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Protocols for anionic polymerization of vinylferrocenes in bulk (b) and solution (s) are reported. Poly-
merization of vinylferrocenes bearing one or multiple (2—4) vinyl groups yielded linear poly-
vinylferrocene PVF-1(b, s) or cross-linked polyvinylferrocenes PVF-2 — PVF-4(b, s), respectively.
Furthermore, copolymerization of mono-with multifunctional vinylferrocenes produced cross-linked
copolymers PVF-5 — PVF-7(b, s). For anionic polymerization in bulk, a high monomer conversion and

a relatively high dispersity was observed. A reversible redox behavior of the ferrocenyl group with cycle
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stability up to 100 cycles was found for PVF-(1s — 7s). Li-ion battery cell tests demonstrated the
applicability of the polyvinylferrocenes PVF-1b and PVF-(5b — 7b) as electrode materials.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Ferrocene and its derivatives have been in the focus of research
for several decades due to their intriguing magnetic, electrical and
electrochemical properties [1—4]. Today, 65 years after the dis-
covery of ferrocene [4—6], ferrocenyl functionalities have been
incorporated into different polymer backbones [7—12] introducing
properties, such as, a pronounced electron donating ability, fast
electrochemical response, high thermal stability and redox
reversibility [11—17]. These properties allow for such polymers to
be used in a variety of applications including electrochemical sen-
sors [18—23], biosensors [24], thin film transistors [25], light
emitting diodes [26], molecular magnets [27,28], as well as semi-
conductors [29—32], conductors [12,33,34] and charge storage
materials [14,33,35—38].

The first well-characterized ferrocene-containing polymer was
prepared in 1955 via free radical and cationic polymerization of
vinylferrocene [7]. In 1992 the feasibility of the anionic polymeri-
zation of vinylferrocene has been shown [39,40]. Subsequent
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improvements of the polymerization reaction by systematic vari-
ations of the reaction conditions have been reported [20]. [41—47].

Especially due to their electrochemical properties, poly-
ferrocene materials are sought after in the development of cathode
materials within Li-ion batteries technology [48,49]. One challenge
arises from the easy solubility in the electrolyte which in general
appears when these polymers are used as cathode material in
battery applications. This chemical nature often leads to a degra-
dation of the cathode after several charge/discharge cycles [37].
[50,51] Therefore, we aim to introduce cross-linking units to
decrease the solubility, while still maintaining a high “ferrocene”
content of the polymer. Herein, we present the anionic polymeri-
zation in bulk and solution of different vinylferrocenes for the
synthesis of linear and cross-linked PVFs. Furthermore, their elec-
trochemical behavior and the possible use for Li-ion batteries are
reported.

2. Materials and methods
2.1. General data

All lithiation reactions were carried out under an argon (5.0)
atmosphere using standard Schlenk techniques. Tetrahydrofuran
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(THF) was purified by distillation from sodium/benzophenone and
toluene was obtained from a MBraun (MB-SPS 800) solvent puri-
fication system (double column solvent filtration, working pressure
0.5 bar). For electrochemistry HPLC grade dichloromethane (DCM)
was purified by distillation from calcium hydride.

2.2. Instruments

A Bruker Avance III 500 spectrometer operating in the Fourier
transform mode at 298 K was used to record the NMR spectra ('H
NMR (500.3 MHz) and *C{'H} NMR (125.8 MHz)), whereas the
undeuterated residues (chloroform; 'H at 7.26 ppm) in deuterated
solvent (chloroform-dq; >C{'H} at 77.00 ppm) served as internal
standard (chemical shifts in ¢, parts per million). A Bruker Avance
400 spectrometer equipped with double-tuned probes capable of
MAS (magic angle spinning) was used to record the solid state NMR
spectra ('H-MAS NMR (400.1 MHz) and C{'H} CP-MAS NMR
(100.6 MHz)). Spinning 3.2 mm zirconium oxide rotors are used for
sample packing at 15 kHz. 'H-MAS NMR was obtained with single
puls excitation (90° puls, puls length 2.4 us) and a recycle delay of
6 s. Cross polarization (CP) technique with contact time of 3 ms is
used to enhance sensitivity for acquiring the spectra. The 3C-{'H}-
CP-MAS NMR is collected with 'H decoupling using a TPPM (two
puls phase modulation) puls sequence with 6 s recycle delaying.
The spectras are referenced to tetramethyl silane (TMS) using TTSS
(tetrakis(trimethylsilyl)silane) as an internal secondary standard
(3.55 ppm for 13C, 0.27 ppm for 'H). A FT-Nicolet IR 200 spec-
trometer was used to record the infrared spectra. Analytical pure
samples were used to determine the melting points with a Gal-
lenkamp MFB 595 010 M melting point apparatus; elemental an-
alyses were performed using a Thermo FlashEA 1112 Series
instrument; UV/Vis-NIR spectra were recorded between 280 and
3000 nm using a Carl Zeiss MCS 400 spectrometer utilizing CLD 300
(210—600 nm) and CLX 11 lamps (300—1010 nm); MALDI-ToF-MS
was performed on a Biflex IV from Bruker Daltonics. Due to low
solubility of the analyte, the samples were mixed in solid state with
dithranol in a ratio of 3:1 (w/w), respectively. The mixture was
pestelled and homogenized. Following this, a small amount (tip of a
spatula) was placed on the target and 1 uL of CHCl3 was added to fix
the sample. The system was calibrated against the peptide cali-
bration standard II (Bruker) at sample conditions.

2.3. Electrochemistry

In solution: Electrochemical measurements were performed
with 0.5 mmol-L~! solutions of the analytes PVF-(1s — 7s) and
1.0 mmol-L~! [N"Bu4][B(CsF5)4] as supporting electrolyte in anhy-
drous DCM at 25 °C. The instrumentation consists of a Radiometer
Volta-lab PGZ 100 electrochemical workstation interfaced with a
personal computer. The measurement cell contains three elec-
trodes, a Pt auxiliary electrode, a glassy carbon working electrode,
and an Ag/Ag* (0.01 mol-L~! AgNO3) reference electrode [52—58].
The working electrode was pretreated by polishing on a Buehler
microcloth subsequently with 1 um and 1/4 um diamond paste.
Under these conditions all experiments showed that all oxidation
and reduction processes were reproducible within 5 mV. All
experimental potentials were internally referenced against an Ag/
Ag* reference electrode whereas all presented results are refer-
enced against ferrocene (as internal standard) as recommended by
IUPAC [59]. The experimentally measured potential was converted
into E vs. FcH/FcH™ (according our conditions the Fc*/Fc*™ couple
was at —614 mV vs. FcH/FcH*, AE, = 60 mV, while the FcH/FcH*
couple itself was at 220 mV vs. Ag/Ag™, AE, = 61 mV) [60—62].

2.4. Solid state electrochemistry

For electrode preparation a slurry containing 30 wt% poly-
vinylferrocene, 30 wt% polyvinylidene difluoride (PVDF, Solvay)
and 40 wt% C65 carbon (Timcal) in 1.5 mL N-methyl-pyrrolidone
(VWR) was drop-coated onto 12 mm aluminum discs. Electrodes
were dried in air for 2 days at 80 °C and at 100 °C under vacuum for
12 h prior to cell assembly.

Electrodes were assembled in Swagelok test cells using a
Whatman glass fiber separator (13 mm diameter) and 200 ul of
electrolyte and a lithium foil counter electrode (12 mm diameter,
250 pum thickness, Chempur). The electrolytes consisted of 1.5 M
LiPFg (Sigma Aldrich) in 30 vol% ethylene carbonate (EC, Merck) and
70 vol% diethyl carbonate (DEC, Merck).

Test cells were cycled at 25 °Cin a climate chamber using a VMP
3 potentiostat (Biologic). Cyclic voltammetry measurements were
conducted in the potential range of 2.5 and 4.0 V vs. Li/Li* with a
scanning rate of 0.1 mV s~ Galvanostatic cycling experiments with
potential limitation were conducted using a lower cutoff voltage of
2.5V and a higher cutoff voltage of 4.0 V vs. Li/Li" with a current
rate of 10 mA-g~ 'pyr.

2.5. Spectroelectrochemistry

Spectroelectrochemical ~ UV/Vis-NIR  measurements of
0.25 mmol L~! solution of (PVF-1s — PVF-7s) in anhydrous DCM
containing 1 mmol L' of [N"Buy][B(CsFs)4] as supporting electro-
lyte were performed in an OTTLE (optically transparent thin-layer
electrochemical) [63] cell with a Varian Cary 5000 spectropho-
tometer at 25 °C. A stepwise increasing within heights of 100, 50 or
25 mV have been used for the applied potentials among the spec-
troscopic measurements. To prove the reversibility of the oxida-
tions, additional spectra were recorded after the potential was
reduced to -500 mV for 15 min at the end of the measurements.

2.6. Reagents

All starting materials were obtained from commercial suppliers
and used without further purification. Vinylferrocene 1 [41], 1,2-
divinylferrocene 2 [64], 1,1’,2-trivinylferrocene 3 and 1,1',2,2'-tet-
ravinylferrocene 4 [52] were synthesized according to published
procedures.

2.7. Synthesis

2.7.1. General procedure for bulk polymerization

Vinylferrocene 1, 1,2-divinylferrocene 2, 1,1’,2-trivinylferrocene
3 or 1,1',2,2'-tetravinylferrocene 4 were stirred at 70 °C for 1 min
and "BuLi (0.01 eq) was added in one portion. After stirring for
2 min, the mixture start to solidify and anhydrous toluene (0.15 mL
per 1 mmol of monomer) was added and stirring was continued for
1 h. After the addition of methanol (1.0 eq) at 25 °C and stirring for
15 min, the mixture was concentrated to 2 mL in vacuum. The re-
action mixture was dropped in methanol (150 mL per 1 g of
monomer), the product was then filtered off, washed with 20 mL of
hexane and diethyl ether and dried in oil pump vacuum for 24 h.

2.7.1.1. Synthesis of poly(vinylferrocene) (PVF-1b).
Vinylferrocene 1 (1.0 eq, 1.50 g, 7.1 mmol), "BuLi (0.01 eq, 2.5 M in
hexane, 28.3 mmlL, 70.7 pmol). Product: 1.42 g, 94.7% as yellow
powder; MALDI-TOF (g-mol™!): 2638 (D = 1.46); elemental anal-
ysis calculated for ((C13H12Fe)n-(CaHo)oo1n) (212.71 g mol™1),: C,
67.98; H, 5.72. Found: C, 67.46; H, 5.98; '"H NMR (CDCl3, ¢/ppm):
4.81-3.25 (CgHg), 2.71-0.43 (CzH3); 13C NMR (CDCl3, 6/ppm): 68.6
(CsHg), 671 (CsHs), 321 (CyHs), 271 (CyH3), 22.9 (CyHs), 14.3
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(C2H3),; IR (KBr, cm~1): 3090 (m), 2925 (m), 2852 (m), 1622 (m),
1461 (m), 1411 (m), 1339 (m), 999 (s), 812 (s).

2.7.1.2. Synthesis of  poly(-12-divinylferrocene) (PVF-2b).
1,2-divinylferrocene 2 (1.0 eq, 1.50 g, 6.3 mmol), "BuLi (0.01 eq,
2.5 M in hexane, 25.2 mmlL, 63.0 umol). Product: 1.42 g, 93.9% as
dark brown powder; MALDI-TOF (g-mol~!): 1757 (D = 1.2);
elemental analysis calculated for ((Ci4H14Fe)n-(C4Hg)o.01n)
(238.75 g mol~1),: C, 70.62; H, 5.95. Found: C, 69.40; H, 6.62; 'H-
MAS NMR (TTSS, 6/ppm): 5.24 (CoH3), 4.07 (C1oHs), 1.07 (CoHs); 13C
{'H} CP-MAS NMR (TTSS, ¢/ppm): 134.4 (CzHs3), 112.4 (CoH3), 94.5
('C, CsH3), 82.7 ({C-CsH3), 70.1 (CsH3), 66.7 (CsHs), 37.4 (CoHs), 32.9
(CoHs); IR (KBr, em™!): 3091 (m), 2924 (m), 2857 (m), 1623 (m),
1456 (m), 1412 (m), 1000 (s), 815 (s).

2.7.1.3. Synthesis  of poly(-1,1'2-trivinylferrocene)  (PVF-3b).
1,1",2-trivinylferrocene 3 (1.0 eq, 1.50 g, 5.7 mmol), "BuLi (0.01 eq,
2.5 M in hexane, 22.7 mmL, 56.8 umol. Product: 1.45 g, 95.6% as
black powder; MALDI-TOF (g-mol~!): 694 (D = 1.02); elemental
analysis calculated for ((CigH16Fe)n-(CaHo)o.01n) (264.78 g mol ™),
C, 72.75; H, 6.13. Found: C, 73.05; H, 7.27; 'H-MAS NMR (TTSS, ¢/
ppm): 7.07 (C2H3), 3.54 (C10H7), 1.31 (CoH3); *C{'H} CP-MAS NMR
(TTSS, 6/ppm): 133.8 (CH3), 112.0 (C3H3), 90.6 (‘C-CsH3), 89.7 ('C-
CsHs), 83.8 (fC-CsHy), 68.0 (CsHs, CsHa), 37.1 (C2Hs), 33.8 (CoHs),
23.7 (C2H3), 14.7 (CoH3); IR (KBr, cm™1): 3078 (m), 2914 (m), 2849
(m), 1625 (m), 1451 (m), 983 (s), 895 (m), 798 (s).

2.7.14. Synthesis of poly(-1,12,2'-tetravinylferrocene) (PVF-4b).
1,1,2,2'-tetravinylferrocene 4 (1.0 eq, 1.50 g, 5.2 mmol), "BuLi (0.01
eq, 2.5 M in hexane, 20.68 mmL, 51.7 umol). Product: 1.46 g, 96.0%
as black powder; MALDI-TOF (g-mol~"): 780 (D = 1.03); elemental
analysis calculated for ((CigHigFe)n-(C4Ho)o.01n) (290.82 g mol’l)n:
C, 74.50; H, 6.27. Found: C, 74.69; H, 7.53; 'H-MAS NMR (TTSS, ¢/
ppm): 7.10 (C2H3), 3.63 (C1oHg), 1.01 (C2H3); BC{'H} CP-MAS NMR
(TTSS, §/ppm): 134.3 (CH3), 112.0 (CyH3), 89.4 (‘C-CsH3), 84.0 ('C-
CsH3), 67.8 (CsH3), 67.1 (CsHs), 41.4 (CoH3), 32.9 (CoH3), 23.1 (CH3),
14.5 (CoH3); IR (KBr, cm™1): 3078 (m), 2918 (m), 2853 (m), 1624 (m),
1448 (m), 980 (s), 892 (m), 797 (s).

2.7.1.5. Synthesis of poly(vinylferrocene-co-1,2-divinylferrocene)
(PVF-5b). Vinylferrocene 1 (1.0 eq, 150 g, 71 mmol), 1,2-
divinylferrocene 2 (0.1 eq, 0.17 g, 0.07 mmol), "BuLi (0.01 eq,
2.5 M in hexane, 31.1 mmL, 77.8 umol). Product: 1.56 g, 93.4% as
yellow powder; MALDI-TOF (g-mol~!): 1880 (D = 1.20); elemental
analysis calculated for ((C12H12Fe)n - (C14H14Fe)01n)
(235.87 ¢ mol™"),: C, 68.2; H, 5.70. Found: C, 66.58; H, 5.86; 'H
NMR (CDCl3 6/ppm): 6.57—6.33 (C2H3), 5.58—4.89 (CzH3), 4.83—3.15
(C10Hs, C1oHs), 2.82—0.30 (CzH,); 3C NMR (CDCls, ¢/ppm): 134.8
(C3H3), 111.2 (CoHs), 69.4 ({C-CsHy), 69.2 ({C-C5H3), 68.8 (C5Ha), 68.6
(CsH3), 67.1 (CsHs), 66.8 (CsHs), 35.3 (CaHs), 32.3 (CHs), 22.9
(C2Hs), 14.4 (C2H3); IR (KBr, cm™1): 3089 (m), 2926 (m), 2855 (m),
1627 (m), 1459 (m), 1411 (m), 1340 (m), 999 (s), 814 (s).

2.7.1.6. Synthesis of poly(vinylferrocene-co-1,1'2-trivinylferrocene)
(PVF-6b). Vinylferrocene 1 (1.0 eq, 1.50 g, 7.1 mmol), 1,1',2-
trivinylferrocene 3 (0.1 eq, 0.19 g, 0.07 mmol), "BuLi (0.01 eq,
2.5 M in hexane, 31.1 mmL, 77.8 pmol). Product: 1.59 g, 94.1% as
yellow powder; MALDI-TOF (g-mol~'): 1958 (D = 1.15); elemental
analysis calculated for ((CyaH12Fe)n - (CigHigFe)01n)
(238.48 g mol~1),: C, 68.5; H, 5.80. Found: C, 68.30; H, 6.20; 'H-
MAS NMR (TTSS, d§/ppm): 7.07 (CoH3), 3.54 (CioHg, CioHs), 1.31
(CzH3); 3C{'H} CP-MAS NMR (TTSS, ¢/ppm): 133.7 (CH3), 112.0
(CH3), 90.6 (‘C-CsHy), 89.7 (*C-CsHs, {C-CsHy), 83.8 (CsHy, CsHs),
68.0 (CsHs), 37.1 (CyHs), 33.8 (CoH3), 23.1 (CoH3), 14.5 (CoH3); IR
(KBr, cm™1): 3093 (m), 2921 (m), 2854 (m), 1632 (m), 1457 (m), 1411

(m), 1339 (m), 1000 (s), 813 (s), 751 (s).

2.7.1.7. Synthesis of poly(vinylferrocene-co-1,1’2,2'-tetravinylferro-
cene) (PVF-7b). Vinylferrocene 1 (1.0 eq, 1.50 g, 7.1 mmol), 1,1,2,2’-
tetravinylferrocene 4 (0.1 eq, 0.21 g, 0.07 mmol), "BuLi (0.01 eq,
2.5 M in hexane, 31.1 mmlL, 77.8 umol. Product: 1.60 g, 93.6% as
brownish-yellow powder; MALDI-TOF (g-mol’l): 1992 (D = 1.19);
elemental analysis calculated for ((CiaHi2Fe)n-(CigsHigFe)oin)
(241.09 g mol~),: C, 68.7; H, 5.80. Found: C, 67.59; H, 6.25; '"H-MAS
NMR (TTSS, 6/ppm): 7.10 (C2Hs), 4.13 (C10Hg, C10He), 1.01 (CoH3); 13C
{'H} CP-MAS NMR (TTSS, 6/ppm): 134.3 (CoH3), 112.0 (CoH3), 89.4
(fC-CsHy), 84.0 ('C-C5H3, ‘C-CsHy), 67.8 (CsHa, CsH3), 67.1.0 (CsHs),
414 (C2H3), 329 (CzHg), 231 (C2H3), 14.5 (C2H3); IR (KBI‘, cm‘l):
3092 (m), 2922 (m), 2855 (m), 1620 (m), 1458 (m), 1411 (m), 1338
(m), 1000 (s), 814 (s).

2.7.2. General procedure for polymerization in solution

Vinylferrocene 1, 1,2-divinylferrocene 2, 1,1’,2-trivinylferrocene
3 or 1,1',2,2'-tetravinylferrocene 4 were dissolved in anhydrous
tetrahydrofuran (15 mL/1 mmol) and "BuLi (0.01 eq/vinyl group)
was added in one portion at 25 °C and was stirred for 2 h. After
addition of methanol (1.0 eq) and stirring for 15 min. The mixture
was concentrated to 2 mL in vacuum. The reaction mixture was
dropped in methanol (150 mL per 1 g of monomer), the product
was then filtered off, washed with 20 mL of hexane and diethyl
ether and dried in oil pump vacuum for 24 h.

2.7.2.1. Synthesis of poly(vinylferrocene) (PVF-1s).
Vinylferrocene 1 (1.0 eq, 1.50 g, 7.1 mmol), "BulLi (0.01 eq, 2.5 M in
hexane, 28.3 mmlL, 70.7 pmol). Product: 1.23 g, 82.0% as yellow
powder; MALDI-TOF (g-mol~1): 1896 (D = 1.65); elemental analysis
calculated for (CipHipFe), (212.07 g m01*1)n: C, 67.96; H, 5.70.
Found: C, 67.46; H, 5.98; 'H NMR (CDCl3_6/ppm): 4.54—3.49 (C1oHg),
2.86—0.70 (C2H3); 1>C NMR (CDCls, §/ppm): 68.6 (CsHy), 67.1 (CsHs),
32.3 (CuH3), 27.1 (CoH3), 22.8 (CoH3), 14.3 (CzH3); IR (KBr, cm™1):
3087 (m), 2928 (m), 2847 (m), 1626 (m), 1458 (m), 1410 (m), 1336
(m), 1000 (s), 813 (s).

2.7.2.2. Synthesis of  poly(-12-divinylferrocene) (PVF-2s).
1,2-divinylferrocene 2 (1.0 eq, 1.50 g, 6.3 mmol), "BuLi (0.01 eq,
2.5 M in hexane, 25.2 mmlL, 63.0 pmol. Product: 1.22 g, 80.7% as
dark brown powder; MALDI-TOF (g-mol~'): 2306 (D = 1.18);
elemental analysis calculated for ((Ci4Hq4Fe)n-(C4Ho)o.01n)
(238.75 g mol~1),: C, 70.62; H, 5.95. Found: C, 69.41; H, 6.65; 'H
NMR (CDC13, 6/ppm): 6.50—6.37 (C2H3), 5.41-5.00 (CzHg),
4.57-3.55 (CioHo), 3.04—0.67 (C;Hy); 3C NMR (CDCl3, d/ppm):
133.0 (CH3), 112.6 (CzH3), 70.5 (‘C-CsH3), 70.2—65.5 (CsHs),
69.4—68.7 (CsH3), 66.3 (CsH3), 65.8—65.3 (CsHs), 29.8 (CoH3), 22.8
(C2H3), 14.4 (CH3), 14.3 (C2H3); IR (KBr, cm™1): 3091 (m), 2922 (m),
2851 (m), 1625 (m), 1456 (m), 1409 (m), 999 (s), 814 (s).

2.7.2.3. Synthesis of poly(-1,1'2-trivinylferrocene)  (PVF-3s).
1,1,2-trivinylferrocene 3 (1.0 eq, 1.50 g, 5.7 mmol), "BuLi (0.01 eq,
2.5 M in hexane, 22.7 mmL, 56.8 pumol). Product: 1.24 g, 81.7% as
black powder; MALDI-TOF (g-mol~!): 957 (D = 1.06); elemental
analysis calculated for ((CigHisFe)n:(C4Ho)o.01n) (264.78 g mol~1),:
C, 72.75; H, 6.13. Found: C, 73.18; H, 7.28; '"H NMR (CDCl3, ¢/ppm):
6.54—6.37 (CoH3), 5.41—4.97 (CyH3), 4.59—3.41 (CqoHg), 2.78—0.71
(CHz); BC NMR (CDCls, d/ppm): 133.7 (CzH3), 111.7 (CzH3),
69.5—67.8 (‘C-CsH3), 67.6—66.1 (CsH3), 65.5—-64.3 (CsHj), 32.1
(C2H3), 29.8 (C3H3), 22.6 (CzH3), 14.3 (C2H3); IR (KBr, cm™1): 3082
(m), 2920 (m), 2853 (m), 1624 (m), 1455 (m), 982 (s), 892 (m), 799
(s).
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2.7.2.4. Synthesis of poly(-1,1'2,2'-tetravinylferrocene) (PVF-4s).
1,1,2,2'-tetravinylferrocene 4 (1.0 eq, 1.50 g, 5.2 mmol), "BuLi (0.01
eq, 2.5 M in hexane, 20.68 mmlL, 51.7 umol). Product: 1.25 g, 82.2%
as black powder; MALDI-TOF (g-mol~'): 856 (D = 1.05); elemental
analysis calculated for ((C1gHigFe)q-(C4Hg)o.01n) (290.82 g mol~1);:
C, 74.50; H, 6.27. Found: C, 74.85; H, 7.55; '"H NMR (CDCl3, ¢/ppm):
6.54—6.40 (CoH3), 5.42—4.95 (CyH3), 4.54—3.55 (C1oHo), 2.77—0.68
(CzH,); 3C NMR (CDCl3. é/ppm): 133.6 (CzH3), 112.9 (CzH3),
69.6—68.0 (‘C-CsH3), 67.8—66.1 (CsH3), 65.3—63.9 (CsH3), 31.9
(C2H3), 29.7 (C3H3), 22.5 (C3H3), 14.1 (CH3); IR (KBr, cm™'): 3083
(m), 2924 (m), 2854 (m), 1625 (m), 1453 (m), 981 (s), 892 (m), 799
(s).

2.7.2.5. Synthesis of poly(vinylferrocene-co-1,2-divinylferrocene)
(PVF-5s). Vinylferrocene 1 (1.0 eq, 150 g, 71 mmol, 1,2-
divinylferrocene 2 (0.1 eq, 0.17 g, 0.07 mmol), "BuLi (0.01 eq,
2.5 M in hexane, 31.1 mmlL, 77.8 pmol). Product: 1.35 g, 80.8% as
yellow powder; MALDI-TOF (g-mol~1): 2020 (D = 1.17); elemental
analysis calculated for ((C12H12Fe)n - (Ci2H12Fe)01n)
(235.87 g mol~1),: C, 68.2; H, 5.70. Found: C, 66.58; H, 5.86; 'H
NMR (CDCls, ¢/ppm): 6.51—6.37 (C2H3), 5.41—4.97 (CoH3), 4.57—3.55
(C10Hg), 3.04—0.67 (C2Hy); 13C NMR (CDCls, 6/ppm): 69.9 (‘C-CsHa),
69.4 (tC-C5H3), 68.6 (CsHy4, CsH3), 671 (CsHs) 32.5 (CoH3), 324
(C2Hs3), 23.0 (C3H3), 14.3 (CzH3); IR (KBr, cm™1): 3092 (m), 2925 (m),
2857 (m), 1629 (m), 1459 (m), 1411 (m), 1336 (m), 999 (s), 814 (s).

2.7.2.6. Synthesis of poly(vinylferrocene-co-1,1'2-trivinylferrocene)
(PVF-6s). Vinylferrocene 1 (1.0 eq, 1.50 g, 71 mmol), 1,1/,2-
trivinylferrocene 3 (0.1 eq, 0.19 g, 0.07 mmol), "BuLi (0.01 eq,
2.5 M in hexane, 31.1 mmlL, 77.8 pmol). Product: 1.38 g, 81.7% as
yellow powder; MALDI-TOF (g-mol~1): 2179 (D = 1.19); elemental
analysis calculated for ((C12H12Fe)n - (Ci6H16F€)0.1n)
(238.48 ¢ mol~1),: C, 68.5; H, 5.80. Found: C, 68.30; H, 6.20; 'H
NMR (CDCl3 é/ppm): 6.72—6.30 (CyH3), 5.59—4.92 (CyH3),
4.85—3.03 (CgHg), 2.88—0.19 (C2H;); *C NMR (CDCl3, ¢/ppm): 134.8
(CaH3), 111.2 (C3H3), 69.3 (‘C-CsHy), 68.8 (‘C-CsHs3), 68.6 (CsHg,
CsH3), 67.1 (C5Hs), 66.8 (CsHs), 32.1 (CoH3), 29.8 (CoH3), 22.9 (CoH3),
14.3 (C2H3); IR (KBr, cm~1): 3090 (m), 2924 (m), 2849 (m), 1626 (m),
1460 (m), 1411 (m), 1336 (m), 1000 (s), 814 (s).

2.7.2.7. Synthesis of poly(vinylferrocene-co-1,12,2'-tetravinylferro-
cene) (PVF-7s). Vinylferrocene 1 (1.0 eq, 1.50 g, 7.1 mmol), 1,1',2,2’-
tetravinylferrocene 4 (0.1 eq, 0.21 g, 0.07 mmol), "BuLi (0.01 eq,
2.5 M in hexane, 31.1 mmlL, 77.8 umol). Product: 1.39 g, 80.7% as
brownish-yellow powder; MALDI-TOF (g-mol~1): 2285 (D = 1.23);
elemental analysis calculated for ((CiaHi2Fe)n-(CigHisFe)oin)
(241.09 g mol"),: C, 68.7; H, 5.80. Found: C, 67.59; H, 6.25; '"H NMR
(CDCl3, d¢/ppm): 7.20—7.05 (CpHs), 5.48-5.16 (CpH3), 4.67—3.41
(C1oHg), 2.69—0.47 (CoH3); 13C NMR (CDCls, ¢/ppm): 134.8 (CzH3),
111.2 (C3H3), 69.3 (‘C-CsHy), 68.8 (CsHy), 68.5 (CsHy), 67.1 (CsHs),
66.8 (CsHs), 32.3 (CH3), 29.8 (CH3), 22.8 (CH3), 14.3 (CoH3); IR
(KBr, cm™"): 3088 (m), 2924 (m), 2853 (m), 1625 (m), 1456 (m), 1411
(m), 1340 (m), 1000 (s), 814 (s).

3. Results and discussion
3.1. Synthesis

Polyvinylferrocene PVF-1s (s denotes polymerization in solu-
tion; b denotes polymerization in bulk) is accessible by anionic
polymerization at room temperature of vinylferrocene 1 in tetra-
hydrofuran (15 mL mmol~!) using "BulLi as the initiator (conditions
deviate from previous reports [39—41] [45]) (Scheme 1), This
methodology allowed for a high monomer conversion and low
dispersities (D = My/M,) of polyvinylferrocenes. In addition

copolymerization of 1 with multivinylferrocenes (1,2-
divinylferrocene 2 [64], 1,1’,2-trivinylferrocene 3 or 1,1’,2,2’-tetra-
vinylferrocene 4) [52] were polymerized (Scheme 1) and used to
generate cross-linked copolymer PVFs with a varying degree of
branching (PVF-5s, PVF-6s, PVF-7s) (Scheme 2) in very good yields.
Furthermore, since vinylferrocenes 1—4 are low melting materials
solvent free bulk polymerization at 70 °C was performed using
"BuLi as initiator giving polyvinylferrocene PVF-1b (Scheme 1),
cross-linked PVF-2b, PVF-3b and PVF-4b, respectively (Scheme 1)
as well as copolymers PVF-5b, PVF-6b and PVF-7b (Scheme 2) in
high yields and relatively high dispersity. The bulk reaction was
found to progress much faster as complete monomer conversion
has been observed over the course of less than 10 min. While the
PVFs from solution polymerization (PVF-1s — PVF-7s) are soluble
in most common organic solvents (e.g., dichloromethane, toluene
and tetrahydrofuran), the highly cross-linked polymers PVF-3b,
PVF-4b, PVF-6b and PVF-7b are insoluble. This difference in the
behavior points to the fact that the cross-linking units are better
incorporated during the polymerization process within the bulk
reaction compared with the appropriate solution protocol, and
hence the degree of branching increases. Furthermore, post-
reaction workup showed no presence of monomeric material
demonstrating full conversion of the polymerization reaction in
bulk, hence in combination with the cross-linking high molecular
masses are expected.

3.2. Characterization

All PVFs are solid materials at 25 °C (yellow: (PVF-(1s — 7s),
PVF-1b, PVF-2b, PVF-5b), (brown: PVF-6b, PVF-7b) (dark brown:
PVF-3b, PVF-4b). The PVFs were characterized by MALDI-TOF mass
spectrometry, elemental analysis, IR-, in situ-UV/Vis-NIR- and NMR-
spectroscopy ('H, 13c{'H}), solid state NMR spectroscopy ('H-MAS,
13¢{1H} CP-MAS), as well as electrochemical measurements.

The MALDI-TOF mass spectra of PVF-1b and PVF-1s show that
bulk polymerization led to a higher average molar mass and D
when compared to PVFs obtained from anionic polymerization in
solution (Fig. 1). Polymerization of 1,2-divinylferrocene 2 results in
polymers with additional vinyl functionalities which offer the
possibility of cross-linking. Within the MALDI-TOF results of PVF-
2s, the trend that the bulk polymerization produces longer polymer
chains is confirmed (see Supporting information Table SI1).
Furthermore, the MALDI-TOF mass spectra of PVF-2b show two
major distributions with a A(m/z) = 56 which is the result of the
initiation by either a butyl anion or a hydride ion. The higher
polymerization temperature of 70 °C may be responsible for the
decomposition of the used "BuLi, and hence, hydride ions are
available to initiate the polymerization. However, chain transfer
reactions during the polymerization may also be responsible for
this molecular mass distribution.

Unfortunately, for highly cross-linked PVF-3(b, s) and PVF-4(b,
s) no reliable MALDI-TOF spectra could be obtained, as cross-linked
polymers are notoriously hard to efficiently ionize and desorp from
the matrix in the MALDI process. In addition, for polymers of PVF-5
— PVF-7(b, s) the MALDI spectra showed only moderate chain
length which might reflect fragmentation during the ionization
prozess and, hence, the spectra posses only limited information
about the whole material. However, the presence of multifunc-
tional monomers 2, 3 or 4 in the co-polymers with vinylferrocene 1
was proven by MALDI-TOF measurements. While it was found that
under our experimental conditions a fraction of the polymeric
mixture always contains non-cross-linked PVFs, series of polymer
chains with different number of incorporated cross-linking units
are also present. The one, two or three additional vinyl function-
alities are represented by individual signal patterns with
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differences of A(m/z) = 26, 52 and 76 from the polyvinylferrocene
peaks (Fig. 2). For these series it is shown that polymers containing
a higher number of the cross-linking units 2—4 exhibit lower D
value as well as a higher average molar masses, both for the poly-
merization in solution and bulk. For compound PVF-7b only
polymer fragments were found in which the tetravinylferrocene
motive is present once per polymeric chain, probably because of
the MALDI-TOF detection limit.

The IR spectra of polymers PVF-1b and PVF-1s show that the
vinyl stretching vibrations at 3081 cm~' v(=C-H stretching) and
1628 cm ™! v(C=C stretching) [65] disappear after the living anionic
polymerization for compound 1. The appearance of v(-C-H) bands
(PVF-1b: 2925 cm™~!, 2852 cm ™! v(-C-H stretching), 1461 cm™~" §(-
C-H bending), 1339 cm~' 3(-C-H rocking); PVF-1s: 2928 cm,
2847 cm~! v(-C-H stretching), 1458 cm~' d(-C-H bending),
1336 cm~! §(-C-H rocking)) confirm the of the anionic polymeri-
zation. Within the IR measurements, the same individual signal

pattern for the cross-linked polymers PVF-2 — PVF-4(b, s) were
found. In addition, due to incomplete conversion of all vinyl groups
in case of the highly functionalized ferrocene 3 and 4 [52], the = C-
H bending bands are shifted from 899 cm ™' and 894 cm~! in 3 and
4-895 cm~! and 892 cm~! in PVF-3(b,s) and PVF-4(b,s), respec-
tively. The vinylferrocene co-polymers PVF-5 — PVF-7(b,s) show
the same IR characteristic as the solely cross-linked polymers.

In general, broad peaks in the 'H NMR are observed, which is
typical for polymer compounds. The individual ferrocenyl signals
are superimposed and are reflected by one multiplet signal in the
spectral region of 3.2—4.9 ppm. In addition aliphatic protons of the
CH; and CH groups are found as broad signal at 0.2—3.0 ppm. For
the linear polymers PVF-1b and PVF-1s solely these pattern were
found. The cross-linked co-polymers show two additional weak
signals in the spectral region between 5.2 and 7.0 ppm, which are
attributed to the unconverted vinyl functionalities. Since the highly
cross-linked polymers PVF-2b, PVF-3b, PVF-4b and PVF-7b are
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Fig. 2. MALDI-TOF mass spectra; (A) for PVF-5b, (B) for PVF-6b, (C) for PVF-7b.

insoluble, solid state NMR studies have been performed. In the solid
state NMR measurements the presence of ferrocenyl functionalities
(around 4.1 ppm) as well as the ethylene moieties (around 1.2 ppm)
are identified. Furthermore, the unconverted vinyl functionalities
are indicated by the presence of very weak signals (around
7.1 ppm). However, due to the broad peak width, no further details
were accessible. Within solution >C NMR spectra, polymers PVF-
1b and PVF-1s show individual signals for the ferrocenyl moieties
in the spectral region between 64 and 97 ppm and resonances for
the aliphatic carbon atoms between 14 and 35 ppm. The cross-
linked polymers (PVF-(2s — 4s)) as well as the co-polymers (PVF-
5(b,s) and PVF-6(b,s)) show two additional peaks between 110 and
135 ppm attributed to the presence of unconverted vinyl
functionalities.

The ferrocenyl signals were observed in a more narrow spectral
region between 66 and 71 ppm, while the CHy- signals are detected
between 14 and 45 ppm. Solid state 3C NMR of (PVF-(2b — 4b)) and
co-polymers (PVF-7(b,s)) demonstrated signals for the uncon-
verted vinyl functionalities in the spectral region between 110 and

135 ppm, ferrocenyl units between 69 and 100 ppm and the CH;-
aliphatic between 15 and 45 ppm.

3.3. Electrochemistry and spectroelectrochemistry

The electro-chemical behavior of PVF-(1s — 7s) was investigated
by cyclic voltammetry, square wave voltammetry and spec-
troelectrochemistry using 0.1 mol L~! anhydrous dichloromethane
solutions of [N"Buy][B(CeFs)4] as supporting electrolyte [52—58].
The electrochemical measurements were carried out at 25 °C, and
were referenced against the potential of the FcH/FcH™ redox couple
[59].

Exemplary, the cyclic voltammograms of polyvinylferrocenes
PVF-1s and co-polymer PVF-5s are depicted in Fig. 3 and are
summarized in Table 1. The cyclic voltammograms of the other
compounds are found as Figures SI-(1-5) in the supporting infor-
mation. For all polymeric materials a reversible redox behavior was
observed. However, due to the polymeric nature of the compounds,
the signals of several ferrocenyl-related oxidations are
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25 °C: (bottom) cyclic voltammogram, (top) square wave voltammogram.

Table 1

Cyclic voltammetry data of polymers PVF-(1s — 7s).
Compound E(Onset)? E(Offset)”

in mV in mV

PVF-1s —244 410
PVF-2s -300 461
PVF-3s -330 470
PVF-4s -340 515
PVF-5s —222 428
PVF-6s —248 445
PVF-7s —-260 486

2 E(Onset): start of differential current increase for the first ferrocenyl based
oxidation as determined by SWV.
b E(Offset): end of the oxidation processes as determined by SWV.

superimposed with each other. For compound PVF-1s the oxidation
of the ferrocenyl units starts at a potential of -250 mV vs. FcH/FcH™
and the compound is fully oxidized at 400 mV. The aliphatic CH;-
CH- bridging moiety acts as electron donor towards the ferrocenyl
functionalities and, hence, the first oxidation is shifted by approx.
250 mV towards more positive potentials with respect to ferrocene.
For all PVFs two maxima in the electrochemical measurements are
found which reflects the fact that at more negative potentials every
second ferrocenyl unit oxidizes and hence, increases the electro-
static interactions between the Fe>* ions leading to a further signal
shift up to 400—500 mV where all ferrocenyl groups are oxidized to
ferrocenium functionalities. Due to the reduced ion pairing capa-
bilities of the weakly coordinating electrolyte ([N"Bug][B(CgFs)4]) in
comparison to classical electrolytes such as PFg or halides, these
electrostatic effects are not shielded and a potential difference
between the ferrocenyl oxidations can be observed [54]. Multicyclic
experiments showed stable ferrocenyl/ferrocenium redox couples
for these polymers for at least up to 100 cycles (see Figures SI-
(6—13)). However, it is not possible to assign individual redox
events to certain processes.

In-situ-UV/Vis-NIR spectroelectrochemical measurements of
PVF-(1s — 7s) allowed to determine electron transfer processes
between the individual ferrocenyl units in the polymer chains.

While typical ligand-to-metal charge transfer (LMCT) excitations of
the cyclopentadienyls towards the Fe** ions are found upon
oxidation, no intervalence charge transfer (IVCT) band was detec-
ted (Fig. 4, Figure SI-(13—18) within the supporting information).
This contrast examples of “main chain” ferrocene polymers in
which electron transfer excitations can be observed [50] [66].

The aliphatic character of the connecting units between the
ferrocenyl hinders a through-bond metal-metal coupling along the
chains. However, such ferrocenyl-containing polymers can exhibit
notable conductivity due to electron hopping mechanisms between
the individual chains [50]. [66—70].

In order to evaluate the possible application as cathode material
in Li-ion batteries solid state electrochemical measurements have
been carried out in Swagelok test cells using a lithium foil counter
electrode and a Whatman glass fiber separator (see experimental
part).

In accordance to the electrochemical measurements in solution
polyvinylferrocene compounds PVF-1b and PVF-(5b — 7b) showed
a reversible redox behavior (see Figures SI-(19—22)). The reduction
as well as the oxidation reaction become increasingly defined with
growing degree of cross-linking in the respective polymer. This
behavior is reflected in the decreasing signal width at half height
and continuously growing peak current with increasing degree of
cross-linking. These observations are attributed to the decreasing
solubility of the cross-linked polymers and an increased swelling
behavior which is usually observed in highly cross-linked polymers.
In turn, a swollen polymeric active material can facilitate ion
transport and electrolyte accessibility of the redox active ferrocene
centers. In addition the ferrocene-based active materials display a
nominal cell voltage of around 3.2 V which is comparable to stan-
dard Li-ion cathode materials like LiFePO4 with 3.45 V [23].

Galvanostatic cycling experiments show high initial discharge
capacities for PVF-1b (76 mAh-g~ 'pyr), PVF-6b (79 mAh-g~ pyr)
and PVF-7b (80 mAh-g~pyr) while the initial discharge capacity of
PVF-5b only reaches up to 59 mAh-g~'pyr. The cycling stability of
the polyvinylferrocenes is also strongly affected by the degree of
cross-linking (Fig. 5). While the discharge capacity of the solely
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linear PVF-1b and the sparsely cross-linked PVF-5b drops below
40 mAh-g~ Ipyr after 40 charge/discharge cycles. The highest cross-
linked PVF-7b displays, after a few forming cycles, a stable
discharge capacity of 90 mAh-g~'pyr (Fig. 5). From this specific
capacity an energy density of 200 Wh-kg ! is calculated. The herein
reported ferrocene-based polymeres show comparable results for
lithium storage as found for other polymer systems in literature
[37]. [48].

In addition, ferrocene and derived compounds are discussed as
serious candidates for sustainable redox-flow battery catholytes
[51]. [71,72].

4. Conclusion

Bulk and solution anionic polymerization methodologies have
been used to polymerize mono-vinylferrocene 1 and multifunc-
tional ferrocenes bearing two to four vinyl groups 2, 3, 4 into giving
linear polyvinylferrocene PVF-1(b, s), cross-linked PVF-2 — PVF-
4(b, s) and co-polymers PVF-5 — PVF-7(b, s). The polymerization in
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Fig. 5. Specific discharge capacity of the PVFs (PVF-1b and PVF-(5b — 7b).

bulk afforded PVF-(1b — 7b) with high monomer consumption and
a relatively high dispersity = D when compared with the PVFs
obtained by anionic polymerization in solution PVF-(1s — 7s). The
polymers have been characterized by MALDI-TOF mass spectrom-
etry, IR-, NMR- ('H, 3C{'H}) (PVF-(1s — 7s), PVF-(1b, 5b)) and solid
state NMR spectroscopy (H-MAS, 3C{'H} CP-MAS) (PVF-(2—4, 6,
7)b) as well as in-situ-UV/Vis-NIR spectroelectrochemistry and
cyclic voltammetry PVF-(1s — 7s). It is noticeable that the poly-
merization in bulk protocol leads to longer polymer chains. Poly-
mer materials PVF-(1s — 7s) are found to be soluble in the most
common organic solvent such as DCM, THF and toluene. As ex-
pected, cross-linked PVF-3b, PVF-4b, PVF-6b and PVF-7b are
poorly soluble or insoluble. We showed that the degree of
branching is higher for PVFs obtained in bulk polymerization which
demonstrates that the cross-linkers are better incorporated into the
polymer. The co-polymerization process of vinylferrocene 1 and
vinylferrocenes 2, 3, 4 are proven by the MALDI-TOF spectra of PVF-
5 — PVF-7(b, s) due to the presence of an individual signal patterns
with A(m/z) = 26, 52 and 76 originating from polyvinylferrocene
peaks.

In the electrochemical measurements, reversible redox behavior
for the polymers PVF-(1s — 7s) are observed. The shift of the first
oxidation process towards more positive potentials (from -250 mV
to approx. 250 mV vs. Fc) hints to electron donor activity of the
aliphatic bridging moiety towards the ferrocenyl functionalities.
Furthermore, the ferrocenyl/ferrocenium redox couples are stable
for at least 100 cycles for all polymers. Due to different types of
monomer building blocks in the co-polymers PVF-(5s — 7s), the
materials are oxidized at different potentials and two distinct
maxima within the square wave voltammetry measurements were
observed. From the results of the in-situ-UV/Vis-NIR spectroelec-
trochemistry on all polymeric materials PVF-(1s — 7s) no IVCT band
was found. A hindered metal-metal communication along the
chains related to the aliphatic units between the ferrocenyl units is
reasoned for this observation. LMCT excitations were found upon
oxidation caused by the interaction of Fe>* ions with the cyclo-
pentadienyl group.

The applicability of polyvinyl ferrocenes PVF-1b and PVF-(5b —
7b) as cathode material was demonstrated by lithium ion battery
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cell tests, showing that the highest cross linked co-polymer PVF-7b
achieved a stable discharge capacity of 90 mAh- g~ !pyr calculated to
an energy density of 290 Wh-kg ™ lpyr.
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