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Abstract

Conjugated polymers have demonstrated to express chirality, for instance, by

strong circular dichroism (CD). However, the shape and intensity of the spec-

tra can be quite different and are very difficult to predict. Molecular irregular-

ity, star-shapes, and linking polymers have demonstrated to affect the CD,

often in a positive way. In this research, we design two different chiral arms,

in which the molecular irregularity results in a significantly different

CD. Next, the arms are coupled to a linear core in all possible combinations. In

this way, we demonstrate that rather small irregularities and linking arms to a

central core increases CD, whereas heterogenous combinations result in

smaller CD.
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1 | INTRODUCTION

In the past decades, the chiral expression of conjugated
polymers (CPs) has been extensively investigated. Many
different backbones and chiral substituents have been
employed, rendering a plethora of chiral responses.1–7

Despite the vast amount of materials investigated, a
clear relationship between the molecular structure and
the chiral response remains elusive. One of the aspects
in this respect is the influence of irregularities in the
molecular structure. Our group has shown that small
amounts of regioregularity in poly(3-alkylthiophene)s

(P3ATs) increase the strength of CD.8 Even variation of
the location of defects affects the strength of CD.9 Also
copolymerization10 and the nature of the end-groups
can result in a much stronger response.11 A similar con-
clusion has recently also been found in polyfluorenes:
Also in these polymers, CD can increase by irregularity
in the molecular structure.12 A possible reason for the
origin of the enhanced chiral response is the fact that
irregularities prevent a perfect aggregate of parallel
stacked polymer chains, resulting in a less organized
supramolecular structure in which chiral expression is
facilitated.

Abbreviations: CD, circular dichroism; CPs, conjugated polymers; Cu(I)AAC, copper(I)-catalyzed alkyne-azide cycloaddition; DBU,
1,8-diazabicycloundec-7-ene; DP, degree of polymerization; DPPA, diphenylphosphoryl azide; dppp, 1,3-bis (diphenylphosphino)propane; GRIM,
Grignard metathesis; KCTCP, Kumada catalyst transfer condensative polymerization; MALDI-ToF, matrix-assisted laser desorption/ionization time-
of-flight; MeOH, methanol; P3AT, poly(3-alkylthiophene); PMDTA, N,N,N0,N00,N00-pentamethyldiethylenetriamine; SEC, size exclusion
chromatography; TBAF�H2O, tetrabutylammonium fluoride trihydrate.
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Apart from linear CPs, also the chiral expression of
star-shaped poly(thiophenes) was investigated. This study
revealed that perfectly regular three-armed, star-shaped
polymers exhibit a very strong and pronounced chiral
expression that is much stronger than that of the
individual arms that are linked to the core, which dem-
onstrates the asset of linking chiral CPs to a central
core.13 However, if one or two chiral arms are replaced
with another (achiral) arm, and introducing irregularity
in this way, the chiral response was severely dimin-
ished.14 The poor chiral response of these heterogenous
star-shaped poly(thiophene)s compared with their homo-
geneous counterparts was attributed to the fact that the
incorporated irregularity of 33% or 66% of the structure
(one and two arms, respectively) is too extensive and
annihilated the organization and therefore also the chiral
expression.

Combined, these results indicate (i) that irregularities
can facilitate a high chiral expression as long as the irreg-
ularities are not too large, in which case the supramolec-
ular organization is complicated or even impeded and
(ii) that linking CPs to a central core results in a very
strong and pronounced circular dichroism (CD). It must,
however, be noted that in the specific case of star-shaped
polymers, these polymers exhibit a 2D molecular
structure instead of a linear, 1D structure, which may
influence the chiral response as well.

In this research, we investigate whether (i) linking
chiral CPs to a central core increases CD without the
necessity of a star-shape conformation and (ii) the influ-
ence of homogeneity versus heterogeneity in this system.
Two different arms (A and B) are prepared together with
the three possible dimers, AA, BB, and AB. A is a a

homopolymer while B is a random copolymer composed
of the enantiomer of the A-monomer and a related achi-
ral monomer. This combination is chosen, because it has
previously been shown that copolymerization can result
in much stronger CD, resulting in two arms with a differ-
ent CD with opposite sign.10 AA and BB are homoge-
neous dimers, but based on different, more specifically
regular versus irregular, arms, while AB is a heteroge-
neous dimer (Figure 1).

Building on the previous studies on star-shaped CPs,
(a)chiral poly(3-alkylthiophene)s equipped with an azide
end-group are chosen as arms, as these CP can be reliably
synthesized in a controlled way and coupled to a core
containing acetylene groups.13,14 Two arms are linked to
a phenyl ring in a 1,4-substitution pattern, providing a
linear conformation instead of the star-shaped structure.
Two different arms are prepared: A homopolymer, poly
((R)-3-(3,7-dimethyloctyl)thiophene), and a copolymer,
poly((S)-3-(3,7-dimethyloctyl)thiophene)-random-poly(3-
octylthiophene). These polymers are synthesized using
the Kumada catalyst transfer condensative polymeriza-
tion (KTCTP), starting from a specific functionalized ini-
tiator. In a second step, efficient post-polymerization
reactions are exploited to convert the functional group of
the incorporated initiator to an azide group. In the last
step, the functionalized polymer arms are coupled to
ethynylbenzene or a 1,4-diethynylbenzene core via an
efficient copper(I)-catalyzed alkyne-azide cycloaddition
(Cu(I)AAC) click reaction.15 Note that the arms are pre-
pared by a KCTCP, because its controlled character
results in well-defined P3ATs with a controlled molar
mass, a low dispersity, and a controlled end-group
functionalization,16–21 which is of importance in the last

FIGURE 1 Structure of the two “arms”
(A and B) and the homogeneous (AA and BB)
and heterogeneous dimers (AB). S and R stand

for the configuration of the side chain, while A

is a related achiral substituent.
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synthesis step, as only polymer arms bearing the func-
tional group will be coupled to the core.

2 | RESULTS AND DISCUSSION

Precursor initiator 122 and precursor monomers 3,23 4,10

and 523 were synthesized according to literature proce-
dures. Prior to polymerization, the precursor initiator
1 was converted in situ to the desired initiator 2 via a
ligand exchange with 1,3-bis (diphenylphosphino)pro-
pane (dppp) and the precursor monomers 3, 4, and 5 were
converted to the active monomers 6, 7, and 8 via a
Grignard metathesis (GRIM) reaction (Scheme 1). The

polymerizations were quenched with acidified (HCl) tet-
rahydrofuran (1 M).

After purification by Soxhlet extraction in methanol
and chloroform, polymer P1 and P2 were analyzed by
size exclusion chromatography (SEC) to estimate the
number average molar mass (Mn) and the molar mass
dispersity (ÐM) (Table 1). The SEC elution curves can be
found in the Supporting Information (Figures S1 and S2).
1H NMR spectroscopy is performed to calculate the
degree of polymerization (DP) of the polymers. A first
method consists of comparing the integration of the sig-
nal of the aliphatic α-methylene protons of the monomer
units to the integration of the signal of the aliphatic
methyl protons of the o-tolyl end-group (Figure 2). For

SCHEME 1 Schematic overview of the synthesis route of P1–P12.
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the second method, the integration of the signal of the
aromatic thiophene proton is compared with the integra-
tion of one of the signals of the aromatic protons of the o-
tolyl end-group (Figure 2). The DP of P1 and P2 can only
be calculated via these two methods if every polymer
chain has been initiated by the o-tolyl initiator and if
every polymer chains has an H-terminated thiophene
unit, implying transfer nor termination reactions. The 1H
NMR spectra in Figure 1 show a 1:1 ratio between the
integration of one of the signals of the aromatic protons

of the o-tolyl unit and the H-terminated thiophene unit,
indicating that every polymer chain has been initiated by
the o-tolyl initiator and that every polymer chain has an
H-terminated thiophene unit, rendering the calculations
valid. Matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-ToF) further evidenced
the presence of the o-tolyl end-group at the beginning of
all polymer chains and the absence of Br-terminated
polymer chains (Figures S3 and S4). Note that the DP cal-
culated from 1H NMR deviates from the molar mass
determined by SEC. This can be explained by the fact
that SEC was calibrated toward polystyrene standards,
which results in an overestimation of the molar mass in
case of CPs. Because also the nature of the side-chains
influences the exact overestimation, no fixed relationship
between both parameters is present for all polymers.

In a second step, two post-polymerization reactions
were performed according to literature procedures.13

First, the silyl-protected alcohol functionality of P1 and
P2 was deprotected using tetrabutylammonium fluoride
trihydrate (TBAF�3H2O), resulting in P3 and P4. Then,
the alcohol functionality of P3 and P4 was converted to
an azide functionality using diphenylphosphoryl azide
(DPPA) and 1,8-diazabicycloundec-7-ene (DBU), result-
ing in P5 and P6. Both post-polymerization reactions
were monitored by 1H NMR spectroscopy to ensure full

FIGURE 2 Schematic representation of the determination of the DP of P1 and P2 via the aromatic and aliphatic region using 1H NMR

spectroscopy.

TABLE 1 Overview of the Mn, ÐM (obtained via SEC), and the

DP (calculated via 1H NMR spectroscopy).

Polymer Mn (kg/mol)a ÐM
a DPb DPc

P1 9.3 1.1 30 30

P2 9.7 1.1 31 32

P3 8.4 1.1 29 31

P4 8.9 1.1 32 32

P5 8.1 1.2 31 -d

P6 9.2 1.1 33 -d

aDetermined via SEC calibrated toward poly(styrene) standards.
bDP calculated via 1H NMR spectroscopy in the aliphatic region.
cDP calculated via 1H NMR spectroscopy in the aromatic region.
dInaccurate due to overlapping spectra.

358 TIMMERMANS ET AL.

 1520636x, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/chir.23548 by U

niversite D
e M

ons (U
m

ons), W
iley O

nline L
ibrary on [29/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



conversion. A small shift of the signal of the methylene
protons next to the functional group is noticed in each
step (Figure 3). P3–P6 were further analyzed via SEC to
ascertain that the polymers were not negatively affected
during the post-polymerization reactions (Table 1). The
SEC elution curves are depicted in the supplementary
information (Figures S1 and S2). MALDI-ToF measure-
ments were performed to confirm the success of the post-
polymerization reactions (Figures S3–S8).

In the last step, the functionalized polymer arms are
coupled to a benzene-moiety via a Cu(I)AAC click reac-
tion, according to literature procedures,13 to create the
different (a)symmetric polymer systems. First, P5 and P6
are coupled to ethynylbenzene, using N,N,N0,N00,N00-
pentamethyldiethylenetriamine (PMDTA) and Cu(I)Br,
in order to synthesize P7 and P8, respectively. A large
excess of ethynylbenzene was used to ensure full conver-
sion of the functionalized polymers. The conversion can
be evaluated using 1H NMR spectroscopy, as a clear shift
of the signal of the methylene protons is noticed upon
reaction (Figure 4).

Second, P10 was synthesized in a two-step process.
The first step consisted of coupling one P6 arm to a
1,4-diethynylbenzene core to form P9. A large excess of
core was used, to ensure that only one polymer arm was
coupled to the core. This click reaction was again moni-
tored using 1H NMR spectroscopy to evaluate the full
conversion by noticing a clear and full shift of the signal
of the methylene protons next to the azide functionality
(analogous to P7 and P8 in Figure 4). A possible side
reaction in this step is the coupling of two acetylene func-
tions, i.e. two cores, known as Glaser coupling. SEC anal-
ysis of P9 confirmed the presence of a shoulder at double
molar mass (Figure 5, black curve). P9 was therefore
purified via preparative SEC to remove the coupled

product (Figure 5, red curve). MALDI-ToF measurements
were performed to check the success of the reaction and
the purity of P9 (Figure S11). In the second step of this
two-step coupling, the remaining acetylene function of
the core was functionalized with P5 using again the
Cu(I)AAC click reaction. This step was once more moni-
tored using 1H NMR spectroscopy as the signal of the
acetylene proton at 3.1 ppm should disappear upon full
conversion (Figure 6A). Furthermore, the 1H NMR sig-
nals of the aromatic benzene core protons, two doublets,
should converge to a singlet signal, as a symmetrical sub-
stitution of the benzene moiety is obtained (Figure 6B).
In this second coupling step, an excess of P5 was used to
ensure full functionalization of the remaining acetylene
functionality. The excess of the P5 arm was removed via

FIGURE 4 Overview of 1H NMR spectra of the Cu(I)AAC

click reaction of P5 and P6 with ethynylbenzene, indicating a small

shift of the signal of the methylene protons.

FIGURE 5 SEC elution curve of P9 before and after

preparative SEC to remove dicoupled product.

FIGURE 3 Overview of the 1H NMR spectra of the post-

polymerization reactions of P1-P6, indicating a small shift of the

signal of the methylene protons.
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preparative recycling SEC, in order to obtain the pure
asymmetrical functionalized P10 (Figure 7).

At last, the symmetrical functionalized P11 and P12
were synthesized by coupling two equivalents of P5 or
P6, respectively, to a 1,4-diethynylbenzene core, again via
a Cu(I)AAC click reaction. An excess of P5 or P6 was
used to ensure full conversion (monitored via 1H spec-
troscopy analogous to P10; Figure 6). The excess of P5
and P6 was again removed via preparative recycling SEC,
in order to obtain the pure symmetrical functionalized
P11 and P12 (Figure 8). All SEC data of P7–P12 are sum-
marized in Table 2.

FIGURE 6 Overview of 1H NMR spectra of the Cu(I)AAC

click reaction of P9 with P5. Part A shows the disappearance of the

signal of the acetylene proton of P9 upon coupling, part B shows

the change in multiplicity of the benzene-core protons from two

doublets for P9 to one singlet for P10.

FIGURE 7 SEC elution curves of P10 before and after

preparative recycling SEC in order to remove excess P5.

FIGURE 8 SEC elution curves of P11 (A) and P12 (B) before
and after preparative recycling SEC in order to remove excess P5
and P6, respectively.
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To elucidate the chiral expression of these unique
poly(thiophene) systems, solvatochromism experiments
were conducted. In these experiments, nonsolvent
(methanol [MeOH]) is gradually added to a solution of
the polymers in a good solvent (chloroform), and a UV-
vis and CD spectrum are recorded after every addition of
nonsolvent. To ensure reproducibility, the nonsolvent
was added at a constant speed of 0.25 mL/min via an
automated syringe pump. The UV-vis and CD spectra are
depicted in Figure 9.

Upon addition of nonsolvent, organization of the
polymer chains is induced. Via UV-vis spectroscopy, this
organization is characterized by a bathochromic shift of
the absorption band and the appearance of fine structure.
Furthermore, because all polymers contain chiral side
chains, CD spectroscopy is used to evaluate the chiral
expression of these polymers. If the polymer chains orga-
nize in a chiral way, a CD signal will appear.

First, the two polymer arms (P7 and P8), coupled to a
benzene moiety to better correspond to the individual
arms in the coupled systems, were measured as a refer-
ence. For P7, which is a random copolymer of chiral and
achiral units, it can be derived that the polymer chains
start to organize at 33% MeOH, and a bathochromic shift
can be noticed from 35% MeOH in the UV-vis spectra,
which becomes more pronounced at higher percentages
of MeOH (Figure 9). A fine structure in the UV-vis spec-
tra is visible upon organization, although not strongly
pronounced. The maximum of the 0–0 transition absorp-
tion band is situated at 599 nm. The appearance of a
bisignate Cotton-effect at 33% MeOH indicates that the
polymer chains organize in a chiral way. P7 shows a
strong chiral expression at higher MeOH content. The
gabs, max-value (= Δε/ε) is determined in order to com-
pare the strength of the chiral expression of all the poly-
mers in an absolute way. For P7, this value is 2E-2,
indicating that the strength of the chiral expression is
due to a strong chiral organization of the polymer chains.
For P8, a chiral homopolymer, organization of the poly-
mer chains is induced at 35% MeOH, albeit very weak
(Figure 9). At higher MeOH content (from 37% MeOH
and up), a clear bathochromic shift can be seen,

accompanied by the appearance of a clear fine structure,
indicating efficient organization. The wavelength at max-
imal absorbance of the 0–0 transition absorption band is
612 nm. Compared with P7 the 0–0 transition band is
more red-shifted, indicating more contribution of
π-π-interactions when the polymer chains organize. The
CD spectra of P8 reveal a very weak bisignate Cotton-
effect starting at 35% MeOH. At 41% MeOH, the sign of
the bisignate Cotton effect switches, and a positive
bisignate Cotton-effect is obtained. The gabs, max-value of
P8 is 3E-4, indicating a much weaker chiral expression
for P8 compared with P7 (gabs, max = 2E-2). This illus-
trates, as previously reported, that random copolymers
consisting of chiral and achiral units could exhibit a
stronger chiral expression compared with their all-chiral
counterpart.10 Furthermore, the weak chiral expression
of P8 can be explained by the more pronounced
π-π-interactions, which prevent the polymer chains to
stack in a chiral way.

In P10 the random copolymer and the homopolymer
are coupled to a central core. For this highly asymmetri-
cal polymer, the polymer chains start to organize at 31%
MeOH, and the bathochromic shift and the appearance
of fine structure can be noticed from 33% MeOH
(Figure 9). The 0–0 transition absorption band is centered
around 605 nm. A weak bisignate Cotton-effect appears
at 31% MeOH, indicating chiral organization. At higher
MeOH content, the bisignate Cotton-effect becomes more
pronounced, but switches from sign at 33% MeOH and
higher, implying a change in organization upon addition
of MeOH. This can be explained by the high heteroge-
neous character of the polymer. P10 consists of two poly-
mer arms with a different organization behavior. The
organization of the homopolymer arm (analogous to P8)
is largely driven by π-π-interactions, preventing a chiral
organization, whereas the organization of the random
copolymer arm (analogous to P7) is less driven by
π-π-interactions, and a strong chiral organization is
allowed. Furthermore, the absence of an isosbestic point
in the UV-vis spectra of P10 implies a two-step organiza-
tion process, which could be caused by two competing
polymer arms and which could also explain the switch in
the sign of the chiral response. The combination of both
arms renders P10 highly disordered, resulting in a less
pronounced chiral organization. The gabs, max-value of
P10 is 2E-3, indicating a weaker chiral expression than
for P7, but more pronounced compared with P8.

Afterwards, the two homo-coupled polymers P11 and
P12 were investigated. For P11, which consists of two
coupled random copolymers, it can be derived that orga-
nization of the polymer chains starts at 31% MeOH, as is
visualized by a bathochromic shift and the appearance of
fine structure (Figure 9). Furthermore, the UV-vis spectra

TABLE 2 Overview of the Mn, ÐM obtained via SEC.

Polymer Mn (kg/mol) ÐM

P7 8.2 1.12

P8 9.0 1.2

P9 8.6 1.2

P10 20.9 1.1

P11 20.0 1.2

P12 21.6 1.1
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are characterized by an isosbestic point and the 0–0 tran-
sition absorption band is centered around 599 nm. The
CD spectra of P11 reveal a strong chiral expression, evi-
denced by the appearance of a strong bisignate Cotton-
effect. The gabs, max-value of P11 is 3E-2, which is of the
same order of magnitude as P7, moreover, the shape of

the CD spectra of P7 and P11 are quite similar, indicating
a similar organization process with a pronounced chiral
expression. For P12, the bathochromic shift and the
appearance of fine structure at 35% MeOH indicate the
onset of the organization of the polymer chains
(Figure 9). Remarkable is the pronounced fine structure

FIGURE 9 UV-vis and CD spectra of the solvatochromism experiments of P7, P8, P10, P11, and P12.
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of P12, which implies a strong organization of the poly-
mer chains. The 0–0 transition absorption band has a
maximum at 612 nm and is well pronounced, indicating
a large contribution of π-π-interactions to the organiza-
tion of P12. The absence of an isosbestic point indicates a
two-steps organization process, which is further implied,
first, by the appearance of a bisignate Cotton-effect at a
higher MeOH content than at which the onset of aggre-
gation is noticed in the UV-vis spectra and, second, by
the contribution of a monosignate Cotton-effect that
becomes more pronounced at higher MeOH content. The
gabs, max-value of P12 is 8E-3, suggesting a stronger chiral
expression for P12 compared with P8. This may be unex-
pected because P12 shows a pronounced fine structure
and a strong 0–0 transition band, indicating an organiza-
tion driven by π-π-stacking, which would lead to parallel
stacks of polymer chains instead of a chiral organization.
The higher chiral response for P12 could be explained by
the high symmetrical structure of the polymer, allowing
long-range interactions, resulting in a long-range helical
organization, explaining, nonetheless the pronounced
π-π-stacking, the stronger chiral expression for P12 com-
pared with P8. We must, however, note that apart from
the π-π-stacking between polymer backbones, the
nonsolvent-induced aggregation process more generally
depends on the interaction between the CP, solvent, and
nonsolvent.24–26

3 | CONCLUSION

Two linear polythiophenes with a functional group at the
beginning of each polymer chain are prepared in a con-
trolled way using KCTCP. After some postpolymerization
transformations, these arms are coupled to a central core
in a linear way, rendering the three possible dimers. The
arms are a homopolymers and a random copolymer,
which results in different CD. It is confirmed that such
molecular irregularity results in stronger CD. Further, it
is demonstrated that linked arms increases CD and the
homogeneous dimers result in stronger CD than heterog-
enous dimers.
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