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Membrane-mediated separation has gained significant attention as a promising strategy for CO2 separation.

The continuous quest for membrane materials with improved CO2 separation performance remains

a priority in advancing membrane gas separation technologies. Troger's base (TB), characterized by its

rigid V-shaped bridged bicyclic linking group, presents an excellent building block for enhancing

polymer rigidity and hindering chain packing, thereby improving the gas separation performance. Despite

considerable progress which has been made on TB polymeric membranes over the past few years,

a comprehensive review on this topic is still lacking. Herein, the development of membranes based on

TB polymers for CO2 separation in the past ten years is summarized and discussed. Specifically, pure TB

polymeric membranes, functionalized TB polymeric membranes, TB polymer based mixed-matrix

membranes (MMMs), and TB polymer based carbon molecular sieve (CMS)/thermal rearranged (TR)

membranes are discussed, targeting separation performance. Finally, conclusions are drawn on the

progress of CO2 separation membranes based on TB polymers, with perspectives for future

development also presented.
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1. Introduction
1.1 Global warming and CO2 capture

Human activities, particularly the burning of fossil fuels (coal,
oil and gas) and large-scale deforestation, generate a signi-
cant amount of carbon dioxide (CO2), which contributes to
serious global warming.1,2 The consequences of global warm-
ing include changes in precipitation patterns, the melting of
glaciers and permafrost, and rising sea levels.3,4 Given the
complexity and uncertainty of these risks, carbon capture,
utilization, and storage (CCUS) is widely recognized as an
indispensable strategy for mitigating climate change and
facilitating a low-carbon and sustainable future.5 However, the
efficiency of the CO2 capture step, which accounts for
approximately 80% of the overall cost, remains a major chal-
lenge hindering the widespread adoption of CCUS technolo-
gies.6 Therefore, developing highly efficient means of CO2

capture is of critical importance to improve the competitive-
ness of the CCUS strategy.

In recent years, many technologies have been applied for
CO2 capture, including liquid absorption,7,8 solid adsorption,9–11

chemical looping12,13 and membrane separation.14–17 Among
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them, liquid absorption is considered as the most mature
technique and has been intensively studied7,18–21 and used in
several pilot tests for CO2 capture from various sources.22–24

Many new liquid absorbents, e.g., amino acid salts,25 ionic
liquids (ILs),26,27 and phase separation amine mixtures28 have
been developed. However, liquid absorption still suffers from
problems such as high energy consumption (solvent regenera-
tion step), high tendency of corrosion, and possible secondary
pollution due to thermal degradation.7,29

On the other hand, although solid adsorption has been
widely used in air separation30,31 and H2 purication,32,33 the
number of reports focusing on using solid adsorbents for CO2

capture is relatively small compared to those on liquid
absorption. This is primarily because solid adsorption is less
effective in removing large quantities of CO2 from ue gas with
low CO2 concentrations in the feed.9

In contrast, membrane gas separation offers several advan-
tages over liquid absorption and solid adsorption, including
small footprint, easy operation, no moving parts and liner scale
up. Thus, membranes for CO2 separation have gained signi-
cant attention in the past few decades.
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with Prof. Wang Rong in envi-
ronmental engineering from
Nanyang Technological Univer-
sity, Singapore, in 2019. He is
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Kunming University of Tech-
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tion, lithium ion separation membranes, solid-state electrolytes,
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Fig. 1 Robeson upper bound for CO2/CH4 (a) and CO2/N2 (b) separation, reproduced from ref. 48–50.
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1.2 Membrane CO2 separation

The application of membranes for CO2 separation was started in
the late 1970s.34–36 Over the past few decades, various types of
membranes have been developed, including polymeric
membranes,37–39 mixed-matrix membranes (MMMs),40–42 carbon
molecular sieve (CMS) membranes ,43,44 and inorganic
membranes.45,46 Among these materials, polymeric membranes
have been intensively studied due to their good processibility,
relatively low price andmoderate CO2 separation performances.37,38

However, it is well-known that there is a trade-off between
gas permeability and selectivity in polymeric membranes. In
simple terms, membranes with high gas selectivity usually tend
to have low permeability, and vice versa.47 The trade-off is well
illustrated by the Robeson upper bound, which was introduced
in 1991,48 updated in 2008,49 and more recently in 2019 (ref. 50)
(shown in Fig. 1).

As shown in Fig. 1, permeability and selectivity are indicators
of gas separation performance. The permeability can be inter-
preted as the ability of a gas component to permeate across
a membrane.51 The permeability can be determined using the
following eqn (1):

PA ¼ DA � SA ¼ NAl

ðp0 � plÞ (1)

in which P (Barrer, 1 Barrer = 10−10 cm3 (STP) cm cm−2 s−1

cmHg−1) is the gas permeability of component A, DA (cm
2 s−1) is

the diffusion coefficient of component A, SA (cm3 (STP) cm−3

cmHg−1) is the solubility coefficient of component A, NA (cm3

(STP) cm−2 s−1) is the ux of component A, l (cm) is the effective
membrane thickness, p0 (cmHg) is the pressure at the upstream
side, and pl (cmHg) is the pressure at the downstream side.52

For asymmetric or composite membranes for which it is
difficult to determine the actual membrane thickness, per-
meance is widely used to evaluate gas transport performance.
The correlation between permeance and permeability can be
expressed as eqn (2):

PermeanceA ¼ PA

l
¼ NA

ðp0 � plÞ (2)
15602 | J. Mater. Chem. A, 2023, 11, 15600–15634
The ideal gas selectivity ða*
A=BÞ is dened as the permeability

ratio between the more permeable gas (A) and less permeable
one (B). The ideal gas selectivity (the product of the diffusivity
and solubility selectivity) can be expressed using the following
eqn (3):

a*
A=B ¼ PA

PB

¼
�
DA

DB

��
SA

SB

�
(3)

in which PA and PB are certain gas permeabilities of A and B,
respectively.52

In the actual membrane separation process, preferentially
permeating component will be consumed and retained species
will accumulate in the boundary layer, which causes concen-
tration polarization and thus, a deviation between the ideal
selectivity ða*

A=BÞ and separation factor (aA/B). The separation
factor can be determined by using eqn (4):

aA=B ¼ yA=xA

yB=xB

(4)

The deviation between the ideal selectivity ða*
A=BÞ and sepa-

ration factor (aA/B) can be ignored when the partial pressure at
the upstream side is much higher than that at the downstream
side.53

It is worth mentioning that even though the gas permeability
and selectivity were considered as ‘intrinsic’ properties of
a membrane material, they may gradually change over time,
especially for glassy polymeric membranes, which is known as
‘physical aging’.54,55 Due to physical aging, gas permeability
reduction of up to 40% can be observed for glassy polymeric
membranes in an operation period of 6 months;56 in the past
few years, numerous efforts have been made for mitigating
physical aging.57

In recent years, a signicant number of polymeric
membranes have been developed with the goal of improving
CO2 permeability and gas selectivity, pushing the data towards
the upper right side of the upper bound plot. Meanwhile,
tremendous attention has also been paid to controlling physical
aging. These membranes include polymers of intrinsic micro-
porosity (PIMs), polyimides (PIs),58,59 polybenzimidazole (PBI)60
This journal is © The Royal Society of Chemistry 2023
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and Troger's base based (TB) polymers,61,62 block copolymers63,64

and many other polymers.65 Among them, polymers with the TB
group (TB polymer), a nitrogen-containing kinked heterocycle
with a V-shaped bridged bicyclic linking group, have emerged as
versatile building blocks for gas separation membranes. The
incorporation of the TB group enhances polymer chain rigidity
and improves the microporosity within the matrix. In the past
few years, great progress has been made in the eld of TB
polymers, including conventional TB polymers, TB-PI polymers,
and TB-PIMs, which have been developed and applied for gas
separations.66–69 However, there is no review specically focused
on TB polymers for gas separation. Therefore, this work aims to
provide a comprehensive review of the recent advancements in
TB polymer-based membranes for CO2 separation. The review
begins by discussing the fundamentals of TB polymer synthesis,
followed by the collection and summarization of gas perme-
ation data for TB polymer-based CO2 separation membranes.
Additionally, the third part of this review addressed MMMs
based on TB polymers. Furthermore, the review touches upon
the relatively lesser-explored area of TR polymeric membranes
or CMS membranes derived from TB polymers, although
research in this domain is not as extensive as the development
of new monomers for TB polymers. Finally, the review
concludes by summarizing the ndings and providing insights
into the future development of TB polymers.

2. TB based polymeric membranes
for CO2 separation

In 1887, TB was originally isolated by an accident in a study on
the reaction of p-toluidine and dimethoxymethane (DMM).70

Later, because of its attractive stereochemistry71 and organo-
catalysis properties,72 various TB analogs have been
Scheme 1 The conventional route of TB polymer synthesis.

This journal is © The Royal Society of Chemistry 2023
synthesized.73–75 In the eld of polymer synthesis, researchers
have developed multiple polymers based on different TB
monomers.76,77 Attempts had not been made to apply TB poly-
mers as gas separation membrane materials until 2013.70,78

Since then, many efforts have been dedicated to develop new TB
polymers with the purpose of improving the CO2 separation
performances.79–81

2.1 TB polymer based CO2 separation membranes

Aer years of development, there are mainly twomethods for TB
polymer synthesis for gas separation membranes. The rst one
is the straightforward method similar to the one developed in
1887,70 in which the TB polymer was obtained by polymerization
of diamine monomer and DMM, as shown in Scheme 1.

Another way of synthesizing TB polymer is a two-step
process; the TB unit was rst formed in diamine or dianhy-
dride, and then diamine and/or dianhydride was employed to
form PI with a TB unit. The reaction scheme is presented in
Scheme 2.

2.1.1 Conventional TB polymers. Conventional TB poly-
mers are characterized by their low BET surface area and frac-
tional free volume (FFV). In early explorations, TB polymers
were derived from commercially available aromatic diamine
monomers with repeated units composed of TB and coplanar
benzene rings, resulting in low BET surface area and poor CO2

permeability. For example, TB polymers derived from 2-methyl-
1,3-benzenediamine (DAT) and 2,5-dimethyl-1,4-
phenylenediamine (DPD) had low surface area and gas perme-
ation data were not tested (shown in Fig. 2).78 In another study,
methyl lateral groups were introduced onto the TB polymer
chain, which increase chain spacing. These polymers were
found to exhibit a CO2 permeability of 45.0 and 6.8 Barrer,
a CO2/CH4 selectivity of 30.0 and 28.0, and CO2/N2 selectivity
J. Mater. Chem. A, 2023, 11, 15600–15634 | 15603
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Scheme 2 TB polycondensation between dianhydride and TB-containing diamine.
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values of 26.0 and 19.0. However, the overall CO2 separation
performances are still located in the low region.82

Later, a more rigid bridging structure such as naphthalene,
was chosen as the moiety to yield 1,5-diaminonaphathelene
Fig. 2 Examples of conventional TB polymers.

15604 | J. Mater. Chem. A, 2023, 11, 15600–15634
(1,5-DAN) TB based polymer (1,5-DTBP).83 Aerwards, two
copolymers, (referred to as 90D10HTBP and 50D50HTBP) were
prepared by copolymerization with 4,4′-(hexa-
uoroisopropylidene)dianiline (4,4′-HFD), as depicted in Fig. 2.
This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d3ta03017b


Table 1 CO2 separation performances of conventional TB polymers

Polymer PCO2
(Barrer) aCO2/CH4 (—) aCO2/N2 (—) Ref.

TB-OT 45.0 30.0 26.0 82
TB-DM 6.8 28.0 19.0 82
TB-MSBC 161.7 16.6 — 84
TB-SBC 59.8 16.5 — 84
1,5-DTBP 170.0 24.0 17.4 83
90D10HTBP 292.0 24.4 18.1 83
50D50HTBP 97.0 29.8 20.1 83
4,4′-HTBP 57.0 41.3 23.9 83
1.25 wt%-BTB 129.0 — 33.5 85
2.5 wt%-BTB 137.0 — 32.4 85
5 wt%-BTB 145.0 — 31.6 85

Fig. 3 PI-TBs derived from imide-containing diamine monomers.

This journal is © The Royal Society of Chemistry 2023
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It was discovered that as the 4,4′-HFD content increased, CO2

permeabilities increased rst and then decreased. The
90D10HTBP sample, which contained 10% 4,4′-HFD had the
highest CO2 permeability of 292.0 Barrer, coupled with a CO2/N2

and CO2/CH4 selectivity of 24.4 and 18.1, respectively.83

Similarly, it was found that fused rings can enhance chain
rigidity in comparison with the relatively exible C–N single
bond. Zhang et al.84 replaced the 4,4′-(hexa-
uoroisopropylidene)-diphthalic anhydride (6FDA) moiety with
a TB group, and two new polymers, namely TB-MSBC and TB-
SBC were synthesized from the two spirobichroman-
containing diamine monomers, 6,6′-bis(4-amino-3-methyl-
phenoxy)-4,4,4′,4′,7,7′-hexamethyl-2,2′-spirobichroman (MSBC)
and 6,6′-bis(4-aminophenoxy)-4,4,4′,4′,7,7′-hexamethyl-2,2′-spi-
robichroman (SBC), respectively (shown in Fig. 2). The resulting
membranes showed better permeability and selectivity
J. Mater. Chem. A, 2023, 11, 15600–15634 | 15605
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Table 2 Gas separation performances of TB-PI polymeric membranes

Polymer PCO2
(Barrer) aCO2/CH4

(—) aCO2/N2
(—) aCO2/H2 (—) Ref.

Ac-CoPI-TB-1 1366.0 16.0 17.0 1.3 92
Ac-CoPI-TB-2 555.0 17.0 17.0 2.0 92
Ac-CoPI-TB-3 377.0 17.0 16.0 1.5 92
Ac-CoPI-TB-4 203.0 19.0 20.0 1.2 92
PI-TB-N 731.0 19.0 19.0 1.6 92
PI-TB-1 457.0 17.0 15.0 1.3a 87
PI-TB-2 55.0 26.0 22.0 2.5a 87
PI-TB-3 218.0 32.7 22.9 1.4a 88
PI-TB-4 13.5 13.5 10.8 3.0a 88
PI-TB-5 19.5 11.5 10.5 2.7a 88
PI-TB-6 104.5 18.1 21.3 1.5a 89
PI-TB-7 112.0 20.4 17.5 1.9a 89
PI-TB-8 53.7 26.4 21.3 2.3a 89
PI-TB-9 110.1 22.6 19.4 1.7a 89
PI-TB-12 57.3 34.1 25.8 1.9a 89
CoPI-TB-1 158.0 23.0 23.0 1.6a 90
CoPI-TB-2 209.0 21.0 20.0 1.9a 90
CoPI-TB-3 196.0 22.0 21.0 1.9a 90
CoPI-TB-4 241.0 14.0 12.0 2.8a 90
CoPI-TB-5 228.0 20.0 22.0 1.5a 90
CoPI-TB-6 330.0 17.0 20.0 1.4a 90
TBDA1-6FDA-PI 155.0 46.9 23.8 — 67
TBDA1-ODPA-PI 13.4 36.2 26.8 — 67
TBDA2-6FDA-PI 285.0 35.6 23.8 — 67
TBDA2-ODPA-PI 106.0 48.2 27.9 — 67
TBDA1-SBI-PI 895.0 19.7 25.6 — 68
TBDA2-SBI-PI 1213.0 18.7 24.8 — 68
TB-PIMPI-33 180.0 36.4 26.4 — 100
TB-PIMPI-50 184.0 35.4 24.7 — 100
TB-PIMPI-66 312.0 32.8 21.4 — 100
TB-PIMPI-75 335.0 31.3 20.6 — 100
TB-PIMPI-83 295.0 33.1 24.0 — 100
PIM-PI-TB-1 662.0 15.0 — — 103
Aged PIM-PI-TB-1 361.0 23.0 — — 103
PIM-PI-TB-2 595.0 19.0 — — 103
Aged PIM-PI-TB-2 376.0 21.0 — — 103
4MTBDA-6FDA 1672.0(1008.0)b 14.4(16.8)b — — 102
4MTBDA-PMDA 4460.0(1689.0)b 11.4(14.8)b — — 102
4MTBDA-SBIDA 5140.0(2476.0)b 8.7(—)b — — 102
4MTBDA-SBFDA 4476.0(1621.0)b 12.1(13.0)b — — 102
Bio-TBPI-1 575.0 — — — 94
Bio-TBPI-2 702.0 — — — 94
Bio-PITB-1-Vac 1123.0(1008.0)c 23.0(25.0)c 22.0(22.0)c — 95
Bio-PITB-1-air 1352.0(1076.0)c 23.0(25.0)c 21.0(22.0)c — 95
Bio-PITB-2-Vac 1201.0(1087.0)c 24.0(27.0)c 22.0(22.0)c — 95
Bio-PITB-2-air 1384.0(1161.0)c 23.0(26.0)c 22.0(23.0)c — 95
6FDA-HB 286.0(254.0)d 26.0(27.0)d — — 96
TDAi3-HB 998.0(788.0)e 20.0(21.0)e — — 96
POLY-H 130.1 32.9 19.5 — 101
POLY-F 136.8 31.8 18.7 — 101
POLY-CF3 187.1 30.7 12.5 — 101
POLY-COOH 120.5 38.8 19.8 — 101
TB-PI 190.0 30.2 — 1.7a 104
TB-PI-COOH-10 138.0 36.3 — 2.0a 104
TB-PI-COOH-20 112.0 56.0 — 2.2a 104
TB-PI-COOH-30 76.0 76.0 — 2.4a 104
TB-PI-COOH-40 58.0 83.0 — 2.6a 104
TB-PI-COOH-50 37.0 62.0 — 3.7a 104
6FDA-HTB 67.0(55.0) f 73.0(76.0) f — — 66
SBI-HTB 466.0 29.0 — — 66
TBDA-HTB 71.0(61.0) g 38.0(54.0) g — — 105
TBDA-TMPD 1457.0(744.0)h 17.0(20.0)h — — 105
PA “I” 109.1 50.3 — — 106

15606 | J. Mater. Chem. A, 2023, 11, 15600–15634 This journal is © The Royal Society of Chemistry 2023
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Table 2 (Contd. )

Polymer PCO2
(Barrer) aCO2/CH4

(—) aCO2/N2
(—) aCO2/H2 (—) Ref.

PA “II” 92.2 46.8 — — 106
PA “III” 84.7 48.4 — — 106
PA “IV” 86.4 53.7 — — 106
TNTDA-TBDA1 397.0 31.7 25.7 — 99
CpODA-TBDA1 240.0(203.0)i 25.4(29.6)i 18.2(18.4)i — 93
CpODA-TBDA2 498.0(343.0)i 18.6(21.7)i 18.9(20.1)i — 93

a H2/CO2.
b The numbers in parentheses refer to the aged data (4MTBDA-6FDA= 524 days; 4MTBDA-PMDA= 333 days; 4MTBDA-SBIDA= 509 days;

4MTBA-SBFDA = 405 days). c The numbers in parentheses refer to the data obtained for the membranes aged for 100 days. d The numbers in
parentheses refer to the data obtained for the membranes aged for 200 days. e The numbers in parentheses refer to the data obtained for the
membranes aged for 330 days. f The numbers in parentheses refer to the data obtained for the membranes aged for one month. g The numbers
in parentheses refer to the data obtained for the membranes aged for 50 days. h The numbers in parentheses refer to the data obtained for the
membranes aged for 90 days. i The numbers in parentheses refer to the data obtained for the membranes aged for 100 days.
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compared to those 6FDA-based PI prepared from the same
diamines. Meanwhile, TB-MSBC exhibited higher permeability
(161.7 Barrer vs. 59.8 Barrer) and similar selectivity in compar-
ison with the “methyl-less” TB-SBC polymer.
Fig. 4 Co-PI-TBs derived from imide-containing diamine monomers, (a

This journal is © The Royal Society of Chemistry 2023
Instead of developing highly rigid linear polymers, Yue
et al.85 designed a series of branched TB polymers (x-BTB) with
mixed diamines, namely tetrakis(4-aminophenyl) methane
(TAPM) and o-tolidine (OT). Compared to the linear OT-based
) CoPI-TB, (b) Ac-CoPI-TB.

J. Mater. Chem. A, 2023, 11, 15600–15634 | 15607
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TB polymer (TB-OT), the x-BTBs exhibited much higher CO2

permeability (129.0–145.0 Barrer) and comparable CO2/N2

selectivity (31.6–33.5), which revealed the advantage of intro-
ducing a tetraphenylmethane branch structure into the back-
bone. Moreover, the x-BTBs also exhibited much better physical
aging resistance compared to the neat TB-OT polymer. The CO2

separation performances of conventional TB polymers were
collected and are presented in Table 1.

2.1.2 TB-based PIs. PIs, known for their good thermal and
chemical stabilities, as well as excellent mechanical properties,
are highly promising candidates for CO2 gas separation
membranes.86 In order to improve the CO2 separation
Fig. 5 Representative examples of TB-PIs, reproduce from ref. 68.

15608 | J. Mater. Chem. A, 2023, 11, 15600–15634
performances, researchers have explored the incorporation of
TB units into the PI polymeric chain to improve the stiffness of
the polymer backbone and enhance chain packing. In general,
there are two typical methods for preparing TB-based PIs: TB
polymerization using imide-containing diamine monomers (PI-
TB) and imidization using TB-containing monomers (TB-PI).

2.1.2.1 PI-TBs. PI-TB polymers were synthesized by poly-
merization of imide-containing diamine monomers with DMM,
while the imide-containing diamines were normally obtained by
‘graing’ two diamines onto both sides of commonly used
dianhydrides. By combining 2 different diamines and 8 dia-
nhydrides, a series of TB-based PIs named PI-TB-x (x= 1, 2.11,
This journal is © The Royal Society of Chemistry 2023
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12) was developed by Zhuang et al.87–89 (shown in Fig. 3). Gas
permeation was also carried out and the results showed that the
introduction of a TB unit into the PI polymeric chain greatly
improved the CO2 separation performances (shown in Table 2).
For example, the CO2 permeability of PI-TB-1 was 457.0 Barrer,
which was about 11 times higher than that of the PI derived
from the same precursors, PI-6FDA-DPD (43.0 Barrer). The ob-
tained PI-TB also presented great tensile strength. It is worth
mentioning that the PI-TB developed with different anhydrides
also perfectly follow the permeability-selectivity trade-off,
a higher CO2 permeability normally coupled with relatively
lower selectivity.

In addition, co-PI-TB can be also obtained by combining
different diamines and/or dianhydrides in the PI-TB synthesis
process.90 Depending on the ratio between An-BPDA and the
diamine co-monomer, a serious of co-PIs abbreviated as CoPI-
TB-x (x = 1–6) were successfully obtained (shown in Fig. 4(a)).
The resulting copolymers showed better gas permeability
compared with conventional BPDA-based PIs. Due to the addi-
tional FFV imparted by the TB units in the backbone, the CO2

permeability of CoPI-TB-1 and CoPI-TB-2 was about 7-fold and
9-fold higher than that of the neat PI-BAFL-BPDA (PCO2

= 23.0
Barrer (ref. 91)). Moreover, it is found out that more rigid
monomers normally lead to higher CO2 permeability.

To further investigate the effects of alicyclic segments on gas
transport properties, Zhang et al.92 incorporated the chosen
alicyclic segments into TB-PI backbones via copolymerization
(shown in Fig. 4(b)). The results showed that the introduction of
alicyclic segments signicantly enhanced H2/CO2 separation
performance, while the separation performance for CO2/CH4

and CO2/N2 gas pairs was almost unchanged. In addition, when
the testing temperature increased from 35 to 200 °C, the
membrane changed from CO2 selective to H2 selective, in which
the H2/CO2 selectivity of Ac-CoPI-TB-2 increased from 0.59 to
3.70.

2.1.2.2 TB-PIs. Except these studies of PI-TBs derived from
imide-containing diamine monomers, many efforts also have
been put into the research work on synthesizing TB-PIs by
polycondensation of diamines with a TB unit and dianhydrides.
In this process, the TB unit was rst introduced into the
diamines, and then the TB-PI polymer can be obtained by
a conventional PI synthesis procedure. In 2014, four TB-PIs
named TBDA1-6FDA-PI, TBDA2-6FDA-PI, TBDA1-ODPA-PI, and
TBDA2-ODPA-PI were synthesized between two TB-containing
diamine monomers (TBDA1 and TBDA2) and two anhydride
monomers, 6FDA and ODPA67 (shown in Fig. 5). Compared to
traditional PI membranes, the four TB-PIs exhibited greatly
improved CO2 separation performances (shown in Table 2). The
TB unit with a rigid and in-built amine structure increased the
gas permeability while the high selectivity was maintained
nicely. Later on, two new microporous PIs (TBDA1-SBI-PI and
TBDA2-SBI-PI) were developed by replacing dianhydrides with
spirobisindane based dianhydride68 (shown in Fig. 5). The ob-
tained two polymers exhibited high CO2 permeability (895.0 and
1213.0 Barrer), as well as excellent CO2/N2 selectivity (25.6 and
24.8) and CO2/CH4 selectivity (19.7 and 18.7), respectively.
This journal is © The Royal Society of Chemistry 2023
(1) Bulky and rigid bridging structures in the backbone. Other
than the relatively conventional dihydrates, e.g., 6FDA, PMDA
and OPDA, lots of research has also been focusing on inte-
grating rigid and contorted bridging moieties to construct
a shape-tolerant TB-PI backbone to enhance overall gas sepa-
ration performances.

Many dihydrates with PIM like structure were developed and
used in PI as well. For example, SBIDA, SBI and SBFDA. As ex-
pected, TB-PI synthesized via these monomers normally
exhibited a relatively high free volume and consequently high
CO2 permeability, and thus, they were also considered as poly-
mers with intrinsic porosity. Other than them, other bulky
dihydrates have also been developed and used to synthesize TB-
PI as well. Lu et al.93 chose the contorted dianhydride, norbor-
nane-2-spiro-a-cyclopentanone-a′-spiro-2′′-norbornane-5,5′′,6,6′
′-tetracarboxylic dianhydride (CpODA) as a building block to
yield TB-PIs (shown in Fig. 5). The CpODA-TBDA2 possessed
a moderate CO2 permeability of 498.0 Barrer, which was 2 fold
greater than that of CpODA-TBDA1. Moreover, compared to
those of the counterparts derived from 6FDA, the CO2/CH4 and
CO2/N2 separation performance of the two CpODA-derived TB-
PIs was slightly lower. In addition, the two obtained CpODA-
derived TB-PIs showed excellent resistance to physical aging.
The membranes aged for 100 days showed comparable or
greater performance relative to those of the fresh ones.

Similarly, two novel contorted dianhydrides, 5,5′-(mesityl-
methylene)bis(4-methylphthalic anhydride) (MMDA) and 5,5′-
(9H-uorene-9,9-diyl)bis(4-methylphthalic anhydride) (FDDA)
were developed from guaiacol94 (shown in Fig. 5). The results
showed that the Bio-TBPIs exhibited improved gas permeability
relative to that of other reported 6FDA-based TB-PIs. For
example, the CO2 permeability of Bio-TBPI-2 was 702.0 Barrer,
which was higher than that of PIM-PI-TB-1 (662.0 Barrer).
Moreover, combined with a CO2 permeability over 500.0 Barrer
and CO2/CH4 selectivity over 24.0, the Bio-TBPIs demonstrated
exceptional performance for CO2/CH4 separation in comparison
with many PIs, which was between 1991 and 2008 upper
bounds. In terms of physical aging, the Bio-TBPIs are less
affected by physical aging than 6FDA-based TBPIs.

In the following experiment, the same group95 changed the
synthesis method to one-step TB polymerization to get Bio-
PITBs. Compared to Bio-TBPIs, the Bio-PITBs presented
improved gas permeability with good selectivity. For example,
the CO2 permeability of Bio-PITB-2 is 1352.0 Barrer coupled
with a CO2/CH4 selectivity of 23.0. Moreover, Bio-PITBs dis-
played reverse selective characteristics towards the CO2/H2 gas
pair, which was ascribed to the dipole–quadrupole interactions
between CO2 and carbonyl groups in the imide ring, enhancing
CO2 solubility selectivity.

More recently, a Hünlich base (HB), a unique TB-derived
unit, was also employed as a building block to form two HB-
based polymers, 6FDA-HB and TDAi3-HB96 (shown in Fig. 5).
The results showed that TDAi3-HB exhibited much higher
permeability for all the tested gases (H2, N2, O2, CH4, CO2, and
He) but relatively reduced the gas selectivity, which followed the
permeability/selectivity trade-off relationship when compared
J. Mater. Chem. A, 2023, 11, 15600–15634 | 15609
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Fig. 6 Co-TB-PIs with a bulky pendant group in ref. 100 and 101. (a) TBPIMP1, (b) CoTB-PI with 4 different side groups.
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to 6FDA-HB. A CO2 permeability of up to 998.0 Barrer coupled
with a CO2/CH4 selectivity of 20.0 was documented for TDAi3-
HB. Moreover, the obtained TB-PI exhibited better physical
aging resistance compared to other PIs derived from the same
prototype. Aer aging for 330 days, the CO2 permeability of
TDAi3-HB dropped only 21% (from 998.0 to 788.0 Barrer).
Meanwhile, the two HB-based PIs show good plasticization
resistance even at a pressure of 15 bar.

(2) Pendant moiety and substituent group. Other than devel-
oping a bulky, contorted and rigid structure in the monomer, it
is well accepted that tuning the pendant moiety can be
a promising strategy to enhance the CO2 separation perfor-
mance of polymeric membranes.97,98 Abundant efforts have
been also dedicated to gra various functional groups onto TB
polymeric chains with the aim of improving CO2 separation
performances.

By introducing a bulky tert-butyl substituent to disturb the
chain packing and thus increasing the gas permeability, Hu
Fig. 7 Structure of the three-block co-TB-PI (TB-PI-COOH) synthesize

15610 | J. Mater. Chem. A, 2023, 11, 15600–15634
et al.99 designed a novel dianhydride, 3,3′-di-tert-butyl-2,2′-
dimethoxy-[1,1′-binaphthalene]-6,6′,7,7′-tetracarboxylic dianhy-
dride (TNTDA) and subsequently yielded a new PIM-PI (TNTDA-
TBDA1) through the polycondensation between TNTDA and
TBDA1 (shown in Fig. 5). The resulting TNTDA-TBDA1 displayed
a 2.5 fold higher CO2 permeability (397.0 Barrer) with compa-
rable CO2/N2 (25.7) and CO2/CH4 selectivity (31.7) compared to
6FDA-TBDA1.

Later, an ortho-substituted TB diamine with pendant tert-
butyl-phenyl (t-BuPh) groups, 2,8-bis(4-(tert-butyl)phenyl)-4,10-
diamino-6,12-dihydro-5,11-methanodibenzo[b,f][1,5]diazocine
(TTBDA) was designed by the same group, and a series of TB-PIs
was synthesized accordingly (shown in Fig. 6(a)).100 Compared
to 6FDA/TBDA2, the resulting co-TB-PIs with more than 50%
TTBDA exhibited superior CO2 permeability with comparable or
better selectivity. Among them, TB-PIMPI-75 presented the
greatest gas permeability (335.0 Barrer) with a moderate CO2/
CH4 selectivity (31.3).
d in ref. 104.

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Novel TB-based dianhydride (TBDA) in ref. 105.
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To further investigate the inuence of size and polarity of the
pendant group on separation performance, Xu et al.101 intro-
duced a series of tetramethyl-substituted TPM-based diamines
with different substituted groups (–H, –F, –CF3, and –COOH)
into the backbone of TB-PI by a simple one-step copolymeriza-
tion (shown in Fig. 6(b)). The CO2 permeability of the resulting
membranes ranged from 120.5 to 187.1 Barrer with an increase
in the order of –COOH < –H < –F < –CF3, which were consistent
with the resultant polymer FFV values. Moreover, –COOH
created unique affinity to CO2, causing the highest ideal selec-
tivities of 19.8 and 38.8 for CO2/N2 and CO2/CH4.

TB-containing diamines modied with ortho-methyl or
bromine substituents can increase steric hindrance and thus
obtain highly permeable TB-PIs. Lee et al.102 introduced
a second methyl substituent near the two amino groups on the
TB monomer and synthesized a series of TB-PIs derived from
the TB diamine monomer (4MTBDA). All the 4MTBDA-derived
PIs demonstrated an outstanding combination of high gas
permeability and good selectivity, which were close to the 2008
CO2/CH4 upper bound.

Similarly, Ghanem et al.103 designed two di-ortho-substituted
TB-containing diamines named TBDA1′ and TBDA2′, and
subsequently synthesized 6FDA-based PIs (PIM-PI-TB-1 and
PIM-PI-TB-2) via the high temperature one-step cyclo-
imidization reaction. Compared to the single-ortho-substituted
TB-PIs such as TBDA-6FDA-PI and TBDA-ODPA-PI, the two ob-
tained di-ortho-substituted TB-PIs showed higher CO2 perme-
ability (662.0 and 595.0 Barrer) and lower CO2/CH4 selectivity
(15.0 and 19.0). In addition, aer aging for 180 days, the
prepared membranes exhibited a 18–60% reduction of perme-
ability with a moderate increase in selectivity.
Fig. 9 TB-based PAs developed in ref. 106.

This journal is © The Royal Society of Chemistry 2023
In terms of the functional group, TB polymers containing
OH or COOH groups were commonly studied due to the fasci-
nating interchain hydrogen bond. Ma et al.66 synthesized two o-
hydroxyl-functionalized TB-based PIs (6FDA-HTB and SBI-HTB).
With a higher surface area, SBI-HTB showed better CO2

permeability (466.0 Barrer) than 6FDA-HTB (67.0 Barrer) but
a signicantly lower selectivity for CO2/CH4 (29.0 vs. 73.0).
Compared to the results reported for other 6FDA-based
hydroxyl-functionalized PIs without kinked contortion sites,
6FDA-HTB displayed signicantly higher gas permeability and
selectivity. Moreover, a 10–20% reduction of permeability was
documented aer only one month of storage.

Considering that the tertiary amine TB units can react with
acid groups by the formation of a hydrogen-bonding network,
Wang et al.104 synthesized a series of three-block copolymers
(TB-PI-COOH) by mixing different proportions of amines with –

COOH groups (shown in Fig. 7). The CO2 permeability of TB-PI-
COOHs decreased from 190.0 Barrer to 37.0 Barrer with the
increasing proportion of non-contorted 3,5-diaminobenzoic
acid (DABA). Correspondingly, the CO2/CH4 and H2/CO2 selec-
tivity of TB-PI-COOHs increased from 30.2 to 83.0 and from 1.7
to 3.7. In addition, it is worth mentioning that a hydrogen-
bonding network is benecial for increasing the plasticization
resistance.

More recently, Abdulhamid et al.105 designed a novel TB-
based dianhydride (TBDA) (shown in Fig. 8) and then yielded
two TBDA-based PIs by reacting TBDA with 1,7-diamino-
6H,12H-5,11-methanodibenzo[1,5] diazocine-2,8-diol (HTB) and
2,3,5,6-tetramethyl-p-phenylenediamine (TMPD), named TBDA-
HTB and TBDA-TMPD. Compared to 6FDA-TMPD, TBDA-TMPD
showed better CO2 permeability (1457.0 Barrer) and CO2/CH4

selectivity (17.0). Moreover, attributed to hydrogen-bonding,
TBDA-HTB exhibited a great CO2/CH4 selectivity of 38.0. In
terms of physical aging, TBDA-HTB was less affected than
TBDA-TMPD. In particular, the separation performance of
TBDA-HTB became closer to the 2008 upper bound aer aging.

Besides TB-PIs, Bisoi et al.106 prepared a series of TB-bridged
polyamides (PAs) (shown in Fig. 9) through a polycondensation
of TBDA1 with four different diacids. The four resulting TB-
based PAs exhibited outstanding CO2/CH4 selectivity (46.8–
53.7) coupled with a CO2 permeability over 84.0 Barrer. By
J. Mater. Chem. A, 2023, 11, 15600–15634 | 15611

https://doi.org/10.1039/d3ta03017b


Fig. 10 Examples of high free volume TB polymers.
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visualizing these data in the Robeson upper bound plot, it was
clear that the CO2/CH4 separation performance of TB-based PAs
was on the 2008 upper bound.49

2.1.3 Other high free volume TB polymers. According to
Freeman's theory, improving the rigidity of polymer chains and
preventing chain stacking are effective approaches to improve
the FFV and, consequently, gas permeabilities.107 Consistent
with this approach various TB polymers with a high FFV have
been developed in recent years.
15612 | J. Mater. Chem. A, 2023, 11, 15600–15634
In 2013, Carta et al.70 rst introduced the rigid and contorted
TB unit as a building block for PIM synthesis. In their work, they
designed two TB-based ladder polymers (PIM-EA(Me2)-TB and
PIM-SBI-TB), as shown in Fig. 10, derived from 2,6(7)-diamino-
9,10-dimethylethanoanthrancene and 5,5′,(6),(6′)-diamino-
3,3,3′,3′-tetramethyl-1,1′-spirobisindane, respectively. The PIM-
EA(Me2)-TB possessed higher CO2 permeability (7140 Barrer vs.
2900 Barrer) and CO2/N2 selectivity (13.6 vs. 12.5) over PIM-SBI-
TB due to the combined rigidity of the bridged bicyclic TB and
ethanoanthracene (EA) units.
This journal is © The Royal Society of Chemistry 2023
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Table 3 CO2 separation performances of high free volume TB polymers

Polymer PCO2
(Barrer) aCO2/CH4

(—) aCO2/N2
(—) aCO2/H2 (—) Ref.

TB-Ad-Me 1820.0 — 15.1 — 108
PIM-HNTB-30 967.0(481.0)a 7.0(8.3)a — — 119
PIM-HNTB-60 833.0(341.0)b 11.8(10.4)b — — 119
CANAL-TB-1 1678.0(749.0)c 13.9(14.1)c — — 117
CANAL-TB-2 2520.0(1751.0)c 12.3(13.6)c — — 117
anti-CANAL-TB-2 2470.0 9.6 — — 118
syn-CANAL-TB-2 2111.0 9.4 — — 118
anti-CANAL-TB-4 2232.0 10.6 — — 118
syn-CANAL-TB-4 2402.0 10.8 — — 118
PIM-EA(Me2)-TB 7140.0(2644.0)d 10.0(12.1)d 13.6(14.1)d 0.9k 70
PIM-SBI-TB 2900.0 — 12.5 — 70
PIM-EA(H2)-TB 5990.0 16.0 25.0 1.0k 113
PIM-Trip(H2)-TB 9709.0(3951.0)e 10.7(18.1)e 15.9(20.9)e 0.8k 80
PIM-Trip(Me2)-TB 3718.0(1880.0)f 10.7(12.1)f 14.6(19.6)f 1.5k 111
PIM-BTrip-TBh 13 200.0 9.2 — — 54
PIM-BTrip-TBi 4150.0 14.7 — — 54
PIM-TMN-Trip-TB 6060.0 — 15.3 — 115
TBPIM33 4353.0 12.3 18.1 — 120
TBPIM25 4441.0 11.8 17.0 — 120
CoPIM-TB-1 7835.0(4977.0)g 13.6(16.1)g 21.3(21.2)g — 81
CoPIM-TB-2 6767.0(4967.0)g 15.1(16.7)g 19.5(21.8)g — 81
C-CoPIM-TB-1 5437.0(4937.0)g 23.3(23.0)g 26.5(31.4)g — 81
C-CoPIM-TB-2 4251.0(4019.0)g 25.2(25.6)g 29.5(36.6)g — 81
CA-PIM-1 6831.0 16.7 18.7 — 92
CA-PIM-1-300 7672.0 15.6 18.1 — 92
CA-PIM-1-325 8753.0 13.8 15.1 — 92
CA-PIM-1-350 8602.0 14.2 17.3 — 92
CA-PIM-1-375 9671.0 11.7 14.1 — 92
CA-PIM-1-400 12 563.0 4.9 6.2 — 92
CA-PIM-2 5946.0 18.2 18.7 — 92
CA-PIM-2-300 6709.0 15.8 18.0 — 92
CA-PIM-2-325 8051.0 13.7 15.5 — 92
CA-PIM-2-350 7668.0 14.4 16.2 — 92
CA-PIM-2-375 8512.0 12.9 14.3 — 92
CA-PIM-2-400 9854.0 5.2 5.7 — 92
CTTB 7136.0l 22.5m 33.2n — 112
MTTB 6273.0l 19.7m 29.3n — 112
ITTB 6880.0l 18.4m 27.6n — 112
DFTTB 3146.0(1005.0) j 21.8(20.5) j — — 79
PIM-MP-TBo 3500.0 13.3 17.5 — 62
PIM-MP-TBp 2340.0 14.8 18.7 — 62
PIM-MP-TBq 633.0 24.4 29.6 — 62
PIM-MP-TBr 378.0 25.7 28.4 — 62

a The numbers in parentheses refer to the data obtained for the membranes aged for 250 days. b The numbers in parentheses refer to the data
obtained for the membranes aged for 180 days. c The numbers in parentheses refer to the data obtained for the membranes aged for 300 days.
d The numbers in parentheses refer to the data obtained for the membranes aged for 106 days. e The numbers in parentheses refer to the data
obtained for the membranes aged for 102 days. f The numbers in parentheses refer to the data obtained for the membranes aged for 407 days.
g The numbers in parentheses refer to the data obtained for the membranes aged for 40 days. h Methanol treated. i Aer aging for 166 days.
j The numbers in parentheses refer to the data obtained for the membranes aged for 180 days. k H2/CO2.

l H2 permeability (Barrer). m a (H2/
CH4).

n a (H2/N2).
o Methanol treated. p Day 1 aer thermal conditioning under vacuum at 140 °C. q Aer aging for 118 days and intermediate

mixed gas permeation. r Aer 370 days of aging and intermediate mixed gas permeation.
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Later, considering that the turnstile-like rotary thermal
motion of methyl substituents at the bridgehead of the EA unit
may reduce the selectivity of PIM-EA(Me2)-TB, EA was replaced
with a 3D paddle-like triptycene (Trip) moiety and a new ladder-
type PIM-Trip(H2)-TB was obtained80 (shown in Fig. 10). As ex-
pected, higher CO2 permeability (9709.0 Barrer) and better CO2/
N2 selectivity (15.9) were obtained for PIM-Trip(H2)-TB over
PIM-EA(Me2)-TB (gas permeation data shown in Table 3). Aer
This journal is © The Royal Society of Chemistry 2023
aging for 100 days, a 60% reduction of the CO2 permeability was
documented for PIM-Trip(H2)-TB membranes with a thickness
of 132 mm, showing that a faster physical aging may happen for
thinner membranes. The same group108 also designed a cardo-
polymer (TB-Ad-Me) through one-step TB polymerization
between DMM and 2,2-bis(3-methyl-4-aminophenyl) ada-
mantane. The resulting product showed a moderately high CO2

permeability of 1820.0 Barrer and unremarkable selectivity for
J. Mater. Chem. A, 2023, 11, 15600–15634 | 15613
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Fig. 11 Trip-2,6-diamine (CTA) and Trip-2,7-diamine (MTA)
regioisomer monomers.
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the CO2/CH4 gas pair, which was only close to the 1991 upper
bound.

More recently, a huge number of studies have been carried
out on PIM-Trip-TB.109–112 Malpass-Evans et al.111,113 prepared
two TB based polymers, PIM-EA(H2)-TB and PIM-Trip (Me2)-TB
(shown in Fig. 10), and comparably evaluated their CO2

performance. It is found that the “methyl-less” TB-PIMs dis-
played superior separation performance than their counterparts
with a bridgehead methyl substituent. For instance, CO2/CH4

separation results of PIM-Trip(H2)-TB lay above the 2008 upper
bound while those of PIM-Trip (Me2)-TB were only close to the
1991 upper bound. Notably, despite a higher total pore volume
of PIM-Trip(Me2)-TB caused by a bridgehead methyl substit-
uent, its permeability for CO2 was 3718.0 Barrer, only about 38%
that of PIM-Trip(H2)-TB. In addition, physical aging enhanced
the overall performance of H2-bridgehead polymers, which was
opposite to that of methyl-bridgehead polymers.

In another study, Trip-2,6-diamine (CTA) and Trip-2,7-
diamine (MTA) regioisomer monomers112 (shown in Fig. 11)
were synthesized to investigate the regioisomer effect in TB-
based gas separation membranes. The resulting TB polymers
were named CTTB and MTTB, respectively. It is found that the
CO2 separation performance of ITTB was lower because of the
looser polymer main-chain packing, which indicated that
a pure-regioisomer normally resulted in a more uniform chain
packing.

Later, to amplify the role of chain spacing in enhancing
permeability, Rose et al.54 created benzotriptycene by fusing
Fig. 12 Regioisomers of norbornyl bis-benzocyclobutenne-containing

15614 | J. Mater. Chem. A, 2023, 11, 15600–15634
a benzene ring to the Trip unit and subsequently synthesized
a new PIM-TB (PIM-BTrip-TB, shown in Fig. 10). Ascribed to
benzotriptycene's greater “internal molecular free volume”114

relative to that of Trip, PIM-BTrip-TB demonstrated an
enhanced CO2 permeability of 13 200.0 Barrer. However, the
high CO2 permeability was quickly reduced due to serious
physical aging, and aer 116 days, the CO2 permeability fell
from 13 200.0 to 4150.0 Barrer with a usual increase in CO2/CH4

selectivity from 9.2 to the value of 14.7. A subsequent study
conducted by the same group115 indicated that a CO2 perme-
ability of 6060.0 Barrer and CO2/N2 selectivity of 15.3 can be
documented for PIM-TMN-Trip-TB, which was close to the 2008
upper bound.

In another study, Rose et al.62 designed a rigid TB-based PIM
(PIM-MP-TB) by employing methanopentacene (MP) and DMM
as monomers (shown in Fig. 10). Compared to many of
conventional PIMs, PIM-MP-TB exhibited great selectivity for
CO2/CH4 and CO2/N2 gas pairs combined with moderate CO2

permeability (3500.0 Barrer) due to the shorter methylene
bridge and greater proportion of aromatic rings within the
polymer chain. In addition, the membrane demonstrated
almost unchanged CO2 separation performances even aer one
year of aging.

Inspired by the method to yield rigid and contorted ladder
backbones reported by Liu et al.,116 Ma et al.117 synthesized
norbornyl bis-(aminobenzocyclobutene) ladder aryl diamines
from two commercially available p-bromoanilines and norbor-
nadiene, and the CANAL ladder polymers (CANAL-TB-1 and
CANAL-TB-2) were obtained (shown in Fig. 10). Both CANAL-TBs
exhibited a moderate CO2/CH4 selectivity ranging from 12.3 to
13.9, while CANAL-TB-2 exhibited higher CO2 permeability
(2520.0 Barrer) than CANAL-TB-1 (1678.0 Barrer), which was
ascribed to the more open internal structure of CANAL-TB-2.

Later, Hu et al.118 prepared a series of CANAL-TB polymers
derived from pure regioisomers of CANAL diamines (shown in
Fig. 12). The results manifested that syn-CANAL-TB-4 exhibited
concomitant greater gas permeability and selectivity compared
to anti-CANAL-TB-4 (gas permeation data shown in Table 3).
Meanwhile, anti-CANAL-TB-2 with a CO2 permeability of 2470.0
(N2BC) diamines.

This journal is © The Royal Society of Chemistry 2023
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Fig. 13 Synthetic route of TB-PIM copolymers in ref. 120.
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Barrer and CO2/CH4 selectivity of 9.6 outperformed syn-CANAL-
TB-2 in separation performance. All these results demonstrated
the advantages of isomeric effects in the development of
excellent performance gas separation membranes.

In addition to focusing on synthesizing new rigid polymer
backbone structures, functional molecular design to nely tune
gas separation performance has also been investigated. Ma
et al.79 designed a 2,3-diuoro-functionalized triptycene
(DFTrip) building block and eventually synthesized an intrin-
sically microporous TB-derived ladder polymer (DFTTB, shown
Fig. 14 Cross-linked high free volume TB-PIM polymers in ref. 81 and 1

This journal is © The Royal Society of Chemistry 2023
in Fig. 10). The fresh DFTTB membrane exhibited outstanding
combination of a high CO2 permeability of 3146.0 Barrer and
CO2/CH4 selectivity of 21.8. Surprisingly, aer 180 days of aging,
there was a 68% reduction of CO2 permeability (from 3146.0
Barrer to 1005.0 Barrer) with an unexpected decrease in CO2/
CH4 selectivity from 21.8 to 20.5 as well. The signicant
reduction of CO2 permeability and the abnormal decrease in
CO2/CH4 selectivity with aging diminished the value of DFTTB
in industrial application of CO2 separation.
21.

J. Mater. Chem. A, 2023, 11, 15600–15634 | 15615
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Fig. 15 TB polymer based polymeric blends used for CO2 separation. (a) PIM1/TB-OT, (b) PIM-BM-70/TB-OT, (c) PIM-EA(H2)-TB/Matrimid®
5218, (d) PIM-EA(Me2)-TB/Matrimid® 521, (e) 6FDA-BADA/TB-OT, (f) PIM-EA(H2)-TB/PBI.
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Van et al.119 designed a 1,1′-binaphthalene-diamine mono-
mer (NH2-BINOL-TBS) to form OH-functionalized TB-based
PIMs (PIM-HNTB, shown in Fig. 10). Compared to the DFTTB
membrane reported in ref. 79, the obtained PIM-HNTBs showed
15616 | J. Mater. Chem. A, 2023, 11, 15600–15634
moderate CO2 permeability (833.0–967.0 Barrer) and relatively
low CO2/CH4 selectivity (7.0–11.8). It is worth mentioning that
higher content of –OH groups in the polymer led to better
This journal is © The Royal Society of Chemistry 2023
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overall performance for fresh membranes but a faster physical
aging rate.

Compared to graing various functional groups onto the
polymeric chain, a TB unit was also introduced into the PIM-1
polymer chain and a TB-PIM copolymer was obtained (TB-
PIMs, shown in Fig. 13).120 Compared with PIM-1, the pres-
ence of a TB unit in the copolymers resulted in lower d-spacing
and FFV, and thus less gas permeability and better selectivity of
TB-PIMs. For example, the CO2 permeability of TB-PIM-25 was
4353.0 Barrer while the CO2 permeability of PIM-1 was 6538.0
Barrer. Correspondingly, a TB-PIM copolymer, such as TB-PIM-
33, had improved selectivity for the gas pair CO2/N2 (18.1) and
CO2/CH4 (12.3).

In practical separation applications, reducing physical aging
is crucial for long-term stability. Chemical crosslinking and
thermal crosslinking are considered to be feasible methods to
slow down physical aging. Initially, carboxylic acid containing
Trip-based TB copolymers (CoPIM-TB-1 and CoPIM-TB-2) were
synthesized with 2,6-diaminotriptycene-14-carboxylic acid
(DATCA) and 2,6-diaminotriptycene (DAT′),81 and subsequently,
C-CoPIM-TB-1 and C-CoPIM-TB-2 were formed by cross-linking
glycidol with copolymers (shown in Fig. 14). Compared with
PIM-Trip(H2)-TB, the resulting cross-linkedmembranes showed
a signicantly improved selectivity with reduced gas perme-
abilities. For instance, the CO2/CH4 selectivity of C-CoPIM-TB-1
and C-CoPIM-TB-2 was 23.3 and 25.2 while that of PIM-Trip-TB
was 13.0. In addition, aer aging for 40 days, the permeability of
C-CoPIM-TB-1 and C-CoPIM-TB-2 to CO2 decreased by 9% and
5%, respectively, which was much less than that of PIM-
Trip(H2)-TB aged for the same length (42%).

Later, thermal decarboxylation crosslinking was introduced
to a carboxylate polymer precursor (CA-PIM) to improve anti-
plasticization properties of the membranes (shown in
Fig. 14).92 The results showed that the obtained membranes
possessed great resistance to plasticization, even at a CO2

pressure up to 30 bar. Meanwhile, the CO2 permeability of CA-
PIM-1 and CA-PIM-2 increased accompanied with the reduction
of selectivity as the heating temperature increases (gas
Fig. 16 CO2/CH4 (a) and CO2/N2 (b) separation performance of TB base

This journal is © The Royal Society of Chemistry 2023
permeation data shown in Table 3). Except CA-PIM-1-400 and
CA-PIM-2-400 which had partial carbonization, the CO2/CH4

separation performance of the rest of the copolymers remained
above the 2008 Robson upper bound.

2.1.4 TB polymer blends. Compared to the synthesis of new
polymers with a novel structure and superior CO2 separation
performances, polymer blending has been considered as
a versatile, straightforward and least expensive route for devel-
oping membranes with desirable separation performance.122

However, the compatibility between the blending components
is crucial for the development of high-performance gas sepa-
ration membranes.122,123 Research has been also carried out on
blending a TB polymer into different polymeric matrices to
improve CO2 membrane separation/mechanical properties. The
development of membranes based on TB polymer blends is
summarized in the following section.

Knowing that the PIM-1 polymer was miscible with the TB-
OT polymer in any proportion, Zhao et al.123 synthesized PIM/
TB-OT blending membranes with different compositions of
PIM-1 and TB-OT (shown in Fig. 15(a)). The CO2 permeability of
the blending membranes decreased while the ideal selectivity
increased on increasing the content of the TB-OT polymer. For
example, as the TB-OT polymer loading increased from 20 wt%
to 80 wt%, CO2 permeability decreased gradually from 5765.0 to
727.0 Barrer with the increase of CO2/CH4 selectivity from 11.3
to 16.2. Interestingly, at lower temperature, ideal selectivity of
these membranes, particularly for CO2/N2 and CO2/CH4 was
much higher than that of the value at high temperature. For
example, the higher gas selectivity of 54.3 for CO2/N2, and 44.0
for CO2/CH4 of the PIM/TB-OT(8 : 2) membrane could be ach-
ieved at −25 °C.

Attempts have been made for blending functionalized PIM-1
with a TB polymer to form blending membranes. Chen et al.124

took bromomethylated PIMs (PIM-BM) and TB-OT as prototypes
to form the polymer blends (PIM-BM/TB-OT) (shown in
Fig. 15(b)). Different from the previous reports,123 the PIM-1 and
TB polymers were physically blended, and in Chen's work,124 the
membranes were cross-linked by exposing the blend
d polymeric membranes.

J. Mater. Chem. A, 2023, 11, 15600–15634 | 15617
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Table 4 CO2 separation performances of TB polymer blend membranes

Polymer PCO2
(Barrer) aCO2/CH4 (—) aCO2/N2 (—) aCO2/H2 (—) Ref.

Matrimid/PIM-EA(H2)-TB 198.0 21.6 29.0 — 125
PBI/PIM-EA(H2)-TB 131.0a — — — 126
PIM/TB-OT (8 : 2) 5765.0 11.3 17.4 — 123
PIM/TB-OT (6 : 4) 2585.0 12.2 18.0 — 123
PIM/TB-OT (4 : 6) 1824.0 14.4 18.4 — 123
PIM/TB-OT (2 : 8) 727.0 16.2 19.1 — 123
PI/TB-OT 79.3 55.1 — — 127
PI/TB-OT-100 °C-16 h 51.8 57.6 — — 127
PI/TB-OT-120 °C-16 h 18.4 115.0 — — 127
PI/TB-OT-150 °C-16 h 23.1 110.0 — — 127
PI/TB-OT-250 °C-16 h 33.1 41.4 — — 127
PIM-BM/TB-OT 2007.2 18.0 18.2 — 124
PIM-BM/TB-OT-80 °C-20 h 987.4 21.1 22.3 — 124
PIM-BM/TB-OT-120 °C-20 h 617.5 19.8 19.0 — 124
PIM-BM/TB-OT-200 °C-20 h 391.3 31.7 22.4 — 124
PIM-BM/TB-OT-250 °C-5 h 430.7 27.5 17.1 — 124
PIM-BM/TB-OT-250 °C-10 h 197.0 54.1 21.9 — 124
PIM-BM/TB-OT-250 °C-20 h 148.5 79.9 33.7 — 124
PIM-BM/TB-OT-300 °C-2 h 218.4 63.4 23.2 — 124
PIM-BM/TB-OT-300 °C-5 h 67.6 155.7 42.8 — 124

a H2 permeability.
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membranes at a temperature of above 250 °C, with ppm-level
O2. Pristine PIM-BM/TB-OT possessed high CO2 permeability
(2007.2 Barrer) with moderate CO2/CH4 selectivity (18.0). Aer
thermal crosslinking, the CO2/CH4 selectivity increased signif-
icantly from 18.0 to 155.7 due to the formation of narrow pore
structures. The CO2/CH4 separation performance of the XPIM-
BM/TB-OT membrane treated at 300 °C for 5 h was above the
2019 upper bound. Moreover, aer aging for 360 days, XPIM-
BM/TB-OT still held outstanding gas separation performance
far above the 2008 Robeson upper bound.49

In another work, highly permeable PIM-EA(H2)-TB was
blended with a classic PI (Matrimid® 5218) widely used for CO2/
CH4 separation (shown in Fig. 15(c)).125 The gas permeability of
Fig. 17 Physical aging of representative TB based polymeric membrane

15618 | J. Mater. Chem. A, 2023, 11, 15600–15634
the Matrimid® 5218/PIM-EA(H2)-TB blend membrane improved
relative to that of pure Matrimid® 5218. For instance, the CO2

permeability of the blending membrane increased from 8.6 to
198.0 Barrer coupled with a CO2/CH4 and CO2/N2 selectivity of
21.6 and 29.0, which made its performance closer to the 2008
upper bound. Later, the same group126 replaced PIM-EA(H2)-TB
with PIM-EA(Me2)-TB and obtained Matrimid® 5218/PIM-
EA(Me2)-TB blends (shown in Fig. 15(d)). Supported by Sulzer
PAN UF, a thin lm composite (TFC) membrane was fabricated.
The permeability of the resultingmaterial increased by about two
orders ofmagnitude with respect to that of pureMatrimid® 5218,
accompanied by an increase in selectivity (from 10.0 to 14.0 for
CO2/CH4 and from 20.0 to 26.0 for CO2/N2).
s, (a) CO2/CH4 and (b) CO2/N2 separation performances.

This journal is © The Royal Society of Chemistry 2023
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Thermal linking of blend membranes can be also achieved
by thermal treatment of PI with –COOH groups (6FDA-BADA)
(shown in Fig. 15(e)).127 The obtained PI/TB-OT blending
membranes showed higher CO2 permeability (18.4–79.3 Barrer)
than pristine PI, and excellent CO2/CH4 selectivity (41.4–115.0)
compared to that of a pure TB-OT polymer. In addition, in
comparison with pristine 6FDA-BADA and TB-OT membranes,
the PI/TB-OT blending membranes possessed better resistance
to CO2 plasticization and slightly better physical aging resis-
tance as well.

In addition, TB has also been studied as one of the compo-
nents of blends for the H2/CO2 separation process at high
temperature. It is well-known that polybenzimidazole (PBI) is
widely used in membranes for H2/CO2 separation, but it is
limited by its low permeability. Sanchez-Láınez et al.128 tried to
add PIM-EA(H2)-TB to PBI to improve permeability (shown in
Fig. 15(f)). The blends with 10 wt% PIM-EA(H2)-TB increased the
H2 permeability from 31.9 to 131.0 Barrer while the H2/CO2

selectivity was nicely maintained. Moreover, they added zeolitic
imidazolate-8 (ZIF-8) nanoparticles to a blend of PBI and PIM-
EA(H2)-TB and yielded asymmetric membranes with an opti-
mized H2 permeance of 83.5 GPU and H2/CO2 selectivity of 19.4.

Advances in CO2/CH4 and CO2/N2 separation performance of
TB based polymeric membranes are summarized in Fig. 16. As
can be seen from the gure, though abundant attempts have
been made for developing TB based polymeric membranes for
CO2 separation, and many of them exhibited high CO2 perme-
ability (e.g., close to 10 000 Barrer), only a bunch of them over-
came the 2008 upper bound. In terms of TB-PI polymers, the
incorporation of a TB group did improve the performance of
Fig. 18 TB-containing ionene polymers derived from imidazolium-med

This journal is © The Royal Society of Chemistry 2023
traditional PI, but it was not as attractive as expected. For TB
polymer blends, the proper combination might get amazing
CO2/CH4 separation performance close to the 2019 upper
bound, though most of them presented lower CO2 permeability
and slightly higher selectivity compared to the neat polymers
(data shown in Table 4).

Physical aging behavior of the representative TB based
polymeric membranes is summarized and presented in Fig. 17.
Physical aging, as an inevitable thermal relaxation process of
glassy polymers such as TB polymers, will reduce the internal
free volume and thus reduce CO2 permeability over time. As can
be seen from Fig. 17, most of the representative TB polymers
underwent a general aging process with decreased permeability
and only a moderate increase or even decrease in selectivity. By
contrast, PIM-Trip (H2)-TB and C-CoPIM-TB-1 (2) exhibited
more outstanding separation performance aer aging, which
veried the idea of the control effect of chain rigidity on phys-
ical aging. In other words, the adjustment of polymer rigidity is
a valid approach to tune the aging behavior of TB
polymers.98,129–133

2.2 Functionalized TB polymeric membranes for CO2

separation

Ionization is an effective method for ne-tuning the porosity
and functionalizing microporous polymers to enhance their gas
separation performance.134,135 Common ionization methods
include carboxylation, sulfonation, quaternization and other
ionization processes.135–137 For TB polymers, on one hand, the
easy protonation of the tertiary nitrogen of TB units enables the
TB polymer to form a rigid poly-cationic framework, and thus,
iated monomers in ref. 69 and 140.

J. Mater. Chem. A, 2023, 11, 15600–15634 | 15619
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Fig. 19 Ionic PIs containing BIA or BBIA as the third monomer in ref. 141.
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quaternization is commonly employed to functionalize a TB
polymer.138,139 On the other hand, the incorporation of an
imidazole ring, which is prone to quaternization, in the
formation of TB polymers is also feasible. Thus, there can be
two methods to prepare functionalized TB polymers: pre-func-
tionalization (monomers) and post-functionalization
(polymers).138

In terms of the functionalization of monomers, starting from
commercially available imidazole, 2-uoronitrobenzene (2-
FNB) or 4-uoronitrobenzene (4-FNB), Kammakakam et al.69,140

synthesized the TB base monomers having “ortho”- and “para”-
substituted diimidazole (Im-TB(o) and Im-TB(p)). Then a series
of imidazolium-mediated TB-based ionene polymers (Im-TB-
ionene) (shown in Fig. 18) were synthesized via the two
diimidazole-functionalized TB monomers, followed by [Tf2N]

−

anion ion exchange. Similar to typical ionomers, the resulting
Im-TB-ionene exhibited low CO2 permeability (∼4.9 Barrer) and
moderate CO2/CH4 selectivity (∼56.7) and CO2/N2 selectivity
Fig. 20 Synthetic route of TB-OR-x.

15620 | J. Mater. Chem. A, 2023, 11, 15600–15634
(45.4). Unfortunately, the overall CO2 separation performances
of the Im-TB-ionenes fell below the 2008 upper bound which
can be ascribed to the obstacle of gas permeability. With the
aim of improving CO2 permeability, they subsequently mixed
CO2-philic IL into Im-TB to form composite membranes. The
resultant composite membranes show enhanced CO2 perme-
ability (from 5.3 to 47.2 Barrer) without sacricing selectivity in
comparison with Im-TB(o & p)-PA. However, the overall CO2

separation performances are still in the low region.
Later, with a slightly adapted strategy, Xu et al.141 designed

two imidazolium-mediated diamine monomers named BIA and
BBIA, and then prepared 6FDA/TBDA/BIA (or BBIA) PI, abbre-
viated as PI-1 (2), by reacting 6FDA with TBDA1, and a BIA
(BBIA) monomer (shown in Fig. 19). Later on, BF4

− and TFSI−

were used to yield four ionic PIs (PI-1-BF4, PI-2-BF4, PI-1-TFSI,
and PI-2-TFSI) in NMP solution. All the resulting membranes
showed better permeability than pristine Im-TB-ionenes; for
instance, a CO2 permeability of 90.1 Barrer was documented by
This journal is © The Royal Society of Chemistry 2023
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Fig. 21 CO2/CH4 (a) and CO2/N2 (b) separation performance of functionalized TB polymeric membranes.
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PI-2-TFSI. In terms of selectivity, PI-1 exhibited the highest CO2/
CH4 selectivity of 40.0 while PI-2-TFSI exhibited the highest
CO2/N2 selectivity of 22.0. Interestingly, ionic PI membranes
with [TFSI]− had better gas separation performance than
membranes containing [BF4]

−, which indicated that adjusting
the type of anion can optimize the CO2 separation performance.

In terms of post-functionalization of the TB polymers, qua-
ternization occurs on the tertiary nitrogen of TB units.142,143

Using this strategy, ionic TB polymers such as ITB-DM, ITB-OT,
and ITB-Trip, were prepared via N-quaternization of the TB
structure, and the obtained membranes exhibited excellent
performance in helium recovery.82 Even though post-
functionalized TB polymeric membranes were rarely reported
for CO2 separation, it is an interesting topic worth further
investigating.

With the aim of improving the durability of plasticization
and physical aging, a new method of open-loop TB polymers
Table 5 CO2 separation performances of functionalized TB polymeric m

Polymer PCO2
(Barrer) aCO2/CH4 (—

[Im-TB(o)-Xy][Tf2N] 2.0 76.5
[Im-TB(o)-C10][Tf2N] 4.4 82.5
[Im-TB(p)-Xy][Tf2N] 2.0 53.2
[Im-TB(p)-C10][Tf2N] 2.7 57.2
Im-TB(o)-PA 5.3 56.7
Im-TB(p)-PA 4.9 61.6
[Im-TB(o)-PA] + [IL] 47.2 46.7
[Im-TB(p)-PA] + [IL] 21.1 43.6
PI-1 20.8 40.0
PI-1-BF4 30.8 28.0
PI-1-TFSI 36.4 37.0
PI-2 42.6 30.4
PI-2-BF4 66.9 20.9
PI-2-TFSI 90.1 37.5
TB-OR-30 78.0 17.7
TB-OR-35 62.0 18.3
TB-OR-50 37.0 18.8
M-TB-OR 4.4 35.7

a H2/CO2.

This journal is © The Royal Society of Chemistry 2023
which can form hydrogen bonds between polymer chains was
developed.144 In this study, the ring-opened polymers (TB-OR)
were synthesized through a ring-opening reaction of TB in
a reaction system containing dimethyl sulfate (Me2SO4) and
diethyl ether (Et2O) (shown in Fig. 20). The results indicated
that as the degree of ring-opening increased, the TB-OR
membranes demonstrated higher selectivity while maintain-
ing lower permeability. Moreover, the TB-OR membranes had
greater plasticization resistance than TB-OT membranes due to
the presence of intermolecular hydrogen bonds.

Advances in CO2/CH4 and CO2/N2 separation performance of
functionalized TB polymeric membranes are summarized in
Fig. 21. As can be seen from the gure, most functionalized TB
polymeric membranes exhibited better CO2/CH4 and CO2/N2

selectivity compared to pristine TB polymer membranes;
however, the enhancement in selectivity is normally coupled
with reduction in gas permeability. Therefore, many of the
embranes

) aCO2/N2 (—) aCO2/H2 (—) Ref.

25.8 — 69
33.9 — 69
24.1 — 69
29.6 — 69
45.4 2.7 140
50.1 2.7 140
51.7 4.4 140
56.8 3.9 140
21.2 — 141
11.8 — 141
19.2 — 141
21.3 — 141
7.6 — 141
21.97 — 141
— 2.3a 144
— 2.4a 144
— 2.6a 144
— 5.1a 144
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Table 6 CO2 separation performances of TB polymer based MMMs

MMMs PCO2
(Barrer) aCO2/CH4 (—) aCO2/N2 (—) aCO2/H2 (—) Ref.

PI-TB 258.0 35.0 24.0 1.4a 159
PI-TB/ZIF-8 (7 wt%) 560.0 27.0 20.0 1.4a

PI-TB/ZIF-8 (20 wt%) 896.0 21.0 16.0 1.6a

PI-TB/ZIF-8 (30 wt%) 1437.0 16.0 12.0 1.8a

PI-TB/ZIF-8@PDA (7 wt%) 380.0 25.0 19.0 1.6a

PI-TB/ZIF-8@PDA (20 wt%) 702.0 23.0 18.0 1.6a

PI-TB/ZIF-8@PDA (30 wt%) 1056.0 20.0 14.0 1.8a

TB 93.5 21.3 — — 160
TB/ZIF-8 (10 wt%) 107.2 20.1 — —
TB/ZIF-8 (20 wt%) 195.3 6.8 — —
TB/ZIF-8 (30 wt%) 273.1 1.8 — —
TB/ZIF-8@PDA (10 wt%) 109.1 19.6 — —
TB/ZIF-8@PDA (20 wt%) 134.4 19.5 — —
TB/ZIF-8@PDA (30 wt%) 198.6 18.7 — —
TB/ZIF-8@PDA (40 wt%) 209.2 17.4 — —
TB/ZIF-8@PDA (50 wt%) 277.3 15.5 — —
TB/ZIF-8@PDA (10 wt%) 109.8 18.3 20.9 — 161
TB/ZIF-8@PDA (30 wt%) 195.3 17.8 18.7 —
TB/ZIF-8@PDA (50 wt%) 275.7 15.2 18.2 —
TBOR/ZIF-8@PDA (10 wt%) 50.9 23.4 21.6 —
TBOR/ZIF-8@PDA (30 wt%) 87.5 23.0 21.5 —
TBOR/ZIF-8@PDA (50 wt%) 165.1 20.6 21.1 —
TB/ZIF-L-Zn (0 wt%) 148.3 23.7 24.5 2.0a 162
TB/ZIF-L-Zn (5 wt%) 230.6 18.6 17.2 1.7a

TB/ZIF-L-Zn (10 wt%) 227.5 15.4 14.4 2.0a

TB/ZIF-L-Zn (20 wt%) 475.4 13.0 12.0 1.9a

TB/ZIF-L-Co (0 wt%) 148.3 23.9 24.6 2.0a

TB/ZIF-L-Co (5 wt%) 126.1 18.1 16.6 2.4a

TB/ZIF-L-Co (10 wt%) 234.3 13.4 13.5 2.6a

TB/ZIF-L-Co (20 wt%) 551.6 12.0 11.0 2.2a

PI-TB/UiO-66-NH2 (0 wt%) 156.0 31.2 20.5 163
PI-TB/UiO-66-NH2 (10 wt%) 224.0 28.3 20.0 —
PI-TB/UiO-66-NH2 (20 wt%) 295.0 27.3 19.5 —
PI-TB/UiO-66-NH2 (30 wt%) 415.0 25.0 18.9 —
PI-TB/UiO-66-NH2 (40 wt%) 317.0 24.4 20.6 —
TB/NH2-MIL-53 (0 wt%) 101.6 18.4 18.8 — 164
TB/NH2-MIL-53 (10 wt%) 187.6 20.2 21.0 —
TB/NH2-MIL-53 (20 wt%) 324.5 18.9 19.9 —
TB/NH2-MIL-53 (25 wt%) 138.8 18.9 19.1 —
TB/NH2-MIL-53 (30 wt%) 85.6 19.2 18.9 —
ITTB 2052.0 15.3 22.6 — 165
ITTB/CNT-0.6% 2064.0 15.3 21.3 —
ITTB/CNT-1.0% 2620.0 15.9 21.7 —
ITTB/CNT-1.5% 2504.0 19.0 22.6 —
ITTB/CNT-2.0% 2181.0 16.2 22.5 —

a a (H2/CO2).
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obtained functionalized TB polymeric membranes presented
lower overall CO2 separation performances (Table 5).
3. TB based MMMs for CO2

separation

Even though huge progress has been made on TB based poly-
meric membranes for CO2 separation, membranes fabricated
via TB polymers also suffer from the trade-off between the
permeability and selectivity.65 The permeability-selectivity
trade-off for conventional polymer membranes is determined
15622 | J. Mater. Chem. A, 2023, 11, 15600–15634
by the Robeson upper bound.49,145,146 Fabrication of MMMs by
adding nanollers into the polymeric matrix to improve the gas
separation performances has been considered as a promising
strategy to overcome the trade-off. MMMs are a category of
membranes made by blending nanollers (normally inorganic)
into the polymeric matrix to improve the overall gas separation
performances.147–149 The MMMs combined the excellent sepa-
ration performances of inorganic materials and the good
processibility of the polymeric materials, and thus, it is has
been widely studied.150,151 To date, a vast number of materials
have been used as llers in MMMs, including traditional
This journal is © The Royal Society of Chemistry 2023
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inorganic llers such as zeolites,152 CMS,153 carbon nanotubes
(CNTs),154 graphene,155 as well as new porous llers such as
metal–organic frameworks (MOFs)156,157 and covalent–organic
frameworks (COFs).158 Attempts have also been made for
developing MMMs based on TB polymers. In this part, the
progress on MMMs based on TB polymers has been summa-
rized and discussed. Table 6 summarizes the research progress
of TB polymer MMMs for CO2 separation.

Both ZIF-8 and functionalized ZIF-8 have been intensively
studied as nanollers in MMMs.166–168 Wang et al.159 conducted
a study where they used both ZIF-8 and PDA-functionalized ZIF-
8 to fabricate MMMs with an inherently microporous polyimide
(TBDA2-6FDA-PI).169 Similar to other MMMs, the presence of
ZIF-8 in the TB polymer matrix greatly improved the CO2

permeability while reducing the selectivity for all gas pairs.
Under optimized conditions, a maximum CO2 permeability of
1437.0 Barrer was achieved, along with a CO2/CH4 selectivity of
16.0. Conversely, functionalizing the ZIF-8 particles with PDA
improved the compatibility between the nanoller and the
polymer matrix, leading to improved selectivity but decreased
CO2 permeability.

In another study, PDA-coated ZIF-8 was utilized as a nano-
ller in a polyimide matrix with dimethyl biphenyl linkages to
fabricate MMMs.130,160 The functionalization enhanced the
compatibility between the nanollers and the TB matrix,
enabling higher loading of the nanollers. Gas permeation
results show that as the nanoller content increased from 10
wt% to 50 wt%, a 2.5-fold increment of the CO2 permeability
was found with only a 20% decrease in CO2/CH4 selectivity. In
addition, the obtained membrane demonstrated excellent
resistance to plasticization and displayed robust mechanical
strength.

Researchers have also attempted to incorporate PDA-
modied ZIF-8 into a ring-opening TB polymer (TBOR) matrix
to form MMMs.161 The TBOR/ZIF-8@PDA MMMs demonstrated
superior H2 separation capabilities compared to their CO2

separation performances. The signicance of the interfaces
between the nanoller and polymeric matrix is highlighted as
Fig. 22 Effect of ZIF filler loading (a) and PDA modification (b) on CO2/C

This journal is © The Royal Society of Chemistry 2023
they play a crucial role in enhancing the gas separation
performance.

In addition to conventional ZIF-8 particles, ZIFs with 2D
shapes (ZIF-L-Zn and ZIF-L-Co) were also developed and used in
a TB matrix to form MMMs.162 The study revealed that ZIF-L-Co
was more effective in promoting gas permeability with similar
selectivity for all gas pairs compared to ZIF-L-Zn. The MMM
with ZIF-L-Co showed excellent CO2 separation performance,
with a CO2 permeability up to 1131.5 Barrer for TB/ZIF-L-Co (20
wt%) at 60 °C and 2 bar feed pressure conditions, with a CO2/N2

and CO2/CH4 selectivity of 7.0 and 6.0, respectively. This study
unequivocally demonstrated the signicant inuence of the
nanoller morphology on gas separation characteristics.

The CO2/CH4 separation performances of MMMs fabricated
via ZIFs and TB polymers are presented in Fig. 22. It is clearly
shown that almost all MMMs showed a consistent increase in
CO2 permeability with increasing ller loading, but also a cor-
responding decrease in CO2/CH4 selectivity, especially for TB/
ZIF-8, with a sharp decrease in selectivity above 10 wt% ZIF-8
loading (shown in Fig. 22) In addition, functionalization of
ZIF-8 can signicantly maintain the CO2/CH4 selectivity, but the
improvement of the CO2 permeability was also weakened
(shown in Fig. 22(b)).

Apart from the ZIF-8 nanoller, other nanollers such as
UiO-66 (ref. 163) and MIL-53(Al)164 have also been used in TB
based MMMs. The MMMs containing 30 wt% UiO-66-NH2

exhibited the best gas separation performance among the
investigated samples,163 with a CO2 permeability increase of
approximately 166% (415.0 Barrer), while maintaining CO2/CH4

and CO2/N2 gas selectivity comparable to that of a neat polymer
membrane (25.0 and 18.9, respectively).

In terms of the MMMs based on NH2-MIL-53(Al), it was
observed that both the CO2 permeability and selectivity rst
increased and then decreased with an increase in MOF loading
from 10 wt% to 30 wt%. This trend may be attributed to
potential MOF pore blockage or non-ideal MOF accumulation.
The best performing MMM among the TB/NH2-MIL-53(Al)
composites had a ller concentration of 20 wt%, exhibiting
H4 separation performance.

J. Mater. Chem. A, 2023, 11, 15600–15634 | 15623
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Fig. 23 Effect of porous filler loading on CO2 permeability (a) and
CO2/CH4 selectivity (b) of TB-porous nanofiller MMMs.
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a CO2 permeability of 324.5 Barrer, which is three times that of
pure TB membranes, without affecting CO2/N2 and CO2/CH4

selectivity.
Fig. 23 illustrates MMMs based on a TB polymer and

commonly used porous nanollers. Interestingly, it has been
observed that ZIF-TB MMMs exhibit a gradual increase in CO2

permeability as the nanoller content in the MMMs increases.
On the other hand, for UiO-66-NH2 and NH2-MIL-53(Al) based
Fig. 24 CO2/CH4 (a) and CO2/N2 (b) separation performance of TB poly

15624 | J. Mater. Chem. A, 2023, 11, 15600–15634
MMMs, a positive nanoller loading exists, and further increase
of the nanoller loading will result in a reduction in CO2

permeability, which may be a negative effect due to ller build-
up blocking the polymer pores.170

In contrast, non-porous llers have demonstrated superior
performance compared to porous llers in terms of gas diffu-
sion in certain cases. For instance, Li et al.165 used COOH-
functionalized CNT as a ller to form MMMs with triadienne
trapezoidal polymer TB-PIM as the host matrix, taking into
account that the acid–base interaction between COOH and TB
improves interfacial compatibility. The permeability of the
ITTB/CNT membrane with a loading of 1 wt% was 2504.0 Bar-
rer, which is 22% than that of a neat TB polymer, while CO2/N2

and CO2/CH4 selectivity were nicely maintained (22.6 and 19.0,
respectively).

Compared to pure polymer membranes, MMMs based on TB
polymers show better CO2 separation performance, although
they do not reach the desired level. Fig. 24 shows the CO2/CH4

and CO2/N2 separation performance of the MMMs, respectively.
When examining the ller aspect, only a few MMMs with CNTs
as a ller break the Robeson 2008 49 upper bound. This suggests
that non-porous llers could offer new opportunities for TB
polymer MMMs. On the other hand, the compatibility between
TB polymer substrates and llers at the interface is also a crucial
factor affecting the CO2 separation performance. Therefore,
from this perspective, considering various potential methods of
functionalizing traditional TB polymers with other functional
groups (PI-TB, TBOR etc.) is also a promising approach to
enhance CO2 separation performance.

4. TB based CMS/TR membranes for
CO2 separation

Using appropriate polymers as precursors to form carbon
molecule sieve (CMS) membranes is another effective way to
improve the gas separation performances. Through high
temperature pyrolysis under certain conditions, amorphous
carbon structure networks can be formed (CMS
mer MMMs.

This journal is © The Royal Society of Chemistry 2023
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Table 7 CO2 separation performances of TB polymer based CMS/TR membranes

CMS/TR membranes PCO2
(Barrer) aCO2/CH4 (—) aCO2/N2 (—) aCO2/H2 (—) Ref.

TB-CMS (550 °C) 16 050.0 34.0 21.0 — 176
TB-CMS (650 °C) 4200.0 62.0 36.0 —
TB-CMS (800 °C) 1406.0 112.0 37.0 —
CANAL-TB-1 (120 °C) 3435.0 — — 0.98a 177
CANAL-TB-1-CMS (600 °C) 80.0 — — 3.80a

CANAL-TB-1-CMS (700 °C) 6.5 — — 13.2a

CANAL-TB-1-CMS (800 °C) 1.05 — — 39.0a

CANAL-TB-1-CMS (850 °C)b 0.067 — — 162.0a

CANAL-TB-1-CMS (900 °C)b 0.92 — — 248.0a

6FDA-AcTB 1 72.0 21.0 18.0 — 178
6FDA-TR-TB 2 158.0 24.0 13.0 —
6F6FTB-0.3 (450 °C) 1944.0 23.0 18.0 — 179
6F6FTB-0.4 (300 °C) 41.0 19.0 30.0 —
6F6FTB-0.4 (400 °C) 241.0 21.0 34.0 —
6F6FTB-0.4 (450 °C) 2271.0 18.0 22.0 —
6F6FTB-0.5 (450 °C) 1317.0 18.0 15.0 —
6FHABTB-0.5 (450 °C) 687.0 25.0 22.0 —
6FTMTB-0.5 (450 °C) 472.0 31.0 20.0 —
TB/PSS (400 °C) 34.5c 319.9d 71.9e — 180
TB/PSS (450 °C) 113.1c 377.0d 205.6e —
TB/PSS (500 °C) 473.3c 678.1d 291.7e —
TB/PSS (550 °C) 675.0c 552.4d 297.1e —
TB/PSS (600 °C) 197.6 c 581.6d 278.6e —

a a (H2/CO2).
b The measurements were carried out at 35 °C and 10 bar. c H2 permeability (Barrer). d a (H2/CH4).

e a (H2/N2).
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membranes).171,172 Alternatively, by thermally rearranging poly-
mer chains, spatial rearrangement can be achieved, leading to
the development of thermally rearranged (TR)
membranes.173–175 This section focuses on CMSmembranes and
TR membranes based on TB polymers. Table 7 summarizes the
research progress of TB polymer-based CMS/TR membranes for
CO2 separation.

Attempts for making CMS based on TB polymers were also
made by Wang et al.181 In their work, TB-PI was selected as
a precursor for a CMS membrane at different carbonization
temperatures. The obtained TB-CMS membranes exhibit much
higher gas permeabilities than pristine TB-PI membranes for all
gases. For instance, the CO2 permeability of TB-CMS
membranes is up to 1406.0–16050.0 Barrer while it is only
285.0 Barrer for a TB-PI membrane. Meanwhile, the carbon-
ization temperature of the TB-PI membranes plays a role in the
distribution of pore size and thus, their permeation properties.
As the soaking temperature increases, the gas permeability
decreases gradually while the gas selectivity increases. Overall,
the TB-CMS membranes possess perfect gas separation perfor-
mance, especially for CO2 separation, surpassing the 2015
upper bound.

In addition to the preparation of CMS from TB-PI polymers,
Hazi. et al.177 developed CMS membranes from aromatic trap-
ezoidal PIM polymers, a polymer precursor synthesized in two
steps by combining catalytic arene-norbornene annulation
(CANAL) and TB. In the gas separation performance tests, the
CO2 permeability of the CANAL-TB-1-CMS membrane exhibited
a gradual decrease (80.0 Barrer to 0.02 Barrer) with increasing
This journal is © The Royal Society of Chemistry 2023
carbonization temperature (600–900 °C), while the H2/CO2

selectivity gradually increased (3.8 to 248.0).
Meckler et al.178 developed thermally rearranged (TR)

membranes using a TB polymer, 6FDA-AcTB-1, which was
thermally rearranged to obtain 6FDA-TR-TB-2 membranes.
Fig. 25(a) and (b) show the membrane performance plotted
against the 2008 upper bounds for CO2/N2 and CO2/CH4 sepa-
rations for 6FDA-AcTB-1 (black) and 6FDA-TR-TB-2 (blue),
respectively. The CO2 permeability of the membranes increased
from 72.0 to 158.0 Barrer with almost unchanged CO2/N2 and
CO2/CH4 selectivity aer TR treatment.

Hu et al.179 also conducted studies on TB-TR membranes by
using three different o-hydroxy diamine polymers (Fig. 25(c)) to
form copolymers with TB polymers. When the TR temperature
increases from 300 °C to 450 °C, it results in an increasing CO2

permeability and a continuous decrease in CO2/CH4 and CO2/N2

selectivity. Conversely, as the TB content increases in the
mixture, the CO2 permeability rst goes up and then down,
which shows a peak at 40–50% TB content. Overall, membrane
performance was best at 50% TB content with 450 °C TR
treatment. The three TR membranes 6F6FTB-0.5, 6FHABTB-0.5
and 6FTMTB-0.5 showed a CO2 permeability of 1314.0, 687.0
and 472.0 Barrer, respectively, without sacricing too much
selectivity. This demonstrates the positive effect of TB chain
segment introduction on membrane performance
improvement.

The preparation of CMS membranes requires high carbon-
ization temperatures (>800 °C). Recently, Guo et al.180 developed
a new low temperature carbonization method. They mixed
poly(styrene sulfonic acid) (PSS) with an –SO3H group as a novel
J. Mater. Chem. A, 2023, 11, 15600–15634 | 15625
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Fig. 25 6FDA-AcTB 1 (black) and 6FDA-TR-TB 2 (blue) membrane performance plotted against the 2008 upper bounds for CO2/N2 (a) and CO2/
CH4 (b) separations. The red triangles mark the performance of several relevant TR polymers from the literature: 1-cTR-450,182 2-tTR-450, 3-
spiroTR-PBO-6F,183 and 4-TR TDA1-APAF,184 while the grey circles represent other polymer membranes reported in the literature, reproduced
from ref. 178 Copyright 2018. (c) H NMR spectra of representative Co-TBHPIs, 6F6FTB-0.5 (black), 6FHABTB-0.5 (red), and 6FTMTB-0.5 (blue)
reproduced from ref. 179 Copyright 2020. (d) CO2/CH4 separation performance of TB polymer CMS/TR membranes.
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pore generator into a precursor membrane made of the TB
polymer matrix. While the CO2 separation performance was not
tested, CMS membranes with good H2 separation performance
were obtained using a pyrolysis temperature in the range of
Fig. 26 (a) CO2/CH4 and (b) CO2/N2 separation performance of neat TB p

15626 | J. Mater. Chem. A, 2023, 11, 15600–15634
400–550 °C. This offers new insights for complex preparation
processes of CMS membranes regarding TB polymers.

In summary, CMS membranes based on TB polymers
exhibited impressive CO2 separation performance compared to
olymericmembranes, TB basedMMMs and TB based CMSmembranes.

This journal is © The Royal Society of Chemistry 2023
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both TB polymer based MMMs and TB-TR membranes
(Fig. 25(d)). Compared to the neat TR polymers, thermal rear-
rangement signicantly improved the CO2 separation perfor-
mances, but these were still under the 2008 Robeson49 upper
bound. In the future, developing CMS membranes based on TB
polymers requires more attention.

Overall, the CO2/N2 and CO2/CH4 separation performances of
neat TB polymeric membranes, MMMs, and CMS/TR
membranes are presented in Fig. 26. Among them, even
though the reports about CMSmembranes based on TB polymers
are rather limited, the TB based CMS membranes exhibit the
most attractive CO2 separation performances for both CO2/N2

and CO2/CH4 separation. On the other hand, functionalization of
the TB polymer appears to slightly improve the selectivity, but at
the cost of a signicant reduction in CO2 permeability. Intro-
ducing nanollers into the polymeric matrix is known to be an
effective strategy to improve CO2 separation performances for
many polymers,185 but it is not that effective in promoting CO2

separation performances for TB based polymeric membranes.
Developing new TB polymers with higher excess free volume
generally leads to higher CO2 permeability, but oen comes at
the cost of relatively lower selectivity and faster physical aging.

5. Conclusions and perspectives

This review summarizes the recent advancements in TB polymers
for CO2 separation membranes, including pure TB polymers,
functionalizedmembranes,MMMs, andCMS and TRmembranes.
Based on the ndings, several conclusions can be drawn:

TB polymer membranes, particularly those with high free
volume, demonstrate high CO2 permeability and moderate
CO2/CH4 and CO2/N2 selectivity. The copolymer membrane
obtained by cross-linking with PIM shows promising potential
for CO2 separation. Similar to other high free volume polymer
membranes, TB polymer membranes face challenges related
to physical aging and plasticization. Overcoming these
obstacles is crucial for practical application of TB polymer
membranes.

TB polymer based MMMs are also widely studied for CO2

separation. So far, only a few llers, such as MOFs and zeolites,
have been used as nanollers in TB polymer based MMMs.
Nonporous llers such as CNTs were also reported. Regrettably,
based on literature data, most MMMs did not exceed the 2008
upper bound.

Moreover, studies have been conducted to enhance the gas
separation performance of TB polymeric membranes through
thermal treatment. CMS membranes derived from the TB
polymer exhibit exceptionally high CO2 permeability and CO2/
CH4 and CO2/N2 selectivity. While the performance of TR
membranes is relatively lower compared to that of CMS
membranes, a high-performance TR membrane can still be
achieved by carefully selecting suitable thermal treatment
conditions, including temperature and soaking time. This
indicates the potential of TR membranes as promising candi-
dates for CO2 separation applications.

Based on the above results, several perspectives can be
identied:
This journal is © The Royal Society of Chemistry 2023
(1) In the context of pure TB polymeric membranes, it is
desirable to focus on developing TB polymers with increased
rigidity and higher free volume. In addition, exploring new
methods to effectively improve physical aging and plasticization
resistance in TB polymeric membranes is also important.

(2) For TB polymer based MMMs, mathematical models can
be developed to simulate and optimize the selection of suitable
polymer/ller combinations. Moreover, attempts should be
directed towards improving the interfacial compatibility
between the polymer and nanollers.

(3) In the case of CMS and TR membranes based on TB
polymers, as there are limited reports on the development of
CMS membranes using TB polymers as precursors, further
research efforts can be dedicated to this topic.

In addition to the abovementioned perspectives, new tech-
niques and methods can be also powerful tools in promoting
the CO2 separation performance. For instance, machine
learning can be also applied to discover and predict TB poly-
mers with better CO2 separation capabilities.186–188 Overall, TB
polymers and their derivatives hold great promise as membrane
materials for CO2 separation and warrant further in-depth
research.
Abbreviations
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 Thermally rearranged polymer

TB polymer
 Tröger's base polymer

CMS
 Carbon molecular sieve

MMMs
 Mixed-matrix membranes

CO2
 Carbon dioxide

CCUS
 Carbon capture, utilization and storage

FFV
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 Covalent–organic frameworks

PDA
 Polydopamine

FDA
 4,4′-(9-Fluorenylidene)dianiline

FDT
 4,4′-(9-Fluorenylidene)di-o-toluidine

SBF
 9,9-Spirobiuorene-2,2′-diamine

6FDA
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diazocine-2,8-diol

TMPD
 2,3,5,6-Tetramethyl-p-phenylenediamine

EA
 Ethanoanthracene

SBI
 Spirobisindane

CTA
 Trip-2,6-diamine

MTA
 Trip-2,7-diamine

MP
 Methanopentacene

DFTrip
 2,3-Diuoro-functionalized triptycene

TBS
 tert-Butyldimethylsilyl

THTB
 Tetrahydroxy-TB

TTSBI
 5,5′,6,6′-Tetrahydroxy-3,3,3′,3′-

tetramethylspirobisindane

DATCA
 2,6-Diaminotriptycene-14-carboxylic acid

DAT′
 2,6-Diaminotriptycene

2FNB
 2-Fluoronitrobenzene

4FNB
 4-Fluoronitrobenzene

Im-TB-
ionene
Imidazolium-mediated TB-based ionene polymer
TBDA2-
6FDA-PI
Intrinsically microporous polyimide with
a Tröger's base functional group
TBOR
 Ring-opened Tröger's base polymer

ITTB
 Microporous triptycene based ladder TB-PIMs

ZIF-8
 Zeolitic imidazolate-8

ZIF-L-Zn
 Two-dimensional (2D) leaf ZIFs synthesized from

Zn(NO3)2$6H2O

ZIF-L-Co
 Two-dimensional (2D) leaf ZIFs synthesized from

Co(NO3)2$6H2O

CANAL
 Catalytic arene-norbornene annulation

6FDA-AcTB
 ortho-Acetate functionalized Tröger's base

polyimide precursors

6FDA-TR-TB
 Thermal rearrangement of 6FDA-AcTB

Co-TBHPIs
 A series of TB-based copolyimide precursors

which are synthesized from 6FDA with TBDA2(11-
methanodibenzo[1,5]-diazocine)
er. Chem. A, 2023, 11, 15600–15634
6F6FTB
 Co-TBHPIs synthesized from o-hydroxy diamine
2,2′-bis(3-amino-4-hydroxyphenyl)
hexauoropropane (APAF) as the raw material
6FHABTB
 Co-TBHPIs synthesized from o-hydroxy diamine
3,3′-dihydroxy-4,4′-diamino-biphenyl (HAB) as the
raw material
6FTMTB
 Co-TBHPIs synthesized from o-hydroxy diamine
3,3′-diamino-5,5′,6,6′-tetramethyl-[1,1′-biphenyl]-
2,2′-diol (TMBDA) as the raw material
PSS
 Polystyrene sulfonic acid
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