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Abstract

ABSTRACT

Aromatic polyimides are polymers that have excellent thermal and chemical stability,
mechanical robustness, easy processability, and when they are correctly designed are
attractive materials for gas separation applications. However, gas-separation aromatic
polyimide materials are susceptible to plasticization and physical aging, especially those
with high-free volume polyimides, and thus exhibit poor long-term stability. In this
context, the present Ph.D. thesis aims to develop new materials that not only provide a
good gas selectivity/gas permeability balance but also an enhanced CO:2-induced
plasticization and aging resistance, in particular using two main approaches: polymer
blending, including mixed matrix membranes, and thermal crosslinking.

For this purpose, two different classes of materials have mainly been synthesized:
aromatic-aliphatic polyimides capable of cross-linking thermally and porous organic
polymers.

6FDA-6FpDA and 6FDA-TMPD are two aromatic polyimides that are easily processable
as they are soluble in common organic solvents, and they have been widely studied for
gas separation membrane applications due to their high free volume, good mechanical
resistance, high thermal stability, and good permeability/selectivity balance for CO2/CHa
and CO2/NH: gas pairs. However, they, especially 6FDA-TMPD polyimide, suffer from
both plasticization and physical aging. To address these shortcomings, two series of
aromatic-aliphatic copolyimides based on 6FDA-6FpDA and 6FDA-TMPD polyimides,
which are derived from 4,4'-(hexafluoroisopropylidene) diphthalic anhydride (6FDA)
and 2-2'-bis(4-aminophenyl)hexafluoropropane (6FpDA) or 2,4,6-trimethylphenyl
diamine (TMPD), have been synthesized by incorporating different contents of 3,5-
diaminobenzoic acid (DABA) and polyethylene oxide segments (PEO) into their main
chains (6FDA-6FpDA-xDABA-yPEO) and (6FDA-TMPD-xDABA-yPEO). The
membranes derived from these new aromatic-aliphatic copolyimides were subjected to
high-temperature pyrolysis, which was previously optimized for each series of polymers
(up to 350 or 450 °C), to cause the selective removal of PEO segments and thus form
cross-linked membranes with high thermal stability and good mechanical properties. The
presence of DABA moiety caused an additional cross-linking between DABA’s
carboxylic groups reducing the shrinkage during the thermal treatment; i.e., retaining the

free volume created by the loss of PEO segments.
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Regarding the gas separation properties, the cross-linked membranes obtained from
aromatic-aliphatic copolyimides containing molar percentages of DABA between 10 and
20% by mol and PEO less than 5% by mol showed better selectivity/permeability balance
relative to the reference polyimides (6FDA-6FpDA and 6FDA-TMPD). However, the
most relevant result was that the cross-linking in these membranes successfully led to the
suppression of COz plasticization upon exposure to gas up to 30 bar.

On the other hand, a parallel study based on polymer blending, in particular of 6FDA-
6FpDA and 6FDA-6FpDA-xDABA-yPEO mixtures, showed another possible strategy to
prepare high-free volume polymer membranes with high plasticization resistance using
analogous cross-linkable polymers as mere additives.

Another strategy to reduce physical aging and plasticization is to fabricate mixed matrix
membranes (MMMSs). For this, it is essential to have a high compatibility between the
matrix and the porous filler. In this Ph.D. thesis, new porous organic polymers (POPS)
were synthesized by combining multifunctional aromatic monomers with activated
ketones through an aromatic electrophilic substitution reaction (EAS) in a superacidic
media. Searching strategies to create tailor-made highly microporous materials
possessing very rigid structures and excellent thermal stability, various tetra- tri- and bi-
functional aromatic monomers showing different structural features have been used.
Thus, Ho-POPs were prepared by reacting tri-functional aromatic monomers such as
1,3,5-triphenylbenzene (TPB), 1,3,5-tri-(2-methylphenyl)benzene (TMB), 1,3,5-tri-
(biphenyl)benzene (TBB), or triptycene (TR), or tetra-functional monomer such as 9,9'-
spirobifluorene (SBF) with different cross-linkers: 2,2,2-trifluoroacetophenone (TF), 1H-
indole-2,3-dione (1), or 1-methylindoline-2,3-dione (N-methylisatin, MI). These cross-
linkers were chosen as they do not introduce flexibility in the molecular structure of the
networks and they incorporate amide groups derived from lactam rings and fluor atoms
that could increase the affinity with CO2. Also, Co-POPs were prepared by combining
the previous tri- or tetra-functional monomers with bi-functional monomers such as
biphenyl (BP) and 9,10-dimethyl-9,10-dihydro-9,10-ethanoanthracene (DMHEA), with
the main target of increasing the crosslinking length between the monomers.

After a thorough synthesis optimization, where different reaction conditions were tested
to prepare porous materials in high reaction yield and with high surface areas, the POPs
obtained were amorphous materials with moderate high surface area 577-1033 mmol g
and excellent thermal stability (>450 °C). Moreover, they were highly microporous
materials. In fact, the POPs obtained by combining SBF, TR or TPB with the rigid and
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contorted DMHEA, using isatin as cross-linker, showed the narrowest micropore size
distribution with pore sizes between 4-5 A and CO: uptakes between 3.61-2.10 mmol g*
at 0 °C and 1 bar. The other POPs with a wider micropore size distribution exhibited CO2
uptakes between 5.42 — 2.94 mmol g at 0 °C and 1 bar. Among all of the POPs prepared,
triptycene-based POPs behad as excellent molecular sieves for separation processes in
Pressure Swing Adsorption (PSA) technologies.

Because the great enhancement in plasticization resistance was not accompanied by a
parallel substantial improvement in the separation performance of cross-linked
membranes relative to reference polyimides, mechanically robust MMMs were fabricated
by adding 20% by weight of triptycene-isatin POP to the previous aromatic-aliphatic
copolyimide derived from 6FDA-TMPD polyimide containing molar percentages of 20%
for DABA and 1% for PEO. The high thermal stability of POPs prepared in this Ph.D.
thesis allowed us to carry out a high-temperature pyrolysis to obtain cross-linked MMMs.
To mitigate the effects of thermomechanical history before performing the plasticization
studies, the membranes were aged in a controlled way. All of these membranes suffered
from physical aging, but the values of permeability were much higher than that of the
reference polyimide (6FDA-TMPD) without losing selectivity. The MMM plasticization
was suppressed upon exposure to CO2 up to 30 bar, even without the aid of any thermal
crosslinking for copolyimides containing PEO. A possible interaction between the
components of MMM was rationalized by molecular simulation assuming the formation
of hydrogen bonds between the lactam groups of POP and oxygen of PEO molecules.
Finally, the cross-linked MMM exhibited the best selectivity/permeability performance,
with a permeability about 1.6 times higher for all gases tested, and without sacrificing

selectivity relative to reference polyimide.






Resumen

RESUMEN

Las poliimidas aromaticas son polimeros que presentan excelente estabilidad térmica y
quimica, robustez mecanica, facil procesabilidad y, cuando se disefian correctamente, son
materiales atractivos para aplicaciones de separacion de gases. Sin embargo, los
materiales de separacion derivados de poliimidas aromaticas son susceptibles a la
plastificacion y al envejecimiento fisico, especialmente para aquellos materiales de alto
volumen libre, por lo que presentan escasa utilidad a largo plazo. En este contexto, la
presente tesis doctoral pretende desarrollar nuevos materiales que no sélo proporcionen
un buen balance selectividad/permeabilidad en separacion de gases, sino también una
mayor resistencia a la plastificacion inducida por el CO2 y al envejecimiento fisico, en
particular utilizando dos aproximaciones: mezclas de polimeros, incluidas membranas de

matriz mixta, y procesos de entrecruzamiento térmico.

Para ello, se han sintetizado principalmente dos clases diferentes de materiales: un
conjunto de poliimidas aromatico-alifaticas capaces de entrecruzar térmicamente y unas

redes de polimeros organicos porosos.

Particularmente, la 6FDA-6FpDA y la 6FDA-TMPD son dos poliimidas aromaticas
facilmente procesables ya que son solubles en disolventes organicos comunes, y que han
sido ampliamente estudiadas para aplicaciones de membranas de separacion de gases
debido a su alto volumen libre, buena resistencia mecanica, alta estabilidad térmica y
buen balance permeabilidad/selectividad para parejas de gases como CO2/CHs y
CO2/NH2. Sin embargo, éstas poliimidas, especialmente la poliimida 6FDA-TMPD,
sufren procesos de plastificacion y de envejecimiento fisico. Para superar estas
limitaciones, dos series de copoliimidas aromatico-alifaticas basadas en las poliimidas
6FDA-6FpDA y 6FDA-TMPD, obtenidas mediante reaccion del anhidrido diftalico 4,4'-
(hexafluoroisopropilideno) (6FDA) y del 2-2'-bis(4-aminofenil)hexafluoropropano
(6FpDA) o de la 2, 4,6-trimetilfenil diamina (TMPD), se han obtenido incorporando
diferentes contenidos de acido 3,5-diaminobenzoico (DABA) y de 6xido de polietileno
(PEO) a su cadena principal (6FDA-6FpDA-XDABA-yPEO y 6FDA-TMPD-XDABA-
yPEO). Las membranas derivadas de estas nuevas copolimidas aromatico-alifaticas se
sometieron a pirolisis a alta temperatura, proceso que fue previamente optimizado para
cada serie de polimeros (procesos termicos desde 350 a 450 °C), para producir la
eliminacidn selectiva de los segmentos PEO y formar asi membranas entrecruzadas con

alta estabilidad térmica y buenas propiedades mecanicas. La presencia de DABA provocé
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un entrecruzamiento adicional entre los grupos carboxilicos del propio DABA, lo que
redujo la contraccion del volumen de la membrana durante el tratamiento térmico; es

decir, se retuvo el volumen libre creado por la pérdida de segmentos PEO.

En cuanto a las propiedades de separacion de gases, las membranas entrecruzadas
obtenidas a partir de copolimidas aromatico-alifaticas que contenian porcentajes molares
de DABA entre el 10 y el 20% por mol y de PEO inferior al 5% por mol mostraron un
mejor balance selectividad/permeabilidad en comparacion con las poliimidas de
referencia (6BFDA-6FpDA y 6FDA-TMPD). Sin embargo, el resultado mas relevante fue
que el entrecruzamiento de estas membranas condujo con éxito a la supresion de la

plastificacion del CO2 incluso bajo exposicion al gas a una presion de 30 bar.

Por otra parte, un estudio paralelo basado en mezclas de polimeros, en particular de
mezclas de 6FDA-6FpDA y 6FDA-6FpDA-XxDABA-yPEO, mostrdé otra posible
estrategia para preparar membranas poliméricas de alto volumen libre y con alta
resistencia a la plastificacion utilizando como meros aditivos polimeros analogos capaces

de entrecruzar térmicamente.

Otra aproximacion para reducir el envejecimiento fisico y la plastificacion consistio en
fabricar membranas de matriz mixta (MMMs). Para ello, es esencial que exista una alta
compatibilidad entre la matriz y el relleno poroso. En esta tesis doctoral, se sintetizaron
nuevos polimeros organicos porosos (POPs) combinando mondmeros aromaticos
multifuncionales con cetonas activadas mediante una reaccion de sustitucion electrofilica

aromatica (EAS) en un medio superacido.

En este contexto, y con una idea centrada en la basqueda de estrategias para obtener
materiales altamente microporosos con estructuras muy rigidas y una excelente
estabilidad térmica, se utilizaron diversos mondmeros aromaticos tetra- tri- y
bifuncionales con diferentes caracteristicas estructurales. Asi, los polimeros Ho-POP se
prepararon por reaccion de mondmeros aromaticos trifuncionales como el 1,3,5-
trifenilbenceno  (TPB), el 1,3,5-tri-(2-metilfenil)benceno (TMB), el 1,3,5-tri-
(bifenil)benceno (TBB), o con el tripticeno (TR), y otros mondmeros tetrafuncionales
como el 9,9-espirobifluoreno (SBF) empleando diferentes entrecruzantes: 2,2,2-
trifluoroacetofenona (TF), 1H-indol-2,3-diona (I), o 1-metilindolina-2,3-diona (N-
metilisatina, MI). Estos entrecruzantes se eligieron porque no introducen flexibilidad en

la estructura molecular de las redes e incorporan grupos amida derivados de anillos
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lactama y atomos de fldor que podrian aumentar la afinidad por el CO2. Asimismo, se
prepararon copolimeros Co-POPs combinando los anteriores monomeros tri- o tetra-
funcionales con monoémeros bi-funcionales como el bifenilo (BP) y el 9,10-dimetil-9,10-
dihidro-9,10-etanoantraceno (DMHEA), con el objetivo principal de aumentar la longitud
de separacion de los puntos de entrecruzamiento entre los mondmeros. Tras una
exhaustiva optimizacion de la sintesis, en la que se probaron diferentes condiciones de
reaccién para preparar materiales porosos con un alto rendimiento de reaccion y con areas
superficiales elevadas, se determind que los POPs obtenidos fueron materiales amorfos
con un éarea superficial entre moderada y alta (577-1033 mmol g) y una excelente
estabilidad térmica (>450 °C). Ademas, estos materiales fueron altamente microporosos.
De hecho, los POPs obtenidos combinando SBF, TR o TPB con el ménomero de
estructura rigida y contorsionada DMHEA, utilizando isatina como entrecruzante,
mostraron una distribucién de tamafio de microporo estrecha con tamafios de poro entre
4-5 A 'y adsorciones de CO2 entre 3,61-2,10 mmol g* a 0 °C y 1 bar. Los otros POPs
presentaron una distribucion de tamafio de microporo mas ancha y adsorciones de CO2
entre 5,42 - 2,94 mmol g* a 0 °C y 1 bar. Entre todos los POPs preparados, los POPs
basados en tripticeno se comportaron como excelentes tamices moleculares para procesos
de separacion mediante tecnologias de adsorcion por oscilacién de presion (conocidas por

su acrénimo en inglés PSA).

Dado que la mejora en la resistencia a la plastificacion de las membranas entrecruzadas
no fue acompariada de una mejora en sus prestaciones de separacion en comparacion con
las poliimidas de referencia, se fabricaron MMMs mecanicamente robustas afiadiendo un
20% en peso del POP de tripticeno-isatina a una de las anteriores copoliimida aromatico-
alifatica derivada de la poliimida 6FDA-TMPD, con porcentajes molares del 20% para el
DABA Yy del 1% para el PEO.

La elevada estabilidad térmica de los POPs preparados en esta tesis doctoral permitio
llevar a cabo una pirdlisis a alta temperatura para obtener MMMs entrecruzadas. Para
mitigar los efectos de la historia termomecénica, antes de realizar los estudios de
plastificacion, se dejo envejecer a las membranas de forma controlada. Todas estas
membranas sufrieron envejecimiento fisico, pero los valores de permeabilidad fueron
muy superiores a los de la poliimida de referencia (6FDA-TMPD) sin perder selectividad.
La MMM no sufrié plastificacion bajo exposicion a presion de CO2 de 30 bar, incluso sin

la necesidad del entrecruzamiento térmico en el caso de la copoliimida que contiene PEO.
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Una posible interaccion entre los componentes de la MMM ha sido sugerida mediante
simulacion molecular, a travées de la formacion de enlaces de hidrégeno entre los grupos
lactama del POP y el oxigeno de las moléculas de PEO. Por tltimo, la MMM entrecruzada
mostré el mejor rendimiento de selectividad/permeabilidad, con una permeabilidad
aproximadamente 1,6 veces superior, al resto de membranas, para todos los gases

medidos, y sin sacrificar la selectividad en comparacion con la poliimida de referencia.
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Chapter 1

1. Introduction

1.1. SOCIAL ISSUES ASSOCIATED WITH CLIMATE CHANGE

“Global warming” is understood as the effect on the climate of human activities, in
particular the burning of fossil fuels (coal, oil, and gas) and large-scale deforestation,
which cause the emission of massive amounts of greenhouse gases (GHG), including
carbon dioxide (COz), methane (CHs), nitrous oxide and fluorinated gases [1]. One of the
most pressing environmental problems of our time is the rapid increase of these GHG
levels in the Earth’s atmosphere. Among these GHGs, CO: is the gas emitted in the
highest amount, it has accumulated in the atmosphere over decades to centuries, and it
dissolves in the sea resulting in ocean acidification. According to the National Oceanic
and Atmospheric Administration (NOAA), “2022 was the 11th consecutive year CO2
increased by more than 2 ppm, the highest sustained rate of COz increases in the 65 years
since monitoring began. Before 2013, three consecutive years of CO2 growth of 2 ppm or
more had never been recorded” [2]. Nowadays, atmospheric COz has risen to 50% above

its pre-industrial level (before 1750).

The “enhanced greenhouse effect” is the principal driver of climate change. It is explained
simply by the increase of GHG, mainly CO2 gas, which acts as a blanket over Earth’s
surface that traps the sun’s heat and prevents it from escaping into space. When the energy
leaving is less than the energy entering, the Earth warms until a new energy balance is
established. The Earth’s temperature has increased more than 1.1 °C since the end of the
XIX century until now, being this increase approximately half of that increase produced
in the last thirty years. Thus, it is accepted that the 2011-2020 period has been the warmest
decade recorded until now [3].

Most of the worst disasters in the world are related to the temperature increase, which is
also responsible for ice melting from ice sheets, mainly contributing to the rise in sea
level. In addition, on average, the precipitations have considerably increased on the
planet, but some regions have suffered from severe droughts, increasing the risk of fires,
harvest failures, and lack of fresh water. All of these disasters are becoming more and
more common and, thus, a wide range of responses will need to mitigate damage to

ecosystems and human societies.
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The “enhanced greenhouse effect” affects everyone in the world, thus it can only be

countered by global solutions. In the “27™ Conference of the Parties to the United Nations

Frameworks Convention on Climate Change” (COP27), that took place in Sharm el-

Sheikh (Egypt), the participating countries have reached an agreement adopted through

Decision-/CP27 (known as the Sharm el-Sheik Implementation Plan) [4]. This agreement

seeks to renew solidarity among countries to accomplish the Paris Agreement [5], which

was adopted for the benefit of people and the planet. Among the sixteen key goals, the
following can be highlighted:

o Keeping the global warming temperature limited to 1.5 °C by reducing the global GHG
emissions of 43% by 2030 relative to 2019 level. This will require expanding clean
energy quickly enough by 2030, which will lead to a strong decline in fossil fuel
demand too.

e Providing loss and damage funding for vulnerable countries hit hard by climate
disasters.

e Holding businesses and institutions to account by ensuring the transparency of
commitments, which will be a priority of UN Climate Change in 2023.

¢ Mobilizing more funding for developing countries so that they can combat climate
change. On this crucial topic, COP27 created a pathway to align the broader finance

flows towards low emissions and climate-resilient development.

The affordable fossil fuel energy that has facilitated the simultaneous growth in
population and improvement in living standards over the last century is not easy to
substitute at scale. However, the burning of fossil fuels for energy is not only harmful to
the planet but also fossil fuels are unsustainability as finite resources. Thus, both the
spread of climate change awareness and the necessity of a sustainable energy supply have
led to propose some approaches to mitigate the anthropogenic carbon dioxide emissions,
which are schematized in Figure 1.1. These approaches are based either on reducing CO2
production (lowering the usage of fossil fuels and using clean and renewable energy) or
on capturing it at the emission source and then storing it or using it to produce valuable

products or on extracting the produced CO2 from climate balance [6].
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Figure 1.1. Approaches to mitigate CO2 emissions.

By choosing sustainable energy resources, such as wind, solar, water (hydropower), and
geothermal, and committing to clean energy the world’s societies can effectively slow
down the acceleration of climate change. Considerable efforts are being made to achieve
a sustainable path, but carbon emissions have risen every year since the Paris Goals were
agreed, except in 2020 due to the COVID-19 pandemic. According to the BP’s Statistical
Review of World Energy 2022 [7], the global primary energy in 2021 increased by almost
6%, more than reversing the sharp fall in energy consumption in 2020, due to high
demand for energy by the rapid recovery in economic activity. The primary energy
consumption in 2021 was 1.3% above 2019. Encouragingly, the share of renewables in
global power generation continued to increase and now accounts for 17.7% (including
hydroelectricity and nuclear energy), as shown in Figure 2. The primary energy
consumption in the European Union and Spain is also shown in Figure 1.2. Therefore,
despite the speed of maturity in renewable technologies, the country’s transition to a low-

carbon economy is still far away, at least in the coming decades.
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Figure 1.2. Contribution of different energy resources in global power generation in
2021. Data taken from [7]

In this scenario, the world still needs to invest in fossil fuels to meet global energy
demand. While waiting for renewable energy technologies can lead to the replacement of
fossil-based fuels, it is essential to develop the emerging carbon capture, utilization, and
storage (CCUS) technology to prevent the release of CO2 emissions into the atmosphere
and, thus, to mitigate the climate change in the short and medium term [8]. CCUS (Figure
1) refers to the suite of technologies including the CO2 removal from relevant emission
sources by using capture systems, then transporting it to the storage site and isolating it
from the atmosphere for a long time (so-called carbon capture and storage, CCS, chain)
or using it to produce valuable products (so-called carbon capture and utilization, CCU,
chain).

The development of energy-efficient CO2 capture processes from industrial gas streams
as well as directly from air is the key to the whole CCUS technology. An overview of
CO:z2 capture technology will be given in Section 1.2.

In the transport stage, which links industrial facilities and storage sites, the continuous
transport of large CO2 volumes as compressed gas or liquid or liquid/dense-phase fluid is
done via pipeline, while modular transport of liquefied CO is done by ship, truck, or
railroad. The choice of transport mode mainly depends on economic considerations.
Although pipelining is the most common mode of transportation, pipeline CO2 potentially
contains hazardous contaminants, such as hydrogen sulfide, which poses a public safety
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risk if pipeline corrosion and pipeline leakage take place [9]. Shipping is an attractive
alternative for CO: transport, but today it still occurs on a much smaller scale; the optimal
conditions for transporting CO2 on a large scale are still not defined, especially
concerning transport pressure [10]. Transport by truck and railroad is carried out just for
small quantities of COo.

In the CCS chain, the captured COz2 is stored in appropriate geological storage sites,
including depleted oil and gas field reservoirs, saline aquifers, and non-exploitable coal
seams [8]. Geological storage is the main storage method of CO: at present. Depleted oil
and gas field reservoirs are considered the best storage sites because they already have an
infrastructure that can be used and the reservoirs themselves have a good sealing property
and can store gas for a long time. Moreover, the CO: injection can help enhance oil
recovery efficiency.

In the CCU chain, the captured CO:2 is widely used in a variety of applications [11],
among others, for the production of beer and carbonated beverages, for fresh frozen food,
for enhanced oil recovery, as well as, for the synthesis of diverse products such as salicylic
acid, urea, organic fuels (e.g. methanol and formic acid) and polymer materials (e.g.
polycarbonate and polyurethane). In addition, CO2 utilization is now receiving huge
interest from the scientific community, because not only it will allow mitigating climate
change, but also the CO2 could be able to be used as feedstock resulting in a cheaper or
cleaner production process when compared with conventional hydrocarbons [12,13].
Both CCU and CCS chains allow for reducing CO2 emissions, but today the amount of
CO2 used is much smaller than the amount of CO2 stored. Furthermore, the CO2 used will
be re-released at the end of the product life cycle. Thus, in the near future, CO:2 storage
will still be the main strategy to reduce CO2 emissions. However, it will also be necessary
for a long-term integrity assessment of storage sites to avoid leakages or contamination

of subsurface resources [14].

1.2. CAPTURE TECHNOLOGIES AND CHALLENGES

There are three basic CO2 capture technology routes [11,15], which are schematically
shown in Figure 1.3:

e Pre-combustion CO2 capture: it consists of converting the primary fuel to

hydrogen-rich synthesis gas that is used to run the turbine generator to produce

power. Briefly, the gas produced from gasification (usually known as syngas) is

7
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converted to COz2 (25%-35%) and H2 (30%-50%) at high pressures (5-40 bar) and
the CO:z is then extracted from the syngas stream before the combustion of Hz rich
gas to produce power. The CO2 capture usually operates at pressures around 30
bar and temperatures around 40 °C with adsorbent bed.

e Post-combustion CO2 capture: this process involves the separation of CO2 from
N2 after combustion of fossil fuels before it enters the atmosphere. The flue gas
stream mainly contains CO2 (15-16%) and N2 (70%-75%). After the removal of
SOx (about 800 ppm), the separation of CO2 from CO2/N2 mixtures operates at
near atmospheric pressures and temperatures between (40-80 °C).

e Oxy-fuel combustion: the fuel is burned in an Oz-enriched atmosphere and the
gaseous product obtained contains mainly CO2 (55%-65%) and water (25%-35)
that can be easily separated to produce a high-purity CO2 stream.

Pre-Combustion

H, power

fuel === gasifier === shift reactor ==== CO, capture === . ) DOWET
generation block

O,/air l L
combustion air
Post-Combustion Co,
—) DOWET
power
generation block O, N,

I l Transport and
fUEH ey i ey CO) === COMpressor ™| storage/utilization
air Boiler = CO, capture 2

Oxy-Combustion N, power power ]
I generation block CoO,
. air separation 0, I
ar unit f— Boiler = CO,, H,O===separator ==H,0

fuel recycle gas

Figure 1.3. Scheme of main CO2 capture technology routes.

The selection of the strategy for CO2 capture depends on economic and reliability
considerations. Pre-combustion COz2 capture benefits from CO2 at high partial pressure
and concentrate gas streams leading to efficient absorption, but its principal limitation is
the need for gasification adding complexity and cost to the process. Oxy-fuel combustion
benefits from a concentrated CO2 stream facilitating CO2 absorption, but the energy-
intensive air separation process required considerably increases the investment in carbon
capture. As for post-combustion CO2 capture, it is considered to be the most feasible to

reduce CO2 emissions on a short time scale since many of the proposed technologies can
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be retrofitted to the existing fossil fuel power plants [11]. However, the main difficulty
of post-combustion capture is represented by the need to produce a highly concentrated
CO2 stream matching the purity requirement for transportation and storage from flue gas
streams where the COz is highly diluted.

According to the principle of the capture process, there are different types of separation
techniques to separate CO2 from the flue gas stream, including absorption by solvents,
adsorption by solid materials, membranes, and cryogenics, each of which has advantages
and limitations. Some of the main ones are summarized in Table 1.1 [15].

Among these types of separation techniques, amine-based absorption is the most
commercially mature option and is applied for the separation of COz2 in real industrial
processes, such as natural gas sweetening and the production of hydrogen and ammonia.
However, high energy consumption, especially in the regeneration of absorbent, prevents
amine-based solvents from being commercialized at the industrial level [16,17].

The membrane separation process has been considered to be an energy-efficient process
because it does not require a thermal driven force to separate mixtures. Moreover, it has
been extensively studied due to its remarkable industrial prospects [18]. Here, in this
work, our interest is going to be focused on gas separation membranes, especially in the

development of new low-cost and efficient materials.
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Table 1.1. Advantages and limitations of CO2 separation techniques.

Technique

Advantages

Limitations

Absorption by solvents

o Versatility and
adaptability to various
process

¢ High COz capture
efficiency

o Matured technology

o High-energy intense
regeneration of solvent
o Possibility of solvent

degradation and toxicity

Adsorption by solid

materials

o High adsorption rate

o Low regeneration energy

o Can be used in
temperature (TSA) and
pressure (PSA) swing

operations

o Need of developing low-cost
and efficient adsorbent
materials

o Materials sensitive to the
presence of moisture in the
flue gas stream

o Require regeneration material

Cryogenic separation

e High COx2 recovery and
purity

e Low energy consumption
of pressurization for
transport

o Commercially matured

and proven technology

o Highly energy-intense process

e Expensive and often cost-
effective in niche applications
requiring high-purity CO2
process

o Large equipment

Membrane separation

o Less energy-intensive

e Compact and modular
design. Easy to scale up

o Simple operation

o Coupled with other
separation techniques

10

o Achieve good permeability/
selectivity balance

o Long working life time:
fouling, swelling,
plasticization, etc

o High cost of membranes

o Defect-free production of

membranes
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1.3. SEPARATION MEMBRANE TECNOLOGY

The separation membrane technology is based on the intrinsic ability of a membrane to
separate selectively one or more components in a mixture while retaining others, as
schematically illustrated in Figure 1.4. The components pass through the membrane by
applying a driving force such as a pressure gradient, temperature gradient,
electrochemical gradient, etc.

Feed gas
High Pressure
v W @ Retentate

Permeategas =~ @ “ Membrane
Low Pressure @  © v

Figure 1.4. Schematic membrane-based gas separation process.

Over the last few decades, membrane-based separation technologies have gained
worldwide recognition in numerous applications such as in wastewater treatment,
desalination, gas separation, etc [19,20]. Separation membrane technology is presented
as an alternative to other conventional separation technologies, such as distillation,
adsorption, and absorption, due to their simplicity, cost-effectiveness, high selectivity,
ease of scaling up, and the ability to conjugate with other processes.

Even though the gas diffusion and mass transfer principles through membranes are known
since more than one century ago, only in the last four decades, membranes have been
applied on industrial scale in gas separation membranes (GS). The breakthrough of
membrane-based GS took place in 1980 with the first commercial application of Prism®
membranes by Permea (Monsanto) for hydrogen separation. Since then, industry needs
have generated significant academic and industrial research activity, which has been

reflected in the exponential growth of commercially available membrane systems; by the

11
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mid-1980s, Cynara, Separex, and Grace Membrane Systems commercialized membrane
plants to remove carbon dioxide from methane in gas natural. At about the same time,
Dow launched Generon® develop the first separation system to separate nitrogen from
air. More recently, other systems have been launched to separate nitrogen and volatile
organic compounds from the air, to remove hydrogen sulfide from methane, to purify
natural gas in the refineries by removing acid gases, to adjust the hydrogen-monoxide
ratio in syngas, etc [20]. The most recent commercial successes for polymeric gas
separation membranes include its application for onboard inert gas generation systems
(OBIGGS), which generate a dry nitrogen-enriched air blanket to cover the interior of the
fuel tanks, to improve safety and reduce the risk of in-flight explosions, and also for the
purification of biogas [21]. The main milestones in the development of membrane gas

separation technology are shown in Figure 1.5.
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Figure 1.5. Main milestones in the development of membrane gas separation technology.

1.4 GAS TRANSPORT MECHANISMS IN SEPARATION
MEMBRANES

The membranes can be classified according to two main criteria [22]:

» By nature of the material from which they are made: natural or synthetic (organic,
inorganic, or hybrid).

» By morphology or structure of membrane: symmetrical ones that can be porous

or non-porous (dense) or asymmetrical ones in which the membrane is supported or

12
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integrated on a material. As examples, schematic representations of morphologies of
dense and porous membranes, as well as of thin film composite (TFC) membranes are

shown in Figure 1.6.

)
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3
2 Coated Skin layer (2 um)
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Figure 1.6. Schematic representation of three different types of membrane morphology:
homogenous symmetric (above), asymmetric membrane (middle), and TFC membrane
(below)

According to the morphology of the membrane, different separation mechanisms take
place [19]. Regarding porous membranes, if the pore size is in the range of 0.1-10 um,
gases permeate the membrane by convective flow; i.e. no separation occurs. If the pores
are smaller than 0.1 um, the gas diffusion through such pores is ruled by Knudsen
diffusion, and the transport rate of gas is inversely proportional to the square root of its
molecular weight (Graham’s law of diffusion); and if the pores are extremely small (0.5-
20 nm), gases are separated by molecular sieving effect. In the case of dense membranes,
the gas separation through the membrane is described by the solution-diffusion
mechanism.

Almost all of the current commercial gas separations are based on dense polymeric
membranes which are the main target of this thesis. Thus, the solution-diffusion model is
going to be briefly introduced below.

The solution-diffusion model considers that permeating gas (A) dissolves into the
membrane at the feed side (upstream side), diffuses across the membrane, and then

desorbs at the permeate side (downstream side), as illustrated in Figure 1.7.

13
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Figure 1.7. Scheme of gas transport across a dense polymer membrane based on the
solution-diffusion model.

The permeability coefficient is defined as the amount of permeating gas (A) across the
membrane per unit time and unit area (Ja) scaled on the pressure drop and the membrane
thickness (1):

Ja-l
P, =—— Eagn. 1.1
4 PAo—PALl [ a ]

Where Dy o and P4, are the partial pressures of the gas A on the upstream and
downstream sides, respectively. Within the context of the solution-diffusion model and
Fick’s law in the limit when the downstream pressure is much lower than the upstream
pressure, the permeability (Pa) can be expressed as the product of the gas solubility (Sa)
in the upstream side of the membrane and the average effective gas diffusion coefficient
(Da) in the membrane [23,24].

Py, = Dy X Sp [Eqn. 1.2]
The ability of a membrane to separate two gases (A and B) is characterized by the ideal
selectivity or permselectivity (aas), which can be divided into two components: the
diffusivity selectivity (Da/Ds), and the solubility selectivity (Sa/Ss).

—Pa_Da Sa
OAB = Py~ Dy XSB [Eqgn. 1.3]

The permeability of each of the gases A and B depends on the product of solubility and

permeability in a particular polymer membrane. Thus, if gas A is much more permeable
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than gas B can be due to the following reasons: 1) gas A has a higher diffusion, 2) gas B
is more soluble in the membrane (i.e., higher gas/polymer interaction), or 3) both 1 and
2. In general, the gas separation in polymer membranes is based on differences in either
gas diffusivity (diffusivity-selective or size-sieving materials) or gas solubility
(solubility-selectivity materials).

The current work is focused on gas separation membranes made from glassy amorphous
polymers. Because the polymer chains cannot pack efficiently, free spaces (holes or so-
called free volume elements) are created. The total volume of all of these free-volume
elements is the so-called fractional free volume (FFV). The gas diffusion through glassy
polymers proceeds by a jumping mechanism, whereby molecules located inside holes
move to neighbor holes through channels, which are occasionally opened by thermal
fluctuations of local to short-scale cooperative segmental motions, such as chain bending,
bond rotation or phenyl ring flips [25]. Therefore, the molecular mobility of polymer

chains is a crucial factor to be considered in gas diffusion.

1.5. MEMBRANE EFFICIENCY AND EVALUATION OF
POLYMERIC MEMBRANES

An optimal membrane for gas separation processes must show high permeability (that is,
the membrane productivity) and high selectivity (that is, the membrane’s ability to
discriminate a specific component in a mixture) at the same time, as well as high chemical
and thermal stability, superior mechanical resistance under operating conditions, long
working lifetime, cost-effective and defect-free production. Glassy polymer membranes
are mostly used due to their desirable combination of size-sieving ability and mechanical
properties. However, they exhibit a well-known trade-off between the permeability of
membrane and its selectivity; i.e., membranes show a balanced behavior, in such a way
that more permeable materials tend to be less selective and vice versa.

The trade-off of separation membranes was evidenced by Robeson in 1991 [26]. Since
then, the state of the art for a given gas pair is identified by a linear “upper bound” fit to
the top performing materials on a double-logarithmic plot of selectivity versus
permeability of the faster gas (also so-called Robeson plots); i.e., above the upper bounds
that are empirically determined no data exist. Accordingly, the position of the gas
permeability data of membranes relative to the upper bounds on the Robeson plot allows
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us to estimate their potential for gas separation applications. However, the continuous
development of membrane materials with enhanced performances means that the upper
bounds move as shown in Figure 1.8. Thus, Robeson updated the database in 2008 [27],
Pinnau et al. in 2015 [28], and McKeown et al. in 2019 [29] proposed new upper bounds
for some relevant gas pairs from the permeability data of a series of ultrapermeable

polymers synthesized by them.

40

o (CO,/CH,)

1000 10 000 50 000
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Figure 1.8. Robeson plot for CO2/CHa separation [29]

In 1999, Freeman provided the fundamental theoretical basis for the gas separation upper
bound [30]. Briefly, he concluded that the most fruitful pathway for the development of
high performance polymeric membranes for separation consists of simultaneously
increasing the interchain spacing (i.e., high FFV) and the backbone stiffness (i.e.,
molecular mobility restriction of polymer chains) to achieve both higher permeability and
higher selectivity. However, increasing interchain spacing to increase permeability will
not be effective if the gas separation is no longer governed by diffusion; because
permselectivity would be reduced. Therefore, the trade-off relationship has been assumed
as a consequence of the dependence of gas diffusion coefficients on the molecular
diameter of the gases to be separated. Later, Robeson et al. [31] compiled a large database
of permeability, diffusion, and solubility of glassy polymers to study the correlation
between solubility coefficient and FFV, which had been observed in some specific
families of glassy polymers. They found that solubility selectivity for the AB gas pair
(Sa/Se, Eqgn. 1.3) usually decreases with increasing permeability of A gas (and FFV)
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when the diameter of gas molecule B is larger than that of gas A, i.e., larger molecules
have less access than smaller molecules to the sorption sites when FFV decreases due to
a higher packing density. However, they concluded that FFV contribution to the solubility
selective, and then to changes in permeability, is modest. Moreover, they showed that the
slope of the upper bound in terms of diffusivity (Da/Ds vs Da), was modestly different

from the upper bound in terms of permeability.

1.6. DRAWBACKS OF A GAS SEPARATION MEMBRANE

Following Freeman’s approach, the simultaneous increase in polymer chain stiffness and
FFV is an effective strategy to improve solubility and gas permeability. In this context,
microporous organic polymers including polymers of intrinsic microporosity (so-called
PIMs) and thermally rearranged (TR) polymers have attracted strong interest because of
their highly rigid macromolecular structures, which prevent space-efficient packing of the
chains in the solid state, and thus they show high FFV. These sets of polymers are
considered the most promising candidates for the next generation of membranes since
they have superior permselectivity properties [32,33]. In fact, PIMs have been used since
2008 to update the Robeson upper bounds for some gas pairs (2015 and 2019 upper
bounds) [28,29].

Other polymeric membrane materials for gas separation that have also attracted attention
are glassy polyimides (Pls). They have high chemical resistance, large thermal stability,
and good mechanical strength, as well as good performance as gas separation properties.
The most effective method and widely used to improve Pl membrane performance is to
introduce non-coplanar structures (spiro, cardo, and kink units), and bulky groups (-CF3
and -CHs) [34].

Also, the properties of glassy polymers depend on the polymer processing history. For
example, exposure to highly soluble penetrants and thermal treatments can influence the
gas transport properties. Thus, plasticization and physical aging phenomena are
challenging issues for long-term industrial applications [35]. Both phenomena and their
effect on permeability and selectivity will be briefly introduced below. More detailed
information about glassy polymers in membrane separation applications can be found
elsewhere [36].

Plasticization induced by CO2 remains a problem commonly found in gas separation

involving aggressive feed streams, such as in natural gas processing, which requires
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membranes with high selectivity for CO2 to CHa4 [37]. A typical effect of plasticization is
that the permeability versus pressure curves go through a minimum [38-40]. The pressure
corresponding to the minimum permeability is called plasticization pressure. The
plasticization is produced because the polymer matrix swells due to the high sorption of
CO:z2 at high-pressure conditions increasing the polymer free volume (i.e. higher FFV) and
chain mobility. As a result, the permeability of both components of the gas mixture
increases, but the increase is higher for the slower permeating component and thus
simultaneously the selectivity decreases.

Physical aging in glassy polymers is due to that they are in non-equilibrium states and
their structure can evolve towards equilibrium conditions due to the local-scale segmental
motions of polymer chains that take place in the glassy state [41]. Although physical aging
occurs without any external influence, its rate is dependent on factors such as temperature,
polymer structure, membrane thickness, etc. In fact, even in polymers with very high
intra-chain rigidities, such as PIMs, rapid physical aging occurs [39]. The physical aging
leads to a densification of chain packing that affects some macroscopic polymer
properties, such as density, refractive index, mechanical strength, and transport properties
of small molecules. For gas transport properties, the densification (i.e., producing a
decrease in FFV) causes a decrease in the permeability of the membrane. The effect of
physical aging can be determined by measuring the changes in permeability of membrane
with operating time [42].

Several approaches have been proposed to overcome selectivity/permeability trade-off,
physical aging, and/or plasticization issues covering, among others, post-synthetic
modification (e.g., chemical or physical cross-linking), addition of porous nanoparticles
to polymer matrix (mixed matrix membranes), incorporation of chemical groups in the
polymer structure that can interact with one of the permeating species (facilitated

transport), etc. [18].

1.7.  MIXED MATRIX MEMBRANES

There is a wide variety of inorganic (e.g., zeolites and carbon molecular sieves) and
hybrids (e.g., metal organic frameworks) materials that can offer efficient ways to achieve
narrow pore size distributions that lead to high permeability and/or high selectivity. In
particular, metal organic frameworks (MOFs), which are made by linking inorganic and

organic units by strong bonds, have well-defined pore sizes, high porosity (~50% of the
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crystal volume), and exhibit high surface areas (range from 1000 to 10000 m?gY), [43].
They exceed the traditional surface areas of zeolites and carbon molecular sieves (CMS),
but they have lower chemical and hydrothermal stability. Despite their advantages of
offering an excellent selectivity/permeability balance, MOFs films are not mechanically
robust enough to form large surface area membranes and they must be fabricated on
porous supports, and thus it is difficult to obtain defect-free thin films [44].

Whereas traditional membranes for gas separation are largely based on polymers and are
subjected to permeability-selectivity trade-off, mixed matrix membranes (MMMSs) offer
the possibility of controlling the pore size and size distribution, which can break the
conventional upper bound; i.e., membrane performance close or above the 2018 upper
bound. MMMs consist of a dispersed micro-or nanoparticles (inorganic or hybrid) phase
and a continuous polymer matrix phase. These MMMs have the potential to combine
synergistically the high intrinsic gas separation performance of porous filler material with
the easy processability of polymers [45,46] Most studies involving MMMs have
incorporated molecular sieving particles such as zeolites, carbons, and MOFs [47,48] to
prepare symmetric dense films due to the simplicity of the fabrication process.

Despite the promising separation performance of MMMs, the dispersed phase may cause
undesirable effects that can lead to different morphologies of the membrane that exhibit
overall separation performance much worse than that expected (Case 0), as schematically
shown in Figure 1.9 [49]. Among other effects are polymer rigidification at the matrix-
filler interface (Case 1) and pore blockage (Case Il) and, in the case of a poor matrix-filler
adhesion, interfacial voids can be created resulting in increased permeability (case Il1),
or increased permeability and decreased selectivity (case IV). The last case occurs when
the effective void thickness is about the gas molecule size (~ 5 A). In addition, the
aggregation of filler particles hinders the achievement of homogenous dispersions at high

loading levels.
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Figure 1.9. Schematically representation of the relationships between mixed matrix

membranes morphologies and transport properties.

Porous organic polymers (POPSs) are an interesting class of new emerging filler since they
offer better adhesion and compatibility with polymer matrix than inorganic fillers. In
addition, they also exhibit low density, robust structure, high thermal and chemical
stability, and excellent hydrothermal stability, among other important characteristics. The
wide range of optional rigid building blocks (mainly aromatic monomers) and rigid
linkers as well as the flexibility of synthetic routes allow preparing materials with tunable
characteristics [50]. Thus, POPs can be designed at the molecular level with large specific
surface areas, adjustable porosity, and tailorable functionalization for the desired
application. POPs have received different names based on either their synthetic route or
building block, as shown in Figure 1.10. Moreover, they can be also classified into two
sub-classes: crystalline POPs formed via reversible bond-forming chemistry, which have
well-ordered structures and uniform pore sizes, such as COFs, and disorder amorphous

POPs with interconnected hierarchical pore structures.
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Figure 1.10. Classification of porous organic polymers based on the synthetic

methodology.

POPs are attracting considerable scientific interest and showing promising applications
in gas adsorption and separation, energy storage, heterogeneous catalysis, water
treatment, electrochemical application, and so on [51-55].

Despite well over a decade of sustained efforts to develop MMMs, their use in large-scale
gas separation processes for industrial applications remains restricted. Today, although
they show outstanding properties in the laboratory, they are far from replacing
conventional glassy polymers. Thus, the current work is focused on the preparation of
MMMs using a new class of amorphous POPs that ensure an excellent compatibility with
the polymer matrix, in particular with high-free volume polyimides, so that materials can
achieve the best gas separation membrane performance. In addition, an appropriate design
of the polyimide matrices has allowed post-modification of the MMMs by controlled
high-temperature crosslinking to be carried out aimed to improve the long-working life
of membranes by enhancing the resistance to CO2 plasticization and mitigating the

physical aging associated with high-free volume polymers.

21






Chapter 2






Chapter 2

2. General objectives and work plan

The main motivation of this Ph.D. thesis titled New porous polymeric networks for
advanced separations; mixed polymeric matrix membranes for CO2 Capture has been the
design and the obtaining of new high-performance polymeric materials for use in gas
separation applications, mainly CO2 separation. This Ph.D. has been development in the
framework of the SMAP-Uva-CSIC research unit supported by the Spanish Research
Agency (AEI) through a coordinate project (P1ID2019-109403RB-C21 and PID2019-
109403RB-C22 projects).

Based on the research group’s knowledge of how to obtain polymer materials with
advanced gas separation properties, this Ph.D. thesis aims to design and develop polymer
materials to obtain neat membranes and mixed matrix membranes, easily processed as
defect-free films, where the filler is a microporous polymer network, and the matrix is a
linear polymer capable of being thermally-treated at medium-high temperatures to
ultimately produce cross-linked materials with improved gas separation properties.

The design of gas separation materials was carried out taking into account that the
incorporation of certain chemical groups can produce an increase in the rigidity of the
macromolecular chain and, at the same time, can lead to a separation among chains, which
increases the internal free volume of material. In addition, the increase in polymer chain
rigidity is a very adequate strategy to overcome typical drawbacks of polymer membranes
such as plasticization and physical aging. For this purpose, the synthesis of a great variety
of polymer materials has been carried out, which, moreover, has required the search for
improved processability methodologies.

The specific objectives of this Ph.D. thesis can be mainly divided into three blocks:

1) Synthesis and characterization of polyheterocyclic polymers including linear
polymers capable of undergoing a thermal cross-linking under a controlled partial
degradation process at high temperatures, generating very rigid stable structures, and
porous polymer networks.

2) Evaluation of previous materials as gas separation membranes including neat
membranes and mixed matrix membranes.

3) Studies aimed at eliminating physical aging and plasticization.
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Additionally, due to the highly microporous nature of porous polymer networks, these

materials were parallel evaluated as efficient adsorbents for selective separation of CO2
from CO2/N2 and CO2/CHa4 mixtures.

To achieve these objectives, the work plan can be summarized in the following sections:

Synthesis of new high-performance materials:

Synthesis and purification of new trifunctional aromatic monomers having
D3h and C3v symmetry, which have bulky groups in their structure
providing rigidity and pore stability to the polymer network.
Optimization of the synthetic routes to obtain difunctional monomer
compounds with high yield and high purity.

Synthesis of porous polymer networks having high inherent
microporosity.

Synthesis of high molecular weight aromatic polyimides copolyimides,
and aromatic-aliphatic copolyimides.

Characterization of the chemical structure of monomers and polymers by common

organic and macromolecular techniques such as Fourier-transform infrared

spectroscopy (FTIR), and nuclear magnetic resonance (NMR) in solution and

solid state. Moreover, in particular, the molecular weight of polymers was

estimated by inherent viscosity measurements.

Analysis of the textural properties of porous polymer networks from low-pressure

isotherm measurements using N2 at -196 °C and CO2 at 0 °C.

Preparation and characterization of membranes manufactured from polymer

materials synthesized.

i. Neat membranes were prepared from the synthesized linear polymers by a

deposition-evaporation (casting) procedure.

ii. Mixed matrix membranes were prepared by incorporating different

loadings of microporous polymer networks as filler. A deposition-
evaporation (casting) procedure was also employed.

iii. Thermally cross-linked membranes were prepared subjecting precursor

membranes to a thermal treatment previously optimized by isothermal
thermogravimetric analysis (TGA) to generate materials with high FFV

and rigidity.
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iv. Morphology of membranes was explored by wide-angle X-ray scattering
(WAXS) and scanning electronic microscopy (SEM).
v. Thermal stability of membranes was determined by TGA.
vi. Fractional free volume (FFV) of membranes was determined from their
bulk density.
vii. Study of mechanical properties.
e Evaluation of gas separation performance of neat membranes and mixed matrix
membranes by measuring pure gas permeability.
e Study of membrane physical aging and plasticization resistance.
e Evaluation of porous polymer networks as efficient adsorbents for selective
separation of CO2/N2 and CO2/CHa4 mixtures from low- high-pressure adsorption

isotherms at room temperature.

In order to satisfactorily frame the research carried out in the bibliographical context of
the subject and systematize the results obtained, the memory has been divided into a
Summary section, 8 chapters, and 3 appendix, with this distribution.

SUMMARY

CHAPTER 1. Introduction

CHAPTER 2. General Objectives and Work Plan

CHAPTER 3. General Methodology: Materials and Methods

CHAPTER 4: Gas Separation Membranes Obtained by Partial Pyrolysis of Polyimides
Exhibiting Polyethylene Oxide Moieties

CHAPTER 5: Tuning the Porosity of Porous Organic Polymers for Carbon Capture
Applications

CHAPTER 6: Plasticization-resistant Gas Separation Membranes Derived from
Polyimides Exhibiting Polyethylene-oxide Moieties

CHAPTER 7. Conclusions

APPENDIX 1

APPENDIX 2

APPENDIX 3
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3.General methodology

3.1SYNTHESIS OF POLYMERS

To obtain polymer membranes with good mechanical properties able to be evaluated as
materials for gas separation, it is essential to have previously synthesized high molecular
weight polymers.

Polymerization is the process of converting an initial chemical substance, called
monomer, into a long-chain molecule, polymer. An important parameter in the definition
of a polymer is the degree of polymerization, DP, which determines the number of
repeating units that make up the final structure of the polymer. The relationship between
DP and molecular weight, Muw, IS straightforward being
M,, = DP x SU (where SU is the molecular weight of the repeating structural unit).

For step-growth polymerization, DP is a function of the conversion of the polymerization

reaction (p) as determined by Carothers [56-58]:
1

P = Eqn. 3.1
(1-p) [Ean. 3.1
This equation when there is a stoichiometric imbalance, r, becomes:
r+1
DP = - [Eqgn. 3.2]

where r is the ratio of the monomer in stoichiometric defect to the one in excess.

Due to the Carothers equation, the purity of the monomers must be very high as a
condition to obtain polymers of high molecular weight [59]. For example, partial
oxidation of diamines gives rise to monofunctional monomers or non-reactive molecules,
which leads to stoichiometric disproportionation. Also, water presents in the solvent can
react with the functional groups of monomers, giving rise to non-reactive compounds.
Therefore, the use of an inert atmosphere, pure reactives, and anhydrous solvents is
essential in this type of polymerization.

In this memory, the polymeric materials have been obtained by step-growth

polymerization. In particular, the polymers that have been employed are:
e Aromatic polyimides
e Aliphatic-aromatic polyimides
e Polymer networks made by electrophilic aromatic substitution reaction (EAS)
(here called porous organic polymers, POPS)
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The preparation of aromatic polyimides usually involves the use of a polycondensation
method carried out at low temperatures, mainly to avoid side reactions that could limit
the growth of macromolecular chains. In particular, the synthesis of polyimides consisted
of two steps involving the formation of poly(amic) acid and posterior thermal or chemical
cyclation to obtain the sought polyimide, as shown in Figure 3.1.

o

o o}
1
X X 1}
i i OH N /
o O + H,N—Ar-NH, ——— — i A
T 2 r 2 L NH-Ar—NH— ————> @QN Ar N\
o

o o]
poli(acid-amide) poliimide
o o o
o
A X A
L 0 + H,N—Ar—NH, ~— I o I OH
S ? 2 A NH Ar-NH— L NH-Ar-NH—
®
o o} o

Figure 3.1. Above: Two-step synthesis of polyimides, down: Reaction mechanism for

obtaining poly(acid-amide).

Over the years, reaction improvements have been made in polycondensation chemistry
through the utilization of activated monomers. The activation of these monomers can be
achieved by either activating the electrophile, primarily using organophosphorus
reagents, or activating the nucleophilic diamines. Studies of our group [60-62] have
reported that for the synthesis of aromatic polyimides by the in-situ formation of silylated
diamines, the use of a tertiary base such as pyridine (Py) as an activating agent, and the
use of a non-stoichiometric amount of a high pKa base (higher pKa than pyridine, for
instance 4-dimethylamino pyridine, DMAP), significantly improves their molecular
weight. This activation method has demonstrated remarkable efficacy, particularly for
sterically hindered amines and amines possessing strong electron-withdrawing groups.
Moreover, it was demonstrated that the use of N,N-dimethylacetamide (DMAC) as an
aprotic polar solvent instead of N-methylpyrrolidone (NMP) resulted in an additional

enhancement of the reaction that consequently led to higher viscosity.

The synthesis of the aromatic polyimides of this work involved the reaction between
dianhydride and diamine, facilitated by base-assisted in-situ silylation of the diamine with
the assistance of a mixture of tertiary bases. The silylation of diamine was achieved by
dissolving it and then adding a precise quantity of trimethylchlorosilane (TMSCI, usually

1 mol/mol of amine), the corresponding base (usually Py, 1 mol/mol of amine), and a co-
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base (DMAP, 0.05-0.5 mol/mol of Py). Finally, the appropriate stoichiometric amount of

dianhydride was added to the reaction mixture.

The preparation of microporous polymer networks (POPs) was carried out using a
relatively modern synthetic methodology developed by us [63]. This methodology is
based on several Olah's studies about the protonation of activated aldehydes or ketones
when subjected to highly acidic conditions. This protonation gives rise to high reactive
intermediates, known as superelectrophiles, which exhibit a doubly electron-deficient
nature. Notably, the reactivity of these superelectrophiles surpasses that of their parent
monocations under traditional reaction circumstances, as stated through various studies
[64-66]. This super-electrophilic entity can subsequently engage in successive
condensation reactions with diverse nucleophiles, enabling interactions even with

deactivated aromatic rings, as depicted in Figure 3.2.

H+ O:/— © HO\C _EWG
—_— AN
PN /C\ = R
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r
I{
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ohs e S

Figure 3.2. Methodology of the formation of Hydroxylalkylation polymers.

o

O

The synthesis of the polymer networks of this Ph.D. memory (POPs) was carried out
using multifunctional aromatic (more than two aromatic groups) monomers with
activated ketones. Reaction was promoted by using superacids like
trifluoromethanesulfonic acid (TFSA), methanesulfonic acid (MSA), trifluoroacetic acid

(TFA), or mixtures thereof.

3.1.1. Preparation of polymer networks

3.1.1.1. Materials

Most of the commercially available reagents were used without further purification, if not
mentioned otherwise. Isatin (1H-indole-2,3-dione or I, 98% purity), 2,2,2-
trifluoroacetophenone (TF, 98% purity), biphenyl (BP, 99% purity), methanesulfonic
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acid (MSA, 98% purity), and chloroform (CHClIs, > 99 % purity) were purchased from
Sigma-Aldrich. Isatin was dried at 40 °C for 2 h under vacuum prior to use. 1,3,5-
triphenylbenzene (TPB, 99% purity) was purchased from Tokio Chemical Industry,
triptycene (TR, 98% purity) from ABCR GmbH, and trifluoromethanesulfonic acid
(TFSA, >99.5% purity) from Apollo Scientific.

3.1.1.2. Synthesis of monomers

3.1.1.2.1. 9,9 -spirobifluorene monomer (SBF)

The scheme of reaction is shown in Figure 3.3. Under a nitrogen atmosphere, a 500 mL
three-neck flask equipped with a reflux condenser, a magnetic stir bar, and an addition
funnel, was charged with a dispersion of magnesium turnings (1.69 g, 69.40 mmol) in the
quantity required of anhydrous diethyl ether (Et20) to cover the magnesium turnings.
Then, 1 mL of 2-bromobiphenyl was added to the magnesium dispersion to initiate the
formation of Grignard reagent. The addition funnel was charged with a solution of 2-
bromobiphenyl (11.09 g, 64.35 mmol) in 45 mL of anhydrous Et2O. Afterwards, the
solution was added dropwise and the mixture was allowed to reflux for 3 h until
homogeneous. Next, a solution of fluorenone (11.36 g, 63.08 mmol) in 110 mL of
anhydrous Et2O was slowly added, and the mixture was allowed to reflux for a further 3
h. Finally, 100 mL of acetic acid (AcOH) was slowly added. The Et2O solvent was
stripped off by distillation under reduced pressure and the residue was washed and filtered
with cold ethanol to afford the desired product 9,9'-spirobifluorene (SBF) monomer
(reaction yield of 93%) as a white solid, mp: 206 °C. The chemical structure was
confirmed by *H- and *C- NMR, as seen in section S2.1.1, Appendix 2.

s
By RT to reflux MgBr
(0]
|
Et,0, RT to reflux

2 AcOH

LI
S0
SBF
Figure 3.3. Synthesis of 9,9'-spirobifluorene.
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3.1.1.2.2. Synthesis of 9,10-Dimethyl-9,10-dihydro-9,10-ethanoanthracene monomer
(DMHEA)

The synthesis of DMHEA consisted of the preparation of 2,5-diphenylhexane-2,5-diol through
a Grignard reaction and its ulterior cyclization by a Friedel-Crafts alkylation [53,67], as shown
in Figure 3.4.

OH

1. PhMgBr
O —_—
2. H30"
(0]

HO

AICIM/S-Diphenylhexane-2,5-diol

DMHEA

Figure 3.4. Synthesis of 9,10-dimethyl-9,10-dihydro-9,10-ethanoanthracene.

3.1.1.2.2.1 Synthesis of 2,5-diphenylhexane-2,5-diol

In a 1 L two-neck flask equipped with a reflux condenser, a dropping funnel, and a
magnetic stir bar, a solution of phenylmagnesium bromide was prepared from magnesium
(17.2 g, 720 mmol), bromobenzene (76 mL, 720 mmol) and 350 mL of dry ether. After,
the solution was cooled with an ice-water bath, and 2,5-hexanedione (24 mL, 205 mmol)
with 50 mL of dry ether was slowly added with the addition funnel. The reaction was
maintained at room temperature for 12 h and at the reflux temperature of dry ether for a
further 3 h. Next, the reaction was cooled with an ice-water bath and hydrolyzed with a
very dilute solution of hydrochloric acid. The precipitate was quickly filtered, washed
with abundant water, and dried under vacuum at room temperature. The 2,5-
diphenylhexane-2,5-diol was obtained as a white solid (mp: 122 °C). The reaction yield
was 86%. The chemical structure was confirmed by *H- and *3C- NMR, as seen in section
S2.1.2.1, Appendix 2.

3.1.1.2.2.2. Synthesis 9,10-dimethyl-9,10-dihydro-9,10-ethanoanthracene

1 L three-neck flask blanketed by nitrogen was charged with 2,5-diphenylhexane-2,5-diol
(27.0 g, 99.9 mmol) and 600 mL of anhydrous toluene. Afterward, it was cooled in an ice
bath, and aluminum trichloride (15.0 g, 110 mmol) was slowly added in portions and the

reaction suspension was stirred at room temperature for 6 h. Next, water was added to the
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mixture and the toluene was decanted. The aqueous layer was extracted with Et2O. The
organic layer was washed with water, dried with MgSOs, filtered, and concentrated under
vacuum at 35 °C. The 9,10-dimethyl-9,10-dihydro-9,10-ethanoanthracene was
crystallized from n-hexane (mp:121 °C). The yield reaction was of 46%. The chemical
structure was confirmed by *H- and *C-NMR, as shown in section S2.1.2, Appendix 2.
3.1.1.2.3. 1,3,5-tri-(2-methylphenyl)benzene (TMB)

The scheme of reaction is shown in Figure 3.5. A 50 mL two-neck Schlenk flask equipped
with a reflux condenser and magnetic stir bar was charged with 2-methyl acetophenone
(9.81 mL, 75 mmol) and trifluoromethanesulfonic acid (TFMSA) (0.66 mL, 7.50 mmol)
under a nitrogen atmosphere, and heated at 130 °C. The reaction was maintained at this
temperature for 24 h. The final product was concentrated in a rotary evaporator and
purified by a chromatographic column using hexane as eluent. The 1,3,5-tri-(2-
methylphenyl)benzene (TMB) was dried at 120 °C for 3h under vacuum, (mp:135-137
°C). The reaction yield was 82%. The chemical structure was confirmed by *H- and **C-

NMR, as shown in section S2.1.3, Appendix 2.

O O
l )
—_—
130°C/ 24 h

TMB
Figure 3.5. Synthesis of 1,3,5-tri-(2-methylphenyl)benzene.

3.1.1.2.4. 1,3,5-tri-(4-biphenyl)benzene (TBB)

The scheme of reaction is shown in Figure 3.6. A 100 mL three-neck flask equipped with
a reflux condenser, mechanical stirring, and nitrogen flow, was charged with 4-
acetylbiphenyl (23.24 g, 118.4 mmol) and dodecylbenzenesulfonic acid (DBSA) (7.50
mL, 23.69 mmol), which was heated at 50 °C. The reaction was maintained at 130 °C for
10 h. Next, 50 mL of methanol was added to the reaction, and the solid obtained was
filtered and sequentially washed with cold methanol, a saturated solution of sodium
bicarbonate, and water. The solid was then purified by percolation with dichloromethane
(DCM) in a short silica-gel column. The pure product was dried at 120 °C for 3 h under
vacuum, (mp: 235-237 °C). The reaction yield was 92%. The chemical structure was

confirmed by *H- and $3C-NMR, as shown in section S2.1.4, Appendix 2.
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DBSA
—_—— >
O 130°C/10 h O
© TBB

Figure 3.6. Synthesis of 1,3,5-tri-(biphenyl)benzene.

3.1.1.2.5. 1-methylindoline-2,3-dione (N-methyl isatin, MI)

The scheme of reaction is shown in Figure 3.7. A 250 mL two-neck flask equipped with
a magnetic stir bar and a nitrogen blanket was charged with isatin (8 g, 54.4 mmol),
potassium carbonate (K2COs) (8.28 g, 59.8 mmol), iodomethane (CHsl) (3.38 mL, 54.4
mmol) and 110 mL of N,N-dimethyformamide (DMF) under mechanical stirring and
nitrogen flow. The reaction was maintained at room temperature for 12 h. Then, water
was added to the mixture and the aqueous layer was decanted. The product was extracted
with DCM, purified by recrystallization in toluene, and dried at room temperature under
vacuum (mp: 131-139 °C). The reaction yield was 97%. The chemical structure was
confirmed by *H- and *C-NMR, as shown in section S2.1.5, Appendix 2.

6] 6]

CH;3l
0 ————> o]
K,CO3, DMF
N N
| RT, 12h ‘
H
Mi

Figure 3.7. Synthesis of 1-methylindoline-2,3-dione.

3.1.1.3. Synthesis of porous organic polymers

The porous polymer networks (POPs) were synthesized by reacting a trifunctional
monomer (TR, TPB, TMB, or TBB) or a tetrafunctional monomer (SBF) with an
activated ketone (I, MI, or TF) in super acidic conditions using TFSA as the catalyst
(Figure 3.8). Analogous networks were also synthesized by adding a mixture of the tri-

or tetrafunctional monomer and a bifunctional comonomer (DMHEA or BP).
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Ao 5

Triptycene Isatin
(TR) M

TFSA

TR-

Figure 3.8. Example of scheme of the synthesis of the POP.

For simplicity, we will refer to networks derived from just one nucleophilic monomer as
Ho-POPs and to those from 2 nucleophilic ones Co-POPs. The functional group
stoichiometry was maintained by using an adequate amount of bi and tri or tetrafunctional
reactants. In addition, different reaction conditions were used for the synthesis
optimization of these materials, by varying the solvent (CHCIs or MSA) and the reaction
temperature (room temperature (RT) or 60 °C). The reaction conditions employed are
summarized in the four methods that are listed in Table 3.1, where the number (1 and 2)
refers to the solvent (CHCIs and MSA, respectively) and the letter (a and b) to
temperature/reaction time (RT/120 h and 60 °C/96 h, respectively). The number and letter
of each method will be added to the acronyms of Ho-POPs bifunctional-activated ketone)
and Co-POPs (tri (or tetra) functional/bifunctional monomer-activated ketone) to identify
them, as shown in Tables 3.2 and 3.3.

As an example, a general procedure for the synthesis of TR/DMHEA _| number (n) letter
() is the following: an oven-dried, 50 mL, three-necked Schlenk flask equipped with a
mechanical stirrer and nitrogen inlet and outlet was charged with TR (1.78 g, 7.0 mmol),
DMHEA (2.46 g, 10.5 mmol), 1 (3.09 g, 21.0 mmol) and CHCIs or MSA (15 mL). The
mixture was stirred at RT under a nitrogen blanket, cooled to 0 °C, and TFSA (30 mL or
20 mL according to catalyst/solvent ratio in Table 1) was then added dropwise for 15-20
min. Finally, the reaction mixture was allowed to warm to RT and held at that temperature
for 120 h with stirring (method 1a and 2a) or held at RT for 1 h and at 60 °C for 96 h
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(method 1b or method 2b). Once it was cold, the product was poured into a water/ethanol
mixture (3/1), filtered, and consecutively washed with water (2x200 mL), CHCIs (2x200
mL), and acetone (1x200 mL). The powder obtained was dried at 180 °C for 12 h in a

vacuum oven.

Table 3.1. Reaction conditions used for the preparation of POPs

Temperature, °C

Catalyst/Solvent (ratio) o
[reaction time, h
Method la TFSA/CHCIs (2/1) RT /120
Method 1b TFSA/CHCIs (2/1) RT/1, 60/96
Method 2a TFSA/MSA (3/2) RT/120
Method 2b TFSA/MSA (3/2) RT/1, 60/96
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Table 3.2. Composition of Ho-POPs synthesized for this work

| MI
Ho-POPs

d v ©
TPB
TPB-I nl TPB-MI nl TPB-TF nl
TMB
TMB-I nl TMB-MI nl TMB-TF nl
TBB-I nl TBB-MI nl TBB-TF nl
TR-1 nl TR-MI nl TR-TF nl
SBF-1 nl SBF-MI nl SBF-TF nl

n and | refer to reaction conditions according to Table 1
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Table 3.3. Composition of Co-POPs synthesized for this work

Co-COPs

TPB
TPB/BP-I
TR
TR/BP-1 nl
SBF/BP-I
DMHEA
TPB
TPB/DMHEA-I
TR TR/DMHEA-I nl
SBF
SBF/DMHEA-I

n and I refer to reaction conditions according to Table 1

3.1.2. Preparation of polymers

3.1.2.1. Materials

2-2'-Bis(4-aminophenyl)hexafluoropropane (6FpDA) was purchased from Chriskev
(USA), 2,4,6-trimethylphenyldiamine  (TMPD), 4,4'-(hexafluoroisopropylidene)
diphtalic anhydride (6FDA) and 3,5-diaminobenzoic acid (DABA) were purchased from

Apollo Scientific (UK). These monomers were purified by high vacuum sublimation
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before use. Bis(2-aminopropyl) poly(ethylene oxide) (Jeffamine ED 2003), named here
for simplicity as PEO, with a mean molecular weight of 1942 g/mol, was a gift from
Huntsman International Europe. The PEO was dried to 40 °C for 5 h in a vacuum oven

before being used.

Anhydrous 1-methyl-2-pyrrolidone (NMP), anhydrous N, N’-dimethylacetamide
(DMACc), anhydrous pyridine (Py), 4-dimethylaminopyridine (DMAP) and
trimethylchlorosilane (TMSCI), together with the other solvents and commercial
reagents, such as acetic anhydride, were purchased from Sigma-Aldrich (Merck, Spain)

at their highest level of purity.
3.1.2.2. Synthesis of aromatic copolyimides

Aromatic copolyimides containing carboxyl groups were prepared by a two-step
polycondensation reaction of equimolecular amounts of the 6FDA dianhydride and a
mixture of the 6FpDA and DABA diamines in a mole ratio of 1/0.1 or 1/0.2
(6FpDA/DABA), or 6FDA dianhydride and a mixture of the TMPD and DABA diamines
in a mole ratio of 1/0.2 (TMPD/DABA). The reaction was carried out using the base-
assisted in-situ silylation method [61,62] following the procedure described in [68], to
obtain high-molecular weight polymers. Quantitative yields, well above 97%, were
obtained for all of the copolymers.

As an example, the synthesis of the 6FDA-6FpDA-DABA copolyimide using a
6FpDA/DABA molar ratio of 1/0.1 is described below:

A 100 mL three-neck flask equipped with a mechanical stirrer and gas inlet and outlet
was charged with 7.50 mmol (2.50 g) of 6FpDA, 0.75 mmol (0.114 g) of DABA, and 8
mL of NMP. Under a blanket of nitrogen, the mixture was stirred at room temperature
until the solid was completely dissolved, was cooled to 0 °C, and 18.1 mmol of TMSCI
(2.30 mL) and 18.1 mmol (1.46 mL) of Py were added dropwise for 30min. The solution
was then stirred for 5 min and allowed to warm to room temperature to ensure the
silylation of diamines. Next, the solution was cooled again to 0 °C, and 8.25 mmol (3.65
g) of 6FDA and 1.80 mmol (0.221 g) of DMAP were added together with 8 mL more of
NMP. The mixture was stirred for 15 min, the temperature was raised up to room
temperature and the reaction was left overnight to form the poly(amic acid) solution.
Afterward, 65.8 mmol (6.2 mL) of acetic anhydride and 65.8 mmol (5.3 mL) of Py were
added and the mixture was stirred at room temperature for 6 h and at 60 °C for 1 h to

promote the whole cyclization of poly(amic acid) to polyimide. Finally, the copolyimide
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was precipitated in distilled water, collected, and consecutively washed with cold water,
hot water, and a water/ethanol mixture (1/1). Finally, the polyimides were dried in a
vacuum oven at 60 °C for 12 h, at 120 °C for 1 h, and at 180 °C for 12 h.

For comparative purposes, the 6FDA-6FpDA(PI) and 6FDA-TMPD (PI*)
homopolyimides were also prepared from an equimolecular amount of 6FDA dianhydride
and the corresponding diamine (6FpDA or TMPD). The copolyimides containing 6FpDA
diamine will be named PIx and TMPD PI*x, where x is the molar percentage of DABA
(x=10 and 20).

3.1.2.3. Synthesis of aromatic-aliphatic copolyimides

A series of aromatic-aliphatic copolyimides were prepared by a conventional two-step
polycondensation reaction of equimolecular amounts of the 6FDA dianhydride and a
mixture of the 6FpDA, DABA, and PEO diamines or 6FDA dianhydride and a mixture
of the TMPD, DABA, and PEO diamine. For the preparation of these copolyimides,
mixtures with weight ratios (y/1) between the aromatic diamines (6FpDA, and DABA)
and the aliphatic diamine (PEO) of 1/1, 2/1, and 4/1 were used. In addition, an
equimolecular amount of 6FDA was reacted with a mixture of TMPD, DABA, and PEO
diamines in a molar ratio of 1:0.2:0.01 (TMPD:DABA:PEO). Quantitative yields, well
above 97%, were obtained for all of the copolymers.

As an example, the synthesis of the copolyimide using a 6FpDA/DABA molar ratio of
1/0.1 and a (6FpDA/DABA)/ PEO weight ratio of 1/1 is described below:

A 100 mL three-neck flask equipped with a mechanical stirrer and nitrogen inlet and
outlet was charged with 2.09 g (1.08 mmol) of dry PEO and 10 mL of NMP. When the
PEO diamine was completely dissolved, 2.0 g (6.00 mmol) of 6FpDA and 0.091 g (0.60
mmol) of DABA were added together with 2 mL more of NMP. Once the diamines were
dissolved, the flask was immersed in an ice-water bath and 7.68 mmol (3.40 g) of 6FDA
dianhydride (in amount equimolar to the sum of the three diamines) and 10 mL more of
NMP were added. The mixture was left stirring at room temperature for 12 h to form the
poly(amic acid). Afterward, 60 mmol (5.65 mL) of acetic anhydride and 60 mmol (4.83
mL) of Py were added and the mixture was stirred at room temperature for 6 h and 60 °C
for 1 h to promote the whole cyclization of poly(amic acid). Finally, the resulting
copolyimide was precipitated into water and thoroughly washed in water and in ethanol-
water 1/2 mixtures several times, dried at 60 °C for 12 h, 120 °C for 1h, and 180 °C for
12 h under vacuum.
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The aromatic-aliphatic copolyimides will be hereinafter referred to as PIXEOy or
PI*XEQy, where X is the molar percentage of DABA (x=10 and 20) and y is the weight

ratio of aromatic diamine/aliphatic diamine mixture (y=1, 2, 4 or 8).
As a summary, Table 3.4 shows all of the polymers synthesized for this work.

Table 3.4. Molar composition of polymers

6FDA 6FpDA TMPD DABA PEO
PO OB O™ g

P10 1 1 0 0 0

PI110 11 1 0 0.1 0

P120 1.2 1 0 0.2 0

PI10EO4 1.15 1 0 0.1 0.05
PI10EO2 1.19 1 0 0.1 0.09
PI10EO1 1.28 1 0 0.1 0.18
PI120EO4 1.25 1 0 0.2 0.05
PI120EO2 1.29 1 0 0.2 0.09
PI120EO1 1.39 1 0 0.2 0.19
PI* 1 0 1 0 0

P1*20 1.2 0 1 0.2 0

PI1*20EO1 1.21 0 1 0.2 0.01

3.2. MEMBRANE FABRICATION

3.2.1. Neat polymer membranes

Copolyimide films were prepared by the solution casting method. 10% (w/v) copolyimide
solutions in tetrahydrofuran (THF) or DMAc were filtered through a 3.1 um fiberglass
Symta® syringe filter, poured onto a glass ring placed on a leveled glass plate, and left at
30 °C for 12 h and 60 °C for 12 h to remove most of the solvent (Figure 3.9). The films

were peeled off from the glass plate and subjected to the following thermal treatment
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under vacuum conditions: 60 °C/1 h, 80 °C/30 min, 120 °C/1 h, 150 °C/30 min, and 180
°C/12 h (c.f. figure y). Transparent films with thickness ranging from 40 to 60 um were

obtained.

The copolymide films will be referred to as the copolyimides.

Figure 3.9. Solution casting method.

3.2.2. Polymer blend membranes

A series of polymer blends were prepared using different weight ratios of PIx/PIXEQy
copolyimides (z/1): 2/1 and 1/1. The required amounts of PIx and PIXEO for each blend
were dissolved at 10% (w/v) in THF by stirring at room temperature. Next, the films of
the blends were obtained using the solution casting method and the thermal treatment

above described. The final thickness of the blend films ranged from 40-60 um.

The blend films will be hereinafter referred to as PIX/PIXEQy (z/1), where (z/1) is the
weight ratio of PIx to PIXEOy.

3.2.3. Mixed matrix membranes

Free-standing, flat sheet mixed matrix membranes (MMMs) were prepared by
incorporating 20 wt.% of POP into PI*, PI1*20, or PI*20EQ1, using the procedure
described in Figure 3.10. A suspension of POP (120 mg in 4 mL of DMACc) was stirred
for 24 h at room temperature, followed by ultra-sonication (US) for 20 min using a 130
W ultrasonic probe (Vibra Cell 75186) operating at 50% maximum amplitude. The US

procedure consisted of 40 cycles, each consisting of 20 s of US followed by 10 s of non-
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US, to ensure proper particle dispersion. Next, one-third of a filtered polymer solution
(600 mg of polymer in 4.0 mL of DMACc) was added to the suspension while stirring.
Subsequently, the suspension was sonicated for a further 2 min (4 cycles: 20s on / 10s
off) before adding the remaining polymer solution. The resulting mixture was
magnetically stirred for 10 min. MMM films were cast from this suspension and subjected
to the same drying procedure described in Section 2.1. The final thickness of the MMM
films ranged from 45-65 pum.

Polymer

. solution in _

| Solvent ||

— | : ;

‘ 3/ b ‘ 1)/ 9
Suspension of POP in Half  of polymer
a solvent solution was added
into the POP

suspension
[

pe

o ) Final addition of
Casting at 60°C/12h

polvmer solution

Figure 3.10. Procedure for the preparation of mixed matrix membranes.

The MMMs were named following the same convention as the pristine membranes but
with the addition of POP at the end. Therefore, the corresponding MMM abbreviations
will be PI*POP, PI1*20POP, and PI*20EO1POP.

3.2.4 Membranes conditioning in methanol

Neat polymer membranes, as well as MMMs, were soaked in methanol for 24 h, followed
by drying them at 30 °C for 3 h under high vacuum conditions. The samples were stored
at room temperature and left to age. The physical aging of the samples was monitored at
three time points: immediately after the conditioning and drying process (t=0, referred to
as point 0), as well as at 12 (point 1) and 18 months (point 2). At this point, it is important
to clarify that pure membranes and MMMs, aged at 18 months, were the materials used

for this work. The objective of the methanol conditioning was to restore the permeability
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of the membranes to a point close to t=0 (eliminating the differences that could occur in
their processing and drying [69-72]) and then the films were stored for a long time at
room temperature to physically make the aging to the membranes before performing the

characterization and plasticization studies.
3.2.5 Thermal cross-linking protocol

Circle membrane coupons of copolyimides and polymer blends were cut into 3 cm?
pieces, sandwiched between ceramic plates to avoid film rolling at high temperatures, and
placed in a quartz tube furnace in a high-purity nitrogen atmosphere (0.3 L min™).
Samples were heated to 275 °C at 10 °C min* and held for 10 min, then to 375 °C at 5 °C
mint and held for 10 min, and finally to 450 °C at 5 °C min™! for 5 min. Then, the samples
were cooled as fast as the device allowed (average cooling rate around 15 °C mint).

For the sake of simplicity, the thermally treated membranes were named the same as
pristine membranes and MMMs, with the addition of -TT at the end.

3.3. CHARACTERIZATION TECHNIQUES

3.3.1. Characterization of monomers and polymers

Chemical structures of monomers and polymers were characterized by proton (*H) and
carbon (*3C) nuclear magnetic resonance (NMR). The spectra were recorded on a Bruker
Avance 400 spectrometer using deuterated solvents, such as dimethyl sulfoxide (DMSO-
ds), tetrahydrofuran (THF-ds), or chloroform (CDCls). In particular, polymer networks
(POPs) were characterized by Solid state 3C cross-polarization magic angle spinning.
NMR spectra (CP-MAS *C NMR) were recorded on a Bruker Avance 400 spectrometer
equipped with an 89 mm wide bore and a 9.4 T superconducting magnet. The
spectrometer operated at a Larmor frequency of 100 MHz using a contact time of 1 ms
and a delay time of 3 s. All samples were spun at 11 KHz.

Polymer solubility tests were conducted in test tubes, using 1-2 mg of polymer and 1 mL
of solvent. Each polymer sample was stirred at room temperature for 24 h. If the sample
did not dissolve, it was heated to the boiling temperature of the solvent and then allowed

to cool to observe if the polymer precipitated.

Inherent viscosities of polymers were measured at 30 °C with an Ubbelohde viscometer

using DMACc as solvent at 0.5 g dL" concentration.

49



Chapter 3

The thermal stability of POPs was measured by thermogravimetric analyses (TGA),
which were performed on a TA Q-500 thermobalance under a nitrogen atmosphere (60
mL min). High-resolution dynamic thermogravimetric analyses (Hi-Res™ TGA) at 20
°C min? from 30 to 850 °C, with sensitivity and resolution parameters of 1 and 4,

respectively.

3.3.2. Characterization of membranes
The chemical structure of membranes was characterized using attenuated total internal
Reflectance-Fourier transform infrared analysis (ATR-FTIR). Spectra were registered on

a Perkin Elmer Spectrum RX1 FTIR spectrometer.

The thermal stability of membranes was also measured by TGA using the same protocol
described above. In particular, isothermal TGA measurements by holding the sample at a
temperature for a given time were carried out to optimize the thermal treatment needed
for obtaining cross-linking membranes.

Morphology of membranes was studied by wide-angle X-ray scattering (WAXS). WAXS
patterns were recorded in the reflection mode at room temperature, using a Bruker D8
Advance diffractometer provided with a Goebel Mirror and a PSD Vantec detector. CuK,
(wavelength, A= 1.54 A) radiation was used. A step-scanning mode was employed for the
detector, with a 20 step of 0.024° and 0.5 s per step. In particular, the cross-sectional
morphology of mixed matrix membranes was analyzed by Field emission scanning
electron microscopy (FE-SEM). FE-SEM images were taken with a Quanta 200 FEG
ESEM on Au-metallized samples operating at an acceleration voltage of 15 kV in a high
vacuum, using the secondary electron detection method.

The membrane density (p) was determined based on Archimedes’ principle using a top-
loading electronic XS105 Dual Range Mettler Toledo balance coupled with a density Kit.
The samples were sequentially weighed in air and then in high-purity isooctane at room
temperature. The density was calculated from Equation (3.3).

X —rair [Eqgn. 3.3]

p= pliquid Wair=Wiiquid

where piiquid IS the density of isooctane, wair is the sample weight in air, and wiiquid is the
sample weight in isooctane. The average value and standard deviation of the density were

obtained from six measurements for each sample.

The fractional free volume (FFV) was estimated from density data using Equation (3.4):
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-1.3V,

FFV = [Eqn. 3.4]

e

where Ve is the polymer specific volume (i.e., 1/p) and Vw is the polymer van der Waals

volume. Vw was calculated through molecular modeling of the polymer repeating units

using the semiempirical Austin Model (AM1) [73] in the Biovia Materials Studio

program [74]. The optimized repeating units were used to calculate the molecular volume

by constructing a 20-unit polymer structure using the Builder Polymers, and Atom

Volumes and Surface algorithms.

The gel fraction of cross-linked samples was estimated using eqn. (3.5):

Gel fraction (%) = Ptinal v 10 [Eqn.3.5]
initial

where Winitar IS the weight of cross-linked sample and Wrinai is the weight of the cross-

linked sample after extracting the soluble fraction. Wrina was determined by immersing

the cross-linked samples in DMAC at room temperature for 24 h and at 60 °C for 4 h under

stirring. Then the sample was washed four times with ethyl ether and dried at 60 °C for 4

h and at 180 °C under vacuum for 12 h and weighed again.

Mechanical properties of membranes were evaluated under uniaxial tensile tests at room

temperature using an MTS Synergie-200 testing machine equipped with a 100 N load

cell. Rectangular pieces of 5 mm width and 30 mm length were subjected to a tensile load

applied at 5 mm min until fracture.

3.3.3. Characterization of porous polymer networks

The surface area and pore texture of POPs were determined by physical adsorption using
N2 and CO:2 as adsorptive at low pressures (up to 1 bar) to obtain a thorough
characterization of these materials. POPs synthesized for this work are highly
microporous (pore widths less than 2 nm), and no mesoporosity (pore widths between 2
and 50 nm) and/or macroporosity (pore widths greater than 50 nm) were observed [75].
In addition, micropores can be classified according to their width as: narrow micropores,
also called ultramicropores (width less than 0.7 nm), micropores (width between 0.7 nm
and 1.4 nm), and supermicropores (width between 1.4 and 2.0 nm) [76]. N2 at -196 °C
(77K) is the most widely used adsorptive since it covers a wide range of relative pressure
from 10 to 1, and thus its use is very useful for the characterization of porous materials.
However, it is well-known that diffusion of N2 molecules into narrow micropores is very

slow at cryogenic temperature [77]. Despite the similar minimum kinetic dimensions for
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N2 (0.36 nm) and CO2 (0.33 nm) molecules, there is a better accessibility of CO2
molecules into narrow micropores due to the higher adsorption temperature (0 °C). In
summary, the CO2 adsorption at 0 °C covers a relative pressure range up to 0.03, and thus
provides the volume of narrow micropores (Vnmicro), Whereas the N2 adsorption at -196 °C
(77K) provides the total volume of micropores (Vmicro).

Low-pressure N2 adsorption—desorption isotherms measured at =196 °C (77 K) in a
volumetric device ASAP 2010 (Micromeritics) in the 107° to 0.995 relative pressure (p/po)
range. The minimum equilibrium time (both for the adsorption and desorption cycle) was
300 s. Samples were previously degassed at 125 °C for 18 h under a high vacuum to
eliminate humidity traces and any other adsorbed gases. The CO2 adsorption capacities
of the POPs up to 1 bar were measured at 0 and 25 °C (273 and 298 K) in a volumetric
device Nova 4200 (Quantachrome). The system was exposed to high vacuum and the
sample was heated at 125 °C for 18 h to degas it before measuring gas adsorption.

From the N2 adsorption branch, three relevant textural parameters of POPs were
determined [78]. The surface area by applying the Brunauer—Emmett—Teller (BET)
method (Sgeer) in the 0.01 to 0.2 p/po range, which is the model most widely used for the
determination of surface area of porous materials. At low temperatures, the N2 molecules
tend to fill the entire porosity, with packing only depending on the N2 molecule,
independent of the adsorbent structure making this the optimum adsorptive for
determinate Sger. The total pore volume (Viwtal) was defined as the volume of liquid
nitrogen adsorbed at 0.975 relative pressure. The total available micropore volume
(Vmicro) by applying the Dubinin—Radushkevich (DR) equation in the 0.001 to 0.2 range,
which is based on the Dubinin theory of the volume filling of micropores and is widely
used for assessing the volume of micropores in microporous materials, especially
carbonaceous materials.

From the CO2 adsorption isotherm at 0 °C, the narrow micropore surface area (Snmicro)
and the narrow micropore volume (Vimicro, pore width less than about 0.7 nm) were
determined by applying the Dubinin-Radushkevich (DR) equation in the 10™* to 0.03 p/po
range. The pore size distribution (PSD) is another important property when designing
porous materials for gas storage and separation applications. Experimentally, one of the
current standards for determining PSD is using the nonlocal density functional theory
(NLDFT) and Nz isotherms at -196 °C. The NLDFT method is based on calculating model
isotherms assuming an ideal pore geometry (e.g. slit pore) that is used to determine the

PSD in the entire range of pore sizes accessible to the adsorptive molecule. However, in
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this work, due to the highly microporous nature of POPs, NLDFT PSD was obtained from
the CO2 adsorption isotherms of POPs using the SAIEUS (solution of adsorption integral
equation using splines) software [79].

The binding affinity of POPs to CO2 was assessed by determining the isosteric heat of
adsorption, Qs, which was calculated with the ASiQwin® by applying the Clausius-
Clayperon equation (Eq. 3.6) to the adsorption isotherms measured at 0 °C and 25 °C at

various COz coverages (0).

[%] = % [Eqn. 3.6]
T/ lg

Where P, T, and R are the pressure, temperature, and the universal gas constant,
respectively.

Finally, The adsorption selectivity of CO2 over N2 and CH4 was estimated from the pure
high-pressure CO2, N2, and CH4 adsorption isotherms at 25 °C by applying the Ideal
Adsorbed Solution Theory (IAST) proposed by Myers and Prausnitz [80] and revised in
other articles [81,82]. High-pressure adsorption/desorption isotherms up to 30 bar for N2
and CO2, and 70 bar for CH4 were measured volumetrically at 25 °C in a high-pressure
device iSorb (Anton Paar). The samples were degassed in situ in the balance, at 120 °C

under vacuum for 12 h.

3.4.GAS TRANSPORT PROPERTIES

3.4.1. Permeability measurements

Pure gas permeability of membranes was measured by a custom-made constant
volume/variable pressure apparatus at 35 °C and with an upstream pressure of 3 bar. The
purities for CH4 and O2 were greater than 99.95% and for He, N2, and CO2 were higher
than 99.99%. The scheme of the permeation device is shown in Figure 3.11. Prior to each
measurement, the membranes were placed in the system and maintained under a high
vacuum overnight to remove possible traces of humidity and other sorbed species. The
permeate pressure was recorded as a function of time until the steady state was reached,
as shown in Figure 3.12. Before measuring the other gases, helium permeation tests at
three upstream pressures (1, 3, and 5 bar) were carried out to verify the absence of

pinholes in the membrane.
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Figure 3.11. Scheme of permeation device

The gas permeability coefficient, P, was calculated as follows:

po i [(0) () |

Where V is the downstream volume (cm?), T is the temperature (K), | is the membrane

thickness (cm), A is the effective area (cm?) of the membrane, po is the upstream pressure
(mbar), (dp(t)/dt)ss is the steady-state rate of the permeate pressure (mbar s?), and
(dp(t)/dt)ieak is the system leak rate (mbar s1), which was less than 1% of (dp(t)/dt)ss, 76
cmHg and 273.15 K are standard conditions for pressure and temperature, respectively.
The permeability coefficient was expressed in Barrers [1Barrer = 102° (cm® (STP) cm
cm?stcem Hgh)].

The ideal selectivity between two gas pairs (a4 ), A and B, is the ratio of the pure gas
permeabilities (Equation (3.8)).

P
App = 5 [Eqn. 3.8]

Additionally, to further compare each material, permeability was broken into its diffusion

(D) and sorption (S) components via the solution-diffusion model.
P=DS [Egn. 3.9]

To do so, the diffusivity coefficient was estimated through permeation experiments via
the time lag method [Eqgn. 3.10].
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— [Eqn. 3.10]
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Figure 3.12. Typical permeation curve

3.4.2. Plasticization test

Plasticization tests were carried out by measuring CO2 permeability under varying feed
pressures (ranging from 1 to 30 atm) and temperatures (25, 35, and 50 °C). The pressure
increments were either 5 atm (at 35 °C) or 10 atm (at temperatures other than 35 °C). Two

consecutive cycles were performed as follows:

1. The membrane was mounted inside the permeation cell and the system was
exposed to a high vacuum overnight to degas the membrane.

2. The feed pressure was adjusted to the desired value and then the permeate
pressure was recorded as a function of time. Each pressure step was run for 6
times the time lag (0), followed by a depressurization step for approximately
the same time.

3. Atthe end of cycle 1, the membrane was kept at the conditioning pressure (30
atm) for a minimum of 6 6. Subsequently, the system was degassed overnight.

4. Finally, the two first steps were repeated for the second cycle.

55



Chapter 3

T2
=] Cycle 2
‘E‘ i
= Hysteresis
o
2
o
©
]
E -
[
o
) Cycle 2
i non-hysteresis
Cycle 1
T T T T T T T
0 10 20 30

Pressure (atm)

Figure 3.13. Plasticization experiment curves
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Chapter 4

4, Gas Separation Membranes Obtained by Partial
Pyrolysis of Polyimides Exhibiting Polyethylene Oxide

Moieties

4.1 INTRODUCTION

Nowadays it is mandatory to develop energy-efficient separation processes exhibiting
mild environmental fingerprints. Energy consumption in chemical separation processes
in all industrialized countries is enormous and it must be corrected as soon as possible to
improve social welfare. For example, in the US, it accounts for 50% of the chemical
industry’s energy consumption and 15% of the total national energy needs [83].
Therefore, it is a priority to integrate or replace traditional thermal separation processes,
such as distillation, with better energy-efficient separations based on membranes
[18,84,85]. Membrane gas separation offers interesting potential advantages over
conventional separations (e.g., absorption, distillation, adsorption), including energy
efficiency, small footprint, compact design, and mechanical integrity [21,86-90]. The
search for membrane materials exhibiting enhanced gas separation properties is being
increasingly explored to improve existing applications (e.g., air separation, hydrogen
recovery, and CO2/CHs and CO2/N: separations), and develop new ones (e.g.,
olefin/paraffin separations, CO2 separations, H2S removal from natural gas, gas

separation at high temperatures, etc.) [18,44,91-93].

The key factors determining the membrane performance for industrial gas separation
applications are high selectivity (that is, the membrane’s ability to discriminate a specific
component in a mixture) and permeability (that is, the membrane productivity; i.e. flux
of a certain gas through the membrane), adequate chemical, thermal and mechanical
resistance under operating conditions, long working lifetime, cost-effective and defect-
free membrane production. Glassy polymer membranes are mostly used in gas
separations due to their desirable combination of size-sieving ability and mechanical
properties. However, polymer membranes exhibit a well-known permeability/selectivity
trade-off, based on which highly permeable membranes are often poorly selective, and

vice versa. This behavior was first evidenced by Robeson in 1991 [26], updated in 2008
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[27], and revised recently [31,94,95], due to the progress in the area of membrane
materials science. In general, the knowledge acquired during the last years has allowed
for establishing some basic rules to overcome the permeability/selectivity trade-off
[44,96]. Today, highly permeable membranes capable of surpassing the 2008 upper
bound have been developed, such as well-designed aromatic polyimides [97], polymers
of intrinsic microporosity (PIMs) [98,99], perfluoropolymers [100,101], and thermally
rearranged (TR) polymers [102]. However, the issues of easy processability, mechanical

stability, and long-term stability are not yet solved.

Glassy high fractional free volume polymers suffer from physical aging and
plasticization, which limits their potential for industrial gas separation membranes. At
temperatures below the glass transition temperature, short-range cooperative motions of
polymer chains allow the system to slowly relax the excess free volume, to approach the
final equilibrium state. Physical aging results in polymer densification and, therefore, in
a reduction of its internal free volume, which causes a decrease in gas permeability
[41,103]. Plasticization is the consequence of polymer swelling upon sorption of highly
condensable and soluble species, which translates to higher permeability and lower
selectivity [38,39], which, analogous to physical aging, is related to chain mobility.
Several approaches have been exploited to improve the resistance to plasticization and
physical aging of high-free volume polymers including, among others, molecular
tailoring of polymers [104], polymer blending [105-107], chemical and thermal cross-
linking [108-110], and addition of nanoparticles [72,111].

Cross-linking is one of the most cost-effective and easy-to-apply strategies for reducing
molecular mobility by increasing interchain rigidity and, thus, mitigating physical aging
and plasticization effects. However, cross-linked membranes commonly exhibit high
selectivity but reduced permeability relative to the original, non cross-linked materials
[112,113].

Carbon molecular sieve (CMS) membranes are commonly derived from the controlled
pyrolysis of aromatic polymeric precursors [114]. Because of the carbonization process,
CMS membranes possess a bimodal pore size distribution consisting of micropores (0.7-
2 nm), which provide a high gas permeability, and ultramicropores (< 0.7 nm), which
allow selective discrimination of gases by size molecular (high permselectivity). This
particular porous structure, which primarily depends on temperature, time of pyrolysis,
gas atmosphere, and precursor polymer, makes them ideal materials to separate gas pairs
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such as CO2/CHa, CO2/N2, and C3He/C3Hs [115-117]. Several studies have shown the
preparation of CMS membranes derived from blends of thermally stable and thermally
labile polymers as an alternative to obtain higher permeability membranes, with better

mechanical resistance, by controlled pyrolysis [118,119].

In a recent study [120], our group developed a strategy that consisted of blending a high-
free volume aromatic polyimide with block aromatic-aliphatic copolymers, which derived
from the same polyimide but having poly(ethylene oxide) (PEO) moieties. 6FDA-6FpDA
polyimide was chosen as the aromatic polyimide because of its high free volume, good
mechanical resistance, and good permeability/selectivity balance for CO2/CHa gas pair;
however, this material suffers from plasticization. Blends of 6FDA-6FpDA polyimide
and 6FDA-6FpDA-PEO copolyimide yielded cross-linked materials after selectively
removing the PEO units upon thermal treatment below the degradation temperature of the
aromatic polyimide. The cross-linked membranes exhibited better plasticization
resistance to CO:2 relative to neat 6FDA-6FpDA polyimide. However, cross-linking
caused a significant decrease in gas permeability, which was likely due to a volume

shrinkage of membrane (i.e., producing a decrease in the fractional free volume (FFV)).

In this work, we propose a new strategy to eliminate the membrane volume shrinkage,
consisting of the incorporation of an additional aromatic diamine, 3,5-diaminobenzoic
acid (DABA), capable of producing interchain cross-linking [110,121,122]. Thus, during
the thermal treatment to selectively remove the PEO units, an additional cross-linking due
to the carboxylic groups takes place, which prevents, or minimize the membrane
shrinkage, leading to a much improved permeability/selectivity balance.

To support this hypothesis, a series of aromatic copolyimides, 6FDA-6FpDA-DABA
(P1x), and aromatic-aliphatic copolyimides, 6FDA-6FpDA-DABA-PEO (PIXEQy), has
been prepared by varying both the content of PEO and DABA. In this work, the content
of PEO in the PIX/PIXEQy blends has been reduced to less than 10 wt.%. These blends
have been evaluated as gas separation membranes before and after a thermal treatment to

remove the PEO units.

The final goal of this work is to use analog cross-linkable materials as a mere additive
that can be mixed with high fractional free volume glassy polymers, to improve or

maintain their gas separation properties, while enhancing their plasticization resistance.
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4.2 RESULTS AND DISCUSSION

4.2.1. Synthesis and characterization of the copolyimides

A set of aromatic copolyimides (PIx) and aromatic-aliphatic copolyimides (PIXEOQy) were
prepared by a two-step condensation reaction as described in sections 3.1.2.2 and 3.1.2.3
in Chapter 3. The chemical structure of the starting monomers and the synthetic scheme
of the copolyimides are shown in Figures 4.1 and 4.2. The activation of diamines by the
in-situ silylation method was not used in the synthesis of PIXEOy, because it yielded
copolyimides having lower molecular weights than those obtained by the classical two-
step polycondensation. The compositions of all the copolyimides and the corresponding
acronyms, which will be used throughout this work, are shown in Table 3.4 in section
3.1.2.3 Chapter 3.
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Figure 4.1. Scheme of synthesis of the aromatic copolyimides (PIx).
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Figure 4.2. Scheme of synthesis of aromatic-aliphatic copolyimides (PIXEQy).

All of the copolyimides were soluble in polar aprotic media and even in a solvent like
THF, as shown in Table S1.1, section 1.1 in Appendix 1, which allowed them to be easily
processed into films using the casting method. Moreover, the use of THF as the casting
solvent greatly simplified the removal of solvent at low temperatures.

The chemical structure of Plx and PIXEOy was confirmed by *H NMR and ATR-FTIR.
As an example, the H-RMN spectrum of PI20EO2 is shown in Figure 4.3. The
characteristic peaks for aromatic protons appeared between 7.50 and 8.50 ppm. The
protons of DABA moiety appeared at 8.22 (H7) and 7.95 ppm (H6). All the aromatic
signals were consistent with the ones observed in the P120 spectrum (Figure S1.1, section
1.1 in Appendix 1). The protons of methylene groups appeared at 3.52 ppm (H9, H10,
and H12-H14) and the one of methyl groups between 1-1.5 ppm (H15 and H16). The
composition of the copolyimides could not be accurately determined from the ratio of
areas of the peaks at 8.22 and 7.95 ppm (of the DABA moiety) to the peak at 3.52 ppm
(of the PEO fraction) because the integrated area under the aromatic peaks was considered

too small to give a reliable value.
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Figure 4.3. *H NMR spectrum of PI20EO2 in THF-ds.

The molecular weight of copolyimides was estimated by measuring their inherent
viscosities, and the values are listed in the first column of Table 4.1. It must be pointed
out that the viscosities of PIx were not compared to those of PIXEOy because they have
different chemical structures. For PIx, the viscosity and molecular weight decreased with
increasing the DABA content. A possible explanation is the low reactivity of the amino
groups from the DABA monomer due to the electron-withdrawing effect of the carboxyl
group, despite using the in-situ silylation method during the polyamic acid formation. For
PIXEOy having comparable PEO percentages, the viscosities were similar, and thus

similar molecular weights could have been achieved.

All of the copolyimides and the reference polyimides were processed as films, whose

properties were thoroughly characterized to optimize the cross-linking protocol.
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Table 4.1. Inherent viscosity (7inn) and thermogravimetric results of PI0 polyimide and

PIx and PIXEQy copolyimides.

Sample Ninh® Ta®  PEO Ta2?¢  Rgoo®
contentd

P10 0.703+0.005 0 514 52.7

P110 0.63+0.01 0 512 53.0

PI1I0OEO4 0.415+0.004 394 9.93 (9.66) ndP 46.9
PI1I0EO2 0.54+0.01 383 19.0 (17.3) nd® 42.2
PI1I0OEO1 0.367+0.006 376 30.8 (28.6) nd® 36.0
P120 0.363+0.006 0 508 51.0
PI20EO4 0.472+0.006 397 11.2 (9.45) ndP 46.3
PI20EO2 0.508+0.008 386 18.9 (17.0) nd® 41.6
PI20EOC1 0.40+0.01 381 28.7 (28.1) nd® 36.8

ameasured in DMAc at 30 °C (dL g™), P the onset degradation temperatures (°C) of first (1) and second
(2) weight loss steps, ¢ the onset degradation temperature cannot be accurately determined by the
overlap between the two steps (nd: not detected), ¢the parenthetical values correspond to the theoretical
PEO content (wt.%), and © the char yield at 800 °C (wt.%).

4.2.2. Characterization of the membranes

ATR-FTIR spectra of PIx and PIXEOy membranes are shown in Figure 4.4 and Figure
S1.2, section 1.1 in Appendix 1. The characteristic absorption bands of imide groups
appeared at 1785 and 1720 cm® (C=0 asymmetric and symmetric stretching,
respectively) and 1360 (C-N stretching). The typical aliphatic C-H absorption bands just
below 3000 cm™ were also detectable. Moreover, the intensity of the band centered at
1085 cm*, which was assigned to the C-O stretching mode of aliphatic ether moieties,
and the bands around 810 cm™, which were related to the CH2 rocking vibrations,

increased with higher PEO content.
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Figure 4.4. ATR-FTIR spectra of PIL0EOy copolyimides. The spectra were normalized
to the band at 1720 cm™ (sym C=0 stretch).

The thermal stability of the copolyimide membranes was evaluated by TGA. The
thermograms of P10, PI110, P120, and PIXEQOy are shown in Figure 4.5. In all of the
copolyimides, a small weight loss below 300 °C (< 3 wt.%) was observed, which was
attributed to residual solvent, indicating that the thermal treatment at 180 °C for 1 h was
not enough to efficiently remove it. The degradation onset of PIx was found to be lower
than that of PI0 (c.f. Table 4.1), which was attributed to the thermal decarboxylation of
DABA prior to the generalized polymer degradation. This thermal behavior has been
already reported for other polymers containing DABA [121][122]. The thermograms of
P10 and P1100 (6FDA-DABA) were compared with those of P110 and PI120 to support
this fact, as shown in Figure S1.3 in Appendix 1. It was observed that the weight loss by
thermal decarboxylation for PI1100 (6FDA-DABA) covered the same temperature range,
between 350 and 500 °C, as in PIx. The decarboxylation mechanism over a wide
temperature range would be consistent with the removal of the carboxylic groups through
a two-step mechanism including the formation of interchain anhydride linkages and
eventually cross-linking through decarboxylation (from dianhydride moieties and free

carboxylic groups) at high temperature [122,123].

Two main weight losses were observed in the PIXEOy thermograms: the first one was
associated with the degradation of the PEO segments in the range between 350 and 450
°C -the higher the PEO content the higher the weight loss- and the second one was caused
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by the generalized degradation of the remaining polymer above 450 °C. In these
copolyimides, the decarboxylation of the DABA moieties would occur at the last stage of

degradation of the PEO segments.
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Figure 4.5. Hi-Res TGA scans of PI0, PIx, and PIXEOy under nitrogen atmosphere.

The PEO content of PIXEOy was estimated by TGA from the weight loss of the first step.
The percentage by weight of PEO, the onset degradation temperatures, Tq1and Tad2, which
correspond to the PEO loss and the generalized degradation of the polymer, respectively,
and char yield at 800 °C of all the copolyimides are listed in Table 4.1. The calculated
percentages of PEO weight loss were somewhat higher than the theoretical ones because
the existence of an overlap between the first and second stage of weight loss (due to the
loss of carboxylics coming from the DABA groups) did not allow a more accurate value
to be obtained. As expected, the char yield of PIXEOy was lower than that of PIx because
of the additional weight loss of PEQ; thus, the higher the PEO content, the lower the char
yield. Moreover, for the same content of DABA, Tdi was found to be lower when the
PEO content was higher.

WAXS was used to evaluate the effect of the PEO content on the membrane packing
density. All of the patterns of PIx and PIXEOy exhibited amorphous halos indicating the
amorphous nature of the membranes. The patterns of PI0, PIx, and PIXEOy were
compared in Figure 4.6 and Figure S1.4, section 1.1 in Appendix 1. The patterns of Plx

were similar to that of P10 exhibiting a high-intense well-defined scattering peak centered
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at 15.5° and three additional lower intensity peaks at 21.5, 26.5, and 40.0° (20).
According to Bragg’s law (d-spacing= A/sin®, where © is the scattering angle), the
maxima’s positions corresponded to preferential intersegmental distances (d-spacing) of
5.7, 4.1, 3.3, and 2.3 A, respectively. This is in contrast to the patterns of PIXEOy that
showed a slight shift of the highest intensity peak towards higher angles, for example
from 15.5° for P10 to 16.5° for PIZ0EO1, and a strong increase in the intensity of the other
three peaks. This increase in the intensity of the peaks was attributed to a higher
contribution of the shorter d-spacing, especially those around 4.1 and 3.3 A, to the global
scattering pattern, indicating that PEO segments caused a higher packing density relative
to that of P10 and PIx.

—PIO

—PI10
— PI10EO4
— PIMOEO2
—— PI1OEO1

1.0 4

Normalized intensity

20 (degrees)

Figure 4.6. WAXS patterns of P10, PI110, and PI10EOy. For comparative purposes, the

patterns were normalized to the intensity of the large scattering peak around 15.5° (20).

4.2.3. Preparation of cross-linked PIXEOy membranes

The thermal treatment to prepare the cross-linked membranes, PIXEOy-TT, was
performed in a quartz tube furnace under a nitrogen atmosphere, and it was previously
optimized by isothermal TGA measurements due to the wide temperature range where
the removal of PEO took place (see Figure 4.5). PIXEOy was crosslinked using a three-
step thermal treatment, which is detailed in Figure 4.7(a), along with the corresponding
thermograms of the PIXEQy in Figure 4.7(b). The residual solvent was removed in the

first step, while the cross-linking of the samples took place in the other two ones. During
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the second step at 375 °C, the PEO weight loss, relative to the total PEO loss, for PIXEO1
was higher than 70%, while for PIXEO2 and PIXEO4 was lower because they seem to
need a higher temperature to remove the PEO, as shown in Figure 4.5. Thus, the
temperature was raised at 400 °C and the sample was held at that temperature for 1 min.
With this last step, PEO weight losses of 80% or more were achieved for all the PIXEQy,
as seen in Table 4.2. Moreover, according to the decarboxylation mechanism of DABA
commented on above, it was expected that the additional cross-linking between adjacent
acid groups would be due to the intermolecular anhydride formation, not by their loss,
which would occur at higher temperatures (Figure S1.3, section 1.1 in Appendix 1) [121-
124].
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Figure 4.7. (a) Scheme of the thermal treatment of cross-linking and (b) isothermal TGA

curves for PIXEOQy.

The PEO removal was confirmed in addition to TGA by ATR-FTIR and WAXS, as an
example seen in Figures S1.5 and S1.6, section 1.1 in Appendix 1. It was observed that
the aliphatic C-H absorption bands around 2950 cm™ disappeared and the intensity of the
C-O stretching band aliphatic ether moieties at 1085 cm™ was significantly reduced. Thus,
the spectra of the thermally treated were found to be similar to those of the corresponding
PIx. The WAXS patterns of PIXEOy-TT were consistent with this result; similar WAXS
patterns for PIXEOy-TT and PIx were observed.
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The cross-linking of the PIXEOYy after thermal treatment was checked by determining the
gel fractions of PIXEOy-TT. The values are listed in the last column of Table 4.2. It was
found that the PIXEO1, having the highest PEO content, showed the lowest gel fractions
(< 80%), indicating a lower cross-linking degree than those of the PIXEO4 and PIXEO2
membranes. Therefore, a higher PEO content seems to hinder the cross-linking of the

chains.

Table 4.2. Weight loss of PEO and gel fraction of PIXEOy-TT

Sample Gel

Exp. loss®  Exp. loss /Theor. loss® _

fraction

PI1OEOA4-TT 7.73 80 90
PI1IOEO2-TT 14.7 85 92
PI10EOL1-TT 25.4 89 68
PI20EO4-TT 7.92 84 85
PI20EO2-TT 13.5 80 82
PI20EOL1-TT 23.4 83 77

a Experimental weight loss of PEO (%) after thermal treatment by TGA, °

experimental loss/theoretical loss ratio (%)

The mechanical properties of PIXEOy and PIXEOy-TT are listed in Table S1.2, section
1.1 in Appendix 1. In general, the mechanical properties of PIXEO4 and PIXEO2 were
similar to those of P10, with Young’s moduli about 2.0 GPa, tensile strengths higher than
85 MPa, and moderate elongations at break from 7 to 12%. In particular, the mechanical
properties of PE20EO1 were poorer than P10, having a Young modulus of 1.0 GPa and a
tensile strength of 65 MPa. After thermal treatment, the mechanical properties of all the
films decreased; especially for PIXEO1-TT and PI20EO2-TT, which could not be tested

as gas separation membranes due to their poor mechanical properties.

4.2.4. Gas transport properties

Pure gas He, Oz, N2, CH4, and CO:2 permeability in PIx, PIXEOy and their cross-linked
analogs, PIX-TT and PIXEOy-TT, as well as the ideal selectivity for O2/N2 and CO2/CHa
gas pairs are listed in Table S1.3, section 1.2 of Appendix 1. For the sake of comparison,
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Figure 4.8 shows the change in permeability of PIx and PIXEQy at 35 °C, before (a) and
after (b) the thermal treatment at 400 °C, relative to the neat P10 polyimide.

The gas permeability in PIx and PIXEOy before thermal treatment was significantly lower
than that of P10, to which the value of 1 was assigned, (cf. Figure 4.8(a)). The decrease
in permeability in PIx was associated with the formation of hydrogen bonds between
carboxylic acids [124]; for example, the permeability was reduced by 50% in P120. The
reduction in permeability was considerably higher when the PEO content increased; thus,
this reduction was even higher in the membrane having the highest content of DABA,
PI120EOy. The behavior of PIXEOy was consistent with the WAXS results where a higher

packing was observed for PIXEOy than for PIO, as shown in Figure 4.6.

After the thermal treatment (cf. Figure 4.8(b)), the permeability of the PIXEOy materials
increased. However, only the permeability of PILOEO4-TT and PI10EO2-TT were higher
than those of PIO. Although these cross-linked membranes showed similar WAXS
patterns, the increase in He permeability was 1.72 times for PILOEO4-TT and 1.47 times
for PILOEO2-TT relative to that of P10, which was associated with an increase in the FFV
due to the elimination of PEO during the thermal treatment. On the other side, the
permeability of PI10EO4-TT was significantly higher than that of PI20EO4-TT,
indicating that the presence of a higher DABA content in the pristine membrane led to a
lower FFV after the thermal treatment. This behavior was opposite to that observed in

PIx, where the permeability of P120 was higher than that of PI10 after thermal treatment.
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Figure 4.8. Changes in permeability for PIx and PIXEOy, before (a) and after thermal
treatment at 400 °C (b) relative to the neat P10 (6FDA-6FpDA), which has been given a
value of 1, for every tested gas at 35 °C. The solid column corresponds to x=10 and the
cross-hatched column to x=20. The standard deviations from repeated measurements are

shown as error bars.

Figure 4.9 shows the normalized permeability behavior of CO2 and N2 as a function of
feed pressure for PIL0EO4 and PI10EO2 and their cross-linking analogs, as well as for
P10. The permeability to CO2 of PIO started to increase from a feed pressure about 12 bar
due to the plasticization. Moreover, after holding the membrane to a feed pressure about
30 bar for a sufficient time (section 3.4.2 Chapter 3), the permeability exhibited
significant hysteresis when the feed pressure decreased. In contrast, N2 did not induce
plasticization or conditioning and, consistently with the dual mode picture [125], N2
permeability slightly decreased as the feed pressure increased and no hysteresis was
observed. PI10EO4 and PI110EO2 showed a similar behavior to that of PIO.
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After cross-linking, PILOEO4-TT and PI10OEO2-TT exhibited resistance to CO2-induced

plasticization up to 30 bar.
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Figure 4.9. Effect of CO2 (a) and N2 (b) pressure at 35 °C in reference polyimide (PI0)
and precursor membranes (PILOEQy), and (c) and (d), respectively, in cross-linked
membranes (PI10EOy-TT). The permeability was normalized to the initial value
measured to a pressure of 1 bar. The standard deviations from repeated measurements are

shown as error bars.

To put these results in perspective, the O2/N2 and CO2/CHa4 separation performance of
our membranes were compared with those of standard polymers used in membrane gas
separation (cf. Figure 4.10). The 1991 and 2008 upper bound lines were also included in
the graph [26,27]. After the thermal treatment, the O2/N2 and CO2/CHa separation
performance of membranes shifted to the right, closer to the 1991 upper bound. PIL0EQy-
TT exhibited a higher O2 permeability relative to P110, without relevant O2/N2 selectivity
loss. For example, Oz permeability increased by 1.6-fold for PILOEO1-TT and by 2.9-
fold for PILOEO4-TT.
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Interestingly, PI10EOy surpassed the 1991 CO2/CHs upper bound. The CO2/CH4
separation performance for PILOEO4-TT and PILOEO2-TT was superior to that of P110.
Thus, for these two membranes, the permeability increased 2.5- and 3.0-fold, and the

selectivity between 1.1 and 1.2, respectively, compared to PI110.
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Figure 4.10. O2/N2 (up) and CO2/CH4 (down) Robeson diagrams for PIXEOy and
PIXEQy-TT. The continuous line represents the 2008 upper bound, and the dashed line
represents the 1991 upper bound. Data for relevant polymers used in gas separation were
taken from ref. [89] PSF: polysulfone (PSF); PPO: poly(phenyl oxide); CA: cellulose
acetate, and Matrimid. The standard deviations from repeated measurements are shown

as error bars.
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4.2.5 Blends of PIx and PIXEOy

Considering that the PILOEOy-based cross-linked membranes showed the best separation
performance for CO2/CHa, a series of membranes were prepared blending PI10 and
PI10EOy at different weight ratios. The PI110/PI110EQy ratios were chosen such that the
amount of PEO in the blends was between 3 and 10% (by weight). The blend films,
P110/PI110EQy(z/1), were obtained by solution casting and, then, they were subjected to
the same thermal treatment described above (cf. Figure 4.7(a)). The removal of PEO in
the polymer blends was confirmed by TGA (cf. Figure S1.7, section 1.3, in Appendix 1).
The cross-linking degree was determined by measuring the gel fraction, which was higher
than 90%. The composition of the blends and their acronyms, the percentage of PEO loss
by weight after thermal treatment, and the gel fraction are listed in Table S1.4, section
1.3 in Appendix 1.

The single gas permeability of the blends was measured at 30 °C and 3 bar before and
after thermal treatment, and the data are shown in Table S1.5, section 1.4 in Appendix 1.
Figure 4.11 shows the variations in gas permeability of the cross-linked membranes
relative to the pristine PI110.
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Figure 4.11. Changes in permeability for PI10/PI10EOy(z/1) after thermal treatment at
400 °C relative to the neat polyimide, P110, which was given a value of 1, as a function
of tested gas at 35 °C. The solid column corresponds to x=10 and the cross-hatched
column to PI10-TT. The standard deviations from repeated measurements are shown as

error bars.
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The relative gas permeability was higher in the cross-linked membranes derived from
P110-based blends than in the PI10-TT. It has to be pointed out that the thermal treatment
on the PI10/PI110EO2(1/1), with a PEO content of about 9.5 wt.%, resulted in a less
permeable membrane than that obtained from PI10/P110EO1(2/1), which contained a
higher percentage of PEO (about 10.5 wt.%). This result seems to demonstrate that the
PEO content in the blend is not the key point in determining the separation characteristics,
but that the composition of PIXEQy, i.e., the PEO and DABA content, is a crucial point
to be considered when designing new materials employing this methodology.

The CO2/CH4 separation performance of PI10/PILOEQy(z/1)-TT is shown, in the
Robeson plot, in Figure 4.12. For the sake of comparison, the data for cross-linked
membranes were compared to those of PI0-based analogous ones, which were reported
in a previous work [120], and of their pristine P110 and P10. Because the composition of
the precursor membranes (i.e., before the thermal treatment) was similar in both P110-
and P10-series, analogous acronyms will be used to designate them.

The cross-linking improved the CO2/CH4 separation performance of P110/PI10EQy(z/1)-
TT; both the permeability and selectivity of these membranes considerably increased
relative to that of their reference polyimide, P110. The performance of all the
P110/P110EQy(z/1)-TT surpassed the 1991 upper bound. This behavior contrasted with
that of PIO/PIOEOY(z/1) derived from the reference polyimide P10; the PIO/PIOEOQY(z/1)-
TT showed similar, or even lower, separation performance to that of PI0. For example,
the CO2 permeability of PI10/PI10EO4(1/1)-TT increased by 2.8-fold and its CO2/CHa
selectivity by 1.16-fold relative to P110, while that of the analog P10/PIOEO4(1/1)-TT
decreased by 0.8-fold and its selectivity barely varied relative to P10. Therefore, the
additional cross-linking from the carboxylic groups of DABA moieties in the
P110/PI10EQy(z/1) helps to minimize the shrinkage exhibited by the PIO/PIOEOy(z/1)
blends, while enhancing the selectivity/permeability balance relative to that of P110.

76



Chapter 4

60 . . R O U PRSI : ;
E . PHO/PIOEO2(1H):
50 E TanPMoE\cS&m-Tr
3 POPOE0AIMITT & UEE PI10/PIOEO1(2/1)-TT 3
E Pl T N\ 3
= = S0 ProPI10ECH(1/1)-TT 3

I E PIO/PIOEO4{1/1)-TT ')\} T SR
O 40F " PIO/PIOEO4(2/1)-TT
~~ £ mattimidA § >
O F PI10 3
(&) F A ]
230 ca B
> C
b r

L ey
% C A %,

+ PSF B
0 20 - o

§ PPO

= PR ; PR e |

10 100

PCO, (Barrer)

Figure 4.12. CO2/CH4 Robeson diagram for PI10/PI10EOy-TT and PIO/PIOEQy-TT. The
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5. Tuning the Porosity of Porous Organic Polymers for

Carbon Capture Applications

5.1. INTRODUCTION

The disproportionate carbon dioxide (COz) emission, released from the burning of fossil
fuels (coal, petroleum, and natural gas) and industrial activities (such as steel production,
cement manufacturing, and many others), is one of the main causes of global warming
and ocean acidification. Thus, research seeks the most efficient ways to diminish
emissions to the atmosphere until renewable energies such as wind, solar and biomass
energy can be extensively incorporated into the energy sector worldwide [126]. Until
then, Carbon Capture and Storage (CCS) technologies have emerged as a promising
technique for reducing CO2 emissions while continuing to use fossil fuels for power
generation [127-129]. CCS technologies pursue to reduce CO2 emitted directly from
emission sources, before entering the atmosphere, and are classified according to the CO2
capture process: post-combustion, pre-combustion, and oxy-fuel combustion [130,131].
The gas stream from these CCS technologies varies from 3-20% (post-combustion) to
over 50% CO2 (pre-combustion and oxy-fuel combustion) by volume. However, the
considerable cost of the carbon capture process slows down the integration of CCS
technologies to commercial scale [132]; nearly two-thirds of the total cost includes the
three steps: CO2 capturing, transporting, and storing the gas underground.

Over the last two decades, amorphous Porous Organic Polymers (POPs) have emerged
as a new category of porous materials mainly derived from highly crosslinked polymeric
materials, which are formed from aromatic monomers to prevent the space-effective
packing and create a large free volume excess, which generically leads to permanent
microporosity [133,134]. The chemistry to prepare these POPs is highly diverse and
ranges from metal-catalyzed couplings to metal-free condensation reactions. Thus, they
have been named in many different ways: Hyper-Crosslinked Polymers (HCPs) [135-
137]; Porous Aromatic Frameworks (PAFs) [138,139]; Hyper-Cross-linked Polymers of
intrinsic microporosity (PIMs) [140], Azo-Linked Porous Polymers (ALPs) [141];
Benzimidazole-, Benzoxazole, and Benzothiazole- Linked Polymers (BILPs, BOLPs and

BTLPs) [142-145] etc. The versatility of the chemistry to prepare amorphous POPs
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allows for the design of materials exhibiting high surface areas, and different pore size
distributions. Besides, these materials can incorporate functional groups, making them
potentially useful in areas such as gas storage, separation, and catalysis [133,146,147].
Recently, our research group has developed a feasible and low-cost synthetic protocol to
prepare high-thermal and chemically stable POPs by reaction of rigid tri-functional
aromatic monomers with activated ketones having electron-withdrawing groups through
a reaction of Electrophilic Aromatic Substitution (EAS, polyhydroxyalkylation reaction)
in a super acidic media following Olah’s methodology [148]. These materials are highly
microporous polymers with moderate area surface of up to 800 m? g and CO: uptakes
of up to 207 mg g* (105 cm3(STP) g?) at 273 K and 1 bar. The wide diversity of
nucleophilic and electrophilic monomers that can be used has allowed the preparation of
well-designed POPs to be studied in a variety of potential applications ranging from gas
separation membranes [149-152] to catalysis [153,154].

So far, POPs have been prepared by combining one trifunctional aromatic monomer
(having a required symmetry), such as 1,3,5-triphenylbenzene (TPB) and triptycene (TR),
with one or two activated ketones, such as 1H-indole-2,3-dione (here named isatin or 1),
2,2,2-trifluoroacetophenone (TF) and 4,5-diazafluoren-9-one (DAFO) [148,153], which
act as cross-linkers in the polyhydroxyalkylation reaction. The choice of monomers to
prepare these POPs depends on the desired applications; for example TR-1 (POP made
from TR and I) and TR-TF (POP made from TR and TF ) are good CO:2 adsorbent solids,
while TPB-DAFO (POP made from TPB and DAFO) and TPB-DAFO-I (POP made by
copolymerization of TPB and a mixture of DAFO and I) are excellent heterogeneous
catalysts for C-C heterocoupling reactions due to that the DAFO monomer has a rigid
bipyridine moiety in its structure, which is able to complex a wide variety of metal
cations, such as Pd and Ag [151,153].

Recently, we have prepared new POPs looking for strategies to create high surface area
microporous polymers by incorporating other various nucleophilic monomers into their
networks. The evaluation of these porous materials looks to establish relationships
between their structure and their porous characteristics, which will allow to design in a
rational way new microporous materials conceived for a specific application. Thus, three
main strategies have been followed in the synthesis of new POPs as described below;

1) POPs made by using new nucleophilic monomers with triarylbenzene structures
similar to TPB; thus, two new monomers as a more rigid monomer possessing a methyl

group on the side benzenes, 1,3,5-tri-(2-methylphenyl)benzene (TMB), and another
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where the side groups are biphenyl groups, 1,3,5-tri-(biphenyl)benzene (TBB), have been
obtained.

2) POPs containing nucleophilic monomers that included a tetrafunctional aromatic
monomer, 9,9’-spirobifluorene (SBF).

3) POPs where in addition to the multiaromatic monomers, bifunctional aromatic ones
have been incorporated as comonomers; biphenyl (BP) and the rigid and contorted 9,10-
dimethyl-9,10-dihydro-9,10-ethanoanthracene (DMHEA).

In particular, the second strategy seeks to produce a greater amount of crosslinking, and
the third to increase the cross-linking length between the multifunctional monomers. On
the other hand, in addition to the cross-linkers TF and I, an extra electrophilic ketone
derived from isatin, 1-methylindoline-2,3-dione (1-methyl isatin, Ml), has also been used.
In this work, the optimization of the synthesis of these POPs were performed. In addition,
the effect of the proposed strategies to design specific POPs on textural properties, such
as surface area and pore size distribution, has been studied. Finally, the CO2 adsorption
of the POPs at low and high pressures and the COz2 separation performance over N2 under
atmospheric conditions (post-combustion process conditions) have been evaluated and
compared with other microporous materials Finally, the CO2 separation performance of
these POPs over CH4 from a methane-rich mixture has been tested for the first time.

5.2. RESULTS AND DISCUSSION

Ho-POPs were prepared from tri- or tetrafunctional aromatic monomers having different
geometries: (a) TPB, TMB, TBB (which have C3 symmetry structure), (b) TR (which has
a Dsn symmetry and 3D paddle wheel structure), or (c) SBF (which has a spiranic carbon
that induces a Ca tetrahedral symmetry), using I, M1 or TF as cross-linkers and a super-
acidic media as reaction promotor. In addition, Co-POPs were prepared by adding an
extra bifunctional aromatic comonomer, BP or DMHEA. The optimized DFT geometry
(B3LYP/6-31G**) of all of the nucleophilic and electrophilic monomers were calculated
and they are shown in Figure 5.1. Details about the synthesis of the monomers can be
found in section 3.1.1.2 in Chapter 3. Moreover, the chemical structure of monomers was
determined by nuclear magnetic resonance (NMR) and spectra are shown in Figures S2.1-
S2.14, section S2.1, Appendix 2.
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Nucleophilic monomers

TPB T™MB

Electrophilic monomers

Figure 5.1. Optimized DFT geometry of multifunctional nucleophilic monomers and

electrophilic monomers (cross-linkers).
Both BP and DMHEA were used as additional nucleophilic monomers in an attempt to
study how their incorporation into the network could affect the porosity of the materials.

Unlike the BP monomer, which has a linear structure, the DMHEA monomer has a very
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rigid, highly shape-persistent structure, which is induced by the ethane bridge over the
middle ring inducing an angle bending of 105°. DMHEA crystallizes in orthorhombic
structure (space group Pccn), as determined by X-ray diffraction (Table S2.1 in section
S2.2, Appendix 2). DFT molecular modeling of DMHEA was carried out to get insight
into their electronic and geometrical features. Details about the molecular modeling are
described in Appendix 2 (section S2.3). The DFT (DFT B3LYP/6-31G**) HOMO orbital
molecular energy modeling of the three-dimensional structure (Figure S2.15, section
S2.3) shows that there are two positions on each aromatic ring having equivalent
electronic properties and so the electrophilic attack is then plausible on any of these two
positions. Thus, the addition of DMHEA should lead to a higher irregularity in the
network structure. In addition, the rigid contorted geometry of DMHEA should introduce
a higher intrinsic microporosity in the network than the lineal geometry of BP.

Ho-POPs and Co-POPs were prepared by combining the monomers shown in Figure 5.1

via electrophilic aromatic substitution in super-acidic media, as seen in Figure 5.2.

‘1‘
+Qﬁ®
0 O, O gl

TPB TF
TMB SEAr
TBB

Super acidic media

Co_POPs

Figure 5.2. Synthesis of Ho-POPs and Co-POPs from monomers described in Figure 5.1

5.2.1. Synthesis optimization of porous organic polymers

The materials derived from TR or TPB trifunctional monomers and | cross-linker, as well
as those also containing BP or DMHEA bifunctional monomers, were obtained by
applying the methods that are described in Table 3.1, section 3.1.1.3, Chapter 3. During
the process of synthesis optimization, the use of MSA, which is an easy-to-handle liquid,
less corrosive, and with lower cost than TFSA, was tested as an alternative co-solvent to
CHCls. Thus, a TFSA/MSA (3/2) mixture (instead of TFSA/ CHCIls (2/1) one) was

chosen because its use: 1) reduces the amount of TFSA by an equivalent of POP and 2)
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avoids the employment of chlorinated solvents; both points would make the strategy for
preparing the POPs, in a greener and more suitable scale-up synthesis.

With the target of finding out which of these methods gives the best porosity results, the
Ho-POPs and Co-POPs were compared in terms of reaction yield and characteristic
porosity parameters such as specific surface area (Seer), total pore volume (Viotal), and
micropore volume (Vmicro), Which were obtained from low-pressure N2 adsorption
isotherms at -196 °C. The low-pressure N2 adsorption/desorption isotherms are shown in
Figures S2.16 — S2.18, and the textural parameters are listed in Table S2.2 and S2.3 in
Appendix 2 (section S2.4).

Most POPs were obtained in high yield (>90%) using a TFSA/HCCIs (2/1) mixture, but
they showed significant differences when the porosity parameters were compared (c.f.
Table S2.2, section S2.4.2). For example, the Sger of the Co-POPs containing BP and
DMHEA were very low, especially for those derived from the TPB monomer (32 and 2
m? g1, respectively), when the reaction was carried out at room temperature (method 1a).
In general, the reaction temperature had to be raised to 60 °C and held for 96 h (method
1Db) to increase the Seet of the POPs, except for those Co-POPs containing DMHEA that
yielded the same Sger by both methods. According to the textural parameters, the
incorporation of DMHEA in the network seems to result in very low porosity materials.
The TR-based POPs were also prepared using a TFSA/MSA (3/2) mixture at room
temperature (method 2a) or 60 °C (method 2b). The reaction yields for Co-POPs obtained
by method 2a were much lower, close to 75%, relative to those for the analogous Co-
POPs obtained by method 1a (c.f. Table S2.3). We consider that the decrease in reaction
yield was due to a lower solubility of the growing chains, which could precipitate from
the reaction medium before reaching a sufficient degree of crosslinking. Indeed, this
supposition was supported by the increase in the reaction yield of TR/BP-I (94%) when
the reaction was carried out heating at 60 °C following method 2b. However, although the
reaction yield was 1.27 times higher, the Sger of TR/BP-1_2b is 0.81 times lower than
that of TR/BP-I_2a. Contrarily, the heating at 60 °C did not increase the reaction yield of
TR/DMHEA-I 2b, which was much lower (23%) than that of TR/DMHEA 2a (73%).
Following method 2a, the Sser of TR/IDMHEA-I was much higher than that of the
analogous Co-POPs obtained by 1a and 1b (c.f. Table S2.2), but the reaction yield was
much lower.

From the above findings, we assume that method 1b was the best one to provide materials

with the highest reaction yields (above 90%) and, in general, showing the highest
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microporosity. Thus, all of the POPs presented in this work, which are summarized in
Figure 5.2, were prepared using a TFSA/CHCIl3 (2/1) mixture and heating at 60 °C for 96
h, and hereafter the suffix 1b will not be added to the name of the POP to simplify.
5.2.2. Characterization of POPs

The acronyms of the POPs, along with the reaction yields, are summarized in Table S2.4
of section S2.5, Appendix 2. The yields of POPs in most cases were superior to 90%. All
of the materials were insoluble in organic solvents and low pKa acids. The chemical
structure of POPs was checked by CP/MAS 3C-NMR and ATR-FTIR.

Some of the POPs CP/MAS *C NMR spectra are shown in Figure 5.3 to point out the
main characteristic peaks of these materials based on their starting co-monomers. All of
the POPs showed intense peaks in the 160-100 ppm range, as they are highly aromatic
networks, and the peak at about 63 ppm was assigned to the quaternary carbon, which
was formed during the cross-linking reaction (peak 2 in the spectra). Furthermore, the
POPs derived from I or MI showed an additional peak of around 180 ppm corresponding

to the carbonyl group of the lactam ring.
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Figure 5.3. Solid-state CP/MAS 3C NMR spectra of POPs: (a) TMB-TF, (b) TBB-MI,
(c) TR-1, (d) SBF/BP-I1, and (e) TPB/DMHEA-I. Asterisks denote spinning side bands.

The ATR-FTIR spectra of the previous POPs are shown in Figure 5.4 to point out the
main absorption bands based on the cross-linkers. POPs derived from isatin exhibited the
characteristic bands of the 5-member lactam ring at 3390 cm™ (N-H st), 1710 cm™ (C=0
st), and 1620 cm™ (N-H §), and the typical bands at 1600, 1495 and 1470 cm™ were
assigned to stretching vibrations of aromatic carbons (Car-Car st). In the case of POPs
derived from MI monomer, only the C=0 stretching band of the lactam ring appeared and
the Car-Car stretching band at 1490 cm™ increased in intensity due to the overlapping with
the asymmetric bending band of methyl group (CHs 3). Furthermore, the symmetric CHs
& band at 1375 cm™* appeared next to an intense band at 1340 cm, which was assigned
to the C-N stretching vibration. POPs derived from the TF cross-linker showed two strong
bands at 1145 and 1106 cm™ associated with C-F stretching vibrations of the CFs group.
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Figure 5.4. ATR-FTIR spectra of POPs. The dashed lines indicate the characteric bands
associated to cross-linkers (I, Ml and TF)

The amorphous nature of the networks was confirmed by WAXS. The patterns of the
materials are plotted by comparing those that share the same cross-linker (I, MI, and TF),
as shown in Figure 5.5 and Figures S2.19 and S2.20 in section S2.6, Appendix 2. All of
the Ho-POPs showed amorphous halos with two or three well-defined maxima as a
function of scattering angle (®). Comparing the patterns, it was found that the shape of
the amorphous halo changed with the chemical structure of POPs, especially concerning
the maxima positions. According to Figure 5.5(up) and Figure S2.19, the changes in the
position seem to be due to the tri-or tetra-functional monomers (TR, TPB, TMB, TBB,
and SBF) rather than the cross-linkers (I, MlI, and TF). The maxima positions have been
usually related to the preferential intersegmental distances (d) existing in the chain’s
packing, as calculated from Bragg’'s equation (d=A/(2sen®)). Thus, the patterns of TR-
based Ho-POPs showed preferential intersegmental distances at about 0.60 (14.5°), 0.38
(23°), and 0.20 nm (43°), while those of TPB-, TMB- and TBB-based-Ho-POPs exhibited
a new distance at about 0.46 nm (19.3°) that became more preferential than that at about
0.38 nm (23°), which now appeared as a shoulder. In addition, the amorphous halos of
TPB- TMB- and TBB-based Ho-POPs also showed a contribution on the lower-angle side
(3-10°) that was not observed in those of TR- and SBF-based Ho-POPs. This contribution
seems to indicate the presence of larger intersegmental distances (2.94-0.88 nm) in the
networks derived from TPB, TMB, and TBB.
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The patterns of the Co-POPs containing BP and DMHEA are displayed in Figure
5.5(down) and Figure S2.20. The Co-POPs patterns showed differences when they were
compared to those of their analog Ho-POPs, and thus changes in the distribution of
intersegmental distances were observed. For example, in the TR-based Ho-POPs (Figure
5.5(up)), the maximum at about 23° disappeared in the pattern of TR/IDMHEA-I while
another maximum at about 31° appeared, indicating the presence of smaller
intersegmental distances (about 0.29 nm) in the network. In contrast to that, the pattern
of TR/BP-1 showed the same maxima as that of TR-I, but an additional shoulder at 12°
was observed, revealing the existence of larger intersegmental distances (about 0.74 nm)
in the network. Nevertheless, the presence of both DMHEA and BP in the other Co-POPs,
TPB- and SBF-based ones, seems to lead to a higher presence of small intersegmental
distances about 0.38 nm (23°) in the networks, relative to TPB-1 and SBF-I, as shown in
Figure S2.20.
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Figure 5.5. WAXS patterns of POPs containing MI (up) and those derived from TR-
based POPs (down). The patterns were normalized to the intensity maximum at about 15°

and shifted for clarity shake. The dashed lines are guides to the eye.

5.2.3. Thermal properties of POPs

The thermal resistance of POPs was determined by dynamic TGA measurements. The
TGA curves of some POPs are shown in Figure 5.6 as examples of thermal behavior. The
degradation onset temperature (T4) and the char yield at 800 °C of all of the materials
studied are listed in Table S2.5 in section S2.7, Appendix 2.

All of the POPs exhibited high thermal stability with T4 above 450 °C, except for the Co-
POPs containing DMHEA monomer that showed an additional weight loss at about 310
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°C due to the loss of the ethylene bridge (Figure 5.6(c)). After this weight loss, the
generalized degradation of the polymer took place above 480 °C. The Ho-POPs derived
from the TF cross-linker showed the lowest thermal stability ranging from 480 to 505 °C
(Figure 5.6(b)) compared to that of the other Ho-POPs ranging from 515 to 565 °C (Figure
5.6(a)).

The highly aromatic structures of POPs provided materials with char yields above 60%
at 800 °C. The Ho-POPs prepared from the nucleophilic monomer TMB showed the
lowest values of char yield relative to the other POPs presumably due to the loss of the
methyl groups present in their structure.
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Figure 5.6. TGA curves of POPs: (a) Ho-POPs derived from MI cross-linker, (b) Ho-

POPs derived from TF cross-linker, and (¢) Co-POPs containing DMHEA nucleophilic
monomer.

5.2.4. Textural properties of POPs

The textural properties of POPs were studied by low-pressure sorption measurements
using nitrogen at -196 °C and CO2 at 0 °C. The adsorption/desorption isotherms of the
materials are shown in Figures 5.7 and 5.8. For the sake of comparison, the main textural
parameters of POPs obtained from the N2 and COz adsorption isotherms are listed in
Table S2.6 in section S2.8, Appendix 2.
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Most of the N2 adsorption isotherms of Ho-POPs in Figures 5.7(a-c) showed a rapid
uptake (up to 150 or 250 cm3g™t) at low relative pressure (p/po < 0.01), revealing the
presence of micropores, and then the N2 uptake increased with increasing p/po. The
increase in N2 uptake at p/po < 0.01 was much less pronounced for TMB-I and TMB-TF
(up to 50 and 6 cm® g%, respectively), suggesting that both POPs have either very low
microporosity relative to the other ones or micropores with gate (entrance) sizes less than
5 A, through which the diffusion of N2 would be restricted at -196 °C. On the other hand,
the desorption isotherms of Ho-POPs evidenced a remarkable low-pressure hysteresis,
which has already been observed in analogous microporous materials [148]. This
hysteresis is explained by a swelling phenomenon that occurs by the growth in the size of
pre-existing pores and by the occurrence of diffusional restrictions of N2 molecules in the
molecular-size pore entrance in these materials.

The low-pressure N2 adsorption/desorption isotherms of Co-POPs (Figures 5.7(d) and
(e)) showed similar behavior to that observed in Ho-POPs. However, the uptake at p/po <
0.01 was lower for Co-POPs relative to the corresponding Ho-POPs (i.e., TR-I1 and TPB-
| and SBF-1): TR/BP-I and TPB/BP-1 showed a rapid uptake up to 160 and 120 cm3g?,
respectively, while the other Co-POPs barely adsorbed N2 (less than 10 cm®g?). By
analogy with the similar behavior of TMB-I and TMB-TF, the N2 adsorption data of Co-
POPs seem to suggest that the incorporation of BP and DMHEA bifunctional monomers
to the networks either yields materials with lower microporosity than the analogous Ho-
POPs or creates a higher number of micropores with entrance sizes less than 5 A.

The values of specific surface area (Sser), total pore volume (Viotal), and micropore
volume (Vmicro, micropore sizes up to 20 A) of POPs, which were calculated by applying
the DR equation [155], are listed in Table S2.6. Overall, the POPs exhibited
moderate/high surface areas (Sger= 540 - 1000 m? g1), except for those that showed a
very low N2 uptake (Sser= 150-0 m? g1). Furthermore, as expected, the larger the Sger,

the higher the value of Vmicro.
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Figure 5.7. Low-pressure N2 adsorption (solid symbols)/desorption (empty symbols)
isotherms at — 196 °C of POPs.

The narrow microporosity (micropores size up to 7 A) [156] features of the POPs were
studied by measuring CO2 adsorption/desorption isotherms at 0 °C and pressures up to 1
bar (pressure relative up to 0.03). Under these conditions, the CO:2 only fills the narrow
micropores and, thus, CO2 adsorption data at 0 °C is commonly used as a complement to
nitrogen adsorption data at -196 °C for a complete characterization of the microporosity
structure of materials [77,157].

The COz adsorption isotherms of Ho-POPs (Figures 5.8(a-c)) showed that the CO2 uptake
increased with increasing pressure and no hysteresis was observed between the adsorption
and desorption isotherms. The effect of chemical structure on the CO2 uptake was visible
in those POPs formed from the isatin monomer (Figure 5.8(b)); the CO:2 uptake (cm’ g!)
at 0.03 p/po followed the order: TR-I (121)>TPB-I (92)>TBB-I (70)>SBF-I (62)>TMB-I
(44). Besides, the materials formed from the TF cross-linker (Figure 8(c)) showed the
lowest CO2 uptakes, especially for TMB-TF (20 cm® g™! at 0.03 p/po).

The corresponding COz isotherms of Co-POPs showed a similar behavior to that of Ho-
POPs (Figure 5.8 (d) and (e)). Furthermore, when BP and DMHEA monomers were
combined with TR, TPB, or SBF monomers using the isatin cross-linker, the CO2 uptakes
of TR/BP (or DMHEA)-I and TPB/BP (or DMHEA)-I significantly decreased in
comparison to those of TR-I, TPB-I (about 50% and 30%, respectively). In the case of
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SBF/BP-1 and SBF/DMHEA-I, the CO: uptakes decreased by about 20 and 8%,

respectively, relative to SBF-I.

o120 o TR-MI JTR-I 4 TR-TF
I B (@ | qTPBA i-i‘i‘-(b) ] TPB-TF ©
9 100 4 T™B-MmI JT™MB-I i.i' - TMB-TF
k=) 1 -~ 1 .i. =] 1
"z 80 SBF-MI - -SBF-I g .i.i'iii - SBF-TF
o 1 C E ) ] - J
P o .
X 4
g8 4
=3 -
- b -
o | mnman
O T T T T T T T T T T T T
0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03
Relative pressure Relative pressure Relative pressure
a
F 120 1 TRiBP-I - TRIDMHEA-|
< 100 ] TPB/BP-I (d) ] TPB/IDMHEA-I (e)
o> | SBFBP-I ] SBF/IDMHEA-
s - e 1
L 604 o 7 il
£ 4] B ] —
o 40 - 1
=) ] |
~ 90 [y ]
@]
o
0 1 T T T T T T 1 T T T T T T

0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03
Relative pressure Relative pressure

Figure 5.8. Low-pressure CO: adsorption (solid symbols)/desorption (hole symbols)
isotherms at 0 °C of POPs.

From CO: adsorption data, the DR equation was applied to estimate the narrow micropore
volume (Vimicro). The Vamicro values are listed in Table S2.6. It was found that those POPs
in which the N2 adsorption was null or negligible, such as DMHEA-based Co-POPs
(Vimicro < 0.07 cm® g!), exhibited Viomicro values between 0.18 and 0.21, supporting the
presence of micropores with entrance sizes lower than 5 A.

The percentage of narrow microporosity of POPs was estimated from the ratio of Vamicro
to the total pore volume (Viotal obtained from N2 adsorption data). From the values shown
in Table S2.6, it was found that the percentages were mostly superior to 60%, revealing
that these materials show a high narrow microporosity. In particular, the incorporation of
DMHEA bifunctional monomer to the networks (TPB/DMHEA, TR/DMHEA, and
SBF/DMHEA-I) yielded materials having 100% of narrow microporosity. When they
were compared to the analogous Ho-POPs, it was observed that TR-I also presented a
high percentage of narrow microporosity (84%), but with much higher Sper than
TR/DMHEA-I. For the Co-POPs containing BP, the percentage of narrow microporosity
was also high, but it depended on the tri- (TPB or TR) or tetra-functional (SBF)
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nucleophilic monomer; i.e., the use of TPB or TR monomers yielded networks with 75%
of narrow microporosity while with SBF monomer was of 100%.

The correlation between Vimicro and Sger of POPs is shown in Figure 5.9(a). For POPs
with Sger larger than 500 m? g™!, the Vimicro tended to increase with the increase of Sger,
whereas, for those POPs with Sger less than 200 m? g‘l, no linear correlation between both
parameters was observed. Unexpectedly, it was found that POPs with very different Sger
exhibited similar Vamicro; for example, SBE/DMHEA-I (0 m? g!, 0.18 cm® g!) with TR-
TF (557 m? g1, 0.19 cm® g!), or TR/DMHEA-I (151 m? g'!, 0.21 cm® g!) with SBF-TF
(856 m? g1, 0.21 cm? gh).

The cumulative narrow micropore volume (Vwwer) and the narrow micropore size
distribution (PSD) were determined from the CO2 adsorption isotherms of POPs by using
the NLDFT method using the 2D-NLDFT-Het surface Kernel with SATEUS program. As
examples, several comparative plots of the distribution of pores vs diameter (dp) of 3.0-
16 A of POPs are displayed in Figures 5.9(b-d).

The PSD curves of TPB-based POPs, which exhibited Sset values ranging from 2 to 1033
m? g”! (cf. Table S2.6), are shown in Figure 5.9(b). The shape of distribution changed with
the chemical composition of the POPs, and it appeared to be more asymmetric when the
Seer of the materials decreased. For the TPB-based Ho-POPs, the contribution of the
narrowest micropores volume (Vuworr for dp< 5 A to which the N2 gas could not access)
to total Vnorr was 15% for TPB-I, 12% for TPB-Mel and 7% for TPB-TF. For the two
TPB-based Co-POPs, TPB/BP-I and TPB/DMHEA-I, this contribution (about 22%) was
higher than that for TPB-1.

In another comparative plot, the PSD curves of TF-based Ho-POPs are shown in Figure
5.9(c). These materials exhibited the lowest contribution of the narrowest micropores
volume (Viworr for dp< 5 A) to total Viorr. The contribution was about 7% for all of these
POPs, except for TR-TF (11%). Furthermore, they exhibited the highest value of average
pore diameter (around 6 A) relative to the other POPs (cf. Table S2.6).

Finally, the PSD curves of DMHEA-based Co-POPs having very small Sger (between 0
and 150 m* g'!) are compared in Figure 5.9(d). It was found that the contribution of the
narrowest micropores volume (Vworr for dp< 5 A) to total Vwoer for those Co-POPs
containing TR or SBF was similar to that of the corresponding Ho-POPs, TR-I (32%) and
SBF-I (23%), while that for TPB/DMHEA-I (23%) was superior to that of TPB-I (15%).

96



Chapter 5

0.10
T PR -
04 - (a) TR - — d<sa ~ . (b)
. 1 TRIBP4 'm:s\:al\T_— ’ ‘f: 0.08 1 LY —=—TPB-MI
"o 03 7 SRR - mTPE-MI | ® 1T aX —+—TPB-TF
~c legrEP4 TPB/BPA™ " TREM E 0.06 - e L —+— TPB/BP-|
5 TR/DMDEA] -8 =TMB-MI 5 ) gﬁ,’}-.'\.‘ . TPBIDMHEA.]
=, 02+ 377 “m TBB-TFSBF-TF o g, % WY
g i = 0.04 -,
g 4 TMBd  TPB-TF SBF-MI - Jar g
>= 0.1 EBFDMDEAA 2 E J= X
1 4.
i TMB-TF % 0.02
o+ 0.00 | iaas.
0 200 400 600 800 1000 1200 4 6 a 10 12 14 16
2 -1
S, (mg") dp (A)
0.10 0.10
e 1 ——TR-TF — 1 (d)
%:' 008 s ——TPBTF | " 008 —=— TR/IDMHEA-I
> ] il < ] —=— TPB/DMHEA-|
- L) —
g 006 TBB-TF | g 0.06 — = SBF/DMHEA-]
5 1 ——SBFTF | & 1
S g %041
[=1 [ 3 T
| [}
= z0.02
= z
000 & e
4 6 8 10 12 14 16
dp (A) dp (A)

Figure 5.9. (a) Narrow micropore volume as a function of specific surface area. NFLDT
pore size distribution of: (b) TPB-based POPs, (¢) POPs derived from TF cross-linker,
and (d) POPs containing DMHEA.

To explain these findings, we hypothesized that our materials were polymer networks
consisting of irregular void sizes that were formed by an inefficient packing of the
polymer chains, in agreement with their amorphous nature (cf. Figure 5.5), in which the
gas molecules were accessible through entrances of small sizes. Thus, the null or very
low N2 adsorption of some POPs could be attributed to the presence of holes with entrance
sizes close to the kinetic diameter of N2 gas (3.6 A). In the case of CO2 (3.3 A), the highest
accessibility to the narrowest micropores (< 5 A) was due to the highest adsorption
temperature employed for the measurements (0 °C).

This microporous structure of POPs was supported by comparing the Vamicro (obtained
from CO2 adsorption data) and Vmicro (obtained from N2 adsorption data). Figure 5.10
shows the correlation between both volumes (c.f. Table S2.6, section S2.8, Appendix 2).
Most POPs showed a very narrow distribution of entrance sizes in the range of narrow
micropores. Thus, those POPs that exhibited Vamicro >> Vmicro were formed by holes with
entrances ranging from 4 to 5 A in size (e.g., DMHEA-based Co-POPs, TMB-TF),

whereas for those with Vimicro ~ Vmicro, the entrances were ranging from 5-8 A in size (e.g.
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TPB-I, TBB-I, TR-MI, TPB-TF). Moreover, other POPs exhibited Vamicro < Vmicro,
indicating the formation of other entrances having sizes of > 8 A (e.g., SBF-TF, TPB-
MI), as well.
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Figure 5.10. Correlation between Viamicro (Obtained from CO2 adsorption data) and Vmicro
(obtained from N2 adsorption data)

5.2.5. Low-pressure CO; uptake

CO2 uptakes of POPs obtained from low-pressure adsorption isotherms at 0 and 25 °C, as
well as the isosteric heat of adsorption (Qst) values, are listed in Table S2.7 in section
S2.9, Appendix 2. All of the isotherms showed an increase in gas uptake with increasing
pressure (As an example see Figure 5.8). The reversibility of the CO2 adsorption-
desorption process at subatmospheric pressures for all of the POPs supported a
physisorption nature. This fact is key for the easy recovery of the CO2 adsorbed and the
regeneration of porous material without applying a heat treatment. CO2 uptakes at 0 °C
ranging from 39 to 239 mg g* (0.89 — 5.43 mmol g*) were found for these materials. As
expected in physisorption processes, a pronounced decrease in CO2 uptakes at 25 °C (-
60% on average) was observed relative to the 0 °C data.

To put the findings into a broader perspective, the CO2 uptakes of our POPs as a function
of total pore volume (Vi) Were compared to those of other POPs containing TR, TPB,
and SBF in their structures, as shown in Figure 5.11; these materials included azo-linked
polymers (ALPs, 3.50-5.34 mmol g?) [141], polybenzimidazole networks (BILPs,
TBILPs, BOLPs, BTLPs, and TBIs, 2.70-5.30 mmol g*) [142-145,158] porous aromatic
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frameworks (PAFs, 3.30-4.70 mmol g?) [139], triazole-linked polymers (TNPs, 1.60-
4.45 mmol g1) [159], triptycene-based microporous polymers (STPs, 3.70-4.14 mmol g
1Y [160], Hyper-cross-linked polymers of intrinsic microporosity (P1Ms, 3.28-5.00 mmol
g*) [140].

The comparison of our microporous materials with other ones showed that the Viotal (that
is directly related to Sget) was not the key factor in the CO2 adsorption capacity. For
example, the hyper-cross-linked polymers of intrinsic microporosity PIMs having high
Viotal (0.84-1.3 cm? g1) exhibited gas uptakes (3.28-5.00 mmol g) comparable to those
of some POPs of this work having lower Vil (0.39-0.64 cm® g1), such as TR-MI (3.88
mmol g 1), TPB-1 (4.09 mmol g*1), TR/BP-I (3.61 mmol g1) and TR-I (5.43 mmol g1).
Zhou et al.[140] showed that the functionalization of these PIMs with NH2 and HSO3
groups considerably decreased Vit (0.303-0.852 cm?® g1), but the gas uptake of these
functionalized PIMs was comparable to those of their precursors due to a better affinity
for COz2. Thus, the high CO2 uptakes of TR-1 (5.43 mmol g*), TPB-I (4.09 mmol g1),
and SBF-1 (3.00 mmol g*), when they were compared to PIM-TR (3.77 mmol g1), PIM-
TPB (5.00 mmol g*) and PIM-SBF (3.27 mmol g*), could be due to the favorable
interaction between CO2 and the lactam moieties [148]. However, for these three Ho-
POPs derived from isatin, the highest contribution of narrow microporosity to Viotal led to
a higher CO: uptake; for example, TR-1 (84% of narrow microporosity, 5.43 mmol g of
gas uptake) compared to TPB-1 (60% of narrow microporosity, 4.09 mmol g) and SBF-
I (55% of narrow microporosity, 3.00 mmol g of gas uptake). Moreover, TR-1 showed
a remarkable CO uptake (5.43 mmol g*) that was comparable, or even superior, to other
porous organic polymers [140,161].

Considering DMHEA-based Co-POPs (Vita ~ 0 cm® g), which exhibited 100% of
narrow microporosity due to the narrow distribution of entrance sizes (4-5 A) to the
volume units, they were found to have CO2 uptakes between 2.11-2.61 mmol g, which
were values comparables to other POPs with higher Viotal, such as BOLP5 (2.93 mmol g°
1 [145] and TNP3 (2.64 mmol g*) [159].

The data compared in Figure 5.11 also showed that the Ho-POPs derived from TF had
the lowest uptakes relative to other Ho-POPs. For example, comparing the TR-I, TR-MI,
and TR-TF polymer networks, it was found that the uptakes of TR-I and TR-MI were 3.1
and 2.2 times higher than that of TR-TF. In previous work, it was shown that the affinity
for COz2 is lower for TF-based POPs than for I-based POPs [148].
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The Qst values at zero coverage for our POPs (c.f. Table S2.7. section S2.9, Appendix 2)
fell in a range between 17.8 and 36.4 kJ mol™. In general, the trend observed was similar;
i.e., the POPs derived from the isatin cross-linker exhibited the highest Qst values,
especially the Co-POPs containing DMHEA, and the Ho-POPs derived from the TF

cross-linker the lowest ones.
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Figure 5.11. Relationship between CO2 uptake and Viotal Of POPs

5.2.6. High-pressure gas uptake of CO2, N> and CH4

The adsorption/desorption isotherms of POPs for COz2, N2 and CHasat 25 °C and pressures
up to 30 bar for CO2, and N2 at pressures up to 70 bar for CHa, were measured. As an
example of the behavior of POPs, the adsorption/desorption isotherms of Ho-POPs and
Co-POPs derived from isatin crosslinker are shown in Figure 5.12.

The high-pressure adsorption isotherms of the POPs for the three gases tested showed an
increase in adsorption capacity over the entire pressure range, although the adsorption
slope decreased with increasing pressure. However, the saturation level of the materials
was not reached at 30 bar, nor was it reached for CHs4 when pressures up to 70 bar were
applied to the POPs, indicating that pore volume filling was not complete in this pressure
range. Moreover, all of the adsorption/desorption isotherms of the POPs for CO:2
experienced a hysteresis loop, while those for N2 and CHa did not present hysteresis since
the measurements were performed well above their critical temperature (critical
temperature of 126.2 (N2) and 190.6 K (CHa4)). However, the CO2 adsorbed was easily
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released when returning to O bar, indicating the possibility of regeneration of these
materials by applying a vacuum without temperature.

The excess adsorption at 30 bar for the three gases of all of the POPs studied are listed in
Table S2.7, section S2.9, Appendix 2. The gas uptakes followed the order: CO2> CH4>
N2, as expected from the solubility coefficient of the gas as a function of its critical
temperature: CO2 (304 K) > CHa (191K) > N2 (126 K). Furthermore, the CO2 adsorption
of POPs was higher than those of N2 and CH4 adsorptions, thus CO2/N2 and CO2/CHas
ratios were about 7 and 8 at 25 °C and 30 bar for all of the POPs.
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Figure 5.12. Excess CO2, N2, and CH4 uptake of POPs derived from isatin cross-linker.
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5.2.7. CO2/N2 /ICH4 separations

In addition to the high thermal stability of POPs, due to their relatively good CO:2
adsorption and their easy regeneration, the selectivity of CO2 over other gases is another
important factor when the materials are designed to separate potential gas mixtures in
industrial processes. For example, the capture of CO2 from a CO2/N2 mixture in a post-
combustion process of flue gas [134] or the removal of CO2 from a CO2/CH4 mixture
using pressure swing adsorption (PSA) technology to improve the quality of biogas
[162,163].

The adsorption selectivity of CO2 over N2 and CH4 was estimated from the pure high-
pressure CO2, N2, and CH4 adsorption isotherms at 25 °C by applying the Ideal Adsorbed
Solution Theory (IAST) proposed by Myers and Prausnitz [80] (and revised in other
articles [81,82]). As an example, Figure 5.13 shows the change of the selectivity factor
of COz over N2z (Scozinz) or CHa(Scoz/cHa) of TR-based POPs as a function of the pressure
from two binary mixtures: one with 0.15 molar fraction of CO2 in N2 (e.g., flue gas

composition) and another with 0.50 molar fraction of CO2 in CH4 (e.g., biogas upgrade).

50 12
| e 1 TR/DMHEA-|
s __2p.0-8 10 - 080 "0~
40 H l (1] .i.i :'t.b. TR-MI ...‘ O~
] AN b S ] ’ N i
*~e__, TR/IDMHEA-| 8{Er’s | e—e—0—e—gTR
30 *—e LA
g ~e < 1 TR-MI
5 TR-| i
O 00.o « P 000
0 50 { = .‘°‘0-—o~o-o\. (n8 4 |~* Tt e—,
TR-TF ] TR-TF
10 5
0 T T T T T 0 T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Pressure (bar) Pressure (bar)

Figure 5.13. Selectivity factor of CO2 over N2 (right) and CH4 (left) as a function of
pressure at 25 °C for two binary mixtures of molar ratio: 0.15/0.85 for CO2/N2 and
0.50/0.50 for CO2/CHa.

The CO2/Nz2 selectivity of POPs increased with increasing pressure until a certain value
was reached at which the selectivity decreased more or less significantly due to material
saturation, except for the POPs derived from TF cross-linker, which did not show
significant changes in selectivity over the pressure range. For example, TR-1 showed a
high selectivity of 47 at about 4 bar and then a strong decrease in selectivity was observed
(28 at 25 bar), while the selectivity of TR-MI was from 39 at about 4 bar to 35 at 25 bar.
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In contrast to CO2/Nz selectivity, the CO2/CHas selectivity of POPs increased with
increasing pressure over the pressure range; observing that the highest selectivity values
were achieved above 5 bar. No significant saturation of materials was observed for this
separation.

To put in perspective the adsorption selectivity data of CO2 over N2 and CH4 at 25 °C, we
compared the selectivity factors, Scoznz and Scozicha, Of our POPs with those of other
materials reported in the literature that were calculated by applying IAST at similar
temperature and pressure employing mixtures with the same molar composition. For that,
Scoainz and Scozcha values were shown as a function of CO2 uptake, which was taken
from low-pressure adsorption isotherms at 1 bar and 25 °C, in Figures 5.14 and 5.15.
Regarding the separation of CO: adsorption selectivity for flue gas composition
(0.15/0.85 CO2/N2) (Figure 5.14), it was observed that TR-based Ho-POPs mostly yielded
materials with both higher CO2 uptake and Scoznz, while TMB-based Ho-POPs showed
the lowest CO2 uptake values; for example, TR-I (3.60 mmol g, 38.6) and TMB-1 (1.21
mmol g?, 21) or TR-MI (2.45 mmol g?, 33.3) and TMB-MI (1.59 mmol g?, 4.51).
Regarding the cross-linker units, the Ho-POPs formed from isatin showed the highest gas
uptake and Scoanz values, followed by those formed from MI and then from TF, which
showed the lowest separation performance in selectivity and uptake; for example, TR-I
(3.60 mmol g%, 38.6), TR-MI (2.45 mmol g%, 33.3) and TR-TF (1.05 mmol g%, 21.5). On
the other hand, the separation performance of Co-POPs relative to Ho-POPs was lower
in terms of CO2 uptake, but not in selectivity. For example, TPB-I (CO2 uptake of 2.29
mmol g?, selectivity of 25.5), TPB/BP-1 (CO uptake of 2.36 mmol g, selectivity of
30.8), and TPB/DMHEA-I (CO2 uptake of 1.73 mmol g}, selectivity of 35.5).

The selectivity factor and gas uptake were comparable to other POPs having TR, TPB, or
SBF in their structure, as shown in Figure 5.14, except for a benzoxazole-linked porous
polymer, BOLP5, which has a Scoanz of 78, but a lower gas uptake than some of our
POPs, such as TR-1, TR-Mel, TPB-I, and TR/BP-I. The separation performance of our
POPs was relatively good and comparable, if not superior as TR-1 was, to other reported

porous organic polymers [134].
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Figure 5.14. Comparison of CO2/Nz2 selectivity as a function of CO2 uptake (1bar and 25
°C) of the POPs prepared in this work and others taken from literature having TR (circle),
TPB (square), and SBF (star) in their structures [140,141,143,145,158,164]. The
selectivity factor, Scoznz, was calculated from IAST for 15/85 CO2/N2 mixture at 1 bar
and 25 °C.

As mentioned before, the separation CO2 adsorption selectivity for an equimolecular
mixture of CO2/CH4 has been studied for the first time in our POPs. As far as | know,
little values about this particular separation in porous organic materials are available in
the literature [135,140,145,164,165] In Figure 5.15, the CO2/CHa4 selectivity of our POPs
at 1 bar (also values at 10 bar for TR-based POPs) and 25 °C are displayed as a function
of CO2 uptake taken at 1 bar, and 25 °C from low-pressure adsorption isotherms (c.f.
Figure 5.8). The separation performance was compared to a few selectivity values for an
equimolecular CO2/CH4 mixture at 25 °C and 1 bar of other POPs having TR and TPB in
their structure [140,145,164].

Most TR-based POPs exhibited a good CO2 adsorption capacity, with values above 2
mmol g (100 mg g1), and selectivities at 1 bar between 6 and 8. On the other hand, the
Co-POPs exhibited lower adsorption capacity (1.3 - 1.8 mmol g?), but they were
regarding selectivity comparable to those of TR-based POPs. Thus, in the case of Co-
POPs containing DMHEA, the narrow distribution of very small entrance sizes, between
4 -5 A, seemed to be the key to good selectivity, while a wider distribution of entrance
pores of POPs such as TR-l, TR-MI, and TR/BP-I, between 5 and 8 A, improved
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separation performance in terms of both selectivity and adsorption capacity. On the other
hand, the selectivity factors at 10 bar for the TR-based POPs are also shown in Figure
5.15 to point out that these materials could be used in CO2/CHa separation processes at
higher pressures as the selectivity factor increases. Finally, it is to be also mentioned that
most of the POPs exhibited CO2/CHjs selectivities, comparable to that of the excellent
BOLP-5 and higher than many other POPs reported in the literature, as shown in Figure
5.15.
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Figure 5.15. Comparison of CO2/CHjs selectivity as a function of CO2 uptake (taken from
COz2 isotherms at 1 bar and 25 °C) of the POPs prepared in this work and others taken
from literature having TR (circle) and TPB (square) in their structures [140,145,164]. The
selectivity factor, ScozicHs, Was calculated from IAST for an equimolecular CO2/CHa
mixture at 1 bar and 25 °C. Selectivity data at 10 bar for TR-based POPs are indicated by
adding to the name (10).
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Chapter 6






6. Plasticization-resistant gas separation membranes
derived from polyimides exhibiting polyethylene-oxide

moieties

6.1. INTRODUCTION

Gas separation via dense polymer materials is a mature technology, with well-established
emerged applications [18,93]. Despite recent progress in the field, new polymeric
materials exhibiting higher levels of productivity, selectivity, and long-term durability are
sought to make membrane separations competitive with conventional thermal separation
techniques. Over the past three decades, aromatic polyimides have been extensively
investigated as potential polymeric membrane materials for gas separation [34,89,166—
168]. In particular, polyimides containing hexafluoropropylene bridges, that is, 6F
moieties, exhibit excellent gas separation characteristics [149,169-172], although their
susceptibility to physical aging and plasticization remains a drawback issue for their
industrial application [173,174]. The overarching goal of this study is to address this long-
standing issue, removing relevant roadblocks towards a more mature application of these

materials.

Another issue that hampers membranes in real-world applications is that they are often
tested only at low pressures (i.e., <10 bar). In the case of high-pressure tests, gas-polymer
interactions may lead to conditioning, swelling, and plasticization, which adversely affect

long-term membrane performance [175,176].

The concept of plasticization of polymer materials can be considered an extreme case of
polymer swelling by a highly condensable (i.e., soluble) gas [105,106,110,177-180]. When
this phenomenon occurs, polymer chains are pulled apart, which causes a significant
increase in gas diffusion and permeability coefficients, according to the solution-diffusion
model [5]. Moreover, plasticization may induce hysteretic behavior in gas sorption,
diffusion, and permeation coefficients as a function of pressure or fugacity [124,181].
However, it should also be noted that, depending on the application, plasticization can also
benefit both permeability and selectivity simultaneously. Therefore, any time a new

membrane is synthesized, it is imperative to investigate its plasticization behavior in
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realistic conditions [6].

In this study, we provide a synthetic strategy to mitigate plasticization and create materials
exhibiting enhanced long-term stability. Multiple approaches have been proposed, over the
years, to achieve better plasticization and physical aging resistance, such as polymer
blending, chemical and/or thermal crosslinking [178,182], and mixed matrix membranes
(MMMs), just to mention a few materials [183-185]. When these methodologies are
carefully designed and properly implemented from the synthetic point of view, it is possible
to achieve better membrane durability without sacrificing selectivity.

In previous works, we synthesized and studied aliphatic-aromatic copolyimides featuring
sacrificial polyethylene oxide chains (PEO) and carboxylic groups derived from 3,5-
diaminobenzoic acid (DABA) units [68,121,186,187]. After a controlled thermal
treatment, which stripped off the PEO units, membranes exhibited enhanced permeability
with minimal changes in selectivity [187]. Following this concept, the main idea of this
study consists of the design, synthesis, and testing of novel gas separation materials
exhibiting enhanced plasticization resistance and separation performance relative to
previously reported polyimide PI-DABA-PEO materials [68]. Specifically, to achieve
higher gas permeabilities relative to DABA-PEO-based polyimides, we replaced the
aromatic diamine 2,2'-bis(4-aminophenyl)hexafluoropropane (6FpDA) with 2,4,6-
trimethylphenyldiamine (TMPD), which produces polymers presenting higher fractional
free volume [97,149]. Furthermore, we hypothesize that thermal elimination of the PEO
chains provides extra free-volume elements and that crosslinking among DABA’s
carboxyl groups enhances plasticization resistance [68,121,187]. To test these
hypotheses, a comprehensive plasticization study was carried out in this work. Since high-
free volume polymers, such as polyimide 6FDA-TMPD (PI*), are prone to physical
aging, all prepared membranes were aged for 18 months [188]. The physical aging of
these membranes was monitored by measuring pure N2 and CO2 permeability throughout

this time.

Recently, well-designed blends of microporous materials with polymeric matrices have
attracted considerable interest, as their gas separation performance may exceed the
permeability/selectivity trade-off [189,190]. Thus, with the idea of improving permeability,
MMMs were fabricated by blending the newly synthesized aromatic-aliphatic polyimides,
PI*-DABA-PEOs, with porous organic polymers (POPs), which are porous organic
materials exhibiting excellent chemical and thermal stability [148]. POPs were synthesized
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using a highly efficient Friedel-Crafts process reaction between ketones and polyaromatic
compounds, such as triptycene, resulting in the formation of a new class of porous
polymeric networks exhibiting high microporosity, good compatibility with a diverse set of
polymer materials and excellent chemical and thermal stability. The resulting materials
offer exciting avenues of exploration for catalysis [153,154], CO2 capture [148], and gas

separation applications [149,150]-

6.2.RESULTS AND DISCUSSION

6.2.1 Polymers synthesis and characterization

Two aromatic polyimides, PI* and PI*20, were prepared through a two-step
polycondensation, using the base-assisted in-situ silylation method (Figure 6.1) [61,62].
However, for the aromatic-aliphatic polyimide, PI*20EO1, the in-situ silylation method
was not used as it produced polymers with lower molecular weights than those obtained
when classical polycondensation was employed (Figure 6.2) [68]. Details about the

synthesis are shown in section 3.1.2.2 and 3.1.2.3, Chapter 3.

~
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Figure 6.1. Scheme of synthesis of the aromatic polyimides: 6FDA-TMPD (P1*) and
6FDA-TMPD-DABA (P1*20). X denotes the DABA/TMPD molar ratio.
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Figure 6.2. Scheme of synthesis of the aromatic-aliphatic copolyimide: PI*20EO1. X
denotes the molar ratio of DABA to TMPD and Y denotes the molar ratio of PEO to
TMPD.

All polymers were soluble in polar aprotic solvents as shown in Table S3.1 (section
S3.1.1, Appendix 3).

The *H-NMR spectrum of PI*20EQ1, PI*, and P1*20 are shown in Figures S3.1, S3.2,
and S3.3, respectively, in section S3.1.2, Appendix 3. Peaks associated with the aromatic
protons appeared in the region between 8.50 and 7.00 ppm, while aliphatic PEO protons
(H10-14) appeared at 3.57 ppm, indicating the presence of methylene groups.
Additionally, methyl group signals from TMPD were observed at 1.96 ppm (H1) and 2.18

ppm (H2).

The content of the DABA moiety in P1*20 was determined by analyzing the *H-NMR
spectrum in Figure S3.2, section S3.1.2, Appendix 3. The area ratio of the aromatic proton
peak at 8.24 ppm (H7, from DABA moiety) to 7.24 ppm (H3, from TMPD moiety)
roughly agreed (99%) with the theoretical ratio (TMPD/DABA=1/0.2 mol/mol).
Unfortunately, the composition of PI*20EO1 could not be determined from H-NMR,
even though different deuterated solvents (such as CHCls-d, DMSO-ds, and THF-ds)
were tested. As an example, the spectrum of PI*20EO1 (theoretical ratio
TMPD/DABA/PEO=1/0.2/0.01 mol/mol/mol) in THF-ds is shown in Figure S3.3, section
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S3.1.2, Appendix 3. It can be observed that the aliphatic proton peaks from PEO (H10-
H14) appear to overlap with the peak at 3.59 ppm assigned to the solvent. Alternatively,
the PEO content was estimated to be about 90 wt.% of the theoretical value from

isothermal thermogravimetric analysis (TGA), as commented below in section 6.2.2.

6.2.2. Membrane characterization

Other than neat polymer membranes, mixed matrix membranes were fabricated by
incorporating 20 wt.% of POP in PI*, PI1*20, and PI*20EO1. The POP chemical and
physical characterization are summarized in section S3.2, Appendix 3 (Figures S3.4 and
S3.5 and Table S3.2). Further information about the POPs employed in this Ph.D.
memory can be found in the literature [148].

ATR-FTIR spectra of the MMMs show typical absorption bands of imide groups from
the polymer matrix, as shown in Figure S3.6 in section S3.3.1, Appendix 3. However, the
characteristic absorption bands of POP at 1708 cm™ (sym C=0 st), 1470 cm™* (N-H
stretching), and 1320 cm™ (C-N st) could not be distinguished by overlapping with the
typical polyimide’s IR bands.

Figure 6.3(a) shows the TGA thermograms of all non-treated membranes (P1*, P1*20,
and PI1*20EO1). A minor weight loss (about 3.5 wt.%) below 300 °C was associated with
residual solvent loss (the solvent normal boiling point is 165 °C). Before polymer
degradation, PI1*20 and PI*20EOL1 exhibited another minor weight loss between 350 and
450 °C. For PI1*20, this weight loss was due to the decarboxylation process from the
DABA comonomer unit. For PI*20EQOL, the weight loss in this temperature range also

included the removal of PEO segments present in the copolyimide structure [68].
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Figure 6.3. (a) TGA thermograms of polymer membranes, (b) isothermal TGA analysis

of polymer membranes and (c) isothermal TGA analysis of MMMs.

Isothermal TGA analysis was performed to quantify the weight loss happening during the
thermal protocol used to prepare cross-linked membranes (c.f. section 3.2.5, Chapter 3).
The isothermal thermograms are shown in Figure 6.3(b). During the first isothermal steps
at 275 and 300 °C, the residual solvent was removed from the samples. Subsequently,

membrane cross-linking occurred during the final step (between 300 and 450 °C).
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The removal of carboxylic groups from DABA arises through a two-step mechanism
[191]: the formation of interchain anhydride linkages from adjacent carboxylic groups,
and cross-linking by decarboxylation (from both dianhydride moieties and free carboxylic
groups) at high temperature (above 450 °C). Therefore, the weight loss in P1*20 (3.30%
during the final step) could be attributed to either the loss of H20 due to the formation of
dianhydrides or the total decarboxylation (theoretical loss weight= 4.48% (H20) and 1.3
(CO2) or 1.07% (COz2and CO)).

For PI*20EO1, the weight loss during the final step was 2.80%. This weight loss was
mainly attributed to the removal of PEO segments, as observed in analogous polyimides
reported previously [68]. Furthermore, it was noted that the weight loss in the final step
of the thermal treatment appeared to be 90% of the total PEO weight (theoretical weight
loss = 3.15%).

The cross-linking degree of the thermally treated membranes, P1*20-TT and PI1*20EO1-
TT was estimated by calculating the gel fraction (c.f. Eqn. 3.5, section 3.3.2, Chapter 3),
and values are listed in Table 6.1. The gel fraction of PI*20-TT was determined to be
68%, which is 2.6 times higher than that of PI*20EO1-TT. This indicates that the removal
of PEO (about 90% in PI1*20EO1-TT) appears to hinder the cross-linking process. The
gel fraction of PI*20EO1-TT was determined to be 75%, which is 1.1 times higher than
that of P1*20-TT. It is worth noting that analogous copolyimides derived from 2-2'-bis(4-
aminophenyl)hexafluoropropane diamine (6FpDA) instead of TMPD exhibited higher
gel fractions (above 70%). However, those copolyimides had a much higher content of
PEO (between 9-28% wi/w) [68].

The FFV of the thermally treated (TT) membranes was determined based on their bulk
density according to Equation 3.4 (section 3.3.2, Chapter 3), and is reported in Table 6.1.
It was observed that the FFV increased by 22% in P1*20-TT and by 28% in PI*20EO1-

TT relative to the neat PI* membrane.
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Table 6.1. Gel fraction, density, and fractional free volume (FFV) of the neat PI* and

cross-linked copolyimides membranes.

Membrane Gel Density® FFVve
fraction 2

PI* 0 1.32+0.01 0.218 £ 0.002

PI*20-TT 68 1.35+0.06 0.27 +0.02¢

PI*20EO1-TT 75 1.330 £ 0.004 0.278 + 0.001¢

2 Gel fraction (%) determined from Eqn. 3.5; P bulk density (g cm) calculated from Eq. 1; ¢
FFV was estimated from Eqn. 3.4; ¢ it was assumed that the Van der Waals volume was
similar to that of PI*20 (Vw=218.83 cm® mol).

Previous studies demonstrated that POP derived from triptycene and isatin exhibits large
thermal stability at elevated temperatures (weight loss of 5% after heating to 450 °C for 180
min) [150]. The degradation onset temperatures of POP (560 °C) and PI1*POP were 55 °C
and 45 °C higher than that of PI*, respectively, as shown in Figure S3.7 in section S3.3.2,
Appendix 3. This indicates that the presence of POP imparts thermal stability to the MMM.
Isothermal TGA thermograms of MMM s are shown in Figure 6.3(c). Similar to the behavior
of the neat membranes, the two first steps of the thermal treatment involved the removal of
residual solvent. The weight loss in the last step for PI*POP was 1%, which is the same as
that observed in PI* (Figure 6.3(b)). For PI*20POP, the weight loss was 1.8 times higher
than that of PI1*20, while for PI*20EO1POP, the weight loss was 0.77 times lower compared
to PI*20EO1. These results were unexpected, as it appears that the presence of POP affects
both the decarboxylation of the DABA moiety and the removal of PEO. In the case of
PI*20EO1POP, the presence of POP seems to hinder the PEO removal, while in the case of
PI1*20POP, it seems to facilitate the decarboxylation of the DABA moiety.

WAXS patterns of the membranes, before and after thermal treatment, are shown in Figure
6.4. All the polymer materials were amorphous. Thus, PI* displayed an intense peak at 15.2°
along with two shoulders at 27 and 40.5°. By applying Bragg’s equation (A= d-spacing sin®,
where d-spacing represents the intersegmental distance and ©® is the scattering angle), the
most probable d-spacings were calculated to be approximately 0.57, 0.31, and 0.20 nm,
respectively. The WAXS patterns of P1*20 and PI*20EO1 were similar in shape to PI*, but
with a higher contribution of the d-spacings at 27° (0.31 nm) and 40.5° (0.20 nm). After
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thermal treatment, the patterns of the PI1*20-TT and PI*20EO1-TT membranes did not show
significant differences with that of PI*.

The WAXS patterns of the MMMs were similar to those of neat membranes, as shown in
Figure S3.8 in section S3.3.3, Appendix 3. No significant differences in the patterns of
MMMs, before and after thermal treatment, were observed.
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Figure 6.4. Comparison of WAXS patterns of PI*, PI*20, and PI*20EO1 membranes

before and after thermal treatment

The morphologies of the MMMs were examined using FE-SEM. The cryogenically
fractured cross-sectional surfaces of MMMs are shown in Figure 6.5. PI*POP showed a
poorer matrix-filler adhesion than PI1*20POP and PI*20EO1POP, as suggested by the
presence of cavities containing agglomerates of POP particles after the fracture.
P1*20POP and PI*20EO1POP exhibited a more homogeneous POP dispersion. After
thermal treatment, PI*20POP-TT and PI*20EO1POP-TT showed a smooth surface

without any cracks or plastic deformation.
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Figure 6.5. Cross-sectional FE-SEM micrographs of MMMs before and after thermal

treatment

6.2.3 Mechanical properties

The Young's moduli, tensile strengths, and elongations at break of all of the materials
were measured at room temperature, and the results are summarized in Table S3.3 in
section S3.4, Appendix 3.

Generally speaking, the thermal treatment produced a modest, if not negligible, increase
in the Young’s modulus (+5.4% on average), and a decrease in the elongation at break (-

37.6% on average) for the neat polyimides. This indicates that thermally treated samples
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tend to be slightly more brittle relative to their untreated counterparts. In the case of
MMMs, the incorporation of POP led to a decrease in the overall tensile strength and
elongation at break (~50% in both cases). However, Young’s modulus did not drastically
change, demonstrating that the materials do not exhibit a drop in the ability to resist
stresses. Subsequently, upon thermal treatment of MMMSs, a pronounced increase in
Young’s modulus (+42.5% on average), along with a parallel increase in the tensile

strength (+31.5% on average), was observed relative to the untreated MMMs.

To put our results in a broader perspective, the mechanical properties of a series of our
polymer materials are compared to those of standard gas separation materials in Table
6.2.

Table 6.2. Tensile Strength and elongation at break for popular commercial polymers,
as well as previously studied thermally-rearranged polymers, compared to those for
PI1*20EQO1, PI*20EOLTT, PI*20EO1POP, and PI1*20EO1POP-TT. HAB-6FDA TR 450
stands for the thermally rearranged analog of the HAB-6FDA polyimide.

Tensile ]
) Elongation at Reference
Material Strength
break (%0)
(MPa)
Polysulfone 52.4 48.0 [192]
Matrimid 87.1 21.1 [193]
Cellulose Acetate 14.0 17.0 [194]
PI*20EO1 775 7.3+0.9 This Study
PI*20EOL1-TT 58 £ 18 72 This Study
PI*20EO1POP 407 3.9+£0.7 This Study
PI*20EO1POP-TT 6111 3.1+£0.9 This Study
HAB-6FDA PI 153 7.1 [195]
HAB-6FDA TR 450 62 4.0 [195]

The polyimidessMMMs considered in this study are more brittle than commercial
materials (see Table 6.2 and Table S3.3, section S3.4, Appendix 3), but possess similar
tensile strength. For example, the elongation at break for PI*20EO1POP-TT was 3.1 £
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0.9%, which is 94% and 85% less than a commercial polysulfone and Matrimid,
respectively, while the tensile strength (61+ 11 MPa) was within the range presented from
commercial materials (14 — 87.1 MPa). On the other hand, if we compare our materials
with other reported polyimides, specifically those derived from 6FDA and 3,3’-
dihydroxy-4,4’-diaminobiphenyl (HAB) [195], that have also undergone high-
temperature treatments (up to 450°C), similar trends in the tensile strength are observed
for neat materials. For example, the tensile strength of the neat polyimide HAB-6FDA
decreased by 60% after thermal treatment (up to 450 °C, referred to as HAB-6FDA TR
450). The final values for the tensile strength (62 MPa) and elongation at break (4%) for
HAB-6FDA TR 450 are comparable to most materials presented in this study. Overall,
the thermal treatment can affect the mechanical nature of the materials, but positively
benefits the mechanical properties of the POP-containing membranes. Despite
mechanical differences when compared to commercial polymers, similarities drawn to
thermally rearranged membranes show that the polyimides/MMMSs presented in this study

still offer comparable and reasonably high tensile strength.
6.2.4 Physical aging analysis

Before discussing the gas separation properties of neat PI* membranes and MMM, it is
important to recall that both neat membranes and MMMs were conditioned in methanol
and stored at room temperature for 18 months to minimize changes in gas permeability
due to physical aging during the plasticization studies. The pure gas permeability for CO2
and N2 at 3 bar and 35 °C was measured at 0, 12, and 18 months. For the sake of brevity,
changes in CO2 and N2 permeability coefficients over time, as well as CO2/N2 selectivity,

are shown in Figures S3.9 and S3.10 in section S3.5, Appendix 3.

When comparing the permeability of neat membranes (PI*, P1*20, and PI*20EO1) aged
at 0 and 12 months, it was observed that upon 12 months of aging, the CO2 and N2
permeability in PI* both decreased by 40%, while that of PI*20EO1 decreased by 47%
for CO2 and 30% for N2. Unexpectedly, the permeability of PI*20 increased by 25% for
CO2 and 70% for N after the same aging time. The CO2/Nz: selectivity of both PI*20 and
P1*20EO1 decreased by 25%, while that of PI* remained unchanged. Between 12 and 18
months, the CO2 and N2 permeability coefficients changed little (about 3%), indicating
that the membrane properties were pretty stable at that aging time. This is the reason why

we decided to use all neat and mixed matrix membranes after 18 months of aging.
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For the MMMs, it was found that the CO2 and N2 permeabilities of PI*POP and
P1*20POP decreased by about 55% when the membranes were left to age for 12 months,
while those of PI*20EO1POP only decreased by about 12%. The CO2/Nz selectivity
remained unchanged over time. The permeabilities of MMMSs barely changed (up to 4%)
after 18 months. Therefore, in the case of PI*20EO1POP, the addition of POP to the
P1*20EO1 matrix substantially mitigated the propensity for physical aging. Interestingly,
the permeability was reduced by 75% and 60% less for CO2 and N2, respectively,
compared to that of PI*20EO1.

6.2.5 Gas Separation Properties

Pure gas permeability coefficients for He, Oz, N2, CH4, and COz in neat PI*, P1*20, and
PI1*20EQO1, before and after thermal treatment, along with ideal selectivity values for
O2/Nz2 and CO2/CHj4 pairs, are shown in Table S3.4 in section S3.6, Appendix 3. The
corresponding permeability coefficients and ideal selectivity values in MMMs, before

and after thermal treatment, are also shown in Table S3.4.

For the neat, non-thermally treated membranes (i.e., PI*20 and PI*20EQ1), each gas
permeability coefficient was lower than that of the reference polyimide membrane, PI*.
Specifically, the highest decrease in permeability in PI*20 and PI*20EO1 was observed
for CH4 and CO2 (about 50% and 40%, respectively) compared to that for Oz and N2 gases
(about 25%). The change in permeability may be related to a higher presence of small
intersegmental distances in the chains’ packing of these copolyimides, as shown by the

WAXS data (c.f. Figure 6.4).

Interestingly, although gas permeability in PI*20 and PI1*20EOL increased after thermal
treatment, the values remained lower than those seen in the neat PI* membrane.
Specifically, permeability in both membranes was about 10% lower for Oz and N2, 25%
for CH4, and between 10% and 18% for COz, respectively. This behavior may be related
to the disappearance, in the WAXS patterns, of the small intersegmental distances (0.31
and 0.20 nm) observed when comparing the amorphous halos of untreated and thermally
treated membranes (cf. Figure 6.4). The disappearance of these distances is in agreement
with the higher FFV exhibited by PI*20-TT and PI*20EO1-TT relative to PI* (cf. Table
6.1).

Let us now analyze the effect of POP on the transport properties, with emphasis on the

individual and synergistic effect of POP incorporation and thermal treatment. For the non-
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thermally treated MMM s, the effect of POP on the permeability depends on the polymer
matrix. That is, the addition of POP to the PI* matrix decreased permeability of the
corresponding MMM by approximately 27% for all gases, while the addition of POP to
the P1*20 matrix increased CHs and CO2 permeability by 40% and 54%, respectively.
Blending POP with PI*20EQO1 also increased permeability, but such an increase was
considerably lower, particularly for CH4 and CO2 gases, whose permeability enhanced by
only 8% and 19%, respectively. Relative to the PI*POP membrane, the permeability
coefficients of PI*20POP increased by 25-35%, while those of PI*20EO1POP remained
essentially unchanged. Interestingly, gas permeability in PI*20POP was similar to that

observed for PI*.

In the case of the thermally treated MMMs, the permeability of PI*20POP-TT exhibited
a reduction of approximately 50-60% for all gases compared to PI*POP. On the other
hand, the permeability of PI*20EO1POP-TT was considerably higher; for example, the
permeability of He increased by 132%, while that of other gases increased by 160% when
compared with PI*20EO1POP.

For the sake of comparison, the Robeson plot for CO2/CHa is shown in Figure S3.11 in
section S3.6, Appendix 3. PI*20EO1POP-TT exhibited the best separation performance
in terms of permeability relative to the reference P1* and PI*POP membranes (by 40 and
50%, respectively). The CO2/CHa ideal selectivity was similar for all three membranes
(i.e., selectivity of 20). In addition, after thermal treatment, it was observed that the CO2
permeability of PI20POP-TT was 72% lower than that of PI20EO1POP-TT. Isothermal
TGA data (Figure 6.3), suggests that the presence of POP might facilitate the
decarboxylation of DABA in PI1*20POP during the thermal crosslinking treatment, which
is consistent with a collapse of voids within the membrane. This effect ultimately caused
the observed decrease in permeability. In addition, after thermal treatment, the gas
permeability values of PI*20-TT and PI*20EO1-TT were higher than those of their
precursor membranes (by 30% for CO2 and around 25% for CHa4). We hypothesize that
the highest gas permeability exhibited by PI*20EO1POP-TT might be ascribed to some
type of interaction between PEO and the lactam ring within POP, although effects of the
crosslinking and pyrolisis process are also expected to play a role. This hypothesis will

be tested and discussed in section 6.2.6.

The diffusivity and solubility coefficients were estimated by the lag time method [197],
and their values are listed in Tables S3.5 and S3.6 in section S3.6, Appendix 3. Figure 6.6
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shows the bar diagrams of the permeability (up), diffusivity (middle), and solubility
(bottom) coefficients of neat membranes and MMMs, before and after thermal treatment,
for CO2 and CHa. After thermal treatment, the CO2 and CHas diffusivities of
PI1*20EO1POP-TT were higher than those of PI*20EO1-TT and PI*20POP-TT (1.80-
2.74 times for CO2 and 1.73-3.00 times for CHa4, respectively). On the other hand, the
CO2 and CHa solubilities of PI*20EO1POP-TT increased less than the diffusivity
coefficients (1.04-1.3 times for CO2 and 1.2-1.6 times for CH4). Therefore, the increase
in permeability in PI*20EO1POP-TT, caused by the removal of PEO and the presence of

POP, was essentially ascribed to an increase in the gas diffusion coefficient.
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Figure 6.6. Permeability (up), diffusivity (middle) and solubility (bottom) coefficients of
PI*, PI*20, PI*20EO1 and MMMs for CO2 and CHa before and after the thermal
treatment. Dashed lines are provided to guide the eye.
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6.2.6 Plasticization study

CO:2 plasticization tests were run up to 30 atm and in the temperature range of 25-50 °C.
The plasticization behavior of PI*20, PI*20POP, and their corresponding thermally
treated membranes, P1*20-TT and PI1*20POP-TT is shown in Figure 6.7. In both PI1*20
and PI1*20POP, the permeability at low pressures (i.e., <10 atm) decreased with increasing
pressure, which is consistent with the typical dual-mode behavior of glassy polymers.
However, at high pressures (i.e., >10 atm), an upturn was observed, which defines the
plasticization onset. For instance, CO2 permeability at 30 atm and 25 °C increased by 55%
and 36% for P1*20 and PI*20POP, respectively, relative to their values at 1 atm. After
conditioning both membranes at 30 atm for at least 60, hysteresis in permeability was
observable in the second run, which is a consequence of the plasticization observed during
the first run. Additionally, hysteresis decreased with increasing temperature, which is
related to changes in the sorption behavior. It is well known, indeed, that gas sorption
decreases with increasing temperature [198-200]. The plasticization propensity followed
the same solubility trend. However, at the highest temperature measured (i.e., 50°C), CO2
permeability of P1*20 at 1 atm did not change significantly between runs, while

P1*20POP at 1 atm experienced a 29% increase between runs.

In contrast, the thermally treated membranes, P1*20-TT and PI1*20POP-TT, did not
plasticize at any of the measured temperatures after conditioning, indicating that thermal
cross-linking of the carboxyl groups of DABA was an effective method to suppress

plasticization.
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Figure 6.7. CO2 plasticization curves at 25, 35, and 50 °C for P1*20 and PI*20POP before

and after thermal treatment.

Figure 6.8 shows a similar plot for PI*20EO1 and PI*20EO1POP, both before and after
thermal treatment. PI*20EO1 exhibited strong plasticization below 35 °C, and as a result,
the full permeability isotherm was only measurable at 40 °C and 50 °C. The extent of
plasticization for PI*20EO1 at 30 atm and 35 °C was relevant, as permeability in those
conditions exceeded, by 127%, the value at 1 atm. Since it is possible that significant
deviations exist due to a non-ideal behavior of CO2, especially at higher pressures, it was
decided to calculate and represent the permeability vs. fugacity instead of pressure [201—
203]. However, as shown in Figure S3.12 in section S3.7, Appendix 3, using fugacity
instead of pressure did not change the plasticization point, nor the overall shape and

features of the permeation curve, and thus the use of pressure was retained.

At higher temperatures, PI1*20EO1 experienced hysteresis, with an increase in
permeability at 1 atm, between runs, of 14% and 8%, at 40 °C and 50 °C respectively. On
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the other hand, after the thermal treatment, the permeability of PI*20EO1-TT at 30 atm
was reduced by approximately 50% (at all measurement temperatures) relative to the
permeability observed at 1 atm. In addition, no significant hysteresis was found over the

measured pressure range.

The Arrhenius dependence of permeability on temperature was verified, as shown in
Figure S3.13, section S3.8, Appendix 3. Upon thermal treatment, the activation energy of
permeation at 1 atm for PI1*20EO1 reduced from 55.2 + 2.0 kJ/mol to 8.1 + 0.5 kJ/mol in
PI*20EOLTT, that is, by 86%. This decrease is most likely due to a decrease in the
activation energy of diffusion, as was evidenced by an increase in the CO2 diffusivity
after the thermal treatment (cf. Figure 6.6). This behavior is consistent with the overall

picture of the simultaneous partial pyrolysis/cross-linking process.

For PI*20EO1POP, the permeability at 30 atm was reduced below 40% relative to that at
1 atm, and no hysteresis was observed. After thermal treatment, the behavior of
PI1*20EO1POP-TT was similar to that of PI*20EO1-TT, except for the observed increase

in permeability.
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Figure 6.8. CO2 plasticization pressure curves at 25, 35, 40, and 50 °C for PI*20EO1,
P1*20EO1POP before and after thermal treatment.
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An additional experiment was performed with PI*POP to compare its behavior with that
of PI*20POP and PI*20EO1POP. The plasticization pressure curves of PI*POP,
P1*20POP, and PI*20EO1POP, shown in Figure 6.9, indicate that the addition of POP to
the PI* and P1*20 matrices did not avoid the matrix swelling. As a result, hysteresis was
higher in PI*POP at 25 °C and 35 °C, where the increase in permeability at 1 atm after
conditioning (i.e., during the second run) was about 135 % at both temperatures. For
PI1*20POP, this increase was 43% at 25 °C and 35% at 35 °C. Unexpectedly, a significant
reduction in hysteresis exhibited by PI*POP was observed at 50 °C. After conditioning,
it was observed that the increase in permeability of PI*POP at 1 atm was about 50% lower
than that of PI*20POP. In contrast, PI*20EO1POP exhibited no hysteresis as commented

above.
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The difference in behavior between PI*20EO1 and PI1*20EO1POP could be ascribed to a
possible interaction between the POP and PEO segments. Thus, a quantum-mechanical
study to determine the existence of an energy interaction between a POP model and a
PEO model, based on density functional theory (DFT), was carried out. Details about the
employed computational methods are summarized in section S3.9, Appendix 3. The
electronic energy of the optimized geometries of the POP model and PEO model and the
POP-PEO structure are listed in Table S3.7, section S3.9, Appendix 3. Figure 6.10 shows
the optimized geometry of the corresponding POP model-PEO model adduct structure.
The DFT simulation revealed a strong hydrogen bonding interaction (10 Kcla/mol)
between the hydrogen of the lactam ring of the POP and the oxygens of the PEO chains.
This interaction could modify the interface between the POP surface and the PI*PEO
chains to some extent, causing changes in their rigidity and, ultimately, affecting the
plasticization behavior.
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Figure 6.10. Molecular modeling of the interaction of a POP-model with a PEO-like

structure model.
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Chapter 7

7. Conclusions

The work described in this Ph.D. thesis memory aims to design, optimize, and develop
polymeric materials, including linear polymers and microporous organic polymers
(POPs), for preparing efficient gas separation membranes. In particular, this Ph.D. thesis
focused on the obtaining of polymer membranes and mixed matrix membranes (MMMs)
susceptible to thermally induced cross-linking. The design of both cross-linked
membranes and MMMs searches materials with high fractional free volume (FFV)
showing a good gas selectivity/gas permeability performance and, on other hand, having
low physical aging and high plasticization resistance.

The main conclusions of this Ph.D. thesis are presented in three blocks that corresponds
to chapters 4, 5 and 6.

Chapter 4 reports a new strategy to obtain cross-linked membranes, with improved gas
separation performance, derived from copolyimides based on the 6FDA-6FpDA
polyimide, which incorporate different molar percentages of PEO moieties (5%-20%) and
DABA diamine (10% and 20%) (PIXEQy). The selective removal of the PEO segments
from PIXEOy copolyimides under a controlled partial degradation process was
successfully implemented and discussed. The incorporation of DABA in a molar
percentage of 10% relative to 6FpDA diamine helped minimize the shrinkage of the
membrane during the thermal removal of PEO. This effect was confirmed by observing
a substantial improvement in O2/N2 and CO2/CHa gas separations for the thermally treated
membranes. In addition, the thermal cross-linking produced during the partial pyrolysis
process greatly improved the plasticization resistance upon exposure to CO2 up to 30 atm.
Based on the results obtained, and with the aim of achieving more efficient membranes,
PI110/PI10EQy(z/1) blends were prepared and their gas separation properties were
compared with blends obtained from aromatic polyimides where the DABA comonomer
was not included PIO/PIOEOy(z/1). The results showed that the presence of a small
amount of DABA (molar percentage of 10% in both components of the blend) and PEO
(less than 10 wt.% relative to the total weight of the blend) significantly improved the gas
separation performance relative to that of P10 after the selective removal of PEO. In
particular, the PI10/PI110EO4 (z/1) blends showed a good permeability/selectivity balance
and thus, this material could have significant potential for industrial application in

CO2/CHa separation.
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Chapter 5 focused on the synthesis of a new class of porous polymer networks from
different rigid and bulky aromatic buildings linked through cross-linkers that incorporate
functional groups with affinity to CO2 into the network structure. The idea was to use
these porous materials as fillers that present good compatibility with specific polymer
matrixes to increase, in CO2 separations, the gas permeability without sacrificing the
selectivity. On the other hand, the highly microporous nature of these materials led to the
study of their potential application as adsorbents for selective separation of CO2 from
CO2/N2 and CO2/CH4 gas mixtures.

For this purpose, highly microporous POPs were prepared from tetra (SBF) and
trifunctional (TPB, TMB, TBB, and TR) bulk aromatic rigid monomers that were
combined (or not) with bifunctional aromatic monomers (named Ho-POPs or Co-POPs,
respectively) using three different activated ketones (I, Ml and TF) as cross-linkers. All
of the POPs were successfully obtained in quantitative yield by using a cost-effective and
feasible methodology.

The textural properties of POPs showed a strong dependence on the chemical structure.
Thus, the specific surface area, Sger, of Ho-POPs ranged from 577 to 1033 mmol g%,
except for TMB-TF which was unexpectedly low (28 mg g*), while in most of the Co-
POPs was very low (ranging from 0 to 101 mg g), except for TR/BP-I and TPB/BP-I
that showed values comparable to those of Ho-POPs. Despite the low Sget values of some
POPs, low-pressure CO2 adsorption isotherm measurements at 0 °C revealed that these
POPs were microporous materials. Thus, no clear relationship was found between Sger
and narrow micropore volume (Vnmicro), Since some POPs with very different Sget values
presented similar Vamicro.

From the data obtained from low-pressure CO2 adsorption isotherms at 0 °C, the structure
of POPs can be envisioned as macromolecular chain-packed materials, which form pores
with different cavity sizes and entrance sizes ranging from 5 - 8 A, except for Co-POPs
containing DMHEA that have smaller cavities with entrance sizes between 4 - 5 A, which
was supported by their null N2 adsorption at -196 °C.

For | and MI cross-linkers, the POPs formed from TR and TPB showed the best CO2
uptakes (5.42 — 2.94 mmol g* at 0 °C and 1 bar), while those from SBF showed lower
uptakes (2.75 — 2.11 mmol g* at 0 °C and 1bar) due to presumably to a higher cross-
linking of the macromolecular chains. POPs containing TF cross-linker showed the
lowest CO2 uptakes (2.12 — 0.89 mmol g at 0 °C and 1 bar). On the other hand, the
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incorporation of BP and DMHEA into the networks yielded Co-POPs with good CO2
uptakes (3.61 — 2.10 mmol g at 0 °C and 1 bar) compared to analog Ho-POPs.
TR-based POPs showed the best separation performance of CO2 from binary mixtures of
CO2/N2 (15/85) and CO2/CH4 (50/50) at 25 °C and 1 bar, comparable to other porous
organic polymers reported in the bibliography. However, all Co-POPs showed lower CO2
adsorption capacity, but comparable selectivities for each gas mixture tested. In addition,
the separation of CO2 over CH4improved at 10 bar, in contrast to CO2 separation over N2
where the selectivity decreased due to the gas saturation of the material. The good
selectivities along with the excellent thermal stabilities and easy regeneration of these
POPs (release of the gas under vacuum) made them potential candidates to use as
molecular sieves in gas separation processes by using PSA technologies.

Finally, Chapter 6 reports two strategies to suppress CO:2 plasticization in high FFV
polyimide membranes. The first one focused on the preparation of cross-linked
membranes according to results obtained in Chapter 4. Thus, two 6FDA-TMPD-based
copolyimides were prepared, one containing a DABA percentage of 20% by mol (P1*20)
and another one having the same amount of DABA and a PEO percentage of 1% by mol
(PI*20EO1). Using a, judiciously selected, thermal treatment, the selective removal of
PEO was carried out. The presence of carboxyl groups coming from DABA moieties in
the polymeric structure was essential to create efficient cross-links among the polymeric
chains during the thermal treatment. This cross-linking process effectively locked the free
volume created by the removal of PEO in the membrane (FFV increased by
approximately 25 % relative to the reference membrane, 6FDA-TMPD or PI*), while
suppressing plasticization.

However, the membranes did not show improved separation performance relative to the
reference membrane. Therefore, a second strategy was proposed to prepare MMMs, by
adding 20 % by weight of a triptycene-isatin POP, which was one of the microporous
polymer networks obtained in Chapter 5, to the cross-linkable copolyimide matrices
(P1*20POP and PI*20EO1POP). All membranes exhibited a homogeneous dispersion of
the filler, excellent compatibility between matrix and filler, and good mechanical
properties. The thermally treated MMMs, PI*20POP-TT and PI*20EO1POP-TT,
exhibited an opposite behavior in gas permeability relative to precursor membranes. In
particular, the PI*20EO1POP-TT membrane exhibited the best selectivity-permeability
performance, with a permeability increase about 1.6 times higher for all the gases, without

having a decrease of selectivity, relative to PI*. Besides, the thermal treatment
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significantly improved the plasticization resistance of both neat membranes and MMMs
upon exposure to COz up to 30 atm, except for PI*20EO1POP, which did not show any
plasticization process even before the thermal treatment, likely due to the presence of a
hydrogen bonding interaction between the PEO segments and the POP lactam groups.
Finally, it was also observed that the incorporation of POP decreased the membranes'
physical aging tendency in the case of PI*20EO1POP.

As the conclusion of this Ph.D. thesis, the developed thermally cross-linking strategy was
very effective in enhancing membranes’ long-term stability and less effective in
enhancing gas separation performance relative to reference membranes. However, when
this strategy was applied to MMMs incorporating highly thermal stable POPs, a
substantial improvement in gas permeability was observed, although it was less effective
in enhancing selectivity. Research efforts are underway to address this shortcoming. One
great advantage of the proposed approach is that it can be extended to other polymer
materials, which is a key point in suppressing plasticization while simultaneously
improving permeability and selectivity. Future work needs to investigate how defect-free
thin-film composite membranes can be produced based on these materials, which is a

necessary step for the extension of this approach to large-scale and industrial separation.
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Conclusiones

El trabajo descrito en esta memoria de tesis doctoral tiene como objetivo el disefio,
optimizacion y desarrollo de materiales poliméricos, incluyendo polimeros lineales y
redes de polimeros orgénicos microporosos (POPs), dirigido a la preparacion de
membranas eficientes de separacion de gases. En particular, esta tesis doctoral se ha
centrado en la obtencion de membranas poliméricas y membranas de matriz mixta
(MMMs) susceptibles de sufrir entrecruzamiento inducido térmicamente. El disefio tanto
de membranas entrecruzadas como de MMMs busca materiales con una alta fraccion de
volumen libre (FFV) que muestren un buen rendimiento en su balance
selectividad/permeabilidad al gas y, por otro lado, que tengan un bajo envejecimiento

fisico y una alta resistencia a la plastificacion.

Las principales conclusiones de esta tesis doctoral se presentan en tres bloques principales
que corresponden a los capitulos 4,5y 6.

En el capitulo 4 se presenta una nueva estrategia para la obtencion de membranas
entrecruzadas, con mejores prestaciones en la separacion de gases, derivadas de
copolimidas (PIXEQy) basadas en la poliimida 6FDA-6FpDA, que incorporan diferentes
porcentajes molares de segmentos de PEO (5%-20%) y DABA diamina (10% y 20%). Se
implemento y discutié con éxito la eliminacion selectiva de los segmentos PEO de las
copolimidas PIXEOy mediante un proceso controlado de degradacion parcial mediante
temperatura. La incorporacién de DABA en un porcentaje molar del 10% respecto a la
6FpDA diamina ayudo a minimizar la contraccion de la membrana durante la eliminacion
térmica del PEO. Este efecto se confirmd al observar una mejora sustancial en las
separaciones de gases O2/N2 y CO2/CHs en las membranas tratadas térmicamente.
Ademas, el entrecruzamiento térmico producido durante el proceso de pir6lisis parcial
mejoro considerablemente la resistencia a la plastificacion tras la exposicion a CO2 hasta
30 atm.

A partir de los resultados obtenidos, y con el objetivo de conseguir membranas mas
eficientes, se prepararon mezclas de polimeros, PI10/PI10EQy(z/1), y se compararon sus
propiedades de separacion de gases con mezclas obtenidas a partir de poliimidas
aromaticas y copoliimidas aromaticas-alifaticas, PIO/PIOEOy(z/1), en las que no se
incluyé el comonémero DABA. Los resultados mostraron que la presencia de una

pequefia cantidad de DABA (porcentaje molar del 10% en ambos componentes de la
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mezcla) y PEO (menos del 10 % en peso en relacion con el peso total de la mezcla)
mejoraba significativamente el rendimiento de separacion de gases en relacion con la
membrana de PIO tras la eliminacion selectiva de PEO. En particular, las mezclas
PI110/PILOEO4 (z/1) mostraron un buen equilibrio permeabilidad/selectividad y, por
tanto, este material podria tener un potencial significativo para su aplicacién industrial en

la separacion CO2/CHa.

El capitulo 5 se centro en la sintesis de una nueva clase de redes poliméricas porosas a
partir de diferentes construcciones aromaticas rigidas y voluminosas unidas mediante
entrecruzantes que incorporan grupos funcionales con afinidad al CO2 en la estructura de
la red. La idea era utilizar estos materiales porosos como cargas que presentan buena
compatibilidad con matrices poliméricas especificas para aumentar, en separaciones de
COg2, la permeabilidad al gas sin sacrificar la selectividad. Por otro lado, la naturaleza
altamente microporosa de estos materiales condujo al estudio de su potencial aplicacion
como adsorbentes para la separacion selectiva de CO2 a partir de mezclas gaseosas
CO2/N2 'y CO2/CHa.

Para ello, se prepararon POPs altamente microporosos a partir de monémeros rigidos
aromaticos tetra- (SBF) y trifuncionales (TPB, TMB, TBB y TR) que se combinaron (o
no) con monomeros aromaticos bifuncionales (denominados Ho-POPs, cuando no se
utiliz6 un mondmero difuncional, o Co-POPs, cuando se emple6 un monomero
difuncional) utilizando tres cetonas activadas diferentes (I, MI y TF) como
entrecruzantes. Todos los POPs se obtuvieron con rendimiento cuantitativo utilizando una

metodologia factible de bajo costo.

Las propiedades texturales de los POPs mostraron una fuerte dependencia de la estructura
quimica. Asi, la superficie especifica, Sser, de los Ho-POPs oscil6 entre 577 y 1033 mmol
g, excepto en el caso de TMB-TF que fue inesperadamente baja (28 mg g), mientras
que en la mayoria de los Co-POPs fue muy baja (oscil6 entre 0 y 101 mg g?), excepto
para TR/BP-1'y TPB/BP-I que mostraron valores comparables a los de los Ho-POPs. A
pesar de los bajos valores de Sget de algunos POPs, las medidas de isotermas de adsorcion
de CO:2 a baja presion a 0 °C revelaron que estos POPs eran materiales microporosos. Asi,
no se encontrd una relacion clara entre el Sger y el volumen de microporos estrechos
(Vnmicro), Ya que algunos POPs con valores de Sser muy diferentes presentaban Vnmicro

similares.
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A partir de los datos obtenidos de las isotermas de adsorcion de CO:z a baja presion, a 0
°C, la estructura de los POPs puede visualizarse como materiales con cadenas
macromoleculares empaquetadas, que forman poros con diferentes tamafios de cavidad y
tamafios de entrada que oscilan entre 5 - 8 A, excepto para los Co-POPs que contienen
DMHEA que tienen cavidades mas pequefias con tamafios de entrada entre 4 -5 A, lo que

se apoy0 en la nula adsorcion de N2 a -196 °C.

Para los entrecruzantes | y MlI, los POPs formados a partir de TR y TPB mostraron las
mejores absorciones de COz (5,42 - 2,94 mmol gt a 0 °C y 1 bar), mientras que los de
SBF mostraron menores adsorciones (2,75 - 2,11 mmol g a 0 °C y 1bar) debido
presumiblemente a un mayor entrecruzamiento de las cadenas macromoleculares. Los
POPs que contienen el entrecruzante TF mostraron las menores adsorciones de CO2 (2,12
- 0,89 mmol g a 0°Cy 1 bar). Por otro lado, la incorporacion de BP y DMHEA en las
redes produjo Co-POPs con buenas adsorciones de CO2 (3,61 - 2,10 mmol gta0°Cy 1
bar) en comparacion con los Ho-POPs anélogos.

Los POPs basados en TR mostraron el mejor rendimiento de separacion de CO2 a partir
de mezclas binarias de CO2/N2 (15/85) y CO2/CHa4 (50/50) a 25 °C y 1 bar, comparable a
otros polimeros orgénicos porosos reportados en la bibliografia. Sin embargo, todos los
Co-POPs mostraron una menor capacidad de adsorcion de CO2, pero buenas
selectividades, comparables a las mejores selectividades observadas para materiales en la
bibliografia, para cada mezcla de gases ensayada. Ademas, la separacion de CO2 sobre
CHa mejord a la presion de 10 bar, en contraste con la separacion de CO2 sobre N2 donde
la selectividad disminuyé al aumentar la presion debido a la saturacion de gas en el
material. Las buenas selectividades junto con las excelentes estabilidades térmicas y la
facil regeneracion de estos POPs (liberacion del gas adsorbido empleando vacio sin
temperatura) los convirtieron en candidatos potenciales para su uso como tamices

moleculares en procesos de separacion de gases mediante el uso de tecnologias PSA.

Por altimo, el capitulo 6 presenta dos estrategias para suprimir la plastificacion por CO2
en membranas de poliimida de alta FFV. La primera se centrd en la preparacién de
membranas entrecruzadas segln los resultados obtenidos en el Capitulo 4. Asi, se
prepararon dos copoliimidas basadas en 6FDA-TMPD, una con un porcentaje de DABA
del 20% por mol (P1*20) y otra con la misma cantidad de DABA y un porcentaje de PEO
del 1% por mol (PI*20EOL). La eliminacion selectiva del PEO se llevd a cabo mediante

un tratamiento térmico seleccionado con buen criterio. La presencia de grupos carboxilo
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procedentes de las moléculas de DABA en la estructura polimérica fue esencial para crear
enlaces entrecruzados eficaces entre las cadenas poliméricas durante el tratamiento
térmico. Este proceso de entrecruzamiento bloque6 eficazmente el volumen libre creado
por la eliminacion del PEO en la membrana (la FFV aument6 aproximadamente un 25 %
con respecto a la membrana de referencia, 6FDA-TMPD o PI*), al tiempo que suprimio

la plastificacion.

Sin embargo, las membranas no mostraron un rendimiento de separacion mejorado en
relacion con la membrana de referencia. Por lo tanto, se propuso una estrategia para
preparar membranas de matriz mixta, MMMs, afiadiendo un 20 % en peso de un POP de
tripticeno-isatina, que era una de las redes poliméricas microporosas obtenidas en el
capitulo 5, a las matrices de copoliimida entrecruzada (PI*20POP y PI*20EO1POP).
Todas las membranas presentaron una dispersion homogeénea del relleno, una excelente
compatibilidad entre la matriz y el relleno, y buenas propiedades mecanicas. Las MMMs
tratadas térmicamente, PI*20POP-TT 'y PI*20EO1POP-TT, mostraron un
comportamiento opuesto en cuanto a permeabilidad al gas en relacion con las membranas
precursoras. En particular, la membrana PI*20EO1POP-TT mostré el mejor rendimiento
de selectividad-permeabilidad, con un aumento de la permeabilidad de aproximadamente
1,6 veces para todos los gases, sin tener una disminucion de la selectividad, en relacion
con PI*. Ademas, el tratamiento térmico mejoro significativamente la resistencia a la
plastificacion tanto de las membranas puras como de las MMM s tras la exposicion a CO2
hasta 30 atm, excepto en el caso de PI*20EO1POP, que no mostrd ningun proceso de
plastificacion incluso antes del tratamiento térmico, probablemente debido a la presencia
de una interaccion de enlace de hidrogeno entre los segmentos PEO y los grupos lactama
del POP. Por ultimo, también se observé que la incorporacién de POP disminuia la

tendencia al envejecimiento fisico de las membranas en el caso de PI*20EO1POP.

Como conclusiéon de esta tesis doctoral, la estrategia de entrecruzamiento térmico
desarrollada fue muy eficaz para mejorar la estabilidad a largo plazo de las membranas y
menos eficaz para mejorar el rendimiento de separacién de gases en relacién con las
membranas de referencia. Sin embargo, cuando esta estrategia se aplic6 a MMMs, que
incorporaban POP de alta estabilidad térmica, se observd una mejora sustancial de la
permeabilidad a los gases, aunque la mejora de la selectividad no fue alta. Se estan
llevando a cabo investigaciones para subsanar esta deficiencia. Una gran ventaja del

enfoque propuesto es que puede extenderse a otros materiales poliméricos, lo que
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constituye un punto clave para suprimir la plastificacién y mejorar simultaneamente la
permeabilidad y la selectividad. En el futuro habra que investigar como se pueden fabricar
membranas compuestas de pelicula fina sin defectos a partir de estos materiales, lo que
constituiria un paso necesario para extender este enfoque a procesos de separacion

industrial y a gran escala.
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Section 1.1. Synthesis and characterization of PEO-containing copolyimides

Table S1.1. Solubility? of copolyimides

Polymers Solvents
CHCl; DMF THF DMACc NMP DMF

Pl ++ ++ ++ ++ ++ ++
PI110 ++ ++ ++ ++ ++ ++
P120 ++ ++ ++ ++ ++ ++
PI1OEO(1/1) +- ++ ++ ++ ++ ++
PI1OEO(1/2) +- ++ ++ ++ ++ ++
PI10EO(1/4) +- ++ ++ ++ ++ ++
PI20EO(1/1) +- ++ ++ ++ ++ ++
PI20EO(1/2) +- ++ ++ ++ ++ ++
PI20EO(1/4)  +- ++ ++ ++ ++ ++

aSolubility test was performed by adding 1 0 2 mg of copolyimide to 1 mL of solvent, followed by

stirring at room temperature for 24 h. When the sample was insoluble at that temperature, it was heated

near the boiling point of the solvent until its complete dissolution and, then, the solution was allowed to

cool to room temperature to see if the sample precipitated.

O gFiC CFy o FaC,_ CF3
o 0]

o Rt

X CoH

THF-d8
THF-d8

H5

H3
Ha

H6

T T T T T T
82 81 80 79 78 77 76
f1 (ppm)

mmm

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
1 (ppm)

Figure S1.1. 'H NMR spectrum of P120 (y/x=0.2) in THF-d8
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Figure S1.2. ATR-FTIR spectra of P120 and PI20EOy copolyimides. The FTIR spectra
were normalized to the band at 1720 cm™ (sym C=0 st.).
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Figure S1.3 Hi-Res TGA scans of 6FDA-6FpDA (P10) and 6FDA-DABA (P1100)
polyimides in a nitrogen atmosphere (60 mL/min). Hi-Res parameters: 20 °C/min,
sensitivity 1 and resolution 4. The value indicated corresponds to the onset degradation
temperature.

145



Appendix 1

1.0 1
——PIO
——PI20

0.8 1 —— PI20EO4
—— PI20EO2
—— PI20EO1

0.6 1

0.4

Normalized intensity

0.2

1

OO T T T T T T T T T T

20 (degrees)

Figure S1.4. WAXS patterns of P10, PI20, and PI20EOy. For comparative purposes, the

patterns were normalized to the intensity of the large scattering peak around 15.5° (20).
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Figure S1.5. ATR-FTIR spectra of P110, PILOEO1, and PI10EO1-TT. The spectra were
normalized to the band at 1720 cm™ (sym C=0 st.).
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Figure S1.6. WAXS patterns of PIO, PILIOEO1, and PI10EO1-TT. For comparative
purposes, the patterns were normalized to the intensity of the large scattering peak around
15.5° (20).

Table S1.2. Mechanical properties of the membranes before (PIXEOy) and after thermal
treatment (PIXEQy-TT)2®.

Membranes Young's Tensile Strength Elongation at break
Modulus (GPa)  (MPa) (%)
P10 1.8+0.2 88+3 12+3
PI110EO4 1.9+0.2 9044 11+2
PI1OEO4-TT 1.4+0.1 9315 13+3
PI10EO2 2.0£0.1 856 7+1
PILOEO2-TT 1.6+0.2 1009 11+1
PI10EO1 1.6+£0.3 71+11 7+2
PI120EO4 1.9+0.2 102+2 7+1
PI20EO4-TT 1.4+0.2 70+14 6.8£0.4
PI120EO2 1.7+£0.2 90+10 10+3
PI120EO1 1.0+0.1 6516 5.3x0.5

@ PILOEO1-TT, PI20EO2-TT, and PI20EO1-TT could not be accurately measured due to their poor
mechanical properties. ® The standard deviation in the Young’s modulus, tensile strength, and deformation

at break were calculated by measuring, at least, five samples.
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Section 1.2. Gas transport properties of PIx and PIXEOy copolyimides

Table S1.3. Permeability coefficients of copolyimides, before and after (TT) thermal

treatment, at 35 °C and 3 bar

Membrane Permeability (barrer)? Ideal selectivity
He 02 N2 CH, CO; O2/N; CO,/CH4

P10 125+2 14.3+0.3 2.97+0.07 1.42+0.04 63+2 4.8+0.2 44+1
PI10 8014 7.8+0.3 1.61+0.05 0.82+0.03 31+1 4.8+0.2 38+2
PI10-TT 91+3 11.1+0.4 2.5+0.1 1.26£0.05 4612 4.4+0.2 37x2
P120 6212 5.8+0.2 1.19+0.04 0.60+0.02 25+1 4.9+0.2 4212
PI20-TT 1606 19+1 3.97+0.2 1.73+0.08 80+3 4.8+0.3 46+3
PI10EO4 48+2 4.610.2 0.88+0.04 0.59+0.03 21+1 5.240.3 36+3
PI1OEO4-TT 21548 23.1+0.8 4.8+0.2 2.310.1 95+4 4.8+0.3 4142
PI10EO2 231 1.47+0.05 0.32+0.01 0.240+£0.008 8.5+0.3 4.610.2 35+2
PI1IOEO2-TT  184+6 19.0+0.6 3.9+0.1 1.75+0.06 7843 4.9+0.2 45+2
PI10EO1 10.4+0 1.13+0.04 0.27+0.01 0.23+0.01 8.9+0.4 4.2+0.2 3943
PIIOEOL-TT 11645 12.240.5 2.5+0.1 1.07+0.04 51+2 4.9+0.3 48+3
PI20EO4 412 3.5+0.1 0.71+0.03 0.45+0.02 18.2+0.8  4.9+0.3 40+2
PI20EO4-TT 973 8.910.3 1.73+£0.06 0.83+0.03 39+1 5.1+0.2 47+2
PI20EO2 14.3+0 1.15+0.05 0.26+0.01 0.187+0.008 6.1+0.3 4.4+0.3 33+2
PI20EO1 6.5+0. 0.38+0.02  0.079+0.005 0.080+0.006  3.0+0.2 4.8+0.4 38+4

a 1Barrer= 1010 (cm3(STP) cm cm?stcmHg?
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Section 1.3. Characterization of PIx/PIXEOy(z/1) polymer blends
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Figure S1.7 Hi-Res TGA scans of PI10/P110EOy(z/1) blends in a nitrogen atmosphere

(60 mL/min). Hi-Res parameters: 20 °C/min, sensitivity 1 and resolution 4.

Table S1.4. Weight loss of PEO and gel fraction of PI10/PI10EQy(z/1)-TT

Sample P10/P10EOyY(z/1)-TT®  PEO weight loss® (wt.%) Gel fraction (%)

PI10/PIL0EO4(2/1)-TT 3.40 (3.22) 92
PI10/PI10EO4(1/1)-TT 5.06 (4.83) 95
PI10/PI10EO2(1/1)-TT 9.54 (8.60) 96
PI10/PI10EO1(2/1)-TT 10.5 (9.50) 98

3 (2/1) is the weight ratio between P110 and P110EOy; ® experimental weight loss of PEO (%)
after thermal treatment by TGA.
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Section 1.4. Gas transport properties of PI10/PI110EOQy(z/1) polymer blends

Table S.1.5. Permeability coefficients of blends (PIx/PIXEQy(1/z)), before and after (TT)

thermal treatment, at 30 °C and 3 bar

Membrane Permeability (barrer)? Ideal
selectivity
He 02 N2 CH, CO2 02/N2 CO3/CHqs

P110/PI110EOA4(2/1) 58+2 5.4+0.2 1.11+0.04 0.54+0.02  25#1 49+0.3 46%3
PI10/PI10EO4(2/1)-TT 1244 144405 3.0+£0.1 1.34+0.05 63%2 4.8+2 47+2
P110/P110EOA4(1/1) 79+3 6.5+0.2 1.29+0.05 0.70£0.03  31+1 5.0£0.2 4442
PI10/PI10EO4(1/1)-TT  200+7 21.6%0.7 4.4+0.2 1.99+0.07 883 4.9+0.3 44+2
PI110/PI110EO2(1/1) 4142 3.6+0.2 0.74+0.04  0.48+0.06  15.9+0.7 4.9+04 33#4
PI10/PI10EO2(1/1)-TT  133+5 13.3x05 2.8+0.1 1.16£0.05 57+2 48+0.3 4943
P110/PI110EO1(2/1) 5142  4.4+0.2 0.92+0.03  0.58+0.02  26+1 4.840.3 45+2
PI10/PI10OEO1(2/1)-TT  190+7 18.5+0.7 4.7+0.2 1.65£0.06 7943 3.9+0.2 4843

2 1Barrer= 101 (cm3(STP) cm cm?s?cmHg™?
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S2.1. Spectroscopy characterization of monomers

S2.1.1. 9,9-spirobifluorene (SBF)

Ha Hb Hc Hd

o
oD

JL ﬂ_ﬂ JL

T T T T T
6.9 6.8 6.7 6.6 6.5

T T T T T T T T T T T T
8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0

Chemical shift (obom)
Figure S2.1. 'H-NMR spectrum (500.13 MHz, DMSO-ds) of 9,9'-spirobifluorene.
dn(ppm): 8.00 (dd, J=7.6 Hz, J= 1.1 Hz, 4H); 7.38 (ddd, J=7.5Hz,J=7.5Hzand J= 1.1
Hz, 4H); 7.11 (ddd, J= 7.5 Hz, J= 7.5 Hz and J= 1.1 Hz, 4H); 6.58 (dd, J=7.6 Hz and
J=1.1 Hz, 4H).
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Figure S2.2. ®*C-NMR spectrum (125.78 MHz, CDClIs) of 9,9'-spirobifluorene; 8c(ppm):

148.8, 141.8, 127.8, 127.7, 124.0, 119.9, 31.06
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S2.1.2. Synthesis of 9,10-Dimethyl-9,10-dihydro-9,10-ethanoanthracene monomer (DMHEA)
S2.1.2.1 Synthesis of 2,5-diphenylhexane-2,5-diol

The *H-NMR spectrum evidenced the presence of two diastereoisomers: diastereoisomer
I (meso compound) and diastereoisomer Il (enantiomers pair), in an approximate ratio of
1:1. Each diastereoisomer showed a singlet for methyl protons (Hf, at 1.47 and 1.52 ppm),

and for hydroxyl protons (Hg, at 2.36 and 2.52 ppm), and an AA'BB' spin systems for
ethylene protons (Hh), centered at 1.80 ppm.

Ph : Ph Ph Ph
| |
Meuy,,,, ] cumtitMe Me/,,,, CunOH
HO™™ N ~oH HO™™ \ e
wC—1—Cunyy . uwC——Cun .
B)H IIH (B ByH\W! HIIH (A")
(B)H / i \H (B) (B)H / \H ’
(A)H | (A) (A)H (B")
1
H
Diastereoisomer | Diastereoisomer Il
meso compound enantiomers pair

Figure S2.3. Scheme of diastereoisomers of 2,5-diphenylhexane-2,5-diol
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Figure S2.4. 'H-NMR spectrum (500.13 MHz, CDCls) of 2,5-diphenylhexane-2,5-diol.

SH(ppm): 7.39 — 7.19 (m, 10H), 2.52 (s broad, 2H), 2.36 (s broad, 2H), 1.90-1.84 (m, 2H),
1.79-1.73 (m, 4H), 1.73-1.67 (m, 2H), 1.52 (s, 6H), 1.47 (s, 6H).
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Figure S2.5. *C-NMR (125.78 MHz, CDCls) of 2,5-diphenylhexane-2,5-diol: 5c(ppm)
=147.7,128.2,126.5, 126.4, 124.8, 124.7, 74.5, 74.4, 38.1, 37.9, 31.3, 30.9.
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Figure S2.6. Aliphatic C-H bonds in the *H-*C-HSQC spectrum of 2,5-diphenylhexane-
2,5-diol.
S2.1.2.2 Synthesis 9,10-dimethyl-9,10-dihydro-9,10-ethanoanthracene
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Figure S2.7. 'H-NMR spectrum (500.13 MHz, CDCIs) of 9,10-dimethyl-9,10-dihydro-
9,10-ethanoanthracene. dn(ppm): 7.35-7.29 (m, 4H), 7.19- 7.14 (m, 4H) 1.99 (s, 6H), 1.65

(s, 4H)
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Figure S2.8. 3C-NMR spectrum (125.78 MHz, CDCIs) of 9,10-dimethyl-9,10-dihydro-
9,10-ethanoanthracene. éc(ppm) = 146.4, 125.2, 120.3, 41.8, 35.7, 18.4.

$2.1.3. 1,3,5-tri-(2-methylphenyl)benzene (135TMB)

DMSO-dé6
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Figure S2.9. H-NMR spectrum (500.13 MHz, DMSO-d6) of 1,3,5-tri-(methyl

phenyl)benzene. on(ppm): 7.30-7.25 (m, 2H), 7.25-7.22 (m, 2H), 2.30 (s, 3H)
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Figure S2.10. ¥C-NMR spectrum (125.78 MHz, CDCIs) of 1,3,5-tri-(methyl
phenyl)benzene. Sc(ppm): 141.50, 141.33, 135.28, 130.84, 130.12, 128.60, 127.88,
126.44, 20.71.

S2.1.4. 1,3,5-tri-(4-biphenyl)benzene (TBB)
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Figure S2.11. *H-NMR spectrum (500.13 MHz, CDCls) of 1,3,5-tri-(biphenyl)benzene.

SH(ppm): 7.88 (s, 3H), 7.81 (d, 6H), 7.73 (d, 6H)-7.67 (d, 6H), 7.47 (m, 6H),7.37 (m, 3H).
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Figure S2.12. ®°C-NMR spectrum (125.78 MHz, CDCls) of 1,3,5-tri-

(biphenyl)benzene. du(ppm): 142.33, 141.13, 128.82, 127.52, 127.34, 125.16.

S2.1.5. 1-methylindoline-2,3-dione (MI)
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Figure S2.13. 'H-NMR spectrum (500.13 MHz, CDClIs) of 1-methylindoline-2,3-dione
(N-methylisatin). 1(ppm):7.67-7.34 (m, 2H), 7.03 (M, 1H), 6.91-6.70 (D, 1H), 3.28-3.00

(s, 3H)
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Figure S2.14. 3C-NMR spectrum (125.78 MHz, CDCls) of 1-methylindoline-2,3-dione
(N-methylisatin). on(ppm): 6 138.41, 125.36, 123.88, 109.93, 26.27.

S2.2. Crystal data and refinement structure for 9,10-Dimethyl-9,10-dihydro-9,10-
ethanoanthracene.

A single crystal of DMHEA was mounted onto a glass fiber and examined at 273 K (25
°C) on an Agilent Supernova diffractometer equipped with an Atlas CCD area detector
using Cu-Ka ((A = 1.54184 A) radiation. Data integration, scaling, and empirical
absorption correction were carried out using the CrysAlisPro program package [204]. The
structure was solved using direct methods and refined by full-matrix-least-squares
procedures against F? with the SHELXL program' through the OLEX2 interface. The
non-hydrogen atoms were refined anisotropically, and the hydrogen atoms were placed
at idealized positions and refined with a riding model. Experimental data are listed in
Table S2.1
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Table S2.1. Crystal data and structure refinement for DMHEA

Empirical formula CisHis
Formula weight 234.32
Temperature (K) 293
Wavelength (A) 1.54184
Crystal system orthorhombic
Space group Pccn

Unit cell dimensions a=14.5957(3) A a=90°
b=20.9859(4) A p=90°
c=8.5677(2) A y = 90°

Volume (A3), Z 2624.32(10), 8

Crystal size (mm?) 0.294 x 0.199 x 0.148

Density (calculated) (g/cmq) 1.186

Absorption coefficient (mm™) 0.497

F(000) 1008.0

20 range for data collection (°) 7.378 10 149.92

Limiting indices -18<h<17,-26<k<25,-10<1<7

Reflections collected 13064

Independent reflections 2635 [Rint = 0.0262, Rsigma = 0.0164]

Data/restraints/parameters 2635/0/165

Goodness-of-fit on F2 1.053

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole [e A<]

R1=10.0452, wR2 =0.1212
R1=0.0553, wR2 =0.1316
0.13/-0.15

S2.3. Molecular modelling of 9,10-Dimethyl-9,10-dihydro-9,10-ethanoanthracene
Computer simulation of DMHEA carried out by first optimizing the molecule at the
AMI level of theory [73].The optimized structure and electronic energy were calculated

by Density Functional Theory (DFT), without any geometrical constraint (use of Opt

164



keyword) for models using Becke’s three-parameter hybrid function [205] with the 6-
31G(d, p) basis set (B3LYP/6-31G(d, p)) [206] employing the Gaussian 09 program
[207]. Molecular depictions were created using the Arguslab 4.0.1 freeware program
[208] and the GaussView program (Figure S2.15) [209].

Figure S2.15. DFT modelling of DMHEA monomer
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S2.4. Optimization of POPs syntheses
S2.4.1. low-pressure N2 adsorption/desorption isotherms of POPs
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Figure S2.16. Low-pressure N2 adsorption/desorption isotherms at -196 °C of TR-based
POPs prepared by using a TFSA/CHCIs (2/1) mixture following: (a) the method 1la
(heating at room temperature for 120 h) and (b) the method 1b (heating at room

temperature for 1h, and at 60 °C for 96 h).
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Figure S2.17. Low-pressure N2 adsorption/desorption isotherms at -196 °C of TPB-based
POPs prepared using a TFSA/CHCIs mixture (2/1) following: (a) the method 1a (heating
at room temperature for 120 h) and (b) the method 1b (heating at room temperature for

1h, and at 60 °C for 96 h).
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Figure S2.18. Low-pressure N2 adsorption/desorption isotherms at -196 °C of TR-based
POPs prepared using a TFSA/MSA (2/3) mixture following: (a) the method 2a (heating
at room temperature for 120 h) and (b)the method 2b (heating at room temperature for

1h, and at 60 °C for 96 h).
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S2.4.2. Textural parameters of POPs
Table S2.2. Reaction yield and porous textural parameters, obtained from N2 adsorption
isotherms at — 196 °C, of POPs derived from TR and 135TPB using TFSA/HCClIs (2/1) as

the reaction medium.

Acronym_method®  Yield® Sper®  Vem®  Vmicro
Ho POPs
TR-I 1la 97 919 0.53 0.33
TR-I 1b >95 867 0.50 0.31
TPB-I la 95 775 0.43 0.28
TPB-1 1b >95 1033 0.64 0.37
Co-POPs
TR/BP-I 1la >99 304 0.19 0.11
TR/BP-1 _1b >95 738 0.39 0.26
TR/DMHEA-I 1la 98 144 0.08 0.05
TR/DMHEA-I 1b >95 151 0.10 0.05
TPB/BP-I la 96 32 0.03 0.01
TPB/BP-1 1b 93 542 0.31 0.19
TPB/DMHEA-I 1la 96 2 0.00 0.00
TPB/DMHEA-I 1b  >95 2 0.00 0.00

@1a: TFSA/ HCCl; (2/1) at RT for120 h and 1b: TFSA/HCCI; (2/1) at RT for 1 h
and 60 °C for 96 h; ® reaction yield (%) and ¢ specific surface area (m?g?); “total
pore volume (cm® g™*) calculated from single point measurement at P/Po = 0.975

and ¢ micropore volume (cm® g1).
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Table S2.3. Reaction yield and porous textural parameters, obtained from N2 adsorption
isotherms at — 196 °C, of PPNs derived from TR and 135TPB using TFSA/MSA (3/2) as

the reaction medium.

Acronym_method® Yield® Sger® Vota®  Vmicro®

Ho-POPs
TR-I 2a 98 771 0.47 0.27
Co-POPs
TR/BP-1 2a 74 589  0.39 0.21
TR/BP-1_2b 94 480  0.27 0.17

TR/DMHEA-I 2a 73 511 0.29 0.18
TR/DMHEA-I 2b 23 17 0.02 0.01
@2a: TFSA/ MSA (3/2) at RT for120 h and 2b:TFSA/MSA (3/2) at RT

for 1 h and 60 °C for 96 h;  reaction yield (%); ¢surface area (m?g-

D); 9 total pore volume (cm® g™) calculated from single point

measurement at P/Po = 0.975; ¢ micropore volume (cm? g2).
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S2.5. Acronyms of POPs
Table S2.4. Acronyms of POPs, starting monomers employed for the preparation of
POPs using a TFSA/CHCIs (2/1) mixture at 60 °C (according to method 1b), and reaction

yields.
Acronym Nucleophilic monomers Cross-linker Yield®
N-functional
Tetra- Tri- Bi-
Ho-POPs
TPB-I TPB* Isatin >95
TMB-1 TTB® Isatin 83
TBB-I TBB* Isatin >95
TR-I Triptycene Isatin >95
SBF-1 SBF? Isatin >95
TPB-MI TPB? Methyl isatin >95
TMB-MI TTB® Methyl isatin 95
TBB-MI TBB* Methyl isatin 80
TR-MI Triptycene Methyl isatin >95
SBF-MI SBF¢ Methyl isatin >95
TPB-TF TPB? Trifluoroacetophenone  >95
TMB-TF TTB® Trifluoroacetophenone ~ >95
TBB-TF TBB* Trifluoroacetophenone 94
TR-TF Triptycene Trifluoroacetophenone ~ >95
SBF-TF SBF¢ Trifluoroacetophenone ~ >95
Co-POPs

TR/BP-1 Triptycene Biphenyl Isatin >95
TPB/BP-1 TPB? Biphenyl Isatin 93
SBF/BP-1 SBF¢ Biphenyl Isatin >95
TR/DMHEA Triptycene DMHEA® Isatin >95
TPB/DMHE TPB? DMHEA® Isatin >95
SBF/DMHE SBF¢ DMHEA® Isatin >95

8 1,3,5-triphenylbenzene; ° 1,3,5-tri-(2-methylfenil)benzene; © 1,3,5-tri-(biphenyl)benzene; ¢ 9,9-
spirobifluorene; ¢ 9,10-dimethyl-9,10-dihydro-9,10-ethanoanthracene; f reaction yield (%)
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S2.6. Characterization of POPs
S2.6.1 Wide-angle X-ray scattering (WAXS)

T T T T
20 40 60 20 20 40 60 20

Figure S2.19. WAXS patterns of Ho-POPs containing isatin (left) and TFAP (right). The

patterns were normalized to the intensity maximum at about 15° and shifted for clarity's

sake.
' I ' I ' I ' I ' I ' I
TPB/DMHEA-| SBF/DMHEA-|
TPB-I SBF-I
! | ! | ! | ! | ! | ! |
20 40 60 20 20 40 60 20

Figure S2.20. WAXS patterns of TPB-based POPs (left) and SBF-based POPs (right).
The patterns were normalized to the intensity maximum at about 15° and shifted for

clarity’s sake.
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S2.7. Thermal Properties of POPs
Table S2.5. Thermal stability of POPs: degradation onset temperature (Td)
and char yield at 800 °C (R8%),

Acronyms Ta (°C) R3% (%)
Ho-POPs
TPB-I 565 77
TMB-I 540 67
TBB-I 545 80
TR-I 565 75
SBF-I1 515 78
TPB-MI 563 73
TMB-MI 532 59
TBB-MI 552 75
TR-MI 565 68
SBF-MI 552 76
TPB-TF 482 76
TMB-TF 505 59
TBB-TF 500 80
TR-TF 498 74
SBF-TF 480 74
Co-POPs

TPB/BP-1 560 71
TR/BP-I 556 67
SBF/BP-1 555 74
TPB/DMHEA-I 310 482 70
TR/DMHEA-I 312 515 57
SBF/DMHEA-I 308 511 73
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S2.8. Textural properties of POPs

Table S2.6. Porous textural parameters obtained from N2 and CO2 adsorption

isotherms at — 196 °C, and 0 °C, respectively.

Acronyms Low-pressure adsorption isotherms
N; at-196 °C COzat0°C
Seer®  Vietar  Vmiero® | Vimicro  Vamiero/Veoa®  dp'  Uptake®
Ho-POPs
TPB-I 1033 0.64 0.37 0.38 60 5.86 4.10
TMB-I 195  0.11 0.07 0.17 100 5.85 1.98
TBB-I 772 045 0.27 0.29 64 5.85 3.11
TR-I 867  0.50 0.31 0.42 84 491 5.42
SBF-1 744 042 0.26 0.23 55 5.60 2.75
TPB-MI 906  0.55 0.32 0.28 51 5.99 2.94
TMB-MI 754 048 0.27 0.25 52 5.60 2.74
TBB-MI 845 0.56 0.30 0.28 50 5.73 3.11
TR-MI 886  0.55 0.31 0.32 58 4.69 3.90
SBF-MI 682  0.40 0.24 0.23 58 5.13 2.67
TPB-TF 580 0.34 0.24 0.24 70 6.12 1.72
TMB-TF 28 0.02 0.01 0.10 100 6.26 0.89
TBB-TF 722 0.46 0.26 0.23 50 6.19 2.12
TR-TF 655 043 0.25 0.24 56 5.85 1.89
SBF-TF 856  0.56 0.30 0.21 38 6.26 2.11
Co-POPs

TPB/BP-1 542 0.31 0.19 0.24 77 542 2.78
TR/BP-1 738  0.39 0.26 0.29 74 4.80 3.61
SBF/BP-1 101 0.07 0.04 0.21 100 5.13 2.54
TPB/DMHEA-I 2 0.00 0.00 0.18 100 5.24 2.10
TR/DMHEA-I 151  0.10 0.05 0.21 100 491 2.61
SBF/DMHEA-I 0 0.00 0.00 0.18 100 5.13 2.24

2 Specific surface area (m? g?); ® total pore volume (cm® g) calculated from single point

measurement at P/Po = 0.975; and ¢ micropore volume (cm® g1) obtained from N adsorption

isotherms. ¢ Narrow micropore volume (cm3 g-1); ¢ percentage of narrow microporosity;

average pore diameter () and ¢ CO2 uptake (mmol g) at p/p0 of 0.03 obtained from CO,

adsorption isotherms.
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S2.9. High-pressure CO2, CHs, and N2 uptakes
Table S2.7. CO2, N2 and CH4 uptakes and isosteric CO2 adsorptions heats of
POPs

CO; at 1 bar? CO2P NP CHgP
Acronyms
0°C 25°C Qs 25 °C, 30 bar
Ho-POPs
TPB-I 180 101 32.2 466 59 70
TMB-I 87 53 31.5 241 26 37
TBB-I 137 94 24.9 348 41 49
TR-I 239 159 34.2 384 49 62
SBF-I 132 83 31.4 350 48 52
TPB-MI 129 78 27.0 352 48 57
TMB-MI 121 70 30.7 197 42 52
TBB-MI 137 79 31.2 381 43 56
TR-MI 171 108 35.2 362 50 60
SBF-MI 117 71 32.7 262 36 40
TPB-TF 76 40 29.2 248 34 40
TMB-TF 39 22 25.5 143 13 20
TBB-TF 93 69 17.8 326 40 44
TR-TF 83 46 29.5 252 34 37
SBF-TF 93 52 27.5 325 41 47
Co-POPs

TPB/BP-I 122 77 32.1 292 36 41
TR/BP-1 159 104 32.0 367 51 56
SBF/BP-I 112 70 31.3 272 28 38

TPB/DMHEA-1 93 59 353 226 26 35
TR/IDMHEA-1 115 76 36.4 280 39 41
SBF/DMHEA-1 99 62 351 226 29 31

2 Gas uptake (mg g™); ® Excess gas uptake (mg g); ¢ isosteric enthalpy of adsorption
(kJ mol?)
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Section S3.1. Characterization of polymers.
S3.1.1 Solubility of polymers

The three neat polymers (P1*, P1*20 and P1*20EO1) were soluble in polar aprotic
solvents such as dimethylsulfoxide (DMSQO), N,N-dimethylacetamide (DMACc), N-
methyl-2-pyrrolidinone (NMP), and N,N-dimethylformamide (DMF), as well as solvents
such as chloroform (CHCIs) and tetrahydrofuran (THF). However, it should be noted that
the solubility of PI*20EO1 was lower in CHCIs and THF, when compared with PI* and
P1*20, requiring heating of the sample to the boiling temperature of the solvent to fully
dissolve. The solubility results were used to choose the best solvents for the membrane
processing process.
Table S1. Solubility of PI*, P1*20, and PI*20EOL.

PI* PI1*20 PI*20EO1

DMSO + + +
THF  ++  ++ +
CHCIl; ++ ++ +
DMF ++  ++ ++
DMAC ++  ++ ++
NMP  ++  ++ ++

++ : soluble at room temperature; + : soluble after heating
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S3.1.2 'H-NMR spectra of polymers
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Figure S3.1. *H-NMR spectrum of PI* in deuterated CHCls
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Figure S3.2. 'H-NMR spectrum of P1*20 in deuterated THF (THF-ds)
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Figure S3.3. 'H NMR spectrum of PI*20EO1 in THF-ds.

Section S3.2 Characterization of the porous organic polymer

§3.2.1 Solid-state CP/MAS *3C NMR spectrum of POP
The spectrum of POP is shown in Figure S4 and the peaks were identified based on its

structure.
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Figure S3.4. Solid-state CP/MAS *C-NMR spectrum of POP. Asterisks denote

spinning side bands.
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S3.2.2 Textural characterization of POP

The low-pressure N2 adsorption/desorption isotherms are shown in Figure S3.5. The
adsorption branch of the isotherm was used to obtain: (1) the apparent surface area (Sger)
by applying the Brunauer—Elmmett—Teller method (BET) in the 0.01 to 0.2 p/po range,
and (2), the micropore volume (Vmicro) using the Dubinin—Radushkevich (DR) equation
in the 0.001 to 0.2 p/po range. The total pore volume (Vota) was considered as the volume
of liquid nitrogen adsorbed at 0.975 p/po. These results are summarized in Table S3.2.
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Figure S3.5. N2 adsorption (solid symbols)—desorption (hollow symbols) isotherms

measured at —196 °C for POP.

Table S3.2. Textural parameters of POP

Acronyms Seer®  Viotal Vmicro® Microporosity®

TR-IS: POP 867  0.50 0.31 62

am?gt; Pemd gt; © Microporosity = 100X(Vmicro/Viotal) %0
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Section S3.3. Characterization of membranes
S3.3.1 ATR-FTIR spectra of MMMs
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Figure S3.6. ATR-FTIR spectra of MMMs. Spectra were normalized to intensity of the
peak at 1725 cm?

$3.3.2 Thermogravimetric analysis (TGA) of MMMs
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Figure S3.7. TGA thermograms of POP, PI* and PI*POP
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S3.3.3. WAXS of MMMs
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Figure S3.8. Normalized WAXS patterns of MMMs before and after thermal treatment.
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Section S3.4. Mechanical properties of the neat membranes and MMMs before and

after thermal treatment

Table S3.3: Mechanical properties of neat membranes and MMMs before and after

thermal treatment

Matrix membranes

Young’s Tensile Elongation at break

Modulus strength (MPa) (%)

(GPa)
PI* 1.3+£0.2 56+5 65+1
P1*20 1.3+£0.3 78 £13 8.3+£20
P1*20-TT 1.7+£0.2 58+4 24+12
P1*20EO1 15+£0.1 775 7.3+£09
PI*20EO1-TT 12+0.2 58 £ 18 71712

MMMs

P1*20POP 14+0.1 38+6 3.7+£0.7
P1*20POP-TT 1.7+0.1 42+ 11 27108
P1*20EO1POP 1.1+01 407 3.9+£0.7
P1*20EO1POP-TT 1.8+0.3 61+11 3.1+£09
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Section S3.5. Physical aging after conditioning in methanol
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Figure S3.9. Comparison of COz (up) and N2 (bottom) permeabilities for the membranes

aged for 0, 12, and 18 months

measured at 3 bar and 35 °C.
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Figure S3.10. Comparison of CO2/Nz2 selectivity for the membranes aged for 0, 12, and

18 months, measured at 3 bar and 35 °C.

Section S3.6. Gas separation properties of neat membranes and their corresponding

MMMs before and after thermal treatment.

Table S3.4. Gas permeability (Barrer?) of neat membranes and their corresponding

MMMs before and after thermal treatment.

Permeability He 02 N2 CHs CO2 O2/N, CO2/CHg4
PI* 255420 67+5 1841 16+1 280+22 3.7£0.4 1842
PI*POP 190+12 50+4 13#1 11+1 204+15 3.8+0.5 1842
P120* 20515 47+4 1542 10+1 180+16 3.1+0.5 1843
PI1*20TT 246+15 625 1641 12+1 256+20 3.9t04 2142
P1*20POP 252415 6446 1642 14+1 277+20 4.0£0.6 2042
P1*20POP-TT 146+10 29+2 6.9£05 55104 12649 4.2404 2342
P1*20EO1 159+14 56+4 13+1 8.2+0.6 168+12 4.3+04 2042
PI*20EO1-TT 238+12 61+£5 16£1 12+1 232+17 3.80+0.4 1942
P1*20EO1POP 189+13 46+4 1241 8.9+0.8 200+15 3.8+0.5 2243
PI*20EO1POPTT 340+30 111+8 30+2 2512 450+30 3.7£0.4 18+2

a1 barrer= 10" c¢m?® (STP) cmcm2st cmHg ™
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Figure S3.11. CO2/CH4 Robeson diagrams for neat PI*, PI*20, and PI*20EO1
membranes and the corresponding MMMs before and after thermal treatment (-TT). The
standard deviations from permeability and selectivity values are shown as error bars.
Solid lines correspond to the 1991 and 2008 upper bound limits [26,27].

Table S3.5. Diffusivity coefficients (D x 108, cm? s?!) of the neat membranes and their

corresponding MMM s before and after thermal treatment

Diffusivity 0O: N2 CH, CO; O2/N; CO,/CH,
PI* 263 10+1 2.4+0.2 11+1 2.6+£0.4 4.6+0.6
PI*POP 1742 5.7+0.6 1.3+0.2 7.5£0.8  3.0+0.5 6+1
P1*20 29+4 13+2 2.2+0.3 10+1 2.2+0.5 4.5+0.8
P1*20-TT 33+4 14+1 2.3+0.2 11+1 2.4+0.2 4.8+0.6
P1*20POP 31+4 9+1 1.9+0.2 11+1 3.4+0.6 5.8+0.8
P1*20POPTT 21+2 5.3+0.5 1.1+0.1 6.240.6  4.0£0.5 5.6+0.7
P1*20EO1 26+3 7.9+0.8 2.3+0.2 7.1+0.7  3.3x0.5 3.1+0.4
PI*20EO1-TT 23+3 8.6+0.8 1.9+0.2 9.4+0.8 2.7+04 4.9140.7
P120*EO1POP 1742 5.7+0.6 1.1+0.1 7.4+0.7  3.0+0.5 6.7+0.9
PI*20EO1POP-TT  37+4 13+1 3.310.4 1742 2.8+0.4 5.1+0.9
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Table S3.6. Solubility coefficients (S x 10%, cm® (STP) cm cmHg™) of the neat PI*,
PI1*20, and PI*20EO8 membranes and the corresponding MMMs before and after

thermal treatment.

Solubility 0O: N2 CH, CO; O2/N; CO,/CH,
PI* 2.6+0.3 1.840.2 6.7+0.7 25+3 1.4+0.2 3.7+0.6
PI*POP 29+04 2.3+0.3 8+1 27+4 1.3+0.2 3.4+0.6
P1*20 1.6+0.3 1.1+0.2 4.5+0.8 18+2 1.4+0.4 4.0+0.8
P1*20-TT 1.9+0.3 1.1+0.1 5.2+0.6 23+3 1.7+0.3 4.4+0.8
P1*20POP 2.0+0.3 1.8+0.3 7.4+0.9 253 1.1+0.2 3.4+0.6
P1*20POPTT 14+0.2 1.3+0.1 5.0+0.6 2042 1.1+0.2 4.0+0.6
PI1*20EO1 2.1+0.3 1.6+0.2 3.6+0.4 24+3 1.3+0.2 7+l
PI*20EO1-TT 2.6+£0.4 1.9+0.2 6.3+0.8 25+3 1.4+0.2 4.0+0.7
P1*20EO1POP 2.7+04 2.1+0.3 8+1 27+3 1.3+0.3 3.4+0.6
PI*20EO1POP-TT  3.0+0.4 2.3%#0.2 8+1 26+4 1.3+0.2 3.0+0.6

S3.7. Non-ideal behavior of CO2 permeability plotted as a function of fugacity.
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Figure S3.12. CO2 permeability from 1-30 atm (in Barrer) plotted as a function of both
pressure (blue) and fugacity (red) for PI*20EO1 at 35 °C.
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Section S3.8. Effect of thermal treatment on the temperature dependence of CO; gas
permeation.

CO2 permeability at 1 atm for PI*20EO1, as well as its thermally treated counterpart,
PI*20EOLTT were fit to an Arrhenius relationship to determine the permeation activation

energy:
Ep

P = PO X e_ﬁ

where P is the permeability in units of Barrer, P, is the pre-exponential factor, T is the

kJj
mol K

temperature in units of K, R is the universal gas constant (8.314 E-03 ), and E, is

the permeation activation energy (%) Plotting Ln(P) vs.1/T, as shown in Figure S16,

a linear relationship was obtained, whose slope is proportional to E,,.
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Figure S3.13. Logarithm of CO2 permeability at 1 atm (in Barrer) plotted as a function
of the reciprocal of the absolute temperature (in K) for PI*20EO1 and PI*20EO1TT. The
linear best fit line for PI*20EOLTT {-6644x +26.5, R? = 0.999} and PI*20EOTT {y = -
970x + 9.4, R? = 0.996} are shown. Uncertainty was determined using linear error
propagation.

Section S3.9. Computer simulation

Computer simulations of models: POP-model and PEO (Figure S3.14) model were
carried out by first optimizing the molecules at the AML1 level of theory [73]. Afterward,
optimized structures and electronic energies were calculated by Density Functional
Theory (DFT)[210], without any geometrical constraint (use of Opt keyword) for both
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models using the Becke’s three-parameter hybrid function [205,211] with the 6-31G (d,
p) basis set (B3LYP/6-31G(d, p)) [212,213] using the Gaussian 09 program [214].
Subsequently, the POP-model and PEO-model (Figure S3.14) were conveniently placed,
and they were optimized to give the POP-PEO adduct geometry (Figure S3.14). The
resulting optimized geometries were analyzed by determining the difference in electronic
energy between the POP-PEO adduct and the sum of the electronic energies of the
corresponding models (POP-model, and PEO-model), as shown in Table S3.7. Molecular
depictions of the interaction adduct were created using the GaussView program [215],
and it is seen in Figure S3.17.

Table S3.7. Electronic energy of the models and the corresponding adduct as calculated
by DFT quantum-mechanical method.

Molecule DFT Electronic DFT Interaction  DFT Interaction
energy electronic energy electronic energy
(Hartree) (Hartree) (kcal mol?)
PEO-model -308.8683803 -0.01593389 10.0
POP-Model -901.1810128
POP-PEO adduct -1210.065327
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S$3.9.1. Molecular picture of the adduct geometry between an isatin-model and a PEO-

model

Figure S3.14. Molecular picture of the interaction between an isatin-model and a PEO-
model. Top; PEO model, middle; Isatin model; bottom; Optimized geometry of the adduct
of isatin-model and PEO-model
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