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ABSTRACT: A 2,6-di-tert-butylpyridine-containing norbornene
was synthesized by a one-step synthesis and copolymerized with
an aromatic norbornene to obtain a membrane with a proton
conductivity of $6 mS c¢cm™' in 2 M H,SO,. Decreased
vanadium(IV) permeability was reached compared to the
fluorine-containing reference membrane FAPQ330. A vanadium-
(V) stability test for SS days [1.6 M V(V)/2 M H,SO,] showed no
degradation of functional groups but a loss of molecular weight.
Vanadium redox flow battery single-cell tests resulted in a
performance comparable to that of FAPQ330, and an in situ
self-discharge test lasted more than 3 times longer for the cell
equipped with pNorb-Pyr61.
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vanadium redox flow battery

he mitigation of greenhouse gas emissions demands the

transition from conventional energy sources to renewable
energy sources.' For this transition, the storage of fluctuating
renewable energy sources, such as wind or solar energy, is
required.” Among other systems, the vanadium redox flow
battery (VRFB) is a promising technology for this purpose,
which has already been demonstrated by the installation of
several megawatt-scale projects in Japan and China.’ In
VREBs, both electrode compartments are typically physically
separated by a polymeric solid electrolyte membrane, which is
intended to conduct ions, primarily protons, but prevent the
crossover of vanadium-containing species." Commercially
available membranes, ie., Nafion212 or FAPQ330, already
show decent cell performances. However, both membranes
contain fluorine, which is particularly problematic against the
backdrop of a potential ban of per- and polyfluoroalkyl
substances (PFAS) in the European Union and the potential
impacts on human health by these substances.” For these
reasons and to minimize the risk of the emission of PFAS into
the environment, researchers are intensively searching for
fluorine-free materials with comparable performances and
stabilities.’

Ring-opening metathesis polymerization (ROMP) of
norbornene-based monomers using Grubbs catalysts is a facile
route to fluorine-free, mechanically stable, film-forming, and
heteroatom-free polymers.” The straightforward preparation of
norbornene monomers via a high-temperature Diels—Alder
reaction between norbornadiene and the alkene with the
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respective functional group allows easy modification of the
polymer’s functionality, swelling properties, and mechanical
properties.” For example, implementing bulky norbornenes
increases T, and reduces water uptake.” Based on this
polymerization, several anion-exchange and cation-exchange
materials have already been reported.'”'" However, no
application of polynorbornene-based materials in VRFB has
been reported to date.

A series of VRFB membranes with neutral amines such as
pyridines yielded superior performances and high stability
against the V electrolyte, whereas for quaternized ammonium
groups, degradation was reported.'”'> However, ROMP
catalysts suffer from limited functional group tolerance for
coordinating amines, such as pyridines or alkylamines, which
complicates the implementation of these functional groups
prior to polymerization.'* For example, only a few examples of
ROMP polymers with free pyridine units were reported, which
are either functionalized via an ester functionality that is likely
to be unstable in an acidic environment,'® contain fluorine,'®
or require a multistep monomer synthesis with low yield."”
Hancock et al. reported an optimized synthesis route for a

EEIAPPLIED
POLYMER MATERIALS

Received: June 1, 2024 23

Revised: ~ November 4, 2024
Accepted: November 4, 2024
Published: November 11, 2024

https://doi.org/10.1021/acsapm.4c01686
ACS Appl. Polym. Mater. 2024, 6, 13512—13517


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julian+Stonawski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frieder+Junginger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Mu%CC%88nchinger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Linus+Hager"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+Thiele"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jochen+Kerres"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jochen+Kerres"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsapm.4c01686&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c01686?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c01686?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c01686?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c01686?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c01686?fig=&ref=pdf
https://pubs.acs.org/toc/aapmcd/6/22?ref=pdf
https://pubs.acs.org/toc/aapmcd/6/22?ref=pdf
https://pubs.acs.org/toc/aapmcd/6/22?ref=pdf
https://pubs.acs.org/toc/aapmcd/6/22?ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsapm.4c01686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org/acsapm?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ACS Applied Polymer Materials

pubs.acs.org/acsapm

sterically hindered pyridine-containing monomer via cyclo-
addition of 2,3-pyridynes with cyclopentadiene, where the tert-
butyl derivative showed the highest conversion and controll-
ability in a subsequent ROMP. Considering the three-step
synthesis of the monomer precursor, the total synthesis
required six steps with an overall yield of 27% based on the
start}lglg materials ethyl formate and 3,3-dimethylbutan-2-
one.

Inspired by this work, we report the synthesis of a sterically
hindered pyridine norbornene monomer via a one-step
reaction between the commercially available 2,6-di-tert-butyl-
4-methylpyridine and S-(bromomethyl)bicyclo[2.2.1]hept-2-
ene.”” For this, anhydrous tetrahydrofuran (THF) and 2,6-di-
tert-butyl-4-methylpyridine were placed into a Schlenk flask
and cooled to —78 °C. Subsequently, 2,6-di-tert-butyl-4-
methylpyridine was deprotonated by the addition of sec-
butyllithium in cyclohexane/hexane and stirring for 1 h. Next,
S-(bromomethyl)bicyclo[2.2.1]Thept-2-ene was added to the
reaction flask, and the reaction mixture was allowed to reach
room temperature (RT) overnight. After quenching with H,0
and purification by vacuum distillation, the monomer 4-[2-
(bicyclo[2.2.1]hept-5-en-2-yl)ethyl]-2,6-di-tert-butylpyridine
appeared as a clear, colorless oil. Compared to the above-
mentioned synthesis of a sterically hindered pyridine-
containing norbornene, the method is significantly simplified
and showed an increased isolated yield of 80%.

A subsequent copolymerization with a bulky aromatic
norbornene comonomer resulted in a polymer with excellent
film-forming properties, which allowed for the efficient
preparation of thin membranes. For this, 4-[2-(bicyclo[2.2.1]-
hept-S-en-2-yl)ethyl]-2,6-di-tert-butylpyridine and
(9R,10S,1285,13S,17R)-9,10-dihydro-9,10-[2]bicycloanthracene
(for "H NMR, see Figure S10) were added to a Schlenk flask,
dissolved in anhydrous dichloromethane, and polymerized by a
Grubbs third-generation catalyst. The polymer was isolated,
dried, and hydrogenated with p-toluenesulfonylhydrazide to
yield Norb-Pyr61.

Subsequently, membranes prepared from Norb-Pyr61 were
characterized by VRFB single-cell tests. At each current density
of 50, 100, and 200 mA cm™2, three constant current cycles
were performed, within a state of charge (SOC) range of 20%
and 80%. Afterward, a self-discharge test was performed by
charging to an open-circuit voltage of 1.33 V (SOC = 20%)
with a constant current of 20 mA cm ™2 After reaching SOC =
20%, the electrolyte flow was stopped to measure the battery
cell voltage under static conditions until dropping to 0.9 V. A
detailed description of all experimental details can be found in
the Supporting Information.

A schematic representation of the synthesis of the sterically
hindered pyridine norbornene monomer 4-[2-(bicyclo[2.2.1]-
hept-S-en-2-yl)ethyl]-2,6-di-tert-butylpyridine is presented in
Figure 1la.

Other groups have already reported the concept of using
sterically hindered amines for ROMP."'® However, synthesizing
a pyridine-containing monomer required several steps with
medium-to-low yields.'”” Our work expands the range of
potential reaction partners of the deprotonated 2,6-di-tert-
butyl-4-methylpyridine to unactivated alkyl bromides and
provides access to a one-step synthesis of a sterically hindered
free amine ROMP monomer with an isolated yield of 80% after
distillation. The structure was confirmed by 'H, “C, 2D-
CO%?)(', and 2D-HSQC NMR spectroscopy (Figures 2 and S1—
S8).
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Figure 1. Schematic representation of the (a) monomer synthesis
procedure, (b) polymerization procedure, and (c) hydrogenation of
the polymer double bonds by tosylhydrazine. The wavy bond
represents the possibility of endo and exo isomers.
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Figure 2. 'H NMR spectrum of the isolated monomer. The region
between 3 and 5.75 ppm was spared out for clarity. The complete 'H
NMR spectrum can be found in Figure S1. Protons assigned to the
endo isomer are marked with n, and protons assigned to the exo
isomer with x. The wavy bond represents the possibility of endo and
exo isomers.

The endo/exo ratio was determined to be 54:46 by
comparing the signals of the norbornene double bond in the
range of 5.9—6.3 ppm, which is comparable to the endo/exo
ratio found for commercially purchased S-(bromomethyl)-
bicyclo[2.2.1]hept-2-ene (Figure S9).*"**

The polymer synthesis is schematically represented in Figure
1b,c.”> The choice of comonomer was made for several
reasons: scalability and purification of the monomer, high T,
and sufficient mechanical properties, and reduced swelling of
the corresponding polymer.”* Norb-Pyr61 is soluble in aprotic
solvents, such as chloroform, tetrahydrofuran, and dichloro-
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methane. The addition of sulfuric acid resulted in solubility in
methanol and ethanol due to protonation of the pyridine
moiety and an associated increase in hydrophilicity.

uNorb-Pyr61 and Norb-Pyr61 were analyzed by 'H NMR
(Figures S11—S13). After hydrogenation, no signals were
observed in the vinylic proton region between 4.90 and 5.80
ppm, indicating the complete hydrogenation of all double
bonds. By a comparison of the signals of the aromatic pyridine
protons and the benzylic protons adjacent to the aromatic
rings, the amount of pyridine-containing monomer was
calculated to be 61 mol %, consistent with the monomer
feed composition.

Size-exclusion chromatography (SEC) measurements of
uNorb-Pyr61 in THF showed an M, of 76000 g mol™' and an
M,, of 115000 g mol™" (P = 1.52), whereas for Norb-Pyr61, an
M, of 92000 g mol™" and an M,, of 141000 g mol™" (D = 1.54)
was measured (Figure S14), which allowed the preparation of
free-standing and flexible films (Figure S17). Based on the
catalyst/monomer ratio, a molecular weight of 66000 g mol™*
was expected. The higher measured molecular weights
compared to the expected one and the difference between
the saturated and unsaturated polymers can be explained by
the different interactions of the polymers with THF, which can
lead to different hydrodynamic radii and therefore to different
results for M, and M,. Usually, ROMPs of norbornene
derivatives proceed in a living fashion, leading to B < 1.10.”
However, the D value is much higher than 1.10 in the present
case. This observation could be due to the different reactivities
of the endo and exo isomers of the monomer.”® The thermal
properties of the polymers were assessed by differential
scanning calorimetry (DSC) and thermogravimetric analysis
(TGA). The DSC measurement of unsaturated copolymer
uNorb-Pyr61 showed a glass transition temperature of 125 °C,
which was decreased to 102 °C after hydrogenation of the
polymer (Figure S15). The TGA measurement showed high
thermal stability with onset temperatures of 350 °C for uNorb-
Pyr61 and 338 °C for Norb-Pyr61 (Figure S16).

Initially, the membrane was prepared in a deprotonated
state. Surprisingly, no proton conductivity or swelling was
observed when immersed in 2 M sulfuric acid, which is
typically the case for other free amine-containing polymers.””
This observation is probably due to the reduced protonation
rate caused by the steric hindrance of the sterically hindered
pyridine moiety.”® To circumvent this problem, the polymer
was protonated during the casting procedure. Adding 2 equiv
of sulfuric acid based on the number of pyridine moieties to a
Norb-Pyr61/ethanol mixture resulted in dissolution of the
polymer and ensured complete protonation of the polymer.
The resulting flexible membrane showed a proton conductivity
of 56 mS cm™" in 2 M sulfuric acid, slightly higher than the 38
mS cm™! of the reference membrane FAPQ330 (Table 1).

Table 1. Overview of Ex Situ Properties of FAPQ330 and
pNorb-Pyr61

membrane thickness swelling (%) ADL o’ (mS cm™!)
FAPQ330 29.6 + 3.5 a 38+3
pNorb-Pyr61 28 + 1.5 1.1 +0.1 S6+1

“FAPQ330 turned black during back-titration in KOH. FUMATECH
BWT GmbH does not provide any information on the chemical
structure or ion-exchange capacitZ of the material, which does not
allow the calculation of an ADL. “Through-plane in 2 M H,SO,.

Tensile tests were performed to assess the impact of the
sulfuric acid addition on the mechanical properties of the
resulting membrane (Figure S18—S20 and Table S1). As
expected, excess sulfuric acid acts as a plasticizer, thus
decreasing the tensile strength but increasing the flexibility of
the membrane. Compared to FAPQ330, pNorb-Pyr61 is less
flexible and cannot withstand similar tensile loads. However,
the membranes were still mechanically tough enough to be
easily handled and installed in the single-cell VRFB test setup
without failure or punctuation.

The membranes were further characterized with respect to
their swelling properties in 2 M sulfuric acid (Table 1). The
acid doping level (ADL) is defined as the number of H,SO,
molecules per functional group, which in the case of pNorb-
Pyr61 is the pyridine moiety. Immediately after membrane
preparation, the theoretical ADL of pNorb-Pyré61 is 2 because
2 equiv of sulfuric acid, based on the number of pyridine
groups, was added to the solution. However, after the
membrane was immersed in 2 M H,SO, for 48 h, the ADL
is reduced to 1.1, meaning that each pyridine unit binds 1.1
H,SO, molecules, 0.9 equiv of the initially present sulfuric acid
has been washed out of the membrane, and almost no excess
acid is stored inside the free volume of the membrane. The
thickness swelling of the membranes is particularly important
in constructing the cell because the initial swelling can
introduce pressure-related forces to the system. As shown in
Table 1, pNorb-Pyr61 exhibited almost no thickness swelling,
an additional effect of sulfuric acid addition during the casting
process.

The vanadium permeability of membranes significantly
impacts the Coulombic efficiency (CE) and, therefore, the
cycling life of a VRFB. The results of the ex situ V(IV)
crossover tests for FAPQ330 and pNorb-Pyr61 are presented
in Figure 3.

As can be seen in Figure 3a, the V(IV) concentration in the
case of pNorb-Pyr61 rises significantly less compared to that of
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Figure 3. (a) V(IV) concentration over time of the tested membranes
during the ex situ V(IV) permeability test. (b) V(IV) permeability of
FAPQ330 and pNorb-Pyr61. (c) V(IV) evolution over time in the
surrounding electrolyte for FAPQ330 and pNorb-Pyr61 during the
stability test in 1.6 M V(V) in 2 M H,SO, over S5 days. (d)
Molecular weight distribution of pNorb-Pyr61 before and after the
stability test.
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FAPQ330, which corresponds to a decreased ex situ V(IV)
permeability (Figure 3b). This is probably a consequence of
the above-mentioned low uptake of excess acid into the free
volume.

In addition to V permeability, stability in the acidic V(V)
electrolyte is another critical issue for battery lifetime. Stability
tests were performed by immersing membrane pieces in the
fully charged electrolyte containing 1.6 M V(V) in 2 M H,SO,
for 55 days. The V(IV) concentration in the case of the pNorb-
Pyr61 sample increased significantly faster than that of
FAPQ330, indicating a faster reaction of V(V) with the
polymer (Figure 3c). SEC and '"H NMR measurements of the
polymer were performed before and after the stability test to
evaluate this degradation further. A comparison of the 'H
NMR spectra showed no evidence of functional group
degradation (Figure S21). However, as shown in Figure 3d,
the molecular weight of the polymer decreased from M, =
92.000 to 14.000 g mol ™', resulting in mechanical disintegra-
tion of the membrane pieces. The molecular structure of Norb-
Pyr61 in Figure 1 only allows for molecular weight degradation
through C—C bond cleavage. To our knowledge, no such C—C
bond cleavage has ever been reported for VRFBs. However,
analyzing the underlying mechanisms for the polymer
backbone degradation would require considerable experimen-
tal effort, which is beyond the scope of this paper and will be
the subject of future studies.

On the basis of the promising ex-situ results, we further
characterized the material in a VRFB single-cell test for three
cycles, each at 50, 100, and 200 mA cm™2 and in a static in situ
self-discharge test. The corresponding results are shown in
Figure 4.
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Figure 4. (a) CE, (b) VE, and (c) EE of a VRFB single cell equipped
with FAPQ330 and pNorb-Pyr61 at 50, 100, and 200 mA cm™2 (d)
In situ static self-discharge test of FAPQ330 and pNorb-Pyr61.

Three cycles were performed at each current density (SO0,
100, and 200 mA cm™2). The averages of these three cycles and
the corresponding standard deviations are listed in Table S2.
As shown in Figure 4a, the CE generally increases with higher
current densities for both cells tested due to reduced charge
and discharge times. Especially at low current densities, a
slightly higher CE was observed for pNorb-Pyr61 (98.8% at
100 mA cm™2) compared to FAPQ330 (98.3% at 100 mA

cm™?), which is consistent with the more than 3 times longer
self-discharge time shown in Figure 4d and the lower ex situ
V(IV) permeability shown in Figure 3b for pNorb-Pyr6l.
Thus, the above-mentioned material design concept utilizing
free amines and a bulky hydrophobic comonomer is also
reflected in the cell self-discharge performance because a
decreased swelling is connected to a reduced V crossover. In
terms of voltage efficiency (VE), the cell equipped with pNorb-
Pyr61 showed slightly lower VE (89.0%) than the cell
equipped with FAPQ330 (90.0%) at a current density of 100
mA cm?, which is mainly a result of higher area specific
resistance (ASR) due to the slightly greater thickness of
pNorb-Pyr61 (35 pm) compared to FAPQ330 (30 um)
(Figure 4b). The energy efficiency (EE) is the product of VE
and CE. At low current densities (<50 mA cm™2), the EE is
dominated by the CE, while at high current densities (>200
mA cm™?), the EE is mainly governed by the ohmic losses, i.e.,
the VE.”’ Moderate current densities (100 mA cm™2)
represent a kind of inflection point where the performance
of pNorb-Pyr61 (EE = 87.9%) virtually matches that of
FAPQ330 (EE = 88.5%) (Figure 4c). To summarize the VRFB
single-cell test results, both membranes showed comparable
performance in terms of efficiency, with the cell equipped with
pNorb-Pyr61 having a better crossover performance but also
slightly higher ASR than FAPQ330.

B CONCLUSION

In conclusion, a sterically hindered, fluorine-free, and pyridine-
containing norbornene monomer was prepared via an efficient
one-step C—C coupling reaction of two commercially available
starting materials with an improved isolated yield of 80%. The
chemical structure of the monomer was confirmed, and the
steric hindrance of the pyridine moiety allowed a successful
ROMP with a bulky aromatic comonomer. The innovative
material design led to sufficient mechanical properties, allowing
flexible membranes with high ex situ proton conductivity to be
prepared. Swelling tests showed that almost no excess acid is
stored in the free volume of the polymer structure. Ex situ
V(IV) permeability tests revealed significantly improved V(IV)
permeability properties compared with the reference mem-
brane FAPQ330, while the V(V) stability test revealed
backbone degradation, resulting in a molecular weight
reduction.

An in situ VRFB single-cell test demonstrated the general
applicability of the membrane with results comparable to those
of a commercially available fluorine-containing membrane. An
in situ static self-discharge test lasted more than 3 times longer
than that of FAPQ330, resulting from the high hydrophobicity
of the bulky norbornene and the sterically hindered pyridine.
Future research should especially analyze the underlying
mechanism of polymer backbone degradation to enable the
development of fluorine-free materials with improved chemical

stability.
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