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 Chapter 6  
 

Investigation of Coalescence of Latex 
Particles by Means of Confocal Microscopy 

  

 

 

Abstract 

 

Latex film formation was studied by confocal microscopy using highly photostable co-

polymerized fluorescent probes. Perylene Orange and perylene monoimide based organic 

chromophores 2 and 6, respectively, were covalently attached to the co-polymer in 

hydrophobic and hydrophilic acrylic latices. Film formation of several latex samples was 

investigated using co-solvents and heating above the minimum film formation 

temperature (MFFT). Two-dimensional (2D) and three-dimensional (3D) modes of 

imaging provided information in the bulk of the film at various depths. Addition of co-

solvent DPnB and heating at 50 °C of the high Tg hydrophobic latex film for 45 h did not 

result in the particles deformation. However, annealing at 90 °C of high Tg hydrophobic 

latex films formulated with the co-solvents DPnB and Texanol showed migration of the 

dye, which indicates that particle interdiffusion has occurred. It was found that film 

formation was not homogeneous at various depths. The apparent particle size increased 

faster, and particle disruption was faster in the surface and in bulk layers than in the 

bottom layers. After annealing for 30 h at 90 °C latex particles exhibited extensive 

interdiffusion across particles boundaries.   
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6.1 Introduction 

Latex film formation has been extensively investigated using a variety of techniques, 

including scattering, photon correlation spectroscopy and microscopy methods. The 

former include small angle neutron scattering (SANS), small angle X-ray scattering 

(SAXS) and latter include scanning near field optical microscopy (SNOM), atomic force 

microscopy (AFM), scanning and transmission electron microscopy (SEM and TEM). 

These techniques have been widely used to characterize the morphology of a diversity of 

polymers.1-3 Of the available fluorescence tools, mainly the energy transfer method has 

been applied to study coalescence of latex particles and diffusion of polymer chains that 

occur in the last stage of film formation.4, 5 

Film formation was studied using confocal microscopy by Winnik and co-workers. In the 

1990s they published articles about the use of confocal imaging to study the morphology 

of solventborne polymer films.6, 7 The same author investigated coalescence of latex 

particles in binary blends under the influence of shear forces. Anthracene was used as 

fluorescent label in the experiments and confocal imaging was performed at various 

depths in the films.8 Recently, Winnik and co-workers investigated the miscibility of 

chlorinated polyolefin (CPO) as adhesion promoter in isotactic polypropylene (iPP).9 

Fluorescent dyes benzothioxanthene and coumarine were covalently linked to the 

chlorinated polyolefin. These dyes were excited on the confocal microscope at 488 and 351 

nm, respectively. By confocal imaging Winnik and co-workers were able to observe the 

changes occurring in the morphology of films of polymer blends below the surface when 

films were annealed at high temperature such as 180 °C.  

We used confocal imaging to study latex film formation. In Chapter 5 we have described 

the methodology that was developed for this purpose. The application of this method to 

study latex film formation is the subject of this Chapter. Latex film formation is a 

multistage process. After the first stage, i.e., the water evaporation stage, particles come to 

an irreversible contact. Until this stage their shapes and sizes remain unaffected. Further 

evaporation of water occurs by diffusion and removal of remaining interstitial water that 

results in voids closure and deformation of particles. We focused to observe the 

coalescence of particles and instance when they loose their shape and are no more 

recognizable as spheres. To investigate this phenomenon using confocal microscopy the 

need of a co-polymerized fluorescent molecule is essential as described in the previous 

Chapter. To fulfill this requirement we selected two stable and strongly fluorescent 

aromatic chromophores, viz. a dissymmetric perylene bisimide “Perylene Orange” (2) and 

a perylene monoimide (6) (Figure 1). They were first functionalized in a few chemical 
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steps to get a covalent link with the polymer backbone. A terminal acrylic ester group was 

the point of attachment of these fluorescent molecules with the co-polymer. Based on  

these two fluorescent dyes employed to perform confocal microscopy experiments we split 

this Chapter into two major parts. The first includes the synthesis, and co-polymerization 

of Perylene Orange fluorescent dye and then confocal imaging experiments performed 

with the dye labeled latex. Next will be the discussion about the perylene monoimide 

based fluorescent probe co-polymerization and confocal imaging.  

The latices selected to perform confocal microscopy experiments with co-polymerized 

dyes were styrene-co-ethyl hexylacrylate (S/EHA) and methyl methacrylate-co-ethyl 

acrylate (MMA/EA) designed to get Tg 20 and 60 °C. As described in Chapter 2 in detail, 

the actual Tgs were slightly higher than the theoretical ones: 25 °C for low Tg S/EHA, 69 °C 

for high Tg S/EHA and 68 °C for MMA/EA. These latices were prepared by emulsion 

polymerization (Chapter 2). Each latex was prepared in two batches, one was labeled with 

the dye and the other was not labeled. For a co-polymerized latex the fluorescent dye was 

dissolved into the monomer feed tank and allowed to chemically react via free radical 

polymerization during emulsion polymerization of the latex. In this way both fluorescent 

dyes 2 and 6 were built in the polymer chains, in a ratio of 10 ppm with respect to the 

monomers. The ratio of solid content to water was 40 : 60 by weight in the latex, and the 

size of the latex particles in the aqueous emulsion was ca. 100 nm (Chapter 2).   

 

Figure 1. Perylene Orange (2) and perylene monoimide (6) based fluorescent dyes co-polymerized in latices. 

6.2 Perylene Orange  

Because of the well-known photostability of perylene dyes10, 11 we selected Perylene Orange 

to copolymerize it in the latex. It was first functionalized by a few chemical steps and then 

co-polymerized in the latex during emulsion polymerization. It was observed previously 

that Perylene Red labeled latex provided excellent contrast in the confocal images and we 
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were able to view individual latex particles with clear size and shape in 2D and 3D modes. 

Furthermore, changes occurring in the apparent morphology of the particles were also 

monitored (Chapter 5). Based on the same principle the covalently attached fluorescent 

dye can provide useful information about the coalescence of particles. For instance in an 

aged film the migration of the co-polymerized dye can demonstrate the diffusion of 

polymer chains and particle coalescence without any doubt. 

As discussed in Chapter 5, Perylene Red can be a good candidate for the co-

polymerization, but its functionalization is not a straightforward task. Perylene Orange, 

being a member of the same family, was selected for labeling of the latex because the 

precursor 1 was available in our laboratory. It was functionalized for co-polymerization by 

linking to an acrylic group, which took part in the free radical polymerization during the 

preparation of latex emulsions. Scheme 1 shows the functionalization of Perylene Orange 

by an acrylic group. We prepared high Tg S/EHA and MMA/EA latices covalently linked 

with the Perylene Orange fluorescent molecule (2).  

 

Scheme 1. Synthetic route of compound 2. 

Before confocal images of the latex films are presented it is worth to show the steady-state 

spectra of this dye in organic solvents and co-polymerized in hydrophobic and hydrophilic 

bulk latices. 

Figure 2 presents the excitation and emission spectra of Perylene Orange acrylate 2 in 

organic solvents toluene and dichloromethane (DCM). Copolymerized latex in bulk 

exhibited similar emission as was seen in the pure solvents, i.e., first, second and third 

vibronic structures in the band were observed at 533, 574 and 625 nm, respectively. On 

the confocal microscope films were excited at 488 nm and emission was collected in the 

range of 500 – 800 nm. 

For confocal imaging experiments, 2-copolymerized high Tg S/EHA labeled latex was 

diluted with the same non-labeled latex in a ratio of 1 : 103. Unfortunately, due a to a 
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fluorescent impurity present in the nonlabeled latex, the fluorescence of 2-copolymerized 

latex was overwhelmed by that of the impurity in higher dilutions. 

A) B) 

  

C) D) 

  

Figure 2. Absorption and emission spectra of Perylene Orange (2): A) in toluene, B) in dichloromethane 

(DCM), C) in toluene and DCM (for comparison), D) emission spectra of 2-copolymerized in Tg 60 °C S/EHA 

and MMA/EA latices in bulk. !exc = 490 nm. 

A spectrograph equipped with a highly sensitive CCD camera was attached to the confocal 

unit. Emission coming from the sample can be selectively sent to the detector of the 

confocal unit i.e., single photon avalanche diode (SPAD) or to the spectrograph to record 

images and time-resolved fluorescence data, and emission spectra, respectively. The 

spectrum of 2-copolymerized in S/EHA latex film measured on this spectrograph is shown 

in Figure 3A. The spectrum of 2-copolymerized S/EHA latex film showed three vibronic 

peaks at 527, 570 and 622 nm. This spectrum closely resembles that of 2-copolymerized in 

bulk latex, which showed maxima at 530, 570 and 622 nm (Figure 2). The fluorescence 

decay of 2 in 2% toluene/polystyrene spin coated film was found to be monoexponential 

with " = 4.5 ns (Figure 3B).  

Confocal imaging of the 2-copolymerized high Tg S/EHA and MMA/EA latices was 

performed in the 2D mode. Results showed latex particles dispersed in the area under 

observation, but the sizes and shapes of these particles were not very clear. They appeared 
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to be non spherical in shape unlike the observations made in the films of Perylene Red 

labeled latex films (Chapter 5). Due to the spherical shape of latex particles in the bulk we 

expect to see the similar shape in the confocal images of fresh film or aged film below 

MFFT. Films of both 2-copolymerized S/EHA and MMA/EA showed similar results.  

A) 

 

B) 

 

Figure 3. A) Spectrum of the film of 10 ppm 2-copolymerized in S/EHA Tg 60 C latex film on the confocal 

microscope. B) Decay profile of 2 in 2% toluene/polystyrene spin coated film, it was monoexponential with ! = 

4.5 ns. 

Confocal images of a freshly cast 2-copolymerized S/EHA latex film are shown in Figure 4. 

In a fresh film an area of 80 ! 80 µm2 was selected, shown in Figure 4A. Black lines 

appeared on the images due to cracks in the film. When the same film was zoomed in to 25 

! 25 µm2 (Image 3 in Figure 4) or to 10 ! 10 µm2 (Images 4 in Figure 4) bright particles 

appeared. Particles were recognizable individually but their size and shape were not well 

defined. When this film was aged for longer time, i.e., ca. 4 – 5 h and scanned, fluorescent 

particles appeared with reduced intensity. This was not due to the film formation process, 

but to photobleaching of the dye Perylene Orange 2 (Image 5 in Figure 4).  
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Image 1 Image 2 Image 3 

   

   Image 4   Image 5 

  

Figure 4. 2D Confocal images of high Tg 2-copolymerized S/EHA latex measured in 2D mode. The focal plane 

was in the middle of the film. Sizes of Image 1 and 5 are 80 ! 80 µm2, Image 2 and 3 are 41 ! 41 µm2 and 25 ! 

25 µm2, respectively. The Image 4 is 10 ! 10 µm2. Labeled latex was diluted 103 times with the non-labeled one. 

"exc = 488 nm, "det = 500 – 750 nm. Time for measuring one image was 3 min. The dark area in Image 5 is due 

to photobleaching. 

The dark area in Image 5 Figure 4 appeared after scanning the same area repeatedly for 2-

3 min, and is due to photobleaching of the dye molecules as a result of irradiation with 

excitation light. The photobleached molecules do not emit; therefore this patch was black.  

Figure 5A presents a confocal image of 2-copolymerized high Tg MMA/EA latex. Particles 

were highly crowded in an image and cross section of the image showed that there were 

many particles in one plane of the film (Figure 5B). Probably particles above and below 

the plane also showed their presence. The image provided a poor contrast and particles 

were not recognizable individually. 
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A) B) 

 

 

Figure 5. A) Confocal image of high Tg 2-copolymerized MMA/EA latex measured in 2D mode in the middle of 

the film. Image is 11 ! 11 µm2. B) Cross section of image (A) to view fluorescent particles present at this point. 

Perylene Orange acrylate (2): "exc = 488 nm, "det = 500 – 800 nm). Time for measuring one image was 3 min. 

Discussion: Confocal imaging performed on 2-co-polymerized high Tg S/EHA and 

MMA/EA latices presented fluorescent particles against a dark background. However, the 

background was high and noisy and the contrast was not very high (Figure 4 and 5). The 

spectrum of fluorescent particles in confocal images was measured with the spectrograph 

attached to the confocal microscope unit. It was observed that latex particles indeed show 

the spectrum of Perylene Orange 2, which means it was successfully copolymerized in the 

latex particles. The main concern was the photobleaching of 2 on the confocal microscope. 

When an area of 10 x 10 µm2 was illuminated to get images for 2 – 3 times, the emission of 

dye present in this area became weak (Image 8, Figure 4) leaving a black patch. If contrast 

of the images improved still photobleaching could complicate the situation and 

interpretation of results would not be an easier task. 

To overcome the above-mentioned issues, a new perylene monoimide based fluorescent 

dye was selected for co-polymerization with the latex. Before discussion of the perylene 

monoimide based dye it is worth showing the fluorescence of neat latex not labeled with 

fluorescent dye. 

6.3 Fluorescence of Neat Latex 

In neat (nonlabeled) latices of low and high Tg a fluorescent impurity was traced. The 

concentration of impurity was different in different latices. On steady-state fluorescence 

when neat latex in bulk was excited at two different wavelengths 320 and 490 nm 

emission was in the range of 340 – 600 nm and 500 – 800 nm, respectively (Figure 6). 
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A) B) 

  

Figure 6. Steady-state fluorescence of neat low and high Tg S/EHA bulk latices excited at: A) !exc = 320 nm, B) 

!exc = 490 nm. 

A) B) 

  

C) 

 

Figure 7. Neat S/EHA Tg 20 °C latex film: A) confocal image, B) spectrum, C) decay profile (biexponential, "1 = 

0.6 ns (A1 = 37 %), "2 = 2.8 ns (A2 = 63 %)). 

A confocal image of the neat latex film was measured and it showed no features in the 

image (Figure 7A). Spectra of the impurity were measured on different areas in the image 

and one is shown in Figure 7B. In neat S/EHA Tg 20 °C latex, the decay profile of the 

impurity was found to be multiexponential: it showed two lifetimes "1 = 0.62 ns, (37 %) 

and "2 = 2.80 ns (63 %) (Figure 7C). These findings show that the decay of this impurity 

can intermingle with that of the fluorescent dye of our interest and can create difficulties 

while interpreting the decay profile of dye labeled latices. 
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6.4 Perylene Monoimide 

To avoid the problem of photobleaching and poor contrast of the Perylene Orange (2) on 

the confocal microscope another fluorescent dye, compound 3, was synthesized. It was 

based on the perylene monoimide ether, having a terminal acrylic ester group linked via a 

–(CH2)6– chain. The chemical structure of 3 is shown in Figure 8. Compound 3 was, 

however, not successfully copolymerized in the latex due to its poor water solubility. For 

incorporation of a monomer in emulsion polymerization it must have sufficient water 

solubility in order to travel from monomer droplets to the micelles, which are the locus of 

polymerization, via the aqueous phase. Such a transportation of 3 was difficult due to its 

very poor water solubility. Styrene being the most hydrophobic out of four monomers 

used in emulsion polymerization of S/EHA and MMA/EA, has a water solubility of 0.03 

g/100 ml at 20 °C.12 Compound 3 is probably much less water soluble. 

 

Figure 8. Perylene monoimide based fluorescent dye (3) synthesized to copolymerize in the latex. 

To increase the water solubility of the label we synthesized another related compound 6 in 

which –(CH2)6– was replaced by a triethylene glycol unit. Incorporation of oxygen atoms 

in the alkyl chain enhanced the hydrophilicity and water solubility compared to compound 

3. The new dye was successfully built into the polymer backbone during emulsion 

polymerization.  Scheme 2 shows the synthetic route to 6.  

The synthesis of perylene monoimide based dye 6 was started with the bromine 

substituted perylene monoimide compound 4. Bromine was replaced with a triethylene 

glycol and in the next step an acrylic group was attached to it (Scheme 2). Compound 6 

was co-polymerized in the latex by the terminal acrylic double bond which takes part in 

the free radical polymerization and was built into the polymer backbone. This 

copolymerization was performed in the same way as Perylene Orange and 

Maleimidofluorotrope (MFT) (Chapter 2) were built into the polymer backbone.  
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Scheme 2. Synthetic route of compound 6. TEA = triethyl amine, DCM = dichloromethane. 

6-Copolymerized low and high Tg hydrophobic latices, i.e., S/EHA Tg 20 and 60 °C, were 

prepared via emulsion polymerization. The concentration of 6 was 10 ppm in these latices. 

Before discussion of film formation of low and high Tg S/EHA latices it is worth 

mentioning the steady-state fluorescence of 6 in various solvents and in copolymerized 

S/EHA Tg 20 and 60 °C bulk latices. Figure 9A presents the fluorescence emission of 6 in 

organic solvents of various polarities.  

The emission maximum was at 548 nm in cyclohexane and shifted to 607 nm in 

acetonitrile. In apolar or moderately polar solvents, the spectrum exhibited two vibronic 

bands. It was blue shifted in cyclohexane with two maxima at 548 and 590 nm.   The 

second vibronic feature at longer wavelength started to disappear with increasing polarity 

of the solvent. In acetonitrile, 6 showed one emission band with the maximum at 607 nm. 

Table 1 presents the absorption and emission maxima of 6 in various solvents.  The shift of 

emission from cyclohexane to acetonitrile was ca. 60 nm. Due to the presence of an 

electron donating ether substituent on the aromatic ring and an electron withdrawing 

imide unit, this dye shows the solvatochromism of a typical push-pull system,13, 14 which is 

not as remarkable as that of Maleimidofluorotrope (MFT) of Verhoeven and co-workers15, 

16 with a shift of ca. 250 nm (Chapter 2). On the other hand, compound 6 has the 

advantage that it can be used in the microscope because of the possibility of excitation in 

the visible, and it is rather photostable. 
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A) B) 

  

Figure 9. Steady-state emission spectra of: A) perylene monoimide based dye (6) in various organic solvents, 

B) 6 in toluene and 6-copolymerized in S/EHA Tg 20 and 60 °C bulk latices. !exc = 490 nm. 

Table 1. Absorption and emission maxima of 6 in various solvents. 

Solvents Absorption maximum 

(nm) 

  Emission maximum 

(nm) 

Cyclohexane 498  548 

Toluene 509  569 

Chloroform 518  586 

Dichloromethane 518  592 

Acetonitrile 520  607 

 

A) B) 

  

Figure 10. Excitation and emission spectra of 6-copolymerized in: A) S/EHA Tg 20 °C, B) S/EHA Tg 60 °C. 

Measurements were performed on bulk latex (in cuvets) (!exc 480 nm). !det for excitation spectrum 610 nm. 

Steady-state excitation and emission spectra of 6-copolymerized low and high Tg S/EHA 

latices are presented in Figure 10. In latices it exhibited two vibronic structures as was 

observed in the apolar solvents, these were at 566 and 603 nm. A shoulder in the emission 

peak of 6-copolymerized S/EHA Tg 20 °C latex was observed on the shorter wavelength 
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side, probably due to emission of the fluorescent impurity present in the latex. The 

emission of 6-copolymerized in latices was comparable to that of 6 in toluene (569 and 

616 nm, Figure 9B). 

Next, confocal imaging of 6-copolymerized S/EHA Tg 20 and 60 °C latices formulated 

with different co-solvents and annealed at different temperatures will be discussed in 

separate sections. First, film formation of low Tg S/EHA latex will be discussed followed by 

that of high Tg latex. 

6.4.1 Film Formation of Perylene Monoimide Co-polymerized S/EHA 

Tg 20 °C Latex 

Imaging of S/EHA Tg 20 °C labeled with 6 was performed at temperatures ranging from 

10 to 40 °C in a nitrogen atmosphere.  The focal plane was adjusted in the middle of the 

film and confocal images were measured in two-dimensional (2D) mode. In this 

experiment firstly the fresh film was scanned to see the individual latex particles and then 

annealing above the minimum film formation temperature (MFFT) was carried out to 

monitor the changes occurring in the fluorescent particles. The MFFT is the lowest 

temperature at which latex particles coalesce and form a clear transparent film when 

applied on a substrate. First of all, confocal images were recorded at ambient temperature 

(21 °C) and then the film was placed inside the climate control chamber to adjust the 

temperature for annealing. Dye labeled latex was diluted with nonlabeled one in a ratio of 

1 : 105. Figure 11 presents confocal images of the fresh film, after annealing at 30 °C, 40 °C 

and when it was two days old. The image of the fresh latex film was measured at a 

temperature of ca. 15 °C, and shows individual particles (Image 1 in Figure 11). Annealing 

at 30 and 40 °C resulted in the disappearance of fluorescent particles. Since the actual Tg 

of the latex particles was 26 °C, below this temperature no change in the shape of particles 

was expected nor observed.  

For annealing the temperature of the climate control chamber was adjusted at 30 and 40 

°C for four and two hours, respectively. Annealing at 30 °C for 4 h and 40 °C for 2 h did 

not cause any apparent change in the particles size or shape. The same film was then 

measured two days later, which showed no fluorescent particles and dye was spread in the 

whole area. 



Chapter 6  

 146 

A) B) C) 

   

D) E) F) 

   

Figure 11. Film formation of S/EHA Tg 20 °C latex at various temperatures: A) at < 20 °C, B) at 23 °C, C) at 30 

°C, D) at 40 °C. E and F) two days old film. Dilution was 105 times. Size of all images is 19 ! 19 µm2. Time to 

record one image was 3 min. 

 

 

Figure 12. S/EHA Tg 20 °C latex film measured on confocal microscope at room temperature (21 °C): A) 

emission spectrum of latex particle in the image, B) Time profile of emission of latex particle. !exc = 488 nm. 
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In the image of the fresh film, spectra and lifetime of various fluorescent particles were 

measured and an example is presented in Figure 12. The spectrum shows the peak of 6 

having two vibronic features. The decay profile of 6-copolymerized exhibited two lifetimes 

!1 = 0.14 ns (3 %) and !2 = 4.7 ns (97 %). The longer lifetime component was of 6 and the 

short minor one might be from the impurity present in the neat latex.  

6.4.2 Film Formation of Perylene Monoimide Co-polymerized S/EHA 

Tg 60 °C Latex 

6.4.2.1 Annealing at 50°C 

Film formation with 6-copolymerized S/EHA Tg 60 °C latex was studied by applying co-

solvent DPnB and heat treatment. The particles labeled with 6 were diluted 104 times to be 

able to view the separate latex particles in the confocal images. To measure the spectrum 

and lifetime of 6 in the latex a film of 6-copolymerized S/EHA Tg 60 °C latex was cast and 

both characteristics were measured. Figure 13A presents the spectrum of 6-copolymerized 

latex. It closely resembles the spectrum of 6 in the bulk latex, but vibronic structures 

observed in the bulk latex were not well defined in the spectrum of the film and they 

appeared to be at ca. 570 and 620 nm. The differences may be in part due to the lack of 

correction for the wavelength sensitivity of the spectrograph/camera. The decay profile of 

6-copolymerized in labeled latex was measured and found to be monoexponential with a 

lifetime of 5.0 ns (Figure 13B). 

For confocal imaging experiments the thickness of the fresh film was ca. 40 µm in the wet 

state and the substrate was a 20 ! 20 mm glass cover slip. Latex was formulated with 6 % 

w/w DPnB co-solvent and it was done in two steps (i) neat latex was first formulated with 

the 6 % w/w DPnB and (ii) 6-copolymerized latex was then diluted with the former to 

achieve a dilution of 104 times. After casting, the film was immediately placed in the 

climate control chamber that was fixed on the stage of the confocal microscope. The focal 

plane was adjusted in the middle of the film and images were measured in 2D mode at 

room temperature (21 °C), which are presented in Figure 14. 

After the fresh film was scanned and individual latex particles were observed at room 

temperature (21 °C) the temperature of the climate control chamber was raised to 50 °C 

and the film was annealed at this temperature for 45 h. Confocal images were recorded at 

various times in 3D mode at a z-step of 3 µm, which provided a set of four images referred 

to as a z-stack. 
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A) 

 

B) 

 

Figure 13. 10 ppm 6-copolymerized S/EHA Tg 60 °C latex film: A) Spectrum of film measured using 

spectrograph attached to the microscope unit. B) Decay profile of film was monoexponential (! = 5.0 ns). 

A) B) C) 

   

Figure 14. 2D confocal images of fresh film of 6-copolymerized S/EHA Tg 60 °C latex formulated with 6 % w/w 

DPnB, at room temperature (21 °C). Dilution was 104 times. A) 80 ! 80 !m2, B) 15 ! 15 !m2, C) 15 ! 15 !m2 

another area in the film. Time for measuring one image was 3 min. 

For 3D imaging, scanning was from the surface towards the bottom of the film. Annealing 

of the film started 4 h after it was cast, during these 4 h imaging of the film was performed 

and fluorescent latex particles were clearly recognizable in these images. 3D imaging of 

the film was repeated after 2 h annealing at 50 °C. The film was ca. 15 µm thick and a set of 

four images was recorded with a z-step of 3 µm. Figure 15 shows the z-stacks of confocal 

images recorded during annealing of the film at 50 °C at various times. Each row in Figure 
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15 presents one z-stack of images of the film recorded at a particular time at 50 °C at a z-

step of 3 µm from the surface (left image) to the bottom (right image) of the film. 

Image 1 Image 2 Image 3  Image 4  

    

Image 5 Image 6  Image 7  Image 8 

    
Image 9 Image 10 Image 11 Image 12 

    
Image 13 Image 14 Image 15 Image 16 

    
Figure 15. Z-stacks of confocal imaging of 6-copolymerized S/EHA Tg 60 °C latex film (dilution 104 times, 6 % 

w/w DPnB) during annealing at 50  °C. Z-step was 3 µm. Images 1 – 4: after annealing of 8 h, Images 5 – 8: 

after annealing of 20 h, Images 9 – 12: after annealing of 25 h, Images 13 – 16: after annealing of 45 h. Sizes of 

all images are 15 ! 15 µm2. Time for measuring one image was 3 min. 

Particle sizes of the images presented in Figure 16 were measured by randomly selecting 

ten particles and applying Gaussian fitting to obtain the width of the peak, as explained in 

Chapter 5. Each point in the graph in Figure 16A presents the average size of ten particles. 

It was observed that there was no remarkable difference in the particle sizes at different z-
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positions in the film (Figure 16A). Figure 16B presents the average particle size in the film 

at various times showing a negligible change in the sizes of particles during 45 h. 

A) B) 

  

Figure 16. Average particle sizes of the 6-copolymerized high Tg S/EHA film; A) at various axial positions at a 

z-steps of 3 µm, B) at various annealing times. 

In the above mentioned experiment annealing of the film at 50 °C for 45 h was carried out. 

Particles deformation and coalescence was not observed during this experiment. It is well 

known that addition of coalescing agents lowers the Tg of latex particles and aids in 

coalescence. It was expected that the 6 % w/w co-solvent might lower the Tg to ca. 40 °C 

which may allow us to see the deformation and coalescence of latex particles. It was also 

anticipated that for constant heating at this temperature, interdiffusion of polymer chains 

might occur and a smooth film could be obtained. However, this was not the case, 

particles retained their shape after 45 h. Therefore, in the next experiment the annealing 

temperature of the film was increased.  

6.4.2.2  Annealing at 90 °C 

It was observed in the previously performed experiment that particles retain their shape 

and can still be identified as spheres with an apparent diameter of ~ 200 nm after 45 h of 

annealing at 50 °C. We performed another experiment in which a film of 6-copolymerized 

S/EHA high Tg latex was annealed well above its glass transition temperature. Like in the 

previous experiment, the latex used here was formulated with 6 % w/w co-solvent. The 

sequence of this experiment was such that after casting fresh film, it was scanned on the 

confocal microscope to see the individual latex particles. Afterwards the film was annealed 

in two episodes in an oven at 90 °C. Each period of annealing was 15 h. After the first 

episode of annealing the film was cooled down to room temperature and scanned to study 

the changes that occurred in the film at various depths. Then it was annealed at 90 °C for 

another 15 h, and cooled and scanned again. All images were recorded in the 3D mode to 
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obtain information at various depths in the film. This experiment was not carried out in 

the climate control chamber because heating at 90 °C was not possible in it.  

Two latex films were studied at high annealing temperature, namely 6-copolymerized 

S/EHA Tg 60 °C formulated with 6 % w/w DPnB and 6-copolymerized S/EHA Tg 60 °C 

formulated with 6 % w/w Texanol. The 6-copolymerized S/EHA latex was diluted with the 

nonlabeled formulated latex to achieve 104 times dilution. 

Figure 17 presents the confocal images of the fresh films of 6 % w/w DPnB and 6 % w/w 

Texanol formulated latex films. In these images latex particles were observed as 

fluorescent spots. 3D confocal images of the fresh film and after two times annealing at 90 

°C for 15 h are presented in Figure 18. 

A) B) 

  

Figure 17. 2D confocal images of 6-copolymerized S/EHA latex film formulated with 6 % w/w; A) DPnB, B) 

Texanol. Size of both images is 15 ! 15 !m2. Dilution of 104 times was used. Time for measuring one image was 

3 min. 

In the fresh film particles were round in shape and their apparent size was limited by the 

diffraction limit.  After annealing of the film at 90 °C migration of the dye was observed 

which gives indication of the fact that particles lost their shape as spheres and they were 

deformed. It was also observed that morphology of the film was not homogeneous at 

various depths in the film: on the surface and in bulk layers migration of dye was observed 

and apparent particles size was increased. In the bottom layer that was close to the glass 

substrate several particles still retained their identity and less dye migration was observed. 
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Image 1 Image 2  Image 3  Image 4 

    

Image 5 Image 6 Image 7 Image 8 

    

Image 9 Image 10 Image 11 Image 12 

    

Figure 18. Z-stacks of confocal imaging of film of 6-copolymerized S/EHA Tg 60 °C latex formulated with 6 % 

w/w DPnB. Images 1 – 4: Fresh film, Images 5 – 8: after 15 h of annealing at 90 °C. Images 9 – 12 after 30 h 

annealing at 90 °C. Sizes of all images are 15 ! 15 µm2. Dilution was 104 times. Time for measuring one image 

was 3 min. The first image in every z-stack was close to the air interface, the last close to the glass substrate.  

Figure 19 presents the z-stack images of the film of 6-copolymerized S/EHA high Tg 

formulated with 6 % w/w Texanol. First row of four images corresponds to the fresh film 

at various depths. The two subsequent rows present the same film after annealing at 90 °C 

for 15 and 30 h, respectively. 

Results obtained from Texanol and DPnB formulated films are similar, i.e., fresh film 

presented freestanding individual latex particles at various depths in the film. After 15 h of 

annealing migration of dye occurred that indicate the migration of polymer chains across 

latex particles. The bottom layer of the film that was close to the glass substrate still 

contained latex particles without any change in their shape. Whereas in upper layers, 

which include surface and bulk of the film dye spreading was more pronounced showing 

that extensive interdiffusion of the polymer chains has occurred. 
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Image 1 Image 2  Image 3  Image 4 

    

Image 5 Image 6 Image 7 Image 8 

    

Image 9 Image 10 Image 11 Image 12 

    

Figure 19. Z-stacks of confocal imaging of film of 6-copolymerized S/EHA Tg 60 °C latex formulated with 6 % 

w/w Texanol. Images 1 – 4: Fresh film, Images 5 – 8: after 15 h of annealing at 90 °C. Images 9 – 12 after 30 h 

of annealing at 90 °C. Sizes of all images are 15 ! 15 µm2. Dilution was 104 times. Time for measuring one 

image was 3 min. The dark areas in the last z-stack are attributed to a crack in the film. 

Spectra of the fluorescent particles in the images measured with the spectrograph attached 

to the confocal unit are shown in Figure 15A. The shape of the spectrum was clearly that of 

fluorescent dye 6. Spectra of particles were measured on many images in both films and 

they were found to be similar as shown in Figure 20A and B. Different shapes of the 

spectra might be due to the solvatochromism of this dye. Due to the heterogeneities 

present in the microenvironment of the dye the fluorescence emission could be affected. 

The decay profile of 6 was measured in DPnB and Texanol formulated S/EHA latex films 

and found to be monoexponential with the lifetime in the range of 3.1 – 3.3 ns on different 

particles (Figure 20C). 
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A) B) 

  

C) 

 

Figure 20. A – B) Spectra of fluorescent particles in 6-copolymerized S/EHA latex films formulated with 6 % 

w/w DPnB and 6 % w/w Texanol. C) Decay profile of 6-copolymerized S/EHA Tg 60 °C latex particles 

formulated with 6 % w/w DPnB: monoexponential ! = 3.15 ns. 

6.5 Discussion 

The application of the methodology of imaging of film formation on the confocal 

microscope was tested and various films were studied. The main goal was to investigate 

the film formation stages such as coalescence and interdiffusion. This is the instance when 

changes in the morphology of the film occur; latex particles de-shape into polyhedra and 

undergo coalescence. Particle interdiffusion was observed by the migration of the 

covalently attached fluorescent dye beyond the boundaries of the original latex particle. 

We tested the proof of methodology using co-polymerized dye labeled latex films. Two 

fluorescent molecules, a Perylene Orange and a derivative of Perylene monoimide, were 

first of all functionalized and terminal acrylate groups of these dyes took part in the 

emulsion polymerization. They were covalently attached with the polymer backbone 

during emulsion polymerization in separate batches. Both of these dyes 2 and 6 provided 

clear contrast against the dark background as seen in confocal imaging. 

Confocal images of S/EHA and MMA/EA latex films obtained by 2-copolymerized 

fluorescent dye (Perylene Orange) showed individual latex particles. Due to 

photobleaching the intensity of fluorescent particles decreased. For instance, when an area 
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of the film was imaged 2 – 3 times, the emission of fluorescent particles became weak and 

finally invisible. This situation complicated the interpretation of results. Moreover the 

contrast in the images was not sharp due to a fluorescent impurity present in the latex. 

Due to this reason it was hard to monitor the changes that occur in the particles size and 

shape for longer times. Although the photobleaching by itself is not a desirable property, it 

may be put to good use in so-called FRAP experiments: fluorescence recovery after 

photobleaching. These can be used to observe diffusion of a bleachable fluorophore.17, 18 

Perylene monoimide based fluorescent dye 6 provided good contrast in the confocal 

images. Fluorescence emission of 6 in various solvents exhibited a solvatochromic shift of 

ca. 60 nm going from nonpolar cyclohexane to polar acetonitrile. The spectra of the 6-

copolymerized S/EHA latex film exhibited an emission maximum at 570 nm (close to that 

in toluene) and this spectrum was slightly different from that of 6-copolymerized bulk 

latex. The two vibronic features recognizable in the latter case appeared as a single peak in 

the former. The decay profile of 10 ppm labeled 6-copolymerized film was single 

exponential with the lifetime of 5.0 ns. Confocal imaging of 6-copolymerized latex films 

provided good contrast. The size and shape of individual latex particles were seen in the 

fresh film and scanning the same film for longer time period (of days) still provided good 

contrast and fluorescent particles in the images showed the high chemical stability and 

photostability of this molecule. The photostability of this dye was much better than that of 

the Perylene Orange (2).  

Film formation of 6-copolymerized S/EHA Tg 20 °C latex was studied at different 

temperatures ranging from 15 – 40 °C. In the fresh film individual latex particles were 

observed and annealing at 30 and 40 °C for 6 h did not cause any apparent change in their 

size and shape. However, two days later no fluorescent particles were observed in the 

images. Migration of the dye in the entire area in the film indicated that extensive 

interdiffusion of the particles has occurred. Unfortunately, an impurity was present in the 

neat latex and since the dilution was prepared by adding neat latex to the labeled one the 

emission of impurity was an issue during these experiments. The presence of impurity in 

the neat latex was observed in the case of all latices, i.e., low and high Tg hydrophobic and 

hydrophilic latex, but its amount in low Tg hydrophobic latex was much higher than in the 

others. 

Monitoring film formation of perylene monoimide based 6-copolymerized high Tg 

hydrophobic latex films at annealing temperature well above the Tg of the latex provided 

significant results. The contrast was good and individual fluorescent particles appeared in 

the latex film at a dilution of 104 times. A film of 6 % w/w DPnB formulated S/EHA Tg 60 
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°C latex film was annealed at 50 °C inside the climate control chamber for 45 h, which 

showed no change in the shapes and sizes of the latex particles. Film formation was 

studied at various depths in the film and no change was observed at the surface or in the 

bulk of the film, i.e., apparent particle size was constant at different z-positions. The 

combination of heating at close to the Tg of the material, i.e., 50 °C for 45 h, and addition 

of 6 % w/w co-solvent did not cause any change in the morphology of the film. To observe 

the coalescence and diffusion of polymer chains we needed to increase the temperature. 

Thermal annealing above the Tg of the material increases the interdiffusion of polymer 

chains and promotes film formation.19, 20 The S/EHA Tg 60 °C latex films formulated with 

6 % w/w DPnB and Texanol were annealed at 90 °C for 30 h in two episodes. Confocal 

imaging was performed at various depths in the film. It was observed that migration of 

dye indeed occurred when the films were annealed at 90 °C for 15 h. This migration of dye 

clearly demonstrates the interdiffusion of polymer chains across latex particles. Further 

heating resulted in the extensive interdiffusion of polymer chains. Turshatov et al. 

described the existence of a thin layer between particles after the water evaporation 

stage.21 The thickness of this layer depends upon the drying time. Turshatov et al. 

observed that this layer hinders polymer diffusion unless the film is subjected to 

annealing. Our experiment of film formation at 50 °C shows that particle deformation was 

not observed, which might be because the annealing temperature was simply not enough 

to break the layers around the particles in order to start interdiffusion. An increase in the 

annealing temperature, however, resulted in the break up of this layer, which allowed 

interdiffusion of polymer chains across particle-particle boundaries. These results are in 

agreement with the observations of Turshatov et al. 

A striking feature was that film formation was not homogeneous in the film: migration of 

copolymerized dye particles appeared to be faster near the surface and in the bulk layers 

than in the bottom layers close to the substrate. The deformation of latex particles at the 

surface can be higher due to the interfacial surface tension. In a high Tg (34 °C) PBMA 

latex film Pérez et al.22, 23 observed that film flattening was higher at surface than in the 

bulk layers. Annealing at temperatures higher than Tg of the material resulted in the 

increase of fraction of mixing in the bulk of the film and decrease in the roughness of film, 

i.e., increase in the flattening of film surface. The latter phenomenon was found to be 

much faster than the former and it was not exclusively due to the extent of chain migration 

between adjacent particles. The main driving force was polymer-air surface tension. 

From these results it is inferred that after annealing for 30 h at 90 °C of a high Tg latex 

film in the presence of a coalescent, particles exhibited extensive interdiffusion. Film 

formation was faster in surface and layers close to the surface. In bottom layers latex 
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particle were still recognizable as spheres.  

6.6 Conclusion 

The application of the methodology of film formation on the confocal microscope, 

described in Chapter 5, was extended to use covalently linked dyes, and various films were 

studied. Monitoring of high and low Tg hydrophobic acrylic latex film formation with the 

covalently linked fluorescent dyes was carried out with 3D imaging. Perylene Orange (2) 

and perylene monoimide (6) based fluorescent molecules were co-polymerized in the latex 

and film formation was studied. The influence of annealing and co-solvent resulted in the 

particle interdiffusion.  

In high Tg hydrophobic latex film the interdiffusion of polymer chains was observed by 

heating the film well above its Tg, i.e., at 90 °C. Particles were disrupted and diffusion of 

polymer chains was observed by the spreading of the fluorescent dye in the entire x-y area 

of the film under investigation. Since the dye was copolymerized in the latex migration of 

the dye showed the polymer chains also migrated across particle boundaries. Furthermore 

film formation was found to be not homogeneous at various depths in the film. Surface 

and bulk layers of the film showed faster coalescence than the bottom layer close to the 

substrate. Constant annealing of high Tg hydrophobic latex film at 50 °C for 45 h did not 

cause any change in the morphology of the film. Particle deformation was not observed 

and they retained their shape as was found in the fresh latex film. Confocal imaging was 

found to be useful for studying latex film formation. 

6.7 Experimental Details 

6.7.1 Synthesis of Perylene Orange (2) 

Compound 1 was prepared according to the procedure described in the literature.24 To a 

stirred solution of compound 1 (200 mg, 0.32 mmol) in anhydrous dichloromethane (12 

mL) was added triethylamine (TEA) (101 mg, 0.96 mmol) and the solution was cooled to 0 

oC. A solution of methacryloyl chloride (67 mg, 0.64 mmol) in dichloromethane (12 mL) 

was added dropwise and the reaction mixture was allowed to stir at room temperature for 

10 h. The completion of the reaction was indicated by TLC (silica; petroleum ether : 

acetone (3 : 1). Water (5 mL) was added and the phases were separated. The organic phase 

was washed with NaHCO3 solution (3 ! 10 mL), dried over MgSO4 and the solvent was 

removed under reduced pressure. The resulting red solid was recrystallized from 

petroleum ether and dried at 80 oC. Yield: 0.19 g (85 %). 1H NMR (400 MHz, CDCl3), ! 

(ppm): 8.65 (d, J = 7.9 Hz, 2H, ArCH), 8.41 (m, 4H), 8.28 (d, J = 8.1 Hz, 2H), 7.62 (d, J = 

8.6 Hz, 1H), 7.51 (dd, J = 8.6, J = 2.0 Hz, 1H), 7.43 (d, J = 1.9 Hz, 1H), 6.05 (s, 1H), 5.52 (s, 
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1H), 4.55 (m, 2H), 4.47 (m, 2H), 1.87 (s, 9H), 1.40 (s, 9H), 1.30 (s, 9H); 13C NMR (100 

MHz, CDCl3), ! (ppm): 167.1, 164.0, 163.9, 162.8, 161.9, 150.0, 143.5, 136.1, 133.9, 134.1, 

134.0, 133.9, 132.51, 131.3, 131.2, 130.8, 130.7, 129.4, 128.74, 128.5, 128.0, 126.1, 125.9, 

125.7, 123.6, 123.5, 122.9, 122.8, 122.7, 122.6, 122.5, 122.4, 61.7, 39.1, 35.3, 34.2, 31.7, 31.6, 

31.5, 31.4, 31.3, 31.2. FAB-MS (3-NOBA matrix): m/z = 691.2808 [M+H]+ (Calcd for 

C44H38N2O6 + H+: m/z = 691.2730).  

6.7.2 Synthesis of Perylene Monoimide (6) 

To a solution of bis(triphenylphosphine) palladium (II) chloride (20 mg) and potassium 

carbonate (100 mg ) in triethylene glycol (30 mL) was added compound 425 (200 mg, 0.33 

mmol). The mixture was stirred for 16 h at 120 °C. After cooling to room temperature, ice 

water (100 mL) was added. The aqueous layer was extracted with MeOH (3 ! 10 mL). The 

combined organic phases were washed with brine, and dried over MgSO4, evaporated 

under reduced pressure to give compound 5 (165 mg, 76 %). Compound 5 was used 

directly without further purification. 

A mixture of compound 5 (152 mg, 0.23 mmol) triethylamine (TEA) (0.1 mL), 

methacryloyl chloride (0.05 mL, 0.47 mmol) in dichloromethane (10 ml) was stirred at 

room temperature for 16 h. After the reaction was complete (monitored by TLC), cold 

water (20 mL) was added. The aqueous layer was washed with MeOH (2 ! 20 mL), dried 

over MgSO4, and concentrated under reduced pressure. Compound 6 was obtained as a 

waxy solid (102 mg, 67 %). 1H NMR (400 MHz, Acetone-d6), ! (ppm): 8.26-8.22 (m, 4H), 

8.07-8.05 (m, 3H), 7.55 (d, J = 8.0 Hz, 1H), 7.46 (t, J = 8.0 Hz, 1H), 7.41 (dd, J = 8.0, 4.0 

Hz, 1H), 7.27 (d, J = 4.0 Hz, 1H), 6.96 (d, J = 8.1 Hz, 1H), 6.03 (s, 1H), 5.57 (s, 1H), 4.39 

(m, 2H), 4.24 (m 4H), 4.02 (m, 2H), 3.75-3.58 (m, 4 H), 2.78 (s, 3H), 1.78 (s, 9H), 1.54 (s, 

9H). FAB-MS (3-NOBA matrix): m/z = 726.343 [M+H]+ (Calcd for C46H47NO7 + H+: m/z 

= 726.335). 

6.7.3 Preparation of 2 and 6-Copolymerized Latices 

In total four sets of hydrophobic and hydrophilic latices were prepared which include high 

Tg S/EHA and MMA/EA copolymerized with 2, low and high Tg S/EHA copolymerized 

with 6. In each set one batch was without fluorescent dye (neat latex) and other was the 

same latex copolymerized with the fluorescent dye (labeled latex).  

The ratio of styrene and 2-ethyl hexyl acrylate was varied to obtain low and high Tg of the 

S/EHA latex according to the Fox-equation.26 The molar ratio of styrene and 2-ethyl 

hexylacrylate was 2.5 : 1 and 8 : 1, for low and high Tg, respectively. For high Tg 
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hydrophilic latex materials methyl methacrylate and ethyl acrylate monomers were used 

in the ratio of 2.75 : 1. In all cases 2 % acrylic acid (AA) was added during the emulsion 

polymerization with the monomers. The recipe of emulsion polymerization is described in 

detail in Chapter 2. 

For labeling of latex, 10 ppm of compound 2 (and 6) were co-polymerized (10 ppm 

mol/mol w.r.t. total monomers). In high Tg S/EHA and MMA/EA latices 36 and 40 mg 

of compound 2 were separately added in 1.5 kg latex batches, respectively. For 

preparation of 10 ppm of 6-copolymerized low and high Tg S/EHA latices 40 mg of 6 

was added. The fluorescent dye 2 (or 6) was dissolved in the monomer feed tank 

during the emulsion polymerization process, which was carried out as described in 

detail in Chapter 2.  

6.7.4 Formulation and Sample Preparation 

Formulation of dye labeled latex was carried in two steps. First nonlabeled latex was 

formulated with a co-solvent DPnB: 9 % w/w DPnB was slowly added to the nonlabeled 

latex having pH ca. 7 under continuous stirring. This formulation was then used to dilute 

the dye labeled latex for the confocal microscopy experiments. For the preparation of 

Texanol formulation similar method was followed. 

Samples were latex films and they were cast using a metallic bar having channels on its 

surface that provided thickness of ca. 40 and 15 µm in wet and dry films, respectively. 

Substrate was a 20 ! 20 mm glass cover slip and film was cast by gently dragging off extra 

latex by this metallic bar. For all experiments stated in this Chapter this method was used 

for film casting. In Chapter 5 a photograph (Figure 2) illustrates the method of film 

casting. 

6.7.5 Confocal Set Up 

Confocal imaging was performed on a MicroTime 200 apparatus from PicoQuant GmbH. 

A Titanium : Sapphire laser (Chameleon ULTRA-II, Coherent) was used (Chapter 5). The 

excitation wavelength was 488 nm, the excitation power Pexc 87 mW measured after 

objective. Repetition rate was 80 MHz. 

The excitation filter (HQ480/40x, Chroma Tech.) was placed after the excitation beam. 

The dichroic mirror (Z488RDC, Chroma Tech.) reflected excitation light to the sample and 

collected back the emission light from it. Emission light after coming from dichroic mirror 

passed through a notch filter (NF01-488U-25, Semrock) towards a pinhole of 50 µm and 

then via an emission filter (495FGL, Thorlabs) to the detector.  Spectra of filters and 

dichroic mirrors used for the experiments performed with 2 and 6-copolymerized latex 
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films are presented in Figure 22.  

Spectrograph: A spectrograph Spectra Pro-150, Acton Research Corp. was coupled with 

the confocal microscope. It was equipped with a grating blazed at 500 nm, 150 g/mm with 

optimal wavelength range from 330 – 950 nm. Spectra were recorded by sending 80 % of 

emission into the spectrograph where a high sensitivity EMCCD camera (PhotonMax 

512B, Roper Scientific) detected the spectrally dispersed signal. The integration time was 3 

s and gain was 3600. 

A) B) 

 
 

C) D) 

 
 

Figure 22. Filters used for the confocal microscopy experiments of Perylene Orange and perylene monoimide 

based fluorescent dyes 2 and 6: A) excitation filter (HQ480/40x, Chroma Tech.), B) dichroic mirror 

(Z488RDC, Chroma Tech.), C) notch filter NF01-488U-25 / Semrock and D) emission filter (495FGL, 

Thorlabs ). !exc and !em of both dyes were 488 and 500 – 800 nm, respectively. 
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Figure 16. Laser power measured after objective on confocal microscope. !exc = 488 nm. 
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Figure 17. Filters used for the confocal microscopy experiments of Perylene Orange and Perylene Monoimide 

based fluorescent dyes 2 and 6: A) excitation filter (HQ480/40x, Chroma Tech.), B) dichroic mirror 

(Z488RDC, Chroma Tech.), C) notch filter NF01-488U-25 / Semrock and D) emission filter (495FGL, 

Thorlabs ). !exc and !em of both dyes were 488 and 500 – 800 nm, respectively. 
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Figure 16. Laser power measured after objective on confocal microscope. !exc = 488 nm. 
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Figure 17. Filters used for the confocal microscopy experiments of Perylene Orange and Perylene Monoimide 

based fluorescent dyes 2 and 6: A) excitation filter (HQ480/40x, Chroma Tech.), B) dichroic mirror 

(Z488RDC, Chroma Tech.), C) notch filter NF01-488U-25 / Semrock and D) emission filter (495FGL, 

Thorlabs ). !exc and !em of both dyes were 488 and 500 – 800 nm, respectively. 
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Figure 17. Filters used for the confocal microscopy experiments of Perylene Orange and Perylene Monoimide 

based fluorescent dyes 2 and 6: A) excitation filter (HQ480/40x, Chroma Tech.), B) dichroic mirror 
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Figure 16. Laser power measured after objective on confocal microscope. !exc = 488 nm. 

A) B) 

  

C) D) 

 

 

Figure 17. Filters used for the confocal microscopy experiments of Perylene Orange and Perylene Monoimide 

based fluorescent dyes 2 and 6: A) excitation filter (HQ480/40x, Chroma Tech.), B) dichroic mirror 

(Z488RDC, Chroma Tech.), C) notch filter NF01-488U-25 / Semrock and D) emission filter (495FGL, 

Thorlabs ). !exc and !em of both dyes were 488 and 500 – 800 nm, respectively. 
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