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ABSTRACT: In this study, a new chiral @,w-bifunctional polythiophene is synthesized and used as a nanoparticle linker molecule to
synthesize the first layered conjugated polymer/nanoparticle (CP/NP) hybrid material to induce a potential nonreciprocal optical
rotation. The bifunctionalized polythiophene (PT) is synthesized using a controlled Kumada catalyst-transfer condensation
polymerization (KCTCP) mechanism utilizing a combination of a catechol-functionalized Ni-initiator and a termination process
with Sg and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), to quantitatively obtain a catechol and thiol end-capped poly(3-((S)-3,7-
dimethyloctyl)thiophene). The catechol group has a high affinity for magnetite NPs, while the thiol end group prefers to bind with
metallic NPs such as silver and gold. Using these properties, both a double-layered material, consisting of repeated layers of gold and
magnetite NPs, and a triple layered material, consisting of gold, magnetite, and silver NPs was made, where each NP layer was linked
with the previously synthesized polymer. This was achieved by first functionalizing magnetite NPs with the polymer, resulting in free
thiol ends on these hybrid magnetite NPs. Using these hybrid magnetite NPs allowed for a selective layered construction by
alternating a metallic layer with these hybrid magnetite NP layers. In this way, a system with up to eight double layers and a system
with three triple layers was synthesized and analyzed using UV—vis and atomic force microscopy (AFM) measurements. Finally, also
the nonreciprocal properties were tested.

NTL1

Bl INTRODUCTION nanoparticles (NPs)'*'* or making block copolymers that

Over the last 30 years conjugated polymers (CPs) have
evolved from ill-defined materials into state-of-the-art macro-
molecules with well-defined super- and supramolecular
structures, which have led to countless modern and innovative
applications. This evolution, however, would have been
impossible without the development of catalyst-transfer
condensation polymerization (CTCP), leading to controlled
chain-growth polymerization of poly(3 alkylthlophene)s
(P3ATs),'™* and later also other CPs.””'® Due to the
association of the transition metal catalyst with the growing
polymer chain during the sequential cross-coupling reactions,
chain-growth polymerization with predictable molar masses,
low dispersity, and perfect control over the molecular structure
and end groups is obtained. The importance of controlling the
end groups in CPs cannot be underestimated as it not only has
a significant impact on the supramolecular organization'"'”
but also allows for interesting applications like decorating
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cannot be achieved via sequential monomer addition.”™"" At
first, Ni(dppp)Cl, was used as an initiator/catalyst for the
controlled Kumada CTCP (KCTCP), leading to H/Br-
terminated polythiophenes (PTs).”* However, over the years
new methods to implement different end functionalities on
both the a- and w-ends of CPs have been developed. In
general, three different methods are commonly used. The first
method relies on postpolymerization reactions to functionalize
the a- and/or w-ends. Although a wide variety of functional
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groups can be implemented, this method often suffers from
incomplete conversions and lower yields due to the separate
reaction step besides polymerization. Furthermore, post-
modification sometimes requires low-temperature conditions
for lithiation procedures, promoting aggregation of the CPs in
the reaction medium.'” The second method exploits the
controlled chain-growth mechanism by adding a functionalized
end-capper to terminate the polymerization.'*”*" Although
this method targets the w-end of the polymer, it often suffers
from both mono-and dicaggin§ due to ring-walking, depending
on the functional group.'****" The third approach makes use
of functionalized Ni-initiators, often referred to as external
initiators, resulting in a-functionalized CPs.”*>™*® When
combined with controlled polymerization, this method gives
rise to monodirectional growth with a functional group at the
a-end of each polymer chain. The real strength and interesting
part of this method becomes obvious when combined with the
termination method. As the functionalized a-end inhibits the
bicapping during the termination, the synthesis of CPs with
two different end-%roup functionalities at the a- and w-ends
becomes possible.”®>* Despite their interesting potential, only
a limited amount of research has been dedicated toward these
materials. Some examples are provided by the groups of
Huck™ and Bao,” who managed to use Suzuki—Miyaura
CTCP to achieve both a- and w-end functionalization, while
Okamoto et al. managed to use KCTCP with an external Ni-
initiator for the a-end and a thiol functionality at the w-end by
termination with sulfur powder and 1,8-diazabicyclo[5.4.0]-
undec-7-ene (Sg/DBU) to make the bifunctionalized poly(3-
hexylthiophene).*’

Recently, the group of Verbiest reported a nanocomposite
system composed of a layered structure of silver, iron oxide,
and gold nanoparticles attached to a glass substrate.””*” These
unique materials were found to display a wide variety of unique
properties ranging from nonreciprocal optical transmission ™’
and Faraday rotation’>** to the possibility of differentiating
chiral enantiomers using light carrying orbital angular
momentum, which was previously considered impossible.” It
was found that many of these properties originate from the
strong electric-quadrupole interactions between the gold and
silver nanoparticles, while the iron oxide functions as a
refractive index enhancer. Although the application potential
for such a material is huge, ranging from optical isolators*®~>*
and all-optical computing and processing devices’”*" to
building blocks for integrated photonic circuits,”' the currently
observed effects are too small to make this economically viable.
CPs, however, are known to demonstrate a large quadrupole
behavior.*” Thus, replacing the currently used inactive linker
molecule by a new quadrupole active CP could enhance these
well-desired nonreciprocal effects, increasing the economic
viability. That is why this article aims to develop a new chiral
a,w-bifunctional polythiophene as a nanoparticle linker
molecule to synthesize the first layered conjugated polymer/
nanoparticle (NP) hybrid material with the goal to enhance
the nonreciprocal optical rotation.

Bl RESULTS AND DISCUSSION

To make the layered nanocomposite material, we use a
conjugated polymer with two different end groups that can
bind selectively with either metallic silver and gold NPs on one
end and magnetite NPs on the other end. With this in mind,
poly(3-((S)-3,7-dimethyloctyl)thiophene) with a 4-methyl-
catechol at the a-end and a thiol functionality on the w-end

was synthesized. While the catechol was chosen for its high
affinity for the magnetite nanoparticles, it is also easily
introduced as a functionalized nickel initiator while still
leading to controlled polymerization.” At the w-end a thiol
end group was chosen for its high affinity for both the silver
and gold NPs, and can be introduced by terminating the
polymerization with S;/DBU as described by Okamoto et al.*’
Using two different end groups with different aflinities for the
NPs, a well-defined layered structure can be achieved as shown
in Figure 1. Note that a chiral sidechain was used with the goal
of achieving a chiral expression in the final layered material.

Figure 1. Schematic Representation of Gold, Magnetite, and Silver
NPs Connected by Poly(3-((S)-3,7-dimethyloctyl)thiophene) with
Catechol and Thiol End Groups.

Synthesis of Polymers. All polymers were made via a
KCTCP mechanism utilizing a 4-methyl-catechol function-
alized Ni(dppp) initiator. Note that the hydroxyl function-
alities had to be protected with an acetyl group as these would
otherwise quench the active monomers during polymerization.
An overview of the polymerization procedure is depicted in
Scheme 1. First, the precursor monomer (S)-2-bromo-5-iodo-
3-(3,7-dimethyloctyl)thiophene had to be converted into the
active monomer (S)-S-magnesiochloro-2-bromo-3-(3,7-
dimethyloctyl)thiophene using i-PrMgCl-LiCl. Meanwhile, to
obtain controlled polymerization, a ligand exchange on the
catalyst is performed using 2 equiv of 1,3-bis-
(diphenylphosphino)-propane (dppp).** Due to the controlled
nature, the degree of polymerization (DP) can be tuned by
varying the [Mg]/[In] ratio, which was set to obtain a DP of
20. This will be long enough to provide sufficient quadrupole
contributions from the polymer while keeping the distance
between the gold and silver NPs fairly small. After addition of
the monomer to the controlled initiator species, the reaction
mixture was stirred for 1 h before it was split into two separate
batches. One batch was terminated with a 2M HCI solution in
tetrahydrofuran (THF), resulting in H-terminated polymers
(P1), while the second batch was added to a solution of Sg/
DBU and stirred for 30 min before it was quenched with the
same HCI solution, resulting in thiol-terminated polymers
(P2).

Table 1 lists the molar mass and polydispersity, determined
via gel permeation chromatography (GPC) toward polystyrene
standards, and the DP, determined with 'H NMR. It is
important to note that GPC tends to overestimate the molar
mass of polythiophenes due to their more rigid backbone
compared to the polystyrene standards.”>* Low dispersity
values were obtained, as to be expected from a controlled
synthesis. Although both polymers arise from the same
polymerization, a difference in molar mass and a shift in
GPC is observed (Supporting Information Figure S1). This,
however, can be explained by the formation of thiol-bridges
between the thiol-terminated polymers (P2), resulting in
polymer fractions with a double molar mass, which increases
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Scheme 1. Synthesis of Polymers P1 and P2
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Table 1. M,, Dispersity, and the Degree of Polymerization
for P1 and P2

polymer M, (kg'mol™) peak M, (kg:mol™) Dy DP
P1 6.1 7.4 1.1 22
P2 10.3 13.8 1.2 22

the number average molar mass and results in a slightly higher
molar mass dispersity. This becomes especially obvious when
comparing the peak molar masses of both polymers, which is
twice as big for P2. The DP was found to be 22 for both
polymers, which is close to the aimed DP of 20. Note that
NMR does not give rise to a double molar mass even when S—
S bridges are formed because calibration was performed on the
4-methylene group of the catechol, which is present at both
ends of the S—S bridged polymer chains.

To determine the success of the end-capping, "H NMR was
used in combination with MALDI-ToF. Figure 2 shows how in
particular the signal for the terminal a-methylene protons
(2.62 ppm, e) of P1 shifts underneath the signal for the
internal a-methylene protons (2.80 ppm, d) for P2, caused by
the end-capped thiol functionality. Furthermore, two distinct
singlets can be observed at 2.46 ppm (a) and 2.37 ppm (b),
originating from the 4-methylene protons of both protected

and deprotected 4-methyl-catechol, respectively. Because the
desired DP was obtained, meaning no monomer was
destroyed, the deprotection probably takes place upon
termination of polymerization with acid, which is a well-
known acetyl deprotection protocol. This, however, poses no
problem as the hydroxyl groups have to be deprotected
eventually before they can be used for functionalization of the
magnetite NPs. Finally, the doublet at 2.30 ppm (c) originates
from acetyl groups and is always twice the integration of singlet
a due to the two protected hydroxyl groups. To get additional
information on the nature of the end groups, mass
spectrometry analyses have been performed (Figures S4 and
SS). As expected, P1 is mainly characterized by the
polythiophene with protected catechol as the a-moiety and
hydrogen as the w-end group. The main distribution of P2 is
shifted to a higher mass to charge ratio corresponding to the
31 mass unit. However, the expected mass difference between
P1 and P2 is 32 mass units (addition of a sulfur atom), and
this mass difference probably corresponds to the loss of one
hydrogen atom (H°) during the ionization process as attested
by the comparison between the experimental and the
theoretical isotopic models. Both mass analyses confirm the
successful synthesis.

d
a/b HoC—CgH,4
avry
S n-1
co \ /
H,C—CsHa1
RO e
o
R=H, or \‘O)j\c
.{Aﬁ
M/
]1/\}\[ R
("7
i
{ ‘
| \ ja bl €
I d \ | | u
/ \ ) ‘ {
| \ e

Figure 2. Overview of '"H NMR spectra of P1 and P2.
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Synthesis and Analysis of Hybrid Magnetite NPs.
Oleic acid-stabilized magnetite NPs of 10 + 3 nm were used
for the functionalization (see the Supporting Information).
However, to functionalize these NPs with P2, the remaining
acetyl groups first need to be removed. This was done in situ by
dispersing the magnetite NPs and P2 in THF and adding a
small amount of ammonia solution. This deprotects the
hydroxyl groups of the catechol, making them available for
ligand exchange with the oleic acid chains on the magnetite
NPs. This exchange is entropically favored by the bidentate
nature of catechol, making this exchange fairly easy. Note how
also small amounts of the reducing agent (dithiothreitol, DTT)
were added to break up potential disulfide bonds and prevent
the formation of both polymer and magnetite NP aggregates.
The solution was stirred for 2 h, followed by precipitation of
the NPs and the remaining free polymer in MeOH. Due to
their superparamagnetic nature, the hybrid magnetite NPs
could be separated from the free polymer via magnetic
separation. To ensure that no free polymer remains, the hybrid
NPs were dispersed in THF, which is a good solvent for both
the polymer and the NPs, and purified via magnetic separation.
While the polymer remains in solution, the NPs will precipitate
in the presence of a strong magnet. These purified NPs are
then dried, weighed, dispersed in THF to a concentration of 3
mg mL™’, and subsequently analyzed by UV—vis spectrometry.
Figure 3 shows the UV—vis spectra of the magnetite NPs
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Figure 3. Normalized UV—vis spectra of oleic acid-stabilized NPs
(black), hybrid P2/magnetite NPs (red), and the difference between
the hybrid and oleic acid-stabilized NPs (blue) compared to the pure

polymer P2 (purple).

before and after functionalization with P2. At the first glance
there seems to be no clear indication of the presence of the
polymer. However, when subtracting the spectra of the hybrid
NPs with the original NPs a UV—vis spectrum is obtained that
is in very good correspondence with the UV—vis spectrum of
the pure polymer, indicating the successful synthesis of the
hybrid magnetite material. Transmission electron microscopy
(TEM) measurements show no further noteworthy degrada-
tion or loss of the quality of the nanoparticles (Figures S8 and
S9).

Synthesis and Analysis of the Layered Nanocompo-
site Materials. Double-Layered Nanocomposite Materials.
The first layered nanocomposite system was made by coating a
glass substrate with (3-aminopropyl)trimethoxysilane
(APTMS), on which the gold NPs (11 + 1 nm) were
deposited. Next, the hybrid magnetite NPs, equipped with the
free thiol groups of P2, were deposited on top of the gold NPs,
leading to a nanoparticle double layer (NDL) connected by a
conjugated polymer. The deposition of these NDLs was
repeated up to eight times and UV—vis measurements were
made after each NDL deposition (Figure 4). These UV—vis
spectra display a nice increase in absorption with each DL,
proving successful nanoparticle deposition. Note, however, the
larger increase of absorption around 350 nm, originating from
the hybrid magnetite NPs, compared to the signal around 550
nm, originating from the gold NPs. A possible explanation
could be that magnetite has a larger molar attenuation
coeflicient than gold. However, the most likely explanation is
found by looking at the atomic force microscopy (AFM)
measurements. Although an overall increase of thickness is
observed with each NDL deposition, there is also a visible
aggregate formation most likely from the magnetite NPs
(Figures S10 and S11), leading to increased absorption
compared to the gold NPs. The average thickness of 7 DL
was found to be 110 nm, which is almost twice the thickness of
the previously made material by Brullot et al. with 7 DL.** This
makes sense as now a much longer polymer chain is used as a
linker molecule between the NPs, compared to the short
aminosiloxane linker used in previous systems. The presence of
gold and iron was also confirmed by total reflection X-ray
fluorescence (TXRF) analysis (Figure S14).

Triple Layered Nanocomposite Material. A second nano-
composite material was made consisting of layers of gold,
hybrid magnetite, and silver NPs forming nanoparticle triple
layers (NTLs). This system was made in a way similar to that

] 200 nm
244
224" 150
20 100
—— 1 NDL
50
E]
S 0
<
] a2
g ) -100
o .
@ ' H
o i, .
< #* i
# é+# NDL 2
0.0 T T T T — # r NDL1
300 400 500 600 700 800 J

Wavelength (nm)

Figure 4. UV—vis (left) and AFM (right) measurements of each double layer consisting of gold and hybrid magnetite NPs, respectively.

D

https://dx.doi.org/10.1021/acs.macromol.0c01593
Macromolecules XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01593/suppl_file/ma0c01593_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01593/suppl_file/ma0c01593_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01593/suppl_file/ma0c01593_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01593/suppl_file/ma0c01593_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01593/suppl_file/ma0c01593_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01593?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01593?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01593?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01593?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01593?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01593?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01593?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01593?fig=fig4&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c01593?ref=pdf

Macromolecules

pubs.acs.org/Macromolecules

— (Au-Fe,0,) NP-layer|

Au NP-layer

1NTL
2NTL
3NTL

Absorbance

} NTL2
|+ Hybrid Fe,0,NPL

A
7303 |

T T
500 600
Wavelength (nm)

N

800

T
700
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nanocomposite structures.

of the NDL material, except that after the first hybrid
magnetite NP layer a silver NP layer was deposited on top,
creating the NTL. A nanocomposite structure was made with
up to three NTLs. It is important to note that in between each
NTL, a hybrid magnetite NP layer was added to connect the
silver NPs of the NTL with the gold NP layer of the next NTL,
resulting in a total of 11 NP layers, similar to the 16 NP layers
of the double-layered material. UV—vis was measured again
after each NTL and clearly shows an increased absorption after
each NTL (Figure S). Additionally, the presence of the gold
and iron oxide NPs was confirmed by TXRF measurements
(Figure S15). Unfortunately, the silver NPs did not dissolve in

the aqua regia used for the sample preparation due to the
formation of AgCl. Furthermore, this is combined with an
overlap on TXRF between the La lines from silver with the Ka
lines from argon, making the detection of Ag NPs using TXRF
impossible. Nevertheless, UV—vis clearly shows a difference
after deposition of the Ag NPs on top of the Au—Fe;O,-
layered material and the material is both visually and on UV—
vis different from the NDL material, demonstrating a
successful synthesis of the NTL nanocomposite material.
Analysis of Nonreciprocal Properties. Both the NDL
and NTL composite systems were analyzed for their
nonreciprocal properties using UV—vis spectrometry. Due to
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the nature of the nanocomposite synthesis, both sides of the
glass substrate were covered, resulting in a symmetric material.
However, because nonreciprocity only manifests in asymmetric
materials,*® one side of the glass substrate was removed using a
tissue soaked in MeOH. First, UV—vis measurements were
taken from the front and back sides of the symmetrical system,
where the nonreciprocity should be absent. Next the
nanoparticle layers on one side were removed and the front
and backside of the sample were measured once more. Figure 6
shows an overview of the difference in absorption between the
back and the front side for both the symmetric and asymmetric
materials performed on different samples.

When looking at the differences in the symmetric materials,
it immediately stands out that the difference in absorption is
not always zero. Because nonreciprocity is highly unlikely in
symmetric materials, this difference is probably due to
irregularities of the sample. Furthermore, when comparing
the symmetric and asymmetric materials, when a difference in
absorption is observed for the symmetric sample, there is often
also a difference for the asymmetric sample. On the other
hand, when there is no difference in absorption for the
symmetric sample, indicating a more homogeneous sample,
there is also no difference observed for the asymmetric
material. This leads us to conclude that there is no significant
nonreciprocal effect present in the nanocomposite material for
both the NDL and NTL systems.

There could be several reasons for the absence of
nonreciprocity. First of all, using a polymer automatically
introduces a dispersity in the layered material, which could
lead to a disruption of the quadrupole interactions instead of
enhancing them. Even though the dispersity of the synthesized
polymer was rather small, there is still a large difference
compared to a well-defined small organic molecule. Fur-
thermore, it is possible that by linking the metallic NPs with a
CP, the NPs are too far apart to induce a quadrupole moment,
which could not be compensated by the CP’s own quadrupole
contributions.” Finally, from the absence of a chiral response
of the layered hybrid materials (Figures S18 and S19), it can be
concluded that intramolecular stacking and thereby also the

quadrupole contribution of the polythiophenes are in-
hibited."***

B CONCLUSIONS

In conclusion, we have succeeded in the synthesis of a new,
tailor-made a,w-bifunctionalized poly(3-(S-3,7-dimethyloctyl)-
thiophene) with two different end groups. A high degree of
selective end-capping was obtained using a catechol-function-
alized external Ni-initiator to obtain a catechol end group at
the a-end, while the w-end was functionalized via termination
with Sg/DBU to obtain a thiol-functionalized polymer. Because
of the high affinity of the catechol groups for magnetite NPs,
this polymer was successfully used for the coating of magnetite
NPs, resulting in polymer hybrid magnetite NPs bearing free
thiol end groups. Finally, these hybrid nanoparticles were used
for the development of the first ever CP/NP-layered hybrid
material consisting of either alternating gold and hybrid
magnetite NPs (NDL system) or alternating layers of, gold,
hybrid magnetite, and silver NPs (NTL system). Although the
material showed signs of magnetite NP aggregation, a
significant amount of layers could be constructed resulting in
a unique material where each nanoparticle layer was connected
via an a,w-bifunctionalized conjugated polymer. Nevertheless,
due to the inherent polydispersity of the CPs, it was impossible

to obtain a smooth sample, which in turn disrupted the
nonreciprocal effect instead of enhancing it. This could
potentially be solved by synthesizing conjugated oligomers
step by step. However, this would significantly increase the
production cost and thus make the system less economically
interesting.
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