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The chiral expression in conjugated polymers (CPs) has garnered significant attention, 

particularly due to its dependence on the aggregation process. Many variables that influence the 

chiral response have been investigated, however, achieving absolute control over the primary 

structure remains challenging. In this study, an orthogonal approach is used to develop sequence-

defined conjugated macromolecules with precisely control over monomer sequence and primary 

structure. The influence of position isomers is investigated by synthesizing four enantiomeric co-

oligomers, composed of two chiral monomers out of nine. Solvatochromism experiments, using 

UV-vis and circular dichroism (CD) experiments, are conducted to examine the chiroptical 

response. This study investigates not only the monomer position but also the role of (a)symmetry 

along with the concentration dependence, to determine whether an inter- or intramolecular 

process occurs. These findings provide valuable insights into controlling the chiroptical 

properties of CPs, paving the way for improved material design for optoelectronic applications. 

Introduction 

Chirality is a fundamental characteristic of many natural and synthetic systems, playing a 

crucial role in the functioning of active pharmaceutical ingredients and biological polymers. The 

influence of chirality on the properties of these compounds is pivotal to their potential 

applications. For instance, chirality plays a major role in the quality and intensity of flavors and 

fragrances, but also impacts the quaternary structure and thus catalytic function of enzymes. 

While the effects of chirality on biological polymers are well recognized, its impact on synthetic 

polymers, such as polyisocyanates, is equally significant. Combinations of chiral and achiral 

monomers, or chiral monomers with opposite handedness, result in chirality amplification due to 

cooperative effects, known as the sergeant-and-soldiers and majority rules principles, 
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respectively.1,2 An other compelling class of polymers where this cooperative effect of chirality 

is observed, is in conjugated polymers (CPs).3 

The last decades, CPs have emerged as an essential class of materials that exhibit unique 

optoelectronic properties, making them suitable for a wide range of applications, including 

organic photovoltaics (oPVs),4–6 organic field-effect transistors (oFETs),7–9 organic light-

emitting diodes (oLEDs),8,10 drug delivery systems,11 thermo-electrics (TE),12,13 chemical 

sensors14 and many more. The performance of these devices is intrinsically linked to the 

structural characteristics of the polymer backbone, such as chain length, monomer sequence, 

functional end groups, and structural defects.15,16 These factors directly affect the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels, 

but also the overall supramolecular organization.17 Consequently, precise control over these 

parameters is crucial for the development of reproducible, high-performance materials.18,19 

Among the various investigated properties of CPs, chiral expression has garnered significant 

attention, particularly due to its dependence on the aggregation process.20,21 Chirality in CPs is 

commonly introduced through monomers with a stereogenic carbon atom in their sidechains, 

leading to the formation of inter- or intramolecular helical structures rather than conventional 

lamellar arrangements. As mentioned earlier, the properties of CPs are affected by many 

parameters and the same holds for the chiral properties. Besides the type and number of chiral 

monomers applied in homo- and copolymers,22,23 the chirality is also effected by the nature and 

position of structural defects in the backbone,24,25 end group variations26 as well as the 

dispersity.27 Despite the advancements in understanding these parameters, achieving absolute 

control over the chiral aggregation of CPs remains challenging. Inherently associated with the 

traditional polymerization techniques, for both conjugated homo- and copolymers, is the 
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variation in chain length, dispersity, lack of control over end groups, and undefined monomer 

sequences. 

To address these limitations, scientists have drawn inspiration from well-known biopolymers, 

such as DNA and proteins, which exhibit the remarkable ability of precise control over monomer 

sequence and structure. This level of control was first synthetically replicated by Merrifield and 

marked the advent of sequence-defined polymers, enabling the specific incorporation of 

monomers at predetermined positions within the polymer backbone to finetune the properties at 

will.28 Ever since, many approaches have been developed following mainly two methodologies. 

One approach follows the pattern of Merrifield, using activation/deactivation syntheses, 

requiring two steps per chain elongation, 29–35 while the other is based on orthogonal reactions 

where each step introduces a new monomer into the polymer backbone.36–40 

In the context of CPs, our group recently introduced a versatile orthogonal synthesis strategy 

that enables precise incorporation of monomers at designated positions along the backbone.41 

This method allows for the controlled synthesis of sequence-defined conjugated 

macromolecules, but also controls the functional end groups, facilitating post-polymerization 

modifications and enabling the linkage of oligomer chains to various (macro)molecules. This 

strategy significantly broadens the functional scope and potential applications of these materials. 

In this study, we employ this orthogonal sequence-defined approach to precisely incorporate 

chiral monomers at specific positions within the oligomer backbone. This method not only 

enables control over the primary monomer sequence and functional end groups, but also over 

structural defects, dispersity, and chain length, facilitating a comprehensive structure-property 

analysis. As a result, the properties are only influenced by the sequence of chiral monomers and 

offer new insights into the chiral aggregation of conjugated macromolecules. To explore these 
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effects, four different nonamers are developed and their chiral aggregation is investigated 

employing circular dichroism (CD) spectroscopy. These four macromolecules are composed of 

an equal number of chiral and achiral monomers within the backbone, creating distinct isomeric 

structures with varying proximities of the chiral monomers (figure 1). Additionally, the impact of 

(a)symmetry is examined by comparing symmetrical and asymmetrical structures centered 

around a core molecule. Finally, the nature of aggregate formation, whether it is an inter- or 

intramolecular process, is investigated through analyzing the concentration dependence of the 

aggregation behavior. 

 

Figure 1. Schematic overview of the four enantiomeric oligomers with the backbone shown on 

top. On the left side are the symmetric oligomers illustrated, and on the right side the asymmetric 

sequences. O denotes a monomer with an octyl side chain, while M denotes a monomer with a S-

chiral methylbutyl side chain. The // in the codenames illustrate where the double bond/aldehyde 

functions can be found. 

Results and discussion 

Synthesis 

Orthogonal sequence-defined macromolecules are synthesized using two different types of 

monomers, one AB functionalized monomer and one CD functionalized monomer. To ensure 
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selective elongation of the macromolecule, it is important that function A only reacts with 

function C, while function B exclusively reacts with function D. Recently, our group developed 

an orthogonal approach towards sequence-defined conjugated macromolecules based on the 

Suzuki-Miyaura cross coupling (SMCC) and the Horner-Wadsworth-Emmons (HWE) 

reaction.42–44 The functional groups used are a boronic ester (A) and aryl bromide (C) for the 

SMCC and an aldehyde (B) and phosphonate (D) in the HWE reaction. To establish 

unidirectional growth of the macromolecule, a starting monomer (S) is used with only one of the 

four reactive functionalities, namely the aryl bromide (C) (figure 2A). Additionally, this 

molecule also possesses a (protected) hydroxyl group required for post polymerization reactions, 

as will be discussed later. 

The appropriate monomers are synthesized as described in literature and their synthesis starts 

from the widely available hydroquinone (Figure S1). In the first step, the hydroquinone is 

subjected to a Williamson ether synthesis to introduce either achiral n-octyl sidechains or chiral 

(S)-2-methylbutyl sidechains (O and M monomers, respectively, figure 2B). This is followed by 

a dibromination and a Bouveault reaction, introducing a bromide and aldehyde function in para-

position. This specific aldehyde compound serves as a mutual intermediate to synthesize the 

required monomers. On one hand, the bromide is converted to a boronic ester via a Miyaura 

borylation, resulting in a phenyl monomer equipped with an aldehyde and boronic ester function 

(O// and M//). On the other hand, the aldehyde is reduced to an alcohol, followed by a 

chlorination reaction and subjected to the Arbuzov reaction to obtain the required phosphonate-

bromide monomer (O).  
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Figure 2. A) First SMCC reaction with starting molecule S with a protected alcohol function. 

After the coupling reaction, the alcohol is deprotected. B) Overview of the orthogonal reactions 

and monomers. C) Illustration of the backbone of the four distinct tetramers. In all codings, S 

represents the starting molecules, O refers to a monomer with an octyl side chain, while M 

denotes a S-chiral methylbutyl side chain. The // illustrate where the double bond/aldehyde 

functions can be found. 

In order to study the effect of the chiral monomer position and the (a)symmetry effect on the 

chiral properties, four distinct nonamers are developed. The nonamers are synthesized from two 

tetramers, which are synthesized orthogonally, and coupled onto a central core molecule (C). 

The symmetrical structures are easily obtained by reacting two equivalents of the same tetramer 

with only one equivalent of the central core. The asymmetrical nonamers are, obviously, 

synthesized in two steps. First, one tetramer is reacted with the central core molecule, followed 

by the addition of a different tetramer in a second step. All four nonamers consist of an equal 

number of chiral monomers, namely two, resulting in four enantiomeric co-oligomers. 

The four distinct oligomers, SO//OO//, SM//OO//, SO//OM//, and SM//OM//, are synthesized 

iteratively starting from molecule S and their backbone is illustrated in Figure 2C. Note that the 

hydroxyl group is protected as an acetate in the first SMCC, which is required to prevent 

solubility issues and  improves reaction rates. After the first coupling reaction, the acetate group 

is no longer recommended and the alcohol function is deprotected to avoid unwanted side 

reactions with KOtBu in subsequent HWE reactions. 

After the tetramer synthesis, the oligomer chains possess an alcohol and aldehyde function at 

both oligomer chain ends. The alcohol function is used in a post-polymerization reaction to 

convert to a triflate function (pseudohalogen), making it susceptible to cross coupling reactions 



 9 

with other (macro)molecules. Instead of using the more harmful and reactive triflic anhydride, 

this conversion is performed with milder and easier to handle di(trifluoromethanesulfonyl)aniline 

and is catalyzed by DMAP (Figure S12). 

 

Figure 3. Overview of the synthesis of both the symmetrical and asymmetrical nonamers. 

The symmetrical nonamers (//MO//OSCSO//OM// and //OO//MSCSM//OO//) are easily 

developed using a small excess of the respective tetramers (2.2 equivalents) relative to the 

central core molecule, 1,4-benzenediboronic acid bis(pinacol) ester (C) (figure 3). The 

asymmetrical sequences are synthesized in a two step process and to prevent the formation of 

symmetrical nonamers, a 10-fold excess of C is reacted with TfSO//OO// or TfSO//OM// to 

synthesize intermediate products CSO//OO// and CSO//OM//. To further diminish the possibility 

of a double coupling on a single core molecule, the tetramer is added dropwise over a 10 min 

timespan via an automated syringe pump. Despite these precautions, the symmetrical product 

was still observed. Instead of working on a 0.2-0.1 M concentration relative to the oligomer, 
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working with the same concentration relative to the core molecule (10 times dilution) did not 

result in any improved selectivity of mono reacted versus double reacted products (Figure S13). 

The synthesized pentamer might be too electron rich, making it amenable for the Pd catalyst to 

stay complexed to the macromolecule, favoring a second reaction.45 Due to this inconvenience, 

the purification by column chromatography or crystallization/precipitation was severely hindered 

as both products (the single and double reacted) were hardly separatable via column 

chromatography and inseparable with crystallization or precipitation techniques. Additionally, 

the instability of boronic esters on the (acidic) silica used for column chromatography resulted in 

low yields. Alternative stationary phases such as basic silica and neutral alumina did not work 

either. Fortunately, we managed to purify the oligomers by using preparative recycling size 

exclusion chromatography (SEC) (Figure S15).  

In the last step, CSO//OO// and CSO//OM// are reacted with TfSM//OM// and TfSM//OO//, 

respectively, to obtain the asymmetrical nonamers, both with an equal number of chiral 

monomers in the backbone. The coupling is monitored by 1H NMR by the disappearance of the 

doublet signal of end standing phenyl ring (Figure S14). A moderate excess of 1.2 equivalents of 

the triflate oligomers is used for complete conversion and the excess is removed via 

crystallization in order to obtain the pure asymmetrical nonamers //MO//MSCSO//OO// and 

//MO//OSCSM//OO//. 

 

Chiroptical properties 

Before analyzing the aggregation and corresponding chiral response, it is verified that all other 

parameters influencing the electronic properties are consistent, with the monomer sequence 

being the only variable. Therefore, UV-vis and fluorescence measurements are conducted on the 

four different nonamers. When all parameters that influence the electronic properties are 
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identical, the optical results of all four nonamers should be equivalent. As shown in Figure 4, the 

UV-vis and fluorescence spectra are clearly very similar. The extinction coefficient for the four 

nonamers are ranging from 42.4 (L . g-1 . cm-1) for //MO//MSCSO//OO// to 49.6 (L . g-1 . cm-1) for 

//MO//OSCSM//OO//, which falls within the experimental weighing error. Additionally, the λmax 

for all four oligomers is consistently located at 396 nm. The fluorescence data, normalized by the 

absorbance of excitation to obtain concentration independent results, further confirms the 

electronic similarities between the nonamers. Again, the intensities are in the same range with 

the wavelength of maximum fluorescence located at 505-506 nm for all oligomers. 
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Figure 4. UV-vis (top) and fluorescence (bottom) spectra of the four nonamers. The 

fluorescence data is divided by the absorbance of excitation to make the results concentration 

independent. 

In order to investigate the chiral aggregation of the four different nonamers, solvatochromism 

experiments are conducted using UV-vis and CD spectroscopy. Starting from a solution in a 

good solvent, solutions with increasing concentrations of nonsolvent are step-by-step established 

to induce aggregation of the oligomers. The nonamers are dissolved in chloroform (CHCl3) as a 

good solvent, while methanol (MeOH) is used as nonsolvent. The addition of nonsolvent reduces 

the solubility of the oligomers, amplifying the π-π interactions of the oligomer backbones. Due 



 13 

to the chiral side chains, this aggregation may not occur in a lamellar fashion, but a (moderate) 

twist between consecutive chains or intramolecular chiral conformations may be formed.  

In a series of a single nonamer, the concentration of the oligomer is maintained, while the ratio 

of good solvent over nonsolvent is gradually changed. The solution of good solvent and oligomer 

is stirred at 400 RPM while the nonsolvent is added at a rate of 100 µL/min by using an 

automatic syringe pump. Immediately after addition, the UV-vis measurements followed by the 

CD measurements are performed. The measurements are conducted in 2x10 mm quartz cuvettes 

(Figure 5). 
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Figure 5. UV-vis (left) and CD (right) spectra of the four nonamers. On top the symmetric 

sequences  //MO//OSCSO//OM// and //OO//MSCSM//OO//, and below the asymmetric sequences, 

//MO//MSCSO//OO// and //MO//OSCSM//OO//. In the legend, the quantity of nonsolvent is given 

(MeOH). 

Upon the addition of nonsolvent, the oligomers tend to aggregate and planarize due to more 

favorable π-π interactions, which is often manifested by a redshift of the λmax signal in UV-vis 

spectroscopy. However, among the four nonamers investigated, this redshift is observed only in a 

few conditions involving the asymmetrical sequences (//MO//OSCSM//OO// 80 % MeOH and SI 

S41), while this is absent in all symmetrical ones. Although a redshift is absent in many spectra, 

aggregate formation is evidenced by the scattering observed in the higher wavelength region 

(500 – 800 nm), along with a decrease in intensity of the λmax  signal. The overall similarities of 

the UV-vis spectra across all sequences implies that, aside from the aggregate formations, the 

supramolecular organization is also similar. If clear differences in the spectra would be observed, 

such as varying λmax or shape of the spectrum, this would indicate the formation of different 

supramolecular structures. 

Similar as in the UV-vis spectra, all CD spectra indicating chiral aggregation are consistent 

and characterized by two clear signals. Remarkably, the sign of the signal is the same in all 

nonamers. The negative bisignate signal with zero crossing near 400 nm, corresponds to the UV-

vis absorption at 396 nm and originates from the backbone of the chirally stacked oligomers. The 

second, monosignate CD signal at lower wavelength (~300 nm), corresponds to the UV-vis 

signal at ± 325 nm and represents an interaction perpendicular to the oligomer main chain. 

While the shape of the chirally active sequences is identical, clear distinctions are observed in 

the intensity of the CD spectra. Both symmetric sequences show clear signs of chiral expression;  

//OO//MSCSM//OO// exhibits a significantly more intense CD signal compared with 

//MO//OSCSO//OM//, though the sign, and therefore the handedness of the helicity is identical. 



 16 

This is a remarkable observation as the corresponding tetramers (SO//OM//and SM//OO//) display 

a reversed difference in intensity and with opposite signs (Figure S19).41 In the asymmetrical 

sequences, //MO//OSCSM//OO// did not show any chirality, while //MO//MSCSO//OO// is similar 

to the spectrum of //MO//OSCSO//OM//. Note that the sequences studied are intrinsically co-

oligomers with only a minimal number of chiral monomers (22 %) in the backbone contributing 

to their chiral behavior. 

Based on these findings, guidelines towards macromolecules with enhanced chiral properties 

can be established. First, it is clear that symmetry enhances the ability to aggregate in a chiral 

fashion, whereas asymmetry appears to be disadvantageous. Additionally, placing the chiral 

monomers closer to each other also improves the chiral aggregation as evidenced by stronger 

chiral expression in //OO//MSCSM//OO// versus //MO//OSCSO//OM// in the symmetrical 

oligomers, and //MO//MSCSO//OO// versus //MO//OSCSM//OO// in the asymmetrical oligomers. 

Although scattering due to aggregation is observed in the UV-vis spectra, it did not influence the 

CD signals as no clear deviations are observed in the higher wavelength region (500 – 600 nm). 

However, these aggregates might have caused less intense CD signals due to lower 

concentrations of oligomers. 

The assembly of the  chiral aggregates can potentially arise from two different origins. On one 

hand, the presence of the planar stilbene moieties can be a driving force to form (helical) stacks. 

On the other hand, the twisted and unsubstituted p-terphenyl structure in the center of the 

nonamer can drive it toward an intramolecular helical conformation. The difference between 

these two processes is investigated by performing solvatochromism experiments with varying 

oligomer concentrations (Figure 6). If the chiral response is found to be concentration 

independent, this would demonstrate the formation of intramolecular helices and vice versa. 
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Figure 6. UV-vis (top) and CD (bottom) spectra of the concentration dependence experiment 

with //OO//MSCSM//OO//. The legend follows the logic order of percentage of 

nonsolvent_cuvette dimensions_dilution factor. 

For this purpose, the oligomer exhibiting the most pronounced chiral expression is used at 

concentrations similar as in the previous paragraph, with additional dilutions of factor 5, 10, 25, 

and 50. Analogous conditions are applied, meaning that CHCl3 is used as good solvent again and 

MeOH as nonsolvent. The reference measurement is conducted in 2x10 mm quartz cuvettes, 

while the factor 5, 25 and 50 are performed in 10x10 mm quartz cuvettes. The factor 10 dilution 

is performed in both, 2x10 mm and 10x10 mm quartz cuvettes. Despite performing these 

dilutions, only the reference sample showed a CD signal, indicating that the chiral response is 
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concentration dependent. Consequently, the aggregation appears to be concentration dependent, 

demonstrating the formation of intermolecular helices. 

Conclusion 

This report investigates the chiroptical properties of four isomeric nonamers, which are 

synthesized with a versatile and efficient approach for the synthesis of sequence-defined 

conjugated macromolecules. These nonamers are obtained via an orthogonal approach to first 

develop four different tetramers, which are coupled onto a core molecule in different 

combinations in a modular approach. This strategy enables to perform a decent structure-

property analysis since all parameters influencing the electronic characteristics are constant, 

except the sequence of chiral and achiral monomers. The obtained results offer groundbreaking 

guidelines for synthesizing polymers, aiming for high chiroptical responses. The co-oligomers, 

which contain only a minimal number of chiral monomers (22 %), demonstrate that both 

positioning chiral monomers in close proximity and creating symmetry withing the backbone is 

beneficial for the chiral response. Furthermore, solvatochromism experiments with varying 

concentrations are conducted to investigate the process, revealing that it leads to intermolecular 

aggregates. 
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