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ABSTRACT 

Four applications of confocal and two-photon microscopy are discussed in this chapter. The 

first part describes investigations on the proton mobility in aqueous media performed using 

confocal fluorescence and lifetime imaging. The aqueous proton transport was shown to have 

collective nature. The next section presents utilization of two-photon fluorescence microscopy 

for resolving a problem of low activity and selectivity of the catalyst attached to a solid 

support. Based on the experimental results an improved immobilization method for the 

catalyst is applied yielding a performance of the catalyst similar to that in the homogeneous 

phase reaction. In the next application, visualization of interactions between 10 µm sized 

polymer particles in colloidal suspension is presented. Fluorescence lifetime and spectral 

changes of a molecular probe sensitive to its environment was expected to give direct 

indication of forces between particles. The last part describes imaging of film formation of a 

waterborne latex. One-dimensional and two-dimensional confocal scanning allows to observe 

changes of the thickness of the film during the first steps of coating formation and later to 

follow aging of the coating. 

 

7.1. Introduction 

The confocal microscope was invented by Marvin Minsky in 1955.1 Several improvements 

have been implemented into his invention, and confocal microscopy has attracted the attention 

of many scientists. Confocal as well as two-photon microscopy measurements allow to obtain 

high-resolution optical images with depth selectivity due to exclusion of most of the 

fluorescence light from the specimen that is not coming from the microscope’s focal plane. 

Besides that, these techniques, being optical spectroscopy methods, are non-invasive, and 

sensitive to molecular properties. For example, changes of the environment can cause changes 

in the electronic structure of fluorescing molecules, which lead to changes of spectra or decay 

times, which can be detected with spatial resolution. In many cases the confocal microscope is 

used for microscopy and spectroscopy measurements on individual emitters (molecules, 

particles or clusters). The main advantage of such measurements over measurements on an 

ensemble is that the averaging of properties is avoided. These averaging processes are 

several-fold: averages over molecular heterogeneity (i.e. chemical composition or spatial 

conformation) and averages over different or changing local environments. In order to be able 
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to probe individual fluorophores, these molecules/particles have to be spatially isolated from 

each other. In practice this is achieved by diluting the sample. 
However, the field of applications of confocal microscopy is not limited to the case of probing 

individual emitters. The idea of confocal imaging was applied in many other fields in science 

and technology from cellular biology to material science.2 High spatial and temporal 

resolution of recent microscopes provides a great tool to study properties of fluorescent 

materials or material labeled with fluorescent markers. Confocal/two-photon imaging of 

biological samples allows to reconstruct 3D biological structures, and to describe transport 

phenomena occurring there. One of the first studies on colloids using confocal microscopy 

was by Yoshida et al. in 1991.3 These measurements allowed to look deeply into the sample 

and to observe hexagonal ordering of charged polystyrene latex particles. 

Advances in imaging and particle-tracking have led to rapid advances in our understanding of 

colloidal phenomena,4 dynamic and relaxation processes in polymers,5-6 transport processes 

within and between cells7-9 or chemical reactions.10-11  

In this chapter several applications of confocal and two-photon microscopy will be discussed. 

The subjects were studied in collaboration with other scientists within our department. The 

first part concerns confocal fluorescence microscopy measurements on proton mobility in 

aqueous media.12 These studies reveal a remarkably strong effect of hydrophobic groups on 

the mobility of protons in water. The addition of the hydrophobic agent tetramethylurea 

results in a reduction of the proton mobility by a factor of 10: hydrophobic hydration is shown 

to strongly suppress proton mobility. These observations demonstrate the collective nature of 

aqueous proton transport. 

The second topic is a study on ligand immobilization by two-photon fluorescence microscopy 

with a fluorescent nixantphos ligand as a fluorescent probe.13 We show that the standard 

ligand immobilization process leads to the appearance of aggregates on the support which are 

visible as bright spots in the fluorescence images. Recorded intensity traces of the reaction 

solution confirm that the condensation of the ligand takes place already in solution during the 

immobilization process. Preventing formation of aggregates leads to “spotless” catalysts with 

superior catalytic properties. 

The third section of this chapter describes the use of confocal microscopy to visualize, in real 

time and with micrometer resolution, the interactions that exist between particles in colloidal 

suspension. Touching points between particles present areas where their microscopic 

environment is changed. A monolayer of probe molecules attached to particle surfaces and 

sensitive to the environment was expected to allow to observe the differences between contact 

points between particles and the rest of their surfaces free of interactions with other particles. 

The solvatochromic molecular probe, 6PI, applied here, however, did not show the expected 

fluorescence emission shifts due to changes in surroundings. The lifetime measurements, on 

the other hand, gave some evidence that this method can potentially be used to detect 

interactions between particles in colloidal suspension. 

The last part contains investigations on waterborne latex film formation. The latex particles 

were labeled with a perylene dye for fluorescence imaging. One-dimensional confocal 

microscopy provided useful information on the dynamics of decreasing of the film thickness 

due to solvent evaporation. Two-dimensional confocal imaging revealed a process of dye 
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diffusion during the process of film aging. The origin of this process is still not fully 

explained. 

7.2. Suppression of proton mobility by hydrophobic 

hydration
*
 

7.2.1. Introduction 

Proton transport in aqueous media is a very important phenomenon in nature and technology. 

For example, protons passing across a cell membrane through specialized proteins are a basis 

for the energy management of living cells.14 In technology on the other hand, nafion 

membrane fuel cells are based on hydrogen dissociation and migration of protons.15-16 Simple 

diffusion theory of hydronium (H3O
+) ion in bulk liquid water predicts a proton mobility that 

is more than one order of magnitude underestimated.17-18 The mechanism of fast motion of the 

proton is more complicated and was described by the so-called Grotthuss model.19 An 

ongoing interconversion of covalent and hydrogen bonds between O and H atoms is assumed 

to take place leading to a net displacement of the positive charge.20 The high mobility was 

then explained to be a result of transport of the charge only and not the mass of the ion.  

This picture of proton transport has recently been refined; the transfer of a proton from one 

water molecule to the next causes changes in the hydrogen bonding arrangement of water 

molecules surrounding the ion.21-22 The proton transfer thus requires the rearrangement of the 

hydrogen bonds of a significant number of water molecules. 21-22  

While the fundamental principles of proton transport in bulk water have been established, 

more relevant aqueous proton transport processes occur in complex systems, which are less 

well understood. One important example is proton transport near hydrophobic moieties, 

relevant for proton transfer along (biological) membranes,23-24 in small embedded water pools 

within proteins,25 and through transmembrane protein pores.26  

In this chapter I will describe only the fluorescence experiments which allow to answer the 

question of how the presence of hydrophobic entities affects the mobility of protons in water. 

This work is motivated by recent studies of hydrophobic hydration that have revealed a 

dramatic reduction of the reorientation of water molecules for water next to methyl groups.27-

28 This effect was traced to the ‘jump’ mechanism of water reorientation, where water 

molecules are transiently 5-fold coordinated prior to rotating; the presence of a methyl group 

reduces the likelihood of 5-fold coordination and thereby strongly suppresses water 

reorientation.29 The observation that water reorientation is essential for proton transfer21-22 

suggests that proton transfer is greatly affected when hydrophobic entities are present in 

solution; this hypothesis is tested here. 

                                                           
* The measurements were performed in collaboration with prof. dr. D. Bonn, G. Rago and F. Pouzy. 

Part of this section was published: 

Bonn, M.; Bakker, H. J.; Rago, G.; Pouzy, F.; Siekierzycka, J. R.; Brouwer, A. M.; Bonn, D., Suppression of 

Proton Mobility by Hydrophobic Hydration. J. Am. Chem. Soc. 2009, 131, 17070 - 17071. 



166 

 

7.2.2. Results and discussi

Figure 7.1 shows a Y-shaped 

junction applied in experiments

(Enschede, Netherlands) with a 

of the channel network were co

solutions were delivered by 160

syringes. The fluid flow was 

0.16 µl/s (ca. 10 µl/min). 

Figure 7.1. Microfluidic cell (a two

system,30 (b) schematic representation

Fluorescein (Chart 7.1) was us

and lifetime are highly sensitiv

fluorescein is very weak. Much

compound with its lifetime of 

form of fluorescein with its lifet

Chart 7.1. Molecular structure of fluo

In order to quantify the proton 

and lifetime changes as a resu

device, when a fluorescent phas

a two-way mixer. 

(a)                                                   

| Other applications of confocal and two

scussion 

haped microreactor (Micronit®) characterized by

iments. The glass microfluidic device was tailor m

with a microchannel depth of 23 µm and a width of

connected via holes through the top plate into

by 160 µm diameter fused silica capillaries connect

 driven by a dual channel syringe pump oper

          

a two-way mixer) applied for measurements (a) photograp

ntation of solutions injections into the microfluidic mixer. 

was used as the fluorescent marker, of which the 

ensitive to pH changes.31 The fluorescence of th

 Much higher emission intensity is shown by mono

e of 3.0 ns. The strongest fluorescence is obser

ts lifetime of 4.1 ns.  

 of fluorescein in neutral, anionic and dianionic forms. 

roton mobility we have recorded how the fluoresc

a result of proton transport across the channel 

phase (high pH) and a nonfluorescent phase (low

                 (b) 

nd two-photon microscopy 

ed by a 2-inlet mixing 

ilor made by Micronit® 

idth of 44 µm. The ends 

into which the desired 

onnected to 0.5 ml glass 

p operating typically at 

 

graph of the microfluidic 

 

the emission intensity 

 of the neutral form of 

 monoionic form of the 

 observed for dianionic 

 

uorescence is quenched 

annel of a microfluidic 

low pH) are mixed in 



Other applications of confocal and two-photon microscopy |  167 

 

The fluorescein solutions were prepared based on ultrapure MilliporeTM water. Hydrochloric 

acid was used to modify the pH of water. Three different solutions were used in experiments: 

a non-fluorescent one (0.25 mM fluorescein in water with addition of 1 M of hydrochloric 

acid (pH = 0)) and two fluorescent solutions: 0.25 mM fluorescein in water (pH = 7), and 0.25 

mM fluorescein in water (pH = 7) with addition of 5 M of tetramethylurea (TMU). TMU was 

used as a hydrophobic agent.  

The fluorescent fluid was injected into one inlet and the nonfluorescent one into the second 

inlet. The streams meet after the junction and start mixing by diffusion (Figure 7.2). The 

sharp interface between fluorescent and nonfluorescent solutions represents the position 

where the pH reaches the value of the pKa of fluorescein of 6.4, which corresponds to the 

concentration of HCl of about 0.4 µM. 

 

 

Figure 7.2. Confocal fluorescence images of a microfluidic channel just after the junction. Lower part of the 

channel filled with fluoresceine solution of pH = 0, upper part of the channel filled with fluorescein solution of 

pH = 7 (a) without addition of TMU, (b) with addition of TMU. Size of images: 54 µm ×  220 µm. 
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Figure 7.3. Average lifetime of fluorescein solution as function of acid concentration used as calibration curve 

for FLIM images analysis.  
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Fluorescence lifetime imaging microscopy (FLIM) measurements performed on the system 

allowed for the determination of the pH-dependent fluorescence lifetime. The calibration 

curve of the fluorescence lifetime dependence on the acid concentration in the solution is 

presented in Figure 7.3. The lifetimes were measured from a drop of the solution placed on a 

microscope coverglass. The maximum likelihood estimation method (MLE) was used to fit 

time correlated single photon counting (TCSPC) histograms. Whenever two decay 

components were needed for proper fitting of the decay curve, an amplitude weighted average 

lifetime was calculated and used to construct the calibration curve. 

FLIM images were recorded at the junction of the two channels and further along the channel 

presenting the lifetime and intensity distributions. The distance between the center of the 

channel and the position of the sharp interface between fluorescent and nonfluorescent 

solutions, defined as xs, is a measure for the distance over which the protons have traveled. An 

example of a FLIM image of the junction of two channels filled with water solution of 

fluorescein without (upper part of the channel) and with addition of HCl (lower channel) is 

shown in Figure 7.4 e. The graphs of lifetime and intensity vs. distance just after the junction 

and about 160 µm further show significant differences due to proton transport from the lower 

to the upper part of the channel. 
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Figure 7.4. (a) FLIM image of the junction and the channel filled with fluorescein solutions without TMU, (b) 

and (c) fluorescence decay time, (e) and (f) intensity and (g) and (h) concentration of HCl cross-section through 

upper half of the channel just after the junction and 140 µm down stream (see white arrows) determined from the 

FLIM image. Size of the image: 56 µm × 224 µm. Data on lifetimes were obtained only from pixels exceeding 

1000 photon counts. 

       (a)     

 

 

 

(b)                                                                            (c) 

 

 

(d)                                                                            (e) 

 

 

(f)                                                                             (g) 



Other applications of confocal and two-photon microscopy |  169 

 

The decay time as well as the intensity drops as the concentration of protons grows. From the 

decay time changes approximate changes of the concentration of protons were calculated and 

are shown in Figure 7.4 f and g. 
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Figure 7.5. (a) FLIM image of the junction and the channel filled with fluorescein solutions, one with TMU, (b) 

and (c) fluorescence decay time, (e) and (f) intensity and (g) and (h) concentration of HCl cross-section through 

upper half of the channel just after the junction and 140 µm down stream (see white arrows) determined from the 

FLIM image. Size of the image: 56 µm × 224 µm. Data on lifetimes were obtained only from pixels exceeding 

1000 photon counts. 

Upon addition of TMU to the channel with acidic solution of fluorescein, the diffusivity is 

observed to be drastically decreased (Figure 7.5). The graphs of lifetime and intensity vs. 

distance just after junction and further down stream show very similar shapes. The 

fluorescence decay time remains constant along the distance of half of the channel indicating 

that the proton transport is greatly decreased.  

The highest fluorescence lifetime of fluorescein solution in the microfluidic system was found 

to be about 2.8 ns. This value corresponds well to the 3.1 ns lifetime of monoanionic form of 

the compound, while the bianionic fluorescein ought to be present in a solution of pH = 7.  

A precise determination of the fluorescein concentration in the microfluidic channel based on 

FLIM images is difficult due to large differences of photon counts across the evaluated area. 

Besides that, the FLIM images are constructed based on least squares (LS) methods of 

fluorescence decay fitting on each pixel. The LS method is known to give satisfactory results 

for lifetime determination when the number of counts in the TCSPC histogram is more than 

20000. FLIM lifetimes are underestimated by circa 5 % when the number of events is in the 
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range of 1000 – 20 000. 32 The LS method is insufficient to cope with the low number of 

photons in the TCSPC histogram and when the number of counts drops below 1000 the 

method gives unreasonable results.33 Because the neutral form of fluorescein is non-

fluorescent, estimation of the fluorescence lifetime when the pH of the solution is around 4.3 

is very inaccurate. Uncertainty in the evaluation of the fluorescence decay time is translated 

directly into an inaccuracy of the concentration of HCl. In order to minimize introduction of 

error into the analysis of acid concentration, only pixels with over 1000 photon counts were 

analysed. 

The design of the microfluidic cell assures that the two fluids can be injected separately and 

mix only by diffusion, without turbulence. The diffusion process can be described using the 

Fick’s first law describing the flux J as a function of concentration C: 

 dx

txdC
DJ x

),(
−=        (7.1) 

where D is the diffusion coefficient and the index x indicates the one-dimensional character of 

the equation. The diffusion coefficient characterizes a proton’s resistance to flow when 

exposed to a proton gradient. The proton flux J nor the photon gradient C are, however, easy 

to measure directly. In order to satisfy the matter conservation law: 

 dt

txdC

dx

dJx ),(
=−        (7.2) 

Inserting Equation 7.2 into Equation 7.1 leads to Fick’s second law:  

 
2

2 ),(),(
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txCd
D
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=       (7.3) 

Equation 7.3 states that the total change in flux leaving a volume equals the time rate of 

change in the concentration in the volume. 

If one assumes as initial condition (t = 0) the concentration to be C = C0 at x > 0 and for time t 

> 0 C = Ct at x = 0 and C = C0 at x = ∞, the general solution is given by: 
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For a specific concentration Cs at a certain point in the sample at a certain time, Equation 7.4 

is modified to: 
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Equation 7.5 implies directly that: 
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     (7.6) 

The position of interest xs then is xs = cDt with a constant c, which is known to be 2 for one-

dimensional diffusion. For simplicity xs was assumed to be Dtxs ≈  and so the square of xs 

should vary linearly with distance from the junction. The time the two liquids have been in 

contact is t = xs/U, with U = 0.16 µl/s being the flow speed in the channels.  
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Figure 7.6. The slopes of the lines are the direct measure of the proton diffusion coefficient 

The slope of the lines in Figure 7.6 is a direct measure of the proton diffusion coefficient. A 

quantitative analysis of the data reveals a diffusion coefficient in the range of 10-5 cm2/s for 

pure water. Addition of the hydrophobic agent, TMU, reveals that the proton diffusion 

coefficient decreases by over a factor of 10 when 5 M TMU is added to water. The reduction 

of proton mobility upon addition of TMU is not simply an effect of viscosity. The viscosity of 

a 5 M TMU solution is only 1.35 times that of water.12 

Independent, quantitative conformation of this observation was obtained by AC (20 kHz) 

conductivity measurements.12 For pure water, the proton diffusivity lies in the 10-5 cm2/s 

range, in agreement with the microfluidic results obtained for 1 M HCl solution. Upon 

addition of TMU, the diffusivity is again observed to decrease by over an order of magnitude, 

in full agreement with the microfluidic experiments. The same measurements were performed 

with urea. Urea serves as a reference to demonstrate that the simple decrease in the water 

volume fraction (resulting in the interruption of the water hydrogen-bonded network) has 

much less of an effect on proton mobility than the presence of the hydrophobic methyl 

groups. 

7.2.3. Conclusions 

The reduction of proton mobility upon addition of TMU can be understood as follows.12 

Proton transport requires the rearrangement of a large number of water molecules in the 

vicinity of the proton. A key aspect of this rearrangement is formed by the rotations of 
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surrounding water molecules. It has previously been shown, using femtosecond time-resolved 

anisotropy measurements,26 that the reorientation of water molecules around a methyl group is 

slowed down from 2.5 ps to over 10 ps. Moreover, a single methyl group can affect the 

reorientational dynamics of up to 5 O-H groups.26 As such, the reorientation of water 

molecules in a 5 M TMU solution is greatly suppressed. The dramatic effect of the presence 

of hydrophobic groups on proton transport can therefore be explained by the large effect of 

hydrophobic groups on water reorientation, in addition to the reduced effective water density 

in the TMU solution (by a factor of  ca. 2). Together these effects account for the decrease of 

the proton diffusivity by an order of magnitude.  

7.2.4. Experimental details 

MATERIALS Hydrochloric acid, fluorescein sodium salt, tetramethylurea and urea were 

purchased from Sigma Aldrich Co. and used without further purification. Ultrapure 

MilliporeTM water was used for preparation of solutions.  

CONFOCAL MICROSCOPY Fluorescence intensity and lifetime images were recorded using the 

confocal setup described in detail in Chapter 2. The excitation wavelength was 488 nm. The 

output power from the objective was approximately 20 µW (0.3 fJ/pulse). The spectra of the 

filter set used can be found in Chaper 3 in Figure 3.21. 

An additional OD filter was used in front of the SPAD in order to block the high intensity 

fluorescence from fluorescein. Data acquisition and analysis were performed using SymPho 

Time software. Fluorescence trajectories were obtained with a binning time of 20 ms. 

Lifetime calculations were done using Maximum Likelihood Estimation method with 

minimizing goodness-of-fit parameter χ2 algorithm. 
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7.3. Phosphorus ligand imaging with two-photon 

fluorescence spectroscopy: the way open for rational 

catalyst immobilization
*
 

7.3.1. Introduction 

Catalyst recovery is an important topic in the area of homogeneous catalysis since the 

product-catalyst separation is one of the main obstacles towards application of these classes of 

catalysts. So far, several strategies for catalyst recycling have been explored, but a general 

strategy remains elusive.34-36 A widely studied approach to facilitate catalyst-product 

separation is the attachment of homogeneous catalysts to soluble or insoluble supports which 

can consist of organic polymers37-40 or dendrimers,41-42 inorganic materials43 or hybrids 

thereof. Inorganic materials have shown to be particularly suited as solid support for 

homogeneous catalysts because of their physical strength and chemical inertness and many of 

such immobilized catalytic systems have been reported. A common drawback, however, 

remains the generally lower activity and selectivity compared to the homogeneous 

counterpart. It is known that the properties of the solid support affect the catalytic reaction to 

a certain extent. Surprisingly, an in-depth investigation of the effect of the immobilization 

process on the performance of the catalyst appears to be lacking. To gain more insight into the 

immobilization of transition metal catalysts we set out to design a method for the detection of 

diphosphine ligands on surfaces. The ligand studied acts as a fluorescent probe and the 

detection is achieved by two-photon excitation fluorescence microscopy. In principle, this 

allows the immobilization product to be imaged with high spatial resolution. Here we report 

our findings of the first study of the immobilization process employing an intrinsically 

fluorescent ligand imaged on a submicrometer level, indicating that precondensation of 

ligands takes place prior to immobilization under the standard immobilization conditions, a 

conclusion supported by analysis of the liquid phase. These results directly translate to simple 

procedures that do not have these precondensation problems. The resulting immobilized 

catalysts show superior performance in hydroformylation catalysis, setting the venue toward 

rational catalyst immobilization. 

Two-photon excitation fluorescence (TPE) microscopy has shown an astonishing potential, 

but application has been mainly restricted to imaging biological samples.44 Two-photon 

absorption (TPA) is a process where two photons are absorbed simultaneously. Such a 

process only occurs at a very high flux of photons by focusing a pulsed near infrared laser, 

restricting the excitation to a very small focal volume, with no appreciable off-focal 

fluorescence. Generally, the two-photon selection rule yields low background fluorescence 

and hence high contrast in the images can be produced.44-45 

                                                           
* The measurements were performed in collaboration with dr. A.M. Kluwer, F. Marras and A. Vozza 

Part of this section was published:  

Marras, F.; Kluwer, A. M.; Siekierzycka, J. R.; Vozza, A.; Brouwer, A. M.; Reek, J. N. H., Phosphorus Ligand 

Imaging with Two-Photon Fluorescence Spectroscopy: Towards Rational Catalyst Immobilization. Angew. 

Chem. Int. Ed. 2010, 49, 5480 - 5484. 
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In the present work we addressed the question if catalyst immobilization could be studied by 

fluorescence imaging. 

 

Figure 7.7. Immobilization of nixantphos 2 on glass coverslips and silica for imaging and catalysis with the aim 

of correlating the immobilization process to the catalysis results. 

7.3.2. Results and discussion 

In order to study catalyst immobilization with fluorescence microscopy the class of xanthene-

based phosphorous ligands, also known as xantphos, were envisioned as suitable for various 

reasons. Metal complexes of these ligands have outstanding catalytic properties in various 

catalytic reactions (e.g., Rh-catalyzed hydroformylation, Pd-catalyzed cross coupling), show 

facile coordination behavior to various metals and are highly stable and easy to modify.46-47 In 

addition, some members of the xantphos family, e.g., nixantphos (1, see Figure 7.7) display 

strong fluorescence upon excitation and have previously been used for ligand 

immobilization.48-51 This initiated us to study the photophysical properties of 1 and 

particularly the possibility to use the immobilized ligand as two-photon excitation probe to 

study the immobilization process. For this purpose, N-functionalized nixantphos 2 was 

immobilized on glass coverslips and on activated silica (materials that both have similar Si-

OH groups at the surface for the attachment of the ligand), allowing us to study the 

immobilization process spectroscopically and to correlate the results to the catalytic properties 

of the immobilized catalyst.  

Ligand 1 possesses many useful chemical and spectroscopic characteristics. The absorption 

spectrum of 1 exhibits strong absorption at 280 nm (ε = 1.7 × 104 M-1cm-1) and weaker 

absorption at 340 nm (ε = 7.7 × 103 M-1cm-1, see Figure 7.7). In addition, 1 shows a relatively 

high fluorescence quantum yield (Φf = 0.33) and short lifetime of emission (τ = 1.4 ns, see 

Figure 7.9).  
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Recalculation of the emission intensity in GM units (1 GM = 10-50 (cm4s)/photon) was 

performed by scaling the obtained data to the data from ref. 52 by minimization of the root-

mean-square deviation (Figure 7.11 b). 
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Figure 7.11. Emission spectra of fluorescein in water (pH = 13) as function of excitation wavelength (a) 

fluorescence emission spectra, (b) emission intensity at 516 nm expressed in GM units. 

Analogous measurements were performed on 1.50 × 10-3 M nixantphos in toluene. Based on 

Equation 7.7 52 the TPE cross section of 1 was calculated. 
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In Equation 7.7, Φ2nix is the fluorescence quantum yield of 1, σ2fl is the two-photon 

absorption of fluorescein, Efl = Enix are the fluorescence detection efficiency (all differences in 

accumulation efficiency were recalculated taking into account spectra of the emission filters), 

)()( tPtP nixfl =  is the power adjusted to be 600 mW, Cfl and Cnix are the concentrations of 

fluorescein and nixantphos respectively, nnix is the refractive index of toluene (1.4969) and nfl 

is the refractive index of water  with pH~13 (here assumed to be the same as for pure water: 

1.3330). )(tFfl  and )(tFnix  are the fluorescence emission intensity of fluorescein and 1 

respectively. 

Results of recalculation of the emission intensity of 1 as a function of excitation wavelength 

in GM units are shown in Figure 7.12. 
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The results of the two different immobilization techniques were compared. The ‘method B’-

supported catalyst was separated after the reaction by simple filtration and the catalytic 

material was reused in ten consecutive batch reactions. As mentioned previously, immobilized 

transition metal catalysts often display activities that are one order of magnitude lower than 

their homogeneous counterparts, frequently accompanied with lower selectivities. Indeed, 

compared to the homogeneous phase reaction the silica-immobilized catalyst prepared 

according to method A clearly shows deteriorated activity and a lower selectivity. As 

established by fluorescence imaging of the support we know that ligands are also attached as 

clusters (method A), and we therefore ascribe part of the lower activity and selectivity to the 

presence of these clusters. It is well established that a high concentration of catalyst promotes 

the formation of inactive dirhodium complexes with bridging carbonyls, which explains that 

the clusters of ligands lead to a lower activity.54 Although the formation of this dormant state 

is reversible in nature, the number of active catalyst species will be reduced by cluster 

formation on silica and hence the reaction rate is decreased by this process. Furthermore, a 

high local density of active catalyst species on a porous surface can also lead to a local 

depletion of substrates. Such local substrate depletion potentially initiates catalyst 

decomposition (such as formation of metal clusters) and degradation of the outcome of the 

hydroformylation reaction.54-55 The catalyst supported according to method B, with the 

ligands more homogeneously distributed on the support, showed much better performance in 

the hydroformylation of 1-octene. The turnover frequencies obtained with catalyst B are 

increased by at least 8 times compared to catalyst A.  

Performing a series of hydroformylation reactions with variation of temperature and pressure 

showed that the immobilized hydroformylation catalyst, obtained by immobilization method 

B, gives similar activity and selectivity to the analogous homogeneous phase reaction and is 

sufficiently stable to recycle and use for numerous consecutive catalysis experiments. 

7.3.3. Conclusions 

In conclusion, we demonstrated that ligand immobilization can be monitored by means of 

two-photon fluorescence microscopy, using nixantphos ligand 1 as the fluorophore for 

imaging purposes. The fluorescence images obtained with the fluorescence microscopic 

technique reveal that under standard immobilization conditions, larger clusters of ligands are 

supported. Moreover, confocal intensity traces of the reaction solvent show that the clustering 

occurs already in solution, likely via a condensation reaction also observed in sol-gel 

processes, and that the prepolymerized ligand clusters are subsequently immobilized on the 

solid support. To reduce such clustering the immobilization process was performed 

employing a low, steady state concentration of 2 and capping agent resulting in a 

homogeneous distribution of ligand on support (both glass and silica). This homogeneity 

clearly translates to better catalyst performance as the immobilized hydroformylation catalyst 

using the new procedure gives much higher activity and selectivity than that obtained via the 

standard procedures. We believe that the new immobilization strategy will be applicable to a 

wide range of catalysts, and depending on the mechanism and conditions applied these 

catalysts may benefit from the reported methodologies.  
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7.3.4. Experimental details 

TWO-PHOTON EXPERIMENTS IN SOLUTION The excitation source was the Chameleon Ultra 

laser (Coherent) and Second Harmonic Generator (APE) for 1-photon excitation 

measurements. Excitation light was filtered using long wave pass excitation filter (665LP). 

The average excitation power was measured before the objective using a FieldMax II 

(Coherent) power meter. Emission light was passing a short wave pass filter (LS650R, 

Corion) 

TWO-PHOTON FLUORESCENCE IMAGING Fluorescence intensity and lifetime images were 

recorded using the confocal setup described in detail in Chapter 2. Excitation light (700 nm) 

was coupled into the adapted confocal unit via a polarization maintaining monomode 

fiberglass (PMC-620-4-NA011-3-XPC-P, Schäfter + Kirchhoff) and filtered using long 

wavelength pass filter 665LP (Thorlabs). An appropriate dichroic mirror (675DCSPXR, 

Semrock) was used to separate the fluorescence from the excitation light. No pinhole was 

applied for these measurements. Output power from the objective was approximately 20 µW 

(0.3 fJ/pulse). The emitted light was split in a ratio of 80/20 and sent to the SPAD and CCD 

camera (PhotonMax, Roper Scientific), respectively. Residual excitation light was filtered 

from emission light by applying an additional short wave pass filter: LS650R (Corion) placed 

in front of SPAD. Figure 7.18 shows spectral characteristics of filters used in imaging 

experiments. 
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Figure 7.18. Filter set used for confocal measurements on nixantphos (two-photon excitation). 
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7.4. Imaging of the mechanics of soft matter
*
 

7.4.1. Introduction 

Glasses are solids formed by rapid melt cooling through its glass transition without 

crystallizing.56 The structure of glass is amorphous – the structure does not have long range 

translational periodicity. Chemical bonds in glasses, however, ensure a high degree of short 

range order.57 Despite the disordered character of glasses, a symmetry indication for bonding 

structure was found to exist similarly to crystalline solids.58 Thermally induced or as a result 

of an external shear, structural rearrangements in glasses appear at a very low rate and induce 

atomic or molecular mobility within the material. Since the glass structure is constrained, the 

structural rearrangement causes a cooperative reorganization of the constituent molecular 

units over a large scale.59  

Despite relatively large length and time scales of phenomena governing the physics of 

glasses, these scales are still too small to allow for direct observation. One possible method 

for investigation on shear transformation zones in glasses are computer simulations.60-64 An 

alternative method, which allows for direct visualization of existence of local shear 

transformation zones in glasses, is the use of suspensions of colloidal particles, which can be 

easily converted into a glassy state by rapid densification of the particles.65-67 In fact, 

application of simple models based on geometry and classical physics led to generic 

understanding of condensed matter and glasses in particular.68 

The simplest model describing the colloid suspension is the hard sphere model,67, 69 in which 

the particles are assumed not to interact with other particles beyond their radius and infinitely 

repulsive on contact. The only parameter which determines the behavior of hard sphere 

colloids is the sphere volume fraction φ related to the density of particles.4 In this model the 

size of particles is not a control parameter. For real suspensions, however, it can strongly 

affect sedimentation (because of significant gravitational energy) or even the overall 

dynamics of the particles. Based on the particles volume fraction several states of the colloidal 

systems were distinguished. For φ → 0, dilute suspension, the spheres are disordered and far 

away from each other. As the volume fraction increases the system loses its ergodicity and at 

φ ≈ 0.58 transition to a glassy state takes place. 70 An increase of φ also causes appearance of 

spatial correlation between the positions of particles and high confinement of 

rearrangements.71 The maximum amorphous packing, so-called random close packing, was 

assigned to φ ≈ 0.64.72-73 In the region of 0.494 < φ < 0.545, however, the system can 

undergo an entropy driven phase transition to a crystalline state.66 The packing density of 

monodisperse spheres is expected to reach its maximum at φ ≈ 0.74. 

In general, understanding the processes and interactions appearing between colloidal particles 

is highly relevant to material sciences and industrial use of materials (for example glasses). 

  

                                                           
* The measurements were performed in collaboration with C.E. Carpentier (HIMS), dr. K. Lörincz, dr. P. Schall 

and prof. dr. D. Bonn (WZI) 
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7.4.2. Results 

Applying confocal microscopy imaging should allow for direct visualization of the forces that 

exist between particles of a colloidal glass when pressure is applied on it. In order to visualize 

the interactions between colloid particles, they were labeled with a fluorescent probe with a 

high sensitivity for environmental changes (see Figure 7.19). 

 

 

Figure 7.19. Schematic representation of colloidal particles used for experiments: colloidal suspension exposed 

to pressure with enlarged pmma particles labeled with solvatochromic dye. 

Confocal measurements were conducted on samples consisting of 10 µm poly(methyl 

methacrylate) (pmma) beads. A modified 6PI was used as a fluorescence probe sensitive to 

environmental changes (Scheme 7.2).74 The compound is known to show solvatochromic 

properties; it changes its absorbance and fluorescence spectral positions in response to solvent 

polarity.74 The maximum of the absorbance spectrum of 6PI changes from 519 nm in methyl 

cyclohexane to 548 nm in ethanol (Figure 7.20 a). The fluorescence of 6PI is very sensitive 

to polarity of the environment and shifts over 2130 cm-1 from 627 nm in methyl cyclohexane 

to 723 nm in ethanol (Figure 7.20 a). 
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Figure 7.20. Solvatochromic properties of 6PI: (a) absorbance, (b) fluorescence spectra of 6PI in solvents of 

different polarity. Adapted from ref. 75. 

(a)                                                                              (b)  

 



Other applications of confocal and two-photon microscopy |  185 

 

The solvatochromic 6PI compound was covalently linked to pmma particles by peptide 

coupling (Scheme 7.2). The confocal measurements on a colloidal suspension of pmma 

beads labeled with 6PI fluorophore were expected to show local fluorescence spectral shifts 

of probe molecules on the interfacial regions, where particles are in contact and the viscosity 

and polarity of the environment change.  

Scheme 7.2. Molecular structure of 6PI acid covalently linked to PMMA particle. 

 

The colloidal suspension was prepared in dimethyl sulfoxide (DMSO) with addition of NaI. 

The salt was added for refractive index matching with the polymer beads. The absorption 

spectrum of 6PI in DMSO shows a maximum at 538 nm. The spectral position of 

fluorescence depends on the concentration of the probe molecules and was found to be 741 

nm in 1 × 10-5 M and 737 nm in 1 × 10-7 M DMSO solutions. A quantum yield of 0.33 in 

DMSO was estimated using perylene red as fluorescence standard. 

The colloidal suspensions of pmma particles were measured in a glass tube glued onto a 

microscope coverglass. The tube was filled with the sample at the height of a few millimeters. 

Pressure was applied by moving a piston fitting perfectly the glass tube diameter. The piston 

was made of a filter with a small pore size allowing to press on the polymer beads and to filter 

out the solvent of colloidal suspension. The fluorescence imaging was performed after a few 

minutes, when beads sedimented.  

The confocal pictures of the suspension of pmma showed that the fluorescently labeled 

particles can be successfully imaged, showing contacts between particles in the same (Figure 

7.21 a) as well as between neighboring layers (Figure 7.21 b). 
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The average decay times on contact and non-contact points were found to be 2.9 ± 0.7 ns and 

2.9 ± 0.8 ns respectively without applying the pressure. When additional load was applied the 

lifetimes have shortened to average 2.8 ± 0.1 ns at contact and 2.7 ± 0.1 ns at particle area not 

in contact with other particles. We assign the lifetime changes to increase of the local 

viscosity of the interfacial regions (and thus also refractive index) when additional pressure is 

applied to the sample. The fluorescence of 6PI molecules being between two pmma particles 

in contact can also be influenced due to the fact that the concentration of the fluorophore in 

such a place is higher. The increased concentration of the dye and possible suppression of 

solvent cause that the environment experienced by individual probe molecules is more rigid 

between polymer particles than on a surface not touching other particles. 

7.4.3. Summary 

Confocal imaging of colloidal suspensions allowed to register lifetime changes of 6PI linked 

to pmma particles when the particles come into physical contact and their local 

microenvironment changes. Although the molecular probe used is solvatochromic, no reliable 

results were obtained by measurements of the fluorescence spectral position.  

The measurements described here are only a part of the fluorescence methods available for 

studying interactions between colloidal particles. In principle, fluorescent probe molecules 

can respond to changes of to their surroundings in different ways. Besides changes of 

fluorescence spectra or lifetimes the quantum yield or anisotropy can be the factor influenced 

by the local environment. Also intermolecular interactions, such as excimer formation, 

fluorescence quenching, by electron or energy transfer, or energy transfer to another 

fluorophore can be used as a tool allowing to describe interactions between colloidal particles. 

We expect that further confocal investigations will allow to quantify these interactions. 

7.4.4. Experimental details 

CONFOCAL MICROSCOPY Fluorescence intensity and lifetime images were recorded using the 

confocal setup described in detail in Chapter 2. The sample was excited at 566 nm. 

Excitation light was coupled into the adapted confocal unit via polarization maintaining 

monomode fiberglass (PMC-620-4-NA011-3-XPC-P, Schäfter + Kirchhoff) and filtered using 

an excitation filter (560/40x, Chroma Tech.). The pinhole with diameter of 50 µm was 

applied. A dichroic mirror (595DCLP, Chroma Tech.) was used to separate excitation from 

emission light. Residual excitation light was filtered from emission light by applying long 

wave pass filter (LP665). The filter set applied for the experiment is shown in Figure 7.25. 

Emission light was divided into SPAD and EMCCD with spectrograph using a 50/50 beam 

splitter. 
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Figure 7.25. Filter set used for confocal imaging.  

DATA ANALYSIS Time correlated single photon counting histograms were prepared using the 

same number of photon counts (ca. 2.3 × 106 photons). The same part of the decay curve was 

fit for each measurement. No deconvolution with IRF was applied. Data was fit using MLE 

method. The program uses algorithm to minimize the goodness-of-fit parameter χ2.  
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7.5. Imaging of water-based latex film formation
*
 

7.5.1. Introduction 

Latex belongs to a group of waterborne coatings based on resins which are insoluble in 

aqueous solutions. After solvent evaporation, the waterborne colloidal latex suspensions have 

to form coatings with satisfactory properties of adhesion and integrity. Almost all desirable 

properties of a coating depend strongly on the polymer physics and chemistry (molecular 

weight of particles, Tg, viscosity) and surface characteristics of the substrate,76 however, latex 

film formation can also influence future properties of the coating as for example chemical 

resistance, mechanical properties, gloss or hardness. Consequently, knowledge about the 

waterborne latex film formation is essential for further development of latex coatings. 

In principle, the latex film formation process can be divided into four steps presented 

schematically in Figure 7.26. 

 

Figure 7.26. Schematic representation of four steps of latex film formation: (a) deposition of aqueous latex 

solution on a surface, (b) water evaporation leading to close packed layers of latex particles, (c) deformation of 

the particles from their spherical shape, (d) coalescence (aging). 

Firstly, the wet formulation is deposited on a substrate and spread homogeneously. In the next 

step, the bulk water evaporation takes place. At the early stages of drying, the rate of water 

evaporation depends only on vapor pressure, the ratio of surface area to volume of the film 

and rate of air flow around the sample. After that, the latex particles start to pack in an 

ordered array. As the liquid volume between them decreases, the rate of the solvent loss is 

much slower and controlled by the diffusion rate of the solvent molecules through the film. 

The diffusion and evaporation of the liquid phase depends upon the solvent structure and its 

interactions with polymer. The third step of latex film formation involves the deformation of 

the latex particles from their spherical shape. The deformation is believed to be drawn by a 

combination of capillary forces and interfacial long-lived surface energy reduction.77 The last 

step is a relatively slow process of coalescence (aging). At this stage the film is 

macroscopically dry. The polymer particles break up and molecules interdiffuse across the 

residual particle boundaries and chain entanglement takes place strengthening the film. In 

order to facilitate this process, organic co-solvents (coalescing agents) are indispensible. 

                                                           
* The measurements were performed in collaboration with T.N. Raja. 

(a)                                                               (b) 

 

 

(c)                                                               (d) 
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There are several experimental techniques which allow to study film formation.76 One group 

of methods for studying film formation is based on utilization of fluorescence techniques 

which offer high sensitivity and possibility of performing steady-state and time-resolved 

fluorescence measurements.78-80 

Here we describe investigation on waterborne hydrophobic latex film formation performed 

with the confocal microscope allowing for high spatial resolution imaging of the film formed.  

7.5.2. Results 

The latex particles dispersed in aqueous solution prepared via emulsion polymerization with 

40% solid content in the wet formulation. The viscosity of the wet formulation was 27 m·Pa. 

The schematic structure of a latex particle is shown in Figure 7.27.  

 

Figure 7.27. Schematic representation of latex particle. 

The particle has a spherical shape and consists of polymer chains surrounded by surfactant 

molecules (sodium lauryl sulfate). The polymer core of the latex particles in the present work 

is made of polymer chains formed from of styrene (Chart 7.2 a) and 2-ethyl hexylacrylate (2-

EHA) (Chart 7.2 b).  

Chart 7.2. Molecular structures of monomers used for emulsion polymerization: (a) styrene, (b) 2-ethyl 

hexylacrylate (2-EHA). 

 

The glass transition temperature of the latex was 69 °C. The lowest temperature at which 

coalescence of latex particles occurs sufficiently to form a continuous cohesive coating is 

called the minimum film formation temperature (MFFT). In the case of our latex suspension 

the MFFT was 78 °C.  

The surfactant molecule used (sodium lauryl sulfate – SLS) stabilizes the latex particles in 

dispersion. SLS consists of two distinct parts: hydrophobic tail and hydrophilic head. Due to 

the presence of SLS, the outer surface of latex particles is negatively charged and the latex 

(a)                                                   (b)  
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particle in dispersion is surrounded by sodium counter ions. The average size of particles was 

estimated to be about 111 nm, and the polymer molecular weight was ca. 325 kDa. 

The satisfactory use of waterborne coatings is possible due to additives in the wet 

formulation. These additives may lower the surface tension, assure substrate wetting for 

uniform surface coverage, stabilize latex particles, aid coalescence or maintain dispersion of a 

pigment. 

Latex particles for confocal measurements were labeled by physical absorption of the 

hydrophobic dye perylene red (Chart 7.3). The fluorescent compound was inserted into the 

latex particles by using addition of a co-solvent. The dye labeled latex particles could thus be 

well imaged among other, nonfluorescent particles. 

Chart 7.3. Molecular structure of perylene red. 

 

The dye is very suitable for fluorescence imaging due to its stability and very high quantum 

yield of 0.98.81 The absorption and emission spectra of perylene red have their maxima at  

575 nm and 606 nm respectively (Figure 7.28). 
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Figure 7.28. Normalized absorption and emission spectra of perylene red in toluene. 

1-D confocal measurements (z-scanning) on latex suspension with perylene red allowed for 

visualization of thickness changes of the deposited layer which are related to solvent 

evaporation during the process of coating formation. The full width at half maximum 

(FWHM) of the fluorescence profile of a z-scan through the latex film gives direct 

information on its actual thickness. Monitoring the thickness as a function of time allows to 

reconstruct a time profile of thickness decrease. 

Results of the confocal z-scanning experiment are presented in Figure 7.29. The thickness 

profiles of the latex film become narrower as a result of water evaporation (Figure 7.29 b). 
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Subsequent fluorescence profiles, however, present a fast decrease of the fluorescence during 

the narrowing of the FWHM. This phenomenon is attributed to a quenching of the perylene 

red fluorescence by additives or impurities present in the wet latex formulation. The 

fluorescence quenching effect can be reduced by careful purification of the latex formulation 

from additives, which appear to act as quenchers.82 
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Figure 7.29. Confocal imaging of thickness changes of drying latex film containing perylene red; (a) 

fluorescence profiles, (b) normalized fluorescence profiles. 

The preparation method of the wet latex films gives a thickness of about 30 µm. The first 

profile measured shows, however, a much narrower FWHM of about 23 µm. This is because 

the bulk water evaporation from a fresh latex formulation in this step of coating formation is 

very fast. In the time between the sample preparation and starting the measurements, about 1 

minute, decrease of water content in the layer already causes a decrease of its thickness. The 

time evolution of the thickness of the latex layer is shown in Figure 7.30. 
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Figure 7.30. Thickness of latex film as function of time. 

The time profile from Figure 7.30 highlights the fact that evaporation of most of the water 

from the wet formulation takes place within the first few minutes after its deposition on a 

substrate. Later, the thickness decrease is much slower. 

2-D confocal imaging allowed for monitoring of the formation stages of latex coating. 

Samples for these measurements were prepared by mixing a latex dispersion with perylene 
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Confocal fluorescence microscopy shows a great potential for real-time imaging of latex film 

formation. We believe that this method can be fruitfully employed in investigations of the 

process of film formation, which has a great influence on mechanical properties of coatings 

formed.  

7.5.4. Experimental details 

CONFOCAL MICROSCOPY Fluorescence intensity images were recorded using the confocal 

setup described in detail in Chapter 2. Measurements were carried out with an excitation 

wavelength of 560 nm. Excitation light was coupled into the adapted confocal unit via 

polarization maintaining monomode fiberglass (PMC-620-4-NA011-3-XPC-P, Schäfter + 

Kirchhoff) and filtered using excitation filter (560/40x, Chroma Tech.). and filtered using 

excitation filter (D560/40x, Chroma Tech.) Pinhole of 50 µm in diameter was applied. The 

step for z-scanning measurements was chosen to be 1 µm. Emission light was filtered out of 

excitation by using dichroic mirror (595DCLP, Chroma Tech.). Residual excitation light was 

suppressed from fluorescence using emission filter (D645/110, Chroma Tech.). Spectra of the 

filter set are shown in Figure 7.32.  
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Figure 7.32. Filter set applied for confocal measurements on perylene red labeled latex particles. 
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