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“Colors are the smiles of nature.” 

- Leigh Hunt[1]  



 

 

  



 

 

Abstract 

The application of spectrally unique, controllable, bright and water-soluble fluorescent 

dyes is inevitable for advanced analysis techniques in modern cellular biology. 

Multiparameter flow cytometry is a powerful tool for the characterization of mixed cell 

populations in life sciences. The cell populations are typically discriminated using 

fluorescent reagents, e.g. antibody-fluorophore conjugates which specifically detect 

cellular markers. The number of parameters which can be studied simultaneously 

strongly depends on the availability of reagents which can be differentiated by their 

spectral properties. In the present thesis, new series of water-soluble fluorescent 

polymer dyes were developed. The polymer dyes can be excited by a violet (405 nm) or 

ultra violet (355 nm) laser, that are commonly applied in flow cytometers while the 

individual dyes are differentiated by their unique emission spectra in respective detection 

filters. For these studies, polyethylene glycol substituted fluorene- and binaphthyl-based 

π-conjugated polymers were synthesized. These polymers can be used either as 

fluorescent dyes on their own, or in combination with covalently bound small-molecule 

dyes to generate tandem dye constructs, based on Förster resonance energy transfer 

(FRET). In the latter case, excitation of the polymers (energy donors) is followed by 

excitation energy transfer towards the small-molecule dyes (energy acceptors) which 

show fluorescence at longer wavelength. Depending on the nature of the energy 

acceptor, the fluorescence emission can be tuned to exploit the full visible spectrum for 

multiparameter flow cytometric analysis, while having high energy transfer efficiencies 

(>90 %).  

While polyfluorene dyes were best suited for the violet laser, chiral binaphthyl-based 

polymers incorporating phenylene bandgap modifying units were characterized for their 

photophysical properties, revealing them as good dye candidates for the UV laser. 

Additionally, the enantiomerically pure polymers were analyzed by circular dichroism 

(CD) and circular polarized luminescence (CPL) spectroscopy to show their chiroptical 

behavior. 

Bioconjugation to recombinant antibodies for cell staining and subsequent analysis in 

flow cytometry, indicate the great potential of fluorene- and binaphthyl-based polymers 

as fluorescent dyes for immunofluorescence applications.  
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1.1 Fluorescence 

Luminescence describes the emission of ultraviolet, visible or infrared photons from 

electronically excited species. Fluorescence is a particular case of luminescence. A 

molecule can be excited from the ground state (S0) to an excited singlet state (S1) by 

absorption of a photon. It can return to the ground state by emission of a photon 

(fluorescence), or by a radiation-free process called internal conversion (IC). These 

transitions are shown in Figure 1: Perrin-Jablonski diagram. 

 

Figure 1: Perrin-Jablonski diagram. 
 

The average time a molecule stays in this excited state, before emitting a photon, is 

defined as the fluorescence lifetime (𝜏). The transition from an excited singlet state to a 

singlet ground state is allowed with respect to the spin multiplicity and is therefore rapid, 

with a lifetime in the order of nanoseconds.  

A slower de-excitation process accompanied by the emission of a photon is 

phosphorescence. It is a transition from a triplet state (T1) to the ground state (S0). This 

transition is forbidden with respect to the spin multiplicity, and therefore its probability is 

lower, and the lifetime of a triplet state is longer. The triplet state is reached through an 

intersystem crossing (ISC) process from the excited S1 state. Intersystem crossing is a 

non-radiative process between two isoenergetic vibrational levels, belonging to 

electronic states with different spin multiplicities.  
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The fluorescence quantum yield Φfl is defined as the fraction of excited molecules that 

return to the ground state by emission of fluorescent light, i.e. it is the ratio of emitted 

photons to the absorbed photons. The displacement of the fluorescence maximum 

relative to the absorption maximum is called the Stokes shift.  
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1.2 Energy transfer 

Excitation energy transfer (EET) is a photophysical process where upon excitation 

energy is transferred from a donor molecule D* to an acceptor molecule A* 

D* + A  ® D + A* (1) 

 

EET occurs in natural processes, such as photosynthesis as well as in artificially 

engineered constructs. EET can be distinguished by radiative and non-radiative 

processes. Radiative energy transfer is a two-step process, with first the emission of a 

photon by the donor upon excitation and subsequent absorption of this photon by an 

acceptor molecule:[2] 

D* ® D + hn (2) 

  

hn + A ® A* (3) 

 

Radiative EET can occur over large distance, whereas nonradiative decay requires 

interaction between donor and acceptor molecule. The donor undergoes an electronic 

transition to the electronic ground state. Simultaneously, the acceptor undergoes a 

transition from the electronic ground to the electronically excited state. If vibronic 

transitions of the donors excited state overlap with vibronic transitions of the acceptors 

ground state, such transitions are in resonance and non-radiative EET can occur. With 

other words, the emission spectrum of the donor needs to overlap with the absorption 

spectrum of the acceptor molecule. This kind of transfer is called resonance energy 

transfer (RET) or Förster resonance energy transfer (FRET).[2]  
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Figure 2: Types of interactions involved in nonradiative transfer mechanisms.[2] 
 

Different types of interactions are involved in RET. These interactions can be 

distinguished in singlet excitation energy transfer (SEET) and triplet excitation energy 

transfer (TEET). While TEET requires intermolecular orbital overlap, so called Dexter 

exchange, SEET can be based on either intermolecular orbital overlap or on coulombic 

interactions. If the SEET is based on coulombic interaction, it can be differentiated into 

the short ranged multipole interaction or long range dipole interaction. Therefore the 

character of a RET mainly depends on the distance between donor and acceptor. While 

Dexter EET is mostly limited to distances below 15 Å, FRET is routinely observed on 

distances up to 100 Å.[3,4] 

Förster resonance energy transfer 

Förster (or fluorescence) resonance energy transfer (FRET) is a non-radiative, energy 

transfer process, where an energy transfer from a excited state donor fluorophore to a 

proximal ground state acceptor proceeds via a dipole-dipole interaction.[5,6]  

FRET rate 

For a donor-acceptor pair separated by the distance rDA , which remains unchanged 

during the fluorescent lifetime tD of the donor, the rate of the FRET process kFRET is given 

by: 

𝑘!"#$ = 𝑘% $
𝑅&
𝑟%'

'
(
 (4) 

Where kD is the emission rate constant of the donor, R0 is the Förster radius. The Förster 

radius describes that distance between donor and acceptor, where the energy transfer 
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and the spontaneous emission are equally probable (kFRET = kD). It should be noted the 

rate is dependent on inverse sixth power of the distance. 

Förster radius 

The Förster radius can be derived from the spectroscopic data of the donor and the 

acceptor, and is given by: 

 

𝑅& = 0.2108	[𝜅)𝛷%𝑛*+	𝐽%'],/( (5) 

 

Where the κ2 is the orientation factor between the donor and acceptor, ΦD is the 

fluorescence quantum yield of the donor molecule, n is the refractive index of the solvent 

medium, and JDA is the overlap integral of the donor emission and the acceptor 

absorption.  

Orientation factor  

The orientation factor κ2  describes the spatial orientation between the transition dipole 

moment of the donor and the acceptor and is given by: 

 

κ) = [cos(𝜃%') − 3cos(𝜃%)	cos	(𝜃')]) 

= [sin(𝜃%) sin(𝜃') cos(φ) − 2 cos(𝜃%) cos(𝜃')]) 
(6) 

 

where θDA is the angle between the donor and acceptor transition dipole moments, θD 

and θA are the angles between the respective dipole moments and the interconnecting 

distance rDA as shown in Figure 3.  
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Figure 3: Schematic representation of the angles that are used to define the orientation factor κ2 
between the transition dipole moment of the donor MD  and of the acceptor MA. 
 

The orientation factor can have values between 0 and 4, e.g. κ2 is 1 for a parallel 

arrangement of the transition dipole moment, or κ2 is 0 for perpendicular arrangements 

or κ2 is 4 for colinear arrangements of the transition dipole moments. When the donor 

and the acceptor are free to rotate at a rate that is much faster than the deexcitation rate 

of the donor (isotropic dynamic averaging), the average value of κ2 is 2/3.[2]  

 

Overlap integral 

One factor that depends solely on the photophysical properties of the donor and the 

acceptor fluorochrome is the overlap integral JDA of the donor emission and the acceptor 

absorption, that is given by: 

 

𝐽%' = @𝐼%(𝜆)𝜀'(𝜆)	𝜆+d𝜆 (7) 

 

Where ID(λ) is the emission of donor at the wavelength λ, normalized to unity according 

to: 

 

@ 𝐼%(𝜆)d𝜆
.

&
= 1 (8) 

 

and εA(λ) is the molar extinction coefficient of the acceptor at wavelength λ.[2] A schematic 

example for an overlap integral is shown in Figure 4. It should be noted that the overlap 
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integral is dependent on λ4, meaning that bathochromic shifted overlays have a high 

impact on JDA. 

 

Figure 4: Schematic representation of the donor emission spectrum (blue), the acceptor 
absorption spectrum (red) and the corresponding the overlap integral JDA (grey). 
 

FRET efficiency 

The FRET efficiency EFRET can be calculated from the distance between donor and 

acceptor rDA and the Förster radius R0, according to: 

 

𝐸!"#$(𝑟%') =
𝑅&(

𝑅&( + 𝑟%'(
 (9) 

 

EFRET can also be determined experimentally from the emission intensity of the donor ID 

in absence and the emission intensity of the donor in presence of an acceptor molecule 

IDA according to:  

𝐸!"#$ = 1 −
𝐼%'
𝐼%
	 (10) 

 

 

Antenna effect 

While the FRET efficiency determines the energy transfer based on the donor emission, 

the antenna effect AE quantifies the energy transfer based on the acceptor emission. 
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This is especially interesting for light harvesting systems, where either multiple donor 

molecules are used, or the donor extinction coefficient is much higher than that of the 

acceptor. For a single-donor/single-acceptor system EFRET is easily calculated from 

Förster theory, but if donor absorption is low or there are few donors, even high EFRET 

will not result in many excitation energy quanta reaching the acceptor, since the initial 

population of excited donors is low. The antenna effect has been used to describe donor 

properties, that are not considered in the overall transfer efficiency.[7] The antenna effect 

indicates the amplification of the acceptor emission IA generated by the adjacent donor 

energy transfer IAD (sensitized emission) relative to the acceptor emission upon direct 

excitation IAA and is calculated by:[7–9] 

𝐴𝐸 =
𝐼!"
𝐼!!	

 (11) 
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1.3 Circular polarized light 

Most light sources emit incoherent and unpolarized light. Light is called “polarized” if its 

electric and magnetic field vectors each oscillate in a single plane, but perpendicular to 

each other and both perpendicular to the plane of direction of propagation of the light. 

For circular polarized light the electric and magnetic field vectors rotate in a clockwise 

(right handed orientation) or counter-clockwise (left handed orientation) manner around 

the direction of propagation, but stay perpendicular to it and to each other (Figure 5).[10] 

If plane polarized light passes through chiral materials, the plane of polarization is rotated 

around the direction of propagation.[10] 

 

 

Figure 5: Left (red) and right (blue) circular polarized light. 
 

 

1.3.1 Circular dichroism 

Chiral molecules can have the ability to absorb left and right circular polarized light with 

different intensity. The difference in absorption of left and right circular polarized light is 

called circular dichroism (CD). The CD Δε is given by:  
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∆𝜀 = 	 𝜀/ − 𝜀" =
𝐴/ − 𝐴"
𝑀	𝑙

 (12) 

 

With εL and εR being the single extinctions of the left and the right component, AL and AR 

the absorption of the two components, M is the molar concentration and l the pathlength 

of the sample.[10] CD spectroscopy has been used for the analysis of carbohydrates, 

nucleic acids, pharmaceuticals and liquid crystals and has especially been applied for 

structural analysis of proteins, by making use of the chiral nature of the amino acid 

building blocks.[11–13] The schematic setup for CD spectroscopy is shown in Figure 6. CD 

spectroscopy setups usually use unpolarized light sources with monochromators for 

single wavelength selection. That single wavelength light is then first polarized in one 

plane by a polarizer and subsequently converted into alternating left and right circularly 

polarized light by a photoacoustic modulator (PEM) in a certain frequency that is then 

reaching the sample. The light transmitted through the sample is then detected via a 

PMT detector detecting the left and right polarized light with the frequency of the PEM 

and hence discriminating the left and right circular polarized signals by that frequency.  

 

Figure 6: Schematic representation of the instrumentation for CD measurements. 
 

1.3.2 Circular polarized luminescence 

Circularly polarized luminescence (CPL) is the difference of incidental emission of left- 

and right-handed circularly polarized light.[14]  



Introduction   1.3 Circular polarized light 

12 
 

 

Figure 7: Schematic representation of circular polarized luminescence. 
 

CPL helps to elucidate chiral information from emissive excited states, complemental to 

its ground-state analog, CD. In a typical CPL spectroscopy setup, chiral molecules are 

excited by unpolarized light. The emitted light is oscillated between (I+ΔI ) and (I−ΔI ) by 

a polarizing modulator and the intensity is detected where the intensity I is defined as: 

𝐼 = 𝐼/ + 𝐼" (13) 

 

The difference in intensity ΔI is: 

∆𝐼 = 𝐼/ − 𝐼" (14) 

 

where IL and IR are the emission intensities of left- and right-handed circularly polarized 

light.[15] The degree of chirality is generally discussed in terms of the dissymmetry factor 

of luminescence, glum, which is defined by: 

𝑔012 =
2(𝐼/ − 𝐼")
𝐼/ + 𝐼"

=
2∆𝐼
𝐼

 (15) 

 

A schematic representation of a CPL spectroscopy setup is shown in Figure 8. 

Unpolarized light is used and filtered to single wavelength light by a monochromator. 

After excitation of the sample the emitted circular polarized light is then passing a PEM 

working at radio frequency, that acts as a quarter wave plate transferring the light into 

linear polarization, that is then passing a linear polarizer and a emission monochromator 

to detect the signal corresponding to the emission wavelength. 
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Figure 8. Schematic representation of the instrumentation for CPL measurements. 
 

1.4 Fluorescent dyes 

1.4.1 Dye classes 

1.4.1.1 Small molecule organic dyes  

Organic small-molecule dyes (molecular weight typically <1000 g/mol) were among the 

first fluorophores synthesized and used for immunofluorescence applications and still 

represent a widely-used class of fluorescent dyes today.[16] Most small molecule 

fluorescent dyes are based on only a few core structures and can be grouped in 

fluorochrome classes like coumarins, fluorescein derivatives, rhodamines, resorufins, 

cyanines or BODIPY dyes.[17]  

 

 

Scheme 1: Core structures of different small molecule 3fluorochrome classes.  
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What all of these dyes have in common are rather small Stokes shifts and a good 

tunability of their absorption and emission spectra, that was highly influenced by the 

development of dye lasers.[18] Synthesized first ca. 1871, fluorescein played a major role 

in the first flow cytometric approaches and is still used a lot in modern application.[16,19,20]  

Recent developments in the field have been focused on improvement of the organic dye 

performance by increasing the brightness, photostability, site-specific labelling in cells, 

and cell penetrating properties in order to match the fluorophore to demands of live cell 

applications.[21,22] 

To increase the brightness of small molecule dyes researchers addressed the 

improvement of the quantum yield by attachment of solubilizing moieties to prevent 

aggregation, rigidifying structures or blocking non-fluorescent relaxation mechanisms.[23–

27] To increase the brightness even further it is also inevitable to increase the extinction 

coefficient, but for small molecule dyes the extinction coefficient is an inherent property 

of the structure and electron density of the π-conjugated system and is therefore limited 

and difficult to improve. For organic small molecule dyes the brightness is commonly in 

the region of 103-105 M-1cm-1. That is why recent strategies on increasing the extinction 

have been mainly focused on multimerization of small molecule dyes to increase the 

overall brightness.[28–30] However, they are still lacking in brightness compared to other 

dye classes. 

 

1.4.1.2 Protein dyes  

While fluorescent proteins like GFP are mainly used as fusion proteins to act as a 

reporter gene, the class of soluble fluorescent protein dyes used as antibody-

fluorochrome conjugates is mainly dominated by the class of phycobilin proteins dyes 

derived from cyanobacteria (blue-green algae) and rhodophyta (red algae). The basic 

structural unit in these proteins is a monomer of 30-40 kDa.[31] Unlike the protein-

chlorophyll complexes, the phycobiliproteins are readily soluble in aqueous solution.[31] 

Compared to small molecule dyes, the phycobilin protein dyes phycoerythrin (PE) and 

allophycocyanin (APC), offer large extinction coefficients. The fluorescent moieties of the 

proteins consist of cysteine-linked bilins found as prosthetic groups with absorptions 

ranging from 490 to 650 nm.[32]  
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PE, isolated from red algae are stable hexameric disk-shaped complexes with a 

molecular weight of 250 kDa and shows strong fluorescence at 580 nm with absorption 

maxima at 490 nm and between 540 and 567 nm, making it suitable for excitation with a 

blue 488 nm or yellow 560 nm laser.[32] One hexamer shows a tremendous extinction 

coefficient of 2.41 · 106 M-1cm-1 and a quantum yield of 98% (for B-PE) [33,34]  

Purified APC is a disk-shaped trimer with a molecular weight of about 110 kDa and has 

an absorption maximum at 650 nm and an emission maximum at 660 nm.[32] APC has 

an extinction coefficient of 6.96 · 105 M-1cm-1 and a quantum yield of 68 %. [34,35]   

While small molecule organic dyes usually show a Stokes shift of ≤ 30 nm, 

phycobiliproteins can, with the appropriate choice of excitation wavelength, have very 

large Stokes shifts of 80 nm or higher. The phycobiliproteins contain numerous bilin 

chromophores that may differ in their chemical structure and their protein environment. 

This leads to broad absorption spectra of the phycobiliproteins, that allow efficient 

excitation over a wide range of wavelengths. The absorption energy can then be 

transferred in a radiation less processes to acceptor bilins of a lower energy level.[36] For 

R-PE excitation at 490 nm results in emission at 575 nm and therefore a Stokes shift of 

85 nm. 

 

1.4.1.3 Tandem dyes  

The term tandem dye is commonly used for constructs consisting of an energy donor 

fluorochrome and an energy acceptor fluorochrome to generate covalently linked dye 

constructs with large pseudo-Stokes shifts, a beneficial property in multicolor flow 

cytometry. 

PE and APC phycobilin protein dyes offer highest brightness for the blue, yellow and red 

laser, but since they are isolated from algae, they are limited to these two colors. To 

make use of their high brightness, but expand to more emission colors, protein tandem 

dyes were introduced.  

The term was first used by the group of Stryer in 1983 for a disulfide crosslinked PE-

APC conjugate.[37] The energy transfer from the PE as the energy donor to the covalently 

attached APC as energy  acceptor can be used to tune the magnitude of the Stokes shift. 

After excitation of the PE, e.g. by a 488 nm laser, it emits at the characteristic wavelength 
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of the APC acceptor at 660 nm, what corresponds to a Stokes shift of 172 nm.[37] A high 

energy transfer efficiency of 90 % was measured for this process. This is expected 

because of the high fluorescence quantum yield of 98 % of the PE donor and the great 

overlap integral of the donor emission and the acceptor absorption of (JDA = 

6.95 · 1015 M-1 cm-1nm4) and a resulting Förster radius of R0 = 6.8 nm.[37]  

Since both of these phycobiliproteins were used on their own this protein dyad was not 

really suitable for usage on its own. Therefore, small molecules were used as acceptor 

dyes to tune the emission wavelength. For this, PE tandems were used for example with 

the small molecule dyes Texas Red, Cy5 or Cy7[38,39]. The energy transfer for 4-5 

molecules of Cy5 dyes per PE protein also shows efficiencies higher than 90%.[40] The 

PE-Cy5 tandem emits at 670 nm after excitation at 488 nm, representing a pseudo-

Stokes shift of 182 nm. With using the bathochromic shifted PE-Cy7 already pseudo-

Stokes shifts of 300 nm can be achieved.[39] 

APC tandems have also been created, mainly with Cy7.[39] Here the donor emission 

could also be quenched almost entirely. These conjugates also show a large pseudo-

Stokes shift of 150 nm.[39] 

Tandem dyes with their energy transfer principle offer several advantages. They make 

use of the high extinction coefficients of the donor phycobiliprotein and they enable 

simultaneous excitation of several fluorescent markers at the same wavelength, which 

is important for facilitating multiparameter analyses with a single laser.[32] 

Nevertheless, the selection of fluorescent proteins is limited and therefore they cannot 

be tuned to match multiple excitations sources. Therefore also small molecules dyads 

were used as tandem dyes highly bathochromic shifted emissions based on pseudo-

Stokes shifts and used for example in DNA sequencing applications, but still lacking in 

brightness compared to the fluorescent proteins and their tandem dye derivatives.[41,42]  
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Table 1: Absorption, emission and Stokes shifts of protein tandem dyes. 
Tandem dye Abs / nm Em / nm pseudo-Stokes shift / 

nm (cm-1) 

PE-TexasRed[40] 490 613 123 (4095)  

PE-Cy5[40] 490 670 180 (5483)  

PE-Cy7[40] 490 780 290 (7588)  

PE-APC[37] 490 660 170 (5257)  

APC-Cy7[40] 650 780 130 (2564)  
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1.5 Conjugated polymers 

Electronically conductive conjugated polymers were first reported by H. Shirakawa, A. J. 

Heeger and A. MacDiarmid in the 1970s.[43,44] The discovery took over many fields of 

technical advancements like organic electronics from organic solar cells over light 

emitting diodes and organic field-effect transistors to different utilizations for life science 

applications.[45–49] These three scientists were awarded with the Nobel Prize in Chemistry 

in 2000 for their discovery and development in the field of electronically conductive 

organic polymers.[44,50,51] Their work was initially based on the finding of conductive 

polyacetylene by doping with bromine.[43] To that point traditional polymer materials have 

rather been considered as insulators. The conductive polymers introduced electronic 

properties of semiconductors, which are traditionally inorganic materials, as well as the 

desirable mechanical properties and processability of organic polymers.  

 

Figure 9: Energy band gap of metal, semiconductor and insulator. 
 

The earliest and most basic examples of a semiconducting π-conjugated polymer was 

polyacetylene, which can simply be described as a series of sp2 hybridized carbon atoms, 

which form alternating single and double bonds. The sp2 hybridization leaving the pz-

orbital for the fourth valence electron of the carbon. The overlapping pz-orbitals of 

neighboring carbons atoms explain the delocalization of electrons and formation of π-

bands. The π-bands in a conjugated polymer are split into sub-bands and the band gap 

energy is then defined as the energy difference between the highest occupied π–sub-

band (or HOMO) and lowest unoccupied π*–sub-band (LUMO). Typically, undoped 

conjugated polymers have a full π-band and empty π*-band with an energy bandgap (Eg 
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or πàπ* transition) of 1.5 eV in case of the polyacetylene and are thus characterized as 

semiconducting materials.[51] These semiconducting polymers can then be made 

conductive by introducing defects, e.g. by oxidation or reduction, the so called “doping”.[52] 

Nevertheless the primary focus will be on the undoped material and their photophysical 

properties. 

Conjugated polymers are mainly classified into three generations: The early first 

generation of conjugated polymers (e.g. polyacetylene), the second generation 

conjugated polymers (e.g. polythiophenes (PT), polyfluorenes (PF) and 

polyparaphenylenes (PPP) and polyparaphenylene vinylene (PPV)), and the third 

generation polymers, semiconducting polymers with more complex molecular structures 

(e.g. alternating copolymer and monomers with more atoms in the repeat unit).[53] 

Examples of these are shown in Figure 10. 

 

Figure 10: Various conjugated polymer core structures. 
 

Absorption of photons of higher energy than the bandgap (hn > Eg) leads to promotion 

of electrons from the valence band (π) to the conductive band (π*), resulting in a mobile 

excited state that is delocalized over the entire polymer chain.[53] Figure 11 shows the 

schematic difference in HOMO and LUMO from a monomer to a polymer with decreasing 

band gap until it reaches the final Eg. The point from where Eg reaches a plateau and is 

not further decreasing with an increasing number of repeating units n is called the 

effective conjugation length (ECL).[54] The effective conjugation length can also be 

determined experimentally from the absorption spectra of oligomers. It is commonly 

defined as: 
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𝜆234,67. − 𝜆234	,679:; ≤ 1	nm (16) 

 

The geometric relaxation of molecular structure around an excited state gives it a finite 

size. As a result, it is typical to refer to these excited states as quasiparticles called 

excitons.[55]  

 

Figure 11: Band formation during the polymerization of a conjugated monomer (n = 1) to a 
π-conjugated polymer.  
 

Relaxation to the ground state by fluorescence (π* à π) leads then to their emissive 

properties. π-Conjugated polymers also exhibit special photophysical properties, as their 

emission is often influenced by energy migration to local minima in their band 

structures.[56] 

1.5.1 Band gap modification 

Band gap modification by structural modification: 

The band gap energy (Eg) is the key factor, which determines the optical properties of 

fluorescent π-conjugated polymers. Therefore, control of the band gap by structural 

modification is extremely important and allows control over absorption and emission 

wavelengths in designing fluorescent polymers. One method to control Eg  is the 
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structural modification of the monomeric repeating units, where the HOMO and LUMO 

levels of a π-electron system are modified by grafting of electron-donating 

or -withdrawing substituents to the monomers that will increase the HOMO level or lower 

the LUMO (Esub), respectively.[57,58] Other factors that influence Eg, including Esub are 

shown in equation (17) and are also depicted in Scheme 2.[57]  

 

𝐸< = 𝐸=> + 𝐸? + 𝐸>@A + 𝐸B1C + 𝐸DEF (17) 

 

The bond length alternation in the conjugated path represents the major contribution to 

the existence of a finite Eg value. This bond length alternation contribution to Eg (Eδr) is 

related to the difference between single and double bond lengths, coming from 

energetically non-equivalent aromatic vs. quinoid mesomeric structures.[57] The orbital 

overlap varies approximately with the cosine of the twist angle (θ), any variation from 

coplanarity (Eθ) will also result in an increase in Eg.[59]
 The resonance (Eres) between 

aromaticity of the monomer results in a π-electron confinement within the aromatic rings 

of the monomer and delocalization along the chain, also has an impact on the final Eg..[60]
 

The interchain coupling (Eint) only has an influence in the solid state.[57] But these 

influences only consider factors in a homopolymer (mainly first and second generation 

π-conjugated polymers).  

 

Scheme 2: Schematic representation of factors that influence Eg. 
 

Donor-acceptor π-conjugated polymers 

Another possibility to modify the band gap Eg is the approach to use copolymers with 

alternating electron-donating donor (D) and electron withdrawing acceptor (A) monomers. 
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The push-pull interaction within the D-A copolymer enhances double bond character 

between the aromatic units. This quinoid-like form leads to a lower band gap by 

stabilizing the planarity along the polymeric backbone and to reduce twisted 

arrangements. 

 

Scheme 3: Example of polymer with mesomeric aromatic- and quinoid-forms for A) polyphenylene 
as a general example for polyaryl systems and B) polythiophene. 
 

The HOMO of the donor and the LUMO, that are closer in energy for a D-A copolymer, 

lead to low band gap hybrid orbitals as depicted in Figure 12. This band gap is further 

reduced upon extension of the polymer chain by increased hybridization.[61] In such D–A 

copolymer systems, the HOMO is mainly located at the donor unit, and the LUMO is 

mainly located at the acceptor unit, thus both HOMO and LUMO energy levels and hence 

bandgaps can tuned to create polymers with lower bandgap and thus red shifted 

absorption and emission spectra.[62] 

 

Figure 12: Molecular orbital interaction in donor (D) and acceptor (A) moieties leading to a D–A 
monomer with a low HOMO–LUMO energy separation. 
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1.5.2 Polyfluorenes 

Phenylene-based polymers have been one of the most important classes of conjugated 

polymers, and have been the subject of extensive research, as potential blue emitters in 

light-emitting devices like organic light-emitting diodes (OLEDs) and polymer lasers.[63–

65] The simplest phenylene-based polymer is poly(para-phenylene) (PPP), which is 

insoluble in its unsubstituted form and therefore lacks processability. By attachment of 

flexible alkyl, tert-butyl or alkoxy chains solubility was ensured and in-solution processing 

and also palladium and nickel catalyzed polycondensations were made possible. But the 

sterical hindrance of the substituents cause twisting and therefore a variation from 

coplanarity and an increased Eθ which leads to lower conjugation lengths and an 

increase in Eg.[66,67] To overcome this twisting and the followed hypsochromic shift, it is 

possible to rigidify the phenylene rings by bridging of two phenylene rings (fluorene) or 

more (e.g. indenofluorenes).[68]  

 

Scheme 4: Unbridged polyparaphenylene and bridged polyfluorene and polyindenofluorene 
polymers. 
 

Polyfluorene is one of the most common light-emitting π-conjugated polymer and known 

for its violet laser excitation (405 nm), strong blue emission at 400 - 450 nm and high 

fluorescence quantum yields.[69,70] Polyfluorenes have been widely used in the field of 

organic electronics, and water-soluble derivatives have also been used in aqueous 

systems for various applications, such as DNA sensing, flow cytometry and fluorescence 

microscopy.[71–75]  
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Scheme 5: Alkylation of fluorene to produce monomers for soluble  π-conjugated polymers. 
 

 
Bromination of fluorene yields the 2,7-dibromofluorene. It is known that polyfluorenes 

tend to show self-quenching of fluorescence caused by self-aggregation.[76] The CH-

acidity of the bridging methine group in the 9-position makes alkylation in this position 

facile, by treatment with alkyl halides and allows introduction of solubilizing residues.[77]  

The effective conjugation length, meaning the critical length from where the absorption 

spectrum is not changing with increasing degree of polymerization, for polyfluorenes was 

determined by Klaerner et al. to be 12 monomeric units.[78] After successful application 

on alkyl substituted polyfluorene into the field of organic electronics also water-soluble 

derivatives emerged. Solubility in aqueous media is essential for application of 

fluorescent polymers as analytes in biological assays see Chapter 1.5.6.  

1.5.3 Polybinaphthyls 

1,1’-Binaphthyls have been extensively studied because of their atropisomerism. Steric 

hindrance restricting rotation at the pivotal 1,1′-bond can make these molecules 

discriminable optically active enantiomers. It has been shown, that the unsubstituted 

racemic binaphthyl underwent spontaneous resolution to generate the optically active R- 

or S-enantiomer when crystallized from the melt and that the half-life of the enantiomers 

is only about 14.5 min at 50 °C in DMF as shown in Scheme 6.[79]  
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Scheme 6: (R)- and (S)-1,1’-binapthyl. 
 

However, racemization studies have shown, that substitution in the 2,2’-position stabilize 

the chiral configurations of the binaphthyl. For example, (S)-1,1′-binaphthyl-2,2′-

dicarboxylic acid could not be racemized at 175 °C in N,N-dimethylformamide, while the 

8,8′-substituted compound underwent racemization at a rate similar to that of the 

unsubstituted binaphthyl.[80,81] 

Because of their highly stable chiral configuration, the 2,2′-substituted 1,1′-binaphthyls 

have been used to control many asymmetric processes, like catalysis and molecular 

recognition.[82]  

The application of binaphthyls to asymmetric catalysis, has made them also interesting 

for the usage as multimerized or polymeric catalysts, but also as building blocks for 

optically active polymers, mostly prepared from transition metal-catalyzed cross 

couplings.[82] Binaphthyl-based conjugated polymers have been mainly polymerized 

through the 2,2’-, the 4,4’-, and the 6,6’-position.[82]  

Since 1996, Pu and co-workers have synthesized different binaphthyl-based main chain 

chiral conjugated polymers by polymerization at the 6,6′-positions of optically active 

binaphthyl monomers solely, or with different aromatic linkers like phenylene, 

biphenylene, or a series of oligothiophenes.[83–87] Due to alkyl substitution in the 2,2’-

position these polymers have been soluble in common organic solvents, such as 

tetrahydrofuran, chloroform, and dichloromethane. These polymers offer absorption 

maxima between 260 and 450 nm and fluorescence maxima ranging from 400 to 

580 nm. Also longer wavelength binaphthyl-based polymers have been reported, e.g. by 

incorporation of BODIPY monomers.[88] 
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Scheme 7: Conjugated repeating unit in 6,6‘-binaphthyl-based polymers (red) that ends at the 
1,1’-bond of the binaphthyl units.  
 

By comparing the absorption spectra of the binaphthyl-based polymers with those of their 

repeating unit model compounds, it was concluded that there is almost no extended 

conjugation across the 1,1′-bond of the binaphthyl units in the backbone of these 

polymers. Rather, the conjugation of these binaphthyl based polymers is determined by 

the conjugation of their repeating units as shown in Scheme 7.[82]  

If the enantiopure (R)- or (S)-monomers of binaphthyl are polymerized they yield 

chiroptical active polymers that show activity in CD and CPL signals. It has been shown 

for the monomers as well as for the polymers, that the dihedral angle between the two 

naphthyl units influences the strength and the sign of the chiroptical activity.[88,89] These 

combination of main chain chirality and high optical activity make polybinaphthyls an 

highly interesting class of conjugated polymers for the development of chiral sensors or 

organic light emitting material, especially non-linear optical materials.[90] 

 

1.5.4 Polymerization techniques for conjugated 
polymers: 

Three kinds of carbon-carbon cross-coupling reactions are commonly used to synthesize 

conjugated polymers. These include oxidative coupling and transition-metal mediated 

reactions.[91] 
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Synthesis by oxidative coupling of polyfluorene with iron(III) chloride as catalyst 

according to the Scholl reaction as shown in Scheme 8 is one option.[92] The first 

synthesis of poly(9,9-dihexyl-2,7-fluorene) was reported using this method.[93] This 

method is easy to apply, as it needs no functionalization of the monomers. However, this 

method will lead to defects and low molecular weight polymers, with some degree of 

branching and linkages through positions other than 2 and 7. This method has been 

displaced with the development of transition-metal mediated polycondensation 

reactions.[91] 

 

Scheme 8: Polyfluorene synthesis by oxidative coupling reaction. 
 

The most commonly employed transition-metal catalyzed reactions are nickel-catalyzed 

Yamamoto coupling and palladium(0)-catalyzed Suzuki coupling reactions, although 

other metals have also been used. The organometallic nucleophiles can be Grignard 

reagents (Kumada-Corriu), stannyl compounds (Stille), or copper acetylides 

(Sonogashira).[94] 

1.5.4.1 Yamamoto polymerization: 

Nickel-mediated Yamamoto dehalogenation coupling reactions provide a reaction for 

carrying out self-polymerization of single monomers.[95,96] The reaction uses dibromo 

monomers and can be efficiently used for the synthesis of conjugated polymers under 

mild conditions using a zero-valent nickel complex as a dehalogenation reagent.[97] Due 

to the homo bifunctional monomers the scope of this method is restricted to the 

preparation of homopolymers and statistical copolymers. Zero-valent nickel complexes 

such as Ni(COD)2, are effective for dehalogenative dimerization or polymerization of 

various organic halides such as aryl halides.[98] 
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Scheme 9: Reaction steps of nickel(0) mediated cross coupling. 
 

As shown in Scheme 9 the reaction proceeds through initial formation of the 

Ni(COD)(bipy) complex and subsequent oxidative addition of the substrate to give 

NiBr(R1)(bipy) which undergoes disproportionation reaction and subsequent formation of 

the biaryl. The disproportionation process of relatively stable NiBr(R1)(bipy) to give 

Ni(R1)2(BPY), which is ready to undergo quite facile reductive elimination of the product, 

is the rate-determining step of the reaction.[98] The color of the reaction mixture changes 

from yellow to purple immediately showing the formation of Ni(bipy)(COD), and then into 

red in a quite a shorter period.[99] The reaction mixture undergoes further color change 

to green showing formation of NiBr(bipy). 

 

 

Scheme 10: Polyfluorene synthesis by Yamamoto reaction. 
 

The Yamamoto method has the advantage of experimental simplicity but is limited to 

homopolymers and random copolymers and requires stoichiometric amounts of often 

expensive nickel(0) reagents. 
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1.5.4.2 Suzuki polymerization: 

The Suzuki coupling reaction starts from precursor materials bearing halides and boronic 

acids or boronic acid esters in the presence of palladium(0) catalyst, such as 

tetrakis(triphenylphosphine)palladium(0). The palladium-catalyzed Suzuki cross 

coupling (SCC) is one of the most common reactions for formation of C-C bonds, 

especially for aryl-aryl bond formation. This reaction can also be employed for step-

growth polymerizations of bifunctional aromatic monomers, the so-called Suzuki 

polycondensation (SPC) reaction.[66] The required reactive groups are on one end aryl 

boronic acids or esters and on the other end aryl halides. The functional groups can be 

either both available on the same hetero bifunctional monomer (AB polymerization) or 

on two different homo bifunctional monomers (AA/BB polymerization).[100] While the AB 

method gives only homopolymers, the AA/BB method can be used to get either 

homopolymer, or alternating copolymers.  

 

Scheme 11: Different monomer types for Suzuki polymerizations: A) AB-type homopolymer; B) 
AA/BB-type homopolymer; AA/BB-type copolymer. 
 

The general catalytic cycle for the SPC involves the same steps as the SCC using 

transition metals with organic halides involves (a) oxidative addition, (b) transmetallation, 

(c) reductive elimination sequences as shown in Scheme 12.[100]  
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Scheme 12: Mechanism of Suzuki cross coupling. 
 

The coupling reaction of organic boron compounds proceeds only in the presence of a 

base. This is due to the fact that the organic group on boron is not nucleophilic enough 

for the transfer from the boron to the palladium in the transmetallation step because of 

the strong covalent character of the B-C bond in boron compounds. Therefore, it is 

necessary to increase the carbanion character of organic groups by formation of an 

organoborate with a tetravalent boron atom. Further, it is known that bases substitute for 

Pd-X to form Pd-OH (or Pd-OR) which has higher activity. Thus, the transmetallation 

reaction in the Suzuki reaction is favored by the formation of both four-coordinated boron 

compounds and Pd-OH (or Pd-OR). Aryl halides and aryl triflates are the commonly used 

electrophiles.[101]  

Although the most often used catalyst in the Suzuki reaction is Pd(PPh3)4, various 

palladium catalysts are also employed, such as Pd(dppf)Cl2, PdCl2(PPh3)2, Pd(OAc)2 and 

PdCl2.[101]  

Bases are always required in the Suzuki reaction as opposed to the coupling reaction 

using organotin or organozinc reagents. The best results are achieved with the use of a 

relatively weak base. Potassium and sodium carbonate are among the most frequently 

use.  

LnPd(0)

LnPd(II)
X

R2

R2 X

M+(OR)-

M+X-LnPd(II)
OR

R2

LnPd(II)
R1

R2

R1 BH(OR)2 M+(OR)-+

R1 BH(OR)2

OR

RO BH(OR)2

OR

R1 R2

reductive
elimination oxidative 

addition

transmetallation

organoborane

borate

base

base



Introduction   1.5 Conjugated polymers 

31 
 

There are some drawbacks with the palladium-mediated SPC cross coupling reaction. 

Byproducts such as self-coupling products, coupling products of phosphine-bound aryls, 

are often formed. The most frequently used catalyst, Pd(PPh3)4, suffers from this 

drawback and the phenyl group of the PPh3 becomes incorporated in the products giving 

scrambled derivatives, by aryl-aryl exchange.[101] 

Using oxygen-free inert gas conditions, homocoupling products can be avoided. To 

remove the dissolved oxygen, it is desirable to de-gas the solvents by a suitable method, 

like freeze pump thaw cycles. The key advantages of the SPC coupling are the mild 

reaction conditions and the wide commercial availability of the diverse boronic acids and 

pinacol esters that are environmentally safer than the other organometallic reagents.[102] 

In practice it has rendered advantageous to use pinacol esters to reduce the risk of ester 

hydrolysis.[103] 

Compared with the Yamamoto coupling reaction, the Suzuki coupling reaction is more 

complex, but gives higher molecular weight.[91]  

 

1.5.5 Carothers equation 

W.H. Carothers proposed a simple equation describing the dependency of the degree of 

polymerization Xn to the extent of the reaction p for linear polycondensations. N0 is the 

original number of molecules present in an AB monomer system and N is the number of 

molecules remaining after time t, then the total number of functional groups of either A 

or B that have reacted is N0−N. At that time the extent of reaction p is given by equation 

(18). 

𝑝 = G!*G
G!

    or    𝑁 = 𝑁&(1 − 𝑝) (18) 

 

In terms of a Suzuki equation this is also valid for an AA + BB reaction, but then it needs 

to be concidered that there are initially 2N0 molecules. 

The degree of polymerization Xn is also defined by the ratio of the initial number of 

monomers devided by the number of final monomers as shown by equation (19): 
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𝑋6 =
𝑁&
𝑁

 (19) 

 

Combination of equations (18) and (19) gives the Carothers equation (20): 

 

𝑋E = 1/(1 − 𝑝) (20) 

 

For AA/BB type reactions Xn half the average molar mass of the repeat unit is used to 

calculate the degree of polymerization. To obtain high molecular weight polymers, 

becomes increasingly difficult as the polymerization proceeds. This can be explained by 

a number of reasons: (1) the difficulty in ensuring the precise equivalence of the reactive 

groups in the starting materials when two or more types of monomer are used; (2) the 

decreasing frequency of functional groups meeting and reacting as their concentration 

diminishes; and (3) the increasing likelihood of interference from side reactions.[104] More 

usefully, a precisely controlled stoichiometric imbalance of the reactants in the mixture 

can provide the desired result. This can be expressed in an extension of the Carothers 

equation, taking into account the imbalance of the monomers as shown in equation (21): 

𝑋E =
1 + 𝑟

1 + 𝑟 − 2𝑟𝑝
 (21) 

 

With r being the ratio of the AA and BB monomer. 

𝑟 =
𝑁HH
𝑁II

≤ 1 (22) 

 

 

The Carothers equation as illustrated in Figure 13, shows, that for reaching a degree of 

polymerization of Xn = 20 a 95 % conversion of the monomers is needed if the 

stochiometric ratio r = 1. If r = 0.98 already a conversion of 95 % only yields Xn = 17  and 

for r = 0.95 only Xn = 14.4.  
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Figure 13: Graphical representation of the Carothers equation. 
 

 

1.5.6 Water soluble polymers 

Many advances have been made in the usage of conjugated polymers for optoelectronic 

application, like solar cells or light emitting devices and chemical sensors.[48,105–108] The 

later development of  water soluble conjugated polymers is an interdisciplinary progress 

through chemistry, material and life sciences. Structurally, water soluble π-conjugated 

polymers consist of two important components. One part is the  π-conjugated backbones, 

which defines the photophysical properties of the polymers, such as absorption and 

emission spectra, quantum yield and light-harvesting. The second part are the side-

chains, such as cationic quaternary anionic carboxyl groups, sulfonic groups, and 

phosphate groups, which ensures sufficient water solubility of the polymers for 

interactions with biomacromolecules, microorganisms, or cells.[109] Although plenty of 

new water soluble conjugated polymers have been reported, most of them still rely on 

these terminal charged side chains as solubilizing moieties. Their large π-systems and 

hence large extinction coefficients make them highly interesting for imaging, sensing and 

also for signal amplification, by using their light harvesting capability. Even though there 

are many different conjugated polymers, most of them are still based on one of the 

classes of polyfluorenes, poly(p-phenylenevinylene), poly(p-phenyleneethynylene), 
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polydiacetylene, and polythiophene. These can then be tuned by copolymerization with 

different co-monomers or modified by variation of their side chains.[47] Because of the 

limited types of backbones and terminal charged groups, most new studies water soluble 

conjugated polymers employed pendent chains with a variety of recognition elements, 

e.g., sugars, small-molecule ligands, or antibodies.[47]  

Water soluble conjugated polymers with ionic side chains have been used for different 

applications. One of them is the amplification of DNA or RNA assays. The method uses 

a light harvesting conjugated polymer and an oligonucleotide consisting of a peptide 

nucleic acid (PNA) labeled with a small molecule reporter dye.[110] Addition of a target 

polynucleotide with a sequence complementary to the PNA strand yields a DNA/PNA 

duplex structure. Electrostatic interaction of the positively charged conjugated polymer 

and the negatively charged DNA backbone brings the conjugated polymer in close 

proximity to the duplex. Upon excitation of the conjugated polymer, the energy is 

transferred from the polymer to the signaling chromophore. If no target nucleic acid is 

present the energy transfer from the polymer to the small molecule dyes is not taking 

place and no target fluorescence signal is detected. The background fluorescence is low, 

because the average distance between the conjugated polymer and the reporter 

fluorophore is too large for effective energy transfer in the absence of such 

hybridization.[75] 

Although conjugated polymers with ionic groups are mostly water-soluble, the intrinsic 

hydrophobic backbones still tend to aggregate and interact with hydrophobic substrates, 

resulting in decreased fluorescence quantum yield and unwanted nonspecific binding. 

To compensate these drawbacks, polyethylene glycol sidechains are more and more 

frequently introduced into conjugated polymers to increase water solubility and improve 

fluorescence quantum yield  by reduction of aggregation, and thereby eliminate 

nonspecific interactions with biomacromolecules or cells. A tetraethylene glycol non-ionic 

polythiophene that does not aggregate in water/THF mixture has been reported in 

2005.[111] By utilizing click reaction, Liu and co-workers grafted a red-fluorescent 

conjugated polymer with dense PEG side-chains by a molecular brush approach.[112] 

Bazan and co-workers reported the development of a monofunctionalized polyfluorene 

with PEG7 side chains  with excellent polydispersity (<1.5) for imaging application.[113] 

Analogously to this Wang et al. reported a water soluble PEG11 poly(2,7-dibenzosilole) 

as an ultra-bright fluorescent label for antibody-based flow cytometry.[114]  
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1.6 Flow cytometry 

Since the invention of flow cytometry in the 1960s it enables the analysis of cell 

populations, that are specifically labelled with antibody-fluorochrome conjugates.[20] 

While these fluorescent signals give information about expression of genes and proteins, 

both intra- and extracellular, scattered light can reveal information about the morphology 

and size of different cells.[115,116] The analyzed cell suspension is transported in a fluid 

stream. 

 

Figure 14: Overview of the flow cytometer. Sheath fluid focuses the cell suspension, causing cells 
to pass through a laser beam one cell at a time. Forward and side scattered light is detected, as 
well as fluorescence emitted from stained cells.  
 

To make sure the single cells are analyzed individually, they are isolated by 

hydrodynamic focusing. Therefore the sample containing fluid stream is injected into a 

surrounding sheath stream through a nozzle, that, under laminar flow conditions, leads 

to hydrodynamic focusing of the individual cells within the sheath stream before the cells 
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cross through a flow cell for optical analysis.[115,116] Here the cells cross sequentially 

multiple laser beams in a orthogonal arrangement. Two different scatter signals of the 

cells are then detected: the forward scattered light, that measured along the direction of 

the laser beam and that is proportional to the size of the cells, and the side scattered 

light, that is measured in a 90° angle to the laser beam and correlates with the granularity. 

After excitation of a fluorescent marker on a cell the signal is detected by a fluorescence 

detector, usually a photomultiplier tube (PMT). The readout of fluorescent signals derived 

from excitation of the different lasers is analyzed sequentially, i.e. the fluorescence 

signals can be assigned to the different excitation light sources. The intensity of the 

fluorescent signal is proportional to the number of fluorochrome-antibody conjugates on 

the cell and therefore the number of antigens on the cell.  

The signals are commonly graphically represented as a histogram plot where the 

intensity of the scatter or the fluorescence signal is plotted against the number of cells. 

Another often used representation are dot plots, where the intensities of two different 

signals are plotted for each cell as shown in Figure 15. Here each analyzed cell is 

represented as a single dot in a heatmap diagram according for their signal intensity of 

two different detection channels. Cell populations in dot plots are often clustered in gates, 

that can then be hierarchically analyzed as a subpopulation for other fluorescent markers.  

 

 

Figure 15: Example of a dot plot representation of a flow cytometry analysis. 
 

The mean fluorescence intensity (MFI) compares the absolute brightness of each 

conjugate for the positively stained cell population. To also get information about the 
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background staining the staining index (SI) is used. It is a measure of the separation 

between the positive and the background (negative) cell population divided by two times 

the standard deviation of the negative cell population:[117]  

 

𝑆𝐼 = 	
𝑚𝑒𝑎𝑛JKL −𝑚𝑒𝑎𝑛MNOPQRKS6T	

2	𝑥	𝑆𝐷MNOPQRKS6T
 (23) 

 

In addition to the cell analysis flow cytometry offers also the possibility to physically sort 

and separate the analyzed cells. This technique is called fluorescence assisted cell 

sorting (FACS).  

Usage of multiple excitation light sources, combined with multiple fluorescence filters 

allows for highly multiplexed analysis of fluorescently labeled cells. The use of 488 nm 

lasers in 1974 for the excitation of fluorescein or rhodamines for 2 color flow cytometry[118], 

was followed by the use of red 630 nm HeNe lasers.[119] With these two laser lines 

available, the usage of the class of fluorescent phycobiliproteins proteins, namely 

phycoerythrin (PE) and allophycocyanin (APC) was enabled.[120] Based on the ability of 

the phycobiliproteins to participate in energy transfer system a series of protein-small 

molecule dye tandems was developed first based on PE (e.g. PE-Cy5, PE-Cy5.5, PE-

Cy7) to enable single laser three color flow cytometry.[39,121] These dyes also benefitted 

from the introduction of yellow green lasers for flow cytometry by improved excitation.[122] 

Later also tandem dyes based on APC (e.g. APC-Cy7) were introduced.[39] With the 

increase of colors in small molecule dye colors (e.g. Alexa Fluor dyes) the number of 

colors that could be analyzed grew to 11. With the addition of the violet 405 nm laser 

also the usage of quantum dots found its way into flow cytometry. With now three lasers 

available the number of colors that could be analyzed increased to 17.[123] With the 

introduction of the polymer and polymer-tandem dyes for the violet laser the number of 

available dyes increased even further.[124] The ultra violet 355 nm laser then added a fifth 

excitation source and with the development of series of UV-excitable polymer dyes 

modern flow cytometry was capable of 28 color analysis.[125–127] The progress in 

instrumentation and the development of spectral flow cytometry with five excitation light 

sources recently allowed for 40 color panels.[128] In spectral flow, the full emission 

spectrum for each fluorochrome, across all laser lines is measured, in contrast to 

conventional flow cytometry, that measures only the peak emission of each 

fluorochrome.[129] 
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2.1 Aim of this work  

Fluorescent polymer dyes are a relatively new class of dyes compared to the commonly 

used small molecule or protein dyes. Because of their high extinction coefficients and 

tunability the have some superior qualities over the aforementioned. Although 

conjugated polymers have been highly studied, less examples of water-soluble polymer 

dyes are known. Most of the water-soluble fluorescent polymers use ionic side chains as 

solubilizing moieties. Although this is beneficial for applications like DNA sensing, the 

ionic groups lead to high unspecific background staining, when used for cell staining 

experiments. Bichromophoric dye constructs can be used for tuning optical properties of 

dyes and become more and more important for multiplexed analysis in biological assays, 

that are going towards higher numbers of simultaneous analyzed parameters.  

While the protein tandem dyes are already known for decades the polymer tandem dyes, 

using a resonance energy transfer for generation of a tunable pseudo-Stokes shift, are 

not well understood. The structures of polymer dyes used for flow cytometry are rarely 

disclosed. Therefore the molecular structure and composition of the polymer dyes, that 

are of great importance for the properties and performance in flow cytometry or other 

applications, are barely studied.  

This project was aimed at the development and characterization of fluorescent polymer 

dyes and polymer tandem dyes for a better understanding of their design as fluorescent 

dyes for immunofluorescence application. These polymer dyes should fulfill the following 

properties: 

• Water-soluble 

• High brightness (i.e., high quantum yield and large extinction coefficient) 

• Absorption suitable for excitation light sources (e.g. 355 nm or 405 nm) 

• Tunable emission wavelength 

• Functional group for antibody-conjugation 

This goal could be achieved by synthesis of different pegylated fluorene-and binaphthyl-

based fluorescent polymers and polymer tandem dyes. 
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2.2 General strategy 

Different strategies for the design of the conjugated polymers should be used as shown 

in Figure 16. Starting from the synthesis and characterization of the homopolymers 

(Figure 16A), this approach is then expanded to different absorption and emission 

wavelengths by using either electron rich or electron deficient co-monomers (Figure 16B) 

or by using a FRET based donor/acceptor construct with intramolecular energy transfer 

(Figure 16C).  

 

 

Figure 16: Schematic representation of the conjugated polymer design for A) PEGylated polymer 
(blue), B) copolymer pegylated monomer (blue) with electron rich or deficient co-monomer (green) 
and C) polymer tandem with co-monomers (purple) functionalized with small molecule acceptor 
dyes (red) coupled to recombinant antibodies (yellow) via a functional terminal capper (black).  
 

Generally the polymers were polymerized with terminal cappers as a functional handle 

for later antibody coupling. The basis for the development and characterization of water 

soluble fluorescent polymer dyes for flow cytometry is the usage of polyfluorene as the 

backbone. Polyfluorenes represent one of the most used π-conjugated polymers and 

are excitable by a violet laser, that is commonly installed in flow cytometers. For deeper 

understanding of the monomeric structures, first the influence of the solubilizing PEG 

side chains on the photophysical properties as well as the staining performance of the 

polymer dyes in flow cytometry is analyzed. To change the optical properties the fluorene 
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monomers will then be co-polymerized with either electron rich or deficient co-monomers. 

To generate multiple emission wavelength with a universal polymer backbone, the 

FRET-based tandem dye approach will be used, by incorporation of amino-

functionalized co-monomers that can be later coupled with small molecule acceptor dyes. 

Here polymer tandems with different parameter were used, e.g. different PEG-side 

chains, or different amounts of acceptor dyes. By using a variety of acceptor dyes the 

emission wavelengths should be expanded to the whole visible and near infrared 

spectrum. The optimized conditions of these results should then be transferred from 

violet light absorbing fluorene-based polymer towards UV light absorbing polymers to 

create also a series of UV excitable tandem dyes. 
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3.1 Water-soluble polyfluorene-based dyes 

3.1.1 Fluorene homopolymers 

Polyfluorenes are known for their aggregation in solution, which leads to self-quenching. 

For bright dyes it is inevitable to reach high quantum yields and therefore self-quenching 

needs to be prevented. For increased solubility and steric prevention of aggregation, 

solubilizing side chains can be introduced in position 9 of the fluorene. To prevent 

aggregation and to introduce water solubility to polyfluorene backbones, different 

approaches, like linear or dendronized ionic or polyethylene glycol (PEG) side chains 

have been utilized.[71,72,130] Many reports focus on cationic quaternary ammonium 

groups.[75] These side chains convert the polymer into a polyelectrolyte. This property 

has advantages e.g. for the development of fluorescent probes that bind anionic DNA. 

However, it is known that polyelectrolytes show high unspecific binding und thus cause 

high background staining in cell assays.[131,132]  

Even though higher fluorescence quantum yields have been reported for the 

dendronized polyelectrolytes, the PEG chains are promising due to their proven lower 

unspecific binding.[132–134] To evaluate the influence of the PEG chain on the emissive 

behavior of the polymer the monomers were decorated with PEG chains of different 

lengths  

3.1.1.1 PEG length comparison 

The PEG side chains enhance the solubility of the conjugated polymer and help to 

prevent aggregation. To evaluate the influence of the PEG chain length on the polymer, 

different monomers, which differ in the length of their side chain PEG moieties were 

synthesized as shown in Scheme 13. This decoration of polyfluorenes with methoxy-

PEGs was done by using the commercially available alcohols 1b-d of different PEG 

chain lengths (n = 4, 8, 11, 15 ethylene oxide units) that were tosylated to get 2b-d, and 

subsequently converted into the corresponding iodides, 3b-d, by a Finkelstein reaction 

with sodium iodide. The PEG4 iodide 3a is commercially available. 2,7-Dibromofluorene 

4 was deprotonated in the 9,9’-position by potassium tert-butoxide and reacted with 

iodides 3a-d to obtain the monomers 5a-d. 
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Scheme 13: Synthesis of dibromofluorene monomers 5a-d with PEG side chains of different 
length. 
 

For functionalization of the conjugated polymers for later coupling to biomarkers such as 

antibodies, terminal capping units are a commonly used strategy.[135] For the usage in 

both, Yamamoto and Suzuki type polymerization reactions, an aryl halide was 

advantageous. Therefore 4-(4-bromophenyl)butanoic acid was used as a building block 

to introduce a carboxylic acid to the conjugated polymer. The carboxy functionalized 

capper was chosen, as it offers the opportunity to be activated using NHS/EDC and let 

it react with the amino residues of antibodies (e.g. lysine residues), or to functionalize it 

with thiol reactive groups like maleimides for coupling with partly reduced antibodies as 

shown in Scheme 16. As Yamamoto reactions do not tolerate protic groups the capper 

was protected using a tert-butyl protecting group as shown in Scheme 14.[136,137] The 4-

(4-bromophenyl)butanoic acid was protected with tert-butanol after activation of the 

carboxylic acid with CDI and DBU to get the terminal capper 7.  

 

 

 

Scheme 14: Synthesis of tert-butyl protected carboxy capper 7. 
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Scheme 15: Synthesis of the fluorene homopolymers 8a-d with PEG side chains of different 
length. 
 

The monomers 5a-d were then polymerized with 2 mol% of terminal capper 7 as shown 

in Scheme 16 to get the four homopolymers 8a-d. For all Yamamoto type 

polymerizations 2.2 eq. of bis(cyclooctadiene)nickel(0) catalyst, cyclooctadiene and 2,2′-

bipyridine were used.  

The photophysical data, as well as the data from GPC analysis of these four polymers 

are summarized in Table 2. All four fluorene homopolymers show similar molecular 

weight distribution with Mn values in the range between 32.1 and 40.5 kDa. The 

differences in the weight of the repeating units, due to the different PEG lengths, lead to 

different degrees of polymerization Xn. The values for Xn vary from 83 repeating units for 

polymer 8a with the smallest repeating unit and decreases over 45  for 8b and 28  for 8c 

to 24 for 8d.  

Since the extinction coefficient of a chromophore depends highly on the size of the 

conjugated π-electron system, for polymers it is proportional to the number of repeating 
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units within the polymer. Therefore the extinction coefficients also decrease with the 

elongation of the PEG side chains, because the polymers have in this case similar 

molecular weights, but different degrees of polymerization. Nevertheless, the extinction 

of a single monomeric unit still stays similar for all four polymers (41 to 45 ⋅ 103 M-1cm-1).  

 

  
Table 2: Data of polymer backbones 8a to 8d in PBS buffer (pH 7.4). 

Polymer λabs
[a]/ 

nm 

ε[b]   
/ 106 M-1cm-1 

εmono[c]  
/ 103 M-1cm-1 

λem
[d]  

/ nm 
Mn

[e]  

/ kDa Mw
[f]/ kDa Ð [f] Xn

[g] 

8a 403 2.98[h] 41[h] 426 32.1 138.0 4.3 83 

8b 405 1.95 43 425 40.5 88.6 2.2 45 

8c 405 1.52 45 424 32.5 72.4 2.2 28 

8d 401 1.14 45 423 36.2 70.7 2.0 24 
[a] absorption maximum; [b] molar extinction coefficient; [c] monomeric extinction coefficient [d] emission 
maximum; [e] number average molecular mass and [f] weight average molecular mass, determined by gel 
permeation chromatography; [f] polydispersity index determined from Ð = Mw/Mn; [g] number average-based 
degree of polymerization; [h] measured in CH2Cl2 due to low solubility in water. 
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Figure 17: Absorption and emission spectra of fluorene polymers 8a to 8d in PBS-buffer (pH 7.4). 
 

The base polymers all show similar absorption and emission maxima that are not 

affected by the PEG length. Figure 18 shows the fluorescence quantum yields in 

dependency of the PEG lengths in PBS buffer with a large increase going from PEG4 to 

PEG8 and a plateau after PEG8 at ca. 77 % quantum yield. But as brightness depends 

on the product of quantum yield and extinction coefficient, the brightness shows a 

maximum for the PEG8-substitued 8b, due to the high quantum yield and a higher 

extinction compared to 8c and 8d. 
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Figure 18: Absolute fluorescence quantum yields in CH2Cl2 (grey curve) and PBS buffer at pH 7.4 
(black curve) and brightness (dashed red curve) of the polyfluorene homopolymers 8a to 8d.  
 

To study the photostability of the different polymer dyes, they were irradiated with a high 

power white light source over time and the change in their emission was monitored. The 

plot of the emission over time is shown in Figure 19.  

 

Figure 19: Photobleaching kinetic of 8a, 8b, 8c, 8d, in PBS-buffer (pH 7.4) after irradiation with 
a high-power white light source The photodegradation was fitted with the mono exponential 
decay. 
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Here it can be seen, that the photostability of the polymer dyes increases with the length 

of the PEG chains. This effect may be attributed to the PEG chains, as they shield the 

dyes better from evolving reactive oxygen species as already shown in literature for small 

molecule dyes shielded by PEG or branched polyglycerols.[138] 

Since the base polymers already represent fluorescent dyes on their own, with a Stokes 

shift of 19 nm (Dn = 1106 cm-1) 8b, 8c and 8d were coupled to primary recombinant 

antibodies against the commonly used human B-cell marker CD19. In human blood 

CD19 represents a widely expressed lineage marker for all phases of B cell development 

until terminal differentiation into plasma cells.[139] Because of their high expression level, 

CD19 represents a bright and distinct cell population and is therefore well suited to 

compare different dyes. The dye activation and antibody coupling is represented in 

Scheme 16. For this the dyes were activated by using NHS and EDC and subsequently 

reacted with ethylene diamine. Afterwards the dyes were functionalized with the 

heterobifunctional linker SMCC. The antibodies were partially reduced by using DTT and 

then coupled with the maleimide functionalized polymers 8b-8d. 
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Scheme 16: Strategy for bioconjugation of polymer dyes to antibodies.  
 

Polymer 8a was not soluble enough in aqueous buffer to be coupled to the antibody 

without precipitation. The resulting antibody-dye conjugates CD19-8b, CD19-8c and 

CD19-8d were adjusted to an antibody concentration of 100 µg/mL and titrated on 

human peripheral blood mononuclear cells (PBMC). The results of that cell staining are 

shown in Figure 20. 

The mean fluorescence intensity (MFI) compares the absolute brightness of each 

conjugate for the positively stained cell population and is shown in Figure 20A against 

the used antibody titer. To also get information about the background staining the 

staining index (SI) is used.  

The SI values for the titration are shown in Figure 20B. Both of these values are useful 

for comparing the overall performance of the conjugate to one another. The cell staining 

follows the trend of the brightness calculations for the free dye (Figure 18). This means 

the CD19-8b conjugate shows the highest MFI but also in SI at an antibody concentration 
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of 3 µg/mL. Figure 20C shows the dot plots of the stainings with the highest SI for all 

three antibody-dye conjugates. The CD19+ population in the lower right corner shows a 

good separation from the unstained CD19- cells in the lower left. Where the negative 

population in the lower left corner of the dot plot is not showing any background staining 

and also the CD14-APC stained monocytes in the upper left corner of the plots do not 

show a shift. This shows that the longer PEG chains of 8c and 8d do not give better 

background signal, but the highest degree of polymerization of 8b leads to the highest 

brightness and therefore also the best performance in the flow analysis.  

 

Figure 20: Titration of anti CD19 conjugates on human PBMC: A) MFI and B) SI vs. antibody titer 
of PF-PEG8, PF-PEG11 and PF-PEG15  anti-CD19 conjugates and C) dot plots of highest SI of 
each conjugate for staining against CD14-APC as monocyte marker, D) histogram of the same 
parental gate used for the dot plots shown in C).  
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3.1.2 Fluorene-based copolymers 

The PEG-substituted fluorene homopolymers represent highly fluorescent dyes that are 

already suitable for usage in flow cytometry applications. But they can only be used in in 

one detection channel. To use multiple polymer dyes simultaneously, there is the 

possibility to tune the absorption spectrum to match different laser lines. As already 

described in Chapter 1.5.1, the bandgap of polymers can be modified by using 

alternating electron rich (donor) and electron deficient (acceptor) polymers. To modify 

the spectral properties of the fluorene based polymer different co-monomers can be used.  

 

Scheme 17: Acceptor and donor co-monomer structures.  
 

As electron poor (acceptor) monomers benzothiadiazole (9) and quinoxaline (10) and as 

electron rich (donor) monomers thiophene (12) and bithiophene (13) were chosen, while 

phenylene represent a rather electron neutral co-monomer.  

By usage of an electron poor monomer compared to the fluorene core structure the 

bandgap of the polymer is expected to become smaller and by this the absorption and 

emission spectra are expected to undergo a bathochromic shift as described in Chapter 

1.5.1. By doing so polymers that match for example a blue 488 nm laser could be 

addressed. Another benefit of the bandgap modified copolymer can be that they offer 

differences in their Stokes shift, what may lead to similar absorption bands, but different 

emission wavelengths. These polymers could then be used for simultaneous detection 

after excitation with the same laser line and offer multiplexing opportunities.  
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3.1.2.1 Poly(fluorene-co-quinoxaline) 

First, a copolymer based on quinoxaline and the PEG11-substituted dibromo fluorene 5c 
was prepared as shown in Scheme 18. As electron-poor commercially available co-

monomer 5,8-dibromoquinoxaline (14) was used. The monomers 5c and 14 were 

polymerized together with the tert-butyl protected carboxylic acid-functionalized terminal 

capper 7. The polymer was synthesized using the same nickel-catalyzed Yamamoto 

polymerization conditions that were used for the fluorene-based homopolymer in 

Chapter 3.1.1. Using Yamamoto conditions means in this case that the monomers 5c 

and 14 will be randomly distributed along the polymer chain. The corresponding 

copolymer 15 could be isolated in a reasonable yield of 62 % after deprotection and size 

exclusion purification by TFF. 

  

Scheme 18: Synthesis of poly (fluorene-co-quinoxaline) copolymer 15. 
 

The GPC and photophysical data of the polymer are summarized in Table 3. With a Mn 

of 20 kDa and MW of 80 kDa and a corresponding polydispersity of 3.2, that polymer 

shows a broad molecular weight distribution compared to the PEG11-subsituted 

homopolymer 8c with a polydispersity of 2.2. The absorption and emission spectra of 

copolymer 15 are shown in Figure 21. As indicated in Figure 21, this polymer could be 

used with the violet 405 nm laser line. Compared to homopolymer 8c copolymer 15 
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shows a significantly bathochromic shifted emission spectrum with an emission 

maximum at 498 nm. 

 

 

Figure 21: Absorption (blue) and emission (red) spectra of copolymer 15 in PBS-buffer (pH 7.4). 
The violet 405 nm laser is indicated as black line.  
 

However, the fluorescence quantum yield ϕfl of 11 % is rather low compared to the 

homopolymer 8c with 77 %. The copolymer shows only a low solubility in aqueous buffer, 

what may be a reason for the low quantum yield. 

 

Table 3: GPC and photophysical data of copolymers in PBS buffer (pH 7.4). 

Polymer λabs
[a] / nm λem

[b] / nm ϕfl 
[c] / % Mn

[d] / kDa Mw
[e] / kDa Ð [f] 

15 386 498 11 25 80 3.2 

17a 468 (440) 480 (513) 71 16 32 2.0 

17b 460 (487) 512 (547) 40 15 31 2.1 

19 455 545 12 9 20 2.2 

21 387 418 50 25 60 2.4 
[a] absorption maximum [b] emission maximum; [c] absolute quantum yield after excitation at 365 nm [d] 
number average molecular mass and [e] weight average molecular mass, determined by gel permeation 
chromatography; [f] poly dispersity index determined from Ð = Mw/Mn. 
 
Since the emission at 498 nm would fit to the V2 channel of a MACSquant 16 flow 

cytometer, this copolymer should also be bioconjugated to a recombinant anti CD19 

antibody according to the same strategy as shown in Scheme 16. Due to the low solubility 
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of the co-polymer the antibody dye conjugate precipitated during the last step of the 

bioconjugation and could not be redissolved afterwards by vortexing, addition of ethanol, 

sonification and could therefore not be tested in cell staining experiments. The low water 

solubility can be explained by the unsubstituted quinoxaline moiety in the copolymer. 

Here no solubilizing side chains are present. The PEG length comparison in Chapter 

3.1.1 showed that two PEG8 side chains are necessary for a sufficient water solubility, if 

every monomer is substituted. Therefore it would be necessary to also apply solubilizing 

units to the copolymer 15 if this one should be made water soluble. Besides this, there 

is no information available about the random distribution of the monomers inside the 

copolymer chain. It is possible that the monomers have different polymerization affinities 

and are therefore unequally incorporated in the polymer.  

Nevertheless, the photophysical properties of copolymer 15 show that tuning of the 

bandgap can be easily achieved with the incorporation of the electron deficient co-

monomer quinoxaline. However, for sufficient water solubility, which is mandatory for the 

antibody bioconjugation and later utilization in immunofluorescence applications, it is 

necessary to incorporate additional solubilizing groups to the quinoxaline moiety. 

 

 

3.1.2.2 Poly(fluorene-alt-benzothiadiazole) 

To have more control over the molecular structure for the further screening of possible 

co-monomers, a polymerization strategy was changed to Suzuki polymerization 

conditions. As described in Chapter 1.5.4.2 using a dibromo (AA) and a bis(boronic acid 

pinacol ester) (BB) yields alternating copolymers. As the synthesis of the copolymer 15 
showed, the fluorene co-monomer, where the second monomer is not carrying 

solubilizing units may not be water soluble enough for bioconjugation to antibodies, the 

terminal end capper was omitted for the following polymerizations.  

As another electron deficient co-monomer that is commonly used for organic conjugated 

polymers is benzothiadiazole (9).[140–142] As shown in Scheme 19, the fluorene monomer 

5c was as the dibromo derivative and the commercially available benzothiadiazole 

bis(boronic acid pinacol ester) derivative 18 was used. The Suzuki polymerization was 

also performed in dimethylformamide, as this solvent has been proven successful under 

the previous Yamamoto conditions. As catalyst 2 mol % 



  
Results and Discussion 3.1 Water-soluble polyfluorene-based dyes 

 

57 
 

tetrakis(triphenylphosphane)palladium(0) and as the necessary base aqueous 

potassium carbonate was used. The obtained polymer 19 was rather small with Mn of 

9 kDa and a Mw of 20 kDa. The GPC and photophysical data of copolymer 19 are 

summarized in Table 3. 

 

 

Scheme 19: Synthesis of poly (fluorene-alt-benzothiadiazole) copolymer 19. 
 

For Suzuki polymerizations it is important to ideally have an 1:1 stoichiometry of the AA 

and BB monomer to obtain high molecular weight polymers.[104] Not reaching this 

necessity of AA and BB monomers in strictly equal molar amounts may have different 

experimental reasons like impurities of monomers, losses during the transfer of 

monomers to reaction vessels, or loss of functional groups during the polymerization.[100] 

As this reaction was only performed on a 250 mg scale with 73.0 mg of monomer 18 a 

loss during transfer or balance error of 1 mg would lead to a ratio of 1:0.986 and thus 

lead to a decrease in Xn and therefore the molecular weight of the polymer as also 

described in Chapter 1.5.4.2. As shown in Figure 22 the absorption of copolymer 19 does 

not match the violet 405 nm laser as good as the homopolymer 8c or the fluorene-

quinoxaline copolymer 15 as it shows only about 50 % absorption at 405 nm with the 

absorption maximum even further red shifted (455 nm). 
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Figure 22: Absorption and emission spectra of poly(fluorene-alt-benzothiadiazole) 19 in PBS-
buffer (pH 7.4). 
 

3.1.2.3 Poly(fluorene-alt-thiophene) 

In contrast to copolymers 15 and 19, where the fluorene-based monomer 5c represents 

the electron donating moiety and is combined with electron accepting monomers, it is 

also possible to combine it with more electron rich monomers. One of the most used 

electron rich monomer for π-conjugated polymers is thiophene. It has been combined 

with alkylated fluorene in copolymers as either one single thiophene unit or as 

bithiophene.[143–146] These fluorene-alt-(bi)thiophene copolymers are known to have 

smaller bandgaps and therefore bathochromic shifted absorption and emission spectra 

compared to polyfluorenes. Hence, fluorene monomer 5c was copolymerized with the 

boronic acid pinacol ester derivatives of either thiophene (16a) or bithiophene (16b) to 

get the copolymers 17a and 17b as depicted in Scheme 20.  

 

Scheme 20: Synthesis of thiophene containing copolymers 17a and 17b under Suzuki 
polymerization conditions. 
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As Figure 23 and Figure 24 show, copolymer 17a and 17b have red shifted spectra 

compared to the fluorene homopolymer 8c with the bithiophene 17b having absorption 

and emission maxima shifted to even higher wavelengths. The GPC and photophysical 

data are summarized in Table 3. Compared to the previous donor-acceptor copolymers 

15 and 19, the thiophene containing copolymers have more red shifted absorption 

spectra. The two copolymers 17a and 17b show only low absorption at 405 nm, what 

makes them unfeasible for applications with that laser, since it would lead to only dim 

fluorescence signals. The thiophene containing copolymers also have a much smaller 

Stokes shift of 12 nm for 17a and 52 nm for 17b compared to copolymers 15 with 112 nm 

and 19 with 90 nm. However, the large red shift of the absorption maximum makes 

especially the bithiophene containing copolymer 17b interesting for the blue 488 nm laser 

(depicted by the black line in Figure 24).  

 

 

Figure 23: Absorption and emission spectra poly(fluorene-alt-thiophene) copolymer 17a in PBS-
buffer (pH 7.4). 
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Figure 24: Absorption and emission spectra poly(fluorene-alt-bithiophene) copolymer 17b in 
PBS-buffer (pH 7.4). 
 

3.1.2.4 Poly(fluorene-alt-phenylene) 

Copolymer 21 which comprises fluorene and phenylene monomers was synthesized as 

depicted in Scheme 21 and showed a hypsochromic shift of the absorption and emission 

spectra compared to polyfluorene 8c. For this copolymer no decrease of the bandgap is 

achieved, but the opposite is the case. Compared to a polyfluorene like polymer 8c 
where always two phenylene units are bridged within the fluorene scaffold, in copolymer 

21 is always one unbridged phenylene unit in between the fluorenes that can disturb 

planarity. As described in Chapter 201.5.1. this leads to an decrease in the effective 

conjugation, since Eθ is increased because of the lower planarity of the polymer. 

 

Scheme 21: Synthesis of poly(fluorene-alt-phenylene) copolymer 21 under Suzuki polymerization 
conditions. 
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Figure 25: Absorption and emission spectra of poly(fluorene-alt-phenylene) copolymer 21 in 
PBS-buffer (pH 7.4). 
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Another drawback of the synthesized copolymers is the lower water solubility compared 

to the fluorene homopolymer is Chapter 3.1.1. This makes the bioconjugation to 

antibodies and the later application unfeasible. Here the addition of solubilizing units on 

the co-monomer would be needed to increase the solubility. This substitution on the other 

hand may then be an opportunity to affect Esub by inductive effects and change the 

bandgap into the wanted direction. On the other hand substitution of the co-monomers 

could lead to steric hindrance and thereby have an influence on Eθ and may decrease 

the planarity of the π-system. 
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3.1.3 Fluorene-based tandem dyes 

With the usage of the copolymer strategy, it is possible to adjust the absorption spectrum 

to different lasers, but the emission spectrum also shifts with the absorption. Therefore, 

it is very difficult and not always possible to generate dyes based on copolymers, that 

are excitable by the same laser, but are distinguishable by their emission. However, for 

multiplexed flow analysis it is highly beneficial to have multiple distinguishable dyes all 

excitable with the same laser.  

A series of dyes with similar excitation spectra but different emission profiles can be 

generated using energy transfer systems. While using always the same energy donor 

results in similar excitation spectra, the combination with different energy acceptor dyes 

allows to shift the emission depending on the acceptor dyes characteristic emission 

spectrum. This strategy has already been used with water-soluble fluorene-based 

polymer dyes, where a donor polymer was used in a sensor construct that, after binding 

to an analyte (e.g. a fluorophore labeled DNA strand) transfers its excitation energy to 

the fluorophore of an analyte, which then emits on its own characteristic wavelength.[110] 

This strategy is also shown in Figure 26. The strategy uses an intermolecular energy 

transfer and leaves the opportunity to measure two signals: Either the quenching of the 

donor polymer emission, or the increase of the acceptor emission after binding of the 

analyte. However, this strategy only uses the principle of FRET-based fluorescence 

sensors that has been employed for a long time.[147] But using π-conjugated polymers in 

this strategy has a big advantage: Because of the huge extinction coefficient of the 

polymer, compared to small molecule dyes and the corresponding antenna effect as 

described in Chapter 1.2 an amplification of the acceptor emission can be detected and 

lead to more sensitive biosensors.[75] Since for these sensors always the binding event 

of the analyte is necessary, they do not really work as fluorescent dyes for antibody-dye 

conjugates.  
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Figure 26: Strategy to generate FRET-based biosensors using an energy donor polymer, which 
upon non-covalent binding of an analyte, that is labeled with an acceptor dye, transfers its 
excitation energy to the acceptor dye. 
 

To create energy transfer based fluorescent dyes an intramolecular energy transfer as 

shown in Figure 27 would be much more beneficial, because no binding event would be 

needed. Müllen and coworkers showed that for tuning the emission color of polyfluorene 

an energy acceptor can be integrated in the polymer main chain and thereby its emission 

can be tuned throughout the visible spectrum (Figure 27A).[148,149] 

 

Figure 27: Strategies to covalently attach energy acceptor dyes to energy donor polymers to 
generate polymer dye constructs, that permanently emit light at the characteristic wavelength of 
the acceptor dye: A) Acceptor dye is incorporated in the polymer backbone; B) acceptor dye is 
covalently attached to the donor polymer via sidechains; C) acceptor dye is attached to the ends 
of the polymer backbone.  
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To tune the emission spectrum they integrated 1-5 mol % of different perylene dyes. The 

second possibility they described is to attach perylene dyes at the ends of the polymer 

(Figure 27B). For both strategies they could observe efficient energy transfer from the 

polyfluorene donor to the perylene acceptor dye in the solid state, but not in solution. A 

third possibility is to attach the acceptor dyes to side chains of the polyfluorene (Figure 

27C). They showed that for these assemblies, energy transfer from polyfluorene 

backbones to covalently bound side chain perylene acceptor dyes is possible in 

solution.[148,150] Analogous to the protein tandem dyes, these polyfluorene dyes, with 

acceptor dye functionalized side chains can be defined as polymer tandem dyes. 

Similarly, a series of water-soluble polymer and polymer tandem dyes was 

commercialized as antibody conjugates, but their structural design and how it links to 

their properties is not disclosed.[124] 

The aim was to generate new fluorescent dyes which are excitable by the same violet 

laser at 405 nm and emit in with tunable emission wavelength to allow multiplexing. 

Based on the reports summarized above, an energy transfer tandem dye approach was 

chosen. By attaching energy acceptor dyes to an polyfluorene backbone acting as 

energy donor, ideally it should be possible to use a general backbone with different 

acceptor dyes to generate a series of dyes with similar excitation spectra but unique 

emission wavelengths.  

Analogously to the fluorene homopolymers the polyfluorene backbone should be based 

on the monomers 5a to 5d having PEG-side chains as solubilizing units to ensure water 

solubility. As most small molecule dyes are readily available as activated NHS esters, 

the polymer should be functionalized with a primary amine, to link amine-reactive energy 

acceptor dyes to the polymer. To prevent the primary amine from interfering with the 

polymerization reaction it was used as the Boc protected derivative. The Boc-protecting 

group was chosen over other protecting groups for primary amines, e.g. Fmoc, as it can 

be cleaved under acidic conditions. This gives the advantage that, it can be cleaved in 

one step together with the tert-butyl protecting group of terminal capper 7. The primary 

amine of the co-monomer 23 for attachment of the acceptor dyes and the carboxy group 

of the terminal capper 7, that is needed for the antibody coupling, can then still be 

functionalized orthogonally.  

As described in Chapter 1.4.1.3 the protein tandem dyes tend to quench the acceptor 

dyes if there are too many acceptor dyes on one protein. To prevent this quenching only 

one acceptor dye should be attached to one monomer. Therefore co-monomer 23 was 
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synthesized as shown in Scheme 22. Starting from 2,7-dibromofluorene (4) by 

methylation with methyl iodide to mono substitute the 9-position of the 2,7-

dibromofluorene, to get compound 22.[151] After deprotonation of compound 22, it was 

then alkylated with 4-(Boc-amino)-butyl bromide to get the target co-monomer 23 in a 

reasonable yield.  

 

Scheme 22: Synthesis of the NHBoc-functionalized co-monomer 23. 
 

3.1.3.1 PEG length comparison 

First the influence of the solubilizing PEG side chains was analyzed similarly to the 

homopolymers in Chapter 3.1.1.1. Therefore, the monomers 5a to 5d were used again 

together with the of 10 mol % of co-monomer 23 as the later attachment point for the 

acceptor dyes and were copolymerized with 2 mol % of terminal capper 7 as shown in 
Scheme 23. Otherwise the same polymerization conditions as for the fluorene 

homopolymers were used. Deprotection of the amino groups gave the tandem backbone 

polymers 24a to 24d. The corresponding photophysical and GPC data are given in Table 

4. 

Table 4: Photophysical and GPC data of polymer backbones in PBS buffer (pH 7.4). 

Polymer λabs[a] / 

nm 

ε[b]   
/ 106 M-1cm-1 

εmono[c]  
/ 103 M-1cm-1 

λem[d] / 
nm 

Mn[e]  / 
kDa 

Mw[f] / 
kDa Ð[f] Xn[g] 

24a 403 3.38 [h] 40[h] 426 38.5 110.2 2.8 74.5 

24b 406 2.29 47 424 37.4 122.7 3.2 44.8 

24c 405 1.13 48 424 35.2 89.3 2.5 32.8 

24d 404 1.09 45 423 36.5 87.1 2.4 26.3 
[a] absorption maximum; [b] molar extinction coefficient; [c] monomeric extinction coefficient [d] emission maximum; [e] 
number average molecular mass and [f] weight average molecular mass, determined by gel permeation chromatography; 
[f] polydispersity index determined from Ð = Mw/Mn; [g] number average-based degree of polymerization; [h] measured in 
CH2Cl2 due to low solubility in water. 
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Scheme 23: Synthesis of tandem backbones 24a to 24d and subsequent coupling with acceptor 
dyes. 
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they differ highly in their degree of polymerization Xn. Here the difference spans from 

74.5 for 24a to 26.3. This leads, like for the homopolymers, to large differences in the 

extinction coefficient that reaches from 3.38 · 106 M-1cm-1 for 24a and to 

1.09 · 106 M-1cm-1 for 24d, because of the much lower degree of polymerization.  

The NHS activated Cy3, Cy3.5 and Cy5.5 small molecule dyes shown in Scheme 24 

were coupled to the polymer backbones as shown in Scheme 23. The cyanine dyes are 

useful biomolecular labels and are often used as standard fluorophores for microarrays, 

as FRET pairs and in many other analysis techniques.[17,152,153] The cyanine series was 

chosen, because it represents dyes with similar characteristics, that span the whole 

visible light spectrum. These sulfonated indocyanine dyes are water soluble and are 

often used for brightly fluorescent materials, which show low nonspecific binding to 

cells.[25] Another important advantage of these three dyes is the spectral fitting to the 

corresponding detection channels V3 (Cy3) and V4 (Cy3.5) of the used MACSQuant 

Analyzer 16 flow cytometer. 

 

 
Scheme 24: Structures of the used sulfonated cyanine dyes Cy3, Cy3.5 and Cy5.5 as activated 
NHS esters.[154–156] 
 

By coupling of the copolymers 24a to 24d with each of the three NHS-activated dyes 
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Scheme 23.  
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absorption spectrum. All the resulting tandem dye constructs showed constant ratios of 

polymer to acceptor dyes, independent of the PEG lengths. This means by UV/vis 

analysis all three polymer backbones 24b to 24d have the same fractions of co-monomer 

23 incorporated and there is no influence of the length of the solubilizing PEG side chains 

on the absorption spectra.  

 

 

Figure 28: Absorption spectra 25b-Cy3, 25c-Cy3, 25d-Cy3 in PBS-buffer (pH 7.4). 
 

 
Figure 29: Absorption spectra of 25b-Cy3.5, 25c-Cy3.5, 25d-Cy3.5 in PBS-buffer (pH 7.4). 
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Figure 30: Absorption spectra of 25b-Cy5.5, 25c-Cy5.5, 25d-Cy5.5 in PBS-buffer (pH 7.4). 
 

Nevertheless, the PEG length has an influence on the emission spectra of the tandem 

dyes, which are shown in Figure 31 for the Cy3 polymer tandem dye series, Figure 32 

for the Cy3.5 polymer tandem dye series, and Figure 33 for the Cy5.5 polymer tandem 

dye series. All spectra were recorded with excitation of the donor polymer at 395 nm.  

 

Figure 31: Emission spectra of 25b-Cy3, 25c-Cy3, 25d-Cy3, in PBS-buffer (pH 7.4). 

300 400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

l / nm

no
rm

. a
bs

or
pt

io
n 

/ a
.u

. 25b-Cy5.5
25c-Cy5.5
25d-Cy5.5

400 500 600 700
0.0

0.2

0.4

0.6

0.8

1.0

l / nm

no
rm

. e
m

is
si

on
 / 

a.
u.

25b-Cy3

25d-Cy3
25c-Cy3



  
Results and Discussion 3.1 Water-soluble polyfluorene-based dyes 

 

71 
 

 

Figure 32: Emission spectra of 25b-Cy3.5, 25c-Cy3.5, 25d-Cy3.5 in PBS-buffer (pH 7.4).  
 

 

Figure 33: Emission spectra of 25b-Cy5.5, 25c-Cy5.5, 25d-Cy5.5 in PBS-buffer (pH 7.4).  
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polymer emission, followed by the PEG11-substituted backbone 25c and the PEG8-

substituted backbone 25b having the lowest residual polymer emission. The 

photophysical data for the tandem dyes are also summarized in Table 5.  

 

Table 5: Photophysical data of polymer tandem dyes in PBS buffer (pH 7.4). 

Polymer λabs
[a] / nm λem

[b] / nm Φfl / %[c] Brightness /  
105 M-1 cm-1 

25b-Cy3 407/556 424/572 12 2.8 

25c-Cy3 406/557 424/574 12 1.3 

25d-Cy3 405/557 421/572 10 1.1 

25b-Cy3.5 406/586 424/601 40 9.2 

25c-Cy3.5 405/586 424/599 42 4.7 

25d-Cy3.5 404/587 424/603 37 4.0 

25b-Cy5.5 406/682 425/703 13 3.0 

25c-Cy5.5 405/683 422/704 20 2.3 

25d-Cy5.5 405/683 422/704 20 2.2 
[a] absorption maximum; [b] emission maximum; [c] absolute quantum yield after excitation at 365 nm (only 
acceptor emission integrated); [d] brightness calculated from ε x Φfl. 
 

The plot of the ratio between residual donor to acceptor emission (ID/IA) versus the PEG 

length is shown in Figure 34. Here the trend, that there is a higher residual donor 

emission for the backbones with longer PEG-chains is visible, even though this effect is 

less pronounced for the Cy3.5 acceptor dye compared to the Cy3, and Cy5.5 acceptor 

dyes. This suggests that the energy transfer loses efficiency with the increase in the side 

chain length. This may be attributed to steric hindrance of the longer side chains, that 

pushes the acceptor dyes further away from the backbone. Assuming a Förster type 

energy transfer the efficiency of the transfer decreases with r-6 where r is the distance 

between donor and acceptor. 
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Figure 34: Ratio of donor fluorescence intensity divided by acceptor fluorescence intensity (ID/IA) 
of 25b-, 25c- and 25d-based tandem dyes with Cy3, Cy3.5 and Cy5.5 acceptor dyes in PBS-
buffer (pH 7.4). 
 

Furthermore, the absolute fluorescence quantum yields of the dyes were determined 

using an integrating sphere. The polymer backbones were excited at 365 nm and the 

emission of the acceptor dyes was detected. Residual polymer emission was not 

included in the integration of this measurement. The quantum yields for all dyes versus 

the length of the PEG-side chains are plotted in Figure 35. The quantum yield increases 

for the Cy5.5 tandem dyes with the longer PEG-chains, while for the Cy3, and Cy3.5 

there is no significant difference between the quantum yields for the different polymer 

backbones. This can be explained by the higher solubility of the derivatives with longer 

PEG chains, that helps to prevent aggregation, especially for Cy5.5, as the least soluble 

acceptor dye. For the later application in flow cytometry, one of the most important 

characteristics is the brightness, that is also shown in Figure 35. The brightness was 

calculated from the extinction of the polymer backbones and the quantum yield of the 

tandem dyes. Here the same trend as for the fluorene homopolymer becomes visible. 

The brightness decreases for the backbones with length of the PEG chains. This may 

not be attributed to the different monomers themselves, but more to the fact that the 

different polymers have a difference in their degree of polymerization and therefore the 

extinction coefficients, that lead to these differences in the brightness of the tandem dyes.  
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Figure 35: Absolute quantum yields (solid lines) and brightness (dashed lines) of 25b-, 25c- and 
25b-based tandem dyes with Cy3, Cy3.5 and Cy5.5 acceptor dyes in PBS-buffer (pH 7.4). 
 

The photostability of the tandem dyes was analyzed by photobleaching of the Cy3.5 

tandem representative for all acceptor dyes, using a high-power white light source and 

measured the decay of the acceptor emission after several minutes of bleaching.  

 

Figure 36: Photobleaching kinetic of 25b-Cy3.5, 25c-Cy3.5, 25kd-Cy3.5, in PBS-buffer (pH 7.4) 
after irradiation with a high-power white light source. The photodegradation was fitted with the 
monoexponential decay. 
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The plot of the emission intensity of the Cy3.5 acceptor dyes versus the photobleaching 

time is shown in Figure 36. The photostability of these tandem dye constructs increases 

with length of the PEG chains. Similar to the homopolymer this effect may be attributed 

to the PEG chains, as they shield the acceptor dyes better from evolving reactive oxygen 

species as already shown before for small molecule dyes shielded by PEG or branched 

polyglycerols.[138]  

 

3.1.3.2 Co-monomer ratio comparison 

Based on the above mentioned results, the analysis was continued with the PEG11-

polymer backbone 24c. Even though the PEG8 backbone 24b showed a higher 

brightness and lower residual donor emission compared to 24c and 24d, it also has the 

lowest photostability. Therefore, the following experiments were done with the PEG11 

derivative as the best compromise between these properties. In Chapter 3.1.3.1 all 

polymer tandem dyes were based on the polymer backbones 24b to 24d that had 10 mol % 

of co-monomer 23 embedded in the polymer backbone. To further understand the impact 

of the ratio between donor polymer and acceptor dye on the energy transfer of the 

tandem dye constructs and to optimize it accordingly, five different tandem backbone 

polymers were analyzed. For this, monomer 5c was copolymerized with 5, 7.5, 12.5 and 

15 mol % of 23. As the terminal capper 2 mol % of 7 were used. The polymerizations, 

using the same Yamamoto conditions and subsequent deprotection as previously 

mentioned yielded the series of conjugated polymers 26a to 26e as shown in Scheme 

25.  
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Scheme 25: Polymerization and deprotection of copolymer backbone 26a, 26b, 26c, 26d and 
26e, followed by subsequent coupled with Cy3, Cy3.5, and Cy5.5 acceptor dyes to generate the 
tandem dye series with varying acceptor dye ratios. 
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The absorption and emission properties of these tandem backbone polymers are equal, 

as summarized in Table 6. They all have absorption maxima at 405 nm and emit at 

424 nm. As the π-conjugated fluorene core of these polymers remains unchanged and 

26a to 26e only differ in the ratio of PEG11 and primary amine side chains, which should 

not have an impact on the spectral properties, this was expected. 

Table 6: Photophysical data of polymer backbones with varying content of amine side chains in 
PBS buffer (pH 7.4). 

Polymer x y λabs[a] / nm ε[b] / 106 M-1cm-1 εmono[c] / 103 M-1cm-1 λem[d] / nm 

26a 0.95 0.05 405 1.19 48 424 

26b 0.925 0.075 405 1.19 48 424 

26c 0.9 0.1 405 1.13 48 424 

26d 0.875 0.125 405 1.29 51 424 

26e 0.85 0.15 405 1.12 46 424 
[a] absorption maximum; [b] molar extinction coefficient; [c] monomeric extinction coefficient [d] emission maximum. 
 

As summarized in Table 7, all five polymers 26a to 26e are of similar size. They all show 

Mn values between 35.2 and 37.3 kDa with polydispersities between 2.2 and 2.5. This 

also leads to very similar degrees of polymerization for these polymers. As for this series 

all monomers were synthesized with the same monomers, a low variation in the 

molecular weights could be observed, since there are less variables, such as monomer 

purity or monomer solubility that could influence the molecular weight outcome.  

 

 
Table 7: GPC data of polymer backbones in DMF. 
Polymer x y Mn[a] [kDa] Mw[b] [kDa] Ð[c] Xn[d] 

26a 0.950 0.050 37.3 82.9 2.2 33.4 

26b 0.925 0.075 37.2 80.2 2.2 34.0 

26c 0.900 0.100 35.2 89.3 2.5 32.8 

26d 0.875 0.125 37.8 88.1 2.3 36.0 

26e 0.850 0.150 36.6 82.5 2.3 35.7 
[a] number average molecular mass and [b] weight average molecular mass, determined by gel permeation 
chromatography; [c] polydispersity index determined from Ð = Mw/Mn; [d] number average-based degree of polymerization. 
 

The series of polymers differing in the number of side chain amines was then coupled 

again with the activated NHS esters of the Cy3, Cy3.5 and Cy5.5 acceptor dyes.  
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The absorption spectra are shown in Figure 37 for the polymers labeled with an 

increasing amount of Cy3, in Figure 38 for an increasing amount of Cy3.5 and in Figure 

39 for an increasing amount of Cy5.5. All absorption spectra are normalized to the 

absorption of the donor polymer at 405 nm. For all three acceptor dyes an increasing 

absorption of the acceptor dye going from 27a-R to 27e-R can be seen. 

 

Figure 37: Absorption spectra of 27a-Cy3, 27b-Cy3, 27c-Cy3, 27d-Cy3 and 27e-Cy3 in PBS-
buffer (pH 7.4). 

 

Figure 38: Absorption spectra of 27a-Cy3.5, 27b-Cy3.5, 27c-Cy3.5, 27d-Cy3.5 and 27e-Cy3.5 
in PBS-buffer (pH 7.4).  
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Figure 39: Absorption spectra of 27a-Cy5.5, 27b-Cy5.5, 27c-Cy5.5, 27d-Cy5.5 and 27e-Cy5.5 
in PBS-buffer (pH 7.4). 
 

The corresponding emission spectra of the tandem dyes are shown in Figure 40 for the 

Cy3 polymer tandems, in Figure 41 for the Cy3.5 polymer tandems, and Figure 42 for 

the Cy5.5 polymer tandems.  

 

Figure 40: Emission spectra 27a-Cy3, 27b-Cy3, 27c-Cy3, 27d-Cy3 and 27e-Cy3 in PBS-buffer 
(pH 7.4).  
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Figure 41: Emission spectra of 27a-Cy3.5, 27b-Cy3.5, 27c-Cy3.5, 27d-Cy3.5 and 27e-Cy3.5 in 
PBS-buffer (pH 7.4). 

 

Figure 42: Emission spectra of 27a-Cy5.5, 27b-Cy5.5, 27c-Cy5.5, 27d-Cy5.5 and 27e-Cy5.5 in 
PBS-buffer (pH 7.4). The spectrum is cut at 790 nm because of the upcoming peak that derives 
from the 2nd order diffraction of the excitation light. 
 

The emission spectra are normalized to the acceptor dye emission. After excitation at 

395 nm for all polymer tandem dyes mainly the acceptor dye fluorescence is detected, 

together with only residual fluorescence of the donor polymer. Going through the series 

from 27a-R to 27e-R a decrease of the residual donor polymer emission can be seen. 
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The fraction of acceptor dyes xA compared to number monomers in the polymer 

backbone was calculated from quotient of the acceptor dye absorption AA divided by its 

extinction coefficient and the absorption of the donor polymer AD divided by the 

monomeric extinction coefficient εmono according to the following ormula (24).  

 

𝑥H =
𝐴H	𝜀H*,

𝐴U	𝜀VK6K*,  (24) 

 

The resulting monomer to acceptor dye ratio xA calculated from the absorption is shown 

in Figure 43A.  

 

Figure 43: Photophysical data of polymer tandems depending on the co-monomer % in PBS-
buffer (pH 7.4): A: ratio of donor vs. acceptor absorption; B: ratio of donor vs. acceptor emission 
intensities; C: absolute fluorescent quantum yield, measured by an integrating sphere method; D: 
antenna effect (AE), calculated from the ratio of acceptor emission after excitation of donor and 
acceptor respectively. 
 

The values are lower than the applied amounts of the co-monomer 23. Compared to the 

5, 7.5, 10, 12.5, and 15 mol % of co-monomer 23, only 4.3, 5.5, 0.78, 0.87, 0.11 mol % 

were found in the polymer. For this calculation the monomeric extinction coefficient εmono 
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is used, because it is independent from the molecular weight of the polymer, unlike the 

extinction coefficient for the whole polymer which is calculated from Mn or Mw. However, 

the lower acceptor dye fraction may be explained with a lower polymerization affinity of 

the co-monomer 23 and therefore less incorporated co-monomer in the polymer 

backbone or with either incomplete deprotection of the amine or incomplete labeling of 

the amines with the acceptor dyes. As the fluorescence spectra already show there is a 

decrease in the residual donor polymer emission with increasing percentage of co-

monomer. The ratio between donor emission ID (at 424 nm) and the acceptor dye 

emission intensity IA versus the percentage of co-monomer used in the polymerization is 

shown in Figure 43B. For all three acceptor dyes, the residual polymer emission 

decreases with a growing amount of acceptor dyes, that are coupled to the polymer 

backbone.  

Figure 43C shows the absolute fluorescence quantum yields of the polymer tandem dyes. 

Here also the quantum yield decreases with the amount of acceptor dye on the polymer 

backbones. This effect is most likely because of a lower distance between acceptor dyes 

and therefore self-quenching of the acceptor dyes, similar to high degrees of labeling on 

antibodies.[157,158] 

 

The AE was determined from the acceptor fluorescence of the constructs upon excitation 

of the polymer backbone at 405 nm or at the acceptor dye absorption maximum 

respectively. [8,9] In the present case the AE describes the overall increase in acceptor 

dye emission that is due to the presence of the light harvesting donor polymer. The AE 

decreases with more acceptor dyes, because the absorbed energy is distributed on 

several acceptors.  

In terms of brightness the tandem dyes based on the 5 mol % of co-monomer 23 

containing polymer backbone 26a, represent the brightest fluorescent dyes, with highest 

quantum yield and highest antenna effect, while having a similar extinction coefficient as 

the other donor backbones.  

However, for application in flow cytometry fluorescence that spills into other than the 

aimed detection channels is unwanted. To reduce background fluorescence of the donor 

molecule into other detection channels on our instrumentation it was decided to use the 

26c backbone for further experiments, as this represents the compromise of high 

quantum yield and antenna effect and low residual donor emission ID.  
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3.1.3.3 Expansion to whole visible window 

For highly multiplexed assays, dyes with different emission maxima and the same 

excitation wavelength are highly beneficial. Therefore a set of π-conjugated polymer 

tandem dyes with emission wavelengths spanning the whole visible spectrum should be 

created. By doing so all detection channels which can be used with the commonly used 

405 nm violet laser should be addressed. For this, in addition to the already used Cy3, 

Cy3.5 and Cy5.5 dyes, some more commonly used fluorescent small molecule dyes 

were used. Scheme 26 shows the structures of the dyes that were used, to complement 

the series of acceptor dyes. 

 

 
Scheme 26: Structures of the used small molecule dyes as acceptor dyes: Fluorescein, Atto550, 
Alexa594, Star Red, Atto647N, Cy5 and Cy7.5 as activated NHS esters.[154,159–164] 
 

Additionally, to the already prepared Cy3, Cy3.5 and Cy5.5 constructs, fluorescein, 

Atto550, Alexa Fluor 594, StarRed (KK114), Cy5 and Cy7.5 were used as acceptor 

dyes.[154,159–164] These dyes were chosen both for their popular usage in cell analysis 

applications and their diverse emission bands spanning across the visible spectrum. The 
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acceptor dyes were coupled with the polymer backbone 26c containing 10 mol % of the 

primary amine functionalized monomer 23 as shown in Scheme 27. 

 

Scheme 27: Synthesis of polymer tandem dyes 28-R based on copolymer backbone 26c. 
 

The absorption spectra of the resulting tandem dyes 28-R are shown in Figure 44. The 

absorption signals are normalized to the donor polymer emission. It can be seen, that 

because of the universal backbone, the absorption of the polymer fits to the violet 405 nm 

laser, while the absorption is distributed through the visible and far red region. Therefore 

the violet laser excites only the polymer and not the acceptor dyes. Due to the extinction 

coefficient of the acceptor dyes, the absorption intensity of the acceptor dyes differs. 

Especially the redshifted acceptor dyes have a higher extinction coefficient, because of 

their larger π-systems. Aqueous solutions of the fluorescent tandem dyes upon 

excitation with 395 nm light are shown in Figure 45. Since the far red and near infrared 

fluorescence of the tandem dyes 27c-Cy5.5, 28-Cy7 and 28-Cy7.5 is out of the visible 

spectrum only the residual blue emission of the polymer backbone is visible. 
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Figure 44: Absorption spectra of the synthesized tandem dyes based on copolymer 28. The 
405 nm laser line is indicated in black. 
 

 

 

Figure 45: Picture of (from left to right) 8c, 28-Fluorescein, 28-Atto550, 27c-Cy3, 27c-Cy3.5, 
28-Alexa594, 28-Cy5, 28-StarRed, 27c-Cy5.5, 28-Cy7 and 28-Cy7.5 excited by 395 nm light.  
 

The emission spectra of the tandem dye constructs together with the previously 

described homopolymer 8c are shown in Figure 46. The fluorescence signals were 

normalized to the acceptor dye emission signals. The emission spectra for 28-Cy7 and 

28-Cy7.5 could not be fully characterized due to limited instrumentation in the NIR region 

at wavelengths >800 nm. The problem is, that no correction factors for the fluorescence 

detector sensitivity are available, and therefore emission >800 nm only have limited 

significance. Since the tandem dyes were excited at 395 nm to record their full emission 
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spectrum, therefore, a 2nd order diffraction of the excitation signal is detected at 780 nm. 

This artefact from the dispersive element of the instrument is additionally overlapping 

with the 28-Cy7 dye emission. This signal overlaps with the emission of the Cy7 acceptor 

dye. All tandem dyes show low residual donor emission of 20 % and less compared to 

the acceptor emission signal. The corresponding detection channels for the violet laser 

of the MACSQuant Analyzer 16 flow cytometer are indicated as gray boxes.  

 

 
Figure 46 Emission spectra of a series of dyes based on π-conjugated polymer/small molecule 
dye FRET systems in PBS buffer (pH 7.4) after excitation at 395 nm. The peak at 790 nm 
corresponds to an artefact of the 2nd order diffraction of the excitation wavelength monochromator. 
 

 

The photophysical properties of the dyes are summarized in Table 8. The polymer 

tandem dye constructs show Stokes shifts between 124 nm (5787 cm-1) for 

28-Fluorescein and 408 nm (12391 cm-1) for 28-Cy7.5. The quantum yields of the 

tandem dyes are in the range of 6 % for 28-Cy7.5 and 46 % for 28-StarRed with 

moderate quantum yields for all dyes. Here it is noteworthy that these quantum yields 

were achieved for pseudo Stokes shifts of 408 nm and 257 nm, respectively. Assuming 

a Förster-type energy transfer from the π--conjugated polymer donor to the small 

molecule dye acceptors, overlap integrals JDA and Förster radii R0 were calculated 

according to equations (7) and (5) and are summarized in Table 9. 

 
Table 8: Photophysical data of polymer tandem dye constructs based on 26a as donor backbone. 

Acceptor dye λabs / nm[a] λem / nm [b] Stokes shifts / nm (cm-1)[c] Φfl / %[d] 

28-Fluorescein 405 529 124 (5,787) 10 
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27c-Cy3 405 572 167 (7,208) 10 
28-Atto550 405 579 174 (7,420) 12 
27c-Cy3.5 405 601 196 (8,052) 42 

28-Cy5 405 674 269 (9,855) 21 
28-Alexa594 405 616 211 (8,458) 36 
28-StarRed 405 662 257 (9,586) 46 
28-Atto647N 405 667 262 (9,699) 36 

27c-Cy5.5 405 702 297 (10,446) 21 
28-Cy7 405 789 384 (12,017) 8 

28-Cy7.5 405 813 408 (12,391) 6 
[a] absorption maximum; [b] emission maximum; [c] Stokes shift [d] absolute fluorescence quantum yield, excitation at 
365 nm and integration of the acceptor emission only.  
 

For the calculation of R0 the refractive index of water n = 1.333 and the fluorescence 

quantum yield of the donor copolymer ΦD = 70 % and the orientation factor k2 = 2/3 was 

used.[147] The overlap integrals differ between 9.5 and 67.6 · 1013 M-1 cm-1 nm4 and lead 

to Förster radii in the range of 3.06 to 4.24 nm. The distance of the acceptor dye from 

the donor polymer was estimated by calculations performed for Cy3 and fluorescein 

acceptor dyes and a unsubstituted polymer in vacuum using universal force field 

structure optimization with the software Avogadro.[165] Distances were taken from the 9-

position carbon of the fluorene to the closest carbon of the π--conjugated system of the 

acceptor dyes. Here Cy3 was chosen as an example for a dye having a C6 linker 

between the amide bond and the π-conjugated core, while fluorescein is an example for 

a dye where the amide bond is formed with an aromatic carboxylic acid. The distances 

estimated for the structures are much shorter with 1.2 nm for fluorescein and 1.5 nm for 

Cy3 than the calculated Förster radii R0. 
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Table 9: Energy transfer of polymer tandem dye constructs with the 26c as donor backbone. 

Acceptor dye EFRET [a] R0
[b]

 / nm JDA
[c] / 1013 M-1 cm-1 

nm4 

28-Fluorescein 0.944 4.24 67.6 
27c-Cy3 0.929 4.06 51.6 

28-Atto550 0.947 3.62 25.9 
27c-Cy3.5 0.962 3.71 30.2 

28-Cy5 0.935 3.06 9.5 
28-Alexa594 0.976 3.42 12.9 
28-StarRed 0.950 3.23 13.4 
28-Atto647N 0.934 3.20 12.4 

27c-Cy5.5 0.960 3.32 15.4 
28-Cy7 0.971 3.36 16.8 

28-Cy7.5 0.970 3.67 28.3 
All measurements were performed in PBS-buffer (pH7.4). [a] FRET efficiencies calculated from E=1-IDA/ID, [b] Förster 
radius calculated from the overlap integrals of donor emission and acceptor absorption spectra, [c] overlap integrals 
calculated from donor emission and acceptor absorption spectra. 
 
If these distances are compared to the calculated FRET efficiencies EFRET  in dependency 

of the distance rDA, the small distances within the polymer-small molecule construct 

suggest highly efficient (>90%) donor emission quenching. This means, that high energy 

transfer efficiencies for all tandem dyes through the whole spectrum should be observed. 

Even though their overlap integrals differ between 9.5 and 67.6 · 1013 M-1cm-1 nm4.  

 

Figure 47: FRET efficiencies calculated from the overlap integrals.  
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To validate these FRET efficiencies experimentally, the emission intensities of the 

π-conjugated polymer were measured in presence and absence of the acceptor dyes. 

The corresponding transfer efficiencies were calculated according to equation (7) and 

are summarized in Table 9. The quenching of the donor polymer, i.e. the FRET 

efficiencies, are in the range of 0.929 for 27c-Cy3 to 0.976 for 28-Alexa594 and therefore 

higher than 90 % for all the tandem dye constructs.  

Even though all polymer tandem dyes shown in Table 9 have similar energy transfer 

efficiencies, they differ in their overall quantum yield. This can be explained by the 

differences in the acceptor dyes’ own fluorescence quantum yields, that describes the 

probability of the emissive relaxation of the acceptor after the energy transfer from the 

donor polymer. For example the rhodamine dye Star Red has a much higher quantum 

yield compared to the Cy5 dye emitting at a similar wavelength. This can explain the 

difference of the quantum yields of the corresponding tandem dyes.  

 

3.1.3.4 Application of polymer tandem dyes in flow cytometry 

The set of tandem dyes was tested in flow cytometry application. The dyes were selected, 

based on their spectral fit to the corresponding fluorescence detection channels of the 

violet laser, V1-V5 shown as grey boxes as in Figure 46. The 28-Cy5.5, 28-Cy7, and 28-
Cy7.5 tandem dyes were excluded from further analysis, since no suitable detection filter 

in the far red or near infrared region was available on the instrument. 27c-Cy5 was 

excluded, because the 28-StarRed and 28-Atto647N constructs were a better fit to the 

detection channel and also offered higher quantum yields. All the remaining tandem dye 

constructs were bioconjugated to recombinant anti-CD19 antibodies according to 

Scheme 16. The obtained anti-CD19 antibody-dye conjugates were then titrated on 

PBMC’s to evaluate their staining performance on the B-cell surface antigen. The 

resulting titration curves for the antibody-dye conjugates are shown in Figure 48 for the 

MFI and Figure 49 for the SI.  
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Figure 48: Titration of PF-PEG11-0.10-acceptor  labelled anti-CD19 conjugates on human PBMC: 
Mean fluorescence intensity (MFI) of CD19+ cells vs. antibody titer. Curves of the same color were 
detected in the same channel (V2 = blue, V3 = green, V4 = orange, V5 = red). 
 

 

Figure 49: Titration of PF-PEG11-0.10-acceptor  labelled anti-CD19 conjugates on human Stain 
Index (SI) of CD19+ cells vs. antibody titer. Curves of the same color were detected in the same 
channel (V2 = blue, V3 = green, V4 = orange, V5 = red). 
 

All the polymer-antibody conjugates showed a distinct staining on the CD19+ cells. In the 

V2 channel (shown in blue) only the 28-fluorescein tandem dye was used. In the V3 the 
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27c-Cy3 and the 28-Atto550 were used. 27c-Cy3 showed a brighter staining with an 

MFI of up to 8.8 over the 28-Atto550 with an MFI of only 6.9 and also reached this value 

at a lower antibody titer. The 27c-Cy3 also demonstrated a higher SI at a lower antibody 

titer compared to the 28-Atto550. The worse performance of the 28-Atto550, may be 

attributed to its lower solubility, since the acceptor dye is not having any solubilizing units, 

like sulfonic acids, that may enhance water solubility, compared to the other acceptor 

dyes. In the V3 channel 27c-Cy3.5 showed a brighter staining in both, MFI and SI, 

compared to the 28-Alexa594. In the V5 channel 28-StarRed showed a better brightness 

and SI than the competing 28-Atto647N. The brightest dye conjugates for each channel 

were selected to be used in a multicolor cellular composition panel. 

 

So far, all polymer dyes have only been tested with anti-CD19 antibodies in single color 

stainings. To evaluate the simultaneous applicability of five polymer dyes in the same 

measurement and all excited by the 405 nm violet laser, they were tested in an 

immunophenotyping panel. For that the tandem dyes with the best spectral fit and best 

performance in its corresponding channel of the previous testing were chosen. Namely 

the 28-Fluorescein for the V2 channel, 27c-Cy3 for the V3 channel, 27c-Cy3.5 for the 

V4 channel and 28-StarRed for the V5 channel. Together with the 8c base polymer dye 

for the V1 channel, these polymer dyes were bioconjugated to a set of different 

antibodies (anti-CD3,4,8,19,45) against human immune cells and subsequently used in 

an immunophenotyping and chimeric antigen receptor (CAR) T cell assays. CAR T cells 

are T cells from patients, that are modified ex vivo for later reinfusion for cancer therapy. 

The hierarchical gating strategy for the immunophenotyping panel is shown in Figure 50. 

The polymer tandem dyes were used to label the CD45+ leukocytes in the V5 channel, 

the CD3+ T cells in the V4 channel, the CD19+ B cells in the V1 channel, the CD8+ T cells 

in the V3 channel and the CD4+ T cells in the V2 channel. These kinds of 

Immunophenotyping assays are important for determining the human leukocyte immune 

cell composition or specific diagnostic purposes.[166] All used conjugates are shown in 

Table 10.  
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Figure 50 Gating strategy of immunophenotyping panel. V1-5 indicate the violet channels in which 
the markers labeled with polymer tandem dyes were used. 
 

 

Table 10: Panel composition of immunophenotyping and CAR-T-cell panels using polymer 
(tandem) dyes and a standard CAR-T cell panel using traditional dyes 
 Antibody Conjugate 

Detection 
Channel 

Immunophenotyping 
panel 

CAR T-cell panel A CAR T-cell panel B 

V1: 450/50 nm CD19-8c CD19-8c CD45-VioBlue 

V2: 525/50 nm CD4-28-Fluorescein CD4-28-Fluorescein CD4-VioGreen 

V3: 579/34 nm CD8-28-Cy3  CD8-28-Cy3 - 

V4: 615/20 nm CD3-28-Cy3.5  CD3-28-Cy3.5 - 

V5: 667/30 nm CD45-28-StarRed  CD45-28-StarRed  - 

B1: 525/50 nm - - CD3-Fluorescein 

B2: 579/34 nm  CD16/CD56-PE CAR-DR-PE CAR-DR-PE 

B3: 615/20 nm - - - 

B4: 667/30 nm - - - 

B5: 725/40 nm - - - 

B6: 785/62 nm - - - 

R1: 667/30 nm - - CD14-APC 

R2: 725/40 nm CD14-Vio720 CD14-Vio720 - 

R3: 785/62 nm - - CD8-APC-Vio770 
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The resulting consecutive gating strategy and the plots of this panel are shown in Figure 

51. A preliminary step was the elimination of doublet cells (not shown). The remaining 

cells were separated from debris via forward scatter (FSC) and side scatter (SSC) (A). 

All leukocytes were determined by using a staining of CD45-28-StarRed (B). By staining 

with the dead cell marker propidium iodide, the dead cells are eliminated from the 

analysis (C). CD3-27c-Cy3.5 was successfully applied to select the positively stained T 

cells from the CD3- cells (D). The former was further divided into NKT cells by CD56-PE 

and CD8+ and CD4+ T cells by CD8-27c-Cy3 and CD4-28-Fluorescein (G). Of the CD3- 

cells, the B cells were discriminated from CD14+ monocytes based on CD19-8c staining 

(F). Among the non-monocyte population, remaining cells were separated into 

neutrophils, eosinophils as well as a CD16/56+ double positive NK cells. All five antigen 

markers using one of the polymer dyes could successfully be used to separate the 

negative (unstained) from the positively stained cell populations, showing that these dyes 

can be used simultaneously, leaving the channels open for other commonly used 

markers to expand these panels to even more colors and deeper analysis of cellular 

subsets.  

 

 

Figure 51: Immunophenotyping panel of human PBMC using CD19-8c (V1 channel), CD4-28-
Fluorescein (V2 channel), CD8-27c-Cy3 (V3 channel), CD3-27c-Cy3.5 (V4 channel), CD45-28-
StarRed (V5 channel). 
 

Cell frequencies are important aspects of cell analysis, e.g. of CAR T cells. These 

modified CAR T cells are used for cancer therapy and are analyzed during the 

manufacturing process and for patient immune monitoring.[167] To also verify the 
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frequency of detected cells with the new dyes compared to dyes in established assays. 

A similar panel with manufactured human CAR T cells was tested for its composition. 

The used polymer panel and a commonly applied panel using established dyes are 

shown in Table 10. The gating strategy is similar to the previously shown 

immunophenotyping panel, but focused on the engineered human CAR T cells as shown 

in Figure 52.  

 

Figure 52 Gating strategy of CAR T-cell panel. V2-5 indicate the markers where polymer tandem 
dyes were used. 
 

The transduction efficiencies for the CAR+ for two different cell donors are shown in 

Figure 53. These values represent important parameters for the usage of the CAR T 

cells in the clinical application. For both panels the same PE-CAR detection reagent was 

used. Therefore, the frequencies for this staining should be comparable. But in the 

hierarchic gating the preselection of the cells also depends on the CD45+ gate, whose 

cell frequency depends the V5 label on CD45-29-StarRed, and the CD3+ gate, whose 

cell frequency depends on the V4 label CD3-27c-Cy3.5. Therefore, the similar 

frequencies shown in Figure 53, show that the detected cell frequencies of the polymer 

based antibody dye conjugated deliver the same results as established labels.  
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Figure 53: CAR T cell transduction efficiency measured for two donor samples with classic dye 
panel and with polymer tandem dye panel. 
 

The same is true for the later cell selection of the CD8 and CD4 T cells sub-populations 

as shown in Figure 54. Here the used polymer dyes CD8-27c-Cy3 and CD4-28-
Fluorescein show the same frequencies of CD8, CD4 positive cells as dyes, that are 

already used for the application in clinical immune cell monitoring.[168] These results show 

that the usage of polymer and polymer tandem dyes allows for multiplexing of at least 

five dyes excited by the same laser with the same performance in detecting cell 

frequencies as currently used dyes.  

 

Figure 54: Transduced CAR T Cell distribution as % of total cells for two donor samples 
measured with a classic dye panel and a polymer tandem dye panel. 
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3.2 Water-soluble poly(binaphthyl)-based dyes 

Modern flow cytometry is seeing a dramatic increase in excitation sources and detection 

channels and with the visible window getting more crowded with different dyes, the need 

for broadening the scope is getting bigger. This led to the implementation of UV and deep 

UV lasers into flow cytometers.[126,127,169] UV lasers have been available in the life science 

field for many years, but their usage has been mainly limited to nucleic acid binding 

fluorescent dyes like DAPI or Hoechst 33342. These dyes as well as other UV excitable 

small molecule organic dyes like coumarins (e.g. AlexaFluor™ 350 or AMCA) suffer from 

the low extinction coefficients, due to their small conjugated π-system, as they are 

designed to absorb in the UV or violet region. The small extinction coefficients and the 

thus resulting low brightness, defined as the product of fluorescence quantum yield and 

extinction coefficient (Φfl x ε) have made them unfeasible for immunological flow 

cytometry, where a high brightness is required to detect even rarest cell populations. 

With an increasing number of parameters analyzed on a single sample the demand for 

parallelized analysis is growing. With the growing influence of spectral flow analyzers, 

the demand for more dyes excitable in the UV region, is growing to fuel this need for 

multiplexed analysis. Fluorescent polymers offer large extinction coefficients due to their 

extended π-system to overcome the problem with low attenuation coefficients usually 

associated with UV excitable dyes. Therefore also first dyes for the UV laser have been 

developed in addition to the known small molecule dyes, like DAPI or Hoechst.[126,127] 

Recently even deep UV lasers (~280–300 nm) have been introduced for flow 

cytometry.[127,169,170] To date there are only few bright UV excitable dyes available for flow 

cytometry and the need for more bright dyes is growing. 

One of the used building blocks for fluorescent polymers the before mentioned 9,9’-

disubstituted fluorenes, which offer good solubility, high quantum yields and blue 

fluorescence. To shift their absorption towards the UV region, preferably matching a 

355 nm laser, they can be copolymerized with substituted phenylenes.[171] The 

substitution of the phenylenes for better solubility is coupled with a drastic decrease of 

the electronic coupling, since the steric demand of the substituents leads to a larger 

angle between the aromatic planes.[172] One of the used building blocks for fluorescent 

polymers are the before-mentioned 9,9’-disubstituted fluorenes, which offer good 

solubility, high quantum yields and blue fluorescence. To shift their absorption towards 

the UV region, preferably matching a 355 nm laser, they can be copolymerized with 

substituted phenylenes.[171] The substitution of the phenylenes for better solubility is 
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coupled with a drastic decrease of the electronic coupling, since the steric demand of 

the substituents leads to a larger angle between the aromatic planes of the phenylene 

and the fluorene monomers.[172]  

Therefore, the idea was to use a new monomeric unit that already has a twisted structure 

and therefore already has a variation from coplanarity (Eθ) within the monomeric 

structure. Here binaphthyl is one of the most commonly used, and synthetically easily 

accessible aromatic structures. There have already been reports of binaphthyl-based 

polymers and copolymers, but those are usually only soluble in organic solvents, but 

water soluble derivates are rare and have never been used as fluorescent labels in life 

cell applications [173–175]  

3.2.1 UV-excitable racemic binaphthyl based polymer 
dyes  

3.2.1.1 Poly(binaphthyl) 

The easiest way of functionalization for polymerization of the binaphthyl core is 

bromination. In order to synthesize poly(BINOL)s, the monomers can be prepared by 

bromination of 1,1′-bi-2-naphthol yielding the 6,6’-dibromo BINOLs ((R)-29, (S)-29) in 

over 95% yield.[176]  

To introduce water solubility to binaphthyl-based conjugated polymers the same strategy 

as for the fluorene-based polymer dyes was chosen: The use of poly ethylene glycol as 

sidechains on the BINOL monomers. As the PEG11 monomer 5c turned out to give the 

best compromise between solubility, quantum yield of the polymer and photostability the 

same approach was used for the design of a water soluble binaphthyl monomer. The 

monomer synthesis, as shown in Scheme 28, started with the brominated 

enantiomerically pure (R)- or (S)-BINOLs ((R)-29 and (S)-29). Methoxy-PEG11-iodide 3c 

was prepared as shown in Scheme 13. (R)-29 and (S)-29 were deprotonated with 

potassium carbonate and substituted with the PEG11 iodide (3c) to get monomers (R)-30 
and (S)-30 as shown in Scheme 28.  
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Scheme 28: Synthesis of binaphthyl monomers (R)-30 and (S)-30. 
 

The easiest accessible polymer was to just polymerize the monomers (R)-30 and (S)-30 

under Yamamoto conditions. In Chapter 3.1 for most polymers the tert-butyl protected 

carboxy capper 7 was used. However, for the following bioconjugation reaction a 

treatment with ethylene diamine was required to get an amino functionalization for later 

functionalization with SMCC. To save one step in the bioconjugation process for the 

following polymerization reactions an amino-functionalized capper should be used. 

For this 4-(4-bromophenyl)butanoic acid (6) was activated with NHS and EDC and 

subsequently protected with N-Fmoc-ethylenediamine hydrochloride to get the Fmoc-

protected capper 31 as shown in Scheme 29. 

 

 

Scheme 29: Synthesis of Fmoc-protected terminal capper 31. 
 

A racemic mixture of monomers (R)-30 and (S)-30 was then polymerized under 

Yamamoto conditions using 2.2 eq. of Ni(COD)2, cyclooctadiene and 2,2′-bipyridine in 

dimethylformamide and subsequently deprotected with trifluoracetic acid to get polymer 

32 as shown in Scheme 30.  
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Scheme 30: Synthesis of the binaphthyl homopolymers 32. 
 

The photophysical and GPC data for polymer 32 are summarized in Table 11. With an 

Mn of 7.9 kDa and a degree of polymerization of 7.2, the polymer is relatively small. 

However, it is described in literature that the effective conjugation length of 

polybinaphthyls is only 2 and the absorption and emission spectrum would not change 

for degrees of polymerization >2.[83] This can be explained with the angle between the 

two naphthol units at the 1,1’-position. Because of this angle the planarity of the π-system 

and therefore the conjugation within the polymer is broken and a conjugation only exists 

through the planar 6,6’-bond (see Scheme 7).  

Table 11: Photophysical and GPC data of polymer 32 in PBS buffer (pH 7.4). 

Polymer λabs
[a]/ nm λem

[b] / nm ϕfl 
[c] / % Mn

[d] / kDa Mw
[e] / 

kDa Ð [f] Xn
[g] 

32 264 (315) 390 (408) 60 7.9 9.7 1.2 6.2 

[a] absorption maximum, [b] emission maximum, [c] absolute quantum yield after excitation at 365 nm [d] 
number average molecular mass and [e] weight average molecular mass, determined by gel permeation 
chromatography, [f] poly dispersity index determined from Ð = Mw/Mn, [g] degree of polymerization calculated 
from Mn. 
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The absorption and emission spectra of polymer 32 are shown in Figure 55. The polymer 

has an absorption maximum at 264 nm with a shoulder at 315 nm and only about 12 % 

absorption at 355 nm. This means that this polymer is not well suited for usage with the 

common 355 nm UV laser line. However, the polymer dye has a good absolute quantum 

yield of 60 % in aqueous PBS buffer with a double fluorescence maximum at 390 and 

408 nm.  

 

Figure 55: Absorption (blue) and emission (red) spectra of polymer 32 in PBS-buffer (pH 7.4). 
The UV 355 nm laser is indicated as black line. 
 

Since the polymer is not well fitting to the available 355 nm laser it was not bioconjugated 

to an antibody for further analysis in flow cytometry. However, this polymer would fit 

better to a 280 or 320 nm deep UV excitation source, but these have only recently been 

reported for the application in flow cytometry and there are only few commercial lasers 

available which are costly.[170,177]   
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3.2.1.2 Poly(binaphthyl-alt-phenylene) 

To get a suitable absorption for UV lasers, but ideally zero absorption at 405 nm to 

prevent cross laser excitation by the violet laser, a polymer dye with a bathochromic shift 

compared to polymer 32 is required. As the conjugation is broken between the two 

naphthol units, one possibility is to expand the π-system through the 6,6’-position as 

shown in Scheme 7 in Chapter 1.5.3.  

Here a simple way was to use an unsubstituted phenylene co-monomer, which was 

anticipated from Hu and coworkers who synthesized a similar, but not water-soluble 

polymer.[87] By using the unsubstituted phenylene monomer to reach a suitable 

absorption for UV lasers, the emission is ideally only shifted towards 355 nm and not 

further, to prevent cross laser excitation by the violet laser at 405 nm. For the 

polymerization the bis(boronic acid pinacol ester) functionalized co-monomer 33 was 

used. 

 

Scheme 31: Synthesis of poly(binaphthyl-alt-phenylene) copolymer (rac)-34. 
 

 

The monomers (R)-30 and (S)-30 were used as a racemic mixture and were polymerized 

with co-monomer 33 using Suzuki conditions with tetrakis(triphenylphosphine)-
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palladium(0) as catalyst with aqueous potassium carbonate in dimethylformamide. The 

capper 31 was added in excess after 3 h of polymerization. After purification of the crude 

polymer via TFF and subsequent deprotection by using 20 vol-% piperidine in 

dichloromethane, followed by a second TFF purification step the polymer (rac)-34 was 

obtained. The molecular weights as well as the photophysical properties can be found in 

Table 12. The polymer has an Mn of 19.1 kDa with a corresponding degree of 

polymerization of 25.9 repeating units.  

 

Table 12: Photophysical and GPC data of polymer (rac)-34 in PBS buffer (pH 7.4). 

Polymer λabs
[a]/ nm λem

[b] / nm ε[b] 

/ 105 M-1cm-1 
ϕfl 

[c] / % Mn
[d] / kDa Mw

[e] / kDa Ð [f] Xn
[g] 

(rac)-34 330 406 4.52 33 19.1 33.8 1.77 25.9 

[a] absorption maximum; [b] emission maximum; [c] absolute quantum yield after excitation at 365 nm; [d] 
number average molecular mass and [e] weight average molecular mass, determined by gel permeation 
chromatography; [f] polydispersity index determined from Ð = Mw/Mn; [g] degree of polymerization calculated 
from Mn. 
 

The absorption and emission spectra of copolymer (rac)-34 are shown in Figure 56. 

Compared to the binaphthyl homopolymer 32 the copolymer (rac)-34 shows a 

bathochromic shifted absorption spectrum with a maximum at 330 nm with an extinction 

coefficient of 452,000 M-1cm-1.  

 

Figure 56: Absorption and emission spectra of poly(fluorene-alt-benzothiadiazole) 19 in PBS-
buffer (pH 7.4). 
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The polymer still absorbs at 65 % of its maximum absorption at 355 nm, what makes it 

suitable for usage with this laser line. Especially because its extinction coefficient is about 

20 times higher than the commonly used coumarin dyes such as AMAC.[178] The polymer 

is not absorbing at 405 nm, what prevents cross laser excitation with the violet 405 nm 

laser. The polymer emission maximum is located around 406 nm. 

To test the performance of (rac)-34 in flow cytometry application the polymer was 

bioconjugated according to Scheme 16. Because (rac)-34 was polymerized using the 

amino functionalized end capper the first step could be skipped. The polymer was 

bioconjugated to recombinant antibodies against CD19. The antibody was coupled with 

the polymer dye in a 1:2.5, 1:5, and 1:7.5 ratio. All antibody-polymer conjugates of CD19-

(rac)-34 were then again titrated on human PBMC. The conjugates were measured with 

excitation at 355 nm and the fluorescence was detected after passing a 379/28 nm filter. 

The MFI of the titration is shown in Figure 57 and the SI is shown in Figure 58.  

 

 
Figure 57: Titration of (rac)-34 labelled anti-CD19 conjugates with different degree of labeling on 
human PBMC: MFI of CD19+ cells vs. antibody titer.  
 

All three CD19-(rac)-34 conjugates show a distinct staining that gets brighter in MFI with 

increasing antibody titer, but reaches a plateau after about 10 µg of antibody. Here the 
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staining with the 1:2.5 conjugate is the dimmest. The 1:5 and 1:7.5 conjugates have 

similar brightness with the 1:7.5 still having slightly higher MFI values.  

For the SI also the 1:2.5 conjugate shows the lowest performance. The 1:5 and the 1:7.5 

conjugates have a maximum at 10 µg/mL, because the CD19- population starts to show 

an unspecific staining, i.e. a stronger background. The low SI for the titers of 5 and 

7.5 µg mL-1 of CD19-(rac)-34 are due to a higher background staining of the cell, what 

may stem from some contaminations in theses samples.  

 
Figure 58: Titration of (rac)-34 labelled anti CD19 conjugates with different degree of labeling 
on human PBMC: SI of CD19+ cells vs. antibody titer. 
 

This shows a successful example of a dye that can be used with the 355 nm UV laser 

and the corresponding detection filter. Because of its high extinction coefficient and 

moderate fluorescence quantum yield it represents a much brighter alternative to the 

commonly used small molecule dyes.  
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3.2.2 UV excitable enantiomerically pure binaphthyl 
based polymer dyes  

In Chapter 3.2.1.1 and 3.2.1.2 the polymers were always based on the racemic mixture 

of the monomers (R)-30 and (S)-30. But one of the intrinsic properties, that make the 

binaphthyl so interesting, is its chirality stemming from its atropisomerism.[179] This offers 

the opportunity to generate enantiomerically pure polymer, that would have a chiral axis.  

To create chiral polymers the monomers (R)-30 and (S)-30 were polymerized together 

with the phenylene monomer 33 analogous to copolymer (rac)-34, but now as the 

enantiopure variant.  

As shown in Scheme 32 the enantiopure monomers (S)-30 and M1-(S) were 

copolymerized with co-monomer 33 under Suzuki polymerization conditions and capped 

with the capper 31 after 3 h. After purification of the crude polymer via TFF and 

subsequent deprotection by using 20 vol-% piperidine in dichloromethane, followed by a 

second TFF purification step the polymers (R)-35 and (S)-35 were obtained.  
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Scheme 32: Synthesis of enantiomerically pure poly(binaphthyl-alt-phenylene) copolymers (R)-
35 and (S)-35. 
 

The molecular weights as well as the photophysical properties are summarized in Table 

13. The polymers have an Mn of 15.1 kDa for (R)-35 and 13.7 kDa for (S)-35, with 

corresponding degrees of polymerization of 22.3 repeating units for (R)-35 and 20.2 

repeating units for (S)-35. 

Table 13: Photophysical and GPC data of polymer (rac)-34, (S)-35, and (R)-35 in PBS buffer 
(pH 7.4). 

Polymer λabs
[a]/ nm λem

[b] / nm ε
[b] / 105 

M-1cm-1 ϕfl 
[c] / % Mn

[d] / 
kDa 

Mw
[e] / 

kDa Ð [f] Xn 

(R)-35 329 404 3.02 34 15.1 25.4 1.68 22.3 

(S)-35 330 404 2.85 49 13.7 21.9 1.59 20.2 

(rac)-34 330 406 4.52 33 19.1 33.8 1.77 25.9 

[a] absorption maximum [b] emission maximum; [c] absolute quantum yield after excitation at 365 nm [d] 
number average molecular mass and [e] weight average molecular mass, determined by gel permeation 
chromatography; [f] poly dispersity index determined from Ð = Mw/Mn, [g] degree of polymerization calculated 
from Mn. 
 

Absorption and emission spectra of (R)-35 and (S)-35 as well as (rac)-34 are shown in 

Figure 59. 

 

Figure 59: Normalized absorption (solid lines) and emission spectra (dashed lines) of (R)-35, (S)-
35, and (rac)-35 in PBS pH 7.4. 
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The three polymers only show minor differences (within the experimental error) and 

share similar emission and absorption maxima. The polymers are soluble in organic 

solvents such as dimethylformamide and dichloromethane as well as in water and 

aqueous buffer. They all have high extinction coefficients in the region of·1.85 to 

4.52 · 105 M-1cm-1, even though these polymers have lower extinction coefficients 

compared to the fluorene polymer dyes, what may be attributed to the lower degrees of 

polymerization and therefore lower amount of conjugated segments.   

To test the polymers for their chirality and the corresponding chiroptical properties CD 

spectra were recorded in PBS buffer, shown in Figure 60, and dichloromethane, shown 

in Figure 61.  

 

Figure 60: CD spectra (top) and normalized absorption spectra (bottom) in PBS buffer (pH 7.4) 
of (R)-35 and (S)-35 and (rac)-34. 
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Figure 61: CD spectra (top) and normalized absorption spectra (bottom) in dichloromethane of 
(R)-35 and (S)-35 and (rac)-34. 
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dichloromethane on the other hand only the Cotton effects at 280 nm were present and 

the absorption peak at 330 nm to 350 nm did not show any Cotton effect in this solvent. 

This means that a change of the sign was observed. While the signal for (R)-35 at 330 nm 

to 350 nm has a negative sign in dichloromethane, it turns into a positive sign in PBS for 

the same absorption band. It is also noteworthy that the molar ellipticity in PBS buffer is 

about 2 times higher than in dichloromethane.  

CD spectra represent the chirality of the conjugated polymers in the ground state. Since 

the enantiomerically pure polymers showed strong chiroptical activity, the chirality of the 

excited states was analyzed by measuring circular polarized luminescence (CPL) 

spectra.  

Figure 62 and Figure 63 show the CPL spectra of (R)-35 and (S)-35 as a function of 

2ΔI = 2(IL-IR) vs. the wavelength.  
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Figure 62: CPL spectra of (R)-35 and (S)-35 in dichloromethane (excited at 330 nm). 
 

 

Figure 63: CPL spectra of (R)-35 and (S)-35 in PBS buffer (pH 7.4) (excited at 330 nm). 
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The effect of changes in the sign for CD and CPL in different solvents has already 

previously been described in literature for 1,10-binaphthyl-2,2'-dicarboxylic acid and 2,2'-

(1,1'-binaphthyl-2,2'-diylbis(oxy))diacetic acid.[14,180] Okazaki and coworkers observed 

reversals of CPL and CD signs for measurements in dichloromethane and 

dimethylformamide. These changes in the sign of the CD and CPL signals are 

attributable to changes in the dihedral angles between the naphthyl units.[89] This sign 

inversion of CD and CPL signals has been shown by Kimoto et al. by simulation and 

experimentally.[181] It has been shown, that the dihedral angle in the binaphthyl unit is 

smaller since the carboxylic acid groups interact efficiently with DMF molecules. Dipole-

dipole and/or hydrogen bonding interactions between DMF and the carboxylic acid 

groups on the binaphthyl units may be responsible for the observed CD and CPL 

inversions in the ground and photoexcited states.[14,180] 

Hydrogen bonding interaction between the PEG chains and the water molecules may 

also be the driving force for a change in the dihedral angle of the binaphthyl polymers 

(R)-35 and (S)-35 compared to the angle in dichloromethane. This change in the dihedral 

angle may then lead to the sign inversion of the CD and CPL signals. The CD spectra in 

PBS buffer already show the inversion of the band at 330 nm that indicates a change in 

the symmetry of the ground state, that may also be responsible for the change in the 

sign of the CPL emission. 

The intensity of the of the CPL signals was determined by the dissymmetry factor of 

luminescence, glum as defined in equation (15). The dissymmetry factor glum for (R)-35 
and (S)-35 versus the wavelength is shown in Figure 64 for the CPL measurement in 

dichloromethane and in Figure 65 for the CPL measurement in PBS buffer.  



  
Results and Discussion 3.2 Water-soluble poly(binaphthyl)-based dyes 

 

112 
 

 

Figure 64: glum-spectra (top) and emission spectra (bottom) of (R)-35 and (S)-35 in 
dichloromethane (excitation 330 nm). 
 

 

Figure 65: glum-spectra (top) and  emission spectra (bottom) of (R)-35 and (S)-35 in PBS buffer 
(pH 7.4) (excitation 330 nm). 
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equally to the CPL signal with a constant glum value, while in PBS the transition of the left 

peak of the fluorescence spectrum at 380 nm contributes stronger to the CPL signal than 

the transition at 405 nm. This is also supported by the plot of glum against the wavelength 

which has a maximum around 380 nm in PBS buffer, but is constant over all wavelengths 

in dichloromethane. 
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3.2.3 UV excitable binaphthyl based polymer tandem 
dyes  

Based on the study in Chapter 3.1.3 of expanding the emission of one polymer backbone 

to the whole visible spectrum based on the energy transfer polyfluorene tandem dyes, it 

was then also interesting to pursue this approach with the UV excitable binaphthyl-based 

polymers. As the binaphthyl-alt-phenylene-based copolymer (rac)-34 already had the 

desirable properties, such as strong absorption at 355 nm, sufficient water solubility, a 

high fluorescence quantum yield and also a good performance in the flow cytometric 

application, a similar backbone should also be used for UV excitable polymer tandem 

dyes.  

For this, another primary amine functionalized co-monomer was needed. As phenylene 

should be used as the co-monomer, 2,5-dibromophenol (36) was used as a building 

block to synthesize co-monomer 37. The synthesis of co-monomer 37 is shown in 

Scheme 33. 2,5-Dibromophenol (36) was deprotonated using potassium carbonate and 

reacted with the 4-(Boc-amino)-butyl bromide linker, that was already used for the 

fluorene-based co-monomer 23. 

 

 

Scheme 33: Synthesis of the N-Boc-functionalized co-monomer 37. 
 

As elucidated in Chapter 3.1.3.2 the best compromise for the fluorene-based tandem 

dyes was the usage of 10 mol % amino-functionalized co-monomer. This should also be 

used for the binaphthyl-based tandem backbone polymer. Even though good results with 

the amino-functionalized terminal capper 31 have been achieved with copolymer 

monomer (rac)-34, for the tandem dye the terminal capper 7 was used again. This was 

necessary in order to have the orthogonality of the carboxy-functionalized terminal 

capper and the primary amine-functionalized side chains. Therefore monomer (R)-30 
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was copolymerized with 10 mol % of the amino-functionalized co-monomer 37 and 

2 mol % of terminal capper 7 using Yamamoto polymerization conditions with 

subsequent cleavage of the Boc and tert-butyl protecting groups to get polymer 38 as 

shown in Scheme 34.  

 

Scheme 34: Synthesis of binaphthyl-based tandem backbone 38 and the corresponding tandem 
dyes 39-R. 
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The photophysical and GPC data of copolymer 37 are shown in Table 14.  

Table 14: Photophysical and GPC data of polymer 38 in PBS buffer (pH 7.4). 
Polymer λabs

[a]/ nm λem
[b] / nm ϕfl 

[c] / % ε[d] / 105 M-1cm-1 Mn
[e] / kDa Mw

[f] / kDa Ð [g] Xn 

38 263 (319) 404 54.0 4.41 39.0 93.6 2.4 33.1 

[a] absorption maximum; [b] emission maximum; [c] absolute quantum yield after excitation at 365 nm; [d] 
number average molecular mass and [e] weight average molecular mass, determined by gel permeation 
chromatography; [f] polydispersity index determined from Ð = Mw/Mn. 
 

The polymer 38 has a Mn of 39 kDa that corresponds to a degree of polymerization of 

33.1 repeating units. As shown in Figure 66, the polymer showed an absorption 

maximum at 263 nm with a shoulder at 319 nm. The polymer absorbs still with 15 % of 

its maximum at 355 nm, which would be the excitation light source in the flow cytometry 

application as indicated by the black line in Figure 66. The 15 % absorption at 355 nm is 

more than the 12% for the binaphthyl homopolymer 32, but less than the 65 % for the 

copolymer (rac)-34. This owes to the fact that in copolymer 38 only 10 mol % phenylene 

are incorporated that can enlarge the π-system between the naphthol units of the 

binaphthyl monomers, while for copolymer (rac)-34 50 mol % of the phenylene units are 

incorporated. Therefore, the bathochromic shift in copolymer 32 is much smaller than for 

(rac)-34.  

 

Figure 66: Absorption (blue) and emission (red) spectra of polymer 38 in PBS-buffer (pH 7.4). 
The 355 nm UV laser is indicated as black line. 
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To create a series of tandem dyes, the backbone 38 was then coupled with the NHS 

activated acceptor dyes fluorescein, Cy3, Cy3.5, Cy5, Cy5.5, Cy7, and Star Red to get 

the tandem dyes 39-R as shown in Scheme 34. The photophysical data of the resulting 

binaphthyl-based polymer tandems are shown in Table 15. 

 

Table 15: Photophysical data of polymer tandem dye constructs 39-R. 

Polymer λabs / nm[a] λem / nm [b] Stokes shifts / 
nm (cm-1)[c] Φfl / %[d] 

39-FITC  264 (319) 530 266 (19011) 2.8 

39-Cy3 264 (319) 576 312 (20518) 9.7  
39-Cy3.5 264 (319) 605 341 (21350)  35.5 

39-Cy5 264 (319) 678 414 (23130)  21.1 

39-Cy5.5 264 (319) 706 442 (23715)  25.5 

39-Cy7 264 (319) 788 524 (25188)  8.8 

39-Star Red 264 (319) 662 398 (22773)  26.5 
[a] absorption maximum, shoulder peaks are shown in parentheses; [b] emission maximum; [c] Stokes shift [d] absolute 
fluorescence quantum yield, excitation at 315 nm and integration of the acceptor emission only. 
 

 

 

Figure 67: Absorption spectra of the synthesized tandem dyes based on copolymer 38. 
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As also shown in the normalized absorption spectra in Figure 67 all tandem dyes share 

the absorption of the polymer backbone at 264 nm with a shoulder at 319 nm. The 

absorption bands of the acceptor dyes span the whole range from 400 to 800 nm. The 

differences in the acceptor dye absorption are due to their differences in the extinction 

coefficient. 

 

For the measurement of the fluorescence spectra some measurement artefacts 

interfered with the measured sample as shown in Figure 68. These artefacts are due to 

the 2nd order diffraction of the monochromator. As the tandem dyes are excited in the UV 

and offer relatively large Stokes shifts the second order diffraction light is visible in the 

spectra. This is illustrated for the 39-Cy3 dye in Figure 68. For excitation at 325 nm also 

the 2nd order excitation peak is visible at 650 nm and also the second order fluorescence 

peak of the donor polymer is visible around 800 nm. Even though these artifacts could 

be prevented by shifting the excitation wavelength in a way that the emission is not 

interfering with the 2nd order diffraction, it was chosen to keep the excitation wavelength 

constant to have a better comparability between the different tandem dyes.  

 

Figure 68: 2nd Order diffraction artefacts.  
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Figure 69: Emission spectra of a series of dyes based on conjugated polymer/small molecule 
dye FRET systems in PBS buffer (pH 7.4) upon excitation at 395 nm. The peaks were cut at 
730-740 nm because of the monochromator artefact to show the 2nd order diffraction of the 
donor fluorescence at twice its original wavelength. 
 

The normalized emission spectra for the tandem dyes are shown in Figure 69. The peaks 

at 650 nm correspond to the 2nd order diffraction of the excitation light. The spectra were 

cut after the acceptor emission to exclude the 2nd order fluorescence signal of the donor 

polymer. Due to the overlay of the acceptor emission with this 2nd order fluorescence 

signal of the donor polymer the spectrum of the 29-Cy7 tandem dye was recorded on a 

Hamamatsu Quantaurus setup. The emission spectra were normalized to the acceptor 

dye emission, to visualize the differences in the residual donor polymer emission. As 

seen in the emission spectra, but also in Table 16, the residual donor emission compared 

to the acceptor (ID/IA) is higher than for the comparable fluorene-based tandem dyes with 

10 mol % of amino-functionalized co-monomer. The problem with the values for the 

emission ratio ID/IA is, that it is also dependent on the acceptor dyes’ quantum yield, and 

therefore it is not a measure for the quenching efficiency. Therefore, the energy transfer 

efficiency for the FRET was also determined as shown in Table 16. The EFRET values of 

the 39-R tandem dyes are also lower, than for the corresponding fluorene-based tandem 

dyes. 
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Table 16: Photophysical data of polymer tandem dye constructs 39-R. 

Tandem Dye ID/IA[a]
  xA

[b] EFRET
[c] 

39-FITC  1.50 0.037 0.948 

39-Cy3 1.20 0.022 0.817 
39-Cy3.5 0.25 0.023 0.884 

39-Cy5 0.33 0.021 0.779 

39-Cy5.5 0.51 0.027 0.841 

39-Cy7 0.58 0.023 0.886 

39-Star Red 0.56 0.022 0.872 
[a] donor/acceptor emission ratio; [b] molar fraction of acceptor dye vs. to monomeric units; [c] FRET efficiency. 
 

The fraction of the acceptor dye xA is about 3-4 times lower, compared to the 

corresponding fluorene tandems. However, the FRET efficiency EFRET correlates with the 

acceptor dye fraction xA. This low labeling with acceptor dye could therefore be one 

explanation for the lower energy transfer efficiency. Another explanation for the lower 

quenching could be, that the difference in the effective conjugation of the different 

copolymer backbones. In conjugated polymers, such as polyfluorene, excitons 

generated by photoexcitation throughout the entire polymer can migrate to a position on 

the chain from which FRET can occur.[182] In binaphthyl containing polymers however, 

the effective conjugation is interrupted by the binaphthyl units, due to the broken planarity 

the migration of excitons may be hindered due to the lack of π-conjugation through the 

whole polymer.[183] This leads to the setting, that not every conjugated segment is 

coupled to an acceptor dye and therefore the distance between energy donor and energy 

acceptor rDA is increased and thus the FRET efficiency EFRET is decreased.  

Nevertheless, the binaphthyl-based polymer tandems represent dyes with a reasonable 

quantum yield and extinction coefficients and were therefore bioconjugated to a 

recombinant anti-CD19 antibody according to Scheme 16 for further testing in flow 

cytometry. UV/vis analysis of the 39-fluorescein tandem showed almost no dye signal 

after bioconjugation  and was therefore not used for the staining. The 39-Star Red 

tandem was preferred over the 39-Cy5 as it showed a higher quantum yield and both 

would use the same filter. Since the antibody-dye ratios measure by UV/vis spectroscopy 

were relatively low after the antibody bioconjugation the conjugates were used for the 

staining in a high titer of 20 µg/mL antibody concentration. Figure 70 shows the 

histograms of the PBMC staining after gating on leukocytes and excluding dead cells 

and monocytes. For all used tandem dyes a distinct CD19+ target cell population (lower 
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right peak) can be identified from the CD19- negative cells (high left peak). Due to the 

high antibody titer that was used the negative cell population also gets broader, this 

especially pronounced for the far red shifted dyes 39-Cy5.5 and 39-Cy5.5.  

 

Figure 70: Fluorescent signals of the anti CD19-39-R stained human PBMC. The tandem dyes 
were detected after excitation at 355 nm and detection in the corresponding fluorescence filter: 
A: 585/42 nm; B: 610/20 nm; C: 670/30 nm; D: 710/30 nm; E: 780/60 nm. 
 

The staining performance of the tandem dyes was evaluated by their MFI and SI as 
shown in Table 17. 

 

Table 17: PBMC staining with anti-CD19-39-R polymer tandem constructs.  

Antibody-dye conjugate MFI (CD19+) SI (CD19+) CD19+ cells / % 
anti-CD19-39-Cy3 2617 6.8 3.25 
anti-CD19-39-Cy3.5 16303 20.9 4.12 

anti-CD19-39-Star Red  28841 29.7 3.17 

anti-CD19-39-Cy5.5 45345 25.0 3.73 

anti-CD19-39-Cy7 21286 18.8 3.87 
[a] mean fluorescence intensity; [b] stain index; [c] fraction of CD19+ cells in parent gate. 
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The MFI values cannot be compared between the different dyes, since they all were 

used in different detection channels and therefore their signal detections are based on 

different filter windows and PMT voltages. However, the SI values provide a comparable 

parameter over all detection channels. Here the anti-CD19-39-Cy3 shows the lowest 

staining performance with a SI of 6.8, while the other conjugates show much brighter 

stainings with SI’s of 18.8 for the CD19-39-Cy7, 20.9 for CD19-39-Cy3.5, 25.0 for CD19-

39-Cy5.5 and 29.7 for CD19-39-Star Red with the highest staining index. The 

percentage of the detected cells is in the range of 3.17% to 4.12 %.
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In this thesis, π-conjugated polymer and polymer tandem dyes were successfully 

synthesized, evaluated and optimized. A series of promising water-soluble polyfluorene-

based polymer dyes with exceptionally high extinction coefficients, comparable to current 

brightness benchmark dyes like phycoerythrin fluorescent proteins was developed. The 

fluorescent polymer designs described here were shown to be ready-to-use in multicolor 

flow cytometry with the 405 nm violet laser.  

 

Different parameters for polyfluorene-based polymer and polymer tandem dyes have 

been elucidated, such as the length of PEG side chains and the ratio of polymer donor 

to acceptor dye. This is necessary to optimize the overall performance with regard to not 

only brightness, i.e. extinction coefficients and fluorescence quantum yield, but also for 

optimized energy transfer in terms of energy transfer tandem dyes. The polymer dyes 

were characterized for their size (GPC), photophysical properties (absorption and 

emission spectra, quantum yields, extinction coefficient, photostability) and their 

performance as antibody conjugates in flow cytometry.  

 

Monomers with different PEG side chains were synthesized by deprotonation of 2,7-

dibromofluorene and subsequent substitution with the corresponding PEG iodide. 

Polymerization of these monomers using Yamamoto polymerization conditions gave the 

polymers 8a to 8d as shown in Scheme 35. In terms of the PEG side chain substitution, 

it was found that PEG8-side chains are sufficient to reach high quantum yields, but longer 

PEG chains like PEG11, and PEG15 increase the photostability of the polymer dyes. If the 

polymers are of similar size, smaller PEG-side chains lead to higher degrees of 

polymerization and therefore extinction coefficients. This influence of the PEG length 

was shown for the fluorene homopolymer, as well as for the fluorene-based tandem dyes. 

All polymers with PEG8 and longer side chains could readily be used as antibody-dye 

conjugates for the application in flow cytometry with the PEG8-based polymer 8b showing 

the best performance. However, here it would also be interesting to compare polymer 

with equal degrees of polymerization and therefore of similar brightness, for their 

differences in unspecific binding. 
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Scheme 35:Fluorene-based homopolymer dyes. 
 

For variation of the absorption and emission of the base polymer, different fluorene-

based donor-acceptor copolymers have been prepared. These polymers show the 

possibility to tune the absorption towards other excitation sources like the 488 nm blue 

laser. However, these copolymers showed the difficulty to tune the absorption and 

emission to match the excitation source and detection channel at the same time. 

 

Inspired by the protein tandem dyes (e.g. PE-Cy5) the polymer tandem dyes have been 

synthesized and characterized, to address different detection channels with the same 

excitation source. For optimization of the donor-acceptor ratio different parameters have 

been evaluated, like donor quenching, quantum yield, or amplification of the acceptor 

signal by the antenna effect. Increasing the acceptor ratio led to opposite trends with 

regards of these parameters. While the quantum yield and the AE decreased with a 

higher amount of acceptor dye, the donor quenching and increased. An acceptor dye-

co-monomer content of 10% was found to be the best compromise for the tandem dye’s 

performance.  

 
Scheme 36: Fluorene-based tandem dyes.  
 

Screening of different small fluorescent molecules as acceptor dyes, to generate multiple 

dye constructs as shown in Scheme 36, showed that the polymer backbone scaffold can 

be utilized to efficiently transfer energy to an array of acceptor dyes throughout the entire 
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visible range (423 to 813 nm). This feature enables the tunable design of the 

fluorophores through a common backbone scaffold. Further, through the combination of 

base polymer and tandem antibody conjugates, these ultra-bright, water-soluble 

fluorescent class of dyes demonstrated the ability to accomplish 5-color multiplexed 

cellular analysis with high brightness and distinction between dyes. The emission spectra 

of the polymer tandem dyes are shown in Figure 46 This number can be even expanded 

if more red shifted detection channels are available, e.g. by using Cy7.5 acceptor dyes. 

The donor acceptor energy transfer constructs showed that they work efficiently for 

tuning the emission spectra to fit the corresponding detection channels.  

 
Figure 71: Emission spectra of a series of dyes based on π-conjugated polymer/small molecule 
dye FRET systems in PBS buffer (pH 7.4) after excitation at 395 nm.  
 

By exchanging the polymer backbone to other conjugated polymers, that are absorbing 

in the UV or blue region, it is possible to transfer this technology to even more excitation 

wavelengths and emission colors. UV absorption could be achieved by using a 

binaphthyl-based polymer. Enantiomerically pure monomers binapthyl-based monomers 

have been prepared from the corresponding 6,6-dibromo-BNINOLs as shown in Scheme 

28. These monomers have been polymerized using Yamamoto polymerization condition. 

For these polymers the conjugation is broken by the angle between the wo naphthol units 

and thus the variation from planarity in the π-system. Not using any co-monomers yields 

polymer 32 absorbing at 264 nm and is therefore not suited for a common 355 nm UV 

laser, but may become interesting, if the deep UV laser wave lengths (280-320 nm) get 

more popular.  
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Combining the binaphthyl monomers with a 1,4-benzenediboronic acid bis(pinacol) ester 

monomer yielded polymers (rac)-34, (R)-35 and (S)-35, as shown in Scheme 35. These 

polymers are much better suited to be used with a UV laser, as they show a 

bathochromically shifted absorption spectra compared to the binaphthyl homopolymer 

32. The binaphthyl-alt-phenylene copolymer (rac)-34 was successfully used as an anti-

CD19 antibody-dye conjugate for cell staining in flow cytometry with promising 

performance.  

 

 

Scheme 37: Enatiomerically pure and racemic binaphthyl polymer dyes. 
 

  
Figure 72: CD (left) and CPL (right) spectra of (R)-35 and (S)-35 copolymer in PBS buffer (pH 
7.4) 
 

Using the composition with enantiomerically pure monomer to get (R)-35 and (S)-35 
copolymers, the chiral polymers exhibited chiroptical activity in CD and CPL 

measurements. Interestingly the two polymers showed an inversion of the sign for the 

signal at 330 nm in CD and the emission in CPL if the solvent is switched from 

dichloromethane to aqueous PBS buffer. This behavior can be explained with the change 
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in the dihedral angle between the naphthol units that is changed with the polarity of the 

solvent. The two polymers showed glum values of 1.2·10-3 in PBS.   

Detection of circular polarized luminescence may offer a unique detection method, that 

could allow to discriminate two dyes emitting at the same wavelength by their polarization. 

Recently it has been shown that CPL laser scanning confocal microscopy (CPL-LSCM) 

is capable of simultaneous detection of europium (III) CPL-active cellular probes.[184,185] 

The chiral binaphthyl-based polymer dyes may represent a promising approach to 

generate water-soluble and tunable dyes for this new emerging microscopy technique.  

Transferring the design of the fluorene-based polymer tandem dyes to the binaphthyl-

based polymer backbone yielded the series of UV-excitable polymer tandem dyes 39-R. 

Upon UV excitation this series of tandem dyes offered emissions throughout the whole 

range of the visible to the near infrared region with large Stokes shifts of up to 524 nm 

(25188 cm-1) for 39-R. All 39-R-based tandem dyes offered moderate quantum yields 

with good extinction coefficients. Using only 10 mol % phenylene co-monomer for the 

tandem dyes 39-R led to a lower absorption at 355 nm compared to the (rac)-34 
copolymer with 50 mol % phenylene. Nevertheless, the UV-excitable tandem dyes have 

been successfully bioconjugated to anti-CD19 recombinant antibodies and showed a 

successful staining of CD19+ B cells in flow cytometric analysis.  

 

Scheme 38: Binaphthyl-based tandem dyes.  
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Figure 73: Emission spectra of a series of dyes based on conjugated polymer/small molecule dye 
FRET systems in PBS buffer (pH 7.4) upon excitation at 395 nm. The peaks were cut at 730-
740 nm because of the monochromator artefact to show the 2nd order diffraction of the donor 
fluorescence at twice its original wavelength. 
 

This polymer and polymer tandem dye toolbox can be used to create all kinds of possible 

combinations of excitation and emission wavelengths. Combined with the superior 

brightness of the polymer backbones compared to small molecule dyes, the polymer 

dyes will be needed to serve modern cell analysis and especially flow cytometry.
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5.1 General information 

 

Solvents and reagents 

All commercially available chemicals (Acros Organics, Sigma-Aldrich, Honeywell Fluka, 

Merck, Alpha Aeser, Tokyo Chemical Industry (TCI)) were used as received. Fluorescent 

dye NHS-esters were purchased at AttoTec GmbH (Siegen, Germany), Abberior GmbH 

(Göttingen, Germany),  Lumiprobe GmbH  (Hannover, Germany), and Thermo Fisher 

Scientific (Waltham, USA). Recombinant antibodies and fluorochrome antibody 

conjugates were used from Miltenyi Biotec (Miltenyi Biotec B.V. & Co. KG, Germany). All 

solvents were used as HPLC or for analysis grade. All reactions were carried out in oven-

dried glassware, septum-capped under atmospheric pressure of argon. For 

photophysical measurements solvents of spectrophotometric grade were used. 

Anhydrous solvents were stored over molecular sieves and water content was controlled 

by Karl Fischer titration.  

 

Nuclear magnetic resonance (NMR)  

NMR spectra were either recorded on a BRUKER AVANCE II 400 or BRUKER AVANCE 

III 600. All spectra are referenced to tetramethylsilane as an internal standard (δ = 0 ppm) 

using the signals of the residual protons (7.26 ppm) or carbon atoms (77.16 ppm) of 

CDCl3. Multiplicities of signals are described as follows: s = singlet, d = doublet, t = triplet, 

q = quartet, m = multiplet. Coupling constants (J) are given in Hz. 

 

Liquid chromatography mass spectrometry (LC-MS) 

ESI-MS were recorded on an Agilent 6530 Q-Tof spectrometer with Agilent 1200 LC 

HPLC system and Onyx Monolithic C18 LC Column 50 x 2 mm. 

 

High-performance liquid chromatography (HPLC)  

Analytical HPLC was performed on an Agilent 1100 liquid chromatography system with 

binary pump, G1330B automated liquid sample injection. Analytical columns: Luna 
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C18(2) 5 µm 4.6 x 25 mm, Kinetex Biphenyl 5 µm 4.6 x 25 mm, Kinetex Biphenyl 2.6 µm 

4.6 x 100 mm, flow rate: 0.7 mL/min, Solvent A: water (0.1 % v/v TFA), solvent B: MeCN 

(0.1 % v/v TFA);  

Preparative HPLC was performed on an Agilent Technologies 1200 system with G1361A 

pumps, G2250A autosampler with 900 µL loop injection valve with, a G1314B 190-600 

nm UV-Vis multiwavelength detector. Preparative columns: Luna C18, 10 µm, 100 Å, 

250 x 30 mm, Kinetex Biphenyl, 5 µm, 100 Å, 250 x 30 mm. Flow rates 20 – 80 mL/min; 

solvent A: water, solvent B: MeCN.  

 

Preparative flash column chromatography 

Flash chromatography was performed on automated Büchi Pure C-850 flash purification 

system (BÜCHI Labortechnik AG, Switzerland) using the cartridges and eluents as 

indicated in the experimental descriptions. 

 

Size exclusion chromatography (SEC) 

Antibody dye conjugates were purified using an ÄKTA pure chromatography system with 

HiLoad 16/600 Superdex 200 pg column (GE Healthcare Ltd., UK). 

 

Gel permeation chromatography (GPC) 

GPC analysis was performed using dimethylformamide (10 g/L LiBr) as eluent on an 

Agilent 1260 Infinity SECurity GPC system (PSS Polymer Standards Service GmbH, 

Germany) with three PolarSil 5 µm 300 x 8 mm analytical colums with 100, 300 and 

1000 Å porosity. Columns were heated to 60 °C using a PSS SECcurity column 

thermostat. Samples were calibrated against polystyrene standards (PSS ReadyCal-Kit 

poly(styrene), Mp = 0.37 – 2520 kDa). Butylated hydroxytoluene (BHT) was used as 

internal flow standard. 

 

Photophysical characterization 

Absorption spectra were recorded on a Cary 50 UV-Vis spectrophotometer (Varian Inc., 

USA). The emission spectra were recorded with a Cary Eclipse fluorescence 
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spectrophotometer (Varian Inc., USA). The solutions were measured in quartz cuvettes 

(Hellma GmbH & Co. KG, Germany) with 3.00 mm optical pathlength. The absolute 

fluorescence quantum yields were measured with a Quantaurus-QY C11347-11 

absolute PL quantum yield spectrometer (Hamamatsu Photonics K.K., Japan). Circular 

dichroism (CD) spectra were measured on a Chirascan circular dichroism spectrometer 

(Applied Photophysics Ltd, UK). The circularly polarized luminescence (CPL) data were 

measured on a JASCO CPL-300 spectrophotometer (JASCO International Co., Ltd., 

Japan), equipped with a 150 W Xenon lamp and photo elastic modulator and a PMT 

detector. CPL spectra were recorded with a fixed excitation bandwidth of 25 nm, a fixed 

emission bandwidth of 15 nm and an integration time of 1 s. All measurements were 

performed in air-saturated solvents at ambient temperature. CD and CPL measurements 

were conducted with the help of Jacopo Tessarolo (TU Dormund). 

 

Freeze drying 

Samples were freeze dried from either water/acetonitrile or water/ethanol mixtures using 

a Christ Alpha 3-4 LSC basic freeze dryer (Martin Christ Gefriertrocknungsanlagen 

GmbH, Germany) with -120 °C. 

 

Karl Fischer titration 

Water content of dry solvents for polymerization was controlled using a C30 coulometric 

KF titrator (Mettler Toledo Inc., USA).  

 

Size exclusion purification of polymers  

Purification of crude polymers and desalination and removal of acceptor dyes were 

carried out using size exclusion purification in 20 vol-% aq. ethanol. Small scale (<50 mg 

of substance) purifications were performed using Amicon Ultra (Merck Millipore/Merck 

KGaA, Germany) centrifugal filters with regenerated cellulose membrane with 10 kDa 

molecular weight cutoff. Large scale (>50 mg of substance) purification was performed 

on a custom made tangential flow filtration (TFF) setup as seen in Figure 74. The system 

uses a peristaltic pump to pump the retentate sample solution through a regenerated 

cellulose TFF filter cassette with 200 cm2 membrane area at 1.5 bar. The sample volume 
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was kept constant by automated refill from a fresh solvent reservoir with a second 

peristaltic pump. Purifications were performed at 3 mg/mL sample concentration for 40 

diavolumes or for desalination until the conductivity was constant. Conductivity was 

measured using a GLF 100 (Greisinger/GHM Messtechnik GmbH, Germany) 

conductometer.  

 

Figure 74: Schematic representation of a custom built TFF setup. Including a sample containing  
retentate, that is pumped continuously through a TFF filter cassette (red pathway) from where the 
filtrate is collected and an automated solvent refill from a fresh solvent reservoir for constant 
retentate volume.  
 

General protocol for bioconjugation of polymer dyes to recombinant antibodies 

Bioconjugation reactions were conducted with the help of Dorina Glaap and Nicole 

Jansen. Partially reduction of the antibody was performed by using known protocols.[186] 

The recombinant antibody was reduced using dithiothreitol (50 mM) in MES buffer (pH 6) 

for 30 min at an antibody concentration of 5 mg/mL. The reduced antibody was purified 

by gel filtration oven a Sephadex G-25 column (Cytiva Europe GmbH, Germany). The 

antibody containing fractions were identified by Coomassie stain and the antibody 

concentration of the pooled fractions was determined by measuring absorption at 280 nm. 

The number of reduced thiol groups per antibody was determined with the help of 
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Ellmann’s reagent.[187] For that 5 µL of Ellman’s reagent were added to a 100 µL solution 

of the antibody at a concentration of 250 µg/mL. After incubation for 5 min at room 

temperature the number of thiols was determined from the absorption at 412 nm using 

Lambert-Beer law and an extinction coefficient of 13,600 L mol-1cm-1. 

The polymer dyes were aminated by activation with 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide hydrochloride (50 eq.) and 

N--hydroxysuccinimide (100 eq.) in MES buffer (pH 6) and subsequent reaction with 

ethylene diamine (100 eq.) for 30 min at room temperature. The excess of the activation 

reagents and the ethylene diamine was removed by size exclusion filtration over Amicon 

Ultra (10 kDa cut-off) (Merck Millipore/Merck KGaA, Germany) centrifugal filters. The 

amino-functionalized polymer was coupled to a reduced antibody using succinimidyl 

4-(N--maleimidomethyl)cyclohexane-1-carboxylate (SMCC) as hetero-bifunctional 

crosslinker. The cross coupling was carried out using a commercial SMCC-cross 

coupling kit (Thermo Fisher Scientific Inc., USA).[188] These antibody-polymer conjugates 

were purified by size exclusion chromatography and subsequently evaluated in flow 

cytometric applications. 

 

Cell staining and flow cytometric analysis 

Cell stainings and flow cytometric analysis was conducted with the help of Dorina Glaap 

and Nicole Jansen. The compositions of the used buffers and solutions is given in Table 

19. Cells were washed by vortexing at a concentration of 1 × 107 cells per mL using PEB 

buffer and subsequent centrifugation at 300 g for 5 min. 1 × 107 cells were resuspended 

in 20 µL PEB, the antibody-dye conjugate and PEB buffer were added to reach a 

concentration of 1 × 107  cells per mL for the cell staining. The cells were stained by 

incubation for 10 min at 4 °C. Afterwards the cells were washed again and resuspended 

in 1 mL PEB for flow cytometric analysis. The stained cells were stored at 4 °C until 

analysis. For dead cell discrimination propidium iodide solution (titer 1:1000) was added 

by the instrument immediately before the measurement. 

Stained cells were analyzed by flow cytometry using a MACSQuant Analyzer 16 (Miltenyi 

Biotec B.V. & Co. KG, Germany) with three laser excitations sources (405 nm, 488 nm 

and 640 nm) and the following detection channels: FSC: 488/10 nm, SSC: 405/10 nm, 

V1: 450/50 nm, V2: 525/50 nm, V3: 579/34 nm, V4: 615/20 nm, V5: 667/30 nm, B1: 

525/50 nm, B2: 579/34 nm, B3: 615/20 nm, B4: 667/30 nm, B5: 725/40 nm, B6: 
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785/62 nm, R1: 667/30 nm, R2: 725/40 nm, R3: 785/62 nm. The MACSQuant Analyzer 

16 was calibrated by using MACSQuant Calibration Beads (Miltenyi Biotec B.V. & Co. 

KG, Germany). Analysis of UV-excitable dyes was performed on a LSR Fortessa (Becton, 

Dickinson & Company Inc, USA) with five laser excitation sources (355 nm, 405 nm, 

488 nm, 561 nm, 640 nm) and up to 18 variable fluorescence detection filters. The 

UV-excitable dyes where detected using 379/28 nm, 585/42 nm; 610/20 nm; 670/30 nm; 

710/30 nm; 780/60 nm bandpass filters. Flow cytometry data analysis was performed 

using MACSQuantify (Miltenyi Biotec B.V. & Co. KG, Germany), FlowLogic (Inivai Pty 

Ltd, Australia) or FlowJo (Becton, Dickinson & Company Inc, USA) flow cytometry 

analysis software. 

 

The used compensation matrix for the flow analysis panels with the polymer dyes is 

shown in Table 18. Single color analysis was performed without compensation. 

Table 18: Compensation matrix for Immunophenotyping panel on a MACSquant 16 flow 
cytometer. 
 V1 V2 V3 V4 V5 B1 B2 B3 B4 B5 B6 R1 R2 R3 

V1 1 0,7 0,25 0,1 0,19 0 0 0 0 0 0 0 0 0 

V2 0,04 1 0 0 0,008 0 0,001 0 0 0 0 0 0 0 

V3 0,015 0,5 1 0,25 0,01 0 0,13 0 0 0 0 0 0 0 

V4 0,015 0,1 0,5 1 0 0 0,06 0 0 0 0 0 0 0 

V5 0,02 0,05 0,1 0,22 1 0 0,004 0 0 0 0 0 0 0,01 

B1 0 0,2 -0,05 0 0 1 0,01 0 0 0 0 0 0 0 

B2 0 0,1 0,1 0,01 0 0 1 0 0 0 0 0 0 0 

B3 0 0 0,01 0,01 0 0 0,087 1 0 0 0 0 0 0 

B4 0 0 0,02 0,03 0,05 0 0,16 0 1 0 0 0 0 0 

B5 0 0 0 0,035 0,05 0 0,13 0 0 1 0 0 0,03 0 

B6 0 0 0 0 0,005 0 0,02 0 0 0 1 0 0,005 0,01 

R1 0 0 0 -0,03 1,3 0 0 0 0 0 0 1 0,01 0,1 

R2 0 0 0 0 0,8 0 0 0 0 0 0 0 1 0,08 

R3 0 0 0 0 0,4 0 0 0 0 0 0 0,02 0,35 1 
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Buffers and Solutions 

Table 19: Buffers and solutions. 
Buffer/Solution Composition 

PBS 137 mM NaCl; 8.1 mM Na2HPO4 ; 2.6 mM KCl; 1.4 mM 
KH2PO4; pH 7.4 

PBS/EDTA 5 mM EDTA in PBS 
PEB 2 mM EDTA; 0.5 % (w/v) BSA in PBS 
MES 200 mM 2-(N-morpholino)ethanesulfonic acid; 5 mM EDTA; pH 6 

Ellmann’s solution 10 mM (5,5′-dithiobis-(2-nitrobenzoic acid) in PBS/EDTA 

Coomassie solution 
Coomassie (Bradford) Protein Assay Reagent Kit ( Pierce 

Biotechnology Inc., USA) 

Propidium iodide solution 1 mg/mL propidium iodide (Miltenyi Biotec B.V. & Co. KG, 
Germany) 
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Antibodies 

Table 20: List of used free antibodies. 

Antibody Specificity Clone Supplier 
Anti-CD3 REA613 Miltenyi Biotec 
Anti-CD4 REA623 Miltenyi Biotec 
Anti-CD8 REA734 Miltenyi Biotec 
Anti-CD19 REA675 Miltenyi Biotec 
Anti-CD45 REA747 Miltenyi Biotec 

 

Conjugates synthesized in this work 

Table 21: List of synthesized antibody dye conjugates. 

Antibody-dye Conjugates Clone 
Anti-CD19-27c-Cy3 REA675 

Anti-CD19-27c-Cy3.5 REA675 

Anti-CD19-28-Alexa594 REA675 

Anti-CD19-28-Atto550 REA675 

Anti-CD19-28-Atto643 REA675 

Anti-CD19-28-Atto647N REA675 

Anti-CD19-28-Cy5 REA675 

Anti-CD19-28-Fluorescein REA675 

Anti-CD19-28-STAR Red REA675 

Anti-CD19-39-Cy3 REA675 

Anti-CD19-39-Cy3.5 REA675 

Anti-CD19-39-Cy5.5 REA675 

Anti-CD19-39-Cy7 REA675 

Anti-CD19-39-Star Red REA675 

Anti-CD19-8b REA675 

Anti-CD19-8c REA675 

Anti-CD19-8d REA675 

Anti-CD3-27c-Cy3.5 REA613 
Anti-CD4-28-Fluorescein REA623 

Anti-CD45-28-STAR Red REA747 

Anti-CD8-27c-Cy3 REA734 
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Commercial antibody-dye conjugates 

Table 22: List of used commercially available antibody dye conjugates. 

Antibody Clone Supplier 
Anti-CD14-APC REA599 Miltenyi Biotec 
Anti-CD14-Vio720 REA599 Miltenyi Biotec 
CAR-detection reagent-PE - Miltenyi Biotec (internal reagent) 
Anti-CD3-FITC REA613 Miltenyi Biotec 
Anti-CD4-VioGreen REA623 Miltenyi Biotec 
Anti-CD45-VioBlue REA747 Miltenyi Biotec 
Anti-CD56-PE REA196 Miltenyi Biotec 
Anti-CD16 -PE REA423 Miltenyi Biotec 
CD8-APC-Vio770 REA734 Miltenyi Biotec 
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5.2 Synthesis 

5.2.1 Acceptor dye conjugation (general procedure) 

The amino functionalized copolymer (10 mg, 1.0 eq.) was dissolved in anhydrous 

dimethyl sulfoxide (660 µL) in a screw cap vial under argon atmosphere inside a 

glovebox and N,N-diisopropylethylamine (350 eq.) was added. N--Hydroxysuccinimide 

activated acceptor dye (3.0 eq.) was dissolved in anhydrous dimethyl sulfoxide and 

added to the polymer solution. The mixture was stirred for 16 h at room temperature 

under exclusion of light and afterwards diluted with 20 vol% ethanol in water (15 mL). 

The excess of acceptor dye was removed by size exclusion purification over Amico Ultra 

centrifugal filtration units (molecular weight cut off = 10 kDa-) by centrifugation for 30 min 

at 3000 g. The filtrate was discarded and the supernatant was diluted with fresh 20 vol% 

aq. ethanol for the next centrifugation step. This process was repeated until the filtrate 

showed no residual acceptor dye absorption. The solution was freeze- dried to obtain 

the polymer tandem dye as a colored solid.  

 

5.2.2 Fluorene-based monomers 

 

Compound 2b: 

 

Triethylamine (2.63 g, 3.60 mL, 26.0 mmol, 2.00 eq.), 4-N,N-dimethylaminopyridine 

(79 mg, 0.65 mmol, 0.050 eq.) and p-toluenesulfonyl chloride (3.72 g, 19.5 mmol, 

1.50 eq.) were added subsequently to a solution of 1b (5.00 g, 13.0 mmol, 1.00 eq.) in 

anhydrous dichloromethane (50 mL) at room temperature. After stirring at room 

temperature for 20 h, the mixture was concentrated under reduced pressure to a volume. 

The mixture was diluted with ethyl acetate (40 mL), and the solid was filtered off. The 

filtrate was concentrated under reduced pressure. The residue was purified by silica flash 

column chromatography (Chromabond silica 120 g column, Macherey-Nagel GmbH & 

Co. KG, Germany), eluting with 50 vol-% ethyl acetate in n-hexane first and then 10 vol-% 

methanol in dichloromethane to give compound 2b as a pale-yellow oil (5.94 g, 85 %). 

O
OTs
8
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1H NMR (CDCl3, 400 MHz): δ (ppm) 7.78 (m, 2H), 7.32 (m, 2H), 4.16 – 4.12 (m, 2H), 

3.69 – 3.65 (m, 2H), 3.65 – 3.58 (m, 22H), 3.56 (s, 4H), 3.53 (d, J = 4.9 Hz, 2H), 3.36 (s, 

3H), 2.43 (s, 3H). 

13C NMR (CDCl3, 100 MHz): δ (ppm) 144.85, 133.23, 129.91, 128.07, 72.05, 70.86, 

70.72, 70.68, 70.63, 70.61, 69.33, 68.79, 59.10, 21.72. 

HR-MS (ESI): m/z calcd for [M+NH4]+ C24H42O11SNa+ 561.2340, found 561.2287.  

 

 

Compound 3b 

 

Sodium iodide (1.98 g, 13.2 mmol, 1.10 eq.) was added to a solution of compound 2b 

(5.92 g, 11.0 mmol, 1.00 eq.) in acetone (50 mL) at room temperature. After heating at 

reflux for 48 h, the mixture was cooled to room temperature and the white solid was 

filtered off. The filtrate was concentrated under reduced pressure. The residue was 

purified by silica flash column chromatography (Chromabond silica 120 g column , 

Macherey-Nagel GmbH & Co. KG, Germany), eluting with a gradient of 0 to 10 vol-% 

methanol in dichloromethane to give compound 3b (4.69 g, 86 %) as a brown oil.  

1H NMR (CDCl3, 400 MHz): δ (ppm) 3.74 (dd, J = 7.3, 6.5 Hz, 2H), 3.63 (dd, J = 3.2, 1.0 

Hz, 25H), 3.54 – 3.51 (m, 2H), 3.36 (s, 2H), 3.24 (dd, J = 7.3, 6.5 Hz, 2H). 

13C NMR (CDCl3, 100 MHz): δ (ppm) 71.94, 71.89, 70.63, 70.55, 70.53, 70.45, 70.19, 

58.95, 2.83. 

HR-MS (ESI): m/z calcd for [M+NH4]+ C17H39INO8: 512.1676, found 512.1822. 

 

 

  

O
I
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Compound 2c: 

 

Triethylamine (11.8 g, 16.2 mL, 116 mmol, 2.00 eq.), 4-N,N-dimethylaminopyridine 

(0.33 g, 2.9 mmol, 0.050 eq.) and p-toluenesulfonyl chloride (16.6 g, 87.1 mmol, 1.50 eq.) 

were added subsequently to a solution of 1c (30.0 g, 85.0 mmol, 1.00 eq.) in anhydrous 

dichloromethane (300 mL) at room temperature. After stirring at room temperature for 

20 h, the mixture was concentrated under reduced pressure to a volume. The mixture 

was diluted with ethyl acetate (400 mL), and the solid was filtered off. The filtrate was 

concentrated under reduced pressure. The residue was purified by silica flash column 

chromatography (Chromabond silica 120 g column, Macherey-Nagel GmbH & Co. KG, 

Germany), eluting with 50 vol-% ethyl acetate in n-hexane first and then 10 vol-% 

methanol in dichloromethane to give compound 2c as a pale-yellow oil (25.2 g, 65 %). 

1H NMR (CDCl3, 400 MHz): δ (ppm) 7.77 (m, J = 8.3 Hz, 2 H), 7.33 – 7.30 (m, 2 H), 4.15 

– 4.12 (m, 2 H), 3.69 – 3.57 (m, 45 H), 3.55 (s, 5 H), 3.35 (s, 3 H), 2.42 (s, 3 H).,  

13C NMR (CDCl3, 100 MHz): δ (ppm) 144.82, 133.21, 129.89, 128.05, 72.04, 70.84, 

70.71, 70.67, 70.61, 69.31, 68.77, 59.09, 21.70. 

HR-MS (ESI): m/z calcd for [M+NH4]+ C30H56NO14S+ 688.3572, found 688.3556.  

 

 

Compound 3c:  

 

Sodium iodide (6.16 g, 41.1 mmol, 1.10 eq.) was added to a solution of compound 2c 

(25.0 g, 37.0 mmol, 1.00 eq.) in acetone (310 mL) at room temperature. After heating at 

reflux for 48 h, the mixture was cooled to room temperature and the white solid was 

filtered off. The filtrate was concentrated under reduced pressure. The residue was 

purified by silica flash column chromatography (Chromabond silica 120 g column, 

Macherey-Nagel GmbH & Co. KG, Germany), eluting with a gradient of 0 to 10 vol-% 

methanol in dichloromethane to give compound 3c (22.9 g, 99 %) as a brown oil.  
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1H NMR (CDCl3, 400 MHz): δ (ppm) 3.73 (dd, J = 7.3, 6.5 Hz, 2 H), 3.67 – 3.58 (m, 38 H), 

3.55 – 3.48 (m, 2 H), 3.35 (s, 3 H), 3.23 (dd, J = 7.3, 6.5 Hz, 2 H). 

13C NMR (CDCl3, 100 MHz): δ (ppm) 72.07, 71.99, 70.73, 70.66, 70.64, 70.62, 70.59, 

70.57, 70.56, 70.53, 70.31, 59.09, 3.01. 

HR-MS (ESI): m/z calcd for [M+NH4]+ C23H49INO11: 644.2501, found 644.2526. 

 

 

Compound 2d: 

 

Triethylamine (1.46 g, 2.00 mL, 14.4 mmol, 2.00 eq.), 4-N,N-dimethylaminopyridine 

(44 mg, 0.36 mmol, 0.050 eq.) and p-toluenesulfonyl chloride (2.06 g, 10.8 mmol, 

1.50 eq.) were added subsequently to a solution of 1d (5.00 g, 7.21 mmol, 1.00 eq.) in 

anhydrous dichloromethane (50 mL) at room temperature. After stirring at room 

temperature for 20 h, the mixture was concentrated under reduced. The mixture was 

diluted with ethyl acetate (40 mL), and the solid was filtered off. The filtrate was 

concentrated under reduced pressure. The residue was purified by silica flash column 

chromatography (Chromabond silica 120 g column, Macherey-Nagel GmbH & Co. KG, 

Germany), eluting with a gradient of 0 to 10 vol-% methanol in dichloromethane to give 

compound 2d as a pale-yellow oil (5.28 g, 87 %). 

1H NMR (CDCl3, 400 MHz): δ (ppm) 7.80 (m, J = 8.3 Hz, 2H), 7.37 – 7.33 (m, J = 8.3 Hz, 

2H), 4.20 – 4.13 (m, 2H), 3.73 – 3.52 (m, 70H), 3.38 (s, 3H), 2.46 (s, 3H). 

13C NMR (CDCl3, 100 MHz): δ (ppm) 144.69, 133.09, 129.76, 127.93, 71.91, 70.72, 

70.58, 70.54, 70.48, 69.18, 68.65, 58.96, 21.58. 

HR-MS (ESI): m/z calcd for [M+NH4]+ C38H70NO22S+ 864.4622, found 864.4806.  
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Compound 3d:  

 

Sodium iodide (1.13 g, 7.54 mmol, 1.10 eq.) was added to a solution of compound 2d 

(5.20 g, 6.20 mmol, 1.00 eq.) in acetone (50 mL) at room temperature. After heating at 

reflux for 48 h, the mixture was cooled to room temperature and the white solid was 

filtered off. The filtrate was concentrated under reduced pressure. The residue was 

purified by silica flash column chromatography (Chromabond silica 120 g column, 

Macherey-Nagel GmbH & Co. KG, Germany), eluting with a gradient of 0 to 10 vol-% 

methanol in dichloromethane to give compound 3d (4.08 g, 81 % yield) as a brown oil.  

1H NMR (CDCl3, 400 MHz): δ (ppm) 3.74 (t, J = 6.8 Hz, 2H), 3.69 – 3.59 (m, 57H), 3.57 

– 3.50 (m, 2H), 3.36 (s, 3H), 3.25 (t, J = 6.8 Hz, 2H). 

13C NMR (CDCl3, 100 MHz): δ (ppm) 71.95, 71.61, 70.35, 70.31, 70.19, 70.12, 70.08, 

70.02, 69.98, 69.93, 69.88, 69.86, 69.83, 69.81, 69.77, 69.74, 69.72, 69.67, 69.65, 59.10, 

3.20. 

HR-MS (ESI): m/z calcd for [M+NH4]+ C31H67INO15: 820.3451, found 820.3683. 

 

 

Compound 5a: 

 

A mixture of 2,7-dibromofluorene (2.00 g, 6.20 mmol, 1.00 eq.) in anhydrous dimethyl 

sulfoxide (60 mL) was sparged with argon for 1 h, resulting in a clear solution. Potassium 

t-butoxide (2.42 g, 21.6 mmol, 3.50 eq.) was added and the mixture was stirred at room 

temperature for 30 min under argon. Compound 3a (abcr GmbH, Germany) (6.87 g, 

21.6 mmol, 3.50 eq.) was added and the mixture was stirred at room temperature for 4 d. 

The reaction mixture was poured into ice-water (200 mL) and extracted with ethyl acetate 

(4 x 200 mL). The combined organic layers were dried over sodium sulfate, filtered and 

concentrated under reduced pressure. The residue was purified by silica flash column 
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chromatography (Chromabond silica 120 g column, Macherey-Nagel GmbH & Co. KG, 

Germany), eluting with a gradient of 0 to 10 vol-% methanol in dichloromethane and 

further purified on reversed phase (Chromabond RP BT120 ND100-30 C18-ec 130 g 

column, Macherey-Nagel GmbH & Co. KG, Germany) eluting with a gradient of 40 to 

100 vol-% acetonitrile in water to yield the pure product 5a as a yellow oil (2.2 g, 50 %).  

1H NMR (CDCl3, 400 MHz): δ (ppm) 7.52 (d, J = 1.8 Hz, 2H), 7.48 (d, J = 9.1 Hz, 2H), 

7.45 (dd, J = 9.1, 1.8 Hz, 2H), 3.62 – 3.55 (m, 8H), 3.55 – 3.48 (m, 8H), 3.39 – 3.35 (m, 

4H), 3.35 (s, 6H), 3.25 – 3.03 (m, 4H), 2.77 (dd, J = 7.9, 6.7 Hz,4H), 2.32 (dd, J = 7.8, 

6.8 Hz, 4H). 

13C NMR (CDCl3, 100 MHz): δ (ppm) 151.07, 138.56, 130.75, 126.82, 121.73, 121.30, 

77.48, 77.16, 76.84, 72.03, 70.64, 70.58, 70.50, 70.16, 66.89, 59.10, 52.04, 39.59. 

HR-MS (ESI): m/z calcd for [M+NH4]+ C31H48Br2NO8 722,1721 found 722.1864. 

 

Compound 5b: 

 

A mixture of 2,7-dibromofluorene (744 mg, 2.31 mmol, 1.00 eq.) in anhydrous dimethyl 

sulfoxide (25 mL) was sparged with argon for 1 h, resulting in a clear solution. Potassium 

t-butoxide (570 mg, 5.10 mmol, 3.50 eq.) was added and the mixture was stirred at room 

temperature for 30 min under argon. Compound 3b (4.00 g, 8.10 mmol, 3.50 eq.) was 

added and the mixture was stirred at room temperature for 4 d. The reaction mixture was 

poured into ice-water (50 mL) and extracted with ethyl acetate (4 x 40 mL). The 

combined organic layers were dried over sodium sulfate, filtered and concentrated under 

reduced pressure. The residue was purified by silica flash column chromatography 

(Chromabond silica 120 g column, Macherey-Nagel GmbH & Co. KG, Germany), eluting 

with a gradient of 0 to 10 vol-% methanol in dichloromethane and further purified by 

reversed phase flash chromatography (Chromabond RP BT120 ND100-30 C18-ec 130 g 

column, Macherey-Nagel GmbH & Co. KG, Germany) eluting with a gradient of 40 to 

100 vol-% acetonitrile in water to yield the pure product 5b as a yellow oil (1.58 g, 96 %).  
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1H NMR (CDCl3, 400 MHz): δ (ppm) 7.50 (d, J = 1.8 Hz, 2H), 7.49 (d, J = 8.1 Hz, 2H), 

7.44 (dd, J = 8.1, 1.8 Hz, 2H), 3.66 – 3.58 (m, 29H), 3.59 – 3.47 (m, 21H), 3.38 – 3.31 

(m, 8H), 3.20 – 3.13 (m, 4H), 2.76 (dd, J = 7.9, 6.8 Hz, 4H), 2.30 (t, J = 7.3 Hz, 4H). 

13C NMR (CDCl3, 100 MHz): δ (ppm) 151.03, 138.53, 130.72, 126.78, 121.69, 121.29, 

77.48, 77.16, 76.84, 72.03, 70.69, 70.65, 70.61, 70.59, 70.47, 70.12, 66.85, 59.08, 52.01, 

39.57. 

HR-MS (ESI): m/z calcd for [M+NH4]+ C47H80Br2NO16: 1074.3819 found 1074.3856. 

 

 

Compound 5c:  

 

A mixture of 2,7-dibromofluorene (3.00 g, 9.32 mmol, 1.00 eq.) in anhydrous dimethyl 

sulfoxide (90 mL) was sparged with argon for 1 h, resulting in a clear solution. Potassium 

t-butoxide (3.66 g, 32.6 mmol, 3.50 eq.) was added and the mixture was stirred at room 

temperature for 30 min under argon. Compound 3c (20.4 g, 32.6 mmol, 3.50 eq.) was 

added and the mixture was stirred at room temperature for 4 d. The reaction mixture was 

poured into ice-water (300 mL) and extracted with ethyl acetate (4 x 300 mL). The 

combined organic layers were dried over sodium sulfate, filtered and concentrated under 

reduced pressure. The residue was purified by silica flash column chromatography 

(Chromabond silica 120 g column, Macherey-Nagel GmbH & Co. KG, Germany), eluting 

with a gradient of 0 to 10 vol-% methanol in dichloromethane and further purified on 

reversed phase flash chromatography (Chromabond RP BT120 ND100-30 C18-ec 130 g 

column, Macherey-Nagel GmbH & Co. KG, Germany), eluting isocratic with 

water/acetonitrile (30/70) as a yellow oil. Final Purification was performed via preparative 

HPLC eluting isocratic with water/acetonitrile (30/70) to yield the pure product 5c as a 

yellow oil (5.48 g, 45 %).  

1H NMR (CDCl3, 400 MHz): δ (ppm7.51 (d, J = 1.8 Hz, 2H), 7.49 (d, J = 9.1 Hz, 2H), 7.44 

(dd, J = 9.1, 1.8 Hz, 2H), 3.65 – 3.46 (m, 67H), 3.33 (s, 9 H), 3.15 (dd, J = 5.6, 4.1 Hz, 

4 H), 2.74 (t, J = 7.3 Hz, 4 H), 2.29 (t, J = 7.3 Hz, 3 H). 
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13C NMR (CDCl3, 100 MHz): δ (ppm) 150.99, 138.49, 130.68, 126.73, 121.63, 121.25, 

71.98, 70.65, 70.61, 70.58, 70.56, 70.54, 70.42, 70.07, 66.80, 59.03, 51.96, 39.52. 

HR-MS (ESI): m/z calcd for [M+NH4]+ C59H102Br2NO22: 1338,5392 found 1338.5397. 

 

 

Compound 5d: 

 

A mixture of 2,7-dibromofluorene (401 g, 1.24 mmol, 1.00 eq.) in anhydrous dimethyl 

sulfoxide (15 mL) was sparged with argon for 1 h, resulting in a clear solution. Potassium 

t-butoxide (306 mg, 2.73 mmol, 3.50 eq.) was added and the mixture was stirred at room 

temperature for 30 min under argon. Compound 3d (3.50 g, 4.36 mmol, 3.50 eq.) was 

added and the mixture was stirred at room temperature for 4 d. The reaction mixture was 

poured into ice-water (50 mL) and extracted with ethyl acetate (4 x 40 mL). The 

combined organic layers were dried over sodium sulfate, filtered and concentrated under 

reduced pressure. The residue was purified by silica flash column chromatography 

(Chromabond silica 120 g column, , Macherey-Nagel GmbH & Co. KG, Germany), 

eluting with a gradient of 0 to 10 vol-% methanol in dichloromethane and further purified 

by reversed phase flash chromatography (Chromabond RP BT120 ND100-30 C18-ec 

130 g column, Macherey-Nagel GmbH & Co. KG, Germany) eluting with a gradient of 40 

to 100 vol-% acetonitrile in water to yield the pure product 5d as a yellow oil (1.09 mg , 

53 %). 

1H NMR (CDCl3, 400 MHz): δ (ppm) 7.52 (d, J = 1.9 Hz, 2H), 7.50 (d, J = 8.2, 2H), 7.46 

(dd, J = 8.2, 1.9 Hz, 2H), 3.71 – 3.58 (m, 98H), 3.58 – 3.47 (m, 13H), 3.37 (s, 10H), 3.23 

– 3.06 (m, 4H), 2.77 (dd, J = 7.9, 6.7 Hz, 4H), 2.32 (t, J = 7.3 Hz, 4H), 2.19 (s, 1H). 

13C NMR (CDCl3, 100 MHz): δ (ppm) 151.02, 138.53, 130.72, 126.77, 121.68, 121.29, 

77.48, 77.16, 76.84, 72.02, 70.69, 70.65, 70.59, 70.46, 70.12, 66.84, 59.07, 52.00, 39.57. 

HR-MS (ESI): m/z calcd for [M+NH4]+ C75H136Br2NO30: 1690.7489 found 1690.7475. 
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Compound 22: 

 

,7-Dibromofluorene (15.0 g, 45.4 mmol, 1.00 eq.) was dissolved in anhydrous 

tetrahydrofuran (150 mL) under argon and cooled to -78 °C. n-BuLi (1.6 M in n-hexane, 

30.9 mL, 49.5 mmol, 1.09 eq.) was added over 15 min. After stirring for 10 min, 

iodomethane (3.1 mL, 50 mmol, 1.1 eq.) was added and the reaction mixture was stirred 

for 2 h at -78 °C. Afterwards the reaction mixture was poured into a mixture of 

dichloromethane (500 mL) and ice-water (150 mL). The organic layer was separated, 

and the aqueous phase extracted with dichloromethane (2 x 80 mL). The combined 

organic phases were dried over sodium sulfate and concentrated in vacuo to give a 

yellow solid. n-Hexane (150 mL) was added to the yellow solid and the suspension was 

placed in an ultra-sonic bath for 20 min to give a yellow supernatant and a colorless solid. 

The suspension was filtered, and the remaining white solid was washed with n-hexane 

and dried under reduced pressure to yield the product 22 as a white solid (8.07 g, 52 %). 

1H NMR (CDCl3, 400 MHz): δ (ppm) 7.62-7.60 (m, 2 H), 7.58 (d, J = 0.5 Hz, 1 H), 7.56 

(s, 1H), 7.50 (dd, J = 1.8, 0.7 Hz, 1 H), 7.48 (dd, J = 1.8, 0.7 Hz, 1 H), 3.92 (q, J = 7.5 

Hz, 1 H), 1.50 (d, J = 7.5 Hz, 3H). 

13C NMR (CDCl3, 100 MHz): δ (ppm) 150.77, 138.68, 130.48, 127.62, 121.39, 121.37, 

42.60, 18.05. 

GC-MS: m/z calcd for [M]+ C14H10Br2 337.9, found 337.9. 
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Compound 23: 

 

2,7-Dibromo-9-methyl-9H-fluorene (2.90 g, 8.58 mmol, 1.00 eq.) was dissolved in 

dimethyl sulfoxide (12 mL) under argon. Potassium hydroxide (674 mg, 12.0 mmol, 

1.40 eq.) in water (2.5 mL) and 4-(N-Boc-amino)butyl bromide were added subsequently. 

The mixture was stirred at room temperature for 2.0 h and afterwards at room 

temperature overnight. The reaction mixture was diluted with dichloromethane (50 mL) 

and washed with brine (3 x 50 mL).  The organic phases were combined, dried over 

sodium sulfate and concentrated in vacuo. The residue was suspended in n-hexane and 

the insoluble product was filtered off. The crude was recrystallized from dichloromethane 

to yield the pure product 23 as white crystals (1.46 g, 33 %).  

1H NMR (CDCl3, 400 MHz): δ (ppm) 7.54 (d, J = 0.8 Hz, 1H), 7.52 (d, J = 0.8 Hz, 1H), 

7.47 (q, J = 1.5 Hz, 3H), 7.45 (d, J = 1.5 Hz, 1H), 4.31 (sbr, 1H), 2.89 (q, J = 6.9 Hz, 2H), 

1.95 (m, 2H), 1.42 (s, 3H), 1.39 (s, 9H), 1.27 (p, J = 6.9 Hz, 2H), 0.64 (m, 2H). 

13C NMR (CDCl3, 100 MHz): δ (ppm) 155.97, 153.69, 138.25, 130.56, 126.31, 121.73, 

121.50, 51.37, 40.21, 30.43, 28.54, 26.68, 21.61. 

HR-MS (ESI): m/z calcd for [M]+ C23H27Br2NO2 509.0388, found 509.0323. 
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Compound 37: 

 

Potassium carbonate (2.74 g, 19.9 mmol, 5 .00 eq.) was added to a solution of 

2,5-dibromophenol (1.00 g, 3.97 mmol, 1.00 eq.) in anhydrous dimethylformamide 

(40 mL) in a 100 ml pressure tube with screw cap. 4-(N-Boc-amino)butyl bromide (1.2 g, 

4.8 mmol, 1.2 eq.) was added and the solution was heated to 80 °C and stirred for 72 h. 

The solvent was removed under reduced pressure and the residue was resuspended in 

dichloromethane (50 mL) and washed with water (3 x 50 mL). The organic phase was 

dried over sodium sulfate and the solvent was removed under reduced pressure to give 

a white solid (1.49 g). The crude product was purified first by normal phase flash column 

chromatography over silica with a gradient of 0 to 50 vol-% ethyl acetate in n-hexane, 

followed by reversed-phase flash column chromatography with a gradient of 0 to 100 vol-% 

acetonitrile in water yielding the pure product as a white solid (1.46 g, 87 %).  

1H NMR (CDCl3, 400 MHz): δ (ppm) 7.36 (d, J = 8.3 Hz, 1H), 6.98 (d, J = 2.1 Hz, 1H), 

6.95 (dd, J = 8.3, 2.1 Hz, 1H), 4.65 (s, 1H), 4.01 (t, J = 6.1 Hz, 2H), 3.21 (q, J = 6.4 Hz, 

3H), 1.95 – 1.81 (m, 2H), 1.77 – 1.62 (m, 3H), 1.44 (s, 9H). 

13C NMR (CDCl3, 100 MHz): δ (ppm) 156.14, 156.08, 134.21, 124.88, 121.64, 116.66, 

111.15, 79.30, 69.16, 40.25, 28.57, 26.91, 26.36. 

HR-MS (ESI): m/z calcd for [M-Boc+H]+ C10H13Br2NO2  323.9417, found 323.9354. 
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5.2.3 Binaphthyl based Monomers 

Compound (R)-30: 

 

To a stirred solution of (R)-29, 3.00 g, 6.75 mmol, 1.00 eq.) in acetone (42 mL), 

compound 3c (12.6 g, 20.1 mmol, 3.00 eq.) was added, followed by potassium 

carbonate (2.82 g, 20.1 mmol, 3.00 eq.), and the resulting reaction mixture was stirred 

at 70 °C for 16 h. The reaction mixture was filtered and the filtrate was concentrated 

under reduced pressure to dryness. The obtained crude material was diluted with water 

(20 mL) and extracted with ethyl acetate (3 x 30 mL). The combined organic phases 

were washed with brine (20 mL), dried over sodium sulfate and concentrated under 

reduced pressure. The residue was purified by silica flash column chromatography 

eluting with 5 vol-% methanol in dichloromethane giving (R)-30 as a pale-yellow liquid 

(4.5 g, ~97% purity by HPLC). This compound was further purified by reverse phase 

chromatography, using (Chromabond RP BT120 ND100-30 C18-ec 130 g flash column, 

Macherey-Nagel GmbH & Co. KG, Germany) eluting with an isocratic mixture of 50 vol-% 

acetonitrile in water (flow rate 40 mL/min). The pure compound was freeze dried to give 

give pure (R)-30 (1.7 g, 17.6 %) as a pale-yellow liquid. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 7.98 (d, J = 2.0 Hz, 2H), 7.82 (d, J = 9.0 Hz, 2H), 

7.41 (d, J = 9.1 Hz, 2H), 7.25 (dd, J = 9.1, 2.0 Hz, 2H), 6.96 (d, J = 9.0 Hz, 2H), 4.06 (t, 

J = 4.9 Hz, 4H), 3.65 – 3.57 (m, 60H), 3.56 – 3.50 (m, 7H), 3.49 – 3.39 (m, 7H), 3.35 (s, 

6H), 3.27 – 3.05 (m, 5H). 

13C NMR (CDCl3, 100 MHz): δ (ppm) 154.49, 132.37, 130.29, 129.70, 129.56, 128.49, 

127.08, 119.88, 117.42, 116.40, 71.87, 70.54, 70.50, 70.48, 70.46, 70.43, 70.39, 70.34, 

70.29, 69.59, 69.48, 58.92. 

HR-MS (ESI): m/z calcd for [M+NH4]+  C66H108Br2NO24 1458.5603, found 1458.5. 
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Compound (S)-30: 

 

To a stirred solution of (S)-29, 3.00 g, 6.75 mmol, 1.00 eq.) in acetone (42 mL), 

compound 3c (12.6 g, 20.1 mmol, 3.00 eq.) was added, followed by potassium 

carbonate (2.82 g, 20.1 mmol, 3.00 eq.), and the resulting reaction mixture was stirred 

at 70 °C for 16 h. The reaction mixture was filtered and the filtrate was concentrated 

under reduced pressure to dryness. The obtained crude material was diluted with water 

(20 mL) and extracted with ethyl acetate (3 x 30 mL). The combined organic phases 

were washed with brine (20 mL), dried over sodium sulfate, filtered and concentrated 

under reduced pressure. The residue was purified by silica flash column chromatography 

eluting with 5 vol-% methanol in dichloromethane giving (S)-30 as a pale-yellow liquid 

(5 g, ~97% purity by HPLC). This compound was further purified by reverse phase 

chromatography, using (Chromabond RP BT120 ND100-30 C18-ec 130 g flash colum, 

Macherey-Nagel GmbH & Co. KG, Germany) eluting with an isocratic mixture of 50 vol-% 

acetonitrile in water (flow rate 40 mL/min). The pure compound was freeze dried to give 

pure compound (S)-30 (2.3 g, 23 %) as a pale-yellow liquid. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 7.97 (d, J = 2.0 Hz, 2H), 7.81 (d, J = 9.0 Hz, 2H), 

7.41 (d, J = 9.0 Hz, 2H), 7.24 (dd, J = 9.0, 2.1 Hz, 2H), 4.06 (t, J = 4.9 Hz, 4H), 3.68 – 

3.37 (m, 80H), 3.35 (s, 6H), 3.23 (t, J = 4.7 Hz, 4H), 3.21 – 3.03 (m, 4H). 

13C NMR (CDCl3, 100 MHz): δ (ppm) 154.63, 132.50, 130.42, 129.83, 129.69, 128.62, 

127.21, 120.01, 117.54, 116.53, 72.00, 70.67, 70.64, 70.61, 70.59, 70.56, 70.52, 70.47, 

70.42, 69.72, 69.61, 59.05. 

HR-MS (ESI): m/z calcd for [M+NH4]+  C66H108Br2NO24 1458.5603, found 1458.5. 
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5.2.4 Terminal cappers 

Compound 7: 

 

1,1'-Carbonyldiimidazole (667 mg, 4.11 mmol, 1.00 eq.) was added to a solution of 

4-(4-bromophenyl)butanoic acid (1.00 g, 4.11 mmol, 1.00 eq.) in dry dimethylformamide 

(4.1 mL) under argon and the mixture was stirred at 40 °C for 1 h. t-Butyl alcohol (610 mg, 

772 µL, 8.23 mmol, 2.00 eq.) and 1,8-diazabicyclo [5.4.0]undec-7-en (626 mg, 614 µL, 

4.11 mol, 1.00 eq.) were added and the mixture was stirred at 40 °C for 24 h. Afterwards 

diethyl ether (50 mL) was added and the solution was washed with 10 % hydrochloric 

acid (10 mL), water (10 mL) and 10 % aqueous sodium carbonate (10 mL) and dried 

over sodium sulfate. The crude product was purified by silica flash column 

chromatography eluting with a gradient of 0 to 10 vol-% ethyl acetate in n-hexane to yield 

the pure product 7 as a colorless oil (234 mg, 17 %). 

1H NMR (CDCl3, 400 MHz) δ (ppm) 7.40 (d, J = 8.4 Hz, 2H), 7.05 (d, J = 8.4 Hz, 2H), 

2.67 – 2.50 (m, 2H), 2.22 (t, J = 7.5 Hz, 2H), 1.88 (p, J = 7.5 Hz, 2H), 1.54 (s, 1H), 1.45 

(s, 9H). 

13C NMR (CDCl3, 100 MHz): δ (ppm) 172.81, 140.75, 131.57, 130.40, 119.82, 80.39, 

34.90, 34.67, 28.29, 26.70. 

HR-MS (ESI): m/z calcd for [M-OtBu]+  C10H10BrO 224.9915, found 224.9901. 
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Compound 31: 

 

A stirred solution of 4-(4-bromophenyl)butanoic acid (2.00 g, 8.22 mmol, 1.00 eq.) in 

dichloromethane (20mL) was cooled to 0 °C, N,N-diisopropylethylamine (4.40 mL, 

24.7 mmol, 3.00 eq.) was added, followed by 3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (2.36 g, 12.3 mmol, 1.50 eq.). The mixture was stirred for 10min and then 

N-hydroxysuccinimide (1.42 g, 12.3 mmol, 1.50 eq.) was added. The reaction 

temperature was slowly raised to room temperature and stirred for 16 h. The solvents 

were evaporated and  then saturated sodium bicarbonate solution (50 mL) was added 

slowly and stirred for 15 min. The suspension was filtered and dried under vacuum to 

obtain 2.4 g of the crude product as an off white solid. Ethanol (24 mL) was added, the 

mixture was stirred for 30 min and the solid was filtered off. The solid was dried under 

reduced pressure to yield the NHS ester activated intermediate as a white solid (1.24 g). 

The NHS ester (2.00 , 5.89 mmol, 1.00 eq.) was dissolved together with 

N-Boc-ethylenediamine hydrochloride (2.06 g, 6.48 mmol, 1.15 eq.) in tetrahydrofuran 

(40 mL) and water (20 mL) at 0 °C and sodium bicarbonate (2.47 g, 29.45 mmol, 

6.00 eq.) was added. The reaction temperature was slowly raised to room temperature 

and the mixture was stirred for 7 h. The reaction mixture was evaporated under reduced 

pressure to remove tetrahydrofuran completely, then water (100 mL) was added and the 

suspension was stirred for 15 min. The resulting solid was filtered and dried under 

vacuum to give the product (2.0 g) as an off-white solid with 97 % by LC-MS. The solid 

was recrystallized from isopropyl alcohol (24 mL) giving compound 31 as a white solid 

(1.15 g, 38 %). 

 
1H NMR (CDCl3, 400 MHz) δ (ppm): 7.75 (d, J  = 6.8 Hz, 2H), 7.57 (d, J  = 6.8 Hz, 2H), 

7.55 – 7.34 (m, 4H), 7.32 – 7.26 (m, 2H), 7.02 (d, J  = 8.4 Hz, 2H), 5.96 (sbr, 1H), 5.18 

(sbr, 1H), 4.39 (d, J  = 6.8 Hz, 2H), 4.18 (t, J  = 6.8 Hz, 6.8 Hz, 1H), 3.37 – 3.33 (m, 4H), 

2.57 (t, J  = 7.6 Hz, 7.6 Hz, 2H), 2.15 (t, J  = 7.2 Hz, 7.6 Hz, 2H), 1.95 – 1.87 (m, 2H). 

HR-MS (ESI): m/z calcd for [M+H]+  CH27Br1N2O3 509,1185, found 509.1 
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5.2.5 Polymerization reactions 

5.2.5.1 Yamamoto polymerizations 

Yamamoto polymerization of polymer 8a 

 

Bis(1,5-cyclooctadiene)nickel(0) (214.9 mg, 781.2 µmol, 2.200 eq.), 2,2′-bipyridyl 

(122 mg, 781 µmol 2.20 eq.) and 1,5-cyclooctadiene (85.0 mg, 781 µmol, 2.20 eq.) were 

dissolved in dimethylformamide (8 ml) under argon atmosphere and added to a 25 mL 

round bottom flask with magnetic stir bar and stirred at 70 °C for 30 min. The monomers 

5a (250 mg, 355 µmol, 1.00 eq.) and 7 (2.7 mg, 7.1 µmol, 0.020 eq.) were dissolved in 

dry dimethylformamide (4 mL) under argon atmosphere and added to the first flask. The 

mixture was stirred for 3 h at 70 °C. The solvent was concentrated in vacuo and poured 

into a stirred 1:1 mixture of methanol/water (100 ml). The precipitated polymer was 

filtered off and dried in vacuo. The dried polymer was dissolved in dichloromethane 

(50 mL) and trifluoroacetic acid (5 mL) was added. The solution was stirred for 2 h at 

room temperature. The solvent was removed under reduced pressure, and the residue 

was dissolved in 70 vol-% aq. ethanol (100 mL), purified by size exclusion filtration 

(10 kDa cutoff) and freeze dried to yield the final polymer 8a as a clear waxy solid 

(129 mg, 67 %). 

GPC (270 nm): Mn: 35.2 kDa, Mw: 89.3 kDa, Ð = 2.5. 

1H NMR (CDCl3,400 MHz): δ (ppm) 7.80 (m, 6H), 3.88 – 3.40 (m, 24H), 3.34 (s, 13H), 

2.93 (s, 3H). 
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Yamamoto polymerization of polymer 8b: 

 

Bis(1,5-cyclooctadiene)nickel(0) (143.1 mg, 520.3 µmol, 2.200 eq.), 2,2′-bipyridyl 

(81.3 mg, 520 µmol, 2.20 eq.) and 1,5-cyclooctadiene (56.3 mg, 520 µmol, 2.20 eq.) 

were dissolved in dimethylformamide (8 ml) under argon atmosphere and added to a 

25 mL round bottom flask with magnetic stir bar and stirred at 70 °C for 30 min. The 

monomers 5b (250 mg, 236 µmol, 1.00 eq.) and 7 (1.8 mg, 4.7 µmol, 0.020 eq.) were 

dissolved in dry dimethylformamide (4 mL) under argon atmosphere and added to the 

first flask. The mixture was stirred for 3 h at 70 °C. The solvent was removed under 

reduced pressure, and the residue was suspended in 20 vol-% aq. ethanol. After 

centrifugation for 60 min at 13,000 g the supernatant was purified size exclusion filtration 

(10 kDa cutoff) and subsequently freeze-dried to yield a pale-yellow solid. The polymer 

was dissolved in dichloromethane (50 mL) and trifluoroacetic acid (5 mL) was added. 

The solution was stirred for 2 h at room temperature. The solvent was removed under 

reduced pressure, and the residue was dissolved in 20 vol-% aq. ethanol (100 mL), 

purified by size exclusion filtration (10 kDa cutoff) and freeze dried to yield the final 

polymer 8b as a yellow solid (162 mg, 76 %). 

GPC (270 nm): Mn: 40.5 kDa, Mw: 88.7 kDa, Ð = 2.2. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 7.79 (m, 6H), 3.69 – 3.60 (m, 39H), 3.59 (s, 11H), 

3.54 (m, 16H), 3.44 (s, 6H), 3.36 (s, 8H), 3.34 (m, 3H). 

GPC (270 nm): Mn: 40,532 g mol-1, Mw: 88,689 g mol-1, Ð = 2.2. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 7.79 (m, 6H), 3.69 – 3.60 (m, 39H), 3.59 (s, 11H), 

3.54 (m, 16H), 3.44 (s, 6H), 3.36 (s, 8H), 3.34 (m, 3H). 
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Yamamoto polymerization of polymer 8c: 

 

Bis(1,5-cyclooctadiene)nickel(0) (114.4 mg, 416.0 µmol, 2.200 eq.), 2,2′-bipyridyl 

(64.9 mg, 416 µmol, 2.20 eq.) and 1,5-cyclooctadiene were dissolved in 

dimethylformamide (8 ml) under argon atmosphere and added to a 25 mL round bottom 

flask with magnetic stir bar and stirred at 70 °C for 30 min. The monomers 5c (250 mg, 

180 µmol, 1.00 eq.) and 7 (1.1 mg, 3.7 µmol, 0.020 eq.) were dissolved in dry 

dimethylformamide (4 mL) under argon atmosphere and added to the first flask. The 

mixture was stirred for 3 h at 70 °C. The solvent was removed under reduced pressure 

and the residue was suspended in 20 vol-% aq. ethanol. After centrifugation for 60 min 

at 13,000 g the supernatant was purified using size exclusion filtration and subsequently 

freeze-dried to yield a yellow foam. The polymer was dissolved in dichloromethane 

(50 mL) and trifluoroacetic acid (5 mL) was added. The solution was stirred for 2 h at 

room temperature. The solvent was removed under reduced pressure, and the residue 

was dissolved in 20 vol-% aq. ethanol (100 mL), purified by size exclusion filtration 

(10 kDa cutoff) and freeze dried to yield the final polymer 8c as a yellow solid (180 mg, 

86 %). 

GPC (270 nm): Mn: 32.5 kDa, Mw: 72.4 kDa, Ð = 2.2. 

1H NMR (CDCl3, 600 MHz): δ (ppm) 7.84 – 7.73 (m, 6H), 3.82 – 3.48 (m, 90H), 3.43 (s, 

5H), 3.36 (s, 7H), 3.33 – 3.21 (m, 4H), 3.05 – 2.81 (m, 2H), 2.57 (s, 2H). 
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Yamamoto polymerization of polymer 8d: 

 

Bis(1,5-cyclooctadiene)nickel(0) (115.0 mg, 418.0 µmol, 2.200 eq.), 2,2′-bipyridyl 

(65.3 mg, 418 µmol, 2.20 eq.) and 1,5-cyclooctadiene (45.2 mg, 418 µmol, 2.20 eq.) 

were dissolved in dimethylformamide (8 ml) under argon atmosphere and added to a 

25 mL round bottom flask with magnetic stir bar and stirred at 70 °C for 30 min. The 

monomers 5d (317.9 mg, 190.0 µmol, 1.000 eq.) and 7 (1.46 mg, 3.80 µmol, 0.0200 eq.) 

were dissolved in dry dimethylformamide (4 mL) under argon atmosphere and added to 

the first flask. The mixture was stirred for 3 h at 70 °C. The solvent was removed under 

reduced pressure and the residue was suspended in 20 vol-% aq. ethanol. After 

centrifugation for 60 min at 13,000 g the supernatant was purified using size exclusion 

filtration and subsequently freeze-dried to yield a yellow foam. The polymer was 

dissolved in dichloromethane (50 mL) and trifluoroacetic acid (5 mL) was added. The 

solution was stirred for 2 h at room temperature. The solvent was removed under 

reduced pressure, and the residue was dissolved in 20 vol-% aq. ethanol, purified by 

size exclusion filtration (10 kDa cutoff) and freeze dried to yield the final polymer 8d as 

a yellow solid (239 mg, 83 %). 

GPC (270 nm): Mn: 36.2 kDa, Mw: 70,668 g mol-1, Ð = 1.9. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 7.81 (m, 6H), 3.69 – 3.62 (m, 103H), 3.60 (m, 10H), 

3.58 – 3.53 (m, 14H), 3.45 (m, 5H), 3.38 (s, 7H). 
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Yamamoto polymerization of polymer 24a: 

 

Bis(1,5-cyclooctadiene)nickel(0) (238.8 mg, 868.1 µmol, 2.200 eq.), 2,2′-bipyridyl 

(135.6 g, 868.1 µmol, 2.200 eq.) and 1,5-cyclooctadiene (93.9 mg, 868 µmol, 2.20 eq.) 

were dissolved in dimethylformamide (8.5 ml) under argon atmosphere and added to a 

25 mL round bottom flask with magnetic stir bar and stirred at 70 °C for 30 min. The 

monomers 5a (250 mg, 355 µmol, 0.900 eq.), 23 (17.0 mg, 40.0 µmol, 0.100 eq.) and 7 

(2.4 mg, 7.9 µmol, 0.020 eq.) were dissolved in dry dimethylformamide (8 mL) under 

argon atmosphere and added to the first flask. The mixture was stirred for 3 h at 70 °C. 

The mixture was concentrated in vacuo and then poured into a stirred 1:1 mixture of 

methanol/water (100 ml) and the precipitated polymer was filtered off and dried in vacuo. 

The dried polymer was dissolved in dichloromethane (50 mL) and trifluoroacetic acid 

(5 mL) was added. The solution was stirred for 2 h at room temperature. The solvent was 

removed under reduced pressure, and the residue was dissolved in 70 vol-% aq. ethanol 

(100 mL), purified by size exclusion filtration (10 kDa cutoff) and freeze dried to yield the 

final polymer 24a as a yellow solid (118 mg, 58 %). 

GPC (270 nm): Mn: 35.2 kDa, Mw: 89.3 kDa, Ð = 2.5. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 8.07 – 7.55 (m, 6H), 3.91 – 3.15 (m, 33H), 2.95 (s, 

4H), 2.58 (s, 4H). 
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Yamamoto polymerization of polymer 24b: 

 

Bis(1,5-cyclooctadiene)nickel(0) (159.0 mg, 578.2 µmol, 2.20 eq.), 2,2′-bipyridyl 

(90.3 mg, 578 µmol, 2.20 eq.) and 1,5-cyclooctadiene (62.6 mg, 578 µmol, 2.20 eq.) 

were dissolved in dimethylformamide (8 ml) under argon atmosphere and added to a 

100 mL round bottom flask with magnetic stir bar and stirred at 70 °C for 30 min. The 

monomers 5b (250 mg, 236 µmol, 0.900 eq.), 23 (13.4 mg, 26.3 µmol, 0.100 eq.) and 7 

(1.60 mg, 5.26 µmol, 0.0200 eq.) were dissolved in dry dimethylformamide (8 mL) under 

argon atmosphere and added to the first flask. The mixture was stirred for 3 h at 70 °C. 

The solvent was removed under reduced pressure, and the residue was suspended in 

20 vol-% aq. ethanol. After centrifugation for 60 min at 13,000 g the supernatant was 

purified using size exclusion filtration and subsequently freeze-dried to yield the polymer 

as a yellow foam. The polymer was dissolved in dichloromethane (50 mL) and 

trifluoroacetic acid (5 mL) was added. The solution was stirred for 2 h at room 

temperature. The solvent was removed under reduced pressure, and the residue was 

dissolved in 20 vol-% aq. ethanol (100 mL), purified by size exclusion filtration (10 kDa 

cutoff) and freeze dried to yield the final polymer 24b as a yellow solid (173 mg, 79 %). 

GPC (270 nm): Mn: 37.4 kDa, Mw: 122.8 kDa, Ð = 3.2. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 8.01 – 7.59 (m, 6H), 3.85 – 3.48 (m, 56H), 3.44 (s, 

5H), 3.36 (s, 6H), 2.93 (s, 3H) 
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Yamamoto polymerization of polymer 24c: 

 

Bis(1,5-cyclooctadiene)nickel(0) (254.5 mg, 925.0 µmol, 2.200 eq.), 2,2′-bipyridyl 

(144.5 mg, 925 µmol, 2.20 eq.) and 1,5-cyclooctadiene (100 mg, 925 µmol, 2.20 eq.) 

were dissolved in dimethylformamide (17 ml) under argon atmosphere and added to a 

100 mL round bottom flask with magnetic stir bar and stirred at 70 °C for 30 min. The 

monomers 5c (500 mg, 378 µmol, 0.900 eq.), 23 (21.4 mg, 42.0 µmol, 0.100 eq.) and 7 

(2.5 mg, 8.4 µmol, 0.020 eq.) were dissolved in dry dimethylformamide (8 mL) under 

argon atmosphere and added to the first flask. The mixture was stirred for 3 h at 70 °C. 

The solvent was removed under reduced pressure, and the residue was suspended in 

20 vol-% aq. ethanol. After centrifugation for 60 min at 13,000 g the supernatant was 

purified using size exclusion filtration and subsequently freeze-dried to yield P4-
protected as a yellow foam. The polymer was dissolved in dichloromethane (50 mL) and 

trifluoroacetic acid (5 mL) was added. The solution was stirred for 2 h at room 

temperature. The solvent was removed under reduced pressure, and the residue was 

dissolved in 20 vol-% aq. ethanol (100 mL), purified by size exclusion filtration (10 kDa 

cutoff) and freeze dried to yield the final polymer 25c as a yellow solid (390 mg, 86 %). 

GPC (270 nm): Mn: 35.2 kDa, Mw: 89.3 kDa, Ð = 2.5. 

1H NMR (CDCl3, 600 MHz): δ (ppm) 7.84 (s, 2H), 7.74 (d, 4H), 3.72 – 3.47 (m, 103H), 

3.44 (s, 6H), 3.37 (s, 9H), 3.29 (s, 4H), 2.93 (s, 4H), 2.57 (s, 3H). 

1H NMR (CDCl3, 600 MHz): δ (ppm) 7.84 (s, 2H), 7.74 (d, 4H), 3.72 – 3.47 (m, 103H), 

3.44 (s, 6H), 3.37 (s, 9H), 3.29 (s, 4H), 2.93 (s, 4H), 2.57 (s, 3H). 
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Yamamoto polymerization of polymer 24d: 

 

Bis(1,5-cyclooctadiene)nickel(0) (127.7 mg, 464.4 µmol, 2.200 eq.), 2,2′-bipyridyl 

(72.5 mg, 464 µmol, 2.20 eq.) and 1,5-cyclooctadiene (50.2 mg, 464 µmol, 2.20 eq.) 

were dissolved in dimethylformamide (8 ml) under argon atmosphere and added to a 

100 mL round bottom flask with magnetic stir bar and stirred at 70 °C for 30 min. The 

monomers 5d (317.9 mg, 190.0 µmol, 0.900 eq.), 23 (10.7 mg, 21.1 µmol, 0.100 eq.) 

and 7 (1.25 mg, 4.20 µmol, 0.0200 eq.) were dissolved in dry dimethylformamide (8 mL) 

under argon atmosphere and added to the first flask. The mixture was stirred for 3 h at 

70 °C. The solvent was removed under reduced pressure, and the residue was 

suspended in 20 vol-% aq. ethanol. After centrifugation for 60 min at 13,000 g the 

supernatant was purified using size exclusion filtration and subsequently freeze-dried to 

yield the polymer as a yellow foam. The polymer was dissolved in dichloromethane 

(50 mL) and trifluoroacetic acid (5 mL) was added. The solution was stirred for 2 h at 

room temperature. The solvent was removed under reduced pressure, and the residue 

was dissolved in 20 vol-% aq. ethanol (100 mL), purified by size exclusion filtration 

(10 kDa cutoff) and freeze dried to yield the final polymer 25d as a yellow solid (225 mg, 

73 %). 

GPC (270 nm): Mn: 36.5 kDa, Mw: 87.1 kDa, Ð = 2.4. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 7.91 – 7.45 (m, 6H), 3.65 – 3.39 (m, 104H), 3.32 (s, 

6H), 3.25 (s, 3H). 
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Yamamoto polymerization of polymer 26a: 

 

Bis(1,5-cyclooctadiene)nickel(0) (120.5 mg, 438.0 µmol, 2.200 eq.), 2,2′-bipyridyl 

(68.4 mg, 438 µmol, 2.20 eq.) and 1,5-cyclooctadiene (47.4 mg, 438 µmol. 2.20 eq.) 

were dissolved in dimethylformamide (8 ml) under argon atmosphere and added to a 

100 mL round bottom flask with magnetic stir bar and stirred at 70 °C for 30 min. The 

monomers 5c (250 mg, 189 µmol, 0.950 eq.), 23 (5.1 mg, 9.9 µmol, 0.050 eq.) and 7 

(1.2 mg, 4.0 µmol, 0.020 eq.) were dissolved in dry dimethylformamide (4 mL) under 

argon atmosphere and added to the first flask. The mixture was stirred for 3 h at 70 °C. 

The solvent was removed under reduced pressure, and the residue was suspended in 

20 vol-% aq. ethanol. After centrifugation for 60 min at 13,000 g the supernatant was 

purified using size exclusion filtration and subsequently freeze-dried to yield the polymer 

as a yellow foam. The polymer was dissolved in dichloromethane (50 mL) and 

trifluoroacetic acid (5 mL) was added. The solution was stirred for 2 h at room 

temperature. The solvent was removed under reduced pressure, and the residue was 

dissolved in 20 vol-% aq. ethanol (100 mL), purified by size exclusion filtration (10 kDa 

cutoff) and freeze dried to yield the final polymer 26a as a yellow solid (161 mg, 72 %). 

GPC (270 nm): Mn: 37.4 kDa, Mw: 82.9 kDa; Ð = 2.2. 

1H NMR (CDCl3, 600 MHz): δ (ppm) 7.84 - 7.74 (m, 6H), 3.71 – 3.48 (m, 87H), 3.44 (s, 

5H), 3.36 (s, 8H), 3.29 (s, 4H), 2.93 (s, 3H). 
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Yamamoto polymerization of polymer 26b: 

 

Bis(1,5-cyclooctadiene)nickel(0) (123.8 mg, 450.0 µmol, 2.200 eq.), 2,2′-bipyridyl 

(70.3 mg, 450 µmol, 2.20 eq.) and 1,5-cyclooctadiene (47.7 mg, 450 µmol, 2.20 eq.) 

were dissolved in dimethylformamide (8 ml) under argon atmosphere and added to a 

100 mL round bottom flask with magnetic stir bar and stirred at 70 °C for 30 min. The 

monomers 5c (250 mg, 189 µmol, 0.925 eq.), 23 (7.8 mg, 15 µmol, 0.075 eq.) and 7 

(1.2 mg, 4.1 µmol, 0.020 eq.) were dissolved in dry dimethylformamide (4 mL) under 

argon atmosphere and added to the first flask. The mixture was stirred for 3 h at 70 °C. 

The solvent was removed under reduced pressure, and the residue was suspended in 

20 vol-% aq. ethanol. After centrifugation for 60 min at 13,000 g the supernatant was 

purified using size exclusion filtration and subsequently freeze-dried to yield the polymer 

as a yellow foam. The polymer was dissolved in dichloromethane (50 mL) and 

trifluoroacetic acid (5 mL) was added. The solution was stirred for 2 h at room 

temperature. The solvent was removed under reduced pressure, and the residue was 

dissolved in 20 vol-% aq. ethanol (100 mL), purified by size exclusion filtration (10 kDa 

cutoff) and freeze dried to yield the final polymer 26b as a yellow solid (176 mg, 79 %). 

GPC (270 nm): Mn: 37.2 kDa, Mw: 80.2 Mw, Ð = 2.2. 

1H NMR (CDCl3, 600 MHz): δ (ppm) 7.83 - 7.73 (m, 6H), 3.77 – 3.46 (m, 84H), 3.43 (s, 

5H), 3.36 (s, 7H), 3.33 – 3.21 (m, 5H), 2.91 (s, 3H). 

 

  

OH
O

NH2

0.925 0.075

O
11

O
11



 
Experimental part   5.2 Synthesis 

167 
 

Yamamoto polymerization of polymer 26d: 

 

Bis(1,5-cyclooctadiene)nickel(0) (130.9 mg, 475.7 µmol, 2.200 eq.), 2,2′-bipyridyl 

(74.3 mg, 476 µmol, 2.20 eq.) and 1,5-cyclooctadiene (51.5 mg, 476 µmol, 2.20 eq.) 

were dissolved in dimethylformamide (17 ml) under argon atmosphere and added to a 

100 mL round bottom flask with magnetic stir bar and stirred at 70 °C for 30 min. The 

monomers 5c (250 mg, 189 µmol, 0.875 eq.), 23 (13.8 mg, 27.0 µmol, 0.125 eq.) and 7 

(1.3 mg, 4.3 µmol, 0.020 eq.) were dissolved in dry dimethylformamide (8 mL) under 

argon atmosphere and added to the first flask. The mixture was stirred for 3 h at 70 °C. 

The solvent was removed under reduced pressure, and the residue was suspended in 

20 vol-% aq. ethanol. After centrifugation for 60 min at 13,000 g the supernatant was 

purified using size exclusion filtration and subsequently freeze-dried to yield the polymer 

as a yellow foam. The polymer was dissolved in dichloromethane (50 mL) and 

trifluoroacetic acid (5 mL) was added. The solution was stirred for 2 h at room 

temperature. The solvent was removed under reduced pressure, and the residue was 

dissolved in 20 vol-% aq. ethanol (100 mL), purified by size exclusion filtration (10 kDa 

cutoff) and freeze dried to yield the final polymer 26d as a yellow solid (183 mg, 80 %). 

GPC (270 nm): Mn: 37.8 kDa, Mw: 88.1 kDa, Ð = 2.3. 

1H NMR (CDCl3, 600 MHz): δ (ppm) 7.83 (s, 2H), 7.77 – 7.65 (m, 4H), 3.76 – 3.46 (m, 

78H), 3.43 (s, 5H), 3.36 (s, 7H), 3.28 (s, 4H), 2.93 (s, 4H), 2.56 (s, 2H). 

 

  

OH
O

NH2

0.875 0.125

O
11

O
11



 
Experimental part   5.2 Synthesis 

168 
 

Yamamoto polymerization of polymer 26e: 

 

Bis(1,5-cyclooctadiene)nickel(0) (134.7 mg, 490.0 µmol, 2.200 eq.), 2,2′-bipyridyl 

(76.5 mg, 490 µmol, 2.20 eq.) and 1,5-cyclooctadiene (53.0 mg, 490 µmol, 2.20 eq.) 

were dissolved in dimethylformamide (17 ml) under argon atmosphere and added to a 

100 mL round bottom flask with magnetic stir bar and stirred at 70 °C for 30 min. The 

monomers 5c (250 mg, 189 µmol, 0.850 eq.), 23 (17.0 mg, 33.4 µmol, 0.150 eq.) and 7 

(1.3 mg, 4.5 µmol, 0.020 eq.) were dissolved in dry dimethylformamide (8 mL) under 

argon atmosphere and added to the first flask. The mixture was stirred for 3 h at 70 °C. 

The solvent was removed under reduced pressure, and the residue was suspended in 

20 vol-% aq. ethanol. After centrifugation for 60 min at 13,000 g the supernatant was 

purified using size exclusion filtration and subsequently freeze-dried to yield the polymer 

as a yellow foam. The polymer was dissolved in dichloromethane (50 mL) and 

trifluoroacetic acid (5 mL) was added. The solution was stirred for 2 h at room 

temperature. The solvent was removed under reduced pressure, and the residue was 

dissolved in 20 vol-% aq. ethanol (100 mL), purified by size exclusion filtration (10 kDa 

cutoff) and freeze dried to yield the final polymer 26e as a yellow solid (180 mg, 67 %). 

GPC (270 nm): Mn: 36,6 kDa, Mw: 82.5 kDa, Ð = 2.3. 

1H NMR (CDCl3, 600 MHz): δ (ppm) 7.88 – 7.79 (m, 2H), 7.78 – 7.63 (m, 4H), 3.70 – 

3.45 (m, 68H), 3.42 (s, 4H), 3.35 (s, 6H), 3,32 (m, 3H). 
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Yamamoto polymerization of polymer 15: 

 

Bis(1,5-cyclooctadiene)nickel(0) (226 mg, 822 µmol, 4.40 eq.), 2,2′-bipyridyl (128 mg, 

822 µmol, 4.40 eq.) and 1,5-cyclooctadiene (89.0 mg, 822 µmol, 4.40 eq.) were 

dissolved in dimethylformamide (8 ml) under argon atmosphere and added to a 100 mL 

round bottom flask with magnetic stir bar and stirred at 70 °C for 30 min. The monomers 

5c (250 mg, 189 µmol, 1.00 eq.), 5,8-dibromoquinoxaline (54.0 mg, 189 µmol, 1.00 eq.) 

and 7 (2.2 mg, 7.6 µmol, 0.040 eq.) were dissolved in dry dimethylformamide (4 mL) 

under argon atmosphere and added to the first flask. The mixture was stirred for 3 h at 

70 °C. The solvent was removed under reduced pressure, and the residue was 

suspended in 20 vol-% aq. ethanol. After centrifugation for 60 min at 13,000 g the 

supernatant was purified using size exclusion filtration and subsequently freeze-dried to 

yield the polymer as a yellow foam. The polymer was dissolved in dichloromethane 

(50 mL) and trifluoroacetic acid (5 mL) was added. The solution was stirred for 2 h at 

room temperature. The solvent was removed under reduced pressure, and the residue 

was dissolved in 20 vol-% aq. ethanol (100 mL), purified by size exclusion filtration 

(10 kDa cutoff) and freeze dried to yield the final polymer 15 as an amber solid (150 mg, 

62 %). 

GPC (270 nm): Mn: 24.5 kDa, Mw: 79.8 kDa, Ð = 3.2. 

1H NMR (CDCl3, 600 MHz): δ (ppm) 9.07 – 8.61 (m, 2H), 8.31 – 7.80 (m, 5H), 7.79 – 

7.45 (m, 3H), 7.45 – 7.30 (m, 2), 3.70 – 3.48 (m, 73H), 3.44 (m, 4H), 3.35 (s, 6H). 
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5.2.5.2 Suzuki polymerizations 

Suzuki polymerization of polymer 19 

 

To a mixture of 5c (250 mg, 189 µmol 1.00 eq.) and 2,1,3-benzothiadiazole-

4,7-bis(boronic) acid pinacol ester (73.0 mg, 189 µmol 1.00 eq.) in dimethylformamide 

(4 mL) in a Schlenk-flask, tetrakis(triphenylphosphine)palladium(0) (4.5 mg, 3.9 µmol, 

0.020 eq.) was added under argon. Aqueous potassium carbonate (2 M, 750 µL) was 

added and the solution was degassed by using three freeze-pump-thaw cycles. 

Afterwards the solution was heated to 80 °C for 3 h. After cooling to room temperature, 

the solvent was removed under reduced pressure, and the residue was suspended in 

20 vol-% aq. ethanol. After centrifugation for 60 min at 13,000 g the supernatant was 

freeze dried to yield the amber polymer 19 (122 mg, 50 %). 

GPC (270 nm): Mn: 8.7 kDa, Mw: 19.6 kDa; Ð = 2.3. 

1H NMR (CDCl3, 600 MHz): δ (ppm) 8.34 – 7.72 (m, 8H), 7.71 – 7.38 (m, 1H), 7.01 (s, 

1H), 3.80 – 3.25 (m, 94H), 3.18 – 2.74 (m, 3H), 2.73 – 2.32 (m, 3H), 2.32 – 1.68 (m, 2H), 

1.18 (s, 7H). 

 

Suzuki Polymerization of polymer 17a: 

 

To a mixture of 5c (250 mg, 189 µmol 1.00 eq.) and thiophene-2,5-diboronic acid 

bis(pinacol) ester (63.0 mg, 189 µmol 1.00 eq.) in dimethylformamide (4 mL) in a 

Schlenk-flask, tetrakis(triphenylphosphine)palladium(0) (4.5 mg, 3.9 µmol, 0.020 eq.) 

was added under argon. Aqueous potassium carbonate (2 M, 750 µL) was added and 

the solution was degassed by using three freeze-pump-thaw cycles. Afterwards the 
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solution was heated to 80 °C for 3 h. After cooling to room temperature, the solvent was 

removed under reduced pressure, and the residue was suspended in 20 vol-% aq. 

ethanol. After centrifugation for 60 min at 13,000 g the supernatant was freeze dried to 

yield the amber polymer 17a (130 mg, 55 %). 

GPC (270 nm): Mn: 16.4 kDa, Mw: 32.5 kDa; Ð = 2.0. 

1H NMR (CDCl3, 600 MHz): δ (ppm) 7.88 (d, J = 7.6 Hz, 1H), 7.68 (d, J = 7.3 Hz, 2H), 

7.54 – 7.29 (m, 4H), 3.75 – 3.43 (m, 83H), 3.39 (d, J = 4.9 Hz, 4H), 3.35 (s, 8H), 3.24 (d, 

J = 6.3 Hz, 4H), 3.00 – 2.75 (m, 3H), 2.48 (s, 4H). 

 

 

 

Suzuki polymerization of polymer 17b: 

 

To a mixture of 5c (250 mg, 189 µmol 1.00 eq.) and 2,2′-bithiophene-5,5′-diboronic acid 

bis(pinacol) ester (75.0 mg, 189 µmol 1.00 eq.) in dimethylformamide (4 mL) in a 

Schlenk-flask, tetrakis(triphenylphosphine)palladium(0) (4.5 mg, 3.9 µmol, 0.020 eq.) 

was added under argon. Aqueous potassium carbonate (2 M, 750 µL) was added and 

the solution was degassed by using three freeze-pump-thaw cycles. Afterwards the 

solution was heated to 80 °C for 3 h. After cooling to room temperature, the solvent was 

removed under reduced pressure, and the residue was suspended in 20 vol-% aq. 

ethanol. After centrifugation for 60 min at 13,000 g the supernatant was freeze dried to 

yield the amber polymer 17b (80 mg, 32 %). 

GPC (270 nm): Mn: 15.1 kDa, Mw: 31.6 kDa, Ð = 2.1. 

1H NMR (CDCl3, 600 MHz): δ (ppm) 7.86 (m, 1H), 7.73 – 7.57 (m, 2H), 7.57 – 7.39 (m, 

1H), 7.39 – 7.27 (m, 3H), 7.23 (m, 2H), 3.71 – 3.45 (m, 75H), 3.42 – 3.37 (m, 4H), 3.35 

(s, 6H), 3.22 (m, 4H), 2.93 – 2.70 (m, 4H), 2.56 – 2.34 (m, 3H). 
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Suzuki polymerization of polymer 21: 

 

To a mixture of 5c (266 mg, 200 µmol 1.00 eq.) and 1,4-benzenediboronic acid 

bis(pinacol) ester (66.0 mg, 200 µmol 1.00 eq.) in dimethylformamide (4 mL) in a 

Schlenk-flask, tetrakis(triphenylphosphine)palladium(0) (12 mg, 10 µmol, 0.050 eq.) was 

added under argon. Aqueous potassium carbonate (2 M, 500 µL) was added and the 

solution was degassed by using three freeze-pump-thaw cycles. Afterwards the solution 

was heated to 80 °C for 3 h. After cooling to room temperature, the solvent was removed 

under reduced pressure, and the residue was suspended in 20 vol-% aq. ethanol. After 

centrifugation for 60 min at 13,000 g the supernatant was freeze dried to yield the amber 

polymer 21 (128 mg, 52 %). 

GPC (270 nm): Mn: 24.8 kDa, Mw: 60.2 kDa, Ð = 2.5. 

1H NMR (CDCl3, 600 MHz): δ (ppm) 8.06 – 7.94 (m, 3H), 7.93 – 7.61 (m, 4H), 7.61 – 

7.33 (m, 2H), 3.75 – 3.47 (m, 49H), 3.38 (m, 7H), 3.27 (s, 2H). 

 

 

Yamamoto polymerization of polymer (rac)-32: 

 

 

Bis(1,5-cyclooctadienyl)nickel(0) (105 mg, 382 µmol, 2.20 eq.), 2,2’-bipyridyl (60.0 mg 

382 µmol, 2.20 eq.) and 1,5-cyclooctadiene (41.0 mg, 382 µmol, 2.20 eq.) were added 

to a 50 mL round bottom flask and were stirred in dimethylformamide (8 mL) under argon 

n

O
11

O
11

O
O

O

O

11

11

H
N

H2N
O

n



 
Experimental part   5.2 Synthesis 

173 
 

for 30 min at 70 °C. (rac)-30 (250 mg, 173 µmol, 1.00 eq.) and 31 (1.3 mg, 3.4 µmol, 

0.020 eq.) were dissolved in dimethylformamide (4 ml) and added to the reaction mixture. 

The solution was stirred for 3 h at 70 °C. The solvent was removed under reduced 

pressure, and the residue was suspended in 20 vol-% aq. ethanol. After centrifugation 

for 60 min at 13,000 g the supernatant was freeze dried to yield the polymer 32 as a 

clear waxy liquid (101 mg, 45 %). 

GPC (270 nm): Mn: 7.9 kDa, Mw: 9.7 kDa, Ð = 1.2. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 8.13 (s, 2H), 8.01 (d, J = 9.0 Hz, 2H), 7.56 (d, J = 

8.9 Hz, 5H), 7.46 (t, J = 9.7 Hz, 3H), 7.29 (d, J = 8.9 Hz, 2H), 4.21 – 4.07 (m, 4H), 3.72 

– 3.40 (m, 87H), 3.35 (s, 6H), 3.30 – 3.10 (m, 6H). 

  

Suzuki polymerization of polymer (rac)-34: 

 

 

To a mixture of (R)-30 (125 mg, 86.8 µmol, 0.500 eq.) and (S)-30 (125 mg, 86.8 µmol, 

0.500 eq.) and 1,4-benzenediboronic acid bis(pinacol) ester (57.0 mg, 173 µmol, 

1.00 eq.) in degassed dimethylformamide (4 mL) in a Schlenk-flask, 

tetrakis(triphenylphosphine) palladium(0) (10 mg, 8.6 µmol, 0.050 .eq.) was added 

under argon. Aqueous potassium carbonate (2 M, 750 µL) was added and the solution 

was degassed by using three freeze-pump-thaw cycles. Afterwards stirring the solution 

at 80 °C for 3 h, 31 (52.0 mg, 100 µmol, 0.580 eq.) was added. The solvent was removed 

under reduced pressure, and the residue was suspended in 20 vol-% aq. ethanol. After 

centrifugation for 60 min at 13,000 g the supernatant was freeze dried to yield the amber 

polymer. The polymer was purified by size exclusion purification and subsequently freeze 

dried. The polymer was then dissolved in dichloromethane (32 mL) and piperidine (8 mL) 

to cleave the Fmoc protecting group. After evaporation of the solvent, the polymer was 
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dissolved in 20 vol-% aq. ethanol and desalted via size exclusion purification to give the 

pure polymer (rac)-34 as a waxy liquid (282 mg, 94.4 %). 

GPC (270 nm): Mn: 20.6 kDa, Mw: 34.2 kDa, Ð = 1.7. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 8.13 (s, 2H), 8.01 (d, J = 9.0 Hz, H), 7.78 (s, 4H), 

7.56 (d, J = 8.9 Hz, 5H), 7.46 (t, J = 9.7 Hz, 3H), 7.29 (d, J = 8.9 Hz, 2H), 4.21 – 4.07 (m, 

4H), 3.72 – 3.40 (m, 87H), 3.35 (s, 6H), 3.30 – 3.10 (m, 6H). 

GPC (270 nm): Mn: 20,558 g mol-1, Mw: 34,172 g mol-1, Ð = 1.7. 

1H NMR (CDCl3, 400 MHz): δ (ppm) 8.13 (s, 2H), 8.01 (d, J = 9.0 Hz, H), 7.78 (s, 4H), 

7.56 (d, J = 8.9 Hz, 5H), 7.46 (t, J = 9.7 Hz, 3H), 7.29 (d, J = 8.9 Hz, 2H), 4.21 – 4.07 (m, 

4H), 3.72 – 3.40 (m, 87H), 3.35 (s, 6H), 3.30 – 3.10 (m, 6H). 

 

 

Suzuki polymerization of polymer (S)-35 

 

To a mixture of (S)-30 (300 mg, 208 µmol, 1.00 eq.) and 1,4-benzenediboronic acid 

bis(pinacol) ester (69.0 mg, 208 µmol, 1.00 eq.) in degassed dimethylformamide (4 mL) 

in a Schlenk-flask, tetrakis(triphenylphosphine)palladium(0) (12 mg, 10 µmol, 0.050 eq.) 

was added under argon. Aqueous potassium carbonate (2 M, 750 µL) was added and 

the solution was degassed by using three freeze-pump-thaw cycles. Afterwards stirring 

the solution at 80 °C for 3 h, 31 (53.0 mg, 104 µmol, 0.500 eq.) was added. The solvent 

was removed under reduced pressure, and the residue was suspended in 20 vol-% aq. 

ethanol. After centrifugation for 60 min at 13,000 g the supernatant was freeze dried to 

yield an amber polymer. The polymer was purified by size exclusion purification and 

subsequently freeze dried. The polymer was then dissolved in dichloromethane (32 mL) 

and piperidine (8 mL) to cleave the Fmoc protecting group. After evaporation of the 
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solvent, the polymer was dissolved in 20 vol-% aq. ethanol and desalted via size 

exclusion purification to give the pure polymer (S)-35 as a waxy liquid (262 mg, 92 %). 

GPC (270 nm): Mn : 13.7 kDa, Mw : 21.9 kDa, Ð = 1.6. 

1H NMR (CDCl3, 600 MHz): δ (ppm) 8.13 (s, 2H), 8.01 (d, J = 9.0 Hz, 2H), 7.78 (s, 4H), 

7.56 (d, J = 8.9 Hz, 5H), 7.46 (t, J = 9.7 Hz, 3H), 7.29 (d, J = 8.9 Hz, 2H), 4.21 – 4.07 (m, 

4H), 3.72 – 3.40 (m, 87H), 3.35 (s, 6H), 3.30 – 3.10 (m, 6H). 

 

 

Suzuki polymerization of polymer (R)-35 

 

To a mixture of (R)-30 (321 mg, 223 µmol, 1.00 eq.) and 1,4-benzenediboronic acid 

bis(pinacol) ester (74.0 mg, 223 µmol, 1.00 eq.) in degassed dimethylformamide (4 mL) 

in a Schlenk-flask, tetrakis(triphenylphosphine)palladium(0) (13 mg, 11 µmol, 0.050 eq.) 

was added under argon. Aqueous potassium carbonate (2 M, 750 µL) was added and 

the solution was degassed by using three freeze-pump-thaw cycles. Afterwards stirring 

the solution at 80 °C for 3 h, 31 (56.0 mg, 111 µmol, 0.500 eq.) was added. The solvent 

was removed under reduced pressure, and the residue was suspended in 20 vol-% aq. 

ethanol. After centrifugation for 60 min at 13,000 g the supernatant was freeze dried to 

yield the amber polymer. The polymer was purified by size exclusion purification and 

subsequently freeze dried. The polymer was then dissolved in dichloromethane (32 mL) 

and piperidine (8 mL) to cleave the Fmoc protecting group. After evaporation of the 

solvent, the polymer was dissolved in 20 vol-% aq. ethanol and desalted via size 

exclusion purification to give the pure polymer (R)-35 as a waxy liquid (283 mg, 94 %). 

GPC (270 nm): Mn: 15.0 kDa, Mw: 25.4 kDa, Ð = 1.7. 
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1H NMR (CDCl3, 600 MHz): δ (ppm) 8.12 (s, 2H), 8.01 (d, J = 9.1 Hz, 2H), 7.76 (d, J = 

6.8 Hz, 4H), 7.56 (d, J = 8.9 Hz, 2H), 7.46 (d, J = 9.2 Hz, 2H), 7.28 (d, J = 8.6 Hz, 2H), 

4.18 – 4.04 (m, 5H), 3.72 – 3.54 (m, 69H), 3.54 – 3.40 (m, 17H), 3.34 (s, 7H), 3.25 (t, J 

= 4.6 Hz, 4H). 

 

 

Yamamoto polymerization of polymer 38 

 

 

Bis(1,5-cyclooctadiene)nickel(0) (117 mg, 424 µmol, 2.20 eq.), 2,2’-bipyridyl (66.0 mg, 

424 µmol, 2.20 eq.) and 1,5-cyclooctadiene (46.0 mg, 424 µmol, 2.20 eq. ) were 

dissolved in dimethylformamide (8 ml) under argon atmosphere to a 25 mL round bottom 

flask with magnetic stir bar and stirred at 70 °C for 30 min. The monomers (R)-30 

(250 mg, 173 µmol, 0.900 eq.), 37 (8 mg, 19 µmol, 0.10 eq.) and 7 (1.1 mg, 3.9 µmol, 

0.020 eq.) were dissolved in dry dimethylformamide (8 mL) under argon atmosphere and 

added to the first flask. The mixture was stirred for 3 h at 70 °C. The solvent was removed 

under reduced pressure, and the residue was suspended in 20 vol-% aq. ethanol. After 

centrifugation for 60 min at 13,000 g the supernatant was purified using size exclusion 

filtration and subsequently freeze-dried to yield the polymer as a yellow foam. The 

polymer was dissolved in dichloromethane (50 mL) and trifluoroacetic acid (5 mL) was 

added. The solution was stirred for 2 h at room temperature. The solvent was removed 

under reduced pressure, and the residue was dissolved in 20 vol-% aq. ethanol (100 mL), 

purified by size exclusion filtration (10 kDa cutoff) and freeze dried to yield the final pure 

polymer 38 as a waxy liquid (122 mg, 44 %). 

GPC (270 nm): Mn: 38.9 kDa, Mw: 93.6 kDa, Ð = 2.4. 
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1H NMR (CDCl3, 600 MHz): δ (ppm) 8.17 – 7.89 (m, 4H), 7.65 – 7.54 (m, 1H), 7.54 – 

7.40 (m, 3H), 4.24 – 4.01 (m, 5H), 3.81 – 3.41 (m, 86H), 3.36 (s Hz, 6H), 3.34 – 3.04 (m, 

3H). 
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6.1 List of abbreviations 

 A acceptor 

 AE antenna effect 

 AMCA 7-amino-4-methyl-cumarin 

 APC allophycocyanin 

 aq. aqueous 

 BINOL 1,1′-bi-2-naphthol 

 bipy 2,2’-bypiridine 

 Boc tert-butyloxycarbonyl 

 Bu butyl 

 CAR chimeric antigen receptor 

 CD cluster of differentiation 

 CD circular dichroism 

 CDI carbonyldiimidazol 

 COD 1,5-cyclooctadiene 

 CPL circular polarized luminescence 

 D donor 

 DBU 1,8-diazabicyclo(5.4.0)undec-7-ene 

 DCM dichloromethane 

 DIPEA N,N-diisopropylethylamine 

 DMAP 4-dimethylaminopyridine 

 DMF dimethyl formamide 

 DMSO dimethyl sulfoxide 
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 DNA deoxyribonucleic acid 

 dppf 1,1'-bis(diphenylphosphino)ferrocene 

 DR detection reagent 

 DTT dithiothreitol 

 ECL effective conjugation length 

 EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

 EDTA ethylenediaminetetraacetic acid 

 EET excitation energy transfer 

 eq equivalents 

 Et ethyl 

 FACS fluorescence-activated cell sorting 

 Fmoc fluorenylmethyloxycarbonyl 

 FRET Förster resonance energy transfer 

 FSC forward scatter 

 GC gas chromatography 

 GFP green fluorescent protein 

 GPC gel permeation chromatography 

 HOMO highest occupied molecular orbital 

 HPLC high performance liquid chromatography 

 HR-MS high-resolution mass spectrometry 

 IC internal conversion 

 ISC intersystem crossing 

 LUMO lowest occupied molecular orbital 

 Me methyl 

 MES 2-(N-morpholino)ethanesulfonic acid 

 MFI mean fluorescent intensity 
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 MS mass spectrometry 

 NEM N-ethylmaleimide 

 NHS N-hydroxysuccinimide 

 NIR near-infrared 

 NKT natural killer T cell 

 NMR nuclear magnetic resonance 

 OLED organic light emitting diode 

 PA polyacetylene 

 PBMC peripheral blood mononuclear cells 

 PBS phosphate buffered saline 

 PE phycoerythrin 

 PEDOT poly(3,4-ethylenedioxythiophene) 

 PEG polyethylene glycol 

 PEM photoelastic modulator 

 PF polyfluorene 

 Ph phenyl 

 PI propidium iodide 

 PMT photomultiplier tube 

 PNA peptide nucleic acid 

 PPP polyparaphenylene 

 PPV polyparavinylene 

 PT polythiophene 

 RET resonance energy transfer 

 RNA Ribonucleic acid 

 SD standard diviation 

 SEC size exclusion chromatography 
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 SEET singlet excitation energy transfer 

 SI  stain index 

 SMCC succinimidyl-4-(N-maleimidomethyl)cyclohexane-

1-carboxylate 

 SPC Suzuki polycondensation 

 SSC side scatter 

 TFA trifluoroacetic acid 

 TFF tangential flow filtration 

 THF tetrahydrofuran 

 TLC thin-layer chromatography 

 MWCO molecular weight cut-off 

 Ts tosyl 

 UV ultra violet 

 vis visible 

 βME 2-mercaptoethanol 
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6.2 List of symbols 

 

 AA absorption acceptor 

 AD absorption donor 

 AL absorption left circular polarized light 

 AR absorption right circular polarized light 

 Ð polydispersity 

 EFRET FRET efficiency 

 Eg bandgap energy 

 glum luminescence dissymmetry factor 

 IAA acceptor emission intensity upon acceptor excitation 

 IAD acceptor emission intensity upon donor excitation 

 IL fluorescence intensity of left circular polarized light  

 IR fluorescence intensity of right circular polarized light  

 kD emission rate constant of donor 

 l path length 

 M molar 

 Mn number average molar mass 

 Mw mass average molar mass 

 N number of functional groups 

 N0 initial number of functional groups 

 p extend of reaction 

 r monomer ratio 

 R0 Förster radius 

 Xn numerical degree of polymerization 

 ν wavenumber 



 
Appendix  6.2 List of symbols 

184 
 

 ε extinction 

 εL extinction of left circular polarized light 

 εmono extinction of monomeric unit 

 εR extinction of left circular polarized light 

 λ wavelength 
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6.6 NMR Spectra  

 

Figure 75: 1H NMR (CDCl3, 400 MHz) spectrum of 2b. 

 

Figure 76: 13C NMR (CDCl3, 100 MHz) spectrum of 2b. 
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Figure 77: 1H NMR (CDCl3, 400 MHz) spectrum of 2c. 
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Figure 78: 13C NMR (CDCl3, 100 MHz) spectrum of 2c. 

 

Figure 79: 1H NMR (CDCl3, 400 MHz) spectrum of 2d. 

 

Figure 80: 13C NMR (CDCl3, 100 MHz) spectrum of 2d. 
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Figure 81: 1H NMR (CDCl3, 400 MHz) spectrum of 3b. 

 

Figure 82: 13C NMR (CDCl3, 100 MHz) spectrum of 3b. 
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Figure 83: 1H NMR (CDCl3, 400 MHz) spectrum of 3c. 

 

Figure 84: 1H NMR (CDCl3, 400 MHz) spectrum of 3c. 
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Figure 85: 1H NMR (CDCl3, 400 MHz) spectrum of 3d. 

 

Figure 86: 13C NMR (CDCl3, 100 MHz) spectrum of 3d. 
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Figure 87: 1H NMR (CDCl3, 400 MHz) spectrum of 5a. 

 

Figure 88: 13C NMR (CDCl3, 100 MHz) spectrum of 5a. 
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Figure 89: 1H NMR (CDCl3, 400 MHz) spectrum of 5b. 

 

Figure 90: 13C NMR (CDCl3, 100 MHz) spectrum of 5b. 
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Figure 91: 1H NMR (CDCl3, 400 MHz) spectrum of 5c. 

 

Figure 92: 13C NMR (CDCl3, 100 MHz) spectrum of 5c. 
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Figure 93: 1H NMR (CDCl3, 400 MHz) spectrum of 5d. 

 

Figure 94: 13C NMR (CDCl3, 100 MHz) spectrum of 5d. 
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Figure 95: 1H NMR (CDCl3, 400 MHz) spectrum of 22. 

 

Figure 96: 13C NMR (CDCl3, 100 MHz) spectrum of 22. 
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Figure 97: 1H NMR (CDCl3, 400 MHz) spectrum of 23. 

 

Figure 98: 13C NMR (CDCl3, 100 MHz) spectrum of 23. 
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Figure 99: 1H NMR (CDCl3, 400 MHz) spectrum of (R)-30. 

 

Figure 100: 13C NMR (CDCl3, 100 MHz) spectrum of (R)-30. 
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Figure 101: 1H NMR (CDCl3, 400 MHz) spectrum of (S)-30. 
 

 

Figure 102: 13C NMR (CDCl3, 100 MHz) spectrum of (S)-30. 
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Figure 103: 1H NMR (CDCl3, 400 MHz) spectrum of 37. 

 

Figure 104: 13C NMR (CDCl3, 100 MHz) spectrum of 37. 



 
Appendix  6.6 NMR Spectra 

210 
 

 

Figure 105: 1H NMR (CDCl3, 400 MHz) spectrum of 7. 
 

 

Figure 106: 13C NMR (CDCl3, 100 MHz) spectrum of 7.  
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Figure 107: 1H NMR (CDCl3, 400 MHz) spectrum of 8a. 

 

Figure 108: 1H NMR (CDCl3, 400 MHz) spectrum of 8b. 
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Figure 109: 1H NMR (CDCl3, 400 MHz) spectrum of 8c. 

 

Figure 110: 1H NMR (CDCl3, 400 MHz) spectrum of 8d. 
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Figure 111: 1H NMR (CDCl3, 600 MHz) spectrum of 17a. 

 
Figure 112: 1H NMR (CDCl3, 600 MHz) spectrum of 17b. 
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Figure 113: 1H NMR (CDCl3, 600 MHz) spectrum of 15. 

 

Figure 114: 1H NMR (CDCl3, 400 MHz) spectrum of 24a. 
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Figure 115: 1H NMR (CDCl3, 400 MHz) spectrum of 24b. 

 

Figure 116: 1H NMR (CDCl3, 400 MHz) spectrum of 24c. 
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Figure 117: 1H NMR (CDCl3, 400 MHz) spectrum of 24d. 

 

Figure 118: 1H NMR (CDCl3, 400 MHz) spectrum of 26a. 
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Figure 119: 1H NMR (CDCl3, 400 MHz) spectrum of 26b. 

 

Figure 120: 1H NMR (CDCl3, 400 MHz) spectrum of 26d. 
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Figure 121: 1H NMR (CDCl3, 400 MHz) spectrum of 26e. 

 

Figure 122: 1H NMR (CDCl3, 400 MHz) spectrum of (rac)-34. 
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Figure 123: 1H NMR (CDCl3, 600 MHz) spectrum of (S)-35. 

 
Figure 124: 1H NMR (CDCl3, 600 MHz) spectrum of (R)-35. 
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Figure 125: 1H NMR (CDCl3, 600 MHz) spectrum of 38.  
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