Downloaded from orbit.dtu.dk on: Jun 25, 2021

DTU Library

=
=
—

i

From polybenzimidazoles to polybenzimidazoliums and polybenzimidazolides

Aili, David; Yang, Jingshuai; Jankova, Katja Jankova; Henkensmeier, Dirk; Li, Qingfeng

Published in:
Journal of Materials Chemistry A

Link to article, DOI:
10.1039/d0ta01788d

Publication date:
2020

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):

Aili, D., Yang, J., Jankova, K. J., Henkensmeier, D., & Li, Q. (2020). From polybenzimidazoles to
polybenzimidazoliums and polybenzimidazolides. Journal of Materials Chemistry A, 8(26), 12854-12886.
https://doi.org/10.1039/d0ta01788d

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://doi.org/10.1039/d0ta01788d
https://orbit.dtu.dk/en/publications/b870e62f-8aaa-40d0-89c4-567d1b804339
https://doi.org/10.1039/d0ta01788d

From polybenzimidazoles to polybenzimidazoliums and

polybenzimidazolides

David Aili®*, Jingshuai Yang®™", Katja Jankova® ¢, Dirk Henkensmeier® ® f, Qingfeng Li?

Department of Energy Conversion and Storage, Technical University of Denmark, Fysikvej
310, 2800 Kgs. Lyngby, Denmark, “Corresponding author (E-mail: larda@dtu.dk)
Department of Chemistry, College of Sciences, Northeastern University, Shenyang 110819,
China, “Corresponding author (E-mail: yjs@mail.neu.edu.cn)

Soft Materials Chemistry, Institute for Materials Chemistry and Engineering, Kyushu
University, Build. CE41, 744 Motooka Nishi-ku, Fukuoka, 819-0395, Japan

Center for Hydrogen and Fuel Cell Research, Korea Institute of Science and Technology,
Hwarangno 14-gil 5, Seongbuk-gu, Seoul 02792, Korea

Division of Energy & Environment Technology, KIST School, University of Science and
Technology, Seongbuk-gu, Seoul, 02792, Republic of Korea

Green School, Korea University, Seongbukgu, Seoul, 02841, Republic of Korea

Abstract

The polybenzimidazoles represent a large family of high-performance polymers containing
benzimidazole groups as part of the structural repeat unit. New application areas in electrochemical
cells and separation processes have emerged during the last two decades, which has been a major
driver for the tremendous development of new polybenzimidazole chemistries and materials in
recent years. This comprehensive treatise is devoted to an investigation of the structural scope of
polybenzimidazole derivatives, polybenzimidazole modifications and the acid-base behavior of
the resulting materials. Advantages and limitations of different synthetic procedures and pathways
are analyzed, with focus on homogeneous solution polymerization. The discussion extends to the
solution properties of the obtained polybenzimidazoles and the challenges that are faced in

connection to molecular weight determination and processing. Methods for polybenzimidazole



grafting or crosslinking, in particular by N-coupling, are reviewed and successful polymer blend
strategies are identified.

The amphoteric nature of the benzimidazole groups further enriches the chemistry of the
polybenzimidazoles, as cationic or anionic ionenes are obtained depending on the pH. In the
presence of protic acids, such as phosphoric acid, cationic ionenes in the form of protic
polybenzimidazoliums are obtained. The acid sorption dramatically changes the physicochemical
properties of the material, which is discussed and analyzed in detail. Cationic ionenes are also
obtained by full N-alkylation of a polybenzimidazole to the corresponding poly(dialkyl
benzimidazolium), which has been intensively explored as a new direction in the field of anion
exchange membranes recently. In the higher end of the pH scale in aqueous hydroxide solutions,
anionic ionenes in the form of polybenzimidazolides are obtained as a result of the deprotonation
of the benzimidazole groups. The ionization of the polymer results in dramatically changed
physicochemical properties as compared with the pristine material, which is described and
discussed.

From a technological point of view, performance and stability targets continue to motivate
further research and development of new polybenzimidazole chemistries and energy materials.
The overall aim of this review is therefore to identify challenges and opportunities in this area

from synthetic chemistry and materials science perspectives to serve as a solid basis for further

development prospects.
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1 Introduction

Polymers with benzimidazole groups as a part of the structural repeat unit comprise a large family
of engineering plastics known as polybenzimidazole (PBI).! The PBIs can be partly or fully
aromatic, and are typically characterized by outstanding thermo-mechanical properties. This
makes them particularly suitable for various demanding high-temperature applications in the form
of fibers or coatings, like protective garment for fire fighters etc., as reviewed by Neuse? and
Chung.?

During the last two decades, the application scope of PBIs has broadened significantly to
extend far beyond the high-performance structural materials, as shown in Figure 1. In particular,

functionalized PBI derivatives have been widely explored as electrolyte systems and separators in

8-10

electrochemical devices such as acidic* ° or alkaline® 7 fuel cells, water®!° or sulfur dioxide'!

21 22-24

electrolyzers, flow batteries,'?! lithium metal?® or ion?' batteries, hydrogen sensors,

26, 27 28, 29

actuators®® as well as electrochemical hydrogen purification and compression units.



Furthermore, derivatives of PBI are emerging as promising base materials for various demanding

gas->3% and liquid®> *¢ separations.
@
n ‘N n
\
Protic polybenzimidazoliums Polyﬂdialkyl benzimidazoliums)
- Fuel cells - Fuel cells
- Hydrogen pumping Protic acids N-alkylation - Water electrolysis
- Gas separation - Flow batteries
- Flow batteries - Actuators

|
N SN n
H

. Polybenzimidazoles
Aqueouls pydr oxide - Protective garment for fire fighters
solutions - Aircraft wall fabrics

- Filters
- Gas and liquid separations

N N - Astronaut space suits
Q) (O
N,) L\N n

Polybenzimidazolides
- Water electrolysis

- Batteries

Figure 1 Examples of applications for polybenzimidazole and the corresponding

polybenzimidazoliums and polybenzimidazolides.

The inherent functionality of the PBIs stems from the amphoteric nature of the benzimidazole
groups. They react according to fundamental Brensted acid-base chemistry to form cationic
ionenes as protic polybenzimidazoliums in acidic environment or anionic ionenes as
polybenzimidazolides under alkaline conditions. The ionization of the polymer backbone is often
accompanied by a substantial uptake of excess acid/base as well as water, depending on the
composition of the solution in which the solid polymer is equilibrated. It produces materials that
combine the mechanical robustness and gas tightness of the polymer with the conductive properties
of the absorbed acid or base. Alternatively, N-alkylation or arylation of PBIs produces anion

exchange materials that selectively conduct anions in the presence of water.
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The development of new polybenzimidazole chemistries was intensified following the

pioneering work by Wainright et al.,?’

who developed an electrolyte system based on phosphoric
acid doped PBI for fuel cells operating at temperatures up to 200 °C. The literature in this field is
voluminous and several reviews provide a good overview of the field from a technological point
of view together with interesting perspectives and prospects for further technological
development.*34’

The aim of this review is to provide a comprehensive overview of the scope of PBI
chemistries available in the scientific literature. The polymers are discussed in light of synthetic
procedures and structural variations and their corresponding solution properties. It extends to film-
forming properties and their interaction with acids and bases as polybenzimidazoliums and

polybenzimidazolides, which is critically discussed in light of their physicochemical

characteristics with special emphasis on ion conductivity behavior in the solid state.

2 Polybenzimidazoles

2.1 Structural scope from homogeneous solution polymerization

The first polybenzimidazoles in the fully aromatic form were reported by Vogel and Marvel">*® in
the early 1960s. The synthesis was based on a two-stage melt condensation polymerization using
aromatic diamines and dicarboxylic acid derivatives (diphenyl esters) as monomers. A few years
later, an alternative homogeneous solution polymerization process was reported by Iwakura,* who
used polyphosphoric acid (PPA) as the polycondensation solvent. A typical procedure involves
dissolution of the monomers in PPA at solid contents typically ranging from 3-5 wt%, whereafter
the temperature is gradually increased to around 170-230 °C during a few hours up to some days
depending on the desired degree of polymerization. The water generated as a byproduct from the
polycondensation reaction is consumed by the hydrolytic splitting of PPA, and the efficient
removal of the formed water promotes the polymerization process in line with Le Chatelier’s
principle. The polymer can subsequently be isolated by precipitation in water followed by
extensive washing with water and dilute aqueous base (e.g. carbonate solution) to neutralize and
wash out the phosphoric acid residuals. The multiple-step batch procedure at low solid contents in
combination with time-consuming work-up makes the process unpractical and expensive in a
larger industrial processes, but it remains widely used for the preparation of PBIs on the laboratory

scale.



The synthetic procedure for the structurally most simple derivative in the PBI family,
poly(2,5-benzimidazole) (AB-PBI), obtained by homopolymerization of 3,4-diaminobenzoic acid

in PPA, is schematically illustrated in Scheme 1 (top).’*->*

¢ H
NH, m-PBI

NH,

Scheme 1 Synthesis of AB-PBI (top) and m-PBI (bottom).

The use of a single monomer for the synthesis of AB-PBI makes stoichiometric control irrelevant
as long as pure monomer is used. High-molecular weight polymer with an inherent viscosity of
1.4-2.5 dL g'! (measured at 30 °C in 96% H>SO4 at 0.5 g dL!) can be obtained after 5 h at 200 °C
in PPA at a solid content of 6%.%% %

The monomer used for AB-PBI synthesis is readily available on a commercial basis and
the polymer shows superior physicochemical properties in terms of e.g. mechanical strength and
chemical resistance. However, AB-PBI is practically insoluble in common organic solvents and is
not widely used due to the severe processing challenges that it imposes.

One way to improve the organosolubility is to introduce a flexible m-phenylene linkage
between the benzimidazole groups in the backbone structure. Such a PBI derivative is accessible
via the AA-BB approach by polycondensation of isophthalic acid and 3,3’-diaminobenzidine
(DAB) and yields poly(2,2’-(m-phenylene)-5,5 -bibenzimidazole) (m-PBI or PBI), as shown in
Scheme 1 (bottom). Network polymers are obtained if a trifunctional carboxylic acid derivative is
used,””> *® but the limited solubility of the network polymers results in processing challenges.>’

The freebase of DAB is susceptible to oxidation under ambient conditions and must
therefore be handled and stored with great care to ensure the high purity needed to obtain well-

defined polymers with high degrees of polymerization.®® The tetrahydrochloride salt form of DAB
6



shows better stability than the freebase and produces well defined m-PBI with high inherent
viscosities of 1.5 dL g (measured at 30 °C in 96% H>SO4 at 0.5 g dL").%! Additional drying
agents, such as phosphorous pentoxide or triphenyl phosphite, to further promote the
polycondensation reaction has not proven to be particularly effective in terms of reaching higher
degrees of polymerization at shorter reaction times and/or lower temperatures.®?

As summarized in Table 1 (Entry 1), a few alternative synthetic methods for the preparation
of m-PBI have been reported. For example, microwave irradiation can be employed to shorten the
polycondensation time in PPA.%% % A mixture of methanesulfonic acid (MSA) and phosphourous

t,65

pentoxide (P2Os), commonly referred to as the Eaton’s reagent,” is also widely used and produces

m-PBI at significantly lower temperatures and shorter reaction times than in PPA.% ¢ The early

work by Ueda et al.®

showed that higher degrees of polymerization could be obtained in Eaton’s
reagent when electron rich ether containing dicarboxylic acids are used instead of isophtalic acid.
Direct routes to polybenzimidazoles in common organic solvents are scarce, but Higgins and

Marvel®®

obtained m-PBI from homogeneous solution polymerization in DMAc by converting the
dicarboxylic acid monomer to the corresponding isophthalaldehyde bisulfite adduct prior to the
polycondensation with DAB. The phthalaldehyde bisulfite adduct slowly liberates the original
aldehyde groups, which mitigates the side reactions and cross-couplings that are observed when
the dialdehydes are used directly. The methodology was further developed and optimized by Fishel
et al.*” and Kim et al.,’® yielding high molecular weight m-PBI at solid contents as high as 18-22%
directly in DMAc. Furthermore, refluxing sulfolane or phenyl sulfone or eutectic mixtures of
LiCl/KCI have also been reported as solvent systems for the preparation of m-PBI at temperatures
close to 400 °C.”" 72 The latter produced m-PBI at intermediate molecular weight, but it could also
produce well-defined polymers that have not been obtained using other solvent systems from more
complex spirofluorene carboxylic acid monomers.

The structural scope of PBIs that are available from homogenous solution polymerization
by varying the dicarboxylic acid is extensive, as summarized in Table 1. The process generally
produces high molecular weight PBIs within a few hours up to a couple of days and works well
for the polycondensation between DAB and various aromatic, heteroaromatic and halogenated
dicarboxylic acids. In addition to isophthalic acid, which yields m-PBI, these include commercially

available dicarboxylic acids such as terephthalic acid (Table 1; Entry 2), 4,4"-sulfonyldibenzoic



acid (Entry 12), 2,2"-bis(4-carboxyphenyl)hexafluoropropane (Table 1; Entry 42) as well as
various pyridine dicarboxylic acids (Table 1; Entry 19-27).
Many PBIs reported in the literature are not accessible via the PPA route due to poor

d3!: 775 or due to pronounced side-reactions in hot PPA.3! These

solubility of the dicarboxylic aci
can instead be obtained from polycondensation in Eaton’s reagent. As shown in Table 1, the use
of Eaton’s reagent seems to be the only known route to polybenzimidazoles derived from larger
dicarboxylic acids, particularly various arylene ethers (Table 1; Entry 14-18, 26, 41, 45, 47).31- 6.
7578 As discussed above, electron rich dicarboxylic acid also seem to have higher reactivity in
Eaton’s reagent than electron deficient dicarboxylic acids, which results in a higher degree of
polymerization.®® Like in the PPA system, microwave heating has been reported to shorten reaction
times in Eaton’s reagent as well.”’

More exotic structures based on e.g. carborane®® or metallocene®! #? links have also been

reported in the literature, but the structures are omitted in the table.

Table 1 Main-chain homopolymer derivatives of polybenzimidazoles obtained from
homogeneous solution polymerization of DAB and various dicarboxylic acids. The temperatures
indicated in the table are the maximum temperatures reached during the polycondensation, and the
indicated times represent the total duration of the process. The reader is referred to the original

reference for full synthetic details and information about yields and degrees of polymerization

reached.
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PPA, 170-220 °C, 4-20 h 49, 61, 83-86
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microwave




Eatons reagent

(+CF3;S03H), 150 °C, 0.5 h

DMAc/DMSO, 180 °C, 18-
72 h, (from
isophthalaldehyde bisulfite
adduct)
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Sulfolane/diphenyl sulfone,
reflux, 370 °C, 1 h

Eutectic LiCI/KCI] melt,
>352 °C

66, 67

68-70
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71

72

PPA, 170-220 °C, 16-24 h

DMACc (2 steps via
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49, 83, 84, 87

81

PPA, 200 °C, 30 h
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Eaton’s reagent, 140 °C, 8 h

89

PPA,200°C,17h
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ol 8

PPA, 220 °C,48 h

90,91
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[

Eaton’s reagent, 120-140
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92-94

Partly aliphatic

9 PPA, 195°C,35h 31,95
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Eaton’s reagent, 120-145 66,98
°C, 1-10 h
PPA, 150-190°C, 11 h »
10 4+
Eaton’s reagent, 140 °C, 1.6 |
h
Heterostructures
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108

66, 75,78, 107, 109,

110
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Eaton’s reagent, 90 °C,

microwave, <30 min

79

Eaton’s reagent, 120 °C, 2-

66

14 )oK )L )t o
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e o)
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16 °C,7-8h
0 O o
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o O o
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22 |
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PPA, 200 °C
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25 =\ /=
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| =
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g
N
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28 UNHNﬁ
N PPA, 240 °C, 12 h 116, 117
29 / ]@
N
H
PPA, 140-220 °C, 24 h I8
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X
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NH,
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Lo

PPA, 140-220 °C, 24 h

124

36
N N PPA, 185°C, 5 h 125
§ § PPA, 185°C,5h 125
38 CL-O-O-O~< 1"

Halogenated structures

Br

PPA, 170-200 °C, 2 h

84

39 ; 2:> :
PPA, 170-200°C, 1 h 84
Br
40 )
DMACc (2 steps via 81
]
polyazomethine)
Br Br Eaton’s reagent, 120 °C, 45 |
PPA, 190-220 °C, 6247 | 30765655105
CF, 126-128
42
O F3 Eaton’s reagent, 180 °C, 45
min 79,129
¢l ¢ DMAc (2 steps via 81
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c’
R F PPA, P4sO1o, 140-230 °C, %
44 ﬁ—gi%-F 36 h
F
RO FE Eaton’s reagent, 140 °C, 24 |37
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o Eaton’s reagent, 120 °C, 45 | 7°
O o min
47 O o} O
FiC O
Fs
NS PPA, P4O1 , 140-230 °C, 9
R o
Sulfonated
9 ‘§—< \>S—§~ PPA, 190-220 °C, 14-20 h 130-133
OzH

Varying the dicarboxylic acid is by far the most thoroughly explored approach to extend the
structural scope of PBI homopolymers from homogeneous solution polymerization. This is mainly
due to the commercial availability of vastly different dicarboxylic acid chemistries, but structural
modifications of the tetraamine have been reported as well. However, this typically involves a
bottom-up synthesis of the tetraamine monomer and obtaining sufficient quality and quantity for
further polymerization is often challenging. As shown in Table 2 (Entry 1-5), a series of PBIs
derived from commercially available 3,3',4,4'-tetraaminodiphenyl ether and different dicarboxylic
acids were obtained by polycondensation in DMAc in a 2 step procedure.®' Similarly, a series of
2,6-bis(3’,4'-diaminophenyl)-4-phenylpyridine (synthesized on 100 g scale in 5 steps) derived
PBIs were obtained from a facile polycondensation with different dicarboxylic acids in PPA at 210
°C over 24 h (Table 2; Entry 10-15).13* One of the few organic solvent based synthetic protocols
of polybenzimidazoles is the polycondensation of diphenyl isophthalate and 3,3°,4,4’-
tetraaminodiphenyl ether or 3,3’,4,4’-tetraaminobenzophenone (Table 2; Entry 16 and 17,

respectively).”!
Table 2 Main-chain homopolymer derivatives of polybenzimidazoles obtained from

homogeneous solution polymerization of various tetraamines and dicarboxylic acids. The

indicated temperatures indicated in the table are the maximum temperatures reached during the

14



polycondensation, and the indicated times represent the total duration of the process. The reader is

referred to the original reference for full synthetic conditions.

R2
n

Ko e
R

Entry# | Ri 2 Conditions Ref
DMACc (2 steps via
polyazomethine)

O DMACc (2 steps via
2 tot ) , 81
O polyazomethine)
DMACc (2 steps via
polyazomethine)
DMACc (2 steps via

5 ot N
polyazomethine)

Polymer from commercial

6 $+0+ —%—@—O—Q—%— supplier. Synthetic details | 33137
not provided

0 Eaton’s reagent, 148 °C,
7 183 ?i©}{ g 138
6 24 h
0 Eaton’s reagent, 148 °C,
8 §—§—§— —§—< >—§— 138
6 24 h
0 Eaton’s reagent, 110-148
9 34t §< > o < >§ 138, 139
6 °C,4-24h
10 ) }i@}{ PPA, 210 °C, 24 h 134, 140
B ) H)F PPA,210°C, 24 h 134, 140
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o
12 <) PPA, 210 °C, 24 h 134, 140

13 ) ) )+ PPA, 210 °C, 24 h 134,140

14 ) PPA, 210 °C, 24 h 134

15 ) Q) PPA, 210 °C, 24 h 134,140

e

16

0% }i©}{ Sulfolane, reflux, 42 h &

17 Sulfolane, reflux, 42 h 7

=0

The possibility to prepare random copolymers and block-copolymers further extends the structural

132,181 prepared a series

scope of PBI chemistries, as exemplified in Table 3. Mader and Benicewicz
of sulfonated random- or block PBI copolymers (Table 3; Entry 1). Random copolymers were
obtained by substituting a fraction of the terephthalic acid with a sulfonated analogue.'*? The
corresponding segmented block copolymers were obtained by an initial preparation of oligomeric
prepolymers of the different blocks, followed by combination at different ratios and further
polymerization in PPA.!'*! The latter approach was also employed by Maity and Jana,'** Lee et
al.'® and Schonberger et al.'* for the preparation of polybenzimidazole block copolymers of
meta/para substituted phenylene linkages and poly(arylene ether sulfone) or poly(arylene ether)
containing segments, respectively.

As discussed above, a large variety of dicarboxylic acids are available on a commercial
basis or accessible via established synthetic procedures. This likely explains why the vast majority
of the polybenzimidazole copolymers reported in the literature have been obtained by random co-
polymerization of DAB and two different dicarboxylic acids mixed at different ratios. Using this
approach, structures containing sulfone (Table 3; Entry 2, 12, 15)!2% 131 145
hexafluoroisopropylidene (Table 3; Entry 3, 6)'?% 12% 146 or arylene ether linkages (Table 3; Entry

4, 5, 18)19 131,147 and sulfonate (Table 3; Entry 1-6)!12% 131, 132, 141, 146-198 "1y qroxyl (Table 3; Entry
16



8, 13, 14)190: 149150 "amine (Table 3; Entry 7)'?* or bulky hydrocarbon functionalities (Table 3;
Entry 10)'% have been reported. The polycondensations are typically carried out in PPA at around
200 °C, but Eaton’s reagent is used in some cases,'* ¥ likely to circumvent solubility constraints.

The copolymer containing polyphenylquinoxaline blocks as reported by Henkensmeier et
al.’’! and Seel and Benicewicz'*? (Table 3; Entry 22) required an extension of the synthetic
procedure, where the polyphenylquinoxaline units were formed at lower temperature (123 °C) and

thereafter copolymerized with polybenzimidazole at typical polycondensation temperatures.

Table 3 PBI copolymers obtained by homogeneous solution polymerization of DAB and
dicarboxylic acids. The temperatures listed in the table are the maximum temperatures reached
during the polycondensation, and the given times represent the total duration of the process. The

reader is referred to the original reference for full synthetic details.
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copolymerization
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All PBI chemistries summarized in Table 3 were obtained by varying the dicarboxylic acid used
during the copolymerization with DAB. However, there are also a few examples in the literature
where PBI copolymers are obtained by varying the tetraamine. For example, an N-coupled and
partly aliphatic PBI copolymer was obtained by copolymerizing isophthalic acid with a mixture

DAB and an amino functional tetraamine, as shown in Scheme 2.'%°

NH
NH, 2
NH
o) O 2 HN

o
NH,
1.0 HO OH + 08 + 0.2
O HN
H,N
H,N 2
NH,
NH,
1.150°C, 18 h
PPA oy
2. 220 °C, 5h NH,

5
K@*@F‘%

HoN 0.2

Scheme 2 Synthesis of amino-functional N-coupled PBI copolymer.'’
A far less employed synthetic route is the base-catalyzed coupling of activated aromatic diflurides
and bis[2-(4-hydroxyphenyl)benzimidazole]s.!¢% 16! The process yields high molecular weight PBI
in DMACc, but requires additional synthetic steps to obtain the dihydroxy terminated monomer that
contains the benzimidazole structural units. However, the synthetic route may give access to

polybenzimidazole chemistries that cannot be obtained from polycondensation using tetraamines
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and dicarboxylic acid derivatives. The methodology can also be used to produce organosoluble N-
coupled polybenzimidazoles.'®?

The majority of the PBI chemistries presented in Table 1-3 have been developed in the
high temperature polymer electrolyte membrane community, aiming at tailoring the interaction
with doping acids or improving the mechanical robustness on the membrane level. For example,
PBI structures with an increased content of heteroatom functionalities as hydrogen bond
donors/acceptors often show an enhanced uptake of protic acids (see e.g. Table 1, Entry 19-25).
An increased acid uptake typically lead to enhanced ion conductivity of the material but may
compromise mechanical robustness, which will be further discussed in section 3. Substantial
contributions to the extension of the structural scope of PBI has also been made in the gas
separation community, where the efforts mainly have focused tailoring the selectivity and
permeability by side chain modifications (see e.g. Table 1, Entry 5) or the development of

structures with intrinsic porosity (see e.g. Table 3, Entry 10).

2.2 Solubility, solution properties and molecular weight determination

In addition to the strongly acidic solvent systems used for the homogenous solution polymerization
reactions (PPA and/or Eaton’s reagent), a small number of high-boiling polar aprotic solvents
dissolve many of the polybenzimidazole derivatives reported in the literature. For m-PBI, N,N-
dimethylacetamide (DMAc) is widely used and gives polymer solutions with suitable viscosity for
dry spinning of fibers.> Other options are N,N-dimethylformamide (DMF), N-methyl-2-
pyrrolidone (NMP) and dimethyl sulfoxide (DMSO). More unconventional solvent systems
include ionic liquids such as 1-butyl-3-methylimidazolium chloride or hydroxide, which can give
solutions with solid contents up to 10 wt.%.'®® Alternatively, ethanol containing a few weight
percent of a hydroxide salt (e.g. NaOH or KOH) readily dissolves m-PBI'7 1% or AB-PBI.!%

The degree of polymerization is typically estimated from Ubbelohde viscometry of
polymer solutions using concentrated sulfuric acid as the solvent. For m-PBI the molecular weight
can be calculated from intrinsic viscosity [7], using empirical Mark-Houwink constants obtained
from correlations to absolute weight average molecular weight (M,,) determinations using light
scattering measurements. The intrinsic viscosity should ideally be obtained from dual Huggins-
Kramer extrapolation plots, but a less time-consuming single point method gives a good estimate

of the intrinsic viscosity at 99% accuracy for low solid content solutions'® and is therefore widely
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used.®! 17 The intrinsic viscosity [#] is calculated according to Equation 1, where 75, denotes the

specific viscosity and C is the solid content.

(7] = (nsp + 3 < In(1+ 55p))) / (4 x C) (1)

The first correlation between M, obtained from light scattering measurements and intrinsic
viscosity data were reported by Kojima et al.,'®® for a polybenzimidazole derived from DAB and
dimethyl 4,4"-oxybibenzoate (see Table 1; Entry 13). For m-PBI, two sets of Mark-Houwink
constants determined at 25 °C in sulfuric acid are available in the literature, as reported by Buckley
et al.!” and Yuan et al.'®® The former set was based on a measurement series with not more than
three data points in the intrinsic viscosity range 0.30-1.02 dL g"!, measured at 25 °C at solid content
of 0.4 g dL"!. The latter set was obtained in a broader intrinsic viscosity range of 0.32-1.26 dL g”!,
and also included Mark-Houwink correlations in DMF with an addition of 4.5% LiCl. The intrinsic
viscosity at 25 °C was obtained from a measurements in the concentration range 0.1-1 g dL™!'. The
relationship between logM,, and log[#] was found to diverge from linearity at >1.07 dL g!,!%
which suggests that invalid m-PBI M,, estimates are obtained from the Mark-Houwink relationship
at intrinsic viscosities corresponding to an M,, higher than around 49500 g mol™!. Molecular weight
determination by Maldi TOF/TOF mass spectrometry has recently been accomplished, which may
enhance the precision of molecular weight determinations of PBL.!7

Pure organic solvent-based solutions of m-PBI show limited stability since m-PBI tends to
aggregate and eventually phase out from the solution due to intra- or intermolecular hydrogen bond
interactions, which becomes even more problematic at high polymer concentrations.!”! 1”2 While
some PBI grades can be easily dissolved at room temperature in DMAc, this may lead to gelation
of the solution in some cases. Therefore, it is usually better to dissolve PBI at temperatures close
to the boiling point of DMAc. The dissolution of some high molecular weight grades even requires
pressurization in an autoclave to reach higher temperatures. A common way to prevent or, at least
minimize these issues is, as also mentioned in the previous paragraph, to add a few percent of LiCl
to the solution. The lithium cation has high charge density and effectively coordinates to the
benzimidazole groups and breaks up the intra- or intermolecular hydrogen bond interactions,
which not only stabilizes the solution but also greatly affects the viscosity.!”>!7® The work by

Hanley et al.'”® on the m-PBI/DMACc/LiCl system suggests that the addition of LiCl results in
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changes in the chain conformation to a more extended state, which furthermore contributes to the
increased viscosity of the solution.

The tendency of polybenzimidazoles to aggregate in organic solvents makes it difficult to
determine the molecular weight using size exclusion chromatography (SEC). The SEC data
available in the scientific literature have typically been obtained using DMAc as the mobile phase
with an addition of LiCl. Molecular weights calculated based on poly(methyl methacrylate)
(PMMA) calibration curves seem to be overestimated due to aggregation, and the retention
characteristics strongly depend on the LiCl concentration of the mobile phase.’® For example, for
a m-PBI batch with an intrinsic viscosity [#] of 1.31 dL g'! (calculated from single-point
measurement in 96% H>SO4 at 30.0 °C at 0.5 g dL™!) the M,, calculated from the Mark-Houwink
equation and SEC with PMMA calibration was 61.0 and 209.6 kg mol™!, respectively.'®” Similarly,
significant deviations between M,, obtained from viscosity and SEC calibrated with polystyrene
have been reported.'”’

It is apparent that there is a high degree of uncertainty in the absolute molecular weights
obtained from viscosity as well as from SEC. The techniques are indeed suitable for e.g.
monitoring the degradation of PBIs behavior under different conditions,’" 7 but quantitative

comparisons of molecular weight data from different sources are far from straightforward.

2.3 N-substitution

The nucleophilic nature of the benzimidazole groups has been widely utilized for N-
functionalization of polybenzimidazoles via substitution reactions. A typical procedure is
illustrated in Scheme 3 and involves deprotonation of the polybenzimidazole using a strong non-
nucleophilic base (e.g. LiH or NaH) in an organic solvent (e.g. DMSO), followed by addition of
an alkyl halide.'”®
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Scheme 3 General procedure for N-substitution of m-PBI.

The approach has been used for the preparation N-alkylated m-PBI as an effective method to
improve organosolubility,'”13? to provide plasticity, and to enhance the free volume in the solid

state.®® 183 Furthermore, the method renders a pathway to PBIs containing rotaxanes in the form

5 2

of permethyl-f-cyclodextrin(s),!” crown ethers,'®* furan,® organosilanes,'®? or ion exchange

functionalities.'®> % The method can also be used for alkylsulfonation employing e.g. 1,3-propane

189.190 o1 sodium (4-bromomethyl)benzenesulfonate!®” 1! to give

sultone,'®”- 188 1 4-butane sultone
hydrophilic polyelectrolytes that become water soluble at high degrees of functionalization. Other
protic acid containing functionalities can be grafted to polybenzimidazole in a similar fashion. For
example, N-functionalization with diethyl 2-bromoethyl phosphonate was reported to occur under
mild reaction conditions using potassium carbonate to activate the m-PBL.!*? A stronger base
(NaH) was needed when 2-chloroethyl phosphonate was used due to the lower reactivity of alkyl
chlorides in substitution reactions. On the other hand, 2-chloromethyl benzimidazole was
successfully grafted to m-PBI by N-coupling without using base catalyst when the reaction was
carried out in solid state during co-casting at relatively high temperatures (120 °C).!”* With
reactive electrophiles, such as 1-bromo-2-(2-methoxyethoxy) ethane, the N-functionalization also
proceeds smoothly under mildly alkaline conditions with K,COs as the catalyst.!”°

The reactivity of the benzimidazole groups in N-coupling reactions has also been explored
in the context of new polybenzimidazole synthetic routes. As described by Hlil et al.!”* and as
illustrated in Scheme 4, bis(benzimidazolyl) and aromatic difluorides can be polymerized across

the benzimidazole N-sites to give organosoluble N-coupled polybenzimidazoles in sulfolane in the
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presence of anhydrous potassium carbonate at 210 °C. The structural scope was later extended to

cover a large variety of N-coupled polybenzimidazole copolymers.!*>-1%
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Scheme 4 Polybenzimidazole synthesis from bis(benzimidazole)benzene via N-coupling with

activated aromatic diflurides.

2.4 Crosslinked and branched structures

As described in the previous section, polybenzimidazoles undergo N-substitution when reacted
with an alkyl or aryl halide under basic conditions. The use of bifunctional alkyl or aryl halides as
electrophiles crosslinks the polymer, which results in an insoluble material. Controlled
crosslinking can be carried out by co-casting the polybenzimidazole from an organic solvent
containing the bifunctional halomethyl electrophile and initiating the N-substitution in the solid
state at elevated temperatures. The method has been utilized to produce crosslinked m-PBI with a
wide range of crosslinking agents such as a,a -dichloro-p-xylene (and derivatives thereof),>® 2%
a0 -dibromo-p-xylene,?®!  1,12-diiodododecane,?®?  1,3,5-tris(bromomethyl)benzene,?** 204
dichloromethyl phosphinic acid,?®> bismaleimide® and silanes.?®® Alternatively, m-PBI can be
crosslinked in a heterogeneous process where the polymer film is immersed in a solution
containing the crosslinking agent. For example, m-PBI treated in methanol containing
divinylsulfone was found to effectively crosslink m-PBI by Michael addition.?”” Similarly,
crosslinking can be achieved by treating m-PBI with terephthaloyl chloride dissolved in
tetrahydrofuran.’> The heterogeneous crosslinking chemistry depends on the diffusion of the
crosslinker into the polymer matrix, and the crosslinking degree can therefore be uneven

throughout the cross-section.2’
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Macromolecular crosslinking agents containing halomethyl groups react in a similar way,

and yield covalently crosslinked interpenetrating networks. Halomethylated polysulfone,!?’- 2%8

),20% 210 or bromomethylated poly(aryl ether ketone)*!! have been

poly(vinylbenzyl chloride
explored in this context. Such structures are prepared by co-casting the two polymers to form a
polymer blend, and the crosslinking is thereafter initiated by heat treatment. The miscibility
behavior of polybenzimidazole will be discussed in more detail in the following section.

The scope of polybenzimidazole crosslinking agents extends beyond the halomethylated
compounds to bifunctional peroxides, which have been shown to react in a similar way in the solid

217 o

state.?!2216 Alternative crosslinking methods have also been developed based on Diels-Alder?'” or

219-222 45 shown in

Friedel-Crafts?'® chemistry or coupling to various polybenzoxazine derivatives,
Scheme 5. Heat treatment!3* 223224 or electron beam irradiation??® can also result in crosslinking.
The methodologies are operationally simple and of high technological relevance,> ?** but remain

poorly understood from a mechanistic point of view.

*k ?\N HN/g >+ + OAN/@ <:>
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Scheme 5 Example of crosslinking of m-PBI by means of polybenzoxazine coupling.?'’

The vast majority of the crosslinking approaches reported in the literature are based on N-coupling
of the polymer chains. The procedure is straightforward and the degree of crosslinking can easily
be adjusted by varying the mol ratio of the crosslinking agent relative to the polybenzimidazole
repeat unit. From a chemical stability point of view, crosslinking via carbon-carbon linkages is
likely preferred when the bond strength of the carbon-carbon bond relative to the carbon-nitrogen
bond is considered. Furthermore, the crosslinking and functionalization based on N-coupling

consume N-H functionalities, which is often undesired as it reduces the number of hydrogen bond
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donors in the polymer and could lead to decreased acid retention when used as fuel cell

electrolyte.??

2.5 Polymer blends and interpenetrating polymer networks
The development of binary blend systems based on aromatic PBIs was intensified after it was
discovered that m-PBI and various poly(ether imide)s are fully miscible, which introduced a new
approach to tailoring high performance materials.??’-*3? The compatibility between m-PBI and the
poly(ether imide) polymers is connected to the intermolecular hydrogen bonding, which provides
sufficient attractive forces to prevent phase separation during co-casting from organic solvents.?**
234 However, some polyimide derivatives have been reported to be miscible with m-PBI in a limited
composition range®>> and phase separate when heated.?*® Moon et al.>*’ recently reported that the
addition of 1-methylimidazole as a compatibilizer effectively enhanced the phase dispersion.

The blending approach was initially explored in the context of high performance textile
fibers development, but has later been utilized in electrochemical applications and resulted in an
intensification in the research in this area. Over the years, the scope of binary systems that form
miscible blends with m-PBI has been extended to poly(vinylpyrrolidone),?*® 23° poly(vinylidene
fluoride),?*® polyarylates (aromatic polyester derived from bisphenol A and terephthalic acid),'™
polyamide-imide copolymers®*! and polycarbonate.?*> Binary systems of e.g. m-PBI and
poly(vinyl alcohol) have also been explored, although the polymers phase separated during
casting.?*

In the field of polymer electrolyte membranes, blends of PBIs and various protic ionomers
have been widely explored. The research in this area was pioneered by Kerres et al.,>** 2% who
successfully prepared blends of m-PBI and sulfonated polysulfone and sulfonated polyether
ketone. The polymer blend films were prepared by co-casting and to avoid the instant precipitation
of a polymeric salt due to the acid-base reaction between the two polymers, the acidic polymer
was converted to a neutral salt form (e.g. Li") before casting. After casting, the films were
equilibrated in aqueous HCI to restore the sulfonic acid functionalities. The result is an ionically
crosslinked polymer blend. Deeper studies on the m-PBI and sulfonated polysulfone blend system
revealed, that the miscibility was governed by the specific interactions between the functional
groups.?*® Following this, the concept has been extended to a wide range of blend systems of m-
247

PBI and various sulfonated derivatives of e.g. poly(arylene thioether)s,
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202,248,249 and poly(arylene ether sulfone) copolymers.?>® Blends of m-

poly(arylene(thio)ether)s
PBI and perfluorosulfonic acid (Nafion®) have been extensively studied using different cationic
forms of the ionomer, and visually homogeneous blends could be obtained in the full composition
range when the ammonium form was used.® Furthermore, binary systems of poly(vinyl phosphonic
acid) and AB-PBI**! or other PBI chemistries have been prepared.>** 2>* However, in general, the
miscibility behavior for the blends of PBI and acidic ionomers on the molecular scale remains to

be explored in detail by e.g. analysis of the glass transition temperature and imaging.

2.6 Solid state properties and stability

In the solid state, the polymer chains of m-PBI are aligned with the aromatic rings in planar
orientation as shown by molecular dynamics calculations,?>* and neutron diffraction measurements
support a lamellar structure.? It is mostly amorphous, but the efficient chain packing results in a
relatively high density of 1.33 g cm™.3% 35 For comparison, PBIs containing bulky alkane side
chains, e.g. derived from 5-tert-butylisophthalic acid (Table 1; Entry 5) show a significantly lower
density of 1.19 g cm™ due to the disruption of the chain packing, which greatly affects the solubility
and diffusivity of gases in the material %% %

The benzimidazole units in PBI strongly interact with water by hydrogen bonding, which
results in a high water affinity and conspicuous sorption of water.>>® From a fully humidified
atmosphere or after treatment in liquid water at room temperature, the water uptake of m-PBI has
been reported to range from 2.5-3.2 H>O per polymer repeat unit®>’>*° or 15-20% on a weight
basis. Even after drying at temperatures up to 180 °C under vacuum for 24 h, characteristic signals
originating from water can be seen in the FTIR and NMR spectra, which indicate that water is
strongly associated with the polymer.?>’2* It implies that even a PBI that is referred to as
completely dry, may contain a relatively large amount of water.

A direct consequence of the water sorption is significant plasticization due to the
interference with the intermolecular hydrogen bonding between the polymer chains. In the dry
form, the elastic modulus of pure m-PBI is around 3-4 GPa at room temperature, while the
engineering tensile strength at break at around 5-10% elongation is 100-160 MPa depending on
the molecular weight of the polymer.'?”- 2% Under fully humidified conditions, the elongation at

break can be considerably higher (75%).” 167
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The glass transition temperature 7, of m-PBI is in the range of 400-450 °C, depending on
the measurement technique and the experimental conditions.> 123157231 The T, of p-PBI is around
60 °C lower as compared with m-PBL ">’ while PBI derivatives with e.g. flexible side chains!? 1%
or m/p-PBI block copolymers'#? show even lower T of 200-300 °C.

Under inert atmosphere, m-PBI is thermally stable at temperatures up to 500 °C, but
significant changes in the FTIR spectrum can be seen after exposure to temperatures above 400
°C on a longer time scale of 16 h.?>* Under air atmosphere, the maximum operating temperature
of m-PBI is significantly lower and severe degradation can be seen after exposure at temperatures
above 300 °C for 16 h.?** When treated isothermally at 390 °C for 33 h, a 50% weight loss has
been recorded as a result of oxidative degradation.?®' The model system studies by Gaudiana and

Conley?®?

show that the initial attack occurs at the benzenoid C2 position, i.e. the carbon atom
linking the benzenoid ring and the phenylene groups. This is also the case when m-PBI is treated
under radical-oxidative conditions in Fenton solution, where the initial radical attack at the C2
position leads to ring opening and ultimately polymer chain scission.!”” Introduction of pyridine
units as radical scavengers (e.g. Table 1; Entry 27) could potentially improve the radical oxidative

stability.!!

3 Protic polybenzimidazoliums

3.1 Interaction with protic acids and acid sorption

Per definition, all PBIs contain benzimidazole groups as part of the main chain. Since the
benzimidazole groups contain Brensted base functionalities, PBIs react and interact with protic
acids. The result is the formation of a protic polybenzimidazolium ionene, as exemplified for m-
PBI in Scheme 6. The position of the equilibrium depends on the strength and concentration of the
protic acid, but the moderate pKan value of 5.6 for the benzimidazole-H" ion suggests that

quantitative protonation of PBI should occur even with relatively weak protic acids.

N HN +2nHA — > N N
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Scheme 6 The acid-base reaction between m-PBI and two equivalents of a monoprotic acid HA

to form a protic polybenzimidazolium ionene.

As described in section 2.1, the polycondensation reaction of PBI is carried out in strongly acidic
solvents (PPA or Eaton’s reagent), which implies that the growing polymer chains are, in fact, in
the fully ionic form as a protic polybenzimidazolium during synthesis. In the work-up procedure,
the polymer is treated with large excess of basic aqueous solution (e.g. carbonate) to wash out the
residual acid and to obtain the charge-neutral polybenzimidazole. In this process, the PPA is also
hydrolyzed to orthophosphoric acid (H3POs4) and due to the strong interactions between the
polymer and H3POj4, extensive washing is required to completely wash out the H;POj4 residuals.

The acid-base chemistry between m-PBI and various inorganic and organic acids has been
studied extensively in the literature during the last 20 years, including H>SO4,2%326% HC104,2%
HBr,?** HC1,%%¢ HNO3,%®* CH3SOsH and CH3CH,SO3H.%%¢ However, the PBI/H3PO4 system has
been most thoroughly studied in the literature after it was reported as a promising proton
conducting polymer electrolyte working at temperatures up to 200 °C.’

When soaked in aqueous H3POas, m-PBI shows a significant H;PO4 uptake, which depends
on the H3PO4 concentration of the bulk solution as summarized in Figure 2 based on sorption data
in the literature.6% 84 258, 265,269,270 The H3PQ4 uptake is given as the acid doping level (ADL), i.e.
normalized as the number of H3PO4 per polymer repeat unit. Hence, an ADL of 2 corresponds to
the stoichiometric salt formation as shown in Scheme 5. As shown in Figure 2, this is achieved
when m-PBI is equilibrated in 2 mol L' H3POs at room temperature. The ADL increases gradually
with increasing H3PO4 concentration until an ADL of around 5 is obtained in 12.5 mol L™! H3POs.
Further increasing the H3PO4 concentration results in a rapidly increasing ADL. In 14.8 mol L"!
(corresponding to 85 wt.% H3PO4), the ADL reaches around 11 and the excessive H;PO4 uptake
results in a dimensional swelling of 150-250%.!9% 27! At room temperature the equilibrium ADL
is reached after a few days.?*® Elevated temperatures result in a faster H;PO4 uptake and higher
equilibrium ADL, and eventually lead to complete dissolution.?’? For example, m-PBI (Table 1;
Entry 1) and the commercially available ether-linked PBI-OO (Table 2; Entry 6) dissolve

completely in excess phosphoric acid at 150 °C.2"> 273
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Figure 2 H3PO4 sorption isotherm (20-25 °C) for m-PBI normalized as the number of H3PO4 per
polymer repeat unit as a function of H3PO4 concentration at equilibrium. The data points are
taken from the work by Glipa et al.,2®® Li et al.,>>® Lobato et al.,®* He et al.,?® Kumbharkar et

al.’* and Sadeghi et al.>”

The acid-base chemistry between m-PBI and HzSO4,26% 266 H;PQ4,25% 264 266 H(C],2° HBr,>64
CH3SO3H?¢ and CH3CH2SO3H?® has been thoroughly studied by means of Fourier transform
infra-red spectroscopy (FT-IR). Here, the development of a broad N-H stretching absorption band
in the region 2500-3600 cm™! has been assigned to the formation of a protic polybenzimidazolium.
Based on FT-IR studies, Kawahara et al.?% reported that the protic polybenzimidazolium was not
formed quantitatively in the m-PBI/H3POj4 system, although the FT-IR and Raman studies by Li
et al.*® and the FT-IR studies by Bouchet and Siebert?** supported the opposite. The equilibrium
constant for the protonation of m-PBI in H3POy at 25 °C was estimated by Ma et al.?’* to 1.17 x
10° based on the pK, values of relevant model compounds. More recent Raman studies on the AB-
PBI/H3PO4 system support quantitative protic polybenzimidazolium formation in H3PO4 when a
large excess of H3PO4 is present.?”> 27 Nuclear magnetic resonance (NMR) spectroscopy further
proves the formation of protic polybenzimidazolium with phosphate counter anions in the m-

PBI/H3PO4 system.?”” NMR data also reveal that the exchange of protons between the protic
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polybenzimidazolium and the excess phosphoric acid is around nine orders of magnitude slower
than that between the phosphate species, indicating that the interaction is fully ionic.?”®
The first step towards a theoretical approach to describe the H;PO4 sorption in m-PBI was

reported by He et al.,>”®

using the Scatchard method. It was suggested that two chemically different
sites providing different coordination strengths were present at low ADLs with dissociation
constants of 5.4 x 10 and 3.6 x 10, which is about 5-10 times lower than for aqueous phosphoric
acid. At higher ADLs, the two interaction mechanisms of the acid with the basic polymer initiate
a multi-layer sorption process, which can be described by the Brunauer—Emmett-Teller (BET)
isotherm,?®® the dual-mode sorption or the combined sorption of Langmuir-type and Henry’s
law.2"* Korte et al.?® recently introduced a modified BET model based on the acid doping data on
both m-PBI and cross-linked AB-PBI (Fumapem AM-55) membranes in association with Raman
spectra.

It is worth noting that the H3PO4/PBI systems are chemically complex systems containing
various phosphoric oxoacid species as well as water.?®! For the protic polybenzimidazolium system
of m-PBI-H3PO4 with acid contents below the stoichiometric composition, the water uptake is

reduced as compared with the pure m-PBI.2*® At higher acid contents, on the other hand, the water

uptake increases significantly due the hygroscopic nature of the excess acid.

3.2 Thermal, chemical and dimensional stability
Thermogravimetric analysis at linear heating rates of 10-15 °C min™' of pure m-PBI in air show a
major onset of oxidative pyrolysis at around 500-550 °C.'®"> 297 The protic m-PBI-H3POs4
polybenzimidazolium complex near the stoichiometric composition was found to be even more
thermally stable than the pristine m-PBI,® but showed a continuous weight loss due to the loss of
water and formation of phosphoric acid anhydrides.'*” The complex with e.g. H>SOa, on the other
hand, showed a major onset of weight loss at around 200 °C.2® Severe degradation of protic m-
PBI-H;PO4 polybenzimidazoliums has been observed under steam electrolysis conditions.® It was
postulated that the degradation was due to hydrolysis of the membrane, but whether the
degradation is a purely chemical process or accelerated by the electrical potential gradient and ion
current across the membrane under electrolysis conditions remains to be clarified.

As described in section 2.6, the chemical stability of PBI is often assessed in the literature

under Fenton conditions, even though the technological relevance of this test in connection to e.g.
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fuel cell durability remains under debate. In this connection, some studies indicate that the
presence of H3POs significantly improves the radical-oxidative stability of m-PBI. One of the
reasons is that H3PO4 reduces the decomposition of H>O; to hydroxyl or hydroperoxyl radicals by
complexing with the Fe(II) catalyst as iron phosphate and by lowering the pH.?*? Furthermore, the
protic polybenzimidazolium is highly electron deficient and hydroxyl radicals tend to react faster
with electron-rich aromatic systems.?**> On the other hand, Xu et al.'?? noticed that a H3PO4 doped
amino-functional PBI derivative (Table 1, Entry 34), showed enhanced embrittlement during the
Fenton tests as compared with the pristine polymer. It was rationalized that this could be a result
of increased porosity, and thus not necessarily an effect of enhanced polymer degradation.
Furthermore, crosslinking has repeatedly been shown to reduce the rate of weight loss during the
Fenton test or extend the time until severe embrittlement or spontaneous disintegration is
observed, 122 201,224,284
Another consequence of the excessive uptake of H3POs in m-PBI is the release of the
intermolecular hydrogen bonding and swelling, which drastically alter the mechanical
characteristics. At excess H3POs, significant plasticization occur as shown by reduced tensile
strength at break and elastic modulus along with increased elongation at break. For m-PBI of
intermediate molecular weight, the elastic modulus decreases from 4 GPa for the pristine m-PBI
at room temperature to 176 and 38 MPa at 6 and 12 H3POx per polymer repeat unit, respectively.'?’
By further increasing the temperature to 130 °C, the elastic modulus drops to a few MPa.®?’! On
the other hand, at low H3PO4 contents near the stoichiometric composition (Scheme 5), the elastic
modulus is increased compared with the pristine m-PBI, likely due to the electrostatic interactions
in the fully ionized system.!®* It has recently been shown that stoichiometric H;PO4 or H2SO4
complexes with m-PBI possess a reduced fractional free volume and reduced d-spacing due to the
electrostatic interactions, which has a great impact on the permeability and selectivity of gases.**
The research and development of crosslinked PBI chemistries, as described in section 2.4,
have mainly addressed the mitigation of plasticization at high H3PO4 loadings. The crosslinking
reduces the H3PO4 uptake, which is due to a combination of the restricted dimensional swelling,
and the sacrifice of Bronsted base sites in the polymer chain from crosslinking chemistry based on

N-coupling. From this perspective, crosslinking chemistries that are not based on N-coupling® !**

224 or development of PBI backbone chemistries with intrinsically improved creep resistance® '°!:

102285 appear as the most attractive routes to pursue.
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3.3 Ion conductivity and transport characteristics
While pure m-PBI is an electrical insulator, the excess uptake of protic acids such as H3POs,
H,S04, HCIO4, HNOj3 or HCI results in an ion conducting material.?** The conductivity varies
depending on the intrinsic conductivity characteristics of the acid as well as on the acid and water
content within the materials, which can be adjusted by equilibrating the polymer in acid of different
concentrations. At a certain acid loading, the m-PBI-H2SO4 system shows the highest conductivity
of the screened protic acids.?®* 264 The high ion conductivity in H>SO4 in combination with the low
crossover of e.g. cationic vanadium species has triggered substantial interest in this electrolyte
system for redox flow battery applications recently.!>4 1719

For many years, m-PBI-H3PO4 has been considered the most technologically relevant
electrolyte system, due to the lower vapor pressure and high thermal stability of H3POs, which
allows for high ion conductivity at low water activity and at temperatures up to 200 °C.>’ The
conductivity is mediated by the excess acid within the structure and thus increases with increasing
ADL. Conductivity data from the literature for m-PBI at different ADL, recorded at 160 °C and
under dry conditions, are summarized in Figure 3. At the ADL of 2, which corresponds to the
stoichiometric composition, as shown in Scheme 5, the ion conductivity is 10° S cm™'. At a slightly
lower H3PO4 ADL of 1.7, the conductivity is around 3 orders of magnitude lower. However, at a
slight excess of H3PO4 corresponding to an ADL of 5-6 the conductivity increases dramatically
and reaches a range of 102-10' S cm™!. By further increasing the ADL to 32, the conductivity at
160 °C can reach as high as 0.2-0.3 S cm™, which can be compared with around 0.6 S cm™ for
85% aqueous H3POs. The data presented in Figure 3 were recorded for dense films of m-PBI with
a typical thickness of 50-100 um, and the H3PO4 uptake characteristics can be further tailored by

introducing (meso)porosity by adding porogens during film formation, such as phthalates

)286 ).287

(dissolved in methanol)*® or silica nanoparticles (dissolved in NH4HF>
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Figure 3 Ion conductivity of m-PBI at 160 °C as function of ADL compiled based on the data
reported by Perry et al.,?® Xiao et al.,*® Yang et al.,’! Li et al.,?® Lobato et al.,®? Han et al.,?!> Ma

et al.,”’* Kawahara et al.,?® Jayakody et al.,>*° Giffin et al.,?*! and Pingitore et al.*

The subtraction of protons from phosphoric acid by the formation of the protic
polybenzimidazolium and the resulting electrostatic interactions with the phosphate anions reduces
the proton mobility and proton acceptor availability, which results in a significant reduction of the
conductivity as compared with pure phosphoric acid.?*> However, addition of water to the system
by e.g. active humidification or by absorption of product water in fuel cells, results in a significant
conductivity increase due the formation of mobile charge carriers, such as H;O"2"® It also
suppresses the condensation of H3PO4 to oligomeric and polymeric phosphoric oxoacid species
with lower conductivity.?”* For example, for m-PBI with an acid content corresponding to 11
H3PO4 per polymer repeat unit the conductivity at 160 °C increases from around 0.07 S cm™ under
dry conditions to 0.12 S cm™ under fully humidified atmosphere.?’!

From a mechanistic point of view, the proton conduction in H3PO4 has been understood as
a predominating Grotthuss-type structure diffusion process, where reorganization of the hydrogen
bond network results in proton transport on longer length scales.>”> The NMR studies by Suarez et
a] 294

support that this is the predominating conductivity mechanism in the H3PO4-PBI system as

well. However, recent fundamental studies show that the Grotthuss-type conductivity mechanism
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only prevails in a narrow temperature and composition range.?*>?°¢ Moving away from this range
leads to an increasing contribution from vehicular migration of phosphoric oxoacid species in
electric fields, and ultimately redistribution of the acid.?*’-%!

From a technological point of point, the redistribution of the acid is a formidable challenge
and represents a major degradation mode when the H;PO4-PBI system is used as electrolyte in fuel
cells.> 392 Theoretical studies by means of density functional theory calculations suggest that head-
head coupled polybenzimidazoles binds the acid stronger, which would reduce the acid
mobility,>* but it remains to be confirmed experimentally. One approach that has been verified
experimentally to improve the acid retention characteristics and extend the operating temperature
window to beyond 200 °C is based on the introduction of an inorganic filler within the polymer
matrix, such as silica, which forms phosphosilicates in situ.>** 3 The use of a layered structure
with a highly H3PO4 doped m-PBI core with barrier layers of m-PBI with a lower H3POj4 has also
been explored as a strategy to improve acid retention, but the durability improvements was found
to be primarily due to a higher acid inventory.>°® However, the most well-documents strategy to
extend the lifetime of fuel cells based on the H3;PO4-PBI electrolyte systems is to improve the

5,133,224

dimensional stability of the polymer electrolyte membrane by crosslinking or by making

use of creep resistant PBI chemistries.*

4 Poly(dialkyl benzimidazolium)s

As discussed in section 2.3, the N-functionalization of PBI is relatively straightforward and it can
be carried out by an initial activation of the PBI with a strong, non-nucleophilic, base followed by
addition of an electrophile, such as an alkyl or benzyl halide. The first N-functionalization occurs
readily and practically exclusively at the imidazole amine groups. Further functionalization of the
imidazole imine group usually proceeds slower and often require some heating. As shown in

Scheme 7, the second alkylation step yields the corresponding poly(di(alkyl/aryl)

d 307 1 308

benzimidazolium) iodide in nearly quantitative yiel Henkensmeier et a and Thomas et

al.>®” carried out the conversion of m-PBI to the corresponding poly(dimethyl benzimidazolium)

iodide in one step by activating m-PBI with a metal hydride (LiH or NaH) in dry NMP followed

by addition of excess iodomethane, and showed that alkylated PBIs can be used as anion exchange

membranes. Henkensmeier et al.'!® extended the methodology to an electron-rich PBI derived

from DAB and 4,4’-dicarboxylic acid-diphenylether (Table 1; Entry 13), using NaH for the
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activation and obtained the corresponding poly(dimethyl benzimidazolium) iodide with 87%

methylation.

R/\ N R/\
DMSO
80 °C

R R

R = alkyl, aryl

Scheme 7 Formation of alkyl/aryl poly(di(alkyl/aryl) benzimidazolium) iodide **’.

Due to the changed chemistry, poly(dimethyl benzimidazolium) is only partially soluble in DMAc
and NMP, and is therefore cast from DMSO. Through subsequent ion exchange steps, the
poly(dimethyl benzimidazolium) was obtained in different salt forms. The CI-, Br-, I, NO3;™ and
HCOs;™ forms showed water uptakes corresponding to 167, 2, 2, 3 and 5 H>O per ionic group,
respectively, i.e. 332, 4, 4, 6 and 10 H,O per polymer repeat unit, respectively.>”” The measured
ion exchange capacity was in a range of 2.97-4.16 meq. g'' and the anion conductivity ranged from
0.32-0.85 mS cm™!. Due to the high water uptake, the C1- form swells strongly in salt solutions and
dissolve instantaneously in pure water. For use in HCI based batteries, dibromoxylene crosslinked
PBI membranes were prepared and methylated heterogeneously by immersing the membranes in
water containing KOH and a few drops of iodomethane.*!® The poly(dimethyl benzimidazolium)

in the I form prepared by Henkensmeier et al.>%

showed water uptake corresponding to 6 H,O
per ionic group and an I~ conductivity of 4.5 mS cm™’. Both groups attempted to exchange the I~
counter anion with OH", which resulted in instant decomposition of the polymer and disintegration
of the material. As shown in Scheme 8, this is due to the nucleophilic addition of OH™ at the
benzimidazolium C2 position, resulting in hydrolytic ring opening to an amine-amide. While these
steps can be reversed upon acidification,!!? the subsequent chain scission due to hydrolysis of the

formed amide is irreversible. ' 308,309
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Scheme 8 Suggested degradation pathway of poly(dimethyl benzimidazolium) under alkaline

conditions.

As a degradation mitigation strategy of the poly(dimethyl benzimidazolium) under alkaline

conditions, Henkensmeier et al.!'

suggested to increase the electron density in the system by
substituting the phenyl moiety linking the two imidazolium groups in a repeat unit by
phenyloxyphenyl, effectively separating the two charges (see Table 1; Entry 13 and 14). As
expected, this was found to reduce the degradation rate.''® 3!! The dimethylbenzimidazolium
containing ether linkages showed better stability in the hydroxide form than the corresponding
dimethylbenzimidazolium derivatives containing sulfone (Table 1; Entry 12) linkages or partially
fluorinated (Table 1; Entry 42) segments.’!? Furthermore, the poly(dibenzyl benzimidazolium)
hydroxide showed better stability than the dimethylated counterpart.'*> Another attempt to
improve the stability was to incorporate longer aliphatic segments in the structure (Table 1; Entry
9), but the concept did not circumvent the major degradation mode.”®

A more effective stabilization approach was reported by Thomas et al.,”® who introduced
methyl substituents on the m-phenylene group adjacent to the polybenzimidazolium C2 position
(see Table 1; Entry 6). After N-methylation, as shown in Scheme 9, the dihedral angle between the
benzimidazoliums and the phenylenes was changed so that the methyl groups on the phenylene
moieties were positioned above and under the benzimidazolium plane and sterically protected the
benzimidazolium C2 position from nucleophilic attack. The result was a dramatically improved
stability under alkaline conditions, and it showed no structural changes after treatment for 10 days
in 2 mol L' aqueous KOH at 60 °C. The ionene was soluble in water, but the swelling could
effectively be reduced by blending with m-PBI to give mechanically robust films with hydroxide

conductivity up to 13 mS cm™!, which will be further discussed.
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Scheme 9 Chemical structure of the first sterically protected poly(dimethyl benzimidazolium)

ionene in the hydroxide form.”°

The concept has been further developed during the last few years to tailor the properties and to

reduce the swelling in water by e.g. controlling the degree of N-methylation®> **

or by
crosslinking.”® Furthermore, Ma et al.!> introduced an even more bulky p-phenylene link in the
polymer, containing four phenyl substituents. The base polymer was obtained from random-
copolymerization with excess isophthalic acid (see Table 3; Entry 11), which implies that a large
fraction of unprotected benzimidazolium C2 carbons are exposed to the hydroxide ions. However,
good stability was demonstrated in 1 mol L' NaOH at 80 °C for 800 h, which seems supported by
the model system studies by Wright et al.3!'# on m-terphenyl-protected benzimidazolium.

The initially reported hydroxide conductivities were rather low in despite the high IEC
values (4.4 meq. g! for the material shown in Scheme 9). This seems to be the effect of rapid CO»
absorption from air, changing the hydroxide ions into less mobile (bi)carbonate ions. A membrane
derived from a structural extension of the initial concept (see Table 1; Entry 7), immersed in water,
showed a conductivity of just 25 mS cm™.°? However, by applying a direct current through the
membranes between the platinum electrodes used for in-plane conductivity measurement, the
hydroxide ions obtained by water electrolysis at the electrodes flushed the carbonates away, and a
conductivity of around 100 mS cm™ at 40 °C could be measured.’!> This conductivity is similar to
that of commercial Nafion membranes, and, in combination with the high alkaline stability of
sterically protected poly(dimethyl benzimidazolium), this class of polymers is of high interest for
alkaline energy applications like fuel cells or electrolyzers.

Computational approaches are now being employed to explore how the poly(dimethyl
benzimidazolium) structure affect e.g. chain conformation, which could lead to a better
understanding of the structure-properties relationships and point out the most rational development

strategies.’!® The significant advancements in backbone stabilization may also reveal new
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challenges on the device level that need to be addressed to further extend lifetime (mitigating

dealkylation), improve mechanical robustness and optimizing the hydration characteristics.®!”

5 Polybenzimidazolides

As discussed in section 2.3, the first step in the N-functionalization of PBIs is the deprotonation
with a strong non-nucleophilic base, such as alkali metal hydrides, to form a polybenzimidazolide.
However, aqueous solutions of alkali metal hydroxides are also sufficiently basic to subtract

protons from the benzimidazole groups, to form a polybenzimidazolide, as shown in Scheme 10.

2nMOH N ¢ 20H0
@J 2
o N

M =Li, Na, K

Scheme 10 Formation of polybenzimidazolide under aqueous alkaline conditions.

The position of the equilibrium depends on the pH of the solution, i.e. the concentration of the

alkali metal hydroxide. The pKa value of benzimidazole is 12.83!8

and assuming that the pK, value
applies for m-PBI as well, the polybenzimidazolide form should predominate at KOH
concentrations higher than 0.6 mol L'.° However, in the form of thin films, m-PBI undergoes
complete ionization at KOH concentrations in the range 15-20 wt.%, which corresponds to 3.0-4.2
mol L12% This is suggested to be due to the low uptake of aqueous KOH in the lower
concentration range.’!® However, following complete ionization, the intermolecular hydrogen
bonding is released, which allows for further uptake of water and KOH. The volume swelling that
follows the benzimidazolide formation is highly anisotropic, and seen as a dramatic increase in
thickness but a reduction of the surface area.?>> 2% 319321 The aqueous KOH uptake is a fast
process, and the equilibrium is reached within seconds to minutes at room temperature, although
the structural evolution that is correlated to the macroscopic swelling behavior occurs on a time
scale of hours.?>® The resulting material is a ternary system based on the polymer, water and KOH
and was initially explored as an alectrolyte system for alkaline fuel cells.®

For m-PBI, the equilibrium composition of the ternary system at different KOH

concentration is summarized in Figure 4a, normalized as the number of H2O molecules and KOH
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ion pairs per polymer repeat unit.>>’ It can be seen that the water and KOH uptake increases with
increasing KOH concentration of the surrounding solution, until the concentration reaches 25 wt.%
(5.5 mol L! at room temperature). At higher KOH concentrations, the water concentration in the
ternary system goes down, also resulting in lower water uptake. It should be remarked that the
exchange of a hydrogen with potassium during the polybenzimidazolide formation (see Scheme

10) results in an increased molecular weight for the polymer repeat units, which is not compensated
for in the presented data.” >
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Figure 4 (a) Water and KOH content per m-PBI repeat unit after equilibration in 0-50 wt.%

KOH at room temperature®>>; (b) Conductivity based on literature data reported by Xing and

Savadogo,® Aili et al.,” »°° Kraglund et al.,>*? Konovalova et al.*?! and Zeng et al.”-3!°

Another consequence of the polybenzimidazolide formation is the change in solubility. For
example, the polybenzimidazolide derived from m-PBI readily dissolves in ethanol when a few
weight percent of NaOH or KOH is added.'® The alkaline ethanol solution of the
polybenzimidazolide can be used for further processing by e.g. electrospinning.>> As mentioned
in section 4, the sterically protected poly(dimethylbenzimidazolium) hydroxide was soluble in
water, but complexing with a polybenzimidazolide formed under alkaline conditions proved an

efficient approach to balance the swelling,”® as shown in Scheme 11.
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Scheme 11 Ionic pairing of poly(dimethyl polybenzimidazolium) and the corresponding

polybenzimidazolide as described by Thomas et al.”°

The room temperature ion conductivity data for the ternary H-O/KOH/m-PBI system as reported
in the literature are compiled in Figure 4b. The conductivity peak coincides with the maximum in
water uptake at around 25 wt.% KOH in the surrounding solutions and reach 0.04-0.14 S cm’!
depending on the measurement technique and the particular experimental conditions. One of the
reasons for the relatively large scattering in the reported conductivity data could be the structural
evolution of the membrane over time, which would affect the percolation and the ionic pathways
in the material.>>> However, the remarkably high ion conductivity of m-PBI in aqueous KOH in
combination with its gas tightness and mechanical robustness point out a new way of constructing
energy- and cost efficient electrolyzers for hydrogen production.!? It is important to note that water
must to be present to dissociate the KOH within the membrane, which is not a problem in
electrolysis cells when the cell is fed continuously with electrolyte, but could be problematic when
operated in fuel cell mode.

The conductivity behavior of m-PBI has also been explored in aqueous LiOH® and NaOH,*
324 but the conductivity is lower than in aqueous KOH due to the lower intrinsic conductivity of
aqueous LiOH and NaOH and lower uptake of the aqueous hydroxide solutions. The conductivity
of m-PBI in aqueous NaOH follows the same trend as in KOH and peaks at around 0.015 S cm’!
in 7 mol L™! at room temperature.3*> Sulfonation of m-PBI promotes the electrolyte uptake at lower
concentrations of the alkali metal hydroxide, which in turn results in enhanced ion conductivity in
the lower concentration range.*?°

Compared with poly(dialkyl benzimidazoliums), the polybenzimidazolide form shows
better intrinsic resistance towards nucleophilic attack, due the electron rich aromatic system and
high electron density around the benzimidazolide C2 position. In chemical stability tests, m-PBI
was proven fully stable in 5 wt.% KOH at close to 90 °C for 6 months.'¢” However, increasing the
KOH concentration resulted in gradual degradation of the polymer and the degradation rate
increased with increasing KOH concentration, as monitored by inherent viscosity measurements
in combination with size exclusion chromatography.!®” Steric protection of the
polybenzimidazolide C2 position has been explored in the context of KOH (aq.) imbibed

membranes as well, but has not proven sufficiently effective to drastically suppress the
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degradation.”! The predominant degradation mechanism likely differs from that of the
poly(dialkylbenzimidazolium), and detailed mapping of the degradation pathway is therefore

needed for the development of rational degradation mitigation strategies.

6 Concluding remarks and prospects for further development

New application areas in emerging electrochemical conversion technologies and separation
processes have been main drivers for the tremendous development of new PBI chemistries during
the past two decades. A large variety of PBI structures have been reported in the literature,
primarily from homogenous solution polymerization in polyphosphoric acid or Eaton’s reagent.
The latter give access to PBIs derived from e.g. larger ether containing dicarboxylic acids, which
cannot be obtained in polyphosphoric acid due to solubility limitations. The majority of the
structures have been obtained by varying the dicarboxylic acid monomer, which likely is a result
of the large variety of dicarboxylic acids that are available on a commercial basis. Many examples
of random copolymers obtained from mixtures of different dicarboxylic acids at different ratios
have also been reported in the literature. PBIs derived from alternative tetra-amines are
considerable less common, likely because substantial synthetic efforts are required to obtain
sufficient monomer quantities and qualities for polymerization. The molecular weight
determination of PBIs is typically done by a Mark-Houwink correlation based on viscosity data in
sulfuric acid, although the sets of Mark-Houwink constants available in the literature have been
obtained in a low molecular weight range. Size exclusion chromatography tend to overestimate
the molecular weight, due to the agglomeration of the polymer in organic solvents.

Among the polymer modification concepts, N-coupling to the benzimidazole groups has
been extensively explored for grafting as well as for crosslinking. The reaction proceeds smoothly
in the presence of a base catalyst, but also occur without base catalyst at elevated temperatures or
when reactive electrophiles are used. The methodology can be extended to produce cationic
ionenes in the form of poly(dialkyl benzimidazolium)s, by reacting the N-functionalized
polybenzimidazole with e.g. an alkyl iodide. The poly(dialkyl benzimidazolium)s show good
stability under neutral conditions, but rapidly degrade in alkaline environment unless the
benzimidazolium C2 position is protected from nucleophilic attack. Steric hindrance is a

particularly successful degradation mitigation strategy in this connection.
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The PBIs react quantitatively even with relatively weak protic acids, such as H3POs, to
form protic polybenzimidazoliums. The formation of cationic protic polybenzimidazolium ionenes
and the excessive acid uptake result in dramatically changed physicochemical properties. The
H3POy4 exerts a plasticizing effect, but supports proton conductivity of >10 mS cm™! at acid doping
levels corresponding to >5 H3PO4 per polymer repeat unit at temperatures at temperatures up to
200 °C. Similarly, exposing PBI to a strongly alkaline solution, such as aqueous KOH, results in
deprotonation of the benzimidazole groups to form an anionic ionene in the form of a
polybenzimidazolide. As a result, the physicochemical properties of the material change
significantly depending and the excess aqueous KOH within the structure can support remarkably
high ion conductivity, provided that water is present to keep the ions solvated.

To conclude, significant progress has been achieved in the field of PBI chemistry and a
voluminous catalogue of synthetic routes to vastly different structure derivatives has developed
over the years. The application scope of PBI is continuously broadened, and emerging applications
introduce new requirements in terms of stability and function. While m-PBI still serves as the
state-of-the-art and benchmarking material, the search for new structures should be guided by

particular materials requirements, which in the end are highly application dependent.
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