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Abstract 

Glasses constitute a class of materials characterized by non-crystalline microstructure and 

absence of long range order. Despite their local disorder, glasses show striking homogeneity 

over intermediate and longer distances. This feature provides glasses with an optical 

transparency which makes them good candidates for many cutting-edge applications in energy, 

life sciences and telecommunication.  

 Traditional glasses (inorganic non-metallic oxide glasses) are also characterized by mid-range 

structural heterogeneities and low atomic packing density. Together these properties are 

believed to reduce the strength of glasses due to brittle fracture behavior.  

Thus, a challenge in the glass industry is currently working on circumventing this limiting 

mechanical property through an in-depth understanding of structural evolution and thermo-

kinetic investigation of new types of glasses synthetized via novel deposition methods.  

This thesis was dedicated to investigating the isothermal deposition of soft layers from liquid 

phase under near-ambient temperature conditions by way of substitution to the traditional melt-

quenching method.  

The main studied materials in this work are colloidal suspensions based on stimuli-responsive 

polymer particles. These materials were chosen for three considerations. 

• First, their glass forming properties at low temperatures compared to conventional 

silicate glasses (generally produced at T>1000°C) 

• Second, the possibility of controlling their interaction with solvent by external stimuli 

(temperature, pH, light or combination thereof) 

• Third, their deformability. The deformation of soft particles opens the way to studying 

the effect of high particle volume fraction on the elastic properties of glassy thin films 

formed at constant temperature. 

Thermoresponsive polymers are an emergent class of soft materials which form colloidal 

suspensions when polymer particles are dispersed in liquid. 

Poly(triethylenglycol monomethyl methacrylate) P(TEGA) and poly(N-isopropylacrylamide) 

P(NIPAAm) are two thermoresponsive polymers belonging to the polyacrylate and polyamide 

polymer groups, respectively.  
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Despite their different chemical structures, both polymers show hydrophilic character in water 

at room temperature but turn hydrophobic when the temperature increases toward their lower 

critical solubility temperature (LCST). Due to their amphiphilic character, it is possible to 

control their particle packing density when deposited on a surface, as the interactions between 

the particles and the solvent are temperature-adjustable. 

However, the deposition kinetics of these films seen from a glass perspective and the 

concomitant effect of stimuli (temperature and light) on their structural complexity using high-

frequency spectroscopy methods have not been yet addressed in the literature. 

In this thesis, we are interested in studying the deposition of layers formed by stimuli-responsive 

colloidal soft particles using a surface acoustic wave method: “Quartz Crystal Microbalance 

with Dissipation Monitoring, (QCM-D)”.  

 

Chapter 1 gives an introduction to the structural properties of polymers and glasses in solution 

and at interfaces. 

 

Chapter 2 presents the principles of the QCM-D monitoring technique in terms of the physical 

meaning of its main output (the normalized resonance frequency shift Δfn/n and dissipation 

factor shift ΔDn) and important parameters to consider while carrying out our study 

(temperature and light control). 

 

Chapter 3 is dedicated to deposition control of soft layers formed out of dual stimuli-responsive 

colloidal particles of Poly (triethylene glycol acrylate-co-Spiropyran acrylate) (P(TEGA-co-

SPA)). In this chapter, we examine the concomitant effect of light and temperature in order to 

manipulate the formation process of soft glassy films and their subsequent structural response. 

 

Chapter 4 presents the kinetics of the deposition of Poly(N-isopropylacrylamide) P(NIPAAm) 

soft glassy layers. In this chapter, we focus on the effect of temperature and concentration on 

the isothermal glass formation below and above the phase separation temperature using a two-

step kinetic model. We also provide a subsequent analysis of the viscoelastic properties of the 

deposited layers in non-isothermal mode and compare it with their properties in isothermal 

mode. 
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Chapter 5 gives a summary of this manuscript and perspectives for subsequent research work. 
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1. Introduction 

 

1.1 Polymers  

  

1.1.1 Basics of polymer chemistry 

A polymer is a chemical compound consisting of many individual repeating units called 

“monomers”. Polymers can be classified according to the number of basic monomers. However, it 

is important that at least one type of monomer builds up the chain. 

Homopolymers are formed when the chain results from the polymerization of one type of monomer 

(e.g., polyethylene, polypropylene, polyvinyl chloride, polycaprolactam) whilst copolymers are 

made up of two or more monomers. 

Prominent examples of copolymers are polyesters, polyurethanes and some polyamides. Polymers 

can be described by their molecular mass distribution or degree of polymerization using the 

“polydispersity index” Đ.1 

This polydispersity index can be estimated using the ratio of Mw (the weight-average molar mass) 

to Mn (the number-average molar mass). It can also be calculated according to degree of 

polymerization using the ratio of Xw (the weight-average degree of polymerization) to Xn (the 

number-average degree of polymerization). 

Most polymerization techniques result in chains with a very broad distribution of molecular masses 

and Đ>1. Obtaining narrower distributions of molecular masses is made possible by special 

polymerization techniques such as anionic polymerization2 as well as the following controlled 

radical polymerization methodologies: 

• Atom Transfer Radical Polymerization (ATRP)3 

• Reversible Addition–Fragmentation chain-Transfer (RAFT) Polymerization4 

• Nitroxide Mediated Polymerization (NMP)5 
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In general, the chemical structure, polarity and molecular mass affect the dissolution of polymers 

in a solvent. Thus, knowing the chemistry of polymers is very important to predict their behavior 

in solution; particularly for applications relevant to industry. 

1.1.2 Polymers in solution 

1.1.2.1 Flory-Huggins Theory  

Polymer chains adopt different conformations when they are in contact with solvent molecules. 

The simplest conformation is when polymers are constituted of monomers in a random walk 

without interactions between each other. In this case, polymer chains are called “ideal chains”, in 

contrast to “real chains” where monomers interact due to the excluded volume effect. 

This excluded volume effect causes polymers to adopt a coil conformation. In addition to 

monomer-monomer interactions, polymer conformation in solution also depends on monomer-

solvent and solvent-solvent interactions. These interaction effects are generally described in the 

framework of Flory-Huggins theory using the lattice model to arrange the polymers and solvents. 

6,7 

Figure 1.1 shows a two dimensional version of this model where the black circles represent the 

monomers forming polymer chains and the grey circles represent the solvent molecules. The 

mixing of a polymer in a solvent at constant temperature T and external pressure P results in 

variation of the Gibbs free energy according to equation (1.1)  

Figure 1.1 The lattice model in two dimensions. Grey circles represent solvent molecules, and black 

circles represent monomers forming polymer chains. 
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∆Gmixture = ∆Hmixture − T∆Smixture (1.1) 

The mixture (polymer-solvent) is only possible when ∆Gmixture is negative. This implies that either 

the enthalpy of mixing ∆Hmixture decreases by dissolution or the product of the temperature and 

the entropy of mixing T∆Smixture is higher than ∆Hmixture. In order to determine the Gibbs free 

energy based on statistical thermodynamics, Flory derived ∆Gmixture for a non-ideal polymer 

solution assuming the same molar volume for monomers and solvent molecules inside a lattice 

according to equation (1.2) 

∆Gmixture = kb T χ φ (1 − φ) + kb T (
φ

N
ln(φ) + (1 − φ) ln(1 − φ)) (1.2) 

Where kb is the Boltzmann constant, T is temperature, χ is the Flory-Huggins parameter, φ is the 

volume fraction of monomers occupying the lattice sites, 1 − φ the volume fraction of solvent 

molecules occupying the lattice sites and N the number of monomers constituting the polymer 

chain.  

We notice in equation (1.2) that the first term of the mixing entropy is divided by the chain length 

N. For polymer-solvent system, ∆Smixture is small when polymer chains are long (N→∞). This 

indicates that the mixing entropy is determined mainly by the solvent molecules. 

However, the mixing enthalpy is dependent on the Flory-Huggins parameter χ. This parameter 

characterizes the interactions between neighboring molecules (monomer-monomer, solvent-

solvent and monomer-solvent) upon mixing solvent and monomers inside the lattice. 

When χ is negative, polymer-solvent interactions are more favored and the solvent is considered a 

good solvent. A positive χ reveals that monomer-solvent interaction is less favored compared with 

monomer-monomer and solvent-solvent interactions. This is the case of a poor solvent.  

If a solvent is poor enough to suppress the excluded volume effect, the solution reaches the theta 

condition (meaning the polymer behaves as ideal chains in solution) with χ=
1

2
 at a characteristic 

temperature commonly called “theta temperature” Tθ. 

1.1.2.2 Phase Diagram 

The change of the Flory-Huggins parameter from χ < 
1

2
 to χ > 

1

2
  upon temperature increase indicates 

in general the change of the solvent quality from good to poor in ideal solutions. Based on this 
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change and replacing χ by temperature, we can draw the polymer-solvent phase diagram by 

representing the coexistence curve on a temperature-composition plane. 

Figure 1.2 shows the two most common types of phase diagrams of polymer-solvent mixtures 

found in literature. In these diagrams the composition is expressed in polymer concentration c on 

the x-axis. 

 

Some polymer-solvent mixtures reach the critical state at the upper point of their coexistence curve 

as depicted in Figure 1.2a. The critical temperature associated with this point is called Upper 

Critical Solubility Temperature (UCST): above this point, the polymer and solvent are miscible in 

all proportions. For other polymer-solvent mixtures, the critical temperature is situated at the lowest 

point of their coexistence curve as displayed in Figure 1.2b. This critical temperature is commonly 

known as Lower Critical Solubility Temperature (LCST).  

When T<LCST, the polymer is totally miscible in solution but when T>LCST, the polymer-solvent 

mixture undergoes a phase separation into a polymer-poor phase and polymer-rich phase. Both 

Figure 1.2   Phase diagrams for polymer-solvent mixtures showing either (a) UCST or (b) LCST 

type II phase separation. Tdem is the demixing temperature. Tθ is the theta temperature and TBP 

corresponding to Berghmans’ point at which there is intersection of the glass transition curve with 

the coexistence curve. Tg is the glass transition temperature of polymers. Reprinted by permission 

from Ref 29 : Springer Nature, Non-ionic Thermoresponsive Polymers in Water by V. Aseyev, H. 

Tenhu, F.M. Winnik, Copyright (2010). 

 



Chapter 1 Introduction 

 

5 

 

diagrams in Figure 1.2 manifest a possible formation of glass by the vitrification of polymer 

concentrated domains.8  

Each polymer–solvent composition has its own glass transition temperature Tg that can be 

estimated by applying the modified Fox-Flory relation.9 The intersection between the glass 

transition curve constructed from this relation with the coexistence curve corresponds to 

Berghmans’ temperature TBP.  For polymer-solvent mixtures showing a phase diagram with UCST, 

when T<TBP, there is a phase separation into a polymer-poor liquid and polymer-rich solid, whereas 

for T> TBP, the mixture phase separates into two liquid phases as shown in the diagram in Figure 

1.2a. For polymer-solvent mixtures showing LCST, the behavior is the inverse. Polymers which 

display miscibility gaps in their phase diagrams such as UCST and LCST are called temperature-

responsive polymers or thermoresponsive polymers. 

1.1.2.3 Thermoresponsive polymers in solution 

Thermoresponsive polymers are the most common stimuli-responsive polymers reported in 

literature. Thermoresponsive polymers demonstrate UCST or LCST in organic solvents and in 

water. For instance, polystyrene displays miscibility gaps in different solvents: an UCST in 

cyclohexane10 and a LCST in butylacetate.11  

The research in the field of thermoresponsive polymers has been extensively devoted to water-

soluble polymers. The great interest in these materials ostensibly stems from their potential 

applications in the biomedical field such as drug delivery,12 tissue engineering13 and separation of 

proteins.14 

Water-soluble polymers with a LCST are generally characterized by their coil to globule transition 

upon crossing the critical temperature. This transition originates from breakage of intermolecular 

and intramolecular hydrogen bonds between water molecules and polymer coils. Additionally, an 

increase in temperature changes the quality of the solvent (water) from good to poor solvent, 

leading to favorable hydrophobic interactions between polymer segments as shown in Figure 1.3 

taken from reference.15 
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The LCST associated with the coil-to-globule transition depends not only on the temperature but 

on several other parameters including the concentration of polymer in solution and in some cases 

the molar mass.16 

 

A classification of water-soluble thermoresponsive polymers based on their miscibility with water 

was proposed by Berghmans and Van Mele.17 

 

In fact, there are Type I thermoresponsive polymers whose LCST follows the previously described 

Flory-Huggins theory. The LCST in this case shifts from its value, previously defined as the lowest 

point of the coexistence curve, when the molar mass of polymers tends to infinity and the 

concentration of polymer in solution tends to zero.  

 

This dependence between the LCST value and molar mass has been observed for Poly(N-

vinylcaprolactam)18 PVCL and Poly (2-oxazoline) analogues.19 

Conversely, Type II polymers hardly display any dependence between the LCST value and the 

length or architecture of the chain. Prominent examples of this polymer type are polyacrylamides 

Figure 1.3 Coil to globule transition of a thermo-responsive polymer in aqueous solution. 

Reprinted from Ref 15 ,with permission from Elsevier 

 



Chapter 1 Introduction 

 

7 

 

such as Poly-(N-isopropylacrylamide) P(NIPAAm),16 Poly(N-isopropylmethacrylamide) 

P(iPMAAm),20 Poly(N-ethylacrylamide) P(EAAm)21 and Polyacrylates-based polymers such as 

Poly[2-(2-methoxyethoxy)ethylmethacrylate)] P(MEO2MA)22 and Poly(oligo ethylene glycol 

(meth-) acrylates) P(EOGMA). 23  

The experimental work in this thesis was dedicated to studying the solution and soft layer behavior 

of the thermoreponsive homopolymer (Poly-(N-isopropylacrylamide) and a dual temperature- and 

light-sensitive copolymer containing ethylene glycol (meth-) acrylate segments: Poly 

(triethylenglycol monomethyl methacrylate) PTEGA. A short insight about the state-of-the-art of 

these materials will be described in the following subsections. 

1.1.2.3.1 Poly(N-isopropylacrylamide) P(NIPAAm) 

Poly(N-isopropylacrylamide) P(NIPAAm) is the most commonly known thermoresponsive 

polymer in the research community. This polymer results from the polymerization of N-

isopropylacrylamide (NIPAAm) represented on the left side of Figure 1.4. 

 

Figure 1.4 Chemical structure of thermosensitive monomers used to synthetize Poly(N-

isopropylacrylamide) P(NIPAAm) (a) and Poly (triethylenglycol monomethyl methacrylate) 

(PTEGA) (b). 

The LCST of this material is generally detected at T~32°C (referring to the 1968 article of Heskins 

and Guillet.24) At the time, the LCST was determined to be at T~31°C with a volume fraction of 

P(NIPAAm) monomers in the critical state φc=0.16.  

 

This LCST value makes P(NIPAAm) a good candidate for drug delivery applications25 as 

hydrosoluble drug molecules interacting with this material could be released at a temperature near 

that of the human body. The LCST of P(NIPAAm) can be tuned by copolymerizing the NIPAAM 
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monomer with a chosen co-monomer to affect the macromolecule’s hydrophilicity/hydrophobicity. 

Thus, the drug release temperature can be tailored up to T~37°C.   

Depending on the synthesis method, P(NIPAAm) displays different architectures including linear 

chains, microgels and macrogels. Several publications report that the LCST of P(NIPAAm) is 

affected by adding organic salts, surfactants or cosolvents.26–28 

Raising an aqueous solution of P(NIPAAm) above the phase separation temperature (called the 

demixion temperature Tdem or the cloud point temperature Tcp depending on the experimental 

technique used) leads to a change in the optical properties of the solution (turbidity) due to the 

collapse of P(NIPAAm) chains and precipitation of the material due to phase separation.29 

Experimentally, Tdem is generally determined using microcalorimetry while Tcp is detected by 

turbidity techniques such as UV-VIS spectroscopy. These techniques are also useful to investigate 

the kinetics of demixion and remixion processes of P(NIPAAm) in aqueous solution upon heating 

and cooling.17,30 Interestingly, the demixion and remixion processes of this material are dependent 

on the heating and cooling rates, respectively. This kinetic dependence is expressed by a thermal 

hysteresis which is still debated and suggests a possible glass-like behavior of P(NIPAAm) in 

water.  

1.1.2.3.2 Poly (triethylenglycol monomethyl methacrylate) P(TEGA) 

The oligo ethylene glycol (meth-)acrylates are non-linear polyethylene glycol (PEG) analogues 

composed of polymerizable monomers connected to short oligo(ethylene) glycol chains.31 These 

monomers were first polymerized by Rempp32 and his coworkers in 1982.  

At the time, they were constituted of 2 to 10 repetition units of ethylene glycol in the side chain. 

Various novel macromolecular architectures based on these innovative materials were reported in 

the last years.33–35 The incorporation of a hydrophobic co-monomer to oligo ethylene glycol (meth- 

) acrylates is a good way to precisely adjust the LCST of these materials between 26 and 90°C in 

aqueous solutions.36 

Unlike the coil-to-globule transition of P(NIPAAm), which is controlled by intramolecular and 

intermolecular NH…O=C hydrogen bonding interactions, the ether oxygens of polyethylene glycol 

form stabilizing hydrogen bonds between oligo ethylene glycol (meth-)acrylate and water.31 
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Poly (triethylenglycol monomethyl methacrylate) PTEGA is a newly engineered form of oligo 

ethylene glycol (meth-)acrylate  OEGMA and constituted of three repetition units of oligo ethylene 

glycol in the side chain also called 2-(2-(2-methoxyethoxy) ethoxy) ethyl acrylate (TEGA) as 

displayed on the right side of Figure 1.4.  

PTEGA is generally characterized by an LCST above 50°C which is reported to have a lower LCST 

value compared to its linear counterpart.37  Due to this relatively high LCST compared to LCST 

values of polyacrylamides in general and P(NIPAAm) in particular, it is possible to copolymerize 

triethylene glycol methacrylate (TEGA) monomer with a hydrophobic monomer in order to 

decrease its LCST. 

Lowering the LCST of PTEGA should theoretically be convenient for biomedical applications. 

Consequently, PTEGA copolymers may combine the properties of both PEG and P(NIPAAm) in 

a single macromolecule.31 Recently, the Schacher group (University of Jena, Germany) reported 

the synthesis of a dual light- and temperature-responsive copolymer based on the polymerization 

of TEGA monomers with a hydrophobic photochromic monomer, Spiropyran, linked to an acrylate 

group, SPA.38 Both stimuli (temperature and light) can be applied to this material independently 

without interfering with each other due to the orthogonal synthesis of this copolymer via nitroxide-

mediated polymerization. 

The cloud point temperature of this material decreases from 65 °C (0% SPA) to 35 °C (16% SPA) 

with increasing amounts of incorporated SPA moieties. Based on these results, the P (TEGA-co-

SPA) copolymer containing 12–14% SPA was chosen to be investigated under the scope of this 

thesis.  

There are two reasons for this choice: 

• First, the cloud point of the copolymer with this proportion of SPA is conveniently located 

within the optimal working temperature range of the instrument used in this thesis. 

• Secondly, this temperature range is ideally suited for research in relevant applications such 

as biomedical and microfluidic research. 
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1.1.3 Polymer interfaces 

1.1.3.1 Introduction to polymer coatings 

Polymer coating is an ideal surface modification of many solid substrates. They can be applied for 

many purposes such as anticorrosion protection,39 lubrication (by reducing friction),40 anti-

fogging,41 self-healing,42 and self-cleaning propreties.43  

Deposition of surface coatings can either be based on chemical bonds or physical interaction.   

In the first case, surface functionalization is achieved when polymers attach to a solid surface 

through a covalent bond. Prominent techniques based on covalently bonded polymers are polymer 

brushes44 and self-assembled monolayers (SAMs). 45  

In the second case, the deposition is carried out from solution and generally the solvent evaporates 

during the process. The coating can be obtained via different available techniques such as spin 

coating, dip coating, blade coating, etc.46 Other coating techniques based on physical interaction 

are Langmuir-Blodgett films,47 layer-by-layer deposition48 and physical adsorption of polymers.49  

This latter technique is called "physisorption" and takes place as result of attractive physical forces 

between polymer segments and the surface.50 Adsorbed polymer molecules have only part of their 

segments on the surface (called "trains"), while a considerable fraction of the segments extend into 

the solution.51 The protruding parts are called "loops" with both ends in contact with the surface as 

well as "tails" at the end of the adsorbed molecule.  

Generally speaking, physisorption of polymers from a bulk liquid onto a solid surface can be either 

reversible or irreversible.52 

Physisorption from a solution is reversible when the polymer binds weakly to the surface and has 

only few conformational restrictions. 

Irreversibility is usually achieved using hydrogen bonding or other dipolar forces, dispersive 

forces, or attraction between charged groups along the polymer backbone and the surface.53 It 

typically occurs on metals, semiconductors, inorganic glasses, or sol-gel layers such as 

polydimethylsiloxane (PDMS) when surface oxygens of the substrate form strong hydrogen bonds 

with the polymer.52  
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Similarly, various macromolecules (polymers, proteins, DNA, etc.) are prone to adsorb strongly on 

oxide glass surfaces through hydrogen bonds or other physical forces (electrostatic attraction, 

hydrophobic interaction).54,55  

1.1.3.2 Stimuli-responsive polymers at interfaces 

In order to tailor surface adhesion, stimuli-responsive polymers have attracted great attention in the 

last decades due to their ability to respond to external triggers. Layers formed from such polymers 

are expected to enable switchable surfaces which may change their properties in controllable and 

programmable ways.56  

 

External stimuli include temperature,57 light,58 pH,59 ionic strength,60 or a combination thereof, 

which enables logic gate operations.61,62 Thermo- and pH-sensitive polymers at interfaces are 

commonly used in the research community. This is most likely due to the temperature- and pH-

adjustment methods which are more often than not low-energy and environmentally friendly. 

However, scientific articles about light-responsive polymers at interfaces are rather scarce.  

This is presumably due to commercial unavailability of photoresponsive monomers. Light is a 

remote trigger which has advantages compared to the aforementioned stimuli: contactless, easily 

dosed to tune the strength of the response, allows accurate temporal and spatial resolution of the 

response.63 The most reported photochromic monomers are Spiropyran,64 Azobenzene,65 and 

Diarylethene.66 These compounds are responsive to light irradiation through reversible or 

irreversible isomerization between two states of variable polarity. Isomerization reactions can be 

detected through observation of color changes due to photon absorption.  

 

Spiropyran (SP) is a “spiro” compound, which means that it has at least two molecular rings linked 

with only one common atom. Its chemical structure consists of a heterocycle and a chromene 

moiety orthogonally linked with a carbon atom.  

SP is one of the few chromophores that is not only photoswitchable but also responds to other 

stimuli such as temperature, solvent, metal ions, and pH. 67  

 



Chapter 1 Introduction 

 

12 

 

In response to UV light (λ = 365 nm), the closed nonpolar and colorless Spiro form “SP” is 

transformed into the open, polar, colored and zwitterionic Merocyanine form ”MC”. Irradiation 

with visible light (λ = 550 nm) causes ring closure and return to the initial state, (see the expected 

isomerization in Figure 1.5). 

 

Interestingly, Spiropyran is known to display the largest response in dipole moment due to the 

formation of Merocyanine, when compared to other photochromic molecules.68 The UV-light 

induced reversible isomerization of SP between nonpolar and polar states can be used to tune 

interfacial properties such as wettability,69 swelling properties70 and color changes71, as the (UV-

induced) polarity change affects the interaction between the polymer and the solid-liquid interface.

Figure 1.5 Photoswitching between the Spiropyran (SP)(a) and Merocyanine (MC) form (b). 
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1.2 Glasses 

1.2.1 Basics of glass chemistry  

Glasses are non-equilibrium non-crystalline materials which are omnipresent in everyday 

applications such as packaging, housing, automotive, optical fibers, etc. The most common 

definition of glasses is the one given by Zachariasen, who defined them as extended three-

dimensional networks lacking periodicity with an energy content comparable to that of the 

corresponding crystal.72 Categories of glassy materials include inorganic glasses,73 polymer 

glasses,74 metallic glasses,75 and recently hybrid organic-inorganic glasses.76 

The best-known method for glass formation is fast cooling a viscous liquid (also called the melting-

quenching method), other methods including physical vapor deposition,77 hydrolysis of organic 

precursors followed by drying (sol-gel),78 heavy ion bombardment of crystalline forms,79 

amorphization of porous materials80 and recently 3D printing.81  

It is not uncommon to confuse glasses with amorphous materials in literature due to the lack of a 

clear basis with which to distinguish between these two types of materials.82 However, a structural 

basis can be agreed upon according to Zachariasen’s concept of a topologically disordered network 

with uniform short range order.83 Therefore, a glass is defined as a non-crystalline solid which 

shows structural relaxation upon heating to the liquid state and consequently shows a glass 

transition.  

In contrast, an amorphous material can relax to another solid state, undergo a first order transition 

to the supercooled liquid state, or crystallize (as shown in Figure 1.6). 
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Figure 1.6 Schematic phase diagram of a glass former in the vicinity of the glass transition. The 

specific volume VSP is shown at constant pressure as a function of temperature. Depending on the 

cooling rate, the cooling of the glass former below its melting temperature Tm can lead to a 

crystalline or supercooled state. Below Tg1 and Tg2, the supercooled liquid is in the glassy state 

(glass 1 and glass 2). Reprinted with permission from Ref. 85 Copyright 1996, American Chemical 

Society. 
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The glass transition temperature Tg defines the point of intersection of the extrapolation of the 

specific volume Vsp in the glassy state with that of the supercooled liquid line, assuming infinitely 

small cooling rates.84 It is worth noting that Tg is also defined as the temperature at which the 

viscosity is equal to 1013 Poise (or 1012 Pa.s).85 

Kauzmann proposed that infinitely slow cooling would result in a vanishing entropy difference 

between the liquid and crystalline solid states at a finite temperature, called the Kauzmann 

temperature Tk.
86 

In contrast to the crystallization process, the transition from the supercooled liquid and the glassy 

state is not instantaneous due the slow dynamics of the supercooled liquid close to Tg. 

 

From the dynamic point view, a ‘‘glassy’’ material is obtained when its typical relaxation time 

scale is of the same order or larger than the typical duration of an experiment or a numerical 

simulation.87 The increase of relaxation time is generally coupled with an increase of the shear 

viscosity η.  

 

Using basic hydrodynamic calculations, the shear viscosity of a liquid can be described by the 

product of the high frequency shear modulus, G∞(which does not noticeably vary for supercooled 

liquids) and the relaxation time, τ, as shown by the Maxwell model expressed in equation (1.3) 

 

η = G∞ ×τ  (1.3) 

 

1.2.2 Fragility of glass formers 

The increase of the relaxation time scale of supercooled liquids is notable because of its temperature 

dependence covers a timescale range of multiple orders of magnitude. This relaxation time-

temperature dependence helps distinguish between two main types of glass formers. The first type 

is when the evolution of the structural relaxation time as a function of temperature follows an 

Arrhenius law according to equation (1.4) 
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𝜂 ∝ 𝑒𝑥𝑝
(

𝐸

𝐾𝑏×𝑇
)
 (1.4) 

 

where η is the viscosity, E is the effective activation energy (defined as the energy barrier required 

to break a chemical bond). In this case, the glass former is called “strong”.  

The second type is when the relaxation time is characterized by a super-Arrhenius dependence as 

given in equation (1.5) 

 η ∝ exp
(

E

Kb×(T−T0)
)
 (1.5) 

where T0 is a finite temperature. In this case, the glass former is called “fragile”.  

 

Note that the terms “strong” and “fragile” are not correlated with the mechanical properties of the 

glass but were introduced in relation to the evolution of the short range order close to Tg. 
87 

To classify supercooled liquids into strong and fragile glass formers, it is possible to plot the 

logarithm of the viscosity (or the relaxation time) as a function of 
T

Tg
 as in Figure 1.7. This is called 

the Angell plot.85  

 

From a structural point of view, strong glass formers display a covalently bonded (e.g. SiO2) three-

dimensional network structure whereas fragile glass formers typically consist of molecules 

interacting through nondirectional, noncovalent interactions such as dispersion forces, Van der 

Waals interactions (e.g. o-terphenyl).84  
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Figure 1.7 Angell-plot (Tg-scaled Arrhenius representation of liquid viscosities) where Tg value 

is associated with a viscosity of ~1013 Poise. In this illustration, strong glass formers are 

characterized by a straight line, while fragile glass formers are characterized by deviation 

from linearity. Insert shows the pattern generated by the modified Vogel-Fulcher equation with 

variations of parameter D only. Reprinted from Journal of Physics and Chemistry of Solids Vol 

49, No. 8, pp 863-871, Copyright (1988), with permission from Elsevier. 
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Fragile glass formers are mostly polymeric materials and organic liquids and so they cannot be 

introduced into the Angell plot without taking into account the effect of their molecular mass 

distribution on their viscocity.85 As displayed in Figure 1.7, fragile glass formers are characterized 

by a divergence of the logarithm of their viscosities (or relaxation times) upon increase of 

temperature towards Tg.   

This divergence from linearity can be expressed by the Vogel-Fulcher-Tamman equation (VFT) 

η ∝  η0expDT0(T−T0) (1.6) 

where η0 is a pre-exponent factor, D is the parameter which controls how closely the system obeys 

the Arrhenius law (ideally D = ∞). The effect of changing D from 5 to 100 is displayed in the insert 

of Figure 1.7.  

Similarly, fragility has also been observed in colloidal glasses88 and confined colloidal liquids89, 

which opens up the possibility of studying the glass transition phenomenon by varying parameters 

other than temperature. In this case, suitable parameters can be repulsive to attractive molecular 

interactions and spatial confinement.90 

1.2.3 Colloidal glasses  

In the 1980s, colloidal systems were introduced as model systems that display a glass transition.91 

Colloidal suspensions are composed of small to intermediate (1 nm to 1 μm radius) solid particles 

in a liquid and include polymer suspensions, foams, emulsions, slurries and pastes. 

If we focus on the particle size criterion in this definition, what is called polymer solution in this 

thesis can also be considered as a colloidal system given that the size of the polymer particle can 

exceed 1 nm. For this reason, the use of “polymer particles/solution” and “colloidal 

particles/suspension” is interchangeable in the text of this thesis. 

By analogy to molecular glasses, colloidal suspensions exhibit a slowing down of their structural 

relaxation process when the particle volume fraction (concentration) reaches a critical value, 

usually leading to a dramatic increase of the viscosity of the system.92 This phenomenon is 

described as the colloidal glass transition and shows some similarities with temperature-dependent 

glass transition such as cooperative particle motions93 and anomalies in the vibrational density of 
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states94. A supercooled or a colloidal glassy state is reached when the packing volume fraction of 

colloidal particles is increased toward φ~0.494 fast enough to avoid crystallization.95 

 

Although the effective volume fraction of the most concentrated colloidal glass is expected to reach 

the universal random close packing density (RCP; φRCP) φRCP~0.636 for hard sphere colloids 

(lacking attractive and long-range interactions),96 the packing density reported at the colloidal glass 

transition97 is φg~0.58. This makes colloidal glasses far from being ideal glasses, especially as the 

RCP cannot be reached when the system gets out of equilibrium. 

 

As colloidal glasses are in a non-equilibrium state, they generally need a relaxation time (τ) to 

rearrange their structure toward a more stable configuration. A two-step relaxation for colloidal 

glassy systems has been identified in the framework of mode coupling theory (MCT).98 MCT 

describes the temporal density fluctuations in supercooled liquids through density autocorrelation 

functions.99  

A comparison between the decay of density autocorrelation functions as a function of log (time) of 

a simple liquid and a supercooled liquid are depicted in Figure 1.8. The simple liquid shows only 

a single exponential decay and enables the determination of one characteristic relaxation time. 

However, supercooled liquids exhibit multi steps decay associated with more than one relaxation 

time: 

 

• First, an initial microscopic short-time relaxation related to the vibrations of the colloidal 

particles around their initial configurations or intermolecular collision, named β-relaxation.  

• Second, at intermediate times, particles appear to be trapped in cages formed by their 

nearest neighbors. This region is characterized by a plateau whose length increases with the 

packing density of particles φ. 

• Finally, when the particles break free from their cages, a final relaxation is observed during 

long periods of time, known as the α-relaxation.  
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Analyzing the decay autocorrelation functions related to supercooled liquids shows the non-

exponential nature of the α and β relaxations. While the β-relaxation decay can be described by a 

Figure 1.8 Density autocorrelation functions as a function of log (time) of a simple liquid 

exhibiting a simple exponential decay (a) and a supercooled liquid with multi-step decay (b). The 

β-relaxation decay represents the short-time relaxation processes in a cage, while the α-

relaxation decay time represents the diffusion of the molecules out of the cage at longer time 

scales. Reprinted and adapted from Reichman, D. R. and Charbonneau, P. J. Stat. Mech. 2005, 

P05013. © IOP Publishing Ltd and SISSA Medialab srl. Reproduced by permission of IOP 

Publishing.  All rights reserved 
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simple power law, the α-relaxation decay is described typically by a stretched exponential fitting a 

Kohlrausch-Williams – Watt (KWW) function: exp(−
t

τ
)

β

.100,101 

The KWW function is a description of relaxations in disordered systems where τ is the relaxation 

time and β the stretching coefficient. The stretching coefficient indicates whether the density 

autocorrelation function decays slower than a simple exponential when β<1 (also called stretched 

exponential function) or faster (β>1), also named compressed exponential function. 

The stretched exponential function has been found empirically in various amorphous materials, 

such as polymers,74 glasses,102 and glass-forming liquids near the glass transition temperature.103 

The physical meaning of this function is assumed to be linked to dynamical heterogeneities due to 

the coexistence of different particle populations having different relaxation times which range from 

fast to slow (from picoseconds to seconds, minutes or more). The stretching exponent β decreases 

with temperature, marking a larger and larger deviation from a simple exponential relaxation. 

Direct access to dynamical heterogeneities in dense supercooled colloidal liquids is possible 

through the use of microscopic methods such as wide-field microscopy and confocal 

microscopy.104,105 

However,  compressed exponential behavior is rather rare and was attributed to the dynamics of 

“soft glassy materials” such as colloidal glasses,106 colloidal gels,107 and concentrated emulsions.108 

The physical origin of this behavior is nevertheless far from being understood, although the most 

commonly accepted scenario is the random appearances of “micro collapses”, which lead to stress-

induced rearrangements within the glass network.109 

1.2.4 Glass interfaces 

The use of glassy materials confined to the nanometer scale is interesting for nanotechnological 

applications including ultrathin membranes for gas separation,110 nanoimprint lithography111 and 

novel nanocomposites.112 Understanding how confinement changes the properties of confined 

glasses is interesting from both a fundamental and technological point of view: First, it provides 

better insight into the changes in dynamics and mechanical properties of glassy thin films as 

compared to properties of bulk glass, and secondly it enables the production of better nanoscale 

materials.   
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Most studies of confined glasses were dedicated to polymer free-standing thin films using several 

experimental techniques such as ellipsometry,113 dielectric spectroscopy,114 X-ray reflectivity,115 

probe fluorescence intensity,116 etc. Some have showed that the geometrical restriction of 

polymeric films leads to deviation of Tg values compared to their respective bulk values.113,117,118 

However, most of these investigations are contradictory as Tg can increase, decrease or remain the 

same compared to the bulk value. 

Other studies have determined that the glass transition of a polymer film depends on its thickness 

and can either decrease or increase depending on the interaction between the film and its 

substrate.114,119,120 

In contrast to polymer glasses, the behavior of colloidal glasses was rarely investigated under 

spatial confinement. The few published works in this research area were dedicated to studying the 

growth of dynamic heterogeneity or hindered diffusion of hard sphere colloids between two solid 

plates or cylindrical cavities using confocal scanning laser microscopy.89,121,122 

The confinement of soft colloidal particles has been less studied compared to hard colloidal 

particles despite their interesting features. First, these particles can be packed above φRCP~0.636 

due to their compressibility. Second, their size can be controlled by external stimuli including 

temperature, pH and light.  

This second feature allows for the same particles to be tested in situ how their softness affects the 

kinetics of colloidal glass formation in addition to the inherent evolution of the elastic properties. 

To the best of the author’s knowledge, only thermoresponsive P(NIPAAm) microgel particles were 

studied in confinement between two solid surfaces using a micron gap rheometer and confocal 

microscope.123 By controlling the temperature, it has been shown that the formed layers share many 

striking similarities with molecular glass formers in terms of structure, viscoelasticity and single 

particle dynamics.  

As part of this thesis, we studied and extrapolated some of these properties of confined colloidal 

glasses using another technique: The Quartz Crystal Microbalance with Dissipation Monitoring. 
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2. Fundamentals  

 

2.1 Quartz Crystal Microbalance with Dissipation monitoring (QCM-

D) 

2.1.1 Overview 

An interesting way to measure mechanical properties of thin films is the propagation of acoustic 

waves within them and the reflection of these waves at the interface of the substrate and the thin 

film/air.124,125 Quartz resonators have become popular for the determination of the properties of 

thin films that cover quartz crystal surfaces and interfaces.126–128 This is mainly due to their 

usefulness in weighing very small masses and evaluating time-dependent mechanical changes 

faster than other characterization techniques (such as microindentation and nanoindentation).129 

The quartz crystal microbalance (QCM) technique was first introduced in Günter Sauerbrey’s 1959 

thesis on the use of  the harmonic acceleration field of quartz for mass measurement.130 At the time, 

the main application of QCM was the measurement of mass deposition rates in vacuum deposition 

technology.131 

Starting from the 80’s, QCM has become a powerful analytical tool to characterize liquids in 

contact with a resonating surface thanks to Kanazawa and Gordon’s work on the coupling between 

elastic and viscous shear waves .132  

New QCMs in the 90’s were developed based on impedance analysis in frequency domain. The 

advantages of this analysis are twofold: first, it supplies the frequency and bandwidth; second, 

different harmonics (overtones) can be sequentially analyzed.133  

In the meantime, commercial QCMs based on the ring down principle were developed in 1995 at 

Chalmers University (Sweden).134 The later ones are called Quartz Crystal Microbalance with 

Dissipation Monitoring, QCM-D because they provide the “dissipation factor” in time domain. 

QCMs have been used for different in situ studies related to soft thin layers including swelling,135 

aging,136 curing,137 adsorption at the solid-liquid interface,138 high frequency rheological study of 

glassy and rubbery polymers,139 etc. 
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2.1.2 Quartz Crystal 

The sensing part of the Quartz Crystal Microbalance is a single crystal quartz resonator disk cut at 

an angle of 35°15’ from the Z-axis (called AT-cut) of the quartz crystal. This AT-cut is chosen to 

ensure that when an electric potential is applied, the deformation of the crystal generates a thickness 

shear mode.140 This implies that the shear deformation can be excited into resonance when the 

crystal thickness is near an odd multiple of half the generated acoustic wavelength.  

The typical thickness of the crystal is ~330 μm while its active area is ~1.54 cm2.  The disk is 

covered with two circular gold electrodes patterned on both sides as shown in Figure 2.1. The front 

electrode, which is exposed to the sample, is normally larger than the back electrode, guaranteeing 

that the whole active side is homogenously covered by the front side. The front side is generally 

covered with a receptor layer such as gold, silicon dioxide, titanium oxide, polystyrene, etc. These 

layers are deposited via vapor deposition technique and they should have good interaction with the 

liquid sample. 

Figure 2.1 Schematic representation of electrode patterns from the front (a) and from the back 

(b). Outer circles correspond to the size of the quartz crystal. The yellow filled area is the 

evaporated gold electrode. The front electrode is exposed to the sample. The back electrode is 

smaller than the front electrode to ensure the confinement of oscillations to the central region 

of the crystal. The quartz crystal has two electrode connections to electronics: the top connects 

to the back electrode and the bottom to the front electrode. 
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2.1.3 Impedance analysis and ring down 

When a voltage is applied to the electrodes, the inverse piezoelectric effect provokes a shear 

deformation as previously mentioned. In frequency domain experiments, whenever the frequency 

of the exciting alternating voltage matches one of the acoustic resonance frequencies of the quartz, 

the amplitude of the shear oscillation becomes maximum. Measuring the electrical conductance 

inside the electrodes therefore enables the determination of resonance frequencies. The resonance 

frequency is defined here as the frequency where the electrical conductance of the equivalent circuit 

is maximal (as shown in Figure 2.2).  

 

 

If a Lorentzian peak function is fitted to the conductance curve, two parameters are obtained 

describing the complex resonance frequency fn*: the resonance frequency (fn) of the quartz as the 

Figure 2.2 Impedance analysis based on the electrical conductance curves. The blue curve 

represents the resonance peak of an unloaded quartz crystal while the green curve represents 

the resonance peak of a loaded quartz crystal. Γ represents the bandwidth (half width at half 

height of the resonance peak) and Δf the resonance frequency shift which is the difference 

between the resonance frequency of the loaded and the unloaded quartz crystals. 

Reproduced/Adapted from reference143 with permission from the PCCP Owner Societies. 
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real part, and the half width at half maximum of the resonance peak (Γn) representing the imaginary 

part.  

A thin layer or load on the quartz crystal surface generates a complex resonance frequency shift 

∆fn* compared to the unloaded state, which can again be separated into ∆fn (the real part) and ∆Γn 

(the imaginary part) according to equation (2.1) 

∆fn
∗ = ∆fn + i ∆Гn (2.1) 

The fundamental resonance frequency of AT-cut quartz crystal resonators operated in shear mode 

is typically near 5 MHz.  

It is worth noting that due to the small size of the quartz crystal, poor energy trapping can occur at 

the fundamental frequency, resulting in bad signal-to-noise ratio.134  

More resonances are observed at the odd harmonics of this fundamental frequency, where the 

subscript n refers to the nth harmonic (i.e. n = 1 for the fundamental resonance frequency of 5 MHz, 

and n = 3 for the third overtone at ~15 MHz). 

Under resonance conditions, the shear deformation of the resonator is associated to a standing 

sound wave at the surface. The wavelength of sound wave is twice the thickness of the quartz 

crystal dq , as mentioned in the overview. 

If a thin film is deposited on one surface of the quartz crystal and has the exact same acoustic 

properties as the resonator, then the acoustic thickness of the resonator increases by the film 

thickness df.
141 This results in an increase of the sound wavelength (λ) and a decrease of the 

resonance frequency (fn) according to equation (2.2) 

fn =
cq

λ
=

cq

(dq+df)
 (2.2) 

where cq is the speed of the sound wave. 

The damping of shear waves can be quantified generally either by the half-width at half-height of 

the resonance peak in the frequency domain (half-bandwidth) or by the inverse of the quality factor 

also known as the dissipation factor (Dn) in time domain. The dissipation factor is inversely 

proportional to the time needed for the current oscillation to decay completely. Moving from Γn 
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found from the frequency data to D extracted from time data is done by Fourier Transformation 

(FT) as displayed in Figure 2.3 

 

In this thesis, the measurements were carried out in time domain using the QCM-D technique, 

where “-D” stands for “with dissipation monitoring”. The QCM-technique used here is based on 

the principle of “ring down”: the excitation is induced with a radio frequency pulse corresponding 

to the resonance frequency of the quartz crystal. When the excitation is shut off, the current decays 

as an exponentially damped sinusoidal of a harmonic oscillator.142 The dissipation factor Dn is 

inversely proportional to the time needed for the current oscillation to decay completely. The 

resonance frequency fn and the dissipation factor Dn are acquired by periodically switching off the 

oscillating quartz crystal and recording then transferring the oscillations to a computer. The 

Figure 2.3 Ring down of voltage oscillation in the time domain. This signal can result from 

Fourier transform of the acquired data in the frequency domain. The main extracted 

parameter is the dissipation factor Dn. Reproduced/Adapted from reference143 with 

permission with permission from the PCCP Owner Societies. 
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information obtained from the ring down oscillations is linked to the information extracted from 

impedance analysis by equation (2.3) 

𝐷𝑛 =
2𝛤

𝑓𝑛
 (2.3) 

The software of QCM-D normally displays two outputs: 
∆fn

n
 the normalized frequency shift and the 

shift in dissipation factor ΔDn  in units of 10-6, where n is an odd integer related to the overtone 

order. With a 5 MHz crystal, the complex resonance frequency shift ∆fn
∗ is related to ∆fn and ΔDn 

by equation (2.4) 

∆𝑓𝑛
∗ = ∆𝑓𝑛(1 + 𝑖 2.5 × 106 × ∆𝐷𝑛) (2.4) 

 

2.1.4 Rigid and soft thin films 

The adsorbed rigid mass can be quantified using the Sauerbrey equation,130 where the adsorbed 

areal mass density mf correlates with ∆fn
∗143 as shown in equation (2.5) 

∆fn
∗

f1
=

−2f𝑛

Zq
 mf (2.5) 

Here, f1 is the fundamental frequency and Zq = 8.8 × 106 kg.m-2. s-1 is the acoustic impedance of 

quartz. 

The areal mass density is usually expressed in ng/cm2 and sometimes in μg/cm2. The maximum 

mass sensitivity of the technique in liquid is less than 1 ng/cm2.  

Getting the Sauerbrey thickness requires knowledge of the film density.  

For instance, with a 5 MHz quartz crystal and a density of 1g/cm3, an areal mass density 100 ng/cm2 

corresponds to a thickness of 1 nm. The deposition of a 1 nm film shifts the frequency by ~ 6 Hz. 
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The Sauerbrey equation is strictly valid only for “rigid”, evenly distributed and thin adsorbed films 

exposed to air. 

However, for sufficiently non-rigid adsorbed films, this will not be the case as the Sauerbrey 

equation fails to quantify the thickness of thicker films for two main reasons.144  

The first reason is related to the propagation of the shear acoustic wave in a viscoelastic film or 

thicker film. Because the acoustic wave is reflected partially at the outer edge of the film and returns 

to the resonator surface, ∆fn
∗ is not directly proportional to mf.  

The second reason is connected to the definition of the areal mass density. In general, mf  is taken 

for dry areal mass of a the deposited layer without taking into account the hydrodynamic effects of 

the coupled solvent (e.g. adding supplementary mass via hydration). 

 

For a viscoelastic film immersed in a liquid environment, a viscoelastic correction is required to 

account for viscous dissipation, whereby softness reduces the apparent rigid Sauerbrey thickness133 

as shown in equation (2.6) where ω = 2πf is the angular speed, Zliq=√n 2πi f1ρliq ηliq, 

Zfilm=√ρfilmGfilm  ,  Zliq is the acoustic impedance of the bulk liquid, Zfilm the acoustic impedance 

of the film, 𝜌𝑙𝑖𝑞 is the density of the bulk liquid, 𝜂𝑙𝑖𝑞 the dynamic viscosity of the bulk liquid, 𝜌𝑓𝑖𝑙𝑚 

the density of the film and 𝐺𝑓𝑖𝑙𝑚 the shear modulus of the film: 

∆fn
∗

f1
=

−ωmf

πZq
 (1 −

Zliq
2

Zfilm
2 ) (2.6) 

In this equation, the frequency shift can be seen as a combination of a viscoelastic contribution and 

an inertial contribution.  

From the viscoelastic term, one can guess that QCM can be used to determine the viscosity-density 

product of the bulk liquid and that the shear modulus of the film is expected to depend on the 

overtone order (harmonics). This observation supports the study done by Kanazawa and Gordon 

of a quartz resonator response operating in contact with a semi-infinite Newtonian liquid.132  

They estimated that the resonance frequency decreases proportionally to √ρliq ηliq. They also 

derived the distance needed by the shear wave to decay in the liquid, commonly called penetration 
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depth (δ). δ is ~250 nm at 5 MHz in water, and increases with increasing viscosity and decreases 

with increasing overtone order.  

In general, the resonance frequency shift ∆fn is negative due to mass loading, which decreases the 

resonance frequency of the quartz crystal (in comparison to the unloaded/empty state) while the 

dissipation shift ΔDn  is positive.  

According to Krim and Widom, the dissipation shift could also be related to interfacial friction (in 

addition to viscoelasticity), due to adsorbates sliding against the substrate.145 A small degree of 

slippage should occur even for very thin layers expressed by a partial decoupling between the 

resonator and the film.  

Due to industrial processing, the surface of the quartz crystals can also be rough. Operating liquids 

when the surface is rough can make the interpretation of ∆fn complicated especially when the 

roughness of the receptor layer is on the same scale as the penetration depth δ. 146 A rough surface 

can lead to the trapping of liquid molecules in cavities and pores and force them to oscillate with 

the quartz. It can also generate nonlaminar motion and compressional acoustic waves147 which also 

contribute to the dissipation shift.148 

According to the manufacturer of quartz crystals, the surface roughness of the electrode is less than 

3 nm root mean square (RMS). Therefore, the effect of roughness will be neglected in this 

manuscript. 

2.1.5 Temperature 

The temperature of QCM-D experiments can be controlled between 15 and 65°C with a 

temperature control of ± 0.02 °C. The temperature of the quartz crystals can be increased or 

decreased using a Peltier module. Consequently, this temperature control can allow to carry out 

temperature-dependent kinetic studies at the solid-liquid interface either in isothermal or non-

isothermal mode.  

Quartz crystals are piezoelectric materials which can be affected by temperature changes. This 

temperature effect can lead to variation in ∆fn. AT-cut quartz crystals are characterized by 

temperature compensation, which minimizes the dependence of ∆fn on temperature (frequency-

temperature coupling) in the range -60°C to 100°C.149 Despite the temperature compensation, there 
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is a remaining temperature-frequency coupling that can be described approximately by a cubic 

polynomial.  

Additionally, upon heating the crystal and cooling it down again to the same temperature, the 

resonator does not return to the exact same frequency. This hysteresis is most probably induced by 

the migration of crystalline defects due to temperature variation.  

When operating QCM-D for kinetic studies and thus temperature becomes an important variable, 

the effect of temperature on the quartz crystal and also on the physical properties of the liquid 

(viscosity, density) should be taken into account.  

Before an experiment, it is better to run the QCM in both air and liquid while varying the 

temperature. The frequency shift and dissipation shift values obtained for these background runs 

will then be subtracted from the one of the studied system. This subtraction has the advantage of 

giving the changes in frequency and dissipation shifts corresponding to the studied material rather 

than to the instrumental artefacts. 

2.1.6 Light 

Shining light on the top of quartz crystals is possible through the window module conceived by 

Biolin Scientific company (Västra Frölunda, Sweden). This module has a sapphire window with 

an optical transmittance > 80% in the 300 to 400 nm wavelength range.  

Light with different wavelengths was used on top of quartz crystals for the in situ study of different 

physical phenomena happening on the surface, such as polymer film degradation,150 growth of 

polymer brushes,151 and desorption of photoactive compounds from membranes.152  

In all these studies, unloaded substrates (bare quartz crystals with no polymer film) sensors exhibit 

a change in frequency and in dissipation (the change is more pronounced with the frequency than 

the dissipation) in response to different wavelengths in the UV-VIS range and light intensities upon 

illumination with a light source. 

This frequency shift is most likely due to a possible localized heating (perpendicular to the 

electrode) which may cause stress in the sensor. The higher the light intensity, the higher the 

frequency shift due to a higher amount of induced stress.150 
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When studying the effect of light on material at the solid-liquid interface with QCM-D, it is 

recommended to first perform a reference experiment with the same illumination conditions on an 

unloaded sensor in order to subtract the light-induced frequency and dissipation shifts from the 

experimental data related to the investigation of light response of the studied material. 

2.2 Dynamic Light Scattering (DLS) 

2.2.1 Overview 

Dynamic light scattering is a well-established technique to characterize sub-micrometric colloidal 

particles and macromolecules. This technique is based on a time-resolved measurement of the 

intensity of scattered light from a sample that contains particles dispersed in a solvent. 153 

When a monochromatic beam of light encounters the particles, light scatters in all directions 

depending on the size and shape of the analyzed particles as well as on temperature and solvent 

viscosity. Due to the random motions of particles, the intensity of scattered light fluctuates over 

time. The frequency of these temporal fluctuations provides information about the diffusion 

coefficient of the particles, which is related to particle size. Hence, a size profile distribution can 

be determined.154 

In the context of thermosensitive polymer studies, DLS has been used to investigate the structural 

changes as a function of temperature in terms of polymer size, relationship between the size of the 

polymer and other parameters such as molecular weight, heating rate, concentration, etc.28,155–157 

2.2.2 DLS instrument 

The sample analyzed with DLS is usually irradiated with a monochromatic light source.  

Typically, lasers with vertical polarization are used (He-Ne with 632.8 nm or Ar-ion with 592 

nm).  The scattered light from the particles is collected by a detector under the scattering angle θ. 

The detector contains a photomultiplier which counts the scattered photons and processes them to 

obtain an image projected onto a screen (also called a Speckle pattern).153  

2.2.3 Brownian motion 

Colloidal particles are always in motion due to non-compensated collision of the solvent molecules. 

This small and random motion is called Brownian motion.158,159  
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The constant collisions between colloidal particles and solvent molecules lead to a random walk of 

the particles. Einstein theorized that the mean squared displacement (MSD) is proportional to time 

as shown in equation (2.7) 

MSD = 6 Dtt (2.7) 

where Dt is the transitional diffusion coefficient.  

In this equation, the motion of particles is assumed to happen in a three dimensional space. 

However, Einstein considered a one-dimension space in which the particle moves on a line to the 

left or to the right. Later, a relationship between Dt and the particle size measured via the 

hydrodynamic radius rh was established, giving the famous Stokes-Einstein equation (see equation 

(2.8)) 

Dt =
kb T

3πη rh
 (2.8) 

This equation infers that the friction exerted by a moving particle is proportional to its radius and 

the viscosity of the surrounding solvent.158 Since DLS measurements are based on this fundamental 

equation, an accurate temperature reading is important to measure particle size. 

2.2.4 The dynamic light scattering principle 

When a laser beam encounters colloidal particles or macromolecules, the incident light scatters in 

all directions and the scattered light is recorded by a detector of the DLS instrument. The 

fundamental assumption in the theory of dynamic light scattering is that the scattered light has the 

same frequency as the incident beam.  

Nevertheless, due to different velocities of the moving particles in solution, the light undergoes a 

“Doppler Broadening” leading to its frequency shifting.160 Consequently, the scattered light 

intensity is not constant but fluctuates around a mean value. The digital autocorrelator associated 

with the DLS instrument correlates intensity fluctuations of scattered light (I) with respect to time 

(ns-μs) to determine how rapidly the intensity fluctuates, which is connected to the diffusion 

behavior of particles.  

Large particles are characterized by slow intensity fluctuations while small particles display rapid 

intensity fluctuations. 
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2.2.5 Data analysis  

In a dynamic light-scattering experiment, the signal can be interpreted in terms of an 

autocorrelation function describing the motion of the particles under investigation.  

The principle of autocorrelation is to measure the degree of similarity between two signals or one 

signal with itself at different time intervals. The digital autocorrelator previously mentioned 

processes incoming data and provides an outcoming autocorrelation function G(τ) of the scattered 

intensity I characterized by a lag time τlag between two points (delay time), as shown in equation 

(2.9) 

G(τ) =< I(t). I(t + τ) > (2.9) 

For a large number of monodispersed particles, the autocorrelation function decays following an 

exponential decay as a function of the delay time according to equation (2.10) 

G(τ) = 𝐴𝐷𝐿𝑆 [1 + 𝐵𝐷𝐿𝑆 exp(−2Γτ)] (2.10) 

where ADLS is the baseline of the autocorrelation function, BDLS is the intercept of the 

autocorrelation function and Γ is the decay constant related to the diffusion behavior of colloidal 

particles,  

Γ = Dtq2 (2.11) 

Γ is expressed in equation (2.11) where q is the Bragg wave vector, while 

q =
4𝜋  𝑛𝑟𝑒𝑓𝑟

𝜆𝑏𝑒𝑎𝑚
 sin(

θ

2
) (2.12) 

q is proportional to the refractive index of the solvent (nrefr) as shown in equation (2.12), where 

λbeam is the wavelength of the incident beam and θ is the scattering angle at which the detector is 

placed. 

G(τ) = A[1 + B g1(τ)2] (2.13) 

For polydisperse systems, G(τ) cannot be represented by a single exponential function decay but 

should contain another function g1 expressing the sum of exponential decays contained in the 

autocorrelation function (see equation (2.13)). 
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The size of the studied particles is extracted from the autocorrelation function by using diverse 

methods. These methods depend on the way the DLS data are fitted and provide different 

information. 154 

The first method is monomodal distribution which relies on the fit of the autocorrelation function 

with a single-exponential function (equation (2.10)). This method is employed to obtain the mean 

particle size (z-average diameter) and an estimate of the width of the distribution (polydispersity 

index). 

The second method is non-monomodal distribution and is based on the fit of a multiple exponential 

function (equation 2.13) to the autocorrelation function to obtain the distribution of particles. This 

is made possible by using algorithms such as Non-Negative Least Squares (NNLS) and 

Constrained Regularization Method for Inverting Data (CONTIN).  

This latter method is the standard method to plot the relative intensity of scattered light by particles 

and divide them into various classes. It has the particularity of using a regularizer parameter to 

merge particle distribution peaks which are close to each other, which results in narrower 

distributions.  

The analysis of data in this thesis is done through the CONTIN method via the ALV- 7004/USB 

FAST correlator. 
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3. Deposition Study of Dual Light- and Temperature-

Responsive Soft Layers 

 

The major part of this chapter has been published: 

A. Ben-Miled, A. Nabiyan, K. Wondraczek, F. H. Schacher, and L. Wondraczek, Controlling 

Growth of Poly (Triethylene Glycol Acrylate-Co-Spiropyran Acrylate) Copolymer Liquid Films 

on a Hydrophilic Surface by Light and Temperature, Polymers (Basel). 13, (2021). 

3.1 Summary 

Quartz crystal microbalance with dissipation monitoring (QCM-D) was employed for in situ 

investigations of the effect of temperature and light on the conformational changes of a Poly 

(triethylene glycol acrylate-co-spiropyran acrylate) (P(TEGA-co-SPA)) copolymer containing 

12%–14% of Spiropyran at the silica–water interface. By monitoring shifts in resonance frequency 

and in acoustic dissipation as a function of temperature and illumination conditions, we 

investigated the evolution of viscoelastic properties of the P(TEGA-co-SPA)-rich wetting layer 

growing on the sensor, from which we deduced the characteristic coil-to-globule transition 

temperature, corresponding to the lower critical solution temperature (LCST) of the PTEGA part.  

We show that when exposed to visible or UV light, the temperature of the coil-to-globule transition 

as characterized by the LCST of the adsorbed copolymer shifts to lower values as compared to the 

bulk solution: the transition temperature determined acoustically on the surface is 4 to 8 K lower 

than the cloud point temperature reported by UV/VIS spectroscopy in aqueous solution. We 

attribute our findings to non-equilibrium effects caused by confinement of the copolymer chains 

on the surface. Thermal stimuli and light can be used to manipulate the film formation process and 

the conformational state of the film, which affects its subsequent response behavior. 

3.2 Introduction 

Polymer adsorption at the interface solid-liquid interfaces is a very important process, which is 

relevant in many technological applications and biological processes. 
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In the last two decades, attention has also been paid to the adsorption behavior of stimuli-responsive 

polymers at solid-liquid interfaces. Prominent techniques to characterize smart layers are Surface 

Plasmon Resonance (SPR) and Quartz Crystal Microbalance with Dissipation Monitoring (QCM-

D). QCM-D is a highly sensitive technique for characterizing adsorption and desorption 

phenomena at the solid-liquid interface. As an exemplary case, the adsorption of P(NIPAAm) on 

modified gold and silica surfaces was studied due to its conveniently accessible LCST of ~32 °C, 

and also for its potential relevance in biomedical applications.161 

These studies showed different behaviors of the adsorbed polymer depending on its state of 

adsorption, e.g., whether chemisorbed162,163 or physisorbed.164,165 The adsorption of 

thermosensitive block copolymers based on P(NIPAAm) onto gold surface was also investigated 

by QCM-D.166  

For example, the adsorption mechanism of a pentablock terpolymer Poly (N-

isopropylacrylamide)x-block-poly (ethylene oxide)20-block-poly(propylene oxide)70-block-poly 

(ethylene oxide)20-block-poly(N-isopropylacrylamide)x (PNIPAAmx-b-PEO20-b-PPO70-b-PEO20-

b-PNIPAAmx) on gold was found to be affected by several parameters including concentration, 

relative block length, temperature, and the physical properties of the substrate.  

Furthermore, adsorption properties of pH-sensitive cationic polyelectrolytes, e.g., Poly(diallyl 

dimethyl ammonium chloride) (PolyDADMAC) or Poly(allyl amine hydro-chloride) (PAH) on 

gold and silica surfaces were studied using QCM-D.167 It was found that the adsorption properties 

of the polyelectrolyte depend on the surface chemistry, solution concentration, and solution pH. 

As another example, QCM-D was employed to study the adsorption of polyelectrolyte monolayers 

of anionic Poly(styrene sulfonate) (PSS) on amino-functionalized silica, as well as cationic PAH 

and Poly-L-lysine (PLL) on bare silica.54 Interestingly,  the light-induced swelling behavior of spin-

coated thin layers of P (NIPAAm-co-SPA) dual light- and temperature-responsive copolymers was 

described on the basis of QCM-D investigations.168 

However, although the employed deposition method is technologically important for the 

fabrication of thin films on solid surfaces, it also has the limitation of making the film prone to 

delamination once the solvent wets the substrate.169 Nevertheless, studying the adsorption of such 

copolymers appears very interesting from a physical point of view as they can adopt different 

conformations which can be tuned by light irradiation and temperature. 
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In a recent work (2019) from Grimm, Maßmann and Schacher,38 SP-incorporating poly (oligo 

(ethylene glycol) acrylate)-based copolymers have been synthesized by nitroxide mediated 

polymerization with varying amounts of SP (from 0 to 16 mol%). The visible light irradiation of 

the copolymer dissolved in pH 8 TRIS buffer resulted in a decrease in its cloud point temperature 

by 30 K at 16 mol% SP content, as previously detected by UV/Vis spectroscopy. This chapter is a 

study of the conformational change of the dual light and temperature responsive copolymer P 

(TEGA-co-SPA) in solution and confined at the silica-water interface using QCM-D 

measurements. The simultaneous effect of UV light irradiation and temperature changes on the  

adsorption behavior of the copolymer was monitored.  

Optical irradiation of the copolymer solution while undergoing adsorption provides a direct access 

to the question of how light can be used to tailor the kinetics of film formation and film 

conformation below and above the LCST. 

3.3 Materials and Methods 

3.3.1 Copolymer synthesis 

3.3.1.1 Chemicals  

2-Bromoethanol (95.0%), 2,3,3-trimethyl-3H-indol (97.0%), 2-hydroxy-5-nitrobenzaldehyde 

(97.0%), and triethylene glycol acrylate (98.0%) were purchased from TCI (Zwijndrecht, Belgium) 

and used as received. Acryloyl chloride (97.0%) was purchased from Sigma-Aldrich (Munich, 

Germany) and used as received. All solvents were of analytical grade except 1,4-dioxane and THF, 

which were purchased from Carl Roth (HPLC grade, Karlsruhe, Germany). 

3.3.1.2 NMR 

Measurements were carried out on a 300 MHz Bruker NMR spectrometer (Karlsruhe, Germany). 

The spectra were referenced to the residual solvent signal. 

3.3.1.3 Size Exclusion Chromatography SEC  

Measurements were performed on an Agilent 1260 system equipped with a G1330B pump, a PSS 

TC6001 oven at 30 °C, a G1362A refractive index detector, and a G1315D UV detector at 365 nm.  

THF was used as eluent at a flow rate of 1 mL min−1 on three PSS SDV guard columns 

(100/1000/100 000 Å). The system was calibrated with Polystyrene, Poly (methyl methacrylate), 
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Polyethylene glycol, and Polyisoprene standards from PSS (Mainz, Germany) with a molecular 

weight range of 200–2 000 000 g mol−1. 

3.3.1.4 Nitro-benzo-Spiropyran Acrylate (SPA) monomer synthesis  

 

Figure 3.1 Synthetic route for 2-(3′,3′-Dimethyl-6-nitrospiro[chromene-2,2′-indolin]-1′-yl) ethyl 

Acrylate (SPA) 

 

 3.3.1.4.1 Synthesis of 1-(2-Hydroxyethyl)-2,3,3-trimethyl-3H-indolium Bromide  

A mixture of 2,3,3-trimethyl-3H-indol (2.72 mL, 16 mmol) and 2-bromoethanol (1.48 mL, 20 

mmol, 1.25 eq) in acetonitrile (20 mL) was reflux at 100 °C under Argon for 24 hours. The solvent 

was removed and resuspended in 25 mL hexane. The collected solid was recrystallized from 

chloroform and directly used in the following step. 

 3.3.1.4.2 Synthesis of 9,9,9a-Trimethyl-2,3,9,9a-tetrahydro-oxazolo[2,3-a] indole  

1-(2-Hydroxyethyl)-2,3,3-trimethyl-3H-indolium bromide was dissolved in aqueous solution 

(step1) mixed with KOH (0.66 g, 12 mmol). The mixture turned from pink to dark yellow within 

10 min at room temperature. The mixture was then extracted with diethylether (3 × 20 mL), dried 

over MgSO4, filtered, and the solvent removed under reduced pressure. The yellow oil (0.8549 g, 

33.5%) was analyzed via 1H-NMR: 

1H-NMR (300 MHz, CDCl3): δ = 1.89 (s, 3H, CH3), 1.31 (s, 3H, CH3), 1.42 (s, 3H, CH3), 3.44–

3.86 (m, 4H, 2 × CH2), 6.76 (d, 1H, CH-arom.), 6.93 (t, 1H, CH-arom.), 7.14 (m, 2H) ppm. 

 3.3.1.4.3 Synthesis of 2-(3′,3′-Dimethyl-6-nitro-3′H-spiro[chromene-2,2′-indol]-1′-yl)-ethanol  

9,9,9a-trimethyl-2,3,9,9a-tetrahydro-oxazolo[2,3-a] indole (0.85 g, 4,2 mmol, 1 eq) and 2-

hydroxy-5-nitrobenzaldehyde (1.054 g, 6.3 mmol, 1.5 eq) were mixed in 10 mL of ethanol (step2) 

and heated under reflux for 3 h. After cooling to room temperature, the remaining solution was 

filtered and washed with ethanol. The red crystals (0.6319 g, 33%) were analyzed using 1H-NMR: 

1H-NMR (300 MHz, DMSO-d6): δ = 1.10 (s, 3H, CH3), 1.20 (s, 3H, CH3), 3.19 (dq, 2H, CH2), 3.44 

(m, 2H, CH2), 4.72 (t, 1H, OH), 6.01 (d, 1H, CH-arom.), 6.64 (d, 1H, CH-arom.), 6.78 (t, 1H, CH-
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arom.), 6.87 (d, 1H, CH-arom.), 7.11 (m, 3H, 3 × CH-arom.), 8.00 (dd, 1H, CH-arom.), 8.21 (d, 

1H, CH-arom) ppm. 

3.3.1.4.4 Synthesis of 2-(3′,3′-Dimethyl-6-nitrospiro[chromene-2,2′-indolin]-1′-yl) ethyl 

Acrylate (SPA) 

2-(3′,3′-Dimethyl-6-nitro-3′H-spiro[chromene-2,2′-indol]-1′-yl)-ethanol (0.5 g, 1.42 mmol) and 

trimethylamine (0.197 mL, 1.42 mmol) were dissolved under Argon in dichloromethane (step3) 

and then the mixture was cooled to −35 °C. A solution of acryloyl chloride in dichloromethane was 

dropped slowly and the reaction mixture was heated up to room temperature overnight. The 

solution was extracted with saturated NaHCO3 (2 × 20 mL) and water (2 × 20 mL), and the organic 

phases were combined, dried over MgSO4, filtered, and evacuated under reduced pressure. The 

product was purified using column chromatography with chloroform to yield 107.6 mg (0.265 

mmol, 18.6%). 

1H-NMR (300 MHz, DMSO-d6): δ = 1.06 (s, 3H, CH3), 1.19 (s, 3H, CH3), 3.36–3.51 (m, 2 × 1H, 

CH2), 4.16–4.35 (m, 2 × 1H, CH2), 5.90 (d, 1H, CH2) 5.96 (d, 1H, CH-arom.), 6.09 (dd, 1H, CH), 

6.26 (d, 1H, CH2), 6.72 (d, 1H, CH-arom.), 6.80 (t, 1H, CH-arom.), 6.85 (d, 1H, CH-arom.), 7.12 

(m, 2H, 2 × CH-arom.), 7.20 (d, 1H, CH-arom.), 7.99 (dd, 1H, CH-arom.), 8.21 (d, 1H, CH-arom.) 

ppm. 

3.3.1.4.5 Synthesis of P(TEGA-co-SPA) 

SPA (15 mol % SPA), triethylene glycol acrylate (TEGA) and azobisisobutyronitrile were 

dissolved in dioxane in a microwave vial. The solution was purged with argon for 30 min and 

heated to 110 °C for 48 h . The resulting red solution was precipitated twice into cold diethylether, 

resulting in a red powder. The copolymer was analyzed using SEC and 1H NMR in CDCl3 (step4). 

The obtained copolymer was investigated via size exclusion chromatography with triple detection 

to obtain absolute molar masses and 1H liquid NMR to determine the composition by comparing 

the signal of the SPA moiety (8.2 ppm, 2H) and the TEGA moiety (3.3 ppm, 3H). The fraction of 

SPA in the obtained copolymer was between 12–14 mol%, the molar mass Mn was about 33,000 

g/mol with a polydispersity index Đ = 1.7. An aqueous solution of 0.15 wt% P (TEGA-co-SPA) 

was obtained by diluting the copolymer in deionized water. Deionization was done using a Thermo 

Scientific Barnstead MicroPure water purification system to a resistivity of 18.2 MΩ cm-1. 
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3.3.2 Dynamic Light Scattering DLS 

DLS measurements were performed using an ALV Laser CGS3 Goniometer (ALV GmbH, 

Germany) equipped with an He-Ne laser (λ = 633 nm) and an ALV-70027004/USB FAST 

correlator. All DLS measurements were performed at 25 to 77 °C. To determine the hydrodynamic 

radius, three measurements of 30 s each were performed at an angle of 90°. The analysis of the 

obtained correlation functions was performed using the correlator software (Correlator 3.2 beta 1). 

3.3.3 QCM-D 

QCM-D measurements were performed using a window module mounted on the QCM sensor (Q-

sense E1 Biolin Scientifc, Sweden). The employed sapphire window had an optical transmittance 

of >80% in the wavelength range 300 to 400 nm, in which UV irradiation was conducted. 

AT-cut quartz crystal sensors coated with a 50 nm silicon dioxide layer (fundamental resonance 

frequency of typically ~4.95 MHz, sensor area 1.54 cm2) were purchased from Biolin Scientific, 

Sweden. Prior to experiments, the quartz sensor was cleaned by soaking in a 2 vol% sodium 

dodecyl sulfate SDS solution for 30 min, rinsing with ultra-pure water, blow-drying with a gentle 

nitrogen flow and, finally, exposing to a UV/ozone cleaner for 15 min. 

Several overtones were acquired, although the third overtone was generally selected for further 

analysis because of its sufficiently high level of energy trapping at this particular overtone when 

operated in liquids.143 

To study the dual light and temperature induced conformational response of the P (TEGA-co-SPA) 

solutions, all experiments were performed in the liquid exchange mode by first purging with ultra-

pure water for 30 min at 19 °C at a flow rate of 50 µL/min. To avoid the formation of bubbles that 

can oscillate or migrate over the quartz crystal surface, all solutions were degassed in an ultrasonic 

bath (Elmasonic S 80) for 10 min prior to injection. 

If not otherwise stated, irradiation of the sensor with the light source was started 20 min after 

equilibration and referencing under continuous water flow was completed. The diluted P (TEGA-

co-SPA) aqueous solution was then introduced into the chamber at 30 min and at a temperature of 

20 °C ±   0.02 °C. At this point, the flow rate was reduced to 20 µL/min. Temperature ramping was 

conducted from the starting temperature of 20 °C up to a maximum of 47 °C, applying a constant 

heating rate of 0.2 K/min. 
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In the isothermal irradiation study, the P (TEGA-co-SPA) aqueous solution was fed for 25 min 

through the window module at a constant temperature prior to irradiation. Irradiation was done 

with a fluorescent lamp (visible light) or using an ultraviolet spotlight (365 nm, Opsytech, 

Germany). The power of the UV LED was fixed at 10% via an LED controller (with a maximum 

nominal power density of 25 W/cm²); the sample-to-LED distance was maintained at 75 mm. 

During each run, changes in the resonance curves of the third overtone were continuously 

monitored and evaluated. The two resonance parameters under investigation were the change in 

dissipation factor ΔD3, and the shift in resonance frequency Δf3/3 being related to the mass of the 

adsorbate and the dynamically coupled liquid. While the resonance frequency shift Δf3/3 is more 

sensitive to the mass of the film, the variation of the dissipation factor ΔD3 is related to viscous 

losses and interfacial sliding.170 The acquired datasets were corrected for each sensor using a 

temperature sweep in pure water under continuous of visible or UV light for reference, see also 

Figure 3.2.  

 

This temperature correction was carried out by subtracting the calibration curve (pure water on 

sensor) from the one obtained in the presence of the dissolved copolymer. Table 3.1 provides the 

temperature dependent parameters obtained for the third overtone, each with the linear expression: 

∆f3/3(T)= AfT+Bf, ∆D3(T)=AdT+Bd.  

Figure 3.2 QCM-D temperature water sweep background used as a calibration curve to be 

subtracted from the data obtained in the presence of the dissolved copolymer to correct temperature 

dependency on the system for frequency shift (a) and dissipation shift (b). 



Chapter 3 Deposition Study of Dual Light and Temperature Responsive Soft Layers 

 

43 

 

It is worth noting that these parameters may also include some contributions specific to the 

electronics of the QCM-D, so these correction factors should ideally be determined for each QCM-

D instrument. 

Table 3.1 Fit parameters for the temperature correction as indicated in Figure 3.2 

          Irradiation Af (Hz.°C-1) Bf (Hz.°C-1) Ad (10-6.°C-1) Bd (10-6.°C-1) 

Visible light 3.52 -468.4 -1.5 194.5 

UV light 3.52 -465.6 -1.5 193.7 

 

 

Furthermore, irradiation of the quartz crystal with UV light induced an increase in Δf3/3 by a few 

Hz. This behavior was previously attributed to photo-induced mechanical stress.151,152 A further 

calibration was therefore done for UV-illumination by subtracting the effect of the UV light on the 

crystal for the non-isothermal measurements, see Figure 3.3. 

 

As shown in Figure 3.3a, irradiation of a clean bare SiO2-coated sensor at 20°C results in an 

increase of Δf3/3 by ~3 Hz and little dissipation change < 0.1×10-6 during the irradiation time and 

decreases again almost to the initial Δf3/3. These results are in agreement with what was reported 

for the same type of crystal and they should have the same magnitude response in the temperature 

Figure 3.3 Effect of UV LED illumination at 20°C on bare silicon coated quartz crystal (a) and 

on the same quartz crystal totally wet with a water layer (b). 
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range 19-50°C. 150 However, the same crystal shows a lower increase of Δf3/3 when the crystal is 

covered with a water film ~2.8 Hz and dissipation shift >0.1×10-6  (see Figure 3.3b). 

3.4 Results and Discussions 

3.4.1 Phase Separation of P(TEGA-co-SPA) in Dilute Aqueous 

Solution 

DLS data shown in Figure 3.4 provide an initial view of the effect of temperature on aggregation 

in the P(TEGA-co-SPA) polymer solutions containing between 12 and 14 mol% of Spiropyran in 

terms of the hydrodynamic radius. In order to reduce the effect of particle aggregation, we chose 

to work with a dilute concentration of 0.06 wt% (optically clear at room temperature). This is below 

the concentration used for DLS studies of similar thermoresponsive copolymers.157 The 

hydrodynamic radius observed by DLS shows a sudden transition at a temperature of ~66 °C. 

Below this temperature, the polymer chains exist as individually dissolved polymer chains with a 

small hydrodynamic radius of approximately 4–6 nm. Above 66 °C, aggregates (mesoglobules) 

with larger hydrodynamic radius of around 100–200 nm are formed.  

Figure 3.4 Hydrodynamic radius of a P(TEGA-co-SPA) copolymer in aqueous solution upon 

heating as determined from DLS measurements. 
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These values are comparable in size to other known polymers with a LCST.171,172 At temperatures 

below the LCST, the copolymer chains are well solvated through hydrogen bonds.173,174 Above the 

LCST, these exhibit van der Waals character, e.g., such as reported for P(NIPAAm).157,175 

Interestingly, the observed transition temperature occurs ~23 K above the reported cloud point for 

the same copolymer composition diluted in pH 8 TRIS buffer, as detected by UV/VIS 

spectroscopy.38 This observation is attributed to the effect of salts contained in the buffer on the 

electrostatic interactions between the copolymer and water as reported recently for various 

thermoresponsive polymers.176 

3.4.2 Effect of UV-Irradiation on the Hydration of P (TEGA-co-SPA) 

Films below and above the LCST 

The P (TEGA-co-SPA) liquid thin film adsorbed onto silica appears almost transparent under 

visible light, but switches to deep purple upon UV irradiation (Figure 3.5, bottom part). The deep 

purple color of the liquid thin film upon UV irradiation originates from the absorption of the UV 

photons causing a breakage of C-O Spiro bonds in an excited singlet state, yielding the colored 

Merocyanine (MC) form.  

Figure 3.5 Photos taken by a normal camera of the experimental setup where the P (TEGA-co-

SPA) solution is flowing on the SiO2 sensor and UV light is applied through the QCM window 

module (top). Effect of illumination on the P(TEGA-co-SPA) liquid film color (bottom). 
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Due to the physisorption of the copolymer in our case, the chains of MC are made to rearrange in 

a way that the ethylene oxide groups point towards the solution. This may stabilize the 

Merocyanine form via hydrogen bonds.  

 

To illustrate, we selected different temperatures for isothermal treatment with and without 

illumination below and above the LCST when investigating with QCM-D. Figure 3.6a shows the 

effect of switching from visible to UV light irradiation on Δf3/3 as a function of time at 19 °C, 

35 °C, 45 °C, 50 °C; and 50 °C when the sensor was not irradiated with UV light, respectively.168  

 

 

Figure 3.6 Variation of Δf3/3 (a) and ΔD3 (b) versus time of P(TEGA-co-SPA) at the silica-water 

interface at a constant temperature.  

 

At 19 °C and 35 °C, the introduction of the copolymeric solution inside the window cell causes 

an initial frequency decrease (mass increase) followed by a slower frequency decrease as the 

system saturates at −31 Hz and −40 Hz, respectively. Starting at 25 min, the sensor surface was 

irradiated with UV light, what caused a marginal increase in Δf3/3 of a few Hz, followed by a 

linear decrease in the frequency in the next several minutes, see Figure 3.7a. 

 

In comparison, when there is no light switch at 19 °C, Δf3/3 and ΔD3 signals do not show any 

significant change, (see Figure 3.7a). The spike of Δf3/3 occurring immediately after illumination 

was attributed to the effect of UV light on the crystal (see section 2.1.6). The shallow linear 

decrease in the frequency shift is probably due to an increase in acoustic thickness as the 
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copolymer chains swell. A similar result was observed in a previous study,168 where P(NIPAAm-

co-SPA) thin films were illuminated with a UV lamp at 19 °C.  

 

 

Figure 3.7 Variation of Δf3/3 (a) and ΔD3 (b) versus time of P(TEGA-co-SPA) at the silica-water 

interface at 19 and 35°C. This figure is a zoom at Δf3/3 in the range of 19 °C to 35 °C shown in 

figure 3.6. 

 

In this material, the behavior was explained by photoinduced hydration due to the 

photoisomerization of the rather hydrophobic Spiropyran into the distinctly more hydrophilic 

Merocyanine when the thermo-responsive part of the copolymer is sufficiently hydrophilic. 

 

At 45 °C and 50 °C, Δf3/3 decreases linearly once the copolymer solution is in contact with the 

sensor. This decrease in Δf3/3 is high in magnitude, reaching 0.58 and 2.38 kHz respectively after 

25 min of continuous solution feed and visible light irradiation.  

Interestingly, UV light illumination affects Δf3/3 differently at 45 °C and 50 °C. Although at 45 °C 

the rate of the observed decrease in Δf3/3 slows down and causes a deviation from linearity, it 

stabilizes at a constant (but very low) value at 50 °C.  

 

 

 

 



Chapter 3 Deposition Study of Dual Light and Temperature Responsive Soft Layers 

 

48 

 

Note that when continuing visible illumination and turning UV off beyond 25 min, the observed 

strong decrease in Δf3/3 continues unaffected, indicating that UV illumination (versus, e.g., some 

saturation effect) does indeed play a role in the phenomenon observed at 50 °C (see also Figures 

3.8b and 3.8d). We attribute this observation to a competition between PTEGA globule adsorption 

on the sensor surface and photoconversion of Spiropyran to Merocyanine.  

When there is no UV irradiation, surface adsorption is facilitated and the observed Sauerbrey 

thickness increases during prolonged solution injection. This process is interrupted by the 

conversion of the non-polar Spiropyran to the polar Merocyanine, which enhances the stability of 

the solution and thereby reduces the adsorption rate. Similar observations have been made for 

azobenzene surfactant adsorption and desorption at the air–water interface under UV irradiation.177 

Figure 3.8 Effect of continuous visible and UV light irradiation on the resonance frequency shift 

Δf3/3 (a,b) and dissipation shift ΔD3 (c,d) on the copolymer liquid film at 19 and 50°C, respectively. 

Blue curves: continuous visible illumination for 25 min then UV-light switching, black curves: 

continuous visible illumination during the whole experiment. 
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Figure 3.6b shows the evolution of ΔD3 corresponding to Figure 3.6a. At 19 °C and 35 °C, ΔD3 

shows low values in the first 25 min, suggesting that the film is forming a monolayer at the silica 

surface. Once the surface is irradiated with UV light, ΔD3 increases linearly at both temperatures 

and reaches ~3 × 10−6 and 6 × 10−6, respectively, at 19 °C and 35 °C after around 55 min.  

At the higher temperatures of 45 °C and 50 °C, ΔD3 increases similarly (although at a much higher 

rate) for as long as the sensor is irradiated with visible light. Once UV illumination is switched on 

at these temperatures, there is a very significant effect on dissipation: at 45 °C, ΔD3 decreases 

slightly and subsequently reaches a plateau, while at 50 °C, ΔD3 apparently evolves with a square 

root dependence on time, which could indicate some kind of diffusive process. 

Interestingly, this processes extends far beyond the time at which surface adsorption is interrupted 

(Figure 3.6a); we note that dissipation evolves as a convolution of swelling effects within the film, 

as well as adsorption from the solution, which are both affected by the two stimuli of temperature 

and light. When adsorption stops, conformational changes can still proceed within the film, but 

these would be significantly slower in their response rate due to the reduced film mobility as 

compared to the polymer in solution. The observed square root dependence on time corroborates 

this interpretation. 

3.4.3 Dual Temperature and Light Effect on the Build-Up of P 

(TEGA-Co-SPA) Layers on Silica Surfaces 

Temperature ramping was carried out in order to investigate the concomitant effect of temperature 

and light on the conformational change of the P(TEGA-co-SPA) diluted solution during adsorption. 

We started by analyzing the behavior of a P(TEGA-co-SPA) thin film being formed on the QCM-

D sensor surface. 

Figure 3.9a shows the variation of the normalized resonance frequency shift Δf3/3 over a 

temperature range of 20 °C to 47 °C, comparing the effects of visible light irradiation and UV 

irradiation (365 nm). Under UV exposure, we observe an initial, slow decrease in Δf3/3 between 

21 °C and 28 °C, which is less pronounced under visible light. This difference suggests that the 

sensed mass (load) increased with UV irradiation, which could be attributed to additional 

hydrodynamically coupled water inside the adsorbed film in this temperature range. Any masses 

retrieved by QCM-D are non-specific, that is, both polymer and water (or solvent in general) bound 
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in the adsorbed films are detected. For instance, in case of protein adsorption, an additional 

molecular weight increase of ~30% was reported and attributed to water bound to a protein 

molecule in solution.138  

In our present case, we believe that the photoisomerization of the Spiropyran with UV irradiation 

results in a higher trapped amount of water inside the layer of P (TEGA-co-SPA) when it is 

sufficiently hydrophilic. For visible light irradiation, we note a change in the slope of Δf3/3 over T 

at ~28 °C; under UV irradiation, such a change is not observed until a much higher temperature of 

near ~47 °C. We attribute this change of the slope to a sudden increase in the amount of the 

adsorbed copolymer chains at the sensor surface.  

As we approach the LCST, one should expect that the copolymer is gradually collapsing and 

releasing water. This dehydration should express as increased Δf3/3 values as reported, e.g., for 

PNIPAAm layers adsorbed on a hydrophobic gold surface.164 

 

However, we must note again that we do not observe the properties of a preexisting film, but the 

process of a film being formed in- situ from a photo-thermoresponsive solution. Thus, we argue 

that the observed decrease in Δf3/3 (despite water release) is a result of polymer adsorption and 

film growth, which dominates over any water release in particular, as the hydrophilic coil to 

Figure 3.9 Variation of normalized Δf3/3 as a function of temperature upon irradiation of P(TEGA-

co-SPA) copolymers at the silica –water interface, the copolymer was introduced at T=20°C (a), 

variation of Δf3/3 as a function of temperature of the same solution. Blue curves, upon illumination 

with visible light (b). The labels (I-III) mark the regimes of adsorption and film response discussed 

in the text. 
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hydrophobic globule transition already occurs in solution, and only to a smaller extent within the 

film.   

At 35 °C, Δf3/3 of the visible light irradiated sensor decreases drastically which we relate to the 

liquid–liquid phase separation. Interestingly, this large decrease in Δf3/3 occurs at about 4–8 K 

lower than the reported cloud point temperature of the same copolymer in TRIS buffer solution 

when irradiated with 540 nm visible light.38 This difference between the cloud point temperature 

detected by UV/Vis spectroscopy and the phase transition temperature determined acoustically on 

a surface suggests that the confinement affects the coil-to-globule transition of the copolymer at 

the interface.  

 

At 38.3 °C, we note a change in the feature of Δf3/3 over T of the UV irradiated solution, with an 

initial acceleration (higher negative slope) of adsorption, followed be a deceleration and a plateau 

reaching up to ~45 °C.  

This is in line with our isothermal observations summarized in Figure 3.6a, where UV irradiation 

at higher temperature decelerates film adsorption up to a certain extent. Here, the deceleration sets 

in just before LCST as would be the case under visible illumination.  

At 45.7 °C, we observe a sudden, strong acceleration of the adsorption rate, with a sharp decrease 

in Δf3/3. This is attributed to the delayed P (TEGA-co-SPA) LCST in the aqueous solution, shifted 

to a higher temperature due to the increase in the hydrophilicity of the polymer induced by the 365 

nm UV light irradiation. A similar temperature shift was also observed for the bulk material using 

UV-Vis spectroscopy, although the transition temperature happening at the silica-water interface  

was lowered by 2–3K.38 

The dissipation data corresponding to the observed cases of Δf3/3 is displayed in Figure 3.9b. Here, 

too, we distinguish the three regions of (I) T < 28 °C, (II) 28 °C < T < 35 °C, and (III) T > 35 °C 

(marked as I–III in Figure 3.9a and Figure 3.9b).  

Again, an increase in dissipation correlates to the enhancement of coupling between water 

molecules and polymer chains due to the photo-induced hydration under UV illumination (region 

I). Moreover, there is a significant difference of the sensed masses on the sensor, depending on the 

type of irradiation. 
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 In the temperature range of 21 °C to 28 °C, ΔD3 increases by a factor of about two, that is, from 

1.6 × 10-6 to 3.3 × 10-6 and from 2.2 × 10-6 to 4.9 × 10-6 for the visible and UV irradiated film, 

respectively.  

In the temperature range of 28 °C to 35 °C, ΔD3 shows a stronger increase for the solution exposed 

to visible light as compared to the one irradiated with UV light. This observation corroborates our 

interpretation that the competition between dehydration and adsorption already started several 

degrees below the commonly reported LCST. 

At 35 °C, ΔD3 increases dramatically, in agreement with the resonance frequency data. According 

to the change of slope at ~38 °C, the dehydration also happens gradually under UV light. In this 

case, the delayed phase transition reflects in the over-damping of the layer happening at ~46 °C, 

where the magnitude of ΔD3 reaches 953 × 10-6. 

Examining the change of the energy dissipation as a function of  the negative frequency shift 

allows us to eliminate the temperature as a variable and to focus on the effect of the light 

irradiation on the viscoelastic properties during layer build-up.178  

 

Figure 3.10a and Figure 3.10b show the evolution of ΔD3 as a function of –Δf3/3, respectively, 

for visible and UV irradiated P (TEGA-co-SPA) at the silica–water interface. Interestingly, both 

properties are not directly proportional to the surface coverage and the adsorbed film does not 

evolve in the same way whether it is irradiated with visible or UV light.  

 

Under visible light illumination, the change in dissipation is smaller than the change in resonance 

frequency whereas under UV light, it strongly exceeds the frequency change. A linear correlation 

between both properties is found only in the onset region of film formation, i.e., within 0 to 550 

Hz (Vis) and 0–320 Hz (UV), where surface coverage of the layer is still low 
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In this range, the hydrodynamic thickness is expected to be small, and the number of polymer 

molecules adsorbed physically through trains, loops, and tails is negligible.179 So long as the 

dissipation values are low and ΔD3 increases linearly with –Δf3/3, we assume that the viscoelastic 

properties of the film remain unchanged and the parameter variations are solely due to continuous 

adsorption. The occurrence of such a region was similarly observed by QCM-D for different 

adsorbing systems, including polyelectrolytes,180
 and homopolymers on gold.164 

 

Beyond the linear onset regime, there are pronounced effects of temperature and illumination. For 

the visibly irradiated surface, we observe a decrease in dissipation as the coverage of the surface 

is increasing. This evolution can be explained by the densification of the film once the surface is 

saturated. 

 For the UV irradiated layer, we observe a strong excess in dissipation which saturates at about 

2000 Hz. The spiral shape is similar to previous observations made on polystyrene brushes in 

cyclohexane.181
 It indicates that the deposited film interacts more pronouncedly with the bulk 

solution, resulting in enhanced dissipation when the copolymer is in its polar (MC) state. In this 

case, we should expect a film with lower density as UV light leads to decelerated absorption and 

a polarity change, therefore the adsorbate has less time to rearrange itself as when its only 

irradiated with visible light. 

Figure 3.10 Variation of ΔD3 as a function of −Δf3/3 when the sensor is continuously exposed to 

visible light (a), (b) variation of ΔD3 as a function of −Δf3/3 when the sensor is irradiated with 

UV light (b). Blue curves: upon UV illumination, black curves: upon visible illumination. 
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The LCST of dilute P(TEGA-co-SPA) depends on illumination conditions. Adsorption kinetics 

and film growth at the silica–water interface can, therefore, be controlled through temperature and 

illumination conditions, relying on the thermally induced transition from hydrophilic coil 

arrangement to hydrophobic globules of the PTEGA components, and on the transition in polarity 

of the SPA-MC component controlled through illumination.  

 

Similarly, the film itself responds to thermal as well as optical stimuli through variable dissipation 

of acoustic excitation. Our results show that the coil-to-globule transition temperature is lower in 

diluted samples exposed to an adsorbing surface as compared to the solution.  

 

The conformational state of the adsorbed polymer chains is controlled by surface confinement 

and kinetics; whereby non-equilibrium conformational states could be frozen  for long times after 

adsorption.182  

 

A present assumption is that non-equilibrium effects originate from the polymer density and 

conformation at the interface of the adsorbing surface and the surrounding polymer solution or 

melt above its glass transition,183 which are kinetically frozen as a result of adsorption. For 

example, the slow rejuvenation of compressed polyethylene oxide PEO adsorbed on mica was 

found to be caused by the low mobility of the polymer chains in their adsorbed state.184  

 

Glassy dynamics of thermoresponsive, adsorbed polymers were investigated on solid substrates, 

e.g., latex particles in water. When the temperature was raised above the LCST temperature, 

PNIPAAm underwent a conformational transition from adsorbed loops to globules.185 This 

transition process was slow: the relaxation time was found to vary between a few hundred to 

several thousand minutes.186 Notwithstanding the difference in chemical structure between 

PNIPAAm and PTEGA, we assume that the difference between the bulk and surface LCST 

temperatures found here for P(TEGA-co-SPA) is likely due to similar kinetic considerations.  

 

Another interesting aspect of the non-equilibrium nature of the adsorbed layer is related to the 

interplay between adsorption and wetting. The evolution of the frequency and dissipation shift as 

functions of temperature illustrate experimentally the surface-driven phase separation in polymer 

solutions, as predicted by Cahn.187 
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 Water and the P(TEGA-co-SPA) copolymer form a single solution phase at low temperatures. 

When the temperature of the system is increasing and, at the same time, the interaction between 

the solvent and the polymer is altered via optical stimuli, 188 we expect the system to first approach 

the wetting point at which the mixed and the demixed states of the binary mixture coexist. 

  

Further increase in temperature results in phase separation. Thereby, the phase with lower 

interfacial energy wets the silica surface.189 Our QCM data supports this hypothesis, similar to 

previous observations on the adsorption of P(NIPAAm) on hydrophobic gold surfaces.164  

 

Although it is often claimed that thin hydrogel films are hydrophobic above their LCST, we show 

that SPA-copolymerization provides a means to circumvent this issue. For example, 168 UV light 

exposure was found to have no effect on the hydration of P(NIPAAm) containing 2.5 mol% SPA 

when the temperature was above the LCST. This was explained by confinement of the 

chromophore within isopropyl groups and the hydrophobic backbone of P(NIPAAm). 

 

In our case, we found that UV light decelerated the growth of the wetting layer at 45 °C and 50 °C 

due to the competition between copolymer globule adsorption and photoconversion of Spiropyran 

to Merocyanine facilitating desorption (see the expected mechanism in Figure 3.11). 

 

In the absence of UV irradiation, the copolymer escapes from the solvent toward the silica sur-

face, and thickness of the wetting layer increases as long as the feeding solution is continuously 

injected. However, when illuminating with UV light, Spiropyran rapidly converts to the polar 

Merocyanine, leading to layer swelling and, eventually, globule desorption. The further difference 

between our observations and previous studies on P(NIPAAm-co-SPA) are attributed to different 

deposition techniques, major differences in the amount of the chromophore and even the 

difference in molar mass of the employed copolymer, which sets variable constraint on polymer 

conformation and deposition kinetics. 

 

A hydrogel film of P(NIPAAm) deposited by spin coating may delaminate from the surface due 

to osmotic stress caused by interaction with water molecules,190 even above LCST. On the other 

hand, P(TEGA-co-SPA) surface rearrange both below and above the LCST; the isopropyl groups 
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concentrate near air or other hydrophobic phases, whereas ethylene oxide groups rather orient 

towards water.191 

 

 

 

 

 

 

Figure 3.11 Schematic description of dual-responsive copolymer behavior of P(TEGA-co-

SP/MC) at the silica-water interface during in-situ observation of adsorption with QCM-D. Four 

possible states can be obtained under the effect of switching from visible light illumination to 

UV light illumination below LCST (top) and above LCST (bottom). 
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3.5 Conclusion 

The conformational change of a thermal and light responsive copolymer layer of P (TEGA-co-

SPA) on silica surfaces was investigated using quartz crystal microbalance with dissipation 

monitoring (QCM-D).  

First, we elucidated the effect of isothermal UV light illumination on the hydration state of the 

liquid film below and above its LCST. 

Second, we showed that the phase separation temperature of the confined copolymer at the 

interface shifts to lower temperatures, namely 4–8 K lower compared to the cloud point 

temperatures as reported by UV/VIS spectroscopy in dilute aqueous solution. We attribute this 

difference to the formation of non-equilibrium adsorbed multilayers on the silica surface.  

Finally, we demonstrated that the built-up wetting layer displays variation of its viscoelastic 

properties with temperature and illumination conditions.
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4. Kinetic Study of Poly(N-isopropylacrylamide) Glassy 

Layers 

 

4.1 Summary 

Liquid-liquid phase separation of polymer solutions can be a route to obtain glasses when critical 

conditions of temperature and concentration are reached. 

In this work, we studied the isothermal deposition kinetics of poly(N-isopropylacrylamide) 

P(NIPAAm) layers in situ in contact with a silica-coated resonator, using Quartz Crystal 

Microbalance with dissipation monitoring, QCM-D.  

We found that the film formation follows a two-stage kinetic model, where the first stage is a slow 

process fitting a stretched exponential function with the exponent β always larger than 1 (indicating 

superdiffusion whereas, the second stage is a fast process and fits a normal exponential function 

(revealing simple diffusion).  

The associated relaxation times of these two processes show anomalous dependence on 

temperature and concentration below and above the lower critical solution temperature (LCST), 

inferring a possible glasslike feature of the collapsed polymer globules forming the adsorbed film. 

Moreover, the viscoelastic analysis of the polymer adsorption isotherms as functions of the 

overtone order shows a dramatic increase of the resonance frequency and energy dissipation shifts 

around the LCST. 

Through this analysis we showed that the change of the viscoelastic properties of the layer is 

possibly related to the diffusion anomaly.  

Finally, we corroborate the results of our isothermal analysis by showing that P(NIPAAm) layers 

undergo a colloidal glass transition on silica surfaces upon non-isothermal treatment. 

Our findings show that QCM-D is a useful tool to study the anomalous dynamics of glassy 

materials in liquid phases. 
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4.2 Introduction 

Poly(N-isoproylacrylamide) P(NIPAAm) is a thermosensitive polymer which displays a 

conformational change as a function of temperature when the quality of solvent is changed from 

good to poor.  

This polymer is soluble in water as an expanded coil but collapses to globule or phase separates 

when the temperature of the medium is raised above its lower critical solution temperature (LCST), 

that is above ~32 °C. 24 

Several studies show that the material could be used as a model to study glassy dynamics in 

colloidal suspensions due to its ability to change the particle volume fractions and the interparticle 

interactions from repulsive to attractive by temperature. 

Previously, Mattson et al. showed that P(NIPAAm) microgel suspensions could be employed to 

explore the fragility/strength of glass formers. 192 

Using dynamic light scattering (DLS), it has been found that these materials could be classified as 

“strong” glass formers when they are sufficiently compressible. This classification has been 

assumed due to the exponential increase of their relaxation times together with their volume 

fraction in analogy to “strong” temperature-dependent glasses. 

Furthermore, this comparison was correlated with the ability of soft particles to adjust their volume 

by swelling-deswelling transition.193 Another interesting feature of P(NIPAAm)  microgel 

suspensions (as compared to hard spheres and other soft particles) is their capacity for overpacking, 

leading to an effective volume fraction φeff  that is higher than unity in addition to dramatic changes 

in elastic properties.192,194 

More recently, the dynamical behavior of microgels of interpenetrated P(NIPAAm) and 

Poly(acrylic acid) (PAAc) networks in deuterated solvent (D2O) have been investigated through 

the same technique as a function of temperature, pH and concentration across the volume phase 

transition (VPT) happening at 32°C.195 

It was found that the dynamics of these microgels above the VPT slowed down in D2O, especially 

for the highest concentration at pH 7 when compared to water. The application of the fragility 
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universal framework for the same studied system reveals that increasing the temperature across the 

VPT results in a transition from soft-strong to stiff-fragile behavior. 

The slow dynamics of P(NIPAAm) particles was not only investigated in concentrated microgels 

suspensions but also in densely packed nanogels.196 In particular, the behavior of concentrated 

core−shell nanoparticles composed of a silica core and a P(NIPAAm) shell suspended in water was 

investigated by X-ray photon correlation spectroscopy (XPCS). 

The studied system shows dependence on temperature associated with anomalous diffusion 

regimes: one subdiffusive regime up to 32°C where the relaxation time of the particles decreases 

monotonously with temperature, one intermediate regime between 32 and 36°C with strong 

relaxation time decrease and one superdiffusive regime where the relaxation time increases with 

temperature by several orders of magnitude when temperatures are higher than 37°C. 

Binary solutions of P(NIPAAm) linear chains in water can also show slow dynamics similarly to 

microgels and nanogels. It is believed that the kinetic slowdown of a phase separating solution is 

due to the interference of the glass transition of the polymer-solvent system with the liquid-liquid 

phase separation, in particular for common amorphous glassy polymers such as polystyrene.8 

When the system is quenched to a temperature that provokes a liquid-liquid phase separation, two 

distinct phases are formed: a polymer-rich and a polymer-poor phase. If the concentration of the 

formed polymer-rich phase reaches the critical conditions to form a glass, the demixion process 

becomes; slow, hindering the further coalescence of the resulting globules.  

The kinetic arrest of P(NIPAAm) above the LCST was attributed to the effect of temperature rather 

than to the concentration, as Afroze et al. claim that the dehydration of the P(NIPAAm)-rich phase 

is stopped when the concentration reaches a limiting value at certain temperatures, which does not 

allow further densification of this phase.197 However, as of this writing it is uncertain whether 

LCST phase separation is dependent on concentration in the case of P(NIPAAm). 

For a P(NIPAAm)/water system in contact with a surface, one expects that liquid-liquid phase 

separation creates wetting layers which may form glass on the surface at certain temperatures and 

concentrations. 

Quartz crystal microbalance with dissipation monitoring (QCM-D) is one of the emergent 

techniques employed to characterize thermosensitive soft layers. To date, QCM-D has been used 
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to determine the LCST values of P(NIPAAm) thin films depending on the deposition method, 

whether via “grafting on”162,198 or initiated chemical vapor deposition (iCVD).135 

The same surface sensitive technique has been employed to investigate the kinetics of adsorption 

of P(NIPAAm) on different modified and unmodified surfaces. The physisorption of this material 

on hydrophobic gold at 31°C (just below the LCST) suggests that the deposition of P(NIPAAm) 

layers happens via growth in thickness rather than by densification.164 

In another adsorption study on unmodified gold surface, the kinetics of P(NIPAAm) adsorption 

showed dependence with temperature and concentration below LCST but no dependence on these 

two parameters above LCST.199  

The growth mechanism of monolayers (T<LCST) and multilayers (T>LCST) in this case was 

attributed to densification. As the dissipated energy can be monitored in situ using QCM-D, most 

of the aforementioned studies have emphasized the effect of temperature on the viscoelastic 

properties and the approximate thickness of the adsorbed layers, but investigate neither the dynamic 

of the system nor the deswelling kinetics.  

However, it has previously been shown that QCM-D can be used to give an additional 

thermodynamic insight of surface-bound P(NIPAAm) film using a two-state coil-to-globule 

model.200 The model considers solely the equilibrium between the swollen coil and collapsed 

globule states without “intermediates” to determine the enthalpy of the collapse of the coils into 

globules.  

In our study, we claim that the formation of physically adsorbed P(NIPAAm) layers on silica may 

be studied from a non-equilibrium perspective. We argue that our system is more likely to involve 

a transient metastable state in addition to the coil and globule states (deswelling).  

This hypothesis stems from two considerations: the deposition method and the thermal treatment.  

First, physisorption has fewer confinement constraints on the polymer chains to collapse stepwise 

(step-by-step rather than continuously).92  

Second, it is widely accepted that upon quenching a binary system such as P(NIPAAm)/water by 

a sudden temperature change, the system is out of equilibrium. 
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In order to reach a new equilibrium state, the system may progress through metastable intermediate 

states,201 though our two-step model only considers a single intermediate state. This intermediate 

state is a trapped structure that has a local free energy minimum and is separated from the global 

free energy minimum conformation by an energy barrier. The presence of metastable states is 

theoretically associated with slow diffusion and glasslike feature of collapsed polymers.202 

To gain a better insight into formation of glassy layers in a wet medium, we present our recent 

kinetic study in the formation of P(NIPAAm) thin films using Quartz Crystal Microbalance with 

Dissipation Monitoring (QCM-D).  

We present a study of the anomalous dynamics of polymeric systems in thin films using QCM-D, 

shed more light on the step-wise nature of layer formation and investigate the dependency of 

temperature induced transition and concentration on the dynamics of the system.  

In addition, we study the effect of the overtone order on the viscoelastic properties of the adsorbed 

layers as a function of temperature and concentration below and above the LCST. 

Finally, we corroborate the results of the isothermal study with the effects of non-isothermal 

treatment on the glassy dynamics of the adsorbed layers. 

4.3 Materials and Methods 

4.3.1 Materials 

Poly-N-isopropylacrylamide (P(NIPAAm); Merck, Darmstadt, Germany) was used, with an 

average molar mass of Mn=19.000 g/mol with a polydispersity index of Đ =3.6, as determined by 

size exclusion chromatography with triple detection. Three aqueous solutions of P(NIPAAm) with 

a concentration of 0.04, 0.009 and 0.0004 wt.% respectively were prepared by diluting the polymer 

in deionized water. Deionization was done using a Thermo Scientific Barnstead MicroPure water 

purification system to a resistivity of 18.2 MΩ cm-1. 

4.3.2 X-Ray Diffraction 

To characterize the P(NIPAAm) powder, diffraction measurements were performed using 

MiniFlex XRD (Rigaku, Neu-Isenberg, Germany) which has a Cu Kα X-ray source with a 

wavelength of 1.54059 Å and equipped with a D/tex Ultra detector. The voltage and current of the 
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X-ray tube were set to 40 kV and 50 mA, respectively. The diffraction signal was collected in the 

2θ range of 5°–75° with a step size of 0.02°. 

4.3.3 Differential Scanning Calorimetry 

DSC analysis was performed using an STA 449 F1 instrument (Netzsch, Selb, Germany). The 

measurement was made under 20 µl/min nitrogen flow with 11.1 mg of P(NIPAAm) powder heated 

between 25 and 400°C at a scanning rate 1K/min. 

4.3.4 Dynamic Light Scattering 

DLS measurements of the 0.04 wt.% P(NIPAAm) solution were performed using an ALV Laser 

CGS3 Goniometer (ALV GmbH, Langen, Germany) equipped with a He-Ne laser (λ = 633 nm) 

and an ALV- 7004/USB FAST correlator. All DLS measurements were performed between 25 to 

65 °C.  

To determine the hydrodynamic radius, three measurements of 30 s each were performed at an 

angle of 90°. The analysis of the obtained correlation functions was performed using the correlator 

software (Correlator 3.2 beta 1). DLS measurements of the polymer solutions can be realized at 

different temperatures in order to study the LCST phase transition in the diluted regime 

4.3.5 QCM-D Experiment 

QCM-D measurements were performed using a flow module mounted on the QCM sensor (Q-

sense E1, Biolin Scientifc, Västra Frölunda, Sweden). AT-cut quartz crystal sensors coated with a 

50 nm silicon dioxide layer (fundamental resonance frequency of typically ~4.95 MHz, sensor area 

1.54 cm2) were purchased from the same company. 

 Prior to experiments, the quartz sensor was cleaned by soaking in a 2 vol% sodium dodecyl sulfate 

SDS solution for 30 min, rinsing with ultra-pure water, blow-drying with a gentle nitrogen flow 

and, finally, exposing to a UV/ozone cleaner for 15 min.  

To study the isothermal deposition of P(NIPAAm) on silica surface, all experiments were 

performed at constant temperature in the steady flow mode by first purging with ultra-pure water 

for 59 min then stopping the pump for 1 min and start flowing the P(NIPAAm) solution at 150 

µl/min for 1 hour. 
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 However, to investigate the non-isothermal deposition, the temperature was ramped between 20 

°C and 40 °C by applying heating-cooling processes at different rates ranging from 0.05 to 0.5 

K/min. The polymer solution was introduced to the chamber at 10 µl/min flow rate at a temperature 

of 20 °C ± 0.02 °C after 30 min of stabilization with ultra-pure water at 19 °C under same flow 

rate. Changes in the (acoustic) load of the sensor caused by changes in the P(NIPAAm) solution 

can be retraced from changes in the oscillation behavior monitored via frequency and dissipation 

shifts in comparison to a reference state. 

As previously mentioned, several oscillation overtones of the quartz crystal sensor exposed to the 

P(NIPAAm)  solutions were acquired, although the third overtone was generally selected for 

further analysis because of its level of energy trapping at this particular overtone when operating 

in liquids.143 

During each run, changes in the resonance curves of the third, fifth and seventh overtone were 

continuously monitored and evaluated each 10 seconds. The main resonance parameter under 

investigation was the change in the shift in resonance frequency normalized to the overtone ∆fn/n 

being related to the mass of the adsorbate and the dynamically coupled liquid.144 

The acquired datasets were corrected for each sensor using a temperature sweep in pure water for 

reference as in the previous chapter. This temperature correction was carried out by subtracting the 

calibration curve (pure water on sensor) from the one obtained in the presence of the dissolved 

polymer. In case of non-isothermal deposition measurements, 20 °C was considered as the state 

where the areal mass density is 0. 

4.4 Results and discussions 

4.4.1 P(NIPAAm) characterization in powder and in solution 

Structural characterization of P(NIPAAm) has been carried out in order to determine the initial 

structure of the polymer prior to deposition. Figure 4.1a and 1.b show the different structural and 

thermal characteristics of P(NIPAAm) powder. We observe from the XRD diffractogram two wide 

diffraction peaks, one at 2θ=7.2° and another at 2θ =19.2°. The observed broad bands suggest that 

this material is amorphous. 

Moreover, the DSC curve of the P(NIPAAm) powder correlates the expected disordered structure 

by the presence of two steps in the baseline in the endothermic direction, occurring at 137.6 °C and 
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160.7 °C. This phenomenon assumed in general to be the signature of a temperature dependent 

glass transition,203 and even multiple glass transitions were reported for P(NIPAAm)  

homopolymer, being explained by irregularities of polymer network or retention of unreacted 

monomers.204 Such irregularities of polymer network can be accessed via DLS. 

 Figure 4.1c shows the evolution of the hydrodynamic radius rh of the P(NIPAAm) chains dissolved 

in water at a concentration of 0.04 wt% as a function of the temperature between 20 °C and 65 °C 

at 0.4 K/min heating rate.  

Between 20 °C and 32.4 °C, the thermosensitive polymer chains exhibit a small hydrodynamic 

fluctuation averaging around 3 nm. However, when the temperature reaches 32.4 °C, we see a 

dramatic increase of rh. At higher temperatures, we note that the hydrodynamic radius reaches 

268 nm at 34.4 °C and decreases slightly at higher temperatures to 194 nm at 65.5 °C. 

 

Figure 4.1 XRD diffractogram of P(NIPAAm) powder at room temperature (a). DSC curve of 

P(NIPAAm) powder of heating scan between 100 °C and 370 °C at 1K/min (b). DLS measurement 

of 0.04 wt% P(NIPAAm) aqueous solution during temperature increase between 20 °C and 65 °C 

(c). 

 

A comparison between our DLS results and those reported in literature155,205 shows both similarities 

(appearance of mesoglobules) and differences (the hydrodynamic radius shrinks instead of 

remaining stable or increasing between 25 and 33°C). 

A decrease in hydrodynamic radius by 30% taking place between 25 °C and 33 °C with no 

observed aggregation has been reported.155 for highly diluted aqueous solution of P(NIPAAm)  of 

10-4-10-5 wt%, M̅w=2×106…9×106 g/mol and Đ≤ 1.2. At temperatures above 33.5 °C, 



Chapter 4 Kinetic Study of Poly(N-isopropylacrylamide) Glassy Layers 

 

66 

 

mesoglobules have been observed originating from chains aggregating into dense, long lived, 

spherical particles.16  

It is commonly believed that the mesoglobules’ formation in dilute solutions results from a 

competition between polymer chain intermolecular association and chains contraction (loss of 

translational entropy) and therefore corresponding at least to one local minimum of the free 

energy.206 

In our study conducted in 25 °C-65 °C temperature range, the size of these mesoglobules initially 

increases upon reaching LCST and decreases to a stable level which can be assumedly observed 

above 60 °C in our investigation using a much higher concentration and different Mn (at 0.04 wt%). 

The formerly reported stability was interpreted as a result of low collision frequency between the 

formed spherical particles in dilute solutions.207 

Table 4.1 shows several mesoglobule sizes from different works as a function of heating rate, 

concentration and molecular weight which indicate a large variation. 

Table 4.1 Comparison between the size dependence reported in literature of mesoglobules with 

heating rate, temperature, concentration and our own results of P(NIPAAm) aqueous solutions 

measured with DLS 

                    Literature  This Work 

Heating rate 

(K/min) 
0.05 0.1 0.5                         0.04 0.001 0.001 0.4 0.4 0.4 

Size 

mesoglobule 

(nm) 

~46 ~39 ~31 ~128 ~86 ~26.5 ~2.9 ~268 ~194 

Temperature 

°C 
37 37 37                         20            30.6 35.9 20 34.4 65.5 

Concentration 

g/cm3 

 1.2*10-4  6.7*10-7 
 

4*10-3 
 

Reference  155  208    
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We believe that in our study the stable conditions were not completely reached due to a much 

higher concentration of P(NIPAAm) polymer chains. Based on another work205 where extremely 

diluted P(NIPAAm)  solution was tested, the initial decrease in rH was found to take place at two 

temperature ramps: between 20 and 30.6 °C, and then between 30.6 and 32.4 °C followed by stable 

values at temperatures than 35 °C. While several authors claimed that the mesoglobule size above 

LCST is not affected by temperature155,172 others suggested that it depends on concentration and 

heating rate,209 which is supported by our observations. 

4.4.2 Isothermal kinetic study of glassy wet layers on P(NIPAAm) on 

silica surface 

After showing the initial characterization in powder and solution, we are now interested in studying 

the isothermal deposition of P(NIPAAm) as thin film.  

Figure 4.2 displays the evolution of the negative frequency shift -Δf3/3 as a function of time upon 

flowing P(NIPAAm) aqueous solution at different temperatures ranging from 24 °C to 36 °C. 

However, viscoelastic properties expressed in term of dissipation changes are nonlinear with water 

content which may make the kinetic study more complex at this stage.  

 In this part, we will focus on the frequency shifts (acquired at the third harmonic) because the 

fraction of collapsed polymer chains scales linearly with the amount of released water during the 

dehydration process, and can therefore be considered as a rigid mass load.210  

At temperatures below the LCST~32 °C, we note an increase of -Δf3/3 in a sigmoidal shape as well 

as growth of the final values proportionally to temperature, in particular between 24 °C and 30 °C. 

The estimated equivalent Sauerbrey thickness from equation (2.5) increases from 1.8 nm to 3.1 nm 

at 24 °C and 30 °C respectively, assuming a temperature-independent density of P(NIPAAm) of 

1.1 g/cm3. This observation supports that the equivalent polymer layer thickness increases as the 

solvent quality becomes poorer with temperature and more collapsed particles escape towards the 

silica surface.211 

By contrast, -Δf3/3 shows a steeper increase and diverges instead of showing a plateau at 32 °C and 

34 °C. This behavior points out the effect of the phase separation on the film formation kinetics.  
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Interestingly, the deposition of P(NIPAAm) thin film monitored at 36 °C resembles the one 

observed for temperatures below LCST, and the estimated equivalent layer thickness is 2.2 nm 

which is in between the value calculated between 24 °C and 30 °C. This similarity could be 

explained by the effect of the mesoglobules’ formation of P(NIPAAm) in solution occurring at 

higher temperatures: most of the globules are aggregating instead of diffusing and adsorbing at the 

interface water-solid. Such behavior has already been reported for diphasic solutions composed of 

oppositely charged polyelectrolytes adsorbing at air-water interface.212 

 

Figure 4.2 Evolution of the negative frequency shift as a function of time upon injecting 

P(NIPAAm) aqueous solution on SiO2 surface. 

 

To better understand the effect of constant temperature on the film formation kinetics, the negative 

resonance frequency shift -∆f3/3 was first normalized to the values at beginning and infinity of film 

formation using equation (4.1):  

φ(t) =
∆f3

3
(t)−

∆f3
3

(∞)

∆f3
3

(0)−
∆f3

3
(∞)

 (4.1) 
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Where φ(t) is the polymeric film formation progress (the conversion of P(NIPAAm)  coils into 

globules also known as the collapse process), 
∆f3

3
(t), 

∆f3

3
(∞),   

∆f3

3
(0) are the resonance frequencies 

at time t, extrapolated to infinite time and at the start of the film formation, respectively.  

Figure 4.3a displays this normalization as a function of temperature. We can see distinct normalized 

curves as the temperature increases from 24 °C to 32 °C, however we also observe an overlap of 

the data at 34 °C and 36 °C. Due to this overlap, we considered diluting the solution ten times to 

deconvolute the film formation progress. 

 In order to better quantify the polymeric film progress as a function of  time, we define τoff (the 

observed time) as the time required for P(NIPAAm)  coils to decrease their numbers by 1/e at the 

silica surface. Graphically, we represent this extracted time as the intersection between the 

horizontal line 1/e and the φ(t) curve. 

 

Figure 4.3 Normalization of the polymeric film formation progress φ as a function of time for 

different temperatures below and above the critical transition temperature (a). Plot of the extracted 

observed time as a function of time (b). 

 

Figure 4.3b shows that the increase of temperature from 24 °C to 32 °C results in a deceleration of 

the conversion coil to globule as τoff increases from 22.6 s to 45.6 s. Meanwhile, we note a stepwise 

acceleration of this process: first between 32 °C and 34 °C and second between 34 °C and 36 °C.  
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In order to investigate the relaxation behavior of P(NIPAAm) formed layers, we employed the 

empirical Kohlrausch-Williams-Watts relaxation function (previously presented in chapter 1) to 

directly represent the polymeric film formation progress. 

φ(t) = exp [−(
t

τ
)]β(4.2) 

where τ presents the film formation time scale and β the KWW exponent having characteristic 

values for certain dynamic processes.  

Stretched KWW fit curves with β<1 were once again used to describe the dynamics of systems 

showing subdiffusive behavior whereas compressed KWW fit curves with β>1 were attributed to 

the dynamics of “soft glassy materials”. 

Fitting our experimental data into equation (4.2) using τ such that φ (t) =  e−1 revealed that better 

fits are obtained when β> 1 compared to simple exponential β=1 and stretched fit β=0.7, as shown 

in Figure 4.4a.  

 

 

Figure 4.4 Normalized evolution of P(NIPAAm) film formation progress as a function of time at 

30 °C as observed during isothermal formation of P(NIPAAm) film. Black: Normalized QCM-data, 

see text for details. Colored lines: KWW fit curves using different values for β (a). Fit of normalized 

data at 30°C according to two-step kinetic model. Black: Normalized data. Colored lines: fractions 

of polymer species during the film formation process as given by equation (4.3). 
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This compressed exponential function implies that the formation process of P(NIPAAM) 

layer(s)on silica surface relaxes faster than following a simple exponential. While one should 

expect slower decay as reported for glassy systems, the unusual compressed exponential behavior 

has been attributed recently to deformation of soft colloids at high packing density.213 

 

Moreover, the microscopic origin of the higher β exponent was claimed to be due to an interplay 

between dynamical heterogeneities (collective motions of portions of particles) and particle 

deformations including deswelling,214 interpenetration, 215 and isotropic compression.216 

Interestingly, β > 1 was also used to describe different systems being out of equilibrium by 

sufficiently time-resolved and ensemble-averaged methods, including X-ray photon 

spectroscopy,217 diffusion wave spectroscopy,218 static light scattering in highly packed system.90  

These studies were mainly dedicated to bulk colloidal glasses. However, β > 1 was rarely found 

for soft colloidal particles under confinement, which is most probably due to the lack of techniques 

enabling the monitoring of structural evolution of confined soft particles except with confocal 

microscopy.123 To the best of our knowledge, this is the first study of the anomalous dynamics of 

colloidal particles in thin films using the quartz crystal microbalance with dissipation monitoring 

QCM-D. 

4.4.3 Two-Step Model Hypothesis 

To understand the experimental observation of compressed exponential kinetics, we used a two-

step kinetic model developed in a previous investigation of decelerated melting219 of crystalline 

materials where their solid-liquid transition exhibits slow kinetics and can also be fit by equation 

(4.2). 

The application of this two-step model in the current case suggests a competition between two 

processes. We assume that the first process is governed by superdiffusive dynamic (non-Fickian 

diffusion) due to random local instabilities. For the current assumption, the KWW exponent was 

chosen to be β=2. For this value of β, the fit corresponds to a Gaussian function, and thus the 

probability density of local random instability shows a Gaussian distribution. 
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 However, the second process is assumed to result from diffusive motions as particles displacement 

should increase as the square root of time (Fickian diffusion). This assumption implies that the 

decay function shows a simple exponential behavior (reflecting first or zero order kinetic) with a 

β=1.  

The experimental data was modeled using this two-step model (see Figure 4.4b). The obtained film 

formation progress (fraction of polymer particles φ(t)) follows the function. 

φ(t) = φ
coils

(t) + φ
1
(t) = {

√π

2

τ1

τ2
exp (−

t

τ2
) exp ((

τ1

2τ2
)

2

) [erf (
τ1

2τ2
) − erf (

τ1

2τ2
−

t

τ1
)]} +

exp (−
t

τ2
) (4.3)

  

Here φcoils represents the fraction of polymer coils on the surface, φ1 represents the fraction of an 

intermediate phase before transformation into a packed film on the surface and the indices 1 and 2 

refer to the step number, respectively.  

Considering that the formation of the P(NIPAAm)  film is the result of the deswelling and collapse 

of the coils, one can think that the extracted transformation times τ1 and τ2 are related to the 

diffusion time scale of the system’s particles on the film’s thickness, while τoff  is related to the 

viscoelastic structural relaxation rate due to the coil-globule transformation. 

To investigate the temperature induced transition on the dynamics of P(NIPAAm) film deposition 

on silica surface, we scaled the logarithm of the observed characteristic transformation times τ1 

and  τ2 extracted from equation (4.3) as well as τoff   as a function of  the inverse of temperature for 

two different concentrations (see Figure 4.5a). 

 As expected from the previously normalized data in Figure 4.3b, the film transformation at 0.04 

wt% concentration shows two competing kinetic regimes depending on whether the temperature is 

lower or higher than 30 °C. The first kinetic regime is rather slow as the logarithm of the observed 

experimental time τoff increases from 24 to 30°C while the second regime is fast as ln τoff decreases 

from 30 to 36°C. 
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Figure 4.5 Arrhenius plot of characteristic transfomation times extracted from the two-step model 

at 0.04 wt% P(NIPAAm) aqueous solution (a), at 0.0004 wt% P(NIPAAm) aqueous solution (b). 

 

Below 30°C, the increase of temperature results in an increase of the logarithm of τ1, while τ2 

decreases in the same considered temperature range. We note a change in the slope of the extracted 

times and the offset time as the temperature increases between 24 °C and 28 °C, suggesting that 

the collapse transition is happening below the LCST and could be considered as a thermally 

activated process. 

 When the temperature is higher than 30 °C, we observe that the evolution trend of τ1 , τ2 and τoff 

is reversed. The parallel evolution of  τoff  and τ1 below and above 30°C reveals that the 

superdiffusion dominating the first process has a link with the viscoelastic nature of P(NIPAAm) . 

 In addition, we notice that the sum of τ1 and τ2 gives almost the same value as τoff. This 

observation infers that during P(NIPAAm) film formation, the whole diffusion process (non 

Fickian and Fickian) is in the same order of system structural relaxation.  
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Table 4.2 Comparison between different relaxation times extracted from the normalized and 

modeled data at (0.04 wt% and 0.0004 wt%) 

Concentration 0.04 wt% 0.0004 wt% 

Temperature (°C) τ1 (s) τ2 (s) τoff(s) τ1(s) τ2(s) τoff(s) 

24 10.95 11.39 23.44 33.65 8.87 44.07 

28 24.78 7.33 33.26 32.79 6.45 41.28 

30 26.57 8.89 35.87 32.57 6 39.07 

32 38.19 6.21 45.60 20.52 17.35 38.85 

34 34.39 9.57 45.08 20.70 14.83 36.49 

36 11.3 15.73 27.50 13.62 13.43 29.17 

 

 

To investigate the effect of concentration on the P(NIPAAm) film formation kinetics, we studied 

a ten times diluted solution via QCM and presented the two-step model extracted times and the 

offset time in table 4.2.  

For temperatures between 24 °C and 30 °C, we note that τ1 and τoff values are lower at higher 

solution concentration while τ2 values are higher. 

 In the temperature range 32 °C - 34 °C, we observe that τ1 and τoff values become higher at higher 

concentration wheras τ2 is lower. In this temperature range, the effect of the concentration on the 

viscoelastic relaxation time and the superdiffusive process is clear as τ1 and τoff are higher for the 

highest tested concentration.  

At 36°C, the extracted times are qualitatively similar to the ones in 24 -30 °C.  
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When we look at the logarithm of the extracted times as a function of the inversed temperature at 

ten times diluted concentration (see Figure 4.5b), we observe almost no temperature dependence 

in 24 °C - 30 °C of the process associated with τ1 whereas the process associated with τ2 shows a 

little temperature dependence as compared to the more concentrated solution in the same 

temperature range. This observation suggests that the increase of concentration slows the 

deswelling kinetics below LCST due to higher particle packing.  

 

When the temperature reaches 30 °C, a clear transition from a first to a second kinetic regime takes 

place, both and decrease in parallel and it seems both processes dominate the activation energy in 

30-36 °C temperature range.   

 

As we mentioned earlier, the two step model was used to study the kinetics of melting of materials 

with large free volume such as zeolites.220 The high free volume of these materials leads to the 

collapse of their structure at a temperature close to the glass transition of the molten liquid. In our 

study, the studied material is a glassy polymer and the temperature range 24-36°C. 

It is widely accepted that in contrast to highly porous materials, glassy polymers such as 

P(NIPAAm) have less free volume below Tg. Their polymer chains are not sufficiently mobile to 

allow the solvent to penetrate the polymer core easily.221 

This restriction of polymer chains in glassy state results in fixed holes that hinders the solvent 

molecules’ diffusion during the swelling-deswelling process.222 

Moreover, our results illustrate that the formation process of P(NIPAAm) polymer film due to 

deswelling phenomenon results mainly from two steps, both dependent on temperature and 

concentration. This two-step diffusion model is in agreement with Long and Reichman model 

related to diffusion of vapors in glassy polymers.223 

 

They proposed that the swelling process happens stepwise as the concentration of vapor does not 

instantaneously reach its equilibrium value at the polymer surface. In the first step, the sorption 

shows characteristics of Fickian diffusion. The second step is slow and shows diffusion anomalies 
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due to the slow relaxation of polymer segments. The formation of P(NIPAAm) film in our case is 

due to deswelling, this is why the order of the processes is inversed. 

The observed diffusion anomaly expressed in our model is also in agreement with Thomas and 

Windle’s model.224 The kinetic controlling process for transport in glassy polymer is considered to 

be diffusion of solvent coupled with time-dependent mechanical deformation of the polymer glass 

in response to the swelling stress. In our study, we show that the extracted times for diffusion 

process via the two-step model are in the same order of time as the observed P(NIPAAm) relaxation 

time provided by QCM experiment. 

It is worth noting to mention that the evolution of τoff as a function of concentration below and 

above LCST is partially in agreement with recent results of colloidal silica-P(NIPAAm)  core –

shell nanogels.196  

Diluted concentrations show decrease of relaxation times (fast dynamics) from 20 °C to 36 °C from 

but slow dynamics at high concentration. Moreover, the estimated structural relaxation at 36 °C is 

in the same order of magnitude for the observed transformation time of our system, although we 

are investigating a thin film with a non-time resolved technique. 

 

Figure 4.6 Quality fit of KWW equation applied to P(NIPAAm) film formation normalized data as 

a function of temperature at three different concentration: at 0.04 wt% P(NIPAAm) aqueous 

solution (a) at 0.009 wt% P(NIPAAm) aqueous solution (b) at 0.004 wt% P(NIPAAm)  aqueous 

solution (c). 
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The difference in the evolution of τ1 and τ2 with concentration below and above 30 °C suggests 

that superdiffusion and diffusion regimes  dominate the film formation depending on temperature 

and concentration. 

 In order to gain better insight about the interplay between these two mechanisms, we fitted our 

data according to equation (4.2) by fixing τ = τoff and change of β between 0.7 and 2 for three 

different concentrations 0.04 (most concentrated), 0.0009 (semi diluted) and 0.0004 wt% (diluted) 

(see Figure 4.6). 

 For all concentrations and for a temperature below 30 °C, we observe that the best fit is mainly 

represented by compressed exponential functions with β= {1.3;1.5;1.7;2} as compared to simple 

and stretched functions. The discrete values of β were chosen on the basis of different values 

reported in the literature for highly packed disordered systems: 1.3 for metallic glasses below Tg
225 

and 1.5 for shrinking colloidal gels.226 

For the most concentrated and semi-diluted solutions, the quality fit decreases with temperature 

from 24 °C to 30 °C.  

However, for the most diluted solution β decreases in same fashion then increases suddenly 

between 28 °C and 30 °C. 

 From 30 °C to 32 °C, we observe a decrease in the fit quality for all different β values at all 

concentrations. This decrease confirms that dynamic of the film formation changes near to the 

LCST and could imply other mechanisms along with diffusion, including changing between 

repulsive and attractive forces. 

At temperatures between 32 °C and 34 °C, we observe that the quality fit is stable for the more 

concentrated solution and an increase of the fit quality for the semi-diluted and diluted solutions.  

Finally, between 34 °C and 36 °C, we observe a good quality fit for the compressed exponential 

with β= {1.3;1.5;1.7;2}. Again, we emphasize here that the first process (superdiffusion) dominates 

the film formation of P(NIPAAm) on silica surface in particular at high concentration.  

Although the compressed exponential with β =1.5 was observed for many aging colloidal systems 

and was explained microscopically by relaxation of internal stresses associated with deswelling,227 
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more theoretical work is required to determine the microscopic picture of why the best fit is 

observed for P(NIPAAm)  chains at β = 2. 

In conclusion, the difference in the evolution of  τ1 and  τ2  below and above 30 °C suggests that 

we have two different steps associated with the formation of P(NIPAAm) thin film on silica 

surface, the steps being a superposition of concentration and temperature driven effects. 

4.4.4 Variation of viscoelastic properties of P(NIPAAm) layers upon 

isothermal deposition 

After focusing on the kinetic dependence of P(NIPAAm) layers with temperature on the frequency 

shift during isothermal deposition, we would like to investigate if the stepwise character of the 

kinetic has a direct link with the viscoelasticity of P(NIPAAm) layers. It is widely accepted that 

polymer chains often relax on the time scale (the oscillation’s period of QCM-D experiment) 

leading to dependence of the viscoelastic properties with frequency. QCM-D offers the possibility 

to investigate this dependence by comparing the material response to different overtones. 

Figure 4.7a, Figure 4.7b and Figure 4.7c show the evolution of the negative frequency shift as a 

function of the overtone order at n= {3,5,7} corresponding to 15, 25, 35 MHz respectively, for 

different temperatures below LCST (24 °C), around LCST (32 °C) and above LCST (36 °C). In 

the two first cases (24 °C and 32 °C), we observe an overlap of -∆fn/n at the three studied overtones 

between 0 and 70 s followed by a dispersion and consistent decrease of -∆fn/n values with the 

overtone number between 70 and 200s. 

While the n-independent values for -∆fn/n reflect the rigid nature of the adsorbed film, the 

divergence of those values reveals its rather viscoelastic nature,124 below and around LCST. Above 

LCST we see a continuous overlap of -∆fn/n as a function of the overtones from 0s to 200 s, which 

again is the signature of rigid layers’ formation. 

Interestingly, the evolution of the isotherms follows different shapes. While we observe a Langmuir 

shaped curve (indicating monolayer adsorption) at 24 °C, the adsorption curve at 32°C shows 

similarity with BET sigmoidal isotherms (indicating multilayers adsorption). At 36 °C the isotherm 

of P(NIPAAm) shows a Langmuir like shape, although one expects multilayer adsorption of 

aggregates to happen at this temperature as previously shown in our DLS measurements. 
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Figure 4.7 The evolution of the negative frequency shifts as a function of time upon injection 

0.04wt% P(NIPAAm) aqueous solution on SiO2 surface. Data from third -, fifth- and seventh –

order harmonics are included and are scaled according to equation (4.2) for direct comp 

comparison at different isothermal conditions below LCST (a), at LCST (b) and above LCST (c). 

Dissipation changes were plotted against the negative frequency shift for the same polymer 

solution below, during and above LCST (d). 

 

Plotting dissipation ∆D3 vs. -∆f3/3 (see Figure 4.7d, D-f plot) allowed us to eliminate the time as a 

variable and focus on the link between the surface coverage (-∆f3/3) and viscoelasticity (∆D3).
164  

First we note that the frequency shifts and the dissipation shifts increase in parallel, and they do so 

from the very beginning of the experiment for the 24 °C and 32 °C experiment, and with a little 

delay for the 36 °C. The linear increase indicates a layer-by-layer homogenous growth followed 

by a deviation from linearity which could be attributed to further rearrangement or conformational 

changes with higher surface coverage.180 
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Estimation of the slope of each D-f plot yields the highest slope ∆D3/(-∆f3/3) at 32 °C while the 

lowest slope is attributed to 36 °C. In addition, the linear part corresponds to ~81.5% of the 

complete adsorption at 32 °C while it amounts to ~55% and~ 66% at 24 °C and 36 °C, respectively.  

Although our silica substrate is hydrophilic, we observe similarities of our D-f plot at different 

temperatures with a similar plot from isothermal deposition of P(NIPAAm)  at 31 °C on 

hydrophobic gold164 where the linear regime was reported to cover the first 70% of adsorption 

process.  

However, the adsorption curve characteristics of cationic polyelectrolytes on gold differ slightly, 

the linear regime starting after 25% of the adsorption as the polyelectrolyte forms a rigid monolayer 

in the early stages of the adsorption, not causing any dissipation changes.228 

This comparison shows that the viscoelasticity of the built up P(NIPAAm) layers as well as the 

surface coverage are a function of temperature in contrast to non-thermosensitive polymers. 

Although we observe the same growth mechanism (homogenous growth followed by 

densification), we expect different layer structure due to the effect of temperature on polymer 

conformation. Our results postulate that we have multilayers formation characterized by high 

viscoelasticity around the LCST (32 °C), swollen monolayer of coils below the LCST (24 °C) and 

rigid multilayers of globules above the LCST (36 °C). 

4.4.5 Non-isothermal kinetic study of glassy wet layers on P(NIPAAm) 

on silica surface 

In order to know more about the kinetics of formation P(NIPAAm) layers on silica surface we 

studied the evolution of the resonance frequency shift as a function of temperature during heating 

and cooling cycles as shown in Figure 4.8a where 0.05 K/min as an example of scanning rate.  

Increasing values of –Δf3/3 indicate that the areal mass load of the QCM sensor increases. The 

increase of temperature from 20 °C results in a slight increase of –Δf3/3 which could be explained 

by slight adsorption of P(NIPAAm) at the silica-water interface. Once the temperature reaches 

31.6 °C (corresponding to the intersection between the tangents of the curve when the signal 

changes its slope), we observe a sudden growth of –Δf3/3 which reaches a plateau at ~38 °C. 
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The sudden jump of –Δf3/3 is probably due to LCST as the water/P(NIPAAm) are expected to 

phase separate on silica surface leading to higher adsorption. Interestingly, this sharp LCST 

transition shows similarities to the one reported for P(NIPAAm-co-DEGDVE) layers deposited on 

nanostructured surfaces135, although the reported value of LCST is 3.1 K lower than our extracted 

value. The cooling of this solution shows a remarkable hysteresis and happens in two stages: one 

stage between 39.93 °C and 31.1 °C (corresponding to the breaking up of aggregates and hydrogen 

bonds),229 the second stage between 31.1 °C and 20 °C (associated with the dissolution of the 

polymer and as a consequence desorption from the surface). 

The asymmetry between the heating and cooling processes on P(NIPAAm) wet layers suggests that 

we may have a slow dynamic not only during heating (as corroborated by our isothermal deposition 

measurements) but also during cooling. In order to gain a better insight into the kinetic dependence 

of deposited P(NIPAAm) layers, we show in Figure 4.8b the effect of the cooling rate on the 

negative frequency shift between 39.93 °C and 20 °C. The increase of the cooling rate leads to the 

shift of the disaggregation and dissolution temperatures to lower values.  

This behavior indicates that the deposited P(NIPAAm) layers behave like a supercooled liquid and 

may show a glass transition phenomenon upon cooling. Therefore, we normalized the data of the 

first cooling stage as a function of time for different cooling rates according between 39.9°C and 

the dissolution temperature (inflection point) according to equation (4.1). In this case φ (t) 

represents the evolution of the glassy film disaggregation, 
∆f3

3
(t), 

∆f3

3
(∞),   

∆f3

3
(0) are the resonance 

frequencies at time t, extrapolated to infinite time corresponding to the inflection point of the 

cooling curve, and at the start of the glassy film disaggregation, respectively (see Figure 4.8c). 

Interestingly, although we are working with a diluted P(NIPAAm)  solution on a surface, we 

observe a clear hallmark of colloidal glass transition during cooling of P(NIPAAm) : First a fast 

decay attributed to β-relaxation, followed by an intermediate plateau then the slower α-relaxation.90  

This observation suggests that when starting cooling, the concentration of polymer at the surface 

could be higher than in the bulk solution and we may have a formation of P(NIPAAm) glassy wet 

layers which have slow dynamics like concentrated colloidal suspension with high volume fraction. 
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Figure 4.8 Non-isothermal scan of P(NIPAAm) flowing solution of 0.04wt% on silica surface at 

0.05K/min heating and 0.05K/mn cooling (a). negative frequency shifts as a function of 

temperature as different cooling rates as indicated (b), normalization upon cooling the solution 

between 39.9°C and the dissolution temperature (inflection point) at different scanning rates. The 

investigated solution is 0.04 wt% P(NIPAAm) in water (c). 

 

We have shown that non-isothermal treatment of P(NIPAAm) solution leads to the formation of 

glassy structures on silica surface due to coil collapse and water release. The glassy structure thus 

formed is also kinetically dependent.  

 

Moreover, we have elucidated in the previous sections that the isothermal deposition of 

P(NIPAAm) layers may involve formation of glass-like structures during the deswelling.  

 

Figure 4.9a and Figure 4.9b show a comparison between a constructed non-isothermal scan from 

the resonance frequency and dissipation shifts at different overtones retrieved from the isothermal 

study (at 0K/min) and non-isothermal at 0.05 K/min heating rate of the same P(NIPAAm) solution 

0.04 wt%.  

 

We observe first through –Δfn/n that the overall deposited mass of P(NIPAAm) is higher at 

0.05K/min in the represented temperature range 24-36°C. However, we see that for both isothermal 

and non-isothermal graphs, the dissipation peaks happen around the LCST (at ~32°C and 

~33.2°C).This jump is reminiscent of the increase of surface shear elasticity and viscosity already 
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reported for P(NIPAAm)  photocrosslinked on gold surface230 or adsorbed at the air-water 

interface231 underlying a transition from a Newtonian liquidlike state to an elastic state.  

However, a comparison between the data of the two figures between 34 and 36°C, reveals that 

while -∆fn/n and ΔDn decrease in isothermal condition conjointly with an overlap of the overtones 

(rigidification/stiffening), the non-isothermal treatment leads to an increase of -∆fn/n and spreading 

of the overtones (softening). This observation supports the idea that denser P(NIPAAm) layers 

could be produced isothermally as compared to the non-isothermal scan. 

 

Figure 4.9 Construction of a non-isothermal heating scan at an imaginary heating rate 0 K/min. 

The data points of the resonance frequency and dissipation shifts were retrieved at 200s from 

P(NIPAAm) isotherms at the previously studied temperatures and overtone (a), Non-isothermal 

scan of P(NIPAAm) flowing solution of 0.04wt% on silica surface at heating rate 0.05 K/mn (b). 

In this figure the resonance frequency and dissipation shifts at different overtones are represented. 

 

4.5 Conclusion  

In this contribution we explored the formation of wet poly(N-isopropylacrylamide) layers on silica 

surface using the Quartz Crystal Microbalance with dissipation monitoring technique (QCM-D).  

Employing a simple two-step kinetic model revealed that the formation of polymer layers is 

governed by a two-stage model where the first stage is superdiffusive (slow process) while the 

second stage is diffusive (fast process).  
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The two-step model showed us that the formed film relaxes at the same time as the QCM 

experiment and the observed relaxation time is in the same order of magnitude of the extracted 

times from the employed model showing diffusion anomaly.  

Thinking from a glass perspective, we supposed that this diffusion anomaly originates from the 

formation of a glassy-like structure of the film due to the collapse of the polymer. This glassy 

structure prevents a normal diffusion of polymer particles or water molecules as it is characterized 

by structural changes and maybe abnormal higher concentration gradient on the thickness.  

 

Furthermore, it has slow relaxation times and shows dramatic increase of frequency and dissipation 

shifts, reminiscent of rheological changes of polymers during the glass transition. 

 

Finally, we show that the glass-like behaviour of P(NIPAAm) layers can be studied by changing 

the heating rates and cooling rates upon non-isothermal scans. In addition, the normalization of our 

data in the cooling process showed that the formed layers undergo a colloidal glass transition 

similar to the one detected by ensemble averaged methods when investigating overpacked 

thermosensitive colloids. 

 

Our findings should be of a great interest in the field of soft glassy thin films.
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Conclusion of the manuscript 

In conclusion, this work investigated the isothermal deposition kinetics, structural complexity and 

mechanical properties of glass-forming soft layers using a high-frequency surface spectroscopy 

technique: a quartz crystal microbalance with dissipation monitoring (QCM-D).  

The first motivation of this thesis was to simulate the glass transition under near ambient-

temperature conditions (15-60°C). To carry out this simulation, thin films of stimuli-responsive 

polymers dissolved in aqueous solution were physically applied on a silica-coated substrate. 

The materials studied in this manuscript are the dual light- and temperature-responsive poly 

(triethylene glycol acrylate-co-spiropyran acrylate) P(TEGA-co-SPA) and the temperature-

responsive poly(N-isopropylacrylamide) P(NIPAAm). The choice of these two polymeric 

materials is based on several criteria. 

• First, they offer the possibility of forming glasses when they undergo phase separation in 

solution. This property opens the way to obtaining novel glasses at low temperatures, 

compared to conventional silicate glasses often produced at high temperatures (T>1000°C). 

• Second, applying different stimuli to these confined materials enables the control of the 

particle size and the interactions between the particles and the solvent. Consequently, 

stimuli through heat or illumination can be used to manipulate the film formation kinetics 

and the conformational state of the film. 

• Third, polymer particles are characterized by their deformability through shrinking, 

interpenetration and compression, in contrast to hard inorganic glass particles. These 

features allow us to simulate the formation of glasses with high particle-packing density. 

Our aim is to correlate this high particle-packing density to strong mechanical properties. 

After introducing structure-property relationships of materials at interfaces (chapter 1) and 

fundamentals of shear elastic waves analysis (chapter 2), we dedicated chapter 3 and chapter 4 to 

elucidating the results of our study. 

In chapter 3, we investigated the effect of temperature and light on the conformational changes of 

a Poly (triethylene glycol acrylate-co-spiropyran acrylate) (P(TEGA-co-SPA)) copolymer 

containing 12%–14% of Spiropyran in dilute aqueous solution by Dynamic Light Scattering (DLS) 
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and at the silica–water interface by Quartz Crystal Microbalance with Dissipation Monitoring 

(QCM-D). We showed that the hydrodynamic radius rh of the studied copolymer solution increased 

suddenly at ~66°C (339.15 K). This sudden increase of rh characterizes the lower critical solubility 

temperature (LCST) of thermosensitive polymers. Here, the observed transition temperature 

occured ~23 K above the reported cloud point for the same copolymer composition diluted in pH 

8 TRIS buffer and irradiated with 540 nm green light, as detected by UV/VIS spectroscopy. This 

temperature shift was discussed in the context of changed electrostatic interactions due to salts 

contained in the buffer. 

Furthermore, we investigated the effect of UV-light on the hydration state of the isothermally 

deposited P (TEGA-co-SPA) layers below and above the LCST, by monitoring shifts in resonance 

frequency and in acoustic dissipation as a function of temperature and illumination conditions.  

Below the lower critical temperature, the layer of P(TEGA-co-SPA) swells under UV-light due to 

the photoisomerization of the hydrophobic Spiropyran into the more hydrophilic Merocyanine. 

This photo-induced hydration is favoured when the thermoresponsive part of the copolymer 

P(TEGA) is sufficiently hydrophilic and results in the extension of the adsorbed copolymer coils 

towards the solution.  

Above the LCST, we see a competition between PTEGA globule adsorption on the sensor surface 

and photoconversion of Spiropyran to Merocyanine, facilitating desorption. When the UV-light is 

switched on, the growth of the copolymer film is decelerated, and while the  conformational 

changes of the copolymer can still proceed within the film, these would be significantly slower in 

their response rate due to reduced film mobility when compared to the polymer in solution. 

Moreover, we show through non-isothermal scans that the coil-to-globule transition of the adsorbed 

copolymer being exposed to visible or UV light shifts to a lower LCST compared to the bulk 

solution: the transition temperature determined acoustically on the surface is 4 to 8 K lower than 

the cloud point temperature reported by UV/VIS spectroscopy in aqueous solution. We attribute 

this difference to the formation of non-equilibrium adsorbed multilayers on the silica surface. 

Last but not least, we demonstrated that the built-up wetting layers display a variation of their 

viscoelastic properties with temperature and illumination conditions, which affects their 

densification. Under visible light, a dense film is formed once the surface is saturated. Under UV-
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light, we expect a film with lower density as the adsorbates have less time to rearrange themselves 

due to the deceleration of adsorption and polarity change. 

In chapter 4, we investigated the formation of soft poly(N-isopropylacrylamide) P(NIPAAm) 

layers on silica surface using the Quartz Crystal Microbalance with dissipation monitoring 

technique (QCM-D).  

As a preliminary study, we have characterized this thermosensitive material in powder using X-

Ray diffraction (XRD) and Differential Scanning Calorimetry (DSC) and in dilute aqueous solution 

using Dynamic Light Scattering (DLS). 

We showed that in powdered form, this material is amorphous and has a glass transition 

temperature of ~137.6°C (410.75 K). We also observed that the rh of P(NIPAAm) in solution 

increases from 3 to 268 nm at T~32.4°C. We attributed this temperature to the LCST of our studied 

material in solution. The DLS measurement provided us with a direct information about the size of 

polymer aggregates (mesoglobules) as well as its dependence on concentration and heating rate. 

Furthermore, we studied the isothermal deposition kinetics of P(NIPAAm) layers on silica-coated 

resonators in the temperature range of 24-36°C.  

By applying a two-step kinetic model (used previously to characterize the amorphization of 

zeolithic crystalline materials), we found that the formation of thermoresponsive layers occurs in 

two stages: A superdiffusive (slow process) first stage fitting a compressed exponential function 

and a diffusive (fast process) second stage fitting a simple exponential function. We attributed the 

compressed exponential behavior to the deformation of polymer particles at high particle packing 

density during the deswelling (shrinkage) process. 

This two-step model showed us that the formed film relaxes on the time scale (the oscillation 

period) of the QCM-experiment, the observed relaxation time has the same order of magnitude as 

the extracted characteristic times of the two processes. Furthermore, these extracted times showed 

anomalous dependence on temperature and concentration below and above the lower critical 

solution temperature (LCST), inferring a possible glasslike feature of the collapsed polymer 

globules. 
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Then, we investigated the variation of viscoelasticity of the isothermally-deposited layers below 

and above the LCST by monitoring the frequency dependence of elastic parameters (such as shear 

modulus) expressed in terms of the resonance frequency and dissipation shifts. 

Our results postulated the formation of multilayers characterized by high viscoelasticity around the 

LCST (32 °C), a swollen monolayer of coils below the LCST (24 °C) and rigid multilayers of 

globules above the LCST (36 °C). Here we emphasize that the layers of highest density are formed 

above the LCST similarly to what we observed for P(TEGA-co-SPA) under visible light 

illumination. 

At the end, we showed through non-isothermal scans that the formation of P(NIPAAm) layers is 

dependent on the heating and cooling rates. In addition, the normalization of our data in the cooling 

process showed that the formed layers undergo a colloidal glass transition. Lastly, we noticed an 

analogy between the dramatic increase of resonance frequency and dissipation shifts around LCST 

monitored with QCM-D and the elastic property changes of polymers during glass transition using 

lower frequency rheological methods (e.g, Dynamic Mechanical Analysis). 

The present study extends the state of the art in two main disciplines.  

The first discipline is fundamental research in glass sciences. We experimentally investigated the 

kinetic and dynamic aspects of the glass transition of soft glass forming materials under 

confinement. Our work therefore constitutes another attempt to test the validity of glass transition 

theories. Despite the usefulness of the shear elastic waves analysis in our study, dynamic 

heterogeneities of confined glasses have not been investigated here. A combination of QCM-D 

with Raman spectroscopy or Confocal Scanning Microscopy could be useful experimental 

approaches to extend our findings in this direction.  

The second discipline is the research of multistimuli-responsive polymers, where our findings 

would be of great interest for applications that need a remote-controlled switching, especially in 

microfluidic chips and biomedical applications.
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Zusammenfassung der Arbeit 

 

In dieser Arbeit wurden die isotherme Abscheidungskinetik, die strukturelle Komplexität und die 

mechanischen Eigenschaften Glas-bildender Polymerschichten mit Hilfe einer Hochfrequenz-

Oberflächenspektroskopiemethode untersucht: einer Schwingquarz-Mikrowaage mit 

Dissipationssaufzeichnung (QCM-D).  

Die erste Motivation dieser Arbeit war es, den Glasübergang unter Bedingungen nahe der 

Raumtemperatur (15-60°C) zu simulieren. Dazu wurden dünne Filme von Stimulus-responsiven 

Polymeren in wässriger Lösung auf ein mit Siliziumdioxid beschichtetes Substrat aufgebracht. 

Bei den untersuchten Materialien handelte es sich um ein licht- und temperaturempfindliches 

Poly(triethylenglycolacrylat-co-spiropyranacrylat) P(TEGA-co-SPA) und ein 

temperaturempfindliches Poly(N-isopropylacrylamid) P(NIPAAm). Die Wahl dieser beiden 

Polymere beruht auf mehreren Kriterien: 

- Erstens ermöglichen diese die Bildung von Gläsern, wenn sie in der Lösung eine Phasentrennung 

vollziehen. Diese Eigenschaft gewährt Zugang zu neuartigen Gläsern bei niedrigen Temperaturen, 

insbesondere im Vergleich zu herkömmlichen Silikat-basierten Glassystemen, die häufig bei hohen 

Temperaturen (T>1000°C) hergestellt werden. 

- Zweitens ermöglicht die gezielte Nutzung verschiedener Stimuli auf diese Materialien die 

Einflussnahme auf die Größe der Partikel und deren Wechselwirkungen mit dem Lösungsmittel. 

Folglich können Stimuli in Form von Wärmezufuhr oder Beleuchtung die Kinetik der Filmbildung 

und den Konformationszustand des Films beeinflussen.  

- Drittens zeichnen sich Polymerpartikel im Gegensatz zu harten anorganischen Glaspartikeln 

durch ihre Verformbarkeit durch Schrumpfung, Interpenetration und Kompression aus. Diese 

Eigenschaften ermöglichen es, die Bildung von Gläsern mit hoher Teilchenpackungsdichte zu 

simulieren. Unser Ziel ist es, diese hohe Teilchenpackungsdichte mit starken mechanischen 

Eigenschaften zu korrelieren. 
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Nach einer Einführung in die Struktur-Eigenschafts-Beziehungen von Materialien an Grenzflächen 

(Kapitel 1) und in die Grundlagen der Analyse scher-elastischer Wellen (Kapitel 2) widmen wir 

uns in Kapitel 3 und 4 der Erläuterung der Ergebnisse unserer Studie. 

In Kapitel 3 beschreiben wir die Auswirkungen von Temperatur und Licht auf die 

Konformationsänderungen eines Poly(triethylenglykolacrylat-co-spiropyranacrylat) (P(TEGA-co-

SPA)) -Copolymers mit 12%-14% Spiropyran in verdünnter wässriger Lösung mittels dynamischer 

Lichtstreuung (DLS) und an der Siliziumdioxid-Wasser-Grenzfläche mittels QCM-D 

(Schwingquarzmikrowaage mit Dissipationsaufzeichnung). Wir zeigen, dass der hydrodynamische 

Radius rh der untersuchten Copolymerlösung bei ~66°C (339,15 K) plötzlich ansteigt. Dieser 

plötzliche Anstieg von rh charakterisiert die untere kritische Lösungstemperatur (engl. lower 

critical solubility temperature - LCST) thermosensitiver Polymere. In unseren Studien lag die 

beobachtete Übergangstemperatur ~23 K über dem in der Literatur berichteten Trübungspunkt für 

dieselbe Copolymerzusammensetzung, welche in TRIS-Puffer bei pH 8 verdünnt und mit grünem 

Licht von 540 nm bestrahlt wurde. Diese Temperaturverschiebung wurde im Hinblick auf 

veränderte elektrostatische Wechselwirkungen aufgrund der im Puffer enthaltenen Salze diskutiert. 

Darüber hinaus untersuchten wir die Wirkung von UV-Licht auf den Hydratationszustand der 

isotherm abgeschiedenen P (TEGA-co-SPA)-Schichten unterhalb und oberhalb der LCST, indem 

wir Verschiebungen der Resonanzfrequenz und der akustischen Dissipation als Funktion der 

Temperatur und der Beleuchtungsbedingungen beobachteten.  

Unterhalb der unteren kritischen Temperatur kommt es unter UV-Bestrahlung zum Aufquellen der 

P(TEGA-co-SPA) -Schicht aufgrund der Photoisomerisierung des hydrophoben Spiropyrans in das 

hydrophilere Merocyanin. Diese photo-induzierte Hydratation wird begünstigt, wenn der 

thermoresponsive Teil des Copolymers P(TEGA) ausreichend hydrophil ist, und führt zu einer 

Ausdehnung der adsorbierten Copolymerketten in Richtung der Lösung.  

Oberhalb der LCST konkurriert die Adsorption der PTEGA-Kügelchen an der Sensoroberfläche 

mit der erleichterten Desorption aufgrund der photo-induzierten Konversion von Spiropyran zu 

Merocyanin. Unter UV-Bestrahlung verlangsamt sich daher das Wachstum des Copolymerfilms. 

Während die Konformationsänderungen des Copolymers innerhalb des Films weiterhin stattfinden 

können, würden diese aufgrund der reduzierten Filmmobilität im Vergleich zum Polymer in 

Lösung deutlich langsamer ablaufen. 
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Darüber hinaus zeigen wir durch nicht-isotherme Scans, dass sich der Übergang des adsorbierten 

Copolymers vom Knäul zur Kugel unter Bestrahlung mit UV oder sichtbarem Licht zu einer 

niedrigeren LCST im Vergleich zur Lösung verschiebt: Die akustisch an der Oberfläche bestimmte 

Übergangstemperatur ist 4 bis 8 K niedriger als der durch UV/VIS-Spektroskopie in wässriger 

Lösung gemessene Trübungspunkt. Wir führen diesen Unterschied auf die Bildung von nicht im 

Gleichgewicht befindlichen adsorbierten Mehrfachschichten auf der Silica-Oberfläche zurück. 

 

Nicht zuletzt haben wir gezeigt, dass die aufgebauten Benetzungsschichten eine Variation ihrer 

viskoelastischen Eigenschaften in Abhängigkeit der Temperatur und der 

Beleuchtungsbedingungen aufweisen, was sich auf ihre Verdichtung auswirkt. Unter sichtbarem 

Licht bildet sich ein dichter Film, sobald die Oberfläche gesättigt ist. Unter UV-Licht erwarten wir 

einen Film mit geringerer Dichte, da die Adsorbate aufgrund der Verlangsamung der Adsorption 

und des Polaritätswechsels weniger Zeit haben, sich neu anzuordnen. 

In Kapitel 4 untersuchten wir die Bildung weicher Poly(N-Isopropylacrylamid) P(NIPAAm)-

Schichten auf der Oberfläche von Siliziumdioxid mit Hilfe der Schwingquarzmikrowaage mit 

Dissipationsüberwachung (QCM-D).  

In einer Vorstudie haben wir dieses wärmeempfindliche Material in Pulverform mittels 

Röntgenbeugung (XRD) und Dynamischer Differenzkalorimetrie (DSC) und in verdünnter 

wässriger Lösung mittels Dynamischer Lichtstreuung (DLS) charakterisiert. 

Wir konnten zeigen, dass dieses Polymer in pulverisierter Form amorph ist und eine 

Glasübergangstemperatur von ~137,6°C (410,75 K) aufweist.  Wir beobachteten auch, dass der rh 

von P(NIPAAm) in Lösung von 3 auf 268 nm bei T~32,4°C ansteigt. Wir führten dies auf die 

LCST unseres untersuchten Materials in Lösung zurück. Die DLS-Messung lieferte direkte 

Informationen über die Größe der Polymeraggregate (Mesoglobuli) sowie über die Abhängigkeit 

von der Konzentration und der Heizrate. 

Außerdem untersuchten wir die isotherme Abscheidungskinetik von P(NIPAAm)-Schichten auf 

Siliziumdioxid-beschichteten Resonatoren im Temperaturbereich von 24-36°C.  

Durch Anwendung eines zweistufigen Kinetik-Modells (das zuvor zur Charakterisierung des 

Kollapses (Amorphisierung) von Zeolithen –  kristalliner Gerüststruktur-Materialien –  verwendet 
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wurde) fanden wir heraus, dass die Bildung thermoresponsiver Schichten in zwei Phasen erfolgt: 

Ein superdiffusiver, langsamer Prozess in der ersten Stufe, die einer komprimierten 

Exponentialfunktion entspricht, und ein diffusiver, schneller Prozess in der zweiten Stufe, die einer 

einfachen Exponentialfunktion entspricht. Wir führten das komprimierte exponentielle Verhalten 

auf die Verformung der Polymerpartikel bei hoher Partikelpackungsdichte während des 

Entquellungsvorgangs (Schrumpfung) zurück. 

Dieses zweistufige Modell zeigte uns, dass der gebildete Film innerhalb der Messzeitskalen (also 

der Schwingungsperiode) des QCM-Experiments relaxiert; die beobachtete Relaxationszeit liegt 

in der gleichen Größenordnung wie die extrahierten Zeiten der beiden Prozesse. Darüber hinaus 

zeigen diese extrahierten Zeiten eine anomale Abhängigkeit von Temperatur und Konzentration 

unterhalb und oberhalb der unteren kritischen Lösungstemperatur (LCST), was auf eine mögliche 

glasartige Eigenschaft der kollabierten Polymerkügelchen schließen lässt. 

Anschließend untersuchten wir die Variation der Viskoelastizität der isotherm abgeschiedenen 

Schichten unterhalb und oberhalb der LCST, indem wir die Frequenzabhängigkeit der elastischen 

Parameter (z. B. Schermodul), in Form der Resonanzfrequenz und Dissipationsverschiebungen, 

beobachteten. 

Unsere Ergebnisse lassen auf die Bildung von Mehrfachschichten schließen, die sich durch eine 

hohe Viskoelastizität im Bereich der LCST (32 °C), eine gequollene Monoschicht aus Polymer-

Knäuels unterhalb der LCST (24 °C) und starre Multischichten aus Kügelchen oberhalb der LCST 

(36 °C) auszeichnen. Hier betonen wir, dass sich die Schichten mit der höchsten Dichte oberhalb 

der LCST bilden, ähnlich wie wir es bei P(TEGA-co-SPA) unter Beleuchtung mit sichtbarem Licht 

beobachtet haben. 

 

Am Ende zeigen wir durch nicht-isotherme Scans, dass die Bildung von P(NIPAAm)-Schichten 

von den Heiz- und Kühlraten abhängig ist. Darüber hinaus zeigt die Normalisierung unserer Daten 

im Abkühlprozess, dass die gebildeten Schichten einen kolloidalen Glasübergang durchlaufen. 

Schließlich stellen wir Ähnlichkeiten zwischen dem mit QCM-D beobachteten dramatischen 

Anstieg der Resonanzfrequenz und den Dissipationsverschiebungen in der Nähe der LCST und den 

Änderungen der elastischen Eigenschaften von Polymeren während des Glasübergangs fest, die 
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mit rheologischen Methoden bei niedrigeren Frequenzen (z. B. Dynamisch-Mechanischer Analyse) 

ermittelt wurden. 

Die vorliegende Studie erweitert den Stand der Technik in zwei Hauptdisziplinen.  

Die erste Disziplin ist die Grundlagenforschung in den Glaswissenschaften. Wir haben 

experimentell die kinetischen und dynamischen Aspekte des Glasübergangs von weichen, 

glasbildenden Materialien unter räumlischer Beschränkung untersucht. Unsere Arbeit stellt somit 

einen weiteren Versuch dar, die Gültigkeit der Theorien zum Glasübergang zu prüfen. Trotz der 

Nützlichkeit der Analyse scherelastischen Wellen in unserer Studie, wurden dynamische 

Heterogenitäten von räumlisch beschränkten Gläsern hier nicht untersucht. Eine Kombination von 

QCM-D mit Raman-Spektroskopie oder konfokaler Mikroskopie könnte ein experimenteller 

Ansatz sein, um unsere Erkenntnisse in diese Richtung zu erweitern.  

Die zweite Disziplin ist die Erforschung auf Mehrfachstimuli ansprechende Polymere. Unsere 

Ergebnisse wären von großem Interesse für Anwendungen, die ein ferngesteuertes Schalten 

benötigen, insbesondere in mikrofluidischen Chips und biomedizinischen Anwendungen.
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