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ABSTRACT 

 

Performance of the chemical sensing devices is based sensitivity to the targeted 

analytes and accuracy of the measurements. Of many different types of chemical sensors, 

fluorescence based sensing devices draw much attention as efficient yet small and 

straightforward devices, capable of detection of various analytes at extremely small 

quantities. 

Polymeric materials provide support for the fluorescent materials and usually 

serve as a host for the chromophores, protecting them from harsh environments, and 

serve as a transport media for the analyte. 

In the present study thin fluorescent polymer films, sensitive to the environment 

are synthesized and studied. Poly(glycidyl methacrylate) was used as a host material and 

Rhodamine B (RhB) was used as a fluorescent material. PGMA-RhB polymer films 

deposited on the flat surface of silicon wafers and glass slides showed the ability to 

uptake vapor of organic solvents from the vapor phase. It was observed, that during the 

swelling of the film fluorescent emission of the RhB molecules changes. 

Those changes were attributed to the variations in the RhB immediate 

environment, therefore confirming the sensitivity of the PGMA-RhB layer to the 

environmental changes. The fluorescent response of the PGMA-RhB layer was unique 

for each analyte used in the study and could be tuned by grafting of non-fluorescent layer 

to the surface of PGMA-RhB.  
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Four different polymers (polystyrene, poly(2-vinyl pyridine), polyacrylic acid, 

and polyethylene glycol) were grafted to the surface of PGMA-RhB and each of the 

polymers grafted induced unique changes of fluorescent response of the PGMA-RhB. 

The attachment of the sensitive fluorescent layers to the surface of silica 

nanoparticles and fibers of Polyethylene terephthalate fabrics was performed. The 

sensitivity of the PGMA-RhB layers of structures with high roughness was improved, 

while the ability to tune the fluorescent response of the system was retained. Overall the 

studies have shown, that proposed method of fluorescent response tuning could be used 

in sensing applications. 
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CHAPTER ONE 

INTRODUCTION 

 

Chemical sensing devices are essential in many areas of scientific research and 

daily life ranging from health care to homeland security. Effectiveness of the sensing 

devices is defined by the sensitivity to the targeted analytes and accuracy against false-

positive measurements. That is why sensing devices based on the fluorescence are widely 

used in modern chemical detection. Such devices are portable, precise, sensitive and easy 

to use. 

However to achieve such high performance of these devices precise control over 

the properties of fluorescent material environment is needed. That is why much attention 

is devoted to the design of the host media for the fluorescent materials comprising the 

sensitive part of chemical detectors.  

Of all the possible materials of the fluorophores encapsulation polymers draw the 

most attention due to their unique properties. Polymeric materials can bear multiple 

functionalities and can be attached to the variety of surfaces. Their properties can be 

tuned by the means of the chemical design to make them durable, adherent or conductive. 

Polymeric materials can also be responsive to the external stimuli, producing smart 

materials, which can adjust their properties during their use. 

One of the foremost features of the polymeric materials is the possibility of their 

use in nanoscale amounts. Polymers can be applied to the surface of other materials as 

thin films with the thickness ranging from several nanometers to several microns. Despite 
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of the small amounts, polymer materials can drastically change the surface properties of 

underlying substrate. Nanoscale polymer films can cover the rough surfaces and 

nanoscale objects, which have high area to volume ratios. Since the surface of the 

material is primarily exposed to the environment, materials with large surface area 

covered with the fluorescent polymer films find multiple uses in sensing applications. 

However, to create high precision detecting devices it is necessary to understand the 

effects of host material on the behavior of the fluorescent molecules embedded in it. 

The ultimate goal of current study is to fabricate and characterize thin fluorescent 

polymer films, sensitive to the environment, which could be employed for surface 

modification of the flat surfaces, rough materials, and nanoobjects. The present study also 

studies the possibility of tuning the fluorescent response of such polymer film by non-

fluorescent grafting. Such tuning may be employed for the sensing applications to tailor 

the selectivity of the chemical detecting devices. 

Chapter 2 provides the brief overview of the fluorescent materials, their 

properties and the methods of the use of fluorescent materials in the sensing applications 

with the emphasis on the use of the thin polymer films in these applications. Also the 

current progress in polymer film preparation techniques, methods of the polymer film 

modification, and behavior of the polymer film subjected to the changing environment is 

discussed. Based on the techniques found in literature, Chapter 3 gives descriptions of 

the experimental techniques used in this work. 

In the first part of this study experimental procedures for fluorescent film 

preparation are developed. Poly(glycidyl methacrylate) (PGMA) is used for the host 
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material for the fluorescent molecules of Rhodamine B (RhB). In Chapter 4 deposition 

techniques and properties of the fluorescent films such as the PGMA-RhB layer 

uniformity and thickness are studied to design the method of deposition of uniform 

PGMA-RhB film with preset properties. Also the ability of the PGMA-RhB film to 

uptake the vapor of organic solvent and sensitivity of the fluorescent emission to the 

environmental changes are studied qualitatively to determine the possibility of use of 

such a film for sensing applications. 

Chapter 5 describes the synthesis and characterization of ultrathin PGMA-RhB 

films. Such ultrathin polymer layers can be applied to the objects with the nanoscale size 

features and are better suited for sensing applications than thicker films, because of fast 

response times. In this chapter the ability of ultrathin polymer films to uptake the analyte 

from the vapor phase is studied together with the variation of fluorescent emission 

response in changing environment. Also different solvents are compared in terms of 

emission intensity and polymer film thickness changes to investigate the possibility to 

distinguish between the analytes. In addition, the data processing methods are developed 

in this chapter to define the degree of the thickness changes, fluorescent emission 

variation and affinity of the solvent to the sensitive layer. 

In Chapter 6 the possibility of tuning fluorescent emission of the ultrathin 

PGMA-RhB film with the polymer grafting is studied. Techniques for the PGMA-RhB 

film modification with polystyrene (PS), poly(2-vinyl pyridine) (P2VP), polyacrylic acid 

(PAA), and polyethylene glycol (PEG) are developed. The separate studies on the thick 

films of these polymers are also performed in this chapter to study such properties as 
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refractive indexes and affinity to the solvents of different nature. The swelling of 

modified PGMA-RhB films is performed to study how the affinity of fluorescent layer to 

the solvent is changing upon polymer grafting. Also changes of PGMA-RhB fluorescent 

properties in the vapors of organic solvents are studied in order to investigate the 

influence of grafted non-fluorescent polymer layers of the fluorescent emission of 

PGMA-RhB film. To increase the sensitivity of the fluorescent emission change the 

incorporation of gold nanoparticles with distance dependent fluorescent quenching 

properties is studied. 

The further tuning of the fluorescent properties of the modified PGMA-RhB films 

by variation of properties of the grafted layer is studied in Chapter 7. Specifically, 

changes in the grafting density of the non-fluorescent layer and variation of composition 

of the grafted layer are investigated. 

In Chapter 8 fluorescent sensitive layer application on silica nanoparticles and 

rough surface of fabric is investigated. It is shown how sensitivity of the PGMA-RhB 

films applied onto the materials with high surface-to-volume ratios increases for the 

analytes both in liquid phase and the vapor. Complex structure of PGMA-RhB modified 

nanoparticles attached to the fabric is designed to achieve high sensitivity of the 

fluorescent layers. 

In conclusion, this dissertation will provide the fundamentals for fabrication and 

characterization of thin fluorescent polymer layers sensitive to the environment with 

controllable properties, which could be applied to the variety of surfaces.
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CHAPTER TWO 

LITERATURE REVIEW 

 

The present research is devoted to the preparation of the thin fluorescent polymer 

films sensitive to the environment and to the study of their properties. Therefore, it is 

essential to know how the fluorescent properties can be given to polymer film and how 

these properties are affected when the film is subjected to the environmental changes. It 

is also essential to understand the principles of polymer film fabrication, polymer film 

characterization and behavior of the polymer film during the interaction with the 

environment.  

To this end this chapter gives a brief overview of the fluorescent materials, their 

properties and the methods of the use of fluorescent materials in the sensing applications. 

Advantages of fluorescent materials incorporation into the polymer films for sensing 

purposes are discussed as well. Polymer film preparation techniques, methods of the 

polymer film modification, and behavior of the polymer film subjected to the changing 

environment are presented in this chapter to overview the state of the art in the field of 

surface modification with polymer films. 

 

2.1. Fluorescent materials 

Application of the fluorescent properties to the material significantly broadens the 

ways of materials possible applications. Fluorescence is the ability of the substance to 

emit light in response to excitation caused by the absorption of electromagnetic radiation 

1
. Main characteristic of fluorescent material are the brightness of the emission and its 
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stability over time
2
. Brightness of the fluorescent materials depends on its quantum yield. 

Quantum yield is defined by as the ratio between the amount of photons emitted by the 

material to the amount of photons absorbed
3
. Quantum yield of the material is very 

sensitive to the environment, since various effects such as Forster resonance Energy 

Transfer (FRET), quenching, dimer formation and solvatochromism produce the means 

of non-radiative decay of the excited state, thus decreasing the photon emission 

probability
3
. This sensitivity can be used in the straightforvard and very simple in design, 

yet efficient sensing devices. For example, Chunga et al.
4
 showed that thin fluorescent 

polymer films can be used as a crack sensor. The thin film made of cyclobutane-type 

dimers of cinamoyl groups was deposited on the surface of the plastic samples. When the 

samples were bent, the cracks in the polymer film mechanochemically cleaved 

cyclobutane links, producing highly fluorescent cinnamoyl groups. This way it is possible 

to straightforwardly visualize the crack in materials using fluorescent microscopy. 

 

2.1.1. Types of fluorescent materials 

There are two major types of fluorescent materials: quantum dots and organic 

dyes. Quantum dots are semi-conductor nanocrystals with the size less than 10 nm
5
. 

Effect of quantum confinement gives rise to unique optical properties, such as light 

emission upon excitation with the photon
6
. The modern production techniques of 

quantum dots are well developed, allowing creation of monodisperse quantum dots of 

well-defined sizes
7
. Quantum dots are very bright and stable over time, and find multiple 

uses in many technological applications, such as laser emitters
8
, charge storage devices

9
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and quantum information processing
10

. However, due to the complex surface 

modification techniques and cytotoxicity, their use in bioengineering and medical 

applications is limited
11

. 

Organic fluorescent dye is nature created or human made organic molecule which 

can be excited to the higher energy state by light irradiation. When it reverts back to the 

ground state, such molecule can emit photon
12

. Organic dyes are less bright and less 

stable than quantum dots, however they have several important advantages: they are 

small in size (~0.5 nm), can have low toxicity and can be easily bound to biomolecules
13

. 

Modern technologies allow synthesis of the dye molecules with precisely controlled 

chemical and optical properties
12

 as well as attachment of these molecules to the polymer 

chains
14

, proteins and living cells
15

, and nanoparticles
16

. 

 

2.1.2. Properties and applications 

Due to the ability of fluorescent material to interact with the light and high 

sensitivity of the fluorescent emission to the environment of the emitters fluorescent 

materials are widely used in many applications
1
. Fluorescent materials are used for 

centuries for the food and textile coloration
17

. They also find multiple uses for the 

visualization in biology and medicine
18

. For example, organic dye labeled proteins can be 

used for the visualization of the protein migration during the embryo growth. In the work 

of Canaria and Lansford
19

 confocal and multi-photon time-lapse microscopy  was used to 

study cell behavior, and embryo development over time. 
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Organic fluorescent materials are widely used in the as organic light-emitting 

devices such as light emitting diodes and organic light-emitting transistors
20

. For 

example, in the work of Muccini et al.
21

 an OLET with maximum efficiency exceeding 

5% is shown. Organic dyes can be also incorporated as a component of photovoltaic cells 

22
, and sensing devices

23
.  

 

2.2. Sensing devices based on fluorescence 

Sensing devices based of the external stimuli responsive changes of fluorescent 

properties of the material are extremely efficient
24

. Such sensing devices have several 

advantages over the other types of chemical sensors such as chromatography, 

spectrometry, and electrochemical sensors
25

. Fluorescence based optical sensors are  

highly sensitive, small and long lasting
26

. In addition, they are immune to 

electromagnetic interference, completely passive and, unlike some other types of sensors, 

have no moving parts, which could fail after a certain number of cycles
27

. 

Various characteristics of excitation and subsequent emission process (decay 

time, energy transfer and quenching efficiency, intensity of polarization and stokes 

shift)can be used for the sensing applications of fluorescent materials
28

. For example, 

non-radiative energy transfer from the excited fluorophores allows detection of oxygen
29

, 

metal ions
30

 and halogens
31

.  

Working principle of sensing devices for anion detection, according to Forster 

mechanism
32

 is based on the electron transfer between fluorophores and anion. In case of 

chemosensors for the transition metal ions, the sensing system usually consists of the 
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active fluorescent unit, the spacer and the receptor unit
33

. In absence of the positively 

charged metal and protons, the fluorescence of the active units is quenched by the 

electron transfer process between negatively charged receptor unit and chromophore. 

When the positively charged metal ion binds to the receptor electron transfer becomes 

impossible and the intensity of the fluorescent emission increases. 

The change of the energy levels of the fluorophores due to the variations of the 

polarity and chemical nature of the environment is used in polarity sensors
34

 and in 

medical applications for cancer tissue detection
35

. In the work of Potter et al.
36

 it is shown 

that fluorescent energy levels of 6-acyl-2-dimethylaminonaphthalen are affected by 

dipolar properties of the environment. The spectral shifts were observed when this 

fluorophore is placed in different solvents, therefore reflecting changes in solvent 

polarity. 

The possibility of energy transfer between several different types of fluorophores 

allows targeted detection of toxins
37

, molecular recognition
38

 and to detect protein-

protein interactions and conformational changes
39

. For example, in the work of Mauro et 

al
40

, the sensor for the maltose is presented. This sensor has two parts: fluorescently 

labeled maltose binding protein (MBP) as donor and long wavelength-excitable cyanine 

dye as acceptor. In the absence of maltose FRET occurs between the MBP and cyanine 

dye resulting in low fluorescence of MBP unit. Upon addition of maltose the cyanine dye 

is displaced, resulting in increased labeled MBP donor emission. 
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The unique ability of fluorescent organic molecules to create non-fluorescent 

complexes allows extremely sensitive “turn-on” chemical detectors
41

. For example, such 

technique is employed for explosives sensing
42

 and molecule recognition
43

. 

In the work of Whitten et al.
44

, the ability of metal ions to completely quench 

fluorescent emission was used for monitoring of kinase and phosphatase activities. The 

sensing system consisted of fluorescently modified peptides and Ga
3+

 ions. In the 

presence of kinase peptide phosphate group binds top the Ga
3+

 ions, which induces strong 

fluorescent quenching. When the phosphatase is introduced to the system the 

fluorescence restores back to the initial state. 

Another possibility for the sensing application is the distance dependent 

quenching of the fluorescent emission by metal nanostructures
45

. Using this phenomenon 

it is possible to design very sensitive devices for the biological applications. For instance, 

in the work of Ray et al.
46

 concept of the fluorescence quenching by gold nanoparticles is 

used for the detection of the Hepatitis C Virus RNA. The sensing is based on the 

following principle. Complementary RNA to the Hepatitis C Virus was attached to the 

gold nanoparticle by thiol group on the one end and fluorescently labeled with cyanine 

dye on the other end. Due to the flexibility of the RNA molecule assumed arc-like 

structure and chromophores situated in the vicinity of isolated gold particles experienced 

quenching of the fluorescence. When the RNA hybridizes with Hepatitis C Virus the 

formed double helix assumes straight shape and the chromophore becomes separated 

from the gold nanoparticle and fluorescent emission quenching diminishes. 
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The similar technique was used by Hotchandani et al.
47

to study charging of the 

gold nanoparticles using fluorescent pyrene molecules. In this work (1-pyrenyl)-6-

oxaheptanethiol functionalized gold nanoparticles were attached to the TiO2 film on the 

optically transparent electrode. In the absence of applied potential gold quenches 

fluorescence of the pyrene molecules by electron transfer. However, when negative 

potential is applied to the system the interactions between the fluorophore and the gold 

nanocore become completely suppressed and the high fluorescent emission of 

chromophores is observed. Thus, this technique allows electrochemical modulation of the 

emission of a chromophore. 

In some cases, a single molecule can cause quenching of hundreds of 

fluorophores. This benefit makes such a technique capable of detecting traces of 

chemicals within a very low concentration
26

.  Enhancing of fluorescent emission of the 

organic fluorophores by coupling with noble metal nanoparticles can bring the detection 

limits even further, creating single molecule detection devices
48

. For example in the work 

of Lakowicz et al.
49

 it was shown how the quartz slides with 20% surface covered with 

silver islands can increase emission intensity of the fluorescently labeled DNA adsorbed 

to the surface in 5 to 10 times. 

 

2.2.1. Polymers in fluorescent sensing applications 

When used as a single molecule, organic dyes lack brightness and stability 
3
. The 

situation can be significantly improved by incorporation of the fluorophores into the rigid 

matrix. For instance, in the work of Ismail et al.
50

it was shown that intensity of the 
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fluorescent emission of the Rhodamine B can be significantly enhanced, if the 

Rhodamine B molecules are introduced into the rigid PMMA matrix. 

For the protective matrix organic
23

 and inorganic
51

 materials can be used.  For the 

sensing applications fluorophores incorporation into the polymer films attract great 

attention due to the ability of the polymer matrix to support the fluorophores, protect 

them from harsh environments and at the same time serve as a transport media for the 

analytes need to be detected
23

.   

For example, in the work of Yang et al.
52

 thin polymer film with fluorescent 

pentiptycene moieties was used as a TNT sensing device, utilizing the ability of the 

explosive molecules to quench fluorescence of pentiptycene derivatives. Another 

research group developed a thin fluorescent polymer films capable of fluorescent 

emission intensity reduction due to nonspecific sugars binding with detectable changes of 

fluorescence observed at glucose concentrations of 10 mg/ml
53

. 

Analogous system of spin-coated thin films of poly(N-hydroxysuccinimidyl 

methacrylate) on the gold and silicon substrates was used to study immobilization of 

biomolecules by  fluorescence microscopy and surface plasmon resonance enhanced 

fluorescence spectroscopy
54

. 

Another example of the simple sensing device is presented in the work of Zang et 

al.
55

. It was demonstrated, that ultrathin nanofibers fabricated from N-(1-

hexylheptyl)perylene-3,4,9,10-tetracarboxyl-3,4-anhydride-9,10-imide allow detection of 

the amine vapor by the decrease in fluorescent emission of the fibril structure. 
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Swelling of the polymer film can induce conformational changes of the polymer 

molecules which in turn may result in the changes of fluorescent emission. This concept 

was used in the work of Fujiki et al.
56

 where distance between polymer chains in the 

poly(phenylacetylene) film was changing due to the swelling in organic solvents, 

promoting the fluorescent emission intensity changes.  

The sensing devices, presented above are capable of single analyte detection, 

however in some cases, when multiple substances can trigger the similar changes in the 

fluorescent properties of the materials more complex approach is needed to perform the 

detection of a single analyte from the mixture of substances
57

. This can be done by 

implementation of the concept of an “artificial nose”
58

. 

The basic idea behind this concept is analogous to the human olfactory system. 

An array of different types of sensors is exposed to the analyte material, and the response 

from each sensor is collected. A computer combines the individual responses from each 

sensor in the array to get a “fingerprint” for the analyte. To identify unknown substance 

computer performs fingerprint analysis, so the device should be “trained” in advance with 

various substance of interest to build a sample database
59
. The “artificial nose” concept is 

widely used in modern fluorescent sensing applications. For example, Anzenbacher et 

al.
60

 showed a sensor array capable of differentiating between more than 20 different 

analytes including mixtures of substances. The sensing array consisted of eight meso-

octamethylcalix-4-pyrrole derivatives, which showed anion-specific change in color. The 

similar concept can be applied for the detection of the protein macromolecules
61

. 
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In the work of Mattoso et al.
62

 electrospun nylon fibers are modified by 

fluorescent polymers using layer by layer assembly. Several different polymers were 

employed in the creation of the sensing array, which was used for the detection of 

pesticides in water. Principle component analysis was successfully employed to 

discriminate between very diluted paraoxon solutions and potable water from different 

sources. 

However in all of the presented systems the tuning of the fluorescent properties or 

the analyte selectivity is done by tailoring of chemical composition of the organic dyes or 

the polymer matrix. To this end no study was performed on the investigation of the 

fluorescent property changes of fluorescent polymer materials with predefined 

fluorescent properties upon modification with non-fluorescent polymer grafting. 

 

2.3. Polymer films 

2.3.1. Properties and applications 

Polymer films are the thin layers of polymer material with the thickness in the 

range of fractions of nanometer (monolayers) to several microns. Polymer films can be 

free standing
63

 or be applied to the surface of variety of the materials such as flat and 

rough substrates, micro- and nano-objects, to change their surface properties
64

. Surface of 

materials fully defines many of their properties, such as wettability, adhesion, 

biocompatibility, friction, corrosion resistance and wear
65

. Therefore, application of 

polymer films onto substrate can regulate these properties, while the bulk properties of 

the material will remain the same.  
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For example, in the work of Blackwood et al.
66

 protective conductive polymer 

films made of mixed polyaniline and polypyrrole were used to decrease corrosion of the 

carbon and stainless steel. It was found that for the case of stainless steel such polymer 

films can decrease corrosion rate a factor of 2000 at the same time providing good 

stability against delamination. Another example is the wear resistant protective coating 

designed for silicon-based micro-devices, described in the work of Tsukruk et al.
67

. This 

20-30 nm thick polymer film with hard-soft-hard architecture significantly decreases 

wear of the substrate, at the same time improving the friction coefficient of the surface 

compared to the commonly used lubricants.  

Described above surface properties variation with the polymer films is very cost-

efficient due to the small amount of polymer used for the film fabrication
68

. Another 

advantage of polymer film compared to the other types of surface modification is the ease 

of deposition. For example using method developed by Messersmith et al.
64

, it is possible 

to modify the surface of virtually any substrate by simply dipcoating it into the aqueous 

solution of dopamine and performing self-polymerization. The highly surface-adherent 

thin polymer coatings created in this way can be used for further surface modification. 

Even more elaborate polymer films with complex structures can be created in the single 

step process. As it is shown in work of Shimomura et al.
69

 single step process can be used 

to apply porous transparent polymer films to create robust superhydrophobic surfaces. 

Polymer films are able not only to change the material properties, but also bring 

the new functionalities to the surface of the material. Specifically designed polymer films 

can make the surface of the material to be conductive, reactive or fluorescent. This ability 
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brings many possible applications for thin polymer films in medical devices
70

, 

electronics
71

, food packaging
72

, sensing devices
73

 and many others. 

 

2.3.2. Multicomponent polymer films 

In most of the cases it is beneficial to have the polymer film composed of several 

different polymeric materials. This way it is possible to specifically tailor surface 

properties brought to the substrate by polymer film grafting. This is done, for example, in 

optical coatings to increase reflectivity of the surface by creation of multiple layers with 

different refractive indexes
74

, in solar cells to increase dissociation of electron-hole pairs 

by introduction of a driving force for charge movement
75

. Multicomponent  polymer 

films can be used as enrichment layers in the sensing devices, where each of the 

components of the polymer film attracts species of different type, therefore, increasing 

analyte interaction with the sensitive part of the detector
76

. Another type of coatings, 

which consists of several polyelectrolytes with different charges can serve as a protective 

barrier in the drug delivery systems
77

. 

The presence of several components in the polymer film allows creation of the 

“smart” coatings, which are capable of changing the surface properties in the response to 

the external stimuli
78

. For example, dual component polymer can be used to create a 

system with switching fluorescent properties. Such concept is presented in the work of 

Weber et al.
79

, where distance between fluorescent molecules dispersed in the polymer 

matrix is controlled by solvent-vapor annealing. The properties of the polymer matrix 

define Förster Resonance Energy Transfer (FRET) between the donor and acceptor 
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molecules, therefore, controlling the energy (color) of the fluorescent emission. Another 

interesting application of multi-component polymer films is controllable adhesion of 

macromolecules. For example, in the work of Alexander et al.
80

 it is shown that mixed 

polymer layer of Poly(N-isopropylacrylamide) (PNIPAm) and N,N,N’,N’,N’’-

Pentamethyldiethylenetriamine, (PMDETA) can exhibit switching protein adhesion 

behavior when going through a transitions at a lower critical solution temperature.  

The mixed polymer layer systems can also be switched reversibly by solvent 

treatment. For example in work of Stamm et al.
81

 the friction, wettability and adhesion 

properties of the polystyrene–poly(2-vinylpyridine) mixed polymer film were reversibly 

changed by the film exposure to the solvent selective for one of the components. Another 

types of external stimuli, besides the ones described above, that can be used to induce the 

property changes of smart multicomponent polymer films are light-irradiation
82

, thermal 

treatment
83

, electric field
84

 changes and others. 

The ability to bring forward the properties of either of the components of the 

polymer film when necessary is possible in all of the multicomponent film concepts 

presented above due to the high mobility of the polymers in thin films
85

. 

 

2.4. Fabrication of thin polymer films 

2.4.1. Polymer application techniques 

As it was mentioned above, one of the foremost features of polymer films is the 

ease of polymer film application
86

. Over the years multiple techniques for straightforward 

polymer film application were developed. Polymer films can be created from glow 
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discharge plasmas of organic compounds
87

, adsorbed from vapor
88

 or solution
89

, and 

deposited by physically spreading polymer over the surface of the substrate by drop 

casting
90

, spin coating
91

 and dip coating
92

. All the methods, with exception of spin 

coating and drop casting, are extremely efficient in terms of the waste of material. 

Using the methods mentioned above polymer films can be used to modify variety 

of substrates for multiple applications. Polymer films are known to be used for tuning the 

properties of  not only the flat substrates
93

, but also the rough surfaces of membranes
94

, 

and fibers
95

. For example, in the work of Gupta et al.
96

it is shown how the solventless 

initiated chemical vapor deposition can be used for the coating of three dimensional 

structures with polymer films. Using such technique it is possible to create patterns of 

various polymers inside the structure of the hydrophilic chromatography paper.  

Polymer coatings can be also applied to the surface of nanoparticles creating 

single component coatings
97

 as well as elaborate multicomposite, nanostructured 

coatings
98

. 

 

2.4.2. Single component polymer films anchored to the surface 

There are two general ways of polymer film attachment to the substrate: 

physisorption
99

 and covalent attachment
100

. Since physisorption is reversible
101

 it cannot 

be extensively used for creation of the robust stable polymer films. To overcome this 

limitation, polymers need to be covalently attached to the surface of the substrate. 

For these purposes “grafting from” and “grafting-to” techniques are used. 

“Grafting from” technique employs covalent attachment of the initiator onto the substrate 
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with subsequent polymerization of the polymer chain from the initiator
102

. Synthesized 

polymer chains created in such way can have multiple functionalities, for example, using 

“grafting from” technique Muller and coworkers
103

 introduced amphiphilic properties to 

the substrates, creating polymer brushes with hydrophilic and hydrophobic side chains.  

Using “grafting from” technique it is possible to achieve very high polymer 

grafting density, if the density of initiating functionalities on the surface of the substrate 

is high. For example, this technique was used in the work of Lennox et al.
104

to attach 

polymer chains to the surface of gold nanoparticles. The achieved polystyrene grafting 

density was very high (in the order of 3.5 chains/nm
2
). The main disadvantage of such an 

approach is the high polydispersity of grafted chains due to the limitations of the 

polymerization termination process and initiator efficiency
105

. 

Another polymer film synthesis method is “grafting to” technique. This technique 

involves attachment of presynthesized polymer chains with reactive groups to specially 

functionalized surface
106

. This method gives more precise control of the properties of the 

grafted polymer layers, such as molecular weight
105

, since precisely characterized 

polymer chains are used for the attachment. The main limitation of the “grafting to” 

technique is the slow diffusion of the polymer chains to the reaction sites
107

, therefore, to 

increase mobility of the polymer chains the polymer film synthesis can be conducted 

from melt
106

.  

Due to the control of the polymer layer properties “grafting to” method brings 

much attention in modern polymer film deposition techniques. For example, Akcora et 

al.
108

 report deposition of tethered polystyrene chains to the surface of iron oxide 
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nanoparticles through ligand exchange reaction. It was discovered that nanoparticle 

aggregation depends on the grafting density and the molecular weight of the grafted 

polymer. Therefore, the properties of the suspension can be precisely tuned by variation 

of the properties of the grafted layer. 

Both methods of the polymer grafting require special treatment of the substrate to 

have necessary functionalities
109

. Instead of the creation of the functional groups on the 

surface of the substrate, it is possible to attach reactive anchoring layer first, and then 

perform the grafting of the polymer to the anchoring layer
110

. Such technique targets 

universal method of polymer film deposition, since the reactive groups on the polymer 

chains to be grafted does not have to match directly the functionalities of the substrate 
109

. 

The properties of grafted polymer layer can be varied using the single component 

polymer film. For example, this could be done by variation of the grafting density of the 

attached polymer. In the work of Luzinov et al.
111

 high density polystyrene gradient was 

applied to the flat silicon wafers by annealing the substrate on the plate with temperature 

gradient. It is also possible to create orthogonal polymer gradients, with variation of two 

different properties in two perpendicular directions. For example, in the work of Genzer 

et al.
112

 “grafting from” method was used to synthesize thin films of poly(2-

(dimethylamino)ethyl methacrylate) with grafting density gradient along one direction 

and molecular weight gradient along perpendicular direction by surface-initiated atom 

transfer radical polymerization . 

Another interesting technique is the synthesis of the patterned polymer layers. 

Such patterned structures can be used for microfluidic devices, biological sensors, and 
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tissues engineering
113

. Polymer layer patterns can be applied by various methods, such as 

electron beam lithography, laser-based lithography, and scanning probe lithography. For 

example Liu et al.
114

 have reported the fabrication of nanostructured and gradient 

polymer brushes bydip-pen nanodisplacement lithography. The scientists developed a 

method to produce arbitrary patterned polymer brushes from a gray-scale image with ~25 

nm resolution. 

 

2.4.3. Multicomponent nanoscale polymer films 

To create switchable, stimuli responsive polymer films or to apply several 

different properties to the surface of the material simultaneously multicomponent 

polymer grafting is usually used
115

. Multicomponent polymer films can be created in the 

ways similar to the single component coatings. To this end there are several different 

techniques of multicomponent film creation.  

Polymer films can be assembled layer-by-layer, simply applying each subsequent 

layer on top of the previous one. Such technique allows precise control of the polymer 

film properties along the direction normal to the substrate
116

. For such deposition each 

layer should be attracted to previous one, therefore layer-by-layer assembly is usually 

used for the materials capable of hydrogen bonding
117

 and polyelectrolytes
118

. Layer-by-

layer assembly of polyelectrolyte material is presented in the work of Decher
116

, where 

subsequent electrostatic driven attachment of poly(styrene sulfonate) and poly(allylamine 

hydrochloride) is performed. The polymers form even monolayers with total film 

thickness in the range 20-120 nm. Layered structures created using this technique are 
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used for materials separation, controlled permeation and release of target materials, and 

sensing
119

. 

Both “grafting to” and “grafting from” can be used to create mixed polymer 

layers and brushes. This can be done by subsequent grafting of several polymers to the 

functionalized substrate
120

. For example, mixed polystyrene–poly(2-vinylpyridine) brush 

can be created by subsequent grafting of end functionalized polymers to the anchoring 

layer
81

. The ratio of the grafted polymers can be controlled by changing the grafting 

density and/or molecular weight of the polymers used for the attachment
121

. Another way 

of mixed polymer film composition control is presented in the work of Beers et al.
122

. In 

this work monomer solution of n-butyl methacrylate and 2-(N,N-dimethylamino)ethyl 

methacrylatewith continuous composition gradient was created using microfluidic 

techniques. Due to the relatively slow liquid diffusion it was possible to perform 

polymerization before any significant change in the gradient profile is observed, creating 

mixed gradient polymer films. Temperature gradients can also be used to create mixed 

polymer bushes with composition gradients
123

. For example, in the work of Luzinov et 

al.
124

polymer film with composition gradient was applied to the flat surface of silicon 

wafer by subsequent application of two layers with the grafting density gradients induced 

by the differences in annealing temperature along the substrate. 

 

2.5. Summary 

This literature review indicates the importance of the fluorescent materials and 

sensing devices based on the principles of fluorescence due to their widespread 
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applications. Many approaches have been investigated for the creation of sensing devices. 

Among them, sensing devices based on the fluorescent polymer films present special 

interest. Analysis of literature indicates of many possibilities for the fabrication of the 

thin polymer films on the variety of substrates, which could be used for the sensing 

applications. Though theoretical aspects have been studied, much research is still 

necessary for the full understanding of the polymer matrix effect on the embedded 

chromophores in terms of their fluorescent properties. Therefore, existing knowledge 

should be further explored to fabricate efficient fluorescent polymer based sensing 

devices with tunable properties. 
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CHAPTER THREE 

EXPERIMENTAL 

 

3.1. Chemical reagents used 

Hydrogen peroxide: 

Company Identification: Acros Organics. 

MSDS Name: Hydrogen Peroxide (30% in Water) (Without Stabilizer), Reagent ACS. 

CAS Number: 7722-84-1 

Sulfuric acid 98%: 

Company Identification: Acros Organics. 

MSDS Name: Sulfuric acid, reagent ACS. 

CAS Number: 7664-93-9 

Chloroform: 

Company Identification: VWR International LLC. 

MSDS Name: Chloroform, ACS. 

CAS Number: 67-66-3 

Toluene: 

Company Identification: Acros Organics. 

MSDS Name: Toluene, reagent ACS. 

CAS Number: 108-88-3 

Methyl ethyl ketone: 

Company Identification: Acros Organics. 
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MSDS Name: 2-Butanone, 99+%. 

CAS Number:78-93-3 

Ethanol: 

Company Identification: Mallinckrodt Baker Inc. 

MSDS Name: Reagent alcohol, ACS. 

CAS Number: 64-17-5 

Methanol: 

Company Identification: VWR International LLC. 

MSDS Name: Methanol, ACS. 

CAS Number: 67-56-1 

Acetone: 

Company Identification: VWR International LLC. 

MSDS Name: Acetone, ACS. 

CAS Number:67-64-1 

Cyclohexane: 

Company Identification: Acros Organics. 

MSDS Name: Cyclohexane, 99.5% 

CAS Number:110-82-7 

Tetrahydrofuran: 

Company Identification: Alfa Aesar. 

MSDS Name: Tetrahydrofuran, 99.8% 

CAS Number: 109-99-9 
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N-Methyl-2-pyrrolidone (NMP): 

Company Identification: Alfa Aesar. 

MSDS Name: N-Methyl-2-pyrrolidone, 99+% 

CAS Number: 872-50-4 

Ether: 

Company Identification: : VWR International LLC. 

MSDS Name: Ether, Stabilized. ACS 

CAS Number:60-29-7 

Rhodamine B: 

Company Identification: Alfa Aesar. 

MSDS Name: Rhodamine B 

CAS Number:81-88-9 

Succinic anhydride: 

Company Identification: Sigma-Aldrich 

MSDS Name: Succinic anhydride 

CAS Number:108-30-5 

Gold nanoparticles: 

Company Identification: Sigma-Aldrich 

MSDS Name: Gold Nanoparticles 

CAS Number: 7440-57-5 
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3.2. Polymers used for surface modification 

Poly(glycidyl methacrylate) (PGMA) 

Several different PGMA were used:   

1) Mn=382,000 g/mol with polydispersity 2.5, before RhB attachment 

Mn=402,000 g/mol with polydispersity 2.2, after RhB attachment 

2) Mn=63,000 g/mol with polydispersity 1.9, before RhB attachment 

Mn=80,000 g/mol with polydispersity 2.57, after RhB attachment 

 

3) Mn=300,000 g/mol with polydispersity 2.14, before RhB attachment 

Mn=405,000 g/mol with polydispersity 3.81, after RhB attachment 

 

PGMA was synthesized by solution radical polymerization and purified by 

multiple precipitations by Dr. B. Zdyrko according to procedure reported elsewhere
1
, 

School of Materials Science and Engineering, Clemson University. 

 

S. 1 

Carboxy terminated Polystyrene (PS) 

Carboxyl terminated Polystyrene with molecular weight Mn=48,000 g/mol with 

polydispersity 1.05 was obtained from Polymer Source Inc., Canada. 
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S. 2 

 

Carboxy terminated Poly(2vinyl pyridine) (PVP) 

Carboxyl terminated Poly(2vinyl pyridine) with molecular weight Mn=53,000 

g/mol with polydispersity 1.06 was obtained from Polymer Source Inc., Canada. 

 

S. 3 

Carboxy terminated Polyethylene glycol (PEG) 

Poly(ethylene glycol) monomethyl ether with molecular weight Mn=5,000 was 

obtained from Sigma-Aldrich and modified with succinyl anhydrideto form carboxyl 

terminated derivative by Dr. B. Zdyrko according to procedure reported elsewhere
2
, 

School of Materials Science and Engineering, Clemson University. 

 
S. 4 

Poly acrylic acid (PAA) 

PAA with molecular weight Mw=100,000 was obtained from Sigma-Aldrich. 
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S. 5 

 

3.3. Principal experimental techniques 

3.3.1. Coating techniques 

3.3.1.1 Dip coating 

Dip coating is the process of film deposition on a substrate. During dip coating, a 

substrate is immersed into a liquid coating solution and subsequently withdrawn at 

controlled speed. After solvent evaporation, the substrate remains covered with a dry 

polymer coating. All the steps are schematically shown in Figure 3.1. To achieve 

uniform films, this technique should be applied in a clean environment with precise 

control. If there is no evaporation, the thickness of the obtained film can be estimated as
3
: 

        (
  

  
)
   

(
  

 
)
   

 
Eq. 3.1. 

where   is the dynamic viscosity of the solvent,   is the withdrawal speed,   is the liquid 

density,   is the acceleration of gravity, and   is the liquid surface tension. For the 

polymer solutions the thickness of the film after evaporation will be approximately equal 

to    , where   is the volumetric content of the polymer in the solution.  A Mayer 

Fientechnik D-3400 dip coater was used for the coating fabrication. Dip coating was 

performed in a clean room to avoid solution and dry film contamination. To protect the 

drying film from unwanted airflow, both the substrate and the liquid coating solution 

were covered with a transparent box. Coating thickness variation was achieved by 
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changes in the viscosity of the solution. For this purpose, solutions of different 

concentrations of polymer were used. 

 

Figure 3.1. Schematic of film deposition by dip coating technique 

 

3.3.1.2. Spin coating 

Spin coating is a batch process used to create solidified thin coatings on flat or 

slightly curved surfaces
4
. A liquid coating solution is deposited on the substrate, which is 

subsequently rotated at high speeds. The process can be divided into four stages
5
: 

deposition, spin-up, spin-off, and evaporation (Figure 3.2). The resulting film thickness 

depends almost solely on the spin-off stage, during which the uniform film thins down 

constantly during rotation. The evolution of the film thickness in this process can be 

described by the equation
4
: 



42 

 

     
  

√        
     

 
Eq. 3.2. 

where   is the initial uniform thickness,   is the density of the liquid coating,   is the 

angular velocity, and   is the liquid viscosity. Uniformity is achieved by the balance 

between the two forces acting in the horizontal direction: rotation-induced centrifugal 

force and resisting viscous force. Film wrinkling can be caused by forces perpendicular to 

the plane of rotation, which arise only in case of contamination or differential 

evaporation. If these two factors are avoided, uniform coatings are always formed. In this 

study, a spin coater (Headway Research Inc.) was used for the polymer film deposition 

from solution onto the surface of glass microscope slides and silicon wafers. Rotation 

speed was kept constant at 900 rpm and the polymer concentration in the solution was 

varied in order to change the solution’s viscosity, thus tuning the resulting film thickness. 

 

Figure 3.2. Four stages of spin coating (Redrawn after 
4
) 
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3.3.2. Atomic Force Microscopy 

Atomic Force Microscopy (AFM) is a set of techniques for measuring surface 

topography and properties on a submicron scale
6
.  

 

Figure 3.3. AFM schematics 

The structure of a simplified AFM setup is presented in Figure 3.3. During AFM 

measurements, a sharp probe moves across the sample surface and interactions between 

the probe and the surface are recorded. These interactions can be used to study the 

morphology and physical properties of the sample, such as surface conductivity, elastic 

moduli, localized friction, adhesion, and others. In this work, AFM studies were 

performed using a Dimension 3100 (Digital Instruments, Inc.) microscope. A tapping 

mode was used to study the surface morphology of the samples in ambient air. Silicon 

tips from MicroMasch with spring constants of 50 N/m were used. Imaging was done at 
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scan rates in the range of 1 - 2 Hz. Nanoscope III 5.12r3 software was used for image 

processing and roughness calculation. 

 

3.3.3. Ellipsometry 

Ellipsometry is an optical measurement technique that characterizes thin films and 

surfaces by measuring light reflection from a sample
7
. The values used to characterize the 

sample in this technique are related to changes in the properties of polarized light upon 

light reflection on a sample. In particular, ellipsometry measures two parameters:  and 

 . These values represent the amplitude ratio   and the phase difference   between p-

polarized (in plane with the light beam) and s-polarized (perpendicular to the plane of the 

light beam) light waves. The values for   and   are related to the ratio of Fresnel 

reflection coefficients    and    for p-polarized and s-polarized light, respectively: 

                
Eq. 3.3. 

The remarkable features of ellipsometry are the high precision of the 

measurements and the high sensitivity to thickness in the order of angstroms. A major 

drawback of this technique is that measurements of sample properties are indirect; 

therefore, data analysis requires an optical model and tends to be complicated. In this 

work, ellipsometric measurements were performed on a single wavelength (651 nm) 

COMPEL automatic ellipsometer (InOmTech, Inc.) at an angle of incidence of 70°. To 

increase the precision of the measurements, a compensator was used when the values of 

 were close to 0° or 180°. For the measurements of changes to the sample’s properties 

during vapor absorption, a closed glass cuvette with light-permeable windows 
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perpendicular to the beam was fabricated. The vapors of the water and organic solvents 

were introduced to the cuvette from a small bucket filled with a liquid. 

 

3.3.4. Total Internal Reflectance Fluorescence 

The Total Internal Reflectance Fluorescence (TIRF) measurement technique 

allows observations of the interactions of molecules with a solid surface. In particular, the 

technique is applicable to in situ studies of changes in the fluorescent properties of solid 

surfaces in flowing systems
8
.  

A TIRF apparatus, custom-built by Dr. Bogdan Zdyrko (Clemson University) was 

used in this study. A DPGL Series Modulated Green Laser Modulus (Part No.: DPGL-

01S-TTL) was used to generate a monochromatic 532 nm laser signal (Figure 3.4.). The 

fluorescence detector (Si Photodiode, diameter is 1.0 mm, from Edmund Optics) was 

used to collect fluorescent signals from the polymer films.  

 

 

Figure 3.4. Main components of the TIRF apparatus 
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The cuvette designed for the measurements is presented in Figure 3.5. A glass 

prism was used to split the beam and serve as an optically dense light-conducting 

material for the total internal reflection. FisherFinest Premier microscope slides (Cat. No. 

12-544-1) of nearly the same refractive index as the prism were used for the fluorescent 

polymer deposition. Glass slides with polymer films on the inner surface were placed in 

the flowing cell made of Teflon. The Teflon holder has a cavity with inlet and outlet 

channels on the sides. A glass slide was pressed to the holder using a metal plate. A 

rubber ring was placed between the glass slide and the Teflon to prevent glass fracture. 

The glass prism was covered with a refractive index matching oil (Cargille Immersion 

Oil, Type DF) and placed on top of the glass slide. Saturated vapors of water and various 

organic solvents were pumped at 10 ml per minute through the cuvette using a pump 

(ISMATEC, Inc.) connected to the cell with polyethylene tubing. Time-dependent 

fluorescent emission changes upon absorption of vapors by the polymer film were 

monitored and analyzed using LabView software. 
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Figure 3.5. Schematic diagram of the cuvette for the TIRF measurements. 

The following theory stands behind the total internal reflection phenomena used 

in this study. Upon total reflection of the laser beam from the optically less dense 

material, a small portion of reflected light penetrates through the interface, creating an 

electromagnetic field, as schematically shown in Figure 3.6. This field is usually called 

the evanescent field.  

 

Figure 3.6. Pathway of the light beam during total internal reflection 
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The theory predicts an exponential decrease of intensity of this field in the 

direction perpendicular to the surface. The characteristic depth of penetration    is the 

depth at which evanescent field intensity is reduced to                 times its 

initial value, which can be calculated as 
9
: 

   
 

  
√  

         
  

Eq. 3.4. 

where    and    are refractive indexes of more dense and less dense material, 

respectively;   is the wavelength of the incident beam; and   is the angle of incidence. 

For the setup used (       ,     ,                ),    is approximately 88 

nm. 

 

3.3.5. Spectrophotometry 

Spectrophotometry is a type of spectroscopy that measures the radiant energy 

transmitted or reflected by the sample as a function of wavelength. In particular, 

spectrofluorometry deals with fluorescent materials. Fluorescence spectrophotometers 

measure the excitation and emission spectra of a material as the intensity of absorption 

and emission as a function of wavelength
10

. A Jobin Yvon Fluorolog 3–222Tau 

spectrofluorometer was used in this study. The setup of the spectrophotometer apparatus 

is presented schematically in Figure 3.7. 
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Figure 3.7. Schematic of the spectrophotometer 

In this setup, the light source is a 450 W ozone-free xenon lamp. Light from the 

source passes the excitation monochromator and enters the sample chamber. There, a 

light beam passes through the sample and excites the fluorophores within the sample. 

Fluorescent emission then passes the emission monochromator and is finally collected by 

the detector.  

There are two modes of spectrophotometer operation. In the first mode, emission 

is collected at 90° to the pathway of the excitation beam (Right Angle mode (RA)). This 

mode is generally used in the case of transparent liquid solutions. In the second mode, 
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emission is collected at the front-face (Front Phase mode (FF)). This mode is used for the 

reflective or strongly absorbant samples. The switching between the two modes of 

operation can be done using a rotating mirror (RM) (Figure 3.7.) 

Collected light first passes the emission monochromator and then reaches the 

detector. The resulting measurement is presented as the number of photons of defined 

energy reaching the detector per unit of time. As previously mentioned, a 

spectrophotometer has two modes of operation. In the first mode, the wavelength of 

excitation is kept constant and fluorescent emission is collected as a function of photon 

energy. In the second mode, the sample is excited by the range of wavelengths, and 

emission is collected at a single wavelength. Since fluorescent emission is always 

proportional to the sample’s absorbance, the second mode of operation produces an 

excitation spectrum. OriginLab Origin software was used to collect, monitor, and plot the 

results of measurements. 

For spectroscopic measurements of fluorescent solutions, standard quartz cuvettes 

were used for sample containment. To perform in situ measurements of the fluorescent 

emissions of the fluorescent film in the saturated solvent vapors, a special cuvette was 

designed (Figure 3.8).  
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Figure 3.8. Schematic diagram of custom-made cuvette for spectrophotometry 

measurements. 

A glass slide with a fluorescent film was sandwiched between the front metal 

plate and the Teflon holder with the cavity. A rubber ring was placed between the glass 

slide and the Teflon holder to distribute load and prevent glass fracture. Four screws 

tightly pressed the front plate towards the back plate so the fluorescent film on the inner 

surface of the glass slide was exposed to the environment established inside the cavity of 

the Teflon holder. Analyte vapors were introduced to the cuvette by a cotton ball soaked 

with the solvent, which was inserted into the cavity from the back side of the Teflon 

holder. To prevent solvent evaporation, the cavity was tightly sealed with a plug.  

To prevent variations in the fluorescent signal, glass position was maintained for 

each swelling experiment. A fully assembled cuvette with a dry cotton ball inside was 

inserted into the sample compartment of the spectrophotometer, as shown in Figure 3.8. 

Measurements were conducted in front-face mode. After all measurements of the 
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fluorescent emission of the film in the dry state were performed, solvent was injected into 

the cotton ball using a pipette without detaching the assembly from the sample 

compartment of the spectrophotometer. The cuvette was then sealed with a plug and 

measurements for the film in the swollen state were performed. After each measurement, 

the cuvette was disassembled and purged with nitrogen. The glass slide was taken out of 

the cuvette to let the polymer film de-swell for at least 30 minutes. Ellipsometry studies 

on the de-swelling of the fluorescent polymer films used in this study have shown that 30 

minutes is enough for the film to return to the dry state (Section 4.3.5.). 

 

3.3.6. Electron Microscopy 

Electron microscopy is a type of microscopy that uses an electron beam to 

illuminate a sample
11

. It is possible to achieve a much higher resolution with electron 

microscopy than with regular light microscopy due to the shorter wavelength of the 

electron beam. This beam is produced by an electron gun, accelerated by the electrical 

potential difference and focused on the sample with electrostatic lenses. Two electron 

microscopy techniques were used in this study: Scanning Electron Microscopy (SEM) 

and Transmission Electron Microscopy (TEM). In the SEM technique, an electron beam 

with energy between 0.2 keV and 40 keV hits the sample, producing secondary electrons 

and back-scattered electrons. These can be used to reconstruct the topology, composition, 

and conductivity of the sample. In some cases, if the sample is non-conductive, an 

additional conductive coating is needed. For TEM, an electron gun is connected to a 

much higher voltage source (usually 100 - 300 keV). A focused beam of accelerated 
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electrons penetrates through the sample and hits the fluorescent screen. On the resulting 

TEM image, brightness represents the density of the sample; darker parts of an image 

represent denser areas of the sample where electron beam scatters more. Special 

conductive grids are used to hold the sample for TEM imaging.  

Electron microscopy was performed using devices available in the Advanced 

Materials Research Laboratory (AMRL), Research Park, Clemson University. A Hitachi 

S4800 was used for SEM imaging. All samples were coated with platinum to increase 

sample conductivity using a Hummer 6.2 Sputtering System for approximately 2 minutes. 

A Hitachi H7600T was used for TEM imaging of nanoparticles. A nanoparticle 

suspension was deposited onto copper TEM grids and measurements were performed 

after solvent evaporation. 

 

3.4. General experiment procedures 

3.4.1. Cleaning of glass slides and silicon wafers 

Silicon wafers (SHE America Inc.) and premium microscope glass slides (Fisher 

Scientific Inc.) were initially cleaned with deionized water for 30 min in a sonicator 

(75HT, VWR International LLC). During the sonication process, water was changed 3 

times. After, the sonication samples were placed into the piranha solution (concentrated 

sulfuric acid with 30% hydrogen peroxide at a ratio of 3:1) at 80 °C for 2 hours for 

wafers and 1 hour for glasses. Samples were then rinsed with deionized water. Water 

leftovers were blown away with the steam of high purity nitrogen (National Specialty 
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Gases). To prevent surface contamination, glasses and wafers were used for film 

deposition right after cleaning. 

 

3.4.2. Fabric cleaning and surface activation 

Polyethylene terephthalate (PET) fabrics (Test Fabric Inc.) were used in this 

study. Prior to coating deposition, fabric samples were cleaned and activated following 

the procedure reported in
12

. Each fabric sample was rinsed in several solvents (DI water, 

methanol, toluene, and acetone) to remove any finishes or contaminants. Subsequently, 

fabrics were treated with 40% sodium hydroxide solution (40/30/30 wt % of 

NaOH/Methanol/DI water; ethanol was added to improve the wetability of the fabric) for 

2 minutes at room temperature, and then were rinsed with DI water until all the residues 

were removed. Such treatment creates groups (carboxylic and hydroxilic) that are 

reactive to the PET yarn surface
13

 and makes them active for further modification. To 

prevent surface contamination, fabrics were used for surface modification right after 

cleaning and drying at room temperature for 2 hours.  

 

3.5. Polymer film characterization 

3.5.1. Surface morphology characterization 

The AFM measurements were used for surface characterization using a 

Dimension 3100 (Digital Instruments, Inc.) microscope. The root mean square roughness 

of the film surface was computed from the AFM images using NanoScope version 

5.3.0r3.sr3 software (Veeco Instruments, Inc.). The formula used for calculation is 
14

: 
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Eq. 3.5. 

where   is the height of the i-th point of the total   points on the AFM image and  ̅ is the 

arithmetic mean height of all   points. The root mean square roughness calculated in this 

way would characterize statistically how the surface profile of the film deviates from the 

ideally flat. 

 

3.5.2. Film thickness and refractive index measurement 

All films deposited on silicon wafers and glass slides produced in this study were 

characterized using the same procedures. The thickness of the film was determined by 

scratching the surface using a sharp razor blade and acquiring the topographic profile 

along the scratch using AFM. The profile was then analyzed using Gwyddion software 

and the film thickness was estimated. Ellipsometric measurements were then taken using 

the model for calculation with known thickness and unknown refractive index of the film. 

The refractive index of the polymer film was calculated from these measurements. 

 

3.5.3. Grafting density calculation 

To characterize grafted polymer films, several parameters were used, including 

surface coverage and grafting density
15

. The surface coverage   and the amount of the 

material grafted per unit area in      was calculated from known film thickness   and 

polymer density as: 
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Eq. 3.6. 

The grafting density   calculated as the number of polymer chains grafted to the 

substrate surface per unit area in            was calculated as: 

         
Eq. 3.7. 

where  is the Avogadro’s number and    is the molecular weight of the grafted 

polymer. 

 

3.6. Reproducibility of spectrophotometric measurements 

To estimate the repeatability of the spectrophotometric measurements of the 

fluorescent emission intensity changes during the vapor uptake, the intensity changes for 

the same PGMA-RhB film of 5 nm thick were measured in chloroform and water vapors, 

as these solvents present the highest positive and negative emission intensity changes 

respectively. The measurements were repeated four times for each of the solvents. 

Resulting relative intensity changes calculated using the Eq.5.10. were 0.03±0.002 for 

chloroform vapor and -0.061±0.003. Here the value after ± sign represents the standad 

error of the measurements. Therefore the standard error of the relative intensity change 

calculation in these solvents was less than 7%. 

 For the PGMA-RhB films with nonfluorescent polymer grafting the repeatability 

of the fluorescent emission changes was examined by performing several experiments for 

the emission intensity changes. For each of the polymer grafted (PS, P2VP, PEG and 

PAA) at least three measurements were performed in selected solvents. The errors in of 

these measurements were less than 10% for all samples. 
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CHAPTER FOUR 

FABRICATION AND CHARACTERIZATION OF SUBMICRON 

FLUORESCENT FILMS 

 

4.1. Introduction 

Crosslinked thin polymer films provide the unique ability to modify a surface of 

various materials
1
. Deposition of the crosslinked polymer network creates a soft stable 

surface with known controllable physical, mechanical, and biochemical properties
2
. Such 

coatings offer significant opportunities for various applications. 

For example, the coating may be used as a host material for a drug or protein for 

medical applications
3
. Crosslinked polymer networks can protect the material from harsh 

environments or provide essential functionality for the material surface
4
. The submicron 

dimensions of such polymer films make them useful in micro and nanoscale technology
5
. 

The ability of the polymer network to swell reversibly in response to external stimuli 

allows the employment of crosslinked coatings as sensors and actuators
6
. 

In particular, the use of polymer films in sensing applications is a very promising 

field of study due to the ability of the polymer network to concentrate the analyte during 

absorption of the target substance from the vapor or liquid phase
7
. Of all types of sensing 

devices, fluorescent sensors draw special attention due to the unique properties of 

fluorescence, such as high sensitivity, the small size of the emitters, and their immunity 

to electromagnetic interference
8
.  

The present work targets environment-sensitive fluorescent polymer films that, in 

principle, can be used in sensor devices. The operating principle of such a film is based 
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on the ability of the vapors of an analyte to be absorbed by the polymer network and 

change the emissive characteristics of the fluorescent dye molecules embedded in the 

film. The first step on the way to making a sensoric system based on fluorescent polymer 

films is deposition of the films on a substrate. The second step is qualitative 

measurements of the changes in optical properties during solvent absorption. 

With this in mind, the objective of this part of the work was to synthesize and 

characterize fluorescent polymer films. The thickness of the films was targeted to be in 

the order of hundreds of nanometers. On the one hand, this is relatively low, so created 

polymer films have nanoscale dimensions. On the other hand, the amount of fluorophores 

embedded into the film should be enough for high signal-to-noise ratios of the fluorescent 

signal. Poly(glycidyl methacrylate) PGMA was chosen as a matrix polymer since it has a 

set of unique properties well suited for hosting fluorophores
9
: As can be seen from the 

structure of the polymer in Figure 4.1.,each monomeric unit of PGMA contains an epoxy 

group that is known to be highly reactive
10

. This reactivity is employed to chemically 

bond polymer chains to the substrate and crosslink the polymer chains to create a 

chemically stable polymer network. Unreacted groups are still present in the polymer 

network after the crosslinking due to the high number of epoxy functionalities
11

. This 

allows further chemical modification to the stable polymer network. 

In order to make the film fluorescent, the polymer used for the film fabrication 

needs to be labeled with fluorescent molecules. In the present study, Rhodamine B 

(Figure 4.1. left)was chosen for this purpose. Rhodamine B (RhB) is known to be highly 

fluorescent, has very low photo bleaching over time, and has a carboxylic group in its 
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molecular structure
12

, which allows chemical attachment of RhB molecules to the epoxy 

group of the PGMA. 

The PGMA films were deposited on the surface of silicon wafers and glass slides. 

The studies on the morphology and the optical characteristics were conducted using AFM 

and ellipsometry. Since the polymer films are targeted for use in sensing applications 

with volatile organic solvents as analytes, the amount of solvent intake from the vapor 

phase will be one of the key parameters governing the sensitivity of the system. To this 

end, the proof of concept experiments on analyte (chloroform) intake from saturated 

chloroform vapors were performed using ellipsometry. To study the fluorescent 

properties of the films in the dry state and to determine how the signal changes during the 

vapor intake, spectrophotometry and Total Internal Reflectance Fluorescence (TIRF) 

measurements were used. 

 

Figure 4.1. Structures of Rhodamine B (RhB) (left) and poly (glycidyl methacrylate) 

(PGMA) (right) 
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4.2. Experimental 

4.2.1. Fluorescent polymer labeling 

Chemical attachment of RhB to PGMA (Mn= 382,000 g/mol, PDI 2.5) was 

performed according to the previously developed procedure
13

. The labeling was 

conducted from the MEK solution (17:1 RhB:PGMA molar ratio). The reaction between 

the carboxylic group of RhB and the epoxy group of PGMA was allowed to proceed for 

24 h at 70 °C. The polymer was then purified by multiple precipitations from the MEK 

solution into diethyl ether. The precipitate was extracted from diethyl ether using a 

centrifuge (Precision Durafuge 100). The GPC analysis of the labeled PGMA-RhB 

showed a Mn of 402,000 g/mol and a PDI of 2.2. For the developed fluorescent labeling 

procedure, elemental analysis showed attachment of one RhB molecule per 311 

monomeric units of PGMA
13

. 

 

4.2.2. Deposition of the polymer film 

Prior to the film deposition, silicon wafers and glass slides were cleaned 

according to the procedure described in Section 3.4.1. Florescent polymer films were 

deposited on the substrates from a 1% w/w PGMA solution in chloroform using a 

spincoater (Headway Research Inc.). Spincoating was performed at 900 rpm for 30 

seconds and solution concentration was varied to achieve the desired dry film thickness. 

After the spincoating, films were annealed in a vacuum oven at 120 °C for 8 h to 

crosslink and chemically attach the film to the substrate. After annealing, unattached 
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polymer chains were removed by rinsing the sample with chloroform three times for 30 

minutes on a shaker.  

 

4.2.3. Characterization of the polymer film in the dry state 

The morphology of resulting polymer film and its thickness were characterized 

using a Dimension 3100 (Digital Instruments, Inc.) atomic force microscope. Films 

deposited on the glass slides and silicon wafers under the same conditions were compared 

to ensure that the deposited film properties were independent from the substrate type. The 

thickness of the film and its refractive index were examined with a COMPEL automatic 

ellipsometer (InOmTech, Inc.) using silicon wafers as a substrate and an angle of 

incidence set to 70°. Glass slides were used as a substrate for measuring fluorescent 

properties. The fluorescent properties of the dry film were studied using measurements 

from a custom-built TIRF apparatus and a Jobin Yvon Fluorolog 3–222Tau 

spectrofluorometer. 

 

4.2.4. Measurements of the film properties during vapor intake 

To examine in situ changes of the film properties, films were subjected to 

saturated chloroform vapor. For thickness measurements during the swelling process, 

ellipsometry was used. Silicon wafers were placed in a closed cuvette together with a 

small (2 ml) aluminum bucket. After the thickness of the film was measured in the dry 

state, the bucket was filled with chloroform and the cuvette was tightly sealed with the 

cap using grease (Krytox, Dupont) to prevent solvent evaporation. Ellipsometric 
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parameters   and   were measured as a function of time. The position of the sample was 

not changed during the measurement. Next, the acquired parameters were fitted using the 

program supplied with the device.  

For the TIRF measurements, saturated chloroform vapors were pumped through 

the Teflon cuvette holding the glass slide to the polymer film using a peristaltic pump 

(ISMATEC Inc.) at 10 ml/min. Exposures to the chloroform vapors were repeated several 

times to determine the reversibility and repeatability of the measurements. 

 

4.3. Results and Discussion 

4.3.1. Selection of substrate and deposition technique 

To investigate the fluorescent properties of the RhB-labeled PGMA,the polymer 

was deposited by spin coating a film on flat substrates. For the fluorescent properties 

examination, Total Internal Reflectance Fluorescence (TIRF) and spectrophotometry 

measurements were used. Both methods require a transparent substrate for the 

measurement. Moreover, both techniques are used to study the changes in the polymer 

film environment and only one side of the substrate is subjected to changing conditions. 

This implies that only one side of the substrate should be covered with fluorescent 

polymer film, otherwise additional constant fluorescent emission will be observed during 

experiments.  

For measurements of the film thickness and refractive index, ellipsometric 

measurements were performed using an ellipsometer with an angle of incidence set to 

70°. For effective measurements at this angle the following condition should be satisfied: 
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if the substrate used for the film under investigation is relatively thin (less than several 

centimeters) it should not be transparent for the light beam. Otherwise, the light beam 

reflected from the back side of the substrate will give rise to significant measurement 

error
14

.  

Considering all arguments presented above, silicon wafers were chosen as 

substrates for the ellipsometric measurements, and glass microscope slides were chosen 

for the fluorescent measurements. Silicon wafers are well suited for ellipsometric 

measurements due to their low roughness and well known optical properties
15

. Glass 

microscope slides are good candidates for fluorescence measurements because these 

substrates are transparent in the visible region. Since the surface chemistry of silicon 

wafers and glass slides are similar
16

, the same technique for film deposition was used for 

both types of substrates. 

Spin coating was selected as a film deposition technique for this part of the study. 

The choice was based on the previously mentioned argument that for the fluorescent 

measurements only one side of the surface should be covered with fluorescent film. Due 

to the fact that deposited film properties are only affected by the viscosity of the polymer 

solution used for the coating and the rotation speed
17

, spincoated films on both kinds of 

substrate should have the same thickness if the same deposition conditions are 

maintained. 
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4.3.2. Selection of solvent for the PGMA-RhB deposition 

Selection of the solvent used for the film deposition was governed by the 

solubility of the PGMA-RhB. PGMA shows good solubility in several organic solvents. 

Affinity of the solvent to the polymer can be found during the polymer swelling 

experiments
18

, as described in detail in Section 5.3.6. Polymer films swell more in good 

solvents and show almost no swelling in solvents that are poor for the polymer. Swelling 

experiments showed good solubility of PGMA-RhB in several organic solvents. Among 

these, chloroform and MEK showed the best affinity to PGMA. 

Therefore, polymer films were spincoated from a 1% w/w solution of PGMA-

RhB in these two solvents at 900 rpm and annealed for 8h at 120°C. Polymer film 

annealing is an essential processing step for PGMA-RhB films. Without annealing, the 

PGMA will not attach itself to the substrate and will not form a chemically stable 

polymer network. Since these films are targeted for use in sensing applications with 

volatile organic solvents as analytes, polymer films not bonded chemically to the 

substrate can dewet or detach from the substrate surface during analyte intake. 

After annealing the polymer film, unattached polymer chains left within the film 

structure must be removed. If this is not done, these chains can migrate during the 

swelling more easily than the polymer chains that belong to the crosslinked polymer 

network. This may cause unwanted interference with the fluorescent signal in the course 

of analyte intake. 

The AFM imaging of the PGMA-RhB film surface is shown in Figure 3.2. It can 

be seen from the images that by using both solvents, flat films were obtained on the 
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surface of the silicon wafers. However, there were a significant number of pores in the 

film created from the MEK solution (Figure 3.2.left). The presence of pores in the 

resulting polymer film originates from the presence of small amounts of water in the 

MEK. As the film is created MEK evaporates from the film rapidly, while water droplets 

stay longer in the film. As a result holes are left in the film after water evaporation, since 

PGMA-RhB is insoluble in water
19

. On the other hand, chloroform does not contain 

water, and evaporation of the solvent from the drying film after deposition from 

chloroform solution takes place in a uniform fashion, decreasing the roughness of film 

surface (Figure 3.2.right). Thus, for the rest of the work chloroform was used as a 

solvent for polymer film deposition. 

 

Figure 4.2AFM images of the surface of PGMA thin film. Polymer film prepared using 

MEK (left) and Chloroform (right) as a solvent. 
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4.3.3. Measurements of the thickness of PGMA-RhB film 

The thickness of the films was measured with ellipsometry and cross-checked 

with AFM using profiling over the scratch approach. The AFM thickness and 

morphology measurements were performed on both the glass slides and the silicon wafers 

for comparison between the two types of substrates. Film morphology was found to be 

the same and the measured thickness was determined to be 55 nm for both substrates.  

The thickness of the films was measured using ellipsometry and compared with 

AFM using the profile over the scratch approach. Ellipsometric measurements showed 

good correspondence with the AFM measurements. The refractive index of the PGMA-

RhB film was determined to be 1.51 from the fitting of ellipsometric data with the 

thickness value found using AFM measurements. 

This proves independence of the deposited film thickness and morphology on the 

substrate for the listed substrate types. This important result allows investigation of the 

properties of the film, selecting the most convenient substrate type for the measurement 

technique: wafers for the thickness measurements using ellipsometry, and glass slides for 

fluorescent properties measurements using the spectrophotometer and a TIRF setup. 

 

4.3.4. Tuning the thickness of PGMA-RhB film 

To evaluate the possibility of tuning the thickness of the dry PGMA-RhB film 

created using a spin coating technique, the PGMA films were spincoated on silicon 

wafers using a constant rotation speed and a solution of PGMA-RhB with different 

concentrations. 
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The viscosity of the PGMA-RhB solution depends on the polymer concentration
18

 

and, as Eq. 3.2 suggests, viscosity governs the thickness of the deposited layer if the 

other parameters are kept constant. So, by varying the film concentration it is possible to 

tune the thickness of the resulting polymer film. 

After annealing and subsequent removal of unattached polymer chains, the 

thickness of the films was measured using ellipsometry and was cross-checked with AFM 

using the profiling over the scratch approach. Once again, the ellipsometric 

measurements showed good correspondence with the AFM measurements. Figure 4.3 

shows the linear dependence of the resulting thickness on the PGMA-RhB concentration, 

making it clear that any desired thickness can be achieved using the proposed technique. 

 

Figure 4.3. Dependence of the thickness of dry PGMA film on the concentration of 

PGMA in solution 

From the combined AFM and ellipsometry measurements, the refractive index of 

the PGMA-RhB film was determined to be 1.51, independent of the film’s thickness. It is 

known that the refractive index depends on the crosslinking density and the free volume 

fraction within the polymer network
20

. Therefore, independence of the refractive index 
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from the achieved polymer film thickness means close chemical composition, polarity, 

and density of the polymer network for each film.  
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4.3.5. Swelling of PGMA-RhB film 

One of the tasks of this work is to study the behavior of fluorescent polymer films 

in different environments. Specifically, we expect that in different environments the 

fluorescent signal produced by the dye molecules embedded in the polymer film will be 

different. Therefore, it is important to determine the PGMA film’s response to 

environmental changes. Does PGMA protect RhB molecules from the environment or 

does it swell, hence exposing the RhB molecules to the analyte? To answer this question 

and find out how the solvent enters the film from the vapor phase, swelling experiments 

were performed using an ellipsometer. For this purpose, a sealable transparent cuvette 

was created (Figure 4.4.left). The cuvette was designed such that two transparent 

windows are perpendicular to the laser beam and do not alter its polarization state. First, 

the sample was put into the cuvette and the dry thickness of the film was measured. Next, 

a small bucket with a solvent (e.g. chloroform) was introduced into the cuvette and 

ellipsometric measurements were conducted for 30 minutes as the film absorbed the 

solvent. After the acquisition, raw data was fitted using ellipsometer software. 

 

Figure 4.4. Schematic of the glass cuvette for solvent absorption measurements using an 

ellipsometer (left). Thickness change of the 170 nm thick PGMA-RhB film upon 

exposure to saturated chloroform vapors (right). 
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Swelling measurements show that the thickness of the PGMA-RhB film increases 

when the film is subjected to chloroform vapor. The swelling curve for this experiment, 

presented in Figure 4.4.right, shows a thickness increase of 2.04 times after 25 minutes 

of exposure. This suggests that with a high amount of the solvent within the film, the 

environment around the RhB molecules should change upon vapor absorption. 

As discussed above, the refractive index of the dry polymer film depends on the 

crosslinking density and the density of polymer chain packing. All PGMA-RhB films 

reported were obtained using the same annealing time and temperature. They had the 

same refractive index and therefore the same crosslinking density. This fact implies that 

the polymer film should swell to the same extent, independent of the thickness, since the 

rate of solvent absorption is governed by the nature of the polymer and the crosslinking 

density of the polymer network 
21

. For the thin films under consideration, the presence of 

the rigid substrate surface could also influence the extent of swelling for films of different 

thicknesses
22

. 

To determine how the relative amount of solvent absorbed by the PGMA-RhB 

film depends on the film thickness, the swelling experiment was repeated under the same 

conditions (using saturated chloroform vapor) for PGMA-RhB films of several 

thicknesses. The obtained results (Figure 4.5.) show, that the relative amount of swelling 

is the same for all films within the studied thickness range. Since relative swelling of the 

film depends on the crosslinking density within the polymer network
23

 and the influence 

of the substrate surface
24

, which is rigid and restricts polymer chain motion, the results 
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presented in Figure 4.5 suggest the same crosslinking density for the PGMA-RhB 

network and the same surface influence for the series. 

 

Figure 4.5. Swelling behavior of several PGMA-RhB films in saturated chloroform 

vapor 

 

4.3.6. Kinetics of PGMA-RhB film swelling 

Since one of the possible applications of fluorescent PGMA-RhB films is in vapor 

sensing, it is important to know how fast the film can reach a saturated state, since the 

maximum analyte content within the film is achieved when the film is fully saturated. 

The driving force for the polymer film to swell is the pressure of the solvent in the vapor 

phase
25

. Since the solvent is introduced to the cuvette as a liquid, vapor fills the cuvette 

over a period of time. Thus, the pressure of the vapor in the cuvette is constantly 

changing until saturation is reached. Therefore, the kinetics of polymer film swelling will 

depend not only on the rate of absorption of the analyte by the polymer film, but also on 

the solvent’s evaporation rate. 
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To investigate the factors affecting the swelling rate of the flexible polymer film 

in the changing vapor pressure rates it is useful to consider the simple case first. The 

following discussion is valid for the simplified case of constant vapor pressure and rigid 

film. 

 It is known that the amount of the solvent   which enters the film at the time   

for the terminal stages of the swelling can be described by the equation
26

: 

 

  
   

 

  
      

    

   
   

Eq. 4.1. 

where    is the amount of solvent contained within the film at equilibrium,   is the 

diffusion coefficient, and    is the thickness of the film, which stays the same during the 

vapor intake. It can be seen from the equation that the time needed to achieve the ratio 

     should be higher for the thick film than for a thin film, since     
  should stay the 

same, assuming that there is no change in the diffusion coefficient.  

Because of the changing pressure and moving boundary, swelling of the polymer 

film is much more complicated case than the one presenter above. However since in the 

case of the polymer film swelling the amount of the solvent in the film      is 

proportional to the change of the film thickness     , where    is the thickness at the 

equilibrium, if is possible to compare the kinetics of swelling for films of different 

thickness using the swelling curves. In Figure 4.6, the relative thickness change for 9 nm 

and 106 nm thick PGMA-RhB film in chloroform vapors is shown. For comparison 

purposes the swelling curves were rescaled using the equation                to 
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range from 0 to 1, where 0 is the thickness in the dry state and 1 is the thickness in the 

fully swollen state. 

 

Figure 4.6. Relative swelling of PGMA-RhB layers of different thickness as a function 

of time. 

 

It can be seen from the graph above that the thin PGMA-RhB layer reaches 

equilibrium swelling in a shorter time than the thick film. This phenomenon can be 

explained by the fact that the diffusion time for the small molecules into the film depends 

on the thickness of the film.  

One important conclusion could be made from the results of this experiment: 

thinner films reach a saturation state more quickly than thick films. This can be used as 

an advantage for applications where it is favorable to have a fast system response to the 

target analyte. 
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4.3.7. Fluorescent measurements 

4.3.7.1. RhB concentration in the PGMA-RhB film 

The next step of this study was to examine the fluorescent characteristics of dry 

PGMA-RhB film. It is known that the fluorescent properties of the fluorophores depend 

on their concentration: if the distance between fluorophores is short, multiple effects such 

as inner filter effects and dimer formation may occur
27

. The inner filter effect is the 

decrease of the emission collected from the sample due to the reabsorption of the emitted 

light at high dye concentrations
28

. Dimer formation can decrease the fluorescent emission 

of the sample when the dimers of the fluorophores have a lower quantum yield then the 

fluorophores themselves
29

. These effects depend on the proximity of the fluorescent 

molecules in the system, so it is important to estimate the distance between the RhB 

molecules in the PGMA-RhB film. The RhB concentration in the film can be calculated 

using the formula: 

   
    

     
 

Eq. 4.2. 

where              is PGMA density
30

,    is the Avogadro’s number,   

          is the molecular weight of the PGMA monomeric unit, and the factor of 311 

originates from the fact that the labeling technique attached an average of one RhB 

molecule per 311 monomeric units of PGMA. The approximate RhB molecule 

concentration is therefore                 . The distance between the RhB 

molecules can be estimated as   √         .  
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4.3.7.2. Forster Resonance Energy Transfer (FRET) 

Due to the low thickness of the polymer film, there is almost no inner filter 

effect
31

, as only a very small number of the RhB molecules get excited and the chance of 

reabsorption of light emitted by the fluorophores is very low. However, since the 

absorption spectrum overlaps the fluorescent emission spectrum, Forster Resonance 

Energy Transfer (FRET) can occur between RhB molecules. 

The FRET is an energy transfer that can occur between fluorophores due to 

dipole-dipole coupling
32

. The efficiency of such a transfer can be estimated as
33

: 

  
 

        
 

Eq. 4.3. 

where  is the distance between fluorophores, and    is the Forster radius. From Eq. 4.2, 

it can be seen that when the distance between the fluorophores is equal to the Forster 

radius, the efficiency of the FRET is 50%. 

The formula for the Forster radius is
34

: 

  
  

           

         
 Eq. 1.4. 

where   is the quantum yield of the fluorophore,   is the orientation factor,   is the 

refractive index of the host medium,    is the Avogadro’s number, and   is the 

normalized spectral overlap between the emission and excitation spectra. 

Normalized spectral overlap   can be calculated using the equation
34

:  
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  ∫              
 

 

 Eq. 4.5. 

where      is the molar extinction coefficient,   is the wavelength of light, and      is 

the normalized emission intensity, calculated from the acquired emission  intensity      

as
34

:  

     
    

∫       
 

 

 Eq. 4.6. 

Units of  are           . Since √
         

        

 
       , Eq. 4.3.can be rewritten in the 

form: 

           √
    

  

 

   Eq. 1.7. 

As an example, the Forster radius can be calculated for the RhB molecules in 

ethanol. The quantum yield for RhB molecules in pure ethanol is         ; the 

orientation factor can be assumed to be equal to         as for the free molecule
36

; the 

refractive index for ethanol is       .  

Using the absorption and emission spectra of RhB in ethanol (Figure 4.6.) from
37

, 

the spectral overlap can be calculated as                      . Using this 

value, the Forster distance can be estimated as            
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Figure 4.7. Absorption and emission spectra of RhB in ethanol from 
37

 

 

It can be seen that both estimations, for the distance between RhB molecules in 

the PGMA film and the Forster distance for the RhB molecules in ethanol, gave values of 

the same order. Therefore, there is a possibility of Homo-FRET between the RhB 

molecules in the film. Thus, a special experiment is needed to determine if FRET is in 

effect. This technique will be described in detail in Section 4.3.7.5. 

 

4.3.7.3. Fluorescent measurements of PGMA-RhB film in the dry state 

 

The fluorescent emission of the dry film was collected using a spectrophotometer. 

Glass slides with PGMA-RhB films were placed in the spectrophotometer sample 

chamber at 45° to the incident light. Emission from the dry PGMA-RhB film was 

collected in the front face mode. The excitation spectrum showed the absorption peak at 
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532 nm and the emission spectrum showed the emission peak at 582 nm. Typically, RhB 

molecules have a single emission peak around 580 ± 20 nm depending on the 

environment and the RhB concentration
38

. The shapes of the acquired emission and 

excitation spectra of the PGMA-RhB films were characteristic for the RhB molecules
37

. 

Since the non-labeled PGMA is not fluorescent, the presence of fluorescent emission 

confirms the chemical attachment of the RhB to the PGMA. Spectrophotometry 

measurements of PGMA-RhB films with different thicknesses were conducted in order to 

study photoluminescence dependence on thickness. The results are shown in Figure 

4.8.It can be observed that the spectra shift up with the thickness increase, meaning 

increased photon emission counts at each wavelength. To compare the emission intensity, 

the area under the peak can be calculated
39

, which represents the total number of photons 

collected by the detector at all wavelengths.  

The total area under the emission spectra was calculated and plotted as a function 

of the film thickness (Figure 4.8.right).The plot reveals the linear variation of the 

emission with the thickness. Since the fluorescent emission intensity depends on the RhB 

molecule packing, as was discussed in Section 4.3.7.2., the results presented in Figure 

4.8.suggest that the packing of RhB molecules is independent of the thickness of the film 

and is a constant for all samples in the series. 
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Figure 4.8. Emission spectra of the PGMA-RhB films with various thicknesses (left). 

Integrated area under the emission spectrum as a function of the PGMA-RhB film 

thickness (right) 

 

4.3.7.4. Change of fluorescent emission upon vapor intake 

Measurement of fluorescent emission changes was performed using a TIRF setup. 

First, the fluorescent emission intensity of the dry polymer films was investigated in 

order to establish a baseline intensity to which the intensity in the swollen state could be 

compared. Again, it was plotted as a function of the film thickness (Figure 4.9.left). It 

could be seen that there is a linear dependence of the emission intensity on the film 

thickness analogous to what was observed during the spectrophotometry measurements. 

However, in the case of the TIRF measurements, the line has a        type of 

dependence, with B>0. This means that when the film thickness approaches zero, the 

emission intensity has a non-zero value. This non-zero intensity is produced by the part 

of the excitation beam that scatters from the surface of the glass. Some fraction of this 

scattered light is not blocked by the optical filter and causes the increased intensity to be 
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measured. Nevertheless, this addition depends on the geometry of the setup, therefore it 

has to be the same for all the samples measured with the device and can be easily 

subtracted from the acquired signal. 

 

Figure 4.9. TIRF measurements for the PGMA-RhB films: intensity in the dry state for 

films of different thickness 

As shown by ellipsometry, chloroform enters the PGMA-RhB film from the vapor 

phase and should therefore expose RhB molecules to chloroform molecules. If the 

fluorescence of the RhB molecules is affected by chloroform, the described TIRF setup 

should be able to reveal the changes in the intensity of fluorescent emission.  

Figure 4.10.left shows how the emission intensity measured by the detector using 

the TIRF setup changes when the chloroform vapors are pumped through the cuvette 

containing the glass slide with the PGMA-RhB film. It can be seen that the emission 

intensity increases in a way similar to the thickness change measured by ellipsometry 

(compare with Figure 4.4.right). This suggests that emission intensity change depends 
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on the amount of chloroform entering the film, and that the change is the highest at the 

point of maximum chloroform intake.  

 The results presented in Figure 4.10. left confirm the sensitivity of 120 nm thick 

PGMA-RhB film to the presence of the analyte in the vapor phase surrounding the 

polymer film. The direction and magnitude of the change in fluorescent emission 

intensity depend on the quantum yield and the amount of solvent in proximity to the RhB 

molecules. These properties will be discussed in detail in Chapter 5. 

 

Figure 4.10. Intensity change during chloroform intake by 120 nm thick PGMA-RhB 

film (left), dependence of this intensity at equilibrium on the dry PGMA-RhB film 

thickness (right). 

The same measurements of fluorescent emission intensity during swelling of 

PGMA-RhB in chloroform vapors were repeated for several films of different thickness. 

The results shown in Figure 4.10.right reveal the linear dependence of the emission 

intensity in the fully swollen state on the initial film thickness. Similar to what was 

observed for the films in the dry state, this result suggests that RhB molecule packing is 

the same for each PGMA-RhB film in the swollen state. This means that each RhB 
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molecule changes its fluorescent emission independently of all the other RhB molecules 

during film swelling.  

This important conclusion means that it is possible to adjust the parameters of the 

film (for example, the thickness of the PGMA-RhB film) for a particular problem without 

affecting the RhB response, as long as it is allowed by the sensitivity of the detector. 

 

4.3.7.5. Effect of concentration of RhB on fluorescent emission 

During the solvent intake by the polymer film, the PGMA molecules are moving 

apart and thus the distance between the RhB molecules is increasing. As discussed in 

4.3.7.2., the distance change between the fluorophores should result in changes to FRET 

efficiency. Eq. 4.2. shows that FRET efficiency is highest when the RhB molecules are 

close to each other; therefore it is highest for the dry film and decreases during the film 

swelling. 

FRET efficiency is an important term in the fluorescent emission intensity 

calculation; however, at large distances this term becomes very small due to the   

  distance dependence. It is thus important to determine whether the initial RhB 

concentration in the polymer film in the dry state is high enough for efficient FRET. For 

this purpose, the following experiment was conducted. 

Several films of the same thickness were prepared using PGMA with varying 

RhB concentrations. The fluorescent emission of these films was then measured as a 

function of the RhB concentration. In the absence of all concentration-dependent effects, 

the fluorescent emission intensity of the PGMA-RhB films should be a linear function of 
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the RhB concentration 
40

. However, when FRET is taken into consideration, nonlinear 

effects can be observed with RhB concentration variation. 

To produce PGMA-RhB films with fluorophore concentration variation, RhB-

labeled PGMA-RhB was mixed with non-fluorescent unlabeled PGMA at different ratios. 

Polymer films of the same thickness (120 nm) were deposited on the surface of silicon 

wafers and glass slides from the 2% w/w chloroform solutions of these blends using spin 

coating at 900 rpm. After annealing (120 °C, 8 h) and unattached polymer chain removal, 

thefluorescent emission intensity of the dry films with known relative labeled PGMA 

concentrations was measured. The results show the linear dependence of the emission 

intensity of the RhB molecules up to the concentration present in the pure labeled 

PGMA-RhB (Figure 4.11.). Relative concentration of the RhB molecules in the film was 

calculated as     , where   is the concentration of the RhB molecules in the mixture of 

labeled and unlabeled PGMA and    is the concentration of the RhB molecules in the 

labeled PGMA (Section 4.3.7.1). Assuming uniform RhB mixing in the polymer blend 

and no aggregation of RhB molecules, this result leads to an important conclusion: for 

PGMA-RhB film in the dry state, the distance between RhB molecules it too large for an 

efficient FRET. During the swelling of the polymer film, the distance will only grow, 

therefore FRET has no effect on the emission intensity change during the solvent 

absorption. 
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Figure 4.11. Fluorescent spectra of the PGMA-RhB films of different ratios of labeled to 

unlabeled PGMA in the dry state (left), integrated area of these spectra as a function of 

PGMA-RhB concentration (right) 

 

4.3.7.6. Repeatability and reversibility of the method 

For prospective sensing applications it is important that the PGMA-RhB film can 

be reused after exposure and give the same results for succeeding exposures. To check 

the repeatability and reversibility of the observed signal change, the film was exposed to 

alternating chloroform vapors and air. Each exposure was 5 minutes long. The result is 

shown in Figure 4.12.It can be seen that each signal change was fully reversible. A small 

overall drift of signal can be seen; however the amplitude of this drift is much lower than 

the total signal change. 
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Figure 4.12. Emission intensity variation observed with TIRF measurements during 

alternating 5 minute exposures of PGMA-RhB films to saturated chloroform vapors and 

air. 

 

4.4. Conclusions 

 PGMA was fluorescently labeled with RhB molecules with approximately one 

RhB molecule per 311 PGMA monomeric units. Relatively thick crosslinked PGMA-

RhB films were synthesized from the PGMA-RhB solution. Spin coating was selected as 

a deposition technique and silicon wafers and glass slides were chosen as substrates. 

The deposition technique allowed flexibility in the created film thickness in the 

tens to hundreds of nanometers range. Synthesized polymer films were characterized with 

AFM and the deposition technique was further adjusted to achieve even, uniform films 

with low roughness.  

Ellipsometry measurements in the presence of saturated chloroform vapor 

revealed that the PGMA-RhB film is able to absorb solvent from the vapor phase. The 

relative thickness change upon liquid absorption was not varied for films of different 
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thicknesses, suggesting the same crosslinking density of the PGMA-RhB film produced 

with the proposed deposition technique. 

Spectrophotometry, as well as the TIRF measurements, confirmed the fluorescent 

emission from the PGMA-RhB film. Both methods showed that the fluorescent 

characteristics of RhB molecules are not affected by film thickness. Homo-FRET 

efficiency was found to be negligibly small using measurements of the emission intensity 

of dry PGMA-RhB films with a difference in distance between RhB molecules.  

A TIRF apparatus was employed to conduct the measurements of the fluorescent 

emission of the film during the exposure to the saturated chloroform vapors. As the 

PGMA-RhB film was subjected to chloroform vapor, prominent reversible and repeatable 

fluorescent emission intensity changes were observed. Emission intensity showed linear 

dependence on the thickness of the film, indicating that it is linearly proportional to the 

number of emitting RhB molecules. Therefore, locally, the environment of RhB 

molecules upon swelling changes in the same way independent of film thickness. 
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CHAPTER FIVE 

FABRICATION AND CHARACTERIZATION OF NANOSCALE 

FLUORESCENT POLYMER FILMS 

 

5.1. Introduction 

In the previous chapter, it was concluded that PGMA-RhB film, in orders of 

hundreds of nanometers thick, is sensitive to the environment. The sensitivity of the film 

is manifested through changes in the rate of fluorescent emissions when the vapor of an 

analyte enters the film. Since the signal change increases as the solvent enters the film, 

the most prominent signal variation is achieved after a significant amount of time, when 

the film fully swells with the analyte. However, in many applications, such as analyte 

detection, it is important that the response is as low as possible without a sacrifice in the 

signal-to-noise ratio. 

It is possible to decrease the response time of the PGMA-RhB system by 

decreasing the thickness of the film. There are several advantages to this approach. First, 

it is known that for thin polymer films the swelling kinetics under the same conditions are 

faster than for the thick polymer films
1
. Therefore, shorter times are needed for the 

analyte molecules to diffuse to the fluorophore sites, so response times for thin films are 

shorter. 

Second, such films can be applied to nanoscale objects
2
, therefore the surface-to- 

volume ratio can be significantly enhanced. Also, ultrathin films have high surface 

influence
3
; in other words, it is possible to tune the properties of the film by modifying its 

surface. However, one downside of thin films is the magnitude of the fluorescent 
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emission: since the number of fluorophores in thin films is lower, high sensitivity 

methods must be used to study fluorescent emission variations. 

The objective of this part of the work was to synthesize and characterize ultrathin 

(in the order of several nanometers) fluorescent polymer films. Fluorescently labeled 

polymer, namely PGMA-RhB (see Section 4.2.1. for description and labeling), was used. 

PGMA-RhB films 5 nm thick were synthesized and characterized. 

Ellipsometry measurements of the swelling of ultrathin films in chloroform vapor 

confirmed an increase in the swelling kinetics with a decrease in the film thickness. 

Florescent properties were studied using TIRF and spectrophotometry measurements. It 

was discovered that the sensitivity of the TIRF measurements is not high enough for 

precise fluorescent emission collection during film swelling, so a special cuvette for in 

situ measurements of the emission under changing environmental conditions was built for 

the spectrophotometer.  

The sensitivity of the ultrathin PGMA-RhB film was studied for different 

environments. For this purpose, spectrophotometric and ellipsometric measurements were 

performed for a variety of solvents with different chemical natures. Each of the solvents 

induced a distinct response from the PGMA-RhB system during the measurements. 

 

5.2. Experimental 

5.2.1. Synthesis of ultrathin PGMA-RhB film 

The fluorescently labeled PGMA-RhB (Mn= 80,000 g/mol with polydispersity 

2.57) was deposited onto the surface of cleaned silicon wafers and glass microscope 
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slides (see Section 3.4.1. for cleaning procedure). Drop casting was used as a deposition 

technique. After the deposition, PGMA-RhB film was annealed at 100 °C for 30 minutes 

to allow film crosslinking and attachment to the substrate. Unattached polymer chains 

were removed by rinsing the sample with chloroform three times for 30 minutes on a 

shaker.  

 

5.2.2. Characterization of PGMA-RhB films 

Next, polymer films were characterized by ellipsometry and AFM: film thickness, 

refractive index, and surface roughness were estimated. Ellipsometry was then used to 

study the film behavior in the saturated vapor of several organic solvents, namely 

chloroform, acetone, toluene, water, and cyclohexane. The same procedure was used for 

each swelling experiment. The sample was placed into the glass cuvette and the thickness 

of the PGMA-RhB layer was measured in the dry state. Next, solvent was introduced to 

the cuvette. Changes to the ellipsometric parameters were recorded as the polymer film 

absorbed the solvent. After the data acquisition, these parameters were fitted using an 

enhanced algorithm coupled with an effective medium approximation (see Section 

5.3.4.1. for details). The swelling of the ultrathin films was compared to the swelling of 

thicker film to investigate the effect of the deposited polymer thickness on solvent 

absorption. 
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5.2.3. Environmental sensitivity measurements 

Fluorescent signal change during solvent absorption was measured using both a 

TIRF setup and spectrophotometry. In the TIRF setup, chloroform-, acetone-, toluene-, 

water-, and cyclohexane-saturated vapors were pumped at 10 ml/min through the cuvette 

with the 5nm thick PGMA-RhB film on the glass microscope slide. After each solvent 

was introduced, air was pumped through the cuvette to bring the polymer film back to the 

dry state.  

For spectrophotometry on the Jobin Yvon Fluorolog 3–222Tau, a special cuvette 

was designed to perform in situ measurements of the fluorescent emission from the 

PGMA-RhB film in the saturated solvent vapors (Section 3.3.4.). The cuvette was placed 

into the sample compartment of the device as shown in Figure 5.1., and fluorescent 

emission measurements of the PGMA-RhB film were performed both in the dry and 

swollen state. 
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Figure 5.1. Positioning of the sample in the sample compartment of the 

spectrophotometer. 

 

Fluorescent signal change was recorded using the area under the emission 

spectrum as a measure of the emission intensity. For the cases in which equilibrium was 

not achieved during the measurement, emission intensity at the point of equilibrium was 

calculated using the fitting of the intensity change curve. Each solvent induced changes in 

the fluorescent emission of the PGMA-RhB film. Using acquired data, sensitivity to the 

changes in fluorescent emission of ultrathin PGMA-RhB film using the 

spectrophotometry method was compared to the results from the TIRF method. 

 

5.2.4. Quantum yield measurements for Octadecyl Rhodamine B (R18) 

To determine the driving force of fluorescent emission changes, relative quantum 

yields were estimated for PGMA-RhB using a technique found in the literature
4
. 
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Octadecyl Rhodamine B (R18) was used as a model fluorophore, as its chemical structure 

is close to the fluorescent unit in PGMA-RhB. Standard quartz 1 cm cuvettes were used 

for the quantum yield measurements. Absorption spectra for the dye solutions were 

acquired from aUV-3101PC UV-VIS-NIR scanning spectrophotometer from Shimadzu 

using an excitation wavelength of 532 nm. Emission spectra were collected using a Jobin 

Yvon Fluorolog 3–222Tauspectrofluorometerwith the same excitation wavelength. 

For each solvent-dye combination, dye solutions of several concentrations were 

prepared. To exclude concentration-dependent effects, the amount of dye in the solution 

was kept at a low level. Specifically, the highest concentration used in the series was 

always lower than the concentration that would bring optical density of the solution 

above 0.1. 

Both absorption and emission spectra were integrated and the emission was 

plotted as a function of the absorbance for the concentrations used. The slope of the plot 

defined the relative quantum yield for the dye. The absolute quantum yield was 

calculated through this relative value using known standards. Technique feasibility was 

verified using dye solutions with known quantum yields (RhB in water and RhB in 

ethanol 95%) for reference. Quantum yields for R18 solutions in chloroform, acetone, 

toluene, water, and cyclohexane were calculated and compared with the fluorescent 

emission intensity changes. 
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5.3. Results and discussion 

5.3.1. Synthesis of ultrathin PGMA-RhB films 

Synthesis of ultrathin films differs from that of thicker films. Owing to its 

chemical nature, PGMA starts chemical crosslinking in the vicinity of the substrate 

surface after the deposition onto the surface activated with the hydroxylic groups
5
. First, 

PGMA chains attach to the surface. As can be seen from the chemical equation 

(Scheme.5.1.), after the epoxy ring opening, a new hydroxylic group is produced. This 

hydroxylic group can induce another reaction.  

 

Scheme 5.1. Epoxy group reaction with hydroxylic group 

The epoxy group opening can therefore propagate through the film from the 

substrate towards the outer surface of the polymer film. It is possible to stop the 

crosslinking process at its earlier stages, when the crosslinked part of the film is only 

several nanometers thick. This is schematically illustrated in Figure 5.3. A layer of 

PGMA is deposited onto the surface activated with the hydroxylic groups. When the film 

is annealed, the PGMA chains start to chemically bond to the substrate, creating reactive 

sites for the epoxy group attachment. This process repeats itself and when the desired 

thickness of the crosslinked layer is achieved, the reaction can be stopped and unattached 

polymer chains can be removed from the film. One useful advantage of this technique is 

the independence of the quality of the film from the morphology of the top layers of the 
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initially deposited film, since the top portion of the film does not contribute to the 

deposited PGMA layer.  

 

Figure 5.2. Schematic diagram of the synthesis of ultrathin PGMA film 

 

5.3.2. Variation of PGMA-RhB film thickness 

An important conclusion can be made from the previous section: films of various 

thicknesses can be synthesized using the same PGMA solution and the same deposition 

procedure. The thickness of the films can be controlled by changing the crosslinking 

time, allowing more or less polymer to be attached to the substrate. To check the 

possibility of such a method, several PGMA-RhB films were created on the surface of the 

cleaned silicon wafers from the 1% w/w solution via drop casting. The drop casting 

technique was selected instead of spin coating because it is a less labor and time 

consuming technique, since, as was pointed out above, the morphology of the top portion 

of the film should not influence the resulting film thickness. After the deposition, the 
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polymer films were annealed. In order to control the annealing with higher precision (the 

chemical reaction slows down when the temperature is decreased 
5
), the annealing 

temperature was decreased from 120°C, which was used for thick film annealing, to 100 

°C. The annealing was performed for several different durations (30 min, 1 h, 2 h, and 3 

h) in a vacuum oven. Unattached polymer chains were then removed by rinsing the 

polymer films with chloroform.  

The thickness of the polymer films was measured by ellipsometry. The results 

shown in Figure 5.4.reveal that the thickness of the attached layer depends nonlinearly 

on the annealing time: the thickness grow rate increases at longer annealing times. This 

phenomenon can be explained by the fact that chain movement is restricted by the surface 

of the wafer
6
, so the above-discussed crosslinking reaction propagation through the film 

is more efficient far away from the substrate surface. 

 

Figure 5.3. Dependence of the thickness of the attached layer of PGMA-RhB on the film 

annealing time 
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Therefore, unlike for the thicker films, in order to perform the ultrathin film 

synthesis it is not necessary to spin coat the film on the substrate. It is sufficient to 

dropcast a polymer film on the substrate: since the top part of the polymer film will be 

removed, its morphology should not affect the roughness of the resulting ultrathin film. 

 

5.3.3. Properties of ultrathin PGMA-RhB film 

For further study, film with the least thickness from the series (5 nm) was 

selected. AFM imaging of the film surface was conducted (Figure 5.4.). In fact, 

dropcasted polymer films annealed for 30 min at 100°C produced uniform, even films 

with a roughness of less than 1 nm. Next, the refractive index was measured with an 

ellipsometer using the dry thickness of the film obtained from AFM measurements of the 

profile over a scratch on the ultrathin film surface. The refractive index was found to be 

the same as for the thicker polymer film: 1.51 at 651 nm (wavelength of the beam used 

for ellipsometry measurements). 

 

Figure 5.4. AFM image of the surface morphology of the 5 nm thick PGMA-RhB film. 
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As was pointed out in Section 4.3.5., this result suggests that the density, free 

volume, and crosslinking density of the ultrathin PGMA-RhB film is close to that of the 

100 – 120 nm PGMA-RhB film. 

 

5.3.4. Swelling of ultrathin PGMA-RhB films 

5.3.4.1. Algorithm of ellipsometric calculations 

To verify that ultrathin polymer film retains the ability to absorb solvents from the 

vapor phase, ellipsometric swelling experiments were conducted. The 5 nm thick PGMA 

films were subjected to the saturated vapors of organic solvents and water. It is known 

that during solvent absorption the refractive index of the polymer film changes
7
. This 

means that during the swelling of the PGMA-RhB film, each pair ( , ) measured by the 

ellipsometer should be fitted using two unknown variables: current thickness of the film 

  and its refractive index. Due to the lower precision of the measurements in the low 

thickness region, the program supplied with the ellipsometer was unable to correctly fit   

and   to both unknown variables. 

To overcome this difficulty, a known relation between the thickness and the 

refractive index of the film during swelling was utilized. It is known that when two or 

more substances are ideally mixed the following Bruggemans effective medium 

approximation (EMA) applies
8
: 
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Eq.5.1. 

where 〈 〉 is the refractive index of the mixture;         are the refractive indexes of the 

components comprising the mixture; and         are the volume fractions of the 

components in the mixture.  

This equation is widely used to model the porosity of silicon with void content up 

to 50% 
9
, as well as conductivity of linear composites

10
 and transport properties of 

composites
11

. This approximation was also extensively used for refractive index 

calculation for the inorganic
12

 and organic
13

 coatings. It is known that the Bruggemans 

equation is a simplified theory and gives errors for high concentrations of the mixing 

substances 
14

; however, it can still be used as a first approximation for the swelling of 

polymer films with high equilibrium solvent content
15

. 

If during the swelling of the film no changes in the lateral direction are observed, 

then the volume fractions of the polymer and the solvent within the film can be described 

as            and               , respectively. Here,   is the current film 

thickness and    is the thickness of the film in the dry state. Eq.5.1.can be then rewritten 

in the form: 

 

  
   (

  
    

  
     

  
    

  
     

⁄ ) 
Eq.5.2. 

where    is the refractive index of the dry polymer film,    is the refractive index of the 

solvent, and   is the effective refractive index of the film in a given swollen state. This 
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equation can provide additional relationships between   and   in fitting calculations for 

  and  . 

As shown in Section 4.3.5., the precision of measurements for thick polymer 

films is high enough to fit the ellipsometric parameters   and   using for calculation of 

both thickness and refractive index of the film with high precision. The algorithm of 

these calculations is described in detail in the Appendix (Figure A2). The fitting shows 

how the thickness of the film changes over time (Figure 4.4. right). It is therefore 

possible to check if the PGMA-RhB film follows the proposed effective medium 

approximation. Using the refractive index values acquired from the measurement and the 

following constants:          (chloroform),        ,        nm, it is possible to 

compare the thickness change measured from the ellipsometry experiment with the 

thickness change calculated from Eq.5.2. The results are shown in Figure 5.5.left. It can 

be seen that the thickness change calculated by the Bruggemans approximation closely 

follows the measured values of the thickness.  

 

Figure 5.5. Ellipsometric measurements of the PGMA-RhB film during the absorption of 

the chloroform vapor. Thickness and refractive index measured for 106 nm thick PGMA-

RhB film and thickness change calculated through Bruggemans EMA (left). Thickness 
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and refractive index change calculated through improved algorithm using Bruggemans 

EMA (right). 

This result shows that during the swelling of the PGMA-RhB film, the thickness 

and refractive index are bound by Eq.5.2., so the proposed EMA can be used to fit the 

ellipsometric data for the thin films. 

To calculate the thickness and refractive index of the thin film, a program was 

written using MATLAB software. The algorithm for the calculations is shown in details 

in Appendix (Figure A3). This program refines the known approach of   and   

calculations
16

 from the known values of   and  , where Fresnell’s equations are used to 

calculate the reflected components of the beam for the multilayer film. Calculated 

thickness and refractive index are then bound together with Eq.5.2., using the least 

square method. This way, the Bruggemans effective medium approximation helps reduce 

the errors in thickness and refractive index calculations. 

The result of such a fitting is presented in Figure 5.5.right for the 9 nm thick 

PGMA-RhB film. It can be seen from the plot how the thickness of the polymer film 

increases and at the same time the refractive index of the film decreases.  

 

5.3.4.2. Kinetics of the swelling of ultrathin PGMA-RhB films 

It was observed that the kinetics of swelling were different for PGMA-RhB films 

of various thicknesses (Figure 4.6.). It is also known that the rate of solvent intake by the 

polymer film depends on the diffusion of the solvent molecules, vapor pressure, and the 

solvent’s affinity for the polymer
17

. Therefore, the swelling rate of the PGMA-RhB films 

will be different for various solvents. 
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To check this hypothesis, the swelling experiment was performed for 55 nm thick 

PGMA-RhB film in saturated vapors of chloroform, acetone, toluene, cyclohexane, and 

water. A fitting algorithm with EMA was used for fitting the ellipsometric data. 

The thickness of the PGMA-RhB film was rescaled in order to compare the 

swelling rate: the thickness of the film changes in the range from 0 to 1, where 0 is the 

thickness of the film in the dry state and 1 is the thickness of the swollen film. As 

expected, the results shown in Figure 5.6.demonstrate variations in the swelling rate with 

respect to the solvent used. For example, it can be seen that during the swelling in 

acetone, equilibrium is reached after 10 minutes, but for the swelling in toluene, 

equilibrium is still not reached after 50 minutes. 

 

Figure 5.6. Rescaled swelling curves for 55 nm thick PGMA-RhB film in the vapors of 

chloroform, acetone, toluene, cyclohexane, and water. 

To compare the amount of swelling, some parameter that characterizes the 

polymer swelling independent of time should be developed. It was decided that relative 
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swelling at equilibrium would be such a parameter. Effectively, the state of equilibrium is 

achieved at an infinitely long swelling period; however, it is not feasible to perform a 

swelling experiment for such long time. Instead, it is possible to fit the acquired swelling 

curve to achieve equilibrium thickness     .  

 

5.3.4.3. Swelling curve fitting 

In Section 4.3.6., it was shown that at the final stages of the solvent absorption for 

rigid film the solvent intake exhibits exponential behavior (see Eq. 4.1.). Since the 

amount of solvent absorbed by the film is proportional to the thickness of the film, 

similar behavior for the PGMA-RhB system can be assumed. The following expression 

can describe the thickness   of the PGMA-RhB film: 

                    
Eq.5.3. 

where        is the reduced film thickness,    is the thickness of the film in the dry 

state, and    and    are the fitting parameters, which account for deviations from the case 

of the rigid film presented in Eq. 4.1.   

The proposed fitting was done using Origin software (OriginLab).The thickness 

of the film in the equilibrium state can be estimated as          once the parameters 

   and    are found. Before the application of the proposed method for    determination, 

the validity of the fitting algorithm was examined using the swelling data where polymer 

film reaches complete saturation during the experiment. Specifically, the swelling of 45 

nm thick PGMA-RhB film in chloroform vapor was examined. As can be seen from the 
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swelling curve (Figure 5.7.), the thickness of the film reaches maximum saturation after 

20 minutes. 

 

Figure 5.7. Swelling curve and the result of the curve fitting. Arrows show the range of 

the values used for the fitting 

To check the applicability of the fitting algorithm, a part of the curve was fitted 

using Eq.4.3., and the fitting was then compared with the measured equilibrium swelling. 

The part of the curve selected for the fitting is marked with the arrows in Figure 5.7.The 

starting point was selected at approximately 60% of the total swelling increase. This first 

point selection was selected for two reasons: first, Eq. 4.3. is known to describe only the 

terminal stages of the swelling (the beginning of the vapor absorption is known to have 

square root kinetics)
19

; second, the pressure of the solvent inside the cuvette does not 

reach saturation instantly; therefore, in the initial period the driving force for the swelling 

changes constantly and Eq.4.3.does not account for such changes. 
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After acquisition of the unknown parameters   and   , the swelling of the 

polymer film beyond the region used for the fitting can be constructed. Figure 

5.7.showsthe results of the fitting overlapped with measured data. It can be seen that the 

fitted curve follows the real data with good agreement. This result means that for the 

substances with low vapor pressure, swelling equilibrium can be obtained in a relatively 

short experiment. 

 

5.3.4.4. Equilibrium relative thickness change 

When the swelling at equilibrium    is known, the relative thickness change 

(RTC) at equilibrium can be used as the above-mentioned parameter for comparing the 

swelling between various film-solvent pairs. This value is defined as: 

        ⁄  
Eq.5.4. 

Using the relative thickness change, it is possible to compare the solvents together 

in relation to the particular PGMA-RhB film by the amount of solvent absorbed by the 

film.  

With all necessary procedures developed, it is now possible to examine the 

swelling of the ultrathin 5 nm thick PGMA-RhB layer. Swelling experiments were 

conducted for this film in the saturated vapors of five analytes (chloroform, acetone, 

toluene, water, and cyclohexane). The swelling curves were constructed from raw 

ellipsometry data using the improved calculation algorithm. Next, swelling curves were 

fitted using Eq.5.2.and the relative thickness change was calculated. The final result is 

presented in Figure 5.8. Reversibility and repeatability of these measurements were 
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verified for selected solvents. It can be observed from the results that there are vast 

variations in the swelling ratios among the analytes. For example, the PGMA-RhB films 

swell to more than double in chloroform vapor and only several percent in water vapor.  

 

Figure 5.8. Relative thickness change for PGMA-RhB film in vapors of 5 various 

solvents: chloroform, acetone, toluene, water, andcyclohexane. 

 

5.3.5. Polymer-solvent interaction 

The behavior of the PGMA-RhB layer in various solvents has paramount 

significance for this work: ultrathin polymer film expresses selective affinity to particular 

analytes. It is known that the affinity of the polymer to the particular chemical substance 

can be described by the amount of absorption of this substance by the polymer. This 

affinity can be expressed in terms of the so-called effective interaction parameter
20

  . 

According to the Flory-Huggins theory, the energy change for a solvent molecule 

transferred from a pure solvent to a pure polymer equals    , where   is the Boltzmann 

constant and   is the temperature. It is therefore more favorable for the polymer to absorb 

solvent molecules if the   for the solvent-polymer pair is low, since less energy is 

required for the solvent to enter the polymer film.  
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The interaction parameter is known to be concentration-dependent
21

. Such 

dependence can be described as             
 , where   is the volume fraction 

of the polymer in the swollen state. Since in this study only equilibrium swellings in 

saturated solvent vapors are considered, the   will be estimated at a single point   and 

will be assumed to be independent of polymer concentration. This will allow qualitative 

comparison of different polymer-solvent pairs. 

There are several ways to estimate the Flory-Huggins interaction parameter: 

osmotic pressure, vapor sorption, or inverse gas chromatography
22

. 

For this particular study, the most practical way is to calculate   from the solvent 

absorption experiment
23

. Since the Flory-Huggins theory does not account for the free 

volume, in all calculations listed below free volume was assumed to be constant during 

the polymer swelling.  When the solvent molecules are mixed with polymer chains, the 

change to their chemical potential   relative to some reference state    can be described 

as
24

: 

    

  
                      Eq. 5.5. 

where   is the degree of polymerization of the polymer chains. It is known that change in 

the chemical potential of the solvent (assuming ideal gas behavior) can be described 

through the vapor pressure of the solvent vapor above a polymer solution   relative to 

that of the pure solvent    at reference state 
24

: 
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   (

 

  
) Eq. 5.6. 

Since in all experiments performed in this study 
 

 
  , Eq.5.5. yields: 

  (
 

  
)                        

Eq. 5.7. 

The reference state is taken to be 25°C, which is very close to the temperature at 

which the swelling experiments were conducted. During the swelling experiments there 

were observed no solvent condensation on the sample or the walls of the cuvette, thus it 

was assumed that some amount of the solvent escapes cuvette. Therefore it was assumed 

that the pressure inside of the cuvette is very close to the saturated vapor pressure, but 

never reaches it. Under this assumption 
 

   in Eq.5.7. was set to be very close to unity, 

and the estimation of the interaction parameter was done using the equation: 

   
         

  
 

Eq. 5.8. 

Due to the limitations of the Flory-Huggins theory
25

 and the assumptions 

mentioned above, this equation does not give precise values for   parameter. However, 

the estimation of   from Eq.5.8. can be used for comparison of solvent-polymer pairs as 

it qualitatively describes the affinity of the given solvent to the polymer. It can be seen 

from Eq.5.7.that for the thermodynamically good solvent, a high amount of solvent 

enters the polymer network and   is low,      . When the polymer does not dissolve 

in solvent   is close to unity and   is high. 
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5.3.6. Interaction parameter calculation from swelling experiments 

Data presented in Figure 5.8.was used for the estimations of the effective 

interaction parameter  . Since it is assumed that during the swelling the film does not 

expand in the lateral direction, the polymer volume fraction at equilibrium   can be 

calculated as 

  
  

  
       

Eq.5.9. 

Therefore, using Eq.5.8., the effective interaction parameter can be calculated 

from the relative thickness change. The calculated values of   for PGMA-RhB and the 5 

different solvents used in the swelling experiments for 5 nm thick film are presented in 

Figure 5.9. The interaction parameter can now be used to characterize polymer-solvent 

pairs in terms of the polymer affinity to the solvent. It can be seen that chloroform has the 

highest affinity to the PGMA-RhB system, with the lowest  . This explains why 

chloroform works well as a solvent during PGMA-RhB deposition. Toluene, acetone, and 

cyclohexane have close values for  , around 1, and water has the highest value:      , 

which is much higher than the rest of the solvents, meaning that water has the lowest 

affinity to the PGMA-RhB system. 
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Figure 5.9. Effective interaction parameter   calculated for the interaction between 

PGMA-RhB and 5 different solvents: chloroform, acetone, toluene, cyclohexane, and 

water. 

 

 

5.3.7. Fluorescent properties of ultrathin PGMA-RhB film 

5.3.7.1. TIRF measurements 

As shown in Chapter 4, the fluorescent emission of the PGMA-RhB film 

changed when the film was subjected to chloroform vapor. Since the PGMA-RhB film 

retained the ability to absorb a substantial amount of solvent after a reduction in the 

thickness to 5 nm, it is expected that the ultrathin films will exhibit environmental 

emission sensitivity as well. 

However, much more interesting is the difference among the fluorescent 

responses induced by different analytes. To examine if such a difference exists, the 

swelling of the PGMA-RhB film on glass slides was performed using a TIRF setup. In 

Figure 5.10., the fluorescent emission intensity of the 5 nm thick PGMA-RhB film is 
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shown. Vapors from 5 different analytes were pumped through the cuvette. A baseline of 

about 130 a.u., shown in Figure 5.9., corresponds to the PGMA-RhB film in the dry 

state. 

 

Figure 5.10. Fluorescent emission intensity change for 5 nm thick PGMA-RhB film 

measured using a TIRF setup. Vapors of chloroform, acetone, toluene, water, and 

cyclohexane were used as the analytes. 

When the vapors of the analytes were introduced to the cuvette, an emission 

signal change was immediately observed. The rate of the signal change and the 

magnitude was different for each solvent. For example, the rate of the observed signal 

change was slower for chloroform and faster for cyclohexane and toluene. For all the 

solvents the signal change was positive, but for water, the signal increased first and then 

decreased. After the air was pumped through the cuvette, the swollen film almost 

immediately reverted to its dry state and the emission value returned to baseline. 

As discussed earlier, ultrathin polymer films have several advantages over thick 

films. However, as was shown in Section 4.3.7.5., the fluorescent emission in the dry and 
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saturated state is proportional to the number of RhB molecules exposed to the excitation 

beam. This means that the sensitivity of the detector is the major factor, which determines 

the possibility of using ultrathin films for vapor sensing. It can be seen from the 

comparison of the signal change for thick film of 120 nm thick (Figure 4.10.) with the 

signal for the ultrathin 5 nm film (Figure 5.10.) that the signal-to-noise ratio decreases 

significantly with the thickness of the PGMA-RhB layer.  

Because of the presence of high amounts of noise, it was decided to perform the 

same measurements using blank glass slides to see if there was any interference induced 

by the interaction of the solvent with the surface of the glass. The results of these 

measurements are shown in Figure 5.11. It can be seen from the plot that after the 

introduction of the solvent vapor, the emission intensity jumps almost instantaneously. 

Another interesting tendency is the equality of the magnitude and direction for the signal 

change (increase) for each solvent used.   
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Figure 5.11. Intensity change measured by the detector when the vapors of chloroform, 

acetone, toluene, water, and cyclohexane are pumped through the cuvette onto a blank 

glass slide. 

These two observations help identify the cause of the interference of the blank 

glass slide with the fluorescent emission of the ultrathin PGMA-RhB film. The detector 

used in the TIRF setup is sensitive to the photons of various energies in the visible 

region, including the laser excitation beam and the fluorescent emission of the PGMA-

RhB film. Since only the fluorescent emission of RhB is of interest, the detector is 

protected from the excitation radiation by a filter. The filter, however, is designed to 

block only the radiation perpendicular to its surface
26

, therefore scattered light from the 

excitation source can reach the detector as it passes the filter at a non-zero angle of 

incidence. 

As discussed above, emission intensity experiences a jump as soon as the vapors 

of the solvents are pumped through the system. This means that the presence of the vapor 
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causes a scattering of the excitation beam at the point of reflection from the glass surface. 

Such scattering can be caused by the condensation of the solvent into small droplets on 

the surface of the glass. 

The vapor condensation is, in turn, caused by the Joule-Thompson effect
27

: when 

the vapors of the solvent are pushed out of the tubing into the cavity inside of the closed 

cuvette, cooling of the vapors occurs. Vapor cooling favors condensation, thus causing 

droplet formation, excitation beam scattering, and ultimately a shift in the emission 

intensity collected by the detector.  

As opposed to the thick films, the interference caused by vapor precipitation is 

comparable with the signal change for the ultrathin film and can become a source of 

significant errors. Since it is impossible to measure the exact change of the signal due to 

vapor condensation and simply subtract it from the measured signal change for the 

PGMA-RhB ultrathin films, such errors obstruct precise fluorescent emission 

measurement. To overcome this difficulty, it was decided to conduct the intensity 

measurements using spectrophotometry. 

 

5.3.7.2. Spectrophotometry measurements 

5.3.7.2.1. Selection of the technique for introduction of the analyte to the 

PGMA-RhB film  

For the spectrophotometry measurements, a special Teflon cuvette was designed. 

(Section 3.3.5.) The cuvette can be positioned in the sample compartment of the 
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spectrophotometer at a 45° angle to the incident light. The measurements were conducted 

in the front face mode. 

The main difference between the spectrophotometry technique and the TIRF 

measurement is the use of monochromators for emission and excitation beams. 

Monochromators allow radiation measurements to be recorded as a function of 

wavelength
28

. The presence of monochromators in the system completely eliminates the 

influence of the scattered excitation beam from the measured fluorescent emission of the 

RhB molecules due to the difference in the wavelengths of the excitation and emission. 

However, despite the use of monochromators, scattering of the beam at the 

surface of the glass still has an indirect impact on the emission measurement: if during 

the swelling experiment the excitation beam becomes scattered from the glass surface, it 

can excite a larger number of fluorophores, thus producing greater emission intensity 

from the polymer film. Therefore, the solvent introduction method had to be modified to 

prevent droplet formation on the surface of the glass. 

A cotton ball soaked with the solvent was chosen as a source for the saturated 

solvent vapors. When the solvent evaporates from the cotton ball, there is no volume 

change for the vapors so there are no temperature gradients in the cuvette and no 

condensation should occur. 

Thus, the constructed cuvette was well suited to performing the fluorescent 

emission measurements in the changing environment. To measure the sensitivity of the 5 

nm thick PGMA-RhB film, the following experiment was performed. 
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First, the fluorescent emission of the PGMA-RhB film in the dry state was 

acquired and then solvent vapors (chloroform) were introduced to the cuvette. After 30 

minutes of swelling, the second emission spectrum was collected. The resulting spectra 

are presented in Figure 5.12.Significant changes can be seen in fluorescent emissions 

upon film swelling. The main change in the spectrum is a shift of the whole curve 

upwards, meaning an increase in the photon counts at all wavelengths. There was almost 

no horizontal shifting of the peak, which is usually observed when the fluorophores are 

subjected to the solvents with a different polarity
29

. This can be explained by the firm 

chemical attachment of the RhB molecules to the relatively rigid polymer network and 

restriction of the relaxation of energetic levels of the molecule
30

. 

 

Figure 5.12. The shift of the fluorescent emission spectrum of 5 nm thick PGMA-RhB 

film due to exposure to chloroform vapors 

 

5.3.7.2.2. Selection of the spectrum range for the measurements 

As in case of ellipsometric measurements, it would be interesting to have a curve 

representing the change of fluorescent signal over time. By fitting such a curve using the 
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same method as was shown in Section 5.3.4.3., it would be possible to calculate the 

emission intensity at infinite swelling time, which can be further used as a characteristic 

parameter for the particular polymer-solvent system. It would also be possible to study 

the rate of the fluorescent emission intensity change and the factors affecting this rate. 

However, measurement of the whole spectrum takes a considerable amount of 

time, usually several minutes depending on the integration time. Since the swelling of 

ultrathin films is a fast process, it is more convenient to measure a narrow part of the 

spectrum in order to decrease the measurement time. One downside of this approach is 

the possibility that the measured part of the spectrum will not represent the whole 

spectrum in terms of the fluorescent emission intensity change. 

Therefore, before such a method could be used, its applicability had to be 

checked. As previously mentioned, the polarity of the solvent is the main reason for the 

emission spectrum shift that causes distortion of the spectrum. Measurement of part of 

the spectrum will only represent the full spectrum if there are no significant shifts. For 

validation, most of the polar solvents that were used throughout this work were selected: 

chloroform, acetone, and water. The relative polarities of these solvents are 0.259, 0.355, 

and 1, respectively (the polarities of cyclohexane and toluene are 0.006 and 0.099, 

respectively)
31

. 

First, fluorescent emission in the dry state was measured. Next, measurements of 

the signal change were conducted for chloroform, acetone, and water, using full spectrum 

acquisition (540 nm – 700 nm). The resulting emission spectra of the 5 nm thick PGMA-

RhB film in the dry state and after 20 min of solvent exposure are shown in Figure 
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5.13.left. For comparison purposes the spectra for the swellings in acetone and water 

were rescaled so the intensity of the dry state would coincide with the dry state intensity 

for the measurement of chloroform intake. 

 

Figure 5.13. Changes in the emission spectrum of 5 nm thick PGMA-RhB film in 

chloroform, acetone, and water vapors (left). Plot of the area under 20 nm wide part of 

the spectrum vs. the area of the full spectrum (right).  

It can be seen that a small peak shift occurs for chloroform and water. It can also 

be seen that the direction and change of the intensity magnitude is different for the 

solvents. These differences will be discussed later in Section 5.3.8., when equilibrium 

intensity changes for the swollen film will be compared. 

Using the data presented in Figure 5.13. left, it is possible to calculate how the 

intensity of the PGMA-RhB film changes by calculating the area under the emission 

spectrum. Next, the 20 nm wide part of the spectrum right under the emission peak (580 

nm) was cut out and used for the area calculation as well.  

The relative intensity change for the 20 minutes of exposure in the vapors of 

chloroform, acetone and water was calculated for the 20 nm region and the full spectrum. 

Next the area under the 20 nm region was plotted as the function of the area calculated 
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under the full spectrum (Figure 5.13. right). Calculations show a 1.35% standard 

deviation from a perfect match between the 20 nm wide region under the emission peak 

and the intensity change calculated from the full spectrum. 

This result means that for the PGMA-RhB film, the 20 nm part of the spectrum 

under the peak fully represents the changes in the PGMA-RhB emission. The 

measurements for such a narrow region take only 30 sec, with a 1 second/nm integration 

time (an additional 10 seconds are needed to reset the monochromators). Therefore, using 

the measurements in the short wavelength region, it is possible to observe changes in the 

intensity of the fluorescent emission of the PGMA-RhB film with higher precision in the 

time interval. 

 

5.3.7.2.3. Relative intensity change measurements 

It is now demonstrated that the proposed method of using a narrow region of the 

spectrum for fluorescent emission characterization is valid. First, the full spectrum of the 

PGMA-RhB film in the dry state was acquired. Next, the solvent was introduced to the 

cuvette and a continuous scan was performed using the Fluorolog software. The typical 

plot for the changes of the area over time are presented in Figure 5.14. In the plot 

presentedan intensity change for the 5 nm thick PGMA-RhB film in chloroform vapors. 

A 20 nm region (570 nm – 590 nm) was used for the intensity calculations. It can be seen 

from the plot that the emission intensity change and the thickness change measured using 

ellipsometry (Figure 5.5. (right)) have a similar appearance. This proves the previously 
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suggested hypothesis that the fluorescent emission intensity change is proportional to the 

amount of the analyte within the film. 

 

Figure 5.14. Relative intensity change for 5 nm thick PGMA-RhB film exposed to 

chloroform vapors. 

This also indicates that the same fitting technique that was used for ellipsometric 

measurements (Section 5.3.4.3.) can be used to calculate the intensity of the PGMA-RhB 

film at equilibrium   . However, as was previously observed (Figure 5.13.), the 

magnitude of the emission intensity change can be negative (as opposed to ellipsometry 

measurements). 

To account for this phenomenon, the following equation was used for the relative 

intensity change (RIC): 

        ⁄    
Eq. 5.10. 

where   is the intensity of the film in the dry state.  
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The sign for this value characterizes the direction of the emission intensity 

change: it will be positive if the emission intensity increases upon polymer film swelling 

and negative otherwise. Using the same measurement technique for the rest of the 

solvents and fitting the resulting intensity change with Eq.5.2. (curves with a decrease in 

emission intensity were flipped vertically for the fitting). 

Figure 5.15.presents the results of the calculations for the relative intensity 

change for 5 nm thick PGMA-RhB film in chloroform, acetone, toluene, water, and 

cyclohexane. It can be seen that the signal change is different for each solvent used in the 

study. In addition, the magnitude of the signal variation changes sign: it is positive for 

chloroform and cyclohexane and negative for acetone, toluene, and water. This important 

result confirms the sensitivity of the proposed PGMA-RhB system to changes in the 

environment. 

 

Figure 5.15. Relative intensity change for 5 nm thick PGMA-RhB film in chloroform, 

acetone, toluene, water, and cyclohexane. 

The rate of the intensity change varied for the PGMA-RhB film exposed to the 

same analyte (due to the solvent deposition technique, the intensity change rate is very 
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sensitive to the cotton ball position, size, and amount of solvent introduced), the final 

relative intensity change was consistent for several measurements. 

 

5.3.7.3. Quantum yield calculations 

The question immediately arises: what is the driving force for the change in the 

fluorescent emission response? As shown in Section 5.3.7.2.2., there is almost no shift in 

the spectrum. This suggests that there is almost no change in the structure of the energy 

levels of the RhB molecules. Excluding the FRET and inner filter effect (Section 

4.3.7.5.) only one possibility for the emission intensity change remains.  

In is known that the fluorescent emission intensity of the fluorophore is governed 

by its quantum yields in its current environment
32

. The quantum yield for fluorescent 

material is defined as the number of photons emitted by the material divided by the 

number of photons absorbed
30

. From this definition, it follows that changes in the 

quantum yield of the RhB molecules upon PGMA-RhB exposure to the vapor of a 

solvent will define the emission intensity of the PGMA-RhB film.  

Measurement of the absolute quantum yield of the fluorophore is a difficult and 

labor-intensive task. To do that, one needs to know the exact number of excited 

molecules and collect all the emission photons from the excited molecules (Figure 5.16. 

left). 

Instead, for most applications it is more feasible to calculate relative quantum 

yields
4
. In the relative measurement technique, quantum yields for two dyes (a dye with 

an unknown quantum yield and a reference dye with a known quantum yield) are 
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calculated using a device that accounts for some part of all the photons contributing to 

fluorescence (Figure 5.16., right). The key feature of this technique is the fact that the 

solid angle in which the photons are collected is the same for both measurements, since 

the same setup is used for photon calculation. 

 

Figure 5.16. Schematics of Absolute (left) and Relative (right) quantum yield 

measurements 

The quantum yield for unknown material   can be calculated using the reference 

value of the known standard     through the equation
4
: 

      (
    ⁄

      ⁄
)(

  
 

   
 ) 

Eq. 5.11. 

where   and    are the fluorescent emission and absorption of dye under 

investigation;    and     are those of the reference;    and     are the refractive indexes 

of the solvents used for dye solutions for the dye with an unknown quantum yield, and 

the reference, respectively. The accuracy of the relative quantum yield measurements 

strongly depends on the methodology of the measurements and is estimated to be 10%.  

To apply the relative quantum yield measurement technique to the present work, 

its accuracy was first verified by using two dyes with known quantum yield values. For 
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this purpose, Rhodamin B solutions in ethanol (95%) and water were used. The quantum 

yields for these systems are well studied and can be found in literature: the quantum yield 

for RhB in water
33

 is 0.31and the quantum yield for RhB in ethanol
34

 is 0.68. Five 

solutions of RhB in each of the solvents were prepared. The concentration of dye in these 

solutions was low enough that there was no interference of the inner filter effects with 

absorption and emission measurements for any of these solutions (absorption showed 

linear dependence on concentration, as shown in Figure 5.17. left). The results are 

plotted in Figure 5.17. right. It can be seen that the emission intensity has linear 

dependence on absorption for all concentrations used, confirming the absence of 

concentration-dependent effects. The slopes of these curves can be used to calculate the 

quantum yield of the RhB molecules in one solvent relative to another. Using the 

acquired data, the quantum yield of RhB in water was calculated through the known 

value of the quantum yield for RhB in ethanol using Eq.5.10. The calculations showed a 

value of 0.328, which is very close to the value of 0.31 found in the literature. This 

proves that the technique is accurate and feasible for quantum calculations. 
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Figure 5.17. Absorption of the RhB solution vs. the concentration in water and ethanol 

(95%)(left).Emission intensity plotted as a function of absorption for the solutions of 

RhB in water and ethanol (95%) (right) 

For estimations of quantum yield, the fluorescence of a substance should be 

measured in solution. As swelling experiments show, PGMA has a very low affinity to 

several analytes (toluene, cyclohexane, and water)and therefore is insoluble in these 

solvents. Thus, quantum yield measurements were performed for Octadecyl Rhodamine 

B (R18) instead. The chemical structure of this dye is shown in Figure 5.18.left. It can be 

seen from the structure that this dye is a very close chemical analog to the RhB molecule 

attached to the PGMA chain (outlined in Figure 5.18, right) and it is soluble in all of the 

used solvents.  

Quantum yields for R18 dissolved in chloroform, acetone, toluene, water, and 

cyclohexane were calculated using the technique described above. For each solvent, 5 

solutions of different concentrations were performed. Absorption for each of the solvents 

was verified to be linearly dependent on concentration in order to exclude inner filter 

effects. Solutions of RhB in water were used as a reference. The results of the quantum 

yield calculations are presented in Figure 5.18. right. It can be seen that for the solvents 
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used there is diverse variation in quantum yields. For example, the quantum yield of R18 

in chloroform in almost 100% compared to the quantum yield of R18 in water, which is 

only 6%. Selected solvents cover the range of all possible values for the quantum yield of 

R18. 

 

Figure 5.18. Structure of Octadecyl Rhodamine B (R18). Outlined is the structure of the 

fluorescent unit of PGMA-RhB (left). Quantum yields for the R18 solutions in 

chloroform, acetone, toluene, water, and cyclohexane (right) 

 

5.3.8. Causes of emission intensity variation 

It is now possible to draw an analogy between quantum yields and the variation of 

the emission intensity for the ultrathin PGMA-RhB layer. The comparison between the 

quantum yields and the relative intensity change values (Figure 5.15.) reveals that there 

is a close correlation between the two. The relative intensity change decreases as the 

quantum yield decreases: it is greatest for chloroform, then acetone, toluene, and water. 

However, the RIC of cyclohexane does not follow the pattern. The quantum yield in 

cyclohexane is almost the same as in water; whereas the relative intensity changefor 

cyclohexane is small and positive, as opposed to relative intensity change in water, which 

has a high magnitude and is negative. 
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It is possible to use the estimated effective interaction parameter to see if there is 

any correlation between the emission intensity change and the affinity of the solvent to 

the polymer. Integration of the calculations shown in Figure 5.9.into the relative intensity 

change is presented in Figure 5.19.It can be concluded from the plot that polymer-

solvent interaction does not explain the behavior of the PGMA-RhB layer discussed in 

the previous paragraph. 

 

Figure 5.19. Relative intensity change for 5 nm thick PGMA-RhB film as a function of 

the effective interaction parameter for the polymer-solvent pair. 

The presented data shows that that there is no direct relation between the relative 

intensity change and the solvent affinity to the PGMA-RhB layer. In particular, Figure 

5.8.shows that the affinity of PGMA-RhB to cyclohexane is higher than for water; 

however, the intensity change is much greater for water than for cyclohexane. 

This leads to an important conclusion that there is yet another factor affecting 

fluorescent emission intensity change besides the amount of the solvent present in the 

film and the quantum yield of the dye in the solvent. During the polymer film swelling, 
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along with the penetration of solvent molecules through the film to the RhB attachment 

sites, PGMA conformation also changes. The effect of such conformation changes can be 

described in the following example.  

If one considers two swelling experiments where two different solvents, A and B 

(A is a good solvent for PGMA and B is not), are used, polymer film behavior can be 

represented using the following schematic drawn in Figure 5.20. It can be seen from the 

figure that when the PGMA chains are subjected to the solvent, separation of the polymer 

chains occurs. This separation is greater for the solvent with better affinity to PGMA 

because more molecules enter the film, as was described above (Section 5.3.6.).  

This difference in PGMA chain conformation affects the proximal environment of 

the RhB molecules. It can be seen that in case of solvent A, the RhB molecule is 

surrounded with more of the solvent molecules, and in the case of B, the RhB molecule is 

surrounded with more of the PGMA chains. This would mean that the change in the 

conformation of the PGMA, along with the presence of the solvent, determines the 

closest environment and therefore the emission intensity of the RhB
35

. 
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Figure 5.20. Schematic of PGMA chain conformation changes relative to the RhB 

molecules in two different solvents: a good solvent for PGMA (left) and a bad solvent for 

PGMA (right) 

5.3.9Affinity of the RhB molecules to the environment 

Another important feature is the affinity of the fluorescent units of the PGMA-

RhB polymer to the particular analyte. For example, during the polymer film swelling, 

monomeric units of PGMA can “shield” the RhB molecules from a solvent that has low 

affinity to the fluorescent unit of PGMA-RhB.  

To evaluate the affinity of the fluorescent unit of PGMA-RhB to the solvents used 

for the research, enthalpies of mixing ware calculated. The RhB attached to the PGMA 

(as outlined in Figure 5.18.) was used as a fluorescent unit of the polymer. For the 

calculations of the enthalpy of mixing   , the following equation was used
21

: 
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Eq.5.12. 

where, respectively,    and    are the concentrations of the mixing substances; and  , 

  ,    are contributions to solubility from dispersion forces, polar forces, and hydrogen 

bonding (the Hansen solubility parameters). The values for the solubility parameter 

contributions for all of the solvents used (chloroform, acetone, toluene, water, and 

cyclohexane) were found in literature
36

. For the fluorescent unit, these values were 

calculated using the Bicerano method
37

. The enthalpy of mixing was then calculated on 

the assumption of equal amounts of mixing substances. The results are summarized in the 

Table 5.1., together with the values of the Hansen solubility parameters. High values of 

the mixing energies in the table mean poor affinity between the solvent and the 

fluorescent unit of the PGMA-RhB. 

Table 5.1. Hansen solubility parameters and enthalpy of mixing calculated for the mixing 

of fluorescent unit of PGMA-RhB with chloroform, acetone, toluene, cyclohexane, and 

water in a 50/50 mixing ratio. 

   ,             ,             ,              ,         

RhB 16.9 7.6 6.9 0 

Chloroform 17.8 3.1 5.7 5.625 

Acetone 15.5 10.4 7 2.45 

Toluene 18 1.4 2 15.91 

Cyclohexane 16.8 0 0.2 25.6 

Water 15.6 16 42.3 331.35 
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It can be seen from the table that the value of the energy of mixing for water is 

very high compared to all other solvents. This seems to be untrue, since water is a very 

good solvent for RhB molecules
38

. Such high energy of mixing is caused by large 

differences among the    values. For the rest of the solvents, calculations have shown 

reasonable values. It can be seen that acetone has the best affinity to RhB, and 

cyclohexane has the worst. 

Results of the calculations were qualitatively checked by dissolving 1% w/w of 

RhB molecules in all the solvents from Table 5.1. The RhB molecules were readily and 

completely dissolved in water and acetone. On the contrary, poor solubility was observed 

for chloroform and toluene and almost no RhB was dissolved in cyclohexane. These 

results confirm the validity of the estimations presented in Table 5.1.for all solvents 

except water, which seems to be the best solvent for RhB. 

Results of the solubility measurements for the RhB units, together with the 

hypothesis that PGMA monomeric units affect fluorescent emission, lead to the idea that 

non-fluorescent polymer chains could be used to tune the fluorescent response of the 

polymer in a changing environment. The presence of a polymer that is different in 

chemical nature from the PGMA in the PGMA-RhB system will, on the one hand, affect 

the conformational changes of the PGMA itself and, on the other hand, will modify the 

closest environment of the RhB molecules. Such tuning of fluorescent emission intensity 

variation in a changing environment is reported in the chapters that follow.  
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5.4. Conclusion 

In conclusion, ultrathin fluorescent polymer films (5 nm thick) were synthesized 

on the surface of silicon wafers and glass slides. The films were characterized using 

ellipsometry and AFM. 

The films were able to absorb solvents from the vapor phase, which changed the 

thickness reversibly and repeatably, as confirmed by ellipsometry. The thickness change 

observed was different for each solvent used in the study. The fluorescent emission 

changes were recorded using spectrophotometry and TIRF measurements and also 

showed distinctive responses to the analytes. Quantum yields of the model dye (R18) 

were calculated using the relative quantum yield measurement technique. 

There were two factors affecting fluorescent emission: the relative solvent uptake 

and the quantum yield were compared to the relative intensity changes for the PGMA-

RhB films. The quantum yield was found to have the most influence on fluorescent 

emission of the film. However, another factor, the conformation of the matrix polymer, 

was also assumed to have an influence on the fluorescent emission. This leads to the 

ability to change the emission intensity of the PGMA-RhB with non-fluorescent polymer 

grafting. 
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CHAPTER SIX 

TUNING FLUORESCENT RESPONSE OF NANO-SCALE FILM 

WITH POLYMER GRAFTING 

 

6.1. Introduction 

As discussed in Chapter 2, the conformation of non-fluorescent polymer chains in 

the vicinity of RhB molecules influences the fluorescent response of fluorophores. It is 

also known that the behavior of ultrathin films is influenced by their high surface-to-

volume ratio
1
 and polymers grafted to the crosslinked PGMA layer may interpenetrate 

the polymer network to a certain extent
2
. Therefore, grafting non-fluorescent polymers to 

ultrathin polymer films may affect the intensity of fluorescent emissions through changes 

to the environment of the RhB molecules
3
. 

The concept of tuning the fluorescent response of ultrathin polymer films with 

grafting is illustrated in Figure 6.1. First, an ultrathin fluorescent film is grafted to the 

surface of a silicon wafer or a glass slide (Section 3.2.1.). Next, several different 

polymers are grafted to the ultrathin PGMA-RhB. After the grafting, the fluorescent 

response of the film exposed to a particular analyte becomes different for each unique 

combination of the fluorescent layer and the non-fluorescent polymer graft. In the 

presented concept, each analyte becomes more distinct in its fluorescent emission 

response, since for each analyte several unique emission changes can be observed. 

Therefore, this concept can be incorporated into sensing systems for detecting a single 

substance from a substance mixture or for substance identification. 
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Figure 6.1. Schematic of the concept of tuning the fluorescent response of the PGMA-

RhB with non-fluorescent polymer grafting 

To this end, the objective of this part of the work was to investigate the influence 

of surface modification of PGMA-RhB films with grafts of non-fluorescent polymer on 

the fluorescent properties of the films. For the surface modification, the following 

polymers were selected: polystyrene (PS), poly(2-vinyl pyridine) (P2VP), polyacrylic 

acid (PAA), and polyethylene glycol (PEG). These polymers differ significantly in 

chemical structure, polarity, and affinity to the solvents used throughout the presented 

research (chloroform, acetone, toluene, cyclohexane, and water). PEG has good affinity 

to all solvents, PAA and P2VP have more affinity to polar solvents such as water and 

acetone, and PS has more affinity to low-polarity solvents such as cyclohexane and 

toluene. In addition, the molecular weight of the polymers also varied: PS and P2VP were 

approximately the same molecular weight of 50 kDa; PEG had shorter chains and PAA 

had longer chains than the rest of the polymers. 

Ultrathin PGMA-RhB film with the surface modified with polymer grafting can 

be approximated as a two-layered system with some degree of grafted polymer 
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penetration into the PGMA network
2
. There are several possible ways the grafted non-

fluorescent polymer affects the fluorescent emission response of the PGMA-RhB layer 

during film swelling. First, due to the differences in solvent absorption, there will exist 

deformations of the interfacial region between the two layers 
4
. These deformations can 

be large enough to cause conformational disturbances to the polymer chains surrounding 

the RhB molecules, which is not the case for graft-free PGMA-RhB layers. As shown 

above (Section 5.4.), such conformational changes may influence the fluorescent 

emissions of the RhB molecules. Second, since there is some degree of grafted layer 

penetration to the PGMA-RhB network, some RhB molecules may be contacted by the 

monomeric units of a grafted polymer. These units will cause changes in the chemical 

nature of the PGMA network and, consequently, will change the affinity of the polymer 

film to the solvent vapors compared to the single layer PGMA-RhB film. 

In all of the possible cases listed above, the key feature is the affinity of the target 

analyte to each of the polymers in the system. Similar to what was shown for the PGMA-

RhB layer in Section 5.3.6., the affinity of grafted polymer layers to analytes can be 

described by polymer-solvent interaction parameters. In this part of the work, 

ellipsometry was used to investigate polymer-solvent interactions through the swelling of 

thick films of the polymers that were used for grafting. 

Variations in emission intensity for the modified PGMA-RhB films were studied 

using the spectrophotometry method for several analytes (chloroform, acetone, toluene, 

water, and cyclohexane). Causes of variations in fluorescent emissions were investigated 

by comparing the effects produced by the same solvents on PGMA-RhB films with 
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different surface modifications. These studies revealed that changes in the affinity of 

PGMA-RhB film to the solvent caused by the surface modification strongly influence the 

fluorescent response of the film. 

 

6.2. Experimental 

6.2.1. Grafting of Non-fluorescent polymer layer to the ultrathin PGMA-RhB 

film 

The main fluorescent layer was composed of 5-nanometer thick PGMA-RhB 

films. The film synthesis is described in detail in Chapter 3. PGMA-RhB of Mn= 80,000 

g/mol with polydispersity of 2.57 was used. Four polymers were grafted to the surface of 

the PGMA-RhB film. These were carboxyl-terminated versions of PS (Mn = 48,000 

g/mol), P2VP (Mn=53,000 g/mol), and PEG (monomethyl ether Mn=5,000 g/mol). The 

fourth chosen polymer, PAA (Mw=100,000 g/mol),has a reactive carboxyl group in each 

monomeric unit (For polymer description see Chapter 2). 

The PGMA-RhB films were covered with layers of the polymers to be grafted via 

dipcoating at 5 mm/sec. A 1% solution was used for each polymer: chloroform was used 

as a solvent for PS, and methanol was used for P2VP, PAA, and PEG. Next, the films 

were annealed (PGMA-RhB-PS and PGMA-RhB-P2VP at 120°C for 8 h; PGMA-RhB-

PAA at 40°C for 2h) to allow polymer attachment to PGMA-RhB through a reaction with 

the epoxy groups of PGMA. Deposition of PEG was done from melt. Polymer melt was 

contained between the substrate and the cleaned glass slide. Annealing of PGMA-RhB-

PEG was done at 120°C for 8 h. 
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After annealing, the unattached polymer chains were removed by rinsing the 

substrates covered with the polymer films in good solvents for the grafted layers 

(chloroform for PS and methanol for P2VP, PAA, and PEG) 3 times for 30 min each. 

 

6.2.2. Deposition of non-fluorescent polymer films 

For the investigation of the properties of the polymers used for grafting, such as 

refractive index and polymer-solvent interaction parameters, relatively thick polymer 

films were obtained. The thick polymer films were deposited on the surface of the 

cleaned silicon wafers (for the cleaning procedure see Section 3.4.1.). Two series of the 

films were manufactured. The first series was created using deposition by dip coating at 5 

mm/sec from a 2% solution of each of the polymers: PS (carboxyl terminated, Mn = 

48,000 g/mol) in chloroform, P2VP (carboxyl terminated, Mn = 53,000 g/mol) in 

methanol, PEG (carboxyl terminated, Mn = 5,000 g/mol) in methanol, and PAA (Mw = 

100,000 g/mol) in methanol. All samples in the series showed dewetting when they were 

subjected to chloroform vapors. To suppress dewetting, higher molecular weight 

polymers were used. The second series of films was created using deposition by dip 

coating at 5 mm/sec from a 2% solution of each of the polymers: PS (Mn = 285,000 

g/mol) in chloroform, P2VP (Mn = 150,000 g/mol) in methanol, PEG (Mn = 1,000,000 

g/mol) in methanol, and PAA (Mw = 100,000 g/mol) in methanol. These polymer films 

exhibited no dewetting in any of the solvent vapors used throughout the research. 

Swelling experiments were performed right after the film deposition without cleaning the 
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sample as was done for the rest of the experiments, since these layers were not 

chemically attached to the substrates. 

 

6.2.4. Film characterization techniques 

Surface roughness and morphology was investigated by AFM. To find the 

refractive index of the grafted layers, an AFM of the profile over the scratch was 

performed, coupled with ellipsometry measurements (Section 3.5.2.) of the thick PS, 

P2VP, PAA, and PEG films. Next, the same measurements were performed on thin 

PGMA-RhB films with polymer grafting. For these measurements the refractive indexes 

calculated for thick polymer films were used during the ellipsometric fitting process.  

Investigation of the swelling of modified PGMA-RhB films and thick one-

component polymer films was performed via ellipsometry. See the detailed ellipsometric 

setup description in Section 4.3.5. First, the polymer-solvent interaction for each possible 

combination of polymer and solvent was studied by swelling the single thick layers of the 

polymers (PS, P2VP, PEG, and PAA) in the solvents used in the study (chloroform, 

acetone, toluene, water, and cyclohexane). Next, swelling experiments for the ultrathin 

polymer films were performed. The polymer solvent interaction of the one-component 

layer was combined to study grafting-layer interpenetration into the polymer network. 

Fluorescent properties of the system were studied using the spectrophotometer. 

Fluorescent emission of PGMA-RhB with the grafted non-fluorescent polymer layers was 

measured for the dry polymer films as well as for the films subjected to the saturated 

vapors of organic solvents and water. The same setup as in Chapter 5 was used. The 
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changes in fluorescent response upon solvent absorption were compared for the films of 

different composition in order to study the tuning of intensity changes with non-

fluorescent polymer grafting. 

 

6.3. Results and discussion 

6.3.1. Selection of deposition technique 

There are two major ways to graft non-fluorescent polymer chains to the surface 

of PGMA-RhB
5
. The first method is a “grafting from” technique. In this method, a 

polymer chain is polymerized from the initiating group on the surface of the substrate. 

The second method is a “grafting to” technique. In contrast to “grafting from”, in this 

method polymer chains with functional groups are attached to the complementary groups 

on the substrate surface
6
. For this study, the “grafting to” method was selected, since it 

allows straightforward one-step surface modification using polymers with predefined 

properties. 

It has been shown that PGMA-RhB serves as a suitable surface for such 

modification. As previous work performed in our group shows, after the surface 

attachment and crosslinking, PGMA still has a significant number of unreacted epoxy 

groups within its network
7
. These epoxy groups serve as attachment sites for the grafted 

polymer layers, providing the ability to modify the PGMA surface with polymer layers of 

high grafting density.  

Another advantage of the “grafting to” approach is dependence of the grafting 

density on the time and temperature of the chain attachment reaction
8
. This important 
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feature not only allows grafting of polymer layers with controllable properties, but also 

allows grafting of mixed polymer layers to the PGMA anchoring layer
9
. This can be 

achieved by two subsequent surface modifications of PGMA. In this case, the first 

polymer is grafted at a lower grafting density, leaving some surface functional groups 

unreacted. Through these unreacted groups, subsequent grafting of the second polymer is 

performed. It was shown that mixed polymer brushes created by the “grafting to” 

approach have an ability to switch the surface composition through changes in the film 

environment
10

. This ability may further improve the sensitivity of the PGMA-RhB 

system in terms of the uniqueness of its fluorescent response.  

 

6.3.2. Synthesis of grafted polymer layers 

To start with, it was decided that two polymers with very close physical properties 

and chemical structures would be selected for grafting. For this purpose, carboxyl-

terminated PS and P2VP were selected. These aromatic macromolecules are very similar, 

apart from the fact that the presence of a nitrogen atom in the aromatic pyridine ring 

makes P2VP more polar and basic in nature, capable of hydrogen bonding. The other two 

polymers chosen were carboxyl-terminated PEG, and PAA, which has long chains and a 

reactive group in each monomeric unit. As the chemical structure suggests, these polar 

polymers are significantly different from each other and also significantly dissimilar to 

PS and P2VP. 

Dipcoating was selected as the deposition technique for PS, P2VP, and PAA, 

instead of the spin coating previously used in this study. Compared to spin coating, this 
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technique consumes less solution per deposited film
11

. Dip-coated flat substrates have a 

polymer coating on both sides; however, since only one side of the substrate is covered 

with reactive PGMA-RhB film, the deposited non-fluorescent polymer coating can be 

easily removed from the other side of the glass slide after grafting by washing the 

substrate. This ensures that there is no interference with fluorescent emission from the 

coating on the back side of the glass during the fluorescent measurements. 

Dip-coated layers were annealed for different lengths of time and under different 

conditions, taking into consideration the nature of the polymer used for deposition 

(Section 6.2.1.). PS and P2VP have long polymer chains and only one reactive group per 

chain. This means that to attach them to a PGMA chain, they must first be diffused to 

some extent into the polymer film in order to reach the reactive site
12

. To facilitate 

polymer chain movement, a temperature higher than the glass transition temperature 

should be selected
13

. It is known that both polymers exhibit reduction of glass transition 

temperature with polymer layer thickness compared to bulk polymer
14

. Glass transition 

temperature for the bulk P2VP film is 93 °C
15

 and for PS is 100 °C 
16

. Therefore, 120 °C 

was selected as an annealing temperature. High annealing times (8 h) were selected for 

these two polymers to allow diffusion of the reactive group into the polymer film to the 

reaction site
9
. The glass transition temperature for PAA is 105 °C

17
; however, since each 

monomeric unit of PAA contains a reactive group, the annealing temperature was set to 

40°C and the time was decreased to 2 h to prevent very strong crosslinking of the 

polymer chains
18

.  
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With regard to PEG, dip coating has been found to be an inappropriate method of 

deposition. It is known that upon deposition of a thin layer of relatively short polymer 

chains on the substrate, dewetting usually occurs
19

. Consequently, due to the low 

molecular weight of the PEG chains, dewetting was observed during annealing, 

producing non-uniform PEG layers.  

To overcome this difficulty, bulk PEG was deposited on the surface of PGMA-

RhB film in the form of dry flakes. To hold the melted polymer in place and prevent 

dewetting upon melting, a cleaned glass slide was put on top of the PEG layer. However, 

even with this setup dewetting is possible if air bubbles are trapped within the polymer 

melt. So, the oven was vacuumed after the PEG deposition and the polymer melt was 

covered with the glass slide. As in the case of PS and P2VP, a long annealing time (8 h) 

was selected due to the fact that the reactive group is positioned at the end of the polymer 

chain. The melting temperature of PEG is around 70°C
20

, so the PGMA-RhB-PEG film 

was annealed at 120°C. 

 

6.3.3. Morphology of the films 

The morphology of the film surface was examined by AFM (Figure 6.2.). 

Measurements showed that all polymers evenly covered the surface of the glass slides 

and silicon wafers. The PGMA-RhB-PS and PGMA-RhB-P2VP films showed a 

roughness of around 0.5 nm, whereas the PGMA-RhB-PAA and PGMA-RhB-PEG films 

showed a somewhat higher roughness of around 1.5 nm. The higher roughness for PAA 

and PEG can be explained by the ability of these two polymers to form crystals
18

. As can 
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be seen in Figure 6.2., (d) and (e), PAA and PEG form small clusters, which increase the 

roughness of the grafted surface.  

 

Figure 6.2. AFM topography images: a) PGMA-RhB film deposited on a glass slide; 

PGMA-RhB film grafted with b) P2VP, c) PS, d) PAA, and e) PEG. Image size: 1x1 µm. 

Vertical scale: a) 5 nm; b) and c) 10 nm; d)and e) 15 nm 

 

6.3.4. Refractive index of the grafted polymers 

It is known that the sensitivity of ellipsometry is low for thin films
21

 and 

refractive index calculations lack precision. Therefore, to estimate the refractive index for 

the grafted layer, thick films of the same polymer were used. 

The thickness of the layer for the refractive index estimations was at least ten 

times higher than the thickness of the grafted layer. Deposited thick polymer layers were 

examined using both AFM, with the thickness calculated from the profiling over the 

scratch approach (Section 3.5.2.)and ellipsometry. From these measurements, the 

thickness and refractive indexes of the films were found. The calculated refractive 

indexes are listed in Table 6.1. The values of the refractive indexes were found to be in 

good agreement with the results found in literature (PS
22

, P2VP
23

, PEG [Supplier 

Information], PAA
24

) for the bulk polymers. As described in Section 4.3.4.,this implies 

that the density of the polymers within the polymer film should be the same as in the bulk 



153 

 

material. Therefore, the same refractive indexes could be used for the ultrathin layers of 

these polymers grafted to the PGMA-RhB layer. 

 

6.3.5. Properties of grafted layers 

Using the refractive index data collected from the thick film measurements, it was 

possible to characterize the grafting results for the ultrathin PGMA-RhB films with 

modified surfaces using ellipsometry. 

The thickness of the films was calculated in two steps. First, several ultrathin 

PGMA-RhB layers were created and their thickness was calculated to be 5 nm (see 

Chapter 2 for details). The deposition procedure used in the synthesis of the PGMA-RhB 

layer was the same for all films in the series, so the same values of thickness were 

achieved for all the films. 

During the next step, non-fluorescent polymer was grafted to the surface of the 

PGMA-RhB layer. To calculate the thickness for modified films in the dry state, ideal 

two-layer morphology was assumed. In this morphology, the PGMA-RhB layer and the 

top non-fluorescent layer have no interpenetration into each other, as schematically 

shown in Figure 6.3. 
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Figure 6.3. Structure of the PGMA-RhB film with non-fluorescent polymer grafting 

For ellipsometric measurements, therefore, a two-layered structure with a known 

thickness and refractive index was used for the PGMA-RhB layer. The refractive index 

for the second layer was taken from the measurements of the thick single-layer polymer 

films. Therefore, the only unknown parameter was the thickness of the second grafted 

layer. This was determined by fitting the measurement data using the standard program 

supplied with the device. The resulting thickness of the grafted layer was consequently 

used to calculate the grafting density for the polymer chains. Calculations were 

performed using Eq.3.6. The density for the polymers was approximated as        .The 

results are summarized in Table 6.1. 

Table 6.1. Parameters of film layers calculated from ellipsometry measurements 

Polymer Refractive Index Thickness, nm Grafting density, chains/nm
2
 

PGMA-RhB 1.51 5 0.21 

PS 1.58 14 0.18 

P2VP 1.56 13 0.14 

PEG 1.46 22 2.7 

PAA 1.52 4 0.025 

 

It can be seen from Table 6.1.that PS and P2VP, which have close molecular 

weights, are grafted to almost the same thickness, with close grafting density, whereas 
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PAA and PEG differ greatly both in grafting density and thickness. This result comes 

from the fact that the grafting density depends on the length of the polymer chains and 

the rate of polymer chain attachment to PGMA-RhB. Since PS and PVP have similar 

chain lengths and similar chemical structure, grafting of these two polymers occurs in a 

similar fashion. PAA has longer chains and it is harder for PAA to reach the grafting 

sites. In addition, PAA is grafted at a much lower temperature, which slows down the 

polymer chain diffusion and reaction rates. Consequently, the density of PAA grafting is 

much lower than that of the rest of polymers. In contrast, PEG has very short chains so it 

has the ability to move freely even when some PEG chains are already attached to the 

PGMA-RhB. This gives PEG the ability to have very densely packed grafting sites.  

However, the two-layer model presented above is just an approximation of the 

real case where an intermediate phase exists between the polymer layers
25

. Even if two 

polymers are immiscible, they interpenetrate each other to a certain extent. This 

phenomenon will be addressed in Section 6.3.9. 

 

6.3.6. Swelling of polymers used for PGMA-RhB modification 

Prior to investigation of the swelling for modified PGMA-RhB films, solvent 

intake was studied for the thick one-component films made of the same polymers that 

were used for grafting. It is known that thin polymer films that are not chemically 

crosslinked could dewet from the substrate surface
26

. The main factor affecting the 

dewetting process is chain mobility; therefore, dewetting is more likely to occur for low 

molecular weight polymers and thin films. Also, the greater the swelling ratio of the film 
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in a particular solvent, the greater the driving force for dewetting, since the mobility of 

the chains increases. 

Thus, the thickness of the layers obtained to study the swelling of the one-

component uncrosslinked polymer layers was selected to be at least 10 times higher than 

the thickness of the layers of these polymers used for the PGMA-RhB modification. For 

this purpose, dip coating was used to create thick films on the surface of silicon wafers 

from 2% w/w solutions of the polymers. Since these films were supposed to be used for 

the swelling experiments, the mobility of the chains was reduced by increasing the 

molecular weight of the polymer. Since the interaction between the polymer and the 

solvent is not affected by the molecular weight of the polymer at high molecular 

weights
27

, swelling of polymer films made of these polymers would give an estimation 

for the polymer-solvent interaction. 

The thickness of the achieved films was: P2VP - 215 nm; PS - 175 nm; PAA - 60 

nm; PEG - 140 nm. When it was certain that the polymer films from the second series 

would not dewet in the saturated vapors of any of the analytes used in the study, swelling 

experiments were performed. The swelling procedure was the same as described in 

Section 5.3.4. The results are summarized in Figure 6.4.The results for 5 nm PGMA film 

swelling were added to the plot for comparison. In can be seen from the Figure 6.4.that 

each polymer has a unique pattern of swelling in the 5 solvents used as analytes. The 

relative change in thickness is consistent with the nature of the polymers. For example, of 

all the polymers, the least polar, PS, swells the most in cyclohexane and toluene, and the 
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more polar P2VP, PEG, and PAA swell in water. It can be seen that for most polymers, 

except PAA, chloroform is a very good solvent. 

 

Figure 6.4. Relative thickness change for the single-layer polymer films in chloroform, 

acetone, toluene, water, and cyclohexane vapors. Relative thickness change for the 5 nm 

thick PGMA-RhB layer film in the same solvents is shown for comparison. 

The pattern of the swelling ratios for the single polymer layers of PS, P2VP, PEG, 

and PAA is clearly different from that of PGMA; therefore, grafting these polymers to 

the ultrathin PGMA-RhB layer will likely change the swelling behavior of the PGMA-

RhB and influence the amount of solvent entering the RhB sites, thus affecting 

fluorescence. 

 

6.3.7. Effective interaction parameter 

As described in Section 5.3.5., using the swelling data it is possible to calculate 

the polymer-solvent interaction parameter, which will allow comparison of the polymer-

solvent pair in terms of their affinity to one other. The swelling data presented above 

(Figure 6.4.) can be converted into effective interaction parameters using Eq.5.8. The 
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results of these calculations are presented in Table 6.2.below. As in the case of swelling, 

the effective interaction parameters for the 5 nm thick PGMA-RhB layer are included for 

comparison. 

Table 6.2. Effective interaction parameters calculated for single-layer polymer films. 

 Chloroform Acetone Toluene Water Cyclohexane 

PGMA-RhB 1.039 1.32178 1.49505 2.15944 1.56864 

P2VP 0.78152 1.16037 1.36426 1.83618 2.21903 

PS 0.76379 1.20343 0.91682 3.69788 1.20508 

PEG 0.66479 1.33436 1.69807 0.76315 2.30659 

PAA 3.38935 1.72059 3.52985 1.27886 2.8107 

As previously discussed, the higher values of interaction parameters mean poor 

swelling of a polymer in the particular solvent. Values from Table 6.2.will be used later 

in the chapter to compare the influence of solvents on changes in fluorescent emission 

intensity during the swelling of the PGMA-RhB films modified with grafting. 

 

6.3.8. Swelling of the modified PGMA-RhB film 

To study how the solvent intake by the film changes upon non-fluorescent 

polymer grafting, swelling experiments were performed for the modified PGMA-RhB 

layers using ellipsometry. As mentioned above (Section 5.3.4.1.), for the single layer it is 

possible to fit ellipsometric data ( and  ) to find the thickness and refractive index of the 

film. However, during the two-layer polymer film swelling, the thickness and refractive 

index of both layers changes, increasing the number of unknown variables to four. It is 

impossible to fit ellipsometric data with four unknowns, so the following simplification 

was applied. 
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Instead of a two-layer structure, a single effective layer structure was assumed. 

For this effective layer, the thickness   is the sum of the thicknesses of the PGMA-RhB 

layer    and the grafted layer    in the dry state. The refractive index   for this layer is 

calculated as a linear combination of the refractive indexes of the layers
28

: 

  
  

 
   

  

 
   

Eq. 6.1. 

It is known that such an assumption gives a good prediction for refractive index 

calculations of multilayer films, with small errors in the order of several percent
29

. 

Next, the measured values of   and   were fitted in order to calculate how the 

thickness changes during the swelling of this single effective layer. From the swelling 

curves, the relative thickness change was found by fitting the swelling curve and 

calculating the equilibrium swelling (Section5.3.4.3.). 

Results of these calculations are presented in Figure 6.5.Alterations in relative 

thickness changes after the grafting of P2VP and PS layers are shown in Figure 6.5.left. 

As discussed above, the main difference between the two grafted layers is in the chemical 

structure. It can be seen that non-polar PS molecules do not bring affinity for the polar 

water molecules: relative swelling for water decreases after the PS layer grafting. On the 

contrary, affinity for toluene increases compared to the unmodified film. The more polar 

P2VP molecules show a decrease in relative thickness change for toluene and 

cyclohexane, but an increase for water. It is noticeable that the overall relative thickness 

change decreases after grafting; for example, the equilibrium swelling ratio is very close 

for chloroform in PGMA-RhB, P2VP, and PS (Figure 6.4.). However, when PS and 
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P2VP are grafted to the PGMA-RhB layer, the relative thickness change decreases for 

chloroform. This can be explained by the fact that, upon grafting, additional rigidity is 

introduced to the PGMA-RhB film in the region of the PS attachment sites. Nevertheless, 

in some cases this reduction is overcome by an increased swelling ratio of the grafted 

polymers. This happens for the swelling of PGMA-RhB-PS in cyclohexane and PGMA-

RhB-P2VP in water, where the relative thickness change actually increases upon polymer 

grafting. 

 

Figure 6.5. Relative thickness change for different layered systems. Comparison between 

PGMA-RhB and modified PGMA-RhB-P2VP and PGMA-RhB-PS films (Left). 

Comparison between PGMA-RhB and modified PGMA-RhB-PEG and PGMA-RhB-

PAA films (Right). Solvents used: 1 - Chloroform, 2 - Acetone, 3 - Toluene, 4 - Water, 5 

- Cyclohexane. 

In Figure 6.5.right, the effects of PEG and PAA grafting are compared. Due to 

the difference in grafting density and thickness of PGMA-RhB-PEG and PGMA-RhB-

PAA films, the results of the grafting of these two polymers influences the relative 

swelling differently. It can be seen that the overall decrease in the relative swelling ratios 

is again prominent, especially for PGMA-RhB-PAA. This can be explained by the 
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previously mentioned ability of PAA to form a “crust” on the surface of the PGMA-RhB, 

which decreases swelling. 

Due to the high affinity of PEG to chloroform and water, the thickness of the 

PGMA-RhB-PEG changes more in these solvents. However, due to the fact that PEG 

molecules enter the PGMA-RhB network and stretch the PGMA molecules, the relative 

thickness change decreases for the rest of the solvents. Due to the high polarity of PAA, 

the relative thickness change in water increases after grafting. For the rest of the solvents, 

the swelling decreases.  

 

6.3.9. Estimation of the thickness of the interpenetration region 

As mentioned above, during the annealing of the grafted layer, chains of the 

attached polymer penetrate into the PGMA-RhB network. It is known that the thickness 

of the interpenetration region depends on the miscibility of the polymers; it is higher for 

the more similar chains. It is possible to estimate interpenetration zone thickness using a 

formula derived by Helfand and coworkers
25

: 

     √   
Eq. 6.2. 

where  is the statistical segment length and   is the polymer-polymer interaction 

parameter. This interaction parameter can be estimated from the polymer solubility 

parameters as
30

: 
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 Eq. 6.3. 

where  is the mean molar volume of the monomeric units of the polymers,    and    are 

the solubility parameters of both polymers in the mixture,   is the gas constant, and   is 

the temperature.  

It can be seen from equations Eq. 6.2.andEq. 6.3.that for polymers with high 

affinity to each other (solubility parameters are close), the interaction parameter is small 

and the thickness of the interpenetration zone is significant. The values for the solubility 

parameters were found in literature. The PGMA, PS, and PEG solubility parameters were 

calculated using the Askadskii method and were found to be 20.49, 18.65, and 22.01 

          , respectively
20

. For P2VP and PAA, the Van Krevelen method was used and 

the values were 21.8 and 23.6           , respectively
31

. Statistical segment length is 

known to be close for most vinyl polymers; therefore, a value of 0.65 nm (statistical 

segment length for PMMA) was used
30

. The statistical segment length for PEG (0.7 nm) 

was found in literature
32

. The molar volume was calculated as      , where   is the 

molecular weight of the monomeric unit of the polymer and   is the density. Density was 

assumed to be        for all polymers. 

For each polymer-polymer pair, using the mean value of the molar volumes of the 

components and the temperature of annealing as  , the interpenetration zone thickness 

was calculated using equations Eq. 6.2.andEq. 6.3. The resulting values for calculated 

thickness were 1.48, 2.07, 0.87, and 2.07 nm for PS, P2VP, PAA, and PEG, respectively. 
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It is important to point out that the formula for the interpenetration thickness was 

derived for the case where no reaction between the polymers occurred. Since constant 

chemical attachment of the grafted chains to the bottom layer occurs in the case of 

grafting a polymer layer to the PGMA-RhB, the mobility of the chains decreases. 

However, Eq. 6.2.can still be used as an estimation to compare the grafted layers in terms 

of their interaction with the PGMA-RhB layer. 

Comparison shows that of all four polymers, PAA has the lowest value of 

interpenetration region thickness, and considering the above statements, the depth of the 

PAA penetration is only a small fraction of the PGMA-RhB thickness. Conversely, P2VP 

and PEG have the highest interpenetration regions. Since the thickness of the PGMA-

RhB layer is only 5 nm, this means that a substantial part of the bottom layer is 

penetrated by the grafting polymer; therefore, it is probable that the RhB molecules will 

be directly subjected to the monomeric units of the grafted layer. As hypothesized in 

Chapter 5, this could result in variations in the fluorescent emission of the PGMA-RhB 

layer upon swelling. This will be verified experimentally in the next section. 

 

6.3.10. Fluorescent measurements for PGMA-RhB layers with surface 

modification 

To study how the grafted layers affect the fluorescent emission intensity changes 

during swelling, spectrophotometry experiments were performed for the PGMA-RhB 

films modified with non-fluorescent polymers. All measurements and calculation 
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procedures were conducted in the same way as was done for the ultrathin 5 nm thick 

PGMA-RhB films (Section 5.3.7.2.3.). 

First, the effect of the PS and P2VP layers, which have very similar structures, 

was examined (Figure 6.6.). In the figure, fluorescent emission changes during solvent 

uptake by PGMA-RhB film is compared to the modified version of the same film. It can 

be seen that after the polymer grafting the fluorescent response of the films changed 

significantly compared with the original PGMA-RhB film. There is a noteworthy 

difference between PS- and P2VP-modified films with respect to the fluorescent signal 

produced by water, chloroform, and acetone. On the other hand, the signal for toluene 

and cyclohexane was close for both modified films. These results prove the hypothesized 

ability of the grafted polymer layers to tune the reaction of the RhB to the presence of the 

solvent molecules. 

 

Figure 6.6. Effect of non-fluorescent polymer grafting on the fluorescent emission of 

ultrathin PGMA-RhB film.Relative intensity change after PS and P2VP (left) and after 

PEG and PAA (right) grafting.Solvents used: 1 - Chloroform, 2 - Acetone, 3 - Toluene, 4 

- Water, 5 - Cyclohexane. 
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To further study this, fluorescent emission changes during solvent absorption 

were studied for the PGMA-RhB film with two other layers grafted: PAA and PEG. As 

the results show (Figure 6.6.right), these two polymers produce significant deviations in 

the fluorescent emissions from the unmodified PGMA-RhB layer upon exposure to the 

analytes. The fluorescent responses of PGMA-RhB-PAA and PGMA-RhB-PEG are very 

dissimilar between these two films, as opposed to the PGMA-RhB-PS and PGMA-RhB-

P2VP pair, which showed similar trends in the solvent fingerprints. 

 

6.3.11. Comparison of non-fluorescent modification effects 

The fluorescent emission intensity variation discussed above needs to be 

examined in detail to understand the reason for the direction and magnitude of these 

changes. In general, the fluorescent emission intensity of the swollen polymer film is 

lower than that of the polymer in the dry state 
33

. This is related to the flexibility of the 

fluorescent unit of the polymer
34

: high flexibility gives fluorophores the ability to 

dissipate the excited state energy non-radiatively, thus reducing its quantum yield. This 

explains the general trend for most of the films used in the study: upon swelling, the 

relative emission intensity change is negative. However, there are particular cases where 

this is not true; therefore, it is useful to examine the effects of surface modification on the 

relative emission intensity changes separately. 

In the present section, relative emission intensity changes for modified derivatives 

of ultrathin 5 nm thick PGMA-RhB film are discussed. To compare the measured 

emission, the responses of the modified films are grouped by the analyte used in the 
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experiment. The vertical axis shows the relative intensity change measured for the 5 nm 

thick PGMA-RhB film modified with a particular non-fluorescent polymer. The 

horizontal axis shows the effective interaction parameter of the grafted polymer with the 

analyte. The values for the effective interaction parameters were taken from Table 6.2. 

The relative intensity change for the original PGMA-RhB film used for the modification 

and its interaction parameter with the analyte are added to the plot for comparison. 

In this representation, according to the above discussion of effective interaction 

parameters, all polymers with an interaction parameter higher than that of PGMA-RhB 

have less affinity to the particular analyte and swell less than PGMA-RhB. Conversely, 

all polymers with a lower interaction parameter swell more in the same analyte. As noted 

in Section 6.3.9., each of the polymers grafted to the initial film penetrates into the 

PGMA-RhB network. Therefore, the position of the particular polymer along the 

horizontal axis relative to the PGMA-RhB layer describes the changes in the affinity of 

the interpenetration zone to the analyte. Again, for all polymers with an interaction 

parameter higher than that of PGMA-RhB, this affinity decreases, and vice versa. 

In Figure 6.7.left, the relative emission intensity changes for chloroform are 

shown. It can be seen from the figure that all of the grafted polymers with a high 

penetration zone thickness have a higher affinity to chloroform. This means that a high 

amount of the solvent will enter the interpenetration zone, bringing mobility to the 

polymer chains, in particular to the fluorescent units of the PGMA-RhB. It was shown in 

Section 5.3.7.3. that the quantum yield is very high for model dye in chloroform; 

however, in accordance with the hypothesis proposed in the last section of the previous 
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chapter, upon grafting non-fluorescent polymer the immediate environment around the 

RhB molecules changes. It was also mentioned that RhB showed low solubility in 

chloroform (Section 5.3.8.); therefore, upon swelling in chloroform vapors, RhB 

molecules will be mostly surrounded by the monomeric units of the grafted polymers. It 

can be seen from Figure 6.7.that the intensity decrease is greatest for PGMA-RhB-PEG, 

which has the highest affinity for chloroform; therefore it swells more and brings the 

most flexibility to the RhB molecules, increasing the probability of non-radiative 

relaxation to the excited RhB molecules. The PEG-modified film is followed by PGMA-

RhB-P2VP and PGMA-RhB-PS, which have a lower affinity to chloroform and, 

therefore, a less prominent intensity decrease. As calculations show, PAA does not 

penetrate as much into the PGMA-RhB network and, in addition, it has lower affinity to 

chloroform, so the intensity change for PGMA-RhB-PAA is very close to that of the 

initial PGMA-RhB film. 

 

Figure 6.7. Relative intensity change variation after the modification of ultrathin PGMA-

RhB dependence on the affinity of the grafted polymers to chloroform (left) and acetone 

(right). Value for PGMA-RhB layer is added for comparison. 
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Results for acetone are presented in Figure 6.7.right. The quantum yield in 

acetone (0.48) is much lower than for chloroform; therefore, the intensity of the emission 

decreases for all of the films. In addition, as opposed to chloroform, RhB itself is soluble 

in acetone, which favors the presence of acetone in the RhB environment. However, the 

amount of chain flexibility brought by the swelling in acetone is much lower compared to 

chloroform, due to the lower affinity of all the polymers to this solvent. 

It can be seen that after grafting PS and P2VP, which swell more in acetone, there 

is additional flexibility and a greater amount of solvent reaches the PGMA-RhB layer, 

which decreases the relative intensity change. For PGMA-RhB-PEG, the intensity is not 

as low because less acetone enters the film due to the lower affinity of PEG to that 

solvent. The affinity of PAA to acetone is higher compared to PGMA-RhB; however, due 

to minimal penetration and increased rigidity (PAA forms a high number of crosslinks on 

the PGMA surface), the PAA grafting shows almost no effect on the fluorescent 

emission. 

The situation for toluene is very close to that of chloroform (Figure 6.8.).The 

quantum yield is relatively high for toluene (0.8) and RhB itself is not soluble in toluene. 

However, the main difference between the two is that the affinity of the PGMA-RhB 

layer to toluene is much lower. For the grafted polymers with a higher affinity to toluene 

(PS and P2VP), more toluene is introduced to the film and the intensity decreases. For the 

polymers with low affinity (PEG and PAA), the intensity decrease is not as prominent. 
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Figure 6.8. Relative intensity change variation after the modification of ultrathin PGMA-

RhB dependence on the affinity of the grafted polymers to toluene (left) and water 

(right). Value for PGMA-RhB layer is added for comparison. 

Water gives the pronounced intensity decrease for a single PGMA-RhB layer due 

to two factors: the low quantum yield of model dye in water (0.06) and the fact that water 

is the best solvent for RhB. However, since the PGMA-RhB network has a poor affinity 

to water, a single PGMA-RhB layer has low water content even in equilibrium with 

saturated water vapor. Figure 6.8.right shows that upon grafting of the polymers that 

have a high affinity to water (PEG and PAA), it is possible to increase the water content 

within the film, thus decreasing the relative intensity change. The effect of PAA is higher 

compared to PEG. This may be explained by the fact that PEG penetrates more into the 

PGMA-RhB network, partially shielding the RhB molecules from the water, whereas 

PAA increases the water content within the film without much interaction with the 

PGMA-RhB network. PS swells the least in water; therefore, this polymer protects the 
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RhB molecules from water, so the lowest intensity decrease is observed in the PGMA-

RhB-PS system subjected to water vapors. 

For cyclohexane (Figure 6.9.), the relative intensity changes are very similar to 

those for toluene and chloroform (with the exception of an even lower quantum yield 

(0.1) and swelling for most of the polymers): as the effective interaction parameter 

increases, less solvent enters the polymer film and the intensity decrease upon swelling is 

lower. For the most polar polymers, PAA and PEG, the changes are approaching zero. 

The highest change is observed for the PGMA-RhB-RS system, which swells the most in 

cyclohexane. 

 

Figure 6.9. Relative intensity change variation after the modification of ultrathin PGMA-

RhB dependence on the affinity of the grafted polymers to cyclohexane. Value for 

PGMA-RhB layer is added for comparison 

Overall, the general trend is consistent in all of the experiments listed above: high 

affinity to the analyte, together with high penetration depth, increases the solvent content 
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within the film and the chain flexibility. These factors in turn cause a decrease in the 

emission of the fluorescent units of the PGMA-RhB film. 

There is yet another way to represent the data from the emission intensity 

measurements. Figure 6.10.shows all fluorescent experiments combined on one plot, 

with results rearranged to group responses to the same solvent. An important conclusion 

can be made from this plot: for the set of five different films, the “fingerprint” response 

to each of the solvents used in the present study is unique and completely distinguishable 

from the others. This suggests that the proposed technique of tuning the fluorescent 

reaction of the fluorophores to environmental changes could be used in applications 

where environmental identification is needed. 

 

Figure 6.10. Relative intensity change grouped by the solvents used in the 

measurements. The fluorescent films used in the experiments were: 1 – PGMA-RhB, 2 – 

PGMA-RhB-P2VP, 3 – PGMA-RhB-PEG, 4 – PGMA-RhB-PAA, 5 – PGMA-RhB-PS. 

 

6.5. Conclusions 

Thin grafted layers were deposited onto the surface of ultrathin PGMA-RhB films 

via dip coating. The deposited layers had low roughness and evenly covered the surface 
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of the PGMA-RhB film. The properties of the grafting layers, such as thickness, grafting 

density, and presence of the interpenetration region were examined via ellipsometry. The 

parameters necessary for fitting ellispometric data were obtained utilizing thick films 

made of the same polymers that were used for the grafting. 

From the swelling experiments, solvent affinity to the polymers used in the study 

was calculated in terms of the effective interaction parameter. Calculations involving 

polymer-polymer interactions revealed the presence of the interpenetration region in the 

two-layer modified PGMA-RhB films. 

The spectrophotometry measurements for the modified PGMA-RhB films 

confirmed the hypothesis that non-fluorescent polymer films grafted to the surface of 

ultrathin fluorescent films influence the emission of the fluorophores embedded in the 

prime layer. Results showed that the similar polymers, PS and P2VP, produced similar 

changes in the pattern of the emission response of PGMA-RhB film, while the dissimilar 

polymers, PAA and PEG, showed very diverse changes for each of the solvents. Close 

studies on the nature of the fluorescent emission changes revealed complex influence of 

the solvent-dye and solvent-polymer interactions of the fluorescent emission of the 

modified films. Changes in the affinity of the PGMA-RhB film to the solvent, caused by 

the surface modification, strongly influenced the fluorescent response of the film. 

Another important result was the uniqueness of the pattern of responses for each 

of the analytes. This feature allows the use of presented response-tuning technique for 

substance identification applications. 
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CHAPTER SEVEN 

EFFECT OF NON-FLUORESCENT GRAFTED POLYMER LAYER 

THICKNESS AND COMPOSITION ON THE RESPONSE OF THE 

FLUORESCENT LAYER 

 

7.1 Introduction 

It was demonstrated (Chapter 6) that grafting of non-fluorescent polymers to the 

surface of the PGMA-RhB layer changes the optical response of one-component PGMA-

RhB film to the saturated vapor of solvents. As it was concluded in Section 

6.3.11.,grafting non-fluorescent polymers to the surface of PGMA-RhB affects emission 

intensity in two possible ways. First, it changes the affinity of the solvent to the modified 

PGMA-RhB film, thus changing the swelling of the film. Second, depending on the 

nature of the solvent, it either shields or exposes fluorescent units of the PGMA-RhB to 

the solvent molecules. 

The next question arises: Is it possible to tune the effect of the grafting layer on 

the fluorescent properties of the PGMA-RhB film? The ability to perform such tuning 

would be beneficial for prospective applications. For example, with such a tuning it 

might be possible to maximize the polymer layer sensitivity to the particular analyte in 

the mixture by increasing the magnitude of the fluorescent response changes upon solvent 

intake. This method is known to be used in the detection of explosives
1
. Conversely, one 

could design a grafting that would reduce the systems sensitivity to the components of the 

mixture that do not need to be detected. This technique was used in the work of Liu et 

al.
2
. However, in most cases such tuning is done by chemical modification of the host 

material. With the method described in the present work, it could be done without 
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chemical modification of the matrix polymer or fluorescent molecules with 

straightforward grafting of premade material. This method of tuning may also make it 

possible to generate an array of fluorescent films with unique fluorescent responses using 

one polymer for the grafting. 

The tuning proposed above can be realized in several ways. The first possible 

method is to vary the amount of the polymer grafted to the surface. This can be done 

using the fact that the chemical reaction between the fluorescent polymer and the 

polymer being grafted is not instantaneous; it takes place over a period of time. 

Therefore, by varying the rate of the reaction or the reaction time, it is possible to graft 

different amount of the material to the anchoring fluorescent layer 
3
. In addition, mobility 

of the polymer chains can be adjusted by varying the molecular weight of the polymer. 

This will affect the reaction rate, as shorter molecules reach reaction sites faster than 

longer ones
4
. Moreover, variations in the grafted polymer chain length will also change 

the thickness of the interpenetration zone, where the grafted chains penetrate deeper to 

the fluorescent polymer layer since shorter molecules have a greater ability to diffuse 

deeper into the base layer network
5
.  

The second possible method to change the fluorescent properties of the base 

fluorescent layer is to modify its nature by grafting the mixed polymer layer
6
. Polymer 

film created in this way is shown schematically in Figure 7.1. In this method, two or 

more different polymers are grafted to the same fluorescent polymer layer. This is done 

by sequential grafting of the polymers to the reactive layers surface
7
. With grafting of the 

mixed polymer layer, fluorescent emission of the base layer can be subjected to the 
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multiple effects brought by each of the grafted polymers. In addition, the ratios between 

the polymers can be varied in the same way as was described for single polymer grafting 

since each of the polymers is grafted to the base layer separately. 

 

Figure 7.1. Schematic of the mixed polymer layer grafted to the surface of the PGMA-

RhB. 

In this part of the work, variation in the grafted layers properties (thickness and 

composition) on the PGMA-RhB films fluorescent emission response to the several 

analytes is examined. Specifically, the effects of changes in both the amount of the 

grafted polymer and its nature are studied. PS and P2VP macromolecules were selected 

for the variation. Grafted layers of these two polymers with different grafting densities as 

well as mixed grafted layers were obtained. During the grafting of each of the polymers, 

the reaction time was varied to create grafted layers of different grafting densities. 

Fluorescent properties of the PGMA-RhB films with the different grafted layers 

were studied using spectrophotometry in a saturated vapor of chloroform, acetone, 

toluene, water, and cyclohexane. It was observed that the fluorescent response of the film 

varied significantly with the nature and the thickness of the grafting layer for several 



180 

 

solvents, confirming the validity of the proposed technique for tuning fluorescent 

responses of base polymer layers. 

 

7.2. Experimental 

7.2.1. Deposition of PGMA-RhB film 

Base layer for the grafting of non-fluorescent polymers was created using PGMA-

RhB with Mn=405,000 g/mol and polydispersity 3.81. The same deposition technique 

described in Section 5.2.1.was used. The thickness of the PGMA-RhB layer was 6.5 nm. 

 

7.2.2. One-component grafted layer 

Carboxyl terminated PS (48,000 g/mol) and carboxyl terminated P2VP 

(53,000g/mol) were used for the grafting. Layers of the polymers were deposited onto the 

surface of the PGMA-RhB layer by dipcoating at 5 mm/sec. PS was deposited from a 1% 

solution in chloroform and P2VP was deposited from 1% solution in MEK. Variation of 

grafting density for the non-fluorescent polymer was achieved by annealing polymer 

films at different times. A temperature of 120 °C was used for annealing in a vacuum 

oven (Section 6.2.1.) 

After the annealing, unattached polymer chains were removed by rinsing the 

substrates covered with the polymer films in good solvents for the grafted layers 

(chloroform for PS and methanol for P2VP) three times for 30 min each. 
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7.2.3. Grafting of mixed polymer layers 

Mixed polymer layers were deposited using a technique described elsewhere
7
. In 

brief, the first series of the PGMA-RhB films with PS layers of various grafting densities 

was created using the method described above (Section 7.2.2.). Next, the P2VP layer was 

deposited by dipcoating at 5 mm/sec from a 1% solution of P2VP in methanol. The 

resulting film was annealed at 120°C in a vacuum oven for 8h to graft P2VP at the 

maximum possible density. After the annealing, unattached polymer chains were 

removed by rinsing the substrates covered with the polymer films in methanol three times 

for 30 min each. 

 

7.2.4. Characterization of polymer film 

The thickness of the films was examined with ellipsometry, and surface 

morphology was studied using AFM. 

The films fluorescent properties and variations in the emission intensity in vapor 

of chloroform, acetone, and cyclohexane were studied by spectrophotometry using the 

same procedure described in Section 5.2.3. 

 

7.2.5. Modification of the PGMA-RhB-P2VP with gold nanoparticles 

Samples with 6.5 nm thick PGMA-RhB layer and 11, 8.5, and 5.3 nm thick P2VP 

grafting were used. Attachment of the gold nanoparticles (Sigma-Aldrich Co. LLC.) of 7-

10 nm in size was performed in suspension at room temperature for 48 h. After the 

attachment grass slides were rinsed three times for 30 min in DI water. 
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7.3. Results and discussion 

 7.3.1. Selection of the polymers for variations in grafted layer properties 

For the investigation of the variation in the grafted layers properties on the 

PGMA-RhB layers fluorescent emission response, PS and P2VP were selected. These 

were the same polymers as were used in Chapter 6. As discussed above (Section 6.3.2.), 

these two polymers of different polarities possess similar physical properties; therefore, 

grafted layers of the two polymers will have a similar morphology. It was also 

demonstrated above that the grafting of these two polymers dramatically changes the 

fluorescent response of the PGMA-RhB layer (Section 6.3.11.). 

These two polymers are also well suited for the investigation of the mixed 

grafting effect on the fluorescent properties of PGMA-RhB, since, due to the similarities 

discussed above, there will be no dramatic property variations in the mixed layer 

consisting of these two polymers.  

The PS-P2VP mixed grafted layer is a well-studied system with known 

behaviors
8
. Due to the immiscibility between the two polymers at room temperature, 

there is a local phase separation between the two polymers after grafting. In addition, 

selective swelling of one of the polymers can be observed while the chains of the other 

will remain a shrunken state
9
. If such behavior of the grafted layer has the potential to 

influence fluorescent characteristics of the base fluorescent layer, one could significantly 

enhance the systems selectivity for mixture analysis. 
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7.3.2. Deposition and characterization of grafted layer 

7.3.2.1. One component polymer layers 

It is well known that by varying the annealing temperature, it is possible to graft 

polymer layers to a different grafting density
10

. It is also possible to vary the grafting 

density by annealing polymers at the same temperature but at different times
11

. Due to the 

possible temperature gradients inside the oven used for the annealing, the latter method of 

grafting density variation was selected. 

After the unattached polymer chains were removed, the grafted layers surface 

morphology was examined with AFM. Results showed no significant variation in the 

roughness of layers related to the annealing time. In fact, all calculated roughness values 

were virtually the same as those of the layers grafted to the maximum grafting density 

studied in Section 6.3.3. 

The grafting layers thickness was measured by ellipsometry. Results of these 

measurements are shown in Figure 7.2. It can be seen from the measurements for the 

both PS and P2VP grafted layers that the chain attachment rate decreases over time. This 

phenomenon can be explained by the consumption of the reactive sites for the grafted 

polymers. Thus, at the long grafting times most initially active attachment sites are 

already occupied by polymer chains, and it is harder for the additional polymer chains to 

diffuse for the remaining unreacted epoxy groups. Moreover, already attached polymer 

chains become less mobile, and the grafting process slows down even more at latter 

stages. 



184 

 

 

Figure 7.2. Thickness of PS (left) and P2VP (right) grafted layers attached to 6.5 nm 

thick PGMA-RhB film. Black squares represent the ellipsometry measurements; solid 

lines represent results of the curve fitting with Eq.7.1. 

A comparison of the two types of grafted polymers shows that the rate of the 

P2VP attachment is much higher than that of PS. This can be explained by the basic 

nature of P2VP chains, which are known to catalyze the reaction between carboxylic and 

epoxy groups
12

.  

Mathematically, the dependence of the thickness   of grafted layers with time   

can be expressed in the form: 

              
Eq.7.1. 

where  and    are the fitting parameters.   describes the maximum grafted layer 

thickness and    describes the rate of the chain attachment. The measured thickness of 

grafted layers was fitted with Eq.7.1. Resulting curves for both polymers are shown as 

solid lines in Figure 7.2. Using these curves it is possible to graft layers of PS and P2VP 
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of necessary thickness constrained by the maximum grafting thickness for a particular 

polymer. 

To estimate the thickness of the penetration zone, an assumption was made that 

the penetration depth for the grafted polymer chains increases in the same fashion as the 

thickness of the grafting layer, reaching the value calculated in Section 6.3.9.at the 

infinite time of grafting. Mathematically, this can be described by Eq.7.1.with parameter 

   equal to the maximum penetration depth (1.48 nm for PS and 2.07 nm for P2VP) and 

the same parameter    that was estimated for the changes in thickness. Results of the 

calculation are shown in Figure 7.3. 

 

Figure 7.3. Variations in grafting density and chain penetration depth with time for PS 

(left) and P2VP (right) 

Grafting density calculations were performed in the same manner as in Section 

6.3.5 using Eq.3.6.Results are plotted in Figure 7.3. It can be seen that at short annealing 

times, grafting density and penetration depth are well below the maximum levels for both 

polymers.  
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7.3.2.2. Mixed polymer layers 

After PS grafting at short annealing times, the non-reactive epoxy groups in the 

PGMA-RhB network can be used for the P2VP attachment. The previously reported 

technique was used for the mixed brush application
7
. First, a series of films with PS 

grafted at different grafting densities was synthesized. Next, a P2VP layer was applied to 

the film and annealed. During annealing, P2VP chains diffused through the grafted PS 

chains to the reaction sites. Thus, films with both PS and P2VP chains attached to the 

PGMA-RhB at various ratios were created. The same series of PGMA-RhB-PS films as 

shown in Figure 7.2.left and Figure 7.3.left was used for P2VP attachment. 

Figure7.4.shows AFM images of a series of PGMA-RhB films with PS-P2VP 

grafting. The thickness of the P2VP layer was measured with ellipsometry as an addition 

to the thickness of the PGMA-RhB-PS layer used for grafting. 

It can be seen from the figure that the phase separation occurs between PS and 

PVP as these polymers are immiscible
7
. When the amount of PS is low (top left), it forms 

islands that extend from the continuous P2VP phase. As the concentration of PS 

increases, these islands grow in the continuous phase (Figure 7.4. top right). When the 

thickness of the grafted layer of PS reaches 12 nm (grafting density of PS at this point is 

0.17 chains/cm
2
), the attached P2VP chains are almost completely hidden below the PS 

layer (bottom left). After PS is grafted to the highest grafting density of the series (bottom 

right), the amount of grafted P2VP becomes so small that the interphase region between 

PS and P2VP cannot be observed from the image. 
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Figure 7.4. AFM images of mixed layers of PS-P2VP grafted to the surface of 6.5 nm 

thick PGMA-RhB film at various ratios after treatment with chloroform. 

 

7.3.3. Fluorescent measurements 

7.3.3.1. Variations in the grafted layers thickness 

Fluorescent emission of the PGMA-RhB films modified with PS and P2VP at 

different grafting densities and mixed layers of these polymers was measured in both the 
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dry state and the saturated vapor of several solvents using spectrophotometry. To 

compare the effect of grafting density variations on the signal change during vapor 

intake, chloroform and acetone were selected. The relative intensity change was 

calculated as described in Section 5.3.7.2.3.Results for the swelling of PS and P2VP 

modified PGMA-RhB films in chloroform are shown in Figure 8.5. It can be seen from 

the figure that as the amount of the grafted polymer increases, the relative intensity 

change decreases. However, for both polymers there is a small initial increase in 

intensity. Such behavior can be explained by the presence of the two competing effects of 

brush grafting on emission intensity.  

As discussed in Section 6.3.11., the first effect is related to the increase in the 

PGMA-RhB films rigidity upon grafting of the polymer layer. Increased rigidity lowers 

the chains mobility in the swollen state, thus reducing the emission intensity drop upon 

film swelling. The second effect is related to the presence of monomeric units of the 

grafted polymer, which can influence fluorescence in the swollen state in good solvents 

when polymer chains are mobile.   



189 

 

 

Figure 7.5. Relative intensity change in saturated acetone vapor vs. thickness of the 

grafted layer of PS (left) and P2VP (right) grafting to 6.5 nm thick PGMA-RhB film. 

When a smaller amount of polymers is grafted to the PGMA-RhB film, the 

penetration depth for the grafted layers is low (Figure 7.3.) so there is little change in the 

RhB molecules immediate environment. However, small increase in the polymer 

networks rigidity cause small intensity increase. When more polymer is grafted (Figure 

7.5) for both grafted polymers, the intensity goes down, which indicates that upon 

swelling more PS and P2VP monomeric units decrease chloroform contact with RhB 

molecules, decreasing the intensity of the emission. It needs to be pointed out that since 

both polymers have very similar physical properties and have a similar affinity to the 

PGMA and chloroform, the relative intensity changes dependence on thickness is quite 

similar for these two polymers. 

The relative intensity change in the acetone vapor for the same modified films is 

shown in Figure7.6. It can be seen that the results are similar to the relative intensity 

change induced by chloroform vapors (Figure 7.5.). When no polymer is grafted to the 

PGMA-RhB system, the relative intensity change is smaller than that of chloroform 
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vapor due to the lower quantum yield (Section 5.3.7.3.) and higher affinity of RhB for 

acetone (Section 5.3.8.). Again, at a low grafting density there is not much variation in 

the relative intensity change with brush thickness for both polymers. At a high grafting 

density, due to the chains penetration into the PGMA-RhB network in swollen state 

mobile chains of P2VP and PS change the local environment of RhB molecules and 

intensity goes down. However, as opposed to the previous case, there is a difference in 

the behaviors of the PGMA-RhB-PS and PGMA-RhB-P2VP systems. It can be seen that 

for the PGMA-RhB-PS system, the signal change stays almost constant and starts 

decreasing at the maximum PS grafting, whereas for PGMA-RhB-P2VP, the gradual 

decrease starts at very low levels of P2VP grafting.  This could be related to the fact that 

swelling of the PS in acetone is smaller than that of P2VP. Since the penetration depth for 

PS is also small and the affinity of the RhB molecules to the acetone is high, the presence 

of PS does not affect emission intensity up to high levels of grafting. 

 

Figure 7.6. Relative intensity change in saturated acetone vapor vs. thickness of the 

grafted layer of PS (left) and P2VP (right) grafting to 6.5 nm thick PGMA-RhB film. 
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Changes in intensity were measured for the PGMA-RhB-PS films in the good 

solvent for PS. In Figure 7.7,results of the experiment on cyclohexane vapor are shown. 

It can be seen from the figure that as opposed to the case of PGMA-RhB-PS swelling in 

chloroform and acetone, emission intensity decreases even at a low PS layer thickness. 

This is the result of the high affinity of PS to cyclohexane. PS chains attract cyclohexane 

molecules to the PGMA-RhB network. Due to the low quantum yield of RhB in 

cyclohexane, the emission intensity decreases rapidly. 

 

Figure 7.7. Relative intensity change in saturated cyclohexane vapor vs. thickness of the 

grafted layer of PS to 6.5 nm thick PGMA-RhB film. 

 

7.3.3.2. Mixed polymer layer grafting 

Fluorescent response of the PGMA-RhB films modified with mixed PS-P2VP 

polymer layers was studied using the same procedure as for the case of grafting density 

variations. In Figure 7.8.,results of relative intensity change measurements for these 

films in acetone and chloroform vapor are presented. The x-axis shows the thickness of 
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the PS component in the PS-P2VP layer. On each plot, the left point corresponds to the 

relative intensity change for the PGMA-RhB film with a one-component grafted P2VP 

layer and the right point represents a one-component PS grafted layer. It can be seen that 

for chloroform (Figure 7.8.left), there is no particular trend in the signal change as the 

ratio between the polymers in the mixture changes. This can be explained by the systems 

similarity in physical properties: in the swollen state, physical properties of the films are 

nearly identical since PS and P2VP have similar swelling ratios in chloroform. In 

addition, intensity change dependence on the grafted layer thickness is close for both 

polymers. However, due to the phase separation between PS and P2VP in the dry state, 

the intensity change varies based on the thickness of the PS component in the mixture. 

 

Figure 7.8. Relative intensity change in saturated chloroform (left) and acetone (right) 

vapor for PGMA-RhB film with mixed P2VP-PS grafted layers as a function of the 

thickness of the PS component of the brush. 

In the acetone vapor (Figure 7.8. right), the relative intensity change first 

increases with PS content up to approximately 50% of PS and then goes down. Such 

behavior can be the result of the small influence of both PS and P2VP on PGMA-RhB 
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intensity at low grafting levels, as shown in Figure 7.6.Since P2VP is grafted through 

already attached PS chains, the depth of P2VP chains penetration is decreased for the 

mixed brush system as compared to the one-component P2VP grafting. Therefore, 

emission intensity is only influenced by the grafted layers for the samples with high PS or 

P2VP content.  

However, since mixed polymer layer grafting has very complex effects, additional 

experiments such as swelling of the PGMA-RhB films with mixed grafted polymer layers 

are required to fully understand the behavior of the mixed system. 

 

7.4. Tuning of fluorescent emission intensity response with gold nanoparticles 

One of the possible ways of enhancement of the magnitude of fluorescent 

emission intensity changes is gold nanoparticle incorporation. It is known, that gold can 

quench fluorescent emission by electron transfer 
13

. This effect in known to be distance 

dependent 
14

, changing significantly over the extremely short distances in order of several 

nanometers. 

This phenomenon can be used to tune the fluorescent emission intensity response 

in the following way. If the gold nanoparticles are attached to the non-fluorescent layer 

grafted to the PGMA-RhB film fluorescent emission of the RhB molecules will be 

quenched, if the thickness of the non-fluorescent layer is small enough. However when 

the polymer film will swell in the vapor of organic solvent, thickness of non-fluorescent 

polymer layer will increase, separating the gold nanoparticles from fluorescent layer. The 
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efficiency of the electron transfer between the RhB molecules and the gold nanoparticles 

will decrease, increasing the emission intensity of the PGMA-RhB film. 

 

Figure 7.9. Schematic of the principle of the gold nanoparticle effect on the fluorescent 

emission of RhB units of PGMA. 

 

7.4.1. Preliminary results of the influence of attached gold nanoparticles on 

the fluorescent emission intensity of PGMA-RhB film. 

After the gold particle application the intensity of the emission of the sample in 

the dry state decreased for all the samples, as shown in Figure 6.11. It can be seen that 

the decrease in the emission intensity is around 40% for each of the films. This confirms 

the nanoparticle attachment to the surface of PGMA-RhB-P2VP, considering the 

quenching of the fluorescent emission from the RhB units of the PGMA-RhB-P2VP film 

by gold. The measurement of the emission intensity upon exposure of the film to the 

chloroform vapors showed emission intensity increase in comparison to the dry state for 
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all samples, as shown in Figure 6.11. Effect of fluorescent emission intensity change by 

grafting of the P2VP layer, discussed in the Section 7.3.3.1. is shown in Figure 6.11. for 

comparison.  

It can be seen that the two opposite effects are happening at the same time. As 

P2VP swells gold nanoparticles are pushed back from the PGMA-RhB layer, increasing 

the emission intensity as the quenching intensity decreases. At the same time flexible 

monomeric units of P2VP decrease quantum yield of RhB units of PGMA-RhB in 

swollen state. Both effects change with the amount of the P2VP grafted to the surface of 

PGMA-RhB. When the thickness of P2VP layer equals 8.5 nm the net effect produces 

total fluorescent emission intensity increase in 21.8%.  

 

Figure 7.10. Emission intensity measured for the PGMA-RhB-P2VP film with attached 

gold nanoparticles in the dry state and in saturated chloroform vapor. 
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7.5. Conclusions 

In conclusion, layers with different grafting densities and mixed polymer layers of 

PS and P2VP at various ratios were grafted to the PGMA-RhB films. The thickness of the 

grafted layers as well as the ratio between PS and P2VP in mixed systems was well 

controlled by the time of annealing.  

Fluorescent measurements in saturated vapors of chloroform, acetone, and 

cyclohexane showed that in addition to the variations in the relative intensity change by 

non-fluorescent polymer grafting, additional tuning of the signal from PGMA-RhB film 

can be achieved by attaching the polymers at various grafting densities and through the 

use of mixed polymer grafting. 
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CHAPTER EIGHT 

FLUORESCENT LAYERS ON ROUGH SURFACES 

AND NANOSCALE OBJECTS 

8.1. Introduction 

As discussed earlier, fluorescent PGMA films could be straightforwardly bonded 

to the surfaces of glass slides and silicon wafers. These films showed the ability to sense 

changes in the environment, evidenced by variations in their fluorescent responses, 

making fluorescent PGMA-RhB films good candidates for sensing applications. It should 

be pointed out that due to the high reactivity of PGMA, virtually any substance can be 

covered with fluorescent film as long as it has the necessary groups that are reactive with 

PGMA on its surface
1
. 

To this end, in this chapter the possibility of applying the PGMA-RhB fluorescent 

film to the different types of substrates is investigated. Specifically, nanoparticles and 

woven fabrics were targeted for PGMA-RhB deposition. 

There are many means of incorporating rigid organic dye into nanoparticles 

including, but not limited to: dye incorporation into polymer latex beads
2
 or microgels

3
, 

pores
4
, shells

5
, or surfaces

6
 of silica nanoparticles, or surfaces of magnetic

7
 or noble 

metal
8
  nanoparticles. Of all the carrier materials, silica nanoparticles attract great 

attention in the field of nanotechnology due to their ease of separation, biocompatibility, 

and stability
9
. They have no swelling or porosity changes associated with pH variations

10
. 

Due to the listed advantages, silica was selected as the carrier material. 
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For the preparation of fluorescent nanoparticles, the core-shell structure was 

selected, as schematically shown in Figure 8.1.In such architecture, organic fluorophores 

are covalently attached to the reactive polymer film that covers the surface of silica 

nanospheres. The method for nanoparticle synthesis was developed several years ago in 

our group
11

.  

 

Figure 8.1. Schematic of the nanoparticle with the core-shell structure. The core of the 

particle is a silica sphere and the shell consists of fluorescent material. 

Due to the presence of epoxy groups in each monomeric unit, the surface of the 

particle is still reactive after the fluorescent polymer layer is attached. These groups allow 

the application of additional functionalities to the particle’s surface
12

. For example, a pH-

responsive mixed P2VP-PEG polymer brush can be anchored to the surface of the 

particles using the “grafting to” technique
13

. Nanoparticles functionalized in such a way 

that they are fully stable at pH<4 undergo fully reversible aggregation upon pH increases 

to pH>6. It was also shown that the fluorescent emission intensity changed when the pH 

of the aqueous solution varied. This suggests the possibility of sensing applications for 

such core-shell nanoparticles. 
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In the present chapter, we show the results on the investigation of the sensitivity 

of silica nanoparticles covered with a fluorescent PGMA-RhB shell to the nature of the 

particle environment by changing the solvent for the nanoparticle dispersion. To make 

the nanoparticles stable indifferent solvents, the surface of the particles was modified 

with a PEG polymer brush using the “grafting to” method. Particles functionalized in this 

way can be easily dispersed in the most common organic solvents and water
14

, permitting 

emission intensity measurements in chloroform, acetone, toluene, cyclohexane, and 

water. The measurements, performed using a fluorescent spectrophotometer, showed the 

fluorescent signals sensitivity from the particles to the solvent. Such surface 

functionalization also provides biocompatibility for the colloid system, since PEG is 

known for its biocompatibility and is widely used for drug delivery
15

 and as a gene 

carrier
16

. In addition, the magnetic properties were introduced to the fluorescent 

nanoparticles by attaching paramagnetic Fe3O4 nanoparticles to the surface of PAA 

grafted to the PGMA-RhB. 

For the deposition of the PGMA-RhB layers onto the rough surface, PET fabric 

was selected as a substrate. Fabric treatment with fluorescent film has several advantages 

over flat silicon wafers or glass slides treatment. Fluorescent fabrics can be used in smart 

textile applications, where the sensitivity is provided for daily use textiles. They can be 

also used in low-cost detection devices in the medical and defense industries
17

. Overall, 

the main advantages of the textile materials are their low cost, flexibility, and high 

surface to volume ratio that greatly enhances the sensitive region of the material
18

. Again, 
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due to PGMA reactivity, the fluorescently modified fabrics can be post-treated to achieve 

any desirable surface functionality. 

Aside from the fluorescent nanoparticle suspension and directly modified fabrics, 

a mixed approach was tested in the present research. In this approach, advantages of both 

types of substrates are combined to achieve flexible material with fluorescent activity, a 

high surface to volume ratio of the sensitive region, and the ability to change the 

fluorescent emission upon exposure to the analytes in the vapor phase. In this method of 

deposition, PGMA-RhB coated fluorescent core-shell nanoparticles were applied to the 

surface of activated PET fabrics. This system showed higher sensitivity to the vapors of 

analytes than the flat PGMA-RhB films and the ability to tune that sensitivity with 

grafting of non-fluorescent polymers. 

 

8.2. Experimental 

8.2.1. Modification of nanoparticles 

PGMA-RhB film was used as the fluorescent polymer for the surface 

modification of the nanoparticles and fabric samples. The preparation and properties of 

the fluorescent PGMA-RhB are described in detail in Chapter 1. 

 

8.2.1.1. Surface modification of SiO2 spheres with PGMA 

Deposition of the PGMA-RhB layer was performed using the technique reported 

elsewhere 
11

. Briefly, water suspension of (10% w/vol) SiO2spherical nanoparticles of 

150 nm in diameter was used. To start, SiO2 particles were transferred to the THF as 
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follows. One ml of the initial suspension was added dropwise to the 10 ml of THF under 

constant sonication. Suspension was purified from water via three subsequent 

centrifugations for 30 min at 5000 rpm. THF suspension of the SiO2 spheres was added 

dropwise to the 3 % w/vol PGMA-RhB (Mn=405,000 g/mol with polydispersity 3.81) 

solution (25 ml) in THF under constant sonication. The mixture then was rotary 

evaporated and a flask with residuals was placed in an oven at 100 °C for 35 minutes to 

allow PGMA to attach to the surface of the nanoparticles. After annealing, PGMA-RhB-

modified SiO2 spheres were put in acetone and purified via three subsequent 

centrifugations for 30 min at 5000 rpm. PGMA-RhB film on the surface of the 

nanoparticles was investigated with TEM. For this purpose the particle suspension in 

acetone was drop casted onto the copper TEM grids. The thickness of the PGMA-RhB 

layer was measured using the acquired pictures. 

 

8.2.1.2. Surface modification of silica nanoparticles with the PGMA-RhB 

layer 

To test the possibility of grafted layer deposition onto the PGMA-RhB layer 

anchored to nanoparticles, grafting of PAA (Mw=100,000 g/mol) and PEG (Mn=5,000 

g/mol) was performed. At each step of new layer deposition, the particle agglomeration 

and the grafting thickness were studied by TEM. In addition, spectrophotometry 

measurements of the nanoparticle suspension were conducted to ensure that the 

fluorescent properties were retained after polymer grafting. 
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8.2.1.2.1. Surface modification of the PGMA-RhB layer with PEG grafting 

Suspension of PGMA-RhB modified SiO2 spheres in acetone (100 mg in 5 ml) 

was added dropwise to the PEG solution in acetone (0.75 g in 20 ml) under sonication. 

The mixture was then rotary evaporated and placed in the oven at 120°C overnight. 

Particles then were put in methanol and purified via three subsequent rinses and 

centrifugations for 30 min at 5000 rpm.  

 

8.2.1.2.2. Surface modification of PGMA-RhB-covered spheres with PAA 

To modify the PGMA-RhB layer with PAA, PGMA-RhB-modified SiO2 spheres 

were transferred to N-Methyl-2-pyrrolidone(NMP) (10 ml) and shaken overnight in a 

shaker. PAA solution (0.2 g in 5 ml of NMP) was added to the particle suspension 

dropwise under sonication. Then, the mixture was heated to 70°C for 1 h to allow the 

PAA to attach to PGMA. After the reaction, NMP was substituted with same amount of 

ethanol. Particles showed no coagulation, confirming the PGMA-RhB layers surface 

modification with PAA. Ethanol was evaporated from the flask overnight and residuals 

were annealed (1h at 70°C) to conduct further attachments of PAA to the fluorescent 

polymer shell of the SIO2 particle. Particle suspension was purified from unattached PAA 

via three subsequent rinses and centrifugations for 30 min at 5000 rpm.  
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8.2.1.2.3. Decoration of PGMA-RhB-PAA with Fe3O4 nanoparicles 

Suspension of PGMA-RhB-PAA modified SiO2 spheres (5 ml) in ethanol was 

added dropwise to the 40 ml suspension of Fe3O4 (0.5 mg/ml) nanoparticles in water 

under sonication. The mixture was left for 1 h on the shaker to allow magnetic 

nanoparticles to attach to the PAA layer. Modified SiO2 spheres were recovered from the 

Fe3O4 suspension via three subsequent rinses and centrifugations for 30 min at 5000 rpm.  

 

8.2.2. Studies of the fluorescent sensitivity of nanoparticles in suspension 

Fluorescent emission sensitivity for PGMA-RhB-PEG covered nanoparticles was 

studied in various environments. Particles were transferred to five different solvents 

(chloroform, water, cyclohexane, toluene, and acetone) from methanol by addition of 1 

ml of suspension dropwise to the 10ml of solvent of interest under sonication. This 

suspension was then purified from methanol via centrifugation 30 min at 5000 rpm. 

Quartz 1 cm cuvettes were used for the spectrophotometry measurements. Fluorescent 

emission intensity was scaled with concentration to allow signal comparison. 

 

8.2.3. PGMA-RhB layer deposition onto the surface of PET fabrics 

The cleaned PET fabric (cleaning procedure is described in detail in Section 

3.4.2.) was used for PGMA-RhB deposition. The PGMA-RhB solution in chloroform 

(2% w/vol) was drop casted onto the fabric samples. After evaporation of the solvent 
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samples were annealed in the oven under vacuum at 100°C for 3 h. Unattached polymer 

chains were removed via rinsing in chloroform three times for 30 min.  

 

8.2.4. Modification of PET fabric with the PGMA-RhB layer 

PAA (Mw=100,000 g/mol) and carboxyl terminated versions of PS 

(Mn=48,000g/mol with polydispersity 1.05), P2VP (Mn=53,000g/mol with 

polydispersity 1.06) and PEG (Mn=5,000 g/mol) were used as a second layers in grafting 

experiments. PET fabric coated with a PGMA-RhB layer was dipcoated into the 1% w/w 

solution of the polymer used for grafting (PAA in methanol, PS in chloroform, P2VP in 

chloroform, PEG in methanol). After the dipcoating fabric was annealed in an oven under 

vacuum (PAA at 40°C for 2h; PEG, PS, P2VP at 120°C for 8h). After the annealing, 

unattached polymer chains were removed via rinsing the fabric samples in the good 

solvent for the polymer used for grafting: chloroform for PS and methanol for P2VP, 

PAA, and PEG. Rinsing was performed three times for 30 min each. Brush attachment 

was qualitatively confirmed by contact angle measurements. Fluorescent response of the 

fabric samples was measured by spectrophotometry. 

 

8.2.5. Decoration of the PET fabric with nanoparticles 

Attachment of PGMA-RhB-modified core-shell nanoparticles was 

conductedusing a procedure reported elsewhere
19

. PGMA-RhB coated silicon dioxide 

nanoparticles were deposited on to the surface of PET fabrics from suspension. A cleaned 

and activated piece of PET fabric was put into the 0.03% w/w suspension of PGMA-
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RhB-modified spheres in acetone. A vial with the fabric and nanoparticle suspension was 

heated to 55°C in a water bath and held under constant stirring for 36h. Then, the 

nanoparticle adsorption fabrics were annealed under the vacuum at 100 °C for 3h, with 

subsequent rinsing in acetone to remove unattached nanoparticles. Particle attachment 

was confirmed by TEM imaging. Fluorescent properties of the fabric were studied using 

spectrophotometry. 

 

8.2.6. Grafting of the polymer layer to the PGMA-RhB covered fabric 

The polymer layer was grafted to the PGMA-RhB-covered nanoparticles attached 

to the PET fabric by the method described in Section 8.2.1.2.1. PET fabric with PGMA-

RhB modified nanoparticles was dip coated into the 1% w/w solution of the polymer used 

for the grafting (PAA in methanol, PS in chloroform, P2VP in chloroform, PEG in 

methanol). After the dipcoating fabric was annealed in an oven under vacuum (PAA at 

40°C for 2h; PEG, PS, P2VP at 120°C for 8h). After the annealing, unattached polymer 

chains were removed via rinsing the fabric samples in a good solvent for the polymer 

used for grafting: chloroform for PS and methanol for P2VP, PAA, and PEG. Rinsing 

was performed three times for 30 min each. Fluorescent properties were measured using 

the spectrophotometer. The samples with PEG grafting showed very low emission 

intensity, suggesting that PEG grafting cleaved the nanoparticles from the PET fibers’ 

surface, so the PEG modified samples were discarded. 
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8.2.7. Fluorescent property measurements for fabric samples 

Fluorescent emission intensity was studied by spectrophotometry using the same 

cuvette as for the fluorescent polymer films on the surface of the glass slide (see Section 

5.2.3.). Stretched fabric coated with fluorescent polymer was placed into the cuvette and 

sealed with the clean glass microscope slide. 

 

8.3. Results and discussion 

8.3.1. Modification of nanoparticles with the PGMA-RhB layer 

As discussed in previous chapters, PGMA-RhB films attached to the flat 

substrates showed fluorescent emission sensitivity to environmental changes. To expand 

the possible applications of such fluorescent polymer coating, the PGMA-RhB layer was 

deposited onto the surface of silicon dioxide nanoparticles. Since the surface chemistry of 

the nanoparticles does not differ significantly from the surface of glass slides used in the 

previous chapters, the same annealing procedure was selected. However, prior to 

annealing, it was necessary to perform the deposition of the PGMA-RhB layer onto the 

surface of silicon nanoparticles. To do that, both nanoparticles and polymer should be 

mixed together. THF was selected for this purpose as a solvent, since it provides stability 

to the nanoparticle suspension, and at the same time, it is a good solvent for PGMA-RhB. 

To cover particles uniformly, PGMA-RhB was provided in excess. After solvent 

evaporation, nanoparticles were annealed for the same amount of time and at the same 

temperature (100°C for 30 min) as was used for the PGMA-RhB attachment to the flat 

substrates (see Section 5.2.1.).  After the annealing, unattached polymer chains have to 
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be removed from the suspension. The most convenient way to separate the particles is by 

utilizing centrifugation since the density of the silicon dioxide particles is greater than 

that of the acetone. 

 

8.3.2. Characterization of nanoparticles modified with PGMA-RhB 

Since the annealing time/temperature and surface chemistry were the same as for 

the flat substrates, it was anticipated that the same PGMA-RhB layer thickness would be 

achieved by using the deposition method presented above. The thickness of the obtained 

PGMA-RhB layer was measured by TEM. The typical image of silica nanoparticles 

covered with PGMA-RhB is shown in Figure 8.2. Since the density of the polymer is 

different from the density of silica, the TEM produces sufficient contrast between 

inorganic core and the polymer shell
20

.  



209 

 

 

Figure 8.2. TEM image of the silica nanoparticles with the PGMA-RhB layer. 

It can be seen from the image that there is a planar agglomeration of the particles 

on the TEM grid. Such one-layer agglomeration confirms the stability of the particle 

solution: during the evaporation of the acetone when the suspension droplet is deposited 

onto the TEM grid, the capillary forces bring the particles together; however, since no 

multilayer agglomerates are present, the particles were stabilized in the solution prior to 

deposition
21

.  

Using ImageJ software, the attached polymer layers thickness was extracted. To 

accomplish this, the shape of the particles with and without PGMA-RhB was traced in 

the images using the circles. Next, the film thickness was calculated from the difference 

in area of the circles representing the nanoparticles before and after the PGMA-RhB 
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attachment. Using the method described above, the PGMA-RhB layer thickness was 

estimated to be 4.8±1.2 nm. This value is close to the thickness of the PGMA-RhB 

created using the flat substrates in the same annealing condition. Nanoparticles dispersed 

in the acetone showed a high fluorescent signal even upon simple exposure of the particle 

suspension to the green laser pointer beam.  

 

8.3.3. Modifications of PGMA-RhB-covered nanoparticles 

The next step was to investigate the possibility of surface modification and the 

effects of this modification on fluorescent properties of the nanoparticles in the solution. 

For this purpose, two polymers were selected for the grafting: PAA and PEG. 

 

8.3.3.1. Deposition of the PAA layer 

As in the case of PGMA attachments, to deposit the PAA onto the surface of 

PGMA-RhB covered nanoparticles, both PAA and nanoparticles need to be placed in the 

same solvent. NMP was used for this purpose since this PAA solvent provides stability 

for the nanoparticles’ suspension. However, in this case, simple evaporation of the 

solvent prior to the annealing would take an extensive amount of time due to the low 

volatility on NMP
14

. Instead, the suspension with PAA in excess was heated to allow 

some adsorption of PAA onto the surface of PGMA-RhB covered nanoparticles. Then, 

the solvent was substituted with ethanol. Ethanol is a bad solvent for PGMA, but no 

nanoparticle agglomeration was observed following the substitution. This indicated that 
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PAA chains attached to the surface of PGMA creating a thin PAA layer as an outer shell. 

Next, the ethanol was evaporated and the annealing was performed in the same 

conditions as for the PAA attachment to the PGMA in case of flat substrates (Section 

6.2.1.). 

 

8.3.3.2. Decoration of nanoparticles covered by PAA with Fe3O4 

nanoparticles 

It known that PAA has the ability to attract the iron oxide nanoparticles
22

. This 

feature of PAA allows PGMA-RhB covered silicon dioxide nanospheres to be decorated 

in a form of raspberry-like magnetic nanoparticles
23

, as schematically shown in the 

Figure 8.3.left. Due to the paramagnetic properties of the iron oxide nanoparticles, such 

decoration will give the nanoparticles magnetic properties, allowing particle manipulation 

using a magnetic field
24

.  

The attachment of the Fe3O4 nanoparticles was conducted in suspension. 

Decorated nanoparticles were extracted from suspension via centrifugation. The resulting 

suspension was exposed to the magnetic field using a permanent magnet. It was observed 

that the nanoparticles followed the magnetic field, gathering at the side of the vial. As 

soon as the magnetic influence was removed, the nanoparticle cluster was easily 

separated into a stable suspension by shaking the vial. 

Nanoparticle suspension was examined by TEM and spectrophotometry. TEM 

imaging (Figure 8.3. right)showed that Fe3O4 nanoparticles uniformly cover the surface 

of PGMA-RhB+PAA modified silica spheres. There was almost no aggregation of the 
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nanoparticles observed. Spectrophotometry of the nanoparticle suspension in water 

showed strong fluorescence, indicating that after PAA deposition and decoration with 

Fe3O4, nanoparticles retained their fluorescent ability. 

 

Figure 8.3. PGMA-RhB-PAA covered silica nanosphere decorated with Fe3O4 

nanoparticles: Schematic representation (left) and TEM image of the nanoparticle on 

TEM grid (right) 

 

7.3.3.3. Deposition of PEG 

Another polymer used for the grafting was PEG. This polymer was applied as a 

second layer to PGMA-RhB-covered nanoparticles as schematically shown in Figure 

8.4.This polymer has the unique feature of being able to dissolve in most solvents
14

; 

therefore, PEG coating provides the nanoparticles with the ability to be dispersed in a 

variety of solvents. The procedure of PEG grafting was almost the same as for the 

PGMA-RhB layer deposition. After the PEG anchoring, the particles’ suspension showed 
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good stability in a number of solvents, including water. Since it is known that PGMA 

dissolves poorly in water, this confirms the PEG layer’s attachment to the nanoparticles. 

 

Figure 8.4. PGMA-RhB-PEG covered silica nanosphere: Schematic representation (left) 

and TEM image of the nanoparticles on TEM grid (right) 

Suspension of the nanoparticles in water was studied by TEM imaging .Figure 

8.4.shows that there is almost no out of plane clustering of the nanoparticles, confirming 

good stability of the suspension. The PEG layers thickness was estimated from the TEM 

images by the above mentioned procedure as 5.2±2 nm.  

 

8.3.3.4. Environmental sensitivity of the PGMA-RhB+PEG layer 

The spectrophotometry of water suspension of the PGMA-RhB-PEG modified 

nanoparticles showed a strong fluorescent signal, meaning that the nanoparticles retained 

their fluorescent properties upon grafting of PEG. To assess the environmental sensitivity 

of the PGMA-RhB-PEG modified nanoparticles, small amounts of organic contaminants 
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were added to water. First, the fluorescent signal of two separate nanoparticle 

suspensions of the same concentration in water was recorded. Next, 1% of acetone and 

1% of chloroform was added to the each of the suspensions, and the changes in 

fluorescent signal were observed. Figure 8.5.leftshows the results of the measurements. 

It can be seen from the figure that the signal decreased significantly with the addition of 

chloroform and increased when the acetone was added. 

 

Figure 8.5. Intensity change for the suspension of PGMA-RhB-REG-covered 

nanoparticles in water after the addition of 1 % of acetone and 1 % of chloroform (left); 

Relative intensity of the fluorescent emission collected from the suspension of PGMA-

RhB-REG-covered nanoparticles in water, acetone, toluene, chloroform, and cyclohexane 

(right). 

Since the nanoparticle suspension appeared to be sensitive to the environment, 

measurements of the fluorescent emission of the same nanoparticle concentration in 

various solvents were recorded. Results are presented in Figure 8.5.right. It can be seen 

by comparison with the results in Figure 6.6.right that the signal variation for the 

nanoparticle system is much higher than that of the grafted layers on the flat substrates. 

This can be explained by the fact that during the measurements of the signal changes for 
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the films on flat substrates, analytes were introduced in the vapor phase; therefore, the 

flat films were less exposed to the molecules of the analyte. 

 

8.3.4. PET fabric modification 

8.3.4.1. Deposition of the PGMA-RhB layer 

The previous statement gives rise to the following question: How high would the 

amplitudes of the signal change be if a similar system with a high surface to volume ratio 

was exposed to the same analyte in the vapor phase? To answer this question, the surface 

of the PET fabric was covered with fluorescent polymer film, the same surface 

modification was performed, and the fluorescent characteristics of these textiles were 

studied. The surface of PET is known to be easily activated using plasma or base 

treatment
19

. Such activation brings hydroxylic and carboxylic groups to the surface of the 

yarn fibers, making yarn surface reactive with PGMA.  

For surface activation base treatment was chosen instead of plasma treatment, 

because it is produces more uniform results than plasma. A short activation time was 

chosen to keep the fabrics undamaged. After the treatment, fabric samples soaked up 

more water, which confirms surface activation.  

After the PGMA-RhB deposition and annealing, the fabrics showed strong 

fluorescent emission under the fluorescent microscope (Figure 8.6. left). 

Spectrophotometry measurements of the PGMA-RhB covered fabric fluorescent emission 

confirmed a strong fluorescent signal. In fact, the signal was several times higher than 

that of the 120 nm thick PGMA-RhB film deposited onto the surface of the glass slide. 
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This could be explained by the high surface to volume ratio of the PET fabric structure. 

The fluorescent intensity changes in several solvents varied significantly and showed 

signal changes that differed according to the nature of the solvent(Figure 8.6. right). The 

signal variation was different from the one observed for the 5 nm thick PGMA-RhB layer 

on the glass slides (Figure 5.15.). This difference may be explained by the presence of 

PET, which may modify the affinity of the PGMA-RhB system to the solvents used in the 

study by swelling in the solvents used.   

 

Figure 8.6. Fluorescent microscopy image of the PET fabric covered with the PGMA-

RhB layer (left); Relative intensity change in chloroform, acetone, and toluene measured 

for the PET fabric covered with PGMA-RhB (right). 

 

8.3.4.2. Grafting of the non-fluorescent polymer layer to the fabric covered 

with PGMA-RhB 

Since measurements of the fluorescent intensity discussed aboveindicated signal 

changes upon variation of the solvent nature, it was decided to continue with non-

fluorescent polymer grafting for the tuning of the signal changes, as reported in Chapter 

6. For this purpose, the fabric was coated with a reactive polymer and annealed. After the 
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annealing and surface cleaning, the fabric samples modified with P2VP, PEG, and PAA 

showed wetting with water, while PS modification made fabrics hydrophobic, confirming 

the polymer attachment. 

Spectrophotometry measurements for two layer films on the surface of fabric in 

saturated vapors of chloroform, acetone, toluene, water, and cyclohexane was performed 

using a spectrophotometer. The fluorescent emission intensity of the dry film did not 

decrease upon the second layer grafting. However, when chloroform vapor was 

introduced to the system, the change of the signal exhibited by different grafting layers 

was nearly identical (Figure 8.7.).  

 

Figure 8.7. Relative intensity change measured for fabrics with PGMA-RhB, PGMA-

RhB-P2VP, PGMA-RhB-PEG, PGMA-RhB-PAA, and PGMA-RhB-PS in chloroform 

vapor 

This result indicates that the amount of the PGMA-RhB grafted to the textile 

surface is very high compared to the non-fluorescent polymer layer. A high amount of the 

PGMA-RhB is also the reason for the high fluorescent signal magnitude observed by the 

spectrophotometry of the dry fabrics. This important result confirms the proposed 

hypothesis of the fluorescent response changes of the PGMA-RhB films following non-
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fluorescent polymer grafting, as discussed in Chapter 3. If the thickness of the PGMA-

RhB layer is much greater than that on the non-fluorescent polymer, the influence of the 

grafted layer is not sufficient to tune the fluorescent emission of the PGMA-RhB film.  

 

8.3.5. PET fabricmodified with nanoparticles covered with PGMA-RhB 

8.3.5.1. Deposition of the nanoparticles 

Since the grafting of the second layer was not able to change the fluorescent 

response of the film, the amount of PGMA-RhB was decreased relative to the amount of 

non-fluorescent polymer grafted. However, instead of decreasing the amount of PGMA-

RhB attached to the PET surface by decreasing annealing times, silica nanoparticles 

modified with PGMA-RhB were attached to the surface of the fabric, as shown 

schematically in Figure 8.8. 

 This method has several advantages over the simple PGMA-RhB layer thickness 

variation. First, since the method of depositing a 5 nm thick PGMA-RhB layer onto the 

silica nanoparticles has already been developed, this ensures the thickness of the non-

fluorescent layer will be comparable with the PGMA-RhB layer, as shown in Chapter 6. 

The second advantage is the fact that the thickness of both fluorescent and non-

fluorescent layers is the same for all nanoparticles in the solution, whereas for the fabrics 

this is probably not the case due to the high roughness of the fibers, and there are non-

predictable and non-measurable thickness variations through the sample. In addition, if a 

high attachment density of nanoparticles is achieved, the surface to volume ratio for the 

sensitive layer should be also enhanced. 
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Figure 8.8. Schematic of PET fabric structure with attached PGMA-RhB covered silica 

nanoparticles (left); TEM image of the PET fabric covered with PGMA-RhB modified 

silica nanoparticles (right). 

Attachment of the nanoparticles to the fabric samples was performed from 

suspension. The same PGMA-RhB modified nanoparticles as were discussed in Section 

8.3.2.were used for the deposition. A single piece of fabric was used for the attachment 

and cut into smaller pieces for further modification after the particles were attached to the 

material. This was done to prevent the yarns from becoming entangled during the stirring 

and to ensure there was no stacking of the fabric pieces, in which case it would be more 

difficult for the particles to get through the fabrics to the grafting sites. TEM imaging was 

performed to confirm the nanoparticle attachment. Figure 8.8.right shows the uniform 

coverage of the surface of the fibers with the nanoparticles. 
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8.3.5.2. Characterization of fabric modified with fluorescent nanoparticles 

8.3.5.2.1. Fluorescent properties of the PGMA-RhB layer  

The fluorescent signal from the fabric was measured by spectrophotometry. 

Figure 8.9.left shows the measured values of the fluorescent emission intensity changes 

for the fabric samples covered with the fluorescent core-shell nanoparticles. 

Measurements of the intensity change for the 5 nm thick PGMA-RhB layer on the glass 

slide, discussed in Chapter 5, are shown in Figure 8.9.right for comparison. Results 

presented in Figure 8.9.left show the grafted layer high sensitivity to the solvent in the 

vapor phase. It can be seen by comparison with Figure 8.9.right that the magnitude of 

signal changes is much greater for the fabric samples. This can be explained by the fact 

that there is a much greater surface to volume ratio for the nanoparticles on fabric, and 

consequently, more RhB molecules are affected by the absorbing solvent. The direction 

of the signal change for the flat PGMA-RhB film in most solvents is the same for the 

nanoparticles on fibers. Specifically, the signal increases in chloroform and cyclohexane 

vapors, and it decreases in acetone and water. However, toluene induces an increase in 

the signal for the nanoparticles on fibers, as opposed to the flat films where the intensity 

decreases in toluene. This might be caused by the presence of the PET, in which an 

affinity to the solvent influences environment of the fluorescent PGMA-RhB layer. It is 

also known that due to the small interfiber space in the fabric’s structure, condensation of 

the solvent may occur between the fibers
25

, increasing the influence of the solvent of the 

PGMA-RhB emission. 
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Figure 8.9. Relative intensity changes for the PET fabric covered with PGMA-RhB 

modified silica nanoparticles (left); Relative intensity change for the 5 nm thick PGMA-

RhB layer on the surface of the glass slide (right). Relative intensity changes were 

induced by the saturated vapor of organic solvents: chloroform, acetone, toluene, water, 

and cyclohexane. 

 

8.3.5.2.2. Grafting of the non-fluorescent polymer layer 

After measuring the emission intensity of the single PGMA-RhB layer for 

nanoparticles on the fabric system, the grafting of the second layer was performed. Since 

there is no chemical reaction between the PET itself and the polymer being grafted, 

whole fabric samples can be covered with the polymer, and then unattached polymer 

chains can be easily removed from the PET surface. After the second layer grafting, 

fluorescent measurements were performed. All dry films showed strong fluorescent 

signals except for the nanoparticles covered with PGMA-RhB-PEG. In fact, after PEG 

was grafted to the sample with PGMA-RhB modified nanoparticles, fluorescence of the 

fabric sample was about 20 times lower than that of the original PGMA-RhB layer. 
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This result could be explained if one considers the PEG reaction with PGMA in 

detail. It is known that relatively short PEG chains are able to penetrate through the 

PGMA network, thereby expanding it
12

. In the case of PGMA-RhB on the flat surface of 

the wafer or the glass slide, this network deformation is not enough to detach films from 

the surface. Conversely, the nanoparticles are attached to the surface of the PET by the 

small number of chemical bongs. When the PET enters the PGMA-RhB network, the 

expansion is so great that the particles become cleaved from the surface of the fibers. 

 

8.3.5.2.3. Environmental sensitivity of fabric with core-shell nanoparticles 

Considering this phenomenon only, PS, P2VP, and PAA grafting was studied in 

this section. Measurements of the fluorescent emission changes during solvent absorption 

showed vast changes in fluorescent responses of the samples, as shown in Figure 8.10. 

Again, the amplitude of observed changes is much greater than that observed for the flat 

films (Figure 6.10.). The response for each analyte was unique, so the solvents used 

through the research can be easily distinguishable.  
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Figure 8.10. Relative intensity change for PET fabrics modified with fluorescent core-

shell nanoparticles grouped by the solvents used in the measurements. The fluorescent 

shells used in the experiments were: 1 – PGMA-RHB, 2 – PGMA-RhB-PAA, 3 – 

PGMA-RhB-PS, and 4 – PGMA-RhB-P2VP. 

 

8.4. Conclusions 

The fluorescent PGMA-RhB layer was obtained on the surface of the silica 

nanoparticles. The amount of grafted polymer was consistent with that of the flat 

substrates after the same annealing process. Nanoparticles were highly fluorescent and 

showed sensitivity to the solvent in suspension. 

The PEG and PAA layers were grafted to the nanoparticles, showing the 

tunability of the fluorescent nanoparticles surface chemistry. Attachment of iron oxide 

nanoparticles to the PGMA surface provided magnetic properties to the nanoparticles in 

suspension, with almost no effect on the fluorescent properties of the PGMA-RhB layer. 



224 

 

After the deposition of PEG on the surface of the nanoparticles, the suspension was stable 

in several solvents, producing unique fluorescent responses for each of them. 

PET fabric samples were coated with PGMA, showing high fluorescent emission. 

However, this emission was not tunable by non-fluorescent polymer grafting due to large 

quantities ofthe fluorescent polymer. 

To achieve tunability nanoparticles were attached to the fibers surface, allowing 

the nanoparticle system to sense solvents in the vapor phase. Grafting several different 

polymers to the nanoparticles surface allowed the fluorescent emission response of the 

film to be tuned. The response patterns for the solvents have higher signal change 

amplitudes than those of the flat polymer films and are unique and distinguishable from 

each other. 
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CHAPTER NINE 

SUMMARY 

The work presented here provided results on synthesis of and characterization of 

thin fluorescent polymer films with tunable properties, sensitive to the environment. The 

outlined results provide a basis for possible application of proposed methods of variation 

of fluorescent response in chemical sensing. 

 

9.1. Synthesis of thin poly(glycidyl methacrylate films) 

Thin film of poly(glycidyl methacrylate) (PGMA) fluorescently labeled with 

Rhodamine B (RhB) was used in this study as a main sensitive layer. Designed labeling 

method yielded approximately one RhB molecule per 311 PGMA monomeric units. 

Relatively thick crosslinked PGMA-RhB films were synthesized from the PGMA-RhB 

solution. Spin coating was used as a deposition technique and silicon wafers and glass 

slides were chosen as substrates. 

The variation of the PGMA-RhB concentration used for the deposition allowed 

flexibility in the created film thickness in the tens to hundreds of nanometers range. 

Synthesized polymer films were characterized with AFM and ellipsometry. 

Spectrophotometry measurements as well as TIRF measurements confirmed that RhB 

molecules retained their fluorescent properties upon attachment to PGMA and subsequent 

PGMA-RhB polymer film deposition on the flat substrate. Both methods showed that the 

fluorescent characteristics of RhB molecules are not affected by film thickness. 
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9.2. Environmental sensitivity of the fluorescent emission of PGMA-RhB film 

Ellipsometry measurements in the presence of saturated chloroform vapor vere 

performed usind specially designed transparent cuvette. These measurements revealed 

that the PGMA-RhB film is able to absorb solvent from the vapor phase. The relative 

thickness change upon liquid absorption was not varied for films of different thicknesses, 

suggesting the same crosslinking density of the PGMA-RhB film produced with the 

proposed deposition technique. 

Using the TIRF apparatus sensitivity of the fluorescent emission of PGMA-RhB 

molecules was saturated chloroform vapor vas confirmed. As the PGMA-RhB film was 

subjected to chloroform vapor, prominent reversible and repeatable fluorescent emission 

intensity changes were observed. Emission intensity was found to have linear dependence 

on the thickness of the film, indicating that it is linearly proportional to the number of 

emitting RhB molecules. 

 

9.3. Synthesis of nanoscale PGMA-RhB films 

Ultrathin PGMA-RhB films (5 nm thick) were synthesized on the surface of 

silicon wafers and glass slides. To decrease the thickness of the synthesized polymer film 

the annealing time and temperature were decreased compared to the synthesis of thick 

PGMA-RhB films. The films were characterized using ellipsometry and AFM. It was 

found that the properties of these films are similar to the properties of the PGMA-RhB 

films with thickness in the order hundred nanometers. 
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After substantial decrease in the thickness the films were able to retain the ability 

to absorb solvents from the vapor phase. However, it was observed that thickness change 

during the vapor uptake is faster than for the thicker films, which can be used as 

advantage in sensing applications. Also, several different solvents (chloroform, acetone, 

toluene, cyclohexane and water) were used for the swelling measurements. The thickness 

change was found to be different for each solvent used in the study. From these 

measurements effective interaction parameter, which accounts for the affinity of the 

solvent for the polymer film, was calculated. 

 

9.4. Quantum yield calculations 

To find out the effect of the solvents, used as analytes for the detection on the 

fluorescent emission intensity of the RhB fluorescent unit of the PGMA-RhB quantum 

yield measurements were performed. Since the RhB itself does dissolve in some f the 

solvents used in the study Octadecyl Rhodamine B (R18) was used instead. 

The measurements were done using relative quantum yield calculation method. 

The accuracy of this technique was confirmed by the measurements of the fluorescent 

material with known quantum yield prior to the measurements of R18. Obtained data was 

used in the investigations of the driving force for the relative intensity changes of the 

ultrathin PGMA-RhB films. 
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9.5. Fluorescent properties of nanoscale PGMA-RhB films 

The fluorescent emission changes were recorded using spectrophotometry and 

TIRF measurements and also showed distinctive responses to the analytes. Both methods 

showed diverse fluorescent signal variations for the ultrathin PGMA-RhB layers exposed 

to the solvent. Such variations allow distinguishing between different analytes, 

confirming the sensitivity of the PGMA-RhB film to the environment. Quantum yield 

calculations for R18 and fluorescent emission changes in the vapor of different analytes 

were compared together in order to understand the driving force for the fluorescent 

emission intensity change during the solvent uptake. It was revealed that there is an effect 

of PGMA chain conformation of to the changes of fluorescent emission intensity of RhB 

fluorescent unit. This observation leaded to the conclusion, that grafting of non-

fluorescent polymer to the surface of PGMA-RhB could influence the fluorescent 

response of the film. 

 

9.6. Surface modification of ultrathin PGMA-RhB films for fluorescent property 

tuning 

Thin grafted layers were deposited onto the surface of ultrathin PGMA-RhB films 

via dip coating. The deposited layers had low roughness and evenly covered the surface 

of the PGMA-RhB film. From the swelling experiments, solvent affinity to the polymers 

used in the study was calculated in terms of the effective interaction parameter. 

Calculations involving polymer-polymer interactions leaded to the estimation of the 

thickness of the interpenetration region in the two-layer modified PGMA-RhB films. 
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The spectrophotometry measurements for the modified PGMA-RhB films 

confirmed the hypothesis that non-fluorescent polymer films grafted to the surface of 

ultrathin fluorescent films influence the emission of the fluorophores embedded in the 

prime layer. Close studies on the nature of the fluorescent emission changes revealed 

complex influence of the solvent-dye and solvent-polymer interactions of the fluorescent 

emission of the modified films. Changes in the affinity of the PGMA-RhB film to the 

solvent, caused by the surface modification, strongly influenced the fluorescent response 

of the film. 

Another important result was the uniqueness of the pattern of responses for each 

of the analytes (Figure 10.1.). This feature allows the use of presented response-tuning 

technique for substance identification applications. 

 

Figure 10.1.Relative intensity change grouped by the solvents used in the measurements. 

The fluorescent films used in the experiments were: 1 – PGMA-RhB, 2 – PGMA-RhB-

P2VP, 3 – PGMA-RhB-PEG, 4 – PGMA-RhB-PAA, 5 – PGMA-RhB-PS. 
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9.7. Effect of the grafting layer properties on the fluorescent emission response of 

PGMA-RhB layer 

To study effect of the grafting layer properties on the fluorescent emission 

response of PGMA-RhB film, layers with different grafting densities and mixed polymer 

layers of PS and P2VP at various ratios were grafted to the PGMA-RhB films. The 

thickness of the grafted layers as well as the ratio between PS and P2VP in mixed 

systems was well controlled by the time of annealing.  

Fluorescent measurements in saturated vapors of chloroform, acetone, and 

cyclohexane showed that in addition to the variations in the relative intensity change by 

non-fluorescent polymer grafting, additional tuning of the signal from PGMA-RhB film 

can be achieved by attaching the polymers at various grafting densities and through the 

use of mixed polymer grafting. 

 

9.8. Deposition of fluorescent PGMA-RhB films on nanoscale objects and rough 

surfaces 

The fluorescent PGMA-RhB layer grafted to the surface of the silica 

nanoparticles. The amount of grafted polymer was consistent with that of the flat 

substrates after the same annealing process. After the PGMA-RhB grafting nanoparticles 

became highly fluorescent and showed sensitivity to the solvent in suspension. 

The PEG and PAA layers were grafted to the nanoparticles, showing the 

tunability of the fluorescent nanoparticles surface chemistry. Attachment of iron oxide 
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nanoparticles to the PGMA surface provided magnetic properties to the nanoparticles in 

suspension, with almost no effect on the fluorescent properties of the PGMA-RhB layer. 

After the deposition of PEG on the surface of the nanoparticles, the suspension was stable 

in several solvents, producing unique fluorescent responses for each of them. 

Polyethylene terephthalate (PET)fabric samples were coated with PGMA, 

showing high fluorescent emission. However, this emission was not tunable by non-

fluorescent polymer grafting due to large quantities of the fluorescent polymer. 

To achieve tunability of the fluorescent response nanoparticles were attached to 

the fibers surface, allowing the nanoparticle system to sense solvents in the vapor phase. 

Grafting several different polymers to the nanoparticles surface allowed the fluorescent 

emission response of the film to be tuned. The response patterns for the solvents have 

higher signal change amplitudes than those of the flat polymer films and are unique and 

distinguishable from each other. 
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APPENDIX 

 

A MATLAB program was written to calculate the parameters of the film, its 

thickness and refractive index using the data collected by the ellipsometer. 

The values collected by the ellipsometer,   and   are bounded by the equation: 

                Eq.A.1 

where    and    can be calculated using Fresnel equations 
1
. These equations include 

parameters describing the ellipsometer setup (angle of incidence and wavelength of the 

light beam) and parameters describing the properties of the film (its thickness, refractive 

index and absorption coefficient). 

 Two different cases are described in the present study. The first case is the case of 

the single layer polymer film deposited on the substrate with known properties. The 

structure of the film is shown schematically in Figure A1: 

 

Figure A1. Schematic of the single component polymer film structure 

 For such structure only the thickness and refractive index of the polymer layer 

will be changing during the swelling of the polymer film. The properties of the silicon 

substrate are known (its thickness assumed to be infinite and the refractive index is 
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n=3.839+i0.014).The refractive index for silicon dioxide is n=1.457 and the thickness of 

this layer is measured prior to the polymer film deposition. 

 The optical properties of the polymer film in the dry state are measured using the 

technique described in the Section 3.5.2. Therefore, prior to the swelling measurements 

parameters of the system in the dry state were fully described. 

 Algorithm for the calculations of the parameters of the polymer film during the 

polymer film swelling for the films with thickness higher than 30 nm is presented in 

Figure A2. 
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Figure A2. Algorithm for calculations of the thickness and refractive index of the 

polymer film during the swelling from ellipsometry data 

The calculations were performed for each measured pair of      . The errors for 

      measurements were taken from the program supplied with the device.  

For the films with lower thickness errors of the measured       were higher due 

to the decreased precision of the device in this region of thickness. To improve the results 
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of the calculations EMA (described in the Section 5.3.4.1.) was employed to find the 

thickness and refractive index of the polymer film. The algorithm with EMA embedded is 

presented in the Figure A3. 

 

Figure A3. Algorithm for calculations of the thickness and refractive index of the 

ultrathin polymer film during the swelling from ellipsometry data 

 For the two layer polymer films proposed calculation technique cannot be used. 

Figure A4 shows structure of two component polymer film. It can be seen from the 

figure, that during the swelling the four variables will change independently during the 
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polymer film swelling. Since the Eq.A1 can be solved for only two independent 

variables, the full set of system’s parameters cannot be found from ellipsometric 

measurements at any given state during the polymer film swelling. 

 

Figure A4. Schematic of the single component polymer film structure 

However for the equilibrium state the parameters of the system can be estimated. 

For this estimation several assumptions are made. First assumption is that the swellings 

of polymer layers are independent from each other. Second assumption is that the 

swelling of the grafted polymer layer is the same as the swelling of single layer 

composed of this polymer. This means that the swelling ratio for the grafted polymer 

layer in equilibrium can be found using the method presented in Figure A2. Thus for the 

two component polymer film in the equilibrium state only the change of the base polymer 

layer thickness and refractive index becomes unknown and can be found using Eq.A1. 
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