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Summary 

Spectroscopy is a branch of science that studies various aspects of the interaction of radiation 

with matter. It is one of the major ways to obtain insight into the nature of materials. This 

thesis is concerned with spectroscopy using ultraviolet, visible and near-infrared light, 

combined with microscopy. The light is absorbed by molecules and by nanoparticles, which 

subsequently emit light of a lower energy (longer wavelength) in a process known as 

luminescence. Luminescence microscopy allows three-dimensional imaging on the nanoscale, 

with a specificity given by the absorption probabilities of different materials at the excitation 

wavelength used, and the emission spectrum. The use of pulsed lasers as excitation sources, 

and time-resolved detection allows to gain further detailed information about the samples 

investigated.  

In this work we present measurements on materials performed on a macroscopic level but also 

with high spatial resolution, achieved by means of confocal and two-photon microscopy. 

The introductory Chapter 1 describes the basics of photophysical processes which are 

essential in the spectroscopic methods used. We begin with key concepts in absorption and 

fluorescence and introduce the most important parameters characterizing chromophores. Next, 

we describe the influence of solvents on fluorescence and measurements of fluorescence 

anisotropy. The last part of this chapter focuses on fluorescence microspectroscopy, 

presenting requirements on chromophores to be used, and describing some phenomena 

observable on the single molecule level. 

Chapter 2 presents an overview of the experimental methods used. Steady-state and time-

resolved spectroscopic techniques, which can be performed on the ensemble level are 

described first. The next section is concerned with single molecule methods: confocal 

microscopy and wide field imaging. Since most of the samples measured consist of low 

concentration of dye molecules embedded in a thin polymer film, the general procedure of 

preparation of such samples using spincoating is described. Principles of confocal microscopy 

precede the detailed presentation of the confocal setup used, with an evaluation of its spatial 

resolution and instrumental effects on recorded data. The next section of this chapter contains 

information on wide field imaging. Here we present a method for estimation of the power 

distribution on the imaged sample area, and analysis of wide field images giving the number 

of fluorescing molecules on a given area. At the end, atomic force microscopy techniques 

used for the evaluation of the sizes of nanoparticles are presented.  

The research on which these techniques are applied is described in the following chapters. 

In Chapter 3 we present studies on a molecular probe, calixarene orange (oc), that uses a 

photoinduced electron transfer (PET) fluorescence quenching for sensing the changes that 

occur when polymer is taken through its glass transition. It had been shown that the 
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fluorescence of oc in solution is quenched by intramolecular PET. The PET is suppressed and 

the fluorescence recovered when oc is embedded in a hard polymer matrix at temperatures 

below the glass temperature Tg. Experiments were performed in poly(methyl acrylate) (pma, 

Tg = 13 °C), poly(vinyl acetate) (pvac, Tg = 28 °C) and in poly(styrene) (ps, Tg = 94 °C) as 

reference matrix. Variable-temperature fluorescence measurements demonstrate significant 

differences in the emission intensity at temperatures below and above the glass transition 

temperature of the low Tg polymers. The reversible fluorescence switching of oc in polymer 

matrices upon passing the Tg can be repeated many times. The fluorescence switching was 

also monitored using a single-molecule-counting approach. The average numbers of 

fluorescing molecules on wide field images reflect changes in polymer properties during its 

transition from supercooled liquid (at high temperature) to the glassy state (at low 

temperature). Below Tg of the polymer film all embedded oc molecules are fluorescent and 

visible on wide field images. When the temperature is raised, the number of observed oc 

decreases because their fluorescence is quenched by PET. Investigations with a 

solvatochromic probe allow to assign the switching off of the fluorescence of the molecular 

probe to the availability of sufficient free volume in the polymer for the molecule to reach the 

geometry needed for efficient excited-state electron transfer. 

Investigations on applying oc as a molecular probe for sensing changes in rheology of 

polymer matrixes are continued in Chapter 4 with a combination of confocal microscopy and 

wide field imaging. Ensemble anisotropy measurements revealed motions of oc on a 

nanosecond time scale while measurements on individual molecules allow to observe 

relaxation processes of the matrix on a timescale of minutes. Confocal measurements were 

performed on oc in pvac (Tg = 28 °C) at three different temperatures: 21 °C, 28 °C and 33 °C. 

Fluorescence time traces of over 450 oc molecules were recorded and analyzed. The 

autocorrelation decays of the fluorescence trajectories show non-exponential character 

implying that oc molecules embedded in a poly(vinyl acetate) matrix  undergo anisotropic 

rotations, characteristic for asymmetric rotors. The half-decay times of these correlation 

curves are several tens of seconds (at Tg and 5 °C above Tg) giving an indication of the 

timescale of structural fluctuations of the environment of the molecular probes.  

Fluorescence lifetimes of molecules measured at different temperatures showed similar, very 

broad distributions. The broad dispersion of fluorescence lifetime values was attributed to the 

fact that fluorescence decay times are not an intrinsic property of the dye but also depend on 

the dielectric properties of the surrounding medium. 

During confocal measurements, long fluorescence off periods were observed, reaching several 

tens of seconds. We assign these long non-fluorescent intervals to a PET quenching the 

excited state emission of oc. Analysis of overall fluorescence intensities and characterization 

of the fluorescence time traces confirmed previous wide field observations: the fluorescence 

intensities of individual molecules at high temperatures are decreased due to long off periods 

(caused by PET) and their overall brightness does not allow to observe them on wide field 

images.  

Chapter 5 deals with the characterization of photophysical properties of small silicon 

nanoparticles. These are a subject of intensive research but there are still many contradictory 

reports concerning their photophysics. This chapter contains some theoretical background, 

describing principles of efficient photon emission from silicon nanoparticles as compared to 
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bulk silicon material. It describes our spectroscopic measurements on the photophysical 

properties of a sample of n-butyl-capped silicon nanoparticles with sizes ranging from 1 nm 

up to 7 nm. The photoluminescence quantum yield of the particles is estimated to be up to 

0.08, and the average decay times are in the range of 1.4 ns – 1.8 ns. Transient absorption 

measurements revealed the presence of long-lived states with lifetimes of several hundred 

nanoseconds. The observed decay times of photoluminescence and dark state were found to 

be wavelength dependent. Also the emission maximum shifts to longer wavelengths when the 

excitation wavelength is increased. We relate these observations with the size distribution of 

the particles: larger particles are excited at longer wavelengths, emit at longer wavelengths 

and have longer-lived and red shifted nanosecond transient absorption spectra.  

Attempts to perform confocal measurements on individual particles, which would allow to 

resolve size-dependent phenomena, were unsuccessful due to their insufficient brightness and 

photostability.  

Two-photon excited luminescence was observed. The emission spectra were broader to longer 

wavelengths than in the case of one-photon excitation suggesting that two-photon absorption 

is favored for bigger particles. Besides that, the two-photon cross section was found to be 

very small. 

A limited number of dye molecules has emerged over the past decade as a privileged set of 

single molecule probes, characterized by high quantum yield and stability. Chapter 6 

contains ensemble and single molecule observations of a pyrrolidine substituted perylene 

imide, 5PI. Measurements on ensemble revealed high fluorescence quantum yield and 

solvatochromic properties of these molecules, which may be of use also at the level of 

individual molecules. The observations of the emission spectra of individual molecules, 

however, caused confusion. A large number of individual molecules show spectra that fall 

well outside of the emission envelope of an ensemble of molecules under similar conditions. 

We have identified these species as photoproducts, which are formed very rapidly under laser 

excitation, during pre-scanning confocal images.  

Irradiation experiments performed on 5PI in ensemble shows that the compound indeed is not 

very photostable and its illumination leads to the appearance of new, very fluorescent 

compounds. Spectral analysis of the photoproducts showed that some of the photoproducts 

generated during confocal imaging are not present in a mixture of photoproducts obtained by 

illumination of 5PI in solution. A possible explanation is that the illumination of individual 

molecules and 5PI in ensemble was performed using very different illumination source and 

illumination power. 

Chapter 7 presents results of collaborations with other scientists from our department. It is 

divided into four sections describing different kinds of experiments performed using confocal 

or two-photon microscopy.  

The first part deals with an investigation on proton mobility in aqueous media. The 

measurements were performed in a microfluidic system (a two-way mixer) with fluorescein as 

a fluorescent marker giving an indication of the pH of the solution. The proton mobility was 

quantified by analyzing the fluorescence quenching and lifetime change of fluorescein as a 

result of proton transport across the channel of a microfluidic device, when fluorescent and 

non-fluorescent phases were mixed in a two-way mixer. The addition of the hydrophobic 
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agent tetramethylurea was shown to have a remarkably strong effect on the proton mobility 

reducing it by a factor of 10.  

The next part deals with the effect of two different immobilization procedures on the 

performance of a catalyst. These studies were performed using two-photon microscopy. The 

immobilization of the catalyst on a solid support is known as one possibility for easy and 

cheap catalyst recovery. A standard immobilization process, however, causes aggregation of 

the ligand leading to lower activity and selectivity of the catalyst. Fluorescence intensity 

traces recorded from a focal volume of the reaction solution confirmed that the condensation 

of the ligand takes place already in solution during the immobilization process. The results 

were translated to a simple procedure that prevents ligand precondensation problems and 

allows for obtaining immobilized catalysts with superior performance. 

The third part shows application of confocal microscopy for visualization of the interactions 

between particles in colloidal suspensions. Monolayers of probe molecules attached to 

particle surfaces and sensitive to changes in their close environment were used to observe 

differences between contact points between particles and the rest of their surfaces free of 

interactions with other particles. The solvatochromic probe applied in these measurements, 

6PI, unfortunately does not show the expected shifts of its fluorescence emission band. The 

lifetime measurements on contact and non-contact points of particles, however, allow to 

observe differences.  

The fourth section of Chapter 7 contains investigations on film formation from waterborne 

latex. The knowledge about the latex film formation is essential for further development of 

latex coatings with desired physical and chemical properties. The measurements were 

performed using confocal microscopy with perylene red as a fluorescent marker. One-

dimensional confocal scanning allowed for observation of the dynamics of decreasing of the 

latex film thickness due to water evaporation. Two-dimensional images revealed a process of 

dye diffusion during the process of film aging. The origin of this process was not fully 

established, but it shows that polar barriers between latex particles are not strong enough to 

prevent migration of the very hydrophobic dye. 


