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CHAPTER I: INTRODUCTION TO MOLECULAR PROBES 

Several chemical and physical changes of matter could be detected using various 

types of instrumentations. However, in many instances either in situ or non-destructive 

monitoring of the changes of physical properties of the matter might not be possible. In 

addition, some perturbation to the system could be introduced, which in turn might 

compromise the integrity of the results. In order to enhance the validity of evaluations of 

the media, especially those that are related to biological environments, the use non-invasive 

methods would be advantageous. Due to structural diversity, and versatility of synthetic 

approaches, small-molecule based probes are interesting, viable and useful tools that could 

be used for the assessment of changes of various properties of many types of environments. 

Numerous molecular probes have been used for the detection of changes on a molecular 

scale, and they are of great significance for many fields of modern science, engineering 

and medicine.  

On the structural level, molecular probes need to have several characteristics, such 

as preference for the target motif, the capability to convert the events into measurable 

signals, good solubility in the required environment, and resistance to degradation. 

Molecular probes have found ample applications in biological sciences as they proved 

viable for an array of systems (Figure 1.1A). In addition, many biological processes, such 

as apoptosis, for example, are characterized by morphological changes that might be 

detected using molecular probes.1 Since many small molecule probes are amenable to high- 

throughput screening techniques, great amount of information could be obtained in very 

short periods of time.1,2 In addition, molecular probes are extensively used for 

characterization of chemical processes, including various types of polymerization that 
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provide materials that are utilized in various aspects of day-to-day life as well as research 

(Figure 1.1B). Studies on polymerization processes using molecular probes allowed for the 

determination of degree of cross-linking, functionalization as well as morphology.3,4 

 Even though many probes have been developed and explored, there is a continued 

need for novel constructs, which have higher selectivity and higher signal-to-noise ratio 

that can be used for monitoring real time events. In addition, a number of techniques have 

emerged to aid in better utilization of the novel probes. For example, molecular imaging, 

with the primary goal to characterize and quantify biological processes at the cellular and 

subcellular levels in living subjects. Overall, availability of non-invasive, reliable protocols 

to achieve early detection of disease, might aid in the development of more effective 

therapies.4-8 

 

 

 

 

 

Figure 1.1. Molecular probes for: biological (A) and material science (B). 

A – adapted from ref. 8 
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1.1 Fluorescent probes 

 Molecular probes that that could emit light upon excitation and change their 

emission characteristics in response to environmental factors or stimuli are known as 

fluorescent molecular probes. Despite wide utility of fluorescent based probes, and a 

relatively simple operational procedures of fluorescent-based spectroscopy, the underlying 

mechanisms of excitation and emission are complex, as a series of events can take place 

(Figure 1.2).9,10 Such as, a molecule in the ground state (S0) absorbs light and transitions 

to higher electronic levels (S1) follows, in about 10-15 s. Subsequently, in case of 

fluorophores, an internal conversion or rapid relaxation to the lowest vibrational level (S1) 

in about 10-12 s or less would take place, and generally after these events, emission takes 

place on about 10-8 s scale to return to the ground state (S0). However, molecules in the S1 

could also undergo spin conversion to the triplet state (T1) or intersystem crossing, with 

the subsequent relaxation to S0, the process known as phosphorescence.10
 

 

Figure 1.2. Simplified Jablonski diagram.10 
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When changes in the emission profile of fluorescent probes are coupled with 

changes in the environment, the photophysical characteristics of these compounds might 

be extremely sensitive to their environment, thus providing a possibility for monitoring 

molecular variations in a highly sensitive manner. For example, only pH sensitive probes 

can be used to determine pH values and only probes with long emission wavelengths, in 

the near infrared (NIR) range are practical to measure pH changes inside tissues.10 Cell 

imaging using fluorescent probes is essential to study biological molecules, pathways and 

events in living cells. The currently available probes typically have high sensitivity, fast 

response time, and high selectivity toward specific types of cells, for example, which 

allows to observe perturbation only in the desired types of environments. There are two 

major classes of fluorescent probes that are used for cellular imaging: a) so-called on-off 

probes, where probes emit light under one set of conditions, while they become non-

fluorescent under another set of conditions (or vice versa), and b) the probes that change 

their emission profiles (such as emission intensity, position of the emission maxima, etc) 

upon exposure to a stimulus. Fluorescent probes in general, but especially those that are to 

be used for imaging, need large extinction coefficients and quantum yields, in order to 

maximize the number of detectable photons per molecule, so that they would provide high 

contrast ratios.11-14 

The library of fluorescent probes includes small organic molecules, metal-ligand 

complexes, polymers nanostructures, and nanoparticles. The necessity of continuing to 

expand the structural and functional diversity and to develop new fluorescent structures is 

due to the issues related to their non-ideal properties, such as water solubility, pH 

sensitivity, photostability, membrane permeability, aggregation and cytotoxicity in the 
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cases of biological employment. 

Even though nano-size species, polymers and metal-ligand architectures are not 

part of this work, an illustrative, brief description has been added to highlight the use of 

fluorescence probes. Nanoparticles, as fluorescent probes composed of silica materials, 

used for the detection of hydrogen peroxide that possess chemical, biological, medical and 

environmental interest, being one of the most relevant reactive oxygen species (ROS) 

generated by living organisms.15 Other constructs of silica nanoparticles have been also 

utilized for fluorescent tumor imaging in vitro and in vivo for cancer therapy.16,17 However, 

more compositionally intricate nanoparticles containing a combination of polymers and 

platinum (II) complexes were also assembled and employed to create fluorescence 

fingerprint of various proteins.18 

 Other fluorescent structures that could have applications in molecular imaging are 

polymer nanoparticles (Figure 1.3). Some of these structures, such as 1.3.A, exhibit 

interesting photophysical properties, such as room temperature phosphorescence with 

lifetimes in the range of 540 ms, (Figure 1.3),19 very particular because phosphorescence 

is usually achieved by complexation with transition or noble metals.20 1.3.B and other 

similar polymeric probes exhibit aggregation induced emission in the presence of various 

species, such as mercury and fluoride ions, which makes them viable environmental probes 

(Figure 1.3).21,22  
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In one of biologically relevant applications, a co-polymer, where each fragment 

contains  unique fluorescent dye, was used as a fluorescent sensor for liver fibrosis with 60 

% accuracy in blood serum.23 Also, a spherical polymeric construct for photothermal 

dynamic therapy (PDT) with NIR fluorescence and afterglow tumor imaging was used in 

vitro and in vivo studies.24 PDT treatment is minimally invasive and it is based on activation 

of a photosensitizer with light at specific wavelengths, which subsequently transfer energy 

to neighboring oxygen to produce cytotoxic ROS, that in turn will cause damage to specific 

(diseased) cells.25 A unique photoactive polymer scaffold was used for cell imaging, drug 

delivery and photo-responsive drug release in vitro.26 

On the other hand, metal-ligand fluorescence complexes, such as those that contain 

gallium (III), were studied as on-off switches upon interaction with ATP, and they were 

capable of mapping this phosphate compound in cells.27 Fluorescence cell imaging was 

 
Figure 1.3. Some polymer fluorescent probes. 
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also possible using imine-N-cyclic carbene iridium (III) complex 1.4.A, which was also 

found to have antibacterial properties towards Gram positive S. aureus and anticancer 

activity in vitro in lung cancer cells (Figure 1.4).28 In vitro imaging was successfully 

performed with other complexes, such as rhodium (I) and ruthenium (II) 1.4.B as (Figure 

1.4), as well as DNA binding was studied to access their ability to act as regulators in 

cancer cells.29   

 

 

1.2 Viscosity  

Viscosity is a fundamental property of fluids. When a liquid flows, it has an internal 

resistance to flow, and viscosity is a measure of this resistance. This is known as, dynamic 

or absolute viscosity.30 Many techniques have been used to measure viscosity, such as 

mechanical methods that measure the internal friction of liquids under shear stress. These 

methods allow for evaluation of the bulk viscosities. In addition, there are methods that 

measure viscosity on a microscopic scale, known as microviscosity. These methods are 

realized by the application of viscosity sensitive probes, which allow for the assessment of 

viscosity changes of the media in the immediate proximity to the probe.31 

Microviscosity is a crucial factor that also imparts the diffusion-controlled 

 

Figure 1.4. Some metal-ligand complexes fluorescent probes. 
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processes. It has been recognized to contribute to biochemical functions through interaction 

and transport of various species. As such, microviscosity is of paramount importance in a 

number of different fields, specifically those that are related to biological systems. The 

ability to determine and to monitor changes of cellular and subcellular viscosities is 

valuable for fundamental understanding of various processes that are related to biology, 

pathologies and disease diagnosis.  

In addition, monitoring microviscosity is important during the synthesis of various 

materials. For example, during polymerization processes the microviscosity changes of the 

media affect the mobility, morphology, transport of additives, self-assembly and degree of 

polymerization, and monitoring these parameters is crucial for assuring the quality and 

structural integrity of the polymeric materials.32,33 

Even though the significance of microviscosity is clear, there are many challenges 

associated with the measurement. One of the tools that has been recently emerging for 

measuring microviscosity is fluorescent molecular rotors. These are small molecules, 

whose fluorescence is sensitive to the media’s microviscosity.31,34 

Sensitivity towards viscosity of fluorescence molecular rotors originates from a 

conformational change that happens when the rotor is in the excited state before it is relaxed 

to the ground state. Specifically, an internal rotational motion may occur, which depends 

on the viscosity of the environment and leads to differentiation between distinct 

conformations of the excited rotors, which have distinct photophysical properties (Figure 

1.5).10,35 
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A number of structurally diverse small molecule rotors have been used as molecular 

viscometers, including simple push-pull species 1.6.A, cyanines 1.6.B and 1.6.C, 

BODIPYs 1.6.D and 1.6.E porphyrins, rhodamine, and coumarin-based scaffolds (Figure 

1.6).35-38 

 

 

 

 

 

 

 

 

Figure 1.5. Simplified energy diagram of molecular rotor 
conformers. Refer to Figure 1.2. 
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1.3 Fluorescent small molecules 

 Fluorescent dyes have found extensive applications in biological systems, 

specifically in cellular imaging, biomolecular labeling and as environmental sensors, due 

to their characteristics, such as small size, tunable cytotoxicity and permeability, high 

sensitivity and fast response times. Classical dyes include coumarin, porphyrin, 

fluorescein, BODIPY, or cyanine. Structural modifications of these scaffolds provide 

arrays of dyes that are among the most studied fluorescent small molecules.39,40 

 

 

 

Figure 1.6. Some small molecule rotors that have been used for 
microviscosity measurements. 
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The range of applications of the fluorescent probes is extremely broad,41 and thus, 

it cannot be covered within this dissertation. For illustrative purposes, a few interesting 

and/or unique applications as well as structural motifs will be given below. 

For example, the detection in vitro and in vivo of hypobromous acid (an excessive 

generation and accumulation of this acid was related to several diseases, including 

rheumatoid arthritis, inflammatory tissue damage, neurodegenerative conditions, and 

cancer), with a biphenyl-containing fluorescent probe 1.7.A (Figure 1.7) exhibited a high 

sensitivity by generating a structure with a red shifted emission of about 100 nm after 

reacting with hypobromous acid.42  

Another characteristic species that are typically associated with various 

neurodegenerative diseases, known as amyloids, are misfolded and/or modified proteins 

that exhibit high propensity for aggregation. Many fluorescent probes have been 

synthesized to study amyloid aggregates however many challenges remain and an “ideal” 

probe that allows early detection is yet be developed. Towards this goal, a set of amino-

aryl cyanoacrylate probes 1.7.B (Figure 1.7), was synthetized, and they exhibited 

solvatochromic properties in the presence of various amyloid forming proteins. Thus, a 

possibility of not only detecting amyloids, but distinguishing among different amyloids 

was demonstrated.43 

NIR fluorescent small molecules, such as 1.7.C, have also been explored in 

biological imaging, because they allow for deeper tissue penetration as compared to probes 

that are active in the visible range (Figure 1.7).44 Although penetration-depth of light 

through biological tissues is tissue dependent, it typically increases as the wavelength of 

light increases (Table 1.1).45  
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So-called off-on probes, i.e., probes whose emission is triggered by or coupled to 

some event/stimulus, have also been explored. For example, a non-emissive prodrug that 

has an azobenzene moiety, 1.7.D, susceptible to cellular reduction, which after hypoxia 

conditions inside tumor tissue releases a potent anticancer drug leading to “on” structure 

that possess strong fluorescence (Figure 1.7).46 

 

 

Figure 1.7. Some small molecule probes used for detection of analytes in biological 
systems (part 1). 

 

wavelength / nm    
Tissue penetration / mma 

rabbit muscle rabbit liver 

400 1.7 0.1 

500 4.0 0.5 

600 4.1 0.5 

700 6.0 0.9 

800 7.8 1.3 

Table 1.1 Tissue penetration-depth as a function of wavelength.45 

a-approximate values, for illustrative purposes. 
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Fluorescent small molecules for cell imaging in vivo and in vitro have become 

indispensable in biomedical sciences, which contributed to a constantly growing number 

of new structural motifs. For example, quinoline “core” scaffolds, 1.8.A and 1.8.B (which 

are ubiquitous in natural product motifs, while not been sufficiently utilized in dye-related 

research) represent a synthetically tunable core for pH and polarity sensors, with some 

additional applications as microscopy stains (Figure 1.8).40,47 

 The use of small molecules probes has evolved to provide a better recognition 

towards biomacromolecules as well as intracellular species. Since various specific 

activities of enzymes have been associated with the development or progression of certain 

diseases, the ability to track those activities by using fluorescent small molecules as 

enzymatic probes has become a vibrant area of modern research. These probes can image 

and detect abnormal levels of enzymes in cancer cells, for example, thus providing an early 

diagnosis as well as potentially aiding in the development of therapeutic approaches.48 

In addition, since different forms of cancers could be studied by tracking various 

intracellular species, molecular probes that could report on the concentration changes 

and/or appearance of those species are of interest. For example, species that is known to 

regulate cancer cells is RNA. RNA is one of the most important and dominant 

biomacromolecules along with lipids, proteins, enzymes and carbohydrates. Imaging RNA 

using small molecule probe has been one of the interesting areas of modern research.49 

Specifically, a recent study utilized a dimethylamine vinyl linked benzimidazolium iodide 

probe 1.8.C (Figure 1.8), which allowed for RNA imaging with great permeability in living 

cells, low cytotoxicity and good photostability.50 In addition, this two-photon electron 

(TPE) sensitive fluorescent probe provided much brighter and more well-defined images. 



14 
 

In general it should be pointed out that TPE microscopy is more advantageous for 

performing biomolecular imaging studies, as compared to conventional techniques.50 

Specifically, this microscopy technique has been applied to identify and quantify 

endogenous species in vesicles, specifically lysosomal ATP, for real-time monitoring of 

lysosomal processes in vitro, by using a selective small molecule probe that can bind to 

lysosomal ATP through hydrogen bonds with an amine chain that links a modified 

rhodamine 6G dye (lysosome tracker) and BODIPY dye (signal probe, 1.8.D) (Figure 

1.8).51 

 

 

 In summary, virtually unlimited structural diversity provided by small molecule 

fluorescent probes is one of the major stimulating factors that fuels continuous explorations 

in synthesis, properties, response or their selectivity to different compounds.  

  

 

Figure 1.8. Some small molecule probes used for detection of analytes 
in biological systems (part 2). 
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1.4 Synthetic overview of BODIPY dyes  

Fluorescent small molecule 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene or boron 

dipyrromethene, known as BODIPY (Scheme 1.1), is one of the paramount chromophore 

cores, due to the unique photophysical characteristics, which include high quantum yields, 

large extinction coefficients (thus, bright fluorescence), relatively high photostability, 

sufficient chemical inertness under various conditions, which could be further tuned 

through chemical transformations. This type of dye was first reported five decades ago, yet 

the applications of this probe, especially those that are related to materials and biological 

sciences, have been emerging only recently.52,53  

Conventional approaches towards the synthesis of BODIPY dyes rely on a 

multistep processes that are typically conduced in a one-pot manner, that include pyrrole 

condensation reaction with highly electrophilic carbonyl moieties, such as acid chlorides, 

anhydrides and aldehydes, followed by oxidation to induce conjugation of the 

dipyrromethane core, and subsequent complexation with BF3 under basic conditions 

(Scheme 1.1).41,54  

 

 

 

 

 

 

 

 

 

Scheme 1.1. Synthesis of BODIPY dyes. R1, R2, R3, R4 
are H or alkyl, aryl, etc substituents.  
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Synthesis of more structurally and functionally elaborate BODIPY dyes is 

typically done using functionalized pyrroles (approach that is known as pre-derivatization) 

or via derivatization of the chromophore core (approach known as post-derivatization).55 

Overall, the construction of BODIPY scaffold and BODIPY dyes, in general, is robust, 

facile and modular, which favorably distinguishes BODIPY dyes from other types of 

fluorophores.52 

 Most BODIPY-based molecular rotors rely on a substituent in the meso-position 

(R8) of the BODIPY scaffold (Figure 1.9), and the rotation of the substituent in the meso-

position relative to BODIPY core has shown to produce distinct fluorescence lifetimes as 

a function of the viscosity of the environment.56  

 

 

Notably, determination of viscosity in self-organized systems such as micelles or 

membranes is problematic using conventional methods, or a viscometer equipment. 

Therefore, incorporation of long alkyl chain or cholestanol moiety onto the aromatic 

substituent, i.e., lipophilic groups, was explored (Scheme 1.2), and it allowed to selectively 

measure viscosity of lipid bilayers.56,57 Specifically, the lipophilic groups were 

incorporated onto para-hydroxy benzaldehyde, followed by a one-pot, three step procedure 

to assemble the BODIPY core.56,57  

 

Figure 1.9. BODIPY core. 
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Another possible type of BODIPY-based rotors, which found applications as 

molecular viscometers, are featuring dimeric structures, which are either homodimeric, i.e., 

comprising two identical BODIPY cores, 1.10.A and 1.10.B (Figure 1.10)58,59 or 

heterodimeric, where the two rotating units are distinct such as a coumarin-based dye, 

which is linked to BODIPY, 1.10.C (Figure 1.10, a triphenylphosphonium moiety is 

introduced to target mitochondria).60  

 

 

 

 

 

 

 

 

Scheme 1.2. Synthesis of BODIPY probes for determination of viscosity of 
lipid bilayers.  
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Furthermore, since many applications, such as biomedical and optical imaging, 

optoelectronics, require long wavelength (over 600 nm range) absorbing and emitting 

BODIPY species, several structures with aromatic rings fused at the β,β`- (1,2- or 7,6-) 

pyrrolic positions have been developed.61 Specifically, benzo-fused BODIPY moieties 

1.11.A (Figure 1.11), where functionalization of the 3- and 5-positions (see Figure 1.9) 

with aromatic groups caused a red shifted absorption and emission spectra maintaining the 

same high fluorescence and quantum yield of the original tetrafluorobenzo-BODIPY.62  

 

Figure 1.10. BODIPY dimers as microviscosity probes. 
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The addition of aromatic rings to the BODIPY core is attractive because it expands 

the π-system, and added rigidity reduces non-radiative decay, which might lead to 

increasing the quantum yield or brightness of the system. Naphtho-fused BODIPY (Figure 

1.11.B) was synthesized in one-pot reaction platform and exhibited a NIR emission, which 

is appealing for biological imaging applications, as the background interference is virtually 

absent at this wavelength range.63 

 

 

Systems that feature porphyrin-BODIPY constructs have attracted a lot of attention 

due to the possibility of exploring various energy transfer phenomena as well as possible 

applications for molecular devices.64,65 For a description of porphyrin-based probes see 

sections 1.6 and 1.7. For example, a heterodimeric porphyrin-BODIPY conjugate was 

synthesized using copper-catalyzed alkyne-azide cycloaddition 1.12A (Figure 1.12).66 This 

construct exhibited a very efficient energy transfer, which produced deep-red lighting 

devices with great stabilities and efficiencies. 

  

 

 

Figure 1.11. Benzo-fused BODIPYs with NIR emission. 
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BODIPY oligomers have been constructed for possible applications in organic 

photonics, as solar energy concentrators and for super-resolution microscopy. 

Synthetically these structures, with emission above 640 nm, were built from the monomeric 

BODIPY dyes either via oxidative dimerization of the α-methyl groups to form BODIPY-

octamers 1.13.A67 or diyne formation 1.13.B68 (Figure1.13). 

 

Figure 1.12. Porphyrin-BODIPY dyad.  

 

Figure 1.13. Some BODIPY oligomers.  
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Furthermore, BODIPYs have been modified using radical C-H arylation with 

regioselectivity of the 3- and 5-positions using ferrocene as catalyst (Figure1.14).69 

Recently, another radical coupling was performed using Cu(OAc)2 as catalyst in the 

presence of tert-butyl hydroperoxide (TBHP) as oxidant which have been known to remove 

a hydrogen from toluene to form a benzylic radical for the benzylation of BODIPY with 

good selectivity (Figure1.14).70 Functionalization of 2- and 6-positions (Figure 1.9) 

produced BODIPYs 1.14.C and 1.14.D that exhibit emission over 600nm (Figure1.14).71,72 

 

 

Additionally, functionalization of the boron center by replacing one or both B-F bonds with 

B-O or B-C, in order to tune the properties to a new class of fluorescent dyes has also been 

explored. By reacting a typical, BF2-containing BODIPY dye with various alcohols in the 

presence of AlCl3 resulted in the desired substitution at the boron atom to give a set of B-

O-containing BODIPYs, e.g. 1.15.A (Figure 1.15).73 Likewise, variation of the core, such 

as strapping or forming a ring could be made by forming a 6-membered ring through the 

use of SnCl4 as catalyst to form a cyclic structure 1.15.B at the boron center (Figure 1.15), 

This modification red shifted the emission to 587 nm.74 Another option of core 

modification is via the addition of malonic acid in the presence of excess of trimethylsilyl 

 

Figure 1.14. Some examples of functionalized BODIPY dyes.  
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chloride, to form diacyloxyl bridge on the boron atom 1.15.C (Figure 1.15).75 It has been 

shown that these modifications significantly enhanced the quantum yield, photochemical 

stability and solubility of these B-O-containing dyes as compared to unstrapped BODIPY 

analogues.76 

 

 

In general, extensive, yet facile chemical modifications of BODIPY dyes is another 

property that makes this chromophore an attractive option for many different applications.  

 

1.5 BODIPY dye applications  

Application of BODIPY dyes for studying various biologically relevant processes 

has been one of the major areas of modern research, especially as it relates to monitoring 

of analytes and events in noninvasive manner.77 

Due to ease of functionalization, various groups could be introduced onto BODIPY 

scaffold to allow for the detection of biologically interesting molecules. For example, 

incorporation of boronic ester moieties in the meso-position of the BODIPY core 1.16 A 

 

Figure 1.15. Some B-O containing BODIPY dyes. 
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(Figure 1.16), allowed to detect hydrogen peroxide (H2O2), thus realizing bio-probes that 

are capable of detecting (ROS) via a “turn on” mechanism.77 Furthermore, BODIPYs can 

be employed for recognition of enzymes such as tyrosine oxidase that catalyzes 

hydroxylation and oxidation of phenols to quinones in the presence of ROS.70 It is of 

interest to note that the probe containing dopamine in the meso-position 1.16.B (Figure 

1.16) was found to be highly selective towards the recognition of tyrosine oxidase, as its 

spectroscopic profile changed from non-fluorescent turning into a bright moiety with an 

emission at 452 nm.78 

Other areas where BODIPY dyes have been utilized are related to cancer therapy.79 

Molecular arrangements of the dye have been employed to sustain anticancer potency of 

capsaicin for the treatment of prostate tumors in mice, the therapy relayed on the formation 

of nanocluster aggregates of capsaicin-containing BODIPY 1.16.C (Figure 1.16), showing 

viable antitumor activity with lower dosage compared to unmodified capsaicin.80  

 

 

 

 

Figure 1.16. Some BODIPYs for detection of and interaction with 
biologically relevant species.  
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In addition, incorporation of groups that can form supramolecular assemblies have 

been explored. For instance, a combination of BODIPY dye (as an imaging agent) and 

Pt(II) containing species (as anticancer drug) produced a PDT construct that was highly 

active even in drug resistant cells.80 

Another important area of utilization of BODIPYs is the recognition of oligomers 

of amyloid β-peptide (Aβ). Aβ aggregates are considered as one of the pathogenic 

hallmarks of Alzheimer’s disease, producing amyloid (proto)fibrils or filamentous protein 

aggregates that ultimately lead to the the formation of extracellular neuritic plaques in the 

brain. The identification of these Aβ oligomeric species may lead to early diagnosis and 

treatment of the disease.82-84 Numerous fluorescence-based probes have been used for the 

detection of Aβ aggregates.85,86 NIR-based BODPIY dyes have been showing the most 

promise for imaging Aβ showed low background signal in in vivo studies, in mice, being a 

promising dye to identify early stages of Alzheimer’s disease.82  

Other applications of BODIPY dyes, which also have been of great interest, are 

related to their uses as molecular viscometers, where BODIPY dyes have been shown to 

report on microviscosity changes.31 Specifically, BODIPY-based molecular rotors have 

been widely used due to the sensitivity of internal rotation to media’s viscosity in the 

excited state, which could be measured using steady state or time-resolved fluorescence.87 

In addition, BODIPYs were shown to report on viscosity changes in plasma membranes 

induced by amyloids.88 

Viscosity around proteins could be used to assess changes in protein conformation 

(and thus, function), therefore, determining microviscosity changes in the immediate 

proximity of the proteins is of great importance. By using BODIPY-labeled proteins, it was 
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possible to determine local viscosity around protein in vitro and the results suggested that 

the viscosity around proteins was different from macroviscosity of the solution. This study 

also demonstrated that viscosity in the close proximity of protein was protein dependent.89  

In cells, lysosome is involved in several processes, such as protein degradation and 

secretion, plasma membrane repair, cell signaling and autophagy.90 Autophagy is the 

recycling of defective or excess components into basic elements that cell can utilize. One 

of the important subcellular parameter in this process is lysosome viscosity, as a key 

indicator of the lysosomal function and status in cells.91 Morpholine-BODIPY-based 

molecular rotors 1.17.A and 1.17.B (Figure 1.17) have been used for lysosomal viscosity 

measurements, and the real-time quantification of lysosomal viscosity changes in vitro 

could be beneficial for understanding fundamental aspects of cell biology and diagnosis of 

lysosome-related diseases.92 The morpholine functional group on BODIPY (Figure 1.17) 

acts as a lysosome target, which causes a “turn on” fluorescence. In the case of 1.17.B the 

hydrophilic polyethylene glycol groups were introduced to reduce cytotoxicity and 

increase biocompatibility, and the extended conjugation increased the TPE absorption, 

making this probe ideal for TPE fluorescence imaging thus yielding enhanced resolution 

(Figure 1.17). This probe successfully realized real-time detection of lysosomal viscosity 

and activity.93,94  

 

Figure 1.17. BODIPY probes for lysosome viscosity. 
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Other areas of the many applications have included BODIPY as energy harvesting 

materials for organic photovoltaics. BODIPYs can be good NIR electron donors, therefore 

their use in organic solar cells (OSC), shows decent energy conversion values.95,96 

BODIPY 1.18.A with extended conjugation due to addition of fused furan groups promoted 

electron transfer processes (Figure 1.18).97 Further, the incorporation of thiophene groups, 

i.e., BODIPYs 1.18B and 1.18.C, was shown to have a similar effect (Figure 1.18).98.99 

Multi-chromophoric structures are also studied to improve conversion efficiency, either 

with more than one BODIPY or in conjunction with other types of dyes.100,101  

 

 

 

 

Figure 1.18. Some representative structures of BODIPY dyes in organic 
solar cells. 
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1.6 Some general comments on the synthesis of porphyrin dyes  

Porphyrin is an aromatic macrocyclic compound than contains four pyrrole units 

and four bridging carbon atoms in a planar geometry and may have a large variety of 

functional groups in meso- an β-positions (Figure 1.19). The porphyrin macrocyclic cavity 

can also act as a tetradentate ligand of four pyrrole’s nitrogen atoms having the ability to 

complex a wide range of transition metal ions.102 In nature, the chemical structure of 

porphyrins is presented in various types of hemes and chlorophylls, and these compounds 

are vital to numerous processes. For example, hemes, as one of the key components for 

various biocatalytic processes as well as oxygen carriers in blood, whereas chlorophylls 

are playing critical roles in photosynthesis as light harvesting structures. These functions 

stimulated numerous studies on the synthesis and application of porphyrin-like structures, 

which span over various areas of natural sciences, including photosynthesis, biocatalysis, 

organic photovoltaics, photodynamic therapy, bioimaging probes, chemosensors, organic 

materials, light emitting materials.103 

 

 

Symmetric meso-aryl substituted porphyrins can be prepared using the 

Rothemund’s method, which features condensation between aldehydes and pyrroles 

 

Figure 1.19. Porphyrin core. 
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(Scheme 1.3A). Non-symmetric porphyrins could be prepared according to Fisher’s 

synthesis that features coupling of dipyrromethene salts under high temperatures in the 

presence organic acids (Scheme 1.3B). Furthermore, Macdonald’s synthesis of non-

symmetric porphyrins could be accomplished by using formyl-substituted dipyrromethenes 

in the presence of acid and oxidation agent (Scheme 1.3C). These methods are among the 

major approaches to make various porphyrin-like structures.104,105  

Similarly to BODIPY dyes synthesis, numerous porphyrin syntheses have been 

reported. Typically, incorporation of functional groups on the porphyrin scaffold could be 

done through pre- or post-functionalization, or a combination of both methods.104,106-108  
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1.7 Some applications of porphyrin dyes  

Constructs featuring porphyrin moieties are extensively used in various areas of 

modern research, specifically those that are related to (bio)spectroscopy and (bio)imaging 

due to their unique and interesting spectral properties. For example, the electronic 

  

Scheme 1.3. Rothemund (A), Fisher (B), and MacDonald (C) 
syntheses of porphyrins 
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configuration of porphyrins featuring 18 π-electron conjugate system gives rise to 

electronic transitions that yield signatures that are active in both visible and NIR spectral 

regions. Below is a relatively brief account of the applications of porphyrins as they relate 

to studies in biological therapy.  

Relatively long lifetimes of triplet state make it possible to explore porphyrin-like 

structures regarding their interaction with molecular oxygen, which upon photoactivation 

in cellular types of environments, makes them photosensitizers, PDT agents.109,110 

Zinc (II) metallated porphyrins, such as 1.20.A (Figure 1.20), have exhibited good 

results as photosensitizers in therapeutic experiments with cancer cells, by exhibiting low 

cytotoxicity in the dark and high toxicity under irradiation. Porphyrins were functionalized 

with morpholine as lysosome tracker and an aromatic moiety for TPE excitation through 

energy transfer for high-resolution cellular imaging.111  

Some challenges have been presented on the use of monomeric porphyrins in PDT, 

such as self-aggregation, accumulation, drug resistant and treatment of hypoxic tumor 

cells, along others have been overcome using porphyrins within supramolecular 

assemblies.109 Metal-organic frameworks (MOFs) composed of magnesium-porphyrins, 

such as 1.20.B, have shown promising results for in vivo tumor reduction compared to 

regular chemotherapy (Figure 1.20).112 Similar therapeutic effect was found using free-

base porphyrin MOFs 1.20.C (Figure 1.20).113 Porphyrin nanoparticles and porphyrin 

micelles constructs showed good photosensitizer activity and valuable properties for 

optical imaging in mice.114,115 The resulting nanoparticles assembly enhanced the delivery 

of the photosensitizer and radioisotopes into the cancerous area in vivo to allow radio-

activated therapy inhibiting tumor growth.116 
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Porphyrins can also be immobilized on carbon nanotubes through covalent or 

noncovalent approaches for applications in chemical catalysis, detection of various 

analytes as well as light harvesting materials for energy conversion.11,118 

Due to tunability of porphyrins’s structures and unique photophysical properties, 

porphyrins have been explored in organic light-conversion materials as sensitizers, electron 

donor or electron acceptor constituents. As sensitizers porphyrins have been widely 

explored for dye-sensitized solar cells (DSSC) where through optimization of porphyrin 

structure the optimization of conversion efficiencies was demonstrated.119,120 As electron 

donors, porphyrins they have been combined with electron deficient small molecules to 

attain reasonable electron conversion efficiencies close to 9% inside the range of OSCs, 

1.21.A (Figure 1.21).121  In view of the electron transport properties of porphyrins in natural 

systems, some examples of using porphyrins as potential electron acceptors, 1.21.B, have 

also been shown (Figure 1.21).122 

 

Figure 1.20.  Some representative structures of porphyrins that have been used in 
biological applications.   
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Figure 1.21.  Some representative structures of porphyrins that have been used as 
electron donors and acceptors in organic light-conversion materials.   
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CHAPTER 2: AGGREGATION OF BODIPY DYES 

 

 

2.1 Introduction  

Although BODIPY dyes have been studied over several decades, they continue to 

be a subject of interest due to ever-expanding applications. BODIPY dyes are known to 

have good thermal and photochemical stability, high fluorescence quantum yield, intense 

absorptions and good solubility in molecular solvents. The aggregation of organic small 

molecules chromophores has been explored in a range of application, included those related 

to optoelectronic sensors, because strong π-π interactions between spatially close 

conjugated motifs could lead to charge separation and transport, directional energy transfer, 

which result in changes of optical and photophysical properties.41,123,124 

The spectroscopic changes that results from the dyes aggregation processes provide 

valuable information in regard to the orientation of adjacent molecules, i.e., the structure 

of the aggregates. The most studied types of aggregates are known as J- and H-aggregates 

(Figure 2.1). In H-aggregates (Figure 2.1), the chromophores are oriented in a side-by-side 

fashion or one in front of the other, which results in blue-shifted emission profiles and 

suppressed excited state radiative decays. On the contrary, J-aggregates (Figure 2.1) 

display a head-to-tail alignment of the chromophores or one after the other and exhibit red-

shifted and enhanced emission.125-127 Supramolecular assemblies formed by these 

aggregates are widely explored as energy harvest materials, sensors, plasmonic antennas, 

and as building blocks of optical devices.128 Introduction of amphiphilic groups on 

fluorescent scaffolds produces a variety of water-soluble functional supramolecular 

aggregates, thus expanding the range of applications to biological systems.129 
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In regard to biologically related processes, several applications of BODIPY 

aggregates are noteworthy. Conjugation of BODIPY dyes with biologically active 

moieties, such as 2.2.A (Figure 2.2) formed various assemblies, which were shown to 

deliver medication in increased dosage to unhealthy tissues.80 In addition, by incorporating 

BODIPY dyes, such as 2.2.B, inside polymeric nanoparticles (Figure 2.2) long-term 

cellular imaging was explored, and it was shown to be a viable approach that allowed to 

detect various processes.130 In material sciences, J-and H-aggregates of thiophene-

BODIPY dyes, such as 2.2.C, were used as a part of a quantum dot (QD) based systems 

(Figure 2.2) that led to enhance energy transfer and charge separation processes, which 

might lead to better solar energy conversions.131 

 

 

 

 
 

Figure 2.1 Types of aggregation of fluorophores. 
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BODIPY self-assemblies haven been the subject of numerous studies,132 even 

though many mechanistic details have not been thoroughly investigated. Many of these 

BODIPY self-assemblies have been also generated in confined environments, such as 

protein or gel-like type of environments. In addition, in some instances, aggregation of 

BODIPY dyes was found to produce specific fluorescent signals, which were more 

pronounced as those originating from the monomeric species. This process is known as 

aggregation-induced emission (AIE), and it was shown to be useful for a number of 

processes, including biological imaging.133-135 Typical groups that could induce 

aggregation are long alkyl chain with ionic head, hydrogen bonding and protic moieties, 

planar aromatic systems, among others.  

 

 
Figure 2.2 Some examples of BODIPYs used for supramolecular assemblies. 
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It is crucial to note that in molecular organic solvents, BODIPY dyes, at low 

concentrations (µM-range), are known to be present in a monomeric state. In general, the 

emission spectrum of a BODIPY is a mirror image of the absorption (or excitation) 

spectrum. Typically, a single emission maximum in 500 – 65 nm range is observed. This 

range depends on the type and position of the functional groups present on the BODIPY 

core, and it does not change within a certain concentration range (typically within a few 

µM). [52] However, our studies indicated that the aggregation of several BODIPYs in 

organic solvents does take place even at low µM-concentrations of BODIPY dyes.136 

 

2.2 Synthesis 

The vast majority of literature preparations of BODIPY dyes rely on solution-based 

synthesis, with condensation of a pyrrole with an aldehyde, in the presence of Lewis acids 

as catalysts, or an acid chloride as first step. Application of acid chlorides is limited, as 

compared to aldehydes, due to moisture sensitivity of this functional group, and lower 

degree of structural and functional diversity. Subsequently, oxidation of the 

dipyrromethane core is carried out to induce aromatization of scaffold, followed by 

installation of the BF2-group by using BF3-Et2O in the presence of organic base, with Et3N 

being the most widely used (Scheme 2.1).41 
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An alternative procedure was also developed, in which meso-functionalized 

BODIPY dyes were synthetized without the use of solvent.54 Specifically, commercially 

available pyrrole and aldehyde were grinded in a mortar with pestle, followed by the 

addition of a catalytic amount of trifluoroacetic acid, subsequent addition of p-chloranil 

induced the oxidation of the core, and finally the addition of triethyl amine and BF3
.OEt2 

furnished BODIPY dye in 5 minutes (Scheme 2.2).54 Importantly, this process avoided the 

necessity of inert atmosphere, all steps performed in one pot, which arguably minimized 

the amounts of waste and time.54 Thus prepared ethynyl-containing BODIPY was 

subjected to Glaser coupling to produce BODIPY dimer 1 using copper (I) iodide and a 

base in polar aprotic solvent (Scheme 2.2). The simple and facile nature of this two-step 

procedure towards this molecular rotor for the determination of viscosity, is in sharp 

contrast to typically employed multistep synthetic routes that are used to prepare molecular 

rotors.45 A good correlation between viscosity of the environment and the steady-state 

fluorescence intensity (and/or fluorescence life-time) made this dimer a viable molecular 

viscometer.92,137 

 
Scheme 2.1 Typical syntheses of symmetric BODIPY dyes.41  
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Specifically, the BOPIDY dimer 1 was utilized to study microviscosity of 

molecular solvents as well as ionic liquids. 1 showed a unique viscosity/fluorescent lifetime 

correlation with each ionic liquid studied, most likely due to the unique nanostructural 

complexity of this type of media. 1 was further studied in amphiphilic environments, such 

as lipid vesicles. In addition, in vitro imaging and viscosity representation inside cells was 

possible using this probe.138,139  

Because the limited number of molecular solvents were used in previous studies, 

[139] it was decided to expand the range of solvents, and include chlorinated (e.g. 

dichloromethane (CH2Cl2), chloroform (CHCl3), 1,2-dichloroethane (CH2Cl)2, etc), polar 

aprotic (e.g. dimethyl sulfoxide (CH3SOCH3), acetonitrile (CH3CN), tetrahydrofuran 

((CH2)4O)), polar protic (e.g. ethanol (CH3CH2OH)), and non-polar (e.g. dioxane 

((C2H4O)2), hexane (n-C6H14)) solvents. 

Scheme 2.2 Synthesis of BODIPY dimer 1.139  
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Using the above-mentioned procedure (Scheme 2.2), a set of BODIPY monomers 

2 - 6 were synthetized for the study of the BODIPYs in organic solvents (Figure 2.3). The 

monomers included rotors (possibility of rotation along the phenyl ring), i.e., dyes 5 and 6, 

where the substituent in the meso-position has a free rotation relative to the BODIPY core, 

and non-rotors, i.e., 2 - 4 that possess methyl groups on the 1- and 7-positions to prevent 

the rotation of the substituent in the meso-position. Notably, neither aggregation inducing 

groups nor groups that could promote hydrogen bonding have been introduced. 

 

 

2.3 Results 

In a quest to further establish dimeric BODIPY dye 1 as an environmental probe, 

with a high extinction coefficient, and hence a brighter fluorescent, as compared to 

monomeric BODIPY dyes, 1 was studied in a range of molecular solvents with different 

characteristics such as polar and non-polar, protic and aprotic, halogenated, aromatic and 

 

Figure 2.3 BODIPY monomers synthesized for the current study.  
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aliphatic, (Table 2.1). To facilitate the evaluation process, 1 mM stock solution of 1 in 

DMSO was prepared, and it was added to different solvents to evaluate spectroscopic 

characteristics of the dye, such as UV/visible absorbance and steady-state fluorescence. 

Notably, the final concentration of DMSO in all solutions was 0.5 % v/v, which was similar 

to previous studies,139 and this concentration was assumed to have a negligible effect on 

the overall properties of the solvents.  

 

 

In the solvents tested, the absorbance maximum of 1 was found to be in the range 

of 512 – 518 nm, which was consistent with previous investigations.139 In addition, this 

maximum appeared to be insensitive to viscosities of various types of media: molecular 

solvents, such as ethanol (η = 1.4 cP), propylene glycol (η = 70.0 cP) and glycerol (η = 

1475.0 cP), as well as in ionic liquids, such as [C4-mim]NTf2 (η = 78.0 cP), [C12-mim]NTf2 

(η = 248.0 cP) and [C4-mim]PF6 (η = 435.0 cP) (all values are at 20 oC).139 However, in 

1,2-dichloroethane (1,2-DCE), purchased from ACROS (from this point designated as: 

Solvent Dipole moment / D 

1,2-DCE 1.8 

chloroform 1.0 

acetonitrile 3.5 

dioxane 0.4 

DMSO 3.9 

ethanol 1.7 

n-hexane 0.0 

THF 1.6 

Table 2.1 Dipole moment of various molecular solvents.141 
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ACROS/for spectroscopy), the absorption maximum appeared at 546 nm, i.e., a red-shift 

of the maximum, in comparison with the other solvents (Figure 2.4A). Furthermore, a 

broadening of the absorption band, as judged by a full width half maxima (FWHM), from 

29 nm to 42 nm indicated the presence of unique species in the ground state. In addition, 

the emission maximum was also red shifted: 535-542 nm detected in all solvents except 

563 nm observed in 1,2-DCE (Figure 2.4B). Thus, the presence of unique species in 1,2-

DCE in the excited state was also established. 

 

 

This novel, unique and interesting behavior forced us to further investigate the 

spectroscopic properties of 1 over a range of concentrations, i.e., 0.5 to 10 µM (Figure 2.5). 

The wavelength of the absorbance maximum was found to strongly depend on the 

concentration of 1. In addition, the absorbance maxima as a function of BODIPY 1 

concentration at two wavelengths, i.e., 517 and 546 nm, indicated the transition from one 

type of species to the other. 

 

Figure 2.4 Normalized UV/visible absorbance (A) and emission (B) of 1 in molecular 
solvents 
Conditions: [1] = 1 µM, λex = 480 nm; DMSO = 0.1 % v/v 
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In the excited state, the presence of different types of species was also noted as 

change from 567 nm to 544 nm was observed with increasing concentration of dye 1 

(Figure 2.6). The changes of the wavelength of the emission maximum as well as intensities 

at two distinct maxima, i.e., 544 and 567 nm, were observed as a function of dye’s 

concentration.  

 

Figure 2.5 Absorbance profile of 1 in 1,2-DCE ACROS/for spectroscopy 
A: UV/visible spectra of BODIPY 1 in 1,2-DCE ACROS/ spectroscopy while 
increasing the concentration 0.1 - 10 µM 
B: changes of the absorption maxima as a function of dye’s concentration;  
C: changes of the absorption intensity as a function of dye’s concentration at two 
maxima; 
D: Changes of the FWHM as a function of dye’s concentration 
Conditions: DMSO = 0.1-1 % v/v 
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Furthermore, fluorescence lifetime measurements were performed (Figure 2.7). 

Lifetime measurements represent the average time between excitation and return to the 

ground state of a chromophore, and more specifically it determines the time available for 

the excited state of the fluorophore to interact with the environment. Both amplitude and 

intensity measurements in a range of concentrations of 1 in 1,2-DCE, appeared to decrease 

as the concentration of the dye increased (Table 2.2). These measurements further 

 

Figure 2.6 Concentration dependent emission profile of 1 in 1,2-DCE ACROS/for 
spectroscopy 
A: normalized, concentration-dependent emission spectra of BODIPY 1;  
B: changes of the emission maxima as a function of 1’s concentration;  
C: changes of the emission intensity as a function of dye’s concentration at two 
emission maxima; 
D: Changes of the FWHM as a function of dye’s concentration 
Conditions: λex = 480 nm; DMSO = 0.1-1 % v/v 



44 
 

supported the notion that two different types of species (or two different types of 

aggregates) were present in this concentration range.136 

 

2 / µM Lifetime / ns 

0.1 1.05 ± 0.03 

0.2 1.04 ± 0.03 

0.5 1.01 ± 0.02 

1.0 0.70 ± 0.02 

2.0 0.67 ± 0.02 

5.0 0.41 ± 0.01 

10.0 0.40 ± 0.01 

Table 2.2 Fluorescence lifetime of BODIPY 2 in 1,2-DCE 
ACROS/spectroscopy as a function of dye’s concentration. 
 

 

 

Figure 2.7 Fluorescence lifetimes of BODIPY 1 in 1,2-DCE 
ACROS/for spectroscopy. 
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Arguably, dimeric structures might be prone to aggregation or formation of 

supramolecular constructs at higher concentrations, which might persist even upon dilution 

into other environments. Thus, different concentrations of stock solutions of 1 in 1,2-DCE, 

i.e., 0.1 mM and 100 mM, were prepared. However, no differences between these stock 

solutions and 1 mM stock were noted, when these newly prepared stocks were diluted to 

various types of liquids.  

To gain further insight into this phenomenon, spectroscopic investigation of 

common BODIPY dyes, such as 2 – 6 (Figure 2.3) was performed in 1,2-DCE. Unlike 1, 

dye 2 is a non-rotor due to the presence of the methyl groups in 1- and 7-positions that 

restrict the rotation of the group in the meso-position. This restriction prohibits a change of 

dye’s geometry in the ground and excited states, and as a result, it might form different 

types of assemblies as compared to dimer 1.  

The absorption maximum of dye 2 was observed at 529 nm at 0.1 µM concentration 

(Figure 2.8). Increasing amounts of the dye led to a blue shift, with new absorption 

maximum at 501 nm before reaching 1 µM, plateauing to 10 µM. Also, the FWHM went 

from 29 nm, passing through broad bands with FWHM of 52 nm at 0.3 and 0.4 µM 

concentration (while the absorption maxima shifted to the shorter wavelength), and a 20 

nm wide peak was observed at the higher concentrations. Overall, these changes indicated 

the presence of multiple assemblies.  
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Upon increasing the concentration, the emission band of 2 (Figure 2.9) also had a 

broadening of the band, while exhibiting a blue shift from 540 to 510 nm at the low end of  

 

Figure 2.8 Concentration-dependent absorption characteristics of 2 in 1,2-DCE 
ACROS/for spectroscopy. 
A: UV/visible spectra of BODIPY 2 in 1,2-DCE ACROS/ spectroscopy while 
increasing the concentration 0.1 - 10 µM 
B: changes of the absorption maximum as a function of dye’s concentration  
C: changes of the absorbance intensity as a function of dye’s concentration at two 
wavelengths  
D: Changes of the FWHM as a function of dye’s concentration 
Conditions: [DMSO] = 0.1-1 % v/v 
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the concentrations. Thus, the presence of the different assemblies in the excited state was 

evident as well. 

Next, concentration-dependent spectroscopic profiles of dye 3 were investigated 

(Figures 2.10 and 2.11). Based on the absorption spectra (Figure 2.10), a shift from 535 

 

Figure 2.9 Concentration-dependent emission characteristics of 2 in 1,2-DCE 
ACROS/for spectroscopy, 
A: normalized, concentration-depend emission intensity of 2; 
B: changes of the emission maximum as a function of dye’s concentration;  
C: changes of the emission intensity as a function of dye’s concentration at two 
maxima; 
D: Changes of the FWHM as a function of dye’s concentration, 
Conditions: λex = 480 nm; [DMSO] = 0.1-1 % v/v 
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nm to 506 nm was obtained when the concentration of the dye varied from 0.05 µM to 10 

µM. The switch between two distinct forms of this dye appeared to take place when 

concentration was 4 µM. Notably, a broad band (FWHM = 59 nm) at this concentration 

gradually became narrower, and at [3] = 9 µM, it reached the same value (i.e., FWHM = 

29 nm), observed at the low range of concentrations. Arguably, this might have indicated 

 

Figure 2.10 Concentration-dependent absorption characteristics of 3 in 1,2- DCE 
ACROS/for spectroscopy. 
A: UV/visible spectra of BODIPY 3 in 1,2-DCE ACROS/ spectroscopy while 
increasing the concentration 0.1 - 10 µM 
B: changes of the absorption maximum as a function of dye’s concentration;  
C: changes of the absorbance intensity as a function of dye’s concentration at two 
wavelengths; 
D: Changes of the FWHM as a function of dye’s concentration. 
Conditions: DMSO = 0.1-1 % v/v 
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that some sort of reorganizations of the dye’s assemblies (or different types of aggregates) 

were taking place as a function of the dye’s concentration.  

The excited state characteristics of this dye appeared to be unique from previously 

described cases (Figure 2.11). A single emission maximum at 549 nm wavelength was 

observed for the entire concentration range, with a shoulder at 522 nm. However, the 

 

Figure 2.11 Concentration-dependent emission characteristics of 3 in 1,2-DCE 
ACROS/for spectroscopy. 
A: normalized, concentration-depend emission intensity of 3; 
B: changes of the emission maximum as a function of dye’s concentration;  
C: changes of the emission intensity as a function of dye’s concentration at two 
maxima; 
D: Changes of the FWHM as a function of dye’s concentration. 
Conditions: λex = 480 nm; DMSO = 0.1-1 % v/v 
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broadening of the emission bands from 40 to 61 nm FWHM was noted. This, in turn, 

confirmed that some distinct structural aggregates of the dye were present within the 

studies concentration range.   

Dye 4 was selected for further evaluations because it has additional ethyl groups 3- 

and 6-positions that were expected to prevent any self-association processes. The 

absorption characteristics of dye 4 (Figure 2.12) revealed a 12 nm blue shift, which was 

 

Figure 2.12 Concentration-dependent absorption characteristics of 4 in 1,2- DCE 
ACROS/for spectroscopy. 
A: UV/visible spectra of BODIPY 4 in 1,2-DCE ACROS/ spectroscopy while 
increasing the concentration 0.1 - 10 µM 
B: changes of the absorption maximum as a function of dye’s concentration;  
C: changes of the absorbance intensity as a function of dye’s concentration at two 
wavelengths.  
D: Changes of the FWHM as a function of dye’s concentration 
Conditions: DMSO = 0.1-1 % v/v 
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smaller as compared to previous BODIPY dyes 2 and 3 (where blue shifts as large as 29 

nm were noted). In addition, the shift towards shorter wavelengths occurred at very low 

concentrations of the dye, i.e., 0.5 µM. Additionally, as the concentration of the dye 

increased, a gradual change of FWHM from 49 to 27 nm was noted.  

 

Figure 2.13 Concentration-dependent emission characteristics of 4 in 1,2-DCE 
ACROS/for spectroscopy. 
A: normalized, concentration-depend emission intensity of 4; 
B: changes of the emission maximum as a function of dye’s concentration;  
C: changes of the emission intensity as a function of dye’s concentration at two maxima; 
D: Changes of the FWHM as a function of dye’s concentration. 
Conditions: λex = 480 nm; DMSO = 0.1-1 % v/v 
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Emission characteristics of dye 4 (Figure 2.13) appeared to be somewhat distinct 

from those of the dyes 2 and 3. A smaller shift to shorter wavelengths (ca. 7 nm) was 

observed over the range of studies concentrations. Furthermore, very similar FWHM 

values were obtained for all concentrations. Thus, it appears that rigidity of this structure 

as well as additional alkyl group on the BODIPY core suppressed the aggregation process 

to some extent.  

The monomeric unit of rotor 1, i.e., dye 5 was also studied (Figures 2.14 and 2.15). 

It should be noted that unlike dyes 2 – 4, dye 5 is a rotor, due to a free rotation of the 

substituent at the meso-position around the BODIPY core. The absorption maxima values 

for dye 5 were found to be close to those observed for the dimer 1. A blue shift from 544 

to 516 nm was noted, with most changes occurring below 1 µM concentration (Figure 

2.14). Interestingly, as the concentration increased from 0.1 to 0.5 µM, a broadening of the 

absorption band was noted (FWHM = 43 nm at 0.1 µM; FWHM = 51 nm at 0.5 µM), yet 

upon further increase of the concentration (i.e., to 10 µM), no changes of band width were 

noted (FWHM  = 24 nm), which indicated that from 0.5 to 10 µM the nature of the 

aggregates of dye 5 remained the same.  

The emission characteristics of dye 5 exhibited a blue shift of about 30 nm (Figure 

2.15). Since no significant changes took place at concentrations above 2 µM (Figure 2.15.B 

and C) it could be assumed that the same type of aggregates was present at these 

concentrations, whereas different forms of this dye existed at concentrations below 2 µM.   
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Figure 2.14 Concentration-dependent absorption characteristics of 5 in 1,2-DCE 
ACROS/for spectroscopy. 
A: UV/visible spectra of BODIPY 5 in 1,2-DCE ACROS/ spectroscopy while increasing 
the concentration 0.1 - 10 µM 
B: changes of the absorption maximum as a function of dye’s concentration; 
C: changes of the absorbance intensity as a function of dye’s concentration at two 
wavelengths; 
D: changes of the FWHM as a function of dye’s concentration 
Conditions: DMSO = 0.1-1 % v/v 
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Another molecular rotor, i.e., dye 6, was investigated as well, where the rotating 

element is a phenyl group in the meso-position (Figures 2.16 and 2.17). The dye displayed 

an absorption maximum at 542 nm at low micromolar concentrations, which underwent a 

 

Figure 2.15 Concentration-dependent emission characteristics of 5 in 1,2-DCE 
ACROS/for spectroscopy. 
A: normalized, concentration-depend emission intensity of 5; 
B: changes of the emission maximum as a function of dye’s concentration;  
C: changes of the emission intensity as a function of dye’s concentration at two maxima; 
D: changes of the FWHM as a function of dye’s concentration. 
Conditions: λex = 480 nm; DMSO = 0.1-1 % v/v 
 



55 
 

blue shift to 513 nm as the concentration of the dye in 1,2-DCE was gradually increased to 

10 µM (Figure 2.16). It was found that a continuous increase of FWHM from 28 nm at 0.1 

µM to 54 nm at 1.1 µM, was followed by a continuous decrease that reached 22 nm at 10 

µM. This trend might have been indicative of multiple types of assemblies that were 

forming over the range of concentrations.  

  

Figure 2.16 Concentration-dependent absorption characteristics of 6 in 1,2-DCE 
ACROS/for spectroscopy. 
A: normalized UV/visible spectra of various concentrations of BODIPY 6; 
B: changes of the absorption maximum as a function of dye’s concentration; 
C: changes of the absorbance intensity as a function of dye’s concentration at two 
wavelengths 
D: changes of the FWHM as a function of dye’s concentration. 
Conditions: DMSO = 0.1-1 % v/v 
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The emission spectra of 6 also revealed a blue shift as the concentration of the dye 

increased, i.e., from 550 to 527 nm (Figure 2.17). Similar to the absorption data, a 40 nm 

FWHM at 0.1 µM increased to 59 nm at 1.0 µM before experiencing a decrease to 29 nm 

FWHM at 10 µM.   

The spectral changes observed for dye 6 were found to be relatively consistent with 

other dyes studied here, i.e., 1 – 5. Since all dyes possess distinct structural elements, i.e., 

 

Figure 2.17 Concentration-dependent emission characteristics of 6 in 1,2-DCE 
ACROS/for spectroscopy 
A: UV/visible spectra of BODIPY 6 in 1,2-DCE ACROS/ spectroscopy while increasing 
the concentration 0.1 - 10 µM 
B: changes of the emission maximum as a function of dye’s concentration;  
C: changes of the emission intensity as a function of dye’s concentration at two maxima; 
D: changes of the FWHM as a function of dye’s concentration 
Conditions: λex = 480 nm; DMSO = 0.1-1 % v/v 
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electron-donating and electron-withdrawing groups, rotors and rotors, monomeric and 

dimeric structures, it was plausible that a particular solvation ability and/or interaction of 

this chlorinated solvent with the dyes led to the formation of different aggregated species.  

To further investigate solvent–BODIPY interactions, BODIPY 2 (Figure 2.18) was 

chosen, due to large and distinct changes in both absorption and emission characteristics. 

Photophysical properties of dye 2 were evaluated in a collection of chlorinated solvents, 

due to their relationship to 1,2-DCE (Figure 2.18). It appeared that in all chlorinated 

solvents, but 1,2-DCE, the absorption maxima of 2 was within 501 – 505 nm range, while 

in 1,2-DCE it was observed at 529 nm (Figure 2.18.A). In addition, a larger FWHM was 

observed in 1,2-DCE than in all other solvents, 30 nm and 18 nm, respectively. 

Furthermore, the emission of 2 in 1,2-DCE displayed a maximum at 542 nm with FWHM 

of 46 nm, while all other chlorinated solvents maxima at ca. 510 nm with FWHM of ca. 

23 nm were observed (Figure 2.18.B).  

 

Figure 2.18 Normalized absorption (left) and emission (right) spectra of BODIPY 2 in 
chlorinated solvents. 1,2-DCE = 1,2-dichlroethane from ACROS/ for spectroscopy 
Conditions: [2] = 0.1 µM; λex = 480 nm 
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Finally, in order to prove that the unique spectroscopic behavior of BODIPY dyes 

was due to the solvent rather than due to impurities that could have been introduced to the 

product during the manufacturing process, the photophysical properties of BODIPY 2 were 

investigated in a set of 1,2-DCE that were purchased from different vendors and were of 

different designations (Table 2.3). The results showed that in 1,2-DCE from ACROS/for 

spectroscopy, the absorbance and emission of BODIPY 2 were drastically different from 

all other 1,2-DCE samples (Figure 2.19, Table 2.3). Specifically, a 28 nm difference in the 

absorption maximum a 34 nm difference in the emission maximum, which were 

accompanied by a broadening of bands from 19 to 30 nm in absorbance and from 23 to 46 

nm in emission, distinguished 1,2-DCE ACROS/for spectroscopy from all other samples 

of 1,2-DCE. 

 

 

 

 

 

Figure 2.19 Normalized UV/visible absorbance and emission of BODIPY 2 1,2-DCE 
of different grades and different vendors. 
Conditions: [2] = 1.0 µM, λex = 480 nm. 
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This study unambiguously showed that the observed unique behavior of BODIPY 

dyes in 1,2-DCE was not attributed to the few special properties of 1,2-DCE, but rather to 

an impurity. It was recognized that establishing the nature of the impurity that could cause 

the formation of various dye aggregates (or assemblies) might be important not only from 

the standpoint of spectroscopy, but also from the standpoint of supramolecular chemistry 

of BODIPY dyes.  

Neither absorption nor emission spectroscopy showed any differences among 1,2-

DCE samples. Furthermore, no significant differences among the samples were noted 

based on 1H NMR, GC and HPLC analyses, which indicated that the potential impurity 

was present at a relatively small concentration and/or the chemical structure was fairly 

similar to 1,2-DCE that might have led to overlap with the main signals of 1,2-DCE. 

 

1,2-DCE 
Vendor/description 

λab
max / nm λem

max / nm 

ACROS / extra dry 501 509 

ACROS / HPLC 501 509 

ACROS / ACS-spectrograde 501 509 

ACROS / for spectroscopy 529 543 

ALDRICH / anhydrous 501 509 

ALDRICH / CHROMASOL for HPLC 501 509 

Table 2.3 Spectroscopic values of dye 2 in 1,2-DCE samples from various vendors grades 
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Two samples, specifically 1,2-DCE ACROS/for spectroscopy and ACROS/ACS-

spectrograde were subjected to gas chromatography with vacuum ultraviolet detector (GC-

VUV). [136] GC-VUV is a versatile technique for highly sensitive quantitative and 

qualitative analysis, which overcomes the sensitivity issues of other UV-based GC 

techniques, which cannot distinguish among non-chromophoric species, i.e., compounds 

that do not absorb above 215-230 nm.140 

It appeared that GC-VUV chromatogram of the two 1,2-DCE samples contained 

four common impurities in micrograms per milliliters amounts, disregarding oxygen from 

air and the vehicle solvent (methanol), such as water and chlorinated derivatives in 

comparable amounts in the two samples (Figure 2.20, Table 2.4). However, ACROS / for 

spectroscopy had an additional peak that was absent in ACROS / ACS-spectrograde, 

namely 1,1- dichloroethane, 1,1-DCE (Figure 2.20). Even though, the effect of other 

chlorinated solvents on spectral properties of BODIPY dyes were analyzed previously 

(Table 2.19), 1,1-DCE was never considered; mostly because, 1,1-DCE is not a commonly 

used solvent. It should be noted that it volatility (b.p. 57 oC), compared to some other 

chlorinated solvents. In addition, 1,1-DCE can be classified as polar aprotic, as it has a 

relative polarity of 0.269.141  

 

 

 

 

 

 



61 
 

 

 

Notably, the concentration of 1,1-DCE at ca. 56 µg/ml corresponded to around 

0.005 % (v/v). Even though this is a relatively small amount, the amount of dye 0.1 - 10.0 

µM concentrations is about a thousand times smaller. Therefore, the solvation capabilities 

of 1,1-DCE are plausible. 

 

Figure 2.20 GC-VUV of 1,2-DCE ACROS/ACS-spectrograde (blue) and 1,2-DCE 
ACROS/for spectroscopy (red) 

Impurity in 1,2-DCE 
1,2-DCE / spectrograde 

µg/ml 

1,2-DCE / ACROS 
µg/ml 

Water (2) 192.0 ± 3.8 80.4 ± 2.9 

vinyl chloride (4) 54.9 ± 1.8 19.10 ± 0.92 

CH2Cl2 (5) 7.35 ± 0.22 6.04 ± 0.42 

1,1-DCE (6) 56.57 ± 0.78 - 

Table 2.4 Identity and amount of various impurities in different 1,2-DCE samples. 
Numbers refer to peaks in Figure 2.20 
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Next, in order to corroborate the observed effect of 1,1-DCE on the aggregation of 

BODIPY dyes, photophysical properties of dye 2 were analyzed in 1,1-DCE. The stock 

solution of 2 was prepared in 1,1-DCE as well to avoid any interferences from other 

materials. It was found that the absorption maximum shifted from 527 nm to 501 nm as a 

function of dye’s concentration (Figure 2.21). However, unlike the previous case (Figure 

2.8, dye 2), the shift took place at 12 µM concentration of the dye, which was a ten-fold 

higher as compared to the case when 2 was studied in 1,2-DCE ACROS/for spectroscopy, 

where 1,1-DCE was a minor impurity. The blue shift of the absorption spectra was also 

accompanied by a broadening of the band from 27 nm FWHM at 0.1 µM to 49 nm at 6 µM, 

while at 50 µM, FWHM was 25 nm. These changes of the absorption maxima as well as 

FWHM were suggestive of different assemblies being present in the ground state as a 

function of dye’s concentration. Since no time-dependent changes were observed, and the 

results were reproducible, it could be assumed that the assemblies (i.e., aggregates) were 

thermodynamically stable.  
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The emission profile of 2 in 1,1-DCE (Figure 2.22) appeared to be drastically 

different from that exhibited by 2 in 1,2-DCE with 1,1-DCE as an impurity (Figure 2.24). 

In this case, a single emission maximum over the range of concentrations (0.1 to 50 µM) 

was observed (Figure 2.22). The concentration depend changes were better illustrated by 

the difference emission spectra (Figure 2.22.B) which were obtained by subtracting the 50 

 

Figure 2.21 Concentration-dependent absorption characteristics of 2 in 1,1-DCE.  
A: UV/visible spectra of BODIPY 2 in 1,1-DCE while increasing the concentration 0.1 
- 10 µM 
B: changes of the absorption maximum as a function of dye’s concentration;  
C: changes of the emission intensity as a function of dye’s concentration at two maxima; 
D: changes of the FWHM as a function of dye’s concentration. 
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µM spectrum from the other concentrations to show the variations on the shapes and 

deconvolute the signals. The shoulder at around 539 nm was increasing as a function of 

dye’s concentration. Similarly to previous cases, bandwidth increased in the lower 

concentration range, reaching the maximum of 51 nm at 16 µM of 2, and subsequently 

decreasing to 45 at higher concentrations.  

 

 

Figure 2.22 Concentration-dependent emission characteristics of 2 in 1,1-DCE  
A: normalized, concentration-depend emission intensity of 2; 
B: difference concentration-dependent emission spectra;  
C: changes of the emission intensity as a function of dye’s concentration at two 
maxima, which were determined from the difference spectra, see B; 
D: changes of the FWHM as a function of dye’s concentration. 
Conditions: λex = 480 nm 
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Fluorescence lifetimes of dye 2 in 1,1-DCE indicated that no significant variations 

within the studied concentration range were observed (Figure 2.23). Importantly, 

comparison of fluorescence lifetimes of dye 2 in 1,1-DCE and two different 1,2-DCE 

samples (Table 2.5) revealed that at 0.1 and 1.0 µM concentrations of 2, similar types of 

species were present in 1,1-DCE and 1,2-DCE ACROS/for spectroscopy (the sample that 

contained 1,1-DCE impurity). Notably, in 1,1-DCE a decrease of lifetime (by ca. 1.2 ns) 

was noted when the concentration of the dye increased to 10.0 µM, which was indicative 

of the formation of different assemblies. Based on the lifetime values, these assemblies 

might be somewhat comparable to those observed in 1,2-DCE ACROS/for spectroscopy. 

Further confirmation that 1,1-DCE was inducing distinct BODIPY assemblies came from 

that fact that the lifetime values of 2 in 1,2-DCE ACROS/ACS-spectrograde, which did 

not contain 1,1-DCE (Table 2.5), did not show any significant variations as a function of 

dye’s the concentration, thus indicating that single types of species were present in this 

particular solvent. 

 

Figure 2.23 Fluorescence lifetime BODIPY 2 in 1,1-DCE  
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Considering that 1,1-DCE is not a common solvent (it is sold in small quantities, 

i.e., 25 g or less), it was decided to investigate the effect of 1,1-DCE as an additive for 

common molecular organic solvents. After the addition of 5 % (v/v) of 1,1-DCE to a 

solution of ethanol and acetonitrile that contained dye 2, a red shift of the absorption 

maxima was observed by 25 nm and 37 nm, respectively (Figure 2.24). On the other hand, 

in chloroform and dimethyl sulfoxide even after the addition of over 10 % (v/v) of 1,1-

DCE, the absorption maxima wavenumber remained the same around 500 nm (Figure 

2.25). Similar behavior, i.e., no changes in the absorption maximum upon addition of 1,1-

DCE, was observed in dichloromethane and carbon tetrachloride. 

 

Solvent Concentration / µM Lifetime / ns 

1,1-DCE 

0.1 4.56 ± 0.02 

1.0 4.57 ± 0.02 

10.0 3.34 ± 0.03 

1,2-DCE ACROS / for 

spectroscopy 

0.1 4.15 ± 0.01 

1.0 4.12 ± 0.06 

10.0 3.45 ±0.02 

1,2-DCE ACROS / ACS-

spectrograde 

0.1 3.12 ± 0.01 

1.0 3.10 ± 0.01 

10.0 3.19 ± 0.01 

Table 2.5 Fluorescence amplitude lifetime BODIPY 2 in 1,1-DCE and 1,2-DCE 
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Figure 2.24 Normalized absorbance of BODIPY 2 in ethanol (A) and acetonitrile (B) 
in the absence (blue) and in the presence (red) of 1,1-DCE (5 % v/v). 

 

Figure 2.25 Normalized absorbance of BODIPY 2 in chloroform (A) and dimethyl 
sulfoxide (B) in the absence (blue trace) and in the presence (red trace) of 1,1-DCE (5 
% v/v). 
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2.4 Conclusions 

An unusual, previously unknown effect of 1,1-DCE that allows to modulate the 

aggregation state of BODIPY dyes has been discovered. With the aid of 1,1-DCE, for the 

first time, it was shown that in many organic solvents at µM concentration, BODIPY dyes 

exist as aggregates, rather than monomers. Furthermore, even small amounts of 1,1-DCE 

were able to induce a disaggregation of these aggregates and produce monomeric BODIPY 

species in such solvents as 1,2-DCE, ethanol and acetonitrile.  

Although the exact nature of the BODIPY aggregates remains to be clarified 

perhaps through computational calculations, these results indicate that 1,1-DCE aid in 

evaluation and characterization of fluorophores and their assemblies, in general, and 

BODIPY-based dyes, in particular. Arguably, additive-induced disaggregation of 

fluorophore assemblies might constitute a viable approach towards tuning the 

supramolecular structures of fluorophore assemblies.  

 

 

2.5. Experimental section 

Materials and methods 

All reagents and solvents were purchased from commercial sources (Sigma-Aldrich, 

Acros, Alfa, Aesar) and were used as received.  

Absorbance and fluorescence measurements were performed on Agilent 8453 UV-visible 

and Shimadzu RF-5301PC instruments, respectively, using 1 cm quartz cells with a 

resolution of 1 nm. Fluorescence measurements were carried out as follows: excitation and 

emission width slits were 3 nm and 3 nm; intensity – high or low; samples were excited at 
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480 nm, and the obtained spectra were smoothed using manufacture provided software. 

 

BODIPY dyes: all BODIPY dyes were prepared according to published procedures.54,139 

1: 1H NMR (400 MHz, CDCl3): δ = 7.68 (d, J = 8.4 Hz, 2H), 7.53 (d, J = 8.4 Hz, 2H), 6.75 

(d, J = 4.2 Hz, 2H), 6.40 (d, J = 4.3 Hz, 2H), 3.11 (q, J = 7.6 Hz, 4H), 1.38 (t, J = 7.6 Hz, 

6H); 13C NMR (100 MHz, CDCl3): δ = 164.3, 141.6, 135.4, 134.1, 132.5, 130.7, 130.4, 

123.6, 117.8, 81.8, 75.9, 22.3, 13.0; 
19

F NMR (376 MHz, CDCl3): δ = 145.24 (q, J = 32.7 

Hz); HRMS (ESI; positive): [M]+ m/z calcd for C42H36B2F4N4Na 717.2962, found 

717.2954.139 

2: 1H NMR (300 MHz, CDCl3) δ = 7.21 (d, J = 8.72, 2 H), 7.04 S6 (d, J = 8.72, 2 H), 5.98 

(s, 2 H), 3.88 (s, 3 H), 2.56 (s, 6 H), 1.44 (s, 6 H); 13C NMR (75 MHz, CDCl3) δ: 160.12, 

155.25, 143.20, 141.87, 131.86, 129.20, 127.02, 121.12, 114.54, 55.33, 14.59.142 

3: 1H NMR (300 MHz, CDCl3): δ = 1.30 (s, 6H); 2.57 (s, 6H); 6.02 (s, 2H); 7.54 (d, J = 

8.6 Hz, 2H); 8.41 (d, J = 8.6 Hz, 2H). 13C NMR (75 MHz, CDCl3): δ = 14.6, 121.8, 124.3, 

129.6, 130.6, 138.3, 141.9, 142.5, 148.3, 156.6.143 

4: 1H NMR (400 MHz, CDCl3) δ =7.77 (d, J =7.5, 2H), 7.46 (d, J = 7.5, 2H), 2.54 (s, 6H), 

2.30 (q, J = 7.5, 4H), 1.25 (s, 6H), 0.98 (t, J = 7.5, 6H). 13C NMR (100 MHz, CDCl3) 154.6, 

139.9, 138.1, 133.4, 131.5, 131.2, 130.5, 129.2, 126.14.144 

5: 1H NMR (400 MHz, CDCl3) δ = 7.60 (d, J = 8.4 Hz, 2H), 7.46 (d, J = 8.4 Hz, 2H), 6.71 

(d, J = 4.2 Hz, 2H), 6.36 (d, J = 4.2 Hz, 2H), 3.21 (s, 1H), 3.08 (q, J = 7.6 Hz, 4H), 1.34 (t, 

J = 7.6 Hz, 6H).145 
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6: 1H NMR (300MHz, CDCl3): δ = 7.47 (m, 5H), 6.73 (d, J = 4.1 Hz, 2H), 6.34 (d, J = 4.1 

Hz, 2H), 3.08 (q, J = 7.6 Hz, 4H), 1.34 (t, J = 7.6 Hz, 6H).146 

 

Stock and solution preparations for spectroscopic measurements.  

1.0 mM stock solutions of BODIPY dye was prepared by dissolving a weighted amount of 

the dye in the appropriate solvent, followed by sonication for 30-40 sec. All stock solutions 

were prepared fresh and used within 24 hours. For all measurements the aliquots of the 

stock solutions were diluted to the appropriate solvent, thoroughly mixed and allowed to 

equilibrate for several minutes prior to the spectra acquisition. 
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CHAPTER 3: BODIPY DYES AS MOLECULAR VISCOMETERS 

3.1 A triazine-based BODIPY trimer as a molecular viscometer 

 

3.1.1 Overview  

Viscosity is one of the major physical properties of various biological systems, 

having a major impact from microscopic up to systemic levels.31 For biological 

applications, it is important to detect viscosity changes of various types of environments 

(i.e., intracellular, intercellular, membrane, etc) using probes that provide fast response 

times and are not hindered neither by other components nor by other properties of the 

environments. Fluorescent molecular rotors fulfill these demands and provide high spatial 

and temporal responses.147-149  

In general, fluorescent molecular rotors consist of two (or more) moieties that have 

the ability to rotate around each other. When such internal rotation is coupled to changes 

of the photophysical properties of the fluorophore and is dependent on the physical 

properties of the environment, molecular rotors could be used environmental-sensitive 

fluorescent probes. It is postulated that the photophysical principle of twisted 

intramolecular charge transfer (TICT), operates in the excited state, where the viscosity 

causes hindrance of the intramolecular rotation (Figure 1.5).150,151  

Molecular rotors have been employed to measure micro-viscosity changes in a 

number of organic solvents as well as in biological systems. In general, a linear correlation 

of fluorescence lifetimes (or other photophyscial properties of the probes, such emission 

intensity and quantum yields) and the viscosity of the media.152,153,57  
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The fluorescence quantum yield � at the maximum wavelength can be related to 

the viscosity η in molecular rotors possessing TICT using the Forster-Hoffmann equation 

(1),  

� = Ζ�� 

where α is positive constant that depends on the chromophore and Ζ is a constant on the 

interaction between the dye and the solvent. Considering that the quantum yield represents 

the radiative decay (κr) multiplied by the fluorescence lifetime (τ), equation (2) can be 

derived: 

τ = Ζ��
κ�

 

In this context, BODIPY dyes have shown great promise for determining the 

viscosity of various systems using the correlation with the corresponding fluorescence 

lifetimes, where the lifetime is expected to increase as the viscosity increases.54,56,154,155 

Moreover, BODIPYs that are functionalized with groups in the meso-position have 

an activation energy for the internal rotation of the group that also have dependency on the 

changes of viscosity. In the case of a similar BODIPY monomer with a phenyl substituent 

in this position that has free rotation (dye 6 Figure 2.3) the energy was calculated as 2.6 

kJ/mol, whereas the monomer with restricted rotation of the meso-position (or methyl 

groups on the side, dye 2 Figure 2.3) was determined as 7.7 kJ/mol.156 

 

 

(1) 

(2) 



73 
 

3.1.2 Synthesis of trimeric BODIPY dyes 

In general, the preparation of BODIPY-based and other types of dyads reported in 

the literature features multistep synthetic routes.154 Arguably, from the application and 

utility perspectives, multistep, non-modular approaches could be viewed as a limitation. 

To address this limitation, a homodimeric BODIPY dye 1 was prepared in two steps, with 

the first step being based on the mechanochemical, largely solvent-free synthesis of alkyne-

containing BODIPY (Scheme 2.2). In this dye, the rotation of the two BODIPY groups 

around the middle moiety was shown to be sensitive to microviscosity.139 Specifically, the 

potential of this dimeric rotor to act as a viscometer for molecular, ionic and cellular 

environments was explored. In addition, along with other literature accounts, the 

development and applications of the BODIPY dimer 1 also demonstrated a possibility that 

the extinction coefficient of the fluorogenic rotor could be enhanced by the addition of 

another BODIPY group.157,158 Therefore, it was expected that a system that contains three 

BODIPY units would provide even a brighter dye, which would allow for utilization of 

smaller amounts of the probe, which in turn would assure lesser perturbations to the studies 

systems imposed by the addition of the probe.  

In order to construct a trimer BODIPY rotor, cyanuric chloride was chosen as a 

scaffold, due to its well stablished and robust chemistry.159 An approach similar to 

preparation of dimer 1 was chosen to make trimeric BODIPY rotor. Specifically, ethynyl-

BODIPY was prepared using mechanochemical synthesis,54 followed by metals catalyzed 

cross-coupling reaction that provided BODIPY rotor 7 in two synthetic steps (Scheme 

3.1).160-162 
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Using a similar procedure, trimeric BODIPY non-rotor 8 was made (Scheme 3.2). 

The need for the non-rotor dye was driven by the fact that, typically in literature, no 

structural controls for molecular rotors are provided. In other words, the effects of viscosity 

on photophysical properties of molecular rotors are not backed up by the data that are 

obtained using probes, which do not have the rotating moieties. In this particular instance, 

the presence of methyl groups on the 1- and 7-positions of the BODIPY core sterically 

restricts the rotation of the substituent in the meso-position.   

 

 

 

 

 

Scheme 3.1 Synthesis of BODIPY trimer 7   
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3.1.3 Results 

Since the goal for developing trimeric BODIPY rotors was driven by enhancement 

of the extinction coefficient, i.e., to make a brighter dye, the extinction coefficients of both 

rotor 7 and non-rotor 8 were determined in a range aqueous and organic solvents (Table 

3.1). It should be pointed out that, monomeric BODIPY dyes have extinction coefficients 

in the range of 60,000-70,000 M–1 cm–1 (depending on the solvent). Thus, based on the 

obtained results (Table 3.1), it appeared that both trimeric BODIPY dyes 7 and 8 had the 

extinction coefficients that were some 3-fold larger than those observed for the monomer, 

and they supported that notion that incorporation of multiple BODIPY groups on a 

common scaffold would have an additive effect. Notably, the extinction coefficient for 

non-rotor 8 was larger over the range of solvent, due to the steric hindrance imposed by 

the methyl groups, i.e., restricted rotation of the substituent in the meso-position, which 

prevented charge transfer between the two units. Furthermore, both BODIPY trimers 7 and 

 

Scheme 3.2 Synthesis of BODIPY trimer 8  
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8 had the lowest extinction coefficients in aqueous solution (e.g., PBS buffer). 

 

 

In order to establish that rotor 7 could be used solely as a viscometer, i.e., to prove 

that the photophysical properties would be changing only due to changes of media’s 

viscosity, the effect of media’s polarity was tested (Figures 3.1 and 3.2). Absorption and 

emission spectra of trimer 7 in organic and aqueous solvents with different polarities 

indicated that there were no significant variations for a range of organic solvents studied, 

with absorption maxima centered around 515 nm (Figure 3.1). Interestingly, a broadening 

of the visible band of the dye in water might be attributed to aggregation of the dye, 

considering relatively high hydrophobicity and relatively low solubility of 7 in water. The  

 

Solvent 
BODIPY 7  
εεεε / M–1 cm–1 

BODIPY 8  
εεεε / M–1 cm–1 

ethanol 206,000 235,000 

glycerol 99,000 99,000 

ethanol/glycerol 90/10 (v/v) 189,000 232,000 

ethanol/glycerol 50/50 (v/v) 193,000 325,000 

ethanol/glycerol 10/90 (v/v) 92,000 75,000 

1,2-DCE 174,000 242,000 

DMSO 150,000 216,000 

PBS buffer, pH 7 62,000 99,000 

 

Table 3.1 Extinction coefficient of BODIPY 7 and 8 in organic solvents and aqueous 
buffer.  
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emission of 7 in organic solvents exhibited a single peak, with the emission maxima in the 

range between 528 and 539 nm. It should be pointed out that the stock solution of trimer 7 

in DMSO was made (at 1 mM concentration), and it was diluted to various solvents to the 

specified final concentration. Thus, all studied solutions contained small amounts of 

DMSO (i.e., ca. 1 % v/v), but this amount is considered small enough to cause any changes 

to the spectral properties of the dyes. Importantly, this is a common practice reported in a 

number of literature accounts. 

 

Figure 3.1 Normalized absorbance (A) and normalized emission (B) spectra of 
BODIPY trimer 7; taken from ref: 145 
Conditions: [7] = 0.5 µM, λex = 480 nm; DMSO = 1 % v/v  
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Similar characteristics and trends were observed for the non-rotor 8: absorption 

maxima were centered around 525 nm, and a broader transition noted for the absorbance 

in water, whereas the emission maximum was found to be centered around 540 nm (Figure 

3.2). 

 

 

Next, the effect of media’s viscosity on the steady-state fluorescence intensity of 

rotor 7 was tested using standard ethanol / glycerol mixtures. It was determined that as the 

viscosity was continuously varied from ethanol (η = 1.2 cP) to glycerol (η = 1457 cP) both 

the emission intensity and the quantum yield of the fluorophore 7 increased (Figure 3.3)  

 

 

 

 

Figure 3.2 Normalized absorbance (left) and normalized emission (right) spectra of 
BODIPY trimer 8; taken from ref: 145 
Conditions: [8] = 0.5 µM, λex = 480 nm; [DMSO] = 1 % v/v 
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It is known that both emission intensity and quantum yields could be influenced by 

a number of factors, such as dyes’ concentration, for example.145 Thus, other photophysical 

characteristics of the fluorophores should be considered as well, when establishing their 

ability to act as environment-sensitive probes. Fluorescence lifetime decays are known to 

be independent on the fluorophore’s concentration of the dye but are sensitive to the 

microenvironment around the dye. Thus, fluorescent lifetimes for rotor 7 were measured 

in solutions of various viscosities that comprised a range of some 1,500 cP units (Figure 

3.4) The decays became slower as the viscosity of the environment increased: from ca. 180 

ps observed in ethanol to 3245 ps observed in more viscous glycerol. Arguably, the rotation 

in the excited state, became restricted as the viscosity of the media increased.  

 

Figure 3.3 Emission spectra of BODIPY rotor 7 in media of different viscosities 
(A); Effect of viscosity on the quantum yield of 7 (B); taken from ref: 145 
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Importantly, the non-rotor 8 showed no significant increase of the fluorescence 

lifetimes as the viscosity was variations over the same 1.2 to 1457 cP range (Figure 3.5). 

Specifically, lifetime of 3.44 ns was noted in ethanol, while 4.97 ns lifetime was recorded 

in glycerol. Thus, it appeared that BODIPY trimer 7 could act as a molecular viscometer.  

 

Figure 3.5 Fluorescent lifetimes of BODIPY non-rotor 8 
in media of different viscosities; taken from ref: 145 

 

Figure 3.4 Fluorescence lifetimes of BODIPY trimer 7 

in media of various viscosities; taken from ref: 145 
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To gain further proof that the internal rotation within trimer 7 was indeed controlled 

by the viscosity, the obtained set of data (Figure 3.4) was evaluated using the Foster-

Hoffmann equation (3).163 Within this approach, the rotor-like behavior is determined when 

the linear correlation between photophysical property of a fluorophore and the physical 

property of the media (such as viscosity) is obtained, and the slope is larger than 0.1; and 

ideal molecular rotor has the slope of 0.66.163  

��	
τ� = ��	 � 
κ�
� � ���	
�� 

In the case of rotor 7, the slope was measured to be 0.44 (Figure 3.6), which was in a good 

agreement with both theoretical estimation and literature results, which typically show the 

slope of the correlation in the range of 0.2 to 1.4. In addition, a decrease on the non-

radiative decay as a function of the viscosity, which was also expected for molecular rotors, 

due to decreasing the TICT of non-emissive relaxation was observed, while no variation of 

the radiative decay was detected, which is the expected behavior for molecular rotors where 

the no-radiative decay is affected by the viscosity of the  environment (Figure 3.6).31 

  

Figure 3.6 Fluorescence lifetime (A) and radiative/non-radiative decays (B) of 
BODIPY-rotor trimer 7 as a function of media viscosities; taken from ref: 145 

(3) 
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In addition, the effect of solvent polarity on the fluorescence lifetimes of both rotor 

7 and non-rotor 8 in several organic solvents was evaluated, and the results indicated that 

no significant changes in the lifetimes were noted over a range of polarities (Table 3.2). It 

should be pointed out, however, that a ten-fold difference in fluorescence lifetime values 

was observed between non-rotor and rotor trimers.  

 

 

In addition, the chromophores were studied in several types of confined 

environments, including lipid vesicles made of 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC) (Figure 3.7). Notably, DMPC vesicles exhibit a bilayer structure 

that is relevant and similar to biological membrane environments.  

Solvent 
BODIPY 7  

Lifetime / ns 

BODIPY 8 
Lifetime / ns 

1,4-dioxane 0.27 3.70 

2-propanol 0.24 3.40 

chloroform 0.27 3.50 

ethanol 0.19 3.50 

toluene 0.30 3.30 

DCM 0.21 3.40 

acetone 0.14 2.95 

DMSO 0.23 3.20 

Table 3.2 Fluorescence lifetime amplitude of BODIPY dyes 7 and 8 in organic solvents 
of various polarities. 
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The fluorescence lifetime of rotor 7 in DMPC decreased as a function of 

temperature from 15 ᵒC to 30 ᵒC (Figure 3.8). Arguably, with increasing temperature, the 

amount of rotor encapsulated in DMPC decreases. In other words, in more restricted 

environments the rotor showed a longer (about two-fold increase) lifetime. These results 

were in accord with viscosity measurements, where an increase in the lifetimes was 

correlated to viscosity. Using 7’s lifetimes, the viscosity of the vesicles was estimated to 

change from 60 cP to 270 cP as the temperature decreased. Notably, similar measurements, 

which were conducted with the non-rotor 8, demonstrated that the lifetimes remained 

largely unchanged over the same range of temperature. Overall, similarly to rotor 1, 

 

Figure 3.8 Fluorescence lifetime intensity of BODIPY 7 (A) and 8 (B) in DMPC vesicles; 
taken from ref: 145 
 

  

Figure 3.7 Chemical structure of DMPC. 
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trimeric rotor 7 appeared to be a promising molecular probe for various biologically 

relevant environments.  

To further demonstrate that 7 could be used in biological types of settings, the 

photophysical behavior of BODIPY rotor 7 was investigated using cellular lines of 

adenocarcinoma of the lung (Calu-3) and prostate cancer (DU145) using fluorescence 

lifetime image microscopy (FLIM) (Figure 3.9). The distribution of the dye appeared to 

concentrate in the cytoplasm of the cells in a punctuate manner. The fluorophore also 

appeared to accumulate more in the hydrophobic pockets of the cells, which is consistent 

with the somewhat lipophilic nature of this BODIPY rotor 7. Overall, imaging of cancer 

cells with good to moderate signal-to-noise ratio was achieved by using rotor 7.  

 

Figure 3.9 Bright field microscopy of BODIPY 7 in cells (A); fluorescence 
lifetime imaging microscopy (FLIM) of BODIPY 7 (B). Taken from ref: 145 
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In addition, the ability of rotor 7 to interact with common, ubiquitous proteins was 

investigated (Figure 3.10). The results illustrated the notion that rotor 7 appeared to interact 

with albumins, specifically human serum albumin (HSA) and bovine serum albumin 

(BSA). On the other hand, the fluorescent lifetime of 7 in the presence of lysozyme were 

drastically different from those observed in the case of albumin and was virtually the same 

as that exhibited by 7 in solution that was free from any proteins (Figure 3.10). 

  

 

3.1.4 Conclusions 

BODIPY trimers were prepared by assembling three BODIPY moieties onto 

triazine core. Modular synthetic procedure allowed to obtain both rotor and non-rotor dyes. 

Rotor 7 was shown to be a viable probe for assessing micro-viscosity of the various types 

of media, whereas non-rotor 8 unambiguously demonstrated that the observed 

 

Figure 3.10 Fluorescence lifetime of BODIPY 7 in 
presence of proteins. Taken from ref: 145 
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photophysical changes were strictly due to viscosity variations. Moreover, some biological 

studies revealed the capability of 7 to distinctly interact with several abundant 

biomacromolecules, such as albumins and lysozyme, which might be useful protein sensing 

applications.   

 

3.1.5. Experimental section 

All chemicals and solvents were from commercial sources (Aldrich, Acros, TCI 

America), they were of highest grade possible and were used as received. 1H, 13C, 11B and 

19F NMR spectra were recorded on a Bruker (400 MHz) spectrometer; the chemical shifts 

are reported in ppm (δ) downfield from tetramethylsilane in CDCl3. 

 

Synthesis of dye 7: 

In a hood behind the protecting shield, 2-ethylpyrrole (2.0 ml, 19.53 mmol) and 4-

ethynylbenzaldehyde (1.14 g, 8.76 mmol) were mixed in a mortar with a pestle to form a 

suspension. Trifluoroacetic acid (TFA; 4-5 drops) was slowly added while grinding, which 

resulted in an almost instantaneous formation of a brown sticky paste. CH2Cl2 (ca. 2 ml) 

was added, followed by grinding to obtain homogeneous mixture. Next, p-chloranil (2.37g, 

9.64 mmol) was added and grinded followed until deep red paste was obtained. 

Subsequently, Et3N (10 ml, 71.65 mmol) was added, until the color of the mixture turned 

into a green/brown paste. Next, BF3-OEt2 (10 ml, 81 mmol) was added and grinded until a 

red metallic paste was formed. The resulting mixture was transferred into the separatory 

funnel with 400 ml of CH2Cl2 and carefully (without vigorous shaking, to avoid producing 
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stable emulsion) washed with saturated K2CO3 solution (200 ml x 2) followed by brine 

(200 ml x 2). Volatiles were removed in vacuo, and the residue was purified by column 

chromatography (SiO2/CHCl3) to yield dye 5 (0.328 g, 11 %) as a red solid. A screwcap 

vial containing a stirring bar was subsequently charged with alkyne BODIPY (4.5 eq, 20 

mg, 57 µmol), cyanuric chloride (2.3 mg, 12.7 µmol), CuI (4.8 mg, 1.28 µmol), Pd(OAc)2 

(1.2 mg, 1.28 µmol), PPh3 (2.0 mg, 6.38 µmol), and Et3N (0.2 ml), capped and stirred under 

reflux for 17 hours. After cooling to room temperature, the mixture was quenched with 

HCl (1M, 20 ml) and extracted with CH2Cl2 (20 ml x 2). Organic fractions were combined, 

rotovaped, and the crude material was purified by column chromatography 

(CHCl3/hexanes – 3/1 (v/v)) to obtain the triad 7 (0.0076 g, 26 % yield) as a red solid. 

1H NMR (400 MHz, CDCl3) δ = 7.66 (d, J = 8.5 Hz, 6H), 7.50 (d, J = 8.4 Hz, 6H), 6.73 

(d, J = 4.2 Hz, 6H), 6.37 (d, J = 4.2 Hz, 6H), 3.09 (q, J = 7.6 Hz, 12H), 1.35 (t, J = 7.6 Hz, 

18H). 13C NMR (100 MHz, CDCl3) δ = 164.2, 141.5, 135.4, 134.1, 132.4, 130.7, 130.33, 

123.5, 117.7, 81.7, 77.4, 75.8, 22.2, 12.9. 19F NMR (376 MHz, CDCl3) δ = –145.23 (q, J = 

33 Hz). 11B NMR (128 MHz, CDCl3) δ = 0.97 (t, J = 33 Hz). 

 

Synthesis of dye 8: 

In a hood behind a protective shield, 3-ethyl-2,4-dimethyl-1H-pyrrole (2.2 ml, 16.23 

mmol) and 4-ethynylbenzaldehyde (0.93 g, 7.13 mmol) were grinded with a pestle to obtain 

a suspension. TFA (3-5 drops) was slowly added which results in an almost instantaneous 

formation of a brown sticky mixture. CH2Cl2 (ca. 2 ml) was added, followed by grinding 

to obtain homogeneous mixture. Next, p-chloranil (1.91 g, 7.76 mmol) was added while 

grinding to obtain a dark red paste. Subsequent addition of Et3N (10 ml, 71.65 mmol) while 
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grinding produced a green/brown mixture, to which BF3-OEt2 (10 ml, 81 mmol) was added 

dropwise under grinding to produce a metallic red paste. The mixture was transferred into 

a separatory funnel using CH2Cl2 (500 ml) and carefully (without vigorous shaking, which 

produces stable emulsion) washed with saturated K2CO3 solution (200 ml x 2), followed 

by brined (200 ml x 2). Volatiles were removed in vacuo and the residue was purified by 

column chromatography (silica gel / CHCl3) to obtain dye non-rotor monomer (0.885 g, 31 

%) as a dark red solid. 

A screwcap vial was sequentially charged with a stirring bar, alkyne BODIPY non-rotor 

monomer (50 mg, 124 mol), Et3N (0.25 ml) cyanuric chloride (5.0 mg, 27 µmol), CuI (1.6 

mg, 8.2 µmol), Pd(OAc)2 (1.8 mg, 8.2 µmol) and PPh3 (4.3 mg, 16.5 µmol). The vial was 

capped and stirred under reflux for 17 h. After cooling to room temperature, the mixture 

was diluted with CH2Cl2 (20 ml), washed with HCl (1M, 20 ml x 2), and the volatiles 

removed in vacuo. The residue was subjected to column chromatography (silica gel, 

CHCl3) to obtain triad 8 (4.6 mg, 13 % yield) as a red solid. 

1H NMR (400 MHz, CDCl3) δ =7.67 (d, J = 8.5 Hz, 6H), 7.31 (d, J = 8.5 Hz, 6H), 2.54 (s, 

6H), 2.31 (q, J = 7.5 Hz, 12H), 1.32 (s, 18H), 0.99 (t, J = 7.5 Hz, 18H). 

13C NMR (100 MHz, CDCl3) δ =154.4, 138.9, 138.2, 137.2, 133.3, 133.2, 130.6, 128.9, 

122.4, 81.7, 77.4, 75.0, 17.2, 14.8, 12.7, 12.1. 19F NMR (376 MHz, CDCl3) δ =–145.8 (q, 

J = 33 Hz). 11B NMR (128 MHz, CDCl3) δ =0.78 (t, J = 33 Hz). 

 

Spectroscopic Measurements 

UV-Vis absorption and fluorescence spectra were obtained using a Cary 50 bio UV–visible 

spectrophotometer (Varian) and Cary Eclipse spectrofluorometer (Varian), respectively. 
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All measurements were conducted using quartz 0.4 x 1cm cuvettes at room temperature 

with optical density below 0.05, unless mentioned otherwise. In order to measure the 

quantum yield, absorption spectra of the BODIPY trimers were collected followed by 

measuring the integrated fluorescence intensity of the sample. A solution of rhodamine B 

in ethanol was used as a reference (quantum yield: 0.7). 

 

Preparation of Lipid Vesicles 

Lipid unilamellar vesicles were prepared using 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC). Briefly, appropriate amount of lipid stock (725 µL of 1.4 mM 

CHCl3 stock) and BODIPY trimers (10 µL of 100 µM DMSO stock) were mixed (lipid:dye 

ratio was ca. 1000:1) in glass bottles. The solvents were evaporated under moisture -free 

nitrogen stream and left overnight to remove any traces of organic solvents. Next, 1 mL of 

PBS buffer (pH 7.4) was added, followed by sonication at about 40 ᵒC for 10 min to obtain 

multilamellar vesicles. In order to obtain unilamellar vesicles, these mutlilamellar vesicles 

were passed through 100 µm and 0.02 µm membrane filters attached to syringe filter in a 

cascade manner once to obtain unilamellar vesicles. 

 

Fluorescence Microscopy and FLIM 

Calu 3 (human epithelial lung cancer cells) and DU145 (human epithelial prostate cancer 

cells) cancer cell lines were obtained from the American Type Culture Collection (ATCC), 

Manassas, VA (USA) and were grown to 70 % confluence in RPMI supplemented with 

10% FBS and 1% Pen-Strep. Cells were trypsinized using 0.25 % Trypsin EDTA and 

seeded on 20 mm round glass-bottom petri dishes. After 24 hours, the cells were stained 
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with 500 nM solution of BODIPY trimer in DMSO for 20 min at 37 ᵒC (10 µL DMSO in 

1 mL of cell media). Next, the media was washed 3 times using PBS and fresh PBS was 

added followed by FLIM imaging on Olympus IX7 microscope. Laser excitation was 

provided by a pulsed laser diode (PDL-470) emitting 470 nm light and driven by a PDL 

828 “Sepia II” driver (operated at 20 MHz). 

Measurements were performed on a MicroTime 200 time-resolved, confocal microscope 

(PicoQuant). The excitation and emission light were focused by a 60X 1.2 NA Olympus 

objective in an Olympus IX71 microscope, and the emission light was filtered by a 488 

long wave pass filter before passing through a 50 µm pinhole. The detection was achieved 

by a hybrid photomultiplier assembly. The resolution of the time correlated single photon 

counting (TCSPC) module was set to 4 ps/bin in order to facilitate the detection at highest 

possible resolution. All data analysis was performed using the SymPhoTime software, 

version 5.3.2. All experimental equipment and the SymPhoTime software were provided 

by PicoQuant, GmbH as part of the MicroTime 200 system. 
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3.2 BODIPY-rotor for imaging viscosity of intragranular mucin matrix in cystic 

fibrosis cells 

 

3.2.1 Overview of cystic fibrosis 

Cystic fibrosis (CF) is a disease characterized by overproduction of mucus, which 

leads to airways obstruction, infections, pancreatic malabsorption and ultimately death.164 

However, in addition to their pathological role, mucus secretions have important 

physiological functions, since they possess protective and lubricant properties, by covering 

epithelial surfaces throughout the body. Mucin is a viscous glycoprotein, and it is the most 

abundant macromolecule in mucus cells. This protein is known to undergo many 

conformational changes due to covalent or non-covalent interactions, and it have shown 

high propensity for aggregation, polymerization, sol-to-gel transition.165 In addition, the 

exact viscosity of neither mucus nor mucin are known. Although viscosity of mucus was 

measured upon secretion, the values range from 50 cP to 10,000 cP. This is not surprising, 

given a great diversity of conditions for the viscosity determination.166 In regard to 

intracellular, i.e., intragranular, viscosity of mucin (mucus), there are no methods that allow 

assessing it without destroying the mucin granules. Due to the lack of suitable non-invasive 

methods to determine viscosity of mucin, it is not possible to even speculate on how 

rheological properties of mucin might be related to the disease.  

As shown previously, the determination of microviscosity in biological 

environment could be done with good spatial and temporal resolution using small-molecule 

rotors, including those based on BODIPY core.60,167-170 Yet, until this account the study of 

micro-viscosity of mucin in mucus cells of CF was not reported. 
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3.2.2 BODIPY rotors and mucin granules 

In order to investigate intragranular viscosity of mucin, cells from CF and non-CF 

patients were collected by the researchers at the University of Montreal (the group of 

Professor Ryszard Grygorczyk).146 The ability of BODIPY rotors to act as viable probes 

for various types of media, including the cellular environments (Figure 3.11, dimer 1 and 

trimer 7).145,54 In addition, monomeric BODIPY 6 (Figure 3.11.C) was also considered. 

 

 

 

3.2.3 Results 

Based on previous successful utilization of BODIPY rotors 1 and 7 for viscosity 

determination of cell cultures, the initial investigation of viscosity distributions of airways 

epithelial cells was performed using these dyes (Figure 3.9). Regretfully, inability of rotor 

1 to report on the viscosity of CF cell was noted (Figure 3.9.A). Although somewhat more 

promising (a relatively moderate image of the system), FLIM imaging of rotor 7 (Figure 

 
Scheme 3.3 Synthesis of BODIPY rotor 6 and non-rotor 9 
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3.9.B) indicated that the changes of the fluorescent lifetimes were too small for this rotor 

to serve as a meaningful probe. Unexpectedly, the simple BODIPY rotor 6 gave the highest 

variation of lifetimes that span over a range of several ns (Figure 3.11.C).  

 

 

In order to prove that the observed changes with rotor 6 were only attributed to 

viscosity variations with mucin granules, several approaches were undertaken. First, the 

non-rotor 9 was examined (Scheme 3.2). In this compound rotation of the phenyl-group in 

the meso-position around the BODIPY core is restricted by the methyl-groups in 1- and 7-

 

Figure 3.11 Fluorescence lifetime imaging microscopy of BODIPY rotors 7 (A), 1 (B) 
and 6 (C) of mucin granules from CF cells. 
Taken from ref: 146 
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positions. Thus, as expected, no or significantly smaller variations of lifetimes were 

observed for this compound as compared to the rotor 6, when these dyes were added to CF 

cells (Figures 3.11C and 3.15).  

Subsequent evaluation of lifetimes of both 6 and 9 in standard water-glycerol 

mixtures confirmed that dye 6 followed the predicted behavior of the rotor, while dye 9 

demonstrated the behavior that was expected for a non-rotor (Figure 3.12). Specifically, 

for a linear correlation between lifetime of the dye and media’s viscosity, the slope of less 

than 0.1 suggests a non-rotor-like behavior, whereas a slope of higher than 0.1 indicates a 

rotor-like behavior.163 

 

 

Spectroscopic characterization of both 6 and 9 various types of media was 

conducted. As expected, the absorption and emission spectra of both dyes in methanol 

 

Figure 3.12 Normalized absorbance (A) and emission (B) spectra of BODIPY 6 and 9 

in methanol; taken from ref: 146 
Conditions: [dye] = 2.3 µM, λex = 470 nm; taken from ref: 146 
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appeared to be similar (Figure 3.12). Slight red-shifts (ca. 10-15 nm; 6: λab
max = 511 nm, 

λem
max = 526 nm; 9: λab

max = 501 nm, λem
max = 511 nm) in the case of 6 as compared to 9 

were likely due to the presence of a planar conformation that is attainable by the rotor 6, 

i.e., an extended conjugation between phenyl substituent and the BODIPY core, which is 

not attainable for the non-rotor 9, for which twisted conformation dominates.  

Next, since pH and polarity of the environment could affect photophysical 

properties of the dyes, the lifetimes of both 6 and 9 were measured in media of various pH 

(a physiological range of pH value was chosen) and organic solvents of different polarities 

(Figure 3.13). The obtained results proved that no significant variations on the lifetimes for 

both rotor 6 and non-rotor 9 were noted.  

 

 

Overall, the above results indicated that BODIPY rotor 6 could be used as a 

molecular viscometer, whereas non-rotor 9 could be used as a control It should be noted 

Figure 3.13 Fluorescence lifetimes of BODIPY 6 and 9 as a function of pH and polarity 
index; taken from ref: 146 
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that both dyes could be easily obtained through a one-pot procedure from commercially 

available materials. On the other hand, for a great number of molecular viscometers 

reported in literature, either the control (non-rotor) compound cannot be obtained and/or 

multistep synthetic procedures are utilized.   

Once the viability of both dyes to act as a viscometer (rotor 6) and as a control (non-

rotor 9) were established, it became of interest to use 6 to not only measure viscosity of 

intragranular mucin, but also to differentiate between the CF and non-CF intragranular 

viscosities. Towards this goal airway epithelial cells were isolated from bronchial tissues 

collected from CF patients who underwent lung transplantation, and non-CF cells were 

from healthy patients.146 Both types of cells were cultured, and treated with rotor 6 (Figure 

3.14). FLIM unambiguously demonstrated that 6 was capable to distinguish between these 

two different types of cells: significant changes of lifetimes (about two-fold, from 2.5 to 5 

ns) were observed in the case of CF-cells, while no significant changes of lifetimes (around 

3.5-4.0 ns) were noted in the case of the non-CF-cells (Figure 3.14). Importantly, when 

 
Figure 3.14 Fluorescence lifetime imaging microscopy of BODIPY rotor 6 in healthy 
(A) and CF (B) cells; taken from ref: 146 
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similar studies were done with non-rotor 9 no variations between CF and non-CF cells 

were observed (Figure 3.15). 

 

 

In order to removed user bias during the analysis of the results and analyze 

numerous images in a relatively high-throughput screening manner, a machine learning 

algorithm was developed to calculate the viscosity variations using FLIM images.146 This 

analysis demonstrated that viscosity distributions in non-CF cells was a relatively narrow 

distributed, with main fraction of viscosities centered around 520 cP (Figure 3.16.A). 

Unexpectedly, in the case of the CF-cells two major populations of viscosities were 

observed: smaller population had a viscosity of ca. 500 cP and larger population with lower 

viscosity around 160 cP (Figure 3.16.B). Thus, it appeared that more viscous mucin could 

be attributed to healthy condition, whereas pathological mucin exhibited low viscosities. 

 

 
Figure 3.15 Fluorescence lifetime imaging microscopy of BODIPY non-rotor 9 
in healthy (A) and CF (B) cells; taken from ref: 146 
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3.2.4 Conclusions 

For the first time, CF cells were imaged using a small-molecule fluorescence rotor 

6 using FLIM, which is a noninvasive method. This BODIPY dye 6 was able to show a 

difference in viscosity distributions of intragranular mucin of CF and non-CF cells. 

Specifically, it was determined that in CF cell, mucin’s viscosity exhibited a wide range of 

viscosities, whereas a narrow distribution of viscosities was noted in non-CF-cell. It is 

plausible that these results might pave the way for determining quantitative relationships 

between the disease and the viscosity of mucus, which might aid in a better understanding 

of the disease, and potentially provide viable ways for therapeutic intervention. 

 

 

Figure 3.16 Viscosity distributions of intragranular mucin matrices as determined by 
analysis of several FLIM images using BODIPY 6 in CF-cells (A) and non-CF-cells 
(B); N is the number of analyzed granules; Blue line: overall fit, green line: lower 
viscosity populations, red line: higher viscosity populations; taken from ref: 146 
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3.3.5 Experimental part.  

Synthesis of rotor and non-rotor BODIPY dyes. 

All chemicals and solvents used for the synthesis of BODIPY dyes were of the highest 

grade possible and used as received from commercial vendors. BODIPY rotor and non-

rotor were prepared according to previously published procedure.54 

Rotor 6: 1H NMR (300MHz, CDCl3): δ = 7.47 (m, 5H), 6.73 (d, J = 4.1 Hz, 2H), 6.34 (d, 

J = 4.1 Hz, 2H), 3.08 (q, J = 7.6 Hz, 4H), 1.34 (t, J = 7.6 Hz, 6H). 

Non-rotor 9: 1H NMR (300 MHz, CDCl3): δ = 7.48 (m, 3H), 7.28 (m, 2H), 5.98 (s, 2H), 

2.56 (s, 6H), 1.37 (s, 6H). 

Viscosity of water-glycerol mixtures.  

Mixtures of various viscosities were prepared using commonly used glycerol-water 

mixtures, by varying the volume fraction of a mixture of Milli-Q ultrapure water (EMD 

Millipore, MA, USA) and spectroscopic grade glycerol (Sigma-Aldrich, MA, USA) in 10% 

increments3. 

Steady state fluorescence measurements.  

All measurements were performed using 1.0 cm path length quartz cuvettes. Absorption 

measurements were acquired on a Varian Cary 50 Bio UV–Vis spectrophotometer (Agilent 

Technologies, CA, USA). Fluorescence measurements were performed on a Cary Eclipse 

spectrofluorometer (Agilent Technologies, CA, USA). Fluorescein (Sigma-Aldrich, MA, 

USA) in 0.1 M NaOH with a quantum yield of 0.95 was used as the standard for quantum 

yield calculations.  
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Fluorescence lifetime imaging microscopy. 

CF and non-CF primary human AEC were incubated with BODIPY rotor and non-rotor 

(2.3 µM each) for 30 min at 37 °C, under 5% CO2 atmosphere with mild agitation. Cells 

were washed twice for 2 minutes in HBSS w/o Ca2+ and Mg2+, mounted between 

coverslips, and examined using the Time-Correlated Single Photon Counting system. An 

MT-200 (PicoQuant, Berlin, Germany) confocal microscopy system with a 60 × 1.2 NA 

Olympus water immersion objective and 50 µm pinhole was used with an Olympus IX71 

inverted microscope with a piezoelectric scanning stage (Physik Instrumente, Karlsruhe, 

Germany) for all fluorescence imaging measurements and lifetime measurements. A PDL-

470 (470 nm wavelength) laser operated at 20 MHz repetition rate by a PDL 828 “Sepia 

II” was used as the excitation source in all measurements. A 488 nm LP filter (Semrock, 

NY, USA) was used to remove the excitation from the collection. Symphotime V 4.2 

(PicoQuant, Berlin, Germany) software was used to analyze and fit fluorescence lifetime 

decays.  
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CHAPTER 4: CONFORMATIONAL BEHAVIOR OF RATIOMETRIC 

FLUORESCENCE PORPHYRIN ROTOR IN ORGANOGELS 

 

4.1 Overview of porphyrin rotor as a molecular probe 

Porphyrin dimer (PD) is a molecular rotor containing two chromophores linked by 

a diyne moiety that allows for a free rotation of the porphyrin cores around each other, and 

produces an array of conformers, with twisted and planar conformation being the two 

extremes (Figure 4.1). PD is an in vitro photodynamic therapy agent for treatment of 

cancer, which has efficient two-photon excitation.171 Additionally, PD was shown to be a 

viable fluorescent molecular rotor, with the relative emission intensities exhibiting good 

correlation with solvents’ viscosity.158 

 

Figure 4.1 Planar (top) and twisted (bottom) conformations of PD.174 
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In molecular solvents state with low viscosities, such as ethanol, (viscosity 0.6 cP), 

the planar conformation of PD in the excited exhibits an emission maximum at around 780 

nm, while in the excited state the twisted conformation, which is predominant in high 

viscosity solvents, such as glycerol (viscosity 950 cP), emission at around 720 nm is noted 

(Figure 4.2).158 Although fluorescence lifetime of PD was shown to be sensitive to media’s 

viscosity,172 the operational ease of steady-state emission spectrophotometry contributes to 

the rotational sensitivity of PD made it an interesting probe to study various types of 

environments. Specifically, the effect of confinement was probed on the conformation of 

PD, by using reverse micelles that contained either molecular solvents or imidazolium-

based ionic liquid.173 Furthermore, PD was incorporated in polyvinyl alcohol films, and 

conformational integrity was explored as a function of the stretching/shrinking of the film 

at room temperature as well as at elevated temperatures.174 Recently, the effect of 

macromolecular crowding on the conformational preference of PD was reported. It 

appeared that in the crowding environment, the amount of twisted conformation was 

decreasing with the increasing amounts of the crowding agent, i.e., polyethylene glycol; 

this increase in the amount of crowding agent correlated with the increase of media’s 

viscosity. It was proposed that the twisted conformation which occupies more space would 

be disfavored under such conditions, whereas the planar conformation of PD, the one that 

can fit better within the network of crowding agent, should be the more dominant one.175 

On the other hand, theorical calculations on a similar porphyrin dimer with meso-meso 

butadiyne linker and different substituents have shown that the torsional energy barrier is 

around 3 - 4 kJ/mol from planar to twisted. Also, specify the planar position as the most 

stable conformer and the twisted as the one that requires the largest activation energy.176 
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From a practical stand-point, the study indicated that since macromolecular 

crowding is highly prevalent in biological types of media, the applicability of PD as a 

molecular viscometer should be taken with caution. From the more fundamental stand-

point, modulating the conformational integrity of PD by additives, solutes in various types 

of media might provide an additional, interesting and potentially useful aspect on 

controlling the internal rotation of molecular rotors. 

 

 

To further expand on using PD as a molecular probe of different types of media, 

studies were initiated to address the spectroscopic behavior of PD in organogels. 

Organogels are a soft matter, which has received a lot of attention due to their unique 

properties that could be viewed as transient between liquids and solids. Gel-like formation 

is induced by so-called low molecular weight gelators, i.e., small molecules, and results in 

the formation of a three-dimensional supramolecular network. Typically, this network is 

supported by non-covalent interactions which trap solvent molecules, and restrict their 

mobility, thus producing a solid-like system.177 The mechanisms of gel formation, and 

 

Figure 4.2 Emission spectra of PD in solvents of different viscosities. 
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especially structural features that would be responsible for the gel formation in any 

particular case are not completely understood.177 In the majority of cases, gelators are 

serendipitously discovered, and a rational design of organogelators is somewhat illusive. 

Notably, in some instances, fluorescence probes have been employed to study organogels 

in order to understand the processes of fiber formation and growth, as a fundamental study 

to prove the possibility of using fluorescence probes for characterizing self-organization of 

materials.178  

For this work, a low molecular weight gelator G (Figure 4.3) was chosen due to 

ease of synthesis, and its ability to gel a wide range of organic solvents with different 

chemical properties.179 The organogelator G was also utilized in the room-temperature 

ionic liquid assisted gelation of DMSO.180  

 

 

It should be pointed out that, in general, gel formation of a solvent is typically done 

by heating a small amount of gelator in the solvent in a capped vial until a homogenous 

solution is obtained. Subsequently, the vial is allowed to cool to room temperature, and the 

successful gel formation is confirmed by inverting the vial upside down, and observing no 

fluid running down the walls. 

 

 

Figure 4.3 Structure of organogelator G. 
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4.2 Synthetic approach toward PD 

With the purpose of constructing two-photon PDT photosensitizers, PD was 

synthetized via a multi-step approach (Scheme 4.1). It should be noted that zinc-containing 

porphyrins, which were decorated with ethylene glycol side-chains to enhance water  

 

  

Scheme 4.1 Synthesis of PD. 
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solubility and prevent aggregation of the porphyrin,45 The sample of PD that was used in 

this work was a gift from Professor Milan Balaz laboratory (University of Wyoming, WY, 

US and Yonsei University, Republic of Korea). 

 

4.3 Results 

In order to introduce PD into the gel-like environment a protocol was developed to 

assure homogenous distribution of PD in the gel. Specifically, gel of DMSO was prepared 

using 10 mg/ml of G (i.e., minimum gelation concentrations),179 heated to induce gel-to-

sol transition and transferred hot into a spectroscopic cell, which was placed into the Peltier 

heating unit of a spectrophotometer. The cell was heated to 70 oC in the instrument, and 

PD were added to this solution, mixed and the cell was removed from the instrument and 

allowed to cool to room temperature. This procedure provided reproducible results and 

assured that thermosensitive PD was not exposed to temperatures higher than 70 oC. 

Initially, the absorption spectra of PD were measured at 20 ᵒC, i.e., in the gel state, 

and at 70 ᵒC, i.e., in the solution state (Figure 4.4). The absorption maxima in both states 

was around 470 nm, i.e., the Soret band. Two-distinct peaks were noted in the region with 

the maxima at 782 nm (at 20 ᵒC) and 766 nm at (70 ᵒC) with a shoulder at ca. 700 nm under 

both conditions. Some studies indicated that the longer-wavelength band was attributed to 

planar conformation, while the shorter-wavelength band was reflecting the twisted 

conformation.181 Thus, in the ground state, PD appeared to be mostly in the planar 

conformation in both solution and gel states (Figure 4.4). However, in general, due to 

broad, ill-defined nature of the bands, UV-vis spectroscopy is not commonly used for 
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assessing conformational preference of PD. Therefore, the majority of the work described 

here was accomplished using fluorescence spectroscopy. 

 

 

The emission spectra of PD were obtained upon excitation at 475 nm of DMSO gel 

(Figure 4.5). Upon gel-to-sol transition, i.e., by heating the gel from 20 ᵒC to 70 ᵒC, an 

increase of the amount of the twisted conformation in the excited state, as judged by the 

increase of the rotation between the 720 nm peak, associated with twisted PD, 787 nm 

peak, associated with planar conformation of PD, was observed. Considering that the 

viscosity of the media decreases upon melting of the gel, i.e., during gel-to-sol transition, 

the observed conformational changes were in complete contrast with previous reports.179 

In general, it was shown that as the viscosity of the media decreases, the amount of twisted 

conformation decreases as well in the excited state. This is consistent with the idea that the 

 

Figure 4.4 Temperature-dependent, normalized absorbance 
spectra of PD in DMSO gel and solution. 
[PD] = 2µM, [G] = 10 mg/mL 
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conformational twisting in the excited state depends on viscosity (Figure 4.5.A). Therefore, 

in the presence of the gelator, a unique behavior of PD was uncovered.  

The gel system was subjected to two more heating cycles, i.e., the spectroscopic 

cell was heated from 20 oC to 70 oC, then cooled to room temperature (2nd cycle), and once 

the gel formed, the cell was heated from 20 oC to 70 oC, then cooled to room temperature 

(3nd cycle) (Figure 4.5, B and C). As a result of these three heating/cooling cycles, a 

continuous, irreversible, incremental increase of the twisted conformation of PD was 

observed (Figure 4.5). This experiment was repeated over four times to confirm the 

Figure 4.5 Normalized fluorescence emission of PD in DMSO gel as a function of 
temperature in three heating / cooling cycles.  
Conditions: [PD] = 2 µM, [G] = 10 mg/mL, λex = 475 nm 
A: 1st heating cycle, B: 2nd heating cycle, C: 3rd heating cycle, D: 1st cycle (blue), 2nd 
cycle (red), 3rd cycle (green) error bars indicate the standard deviation on three 
experiments.  
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reproducibility of this conformational change of PD.  The fraction of twisted PD  (Figure 

4.5 D) was calculated diving the emission at 720 nm (twisted) over the sum of the emission 

at 780 nm (planar) and 720 nm.  

Moreover, fluorescence of PD was examined at several temperatures along a range 

of excitation wavelengths on the Soret band or the intense band in the blue region (Figure 

4.6), observing specially the temperature where the sol-to-gel transition occurs at 30 ᵒC. It 

was established that the ratio of twisted structure varied along the excitation wavelengths, 

which according to literature reports suggested the presence of the two conformers in the 

system. 

 

 

As a control, the spectroscopic response of PD in DMSO without gelator was 

examined (Figure 4.7). It appeared that in the absence of G, by subjecting PD to three 

heating / cooling cycles no noticeable conformational variations were observed. 

 

 

 

Figure 4.6 Ratio of twisted of PD in DMSO gels as a function of excitation wavelength 
at 20 ᵒC (A), 30 ᵒC (B) and 30 ᵒC (C) 
Conditions: [PD] = 2µM, [G] = 10 mg/mL 
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Additionally, due to the fact that DMSO gel was white and opaque, which might 

have caused some artifacts during spectroscopic measurements, a microscopy evaluation 

was performed at several temperatures, to test PD behavior in both gel state and solution 

state, i.e., at 23 ᵒC to 60 ᵒC, respectively (Figure 4.8). The fluorescence microscopy was 

measured upon excitation at 475 nm and imaging at wavelengths of the twisted and planar  

geometries, 720 nm and 780 nm, respectively.  

 

Figure 4.7 Normalized emission intensity of PD in DMSO as a function of 
temperature during three heating / cooling cycles. 
Conditions: [PD] = 2 µM, [G] = 10 mg/mL, λex = 475 nm;  
A: 1st heating cycle, B: 2nd heating cycle, C: 3rd heating cycle, D: 1st cycle (blue), 
2nd cycle (red), 3rd cycle (green) 
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Average emission intensity signal of the image was utilized to calculate the amount 

of conformer along the range of temperatures (Figure 4.9). A rapid increase of the twisted 

conformation even after one heating cycle up to ca. 0.7 was observed, while the twisted 

conformation of PD plateaued at ca. 0.8 ration upon the subsequent two heating cycles 

(Figure 4.9 B and C), Although an irreversible conformational behavior that was similar to 

that observed in steady state fluorescence was noted (Figure 4.9), the “kinetics” of the 

 
Figure 4.8 Temperature dependent bright field image (A) and fluorescence microscopy 
at two λem (B and C) of PD in gel of DMSO.  
Conditions: [PD] = 2 µM, [G] = 10 mg/mL, λec = 475 nm 
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conformational change was different. However, this discrepancy is likely to be expected 

due to different conditions, especially considering that different amounts of the gels that 

were used in steady-state fluorescence set-up (about 0.5 ml) and imaging (0.05 ml). 

 

 

Collectively, the aforementioned results suggested that the interaction between G 

and PD could be responsible for the conformational change. It is plausible that while in the 

monomeric form, G would not be affecting the conformation of PD, the aggregated form 

of G might promote such a change. Arguably, due to its structure (i.e., a long alkyl chain 

and a polar amino acid tail), organogeltor G might form micelle-like structures, which 

could interact with PD. Since confined environment was shown to affect planar-twisted 

equilibrium of PD,173 the micelle-like structures of G might be affecting PD’s 

conformation as well. These assemblies of G might not completely disaggregate to the 

monomeric form upon heating of the gels, i.e., during gel-to-sol transitions, and they might 

be responsible for locking a particular amount of twisted PD after each heating/cooling 

 
Figure 4.9 Conformational changes of PD in DMSO gel as a function of heating cycles 
assessed by microscopy.  
Conditions: [PD] = 2 µM, [G] = 10 mg/mL, λex = 475 nm 
A: 1st heating cycle, B: 2nd heating cycle, C: 3rd heating cycle  
Data obtained using average emission intensities of fluorescence microscopy images (see 
text for details). 
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cycle. These assemblies were not large enough to be observed by the microscope. 

Therefore, dynamic light scattering (DLS) measurements were performed on the solution 

state of DMSO gel, i.e., 10 mg/mL of G was dissolved in DMSO followed by heating. 

However, no aggregates where observed. Furthermore, even when these measurements 

were done in the presence of PD (in case PD was acting as a template for the assembly of 

G), no micelle-like structures could have been detected. Albeit unsuccessful, these 

experiments did indicate that a) G was important for the conformational change, due to 

amount and/or the type of environment that is created by G, and b) heating of the system 

in the presence of G was essential for inducing the conformational change. 

To address the first notion, the emission of PD was measured in a range of gelator 

concentrations (Figure 4.10). It should be noted that at the concentration of G below 10 

mg/ml (minimum gelation concentration), i.e., at 2, 5, and 8 mg/ml (Figure 4.10 B-D), no 

gel formation was noted when G was dissolved in DMSO upon heating followed by 

cooling to room temperature. Thus, in this concentration range the conformational behavior 

of PD was studied in the solution state at all temperatures. However, at 10 and 20 mg/ml 

(Figure 4.10, E and F), conformational change of PD was taking place during gel-to-sol 

transition. 
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It appeared that in the presence of low concentrations of G, the amount of twisted 

conformation of PD did not change appreciably with the change of temperature, and 

remained at around 20 %, as it resembled the amount of twisted PD found in neat DMSO, 

i.e., in the absence of G.  

 
Figure 4.10 Ratio of twisted PD conformation in gels of DMSO with 
different concentration of gelator G after one heating cycle. 
Conditions: [PD] = 2 µM, λex = 475 nm 
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Next, in order to address whether the gel formation could induce the conformational 

change, it was decided to use a system that would allow to distinguish between the effect 

of gelation and the effect of temperature. Such gelation would need to be conducted at 

room temperature, i.e., without exposure of the gelation system to elevated temperatures. 

The ability of imidazolium-based, BF4-containing ionic liquids to gel DMSO in the 

presence of small amounts of G at room temperature was recently established.180 

Adaptation of this procedure allowed to evaluate the effect of gelation on conformation of 

PD without heat (Figure 4.11). The system was prepared by dissolving 2 mg/mL of G in 

DMSO (the minimum gelator concentration is 10 mg/mL), followed by dissolution of PD 

at room temperature; subsequently gelation was induced by addition of [C4-mim]BF4 (20 

% v/v) at room temperature. The results clearly demonstrated that gelation did not induce 

conformational change of PD (Figure 4.11). The amount of twisted conformation was 22 

% in DMSO+G solution (i.e., prior gelation), and this amount did not change appreciably 

upon gelation, which was caused by addition of the ionic liquid (Figure 4.11). Small 

 
Figure 4.11 Normalized emission intensity of PD before (blue; solution state) and after 
(red, gel state) addition of [C4-mim]BF4 (A) emission intensity of PD before (blue; 
solution state) and after (red, gel state) addition of [C4-mim]BF4 (B) 
Conditions: [PD] = 2µM, [G] = 2 mg/mL, [C4-mim]BF4 = 20 % v/v, λexc = 475 nm 
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changes in the position of the emission maxima were expected since the polarity ad the 

nature of the system changed upon addition of the ionic liquid to DMSO. 

To assure that the presence of [C4-mim]BF4 did not induce conformational change, 

emission of PD was investigated in DMSO-[C4-mim]BF4 mixtures in the presence and 

absence of G (Figure 4.12). In the absence of the gelator, i.e., in solutions of DMSO-[C4-

mim]BF4, conformation of PD did not undergo any appreciable changes upon heating these 

solutions (Figure 4.12). However, in the presence of G (2 mg/mL), a small increase on the 

twisted conformation as a function of temperature was noted (Figure 4.12). 

 

 

In addition, to investigate the temperature dependence, a gel in DMSO was heated 

at 70 ᵒC for three hours, measuring the steady-state emission every 10 minutes (Figure 

4.13.A). The results show a shift to the shorter wavelength or twisted conformation 

emission of PD. Moreover, the in DMSO without gelator, no variations were observed as 

a function of time as the system was kept at 70 ᵒC (Figure 4.13.B). The drastic differences 

 

Figure 4.12 Changes of emission maxima of PD as a function of temperature (A) and 
amount of twisted PD (B) in DMSO/ionic liquid gels as a function of temperature during 
the 1st heating cycle.  
Conditions: [PD] = 2 µM, [G] = 2 mg/mL λex = 475 nm 
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between the gel in DMSO and without G (Figure 4.13.C) prompt to continue investigate 

the gelator as the potential reason for the increase in the twisted fraction. 

 
Figure 4.13 Normalized emission intensity of PD in DMSO 
gel (A) and neat DMSO (B) at 70 ᵒC over 180 minutes; 
amount of twisted PD as a function of heating time (C). 
Conditions: [PD] = 2µM, [G] = 10 mg/mL λexc = 475 nm 
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The following step was to evaluate the effect of temperature on the conformational 

preference of PD in the presence of various amounts of G. Time-dependent, steady-state 

emission measurements unambiguously demonstrated that increase of the twisted 

conformation of PD was solely dependent on the presence of G (Figure 4.14). However, 

the relationships appeared to be not very straightforward. For example, it was expected that 

increasing the amount of the gelator would lead to the increase of the twisted conformation, 

and consistent with that notion, as the amount of G increased from 2 to 10 mg/ml the rate 

of formation of twisted conformation increased as well (Figure 4.14). On the other hand, 

when concentration of G was increased to 20 mg/ml (twice the amount of the minimum 

gelation concentration), the rate of twisted conformation of PD decreased (Figure 4.14). 

This fact is quite interesting, and it might indicate that the structural identity of the gel 

network might be dependent on the amount of the gelator.   

 
Figure 4.14 Amount of twisted PD in DMSO gels/solutions as 
a function of organogelator concentration upon heating at 70 ᵒC 
for 180 minutes. 
Conditions: [PD] = 2 µM, λex = 475 nm 
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Finally, as G was reported to gel several organic solvents besides DMSO, more 

organogels were prepared and studied, utilizing in all cases the minimum gelator 

concentration reported.179 Solvents with different physical characteristics, such as polarity, 

density and refractive index were chosen. Similarly, as previous studies (Figure 4.13), the 

emission of PD was measured at 70 ᵒC over a period of 3 hours (Figure 4.15). The results 

indicated that in DMF and DMSO, the rate of formation of twisted conformation of PD 

was the largest, while the changes in other solvents were less pronounced (Figure 4.15). 

 

 

Surprisingly, when the emission of PD was measured in neat solvents, i.e., in the 

absence of G, conformational change was noted in a number of solvents (Figure 4.16).  

 
Figure 4.15 Amount of twisted PD in organogels as a function of time at 70 ᵒC. 
Conditions: [PD] = 2 µM, λexc = 475 nm 
p-xylene: [G] = 17 mg/mL 
chlorobenzene: [G] = 30 mg/mL 
DMF: [G] = 20 mg/mL 
DMSO: [G] = 10 mg/mL 
1-BuOH: [G] = 19 mg/mL 
ethylene glycol: [G] = 23 mg/mL 
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Specifically, in neat DMF and 1-BuOH, a conformational change from planar to 

twisted was induced within 3 hours of heating (Figure 4.16). Thus, in these solvents 

conformational change of PD could be achieved without the gelator. This phenomenon has 

not been reported previously, and it might provide additional tools for controlling 

conformational integrity of molecular rotors.  

In addition, in aromatic solvent, such as chlorobenzene, even without exposure to 

elevated temperature, twisted conformation appeared to be the most dominant. It should be 

noted that in p-xylene, only one emission maximum (as opposed to typically observed two 

maxima) was observed. Thus, estimation of the amount of twisted conformation was not 

possible. Based on literature report,182 which suggested that aggregation of PD in toluene 

was taking place, it is plausible that in aromatic molecular solvents, the evaluation of 

conformational behavior of PD is much more complex than in other molecular solvents.  
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Figure 4.16 Effect of molecular organic solvents on the amount of twisted 
PD (A), normalized emission intensity of PD in DMF (B), 1-buthanol (C) 
Conditions: [PD] = 2 µM, λex = 475 nm, temperature = 70 oC 
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4.4 Conclusions 

Porphyrin dimer PD, a known PDT agent and fluorescent molecular viscometer for 

several types of environments, was utilized to probe the gelation of a diverse set of 

organogels. In sharp contrast to previously reported accounts, where the amount of twisted 

conformation was shown to increase with increasing of media’s viscosity, it was discovered 

that the amount of the twisted conformation of PD in the gels of organic solvents and ionic 

liquids, increased as the viscosity of the organogel decreases (i.e., upon gel-to-sol transition 

or melting of the gel). This effect appeared to be due to a combination of factors, including 

the amount of the gelator, heating time, and the nature of the organic solvent, while 

formation of the gel network did not have a pronounced effect. 

Surprisingly, the amount of twisted conformation of PD was found to increase in 

common organic solvents, such as DMF and 1-butanol simply upon heating the solution of 

PD at 70 ᵒC for three hours. This behavior was not observed in DMSO, ethanol, dioxane, 

and a range of other molecular solvents and ionic liquids. This is the first report on the 

temperature-dependent conformational change of PD in molecular organic solvents. The 

results strongly suggest that conformational flexibility of PD might be affected not only by 

physical properties of the environment or by the presence of additives, such as 

organogelators or crowding agents, etc, but also by interactions with the solvent molecules. 

In light of this, the use of PD as a molecular viscometer should be taken with caution, and 

proper controls should be performed to unambiguously utilize it as an environment-

sensitive probe. 
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4.5. Experimental part 

All solvents and other materials were purchased from Sigma-Aldrich and were used 

as received. PD was prepared according to literature procedure the structure and purity 

were confirmed by MALDI-TOF spectrometry and HPLC. A 1 mM concentration stock 

solution of PD in DMSO was prepared fresh prior to experiments and it was used for all 

spectroscopic measurements and protected from a direct light exposure during storage. 

 

Absorbance and emission measurements.  

All measurements were performed using 0.5 cm path length quartz cuvettes. Absorption 

measurements were acquired on a Varian Cary 50 Bio UV–Vis spectrophotometer (Agilent 

Technologies, CA, USA). Fluorescence measurements were performed on a Cary Eclipse 

spectrofluorometer (Agilent Technologies, CA, USA)  

 

Imaging. 

All confocal microscopic analysis was performed using an Olimpus IX82 microscope 

(Physik Instrumente, Karlsruhe, Germany), with Hamamatsu ImagEM digital fluorescent 

camera using a laser operated Pico Quant Diode Laser PDL 828 “Sepia II” was used as the 

excitations source, and a Temperature controller Warner Instrument Corporation TC-344B. 
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ABSTRACT 

STUDIES ON FLUORESCENT MOLECULAR ROTORS AS ENVIRONMENT-
SENSITIVE PROBES 

by 
Marlius Castillo 

Department of Chemistry and Biochemistry 
Texas Christian University 

Dissertation Advisor: Sergei V. Dzyuba 
 

Fluorescence small molecules or so-called environmental probes that could change 

their photophysical characteristics in response to physicochemical changes, have been 

widely used in various areas of sciences, engineering and medicine. In this work, the 

characterization and properties of BODIPY-based probes is studied, where it was found 

that the presence of 1,1-dichloroethane induces spectroscopic differentiation between 

aggregated and monomeric forms of BODIPY dyes (Chapter 2). A trimeric BODIPY rotor 

with a high extinction coefficients was developed and the fluorescence measurements 

established that the trimer could be used as a viscometer for molecular solvents, membrane-

like environments and cancer cell lines (Chapter 3.1). Also, the use of a structural simple 

BODIPY-based rotor to map the viscosity of intragranular mucin matrices in bronchial 

epithelial cells using fluorescence lifetime imaging microscopy was demonstrated (Chapter 

3.2). Finally, porphyrin rotor in organogels was evaluated in a temperature dependent 

manner (Chapter 4). Overall, BODIPY and prophyrin molecular rotors were studied as 

chemical probes in diverse systems. The results indicated an intricate complexity of the 

environmental factors on the conformation integrity of molecular rotors, which often are 

used as molecular viscometers.  


