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ABSTRACT: In this report, the influence of heterogeneity on the chiral expression of star-shaped conjugated polymers is
investigated. For this purpose, two heterogeneous star-shaped conjugated polymers, i.e., one with two chiral arms and one achiral
arm and the other one with one chiral arm and two achiral arms, are synthesized by combining Kumada catalyst transfer
condensative polymerization, efficient post-polymerization reactions, and a two-step click reaction. The supramolecular organization
and chiral expression of these systems are investigated by combining UV−vis, circular dichroism, differential scanning calorimetry,
and atomic force microscopy. Three different hypotheses concerning the (chiral) supramolecular organization are postulated, i.e. the
sergeants-and-soldiers-like principle, the “defect effect”, and hampered organization. The results of the measurements exclude the
first two hypotheses as a much lower chiral expression is obtained compared to the C3-symmetric chiral star-shaped polymer and
revealed that replacing one chiral arm with one achiral arm was a too-large defect, resulting in a hampered organization.

■ INTRODUCTION

In the past decade, conjugated polymers (CPs) have gained a
lot of attention as they possess unique optoelectronic
properties and could, therefore, be promising materials for
optoelectronics, such as oLEDs, oFETs, and oPVs.1−3 The
optoelectronic properties of CPs are closely linked to their
supramolecular structure.4−6 As a consequence, profound
knowledge of the supramolecular organization of CPs is
important, and extensive research concerning this topic has
been conducted.7−13 The incorporation of chiral substituents
into the polymer creates a powerful tool for the investigation of
the supramolecular structure since the chiral expression of CPs
is directly related to their (chiral) supramolecular organiza-
tion.14

Since poly(3-alkylthiophene) (P3AT) remains the bench-
mark polymer within CPs, the chiral expression of linear
P3ATs has already been extensively investigated, and several
principles have been established.15−22 If, for instance, chiral
and achiral polymer chains are randomly mixed into
aggregates, then a positive nonlinear relationship is observed

between the fraction of chiral polymer chains and the expected
chiral response. This principle mimics the sergeants-and-
soldiers principle, originally discovered by Green et al. in
poly(isocyanates).23 Further research on the chiral expression
of P3ATs has revealed that there are several important
parameters that can influence the chiral expression, such as the
presence of end groups, the presence of defects, e.g., head-to-
head or tail-to-tail couplings, in the polymer chain,24−26 or co-
crystallization in the supramolecular structure.27 In the former
case, depending on the position and nature of the defect, the
chiral expression can be enhanced compared to the defect-free
polymer, resulting in a larger chiral response compared to the
defect-free polymer. The reason for the increase in chiral

Received: April 18, 2020
Revised: October 1, 2020

Articlepubs.acs.org/Macromolecules

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acs.macromol.0c00901
Macromolecules XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
N

E
W

 E
N

G
L

A
N

D
 o

n 
O

ct
ob

er
 3

1,
 2

02
0 

at
 0

9:
35

:2
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Birgitt+Timmermans"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dries+Bleus"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julien+De+Winter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pascal+Gerbaux"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gangamallaiah+Velpula"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steven+De+Feyter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steven+De+Feyter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guy+Koeckelberghs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.0c00901&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00901?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00901?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00901?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00901?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00901?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00901?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00901?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00901?fig=abs1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c00901?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf


response is the fact that the defect causes a larger twist
between two aggregated polymer chains in the supramolecular
helix, resulting in a higher chiral response compared to the
defect-free polymer.25,26

A previous research indicated that CPs with a more complex
topology, such as star-shaped systems, could obtain a more
ordered morphology.28 In contrast to the extensive library of
manuscripts on the supramolecular organization of linear CPs,
studies on star-shaped CPs remain scarce. The main reason
thereof is that there is no efficient synthesis route available for
the synthesis of well-defined star-shaped polymers. Recently,
our group introduced the synthesis of well-defined star-shaped
P3ATs with a controlled molar mass and low dispersity.29 This
revealed that star-shaped P3ATs have a more pronounced
supramolecular organization than observed for any other linear
P3AT. The corresponding chiral response of the C3-symmetric
chiral star-shaped P3AT was 100-fold larger than the chiral
response of the single, linear P3AT arm, indicating a
considerably stronger chiral organization than that of linear
P3ATs.29

In this research, the chiral expression of these intriguing star-
shaped polymers is further unraveled by investigating the chiral
response of heterogeneous star-shaped polymers. For this
purpose, two heterogeneous well-defined star-shaped P3ATs
are synthesized, one consisting of two chiral arms and one
achiral arm and one with one chiral arm and two achiral arms,
and the supramolecular organization and chiral expression are
investigated. This mixing of different (chiral and achiral) arms
can either result in a sergeants-and-soldiers-like behavior, a
“defect effect”, or a hampered organization. First, a sergeants-
and-soldiers-like behavior expresses itself as a positive
nonlinear trend of the chiral response as a function of the
amount of chiral entity (in this case, the number of chiral
arms) present in the heterogeneous star-shaped polymers. A
true sergeants-and-soldiers experiment consists of mixing chiral
and achiral entities, in which both the chiral and achiral entities
adopt helical macro- or supramolecular structures, i.e., in the
case of chiral entities, a one-handed helix is obtained, while in
the case of achiral entities, a racemic mixture of helices is
found. As a result, mixing chiral and achiral conjugated
polymers is not a true sergeants-and-soldiers experiment as the
sergeants (the chiral entities) form helical stacks, while the
soldiers (the achiral entities) do not. Clearly, the polymers
might form mixed aggregates, and all this might end up with
graphics found in true sergeants-and-soldiers experiments, but

it remains a different experiment. Therefore, we call this
sergeants-and-soldiers-like behavior. Applied on the heteroge-
neous stars, a prerequisite for the sergeants-and-soldiers-like
principle is that the aggregated chiral and achiral polymer
chains do not phase-separate into separate chiral and achiral
domains, but that they are randomly mixed into co-crystals. If
the aggregated achiral and chiral polymers do phase-separate, a
linear trend of the chiral response as a function of the number
of chiral polymer chains would be visible. However, in the
newly designed heterogeneous star-shaped polymers, the chiral
and achiral polymer arms are attached to the same core,
rendering phase-separation impossible. If the heterogeneous
star-shaped polymers would aggregate in a similar way as the
homogeneous C3-symmetric chiral star-shaped polymers do,
then the chiral chains become randomly distributed in the
crystal, and a sergeants-and-soldiers-like experiment would be
realized.
Second, if the incorporation of the defect (in this case, the

incorporation of the achiral arm), results in a larger chiral
response than expected for the C3-symmetric chiral star-
shaped polymer, then the “defect effect” is established. Third,
and last, if the introduced defect is too large, then the (chiral)
organization is hampered, resulting in a negative nonlinear
trend of the chiral response as a function of the amount of
chiral entity (in this case, the number of chiral arms) or even in
no chiral response at all.
To investigate whether the supramolecular organization and

the chiral response is enhanced or hampered by the
incorporation of the defect, two heterogeneous star-shaped
P3ATs are synthesized using a two-step copper(I)-catalyzed
alkyne-azide cycloaddition (Cu(I)AAC). Afterward, the supra-
molecular organization is characterized using UV−vis and
circular dichroism (CD) spectroscopy, differential scanning
calorimetry (DSC), and atomic force microscopy (AFM) in
order to reveal the effect of the heterogeneity on the
supramolecular organization and the chiral response.

■ RESULTS AND DISCUSSION

In order to examine the effect of the heterogeneity on the
(chiral) supramolecular organization of the star-shaped
polymers, two heterogeneous star-shaped P3ATs, one with
two chiral arms and one achiral arm and one with one chiral
arm and two achiral arms, are synthesized using the grafting-
onto method, in which the end-functionalized polymer chains
are coupled to a central core. First, the two linear P3ATs,

Scheme 1. Overview of the Synthetic Pathway of the Heterogeneous Star-Shaped P3ATs (P3 and P4)
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poly(3-octylthiophene) (P3OT) and poly((S)-3-(3,7-
dimethyloctyl)thiophene) (P3DMO(S)T) are synthesized
according to literature procedures using the controlled
Kumada catalyst transfer condensative polymerization
(KCTCP) mechanism starting from a functionalized initia-
tor.29 The end group of the linear P3ATs is then modified
according to literature procedures to an azide group via
efficient post-polymerization reactions,29 which allows the
functionalized P3ATs to be coupled to the central 1,3,5-
triethynylbenzene core in a two-step process (Scheme 1). The
controlled character of KCTCP allows the synthesis of well-
defined linear P3ATs with a low dispersity and with control
over the molar mass and end-group functionalization.30−33 The
latter is of importance as only the P3ATs that bear the
functional group will be incorporated in the star-shaped
system. The degree of polymerization (DP) of the two P3ATs
is set on 18, the reason thereof is twofold. First, a previous
research has revealed that from a certain DP, the polymer
chain ends will not continue to adopt a linear stack but will
start to fold back, which can lead to a decreased supra-
molecular organization.34 Second, a too-low DP will prevent
efficient aggregation of the polymer chains.
P1a and P1s were analyzed by size exclusion chromatog-

raphy (SEC) to estimate the number-average molar mass (Mn)
and the molar mass dispersity (ĐM). The DP of P1a and P1s
can be calculated via 1H NMR spectroscopy by comparing the
signal of methyl protons of the end group of the polymer
chains with the signal of the α-methylene protons of the
monomer units (Figure 1) or by comparing the signal of an
aromatic proton of the initiator with the signal of the aromatic

proton of the thiophene units (Figure 1). These two methods
are only valid if every polymer chain is initiated by an o-tolyl
unit and has a H-terminated thiophene unit, implying that no
transfer and no termination occurred during the polymer-
ization. From the 1H NMR spectrum of P1a and P1s in Figure
1, it can be derived that the aromatic o-tolyl signal and the
aromatic thiophene signal are present in a 1:1 ratio, indicating
that every polymer chain contains an o-tolyl unit and a H-
terminated thiophene unit. The determination of the DP
according to the aforementioned methods is therefore valid.
This is further evidenced by the matrix-assisted laser
desorption/ionization time-of-flight (MALDI-ToF) spectra of
P1a and P1s, which display negligible amounts of Br-
terminated thiophene units (Supporting Information, Figures
S1 and S2).
The estimated Mn and the molar mass dispersity (ĐM) of

P1a and P1s, obtained via SEC, and the DP of P1a and P1s,
calculated via 1H NMR spectroscopy, are shown in Table 1.
For the synthesis of the final heterogeneous star-shaped

PATs, the azide-functionalized arms, P1a and P1s, are coupled

Figure 1. Assignment of 1H NMR signals in the aromatic and aliphatic region in order to determine the degree of polymerization of P1a and P1s.

Table 1. Overview of the Mn, ĐM (Obtained via SEC) and
the DP (Calculated via 1H NMR Spectroscopy)

polymer Mn (kg/mol)a ĐM
a DPb DPc

P1a 4.6 1.2 18 20
P1s 5.2 1.2 18 19

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.
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in a two-step process to the central 1,3,5-triethynylbenzene
core via a Cu(I)AAC click reaction. First, one arm, P1a or P1s,
is coupled to the central 1,3,5-triethynylbenzene, using
N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDTA) and
Cu(I)Br, resulting in P2a and P2s, respectively (Scheme 1). A
large excess of the core was used to ensure that only one arm
was attached to the core. This click reaction was monitored by
1H NMR spectroscopy as a clear shift of the methylene signal
should occur (Figure 2). A possible side reaction that can

occur is the coupling of two acetylene functions, i.e., the
coupling of two cores, also known as Glaser coupling. This side
reaction results in an extra SEC signal at double molar mass of
the desired product (Figure 3, black curve). P2a and P2s were
purified using preparative SEC in order to remove the coupled
product (Figure 3, red curve). MALDI-ToF measurements

confirmed the absence of coupled product (Supporting
Information, Figures S3−S6).
In the last step, the synthesis of the heterogeneous star-

shaped polymers is finalized by coupling P1s and P1a to the
two remaining acetylene functionalities of P2a and P2s via the
Cu(I)AAC click reaction, resulting in the heterogeneous star-
shaped polymers P3 and P4, respectively. This last click
reaction was again monitored by 1H NMR spectroscopy as the
signal of the acetylene proton at 3.1 ppm should disappear
during the coupling of the P3AT arms to the core (Figure 4).

The signal of the methylene protons of P2a and P2s does not
shift during the second Cu(I)AAC click reaction (Figure 5).

Figure 2. Overview of 1H NMR spectra of the first Cu(I)AAC click
reaction of P1a and P1s with the 1,3,5-triethynylbenzene core,
indicating a small shift of the signal of the methylene protons.

Figure 3. SEC elution curves of (A) P2a and (B) P2s before (black
curve) and after (red curve) preparative SEC.

Figure 4. Overview of 1H NMR spectra of the second and last
Cu(I)AAC click reaction of P1a and P1s with P2a and P2s, indicating
full conversion as the signal of the acetylene proton disappeared.

Figure 5. Overview of 1H NMR spectra of the second and last
Cu(I)AAC click reaction of P1a and P1s with P2a and P2s, indicating
that no electronic influence is present between the polymer arms as
the signal of the methylene of P2a and P2s does not shift upon the
formation of P3 and P4.
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This indicates that no electronic influence is present between
the polymer arms. In this second coupling step, a large excess
of P1a and P1s is used to ensure the functionalization of both
the acetylene functionalities. The excess of P1a and P1s is
removed using preparative SEC in order to obtain the pure
star-shaped polymers P3 and P4 (Figure 6). Note that these
polymers are the first heterogeneous star-shaped all-conjugated
polymers ever prepared.

To verify which one of the three hypotheses discussed in the
Introduction (sergeants-and-soldiers-like principle, “defect
effect”, or hampered organization) holds, solvatochromism
experiments were performed. For these experiments, three
different ways to introduce aggregation are used. First, a non-
solvent (methanol (MeOH)) is added step-wise to a solution
of the polymers in a good solvent (chloroform). UV−vis and
CD spectra were recorded directly after each addition of a non-
solvent. To ensure the reproducibility of these measurements,
the non-solvent is added with a constant speed of 0.20 mL/
min via an automatic syringe pump. At a certain amount of
MeOH, the polymer chains start to aggregate. This aggregation
is visualized by a bathochromic effect and the appearance of a
fine-structure in the absorption band. If the polymers start to
organize in a chiral way, then apart from the redshift in the
UV−vis spectra and the appearance of a fine-structure, a
bisignate Cotton effect appears in the CD spectra. The UV−vis
and CD spectra of P3 and P4 are shown in Figure 7.
As can be derived from the UV−vis spectra of P3, the

polymer chains start to organize at a MeOH content of 40%
(Figure 7). For P4, the UV−vis spectra indicate that the
polymer chains already start to organize at 35% MeOH. This
difference is due to the fact that achiral P3AT has a higher
tendency to organize than the bulkier chiral P3AT, and since
P4 is equipped with two achiral P3AT arms and P3 with only
one achiral P3AT arm, P4 organizes at a lower non-solvent
content. Compared to the C3-symmetric chiral star-shaped
polymer (Figure 8, left), the fine-structure in the UV−vis
spectra of P3 and P4 is less pronounced, which indicates a less
ordered supramolecular organization.29 These results indicate
that hypothesis three, i.e., hampered organization, is the most
probable so far. However, a less-ordered supramolecular
organization does not always result in less chiral organization

Figure 6. SEC elution curves of (A) P3 and (B) P4 before (black
curve) and after (red curve) preparative SEC.

Figure 7. UV−vis spectra (top) and CD spectra (bottom) of the solvatochromism experiments for P3 and P4. Concentration of the starting
solution in chloroform: P3 = 0.057 mg/mL, P4 = 0.055 mg/mL; cell path length = 1 cm; temperature = 298 K.
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and thus a lower chiral expression. In order to evaluate the
chiral organization, and thus the hypothesis of the sergeants-
and-soldiers-like principle and the “defect effect”, CD spectra
were recorded in addition to the UV−vis spectra (Figure 7).
For P3 and P4, a weaker bisignate Cotton effect is observed
compared to the C3-symmetric chiral star-shaped polymer
(Figure 8, right).29 The reason thereof can be twofold. First,
this weaker CD signal could indicate that there is indeed less
chiral organization within the aggregated polymer chains or
second, that the overall organization of the polymer chains is
less ordered, but that the chiral expression per aggregated unit
is the same or even higher. The less-pronounced fine-structure
in the UV−vis spectra of P3 and P4 already implies a less-
ordered organization. To evaluate if there is indeed less
organization, or solely less chiral organization, the gabs,max (=
Δε/ε) value was calculated, resulting in a value of 0.001 ± 1 ×
10−4 for P3 and 0.0002 ± 7 × 10−5 for P4. For the C3-
symmetric chiral star-shaped polymer, however, this value was
10−50 times higher (gabs,max = 0.01 ± 8 × 10−5),29 respectively,
than the value of P3 and P4, indicating that for the same
amount of organization, P3 and P4 indeed show less chiral
organization compared to the C3-symmetric chiral star-shaped
polymer. Furthermore, P4 has an even lower gabs,max value than
P3, indicating that the heterogeneous star-shaped polymer
with only one chiral arm has the weakest chiral organization.
Figure 9 displays the chiral response of the star-shaped

polymers as a function of the amount of chiral entity present
the polymers. If a sergeants-and-soldiers-like behavior would
be obtained for these systems, then a positive cooperative
effect would be present, and a positive nonlinear trend should
be observed for the chiral response. For the “defect effect”-
hypothesis, a steep increase in chiral expression is expected at
low defect incorporation (high % of chiral entity), and the

chiral expression of the small defect polymer would be even
larger than for the defect-free polymer. If, on the other hand,
no positive cooperative effect is present and the chiral
expression is the result of solely the amount of chiral P3AT
arms present, then the chiral expression would scale linearly
with the amount of chiral entity, meaning the chiral response
of P3 and P4 would be two-third and one-third of the chiral
response of the C3-symmetric chiral star-shaped P3AT,
respectively. However, from Figure 9, it can be derived that
the chiral response does not follow any of these trends; on the
contrary, the chiral response of the two heterogeneous star-
shaped polymers is significantly smaller than is expected if no
positive cooperative effect is present. These results indicate
that the introduced heterogeneity is a too-large defect (33% in
P3 and 66% in P4) and instead of enhancing the chiral
response, the supramolecular organization is hampered, leading
to a much lower than expected chiral response. These results,
therefore, eliminate the sergeants-and-soldiers-like principle
and “defect effect” hypothesis and verify the hampered
organization hypothesis. This is contrary to what is observed
for linear P3ATs, in which sergeants-and-soldiers-like behavior
has been established.22 It is, however, in agreement with a
broader trend, also present in linear P3ATs, in which the
incorporation of a too-large defect results in a considerably
lower chiral response compared to the defect-free polymer.25,26

Besides induction of aggregation through the addition of a
non-solvent, the induction of aggregation through a variable
temperature experiment is also investigated using CD spec-
troscopy. P3 and P4 were dissolved in 1-hexanol at 105 °C, the
sample were then cooled down to 20 °C at 2 °C/min, and a
CD spectrum was recorded every 2.5 min (Figure 10). The
results obtained differ strongly from the results of the
solvatochromism experiments discussed earlier. The effects
are weaker and, more importantly, the shape does not
correspond to a positive bisignate Cotton effect, which is a
signature of chirally stacked (planar) polymer chains. The
absence of the “right” shape of the CD spectra shows that this
way of inducing aggregation is not suited to evaluate the chiral
expression in these star-shaped polymers as a different
supramolecular structure is formed. Note that obtaining a
different supramolecular organization if the conditions to
induce aggregation differ is not at all surprising. Moris et al.
have found that the aggregation process of star-shaped but
homogeneous, all-chiral polythiophenes follows a different
path depending on the conditions used to induce aggregation
(temperature, solvent quality, etc.) and that the aggregates
formed have a different structure (although these particular
structures were not revealed).13,35 The results obtained for the
variable temperature experiment can therefore not be

Figure 8. UV−vis spectra (left) and CD spectra (right) of the solvatochromism experiments for the C3-symmetric chiral star-shaped P3AT.
Reprinted in part with permission from ref 29. Copyright 2018 American Chemical Society.

Figure 9. Plot of the chiral response of the different star-shaped
polymers (achiral star-shaped P3AT (black square), P3 (blue
triangle), P4 (red dot), and the C3-symmetric chiral star-shaped
P3AT (green diamond)) as a function of the amount of chiral entity
present.
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compared to the results obtained for the solvatochromism
experiment using the gradual addition of a non-solvent.
Furthermore, UV−vis and CD experiments were conducted

on spin-coated films of P3 and P4 before and after thermal
annealing (Figure 11). The UV−vis and CD results of the
spin-coated films before thermal annealing correspond to the
results of the solvatochromism experimentsthe same
intensity and, more importantly, the same shapeindicating
that the hampered organization hypothesis also holds for P3
and P4 in the solid state. After thermal annealing, the chiral
response of P3 is smaller than that before annealing, while the
chiral response of P4 has increased with a factor of 5 compared
to the non-annealed film. More importantly, the shape
becomes totally different (no bisignate Cotton effect any-
more). In addition with the UV−vis spectra that are losing
their vibronic fine-structure, this points again at a different
organization.
DSC measurements were performed to study the thermal

properties of the heterogeneous star-shaped polymers in the
solid state. These thermal properties are closely related to the

supramolecular organization of the star-shaped polymers in the
solid state. For both P3 and P4, clear melting peaks and
crystallization peaks were visible. As expected, the peak melting
temperature of P3 (Tm = 117.8 °C) and P4 (Tm = 133.2 °C) is
the weighted average of the peak melting temperature of the
C3-symmetric chiral star-shaped polymer (Tm = 108.9 °C) and
the achiral star-shaped polymer (Tm = 142.9 °C).29 Note that
since only one peak at the averaged temperature is found,
microphase separation of the two arms can be excluded.
However, when considering the melt enthalpy (ΔHm), P3
(ΔHm = 4.7 J/g) and P4 (ΔHm = 5.1 J/g) appear to have a
lower melt enthalpy than the C3-symmetric chiral star-shaped
polymer (ΔHm = 7.5 J/g) and the achiral star-shaped polymer
(ΔHm = 7.7 J/g), indicating a weaker supramolecular
organization for P3 and P4, which is also confirmed by the
UV−vis analysis (vide supra). These results further evidence
the hampered organization hypothesis. The thermograms of
P3 and P4 can be found in the Supporting Information
(Figures S7 and S8).

Figure 10. CD spectra of the variable temperature aggregation experiments for P3 and P4.

Figure 11. UV−vis spectra (top) and CD spectra (bottom) of the spin-coated films of P3 and P4 before (black curve) and after (red curve)
thermal annealing. The films were prepared by spin coating solutions (1 mg/mL) of P3 and P4 in chloroform. The annealing temperature was 108
°C for P3 and 123 °C for P4.
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Furthermore, AFM was performed in order to obtain more
information on the supramolecular organization and morphol-
ogy of the star-shaped polymers in the solid state. AFM
imaging was performed on films obtained by drop casting a
diluted solution of the star-shaped polymers in toluene on a
highly oriented pyrolytic graphite (HOPG) substrate. For P3
and P4, fibrous structures were clearly visible (Figure 12). The

lamellar structures shown in Figure 12 are characteristic of
P3AT films.9,36,37 These structures consist of π-stacked
polymer chains perpendicular to the axis of the fibers.
Therefore, the length of a fiber is an indication of the strength
of the π−π stacking of the star-shaped polymers and thus of
the supramolecular organization. Figure 13 shows the AFM

images of the achiral and C3-symmetric chiral star-shaped
P3ATs. P3 forms fibers that have an average length of a few
hundreds of nanometers; P4, on the other hand, forms fibers
with an average length of a few micrometers, implying that P4
has a stronger supramolecular organization. This is confirmed
by the higher melting temperature and slightly higher melt
enthalpy for P4 obtained by DSC measurements. The UV−vis
spectra of the organized P4 polymer chains do not clearly
imply a stronger organization for P4 compared to P3. This can,
however, be due to the fact that UV−vis is less sensitive toward
differences in the supramolecular organization or due to the
fact that the supramolecular organization obtained from
solution experiments can differ from solid-state experiments.
Furthermore, compared to the C3-symmetric chiral (14.8 ±
1.4 nm)29 and achiral (14.8 ± 2.6 nm)29 star-shaped polymer,
a clear difference in the fiber width is observed for the
heterogeneous star-shaped polymers P3 (20.0 ± 1 nm) and P4
(26.0 ± 3 nm) (see the Supporting Information, Figures S9
and S10, for the details). In the case of the C3-symmetric
chiral and achiral star-shaped polymer, these experimentally

obtained fiber widths confirmed the theoretically calculated
fiber width of the proposed supramolecular organization in
which the fibers consist of stacks of single, star-shaped
polymers.29 The larger fiber widths of P3 and P4 indicate
that the star-shaped polymers do not perfectly aggregate on top
of each other into fibers, but that the different aggregated star-
shaped polymers are more shifted relative to each other and
thus form broader fibers. This confirms the hypothesis of a
more-hampered (chiral) supramolecular organization, which is
further evidenced by UV−vis, CD, and DSC measurements.

■ CONCLUSIONS

Two newly designed, well-defined heterogeneous star-shaped
polymers with a low dispersity were successfully synthesized by
combining KCTCP, efficient post-polymerization reactions,
and Cu(I)AAC click reactions. Different techniques were
combined to unravel the influence of the heterogeneity on the
supramolecular organization and chiral expression of these
peculiar star-shaped polymers. Three hypotheses concerning
the (chiral) supramolecular organization were proposed, i.e.,
the sergeants-and-soldiers-like principle, “defect effect”, and
hampered organization. UV−vis and CD measurements
revealed a weaker supramolecular organization and an even
weaker chiral expression compared to the C3-symmetric chiral
star-shaped polymer. From these results, it could be concluded
that a negative nonlinear relationship is present between the
amount of chiral entity present in the heterogeneous star-
shaped polymers and the chiral expression, indicating that the
(chiral) supramolecular organization is hampered by the
introduction of the heterogeneity. These results thus eliminate
the validity of the sergeants-and-soldiers-like hypothesis and
the “defect effect”. In the case of the latter, the absence of the
“defect effect” is presumably due to the extent of the
introduced defect. The “defect effect” only holds for the
incorporation of a small defect, the replacement of one chiral
arm with one achiral arm already accounts for a 33% defect in
the polymer, which most probably is too large. DSC and AFM
measurements were performed to evaluate the supramolecular
organization in the solid state. The lower melt enthalpies for
the heterogeneous star-shaped polymers, compared to the melt
enthalpies of the C3-symmetric chiral and achiral star-shaped
polymers, support the weaker supramolecular organization
observed in the UV−vis and CD spectra. Furthermore, AFM
images illustrate that the heterogeneous star-shaped polymers
organize into well-defined fibers. However, the fiber width of
the heterogeneous star-shaped polymers is broader compared
to those of the C3-symmetric chiral and achiral star-shaped
polymers, supporting the hypothesis that the introduced defect
is too large and thus hampers the (chiral) supramolecular
organization. In conclusion, the introduction of the hetero-
geneity has a negative influence on the supramolecular
organization of these heterogeneous star-shaped polymers.
This implies that the principles valid in linear P3ATs, such as
the sergeants-and-soldiers-like principle, may no longer be
valid in more complex structures, such as star-shaped polymers.
To evaluate the validity of the “defect effect” in these more
complex star-shaped systems, further research could be
conducted on newly designed star-shaped polymers with at
least six arms, so the replacement of one chiral arm by an
achiral arm is more related to “the small defect effect” valid in
linear P3ATs.

Figure 12. AFM phase images of dry films of P3 and P4 drop casted
from toluene on a graphite substrate.

Figure 13. AFM topography images of dry films of the (A) achiral
and (B) C3-symmetric chiral star-shaped P3AT drop casted from
chloroform on a graphite substrate. Reprinted in part with permission
from ref 29. Copyright 2018 American Chemical Society.
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Marszalek, T.; Müllen, K.; Ulanski, J.; Kiersnowski, A.; Pisula, W.
Improved Charge Carrier Transport in Ultrathin Poly(3-Hexylth-
iophene) Films via Solution Aggregation. J. Mater. Chem. C 2016, 4,
11488−11498.
(3) Lutz, J. P.; Hannigan, M. D.; McNeil, A. J. Polymers Synthesized
via Catalyst-Transfer Polymerization and Their Applications. Coord.
Chem. Rev. 2018, 376, 225−247.
(4) Noriega, R.; Rivnay, J.; Vandewal, K.; Koch, F. P. V.; Stingelin,
N.; Smith, P.; Toney, M. F.; Salleo, A. A General Relationship
between Disorder, Aggregation and Charge Transport in Conjugated
Polymers. Nat. Mater. 2013, 12, 1038−1044.
(5) Hu, Z.; Shao, B.; Geberth, G. T.; Vanden Bout, D. A. Effects of
Molecular Architecture on Morphology and Photophysics in
Conjugated Polymers: From Single Molecules to Bulk. Chem. Sci.
2018, 9, 1101−1111.
(6) Frost, J. M.; Cheynis, F.; Tuladhar, S. M.; Nelson, J. Influence of
Polymer-Blend Morphology on Charge Transport and Photocurrent
Generation in Donor−Acceptor Polymer Blends. Nano Lett. 2006, 6,
1674−1681.
(7) Kajiya, D.; Ozawa, S.; Koganezawa, T.; Saitow, K. Enhancement
of Out-of-Plane Mobility in P3HT Film by Rubbing: Aggregation and
Planarity Enhanced with Low Regioregularity. J. Phys. Chem. C 2015,
119, 7987−7995.
(8) Surin, M.; Lazzaroni, R.; Feast, W. J.; Schenning, A. P. H. J.;
Meijer, E. W.; Lecler̀e, P. Oligothiophene-Based Nanostructures:
From Solution to Solid-State Aggregates. Synth. Met. 2004, 147, 67−
72.
(9) Sirringhaus, H.; Brown, P. J.; Friend, R. H.; Nielsen, M. M.;
Bechgaard, K.; Langeveld-Voss, B. M. W.; Spiering, A. J. H.; Janssen,
R. A. J.; Meijer, E. W.; Herwig, P.; et al. Two-Dimensional Charge
Transport in Self-Organized, High-Mobility Conjugated Polymers.
Nature 1999, 401, 685−688.
(10) Yamamoto, T.; Komarudin, D.; Arai, M.; Lee, B.-L.; Suganuma,
H.; Asakawa, N.; Inoue, Y.; Kubota, K.; Sasaki, S.; Fukuda, T.; et al.
Extensive Studies on π-Stacking of Poly(3-Alkylthiophene-2,5-Diyl)s
and Poly(4-Alkylthiazole-2,5-Diyl)s by Optical Spectroscopy, NMR
Analysis, Light Scattering Analysis, and X-Ray Crystallography. J. Am.
Chem. Soc. 1998, 120, 2047−2058.
(11) Deckers, S.; Vandendriessche, S.; Cornelis, D.; Monnaie, F.;
Koeckelberghs, G.; Asselberghs, I.; Verbiest, T.; van der Veen, M. A.
Poly(3-Alkylthiophene)s Show Unexpected Second-Order Nonlinear
Optical Response. Chem. Commun. 2014, 50, 2741−2743.
(12) Agbolaghi, S.; Zenoozi, S. A Comprehensive Review on Poly(3-
Alkylthiophene)-Based Crystalline Structures, Protocols and Elec-
tronic Applications. Org. Electron. 2017, 51, 362−403.
(13) Moris, M.; Van Den Eede, M.-P.; Koeckelberghs, G.;
Deschaume, O.; Bartic, C.; Van Cleuvenbergen, S.; Clays, K.;
Verbiest, T. Harmonic Light Scattering Study Reveals Structured
Clusters upon the Supramolecular Aggregation of Regioregular
Poly(3-Alkylthiophene). Commun. Chem. 2019, 2, 130.
(14) Verswyvel, M.; Koeckelberghs, G. Chirality in Conjugated
Polymers: When Two Components Meet. Polym. Chem. 2012, 3,
3203.

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.0c00901
Macromolecules XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/10.1021/acs.macromol.0c00901?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00901/suppl_file/ma0c00901_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guy+Koeckelberghs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-1412-8454
http://orcid.org/0000-0003-1412-8454
mailto:guy.koeckelberghs@kuleuven.be
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Birgitt+Timmermans"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dries+Bleus"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julien+De+Winter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3429-5911
http://orcid.org/0000-0003-3429-5911
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pascal+Gerbaux"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5114-4352
http://orcid.org/0000-0001-5114-4352
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gangamallaiah+Velpula"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0642-6892
http://orcid.org/0000-0002-0642-6892
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steven+De+Feyter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0909-9292
http://orcid.org/0000-0002-0909-9292
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00901?ref=pdf
https://dx.doi.org/10.1002/1616-3028(200102)11:1<15::AID-ADFM15>3.0.CO;2-A
https://dx.doi.org/10.1002/1616-3028(200102)11:1<15::AID-ADFM15>3.0.CO;2-A
https://dx.doi.org/10.1039/C6TC02142E
https://dx.doi.org/10.1039/C6TC02142E
https://dx.doi.org/10.1016/j.ccr.2018.07.015
https://dx.doi.org/10.1016/j.ccr.2018.07.015
https://dx.doi.org/10.1038/nmat3722
https://dx.doi.org/10.1038/nmat3722
https://dx.doi.org/10.1038/nmat3722
https://dx.doi.org/10.1039/C7SC03465B
https://dx.doi.org/10.1039/C7SC03465B
https://dx.doi.org/10.1039/C7SC03465B
https://dx.doi.org/10.1021/nl0608386
https://dx.doi.org/10.1021/nl0608386
https://dx.doi.org/10.1021/nl0608386
https://dx.doi.org/10.1021/jp510675r
https://dx.doi.org/10.1021/jp510675r
https://dx.doi.org/10.1021/jp510675r
https://dx.doi.org/10.1016/j.synthmet.2004.05.022
https://dx.doi.org/10.1016/j.synthmet.2004.05.022
https://dx.doi.org/10.1038/44359
https://dx.doi.org/10.1038/44359
https://dx.doi.org/10.1021/ja973873a
https://dx.doi.org/10.1021/ja973873a
https://dx.doi.org/10.1021/ja973873a
https://dx.doi.org/10.1039/C3CC48099B
https://dx.doi.org/10.1039/C3CC48099B
https://dx.doi.org/10.1016/j.orgel.2017.09.038
https://dx.doi.org/10.1016/j.orgel.2017.09.038
https://dx.doi.org/10.1016/j.orgel.2017.09.038
https://dx.doi.org/10.1038/s42004-019-0230-4
https://dx.doi.org/10.1038/s42004-019-0230-4
https://dx.doi.org/10.1038/s42004-019-0230-4
https://dx.doi.org/10.1039/c2py20472j
https://dx.doi.org/10.1039/c2py20472j
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c00901?ref=pdf


(15) Van den Bergh, K.; Huybrechts, J.; Verbiest, T.; Koeckelberghs,
G. Transfer of Supramolecular Chirality in Block Copoly-
(Thiophene)S. Chem. - Eur. J. 2008, 14, 9122−9125.
(16) Van den Bergh, K.; Cosemans, I.; Verbiest, T.; Koeckelberghs,
G. Expression of Supramolecular Chirality in Block Copoly-
(Thiophene)S. Macromolecules 2010, 43, 3794−3800.
(17) Van den Bergh, K.; Willot, P.; Cornelis, D.; Verbiest, T.;
Koeckelberghs, G. Influence of the Presence and Length of an Alkyl
Spacer on the Supramolecular Chirality of Block Copoly(Thiophene)-
S. Macromolecules 2011, 44, 728−735.
(18) Verswyvel, M.; Monnaie, F.; Koeckelberghs, G. AB Block
Copoly(3-Alkylthiophenes): Synthesis and Chiroptical Behavior.
Macromolecules 2011, 44, 9489−9498.
(19) Verswyvel, M.; Goossens, K.; Koeckelberghs, G. Amphiphilic
Chiral Block-Poly(Thiophene)s: Tuning the Blocks. Polym. Chem.
2013, 4, 5310.
(20) Monnaie, F.; Ceunen, W.; De Winter, J.; Gerbaux, P.; Cocchi,
V.; Salatelli, E.; Koeckelberghs, G. Synthesis and Transfer of Chirality
in Supramolecular Hydrogen Bonded Conjugated Diblock Copoly-
mers. Macromolecules 2015, 48, 90−98.
(21) Monnaie, F.; Van Den Eede, M.-P.; Koeckelberghs, G.
Expression of Chirality in a Conjugated Polymer without Any Excess
of Chiral Centers. Macromolecules 2015, 48, 8121−8127.
(22) Langeveld-Voss, B. M. W.; Waterval, R. J. M.; Janssen, R. A. J.;
Meijer, E. W. Principles of “Majority Rules” and “Sergeants and
Soldiers” Applied to the Aggregation of Optically Active Poly-
thiophenes: Evidence for a Multichain Phenomenon. Macromolecules
1999, 32, 227−230.
(23) Green, M. M.; Reidy, M. P.; Johnson, R. D.; Darling, G.;
O’Leary, D. J.; Willson, G. Macromolecular Stereochemistry: The out-
of-Proportion Influence of Optically Active Comonomers on the
Conformational Characteristics of Polyisocyanates. The Sergeants and
Soldiers Experiment. J. Am. Chem. Soc. 1989, 111, 6452−6454.
(24) Van Den Eede, M.-P.; Bedi, A.; Delabie, J.; De Winter, J.;
Gerbaux, P.; Koeckelberghs, G. The Influence of the End-Group on
the Chiral Self-Assembly of All-Conjugated Block Copolymers. Polym.
Chem. 2017, 8, 5666−5672.
(25) Verheyen, L.; De Winter, J.; Gerbaux, P.; Koeckelberghs, G.
Effect of the Nature and the Position of Defects on the Chiral
Expression in Poly(3-Alkylthiophene)S. Macromolecules 2019, 52,
8587−8595.
(26) Willot, P.; Steverlynck, J.; Moerman, D.; Lecler̀e, P.; Lazzaroni,
R.; Koeckelberghs, G. Poly(3-Alkylthiophene) with Tuneable
Regioregularity: Synthesis and Self-Assembling Properties. Polym.
Chem. 2013, 4, 2662.
(27) Timmermans, B.; Koeckelberghs, G. Chiral Expression of Co-
Crystallizing Poly(Thiophene)-Block-Poly(Selenophene) Copoly-
mers. Polym. Chem. 2020, 11, 2715−2723.
(28) Ponomarenko, S. A.; Kirchmeyer, S.; Elschner, A.; Huisman, B.-
H.; Karbach, A.; Drechsler, D. Star-Shaped Oligothiophenes for
Solution-Processible Organic Field-Effect Transistors. Adv. Funct.
Mater. 2003, 13, 591−596.
(29) Van Den Eede, M.-P.; De Winter, J.; Gerbaux, P.; Teyssandier,
J.; De Feyter, S.; Van Goethem, C.; Vankelecom, I. F. J.;
Koeckelberghs, G. Controlled Synthesis and Supramolecular Organ-
ization of Conjugated Star-Shaped Polymers. Macromolecules 2018,
51, 8689−8697.
(30) Verheyen, L.; Leysen, P.; Van Den Eede, M.-P.; Ceunen, W.;
Hardeman, T.; Koeckelberghs, G. Advances in the Controlled
Polymerization of Conjugated Polymers. Polymer 2017, 108, 521−
546.
(31) Bryan, Z. J.; McNeil, A. J. Conjugated Polymer Synthesis via
Catalyst-Transfer Polycondensation (CTP): Mechanism, Scope, and
Applications. Macromolecules 2013, 46, 8395−8405.
(32) Yokozawa, T.; Ohta, Y. Transformation of Step-Growth
Polymerization into Living Chain-Growth Polymerization. Chem.
Rev. 2016, 116, 1950−1968.

(33) Grisorio, R.; Suranna, G. P. Intramolecular Catalyst Transfer
Polymerisation of Conjugated Monomers: From Lessons Learned to
Future Challenges. Polym. Chem. 2015, 6, 7781−7795.
(34) Liu, J.; Arif, M.; Zou, J.; Khondaker, S. I.; Zhai, L. Controlling
Poly(3-Hexylthiophene) Crystal Dimension: Nanowhiskers and
Nanoribbons. Macromolecules 2009, 42, 9390−9393.
(35) Moris, M.; Van Den Eede, M.-P.; Koeckelberghs, G.;
Deschaume, O.; Bartic, C.; Clays, K.; Van Cleuvenbergen, S.;
Verbiest, T. Unraveling the Supramolecular Organization Mechanism
of Chiral Star-Shaped Poly(3-Alkylthiophene). Macromolecules .
(36) Sandberg, H. G. O.; Frey, G. L.; Shkunov, M. N.; Sirringhaus,
H.; Friend, R. H.; Nielsen, M. M.; Kumpf, C. Ultrathin Regioregular
Poly(3-Hexyl Thiophene) Field-Effect Transistors. Langmuir 2002,
18, 10176−10182.
(37) Desbief, S.; Hergue,́ N.; Douheŕet, O.; Surin, M.; Dubois, P.;
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