the swollen micelles is observed.
Both the core and the shell stay constant when the temperature is well above the transition
temperature, which is similar to the films prepared from the PMDEGA-selective solvents.
However, due to the additional entanglement mentioned above, the films prepared from
the PS-selective solvents exhibit a significantly broader transition region. Although the
initial value of the volume fraction of the micelles is higher, it still gradually increases

with temperature, and the final state of the hard-sphere radius and volume fraction are
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similar to the ones obtained for the films prepared from the PMDEGA-selective solvents.

PS-selective
A~ EEEEmm——)
solvents
P(S-b-MDEGA-b-S)
as-prepared films
reversal occurs
swelling
entanglement
deswelling

aggregation

in D,0 above in D,0 below
transition temperature transition temperature

Figure 6.11: The swelling and transition process of thick P(S-b-MDEGA-b-S) films pre-

pared from the PS-selective solvents.

6.3 Transition behavior of swollen films probed by
SANS

From the SAXS measurements discussed in section 6.1 and section 6.2, it is concluded that
the transition behaviors of thick P(S-6-MDEGA-b-S) films are influenced by the different
selective solvents used. In order to gain further insight, thick P(S-6-MDEGA-b-S) films
prepared from ethanol (PMDEGA-selective solvent) and THF (PS-selective solvent) are
investigated as well by SANS with the same protocol.

6.3.1 Transition behavior of swollen films prepared from ethanol

Figure presents the four individual scattering curves of the film prepared from
ethanol at 32 °C, 38 °C, 42 °C and 48 °C from top to bottom. The evolution of the
scattering curves is similar to the results obtained from SAXS measurement. At low
temperature (32 °C), the micelles absorb D20, and stay in the swollen state. As a flat
plateau is observed in the low ¢ region, there is also no large domains in the swollen film.
Besides this plateau, a shoulder in the ¢ range of 0.07 - 0.12 A" is visible. This shoulder
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is attributed to the form factor of the micelles. The micelle radius can be approached
by the equation d = 27 /q, which yields a value around 80 A. When the temperature
increases to 38 °C, the forward scattering rises in the low ¢ region, indicating that the
collapsed micelles start to form large domains. Further increasing the temperature to
42 °C and 48 °C, a more pronounced forward scattering is observed, revealing that the
domains grow larger and larger. Simultaneously, the correlation peak shifts towards higher
q values, showing that the collapsed micelles tend to approach each other. However, the
position of the shoulder in the high ¢ region stays unchanged even when the temperature
is well above the transition temperature, indicating that, though the aggregation of the

micelles takes place, the micelle radius does not undergo a pronounced shrinkage.
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Figure 6.12: (a) Four representative SANS scattering curves of thick P(S-b-MDEGA-b-
S) film prepared from ethanol (black dots) shown together with fits (red lines) at 32 °C,
38 °C, 42 °C and 48 °C from top to bottom. (b) Temperature-dependence of the core
radius (open circle) and the micelle radius (solid circle) when the temperature increases
from 80°C to 50°C. (c) Temperature-dependence of the hard-sphere radius of the micelles.

(d) Temperature-dependence of the volume fraction of the micelles.

To obtain the transition behavior in more detail, the individual scattering curves are
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fitted by the same model for SAXS measurements [28, [I51]. From figure 6.12b, both the
core radius and the micelle radius stay constant when the temperature is increased. No
shrinkage of the swollen shell has been observed in the results from SANS measurements.
Thus, it is confirmed that the micelles formed by P(S-6-MDEGA-b-S) do not exhibit a
volume shrinkage when the temperature is above the transition temperature. Besides this
similarity, the core radii obtained from both measurements have similar values as well,
which are 27 A. However, the micelle radii obtained show a slight difference. It is 96 A
in SAXS measurement, whereas only 84 A in SANS measurement. This variation of the
micelle radii might be related to the different sample cells used for the measurements.
According to figure [6.12c, the hard-sphere radius (rgg) also exhibits a prominent shrink-
age from 72 A to 64 A when the temperature passes the transition temperature. This
shrinkage indicates that the collpased micelles tend to approach each other. The tran-
sition temperature is corresponding around 40 - 42 °C. It is the same value as obtained
from SAXS measurement. Moreover, the volume fraction of the micelles stays around
0.07 before the temperature approaches the transition temperature (figure [6.12d). After-
wards, it slowly increases with temperature from 0.07 to 0.14, showing that the collpased
micelles are packed more densly. As a consequence, the results from SANS measurement
confirm the transition behavior of the film prepared from the PMDEGA-selective solvents

observed in SAXS measurements.

6.3.2 Transition behavior of swollen films prepared from THF

According to the discussion above, the transition behavior of thick P(S-6-MDEGA-b-S)
film prepared from ethanol (PMDEGA-selective solvents) shows no difference in SAXS and
SANS measurements. To confirm that the transition behavior of the film prepared from
the PS-selective solvents is also not dependent on the measurement, SANS measurements
are repeated on thick P(S-0-MDEGA-b-S) film prepared from THF. Figure presents
the four individual scattering curves at 32 °C, 38 °C, 42 °C and 48 °C from top to bottom.

Some similarities are found, when comparing the scattering curves of the films pre-
pared from THF and ethanol. Firstly, the evolutions of the forward scattering with the
temperature in the low ¢ region are seen in both films. Secondly, a shoulder is visible in the
q region of 0.06 - 0.11 AT (see figure[6.13h), showing that the micelle radius (form factor)
is around 88 A. Thirdly, both the core radius and the micelle radius stay unchanged (see
figure [6.13b). There is no observable shrinkage of the swollen micelles. Fourthly, when

the temperature increases above the transition temperature (40 - 42 °C), the hard-sphere
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radius (ryg) also dramatically drops from 71 A to 63 A (see figure G.13c). The decrease
of rgs means that the collpased micelles tend to approach each other. Fifthly, the volume
fraction of the micelles gradually increases from 0.05 (40 °C) to 0.15 (50 °C), showing
that the collapsed micelles densely pack and form large domains. These five findings are
exactly the same as the results from SAXS measurement. Thus, the SANS measurements

confirm the observations of the SAXS measurements.
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Figure 6.13: (a) Four representative SANS scattering curves of thick P(S-b-MDEGA-b-S)
film prepared from THE' (black dots) shown together with fits (red lines) at 32 °C, 38 °C,
42 °C and 48 °C from top to bottom. (b) Temperature-dependence of the core radius
(open circle) and the micelle radius (solid circle) when the temperature increases from
30°C to 50°C. (c) Temperature-dependence of the hard-sphere radius of the micelles. (d)

Temperature-dependence of the volume fraction of the micelles.

6.4 Summary

By solution casting, thick P(S-0-MDEGA-b-S) films with a thickness of 5 um are suc-
cessfully prepared from the PMDEGA- and PS-selective solvents. SAXS measurements
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confirm that the core-shell micellar structures formed in solutions are successfully trans-
ferred into thick films. In the films prepared from the PMDEGA-selective solvents (wa-
ter, methanol and ethanol), PS and PMDEGA form the core and the shell, respectively.
Whereas in the films prepared from the PS-selective solvents (THF, toluene, benzene,
dichloromethane and 1,4-dioxane), the core and the shell are reversed. When the films
are immersed in liquid D50, in the film prepared from the PMDEGA-selective solvents,
the core-shell micellar structure stays unchanged. Only the PMDEGA shell absorbs D;O
and swells. In contrast, in the films prepared from the PS-selective solvents, the core and
the shell are reversed due to the selectivity of D,O. This reversal of the micelles results in
two differences of the transition behavior. The first difference observed is the high volume
fraction of the swollen micelles after exposure to liquid DO for 10 min, meaning that
there is additional entanglement between the micelles. This entanglement results in the
second difference: the transition region of the film prepared from the PS-selective solvents
is significantly broader. Because the transition from the swollen state to the collapsed
state is related to hydrogen bonds, the entanglement hinders the attachment and detach-
ment of water to the ether groups, which further influences the transition behavior of the
micelles. Besides these two differences, the thick films prepared from the two different
selective solvents show the same behavior. Although the swollen PMDEGA shell does
not exhibit a pronounced shrinkage when the temperature is heated above the transition
temperature, the intermicellar distance abruptly decreases and the volume fraction grad-
ually increases. Furthermore, the final states of the collapsed micelles are similar for the
films prepared from the two different selective solvents. This indicates that the PMDEGA
based micelles will switch from the swollen state to the collapsed state when the temper-
ature passes the transition temperature. This transition process is not influenced by the
degree of entanglement of the chains. Moreover, the collapsed micelles tend to aggregate

and to form large domains.



Chapter 7
Summary and outlook

In this thesis, two thermo-responsive polymer PMDEGA and P(S-0-MDEGA-b-S) are
investigated. The focus is on the structure of the thermo-responsive films and an under-
standing of the corresponding transition behavior. Hence, the conclusion is given to thin
PMDEGA and P(S-0-MDEGA-b-S) films in these two parts, respectively.

As-prepared PMDEGA films exhibit a homogeneous surface as probed with optical
microscopy and AFM. Due to the low glass transition temperature (T, = -50 °C), the
PMDEGA chains have high mobility. As a consequence, thin PMDEGA films can show
dewetting after storage in ambient conditions. The correlated roughness in the films is
not present because of a rearrangement of the chain conformation. Although the surface
of the as-prepared PMDEGA films is smooth, in fact the films have a porous structure.
Due to the free volume, there are plenty of holes and vacancies. Thus, when the films are
mounted in a water vapor atmosphere, the water molecules immediately enter into this
free volume of the film. As the water is strongly bound with the PMDEGA chains, it
can be understood as structure water, which is not repelled from the swollen films by the
transition process when the temperature increases above the LCST.

The swelling capability of thin PMDEGA films depends on the surrounding water
vapor pressure, being most sensitive to the pressure range of 3000 Pa - 3169 Pa. A
slight decrease of pressure causes a pronounced drop of swelling capability. However, the
swelling capability stays unchanged when the vapor pressure is lower than 3000 Pa.

The swelling capability of thin PMDEGA films is significantly smaller as compared
to thin PNIPAM films with same thickness, which is attributed to the different chemical
structures of PMDEGA and PNIPAM. For PMDEGA, only ether groups can act as the
H-acceptor. Therefore, hydrogen bonds can only be formed between the ether groups

and water. In contrast, there are not only ether groups (H-acceptor), but also the amide
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groups (H-donor) which form hydrogen bonds in PNIPAM. Additionlly, water cages can
be formed around isopropyl group on the end of the side chain in PNIPAM.

The swelling process of thin PMDEGA films in water vapor atmosphere is devided
into two steps. In the first step, water occupies all free volume in the film, which causes
the film thickness to stay constant even if the water content is dramatically increased.
In the second step, water starts to form hydrogen bonds with the ether groups in the
PMDEGA chains. Thus the film starts to swell and the water content continues to
increase. Regarding the transition behavior of thin PMDEGA films, it exhibits a much
higher LCST than thin PNIPAM films. Additionally, the LCST of thin PMDEGA films
depends on the film thickness: the thinner the film, the higher the LCST. Besides the
difference of the LCST, thin PMDEGA films present a much broader transition region
when compared to thin PNIPAM films with same film thickness. As there is a large
side chain close to the ether groups in PMDEGA, it hinders the detachment of hydrogen
bonds in the collapse process. If the temperature suddenly jumps above the LCST,
swollen PMDEGA films shows a complex response, containing shrinkage, reorganization
and reswelling processes. Surprsingly, even the temperature jumps below the LCST, the
complex response of the swollen PMDEGA film is still observed, which is attibuted to the
broad transition region discussed above. However, as the final temperature is still below
the LCST, the collapsed film slowly recovers to its initially swollen state.

By modification of both ends of the hydrophilic PMDEGA block with hydrophobic
PS blocks, the obtained amphiphilic tri-block copolymer P(S-b-MDEGA-b-S) possesses
physical crosslinks, which hinder the rearrangement of the PMDEGA chains in ambient
conditions. Therefore, the dewetting of thin P(S-6-MDEGA-b-S) films is not as severe as
in case of thin PMDEGA films. Besides this difference, thin P(S-6-MDEGA-b-S) films also
share some similarities with thin PMDEGA films in the swelling behavior: the swelling
capability is sensitive to vapor prssure and the swelling process contains two steps. Due
to the introduction of hydrophobic PS blocks, the LCST of thin P(S-6-MDEGA-b-S) film
is lower than thin PMDEGA film with same thickness, whereas the transition region is
still very broad.

Moreover, the amphiphilic block copolymer P(S-b-MDEGA-b-S) has the ability to
self-assemble into a micellar structure in solution. By choosing different selective sol-
vents (PMDEGA-selective or PS-selective), the obtained micelles have different core-shell
structures in solution. In the PMDEGA-selective solvents, the core consists of PS blocks
and the shell is made up of PMDEGA blocks. Whereas in the PS-selective solvents, the

core-shell structure is reversed. By solution casting, the different micellar structures are
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transfered into thick films. When the films are immersed in D,O, the micelles in the films
prepared from the PMDEGA-selective solvents keep the core-shell structure unchanged,
only the shell swells. Even if the temperature is raised above the transition temperature,
both the core and the shell stay constant. No pronounced shrinkage of the swollen shell
is observed. Only the hard-sphere radius (intermicellar distance) dramatically decreases
and the volume fraction gradually increases, indicating that the collapsed micelles tend
to approach each other and form large domains. The transition region of thick P(S-b-
MDEGA-b-S) films is broad (40 - 42 °C) as well. However, in case of films prepared from
the PS-selective solvents and immersed in DyO, due to the selective effect of D50, the
core and the shell are reversed. This reversal process induces additional entanglement
of the PMDEGA chains in the shell, causing an even broader transition temperature
(36 - 42 °C).

As a consequence, the transition behavior of the PMDEGA based thermo-responsive
polymer films is different to the well-investigated PNIPAM films. They do not have a
sharp transition region and therefore may not be perfect candidates for appliactions such
as thermal switches. In contrast applications such as release of drugs will benefit from a
broad transition region. In addition thin PMDEGA and P(S-6-MDEGA-b-S) films can
absorb a large amount of water while the film thickness does not have a pronounced
increase. Thus, they may have potential use in water storage and related active cooling
of house roofs.

In upcoming projects, it is meaningful to extend the investigation to di-block copoly-
mer P(S-6-MDEGA), which can form corona structure in solution. Thus, the film struc-
ture obtained and corresponding transition behavior can be studied and compared to thin
PMDEGA and P(S-b-MDEGA-b-S) films investigated in this thesis. Additionally, the re-
sponsive behavior of thick P(S-6-MDEGA-b-S) films to sudden thermal stimuli above or
below the transition temperature is still unclear yet. With neutron scattering technique,
e.g. small-angle neutron scattering (SANS), the response of thick films can be achieved

and compared to the thin films.
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