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Introduction

Nowadays, metallopolymers are of growing interest due to

Amine-containing block copolymers for efficient
catalyst-free hydroamination and preparation of
functional metallopolymers+

b and Markus Gallej (2 xa-<

Till Rittner, {2 @ Kinza Ghulam, (2 ® Marcus Koch
Cobaltocenium-containing polymers, an emerging class of materials, have historically been challenging
to prepare due to their chemical robustness. In this work, we introduce a novel and highly efficient
method for their preparation based on methacrylate-containing block copolymers (BCPs), allowing
segment-selective introduction of functional moieties. The catalyst-free and quantitative hydroamination
reaction we introduce has proven successful for the post-modification of amine-containing polymers
with cobaltocenium. To demonstrate the versatility of this method, we successfully synthesized a series of
BCPs consisting of polystyrene and a 5 to 20 wt% poly(tert-butyl aminoethyl methacrylate) (PtBAEMA)
segment by living anionic polymerization. The selective functionalization with ethynyl-cobaltocenium hex-
afluorophosphate results in adjustable 5 to 40 wt% cobaltocenium units in the polymer as part of the
PtBAEMA block segment. The success was monitored by IR spectroscopy, and the quantitative incorporation
of the cobaltocenium moiety was verified by *H NMR, UV-Vis spectroscopy, and TGA. DSC proved the
block-selective cobaltocenium introduction by an additional glass transition temperature at 154 °C, and the
strong microphase separation character of the amphiphilic BCPs leads to lamellar structures in the bulk
state, as proven by TEM investigations. Finally, the water contact angle on polymer films is compared,
showing polarity inversion and tunability upon conversion of hydrophilic amine to hydrophobic cobaltoce-
nium hexafluorophosphate moieties. This successful synthesis and characterization of cobaltocenium-con-
taining BCPs not only paves the way for a new class of metallopolymers but also offers functionalization
possibilities for a variety of other responsive moieties, providing access to functional BCPs.

an aqueous environment, ferrocenium readily oxidizes back to
the favored neutral complex, losing the ionic properties essen-
tial for further applications.’*"® By replacing the iron with

their unique properties that combine inorganic and organic
aspects.”” From this combination, numerous applications
ranging from electrochromic materials," hydrogels,® and
ceramic material? over ion separation®® and PFAS capture’ to
materials for controlled wetting® and many other applications
are described.”® In this field, ferrocene is the most prominent
metallocene.'” It is readily modified, resulting in an abun-
dance of reactive monomers and polymers.'> One major draw-
back of ferrocene is the unstable ionic state. Here, especially in
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cobalt, this problem can be overcome. The isoelectronic cobal-
tocenium complex features a permanent and stable cationic
state. In contrast, neutral cobaltocene readily oxidizes fast and
is exploited for one-electron reduction in organic synthesis
and internal standard in cyclic voltammetry.® This advantage
of the stable ionic state over ferrocene, however, also presents
a major challenge. Due to the inert ionic nature of cobaltoce-
nium, derivatization is generally difficult. However, there have
been significant developments in recent years due to the ever-
increasing demand for new metallocene-containing
polymers.””*® In general, there are three routes to obtain
cobaltocenium-containing polymers: (i) via main-chain
polymerization, (ii) via polymerization of side-chain cobalto-
cene monomers, and (iii) post-modification methods, each
with respective advantages and disadvantages.'® While the
first two approaches require the use of specialized techniques,
post-modification offers the possibility of using template poly-
mers from almost any preparation method. In general, after
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polymer synthesis and characterization, cobaltocenium can be
introduced by reacting with functionalities in the polymer
side-chain. Here, initially, cobaltocene acids and their deriva-
tives were used extensively.>® Later, with the introduction of
the acetylene-click reaction, a second approach was intro-
duced, utilizing cobaltocene acetylene.>* Even though both of
these methods deliver good results, they still require catalysts
for high conversion rates, which can be a hindrance for many
applications.’® More recently, a catalyst-free hydroamination
reaction of ethynyl cobaltocenium and primary or secondary
amines was described by Wang et al. enabling a covalent and
efficient cobaltocenium functionalization.?* Using this elegant
approach, first macrostructures like dendrimers and homopo-
lymers derived by ring-opening metathesis polymerization
(ROMP) could be synthesized in the Astruc group.>** These
first examples show great potential for many interesting appli-
cations. On the other hand, the formation and access to block
copolymer (BCP) structures would widen the scope of this
metallopolymer class into different fields of application.

In this work, we demonstrate a generally applicable method
for introducing cobaltocenium moieties into methacrylate-
based polymers using tert-butyl aminoethyl methacrylate
(tBAEMA) monomer for the formation of block copolymer seg-
ments. BCP architectures are prepared by using living anionic
polymerization to take advantage of structure formation and
morphological evolution. We highlight the convenient control
over the amount of introduced cobaltocenium into the BCP
segments by different characterization techniques comprising
proton nuclear magnetic resonance (1H NMR) spectroscopy,
attenuated total reflection infrared spectroscopy (ATR-IR),
UV-Vis spectroscopy, thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). Finally, to prove the
feasibility of metalloblock copolymer design, the microphase
separation and influence of the cobaltocenium on the surface
polarity control are explored.

Results and discussion

To introduce the amino methacrylate-based functionalization
approach and prepare cobaltocenium-containing block copoly-

1. s-BuLi,1h
N 2. DPE, RT to -78°C, 0,5h
3. n (x tBAEMA, y MMA), 16h

THF, LiCl, -78°C
4. MeOH
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mers (BCP), a stepwise living anionic polymerization followed
by block segment-selective functionalization with ethynyl
cobaltocenium hexafluorophosphate was applied. In this case,
anionic polymerization was used to access well-defined BCPs
with different amounts of amine functionalities. The general
procedure used in this work is displayed in Scheme 1.
Following the synthesis of the first polystyrene (PS) block by
initiation with sec-butyllithium in THF at low temperatures,
diphenylethylene (DPE) was utilized for the end-capping reac-
tion of the PS macroinitiator to prepare a sterically demanding
reactive macroinitiator.”> This bulky end-group is capable of
efficiently initiating the methacrylate double bonds without
reacting with the methacrylate ester group, which would other-
wise result in the termination of the active polymer chains.?®*”
The introduction of DPE is, therefore, essential for the tran-
sition from polystyrene to methacrylate units. For the for-
mation of the second block segment, a 3:1 molar mixture of
tert-butyl aminoethyl methacrylate ((BAEMA) and methyl meth-
acrylate (MMA) monomers was chosen, whereas tBAEMA is
essential for the introduction of the cobaltocenium motive
and MMA provides a smooth transition from the first active
polystyrene block segment to the polymethacrylate block
segment. To facilitate the adaptability of the system, we
focused on controlling the total cobaltocenium amount to be 5
to 40 wt% of the polymer. For this purpose, four different
BCPs (P1-P4) with {BAEMA contents of 5 to 20 wt% were pre-
pared. An overview of all synthesized and functionalized poly-
mers is given in Table 1.

The resulting polymers were first characterized by proton
nuclear magnetic resonance spectroscopy (1H NMR) and size
exclusion chromatography (SEC). The initial PS block segment
was characterized by SEC in THF against PS standards
(Fig. 1a). The PS block was kept at a molar mass of 80 kg
mol™" to focus solely on the influence of functionalization of
the second block segment. For the PS macroinitiator, SEC ana-
lysis showed a similar molecular weight for all initial blocks
with polydispersity index values of around 1.03 (Table S17).

For better comparison, the PS blocks were additionally
measured in dimethylformamide (DMF) against PMMA stan-
dards, with very similar results presented in Table 1. Next, the
corresponding BCPs were analyzed. Due to the amine func-

PFg Co

=
_—
THF/ACN, 60°C, 2d

Scheme 1 Synthesis of PS-b-(PtBAEMA-co-PMMA) via anionic polymerization initiated by sec-butyllithium (s-BulLi) at low temperatures in tetra-
hydrofuran (THF) and functionalization to PS-b-(PCoEtBAEMA-co-PMMA) with ethynyl cobaltocenium hexafluorophosphate in a THF/acetonitrile

(1:1) mixture at 60 °C for two days.
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Table 1 Summarized molar masses, polydispersity index values, D, and block segment content (weight content (wt%)) of (PtBAEMA and
PCoEtBAEMA) of synthesized polymers calculated by SEC measurements and *H NMR spectroscopy

Nr. Polymer M, sec b p° M, nmr ¢ WEtYOpCoEBAEMA(NMR) ¢ Wt%pCoEBAEMA(UV-Vis) f
PS¢ 77.8 1.08 — — —
P1 PS;o7-b-(PtBAEMA,-c0-PMMAg) 82.8 1.08 87.4 4.4 (5.0)
P1* PS.9,-b-(PCOEtBAEMA,-co-PMMAy) 87.8 4.5 (11.8) 6.2
PS,; “ 76.6 1.07 — —
P2 PS,73-b-(PtBAEMA 45-c0-PMMA, ;) 82.6 1.08 90.1 9.2 (10.0) —
pP2* PS,73-b-(PCOEtBAEMA;;-c0-PMMA, ) 98.7 17.1 (22.9) 20.1
PS,; “ 74.2 1.08 — —
P3 PS,3-b-(PtBAEMA,;-c0-PMMA, ;) 83.7 1.11 95.9 13.7 (15.0) —
P3* PS,73-b-(PCOEtBAEMA;,-c0-PMMA, ) 114.4 27.2 (31.7) 31.1
PS,6 “ 78.4 1.09 — —
P4 PS776—b—(PtBAEMA1OS—CO—PMMA37) 97.2 1.10 104.6 19.2 (20.0) —
Pa* PS,6.-b-(PCOEtBAEMAg-c0-PMMA; ) 127.0 34.0 (41.0) 40.1
P5 PtBAEMA 496-b-PMMA, 35 88.5 1.07 — 85.0 (85.0)
P5* PCOE{BAEMA;g4,-b-PMMA, 35 225.5 92.6 (94.3)

% PS molar masses were determined by SEC in THF (kg mol ™, PS standards) and used to calculate NMR values for the corresponding block copo-
lymers. ? Molar masses determined by SEC in DMF (kg mol~!, PMMA standards). © P values determined by SEC in DMF. *Molar masses in kg

mol ™" determined by "H NMR data of block c
by '"H NMR with theoretical values in brackets.
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Fig. 1 BCP synthesis data of PS;7-b-(PtBAEMA,;-co-PMMAg) (P1), PS;73-b-(PtBAEMA,s-co-PMMA;3) (P2), PS;73-b-(PtBAEMA;;-co-PMMA,3) (P3)
and PS;76-b-(PtBAEMA;og-co-PMMA3;) (P4); (a) size exclusion chromatography (SEC) data in tetrahydrofuran against polystyrene standards of the
first polystyrene blocks; (b) size exclusion chromatography data in dimethylformamide with polymethylmethacrylate standard of P4 and respective
first polystyrene block; (c) proton nuclear magnetic resonance (*H NMR) data of P4 in CDCls at 500 MHz; (d) attenuated total reflection infrared
spectroscopy (ATR-IR) of P1 to P4 with increasing methacrylate second block in comparison.
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tionality in the fBAEMA monomer, SEC in DMF was conducted
with LiCl (1 g L") against PMMA standards (Fig. 1b). Here, a
shift toward higher molecular weights compared to the PS
block segment while maintaining a narrow molecular weight
distribution was found for all cases, indicating a successful
block formation (Table 1). To verify the polymer composition,
"H NMR spectra in CDCl; were recorded (Fig. 1c). Here, the PS
integrals could be used to evaluate the polymethacrylate
content and calculate the overall composition of the resulting
BCPs. In all cases, the resulting weight ratios of tBAEMA were
slightly below the targeted composition (Table 1) but clearly
reflected the desired trend. It shall be noted that for all poly-
mers, a water peak at 4.7 ppm could be found, which could be
removed via extensive drying. However, the presence of traces
of water was not relevant to the ensuing reactions. Next, result-
ing BCPs were characterized by attenuated total reflection
infrared spectroscopy. The resulting spectra (Fig. 1d) showed
the PS signals in the C-H (v = 3100-2700 cm™") and C=C (v =
1400-1520 cm™') region and increasing C=0 signals with
higher methacrylate content. Additionally, the N-H/O-H
region (v = 3600-3200 cm™') confirmed the increasing amine
moiety content for the respective BCPs. After successful BCP
formation, cobaltocenium was introduced via a quantitative

: : . . ; ; :
a) [ PS ]
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and catalyst-free hydroamination reaction. Contrary to the
literature, not only acetonitrile but an acetonitrile/tetrahydro-
furan (1:1) mixture was used to introduce the ethynyl cobalto-
cenium to the amine moiety of the poly(tBAEMA) block
segment. After workup, the former white polymers featured a
bright red color (Fig. 2b) as a first proof of successful cobalto-
cenium functionalization.>® The metallopolymers were first
characterized by ATR-IR spectroscopy. Fig. 2a presents spectra
of P4 (PS,;6-b-(PtBAEMA,og-c0-PMMA;;)) before and after
functionalization P4* (PS;s.-b-(PCOEtBAEMAg,-co-PMMA;,))
with a cobaltocenium content of 40 wt%. Here, a significant
difference between the bands could be found. The former
signal intensity of the bands for the N-H region decreased,
proving the reaction had taken place at the proposed second-
ary amine site of the tBAEMA group, and no residual amine
was present after the reaction. Additionally, new signals at
839 em™! (yp_p)) and 559 cm ™! (y(cp)) confirmed the introduc-
tion of the cobaltocenium motive according to the literature.>

It was found that signal intensities increased with increas-
ing cobaltocenium content (Fig. S151). However, since this
method of successful conversion could only be qualitatively
proven, "H NMR spectroscopy was used to evaluate the overall
composition further. Here, a strong tendency was observed to

d 1.00 . . T .
) —P4*
0.75 4
c
o
2050 4
= 486 nm
)
0.25 Bl
0.00 . T T T
300 450 600 750

wavelength / nm

Fig. 2 Compiled data after functionalization of PS;;¢-b-(PtBAEMA;pg-co-PMMA3; (P4) to PS;7¢.-b-(PCOEtBAEMAgy-co-PMMAz,) (P4*); (a) attenu-
ated total reflection spectra (ATR-IR) of P4 before (top) and after (bottom) functionalization; (b) images of P4 before (left) and after (right)
functionalization; (c) proton nuclear magnetic resonance (*H NMR) spectra of P4 before (top) and after (bottom) functionalization; (d) UV-Vis data of

0.05 g L™ of P4* in tetrahydrofuran with Amax = 486 nm.
9 y
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form micelles in deuterated chloroform (CDCl;), significantly
influencing the signal intensities due to decreased polymer
chain mobility. This micellization effect was not found for the
non-functionalized polymer, indicating a significant change in
solubility behavior attributed to the ionic character of the
introduced cobaltocenium moieties. Transmission electron
microscopy (TEM) further confirmed micelle formation in
chloroform (Fig. S18t). By using a mixture of CDCl; and deute-
rated acetonitrile (CD3;CN), the micellation could be avoided,
and "H NMR spectra of diluted polymer chains were obtained.
To exclude solvent dependencies on the signal intensities, the
mixture composition also varied from 25 to 75 vol% CD;CN
with CDCl;, and the BCP solutions were investigated using
NMR spectroscopy. As a result, only a minimal change of ~1%
change in signal intensity was found in the comparison for
these BCP solutions, proving that ACN was suitable for imped-
ing micelle formation. Therefore, a 1: 1 mixture of the respect-
ive deuterated solvents was used for all the following evalu-
ations on BCP composition. As presented in Fig. 2¢, the 'H
NMR spectrum of P4 before and after functionalization with
cobaltocenium showed a significant difference. The functiona-
lized polymer P4* exhibited new resonances in the range of
5-6 ppm, which could be attributed to the cobaltocenium
group.”” Furthermore, an additional shift of the tBAEMA reso-
nance at 2.7 ppm to 3.4 ppm was found, indicating an elec-
tronic change in the environment next to the amine moiety,
where the functionalization took place. Respective integrals
were compared with the aromatic PS signals, and the compo-
sition and conversion were calculated (Table 1). In all cases,
slightly lower repeating units were found for the functionalized
CoE¢{BAEMA monomer. This was attributed to the difficulties
introduced by measuring the '"H NMR in a solvent mixture
rather than a change in composition. Nevertheless, the result-
ing compositions were close to the expected values.
Noteworthy, there was no signal found at 2.7 ppm, which
would belong to the non-functionalized Pt BAEMA, indicating a
complete conversion. Only for the functionalized polymer
PS;97-b-(PCOE{BAEMA;-co-PMMAg) (P1*) with the lowest poly-
methacrylate segment, a value of 4.5 wt% compared to the pre-
dicted 11.8 wt% was found. The reason could not be identified
up to this point. In general, it was observed that the
functionalization proceeded better with higher ¢BAEMA
content of the used BCP precursor. Different possibilities
ranging from suboptimal functionalization environment to
micellation effects and the overall workup procedure could be
responsible factors for insufficient functionalization. Next, the
colored feature of the functionalized BCP was advantageously
utilized to evaluate the cobaltocenium content further. The
newly formed cobaltocenium functionality exhibited a strong
light absorption with a maximum in THF at 486 nm (Fig. 2d).
By using a calibration curve (Fig. S11t), the overall concen-
tration of attached cobaltocenium per 1 mg of polymer could
be measured, and the resulting weight percentage could be
directly calculated. The results for the amount of cobaltoce-
nium functionalization presented in Table 1 show a similar
trend compared to the previous results. Except for the above-

This journal is © The Royal Society of Chemistry 2024
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mentioned PS,q,-b-(PCOEtBAEMA;-c0-PMMAg) (P1*), where the
significantly lower degree of functionalization could be con-
firmed, all samples show almost complete conversion with
values close to the expected. Attempts for the SEC measure-
ments of the functionalized polymers were performed, but to
date, no solvent/salt/column combination has been found to
suppress the strong micellization effect or improve column
compatibility. This problem is well-known in the literature for
cobaltocenium-containing polymers.>?

For a BCP, two separate glass transitions are normally
found in differential scanning calorimetry (DSC) measurements
when the difference of the respective glass transition tempera-
tures (Ty) is significant. DSC was performed to demonstrate the
block-like nature of the synthesized polymers. The DSC measure-
ments from RT to 180 °C in nitrogen are presented in Fig. 3a.
Here, no second T, was found for the non-functionalized poly-
mers, which is presumably an effect of the relatively short block
length and an overlap of the T, for the statistical PMMA copoly-
mer segment with the T, of PS. In contrast, for the functionalized
polymers, a second T, at 154 °C was found in addition to the
expected T, of PS at 104 °C. A signal intensity increase for the
second glass transition with a higher cobaltocenium content was
observed. To further prove that the found glass transition temp-
erature stems from the cobaltocenium-containing block segment,
a statistical copolymer PCOE{BAEMA;g,-b-PMMA, 3; (P5*) with the
same composition as the second block segment was synthesized.
Here, a T, of 155 °C was found, further proving the successful
functionalization and BCP structure containing cobaltocenium.

Next, thermogravimetric analysis (TGA) of the synthesized
polymers was performed to quantify the cobalt content within
the formed BCPs further. Due to the introduction of cobalt to
the organic polymer, metal oxides, and other ceramic
materials can be formed upon thermal treatment. In a nitro-
gen atmosphere, mainly metallic cobalt and cobalt-carbon cer-
amics are formed. In contrast, when synthetic air is used
during ceramization, cobalt oxides are formed. In both cases,
the residual weight after calcination is increased with
increased cobalt content.”® In a standard procedure, the poly-
mers were treated from room temperature (RT) up to 590 °C in
a nitrogen atmosphere with a heating rate of 10 K min~". From
the resulting Fig. 3b, a strong influence of the introduced
cobaltocenium on the overall ceramic yield could be found.
Where the non-functionalized polymers resulted in a residual
weight of 0.5 to 0.8 wt%, respecting cobaltocenium-containing
BCPs with increasing content of 5 to 40 wt% cobaltocenium
resulted in 2.2 to 10.1 wt% residual mass. This finding
strongly correlated with an increasing degree of cobaltoce-
nium-functionalization, as presented in Fig. 3d. Here, a linear
increase of 0.23 wt% residual mass per 1 wt% of cobaltoce-
nium monomer was found for the BCPs. Additionally, a single
initial degradation step and a higher decomposition tempera-
ture of 380 °C were found for the cobaltocenium-containing
polymers. Furthermore, at 440 °C, a second conversion up to
590 °C takes place, further reducing the residual mass. This
behavior was not found for the non-functionalized BCPs,
where degradation occurred in two steps, starting from 230 °C

Polym. Chem., 2024, 15, 3519-3528 | 3523


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4py00780h

Open Access Article. Published on 05 Agusito 2024. Downloaded on 04/12/2025 19:37:57.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
a)
Tg(ps) Tg(PCoErEAEMA)
1 \ \‘
! \ '«‘:
I~ /\\
)
\\\\
e
P1* T \\-—\
—p2 ~
—P3 \\-no-—.._
—P4* \
—P5* N
N e
T T T
50 100 150 200
T/°C
c)
T T T T T
100
-4
75 2
X -2
T 50+
=
[7] L
B3 1
25+ R . Lo
J—7)
—p4
»»»»»» P4 DTA +-1
0 ooens P4* cDTA
T T T T T
0 100 200 300 400 500 600
T/°C

cDTA/K

View Article Online

Polymer Chemistry

weight / %

200 300 400 500

100

d) T/°C

10 .

X 84 1
=
o
[

3 6 .
©
3
3
u

Q 44 .

2 4

5 10 15 20 25 30 35 40 45

CoEtBAEMA / wt.%

Fig. 3 Thermal analysis data of PS;97-b-(PtBAEMA,;-co-PMMAg) (P1), PS;73-b-(PtBAEMA45-co-PMMA5) (P2), PS;73-b-(PtBAEMA,;-co-PMMA,3) (P3),
PS;76-b-(PtBAEMA1pg-co-PMMA3z7) (P4) and PtBAEMA,06-b-PMMA; 33 (P5) with respective functionalized counterparts (*): (a) differential scanning
calorimetry (DSC) spectra in the range 30 to 200 °C in nitrogen of cobaltocenium-containing polymers; (b) thermo gravimetric analysis (TGA) data
of synthesized polymers before (solid) and after functionalization (dotted) from 30 to 590 °C in nitrogen; (c) Calculated differential thermo-
gravimetric analysis (cDTA) of the calcination process of P4 and P4* in nitrogen atmosphere; (d) linear correlation of residual weight and CoEtBAEMA

weight percentage (wt%) in calcinated samples with incline of 0.23%/wt%.

with the final step at 320 °C. To further illustrate the differ-
ence, calculated differential thermogravimetric analysis (cDTA)
was performed for PS,;6-b-(PtBAEMA,og-c0-PMMA;,) (P4) and
PS,3-b-(PCOE{BAEMA;,-co-PMMA,;) (P4*) (Fig. 3c), revealing
an exothermic peak starting at 450 °C after the initial
decomposition step for the cobaltocenium derivative. A second
unique feature of block copolymers is their ability to self-
assemble into microstructures. Thus, depending on the
volume fraction and Flory-Huggins interaction parameter y,
different morphologies can be generally formed, ranging from
spheres to cylinders to lamellae and other structures.®?® This
is also known in the literature for neutral cobaltocene poly-
mers but has not been examined for our novel metalloblock
copolymer.>® To investigate the morphological evolution of the
herein-prepared metalloblock copolymers in the bulk state,
polymer films were cast from a THF solution to study the self-
assembly capability. As described before, the found glass tran-
sition temperature of 104 °C (PS) and 154 °C for varying cobal-
tocenium content already gave a hint for a microphase separ-
ation of the block segments. Moreover, it turned out that the

3524 | Polym. Chem., 2024, 15, 3519-3528

polymers were stable above the glass transition temperature of
the metallopolymer segment to a temperature of 210 °C.
Therefore, an annealing temperature of 170 °C in a nitrogen
atmosphere for two days was chosen. The BCP films were cut
into thin slices by ultramicrotomy followed by investigation by
transmission electron microscopy (TEM). Due to the high
amount of electrons inside the metallopolymer-containing
domains, no further contrasting technique was needed, and
the metallopolymer morphologies appeared dark during TEM
measurements, similar to ferrocene-containing BCP
morphologies.>* 3> Because of the brittleness after annealing,
it was not possible to obtain thin slices from film samples of
PS;,3-b-(PCOEtBAEMA;,-co-PMMA,) (P4*). An overview of the
other samples is shown in Fig. 4. Generally, the respective
polymer volumes are compared. Still, due to the novelty of our
system, the PCoEtBAEMA volume has not been measured so
far, and therefore, weight ratios are used for comparison.
Remarkably, even at a low cobaltocenium content of 5 wt%, a
lamellar-like microstructure was found (Fig. 4a and b).
Normally, spherical microstructures are expected at lower

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Transmission electron microscopy (TEM) images of thin slices
from THF casting solution with respecting CoEtBAEMA content in
weight percent (wt%): (a and b) PS;97-b-(PCoEtBAEMA;-co-PMMAg),
(cand d) PSy73-b-(PCOEtBAEMAz;-co-PMMA;,), (e and f) PS;;3-b-
(PCoEtBAEMAs;-co-PMMA,;).
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volume ratios. This normally unexpected behavior is com-
monly found in metallocene-based polymers. It is proposed
that for this system, the normal phase diagram cannot be con-
sidered due to the strong interactions, but rather, a “fru-
strated” layer morphology is observed, not representing the
thermodynamical equilibrium.?® Generally, the synthesized
BCPs showed a very high tendency to microphase separation
and, thus, a high interaction parameter y. It is assumed that
the ionic nature of the cobaltocenium compared to the PS
leads to this effect. Similar to before, at a higher cobaltocene
content of 17 wt% (Fig. 4c and d), lamellar structures are
found, but the uniformity and order are drastically increased.
Furthermore, a remote order of several pm can be found, indi-
cating an excellent ordering process. The size of the darker
cobaltocene domain increases to 12.9 + 2.1 nm, which is
expected compared to the counterpart with lower cobaltoce-
nium content (~8 nm). An even larger cobalt domain of 14.7 +
0.7 nm is found at a cobaltocenium content of 27 wt% (Fig. 4d
and f). Here, an even more detailed investigation was possible
(Fig. 4f), showing a remarkably narrow cobaltocene domain
compared to the polystyrene (69.2 + 1.3 nm), further facilitat-
ing the strong segregation.

Last, the surface polarity of the synthesized polymers was
characterized. For this purpose, the water contact angle of the
synthesized polymers coated on silica wavers was investigated.
After spin coating from a tetrahydrofuran solution, the poly-
mers are compared pre- and post-functionalization with cobal-
tocenium. In Fig. 5a, the results are shown. By increasing the
overall amine amount, the polarity and hydrophilicity increased,
resulting in a stepwise decrease in the difference between the
plain hydrophilic waver (orange columns). After functionalization,
the secondary amine is converted to the rather hydrophobic
cobaltocenium hexafluorophosphate derivative. As a result, the

90
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Fig. 5 Water contact angle results of spin-coated polymer on silica wavers for synthesized polymers PS;97-b-(PtBAEMA,;-co-PMMAg) (P1), PS;73-b-
(PtBAEMA,5-co-PMMA;3) (P2), PS;73-b-(PtBAEMA;;1-co-PMMA,3) (P3) and PSy76-b-(PtBAEMAgg-co-PMMAz;) (P4) with respective functionalized
counterparts; (a) Compiled results for water contact angle measurements before and after functionalization of the silica wavers; (b) Exemplary

photographs for water contact angle measurements for P4 and P4*.
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water contact angle increased stepwise with the cobalt content.
While at low cobaltocenium content, no significant change was
visible, a large difference of 40° could be found for higher func-
tionalized species. In future works, we aim to replace the hexa-
fluorophosphate counter-ion with a hydrophilic alternative, inter-
esting for further surface applications. Moreover, it is proposed
that this method is not only limited to polymers presented in this
study and discussed previously but also to similar amine-contain-
ing surfaces. By functionalizing with ethynyl cobaltocenium, not
only can the surface polarity be tailored, but an ionic metallocene
can also be introduced, opening ways for many other interesting
applications.

Conclusions

In this work, we present a new methacrylate-based approach to
synthesize cobaltocenium polymers by introducing cobaltoce-
nium into amine-containing polymers via a catalyst-free hydro-
amination reaction. For this purpose, statistical copolymers, as
well as a series of block copolymers (BCP) with 5 to 20 wt% com-
mercially available tert-butyl aminoethyl methacrylate ((BAEMA)
and styrene were synthesized by living anionic polymerization.
After characterization, the synthesized polymers were functiona-
lized with ethylene-cobaltocenium hexafluorophosphate, resulting
in polymers with 5 to 40 wt% cobaltocenium monomer. The
overall success was demonstrated by IR spectroscopy, and the
quantitative conversion could be verified by "H NMR and UV-Vis
spectroscopy. The thermal properties were investigated by TGA
and DSC, where the TGA data demonstrated the linear depen-
dence of the cobaltocenium block length on the residual masses,
and a second glass transition temperature at 154 °C became
visible, as determined by DSC measurements. Furthermore, the
strong phase-separating properties of the synthesized BCPs were
utilized to study the self-assembly behavior of the synthesized
polymers in thin films for the first time. Remarkably, even at low
cobaltocenium content, lamellar structures with good long-range
order were found in all cases. Finally, the water contact angle of
the synthesized polymers was compared, showing polarity inver-
sion and tunability by conversion of hydrophilic amine moieties
to hydrophobic cobaltocenium hexafluorophosphate. Overall, this
novel approach of efficiently introducing cobaltocenium to a
methacrylate-based polymer structure paves the way for a new
class of metallopolymers featuring interesting architectures.

Experimental
Material and methods

Proton nuclear magnetic resonance (1H NMR) spectra were
recorded on a Bruker Avance II 500 spectrometer with a 9.4 T
Ultrashield Plus Magnet, a BBFO probe, and referenced by
using the solvent signals.*® For processing and evaluation of
the spectra, MestReNova 14.2.0 was used. Infrared (IR) spectra
were collected on a BRUKER ALPHA II FT-IR setup in attenu-
ated total reflection mode (ATR) with spectrum output in
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transmittance. All spectra were processed with OPUS 8.5 (SP1)
software (baseline correction) and Origin2020b (normalized).
Thermogravimetric analyses (TGA) were measured on a
Netzsch TG 209 F1 Libra with a heating rate of 10 K min~" and
synthetic air as protective and nitrogen as a purge gas with a
flow rate of 20 mL min~" each. Differential scanning calorime-
try (DSC) was carried out on a Netzsch DSC 214 Polyma in
nitrogen with a heating rate of 10 K min™". For evaluation,
Netzsch Proteus Thermal Analysis 8.0.1 was used. Size exclu-
sion chromatography (SEC) was performed by utilizing a 1260
Infinity II (Agilent Technologies) and two eluents. When using
tetrahydrofuran (THF) as the mobile phase (flow rate 1 mL
min~"), a PSS SECurity2 RI/UV detector on an SDV column
from polymer standard service (PSS) (SDV 1000 A, 5 pm) was
used. Calibration was done using polystyrene (PS) standards
from PSS. For dimethylformamide (DMF) as the mobile phase
(flow rate 1 mL min~", containing 1 g L™" LiBr), a PSS GRAM
Analytical column from PSS (103 A) was used at 60 °C. Here,
calibration was carried out by using poly(methyl methacrylate)
(PMMA) standards from PSS. Transmission electron
microscopy (TEM) experiments were performed using a JEOL
JEM-2100 electron microscope (200 kV; 0.14 nm resolution) and a
Gatan Orius SC1000 camera (Binning 2; 1024 x 1024 pixels) in
bright field mode. The camera was computer-aided using the
Digital Micro-graph software from Gatan. For thin film prepa-
ration, samples were cut by an ultramicrotome from surface to
surface at —70 °C using a Reichert ultracut device by Leica
Microsystems. Ultra-thin slices with a thickness of 50 nm were
prepared using a diamond trim knife cryo-trim 45 and a diamond
cutting knife cryo 45° by Diatome. Cryo-temperatures were rea-
lized using a cryo chamber equipped with an RMC control unit
for cooling with liquid nitrogen. Contact angle measurements
were performed using a Hamilton syringe 100 pL in a syringe
pump by kdScientific adjusted to 10 pL and a custom XYZ posi-
tioning table. Photographs were collected using a Nikon D54000
and digiCamControl 2.1.2. Here, Open drop 3.3.1 was used for
evaluation.>* The polymers were coated on double-side polished
silicon wafers (N/Phos(100), d = 100 mm, thickness = 600 pum, re-
sistance = 1-10 Q, Si-Mat, Kaufering, Germany) with an approxi-
mate size of 1 x 1 cm. A blank wafer was used as a reference. A
SPIN150 spin coater (SPS-Europe, Putten, Netherlands) was used
for the formation of polymeric layers on silicon wafers. The fol-
lowing parameters were utilized: 3000 rpm, 500 rpm s, and 10 s
spinning time. For this, the polymer was dissolved in tetrahydro-
furan at a concentration of 10 mg mL™".

The chemicals used were purchased from Sigma Aldrich,
Acros Organics, and Alfa Aesar and used as received unless
otherwise stated. Ethynyl cobaltocenium hexafluorophosphate
was synthesized according to the literature.>

The monomers methyl methacrylate (MMA), tert-butyl
aminoethyl methacrylate (tBAEMA), and styrene were passed
through basic aluminum oxide and dried over calcium hydride
prior to the standard purification procedure for anionic
polymerization. Tetrahydrofuran (THF) was dried using diphe-
nyl hexyl lithium (DPHLi) and distilled via glas apparatus
directly into the reaction vessel.
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Polymer synthesis and functionalization

General synthesis of PS-b-(PtBAEMA-co-PMMA). Into a dried
Schlenk flask with dry THF (~40 mL), LiCl (10 eq. with respect
to the initiator), as well as sec-butyllithium (100 pl, 1.4 M), was
added and stirred overnight at RT. Styrene was now added, and
the flask was cooled to —78 °C. After cooling for 20 minutes,
the polymerization was initiated via sec-buthyllithium
addition. An instant yellow color was noticeable. After 1.5 h, a
sample (2 mL) for analysis was taken, and diphenylethylene
(DPE) (1.5 eq. with respect to the initiator) was added. A color
change to red was observed. To complete the end functionali-
zation reaction, the reaction was stirred at RT for 30 min and
cooled to —78 °C for 30 min. Now, the amounts of tBAEMA
and MMA were mixed in a syringe containing 1 ml dry THF
solution and quickly added to the reaction. Upon addition, a
quick discoloring from the red DPE endcap is noticeable. The
reaction was stirred for 16 h at —78 °C and terminated with dry
degassed methanol. The polymer was precipitated in n-hexane
and dried in a vacuum at 40 °C overnight.

'H NMR (500 MHz, 300 K, CDCl;, 6 in ppm): 0.70-2.30
(backbone + tButyl, m); 2.81 (5, s, 2H); 3.59 (6, s, 3H); 4.06 (4,
s, 2H); 6.29-7.23 (1 + 2 + 3, 5H, m).

General synthesis of PtBAEMA-co-PMMA. Similar to the
method above, MMA and tBAEMA were added first, and the
flask was cooled to —78 °C. After cooling for 20 min, the
polymerization was initiated using a DPHLi-solution in THF.
Upon addition, the red initiator solution instantly decolored.
The reaction was stirred for 16 h at —78 °C and terminated
with dry degassed methanol. The polymer was acquired by
solvent removal and dried in a vacuum at 40 °C overnight.

"H NMR (500 MHz, 300 K, CDCl;, § in ppm): 0.70-2.12
(backbone, m); 1.12 (3, 9H, s) 2.80 (2, s, 2H); 3.58 (4, s, 3H);
4.04 (4, s, 2H).

General functionalization with ethynyl cobaltocenium hexa-
fluorophosphate. The pulverized polymer was placed into a
10 ml vial. Ethynyl cobaltocene (2 eq. per tBAEMA group), dry
acetonitrile (4 ml), and THF (4 ml) were added. After stirring
the reaction at 60 °C for 2 d, the reaction solution was diluted
with THF and precipitated in methanol and twice in n-hexane.
The red polymer was dried in a vacuum at 40 °C overnight.

P4*: 'H NMR (500 MHz, 300 K, CDCl;/CD;CN (1:1), § in
ppm): 0.40-2.20 (backbone + Butyl, m); 3.12-3.41 (4 + 6,
2H + 3H, m); 3.78 (5, 2H, s); 4.64 (8, 1H, s); 5.08 (9, 5H,
s); 5.15-5.60 (10 + 11, 2H + 2H, m); 6.04-7.06 (1 + 2 + 3,
5H, m); 7.13 (7, 1H, s).

P5*: '"H NMR (500 MHz, 300 K, CD;CN, § in ppm): 0.7-2.25
(backbone + ¢Butyl, m); 1.32 (3, 9H, s); 3.20-3.67 (2 + 4, 2H +
3H, m); 3.99 (1, 2H, s); 4.84 (6, 1H, s); 5.29 (9, 5H, s); 5.15-5.47
(8, 2H, s); 5.55 (7, 5H, m); 7.36 (6, 1H, s).
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