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Abstract

The solvent uptake behavior and the volume phase transition of thermoresponsive poly(N-
isopropylmethacrylamide) (PNIPMAM) thin films is investigated. By the addition of
water soluble salts, the responsiveness towards different vapor atmospheres is studied in
terms of the macroscopic swelling degree as well as interactions on a molecular level.
On the macroscopic scale, the time dependent swelling degree is followed by spectral
reflectance (SR) and time-of-flight neutron reflectivity (ToF-NR), whereas contributions
from individual molecular interactions are analyzed using Fourier-transform infrared spec-
troscopy (FTIR). The volume phase transition of the swollen films is induced by lever-
aging the cononsolvency effect. Furthermore, the influence of the presence of ions on the
cononsolvency effect is investigated, reveling a strong dependence of the response behav-
ior on the specific salt introduced. In view of practical applications, this provides an
easily tunable parameter to modify the responsivness of nanodevices, such as sensors or

nanoswitches.

Zusammenfassung

Das Losungsmittelaufnahmeverhalten und der Volumen-Phaseniibergang von thermore-
sponsiven Poly(N-isopropylmethacrylamid) (PNIPMAM) Diinnfilmen werden untersucht.
Durch die Zugabe von wasserloslichen Salzen wird die Empfindlichkeit gegentiber ver-
schiedenen Dampfatmosphéren in Bezug auf den makroskopischen Quellungsgrad sowie
auf intrinsische Wechselwirkungen auf molekularer Ebene untersucht. Auf der makrosko-
pischen Skala wird der zeitabhéingige Quellungsgrad mittels spektraler Reflexion (SR)
und Flugzeit-Neutronenreflektometrie (ToF-NR) verfolgt, wiahrend die Beitrége einzelner
molekularer Wechselwirkungen mittels Fourier-Transform-Infrarotspektroskopie (FTIR)
analysiert werden. Der Volumen-Phaseniibergang der gequollenen Filme wird durch Aus-
nutzung des cononsolvency Effekts herbeigefithrt. Dartiber hinaus wird der Einfluss der
Anwesenheit von Tonen auf den cononsolvency Effekt untersucht, wobei sich eine starke
Abhéangigkeit der Empfindlichkeit vom eingebrachten Salz zeigt. Im Hinblick auf prakti-
sche Anwendungen bietet dies einen leicht anpassbaren Parameter, um die Sensitivitit

von Nanobauteilen wie Sensoren oder Nanoschaltern zu verdndern.
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List of Abbreviations

AIBN ................... azobisisobutyronitrile

DMF ... N-dimethylformamide

DMSO ... dimethyl sulfoxide

DTGS .................. deuterated triglycine sulfate

FTIR ............... ... Fourier-transform infrared spectroscopy
GISAXS ............ ... grazing incidence small-angle X-ray scattering
HSAB .................. hard and soft acids and bases

ILL ..o Institute Laue-Langevin

KEC ... .. knife edge collimator

LCST ...l lower critical solution temperature

NR ..o neutron reflectivity

PNIPAM ................ poly( N-isopropylacrylamide)
PNIPMAM ............. poly(N-isopropylmethacrylamide)
PTFE ................... poly(tetrafluoroethylene)

SDD ... sample detector distance

SEC ... size exclusion chromatography

SIE .. specific ion effect

SLD ... scattering length density

SR . spectral reflectance

TFE ... 2,2, 2-trifluoroethanol



THE ... . tetrahydrofuran

ToF .. ... time-of-flight

ToF-NR ................. time-of-flight neutron reflectivity
UCST ...l upper critical solution temperature
VPTT .................. volume phase transition temperature

XRR ... X-ray reflectivity



1. Introduction

Stimuli-responsive polymers are a class of polymers, which undergo physical changes upon
an external stimulus such as light irradiation [1], pH [2], cosolvent composition [3], tem-
perature [4], pressure [5], ionic strength [6], or upon the application of a magnetic or
electric field [7]. As a response to the external trigger, the properties of a polymer, such
as its solubility, viscosity, conductivity, color, and conformation can be altered, even re-
versibly [8,9]. Among such responsive polymers, thermoresponsive polymers change their
conformation upon variations in temperature and therefore are attractive in the fields
of tissue engineering, drug delivery, soft robotics, and nanosensors [10-12]. In solution,
thermoresponsive polymers undergo a transition from an expanded coil to a collapsed
globule state, which leads to a phase separation at certain temperatures [13,14]. For ther-
moresponsive polymers featuring a lower critical solution temperature (LCST), a phase
separation occurs at temperatures above the LCST. For upper critical solution tempera-
ture (UCST)-type polymers the phase transition takes place at temperatures below the
UCST [15]. Consequently, below the LCST and above the UCST the polymer is soluble in
all proportions. The transition temperature of a given thermoresponsive polymer can be
influenced by various factors, such as the molar mass [16], the end groups [16,17], and the
tacticity [18,19], or by the addition of salts [20,21] or cosolvents [3,22]. The ion-induced
modulation of the transition temperature is typically dependent on the ion identity and
therefore is referred to as a so-called specific ion effect (SIE) [2324]. The most prominent
example for a specific ion effect was reported and analyzed by Hofmeister for the solubility
of proteins in water in the presence of various salts [25/26]. According to Hofmeister, the
ion type either causes a stabilization or destabilization of a macromolecule in solution. It
was proposed, that highly charged ions enhance the structuring of nearby water, thereby
decreasing the solubility of the macromolecule. Consequently, these ions are referred to
as water structure makers or kosmotropes. In contrast, chaotropes or water structure
breakers increase the solubility due to their weakly charged nature. In line with the ob-
servations of Hofmeister, similar effects on the solubility of thermoresponsive polymers
have been reported, which demonstrated that the transition temperature is highly affected
by the presence of ions [27]. Thus, the addition of salts has emerged as a versatile tool
to tailor the transition temperature and the solubility of a polymer. Furthermore, the

addition of a cosolvent can have an impact on the aforementioned properties of a ther-
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Chapter 1. Introduction

moresponsive polymer. In this context, two contrary phenomena, the cosolvency and the
cononsolvency effect, can be explored. The cosolvency effect describes the phenomenon
in which a polymer becomes soluble in the presence of two poor solvents. In contrast, the
cononsolvency effect refers to the phenomenon of a polymer being insoluble in a mixture
of two good solvents. Like in the case of specific ion effects, the variation in the solubility
originates from the impact of the cosolvent on the transition temperature of the polymer
and therefore can be used to tailor the response behavior. Leveraging specific ion effects
and the co(non)solvency phenomenon, the design of advanced functional thermorespon-
sive materials with fine-tuned response behaviors becomes feasible and broadens the scope

of their potential applications.

In addition to polymers in solution, the coil-to-globule transition by temperature variation
is also found for different sample architectures such as polymer brushes [28] or physically
and chemically cross-linked polymers [14]. In these architectures the coil-to-globule tran-
sition is referred to as a volume phase transition [29]. In general, bulk materials offer ad-
vantageous mechanical stability albeit with the drawback of a less pronounced response
behavior compared to polymers in solution. The balance between high responsiveness
and enhanced mechanical stability can be achieved with polymers in thin film geome-
try up to ~ 100 nm thickness. [30]. These thin films possess a high surface-to-volume
ratio and therefore a large exposable area for a stimulus. Furthermore, mechanical sta-
bility is provided by chemical or physical cross-links between the functional groups of
the polymer [8/30]. For the purpose of application, the volume change can be leveraged
by exposure of a swollen thin film — also referred to as a polymer gel — to an external
stimulus. The conformational change of the polymer chains results in a variation of the
swelling degree, which can exemplarily be used for the ejection of pharmaceutically active
small molecules in targeted drug delivery or for the generation of signals by translation
of the response to an electrical current [8)31-33]. For medical use of thermoresponsive
polymers, it is essential that the polymer is biocompatible and that it features a transition
temperature close to the human body temperature. In this regard, the non-toxic poly(N-
isopropylacrylamide) (PNIPAM) has become an attractive choice, due to having its LCST
in aqueous solution at around 32 °C [34-36]. PNIPAM primarily consists of a hydropho-
bic polymer backbone and isopropyl bearing amide groups in the side chains. Through
slight modifications of the molecular structure of the polymer, significant changes of the
LCST are obtained. For instance, in poly(N-isopropylmethacrylamide) (PNIPMAM),
the addition of a methyl group at each repeating unit at the polymer backbone shifts the
LCST to 44 °C in aqueous solution, which amounts to an increase of 12 °C [37-41]. This

is explained by the modification of the molecular structure influencing the inter- and in-



trapolymer interactions as well as hydrogen bond formation and thus the LCST 45].

In the present thesis, the influence of salt addition on the response behavior of PNIPMAM
thin films in different solvent vapor atmospheres is investigated. The films are fabricated
on silicon substrates, which geometrically constrains the polymer chains and creates a
high surface-to-volume ratio. By exposing the thin films to water vapor and subsequently
to a water/acetone vapor mixture atmosphere, the swelling and cononsolvency induced
contraction are studied with the addition of either Mg(ClO4)2, Mg(NO3)s, or NaClO, as

shown in Figure [1.1}]

/—————————————————\
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\J. Reitenbach et al., Macromolecules 2024, 57, 10635-10647. /

Figure 1.1.: Schematic overview over the investigation of the volume phase transition behavior
of PNIPMAM thin films with the addition of either Mg(ClO4)2, Mg(NO3)2, or NaClO4 under
different solvent vapor atmospheres. The swelling under D>O and collapse behavior under a

mixture of D>O and acetone is illustrated.

Creating a solvent vapor atmosphere in close vicinity to the film surface, the incorporation
of the solvent molecules into the polymer matrix leads to a volume expansion accompa-
nied with a thickness increase. The swelling process is thereby dependent on the solvent
quality, the added ion type, the diffusion rate, and the humidity itself. The presence
of salts inside the polymer matrix further influences the overall interactions between the
components and therefore impacts the swelling ability of a polymer film. The contraction
of a swollen film by the addition of a cononsolvency inducing cosolvent enables a film to
possess two distinct and stable swollen states. The extent of the volume phase transi-
tion hereby decides the applicability of the polymer film in devices such as nanoswitches,
nanosensors, and actuators. In general, tailoring the response behavior to be faster and
stronger to enhance the sensitivity of the device is beneficial, which is demonstrated to
be achievable by the addition of salts. This circumvents the necessity to synthesize poly-
mers with the desired requirements by instead tuning the response behavior of already

existing materials. Experimentally, the response behavior is followed by appropriate time-



Chapter 1. Introduction

resolved measurement techniques. The macroscopic thickness evolution of the polymer
thin film is measured by in situ spectral reflectance (SR) or time-of-flight neutron re-
flectivity (ToF-NR). In addition, ToF-NR allows for the calculation of the evolution of
the solvent content inside the film over time from the scattering length density (SLD).
By applying a physically sensible fit model to the measured ToF-NR reflectivity curves
further information about the vertical distribution of components, interface layers, and
interface or surface roughnesses is obtained. This information gives insights into the up-
take and release behavior of solvent molecules into the film, as well as into the presence
of enrichment/depletion layers from the migration, preferential absorption, or accumu-
lation of components. The vertical distribution of salts inside PNIPMAM thin films is
investigated by X-ray reflectivity (XRR). Due to the different scattering mechanisms, i.e.,
neutrons scatter at the nuclei and X-rays at the electron shell, a combination of neutron
and X-ray experiments complement each other due to the different scattering abilities of
the individual components. The difference in the scattering ability results in a contrast,
which enables the differentiation of the individual species. The neutron SLD of elements
varies randomly with the atomic number and is highly sensitive towards different iso-
topes. This is different to X-rays, where the SLD strongly depends on the atomic number
and therefore follows a trend across the periodic table. Furthermore, to study the evolv-
ing molecular interactions during the swelling and collapse processes of the film, in situ
Fourier-transform infrared spectroscopy (FTIR) is used to resolve the participation of the
individual functional groups of the polymer, solvent molecules, and salt additives. The
combination of time-resolved ToF-NR and FTIR links the macroscopic response behav-
ior to the underlying molecular processes, giving detailed mechanistic insights. On top
of that, the order of solvation events is analyzed by subjecting the FTIR spectra to 2D

correlation analysis, which further allows for the resolution of overlapping signals.

For a comprehensive understanding of the presented research topic, Chapter [2| provides
the fundamental theoretical background about parameters influencing the LCST of ther-
moresponsive polymers in thin film geometry. The basic concepts of specular reflectivity,
necessary for the physical principles of the measurement techniques in Chapter |3 are pre-
sented. In Chapter [d] the unique sample environments for the characterization of polymer
thin films in solvent vapor atmospheres are introduced and the individual materials as
well as the sample fabrication methods are addressed in Chapter [5

In the first study presented in Chapter [0 the swelling behavior of PNIPMAM thin films
in D2O vapor atmosphere with the addition of either Mg(ClO4)s or Mg(NOj3), is inves-

tigated. D50 is used instead of HyO to increase the contrast between the polymer and



the solvent molecules for ToF-NR experiments and to avoid overlapping signals from the
solvent molecules and the prominent polymer signals in FTIR measurements. By inves-
tigating the system with XRR, ToF-NR, and FTIR, the impact of the anion variation on
the swelling behavior is investigated. The addition of Mg(NOj), increases the responsive-
ness of PNIPMAM thin films to D,O vapor in terms of swelling ratio a change to over
70 % compared to the salt-free and Mg(ClO,)s-containing PNIPMAM film. Complemen-
tary, by in situ FTIR measurements the interactions between water molecules, charged

ions, polar functional groups and hydrophobic alkyl moieties of the polymer are identified.

Based on the results for the swelling behavior presented in Chapter [6] the study in Chap-
ter [7] extends the investigation to the influence of different salts on the cononsolvency
induced volume phase transition of an initially swollen PNIPMAM thin film. Instead of
varying the anions, different perchlorate salts with cations of different valence, namely
Na™ and Mg*", are investigated by using a combination of XRR, ToF-NR, and FTIR
in accordance with the investigations presented in Chapter [f], The addition of NaClO,
enables to further increase the swelling ability of PNIPMAM thin films and successfully
enhances the magnitude of the volume phase transition upon subsequent introduction of
a mixed DyO/acetone vapor atmosphere.

The combined investigations from both research projects are summarized in Chapter
and aim to provide perspective into the not yet fully understood fields of the specific ion

effects and the cononsolvency effect in thermoresponsive polymer thin films.






2. Theoretical Background

This chapter provides theoretical principles of polymer solubility, as well as the origin
of the temperature dependence for thermoresponsive polymers and how the transition
temperature can be influenced by the addition of a cosolvent. Furthermore, the effect of
ions on the solubility as well as on the transition temperature of polymers are discussed.
The presented theories are further extended for the behavior of polymers in thin film
geometry. The last section addresses the basic concepts of specular reflectivity necessary

for the physical principles of the measurement techniques presented in Chapter 3]

2.1. Polymer Solubility

The solubility of a polymer in a given solvent is determined by the Gibbs free energy G,
which describes the tendency of systems to mix with each other. The Gibbs free mixing
enthalpy AG,, is given as [46/47]

AG,, = AH,, — TAS,, , (2.1)

where T is the temperature, and H,, and S,, are the mixing enthalpy and entropy terms,
respectively. For most systems, AS,, is positive due to the increase of possible arrange-
ments in the mixed system. For AG,, < 0 the polymer will dissolve in the solvent, which
is the case when the entropy term dominates the enthalpy term. However, if AG,, > 0,
i.e., when AH,, > TAS,,, the polymer will be insoluble. Furthermore, if AH,, and AS,,
have equal signs, the solubility is primarily dependent on the temperature. In absence of
interactions between the components in an ideal non-interacting system, AH,, = 0 and
the occurrence of mixing is only depending on the entropy. However, for real systems
such as polymers in solution, AH,, # 0 due to the formation of polymer-polymer and
polymer-solvent interactions. Moreover, due to the long-chain nature of polymers, con-
sisting of covalently linked monomer units, AS,, is decreased compared to a solution of

small molecules. According to the definition by Boltzmann the entropy is given as [46,47|

S:k'BlIlQ, (22)



Chapter 2. Theoretical Background

where kp is the Boltzmann constant and €2 describes the number of possible arrangements.
To account for the chemical nature of polymers, the enthalpy and entropy term have to
be adjusted, which is described by the Flory—Huggins theory [48-50]. Here, the solution
is described by a lattice, in which each solvent molecule and each segment of a polymer

chain occupies one lattice site, which is shown in Figure [2.1}

o|e|o|o|o]o
ololo|o oro--oo o|e|o|ete]|0
o|o|o|o + S i o o|e|o|e|o]o
o|o|o]o oo oo o160 |6reto
o|of|o]o o1ofo |0 e|ofofofo]o
Solvent Polymer O|eoTeore1e | O

Figure 2.1.: Depiction of the Flory-Huggins lattice model [46,47] for the description of polymers
in solution. Solvent molecules are shown as hollow circles, segments of a polymer chain as solid

black circles, and bonds between polymer segments as solid black lines.

In solution, the number of possible arrangements €2 is according to Flory—Huggins theory

described by the number of lattice sites n and the total volume ¢ of a system as

Q=no. (2.3)

Before mixing, a given component ¢ occupies the whole lattice space and therefore ¢; = 1,
which reduces the number of possible arrangements to ; = n¢; = n. In a mixture of
two components ¢ and j the total volume is constrained by ¢; + ¢; = 1, which results
in Q;; = n(¢; + ¢;) = n. Therefore the mixing entropy AS,, for component i can be

expressed as

ASmJ- = k?B In Q@j - k?B In Qz (24)
= —kplng;. (2.5)

Since 0 < ¢; < 1, AS,, is always positive for a mixture consisting of small molecules.
However, for polymers where a chain occupies multiple lattice sites, the definition of the
mixing entropy has to be adjusted. In this case, the total number of occupied lattice sites

n; for a component ¢ is defined as

neo;
N; '’

(2.6)

n; =



2.1. Polymer Solubility

where N; is the number of lattice sites a given molecule of component 7 occupies, i.e.,
N; = 1 for solvent molecules and N; > 1 for a polymer chain. Finally, AS,, can be

expressed as

For ideal solutions (AH,, = 0), AG,, is mainly dependent on the temperature 7" and
the chain length of the polymer. In nonideal systems where AH,, # 0, short-ranged
inter- and intramolecular interactions need to be accounted for and are defined by the

Flory-Huggins interaction parameter y as [46/47]

B zA\e
X - kBT7

where z is the number of next neighbors in the lattice and the interchange energy Ae

(2.8)

accounts for the solvent-solvent contact energy €;;, the polymer-polymer contact energy ¢;;
and the polymer-solvent contact energy €;; by Ae = €;; — 1/2(€;; + €;;). For an interaction
parameter x = 0.5, the solvent is considered to be a theta solvent and an ideal chain
conformation is given. For xy > 0.5 the solvent is referred to as a poor solvent in which
the polymer tends to precipitate, whereas for y < 0.5 the solvent is a good solvent and
the polymer is present as an expanded coil [51]. Using the definition of the interaction

parameter y from Equation [2.8] the mixing enthalpy AH,, is given as

AH,, = nkgT x ¢:9; (2.9)
and therefore — after normalization to the number of lattice sites n — AG),, can be expressed
as

B Gi oy
N; N;

where R is the ideal gas constant. It has to be noted, that Flory—Huggins theory is based
on the assumptions that specific interactions between components such as clustering,
excluded free volume, or fluctuations are neglected such that deviations for a real system
have to be considered. Furthermore, for polymer solutions the solvation process is not
only thermodynamically but also kinetically driven and therefore also limited by diffusion.
Additionally, higher molecular weights or chain branching can also influence the solvation
behavior [52].
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2.2. Thermoresponsive Polymers

For polymer solutions where both AH,, and AS,, have an equal sign, the Gibbs free
mixing enthalpy depends on the temperature of the system. If both terms are positive,
AG,, will become negative at elevated temperatures, causing the system to change from
being insoluble to being soluble at a specific temperature. This transition temperature is
referred to as the upper critical solution temperature (UCST). In contrast, if AH,, and
AS,, are both negative, AG,, becomes positive at elevated temperatures, such that the
system goes from a soluble to an insoluble state at a certain transition temperature called
the lower critical solution temperature (LCST) |46]. When the solubility of a polymer
is temperature-dependent, this type of polymers is referred to as a thermoresponsive
polymer. The transition temperature is defined as the point at which AG,, = 0, resulting
in an expression for the transition temperature as
AH,,

T = AS, (2.11)
Therefore the transition temperature depends on the chemical and physical interactions
between the solution and the polymer as well as on the molar mass of the polymer and
its concentration. In Figure the dependence of the Gibbs free mixing enthalpy AG,,

on the polymer volume fraction ¢; and the temperature T is shown [47/53].

\ \

0 50 100
i/ %o

Figure 2.2.: Gibbs free energy as a function of the polymer volume fraction ¢;. T1-Ty represent
curves at different temperatures, where minima are marked in orange and inflection points in

green dots. The critical temperature is highlighted with a blue star [47].

For the temperatures T} and T, AG,, is always lower compared to the pure components,
leading to the polymer being soluble at any volume fraction ¢;. The curve for T3 rep-
resents the behavior just before the occurrence of a maximum at higher temperatures,

and consequently T, is referred to as the critical or transition temperature. At elevated

10



2.2. Thermoresponsive Polymers

temperatures as in the case of T3 and T}, the curves pass through minima at ¢; and ¢y,
where the system is soluble, which is also true for ¢ < ¢; and for ¢ > ¢,. Consequently,
at these temperatures the polymer is only soluble at certain volume fractions. Between
the minima and the inflection point, i.e., between ¢; and ¢5 as well as between ¢3 and
¢4, a metastable region is reached in which local concentration fluctuations determine
whether or not phase separation occurs. The metastable region is unaffected by small
fluctuations but larger fluctuations can cause the system to enter the unstable or stable
region. Between the inflection points ¢9 and ¢35 an unstable region occurs at which phase
separation takes place when AG,, becomes positive. Thus, phase separation of a solu-
tion occurs at a given temperature above the critical temperature for volume fractions ¢;
between the minima at ¢; and ¢,. For polymers featuring an UCST-type behavior the
minima move closer together with increasing temperature thereby narrowing the unstable
region. In contrast, polymers featuring a LCST-type behavior the minima move further
apart at increasing temperatures. The temperature at which the minima at ¢; and ¢4
coalesce describes the transition temperature. The curves depicting the miscibility gap
in Figure are further convertible into phase diagrams [47/54/55]. The phase diagrams
of polymers in solution exhibiting an UCST-type or a LCST-type behavior are shown in
Figure 2.3}

b) T

0 50 100
oi /%

Figure 2.3.: Schematic phase diagrams of polymers in solution exhibiting an (a) UCST-type

or a (b) LCST-type behavior. The phase diagrams consist of a one phase and a two phase
region as well as of the binodal and spinodal curves [47,54,55]. In accordance with Figure ,
temperatures 1771} are indicated by dashed lines and characteristic points by colored circles and

stars.

The binodal curve represents the points at which minima in AG,, occur, here, ¢; and ¢4.
The spinodal curve is determined by the inflection points, here, ¢o and ¢3. Therefore,
the region between the binodal and spinodal curves corresponds to the metastable region,

which is colored in orange in Figure 2.3] Furthermore, the region highlighted in green in

11
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Figure [2.3| enclosed by the spinodal curve corresponds to the unstable region where phase
separation occurs. The region beyond the binodal curve is the one phase region at which

the polymer is soluble.

As derived by Flory-Huggins theory, AS,, is highly dependent on the chain length of a
polymer. Consequently, the chain length also influences the miscibility and the transition
temperature of a polymer, which is then referred to as type I behavior. However, exper-
imentally in certain cases only a slight dependence of the transition temperature on the

chain length is observed, which is referred to as type II behavior [5456/57].

2.2.1. Polymer-Solvent Interactions

As described in the previous section, the solubility of polymers mainly depends on the
enthalpy term rather than on the entropy term. Thus, the interactions between the com-
ponents have a major impact on the solubility as well as on the transition temperature
of a thermoresponsive polymer. The solubility of a polymer in water is in general deter-
mined by its hydrophilicity. Polar functional groups at in the polymer chain are able to
form hydrogen bonds and ionic or dipole interactions with the water molecules increas-
ing the solubility. In contrast, hydrophobic parts of the polymer can only be hydrated
according to the hydrophobic hydration, such that a solvation shell is formed. Therefore,
the balance between hydrophilic and hydrophobic moieties determines the solubility of a
polymer in water [5758]. Solvents which are able to solvate polymers are referred to as
good solvents, whereas solvents which do not dissolve the polymer are referred to as poor
solvents. In regards of thermoresponsive polymers exhibiting a LCST, attractive forces
between the solvent molecules and the polymer have to be favored at low temperatures
compared to polymer-polymer interactions, and unfavored at higher temperatures [58].
At elevated temperatures the kinetic energy of the small solvent molecules dominates the
thermodynamic energy gain of mixing, resulting in a coil-to-globule transition of the poly-
mer and a phase separation [23,57]. At such temperatures, polymer-polymer interactions

become more favorable compared to polymer-solvent interactions.

2.2.2. Cononsolvency

The cosolvency effect describes the phenomenon that a polymer becomes soluble in a mix-
ture of two poor solvents. In contrast, if a polymer becomes insoluble in a mixture of two
good solvents the effect is called cononsolvency. In the case of cononsolvency, the addition
of a cosolvent can lead to a strong decrease of the transition temperature of LCST-type

polymers. At high fractions of one or the other solvent, the polymer is miscible due to the
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2.2. Thermoresponsive Polymers

good solvent nature of the main solvent. At intermediate solvent fractions, however, the
LCST passes through a minimum that can even be below room temperature. Thus, at a
constant temperature the solubility of the polymer becomes dependent on the cosolvent
concentration [3)9]. In this context, the most well studied system exhibiting cononsolvency
behavior is poly(N-isopropylacrylamide) (PNIPAM) in water-methanol mixtures [59-
67). Additionally, PNIPAM exhibits cononsolvency behavior in aqueous solutions when
mixed with ethanol [68-70], isopropanol [71], n-propanol [71)72], N, N-dimethylformamide
(DMF) [59,73], tetrahydrofuran (THF) [22,74]75], 1,4-dioxane [22,74], acetonitrile |74],
acetone [5968)|76], and dimethyl sulfoxide (DMSO) [59,74,76]. Beyond PNIPAM, another
polymer demonstrating the cononsolvency effect is poly(N-isopropylmethacrylamide)
(PNIPMAM), which is a structural analogon to PNIPAM only differing in an additional
methyl group for each repeating unit at the polymer backbone. The chemical structures
of PNIPAM and PNIPMAM are shown in Figure [2.4]

PR
X "X

Figure 2.4.: Chemical structures of poly(N-isopropylacrylamide) (PNIPAM) and poly(N-
isopropylmethacrylamide) (PNIPMAM).

Likewise as PNIPAM, PNIPMAM is also a thermoresponsive polymer with a LCST in
aqueous solution at around 44 °C [37-41], which is considerably higher than the LCST of
PNIPAM at 32 °C [57,77-80]. The elevated LCST of PNIPMAM compared to PNIPAM
is explained by the sterically more hindered polymer backbone of PNIPMAM, which is
weakening inter- and intrapolymer interactions [40,42-45]. To date fewer investigations
on the cononsolvency effect of PNIPMAM have been conducted [81-86]. Nonetheless,
PNIPMAM provides the unique opportunity to deduce trends in the cononsolvency be-
havior due to its similarity to the already well studied PNIPAM. Henschel et al. [86]
investigated the cononsolvency effect based on the dependence of the cloud point of PNI-
PAM and PNIPMAM on the concentration of different cosolvents in aqueous solutions.
In Figure the cloud points of PNIPAM (hollow symbols) and PNIPMAM (solid sym-
bols) are shown for lower alcohols (Figure 2.5h) as well as for aprotic polar cosolvents
(Figure ) In general, two different patterns of the dependence of the cloud point
on the cosolvent molar fraction in water is observed. Either the LCST transition passes

through a minimum with increasing cosolvent fraction, which is the case for methanol
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Chapter 2. Theoretical Background

and acetone, or the LCST decreases continuously until it passes the melting point of the
solvent mixture, which is the case for all alcohols besides methanol and for DMSO and
DMF. Furthermore, it is observed that the decrease in the transition temperature is more
pronounced for PNIPAM compared to PNIPMAM. Hence, the transition temperature is
dependent on the hydrophobicity of the polymer and potentially also on the size of the
excluded free volume. By decreasing the polarity of the alcohol, a lower cosolvent molar
fraction is needed to induce a strong shift of the cloud point. In the case of polar aprotic
cosolvents, acetone has a similar impact on the cloud point as methanol, whereas DMSO
and DMF show similar behavior as longer-chained alcohols. Moreover, DMF seems to
cause a slight increase in the cloud point at lower fractions before a decrease at higher
fractions is obtained [86].
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Figure 2.5.: Behavior of the cloud points of PNIPMAM (solid symbols) and PNIPAM (hollow
symbols) in (a) mixtures of water and lower alcohols (methanol (MeOH, blue), ethanol (EtOH,
red), isopropanol (iPrOH, green), and n-propanol (PrOH, black)) and (b) mixtures of water and
dipolar aprotic solvents (DMSO (cyan), DMF (brown), and acetone (magenta)). The horizontal
dashed line indicates the lower temperature limit of the experimental set-up used. Reprinted
from Ref. [86], licensed under CC BY 4.0.

As aforementioned, until today the origin of the cononsolvency effect is not yet fully un-
derstood and many mechanisms were proposed to describe this intriguing phenomenon.
It is unclear if the cononsolvency effect is governed by generic properties of the system,
excluding specific interactions between the polymer and the solvents, or not. However,
many theories were proposed which include specific interactions to be the origin for the
cononsolvency effect. The explanations range from water-cosolvent complex formation
over competitive binding to preferential adsorption, which are depicted in Figure 2.6
The explanation of Zhang et al. [87] relies on the formation of water-cosolvent clusters,
which are more favorable than the individual interactions of the solvents with the poly-
mer, causing the solvent mixture to become a poor solvent for the polymer and thus the

polymer precipitates. In a related vain, Bischofberger et al. [88] defined the origin of the
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2.2. Thermoresponsive Polymers

cononsolvency effect based on a thermodynamic effect, where the addition of a cosolvent
strengthens the hydrogen bonded water network, which in turn reduces the preference to
hydrate the hydrophobic moieties of the polymer. In contrast, Tanaka et al. |[60/89] hy-
pothesized that the effect is driven by competitive binding of both solvents to the polymer,
resulting in the precipitation of the polymer at higher cosolvent concentrations. Dalgicdir
et al. [90] proposed that by the interaction of the cosolvent with the hydrophobic moieties
of PNIPAM, the polar amide functional group is sterically hindered to form hydrogen
bonds with water molecules, which in turn impacts the solubility of the polymer. Hao
et al. [75] further proposed that concentration fluctuations in the close vicinity of the
polymer — originating from the preferential adsorption of the organic solvent — are the
reason for the cononsolvency effect. Similarly, Walter et al. [91] hypothesized that due
to the preferential adsorption of the organic cosolvent by the polymer, the orientation
of the nonpolar functional groups of the cosolvent face outwards, resulting in the forma-
tion of a hydrophobic surface which drives the coil-to-globule transition of the polymer.
Contrarily, Heyda et al. [92] as well as Mukherji et al. [93] proposed that the preferential
adsorption of the organic solvent causes bridging of neighboring segments, resulting in a

phase separation of the system.

Complex T - Competitive
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Figure 2.6.: Proposed mechanisms for the origin of the cononsolvency effect of polymers in
solvent-cosolvent solutions. (a) Complex formation between solvent (blue) and cosolvent (red)
molecules lead to a decrease in the overall solvation and thus to a coil-to-globule transition of
the polymer. (b) Competitive binding of both solvent molecules to the functional groups of the
polymer chain leading to desolvation of the polymer. Black dashed line separates the mechanism
into the theories by Tanaka et al. [6089] (left) and Dalgicidir et al. [90] (right). (c) Preferential
adsorption of the cosolvent to the polymer changes the solvation shell of the polymer, causing
it to collapse. Adapted from Ref. [3].
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Evidently, even though many theories have been proposed, a theory accurately explaining
the cononsolvency effect has yet to be developed. For each theory outlined above, argu-
ments against were stated. However, it is apparent that in order to accurately describe
the cononsolvency effect all possible interactions, i.e., polymer-solvent, polymer-cosolvent,
and solvent-cosolvent need to be considered.

2.2.3. Specific lon Effects

Upon solvation, salts undergo separation into the constituting ions and form solvent ion
complexes due to their charged nature. Depending on the dielectric constant of the
solvent, the ion concentration, and the charge density of the ions, ion association can

occur where the electrostatic force is described by the Coulomb law according to

_ N1e
Amer?’
where F' is the Coulomb force, ¢; and ¢ are the individual electrical charges of the

(2.12)

interacting ions, ¢ is the dielectric constant of the solvent, and r is the distance between
the ions. In this regard, ion pairs are classified according to the structure of their solvation
shells and their distance from each other as contact, solvent-shared, or solvent-separated
ion pairs, which are depicted in Figure [94].

Contact lon Pair Solvent-shared Ion Pair Solvent-separated lon Pair

BE Wb SAF

Figure 2.7.: Schematic depiction of contact, solvent-shared, and solvent-separated ion pairs.

Solvent molecules are shown as black circles, cations as green and anions as orange spheres.

Contact ion pairs are ions which are directly in contact with each other without a sep-
arating solvation shell. For solvent-shared ion pairs, the ions share solvent molecules in
their respective primary solvation shells, whereas solvent-separated ion pairs have dis-
junct primary solvation shells. Solvent molecules in the primary solvation shell are in
direct contact with the ions and therefore form defined arrangements, whereas solvent
molecules in secondary and higher solvation shells are increasingly less organized. In gen-
eral, the formation of ion associates is determined by the Gibbs free energy, where the
enthalpy term is dependent on the coulombic energy release by ion association opposed

by the energy necessary for displacing a solvent molecule from the primary solvation shell.
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Since the degree of disorder is reduced by the formation of ion pairs, the entropy term
becomes negative. For higher concentrations of the solute the average distance between

the ions decreases, which leads to a higher likeliness of the formation of ion associates [94].

Beyond the formation of solvation shells, ions in solution can affect the properties of ad-
ditionally present components through hydrogen bonding, ion-dipole complex formation,
and van der Waals interactions. If the influence of the ions is not only dependent on
its charge or concentration but also on the identity of the ion itself, the phenomenon is
referred to as a specific ion effect (SIE) [24]95]. A prominent example for one of the first re-
ported SIEs is the Hofmeister series, in which the ability to solubalize a protein in the pres-
ence of ions is characterized dependent on the counterion introduced [25,26]. Therefore,
the Hofmeister series distinguishes between anions and cations and groups them into kos-
motropes and chaotropes. The anion series was found to be more dominant and is given by
CO3% >S04% >S,032 >Hy,PO, >F >Cl >Br ~NO; >I > ClO, >SCN"-
going from kosmotropic to chaotropic. For cations the series is likewise given by Lit > K*
~ Na® > NH,© > Mg*". Hofmeister proposed that kosmotropes are strongly hydrated
in water, resulting in an ordering of the solution and consequently in a salting-out of
the protein, whereas chaotropes are weakly hydrated, disrupting the order of the solution
as well as salting-in the protein. However, the ion—water adsorption model proposed by
Hofmeister is controversial and the origin of SIEs is still under debate [24]95]. Another
early attempt to characterize SIEs was reported by Pearson [96], which differentiates the
ions according to their hardness and softness. Hardness is defined as ions having a high
charge density, a low polarizability, and a small ionic radius, which is the opposite for
softness. However, the Pearson concept is not universal and does in some cases predict,
e.g., wrong solubilities [24]. Tt is noteworthy, that the series proposed by Hofmeister and
Pearson, however, show — to a large extent — similarities, since the cation and anion order
of Hofmeister resemble the trend based on the hardness concept. However, many stud-
ies show deviations from the Hofmeister series, which is explained by competing effects,
different underlying mechanisms, the presence of cosolutes, the counterion identity, tem-

perature variation, or changes of the pH or the ion concentration [24].

Today, specific ion effects are known to affect various systems such as solutions and
surfaces on a wide range of properties including solution viscosity [97)98|, surface ten-
sion [99], buffer [100,101], ion binding [102,103], micelle formation [104], enzyme activ-
ity [105-112], or the transition temperatures of thermoresponsive polymers [20,113-115].
Due to the variety of occurrences, many theories have been put forward to relate the

origin of the SIEs to underlying physico-chemical properties such as ion polarizability,
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size, shape, solubility, pKa, and ion association [24]. The theories for the influence of
SIEs on polymer solutions account for the variety of possible interactions, i.e., ion—water
(ion hydration), ion—polymer, ion—ion (ion pairing), polymer—water (polymer hydration),
polymer—polymer (intra- and interchain interactions), and water—water (hydrogen bond-
ing) interactions [23|. For the solubility of polymers in the presence of ions, the influence
of the ions on hydrogen bond formation and stability are considered, i.e., the competi-
tion of hydrogen bond formation between the ion and the polymer, the influence on the
hydrogen bond strength, and the influence of the hydration shell of the ion on the water
structure. Large symmetrical ions exhibit a weak orientation-dependent binding due to
their more delocalized and polarizable electron density, which makes them more easily
desolvate and therefore increasingly interactive with the cosolute. In contrast, small ions
with a high charge density allow for orientation-dependent binding. Multiple binding
locations and anisotropic charge densities influence the ability of possible interactions.
Charges located at the internal atom of a polyatomic ion can be shielded by the pres-
ence of outer site atoms, whereas charges located at outer sites increase the interaction
strength towards neighboring species. Furthermore, the aforementioned properties can
influence the likeliness of the presence of ions at vapor-liquid interfaces. In this regard,
polarizable, charge diffuse ions can redistribute their hydration shell at the dynamic in-
terface, while less polarizable, charge dense ions prefer to stay in the bulk region of the
system [24]116]. Properties of polymers which rely on the formation and stability of hy-
drogen bonds, such as the phase transition temperature in thermoresponsive polymers
can be greatly affected by the presence of ions. Thus, the chemical structure and surface
properties of a polymer are correlated with the ion-polymer interactions and the hydration
shell of the polymer, which indicates that SIEs are polymer-specific as well. Cremer et
al. [20,21117] investigated the influence of different sodium salts and their concentration
on the LCST of PNIPAM in aqueous solution and — on a molecular level — proposed three
distinct interaction mechanisms between the ions and the polymer. Figure 2.8 shows the
three interaction mechanism, namely interactions through polarization, surface tension,
and direct binding. The polarization mechanism describes the ability of strongly hydrated
anions to polarize the water molecules that are hydrogen-bonded to the amide functional
groups of PNIPAM. Thus, the resulting salting-out effect is governed by the dehydration
of the hydrophilic amide groups. Additionally, anions can lower or raise the surface ten-
sion of the polymer-water interface by interfering with the hydrophobic hydration around
the nonpolar functional groups leading to either a stabilization and a salting-in effect,
or to a destabilization of the hydrated polymer and consequently to a salting-out effect.
Weakly hydrated anions can interact directly with suitable binding sites of the polymer,

which leads to a salting-in effect.
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a) Polarization b) Surface tension c)  Direct binding
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Figure 2.8.: Interactions of ions with the hydration shell and surface of PNIPAM. (a) Polarization
effect of strongly hydrated anions on the hydration shell leading to a salting-out effect. (b)
Surface tension effect created by the interference of strongly and weakly hydrated anions with
the hydration shell surrounding the hydrophobic moieties leading to a salting-out effect. (c)
Direct binding of weakly hydrated anions to the partially positively charged moieties on the
polymer backbone leading to a salting-in effect. Adapted from Ref. [20].

Pegram and Record [118-122] hypothesized that the origin of the influence of salts on the
coil-to-globule transition of polymers in solution stems from the affinity of ions towards
different surfaces. As weakly hydrated anions prefer to accumulate at air-liquid interfaces,
they are believed to also have a high affinity for hydrocarbon molecular surfaces leading
to a salting-in effect. In contrast, strongly hydrated anions prefer to be excluded from
interfaces. Cations are able to interact with electron rich functional groups, such as amide
groups, which is why preferential accumulation/exclusion of individual ions at different
surfaces occurs. The interplay between these phenomena determines the overall solubility
and the ions are classified accordingly. Heyda et al. [113] conducted simulations of the
dependence of the cloud-point of PNIPAM on the salt-concentration in aqueous solution.
They proposed two different interaction mechanisms according to the type of ion. For
strongly hydrated ions, the excluded-volume mechanism describes the repulsion from the
polymer surface, which leads to an ion-depleted volume around the polymer. Therefore,
the salting-in or -out effect is dependent on the change in the salt-accessible volume and
the stabilization of the conformational state of the polymer. However, weakly hydrated
ions prefer to directly interact with the polymer surface dependent on the conformational
state of the polymer. At low salt concentrations weakly hydrated ions tend to interact
with the coil state, rather than the globule state, and vice versa at high concentrations.
Thus, the preferential absorption of the ions to either the coil or globule state of the

polymer governs the salting-in or -out effect.
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2.3. Polymers in Thin Film Geometry

While polymer systems in solution are quite well understood, as outlined in the preced-
ing sections, their lack of mechanical stability limits practical applications. In contrast,
bulk materials — while exhibiting increased mechanical stability — have reduced respon-
siveness to external stimuli, which hampers the ability to make use of their functionality.
Combining the advantages of polymer solutions and bulk materials in terms of mechan-
ical stability and fast response behavior, polymers in thin film geometry have emerged
as a valuable class of sample architectures [8,30]. However, it has to be noted that due
to the fixed geometry, the presence of interfaces, and the increased concentration of the
polymer, several properties differ from polymer solutions. The solubility of polymers in
solution can be compared to their swelling ability in thin film geometry, where the solvent
molecules are taken up into a polymer-rich matrix. Practically, this can be achieved by
immersing the polymer film in a solvent or by exposing the polymer thin film to a satu-
rated solvent vapor atmosphere. Again the quality of the solvent in terms of its goodness
determines the likeliness of it being incorporated into the film. Besides the still applicable
Flory—Huggins theory described in Section the swelling ability of polymer thin films
is determined by the Flory—Huggins interaction parameter y and the diffusion rate. The
diffusion process is dependent on the diffusion of the solvent molecules into the polymer
matrix as well as on the conformational change of the polymer chains. Starting from a
dry polymer thin film, the solvent molecules have to initially penetrate into the polymer
matrix, thereby filling up empty voids and the excluded free volume between polymer
chains. The hydration of the polymer chains and the further uptake of solvent molecules
then leads to a reorientation of the polymer chains and to an expansion of the film. For
chemically cross-linked polymers, Flory—Rehner theory |123] describes the dependence of
the total free enthalpy AG on the free enthalpy of mixing AG,, and the free enthalpy of

elastic deformation AG,; as

AG = AGy, + AGy . (2.13)

By differentiation with the number of moles of the solvent, the above expression can be

expressed in terms of the chemical potential Ay as

A/Ll = A/Ll,m + Aﬂl,el s (214)

where Ay is defined as p — p{ and g is the chemical potential of the solvent inside and
1Y the chemical potential outside of the polymer matrix. Since the chemical potential is

dependent on the osmotic pressure II, the equation can further be reformulated into
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st - Hm + Hel 3 (215)

where Il,,, is the swelling pressure, II,, is the osmotic pressure, and Il is the elastic
response of the polymer. At an equilibrated swollen state, the swelling pressure becomes
zero, which in turn means that the difference in chemical potentials of the solvent, i.e.,

inside and outside the polymer matrix, is zero.

Similar to chemically cross-linked polymers, linear polymers are also able to incorporate
solvent molecules without going into solution by the help of physical interactions, which
stabilize the polymer network. However, physical crosslinks such as hydrogen bonding,
coordination bonding, ionic interactions, hydrophobic interactions, dipole-dipole interac-
tions, van der Waals interactions, or chain entanglements are weak and dynamic [124].
In contrast to chemical crosslinks, which have defined junctions, physical crosslinks can

rearrange and thereby release strain from the expanding polymer chains.

2.3.1. Volume Phase Transition

Upon an external stimulus a polymer network previously swollen in the presence of a
solvent can exhibit a volume phase transition, which can be related to the coil-to-globule
transition of polymers in solution. The volume phase transition is defined as a discon-
tinuous change in the degree of swelling, enabling the possibility of the existence of two
distinct states with different swelling degrees [29]. The response of the polymer gel to
an external stimulus causes the polymer chains to collapse and to expel the solvent, re-
sulting in a deswollen, contracted state. This process can be reversible to some extent,
meaning that the polymer gel can be restored to its original swollen state. In biomedical
applications this behavior is leveraged in fields such as tissue engineering [125] or con-
trolled drug release |10431126] as well as in other applications such as actuators [33//127],
nanoswitches [83], sensors |128], or soft robotics [129]. In the realm of thermoresponsive
polymers such as PNIPMAM, a volume phase transition can be induced by changing the
temperature over the volume phase transition temperature (VPTT) or by leveraging the
cononsolvency effect by introducing a mixture of water and an organic cosolvent in a
certain ratio. In Figure the solvent uptake and release behavior of a polymer thin film
on a substrate is schematically depicted. In general, polymer thin films are geometrically
restricted on a substrate. Thus, the volume expansion during a swelling process and the
contraction upon an external stimulus is mainly along the surface normal. Therefore,
measurement techniques, which are able to measure the thickness of a polymer film on a

substrate are suitable to investigate the volume phase transition upon different external
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stimuli. Through time-resolved experiments the dynamic of the swelling and contraction

behavior of the films can further be determined and studied.

temperature
Ivent polymer or
solven
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Figure 2.9.: Schematic representation of a polymer thin film on a supporting substrate going
from a dry to swollen state by the addition of a solvent, followed by a contraction induced by

temperature or cononsolvency.

2.4. Basic Concepts of Specular Reflectivity

The characterization of thin film samples on supporting substrates in terms of the film
thickness, interface roughness, and optical constants can be probed by various techniques
which measure the specular reflection. When electromagnetic waves or neutrons pass
from one medium to another, reflection and scattering (including diffuse scattering) can
occur, depending on the properties of the materials and the nature of the interaction.
The latter is described by the law of reflection, which states that the angle of reflection
is equal to the angle of incidence. For an elastic scattering process, the energy of the
incident wave and thus the wavelength is conserved in the reflected wave. In Figure [2.10]

possible scattering phenomena from a surface are illustrated.

Figure 2.10.: Illustration of diffuse scattering (orange) and specular reflection (black) from a
surface. The lengths of the vectors for the diffusely scattered light are according to Lambert’s

cosine law [130].
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For diffuse scattering, the angular distribution of the radiant (reflected) intensity can be

described according to Lambert’s cosine law as

I = Iycos(0), (2.16)

where [ is the radiant intensity, I is the maximum intensity obtained along the surface
normal and 6 is the angle between the direction of radiation and the surface normal. This
law states that for an ideal diffusely reflecting surface the intensity is directly proportional

to the cosine of the angle between the detector and the surface normal [130].

2.4.1. Reflection from an ldeal Surface

In general, according to the wave-particle dualism, a quantum mechanical particle can
also be described by a wave. An incident wave described by wave function 1; can either
be scattered diffusely or in specular reflection at a homogeneous interface between two
heterogeneous media. In contrast to diffuse scattering, for specular reflection the reflected
angle 0, and the incident angle #; are identical. Furthermore, dependent on the angle of
incidence the wave can be split into a reflected (i) and a transmitted (refracted) part

(1), which is shown in Figure [131133].
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Figure 2.11.: Reflectance and transmittance of incident waves at an ideal interface between

two heterogenouse media with refractive indices n; = 1 and ny < 1. The incident wave is
characterized by the wave vector k: at an incident angle 6;. Likewise the reflected and transmitted
waves are characterized by /{:: 0, and k; 0, respectively [131-134].

The wave functions () of the incident (i), reflected (r), and transmitted (¢) waves are

hereby given as
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Wi (F) = a; exp(ik; - 7) (2.17)
%(77) = Qr exp(ik’: : 7?) ) (2'18)
Uy (F) = ay expliky - 7) (2.19)

where a,, are the amplitudes, 7 is the position, and k:l are the corresponding wave vectors.
The wave vector describes the direction of propagation of the wave and is oriented perpen-
dicular to the wave front, while the magnitude is inversely proportional to the wavelength
A. The relationship between the orientations of the incident and the transmitted waves
is described by Snell’s law given as [132,133|/135]

sin(6;) ng

sin(6,)  ny’ (220)

where 6; and 6, are the angles of incidence and transmittance and ny, ny are the refractive
indices of the respective media. The largest angle for which refraction still occurs is known

as the critical angle 6., which is described by Snell’s law as

sin(f,) = 2 with 1y <. (2.21)
n

Consequently, in the case of ny < nj, incident angles smaller than the critical angle lead
to total external reflection. While at the critical angle the reflected wave travels along
the surface as an evanescent wave, for angles larger than the critical angle refraction
occurs [134]. The described scattering processes are shown in Figure 2.12] where the
relationship between the orientations of the incident and the transmitted waves according

to Snell’s law is depicted.
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Figure 2.12.: The relationship between the orientations of the incident and the transmitted

waves according to Snell's law. For 8; < 6. total external reflection occurs, at §; = 6. the wave

propagates along the surface, and for 6; > 6. refraction occurs.
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For X-rays and neutrons the refractive index of a medium is a complex quantity given
by [132,133]136/139]

AN =1 -6\ +iB(\) (2.22)
A2 A2

5xray<)‘> = %repeu 5neutron()\) = %Nb, (223)
A A

ﬁxra}’(A) = E/JH ﬁneutron(A) = @Nda, (224)

where r, is the Thompson scattering length of the electron (classical electron radius),
pe is the electron density, N is the number of atoms per unit volume, b is the coherent
scattering length, p is the linear absorption coefficient, and «, is the cross section for
absorption of neutrons. The refractive index is therefore dependent on the dispersion co-
efficient ¢ and the complex absorption coefficient 5. Since typically the values for § and
are small on the order of 107¢ for X-rays and neutrons, these effects can be neglected and
the refractive index is n < 1, which means that air/vacuum is optically more dense than

matter resulting in a higher phase velocity in matter for X-rays and neutrons [132,138,140].

The terms r.p, for X-rays and Nb for neutrons are known as the scattering length density
(SLD) which describes the scattering power of a material [133,139]. Since X-rays scatter
at the electron shells, the SLD is dependent on the electron density p.. In contrast,
neutrons are scattered at the nuclei and the scattering power is dependent on the nuclear
scattering lengths b, which itself depends on the specific neutron-nucleus interactions
including spin-coupling and magnetic interactions and are therefore isotope-dependent.
From the chemical composition of a material the SLD can be calculated as [131133]

i nibi by with Vin = M :

Vin Poutk N A

The SLD can be expressed by summing up the scattering length contributions b; times

SLD = (2.25)

the number of individual atoms n; of a species ¢ divided by the molecular volume V,,, of
the compound. The molecular volume consists of the molar mass M, the density of the
material in bulk ppuk, and Avogadro’s number N4. Since the SLD is directly connected
to the refractive index, a large difference in SLD values of two materials leads to a higher
contrast between the individual components. A higher contrast is important for distin-
guishing the presence of different materials [134]. Since the scattering ability of X-rays is
dependent on the electron density of a given atom, high contrast can be achieved between
elements with significantly different atomic numbers. In contrast, in neutron experiments
the SLDs of the elements vary randomly but differs between isotopes [136//141142]. For

example, for "H and *H the neutron scattering lengths differ greatly, which allows to use
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deuteration as a contrast variation method in neutron experiments, e.g., a protonated
polymer in D,O. While a strong difference in the coherent neutron SLDs between 'H and
’H achieves a high contrast, it has to be noted that in experiments with 'H containing
materials strong incoherent scattering contributions of 'H lead to an attenuation of the

neutron beam and to a larger background contribution [133)/135/136,139].

After having established the condition for refraction and the dependence of the SLD on
the refractive index, the intensity of the reflected and transmitted waves remains to be
determined. Based on Equations [2.17H2.19] the reflectivity R is defined as the absolute
square of the amplitude a, and hence the reflectivity is the ratio of reflected and incident
intensity. The respective coefficients for the polarization components perpendicular (r,
ts) and parallel (r,, t,) to the plane of incidence are expressed by the Fresnel equations
as [135/140//T41]

_ nysin(f;) — ngsin(6y)

o 2.2
nysin(6;) 4+ ngsin(6;) ’ (2.26)
o 2711 Slﬂ(@/)
fs = nysin(6;) + nysin(6;) ’ (2.27)
nysin(0;) — ny sin(6;)
- 2.2
P ngsin(6;) + nysin(6,) (2.28)
t, 2n sin(6;) 2.29)

" nysin(6;) + nysin(6,)

The total amplitude a, consists of the average of the r; and r, contributions. As stated
above, for angles below the critical angle 6., only total external reflection occurs and the
reflectivity is 1. Consequently, for angles larger than the critical angle (6; > 6,), refraction
occurs and therefore a reduction of the reflectivity is observed. In the asymptotic limit

for large angles of incidence, the reflectivity reduces to

—4
Rp ~ <2€9> , (2.30)

meaning that the behavior of the reflectivity for very large angles relative to the critical
angle is governed by a ;* decay. Therefore reflectivity measurements close to the critical
angle offer enhanced intensity and are suitable for detection. Under ideal conditions the

above discussed reflectivity R is also known as the Fresnel reflectivity [133/140,141,143].
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2.4. Basic Concepts of Specular Reflectivity

Another way to express the reflectivity is as a function of the scattering transfer vector ¢
defined as /;:; - ET, In the case of specular reflection where the incident and the reflected
angles are equal, ¢ is oriented normal to the surface, i.e., g, or EZ as shown in Figure .
Since the direction of ¢ determines the direction of structural information gain, specular
reflection provides information vertically through the medium. The momentum transfer

vector ¢ is defined as

q=q. = ——sin(6;), (2.31)

and is mainly dependent on the wavelength A and the incident angle 6; [132135/140].

2.4.2. Reflection from a Nonideal Surface

In real systems rough surfaces and buried interfaces of multilayer systems cause devia-
tions from the ideal behavior. In addition to specular reflection, nonspecular (diffuse)
scattering contributions, caused by surface or interfacial roughness, lead to a reduction of
the reflectivity. The resulting reflectivity can be described by the Fresnel reflectivity Rp
from Equation multiplied with a correction term, e.g., such as a Debye-Waller-type
correction [131,134,135,138] yielding

2

, (2.32)

Rig.) = (2%)4 \ [ 9y expli2)d

dc

where — in the case of XRR — p/(z) describes the average value of the electron density
profile normal to the interface. Likewise, for NR, p'(z) describes the profile of the scattering
length. Consequently, this links the description of roughness directly to the SLD and
therefore also to the refractive index. In general, p'(z) is not experimentally observable,

thus the roughness is expressed by assuming a Gaussian profile of the interface, as visually
motivated in Figure [2.13, as

o1 22
p(z) = NoTee exp <_21112> , (2.33)

where w? is the mean square interface width. By Fourier transformation of the above
expression, it can be shown, that the reflectivity is decreasing with an increasing scattering
vector ¢, [1324133|/135,140,141/143].
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Chapter 2. Theoretical Background

Figure 2.13.: Contour line profile of a rough interface with the resulting Gaussian distribution
of the density gradient p'(2) [132/133)135,140,141}143].

2.4.3. Multilayer Systems

To account for multiple interfaces in layered systems the individual scattering contribu-
tions of each layer have to be considered. In the optical formalism approach, the reflectiv-
ity of a multilayer system can be described by the sum of the reflection coefficients at each
interface, each described by the Fresnel equations [2.26| This approach is only suitable
for interfaces with negligible diffuse scattering, since diffuse scattering contributions are
ignored. However, in some nonideal systems the fraction of diffuse scattering originating
from rough interfaces can be accounted for by a Debye-Waller-type correction as shown in
Equation [2.32] Note that the Debye-Waller-type correction does not apply to interfaces
with too much roughness. In the presence of a second interface, as exemplarily shown in

Figure [2.14] elastic reflection from both interfaces leads to a superposition of the reflected

waves by either constructive or destructive interference [132//137138,140].

Figure 2.14.: Reflectance and transmittance of incident waves at the interfaces of a multilayer
system with refractive indices ni, ng, and n3. The incident wave is characterized by the wave
vector 15; at an incident angle 6;. Likewise the reflected and transmitted waves are characterized
by k_; 0, and k?;g 0, respectively |ll32|,|137|,|138|,|140|].

For a multilayer system, the interference of the reflected waves depends on the difference
of the optical paths determined by the layer thickness d and the incident angle #;. The

conditions for constructive and destructive interference are given as
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2.4. Basic Concepts of Specular Reflectivity

2ndsin(f;) = mA, (2.34)
2ndsin(f;) = (m + 12)\, (2.35)

respectively, where m is an integer value. Thus, the reflection pattern is dominated by
a periodic evolution of the reflectivity with the incident angle 6;. These modulations are
known as Kiessig fringes and their spacing Agq is given by

Ag = 2mn; . (2.36)

dj

According to the above equation, the spacing between the fringes gives information about
the layer thickness d; of a given layer j. Other parameters influencing the shape of the
reflectivity pattern include the density difference between two layers. The amplitude of
the oscillations is dependent on the magnitude of the density difference and the relative
phase is dependent on the sign of said density difference. Furthermore, the critical edge at
qe, i.e., the ¢, value at the critical angle 6., is determined by the SLD and therefore by the
refractive index n. On top of that, rough surfaces and buried interfaces lead to a damping
in the interference fringes at large ¢,. In Figure the influence of the thickness, the
SLD, and the roughness for a single polymer layer on top of a silicon substrate with its

native SiO, layer is shown.
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Figure 2.15.: Exemplary neutron reflectivity curves for varying parameters. (a) Thickness d
variation influencing the fringe spacing. (b) SLD variation influencing the position of the critical

edge. (c) Roughness variation causing damping at higher ¢, values.
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2.4.4. Data Evaluation

Reflectivity patterns are usually evaluated by using models to fit the measured data.
However, a given data set can in principle be fit by an infinite number of models [140].
Therefore, it is emphasized to construct a model close to the real system with care and to
keep the number of adjustable parameters limited. Most commonly, Parrat’s multilayer
model approach [144] is used to describe a reflectivity curve based on known physical
properties influencing the scattering ability of each layer. The model is built recursively
from the bottom up and assumes the bottom layer to be an infinitely thick substrate.
The reflection coefficient of the j-th layer is calculated from the j — 1-th layer according
to the optical Fresnel formalism. Therefore, each layer is characterized by its thickness,
SLD or refractive index, and roughness. The latter can be accounted for by a correc-
tion factor as described in the preceding section. Once an appropriate model has been
chosen, it is fit to the Ney, experimental data points Rey, by minimization of the mean
square error x? = 1/Nexp S2(Rexp — Realc)?/0? by means of least squares fits. Here, o is
the experimental uncertainty of the measured reflectivity. Due to the complex structure
of the fit function a well-chosen initial guess is important to converge to an appropriate
minimum. To enhance the probability of converging to the global minimum, global opti-

mization algorithms such as differential evolution can be used [145].

To describe the reflectivity curve of a polymer film on top of a silicon substrate, as shown
in Figure [2.16, a model consisting of at least a semi-infinite front and backing medium,
i.e., substrate and air, with fixed SLDs and the polymer film itself has to be applied. This

model is typically referred to as one-layer model.

+ interface layers

+ SiOs layer
air
air interface
air
polymer
1 :
olvmer polymer interface
poly silicon oxide silicon oxide
]
silicon silicon silicon
substrate substrate substrate

Figure 2.16.: Different models for the reflectivity pattern of a polymer film on a Si substrate.
The simplest model includes only the polymer film between semi-infinite Si substrate and air
layers (left). To account for oxidation of the substrate a silicon oxide layer can be added (center).

To describe deviations for the polymer bulk interface layers can be included (right).
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2.4. Basic Concepts of Specular Reflectivity

Due to oxidation processes silicon bares a native silicon oxide layer, which also has to be
accounted for in the model. Furthermore, deviations from polymer bulk properties may
occur at the interfaces towards either the substrate or the surrounding environment. The
differing nature of the behavior of the polymer at an interface is commonly described
by adding an additional interface layer. Interface layers might also be needed in case of
depletion or accumulation of material at the interfaces. Thereby, information about the

distribution of material vertically through the film is obtained from the fits.
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3. Characterization Methods

To enable the investigation of the response behavior of PNIPMAM thin films towards
different vapor atmospheres in the presence of salts, different characterization methods
are selected. To follow the macroscopic change and the interactions on a molecular level,
in situ measurement methods are utilized. Additionally, the combination of X-ray and
neutron measurements is exploited to obtain a comprehensive understanding of the film
composition. In the following sections each measurement technique is introduced and the

measurement principle of the instrument is explained.

3.1. Spectral Reflectance

Spectral reflectance (SR) is a non-destructive measurement technique to determine the
thickness and refractive index of a single or multilayer film on a reflective substrate. Light
in the visible range with multiple wavelengths is directed onto the sample at normal
incidence, i.e., 6; = 90°. In Figure the described measurement configuration for a

polymer film on a substrate is shown.

z
A A
reflected incident
ni
pelyinzs transmitted reflected d
Ny ﬁlm

Figure 3.1.: Measurement principle of spectral reflectance at normal incidence for a polymer
film with thickness d on a substrate. The incident light is either reflected at the air-polymer

interface (green) or at the polymer-substrate interface (orange).

Due to the light impinging normal onto the sample, a phase shift of 180° occurs at
each interface since ns > ny > n;. Thus, the conditions for constructive or destructive
interference from Equations and simplify to
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Chapter 3. Characterization Methods

2nd = mA, (3.1)
2nd = (m + 12)\. (3.2)
Hence, interference only depends on the thickness d and the refractive index n of the

polymer. Furthermore, the Fresnel reflection coefficients r, and r, given in Equations
can be reformulated to

L Skl (3.3)
niy + na
N9 — N
r, = . 3.4
p— (3.4

For spectral light the definition of the refractive index n changes in comparison to the
definition given in Section due to the different wavelength range of the photons. The
refractive index n is still a complex quantity consisting of the real refractive index ny and
the extinction or absorption coefficient k as

n=ngy+ik. (3.5)

The consequence of the complex nature of the refractive index can be understood by
inserting Equation [3.5|into the wave function of the reflected wave given in Equation [2.18],

simplified for normal incidence. Separation of the real and the imaginary parts yields

Ue(2) = a, exp(ik,z), with &, = o
0
27 . .
= a, exp <z)\nz> , with n =ng+ik
0
2 2
= a, exp (iwnoz> exp (—WFLZ) , (3.6)
Ao Ao

where )\ is the vacuum wavelength. Since the complex exponential can be expressed ac-
cording to the Euler identity, ny defines the oscillations of the reflectivity. Contrary, the
presence of the extinction coefficient x in the decaying exponential leads to an exponential

reduction of the reflectivity.

In the special case of a thin layer on a substrate and an incident angle of 8, = 90°, the

reflectance consists only of the perpendicular component r, and can be expressed as

r1 + roexp(—if) 2 4mned

R = T —"—" with (= : (3.7)

A
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3.1. Spectral Reflectance

Based on the above equation, the dependence of the reflectance curve on the polymer

thickness d with varying wavelengths \ is exemplarily shown in Figure [3.2]

Reflectance
o

400 500 600 700 800 900 1000 1100
Alnm

Figure 3.2.: Dependence of the reflectance curve on the polymer thickness d with varying

wavelengths \.

Measurement Principle SR measurements are conducted by focusing white light per-
pendicular onto a thin film sample and detecting the reflected light. A schematic illus-

tration of a SR measurement setup is shown in Figure [3.3]

spectrometer

light source

(‘)
sample .

Figure 3.3.: Schematic illustration of the SR measurement setup and detailed depiction of the
optical fiber channels. White light coming from the light source is focused perpendicular onto
the sample. The reflected light is then guided through the optical fiber and is analyzed by the

spectrometer.
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The setup consists of a light source, an optical fiber, and a spectrometer. The optical fiber
serves two purposes: 1) It carries the light from the source and illuminates the sample and
2) it carries the reflected light to the spectrometer. This is realized by different channels
consisting of individual fibers as shown in Figure [3.3] The reflected light can be separated
into the individual wavelengths by either a prism or by channels specific for only a subset

of wavelengths before being detected.

Instrument SR measurements are performed by the use of a Filmetrics F20 Thin Film
Measurement System (Filmetrics Inc., KLA, San Diego, USA), consisting of a Filmetrics
F20-UV Thin Film Analyzer, optical fibers, and a light source (halogen lamp 360-1100 nm,
deuterium lamp 180-1100 nm). The light from the preheated light source is focused onto
the sample with a diameter of roughly 2 mm from a distance of 10 cm from the sample to
the lens assembly on the lid of the neutron chamber described in Section {.1.1] and shown
in Figure[d.2] After the light passes through a CaFy window — subsequently being reflected
by the sample — the reflected light is analyzed by using the robust thickness fit algorithm
within the FILMeasure software. Prior to a measurement the intensity of the raw signal,
measured on a bare silicon wafer is maximized by normal alignment of the light path to
the sample surface as well as by adjusting the vertical distance between the sample and
the light source. Additionally, to account for substrate and background contributions,
a spectrum of a bare silicon wafer and of an absorber are taken and subtracted from
the spectrum of the sample. To determine the film thickness from a recorded reflectance
spectrum, a user supplied initial guess of the film thickness is varied within a given range
by the fit algorithm until high fidelity is reached. For the fit procedure a multilayer model
consisting of a silicon substrate, a SiO, layer, a polymer layer, and air is applied. For
the in situ measurements the spectra are recorded every 10 s to monitor the thickness

evolution of the thin films.

3.2. X-Ray Reflectivity

X-ray reflectivity (XRR) is a surface sensitive, non-invasive measurement technique used
to study thin films, multilayer systems, and buried interfaces. XRR is thereby able to
characterize films in the region from ~1 nm to several hundred nanometers. XRR mea-
sured at small angles, for which the underlying theory is described in Section [2.4] yields
the thickness, the SLD, and the roughness of individual layers by applying a model on the
experimental reflectivity data. Typically copper is used as a metal target, which produces
characteristic radiation known as Cu Ko (A = 1.5418 A) and Cu KB (A = 1.39223 A),

depending on the originating shell of the relaxing electron. Due to spin-orbit coupling,
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3.2. X-Ray Reflectivity

the Cu Ka line is in principle separated into Cu Koy (A = 1.54059 A) and Cu Koy
(A = 1.54443 A), causing a doublet emission line which, however, may not be resolvable
by the instrument [146]. Unwanted lines can in general be filtered out by absorbing metals
or monochromators. Due to the electromagnetic wave nature of X-rays, the photons are
scattered at the electron shell of an atom. Therefore the scattering ability is proportional
to the electron density and consequently follows a trend along the periodic system of
elements. According to Equation [2.22] this changes the refractive index and therefore
also the SLD. Hence this describes the origin of contrast in X-ray experiments, if two
materials exhibit a difference in electron density. Due to the monochromatic nature of
X-ray photons used in practical applications, the incident angle has to be varied in order

to obtain reflectivities in a varying ¢,-range according to Equation [2.31]

Measurement Principle In practice there are different measurement setups to measure
XRR, such as the Bragg-Brentano or the parallel beam geometry [147]. In the parallel
beam geometry a collimating optic is used to generate a parallel X-ray beam with a high
intensity at the sample surface. A schematic illustration of the measurement assembly is
shown in Figure [147].

Knife Edge
Gébel Collimator
Mirror (KEC) Scattered

Radiation

{6, ) Absorber
201 " Slot

Detector

Axial
Soller

X-ray

Detector

Aperture Slit

Slit Sample 91 (

— — 71

Sample

Stage
Figure 3.4.: Schematic illustration of the parallel beam geometry for XRR measurements. The
X-ray beam coming from the X-ray source is parallelized by a Gébel mirror before being focused
onto the thin film sample with an equal incident and reflected angle (6; = 6,). By introducing
different slits, an absorber, a soller, and a knife edge collimator (KEC), detector oversaturation

is prevented and the beam is shaped and focused [147].
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The divergent X-rays coming from the X-ray source are parallelized using a curved mirror,
known as a Gobel mirror. Furthermore, since the Gobel mirror is wavelength dependent,
the amount of Cu K@ radiation is reduced. By the use of an aperture slit, the resulting
parallel beam width is adjusted and thus the length of the sample that is irradiated. To
account for the axial divergence of the beam an axial soller is additionally placed in front
of the sample, which is mounted on a sample stage. For the purpose of alignment, the
sample stage is motorized to adjust the height and the tilt. A knife edge collimator (KEC)
is placed directly on top of the sample, which ultimately defines the illumination footprint
on the sample and prevents overillumination as well as direct beam contributions at very
small incident angles. After reflection at the sample, additional slits are placed into the
beam path in front of the detector to define the beam before detection. For a scintillation
detector, incident X-rays are converted to ultraviolet or visible light, which is multiplied
by a photomultiplier tube. The resulting photons are then converted to the recorded

electrical signal.

Instrument For the XRR measurements a D8 Advance diffractometer (Bruker, Billerica,
USA) operated in the parallel beam geometry at a voltage of 40 kV and a current of 40 mA
is used. The instrument is equipped with a copper anode to emit X-rays with a wavelength
of Ay ke = 1.54 A. By the use of slits, the monochromatic, vertically collimated beam is
focused on a sample of minimum 2 x 2 cm? size. For an incident angle of 6, the detector
is located at 26 relative to the incident beam, i.e., at the specular position as also shown
in Figure The scans are performed in the coupled 6/26 configuration in a typical
range of 20 = 0.04° to 4.00° with a step size of 0.002°, while each step is measured for
2 s. For the incident beam a divergence slit with a slit size of 0.05 mm is placed in front
of the axial soller before the sample. For the receiving slits, placed behind the sample,
0.1 mm and 0.05 mm slits for the scattered-radiation slit and the detector slit are chosen,
respectively. Furthermore, a KEC is placed above the sample. Prior to a measurement,
the X-ray source is heated up, followed by a direct beam measurement to determine the
position of the incident X-ray beam. Furthermore, to adjust the height and in order to
align the sample surface parallel to the incident beam, a z-scan and a rocking scan are
performed. During this alignment procedure a copper foil of 0.1 mm thickness is placed in
the absorber slot between the two receiving slits to reduce the count rate of the primary
beam on the detector. The raw data is treated by normalization of the intensity as well
as by reformulation of the intensity in terms of ¢,. The measured reflectivity curves
are analyzed using either the Motofit plugin |148] for IGOR PRO 6.37 (Wavemetrics,
Portland) or the algorithms implemented in the Python program refnz [149]. In Table

the calculated X-ray SLD values of the materials used in this thesis are shown.
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Table 3.1.: X-ray SLD values of the materials used in this thesis.
SLD / 107¢ A2 945 947 736 18.71 19.62 21.03 10.37

3.3. Time-of-Flight Neutron Reflectivity

Similar to XRR, neutron reflectivity (NR) is a non-invasive surface sensitive technique
to probe the thickness, SLD, and roughness of thin layered films [134]150]. The wave-
lengths of neutrons used for the experiments in this thesis are typically in the range of
2 — 27 A. In contrast to X-rays discussed in Section , neutrons are scattered at the
nuclei either elastically, i.e., without the change in energy, or inelastically, i.e., with a
change in energy. For reflectivity, elastic scattering is essential for coherent interference
patterns. The scattering ability of a nucleus is described by the neutron scattering length
density, which varies apparently random with the atomic number and the isotope. This,
however, can be leveraged in the investigation of macromolecules in a medium, since 'H
and *H have significantly different coherent scattering lengths, i.e., —3.74 fm and 6.67 fm,
respectively [151,152]. Therefore, the contrast can be varied by deuteration of either the
macromolecule itself or the surrounding medium. This is contrary to XRR, for which the
scattering lengths of the different isotopes are almost identical. However, 'H also has a
particularly large incoherent scattering contribution leading to diffuse scattering at the
nuclei, which results in strong background contributions especially at high ¢, values in

reflectivity measurements.

Measurement Principle NR measurements can either be performed in dispersive mode
with a monochromatic neutron beam or in time-of-flight (ToF) mode using a wavelength
band of neutrons. By the use of a chopper system, which is able to separate neutrons
according to their wavelength, both modes of operation can be realized [153,154]. In the
case of dispersive NR experiments, the angle of the incident beam has to be varied, as
described for XRR in Section [3.2] to obtain a broad ¢,-range, whereas in the ToF mode a
wavelength band is used. The wavelength A of a neutron is related to its velocity v by the
de Broglie relationship v = "/mx, where m is the neutron mass (1.675 x 10727 kg) and h
is Planck’s constant (6.626 x 10734 Js). A pulsed neutron beam of different wavelengths
is realized by a rotating double disc chopper system, where the selected wavelength band
is defined by the chopper opening. For a known distance [ between the chopper system
and the detector, the wavelength of a neutron arriving at the detector can be obtained
from the time of flight ¢ according to A = th/mi, where it is assumed that elastic scattering

occurs and thus that the neutrons do not change their velocity. However, the mass of the
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neutrons leads to a deviation from the theoretically predicted angle due to gravitational

effects depending on the velocity of the neutrons, which has to be accounted for [155].

In ToF mode a variation in the scattering transfer vector ¢ is achieved by a variation of
wavelengths, which however in practical application is accompanied with variations A\
in the wavelength A as well as with variations Af in the incident angle ;. Therefore, the

error propagation in ¢ is given by

2 2 2

(-3 (2)

An increased divergence of the incoming angle and/or of the wavelength increases the
neutron flux on the sample but reduces the resolution 24/ in q. The divergence of the
neutron beam is defined by a combination of the opening of the collimation slits, the
choppers, and the detector resolution. Additionally, neutrons scattered at a non-flat
surface also contribute to the divergence of the reflected beam. For this, corrections to

account for divergence in order to increase the resolution without sacrificing flux have

been proposed [156].

Instrument The static and kinetic ToF-NR measurements are conducted at the D17 in-
strument at the Institute Laue-Langevin (ILL) in Grenoble, France. The D17 instrument,
which is schematically shown in Figure [3.5] is a versatile reflectometer which can be oper-
ated in ToF mode as well as in monochromatic mode with both polarized or non-polarized
neutrons [153//154].
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Figure 3.5.: Schematic layout of the D17 instrument at ILL. Neutrons are guided through a
double disc chopper to chop the neutrons into a defined wavelength band. By collimator slits
and a focussing guide the neutrons are focused onto the sample. The reflected neutrons are

detected and analyzed according to their time of flight. Adapted from Ref. [154].
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The reflectometer is designed in a horizontal scattering geometry, which as a consequence
requires a vertical position of the sample. Due to the high white beam neutron flux of
9.6 x 10° ns'em™ and a low instrumental background, reflectivities down to 10~7 are mea-
surable. The ToF mode is realized by pulsing neutrons through a double chopper system
with variable inter-chopper distance (1 — 11 cm) and projected sector opening (0 — 45°).
Since the usable wavelengths of the neutrons is between 2 and 30 A, the chopper period
is set just above the ToF (58 ms) of the 30 A neutrons. Neutrons with wavelengths
higher than 30 A are reflected out in the focusing guide and in practical applications the
maximum of the wavelength band is limited to 27 A due to intensity constraints. The
ToF mode enables the measurement of reflectivity curves in a broad ¢, range without the
necessity to move the sample or the detector. The two-dimensional detector has an area
of 473 x 250 mm? with a spatial resolution of 2.2 x 5.2 mm? and can be placed between
1.0 and 3.1 m from the sample. To reduce scattering contributions from air, the whole
detector is placed in a vacuum tank. In addition, to enable high temporal resolution for
kinetic measurements, the coherent summation method by Cubitt et al. [156/157] is used

which permits the use of divergent beams without a loss of resolution.

In this thesis, ToF-NR measurements are conducted with a wavelength band range be-
tween 2 and 27 A, a sample-detector distance of 3.1 m, and a spectral resolution of
AXN/A = 10%. Static measurements at equilibrated states of the thin film sample are
performed at two incident angles (6; = 0.5° for 10 — 15 min and 6; = 2.5° for 20 — 30 min)
which are summed up to obtain a large ¢, range. Kinetic measurements are likewise con-
ducted at one out of two incident angles (0; = 1.0° for 5 s and 0; = 1.5° for 5 s), however
in this case not to increase the ¢, range, but instead to prevent detector damage due to
higher count rates originating from a varying scattering ability of the system throughout
the measurement. The sample size of 7 x 7 cm? is chosen according to the beam area of
6 x 50 mm? and the samples are placed into the custom-built neutron chamber described
in Section [£.1.1] The resulting reflectivity curves are analyzed using either the Motofit
plugin [148] for IGOR PRO 6.37 (Wavemetrics, Portland) or the algorithms implemented
in the Python program refnz [149]. In Table the calculated coherent neutron SLD

values of the materials used in this thesis are shown.

Table 3.2.: Coherent neutron SLD values of the materials used in this thesis.
DQO HQO CgHGO Mg(CIO4)2 Mg(N03)2 NaClO4 PNIPMAM
SLD /1079 A=2 639 -0.56 0.27 4.23 5.50 4.48 0.74
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3.4. Fourier-transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is a measurement technique for the iden-
tification of functional groups of a compound and can consequently be used to investigate
the chemical structure of a material. As in all spectroscopic methods, a transition can
only take place when the frequency of the incident photon matches the energy gap be-
tween two states. In the mid-infrared region the transition is typically in the range of
4000400 cm™. In this region of the electromagnetic spectrum, molecular vibrations with
matching vibrational frequencies are excited. In the quantum mechanical picture, the
energy levels of the vibrational states — approximated by an harmonic oscillator — are
obtained as the solution of the Schrédinger equation [158-160]

2 2 1
B, = (- w4 + k:ﬂ) U, , (3.9)

where W, is the vibronic wave function, F, is the energy of the vibrational state with
quantum number v, A is the reduced Planck constant, m, is the reduced mass of the

involved atoms, and k is the spring constant according to Hooke’s law. Accordingly, F,

B, =+ 1/2)h\/mTr , (3.10)

and the energy of a transition AFE between two neighboring states v and v+ 1 is therefore

AE:EUH—Ev:h,/ﬁ. (3.11)
m,

To determine whether or not a transition is allowed, the transition has to have a non-zero

Is given as

given by

transition dipole moment p, .., for a particular mode @), which is defined as

v = [ WAQURQ)TQ)Q. (3.12)

Here, [i is the dipole moment operator in terms of mode @), which can be expanded in a
Taylor series. Inserting the first two terms of the expansion into the expression for i, .,

the transition dipole moment can be approximated as

du(Q)
dQ

o = 1(Q = 0) [~ W (@QW(Q)dQ + [ w@QQu.(@dQ.  (313)

Q=0
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3.4. Fourier-transform Infrared Spectroscopy

Here, the first term describes the overlap integral between the corresponding wave func-
tions. Due to the orthogonality of the wave functions for different quantum numbers
v, this term is necessarily zero. The second term consists of the change of the dipole
moment 1(Q) along the mode @, which becomes non-zero if the dipole moment changes
along the mode. The remaining integral can be shown to be different from zero only
if the transition occurs between neighboring vibrational states. Therefore, the selection
rules for a transition to be allowed (IR-active) are that the dipole moment has to change
and that Av = £1 must apply. Furthermore, Equation [3.11] shows that the vibrational
transition is dependent on k, i.e., the spring constant according to Hooke’s law between
atoms participating at the vibration, which corresponds to the bond strength. Accord-
ingly, AFE increases with the bond strength and with a smaller reduced mass, i.e., with
lighter involved vibrating atoms. However, due to the charged nature of the electrons and
nuclei comprising atoms, the description of a harmonic oscillator is not sufficient, due to
neglected repulsive and attractive forces. The deviations can better be described using
the Morse potential, yielding the anharmonic oscillator approximation. In Figure [3.6] the
potentials for both oscillator types are depicted graphically with the first few resulting

energy levels.

EU A

Dissociation Energy

>

Figure 3.6.: Graphical representation of the harmonic and Morse oscillator. The potential energy
of the harmonic oscillator and the corresponding vibrational states are shown in orange, whereas
the anharmonic description is shown in blue. The dashed line represents the dissociation energy
and r. the equilibrium bond length [158-160].

Molecular bond strengths exhibit strong dependence on the bond length when oscillating
around their equilibrium bond length r., which is not captured by the harmonic potential.
On the one hand, due to repulsive forces between the atoms at very short distances, the
energy increases rapidly for » — 0. On the other hand, stretching the bond far above r,

results in bond dissociation after a certain internuclear distance is reached. Both effects
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are accurately accounted for by the anharmonic Morse potential. As a consequence, the
density of the vibrational states is increased towards the dissociation energy, which is in

contrast to the harmonic oscillator for which all states are equidistant.

In general, a molecular system with n atoms has 3n degrees of freedom of motion ac-
cording to the three Cartesian coordinates of each atom. Therefore, after subtracting the
translational and rotational degrees of freedom, the number of vibrational modes n, for

a non-linear molecule is given as [161]

ny, =3n—6. (3.14)

In addition to stretching modes, which can be described with the (an)harmonic oscillator
approximation, additional vibrational modes can result. All vibrational modes for a AX,
system are shown in Figure [3.7], where atom A is indicated in black and atoms X are

represented in blue.

stretching in-plane bending out-of-plane bending
: : ,

\C \
N
N
O\
8

/4

“,
symmetrical : scissoring : twisting

/\

¥

?, ",

., 2
7, 7,
7 7

asymmetrical rocking wagging

Figure 3.7.: Schematic representation of the vibrational modes for a AX; system [161] catego-
rized into stretching, in-plane bending, and out-of-plane bending vibrations. Atom A is indicated

in black and atoms X are represented in blue.

The different vibrational modes can be separated into three different main vibration types:
Stretching, in-plane bending, and out-of-plane bending. Depending on the symmetry of
the underlying vibrations, the modes can further be subcategorized into symmetric or
asymmetric stretching, scissoring or rocking for in-plane bending, and twisting or wag-
ging for out-of-plane bending. As the vibrational frequency of an oscillation is directly

proportional to the bond strength and the masses of the participating atoms, FTIR can
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3.4. Fourier-transform Infrared Spectroscopy

consequently resolve the substituents of a chemical compound. Furthermore, in in situ ex-
periments, in which an experimental parameter is varied over time, e.g., relative humidity
or temperature, evolving interactions between functional groups of different compounds

can be resolved.

2D Correlation Analysis In the context of in situ measurements the varying part of the
spectrum is sometimes referred to as the dynamic spectrum [162]. The dynamic spectrum
contains the response of a system towards an external stimulus, which is also referred to as
a perturbation in the following context. In 2D FTIR correlation analysis the sequentially
collected dynamic spectra under the influence of a certain perturbation are subjected to
a mathematical procedure generating the 2D correlation spectra. When the perturbation
evolves over time, the mathematical treatment can be done in terms of time [163,164].

Thus, the correlation spectrum X (14, 1) is obtained as

X(v1,10) = (I(v1,t) - I(va, 1)), (3.15)

where I(v;,t) is the spectrum at wavenumber v; and time ¢. Here, () denotes the corre-

lation function, which in the context of 2D FTIR correlation analysis is chosen as

X(l/l,l/z) = (I)(Vl,l/g) +i\IJ(V1,V2) s (316)

where ® constitutes the real part and is known as the synchronous 2D correlation intensity,
whereas W constitutes the imaginary part and is known as the asynchronous 2D correlation
intensity. The synchronous correlation spectrum represents simultaneous or coincidental
changes of spectral intensity variations at different wavenumbers 1y and v, and can be
obtained as
1 m
O(vy,19) = —— Z[(Vl, ti) (2, t;). (3.17)

m—1:=

Here, it should be noted that the time is discrete as spectra are obtained one after another.
Likewise, the asynchronous 2D correlation spectrum represents sequential or successive

changes of spectral intensities at v; and v, and is given as

m

\I’(Vl,yg 712] Vl, Z k;] l/g,tk (318)

where Nj; are elements of the Hilbert-Noda transformation matrix defined as [163,164]

0 it =k
Ny = I (3.19)

Lk —j) otherwise
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Correlation is then usually analyzed by plotting the synchronous (Figure ) and asyn-
chronous (Figure [3.8b) parts of dynamic spectra [165]166].

I(Vz) I(V2)

=11700 =11700
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Figure 3.8.: Exemplary (a) synchronous and (b) asynchronous 2D FTIR correlation spectra of a
PNIPMAM film swelling in a DO vapor atmosphere (perturbation) over time in the wavenumber
range between 1490 and 1700 cm™ for the amide | (1650 cm™) and the amide Il (1510 cm™)
bands. In the contour plot, areas colored in red indicate positive correlation and areas colored in
blue indicate negative correlation. Reprinted with permission from Ref. [167]. Copyright 2023

American Chemical Society.

In order to evaluate the resulting correlation plots specific rules have to be considered.
For synchronous correlation ® (v, v5) the peaks occurring on the diagonal line are referred
to as autopeaks, which according to Equation always have a positive sign (indicated
in red). Strong autopeaks develop if a signal changes its intensity greatly under the in-
fluence of a perturbation. In contrast, peaks occurring at the off-diagonal are referred
to as crosspeaks, which indicate simultaneous or coincidental changes of two signals ob-
served at two positions v; and 1,. If the sign of a crosspeak is positive, represented in
red in Figure [3.8] the intensities of the two signals are either increasing or decreasing
concurrently. Whereas, if the sign is negative, represented in blue in Figure [3.8 one of
the signals is increasing while the other one is decreasing in intensity. In contrast to the
synchronous correlation plots, the asynchronous correlation W(vy, 1) yields information
about sequential changes of signals at two different wavenumbers 4 and v5. Due to the
definition of the Hilbert—Noda transformation matrix in Equation [3.19, the asynchronous
spectra does not show autopeaks and possesses only crosspeaks. Crosspeaks only develop,
if the intensities of the signals are changing either delayed or accelerated with respect to
each other. If the intensity of signal v occurs primarily before signal 1, the sign of the

crosspeak is positive, whereas the sign is negative if the change occurs after 5. However,
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the order of events is reversed if the respective crosspeak in the synchronous correlation
plot is negative. In general, a perturbation can not only change the intensity of a signal
but also the peak position, which leads to a smearing out of the correlation peaks and

further complicates the analysis of the 2D FTIR correlation plots.

In summary, 2D FTIR correlation analysis enables the elucidation of the influence of a
perturbation on the signal intensities and the order of changes. By matching the individual
signals to their originating moieties in the molecule, a comprehension of the underlying
sequence of functional group participation can be gained. On the example of the hydration
of a polymer acting as the perturbation, the step-wise hydration mechanism of the involved

functional groups can be deduced.

Measurement Principle Compared to a conceptually simpler dispersive IR spectrom-
eter, where each wavelength is measured and detected individually, a Michelson inter-
ferometer used in FTIR devices allows to measure different wavelengths at the same
time [168,169]. This has the advantage that not only the measurement time but also
the signal-to-noise ratio is reduced, due to the more accurate underlying measurement
principle. The working principle of a Michelson interferometer used in FTIR devices is

shown in Figure [3.9]

fixed mirror
—)

beam
/ splitter
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<>
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N
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Figure 3.9.: Schematic assembly of a Michelson interferometer used in FTIR devices [168,169].
Light coming from the source is collimated before hitting on a beam splitter, after which the split
beam is guided to a fixed and a moving mirror. The reflected waves pass through the sample
before being detected.
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Chapter 3. Characterization Methods

A Michelson interferometer used in FTIR devices consists of an IR source, a collimator, a
beam splitter, two mirrors, a laser, a sample compartment, and a detector. The IR beam
is usually generated by a black-body-like source and is guided towards a beam splitter,
which is a partially transmissive mirror that splits the beam into two parts. One part is
reflected by 90° to a fixed perfect mirror, while the other part is transmitted to a moving
perfect mirror, which is moving at a constant velocity. The reflected beams are then
recombined at the beam splitter and due to the difference of the optical path lengths and
the resulting phase shift of the beams, constructive and destructive interference occurs.
The resulting combined beam is then guided to the sample compartment, and finally to
the detector. Simultaneously, the beam of the reference laser follows the same beam path

for calibration.

The superposition I(x) of the recombined beams can be expressed in terms of the path

length x as

I(z) = Iy[1 + cos(2nvz)], (3.20)

where [ is the intensity of the incident beam and v is the wavenumber. To obtain
the intensity over a range of optical path lengths, the position of the moving mirror is
adjusted and the intensity measured for each position. Therefore, the intensity can also

be expressed in terms of the position § of the moving mirror as

1(9) = Io[1 + cos(2m1d)] . (3.21)

Plotting 1(0) as a function of § is known as the interferogram. To obtain the intensity

dependent on the wavenumber, a Fourier transformation of 1(¢) is performed as

I(v) = /  1(8) exp(i2ndv) do . (3.22)

—o0
which yields the FTIR spectrum. Since this requires precise knowledge of the mirror
position ¢, simultaneously the interferogram of the reference laser is evaluated to obtain
a precise value for . Finally, to account for background contributions, e.g., from the
supporting substrate, a reference spectrum is subtracted from the sample spectrum. The

overall data processing from the interferogram to the final FTIR spectrum is shown in
Figure [3.10
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Figure 3.10.: Data processing of the interferogram of the substrate (blue) and the sample (red)
by Fourier transformation followed by subtraction of the substrate spectrum, baseline correction

and atmospheric compensation.

Instrument For the in situ FTIR measurements an Equinox 55 (Bruker Corporation,
Billerica, USA) FTIR spectrometer equipped with a Michelson interferometer and a
deuterated triglycine sulfate (DTGS) detector is used. To reduce the amount of IR-active
species originating from ambient air in the beam pathway, the spectrometer is continu-
ously flushed with dry and COy-filtered air. The 1 x 1 cm? samples are placed into the
custom-made copper chamber as described in Section [1.1.2] The spectra are collected at
a constant temperature of 23 °C by summation of 125 scans with a resolution of 2 cm™
and within a typical wavenumber range of 4000-400 cm™. Before an in situ experiment
is started, a silicon substrate is measured as reference with the same settings as stated
above. For each solvent vapor atmosphere, spectra are conducted until an equilibrated
state is reached, i.e., until no more changes in peak positions or intensities occur. After-
wards, baseline correction (concave rubber band method) and atmospheric compensation
(further reduction of atmospheric HoO and CO5 molecules) are carried out for each spec-
trum in the Opus v6.0 software. The solvent uptake behavior is followed by numerical
integration of characteristic signals, while the peak positions are determined by Gaussian
fits.
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4. Flexible Sample Environment

For the investigation of the polymer films under different solvent vapor atmospheres,
a specifically designed and flexible sample environment is used. All parts of the flexible
sample environment are custom-built at the Technical University of Munich in the group of
Prof. P. Miiller-Buschbaum by Tobias Widmann and Dr. Lucas P. Kreuzer (Sections[4.1.1]
and [170] and by Prof. Alfons Schulte (Section . By connecting the gas flow
system to one of the designed measurement chambers, different solvent vapor atmospheres
can be created in the surrounding of a sample, enabling to follow the film’s response with
in situ SR, ToF-NR, and FTIR experiments. The neutron and the FTIR chamber are
temperature controllable and are designed according to the instrument requirements. In
the following sections, first the measurement chambers will be addressed followed by a

detailed description of the gas flow system.

4.1. Measurement Chambers

For the investigation of stimuli-responsive thin films, it is important to control and stabi-
lize environmental conditions to reduce interference of different film responses originating
from different external influences. Therefore, specifically designed, custom-built mea-
surements chambers are used. First, the spherical neutron chamber will be presented in
Section followed by a description of the FTIR chamber in Section [£.1.2]

4.1.1. Neutron Chamber

For the in situ SR and ToF-NR measurements a custom-built spherical chamber, suitable
for neutron experiments is used [170]. The chamber consists of an AlSil0Mg alloy and
is 3D printed to facilitate the fabrication of unique and modular components to adapt
to the requirements of an experiment. Furthermore, the neutron chamber is designed
to stabilize and control thermodynamic conditions in the surrounding of a sample. It
offers the flexibility to introduce various stimuli, such as temperature, light or solvent
vapor atmospheres. In addition, by exploiting the modularity of the chamber design,
simultaneous SR measurements during the ToF-NR experiments can be performed. In

Figure[4.I]the neutron chamber is shown in the wireframe model and in a 3D visualization.

o1



Chapter 4. Flexible Sample Environment

Figure 4.1.: (a) Side view of the wireframe model of the neutron chamber. Labels denote the
chamber measures in mm. (b) Chamber from different perspectives: side (top left), front (top
right), top (bottom left), and isometric (bottom right). (c) 3D visualization of the fluid channels
embedded in the chamber walls. Reprinted with permission from Ref. .

The spherical chamber has a volume of 1.4 L with an inner diameter of 140 mm and is able
to incorporate a sample size of up to 7 x 7 cm?, either vertically or horizontally, which
is optimal for neutron experiments. The chamber features elliptical aluminum windows
with a thickness of 0.1 mm as an entry and exit for the neutron beam, allowing incident
and exit angles up to 5 °. Additionally, a 2.4 m long fluid channel system with a diameter
of 6 mm, centered within the 10 mm thick walls can be connected to a thermal bath
system, which enables optimized heat transfer. The edgeless, spherical design facilitates
experiments at high humidity, as condensation is greatly reduced. Furthermore, by the
implementation of a SHT31 sensor (Sensirion AG, Staefa, Switzerland) to measure the
temperature and the relative humidity close to the sample, the changing surrounding
environment can be tracked. Through a gas in- and outlet, the gas flow system can be
easily connected to the neutron chamber and the out-coming vapor is guided through a
washing bottle filled with water. Furthermore, the neutron chamber can be coupled to a

SR device as shown in Figure [4.2

Figure 4.2.: Neutron chamber coupled with a SR device equipped with a 1) cable mounting
support, 2) a optical fiber cable, 3) a spectrometer, and 4) a light source. Adapted from the
dissertation of Dr. Lucas P. Kreuzer [171].
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The SR device is connected to the neutron chamber by a mounting support which allows
for an precise alignment of the optical fiber cable. The white light passes through a CakF,
window centered on the chamber lid and is focused on the sample with a diameter of

roughly 2 mm and at a distance of 10 cm.

4.1.2. FTIR Chamber

Since the in situ FTIR measurements are conducted in transmission mode, different re-
quirements as in the preceding section are posed, not only for the chamber but also for
the sample. On the one hand, to reduce the signal-to-noise ratio thicker and non-flat films
in the pm regime are necessary. On the other hand, on top of being temperature con-
trollable, an enclosed environment has to be generated to be able to perform experiments
during the vapor flow. To enable these types of measurements in transmission mode, the
FTIR chamber is equipped with two IR transmissive ZnS windows, which close the sam-
ple compartment with the help of a sealing ring. The custom-built FTIR measurement

chamber is schematically depicted in Figure 4.3
gas flow

il

outlet
ZnS windows
2

< IR radiation
N

\sample

in- and
heating/cooling  outlet
circuit >
Figure 4.3.: Schematic depiction of the FTIR chamber consisting of two ZnS windows, a sample

compartment, and an in- and outlet for the gas flow as well as the heating/cooling circuit.

The copper chamber can incorporate sample sizes up to 1 x 1 ecm? which can be mounted
between the two IR transmissive ZnS windows. The bottom part of the chamber features
a temperature controllable unit consisting of a copper block with an in- and outlet for
a heating/cooling circuit. Due to the good thermal conductivity of copper, the top part
containing the sample is tempered as well, which is monitored with a sensor to track the
temperature and the relative humidity in vicinity to the sample. The different saturated
solvent vapors are guided into the chamber by cannulas pierced through a sealing ring

acting as in- and outlets. The described chamber equipped with a sample, the sensor,
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and the cannulas is shown in Figure [{.4h, whereas Figure [{.4p shows the measurement

chamber mounted in an Equinox 55 FTIR instrument.

a)

Figure 4.4.: (a) Image of the custom-built FTIR measurement chamber in the frontal view
equipped with a sample, a sensor, and the gas in- and outlet. (b) FTIR chamber mounted in an
Equinox 55 FTIR instrument.

4.2. Gas Flow System

To generate the aforementioned saturated solvent vapor atmospheres in the different mea-

surement chambers, a custom-built gas flow system is used, which is schematically de-

picted in Figure [.5 [L70/172].
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Figure 4.5.: Schematic representation of the gas flow system coupled to the neutron chamber.
The blue boxes indicate the temperature controlled units and the black arrows the direction of
the gas flow.

To generate a stable and controlled vapor flow of different solvents, three gas flow meters
(F-201CV-1K0, Bronkhorst High-Tech B.V.Ak Ruurlo, Netherlands) are used, which are
calibrated for nitrogen gas at 2 bar and 20 °C. By the use of the provided FlowDDE
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software the gas flow meters can be regulated individually to a flow rate between 0 and

1 Lmin™

. In total, the three gas flow meters can then be operated either individually
or in conjunction. One flow channel was designed to provide a pure and steady nitrogen
gas flow in the measurement chamber, which can be used to dry a sample or to adjust
the environment to a desired humidity. The two other gas flow meters guide a defined
nitrogen stream into washing bottles (Neubert-Glas GbR, Geschwenda, Germany), which
are filled with the solvent (mixture) of interest. Thereby, the nitrogen gas saturates
with the solvent and is then guided into the measurement chamber. By addressing more
than one gas flow meter, mixtures of solvent atmospheres can be realized. Specifically,
this allows to generate atmospheric conditions, which are suitable for the investigation
of the solvent uptake behavior and the cononsolvency effect of polymer thin films, which
requires precise control of the solvent vapor ratio. To allow for a proper mixing of the
vapor components, the three streams are merged into one before entering a measurement
chamber. The released vapor flow is guided through an exhaust tube to a large washing
bottle to purge the vapor from potentially hazardous substances before releasing it into the
surrounding atmosphere. To avoid condensation inside the measurement chamber due to
temperature differences between the chamber and the introduced vapors, it is important
to equalize the temperatures. This is realized by a refrigerated heating circulator (FP50-
HL, JULABO Labortechnik GmbH, Seelbach, Germany), which is tempering the gas flow
system and the measurement chamber as well as the connection between them. To confirm
the uniformity of the temperature of the gas flow setup and the measurement chamber, a

temperature SHT31 sensor (Sensirion AG, Staefa, Switzerland) is used.
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5. Sample Preparation

5.1. Materials

In the following sections, the materials used throughout this thesis, the substrate treat-

ment procedure, and the film deposition methods are presented.

5.1.1. PNIPMAM

Poly( N-isopropylmethacrylamide) (PNIPMAM) is a homopolymer bearing hydrophilic
amide groups and hydrophobic alkyl groups. PNIPMAM is thermoresponsive and exhibits
an LCST around 44 °C in aqueous solution [37-41]. The chemical structure of PNIPMAM
is shown in Figure [5.1}

Figure 5.1.: Chemical structure of poly(/N-isopropylmethacrylamide) (PNIPMAM).

The homopolymer PNIPMAM is synthesized and characterized by Dr. Dirk Schanzenbach
at the Chair of Applied Polymer Chemistry of Prof. Dr. André Laschewsky at the Univer-
sity of Potsdam. PNIPMAM is synthesized by conventional radical polymerization with
azo-bis-isobutyronitrile (AIBN) in THF at 60 °C [40]. By size exclusion chromatography
(SEC) the number average molar mass of M,, spc = 11,300 g/mol and the dispersity of b
= 2.0 are obtained. The homopolymer is used as received without further treatment and

stored under cool, dark and dry conditions.
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5.1.2. Salts

The different salts used to tune the response behavior of PNIPMAM thin films under

different vapor atmospheres are presented in the following.

NaClO, (ACS reagent, > 98.0%, Sigma Aldrich Chemie GmbH (Taufkirchen, Germany))
is a white, hygroscopic salt with a molar mass of 122.44 g/mol, a density of 2.52 g/mL,
and a solubility of 2096 g/L in water at 20 °C. The salt has a rhombic crystal system and
is thermally stable to up to 490 °C.

Mg(ClO4)2 (ACS reagent, Sigma Aldrich Chemie GmbH (Taufkirchen, Germany)) is a
white, hygroscopic salt with a molar mass of 223.21 g/mol, a density of 2.60 g/mL, and
a solubility of around 1000 g/L in water at 35 °C. It is thermally stable to up to 250 °C.

Mg(NOj3)s - 6 H2O (p.a. ACS, > 98%, Carl Roth GmbH + Co. KG (Karlsruhe, Germany))
is a white, hygroscopic salt with a molar mass of 256.4 g/mol, a density of 1.46 g/mL at
20 °C, and a water solubility of 420 g/L at 25 °C. It shows a monoclinic crystal structure
and melts around 89 °C.

5.1.3. Solvent Vapor Atmospheres

Different vapor atmospheres in the surrounding of a sample are realized by using the flexi-
ble sample environment described in Chapter[d. A continuous flow of nitrogen is streamed
into a gas washing bottle filled with a given solvent to produce a solvent saturated nitro-

gen vapor, which is subsequently guided into one of the measurement chambers described

in Sections 4.1.1) and 4.1.2, where the thin film sample is located.

D50 (99.95%, Deutero GmbH (Kastellaun, Germany)) is used as a solvent to induce the
water uptake process of the responsive thin films. DO has two main advantages over
the use of HyO. On the one hand, D>O provides a higher contrast against protonated
PNIPMAM in neutron experiments and on the other hand, D,O is additionally suitable
for FTIR measurements. The IR signals of DO are at lower wavenumbers than those of
H,O. This results in less signal overlap between the solvent and the polymer. Further-
more, due to the heavier deuterium nucleus, exchange processes such as H/D exchange at
the protic amide group of the polymer can be studied. However, due to the presence of
H50O in the ambient air, D,O readily undergoes H/D exchange, requiring fresh DO for

each measurement.
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The volatile solvent acetone (C3HgO, ACS reagent, >99.5%, Sigma Aldrich Chemie GmbH
(Taufkirchen, Germany)) is used in combination with DyO to create cononsolvency con-
ditions for the polymer PNIPMAM. The cononsolvency effect induces a macroscopic film
contraction of a previously swollen PNIPMAM thin film, which can be followed by in situ
measurements. Furthermore, the carbonyl group of acetone, which shows a pronounced
stretching vibration signal in FTIR, can be used to study interaction mechanisms at the

molecular level.

5.1.4. Substrate

Boron-doped silicon wafers with a thickness of 525 + 25 nm, a diameter of 100 mm, and
a resistivity of 10 — 20 Qcm (Si-Mat (Kaufering, Germany)) are used as substrates for
all prepared samples studied in this thesis. The polished side exposes a (100) crystal
orientation and has a roughness of 0.5 nm. Depending on the type of measurement, the
round silicon wafers are cut into 1 x 1 cm? pieces for FTIR, 2 x 2 ¢cm? pieces for SR and
XRR, and 7 x 7 cm? pieces for ToF-NR experiments.

Silicon substrates offer the possibility to measure FTIR in transmission and SR in re-
flection mode due to their properties of being transparent for infrared light but reflective
for ultraviolet and visible light. While the silicon substrate is in principle transparent
to neutrons, the presence of an unpolished side causes neutrons to be at least partially
reflected, allowing NR measurements. However, the surface properties of the substrate,
such as impurities and surface chemistry, affect the quality of the films produced and their

behavior. Therefore, further treatment of the silicon wafer is necessary.

Substrate Cleaning Procedure To clean the surface of the silicon wafers from any or-
ganic contaminants and to modify the surface chemistry by creating a hydrophilic SiO,
surface layer, an acid bath cleaning process followed by oxygen plasma treatment is per-
formed. For the preparation of the acid bath, deionized water (54 mL, 18.2 MQcm™,
Milli-Q Plus purification system from Merck Millipore (Burlington, USA)) and HsO,
(84 mL, 30% aq., Carl Roth GmbH + Co. KG (Karlsruhe, Germany)) are mixed before
HySO,4 (198 mL, 95-98%, Carl Roth GmbH + Co. KG (Karlsruhe, Germany)) is slowly
added. The piranha bath is heated to 80 °C before the silicon substrates are immersed
for 15 min. The silicon substrates are then rinsed with deionized water and dried under
a continuous nitrogen flow before being exposed to the oxygen plasma. For the oxygen
plasma treatment the substrates are placed in the center of a plasma oven (Nano Plasma
Cleaner from Diener Electronic (Ebhausen, Germany)). An atmosphere with a pressure

of 0.4 mbar O, is generated and the plasma treatment is induced by applying a power of
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250 W for 10 min. This procedure allows to obtain a hydrophilic surface of the silicon
substrate, which is suitable for the formation of attractive polymer-substrate interactions
and therefore for the quality of the thin films in terms of homogeneity and uniformity.
It should be noted that for the preparation of the FTIR samples, the 1 x 1 cm? silicon

substrates are treated only with the oxygen plasma protocol and not with the acid bath.

5.2. Fabrication of PNIPMAM Films

The polymer films are fabricated by either using the spin-coating or the drop casting
technique. To address the requirements of the applied characterization method, homoge-
neous and thin films with a low surface roughness are fabricated by using the spin-coating
method, while thicker and rougher samples are obtained by using the drop casting method.

Both deposition techniques are briefly introduced in the following.

5.2.1. Spin-coating

Spin-coating is a common technique to fabricate uniform thin films from a solution on
a flat substrate . Hereby, a solution is deposited on either a spinning (dynamic
spin-coating) or a stationary (static spin-coating) substrate. The equilibrium between
the centripetal force and the surface tension of the solution, as well as the simultaneous
evaporation of the solvent, is used to achieve a uniform coverage of the substrate surface.
In general, the film thickness obtained depends on the concentration of the solution, the

solvent evaporation rate, the spin speed, the acceleration speed, and the spin-coating

time [174].

a) b)
— % — %
Si substrate: spin-coating: solution deposition: solvent vapor annealing:
« acid bath cleaning « polymer: 20-25 mg/mL « 2500 rpm « 900 s
* O2 plasma e salt: 0.01 M *900 s
treatment (10 min) e solvent: TFE

Figure 5.2.: (a) Schematic overview of the spin-coating deposition protocol and (b) image taken
of a spin-coated PNIPMAM thin film on a silicon substrate.

The spin-coating protocol used throughout this thesis is shown in Figure and an
image of a spin-coated PNIPMAM thin film on a silicon substrate is shown in Fig-
ure . Static spin-coating is performed on a Deltab RC TT spin-coater (Siiss Mi-
crotec Lithography GmbH (Garching, Germany)) to fabricate the polymer thin films
for the SR, XRR and ToF-NR investigations. For this purpose, stock solutions of the
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homopolymer PNIPMAM (50 mg/mL) as well as of the individual salts (0.02 M) are pre-
pared in 2,22-trifluoroethanol (TFE, CF3CH;OH, ReagentPlus, >99%, Sigma Aldrich
Chemie GmbH (Taufkirchen, Germany)). From these, either salt-free PNIPMAM or salt-
containing PNIPMAM solutions are prepared with a typical polymer concentration rang-
ing between 20 and 25 mg/mL and a salt concentration of 0.01 M. All solutions are filtered
by using hydrophobic poly(tetrafluoroethylene) (PTFE) filters (pore size: 0.45 pm, Carl
Roth GmbH + Co. KG (Karlsruhe, Germany)) prior to spin-coating. For the 2 X 2 cm?

2 sample size, a

sample size, a typical solution volume of 275 ul. and for the 7 x 7 cm
volume of 2 mL is deposited on a pre-cleaned silicon substrate. The samples are then
spin-coated with a rotational speed of 2500 rpm for 900 s. Throughout the spin-coating
process and for an additional 15 min, the samples are covered under a crystallizing dish
(volume: 500 mL, diameter: 115 mm, height: 65 mm, Schott Duran (Germany)) to create
a saturated solvent atmosphere. This method helps to slow down the solvent evaporation
of the volatile TFE, which prevents uneven layer formation and thus improves the overall

thin film quality.

5.2.2. Drop Casting

Drop casting is a simple and fast technique to obtain polymer films in the pm range with
a thickness gradient that are suitable for FTIR experiments. A solid film is formed by
dropping a solution onto a flat substrate followed by evaporation of the solvent. The
obtained film quality and thickness depend mainly on the volume and concentration of
the deposited solution and the wetting ability of the substrate. However, it remains a

challenge to control the film thickness and uniformity of the films.
) b) 8

NN — NN > | aaas—

Si substrate: solution deposition: solvent evaporation:
* O, plasma o polymer: 20-25 mg/mL e 30 min
treatment (10 min) e salt: 0.01 M
* solvent: TFE

Figure 5.3.: (a) Schematic overview of the drop casting deposition protocol and (b) image taken
of a drop casted PNIPMAM thin film on a silicon substrate.

The drop casting protocol used throughout this thesis is shown in Figure and an
image of a drop casted PNIPMAM thin film on a silicon substrate is shown in Figure [5.3p.
All FTIR samples are fabricated using the drop casting technique because the increased
thickness and inhomogeneity of the films are advantageous for transmission mode FTIR

measurements. This property allows to improve the signal-to-noise ratio as well as to
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reduce interference effects due to multiple light reflections within the sample. 1 x 1 cm?
oxygen plasma treated silicon substrates are drop cast with a polymer solution with a

typical volume of 40 pnL after a waiting time of 25 min.
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6. Effect of Magnesium Salts with
Chaotropic Anions on the Swelling
Behavior

0 40 60 80 100
time / min

This chapter is based on and reprinted with permission from J. Reitenbach, C. Geiger, P. Wang,
A. Vagias, R. Cubitt, D. Schanzenbach, A. Laschewsky, C. M. Papadakis, P. Miiller-Buschbaum,
Effect of Magnesium Salts with Chaotropic Anions on the Swelling Behavior of PNIPMAM Thin
Films, Macromolecules 2023, 56, 567-577; DOI: 10.1021/acs.macromol.2c02282. Copyright
2023 American Chemical Society. The raw ToF-NR data is provided by the ILL under DOI:
10.5291/ILL-DATA.9-11-2057.

Poly(N-isopropylmethacrylamide) (PNIPMAM) is a stimuli-responsive polymer, which
in thin film geometry exhibits a volume phase transition upon temperature increase in
water vapor. The swelling behavior of PNIPMAM thin films containing magnesium salts
in water vapor is investigated in view of their potential application as nanodevices. Both
the extent and the kinetics of the swelling ratio as well as the water content are probed
with in situ time-of-flight neutron reflectivity (ToF-NR). Additionally, in situ Fourier-
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transform infrared spectroscopy (FTIR) provides information about the local solvation of
the specific functional groups, while 2D FTIR correlation analysis further elucidates the
temporal sequence of solvation events. The addition of Mg(ClOy4)s or Mg(NO3)s enhances
the sensitivity of the polymer and therefore the responsiveness of switches and sensors
based on PNIPMAM thin films. It is found that Mg(NOj3), leads to a higher relative

water uptake and therefore achieves the highest thickness gain in the swollen state.

6.1. Introduction

Stimuli-responsive polymers open a wide field of applications due to their unique proper-
ties [1141232)175]176]. For most applications, the polymers require a certain mechanical
stability while exhibiting a fast response to the stimuli. This balance between stability and
responsiveness can be achieved by using thin films [8/177] and is especially needed when
designing nanodevices such as nanoswitches or gas sensors [1784182]. The response of thin
films fabricated from stimuli-responsive polymers is shown to derive often from a confor-
mational change, which can be achieved by temperature [14,28,183], light |1,184], ionic
strength [6/185], pressure 5], pH [2,186], or by changing the environment [3,187]. An ex-
ample for a thermoresponsive polymer is poly( N-isopropylmethacrylamide) (PNIPMAM),
which features a lower critical solution temperature in water at about 44 °C [34/40]. More-
over, PNIPMAM films are capable of temperature-modulated swelling under the influence
of surrounding water vapor and exhibit cononsolvency behavior in various water-organic
solvent mixtures [83-85]. These properties make PNIPMAM a promising candidate for
application in nanodevices, such as nanoswitches or humidity sensors [57,188]. To explore
the possibility to tune the swelling capability, the addition of inorganic salts to PNIP-
MAM thin films is studied. It is hypothesized that the effect of using salt additives may
follow the Hofmeister series, which is an empirically found series for cations and anions
and describes the ability of ions to induce salting-in or salting-out of proteins in aque-
ous solution [117]. Later, it was found that other properties such as reaction rates [189),
strength of diffusion coefficients [116], colloidal stability |[190], and coil-to-globule tran-
sitions of thermoresponsive polymers [115] also often follow the Hofmeister series. Until
now, the origin of the Hofmeister trend is not yet well understood [23,27,191]. It was
found that the effects of the Hofmeister salts are in general more pronounced for anions
than for cations [192/193]. The typical order for the anion series, going from kosmotropic
to chaotropic, is CO3%™ > SO4* > S,03* >H,PO, >F >Cl" >Br ~NO; >I >
ClO4 > SCN™ [24117,192]. The species to the left of Cl™ are referred to as kosmotropes,
and those to the right as chaotropes. These terms were originally used to describe the sup-

posed ability of an ion to modify the hydrogen bond network of water. The kosmotropes
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are strongly hydrated in water and believed to be water structure makers, which lead to
a salting-out effect of macromolecules. In contrast, chaotropes are weakly hydrated and
are believed to be water structure breakers, which lead to salting-in. Recent work casts
doubt on the idea that the Hofmeister series follows the water network making and break-
ing properties of salts [20,27109]117/194H196]. A hypothesis was proposed that direct
ion-macromolecule interactions are the major cause of this phenomenon. It was found
that the transition temperature of thermoresponsive polymers in aqueous solutions, such
as for poly(N-isopropylacrylamide) PNIPAM, which is a structural analogue to PNIP-
MAM and only differs in the absence of a methyl group in the polymer backbone, is
greatly influenced by the addition of salts [20,21,115,194]. Depending on the nature of
the salt, different interactions occur between the ion pairs and PNIPAM. First, the ions
polarize hydrogen-bonded water molecules at the amide group. Second, they can raise
the surface tension of the polymer-water interface. Third, the ions can bind directly to
the amide moiety [20,21,117]. In any case, salts containing kosmotropic ions increase the
miscibility gap of PNIPAM-water mixtures, whereas such containing strongly chaotropic

ions tend to decrease the gap.

In the present work, the effect of either added magnesium perchlorate or magnesium ni-
trate on the swelling behavior of PNIPMAM thin films on silicon substrates in D,O vapor
is investigated by time-of-flight neutron reflectivity (ToF-NR) and Fourier-transform in-
frared spectroscopy (FTIR). Both salts are strongly hygroscopic, show comparable high
solubilities in water (0.4-0.5 M at 25 °C) [197], and dissolve also reasonably well in many
polar organic solvents, such as lower alcohols or amides. Moreover, the thin film prepa-
ration remains a one-step process and both anions show characteristic signals in the IR
spectrum. A 2D FTIR correlation analysis is used to elucidate the hydration mechanism
and the order of solvation events. X-ray reflectivity (XRR) measurements are conducted
before and after the swelling to get information about potential vertical salt diffusion.
This detailed analysis of the underlying mechanism behind the response behavior and
the sensitivity of polymer film-based devices is essential for the rational design of tunable

polymeric nanoswitches and humidity sensors.

6.2. Results and Discussion

To study the influence of Mg(ClO4); and Mg(NOj), salts on the swelling behavior of
PNIPMAM thin films in D,O vapor atmosphere, the fabricated thin films are exposed to
the following experimental protocol. First, the thin films are dried under a continuous

nitrogen gas flow for at least 90 min to minimize the number of residual H,O molecules
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inside the films. Subsequently, the films are exposed to a DO vapor flow to induce
the swelling of the films for 110 min in the case of the ToF-NR measurements and for
20 h in the case of the FTIR measurements. During the experiment the temperature is
kept constant at 23 °C. Static ToF-NR measurements provide a detailed vertical polymer
and solvent distribution for the dry and the swollen states. Whereas, kinetic ToF-NR
measurements track the evolution of the film thickness and the volume fraction of DyO
inside the films during the solvent uptake. Because of their high electron density, the
salts scatter X-rays strongly and therefore make XRR measurements a sensible choice.
Thus, XRR measurements are performed before and after the swelling experiment under
ambient conditions to compare the distribution of the ions vertically throughout the films
and to characterize the reversibility of the swelling process. The hydration shell formed
around the characteristic functional groups of PNIPMAM and the ions are investigated
by analyzing the shifts of the peak positions of in situ FTIR spectroscopy measurements.
Furthermore, the swelling process is characterized by analyzing the evolution of the inte-
gral of the HoO and the D50 signals. 2D FTIR correlation analysis is performed to obtain
the sequence of the hydration processes of the functional groups. D50 is chosen rather
than HyO for a higher contrast in the ToF-NR measurements between the solvent and
the polymer and because D5O prevents the overlap between the H-O bending vibration
of HyO and the amide I signal of PNIPMAM in FTIR experiments.

6.2.1. Investigation of Equilibrium States

ToF-NR measurements in the equilibrium states, i.e., dry and swollen states, are carried
out for the PNIPMAM thin films containing Mg(ClO4)s or Mg(NOj), at two incident
angles to measure reflectivity data in a large ¢, range (Figure . Detailed fit results
are summarized in Table [6.1]

Table 6.1.: Film thickness d and bulk SLDs obtained from the fits of the static ToF-NR mea-
surements for the Mg(ClO4)2- and the Mg(NO3)z-containing PNIPMAM thin films in the dry

and swollen state.

PNIPMAM

d/nm  bulk SLD / 1076 A~2

+ Mg(ClOy)2
dry 93.3 4+ 0.2 0.80 4+ 0.01
swollen 1279 £ 1.5 3.29 + 0.01

PNIPMAM
d/nm  bulk SLD / 1076 A2

+ Mg(NOs3)2
dry 93.1 £ 0.1 0.95 + 0.01
swollen 209.3 +£ 0.8 4.22 4+ 0.01
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Figure 6.1.: (a,d) Static ToF-NR data (symbols) with fits (black) and (b,e) close-up of the

low ¢, range of the static ToF-NR curves. The data is shifted along the vertical axis for better

visualization. (c,f) Resulting SLD profiles of the PNIPMAM thin films in the dry (lighter color)

and the swollen states (darker color) containing Mg(ClO4)> (orange) or Mg(NO3)2 (blue). The

dashed vertical line in the SLD profiles at d = 0 nm indicates the surface of the silicon substrate.

Reprinted with permission from Ref. [167]. Copyright 2023 American Chemical Society.

The fit for the Mg(NOj3)s-containing PNIPMAM film is obtained by applying a six-layer
model consisting apart from silicon with its oxide layer and the infinite air layer, of a
polymer-substrate interface, a salt-containing polymer layer as bulk, and a polymer-air
interface. For the Mg(ClOy)s-containing PNIPMAM film an additional layer for the bulk
region was needed to describe the beating in the pattern of the NR data. For both
films, the critical edge shifts toward higher ¢, values for the swollen states compared to
the dry states, which indicates the incorporation of D,O. The increased thickness of
the swollen films is reflected by the narrowing of the Kiessig fringes compared to the
dry state. When going from the substrate to the air interface, the SLD profiles show
distinct contributions from the silicon substrate, the covering oxide layer, and the salt-
containing polymer thin films. The SLD profiles of the dry states of both films resemble
each other closely and show that the film thicknesses are approximately 90 nm. The
salt-containing polymer thin films feature a depletion layer at both interfaces, i.e., at the
polymer-substrate and at the polymer-air interface. The SLD profiles of the corresponding
swollen states show an overall increase in the SLD for both films, further indicating the
uptake of D,O. Different final film thicknesses are obtained for the Mg(ClOy)s- (130 nm)
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Chapter 6. Effect of Magnesium Salts with Chaotropic Anions on the Swelling Behavior

and the Mg(NOj)s-containing (200 nm) PNIPMAM thin films. As indicated by the
increased SLD at the polymer-air interface, a DyO enrichment layer is formed for both
films in the swollen state, whereas at the polymer-substrate interface, the SLD decreases
(Figure , f). Such a lower SLD may be caused by a lower D,O concentration, a lower
salt concentration, or a higher residual HyO concentration. The key difference between
both films is that the nitrate-containing film incorporates higher amounts of D,O, thereby
reaching a 70% higher final film thickness than the perchlorate-containing swollen polymer
thin film. The film thickness and the distribution of salts throughout the PNIPMAM thin
films before and after the ToF-NR swelling experiments are determined using XRR under
ambient conditions. When removing the thin films from the high humidity environment,
they go back to their initial state as shown by the comparison of the obtained XRR
curves and the corresponding SLD profiles in Figure[6.2] The fits are performed using the

six-layer model as described for the ToF-NR measurement.
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Figure 6.2.: XRR data of the ToF-NR samples before (light color) and after (dark color) the
swelling experiments for the (a) Mg(ClO4)2- (orange) and the (b) Mg(NO3)2-containing polymer
thin film (blue). Fits are shown as black solid lines. The XRR data are shifted along the vertical
axis for better visualization. (c) X-ray SLD profiles obtained from the fits of the reflectivity data.
Reprinted with permission from Ref. [167]. Copyright 2023 American Chemical Society.

For both the Mg(ClO4)s- and Mg(NOs)s-containing PNIPMAM thin films, no major
changes in the SLD profile can be detected. This implies that the diffusion of water
molecules into the film is not accompanied by the vertical diffusion or migration of the
inorganic ions through the thin organic film and additionally confirms the reversibility of
the swelling process of the salt-containing polymer thin films. The results also indicate
that changes in the neutron SLD profiles in the swollen states (Figure are mainly due

to the diffusion of D50 into the thin films and the expulsion and relocation of residual

H,0.
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6.2.2. Magnesium Salt Dependent Swelling Behavior

Kinetic ToF-NR measurements are conducted for both salt-containing PNIPMAM thin
films to obtain insights about the film thickness and SLD evolution, and thereby about
the volume fraction ¢(t) of DyO inside the respective thin films over the swelling time
t (110 min). For the kinetic ToF-NR analysis, the films are modeled with only a single
layer to describe the salt-containing polymer bulk on the silicon substrate. Selected kinetic
ToF-NR data with their corresponding fits are shown in Figure [6.3h,b. After the first few
measurements, a different incident angle is used to prevent detector damage, which results

in a slightly different observable ¢, range.

10" T r b 10™ .
a i PNIPMAM + Mg(CIO,), { = PNIPMAM + Mg(NO),
1 3 {
1084 3
i \/\/\/\/\,\,\_—\r
10°4 A\’\/\/\/\/\/\Ar
1 3
10 15 o
3 flE 1S
T r E=1 =
10‘1 1\/\/_\/—\_’_\r g E’
1 16 =
1043 , - 15 5
0.01 0.02 0.03 0.04
qz/ A1 g2/ A1
220 : : : T T T 70 T r 1 T
C) __________________________ 2003 d) o PNIPMAM + Mg(NO5),
2004 ® PNIPMAM + Mg(NOy), L= 6 PNIPMAM + Mg(CIO,),
PNIPMAM + Mg(CIO,),
1801 50
£ 160+ 52 40
S 1401 L =30
1201 / I 201
00{ o L 10+
80— ‘ ‘ . . : o 01 ¢ ‘ . . ‘ , i
0 20 40 60 80 100 120 0 20 40 60 80 100 120
time / min time / min

Figure 6.3.: Selected kinetic ToF-NR data (symbols) with their corresponding fits (black) of
PNIPMAM thin films containing (a) Mg(ClO4)2 (orange) or (b) Mg(NO3)2 (blue) measured
during the swelling experiment with D,O. Temporal evolution of (c) the film thicknesses and
(d) volume fraction ¢(t) of DoO within the films. The dashed lines in black, orange, and
blue colors in panel (c) indicate the corresponding thickness d obtained from the static ToF-NR
measurements for the dry and swollen states. The data shown in subfigures (a,b) are shifted along
the vertical axis for better visualization. Reprinted with permission from Ref. [167]. Copyright

2023 American Chemical Society.

The kinetic ToF-NR data of both salt-containing PNIPMAM thin films show a similar
behavior. The critical edges shift toward higher ¢, values since the overall SLD of the
system increases, and the spacing of the Kiessig fringes decreases over time due to an
increase in the film thickness. These observations indicate that DO is incorporated into

the thin films and that the thicknesses increase over time. The temporal evolution of the
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film thickness (Figure [6.3¢) and the DO volume fraction ¢(¢) (Figure[6.31) are extracted
from the fits of the kinetic ToF-NR data. It turns out that the nitrate-containing polymer
thin film reaches a higher film thickness in the bulk layer over the same swelling time.
The dashed lines highlight the results obtained from the static ToF-NR measurements
for the dry and swollen states for both salt-containing PNIPMAM thin films. For the
perchlorate-containing films, the initial and final film thickness of the static and kinetic
ToF-NR measurements are in good agreement. In contrast, for the nitrate-containing
films, the final thickness obtained during the kinetic measurement over 110 min does not
quite reach the thickness obtained from the static measurement, which is conducted for
45 min immediately after the kinetic measurement, but is by about 10 nm short (i.e., by
10-15% of the maximum swelling increase). The latter means that an equilibrium state
is not reached during the duration of the swelling experiment. The time-dependent D,O
volume fraction ¢(t) as a function of swelling time ¢ is calculated by taking the difference
between the measured SLDs at a given swelling time, SL D pe.s(t), and the SLD of the
dry film, SLDjy,y, divided by the difference between the SLDs of D,O, SLDp,0, and the
dry film

o(t) = SLDeas(t) — SLDgry
~ SLDp,o — SLDgyy

The nitrate-containing polymer thin film exhibits a higher D,O uptake (thickness increase

(6.1)

by about 115 nm) than the perchlorate-containing polymer thin film (thickness increase
by about 35 nm) and reaches a D,O volume fraction of more than 60% (Figure [6.3().
This difference is remarkable as both salts are strongly hygroscopic, form hexahydrates,

and have nearly the same molar solubility in water at ambient temperature.

6.2.3. Interactions on Molecular Level

The molecular interactions and exchange mechanisms during the uptake of D20 into the
films are investigated using in situ FTIR measurements. The change in the peak areas
and the shift of peak positions can elucidate the hydration mechanism of the polymer and,
possibly, of additional compounds. However, the analysis of FTIR data can be challeng-
ing due to the presence of overlapping signals originating from different functional groups.
Furthermore, because FTIR has sample requirements different from those of the reflec-
tivity measurements, thicker films and longer measurement times are used, as explained
in Section [5.2.2] Therefore, a detailed analysis of the FTIR spectra is fundamental. In
Figure [6.4] the normalized FTIR spectra, which are conducted during the swelling pro-
cess, are plotted for a PNIPMAM thin film free of salt (Figure ), for a PNIPMAM
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thin film containing Mg(ClO4)> (Figure [6.4p), and for a PNIPMAM thin film containing
Mg(NO3), (Figure [6.4k).
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Figure 6.4.: In situ FTIR spectra (color scale purple to red) measured during the swelling
process in D20 vapor of (a) a pure PNIPMAM thin film, (b) a PNIPMAM thin film containing
Mg(ClO4)2, and (c) a PNIPMAM thin film containing Mg(NO3)2. The spectra are normalized by
setting the symmetric stretching vibration of the isopropyl group (vsym(C—H3), marked with an

asterisk (*)) of the dry state of all systems to an absorbance of 0.14. Black arrows demonstrate

the evolution of the peaks of the D—O and H-O stretching vibrations over time. Reprinted with

permission from Ref. [167]. Copyright 2023 American Chemical Society.

After drying the films in a nitrogen gas flow for at least 90 min, D,O vapor is introduced

into the sample environment, which induces the swelling process. For all sample types,

this is reflected by an increase in the signal of the D—O stretching vibration at around

2500 cm™. On the contrary, the H—O stretching vibration at around 3370 cm™ simulta-

neously decreases, indicating that residual HoO molecules leave the film and are replaced

by D20 molecules. This behavior is also reflected by the evolution of the peak areas of

the corresponding ¥(D—0) and v(H-0O) signals over the swelling time, which are shown
in Figure [6.5h and Figure [6.5pb, respectively.
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Figure 6.5.: Evolution of the peak areas of (a) the »(D—-0) and (b) the ¥(H-0) signals (pure
PNIPMAM film: black; Mg(ClO4)2-containing PNIPMAM film: orange; Mg(NOs3),-containing
PNIPMAM film: blue) over time. Reprinted with permission from Ref. [167]. Copyright 2023
American Chemical Society.
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It is noted that the water content is considerably lower for the pure PNIPMAM film
(both H,O and D50) than for the films containing salt. Furthermore, the peak areas in
the region of the v(H—O) signals never reach values of zero as the signals from the N-H
group are also present in this spectral region. Since a different sample environment with
a different configuration and thicker films is used to measure the in situ FTIR data, no
direct comparison with the ToF-NR measurements is possible. Nevertheless, the in situ
FTIR measurements imply that the PNIPMAM film devoid of salt takes up significantly
fewer DO molecules than the samples containing the magnesium salts. Since the polymer
bares a protic functional group, H/D exchange can occur at the N—H function of the
amide group [198]. However, this phenomenon is not observed since no additional signal,
i.e., the development of a N—D signal, is detected. The N—D signal would be expected
at lower wavenumbers than the N—H signal (amide II) at approximately 1460 cm™ as
shown for PMMA-b-PNIPAM |[187]. To investigate the hydration shells forming around
the functional groups in the respective systems, the individual peak position shifts of
the characteristic signals of the polymer and salts are analyzed. Figure shows the
peak position shifts during the swelling process for the amide I (1645 cm™), the amide II
(1515 cm™), and the vyem(C—H;z) (2972 cm™) signals, originating from functional groups
of the polymer.
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Figure 6.6.: Peak positions of (a) the amide I, (b) the amide Il, and (c) the vggym(C—H3) sig-
nals (pure PNIPMAM film: black; Mg(ClO4)»-containing PNIPMAM film: orange; Mg(NO3)2-
containing PNIPMAM film: blue) over time. The initial peak positions of the dry films are
highlighted by displaying the values in the respective colors. Reprinted with permission from
Ref. [167]. Copyright 2023 American Chemical Society.

The comparison of the initial peak positions of the amide I and the amide II signal in the
dry states for all investigated films reveals a shift of these signals when adding the different
magnesium salts. This finding suggests the formation of ion-polymer complexes at the
amide group, which may be explained by weak coordination bonds and/or by ion-dipole
interactions between the polymer carbonyl group and the Mg*" ions [199/204]. Further-

more, a peak shift is observed for the hydrophobic isopropyl group shown exemplarily for

72



6.2. Results and Discussion

the Vggym (C—Hs) signal with <5 cm™t, which is considerably smaller than the ones observed
for the amide signals. The overall evolution of the peak position of the amide I signal
shows a shift of about 30 cm™ toward lower wavenumbers during the swelling time in D,O
vapor. This trend reveals that a hydration shell, formed by hydrogen bonds between the
amide groups and D,O molecules, builds up during the swelling process. Since the amide
IT signal is a deformation band and not a stretching vibration, the opposite direction of
the peak position shifts is obtained during hydration. The peak positions of the signal of
the hydrophobic isopropyl group shift by 5-7 cm™ toward higher wavenumbers, indicating
the formation of a hydration shell around the hydrophobic groups as well. It is assumed
that this shift originates from a reduced amplitude of the vibration due to the compact
hydration shell forming around this functional group. To conclude, similar trends of the
peak areas and peak positions for the pure PNIPMAM and the salt-containing PNIPMAM
thin films are observed and the polar as well as the nonpolar groups get hydrated when
the films are exposed to water vapor. Both anions of the magnesium salts are IR-active,
which gives a priori the possibility to obtain information about the hydration behavior
of the anions of the salts dispersed in the films as well. However, the investigation of
the nitrate anion (Vgeym(NO3 ) &~ 1325 cm™) is hampered by the fact that its IR signals
overlap with signals from the polymer. Still, the asymmetric stretching vibration of the

perchlorate anion around 1093 cm™

can be clearly distinguished from the signals arising
from the polymer itself. Figure illustrates the evolution of the peak position of the

Vasym(ClO4 ) signal over the swelling time.
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Figure 6.7.: Evolution of the peak position of the asymmetric stretching vibration of the CIO4~
anion over time. Reprinted with permission from Ref. [167]. Copyright 2023 American Chemical
Society.

Over the swelling time, a shift by 2-3 cm™ toward higher wavenumbers is observed, indi-
cating that a hydration shell of DoO molecules is forming around the ClO, anion. As
shown previously, the peak area of the v(D—0O) signal suggests that an equilibrium swollen
state is reached at the end of the swelling time (see Figure . However, the peak posi-
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tion of the ClO,  group has not yet reached its threshold, meaning that, most likely, the
anion has not reached yet the equilibrated hydration state. To obtain further insights into
the hydration mechanism and the sequence of solvation events and to resolve overlapping
signals, 2D FTIR correlation analysis is performed, which is explained in Section [3.4] and
in more detail in the literature by Noda [165,205]. Different from polymers in solution,
polymer thin films in combination with the custom-built flexible sample environment de-
scribed in Section [}, enables to elucidate the hydration mechanism by gradual addition of
the solvent by the generation of a solvent vapor atmosphere. First, the sequence of events
of the hydration of the hydrophobic moieties, such as the isopropyl group at the side chain
of the polymer and the polymer backbone, is investigated by analyzing the synchronous
as well as the asynchronous 2D FTIR correlation plots, which are shown in Figure
for the pure PNIPMAM film. Here, only the first 10 spectra taken in the interval from 0
to 35 min are considered because the most significant changes occur in this time frame.

Correlation plots with the complete spectra series are provided in Figure [A.2]
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Figure 6.8.: (a) Synchronous and (b) asynchronous 2D FTIR correlation plots of the pure PNIP-
MAM film in the wavenumber range between 2860 and 3050 cm™! for the signals of Vasym(C—H2),
Vasym(C—=H3), and vgy,,,(C—Hs) originating from the isopropyl group of the side chain and the
polymer backbone for the first 10 spectra taken in the interval from 0 to 35 min. Areas col-
ored in red indicate positive correlation, and areas colored in blue indicate negative correlation.
Reprinted with permission from Ref. [167]. Copyright 2023 American Chemical Society.

The synchronous 2D FTIR correlation plot reveals that the vgs,,(C—Hs) signal at ap-
proximately 2970 cm™ shows a strong autopeak, which implies that during the hydration
of this functional group, a large difference in the signal intensity is observed. For the
methylene signal v,s,,m(C—Hz) of the polymer backbone at around 2930 cm™, the au-
topeak is less pronounced. The crosspeak of these signals has a positive sign, meaning
that the intensities of both signals are either increasing or decreasing together. By inves-
tigating the asynchronous correlation plot, a negative correlation at this position (2970

and 2930 cm™) is observed. Therefore, the intensity change of the v,gym(C—Hsz) vibra-
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tion occurs predominantly after the change of the V4, (C—Hs) vibration, which in turn
means that the isopropyl group in the side chain is hydrated before the polymer main
chain. This order of hydration is in agreement with observations for PNIPAM in solution
during temperature changes. Conceptually, heating is associated with dehydration of the
polymer while cooling leads to a rehydration [206]. Therefore, the process of DoO uptake
can be compared qualitatively to a cooling process. Based on the correlation plots of the

salt-containing films, the order of hydration is not affected by the addition of salt (see

Figures and [A.2)).
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Figure 6.9.: (a) Synchronous and (b) asynchronous 2D FTIR correlation plots of the pure
PNIPMAM film in the wavenumber range between 1490 and 1700 cm™ for the amide | and
the amide Il signals. Areas colored in red indicate positive correlation, and areas colored in
blue indicate negative correlation. Reprinted with permission from Ref. [167]. Copyright 2023
American Chemical Society.

By analyzing the 2D FTIR correlation plots of the signals coming from the polar amide
groups, as shown in Figure for the pure PNIPMAM film, it becomes evident that
both signals show strong autopeaks, with the autopeak stemming from the amide IT band
being more pronounced (Figure ) The crosspeak in the synchronous correlation plot
between the amide I and the amide II signals at 1650 and 1510 cm™, respectively, is nega-
tive, meaning that the amide I signal is increasing while the amide I signal is decreasing.
The crosspeak at the same position in the asynchronous correlation plot (Figure [6.9b)
has a positive sign, signifying that the amide I signal is changing before the amide II
signal. On closer inspection of the amide I signal, it is seen that during the hydration
a shoulder at lower wavenumbers is appearing. This is also seen in the correlation plots
as a splitting of the amide I signal. Based on investigations for PNIPAM in solution,
this shoulder is believed to represent the intermolecular polymer solvent C=0---D—-0OD
hydrogen bond, while the peak at higher wavenumbers is attributed to the inter- and in-
tramolecular C=0---H—N hydrogen bonds of the amide groups with each other [207/208].

This observation reveals that the amide-based polymer-polymer interactions are replaced
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Chapter 6. Effect of Magnesium Salts with Chaotropic Anions on the Swelling Behavior

with interactions with the solvent during the hydration. This is also true for the salt-
containing PNIPMAM films. To further assign an order of hydration events, the amide I
and amide II signals are correlated with the signals coming from the hydrophobic groups
of the side chain as well as the polymer backbone. In Figure [6.10 the synchronous and
the asynchronous correlation plots are shown for the pure PNIPMAM film.
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Figure 6.10.: (a) Synchronous and (b) asynchronous 2D FTIR correlation plots of the pure
PNIPMAM film in the wavenumber range between 1490 and 1700 cm™ and between 2860 and
3050 cm™ for the amide |, amide I, Vasym(C—=H3), Vasym(C—H2), and vgym(C—Hsz) signals.
Areas colored in red indicate positive correlation, and areas colored in blue indicate negative
correlation. Reprinted with permission from Ref. [167]. Copyright 2023 American Chemical
Society.

The synchronous correlation plot shows positive correlation peaks between the amide
IT and the Vg, (C—H;) signals as well as between the amide II and the vggy,(C—H2)
signals (1635, 2973, and 2930 cm™), whereas the asynchronous correlation plot at these
positions shows negative correlation peaks. This means that the N—H functional group
of the amide is hydrated after the hydrophobic moieties. The sequence is the same for the
carbonyl group (amide I). Therefore, an unambiguous hydration order can be deduced:
Vasym(C—Hs) > V4eym(C—Hy) > amide I > amide II. Interestingly, aprotic and nonpolar
alkyl groups appear to be hydrated before the protic and polar amide functional groups.
A possible explanation for this behavior is that in order for the amide functional groups to
be solvated, the isopropyl groups as well as the hydrophobic backbone of the polymer need
to be hydrated before the amides to become accessible to the solvent. This hypothesis is
supported by the observation that the shoulder in the amide I signal, corresponding to the
amide-solvent interactions, only develops after a certain time delay, which is the initial
onset time that is needed for the hydration of the hydrophobic groups. In other words,
the steric hindrance by the alkyl groups and the fact that amide-amide hydrogen bonds
are energetically favorable causes the amide groups to be hydrated last. To investigate

the role of the salts especially of their IR-active anions on the hydration process, signals
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of the asymmetric stretching vibration of the ClO,  group are correlated with the polar
amide groups as well as with the hydrophobic groups. The corresponding synchronous
and asynchronous correlation plots are shown in Figure of the Mg(ClO,),-containing
PNIPMAM film. Again, only the first 10 spectra from the spectra series are taken into
account because the significant changes occur in this time frame. Correlation plots with
the whole spectra series are provided in Figure [A.5]

a) I(v1) b) I(v1)
1(v2) 1(v2)
3050 ———3050
PN
3025 5[ 3025
7 / \ 7
—— 3000 ¢ / 3000 ¢
~ S / )
= 2975 = @ ‘\"'/ (( 2075
= = 5 = B
2950 ¢ 2950 €
3 3
12925 & 2925 §
N ? 3
2900 3 2900 =
2875 2875
1040 1060 1080 1100 1040 1060 1080 1100
wavenumber / cm~1 wavenumber / cm~1
C) I(v2) d) (v1)
1(v2) 1(v2)
1700 1700
> 16507 - \ 16507
1 1
£ - £
o v
; = (10003
) = | b
)) 11600 & =) \( 1600 &
= £ £
3 3
= c
=\ 11550 & 1550 =
@[t ) JI™
= =
- 1500 1500
1040 1060 1080 1100 1040 1060 1080 1100
wavenumber / cm~1 wavenumber / cm~t

Figure 6.11.: (a,c) Synchronous and (b,d) asynchronous 2D FTIR correlation plots of the
Mg(ClQO4)2-containing PNIPMAM film in the wavenumber range between 1030 and 1130 cm™
and between 2860 and 3050 cm™ (top) as well as well as between 1030 and 1130 cm™ and
between 1490 and 1700 cm™ (bottom) for the Vusym(ClO4™), Vasym(C—H3), Vasym(C—Ha),
Vsym(C—Hs), amide |, and amide Il signals for the first 10 spectra taken in the interval from 0
to 35 min. Areas colored in red indicate positive correlation, and areas colored in blue indicate
negative correlation. Reprinted with permission from Ref. [167]. Copyright 2023 American
Chemical Society.

The synchronous and asynchronous correlation plots reveal that the sign of the correlation
peaks between the Vg, (ClO4 ) signal and the v4sy,(C—Hsz) and vgg,(C—Hsy) signals
is positive. This indicates that the perchlorate anion is solvated before even the alkyl
groups. The same is true for the amide functional group. Thus, the hydration order is
Vasym(ClO4 ™) > Vasym(C—Hs) > Vasym(C—Hz) > amide I > amide II. The situation is the
same for the nitrate-containing PNIPMAM film. However, the analysis of the Mg(NOs3),-
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Chapter 6. Effect of Magnesium Salts with Chaotropic Anions on the Swelling Behavior

containing PNIPMAM film is complicated by the fact that the signal coming from the
asymmetric stretching vibration of the nitrate is overlapping with symmetric deforma-

tion bands from the alkyl groups. The corresponding correlation plots are provided in

Figure [A.6]

To conclude, with the aid of 2D FTIR correlation analysis, the stepwise hydration mech-
anism of PNIPMAM thin films is elucidated. This highlights the attractiveness of using
polymer thin films for mechanistic studies. This is the case because the response of the
polymer to solvation can be monitored in situ by gradual addition of solvent vapor. Fur-
thermore, the influence of salts on the hydration mechanism can be investigated by using
IR-active ions with distinct signals in the spectra. As discussed above, first, the ions,
which reside in-between the polymer chains, are solvated followed by the hydrophobic
alkyl groups from the polymer side chain and backbone. After the polymer network is
loosened up by the initial uptake of water molecules, the previously sterically hindered
amide groups become solvated. Combining the findings from the ToF-NR and the FTIR
analysis, the mechanism can be subdivided into two stages. In the first stage, a high
initial uptake of water molecules is observed, which is accompanied by a strong increase
in film thickness. Mechanistically, this is associated with the hydration of the ions and the
formation of a water shell around the hydrophobic alkyl groups, which renders the amide
groups solvent-accessible. In the second stage, the initial water network slowly rearranges
into a thermodynamically favored equilibrium state, which is reflected by the fact that

the film approaches a limited thickness.

6.3. Conclusion

PNIPMAM thin films containing magnesium salts with chaotropic anions are investigated
for their potential application as nanoswitches or humidity sensors. The reversibility of the
switching, which is essential for applications, is confirmed by XRR measurements before
and after the swelling experiments. Furthermore, it is shown that the addition of magne-
sium salts greatly enhances the final swelling ratio, which indicates that the salts can be
used to modulate the sensitivity of such switches and sensors. Although both anions are
monovalent chaotropes, which are more weakly hydrated than kosmotropes, we find that
magnesium nitrate leads to a higher water uptake and therefore a higher film thickness
is reached in the swollen state. This is in accordance with the empirical observation that
nitrate is less chaotropic and therefore better hydrated than perchlorate. By investigating
the in situ FTIR spectra, the extent and kinetics of hydration of the functional groups

of the polymer as well as the solvation of the ions is elucidated. Moreover, the sequence
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of hydration events is determined through 2D FTIR correlation analysis. First, the ions
are solvated, which leads to an initial drastic increase in film thickness. This is followed
by the hydrophobic alkyl groups of the polymer. Only once the hydrophobic moieties are
hydrated, the amide groups become solvent-accessible, which finally leads to the forma-
tion of the equilibrium swollen state through a slow rearrangement of the polymer chains.
The latter is reflected by the fact that only after several hours, the equilibrium thickness
is reached. Finally, in light of future applications, the addition of salts provides an envi-
ronmentally friendly and simple to realize modification for fine tuning the sensitivity and

response behavior of nanoswitches and sensors.
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7. Salt-Mediated Tuning of the
Cononsolvency Response Behavior

This chapter is based on and reprinted with permission from J. Reitenbach, P. Wang, L. F. Hu-
ber, S. A. Wegener, R. Cubitt, D. Schanzenbach, A. Laschewsky, C. M. Papadakis, P. Miiller-
Buschbaum, Salt-Mediated Tuning of the Cononsolvency Response Behavior of PNIPMAM Thin
Films, Macromolecules 2024, 57, 10635-10647; DOI: 10.1021/acs.macromol.4c02053 licensed
under CC BY 4.0. The raw ToF-NR data is provided by the ILL under DOI: 10.5291/ILL-
DATA.9-11-2093.

The development of tuning parameters to influence the response behavior of polymer-
based nanodevices is investigated by the addition of NaClO, or Mg(ClOy), to adjust
the swelling degree of poly(N-isopropylmethacrylamide) (PNIPMAM) thin films under
different vapor atmospheres. By leveraging the cononsolvency effect of the polymer in a
mixed vapor of water and acetone, a contraction of the preceding water-swollen films is
induced. The relation between the macroscopic and the molecular processes is elucidated
by static and time-resolved time-of-flight neutron reflectivity, as well as by in situ Fourier-
transform infrared spectroscopy. It is found that the addition of NaClO, strongly enhances
the film thickness response for swelling and contraction, which, therefore, allows the tuning
of the film toward stronger responses. Mechanistically, D;O-amide bonds are formed
during the swelling and become perturbed upon vapor exchange. Thereby, the D5yO-
amide interactions are reduced continuously, while acetone-amide interactions develop,

accompanied by increasing amide-amide interactions during the film contraction.
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7.1. Introduction

Amidst the various types of stimuli-responsive materials [7,12,209], thermoresponsive
polymers have attracted particular attention [36/210-212].  Characteristically, the
temperature-induced changes in their hydrophilicity can be translated into a coil-to-
globule transition that dramatically affects their water solubility and aggregation be-
havior. Mostly, two different scenarios are exploited. Either the polymer becomes soluble
with increasing temperature, for which the related transition is characterized by an up-
per critical solution temperature (UCST), or the polymer becomes insoluble at higher
temperatures, and the resulting phase transition is characterized by a lower critical solu-
tion temperature (LCST) [15/213,214]. The driving force behind the thermoresponsivity
of polymers reflects the thermodynamical preference of interactions between the poly-
mer and the solvent molecules compared to the sum of interactions between the polymer
chains and between the solvent molecules themselves [42//58/215]. Besides depending on
the intrinsic features of the polymer, such as molar mass, tacticity, and end groups,
the transition temperature can be modified by additives that modulate the inter- and
intramolecular interactions [27,216-218]. In certain cases, adding an organic cosolvent,
which is also a good solvent for the polymer, can lead to a variation of the LCST with
a distinct minimum at a certain composition of the solvent mixture [3/59.86,219]. At
a given temperature, a miscibility gap is observed for a certain range of compositions
of the solvent mixture. This intriguing phenomenon is known as the cononsolvency ef-
fect, for which the detailed origins are still under debate [3)9,219]. The theories put
forward range from explanations based on intrinsic properties to preferential interactions
between specific constituents of the system [60,71,75,87/89/92/93,220-222]. In addition
to theoretical studies and computer simulations, experimental investigations allow to ob-
tain insights into influencing factors, and a number of different polymers, cosolvents, and
sample architectures have been investigated [84)86/187,221,223-229]. To further leverage
the cononsolvency effect in devices, polymers in thin film geometry are attractive can-
didates due to their fast response, mechanical stability, and easy fabrication compared
to polymers in solution or polymer brushes [8,177]. Most of the reported cases concern
polymers in aqueous media and have been carried out on the same polymer, namely,
poly(N-isopropylacrylamide) (PNIPAM). Structurally related to the well-studied PNI-
PAM is poly(N-isopropylmethacrylamide) (PNIPMAM), which in aqueous solution not
only shows LCST-type II behavior like PNIPAM but also exhibits a cononsolvency ef-
fect in a number of solvent mixtures [40,81-86,229]. Furthermore, in thin film geometry,
PNIPMAM is amorphous and has a high water-uptake ability, and due to the additional
methyl group on the backbone, PNIPMAM thin films feature a higher glass transition

temperature and are more resistant to hydrolysis [86]. In previous studies, it was found

82



7.1. Introduction

that for diblock copolymer thin films consisting of a short poly(methyl methacrylate)
(PMMA) and a PNIPAM [187] or a PNIPMAM block [83] strong deviations in the re-
sponse behavior toward different vapor atmospheres occur, despite the difference in only
a methyl group in the polymer backbone. For the PMMA-b-PNIPMAM thin films, an
overall stronger increase in film thickness upon water vapor atmosphere exposure was
obtained as well as a pronounced, abrupt contraction under exchange to a water-acetone
vapor atmosphere. Since hydrogel-based devices rely on detection mechanisms that have
to adapt to the volume or weight of the thin polymer film, a fast and strong response to
an external trigger is crucial [128]. To circumvent the laborious tailored synthesis of new
polymers, which specifically meet the requirements imposed by the respective applica-
tion, the ability to modify the response behavior of already established polymers, such as
simple homopolymers, will be very valuable. It is known that specific ion effects impact
various phenomena, such as solvent interactions or the LCST of thermoresponsive poly-
mers [20421113)216,230]. In this regard, the addition of salts in the fabrication process
of polymer thin films should provide an easy route to tuning the response behavior of

polymer thin films.

In the present study, the cononsolvency behavior of PNIPMAM homopolymer thin films
is modulated with the addition of two different perchlorate salts, namely, NaClO, and
Mg(ClO4)2. As demonstrated previously |167], adding a Mg salt with a chaotropic anion
enables the modification of the swelling behavior of PNIPMAM thin films in a D,O
vapor atmosphere. In the present study, NaClO4 and Mg(ClOy), are chosen on the one
hand to be able to make comparisons to the previous study and to, on the other hand,
have a more chaotropic cation in the form of Na®. Therefore, here the influence of the
cation is analyzed, and the investigation of tuning not only the swelling but also the
collapse response is motivated. The cononsolvency effect of PNIPMAM hydrogel films
is induced by switching from a pure D;O vapor atmosphere to a mixed DsO-acetone
vapor atmosphere with a volume-to-volume ratio of 9:1, which is known to induce the
cononsolvency effect in PNIPMAM-based diblock copolymers [83,85]. The evolution of
the thickness and the solvent content inside the thin films is investigated by time-of-flight
neutron reflectivity (ToF-NR). In addition, in situ Fourier-transform infrared spectroscopy
(FTIR) measurements are conducted to obtain insights into the solvation processes of the
individual components. The sequence of solvation events is further determined by the
analysis of selected IR bands to provide further understanding of the complex kinetic

processes during water uptake and cosolvent-induced water release.
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7.2. Results and Discussion

To study the solvent vapor mixture-induced contraction of PNIPMAM-based thin films
with the addition of different salts, namely, NaClO4 or Mg(ClOy)s, time-of-flight neutron
reflectivity (ToF-NR) and Fourier-transform infrared spectroscopy (FTIR) measurements
are combined. Before the ToF-NR samples are subjected to the vapor flow protocol,
X-ray reflectivity (XRR) and grazing incidence small-angle X-ray scattering (GISAXS)
measurements are conducted to confirm a uniform vertical and lateral distribution of
the salts inside the polymer film. For the in situ measurements, the films are dried for
1.5 h under a constant nitrogen flow to remove already incorporated H,O, followed by
a solvent-vapor-induced swelling process in a DyO vapor atmosphere (4 h for ToF-NR;
15 h for FTIR) until an equilibrated state is reached. The contraction of the polymer
films is triggered by subsequently exposing the films to a DyO-acetone vapor atmosphere
at a 9:1 volume-to-volume ratio (1.5 h for ToF-NR; 5 h for FTIR). During the whole
experiment the temperature is kept constant at 23 °C. Static ToF-NR measurements are
conducted at the equilibrated dry, swollen, and collapsed states, while the time-resolved
measurements are measured in between each static measurement, giving access to the
thickness and solvent content evolution. FTIR investigations help to comprehend the
underlying molecular interactions contributing to the overall solvation mechanism. The
corresponding results are discussed in the following, starting with the data collected by

XRR measurements.

7.2.1. Distribution of Salts inside PNIPMAM Thin Films

XRR measurements are conducted of the as-prepared salt-containing PNIPMAM thin
films at ambient conditions to investigate the vertical distribution of the components
through the film after deposition. GISAXS measurements further provide information
about the lateral salt distribution. From fits to the reflectivity curves, information about
the film thickness, the scattering length density (SLD) profile, and the roughness of the
films is obtained. It is noteworthy that due to the different scattering processes of X-rays
compared to neutrons, materials have different SLD values in the respective measure-
ments. On the one hand, XRR allows for a more thorough investigation of the vertical
salt distribution inside the polymer films due to the enhanced contrast between the poly-
mer and the introduced salts. On the other hand, NR allows us to investigate more
thoroughly the vertical distribution and incorporation of deuterated solvent molecules
inside a film since neutron SLDs are highly sensitive to isotope substitution. Figure [7.1
shows the measured XRR patterns of the Mg(ClO,)s- (orange) and NaClO,-containing
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(green) PNIPMAM thin films with their corresponding fits (black) as well as the derived
SLD profiles. Detailed fit results are provided in Table [7.1]
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Figure 7.1.: (a) XRR reflectivity curves of the Mg(ClO4)2- (orange) and NaClOs-containing
(green) PNIPMAM thin films with their corresponding fits (black) and (b) derived SLD profiles.
Reprinted with permission from Ref. [231], licensed under CC BY 4.0.

Table 7.1.: Film thickness d / A, SLD / 1075 A=2 and roughness / A obtained from the fits of
the XRR measurements for the as-prepared Mg(ClO4),- and NaClO4-containing PNIPMAM thin
films at ambient condition. For the PNIPMAM + Mg(ClO4)2 and the PNIPMAM + NaClOq4
sample the following parameters for the SiO, layer are used: d = 15.00 A, SLD = 5.77 x
1075 A=2, roughness = 5 A.

PNIPMAM

layer structure d/A SLD /10° A? roughness / A
+ Mg(Cl10,),
polymer-air interface 149+1.1 6.74 £ 0.52 6.0£19
as-prepared polymer bulk layer 4223+ 7.8 11.49 +0.09 6.6 +£2.0
polymer-substrate interface ~ 27.1 £ 0.5 8.54 £ 0.08 9.8+£0.5
PNIPMAM layer structure d/ A SLD / 10% A2 roughness / A
+ NaClOy4
polymer-air interface 170+ 1.3 7.64+0.23 71+1.1
as-prepared polymer bulk layer 242.34+5.9 11.88 £0.18 71£22
polymer-substrate interface  26.5 + 1.1 7.89+0.15 129+ 1.1

Both XRR reflectivity curves show pronounced Kiessig fringes even in the high ¢. range,
which implies the smoothness of the prepared films and therefore confirms the suitability
of the salt-containing samples for ToF-NR investigation. Furthermore, from fits to the
XRR data with a six-layer model consisting of, apart from a silicon layer with its native
oxide layer for the substrate as well as infinite air at the top of the sample, a polymer-

substrate interface, a polymer bulk layer, and a polymer-air interface, SLD profiles are
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observed (Figure ) Besides the difference in the observed film thickness, the profiles
show that the shapes of the curves resemble each other. In the bulk region, a homoge-
neous vertical distribution of the individual salts in the polymer matrix is present, while
at the interfaces, the decreased SLD values suggest either a depletion of material or the

presence of already incorporated HoO from the surrounding environment.

In addition to the information about the vertical material distribution obtained by XRR,
GISAXS measurements provide information about the lateral distribution of the salts
inside the thin polymer film. The 2D GISAXS data (Figure and the horizontal line
cuts at the Yoneda peak region of the polymer (Figure are provided in Appendix
for a salt-free, a Mg(ClO,)s-containing, and a NaClO,-containing PNIPMAM thin film.
The 2D GISAXS data of the salt-free PNIPMAM film show no pronounced scattering
features besides a strong forward scattering in the resolution limit. The horizontal line
cut taken at the Yoneda peak position of the polymer indicates a lack of characteristic
lateral structures inside the polymer film. Thus, no characteristic variation in the lateral
direction is observed, as expected for a homopolymer. Similarly, by comparison of the
horizontal line cuts of the salt-containing films, no lateral features are discernible. The
two line cuts show no deviations from the salt-free sample, which implies that the addition
of salt does not introduce any lateral structures inside the PNIPMAM film. Therefore, a

homogeneous lateral distribution of the salts inside the polymer films is confirmed.

7.2.2. Static Equilibrated Film States

Static ToF-NR measurements are conducted at the equilibrated dry, swollen, and collapsed
state for PNIPMAM thin films containing either NaClO4 or Mg(ClOy), (Figure [7.2)).
The obtained reflectivity patterns are fitted by using a six-layer model as explained for
the XRR data analysis, which considers different contributions throughout the sample
verticals, i.e., the polymer bulk region and the potential occurrence of interfaces, besides
the layers originating from the substrate. The fit parameters for the Si substrate and its
native oxide layer are kept identical for each sample throughout the whole ToF-NR data
analysis. Detailed results from the fits are presented in Table [7.2]
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Table 7.2.: Film thickness d / A, SLD / 1075 A=2 and roughness / A obtained from the fits of
the static ToF-NR measurements for the Mg(ClO4)2- and NaClO4-containing PNIPMAM thin
films at the equilibrated states, i.e., dry, swollen and collapsed. The fit parameters for the Si
substrate and its native oxide layer are kept identical for each sample throughout the whole
ToF-NR data analysis. For the PNIPMAM + Mg(ClO4)2 sample the following parameters for
the SiO, layer are used: d = 23.73 A, SLD = 3.47 x 1075 A=2, roughness = 7 A. For the
PNIPMAM + NaClO, the parameters of the SiO layer are: d = 20.20 A, SLD = 3.47 x
1076 A-2, roughness = 7 A.
PNIPMAM

| Mg(CIO,), layer structure d/A SLD /10% A2 roughness / A
polymer-air interface - - -
dry polymer-bulk layer 305.7£1.6 1.14 £ 0.01 3.0£1.2
polymer-substrate interface  32.3 £ 1.8 0.94 +0.02 2.7+0.7
polymer-air interface 39.1+2.6 4.84 +£0.10 48+04
swollen polymer-bulk layer 425.8 £ 2.1 3.63£0.01 186 £1.6
polymer-substrate interface  13.4 + 1.1 4.98 +0.11 3.5+0.1
polymer-air interface - - -
collapsed polymer-bulk layer 424.3+£0.1 2.58 £0.01 1.24+0.5
polymer-substrate interface 52+£0.2 5.16 £ 0.07 244+0.1
PNIPMAM layer structure d/ A SLD / 10® A2 roughness / A
+ NaClO,4
polymer-air interface 46.6 = 2.0 0.71£0.02 3.0+0.1
dry polymer-bulk layer 265.3+ 3.0 0.924+0.01 10.2 £ 3.6
polymer-substrate interface ~ 40.6 + 1.4 0.37 +£0.02 15.7+£1.3
polymer-air interface 1329+ 1.3 5.01 £0.01 12.94+0.1
swollen polymer-bulk layer 750.9+ 1.9 4.55+0.01 40.0 £ 1.6
polymer-substrate interface  93.4 + 1.3 2.59 +£0.03 439+ 1.2
polymer-air interface - - -
collapsed polymer-bulk layer 470.8 £2.4 2.66 £0.01 15.0£0.3
polymer-substrate interface  10.8 £ 2.6 4.84 +£0.55 3.14+0.2

In Figure [7.2] changes in the position of the critical edge and the spacing between the
Kiessig fringes are observed between the individual static measurements at different equi-
librated states. A shift of the critical edge toward higher g.-values and a decrease in the
spacing between the modulations is observed for the DyO swollen films compared to the
dry ones. This indicates that DoO molecules are incorporated into the films, increasing
the thickness of the whole film. Comparing the reflectivity curves obtained for the swollen
and collapsed films, the opposite behavior is observed, indicating that the films contract

in terms of their thickness, and the movement of the critical edge indicates the exchange
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Chapter 7. Salt-Mediated Tuning of the Cononsolvency Response Behavior

to a mixture of DO and acetone inside the films. From fits to the reflectivity curves, SLD
profiles of the PNIPMAM thin film containing either Mg(ClO4), or NaClO, are observed.
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Figure 7.2.: (a,b) Static ToF-NR reflectivity curves at the equilibrated dry (light), swollen
(medium), and collapsed (dark) states with their corresponding fits (black) for the Mg(ClO4)2-
(orange) and NaClO4-containing (green) PNIPMAM thin films as well as (c,d) derived SLD
profiles. Reprinted with permission from Ref. [231], licensed under CC BY 4.0.

The curves for the dry states are similar in the regard that at the bulk region, a homoge-
neous vertical distribution of the polymer as well as the salt is observed, which has already
been confirmed with XRR measurements. Additionally, the same deviations at the inter-
faces, i.e., the polymer-substrate and the polymer-air interfaces, are obtained even after
drying the films under a continuous nitrogen flow. Furthermore, the SLD profiles of these
samples in the dry state indicate that the film thicknesses are approximately 34 nm and
within 1.5 nm of each other. Comparing the SLD profiles of the individual swollen states,
an increase in film thickness and an overall increase in the SLD are revealed, which is at-
tributed to the uptake of DoO molecules into the films. Nevertheless, the vertical solvent
distribution in the films differs: While the SLD is increased at the polymer-air interface
for both systems, which can be attributed to an accumulation layer of DO molecules
on an already water saturated thin film, different behaviors are observed at the polymer-
substrate interfaces. Increased SLD values at interfaces are attributed to an enrichment
of DO molecules, which is the case for Mg(ClOy)s-containing thin films. In the case of

differing SLD behaviors at the polymer-substrate and polymer-air interfaces, the differ-

88



7.2. Results and Discussion

ences indicate a nonhomogeneous vertical distribution of the solvent throughout the film,
as observed for the NaClO4-containing PNIPMAM thin film. The change of the solvent
vapor atmosphere from a D,O to DyO-acetone mixture leads to a decrease in the thickness
and SLD of the system. Also, the D;O enrichment layer at the polymer-air interface is
depleted, while an increased SLD is still observed at the polymer-substrate interface. This
indicates that the release of the solvent molecules is facilitated at the polymer-air interface
due to the constant vapor flow, whereas attractive polar interactions between the solvent
molecules and the hydrophilic surface of the silicon substrate prevent the escape of the
solvent molecules. In particular, at the polymer-substrate interface, the native SiO, oxide
layer with its silanol groups is able to form hydrogen bonds with the DoO molecules as

well as with the amide functional groups of the polymer.

7.2.3. Kinetic Film Thickness Changes

To investigate the kinetic evolution between the equilibrated states, time-resolved ToF-
NR measurements are performed, for which each reflectivity curve is measured for 5 s over
3.5 h for the swelling and 1.5 h for the collapse process. The data are fitted using a single
layer to describe the salt-containing polymer films on top of a substrate. Furthermore, it
is ensured that the fit parameters of the static measurements at the equilibrated dry and

swollen states match the respective end points of the kinetic measurements.
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Figure 7.3.: Selected time-resolved ToF-NR reflectivity curves for (a,c) swelling (light colors) and
(b,d) collapse (dark colors) processes with their corresponding fits (black) for the Mg(ClO4)»-
(orange) and NaClOg4-containing (green) PNIPMAM thin films. Curves are shifted along the
y-axis over time, where for the swelling (a,c) reflectivity curves in intervals of 21 min and for
the collapse (b,d) in intervals of 9 min are shown. Reprinted with permission from Ref. [231],
licensed under CC BY 4.0.
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Chapter 7. Salt-Mediated Tuning of the Cononsolvency Response Behavior

In Figure [7.3] selected reflectivity curves with the respective fits (black) are shown for
the Mg(ClOy)s- (orange) and NaClO4-containing (green) PNIPMAM thin films during the
swelling (light color) and collapse (dark color) processes. The shift of the critical edge and
the changes in the spacing of the Kiessig fringes resemble the findings of the static ToF-
NR measurements. Furthermore, the analysis provides insights about the film thickness
d (Figure [7.4h) and the SLD evolution (Figure [7.4p), as well as about the evolution of
the solvent content ¢ (Figure .
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Figure 7.4.: (a) Thickness and (b) SLD evolution over time for the swelling (light colors) and
collapse (dark colors) processes of the Mg(ClO4)2- (orange) and NaClOg4-containing (green)
PNIPMAM thin films. Dashed lines indicate changes in the vapor atmosphere, i.e., from a pure
D0 vapor atmosphere (100% D,0) to a D,0O-acetone vapor mixture atmosphere (90% D,0O
and 10% C3HgO). Reprinted with permission from Ref. [231], licensed under CC BY 4.0.

Starting from similar initial film thicknesses in the dry states, the Mg(ClO,)s-containing
PNIPMAM thin film shows a thickness increase in DyO vapor atmosphere of 39%, whereas
the NaClOy4-containing film reaches a much stronger thickness increase of over 177% at
the same time. As demonstrated in the previous publication [167], the swelling ability of
salt-containing PNIPMAM thin films can be modified by the addition of two magnesium
salts with different anions, namely, Mg(ClO4), and Mg(NOs),. A detailed explanation
of the interpretation of the swelling behavior of salt-containing PNIPMAM thin films is
given in Ref. [167], whereas the focus of this work is on the contraction behavior after
the exchange of the vapor atmosphere. In summary, water molecules are predominantly
incorporated at the film surface until the water molecules diffuse into the excluded free
volume in the bulk region of the polymer network. As soon as a certain amount of
water is incorporated, the mobility of the polymer chains increases. This leads to a
rearrangement of the polymer chains and the water network, leading to increased solvent
accessibility of the polymer chains. These two main processes are assumed to be the
reasons for the two-step swelling process or the different slopes of thickness evolution. It is
noteworthy that for the Mg(ClOy)s-containing PNIPMAM thin films, the swelling abilities

90



7.2. Results and Discussion

are comparable, independent of the starting film thickness ranging between 35 and 90 nm.
Furthermore, this study shows that the response behavior of salt-containing PNIPMAM
thin films is even more significantly enhanced by the incorporation of NaClO, compared
to both Mg salts. This demonstrates that the responsiveness of PNIPMAM thin films
toward a DO vapor atmosphere can be easily modulated by introducing specific salts.
With the introduction of the DyO-acetone vapor mixture atmosphere in a 9:1 volume-
to-volume ratio, the volume phase transition behavior is triggered by the cononsolvency
effect, resulting in an abrupt thickness decrease until an equilibrated state is reached.
The system containing Mg(ClOy), contracted by 9%, whereas the one containing NaClOy4
contracted even by 51%. Both systems shrink to a remaining swelling ratio of around
134%, which assumes a preferential solvation state of the films independent of the type
of added salt. Regarding the potential of thin film systems for applications such as soft
matter-based vapor-responsive nanoswitches or gas sensors, strong and fast responses
of the thin films toward a change in the surrounding environment are preferred. Here,
a strong change in thickness upon the exchange from a D>O to a D;O-acetone vapor
mixture atmosphere is observed within the first 15 min. Such a rapid contraction of
a salt-free polymer thin film exposed to the same conditions was observed for PMMA-
b-PNIPMAM thin films with an initial film thickness of 140 nm [83]. However, with
this study, we demonstrate that a similarly strong response is achieved by modifying
PNIPMAM homopolymer thin films by the addition of salts.
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Figure 7.5.: Relative thickness d,¢ evolution over time for the swelling and collapse process of
a salt-free PNIPMAM thin film. Dashed lines indicate changes in the vapor atmosphere, i.e.,
from a pure D20 (100% D,0) to a D,0O-acetone vapor mixture atmosphere (90% D20 and 10%
C3HpO). Reprinted with permission from Ref. [231], licensed under CC BY 4.0.
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Chapter 7. Salt-Mediated Tuning of the Cononsolvency Response Behavior

For comparison, in Figure [7.5] the thickness evolution over time for a salt-free PNIPMAM
homopolymer thin film exposed to the same conditions is shown. The thickness increase
in the equilibrated swollen state is determined as 29%, and the thickness decrease for the

contraction is determined as 5%.

To further investigate the influence of the observed salt dependence on the response,
an analysis of the evolution of the solvent and cosolvent content over time is conducted
based on the ToF-NR measurements. The volume fraction ¢(t) evolution of the individual

solvents inside a film is calculated as follows [187]:

SLDineas(t) = SLDary
" SLDqoremix(t) — SLDary
The above equation considers the difference in SLDs between the measured SLD at a given
time (SLDpeas(t)) and the SLD of the dry film (SLDg,,) divided by the SLD difference
between the solvent mixture (S L Dgoymix(f)) and the dry film. The SLD of a given solvent

mixture is calculated by taking into account the SLD values of each solvent and the

¢solvmix(t> (7 1)

corresponding molar fraction s (t) of the cosolvent:

SLDsolvmix<t) - (]- — xcosolv(t))SLDsolv + xcosolv(t)SLDcosolv (72)

For a pure solvent vapor atmosphere Teesoly(f) becomes 0, which is used to calculate
the D5O solvent content for the swelling process. In the case of the collapse process,
the cosolvent molar fraction ey () has to be calculated from the measured SLD and

thickness values as given by the following equation:

SLDens(t) — SLDury 1
cosolv t) = . SLD ry SLDsov 7.3
Heosl ( ) <( 7(1 o dmi::(t)) i o l SLDcosotv — S LDgoly ( )

Here, djy; is the initial film thickness in the dry state, while dyeas(t) is the measured film
thickness at a given time. Furthermore, the above equation weighs the relative thickness
dini/dmeas(t) by a volumetric conversion factor 7, which describes the volume change when

going from bulk to solvated polymer chains, and is defined as:

 SLDyeas(t') — SLDqry 1
"~ SLDyy, — SLDgyy 1 diai

o dmeas (t/)

(7.4)
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Since the volumetric conversion factor v cannot be obtained from the collapse process, it
has to be estimated from the swelling process. Therefore, a time point ¢’ in the swelling
process has to be chosen, at which the film thickness resembles the thickness in the equili-
brated collapse state, to obtain an accurate estimation of the volumetric conversion factor
for the collapse.

In Figure the solvent contents ¢(t) calculated by the above method are plotted for the
NaClOy- (a) and Mg(ClOy)s-containing (b) PNIPMAM thin films and are separated into
the swelling process in a D,O vapor atmosphere and the collapse process in a DyO-acetone

solvent vapor atmosphere. Additionally, the total solvent content for the collapse process

is shown.
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Figure 7.6.: Solvent content evolution over time for the swelling and collapse processes for
the (a) NaClOs- and (b) Mg(ClO4)2-containing PNIPMAM thin films. Dashed lines indicate
changes in the vapor atmosphere, i.e., from a DO vapor atmosphere (100% D;0) to a D,0O-
acetone solvent vapor atmosphere (90% D20 and 10% C3HeO). D0 content is indicated in
blue, acetone content in red, and the total solvent content in black. Reprinted with permission
from Ref. [231], licensed under CC BY 4.0.

The PNIPMAM thin film containing Mg(ClO,)s reaches a DyO volume fraction of about
37% in the swollen state, whereas the NaClO4-containing film reaches a value of 69%.
In the case of the cononsolvency-induced contraction of the films, as the solvent vapor
mixture is introduced into the system, the DyO content inside the film immediately de-
creases, whereas the acetone content first increases before being again released from the
film. The maximum amount of acetone uptake peaks at 5% for the Mg(ClOy)q-containing
film and at 7% for the NaClO4-containing film. After a delay of 15 min, the acetone
content decreases and stabilizes at about 2% for both systems.
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Chapter 7. Salt-Mediated Tuning of the Cononsolvency Response Behavior

7.2.4. Molecular Interactions

Due to the variety of participating functional groups, the observed volume phase transi-
tions are governed by the interactions of the individual species. Not only do the inter-
actions arise from electrostatic interactions, mainly originating from the contained ions,
but also equally as important from the formation of hydrogen bonds between the polymer
and the solvent molecules. Consequently, the magnitude of these interactions represents
a sensitive probe for the progress of the volume phase transition, which can be quantified
using FTIR. Since the vibrational frequency is dependent on the bond strength of the
constituting atoms, the shifts of the peak positions can be used to elucidate the rela-
tive bond strength variation over time. Collected FTIR spectra during the swelling and

collapse processes are shown in Figure [7.7] for both salt-containing systems.
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Figure 7.7.: FTIR spectra measured during the (a,b) swelling and (c,d) collapse of a PNIPMAM
film containing either Mg(ClO4)> (top row) or NaClO4 (bottom row). Normalization is done by
reweighting the intensity of the vgy,,(C—Hs) signal in the dry state to an absorbance of 0.05.
Black arrows indicate the intensity trends of the signals originating from solvent molecules over
time. Reprinted with permission from Ref. [231], licensed under CC BY 4.0.
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Following the discussion of the solvent contents determined by ToF-NR, the FTIR spectra
confirm the overall observation that during the swelling DO is incorporated into the
film, while during the collapse D50 is ejected out of the system accompanied by the
uptake of acetone. It should be noted that the signal at ~3360 cm™, which is attributed
to the stretching vibration of H5O, indicates the presence of residual water, which is
substituted by DyO over the course of the experiment. To further quantify the extent
of interaction changes during the transitions, the shifts of the amide I, amide II, and

Vasym(ClO4 ) peaks are shown in Figure .
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Figure 7.8.: Time-resolved peak positions of the (a) amide I, (b) amide I, (c) V4sym(ClO47)
signals for a PNIPMAM film containing either Mg(ClO4)> (orange) or NaClO4 (green), as well
as for a salt-free reference film (black). Initial peak positions in the dry state are given in the
respective colors. Reprinted with permission from Ref. [231], licensed under CC BY 4.0.

By comparing the peak positions in the initial dry states for the amide I band, it can be
inferred from the red shift that ion-dipole interactions between the cations and the car-
bonyl groups of the polymer are formed [199]. Upon the introduction of D;O molecules,
the amide I signal shows a pronounced shift toward lower wavenumbers, indicating hy-
drogen bond formation, irrespective of salt addition. In contrast, the peak shifts toward
higher wavenumbers when a DyO-acetone vapor mixture is introduced. Taking into ac-
count the observation from the ToF-NR investigation that during the collapse process
D50 is ejected from the film while acetone is incorporated, this shift can be attributed to
a decreased D,O content inside the films as well as to the inability of acetone to act as
a hydrogen bond donor. However, it should be noted that the carbonyl group of acetone
can still serve as a hydrogen bond acceptor. The reverse trend of the peak position shifts
is observed for the amide II band since it originates mainly from a bending vibration.
Furthermore, since the inorganic anion is chosen such that its absorption bands do not
overlap with signals arising from the rest of the components, it can likewise be used as a
probe of ion-solvent interactions. Based on the peak position shifts of the anions at the
different solvent compositions, a hydration shell is formed during the D;O uptake, while

the solvation shell changes when acetone is added.
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7.2.5. Sequence of Solvation Events

To further dissect the complex overlapping signals in the FTIR spectra, 2D FTIR corre-
lation analysis is performed for both the swelling and collapse transitions, which is also
used to infer a sequence of solvation events. The following discussion on the swelling
process is restricted to key points necessary for understanding the subsequent collapse
process caused by the cosolvent addition. A detailed account of the 2D FTIR correlation
analysis of the swelling process of PNIPMAM thin films containing salts is provided in
earlier work [167]. A closer inspection of the amide I signal at around 1640 cm™ reveals
that during the D,O uptake, a shoulder at lower wavenumbers appears. The appear-
ance and the further development of this shoulder are attributed to the formation of
NHC=0---D-0D interactions, while the main part of the band stems from intra- or in-
termolecular NHC=0---H—N interactions between the polymer chains. In 2D correlation
analysis, the sign of a crosspeak in the asynchronous spectrum gives information about
whether the change in the signals is delayed or accelerated, respectively, to one another.
In Figure [7.9] the crosspeak in the asynchronous spectrum between the amide I and II
bands is positive (red), which — according to Noda’s rules [205,232] — however, has to be
interpreted as negative (blue) due to the negative sign of the crosspeak in the synchronous
spectrum between the bands. Therefore, the changes in the amide I signal occur before

the amide II signal evolves.
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Figure 7.9.: (a) Synchronous and (b) asynchronous 2D FTIR correlation plots in the wavenumber
range between 1490 and 1700 cm™ attributed to the amide | and the amide Il signals of the
NaClOg4-containing PNIPMAM film during the swelling. A positive correlation is indicated in
red, and a negative correlation is indicated in blue. The black arrow indicates the formation of
NHC=0---D-0OD hydrogen bonds. Reprinted with permission from Ref. [231], licensed under
CC BY 4.0.

As the focus of this work is on the investigation of the changes in the solvation state

upon the transition from a D50 to a Dy;O-acetone solvent vapor mixture atmosphere, in
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the following section, the 2D FTIR correlation analysis is carried out for the contracting
film. Since the origin of the cononsolvency effect of polymers is still under debate [3],
which is due to the multicomponent nature of the investigated systems, the application of
2D FTIR correlation analysis is particularly attractive. Additionally, the investigation of
thin films in a vapor atmosphere instead of using polymers in solution helps to decelerate
the solvation process and, thus, allows to gain further insights. By choosing a polymer-
(co)solvent system with several nonoverlapping signals, in addition to using IR-active
anions, the intricate design of the chosen system is highlighted. First, the amide signals

are investigated, for which the 2D FTIR correlation plots are shown in Figure [7.10]
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Figure 7.10.: (a) Synchronous and (b) asynchronous 2D FTIR correlation plots in the wavenum-
ber range between 1500 and 1680 cm™ attributed to the amide | and the amide Il signals of the
NaClOg4-containing PNIPMAM film during the contraction. A positive correlation is indicated
in red, and a negative correlation is indicated in blue. The black arrow indicates the depletion
of NHC=0:--D-O0D hydrogen bonds. Reprinted with permission from Ref. [231], licensed under
CC BY 4.0.

The buildup of the shoulder in the amide I signal during the swelling process is attributed
to NHC=0---D—-0D interactions. During the exchange of vapor atmospheres, the pre-
viously incorporated D50 is released, which is reflected by the decrease in the intensity
of the shoulder, revealing that hydrogen bonds between the polymer and DO are per-
turbed. By analyzing the correlation spectra for the amide bands during the contraction
process, the order NHC=0---D-OD > NHC=0--H-N > amide II can be deduced, in
which the first two interactions are attributed to the amide I signal. This sequence of
events is the same as for the swelling process. It is believed that the introduction of
acetone molecules reduces amide-D,O interactions and that due to the contraction and
solvent release, polymer-polymer interactions are increasingly formed. To additionally
elucidate cosolvent-polymer interactions, the signal arising from the carbonyl group of
the acetone molecules in the range of 1680 to 1800 cm™ is analyzed. Figure shows
the 2D FTIR correlation plots of this signal.
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Figure 7.11.: (a) Synchronous and (b) asynchronous 2D FTIR correlation plots in the wavenum-
ber range between 1680 and 1800 cm™! attributed to the stretching vibration of the carbonyl
group of acetone for the NaClO4-containing PNIPMAM film during the contraction. A positive
correlation is indicated in red, and a negative correlation is indicated in blue. Reprinted with
permission from Ref. [231], licensed under CC BY 4.0.

A closer inspection reveals that the band consists of two individual signals. These are at-
tributed to acetone-acetone interactions (MeyC=0) at higher wavenumbers and acetone-
amide interactions (Me;C=0---H-N) at lower wavenumbers. Evaluation of the correlation
plots reveals that acetone is first introduced into the film before acetone-amide interac-
tions are formed. Furthermore, cross analysis between the amide and acetone signals is
performed, as shown in Figure
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Figure 7.12.: (a) Synchronous and (b) asynchronous cross analysis 2D FTIR correlation plots
in the wavenumber range between 1680 and 1800 cm™ and between 1500 and 1680 cm™ for the
NaClOg4-containing PNIPMAM film during the contraction. A positive correlation is indicated in
red, and a negative correlation is indicated in blue. Reprinted with permission from Ref. [231],
licensed under CC BY 4.0.

The overall sequence of changes in the signals is deduced as v(Me,C=0) >
v(NHC=0--D-0D) > v(MeyC=0---H-N) > y(NHC=0---H-N). This finding signifies
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7.2. Results and Discussion

that first acetone is incorporated into the films, followed by the depletion of the amide-
D50 interactions, which is accompanied by the formation of amide-acetone interactions
and the formation of the again more preferred amide-amide interactions of the polymer
itself. Finally, the role of the introduced anions in the solvation mechanism can be eval-
uated by cross-correlating the changes in the v(ClO4 ) signal at around 1095 cm™ with

the signals arising from the acetone molecules and from the amide functional groups of

the polymer. Figure shows the corresponding 2D FTIR correlation plots.
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Figure 7.13.: (a,c) Synchronous and (b,d) asynchronous cross analysis 2D FTIR correlation plots
in the wavenumber range between 1050 and 1120 cm™ and between 1500 and 1680 cm™ and
also between 1050 and 1120 cm™ and between 1680 and 1800 cm™ for the NaClO4-containing
PNIPMAM film during the contraction. A positive correlation is indicated in red, and a negative

correlation is indicated in blue. Reprinted with permission from Ref. [231], licensed under CC

BY 4.0.

Figure [7.13p,b illustrates the cross analysis between the anion and the amide signals, re-
vealing the sequence of ¥(NHC=0O---D-0D) > v(ClO4 ) > v(NHC=0---H-N) > amide
II. Additionally, the cross analysis between the anion and the acetone signals in Fig-
ure [7.13f,d indicates the order of v(Me;C=0) > v(ClOy ") > v(Me;C=0-+-H-N). In
general, due to the charged nature of the anion, interactions with polar solvent molecules
are preferred over the interactions with the polymer chains. Therefore, as expected, ace-

tone molecules first change the solvation shell around the perchlorate anion before they
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participate in hydrogen bonding with the amide moiety. Nevertheless, the amide-D,O
interactions are also rapidly disturbed due to the strong sensitivity of the polymer toward
the cosolvent. Together with the change in the solvation shell around the anion, this
constitutes the first step of the contraction process. Overall, due to the incorporation
of acetone molecules, the D,O hydration shells around the polar and protic amide func-
tional groups of the polymer, as well as around the perchlorate anions, get disturbed.
Additionally, despite the formation of amide-acetone interactions, an increase in amide-
amide interactions is observed, which is attributed to the contraction of the polymer

films.

7.3. Conclusion

In this study, the response behavior of NaClO4- and Mg(ClOy,)s-containing PNIPMAM
films is investigated in terms of the swelling behavior in a D,O vapor atmosphere, as well
as the subsequent contraction in a DyO-acetone vapor mixture atmosphere, inducing a
cononsolvency effect. For the as-prepared thin films, XRR and GISAXS measurements
confirm the uniform vertical and lateral distribution of the introduced salts inside the
polymer matrix. Static and time-resolved ToF-NR measurements enable the investiga-
tion of the solvent incorporation and reveal that the response of the films toward the
different vapor atmospheres can be modulated by the type of perchlorate salt added. The
NaClO,-containing PNIPMAM thin films exhibit a strong film thickness increase of 177%
in D,O and a pronounced decrease of 51% in DyO-acetone vapor atmosphere. In con-
trast, the Mg(ClOy)s-containing PNIPMAM thin films reach a moderate film thickness
increase of 39% and a slight decrease of 9%. Investigation of the evolution of the solvent
contents inside the films reveals the solvent incorporation and release processes caused
by cosolvent addition. After the DoO molecules are incorporated during the swelling pro-
cess, the contraction of the films leads to a release of DO molecules, while the acetone
concentration inside the films first builds up to 7 vol% before subsequently depleting to
around 2 vol%. Furthermore, the solvation behavior is studied on a molecular level by
in situ FTIR. The spectra series are analyzed by investigating the peak position shifts
of signals corresponding to functional groups, which participate in the solvation events.
Furthermore, the spectra are subjected to 2D FTIR correlation analysis to elucidate the
sequence of solvation events. Exemplarily using the amide functional group as a probe for
the solvation behavior, reveals that during the swelling process DyO-amide interactions
are formed, which are perturbed upon the addition of acetone. During the vapor exchange
D50O-amide interactions reduce, while acetone-amide interactions develop accompanied by

amide-amide interactions, which again become favored during the contraction. A detailed
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7.3. Conclusion

understanding of the complex kinetic processes during water uptake and cosolvent-induced
water release is beneficial for a fundamental knowledge-based development of polymer-
based nanodevices in thin film geometry. With proper parameter tuning, such as by salt
addition, desired properties, such as an enhanced response, can be implemented for the
limited set of established polymers without the need to design new polymers for a special
purpose. Consequently, it is highly desirable to be able to attribute the complex response
behavior of polymer thin films in the presence of salts to the properties of the involved

ions and their corresponding specific ion effects in future work.
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8. Summary and Outlook

Thermoresponsive polymers are promising candidates for a variety of applications, partic-
ularly in areas such as drug delivery, tissue engineering, and sensors. These applications
take advantage of their ability to undergo a coil-to-globule transition upon temperature
change, i.e., switching between a hydrophilic and a hydrophobic state. Fundamental
to the applicability of a thermoresponsive polymer is the reversibility of the transition
and the responsiveness of the material. In this regard, thermoresponsive polymer thin
films offer improved stability and controlled thickness compared to conventional polymer
solutions, which can lead to improved performance in applications requiring precise spa-
tial and temporal control. In addition, thin films can provide a more homogeneous and
conformable surface compared to polymer brushes deposited on substrates, allowing for
uniform interactions across the surface. Furthermore, unlike bulk materials, thin films
allow for enhanced responsiveness, making them ideal for dynamic environments where
rapid changes occur. These changes can include not only the temperature of the environ-
ment, but also the humidity and composition of the vapor atmosphere. In this context,
thermoresponsive, hydrophilic polymer thin films offer, in addition to responding to tem-
perature changes, the possibility of incorporating polar solvent molecules such as water
to form a hydrogel network. For such multi-responsive hydrogel thin films, the response
behavior is accompanied by volume changes upon external stimuli. The different degrees
of swelling of the thin film can thus be easily detected, facilitating their use in mechan-
ical devices. Since the responsiveness of a system is the key property determining the
applicability of a material, the tuning thereof has become a wide field of research. In
general, a simple, inexpensive, and non-toxic tuning approach is advantageous for large-
scale manufacturing of devices based on hydrogel thin films. Inspired by the early work
of Hofmeister on the effect of salts on the solubility of proteins in aqueous solution, the
addition of salts is considered to be a promising choice to tune the properties of a given
material. The ability of the added ions to interact with solvent molecules as well as with
functional groups of the polymer can influence fundamental properties of the thin film
response. This includes the water uptake behavior to form a hydrogel or more complex

phenomena such as the response to cononsolvency conditions.
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In the first research project investigated in this thesis, the water uptake behavior of
the thermoresponsive homopolymer PNIPMAM in thin film geometry is studied. It is
successfully demonstrated that the response to a water vapor atmosphere can be signifi-
cantly influenced by the addition of a small amount of salt during the fabrication process.
Specifically, the influence of two different magnesium salts with ClO;,  and NOj3  an-
ions is compared, with the more chaotropic anion being ClO, . While the thickness of
salt-free PNIPMAM increases by about 29% during the swelling process, the addition
of Mg(ClO,), leads to an increase of about 37%. However, the addition of Mg(NO3)s
results in an even greater final swelling increase of 125% over the same swelling time.
The evolution of the macroscopic response behavior in terms of film thickness evolution
is followed by static and time-resolved ToF-NR measurements. By contrast variation
between the solvent and the polymer, the vertical material distribution and the solvent
volume fraction inside the films are determined. For both salt-containing PNIPMAM
thin films, an initial rapid water uptake is observed, followed by a slower second stage
until an equilibrium is reached. According to the SLD profiles, a homogeneous vertical
material distribution in the bulk region is observed for the dry and swollen films, with
short-range deviations at the interfaces towards the substrate and the vapor atmosphere.
XRR measurements before and after the swelling experiment reveal no diffusion of ions
towards either interface and further confirm the reversibility of the swelling process. The
deviations of the observed vertical material distribution must therefore be caused by the
solvent distribution. In order to relate the macroscopic film changes to the underlying
molecular interaction processes during the swelling process, in situ FTIR measurements
are performed. The analysis is performed in terms of peak area evolution and peak po-
sition shifts of the IR signals related to the functional groups of the polymer as well as
to the solvent and the added ions. The solvent buildup within the polymer matrix and
the hydration of each functional group are determined. While D50 is incorporated dur-
ing the swelling process, H,O is released from the thin film. Furthermore, in contrast to
the previously studied PNIPAM, PNIPMAM does not show H/D exchange at the protic
amide moiety, indicating that the additional methyl group at the polymer backbone of
PNIPMAM causes steric hindrance in the side chains. However, it is noteworthy that the
salt-containing PNIPMAM thin films show different peak positions for the amide group in
the dry state. It is believed that the Mg*" cations are able to weakly coordinate or form
cation-dipole complexes with the amide groups. Overall, as analyzed by the changes in
peak position shifts, all functional groups of the polymer as well as the anion are hydrated
during the swelling process. By further evaluating the FTIR spectra by 2D correlation
analysis, the sequence of hydration events for a salt-free as well as for the salt-containing
PNIPMAM thin films are determined. In the case of the salt-containing films, the anion
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is hydrated prior to the functional groups of the polymer. Interestingly, the hydration
sequence for the polymer reveals that changes to the hydrophobic alkyl moieties occur
more rapidly than changes to the polar amide functionality. Again, this indicates that the
amide group is due to the steric hindrance of the methyl group at the polymer backbone
less solvent accessible. Combining the findings from ToF-NR and FTIR investigations,
two hydration stages of the polymer thin films can be identified. Initially, a rapid water
uptake is observed, accompanied by a strong increase in film thickness, which is attributed
to the hydration of the anions and the hydrophobic hydration of the polymer. Once the
polymer network is sufficiently loosened and able to move and rearrange, the sterically
hindered amide groups become solvent-accessible, ending in a thermodynamically favor-

able equilibrium.

In the second research project, the study of the influence of salts on the response of PNIP-
MAM thin films to saturated solvent vapor atmospheres is extended. After studying the
influence of the anion in the first research project, the second project deals with the in-
fluence of the cations of a salt, namely NaClO4 and Mg(ClO,4)s. In addition, the analysis
of the response behavior is extended to a cononsolvency-induced collapse transition of a
previously water swollen thin film. Cononsolvency conditions are realized by changing
from a D50 to a mixed DyO-acetone vapor atmosphere with a volume-to-volume ratio of
9:1. While the swelling behavior of the Mg(ClO,),-containing PNIPMAM thin film shows
great resemblance with the first study, the NaClO4-containing PNIPMAM thin film ex-
hibits an even larger final thickness increase of over 177% throughout the swelling time.
Similarly, the swelling process of the thin film samples is subdivided into two stages,
i.e., an initial rapid water uptake followed by a slower equilibrium formation, which is
again investigated by the combination of ToF-NR and FTIR experiments. Furthermore,
static and time-resolved ToF-NR measurements during the collapse process again reveal
a strong difference in the film response for the different salts. The system containing
Mg(ClOy,), contracted by 9%, whereas the system containing NaClOy4 contracted by 51%.
Nevertheless, both systems shrink to the same remaining swelling ratio of about 134%
within the first 15 min after the onset of contraction. The evolution of the solvent content
during contraction shows a rapid release of DoO molecules, while acetone is initially in-
corporated followed by the formation of an equilibrium with a lower acetone content. For
connecting the macroscopic film changes to the underlying molecular interactions, FTIR
measurements are performed. The FTIR spectra confirm the release of DoO molecules
as acetone is incorporated during the collapse process. Furthermore, the IR signals orig-
inating from the polymer and the anion shift upon changing from a D>O to a mixed

D50O-acetone vapor atmosphere, indicating that the hydration shells formed around each
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species change upon acetone addition. 2D FTIR correlation analysis reveals the sequence
of events during the collapse process. First, acetone molecules are incorporated into the
thin films followed by the disarrangement of the solvation shell around the perchlorate
anions. Next, acetone-amide interactions develop, accompanied by amide-amide interac-
tions, which again become favored during the contraction, while D5O is ejected from the
film.

In summary, a low-cost and simple approach is presented to adjust the responsiveness
of a polymer thin film to a changing environment. The swelling behavior of PNIPMAM
thin films in a water vapor atmosphere with the addition of Mg(ClOy4)s2, Mg(NO3)s or
NaClO, shows strong differences. While a low concentration of Mg(ClO,), already leads
to a slightly higher swelling degree compared to a salt-free PNIPMAM thin film, the same
concentration of Mg(NOj)s or NaClOy increases the swelling ratio even further. Further-
more, the volume contraction of the thin films induced by cononsolvency conditions for
the polymer is shown to be sensitive to salt addition. In all cases, the addition of salt
leads to a more pronounced collapse of the thin films compared to a salt-free film, with
NaClO4 having the strongest film contraction. Therefore, NaClO, is found to enhance
the responsiveness of a PNIPMAM thin film to a D,O vapor atmosphere as well as to a
mixed DyO-acetone vapor atmosphere. Regarding the Hofmeister series for polymers in
aqueous solution in the presence of salts, a more dominant effect for anions compared to
cations and a higher polymer solubility for more chaotropic ions is expected. However,
the effects appear to be more complex for polymers in thin film geometry, where no trend
along the Hofmeister series is identified. The investigation of the cononsolvency effect re-
veals that by cosolvent addition an equilibrated solvent composition within the film forms
and that interactions between the polymer with both solvents develop. Despite the low
uptake of cosolvent inside the film, the strong film response indicates a high sensitivity
of the system. Theories explaining the cononsolvency effect based on the formation of
solvent-cosolvent clusters would therefore require a very strong influence of the cosolvent
on the bulk water, even at low concentrations. Furthermore, theories based on the expla-
nation of competitive binding between the two solvents to the polymer are statistically
hampered by the low cosolvent content. The development of polymer-cosolvent and the
simultaneous depletion of polymer-water interactions, as observed in this work during the
collapse rather indicates preferential adsorption of the cosolvent to the polymer. Still
the complex interplay between the components prevents ruling out the individual theo-
ries conclusively. Therefore, intelligent system design is crucial to unravel the underlying
interaction mechanisms of the individual components to gain unambiguous insights.

Based on the findings presented in this thesis, the cononsolvency effect as well as the influ-
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ence of specific ion effects on the performance of stimuli-responsive polymers in thin film
geometry are important subjects for more extensive research in the future. Identifying
trends in the highly complex behavior of the presented class of functional materials is es-
sential to enable the targeted design of devices with the desired properties. Therefore, the
present investigation should be extended to other thermoresponsive polymers, e.g., related
derivatives of PNIPMAM. Likewise, for the cononsolvency effect, the volume phase transi-
tion of polymer thin films should be investigated for other solvent-cosolvent combinations
and volume fractions. Furthermore, the importance of the order of the vapor series needs
to be taken into consideration, i.e., swelling in water and collapsing in water-cosolvent
mixtures versus swelling in the cosolvent and collapsing in water-cosolvent mixtures. In
the light of future applications, the addition of salts has proven to be a promising tuning
parameter greatly facilitating to adjust the responsiveness of a given system. Conse-
quently, assessing the ability of other salts to influence the response behavior is attractive
for the design of functional materials, thereby possibly also identifying trends in an ion
series. Naturally, the concentration of the added salts process and even the combination

of different salts in the fabrication are further factors to consider.
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A. Effect of Magnesium Salts on the
Swelling Behavior

Appendix [A] is based on and reprinted with permission from J. Reitenbach, C. Geiger,
P. Wang, A. Vagias, R. Cubitt, D. Schanzenbach, A. Laschewsky, C. M. Papadakis,
P. Miiller-Buschbaum, Effect of Magnesium Salts with Chaotropic Anions on the Swelling
Behavior of PNIPMAM Thin Films, Macromolecules 2023, 56, 567-577,
DOI: 10.1021 /acs.macromol.2¢02282. Copyright 2023 American Chemical Society.

In the following the supplementary 2D FTIR correlation spectra for the analysis pre-
sented in Chapter [6] are given. In order to investigate the sequence of hydration events
of salt-free and Mg(ClOy)s- or Mg(NOs3)s-containing PNIPMAM thin films in a DyO va-
por atmosphere, prominent IR signals originating from the solvent D5O, the individual
functional groups of the polymer as well as from the anions are investigated. Further-
more, by cross-correlating the signals obtained for different moieties, the relative order
between the signals can be determined. By combining the obtained relative orders be-
tween two moieties, the overall sequence of hydration events is deduced. For this purpose,
Figures show the synchronous and asynchronous 2D FTIR correlation spectra for
the hydrophobic alkyl groups of the polymer, the amide functional group of the polymer,
and the anions of the added salts. While Figures show the correlation spectra
for the individual moieties with themselves, Figures show the cross correlation

between the aforementioned moieties.
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Figure A.1.: (a,c) Synchronous and (b,d) asynchronous 2D FTIR correlation plots of the
Mg(ClO4)-containing PNIPMAM film (top) and of the Mg(NO3)2-containing PNIPMAM
film (bottom) in the wavenumber range between 2860 and 3050 cm™ for the vgsym(C—H3),
Vasym(C—=H2), and vy, (C=Hs) signals coming from the isopropyl group of the side chain and
the polymer backbone for the first 10 spectra taken in the interval from 0 to 35 min. Areas col-
ored in red indicate positive correlation and areas colored in blue negative correlation. Reprinted
with permission from Ref. . Copyright 2023 American Chemical Society.
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Figure A.2.: (a,c,e) Synchronous and (b,d,f) asynchronous 2D FTIR correlation plots of the
pure PNIPMAM film (top), of the Mg(ClO4)2-containing PNIPMAM film (middle) and of the
Mg(NO3)2-containing PNIPMAM film (bottom) in the wavenumber range between 2860 and
3050 cm™ for Vasym(C—=H3), Vasym(C—H2), and vgym(C—H3) signals coming from the isopropyl

group of the side chain and the polymer backbone for all collected spectra. Areas colored in

red indicate positive correlation and areas colored in blue negative correlation. Reprinted with
permission from Ref. |\ Copyright 2023 American Chemical Society.
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Figure A.3.: (a,c) Synchronous and (b,d) asynchronous 2D FTIR correlation plots of the
Mg(ClO4)2-containing PNIPMAM film (top) and of the Mg(NOs3)2-containing PNIPMAM film
(bottom) in the wavenumber range between 1490 and 1700 cm™ for the signals of amide | and
amide Il for all collected spectra. Areas colored in red indicate positive correlation and areas

colored in blue negative correlation. Reprinted with permission from Ref. [167]. Copyright 2023

American Chemical Society.
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Figure A.4.: (a,c) Synchronous and (b,d) asynchronous 2D FTIR correlation plots of the
Mg(ClO4)2-containing PNIPMAM film (top) and of the Mg(NOs3)2-containing PNIPMAM film
(bottom) in the wavenumber range between 1490 and 1700 cm, and between 2860 and
3050 cm™, for amide I, amide II, Vasym(C=H3), Vasym(C—=H2), and vgym(C—Hs) signals for
all collected spectra. Areas colored in red indicate positive correlation and areas colored in
blue negative correlation. Reprinted with permission from Ref. . Copyright 2023 American

Chemical Society.
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Figure A.5.: (a,c) Synchronous and (b,d) asynchronous 2D FTIR correlation plots of the
Mg(ClO4)2-containing PNIPMAM film in the wavenumber range between 1030 and 1130 cm™,
and between 2860 and 3050 cm™ (top), also between 1030 and 1130 cm™, and between 1490
and 1700 cmt (bottom), for vasym(ClO4a™), Vasym(C—H3), Vasym(C—H2), and vy (C—H3),
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Copyright 2023 American Chemical Society.
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Figure A.6.: (a,c) Synchronous and (b,d) asynchronous 2D FTIR correlation plots of the
Mg(NO3)z-containing PNIPMAM film in the wavenumber range between 1290 and 1355 cm™,

and between 2860 and 3050 cm™ (top), also between 1290 and 1355 cm-

1 and 1490 and

1700 cm™ (bottom), for Vsym(NO3 ™), Vasym(C—H3), Vasym(C—H2), and vgym(C—Hs), amide

| and amide Il signals for the first 10 spectra taken in the interval from 0 to 35 min. Areas colored

in red indicate positive correlation and areas colored in blue negative correlation. Reprinted with
permission from Ref. |\ Copyright 2023 American Chemical Society.

115






B. Salt-Mediated Tuning of the
Cononsolvency Response Behavior

Appendix [B| is based on and reprinted with permission from J. Reitenbach, P. Wang,
L. F. Huber, S. A. Wegener, R. Cubitt, D. Schanzenbach, A. Laschewsky, C. M. Papadakis,
P. Miiller-Buschbaum, Salt-Mediated Tuning of the Cononsolvency Response Behavior of
PNIPMAM Thin Films, Macromolecules 2024, 57, 10635-10647;
DOI: 10.1021 /acs.macromol.4c02053 licensed under CC BY 4.0.

In the following, supplementary information for the conducted GISAXS measurements and
2D FTIR correlation analysis is given. GISAXS measurements are performed on salt-free
and Mg(ClO,)s- or NaClOy4-containing PNIPMAM thin films to verify the lateral unifor-
mity of the salt distribution inside the polymer thin films, for which the corresponding
2D GISAXS images are shown in Figure For this, horizontal line cuts at the Yoneda
peak region of the polymer are analyzed (Figure . Additionally, 2D FTIR correlation
spectra are investigated to determine the sequence of solvation events during the swelling
and the collapse process of the salt-containing polymer thin films. Figure [B.3] shows
the synchronous and asynchronous 2D FTIR correlation plots for the swelling process of
the NaClO4-containing PNIPMAM thin film, whereas Figure shows the data for the
Mg(ClOy4)s-containing PNIPMAM thin film. Additionally, Figure presents the 2D
FTIR correlation plots for the collapse process of a Mg(ClO,4),-containing PNIPMAM
thin film.

GISAXS of Salt-free and Salt-Containing PNIPMAM Thin Films

GISAXS measurements are performed with a Ganesha SAXSLAB laboratory X-ray in-
strument. It is equipped with a Cu X-ray source (Xenocs GeniX3D, Aqy ko = 1.5406 A)
with an energy of 8.04 keV and an area detector (Pilatus 300k, Dectris) with dimensions of
72 x 72 pixels. The sample detector distance (SDD) is set to 1046 mm, and the GISAXS
measurements are acquired for 18 h with an incident angle of 0.4°. The X-ray SLD of the

polymer is calculated to be 10.37 x 10~¢ A~2, which corresponds to a critical angle of
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0.16°. Horizontal line cuts are performed at the Yoneda peak region of the polymer, and
for statistical purposes, the left and right parts are accumulated.

a) 1.50 5 b)1so 5 C)150 5
1.25 4 1.25 4 1.25 4
— 1.00 S — 1.00 S — 1.00 E
| 32 | 3 o0 3 o
Eors 2 Eors 2 Eors x
N 2= N 2= n 2 £
S 0.50 2 %050 2 %050 2
0.25 1 0.25 1 0.25 1
0.00 0 0.00 0 0.00 0
-1.0 -05 0.0 0.5 1.0 -1.0 -05 00 0.5 1.0 -1.0 -05 0.0 0.5 1.0
qy [nm™1] qy [nm~1] qy [nm~1]

Figure B.1.: 2D GISAXS data of (a) a salt-free PNIPMAM thin film, (b) a Mg(ClO4),-
containing PNIPMAM thin film, and (c) a NaClO4-containing PNIPMAM thin film. Reprinted
with permission from Ref. [231], licensed under CC BY 4.0.

N 4 with NaCIlO,
with Mg(CIO,),
A = salt-free

intensity / a.u
2
i
»|

103 102 10" 100
q,/nm’

Figure B.2.: Horizontal line cuts of the 2D GISAXS data for a salt-free PNIPMAM thin film
(black), a Mg(ClO4)2-containing PNIPMAM thin film (orange), and a NaClO4-containing PNIP-
MAM thin film (green). The curves are shifted along the y-axis for clarity of presentation.
Reprinted with permission from Ref. [231], licensed under CC BY 4.0.
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2D FTIR Correlation Plots
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Figure B.3.: 2D FTIR correlation plots for the swelling process of the NaClO4-containing PNIP-

MAM film. (a,b) Synchronous and asynchronous spectra in the wavenumber range between 2855

and 3030 cm™! for the Veym /asym(C—H3) and v4sym (C—H2) signals originating from the isopropyl

group of the side chain and polymer backbone. (c,d) Synchronous and asynchronous spectra in
the wavenumber range between 1490 and 1700 cm™ and between 2855 and 3030 cm™ for the

amide |, amide Il, Vgyp, /q5ym(C—H3) and vasym(C—Hz) signals. (e,f) Synchronous and asyn-

chronous spectra in the wavenumber range between 1050 and 1120 cm™ and between 2855
and 3030 cm™ for the Vasym(ClO4™), Voym /asym(C—H3) and v4sym(C—Ha) signals. (g,h) Syn-
chronous and asynchronous spectra in the wavenumber range between 1050 and 1120 cm™ and
between 1490 and 1700 cm™ for the Vasym(ClO47), amide |, and amide Il signals. (i,j) Syn-
chronous and asynchronous spectra in the wavenumber range between 1490 and 1700 cm™ for

the amide | and amide Il signals. All correlation plots are shown by analyzing the first 10 spectra

taken in the interval from 0 to 35 min.

correlation in blue. Reprinted with permission from Ref. || licensed under CC BY 4.0.

Positive correlation is indicated in red and negative

119



Appendix B. Salt-Mediated Tuning of the Cononsolvency Response Behavior

a)| i) b)) RN d)| e
1(v2) 1(v2) 1(v2) fv2)
713025 13025 3025 3025
13000 3000 3000 3000
T = £ O 2075
12975 § 2975 § - ~ = . (2075 § 7 = (5) §
h ) 3 ( © 3 o @O i
12950 g 2950 § 2950 § ( 2950
£ £ N € S () E
) 12925 3 2925 3 (o) @ @ (Q)) 29252 O )1\ o)) 1/ 2925 g
\7 o 7] \ / \Y/ [ g
> > J >
y 12900 & 2900 & V 2900 & 2900 8
{2875 2875 2875 2875
2900 2950 3000 2900 2950 3000 1500 1550 1600 1650 1700 1500 1550 1600 1650 1700
wavenumbers / cm™} wavenumbers / cm~} wavenumbers / cm™! wavenumbers / cm™
)\ uw D) N g)| \uw h)| e
1(v2) I(v2) I(v2) I(vz)
13025 3025 1700 1700
t3000 3000 O G @
- - SRS 7/> ( 16507 . Chesot
12075 § — =275 g — ~ g 3
<»2950§ S ( 2950§ - —=>))) @ 1600 8 CS==>)) ©) C@ 1600 8
; £ 7 £ — E E
12925 3 <) G 2925 3 2 2
§ H — § §
— g = H
[2875 2875 ——=—> 7 — =)) 77
< =) (O [@is00 @(C 1500
1060 1080 1100 1120 1060 1080 1100 1120 1060 1080 1100 1120 1060 1080 1100 1120
wavenumbers / cm™! wavenumbers / cm™! wavenumbers / cm~* wavenumbers / cm~t
1) | N\ 1) k)| e 1) [ N\w
1(v2) \ 1(v2) 1(v2) 1(v2)
11700 11700 =+1700 i =11700
16507 16507 16507 16507
£ £ £ £
S S S S
1600 § 1600 O 1600 § 1600 §
£ € 4 5 £
5 5 5 5
2 2 ; 2 2
g g y § §
1550 3 4. [ses XK 1550 3 1550 3
g Q 2 5\ N 2 H
S ( /‘ O
= Q\Oj = -~
1500 , (@) 1500 1500 L 1500
1550 1 1500 1550 1600 1650 1700 1500 1550 1600 1650 1700 1500 1550 1600 1650 1700
wavenumbers / cm™? wavenumbers / cm™* wavenumbers / cm™ wavenumbers / cm™

Figure B.4.: 2D FTIR correlation plots for the swelling process of the Mg(ClO4),-containing
PNIPMAM film. (a,b) Synchronous and asynchronous spectra in the wavenumber range between
2855 and 3030 cm! for the Vsym asym(C—H3) and vasym(C—H2) signals originating from the
isopropyl group of the side chain and polymer backbone. (c,d) Synchronous and asynchronous
spectra in the range between 1490 and 1700 cm™ and between 2855 and 3030 cm™! for the
amide |, amide Il, Vgyp, /q5ym (C—H3) and vasym(C—Hz) signals. (e,f) Synchronous and asyn-
chronous spectra in the range between 1050 and 1120 cm™ and between 2855 and 3030 cm™
for the v45ym(ClO47), Vsym/asym(C—H3) and vusym(C—Hz) signals. (g,h) Synchronous and
asynchronous spectra between 1050 and 1120 cm™ and between 1490 and 1700 cm™ for the
Vasym(ClO47), amide |, and amide Il signals. (i,j) Synchronous and asynchronous spectra be-
tween 1490 and 1700 cm™ for the amide | and amide Il signals. (k,l) Synchronous and asyn-
chronous spectra between 1490 and 1700 cm™ for the amide | and amide Il signals. (a-j)
Correlation plots are shown by analyzing the first 10 spectra taken in the interval from 0 to
35 min, while (k,I) plots are shown by analyzing the entire spectra. Positive correlation is indi-
cated in red and negative correlation in blue. Reprinted with permission from Ref. , licensed
under CC BY 4.0.
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Figure B.5.: 2D FTIR correlation plots for the collapse process of the Mg(ClO4),-containing
PNIPMAM film. (a,b) Synchronous and asynchronous spectra in the wavenumber range between
1500 and 1680 cm™! for the amide | and amide Il signals. (c,d) Synchronous and asynchronous
spectra in the wavenumber range between 1050 and 1120 cm™* and between 1500 and 1680 cm™!
for the vg5ym (ClO4 ™), amide |, and amide Il signals. (e,f) Synchronous and asynchronous spectra
in the wavenumber range between 1680 and 1800 cm™ for the v(Me,C=0) signals originating
from the acetone molecules. (g,h) Synchronous and asynchronous spectra in the wavenumber
range between 1050 and 1120 cm™ and between 1680 and 1800 cm™ for the Vasym(ClOs ™),
and v(Me;C=0) signals. (i,j) Synchronous and asynchronous spectra in the wavenumber range
between 1680 and 1800 cm™ and between 1500 and 1680 cm™ for the v(Me,C=0), amide |,
and amide Il signals. All correlation plots are shown by analyzing the first 6 spectra taken in
the interval from 0 to 20 min. Positive correlation is indicated in red and negative correlation in
blue. Reprinted with permission from Ref. , licensed under CC BY 4.0.
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