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Abstract

Over the past forty years, membraresed gas separations have emerged as a promising
alternative to energintensive separation processes such as amine absorption and cryogenic
distillation. However, a tradeff between permeability and selectivity as Wwa$ issues of
decreased performance at high pressures have hindered widespread membrane deployment. In
response, there is a growing body of research aimed to developing materials formulations that
address these polymspecific disadvantages. Polymersimtfinsic microporosity (PIMs) were
designed as ultrahiginee-volume materials with inefficient chain packing and high surface areas,
resulting in puregas performance beyond that of traditional glassy polymers. Hybrid systems such
as mixedmatrix membraas (MMMs) also emerged as a means of increasing overall separation
performance and reducing plasticizati@espite the surge in available material platforms for
membranebased separations, the performance and fundamental underpinnings of binary and

ternay mixedgas transport in these microporous polymers and MMMs remains underexplored.

This thesis combines synthetic chemistry, materials science, and chemical engineering to
develop a platform of functionalized PIM derivatives and to investigate thek gnolenixedgas

transport properties in industrially relevant conditions. Approathescrease diffusiofrased



performance in PIMs are developed, including methods to functionalize PIMs with carboxylic acid
and amine functionalities, template free volume elements through protectmntdetion
chemistries, and fabricate MOpolymer conposites. The effects of polymer functionalization,

free volume manipulation, and membrane hybridization on transport are investigated r\gagpure
testing and sorptigmiffusion analysis, to elucidate structupeoperty relationships between
polymer packig structure and gas diffusion. Polymers with identical backbone structures and
varying backbone functionality are subsequently used as a platform to investigate the effects of
CO sorption affinity on the binary and ternary mixgas transport. Among théN#s considered,
aminefunctionalized PIM1 shows a notable increase in mixgas selectivity compared to the
puregas case. The generalizability of this approach is investigated through -amine
functionalization of a different family of polymers, poly(arsther)s (PAEs). Results indicate that
aminefunctionalization can serve as a promising route to increase +gasdiransport
performance while also reducing &@ased plasticization. The influence of £50rption affinity

on transport is finally investigadghrough ternary mixedas tests in toxic gas mixtures containing

H.S. Taken together, this thesis derives connections between macromolecular chemistry and
complex gas transport performance in PIMs. By developing these strpotyertyperformance
relaionships, this work provides context for the potential of PIMs in industrial applications and

rational design handles for future development of fugiforming membrane solutions.
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Chapter 1: Introduction
1.1.Dissertation Goals

In the last forty years, the membrane gas separations industry has grown at a significant
rat€.. Industrial membrane separations, however, have been limited to four major applications
while key separations like G@emoval from ntural gas and olefin/paraffin separation have relied
on highly energyintensive and environmentally unfriendly processes sudmase absorption
anddistillatior?, As a category, thermal separati@mositribute tal0i1 5 % of t he wor | do
consumptiof Developing energgfficient polymer membranes that surpass current performance
limitations is not only crucial to fill the growing global energy demand but calstwreducel00
million tons of CQ emissions and $4 billion in energy costs annually in the United St&tesr
the last decades, chemists, chemical engineers and materials scientists have worked to develop a
myriad of new polymeric and hybrid materials to improve gas separation performance. In
particular, polymers of intrinsic microporosity were desigasditrahigh free volume materials
with highly rigid backbone structures, resulting in excellpategas permeabiliy-selectivity
combinations beyond thosé traditional glassy polymet$. Furthermore, hybrid mixethatrix
membranes (MMMSs) gathereggnificantattention as a naasto increasgolymerperformance
through incorporation of chemically tunable orgéiriorganic fillers. Metal organicframeworks
(MOFs9), for instance, can act as physical crosslinkers in the polymer matrix and decrease
interchain mobility, therebyreducing issues of plasticization and aging comnfmnglassy
materialsResults from these studies suggest promising outlooks for new membrane materials, but
little is knownaboutthe performance and fundamental underpinnings of binary and ternary mixed

gas transport imicroporous polymers and hybrid MM®Is

18



This thesis applielundamentals osyntheticchemistry, materials science and chemical
engineering to develop a new platformmicroporous polymer derivativder energyefficient
gas separations. In particular, the effects of backhgitkty andfunctionality are used as a means
to study structufigoroperty changes in industriallglevant pureand mixedgas conditionsiNew
approacheto improve diffusiorbasedoerformance ifunctionalPIMs are developed including:
(1) facile syntheticdoutes to functionalize PIM1 backbone and a pgbryl ethe) (PAE) backbone
with carboxylic acid groups and primary amine chemical groups, respectively, and (2) a bottom
up proection/deprotection approach to improve pwgas diffusion in an amine functionalized
PIM, and (c) a simple physical blending strategy to combine an gomcgonal MOF with PIMs
The effects of chemical modificatiamr composite formationn the solidstate polymer packing
structure and purgastransport arénvestigated through physical characterization and soiiption
diffusion analysi& Binary and ternary mixedas transport is fundamentally analyzed through the
lens of the duamodesorption modéef andcomparedo studies of other microporous polymers
systems in the literaturdll microporous derivatives are also evaluated with highly condensable
gases at high pressures to understand the contributions of functional chemistry to plasticization
behavior and polymer chain mobilitfzinally, an important goal of this thesi@lso involved
contributing to thestrengthening of the overatiembrane community through two efforts: (1) a
comprehensive reviewontextualizing trends iplasticizationperformanceand understandinig
microporougpolymersand (2)collaborating withiLOacadent and industrial laboratories ¢toeate
a reference standard aadset of best practices for constantume variablepressure purgas

permeation testing across the membrane community.
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1.2.Dissertation Outline

This dissertation is organized as a roadmagpuidfh various independent studies that build
from each other and grow in complexity of the gas mixtures considered. As a result, the document
coversa wide range ofopicsbeginningwith synthesis, physical characterization, and mas
transport, thertransitioningto binary mixedgas transport and sorption analysis, aadcluding
with MOFi polymer composite formulation, ternary mixgds transport, and analyses of sorption
energetics. Chapter 2 provides a general overview of (1) the current statuslobmelmased gas
separations, (2) microporous materials and metghnic frameworks for improved separation
performance, and (3) fundamental considerations associated with industrially realistic conditions.

Supplementary information for all chapters isuged in appendicesiA.

Chapter 3 an€hapterd discuss the development of two synthetic approaches to improve
the diffusionbasedpuregas transport through microporous polymers. In Chapter &;ile fand
time-efficient methodo functionalize PIM1 with a carboxylic acid group at high conversion is
presented. The effects of functionalization on the ssilidle packing structure of the materials are
investigated through an array of physical characterization techniquesgd&iransport studies
and sorptiondiffusion analysis illustrate that increases in overall gas selectivity for carboxylic
acid functionalized PIML (PIM-COOH) result from a densificatiom f t h e phgsicgl mer 0 s
packingstructure provided by hydrogen bondiRgiregas transport performance is fundamentally
evaluatedoy comparing sorption and diffusion coefficients derived from the secant method or
time-lag based method for sorptiatiffusion analysis in PIML and PIMCOOH. Ultimately,
PIM-1 and PIMCOOH show transport behavior consistent witmodels developed for

hydrocarborbasedpolymers with low fractional free volume
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In Chapter 4, a bottorap protection/dgrotection strategy to increase free volume and
diffusion in aminefunctionalized PIMs wascreated using variations of protocolsfrom a
previously developednethod for polyimides in the Smith Idh This chapter involved the
synthesis of four chemical analogues of PINhcluding aminegunctioralized PIM1 (PIM-NH-

2)*2, protection of th@mine toform PIM-tBOC, and subsequent acid and thermapugection of
PIM-tBOC into two chemical analogues of PINH>. The effect of acid and thermal-geotection

on the polymer packing structure was evaluated through pore size distribution analysis indicating
that thermal deprotection strategies helped to narrow the pore size distribution irNPpM The
chemical identity of all derivatives involved in this work was characterized throughssalel
NMR, suggesting that thermally gbeotected samples had slight urea crosslinkimat may
stabilize the overall packing structure. Pgees transport ahgsis revealechow urea crosslinking

and thermal dgrotection resulted in significantly enhanced transport properties beyond those
achieved by the original PINMIH> backbone.This thermal protection/deprotection method
allowed significantimprovementof pure-gastransport forpolymerswith chemically identical
backbone structuresproviding a generalizable technique fother aminefunctionalized

microporous systems

Chapter Snvestigates the sorption and binary mixgas transport properties for traanfily
of six functional polymers developed in Chapters 3 arith&. identical backbone structures of all
polymers and varying sidgroup modifications allowed for a comprehensive study of the effects
of gas sorption and CGQ@ffinity on the CQ-based mixedjas transport. Increased gé&ifinity for
aminefunctionalizedderivatives resulted in notable competitive sorption witiprecedented
increases in mixedas CQ/N2 and CQ/CHjs selectivities compared to the ptgas case. Mixed

gas permeation trends wetmtlamentally evaluated through mixgas sorptiomodelingvia the
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extension of the duahode model for mixtures, indicating that £€@ixed-gas sorption is much
less affected by the presence of Qkan the reverse, and suggesting higher competitive effects
for samples with higher CQaffinity. PIM-NH2 also demonstrated plasticization resistance in

COu/CH4 mixtures provided by intechain rigidity through hydrogen bonding.

Chapter 6 investigatdbe generalizability of the amir@nctionalization strategghown
in Chapter 5 as a method to increase binary mgasitransport and plasticization resistance in
microporouspolymers A new poly(aryl ethej (PAE) nitrile-functionalized backbone structure
(PAE-CN) is functionalizedvith an amineausing theeductionmethod presentdd Chapter 2, and
its CO/N2 and CQ/CHgs transport properties are evaluated and compared directly to its nitrile
functionalized counterpart as well as the amiaed nitrile funtionalized PIM1 analogues
Amine-functionalized films showed larger increases in migad transport performance
compared to the pugas case, highlighting the benefits of functionalization to leverageb@sed
competitive sorption. Furthermore, compternary BS/CQ/CH4 mixed-gas transport is explored
for PIM-1, PIM-NH2, PAECN, and PAENH.. Both aminefunctionalized derivatives maintain
noticeable increases in GG H, selectivity despite the presence of the more condensablefas, H
The results obinary and ternary mixedas tests are fundamentally investigated through vasiable
temperature sorption energetics analysis fe6,HCQ, CHs and N. Amine-functionalized
derivatives have highly exothermic heats of sorption with @ surpass those d$S, in contrast
to what is observed with the nitrifenctionalized analogueBinally, PAE derivatives demonstrate
stable plasticization curves GO, and stronger stability with #$ than that of the PIM backbones.
This chapter provides comprehensivausturd property relationships between backbone

chemistry (rigidity and functionality) and complex gas transport.
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Chapter 7ncorporates the functionalization strategy developed in Chapter 3 and transport
characterization methods applied in Chapter évluate the purgas, binary and ternary mixed
gas transport performance in hybrid mixadtrix membranes formed with U~i66-NH.. A simple
physical mixing fabrication strategy is used to form MMMs from ®NH> with PIM-1 or
PIM-COOH, and purgas trasport performance is subsequently evaluated for duplicate samples
to account forsampleto-sample variability common for PIMs. The permeation data is further
analyzed via sorptidgrliffusion analysis and Maxwell model fitting, highlighting how the MOF
contiibutes most directly to diffusion. Finally, the effectdled MOFon binary and ternary mixed
gas transport are investigated and compared directly togasreéests. In this case, the MOF
contributes minimally to binary mixegas transport, but providesapticization resistance that

helps to sustain good transport performanderinary mixtures

Finally, Chapter §resents sneasurement standard for pgas testing in constanblume
variablepressure systems, and represents a response to a calireased standardization and
reproducibility efforts within the scientific communify The chapter involves the organization
and implementation of a rousrdbin permeation study performed between ten independent
academic and industrial labgerea reference standard fop,HD,, CHs and N permeability in a
commercial polysulfone filmwvas developedEquipment information, testing procedures and
permeation data for all labs are summarized and used to providacstiasisalysis of latio-lab
uncertainties in evaluating permeability as well as a list of best practices for sample preparation,
equipment setip, and permeation testing using a constahime variable pressure apparatus.
Further analysiss performed tademonstrate the variability associatedhwitmelag diffusion
analysis Ultimately, this study represents an important effort to increase reproducénlity

standardizatiomvithin the membrane community.

23



Conclusions and future recommendations are geml/in Chapter 9.

1.3.References

(1) Baker, R. W.; Low, B. T. Gas Separation Membrane Materials: A Perspective.
Macromolecule2014 47 (20), 6999 7013. https://doi.org/10.1021/ma501488s.

(2) Galizia, M.; Chi, W. S.; Smith, Z. P.; Merkel, T. C.; Baker, R. W.; Freeman, B. D. 50th
Anniversary Perspective: Polymers and Mixed Matrix Membranes for Gas and Vapor
Separation: A Review and Prospective OpportunitMacromolecules2017, 50 (20),

7809 7843. https://doi.org/10.1021/acs.macromol.7b01718.

(3) Sanders, D. F.; Smith, Z. P.; Guo, R.; Robeson, L. M.; McGrath, J. E.; Paul, D. R.; Freeman,
B. D. EnergyEfficient Polymeric Gas Separation Membranes for a Sustainable Future: A
Review. Polymer. 2013 54 (18), 47294761.
https://doi.org/10.1016/j.polymer.2013.05.075.

(4) Sholl, D. S.; Lively, R. P. Seven Chemical Separations to Change the Watlae2016
532(7600), 435437. https://doi.org/10.1038/532435a.

(5) Budd, P. M.; Elabas, E. S.; Ghaneg S.; Makhseed, S.; McKeown, N. B.; Msayib, K. J.;
Tattershall, C. E.; Wang, D. Solutidtrocessed, Organophilic Membrane Derived from a
Polymer of Intrinsic Microporosity. Adv. Mater. 2004 16 (5), 456 459.
https://doi.org/10.1002/adma.200306053.

(6) Comesaft@gandara, B.; Chen, J.; Bezzu, C. G.; Carta, M.; Rose, |.; Ferrari, M. C.; Esposito,
E.; Fuoco, A.; Jansen, J. C.; McKeown, N. B. Redefining the Robeson Upper Bounds for
COy/CHs and CQ/N2 Separations Using a Series of Ultrapermeable BenzotripgyBased
Polymers of Intrinsic MicroporosityEnergy Environ. Sci2019 12 (9), 2733 2740.
https://doi.org/10.1039/c9ee01384a.

(7) Qian, Q.; Asinger, P. A.; Lee, M. J.; Han, G.; Mizrahi Rodriguez, K.; Lin, S.; Benedetti, F.
M.; Wu, A. X.; Chi, W. S.; Smh, Z. P. MOFBased Membranes for Gas Separations.
Chemical ReviewsAmerican Chemical Society August 26, 2020, pp 88&66.
https://doi.org/10.1021/acs.chemrev.0c00119.

(8) Deng, J.; Huang, Z.; Sundell, B. J.; Harrigan, D. J.; Sharber, S. A.; ZhanGul,;R.;
Galizia, M. State of the Art and Prospects of Chemically and Thermally Aggressive
Membrane Gas Separations: Insights from Polymer Sci@utgmner.2021, 229 123988.
https://doi.org/10.1016/j.polymer.2021.123988.

(9) Wijmans, J. G.; Baker, R. Wihe SolutiorDiffusion Model: A Review.J. Membr. Sci.
1995 107(1i 2), Ii 21. https://doi.org/10.1016/037£388(95)00104.

(10) Fredrickson, G. H.; Helfand, E. Dullode Transport of Penetrants in Glassy Polymers.
Macromoleculed4985 18(11), 2201 2207. https://doi.org/10.1021/ma00153a024.

(11) Lin, S.; Joo, T.; Benedetti, F. M.; Chen, L. C.; Wu, A. X.; Rodriguez, K. M.; Qian, Q.;
Doherty, C. M.; Smith, Z. P. Free Volume Manipulation of a 6HBAB Polyimide Using
a SolidState Protection/Deprotectiotr&egy. AIChE Annu. Meet. Conf. Pro202Q 2020

24



(12)

(13)

Novem 123121. https://doi.org/10.1016/j.polymer.2020.123121.

Mason, C. R.; Maynarétem, L.; Heard, K. W. J.; Satilmis, B.; Budd, P. M.; Friess, K;
Lanci, M.; Bernardo, P.; Clarizia, G.; JansenCJ.Enhancement of CQAffinity in a
Polymer of Intrinsic Microporosity by Amine ModificatioMacromolecule2014 47 (3),

1021 1029. https://doi.org/10.1021/ma401869p.

A Research Agenda for Transforming Separation ScjeNedional Academies Press:
Washington, D.C., 2019. https://doi.org/10.17226/25421.

25



Chapter 2: Background

This chapter has been adapted frqih); Qian, Q*; Asinger, P. A%; Lee, M. J.; Han, G Mizrahi
Rodriguez, K.; Lin, S.; Benedetti, F. M.; Wu, A. X.; Chi, W. S.; Smith, Z. P. MBé&sed
Membranes for Gas Separatior@hem. Rev202Q 120 (16), 81618266, and(2) Mizrahi
Rodriguez, K*; Lin, S.*; Wu, A. X.; Joo, T.; Storme, K. R.; Grosz, A. F.; Roy, N.; Syar, D.;
Benedetti, F. M.; Smith, Z. PPenetrant Induced Plasticization in Microporous Polymiers.

PreparatonA fA* 0 denotes equal contribution.

2.1. The Need for EnergyEfficient Gas Separations

Gas separations are cruci al onimdustriesdplayngs ene
an important role in capturing fuels for combustion, purifying chemical building blocks for
plastics, and isolating pure, noombustible gases for inerting, all of which are ubiquitous in daily
life.* Within the United States, the separations industry consumes 16 quadrillion BTU (16 Quads)
of energy per year® on par with the total yearly primary energy production of Australia.
Approximately 50% of all industrial energy consumption in the United States is a result of
separations, nearly half of which comes from thermally driven separations, such as distillation,
that rely on liquidvapor phase chang&sAs such, the energy input associated with overcoming
heats of vaporization can make these processes very antaggive. Therefore, distillation, the
dominant method used to perform over 200 unique separations, is a key contributor to energy
consumption across the glob@ne of the largest ggshase separations is the separation of alkenes
from alkanes, also known as olefin/paraffin separatimthis process,thylene and propylene
(olefins) are separated from ethane and propane (paraffins), respectively, to be used as precursors
in the synthesis of polyethylene, ethylene glycol, polyvinyl chloride, polypropylene, isopropyl

alcohol, and epoxy resins, among otlkempoundg:® Currently, olefin/paraffin separation is
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achieved via an energgtensive distillation process that separates components based on
differences in volatility. The smiaifference in volatility between olefins and paraffins, as gleaned
from the similar boiling points of ethylene and ethane (170 K and 184 K, respectively) and
propylene and propane (226 K and 231 K, respectively), necessitates the use of large towers
between 200 to 300 feet tall and a high reflux ratio between 10 and 15 in order to produce 99.9%
pure olefins (polymegrade) streams required for further processih@lefin/paraffin separation
processes consume approximately 0.75 Quads/yr in energy costs related to pressurizing and
cooling the tower, comprising 0.3% of global energy ts¥ Otherlargescale separations such

as vapor/vapor separations (e.g., ethanol/water dehydration and the separation ahdntheta

xylenes from parxylenes) and hydrocarbon separation from crude oil, both of which currently
require distillation, consume appimately 1.5 Quads/yr and 6.6 Quads/yr, respectivdlije
endgoal would beto replace distillation columns with more enesgjficient methods, such as
membranebased technologies. Importantly, these membbased technologies work towards the
electrification of industrial processes since their pumps are electrically powechda 8ansition
towards northermal methods of separation in the petroleum, chemical, and paper manufacturing
sectors presents an opportunity to reduce energy costs by 90%, eliminate 100 million topis of CO

emissions, and save $4 billion in energy costsypar in the United States alohe.

2.2. Existing and Emerging Technologiefor Gas Separations

At the industrial scale, the choice of a separation process depends on a variety of factors
including purity, recovery, flow rate, and capital cost. Currently, cryogenic distillation, pressure
swing adsorption (PSA), temperature swingsaption (TSA), and chemical absorption
technologies are the dominant methods for commercial gas separations due to favorable economics

at their respective process scales and their ability to isolatephigfly products-!! Alternative
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technologies for separations, such as membrane separations, are the subject of significant research
efforts to reduce the carbon and energy footprints related to these traditional unit operations.
Ideally, these alternative technologies wouldduee at the same scale and purity as existing
processes, but with lower energy use.

Cryogenic distillation functions similarly to conventional distillation, but is run at low
temperatures in order to achieve a separation based on the differences inpuaitagof the
molecular componentg.For air separation, one of the most common separations performed via
cryogenic distillation, nitrogen (boiling point of 77.4 K) is removed at the top of the coluann vi
the distillate stream, while the more condensable gases such as argon (87.3 K) and oxygen (90.2
K) exit via the bottoms stream and continue to a second column for further separation. The
resulting outlet streams typically have greater than 99% pldriGryogenic distillation is
commonly deployed for continuous, higblume applications, such as air and olefin/paraffin
separations, thus taking advantage of its favorable-ttwetighput scaling while achieving a high
purity separation®>4As with conventional distillation, the flow rate and purity of the distillate
and bottoms streams are a function of tbed flow rate and composition, number of stages,
operating temperature range and pressure, reflux ratio, and the physical properties of the gaseous
components to be separated. Consideration of all the variables requires complex equipment design
and heatrtegration, incurring long staup and shutlown periods, and high capital co$tsA
largescale separation train for 500 kt/yr ethylene production from a catalytic cracker can be
approximately $800 million in total capital cost and $9.2 million/yr in operating costs, as estimated
using the P18 Chemical Engineering Plant Cost Ind&Xhe majority of the operating costs is
associated with cooling and pressurizing the entire column to condense gases and is the primary

mode of energy consumption in the proce¥s.’
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PSA and TSA are attractive technologies for separations where certain gaseous compounds
in a mixture &hibit preferential and reversible adsorption at relevant temperatures and pressures.
Accordingly, developing adsorbent materials with higher capacity and faster kinetics is an area of
significant research efforts within the PSA and TSA communifi€sTraditionally, solidstate
materials such as zeolites and activated carbons are used for PSA afftiTii8ge materials are
typically high-surface area and porous materials that preferentially adsorb gases based on either
molecular size or affinity®?tin the case of adsorption processes, the weakly adsorbing gases more
quickly break through an adsorbent bed, leaving the strongly adsorbing gases in the column. In
PSA, a change in pressuis used to regenerate the colufhiiSA processes operate similarly,
but use elevated temperatures to induce desorptMen incorporating these technologies into
overall flow diagrams, adequate time must be allowed fdicgerit regeneration of the adsorbent.
Therefore, both PSA and TSA processes are typically designed to have multiple chambers running
in parallel to increase total throughput and allow for continuous sepatalibe.efficiency of the
separation depends highly on the adsorbent and mixture composition, but for many applications,
such as oxygen purification, nitrogen enrichment, angtxB8ed separations, product pustibat
exceed 98% are commonly reache®Because PSA and TSA are typically batch operations, and
because throughput often scales linearly with the amount of adsorbent required, PSA and TSA are
often economical for mediwscale processes with lower purity requirements than those achieved
via disillation.?® In many applications, PSA is preferred over TSA due to its ease of operation and
TSAOGs chall enges associated with heating t
cycling?’ Thus, PSA is the primary procefss many hydrogen recovery applications, such as CO
removal from steam reforming of hydrocarbons for syngas ratio adjustment, as well-paritigh

nitrogen generatioff:?®
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Chemical absorption most directly competes with other technologies fos€iaration
applications such as natural gas sweetening or carboaredptm flue gas emissioR%° The
absorbent tyically is a liquid amine (e.g., monoethanolamine (MEA), diethanolamine (DEA), or
methyldiethanolamine (MDEA)), which reacts with £ form a nitrogersubstituted carbamic
acid3! The carbamic acid product is relatively unstable and decomposes at elevated temperatures,
thus releasing the captured £@nd regenerating the amine. The +vatatile fraction of the
amines are then recycled, allowing for nearly continuous operation to recover or remove high
purity CQ from product stream® There are a few dwbacks to this technology. First, the
carbamic acid product requires regeneration temperatures greater than 100 °C, thus necessitating
a significant thermal input for this aqueous systé®econd, the amines can form a@versible
salts in the presence of trace Sfd NOx, thus requiring addition of more amines over tithe.
Lastly, the amines can undergo degradation in the presencecoé&ing corrosive mixtures that
canendanger operators and corrode the entire process if left unmoritdred.

Compaed to the other processes, membrbased separations are an attractive option for
energyefficient operation because they do not require thermally driven phase changes and they
do not require solid or liquid sorbents that must be regenerated at sonrmessesigy Moreover,
membranes can offer additional advantages such as modularity, low operation costs, and
compactnessA rough estimate of the relative energy intensities for each of the discussed
separation technologies, as well as for other unit opesatis summarized iffigure 2.1.3°
Distillation accounts for approximately 50% of the energy consumed by industrial separations,
while nonphase change driven processes such as adsaaptiomembrane processes account for

7% and 4% of the total energy consumption, respectfvely.
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Distillation Drying Evaporation Extraction Adsorption Absorption Membranes Crystallization

HIGH ENERGY LOW ENERGY

Figure 2.1. Comparison of relative energy required for separation unit operations, ranging from
high to low energy. Reprinted withrepmission from ref®. Copyright 2019 National Academies

of Sciences, Engineering, and Medicine.

For membrane separations, gases are separated based on their differences in diffusion and
sorption coefficients, wish are molecular properties governed largely by properties of the
membrane materidf.In 1977, Monsanto launchebe first successful industrial implementation
of a membrandased gas separation for hydrogen purge recovery for petrochemical and ammonia
plants®’ Since that time, polymer membrabhased gas separations have developed into an
economically competitive alternative to existing separaggehnologies. As shown Figure 2.2.
and Table 2.1., the market for gas separation membranes has found success in four primary
applications and is projected to continue its steady gréfm@verall, membrandased gas
separations have emerged as a promising platform for eséfiggnt gas separation, showing
potential to provide savings in capital costs and@g@neelated operating costs as well as offering

advantages related to ease of operation and compact foofpiirit:°
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Figure 2.2. Approximate market size in millions of US dollars, divided by major application, of

membranebased gas separations in 2002 and 2018, and projected market sizeih2822.

Table 2.1. Approximate market size in millions of US dollars, divided by major applicatbn

membranebased gas separations in 2002 and 2018, and projected market sizeih2822.

Year 2002 2018 2022
(projected)
A imat H> Recovery 25 200 -
pproximate N2 Generation 75 800 -
market size Natural Gas

(Millions $) Treatment 30 300 -
Vapor Recovery 20 100 -

Total 150 1,400 2,610
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2.3. Current Status of MembraneBased Gas Separations

Today, most membranes used in industrial gas separation processes are fabricated via a
phaseinversion process first introduced by Loeb and Sourirafdhis process results in the
formation of an asymmetric membrane thahpoises a thin selective layer (D110 um thickness)
set on a porous support to provide mechanical stréfdfiodern gas separation plants contain
1,000 ntto 500,000 rhof membrane film area, but this requirement directly correlates with the
thickness of the selective lay&r.Therefore, finding methods to make thinner membranes
minimizes the required membrane area, thereby decreasing the capital cost of the entire separation
system while maintaining the desired throughfSut.

There are two common membrane geometries used today for gas separations: hollow fibers
and spiral wound modules.h&se two configurations, depicted Higure 2.3a, maximize the
amount of membrane surface area that can fit in a given cylindrical volume. A figfeerearea
to-volume ratio reduces the size of pressure vessels required for these seprBtiomsllow
fibers, single or duatlayer systems can be used to form membranes. Sangge hollow fibers
have one polymer component for both the selective layer and the porous $tipn@tlayer
hollow fibers contain one polymer for the selective layer and a second polymer for the porous
support. By using different materials for the dlajer design, more exotic and hence, more
expensive, materials can be accomdated for membrane systefi$® Membranes fabricated in
other configurations are mlvely uncommon for gas separation applications and are made
primarily to satisfy specific process specifications and conditions. For exampleaptHtame
modules are being scaled for pasmbustion carbon capture by Membrane Technology and

ResearclfMTR) in order to achieve an acceptable pressure drop across the membrane*module.
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In the hollow fiber configuration, a thin selective layer is fabricated onto the surface of a
cylindrical porous support, as shown in the crasgional view of a fiber ifrigure 2.3b. A typical
hollow fiber module contains on the order of i§htly packed hollow fibers, which are sealed at
the ends with thermosetting epd®yThe feed gas can be introddcen either the shell or tube
side of the fibers and is typically run in a countarrent configuration to the permeate stream to
maximize mass transfer rat®<’ A typical spiral wound membrane consists of alternating layers
of flat sheet asymmetric membranes separated by porous spacers, with the permeate and feed
streams flowing throughlternating layeré® Hollow fiber modules provide the benefit of higher
surfaceareato-volume ratios, which enables the design of smaller membrane plants for certain
separationsbut they require a larger pressure drop compared to that of spiral wound membrane

modules?849

(a) Non-permeate
exit

Pressure
vessel

Permeate exit

Hollow Fiber Membrane Module

®

Figure 2.3. (a) Schematic of hollow fiber and spiral wound membrane modules as part of a
membrane separation unit operation. Reprinted with permission frorh @dpyright 2013
Elsevier. (b) Crosssectional view of a polysulfone singl@yer hollow fiber with a thin selective
layer on the outer surface. Reprinted with permission frorh @bpyright 208 Elsevier.
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2.3.1. Applications of Membranes for Gas Separations.

Membrane separations are often economically favorable in the gas separations market for
smallerscale operations due to their generally lower capital cost and lineathomsghput
scaling®®>* A common challenge for membrane separations is achieving high purity separations,
which, in the absence of pressuatio limitations, depends on theparation performance of the
membrané® Thus, membranes generally provide sufficient product recovery in applications
where high purity is not crucial (e.g., 99%/MN.% G from air) 2°*Membranes are currently used
in limited industrial capacity, with successes in four applications that repreSe9@9%8fthe
current $1.01.5 billion/yr membrane market: nitrogen production/{®), natural gas treatment
(CO/CHas, HoS/CHs, He/CHy), hydrogen recovery @N», Ho/CHa, Ho/CO), and vapor recovery
(CsHe/N2, CoHa/N2, CoHa/Ar, C34/CHa, CHa/N2).2%*6The breakdown of the market by application
is shown inFigure 2.2. andTable 2.1.

The gas separations markes continuouslhexpanded from 0.150B USD in 2002 to
approxinately 1.5B USD in 2017, and the market is projected to reach 2.61B USD by?2#22
While this growth indicates that membran&sed separations have successfully emerged as a
promising platform technologythe technique still has significant limitations relative to
conventional unit operationandthere is still significant room for magkexpansion within current
applications as well as opportunities in emerging markais.example membranes currently
occupy about 10% of the natural gas purification market, with the rest of the market occupied by
chemical amine absorption, primarily asesult of relatively low permeability and selectiity.

In this case, membranes with better performance would allow for expandédamea materials
perspective, permeability and selectivity need to be improved under realistic conditions to displace

legacy separation systems, and these efforts remain a primary objective for the membrane field
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5254 There are also potential applications in which better membrane performance mwltbal
entry into new markets. rBmising separations on the verge of industrial relevance include

olefin/paraffin separation and carbon capture from flueogayngas streants.

Ethylene and propylene are the two largesdtime organic chemical feedstocks because
of their use in the synthesis of wars vinyl polymers and monomers, such as polyethylene and
ethylene oxide from ethylene, and polypropylene and acrylonitrile from propylene, with combined
total global production exceeding 250 million tGr8lt is estimated that approximately 280
of the 380 Mt of polymer resins and fibers (~77%) produced globally in 2015 are formed from
vinyl precursors® As current global demand for polymers is nearly $500 billiotf/ythe
inexpensive supply of basic commodity vinyl monomers is a critical need for society. As
mentioned previously, olefin/paraffin saptions are among the most eneirggnsive separation
processes performed today and therefore have been a primary target market for membrane
separations for many years. For propylene purge gas streams, membranes with a propylene
permeance of 2@0 gas pemeation units (GPU, cf., Section 7.2) and a stable selectivityXif 6
( ,cf., Section 3.1) can be used to selectively recycle 90% of propylene otherwise lost in the purge
streant® For more ambitious applications, such as replacing distillation columns for the direct
separation of feeds from olefin crackers, a stable selectivity of at l6&0 M®uld be requiredf
An intermediate approach that has shown promise is distitatembrane hybrid systems, which
can be used tde-bottleneck distillation columns and increase througfpft.

The field for carbon capture via membrane separations is vast, comprising applications
ranging from CQ capture for sequstration from postombustion flue gas (GIN>) to treatment
of syngas streams (G1,) generated during the poembustion process. Capture of £itbm

flue gas has the very attractive objective of reducing the amount of anthropogeremi{€ions
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to theatmosphere from power plants. As for4e@nbustion C@capture, syngas can be treated
via the wateigas shift reaction to produce a stream pahid CQ, where the C@can be captured
and the H can be used as a fuel or as a hydrogen source in a réefiidige market for C@
separations is dominated by amine absorption, but this technology is hamstrung by large plant
sizes and the toxicity of the amin@sFor flue gas feed streams, membranes with high. CO
permeance of 1,008,000 GPU and a selectivity of id®0 are required in order to be economically
competitive with amine absorptiGhThis high standard for membrane performance is a result of
the typical flue gas feed stream: a typical 550 MW power plant produces 2 MMscf of flue gas per
minute, which is enough gas to fill the volume of the Gooddianp every 9 seconds at STP.
These sources only containill2 mol% of CQ, necessitating an enormous £@ermeance
relative to traditional polymer membrane systems while maintaining moderate selectivity in order
to process the high feed flow r&feFor precombustion applications, membranes with a,CO
permeance greater than 200 GPU and a/ld@fselectivity greater than 20 are desired to be
competitive with typical PSA process&sThe largest hurdle for this application is the high
operating temperature necessary for economical separation, as temperatures betva&én°800
are required for high conversion of CO angDHo CQ ard H, from the wateigas shift reaction.
2.3.2. Challenges Associated with Polymer Membranes.

Despite the synthesis and characterization of thousands of newly repaitierials, 90%
of commercial membranes are comprised of fewer than 10 polymers (e.g., polysulfone, cellulose
acetate, polyimides, polyphenylene oxide, substituted polycarbonates, polyaramides, and silicone
rubber), most of which were developed and sucatigsmplemented in or before the 199%s.
The stagnation in devel opment idn®mentibnecabaeid o ur

a result of the minimal decrease in capital cost associated with the adoption of many new materials.
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While improved permeability would decrease the total membrane area required and improved
selectivity would decrease the compresspe, these significant development efforts are estimated

to provide a total capital savings of only1®% due to the comparatively high fixed costs of other
process components in the overall membrane skid (e.g., pumps, compressors, steel vessels, pipes,
valves, etc.52%°In order to promote the adoptiof new materials, a step change in materials
performance is required to decrease fixed component costs, such as sharply reducing compressor
and pump si zes. For these fAsolvedo applicatio
of the processldw diagram to minimize energy and capital costs is required to determine if a
membrane separation would be competitive with current unit operéatith3herefore, the

primary focus for gas separation membrane researchers is to develop materials that can break
through in new aplication areas, including but not limited to those mentioned above, by

addressing challenges related to membrane performance and stability over time.

2.3.2.1. Permeability Selectivity Tradeoff.

Ideally, a membrane would provide high flux and high gad#typin order to maximize
throughput and minimize costs. Permeability and selectivity are, fundamentally, properties
resulting from the structure of the membrane material, logically prompting research into structure
property relationships. As the amountdzfta on membrane separations increased with time, it
became apparent that a tradeoff relationship between gas permeability and ideal selectivity existed,
first characterized for a large database by theadled Robeson upper bound in 1991 and revisited
in 2008 for homogenous polymer membrafiéé Theseupper bounds demonstrate this tradeoff
relationship for pairs of common gases (He, &, CO;, Nz, and CH) and display the best
combinations of permeability and selectivity at a given time, thereby setting a standard of

comparison for performance mesiof newly developed materials. The majority of the polymers
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that defined the 2008 upper bound were glassy polymers and perfluoropdigr@erse 2008,

there has been a significant research effort and progress in developing polymers with intrinsic
microporosity (PIMs), anew class of higHree volume polymers. Researchers involved in the
development of these higierforming PIMs have definethore recent upper bounds for certain

gas pairs, such as Swaidan et al. in 2015 &N H2/N2, and H/CH; and Comesafi&@andara et

al. in 2019 for C@N, and CQ/CH4.%*%*Figure 2.4 shows the2008 and 201@pper bounds for

CO/CH4, demonstrating the progressseparation performance overtime

10°+

10° 5

o icH,

10" 5

1 0° ——rrrrm——rrrm— T rT——r
102 10" 10° 10" 10° 10° 10* 10°

CO, permeability (barrer)

Figure 2.4. Upper bound plot for C&CHa, for homogenoussolutionprocessable polymeric
materials, showing the separation performance for conventional polymers (gray squares) and PIMs
(blue circles). The upper bounds established by Robeson in 1991 and 2008 and by Gomesafia

Gandara in 2019 are labeled accordirfgi§#54

It should be noted that surpassing the upper bound should not be considered the objective
of materials intended for industriase. The upper bound plots represent {ga® permeation data
under a narrow range of testing conditions (typically 35 °C and 1 atm). These ideal testing

conditions are far from those relevant for industrial operating temperatures and pressures.
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Additiondly, separation performance can be significantly different for gas mixtures compared to
pure gases, especially those involving condensable gases, due to behaviors such as competitive
sorption and swelling effect&°Finally, permeability is a material property, but permeance is far
more adequate in representing potential performance for materials thse t@med into useful

thin-film geometries’® While it is encouraging to develop a material with performance that
surpasses the upper bound for one or more gas pairs, doing so is only a minor indication of

identifying an industrially viable material.

2.3.2.2. Membrane Stability

Another important application consideration is membrane stability to process conditions.
An industrially relevant membrane should be able to last three to five years while providing
predictable purity for outlet strearffsThese stability issues relate primarily to three categories:
plasticization, physical aging, and chemical stability. The first two considerations are essential for

viscoelastic polymebased membranes, and the final considerationpsiitant for all materials.

2.3.2.2.1Penetrant Induced Plasticization

Plasticization is a phenomenon that occurs when the increasing concentration of a highly
sorbing gas (e.g., GOCzH4,CsHe, etc.) in a polymer matrix causes the polymer to swedkeby
resulting in an increase in diffusion coefficients of all gases present and a corresponding decrease
in selectivity®®%” For labscale tests, thisrpcess is commonly observed when determining
permeabilities for incremental increases in pressure. For low pressures, permeability decreases
with increasing pressure and eventually reach:e
point, followed byan increase in permeability at high penetrant pres§tirégure 2.5 shows the
general shape of a plasticizatipressure curve, indicating significant and measurable

plasticization behavior has occurred as a result of a high penetrant concentrationioftiO
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polymers at high pressures. Plasticization often occurs over a rangepbfag@sactivities, and the
origins of the onset of plasticization is still a matter of debate within the membrane comfiunity.
"Iplasticization effects have shown a large effect in many separations of interest, sugtCas CO
and GHe/CsHs, where mixeehas tests have shown a 2.5 tofal@dl decrease in mixedas
selectivities compared to their respive ideal selectivitie§: 2 This effect is further exacerbated

for real gas mixtures; for example, natural gas consists not only pfa@@DCH, but also can
contain % 15%of Coi Ce hydrocarbons and up to 500 ppm of benzene, toluene, ethylbenzene, and
xylene (BTEX aromatics). At typical pressures for natural gas processiingQ(3far), these
additional contaminants sorb into the polymer and cause significant plasticizatibra a
corresponding loss of selectivity.While plasticization pressure tests are a useful first test in
studying plasticization, synthetic and real gas mixtures must be tested to ultimately evaluate
plasticization behavigmas described in more detail elsewhére
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Figure 25. (a) Relative permeabilityd(), with respect to permeability at 1 bar), as a function
of feed pressure of GQor various glassy polymer films. GA.0 is cellulose triacetate, TMC is
tetramethyl bisphenol A polycarbonate, and PPO is pohdiy@thyt1,4-phenylene oxide). The

tests were run at approximately 25 °C with film thicknesses of approximated$ 18n.*
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Developing a fundamental understanding of plasticization is critick\telopmembranes
as a platform technology for energificient gas separationStrong plasticization resistance is
required in many industrial se@tion processes, especially those involving highly condensable
gases and vapors. For example, natural gas treatment constitutes a large portion of the current gas
separation market. However, gas well pressures frequently reach pressures of 50 baiaand con
high levels of known plasticizersuch asCO, and HS. "° Membranes for olefin/paraffin
separations, such as ethylene/ethane and propylene/propane, are also susceptible to plasticization
since these industrial gas feeds are usudliyl&ar and at temperatures that result in high gas
phase advities °. Under these aggressive operating conditions, plasticization often leads to a
substantial deterioration in selectivity’® There are also few industrial applicationbere
membraneshow great potentiahut have not yet significantly expanded xistéing markets.
Some of these have unresolved challenges, including operating conditions that make polymer
membranes susceptible to plasticization. For example, hydrogen recovery processes from steam
methane reforming, in which G@s separated from syngiais known to be economically more
favorable when the separationperformedat high reactor effluent pressures (usually about 50
bar)”’. Vapor separations like dehydration of organiwents are also attractive applications for
membranes due to difficulties in separating azeotrope mixtures using traditional methods like
distillation. However, strong interactions between polymer and permeate like water and ethanol
can plasticize membranagducingoverall diffusion selectivity® 'S While polymer membranes
are susceptible tplasticization in these industrial processes, many methods have been developed
to reduce chain mobility, and thus, increase resistance toward plastici2atisinown n Figure
2.6., previous studies on nomicroporous polymers such g®lyimides 8984 have indicated

successful plasticization resistance through the restriction of chain mobilityosislinking®> 8’

42



addition of polar moietie® %, and formation of charge transfer complexes (CT€8&. These
methods specifically aim to increase the interchain rigidity of mpehg, while, in other cases,

researchers have looked to increase the intrachain rigidity of polymers to minimize plasticization

effects %4
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Figure 2.6.Methods employed to mitigate plasticization in polymer membranes.

While the concept of penetramduced plasticization in polymers has been recognized
since the earliest days of the polymer field and its recognition in membranesiteaback to
1960s a fundamental understanding of its effect on membranes is still not fully understood. The
timeline inFigure 2.7 shows some of the major efforts and studies that have contributed to the
understanding of penetramiduced plasticizatiofoehavior for membrane materialSince the
1980s, membrane researcheasemade efforts to develop a more fundamental understanding of

penetraninduced plasticization, especialiglatingchanges in membrane transport with polymer
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kinetics and chain dymics.In recent yearsthe general approach has focused on developing

mitigation strategies, computational modeling, and developing plasticizassiant polymers.
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Figure 2.7.Timeline highlightingseminalstudies on plasticizatiom membranes

Finally, membranes mugte chemically resistant to damaging process contaminants, such
as BS in natural gas purification or S@nd NQ in carbon capture applications from flue gas. In
these cases, stability tests should be conducted to determine the lifetime of the membrane when
exposed to corrosive and acidic gas&sWhen considering glassy polymer matrices without
functional groups, resistance to contaminants is associated to plastici¥dtiereas, in the case
of functionalized polymers or metal organic frameworks, contaminants can often poison the

reactive functionality or compromise the framework stability and crystallinity.

2.3.2.22. Physical Aging

Another parameter of interest fardustrial applications is the rate of physical aging.
Physical aging is a phenomenon that affects polymers in their glassy state. Withinstaselid
polymer film, frustrated packing, which generally correlates with polymer backbone rigidity,
results ina distribution of stochastically fluctuating unoccupied spaces that are known-as non
equilibrium free volume elementsOver time, the chains slowly reorder to an equilibrium state,

eliminating the excess free volume andréty decreasing molecular diffusivity and increasing
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selectivity of permeating speci&sBecause higher contributions of nequilibrium free volume

can increase diffusion rates, it is no coincidence that many of the polymers defirk088hgoper

bounds, as well as the more recent 2015 and 2019 upper bounds, are glassy and possess high

fractional free volumé&®In turn, because aging rates scale with excess free volume, many of these

highestperforming polymers suffer higher rates of physical ag¥ithis effect is shown ifigure

2.8, comparing the relative permeability after 1,000 h (approximately 42 days) to that after 1 h for

various glassy polymers. Following the dashed line to guide the eye, it can be seené¢hatah g

polymers with higher fractional free volume lose permeability much faster than polymers with

lower fractional free volume.
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In the context of free volume theory and polymer physics, veheolymersolution is
processed into a sokgtate film or powder, inefficient packing of polymer chains generates spaces
devoid of electron density often referred to as free volume

[ W W ¢®

where w is the experimentally derived specific volume bé tpolymer andwo is the volume
occupied by polymer chains. When considering transport through adiiliis, considered to
include the volume occupied by the polymer chains called hard core volume (the temperature
independent volume ifigure 2.9) andthe nearby free volume occupied by polymer segment
vibrations (the sloped line above the hardcore volumtégure 2.9. The latter is referred to as
interstitial volume and is the ef fstatepackng v ol u
®The ffree volumeod responsible for gas transp
within polymer matrix by random thermal fluctuations (above thestit&al volume line irFigure
2.9) 99.100

As a polymer is cooled from the rubbery state, it will eventually traverse a glass transition.
Below this temperature, cooperative polymer chain mobility becomes exceedingly unfavorable,
trapping the polymer in a neeguilibrium and metstable stateThis kehavior is schematically
reflected inFigure 2.9, where the polymerds specific volu
temperature and deviates from the theoretical equilibrium volume (dashed line). The deviation
from equilibrium packing results in the forrat of nonequilibrium free volume (shaded area in
Figure 2.9 and sometimes referred todse x c e s s f ywhieh drives physieloaying in

high free volume polymers.
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Figure 2.9. Polymer volume as a function of temperature. The shaded area indicates -the non
equilibrium free volume.

Furthermore, factional free volume (FFV) in a polymer can be correlated with transport
properties of diffusing molecules in a polymer fithy*2:

O 0w 5 5 cE

Hence, free volume theory is widely used in the gas separation field to describe molecular
diffusion and predict transport behavior of gasBecause FFV is difficult to experimentally
determine, it is often calcalled by approximatingy using group contribution theor{?>. While
the group contribution theory is commonly used due to its simplicity, it has several limitations that
have recently come under debdfé'% Wu et al. recently revisited and updated group
contribution theory for FFV calculations with a particular focus on the structural groups that
compose microporous polymer¥® Information on other characterization methods used to

determine free volume experimentally canfound elsewher&?197
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2.4.Next Generation Materials for Improved Gas Separation Perfomance
2.4.1.Polymers of Intrinsic Microporosity (PIMs)

Polymers of intrinsic microporosity (PIMs)have gained sigiiicant interest in the
membrane fieldlue to their remarkable gas transport performance, processabilitgxesitent
thermal stability*°® 110, The archetypal PIM.,, discoveedby Budd andvicKeown!%111 contains
a spirocenter connected by cyclopentane rings. When combined with rigid aromatic monomers,
this spirocenter limits intraegmental mobility and results in a contorted polymekbane. This
unique macromolecular structure induces inefficient chain packing in the solid state and creates an
interconnected path of micropores or FVEs with diameters smaller tharTBarmitial discovery
of PIM-1 and subsequent development of mangragorous polymers which contain rigid and
contorted backbonéd®!'2has prompted researchers to pursue microporous polymer chemistries

for gas separations.

In particular, increasing intrachain rigidity of PIMs with addition of bridgexi/clic
contortion centers such asptycene'¥8and Tr°gerdés base (TB) has
separation propertié® 122 Beyond the traditional PIM chemistries synthesized from the catechol
polycondensation reaction, novel microporqadymer backbones kia been developed using
catatylic arenaorbornene annulation (CANALY31%5 ring opening metathesis polymerization
(ROMP)?8 and Pecatalyzed @ pdycondensationt?’, among others®>'22 |n addition to
polymer backbone tunability, modifying backbone functionality has been used to tune polymer
packing structure and sorption affinity to certain gases in PikEhe nitrile functional group in
PIM-1 hasbeen possynthetically functionalized with amingéetrazole amidoxime, thioamide,

and carboxylic acid groupas will be described in later chaptérs

48



Functionalization can sometimes serve to enhance plasticization resistancesme s
sorption. For example, Mason et al. demonstrated howealmnttionalization of PIML can result
in increased C@sorption capacify?®>. On another handimidoxime functionalization of PIM
has shown promise in plasticiiat resistance, as it can rigidify the polymer matrix and introduce
more microporosity in the membrane duérnti@rmolecular hydrogen bondirtd’. Swaidan edl.
found that AGPIM-1 (BET = 482 m¥g) had a threéold increase in purgas CQ/CHs diffusivity
selectivity over PIM1 (BET = 768 m¥g) with comparable solubility selectivity®. In addition,
the mixedgas CQ/CHa (50:50 CQ/CH4 mixture) selectivity of AGPIM-1 dropped by about 13%
to ~21 at a total feed pressure of 20'5&rFor PIM-1, the mixedgas selectivity dropped by about
60% to ~8 at a total feed pressure of 20 bar due to the significant increases diff@dton
coefficients from C@induced swellind*°. AO-PIM-1 was also tested in sour gas separations by
Yi et al., and it was found that when the polymer was exposed to a ternary feed mixture of 20%
H>S, 20% CQ, and 60% CHhl the CQ/CHjs selectivity was rel@vely stable up to a feed pressure

of 77 bar, while HS/CH, selectivity increased to ~78%

2.4.2 Metali Organic Frameworks and Mixed-Matrix Membranes

MOFs are hybrid orgarniiénorganic materials possessing specific pore sizes and topologies
defined bysynthetic building blocks. These fixed pore sizes show potential for excellent size
sieving ability depending on the pore aperture and the sizes of the gases to be separated. For
example, a study on diffusion coefficients of various gases irRBZkvealedan effective pore
aperture size of 4.0 to 4.2 A, thereby suggesting&ZtBuld effectively separate propane (~4.3 A)
from propylene (~4 A) through a sia@ving mechanisri¥? This conclusion is corroborated by
reported mixeeyas selectivities of ~50 for Z48 crystalline filmst® However, it has been

challenging to grow and process continuous MOF films, thus compromising selectivity due to the
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presence of defects in the filrhi¥.MMMs attempt to address thissise by using MOFs as a filler

in the polymer matrix, ideally leveraging the facile membrane processability of polymers and the
superior transport characteristics of MOFs to form composite matefafthermore, MOF
incorporationcan crosslink the polymematrix and limit segmental mobility, thereby reducing
aging and plasticizationf polymers3®. The incorporation of specific functional groups on an
organic MOF linker can also be used to enhance compatibilityd gas pol yrkerr i nt e
examplej NH2 andi SOsH groups are commonly incorporated into MOFs such as M&(Ti)

NH2, 28 MIL -101(CrySOsH, 37 UiO-66-NH2, 8 MOF-199-NH>,** MIL -53(Al)-NH.,**°and MIL-
101(Al)-NH2.2* Hydrogen bonding between the polymer and surface groups on these MOFs can
lead to improved compatibility, while, in addition, thesediimnal groups can sometimes result

in improved interactions with unique features of a penetrant gas, like the quadrupole'tt£0
chapter of this thesis particularly focuses on developing mixailix membranes usirgdiO-66-

NH2 and ceauthored work performed during this thesis has also involved developing modulated
strategies to synthesize MILO1(CryNH..1#3144The MOF structures for the parent MOFs, MIL

101(Cr) andJiO-66, are shown idrigure 2.10Q

Ui0-66 5A
—
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Figure 2.10. MOF structures for MIEL01(Cr) andUiO-66. MOF structures are scaled to
accurately show relative siz€he limiting pore apertures fodlL-101(Cr) andJiO-66 are 12A

and 6A, respectivelyHydrogen atoms are omitted for clarity.

2.4.2.1.ChallengesAssociated withMixed-Matrix Membranes

Challenges related tparticle agglomeration and interfacial compatibility betwées
MOF andpolymermatrix can lead to suboptimal separation performanceliamtithe particle
loading capactt, therefore precludg the ability to achieve the desired performance enhancements
(Figure 2.11).149147 Moreover, the use opolymess introduces thnical challenges such as
physical aging and plasticizatién*® With relation to interfacial compatibilityselecting
physically and chemicallcompatible MOF and polymer componensscritical to achieve
synergstic performanceln this respectMOFs are uniquely promisinglternatives taraditional
materials such aszeolites, silicates, or activated carboriecause they contain organic
functionality, which can match the chemical composition of organic polyrAdditionally, the
organic ligand of MOFs can bedesignedand chemicallytunedto improve compatibility with
polymers Common methodsinclude using polymé&MOF pairs with compatible secondary
interactions;** modifying theMOF surfacawith polymer matrix oligomer$*® modulating particle
size to increase surfaegeeato-volume ratis,**° usingMOF nanesheets?! copolymerizingor
fusingthe MOF with thepolymermatrix,1®? andsynthesizinglOFs with organic linkersimilar

to those ofthe polymer matrix structuré&?
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Figure 2.11 Commonchallenges andnitigation strategiesfor the fabrication oMOF-based
mixed-matrix membranes.

MOF loading is a critical parametahen forming MMMs Membranes with higher MOF
loading exhibit moreMlOF-like transport but in these loading regimassues related tparticle
agglomeratiorand a resulting decrease in selectivity become more prevalent bectaszalble
interactions betweeNOF particles!*® Because oparticle agglomeration, itan bedifficult to
prepare homogeneously disperddt¥iMs that would behave as ideal composites for which
performancecan be accurately predicted using theoretical approaches such as the Maxwell
Wagnet Sillar model***1%°Thus, a tradeff existsbetween increasing MOF loadiagd reducing
the selectivity as well as mechanical integrity of the membrane.

In addition tdfiller loading,other MOF characteristiegeassociated wth the formation of
agglomerationsThese characteristics include MPF particle size, where large particles tend to
sediment more easily compared to ufiree crystalline particle$® (2) casting conditions, where
evaporation rate, solvent interactions, and casting solutioosiig®’ influencesedimenttion and

dispersiort®® and (3) inter-particle interactions, where MOFs wititronger seondary self
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interactions arenorelikely to form agglomeration$>° Generally, agglomerations become more

prevalent when MORMOF interactions are stronger than those of polyidF interactions>®

2.5.Evaluation of Microporous Membranes in Industrially Realistic Conditions
2.5.1. Mixedgas Permeation in Microporous Polymers

Mixed-gas permeation in microporous polymers has been evaluated for vadosisially
relevant mixturesSome examples includgplication targets afatural gas purification and bio
gas upgradine.g, CO/CHL.), sour gas separations (glg2S/CO,/CHs), postcombustion carbon
capture €.g., CO2/Ny), olefin/paraffin separations (e.g.,3sHs/CsHs), precombustion carbon
capture €.g, HJ/CO,), nitrogengenerationfrom air .9, O/N2), and hydrogemecovery(i.e.,
H2/N2 and H/CH,) 3%1€2 Table 2.2provides an overview of commonly tested conditions in the
literature for some of these gas mixtures, the number of studies testing similar conditions, and the
primary industrial application for the separation. As showhahle 2.2, certain separations cu
as binary C@CHjs separation for applications in natural gas and biogas purification, have been
widely studied for a narrow range of feed compositions and temperatures, including many studies
with testing conditions that essentially overlap. Howeverethgas permeation involving other
highly condensable and plasticizing impurities commonly found in these streams £8,d\NpH
Cs+ hydrocarbons, aromatics including benzene isomers, toluene, and xylene isomers (BTX), and
water vapor) are underexplorddany reports have investigated the effects of contaminants on the
separation capabilities of polymer membranes in industrial andcib settings. Examples
include commercial polyimidé¥, polynorbornent? thermallyrearranged HABSFDA'®3, a
blend of polyethersulfone dnDSDA-TMMDA %% and Pebd%!®%. Some polymers, including
cellulose acetate and derivatives, have even been deployed in industrial natural gas séffarations

However, only few reports have tested sour gas mixtureS/G/CHs) in microporous
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polymers®’. In these cases,8 compositions ranged from 8.0nol% to 20 mol%y>131168.163

These values resemblgical gas well compositions found globally, whifrequentlyrange from

ppm concentrationso 30 vol% 2°160167As a result of plasticization and permeabilgglectivity
tradeoffs, membrandased natural gas purification comprises ob0f6 of the natural gas
separation market compared to other processes such as amine abSofpieeloping a more
robust understanding of stituce property relationships for plasticization under relevant
conditions could help to advance membrane technology into the remaining 90% of the’ffarket

In addition to natural gas, upgrading {gas, a renewable energy resource producethglu
anaerobic digestion of biomass in landfills, has also become an attractive market for
membrane$''’? Bio-gas upgrading involves lower gas inlet pressures and higher initial CO
concentrations, somewhat mitigating issues of plasticizatitj although HS composition can

be somewhat concentrated for these applications as well. As showabla 22, studies
investigating hydrogebased gas pairs (13% of the market share for memiasexl separations)
covered a larger range of testing temperatures (i2CG®) and gas compositions (i.e.p/N>2),

which is consistent with industrial conditions tree relevant for these separatiolghen
considering other emerging applications, studies involving olefin/paraffin separations (e.g.,
C3He/C3Hg) have focused on more generalized binary mixtures, while those for carbon capture

(i.e., CQJ/N2) have also evaated the effects of ternary mixtures, including humid conditions.
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Table 2.2.Testing conditions for literature involving gas mixtures and microporous polymers.

# of Testing Conditions
Gas Mixture Relevant industrial application
papers Compositionb Tem(e%r)a ture Contaminants
23 50:50 30i 35 - Biogas upgrading and natural
3 50:50 N(A - gas purification *°
18 50:50 221 25 -
CO,/CHs 4 35:65 N/A - Organic waste: (6070% CH;;
3 30:70 30 - 30i 40% CQ; 0i 5000 ppm
2 20:80 30i 35 - H2S)
1 40:60 25 - Landfill waste: (3565% CH;
i ;gégigg gg Ezg 151 50% CQ; 5i 40 Np; 0i 100
-2 2 ppm HS)
HZS/CQ/CH, 0.05:50:49.95 35 HS )
Ternary 3366424 Natural gas: (7895% CH; 1i
1 CO,/CHAN, 25 ppm HS 10% CQ; 4i 10000 ppm HS)
4 50:50 35137 -
5 15:85 35 -
2 9:91 35 -
1 10:90 25 -
9 50:50 221 25 -
CO2N, 2 15:85 N/A - Carbon capture 52
4 15:85 221 25 -
1 20:80 30 - Postcombustion flue gas from
1 30:70 & 70:30 25 - coaltfired power plants:
1 40:60 25 - (4120 % CQ at atmospheric
1 20:80 & 80:20 25 - pressure, 50C, with
1 15:85 30 2.5, 25, 41.5 RH contaminants such as $NOx,
1 991 30 7 & 26 RH water, and trace metals)
COy/N2 1 20:20 40 61%Ar
Ternary 1 20:20 22 60% Ar
1 5% flue gas (14:86) 22 95% HO vapor
1 15:80 25 5% O
. ) Alkene/alkane or olefin/paraffin
Cs 8 50:50 GHe/C3Hs 35 separationst’!
2 50:50 25 -
Ho/N 1 20:80 22 - H2 recovery from ammonia
22 1 30:70 25 - synthesis plants36:3
1 70:30 25 - (301 80% H, mixed with light
2 50:50 35 - hydrocarbons @ Cs)
H2/CH, 1 50:50 25 -
3 50:50 35 -
1 50:50 35, 60, 90, 120 - Carbon capture 3077
1 50:50 180 - .
H,/CO, o : Precombustion/syngas: (30%
1 1210 3%’_59"' in CQ — 3;% " 1(';28 - CO, 20%CO, 45% H, and other
2 2 2 inert gases at 10050 °C)
1 equimolar 120 H,O: 1.5115.8

2Relative humidity is indicated as RH.
® Composition ratios arksted in the same order as the gas,pay., a C@CH, mixture with a
30:70 composition has 30% c@nd 70% CH
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Membrane performance is typically evaluated in the context of upper bound plots, which
were first proposed by Robeson in 188hnd later revisited in 2008.These uppebound plots
were empirically derived using a database of ga® permeation data evaluated at pressures of
1i 10 bar. These plots are thus useful for comparing performance in relativepydssure pure
gas conditions but are insufficient to benchmarkiggenance for more industrially relevant
mixtures. For CQCHs mixtures,Wang et alrecently proposed a new mixgads upper bound in
2018 using literature data for 70 microporous polymers tested using a 50:BDHz @ixture at
a CQ partial pressure ofQ bar®®. This upper bound is highlighted throughout this thesis for
comparison of mixedjas data. For ££s/CsHg mixtures, Burns and é&os developed a pugas
upper bound in 2033 and, in 2012, Zhang et al. reported a miged upper bouh using
permeation data measured at temperatures frarBBSC and at pressures betweéd Atm1’4,
Other puregas upper bauds for CQ- and H-based gas pairs have been recently prop$éd®®
Finally, upper bounds for ternary mixtures have yet todfmeld in part due to the limited size of
datasets and variability in reported findingsor comparisons of transport performance in
H.S/CQ/CHs mixtures, the combined acid gas selectivity (CAG) (i.e., the summed@DHS

permeabilities divided by theéHs permeability) proposed by Krafschik et al. has been commonly

used75,131,l75

Microporous polymers are frequently considered fop-G@sed separatiofecause these
separations often benefit from both sorption and diffusion selectivity. As a result, a large majority
of mixedgas studies for microporous polymers involve mixtures containing of R and
CO/N2. A collection of mixedgas upper bound datieom these studies is shownHhigure 2.12
and compared to a larger set of upper bound data considered in the 2008 Robeson upper bound,

which includes data from other nomcroporous polymer backbones. Considering/CBls and
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CO./N2 tests performed at reilaely low pressures and varying @@ompositions, the mixedas
performance for microporoysolymers (colored symbols) generally outperforms the -pase
performance considered for a broader database of polymers (gray symbols), highlighting the

potentialpromise of microporous polymer backbones for gas separation applications.

(a) — (b) 100
\’0,‘9

2 2 >
S 1004 =
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Figure 2.12.(a) 20082 and 2018% CO,/CH, upper boundsand(b) 20082 CO,/N, upper bound
for mixedgas test®f microporous polymers in the literatyigghlighted in colored point&Gray
points denote Robeson database points for-gasetests imon-microporougpolymers®?172 The
legends desdrethe gas feedhixture compositions anithe mixedgastotal pressurefor testing

At 3.5 bar, the C@N> compositions tested include 40:60, 30:70, and 20:80.
2.52. Competitive Sorption and Mixedgas Sorption

Competitive sorption in glassy polymershe exclusion of one or more gases in a polymer
matrix due to the presence of more stronghgotbing species in a mixture. Under the framework
of the dualmode sorption model, competitive sorption is characterized by preferential sorption
into the Langmix modes for one gas over others, resulting in reduced sorption capacity for the

less condensable gases in a mixture. When sufficiently strong, competitive sorption can result in
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increased mixeg@as sorption selectivity in favor of the more condensable F@sinstance, in

binary mixtures of C@N2 and CQ/CHs4, competition effects can raise @@ased sorption
selectivity because GGsorbs significantly more strongly than the-permeating species. This
effect results in an overall increase in permselectivity, which should be noted, is the opposite trend
than is expected from plasticization. In this way, competition and plasticizatiooompete with

each other and can influence permeability and permselectivity in complex and unexpected ways.

By contrast, in lHbased mixtures such as/BHs and H/CO,, competitive effects can
reduce transport performance by biasing sorption selgctioward the more condensable
penetrant (i.e., COor CHs), which leads to a decrease in overall permselectivity. Sorption
correlates exponentially withe,;Twhich makes this parameter an excellent correlating variable for
estimating competitive sorptionffects. In ternary mixtures of #3/CQJ/CHs, the relative
condensability of the gasess5I(Y o x&J0)>CO('Y on&lo)>CHi('Y p wdnld))
results in complex competition phenomenaSHhuvill preferentially sorb onto the polymer due to
its higher T, increasing its permeability. However, both £&hd CH permeability decrease,

resulting in an increase in,B/CH, sorption selectivity and permselectivit{f’’

Competitive sorption effects are inherently linked to the sorption characteristics of the
polymer and gas mixterinvestigated. As a result, performance changes due to competition will
vary depending on the gases considered, the gas mixture composition, and the sorption affinity of
the polymer. In a laboratory setting, typical experiments used to evaluate corapsiiiption

include mixedgas permeation and mixgms sorption tests.

For mixedgas permeation tests that involve separating a more condensable gas from a less
condensable gas (i.e., @82, CO/CHa, H2S/CQ, etc.), an increase in mix&mhs permselectivity

compared to purgas permselectivity indicates a rise in sorption selectivity. This rise is due to
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competitive effects in which the less condensable penetrant will experience a decrease in sorption,
and, tlus, a decrease in permeability. The opposite trend (i.e., when the gaiggermselectivity
decreases compared to the pgas permselectivity) indicates plasticization, where diffusion and
permeation of the less condensable penetrant increases dueateazhlthain mobilitySince
plasticization and competitive sorption counterbalance each other, it is possible to simultaneously
observe an increase in permselectivity at low pressures (due to competition) with a decrease in

permselectivity at high pressgréue to detrimental plasticization effects).

A direct indicator of competition phenomena is the migead sorption test. In these tests,
the experimental mixedas sorption selectivity can be compared to the experimentalgpare
sorption selectivity tevaluate competition. Unfortunately, because migasl sorption tests are
highly specialized, very few of these custbmilt systems exist in the world, limiting access to
experimental datd’@18%, When not available, researchers have also applied models such as the
duatmode sorption (DMS) modéf?183 and the NELF mode* to predict mixeejas sorption
data in polymers of interest using experimental fga® sorption isotherm&enerally, the mixed
gas DMS model provides a good qualitative prediction of moel sorption, but
thermodynamially rigorous models such as NELF are required for quantitative kgaed
sorption prediction$®:18 When using the DMS and NELF models, pgees sorption isotherms
are required, and for théELF mode| lattice fluid parameters must be known or estimated for a
given polymer These parameters can be colledtedughpressurévolume temperature (PVT)
experimentsfor polymersabove theirglass transition temperatufé’. However, when such
measurements are not accessibleich is frequently the case for microporous polymers that do
not exhibit masurable glass transition temperatueeilitional sorption fitting of infinite dilution

sorption coefficient®18 or molecular simulationS°, arerequired.
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Despite challenges associated with testing mgasl sorption, direct measurements of
CO./CH4 mixedgas sorptiorhave been collectesh many glassy polymers such as cellulose
triacetate (CTAYY 6FDA-TADPO™®? 6FDA-HAB and itsthermally rearrangednalogué®®, Tz-
PIM®3 PIM-11°3, PTMSP®3 6FDA-mPDA!% PIM-Trip-TB!%, and AGPIM, and rubbery
polymers such as polydimethylsiloxane (PDM&Y’. Other gas mixtures such &0,/CoHa,
CO/N20, CQ/CzHs, andC,He/CO,/CH4 have alsobeentestedfor PMMA®81% crosslinked PEO
200 and PIM1%%%, respectivelyFor CQ and CH in glassy polymers, mixedas CQ sorption
decreases slightly compared to the pgms case, whereas mixgds CH sorption is significantly

lower than the purgas case due to competitive sorption. In this way./CEx selectivity can

increase for mixtures compared to pure gases, providing the aforementioned opportunity to counter

decreases in selectivity due to plasticization by leveraging compe8imiiar mixedgas sorption
trends are also observed when considemther gas mixtures in glassy polymerhe less
condensable gas witllwaysexperience a larger depression in sorption from the- poinaixed

gas case.
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Chapter 3: Facile and time-efficient carboxylic acid functionalization of PIM-1: effect on

molecular packing and gas separation performance

Abstract

An optimized acid hydrolysis method was developed to yield carboagiefunctionalized PIM

1 (PIM-COOH) with >89% conversion in 48 h using a ppstymerization reaction of PIM.
Physical characterization of PHland PIMCOOH revealed that the average size of free volume
elements in PIMCOOH decreases relative to thatRIM-1. Compared to PIM, PIM-COOH
showed a significant increase in &@nd H-based selectivities with a corresponding decrease in
permeabilities and sorption capacities for all gases considered. Thenddalsorption model,
time-lag method, and sotiphi diffusion model were applied to glean molecdtarel insights into
diffusion and sorption in these polymers. Results indicate that improvements in selectivities for
COrx-based gas pairs for PHAOOH are primarily driven by diffusion selectivity and ttidM-
COOH displays transport behavior consistent with the soijdifasion model. To better
understand performance under more realistic conditions; jame mixedgas permeation for

CO,/CHg4 are reported for a 330 day aged PO\DOH sample.

This chaptehas been adapted froiizrahi Rodriguez, K., Wu, A. X., Qian, Q., Han, G., Lin,
S., Benedetti, F. M., Lee, H., Chi, W. S., & Smith, Z. P. (2020). Facile and-Effitgent
Carboxylic Acid Functionalization of PIM: Effect on Molecular Packing and G&sparation

PerformanceMacromolecules53 (15), 62206234.
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3.1. Introduction

Microporous polymers have emerged as promising candidates for applications such as gas
separations and storadte In the context of gas separations, polymers of intrinsic microporosity
(PIMs) have exhibited a synergistic combination of ultrahigh permeability with good selectivity
for the primary gas pairs of interest for natural gas processing/QEw) ard CQO» capture
(CO2/N2)*. In comparison with conventional industrial polyisi¢hat rely on moderate selectivity
and low permeability to separate mixtures, highly permeable polymers like PIMs have the potential
to reduce membrane module footprint while also increasing separation produ€tidya result,
research into the separation performance of PIMs and their analogs has gained extensivé.traction

At a molecular level, the key design feature of PIMs is the presence of rigid and contorted
backbone structures that limit inrtsegmental mobility, preventing efficient chain packing and
resulting in a frustrated pking structure with interconnected void spaces. By design, PIMs are
sizeselective, where small gases (e.g., He ang €hn more readily translate through
interconnected voids, while bulkier gases (e.g,, @0, N2, CHs) experience higher activation
enegies of diffusiofi. In particular, PIM1° has been widely studied due to its thermal stability
(~450 °C), solution processability, ultrahigh surface area (~85@' Hy mechanical strength,
tunable chemical functionality, and excellent gassport performanéePIMs and their analogs
often exhibit gas transport behavior near oov@bthe Robeson upper bodht, which is a
common benchmark used to compare polymer padoce and explain tradadfs in permeability
and selectivity.

An extensive palette of transport properties has been achieved via functionalization of the
nitrile group in PIM1, including amin&'3 amidé? tetrazolé®, thioamidé®, methyl tetazolée”’,

amidoximé?®, hydroxyalkylaminoalkylamid€, and carboxylic aciéf?® functionalizations. Of
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particular interest are carboxylic acid PIMs due to their potential ability to enluaticeCQ
sorption and diffusion selectivity In terms of sorption selectivity, Lewis interactions of theCO
oxygen (Lewis base) with the carboxylic acid group or hydrogen bonding betweean@@he
carboxylic acid can improve sorption selectittts*?> Likewise, diffusion selectivity can be
increased through either intesr intrachain hydrogen bonding, which can result from reduced
chain spacing for PIMCOOH?®. Thus, this polymer functionalization enables direct probing of the
influence of chemistry on the sorption and diffusion components of transport. However, the
synthesis of carboxylic acid PIMs is difficult to complete in short times and with high conversion
because the intermediate amide formed during synthesis is a poor leaving.group

The first attempted synthesis of carboxylic acid PINC-PIM) waspublished by Du et al.
in 2011 using baseatalyzed hydrolysis with sodium hydroxide at 126*Gince then, this base
hydrolysis procedure has been cited frequently in work targeting applicatiorBIbf or solvent
filtration®830, pervaporatio™®2 and gas sepaians’®3¢. Due to the chemical reactivity,
hydrophilicity, and acidic nature of the presumed carboxylic acid grotRiMChas been made
into blends with polyimides, inctling Matrimid®34 and P84*%°, among otherd. Moreover,
C-PIM has been processed into hollow fiB&f8 carbonized film¥, and crosdinked
plasticizationresistant film&’. Additionally, GPIMs have been conjugated to multivalent metals
such as Ag Zre*, Ca*, Mg?, Fetand AP, where, in caain cases, crodsking induces changes
in fractional free volume that increases sorption and diffusion selegtitty

In 2014, however, Satilmis and Budd proposed that the base hydrolysis-dftel&PIM
results in the synthesis of the amide functionalized -RIMith some residuaamounts of the
carboxylic acid, ammonium carboxylate, and sodium carboxylate struune2017, Santoso et

al. supported these claims by comparing the spectra of a hydrolyzed small molecule to that of C
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PIM to pinpoint the specifitH-NMR, 13C-NMR, and FFIR charactestics expected for a highly
carboxylic acidfunctionalized PIM1*%. In the same work, it was hypothesized that thelusase
hydrolysis method was inefficient due to its limited reactivity for high molecular weight polymers,
which reduce reaction kinetics of the already suboptimal amine leaving group. It was also proposed
that acid hydrolysis may be more efficient, asigated in one publication by Shea and
coworkerg’. Given thes experimental considerations, Jeon et al. increased the original alkaline
hydrolysis from a 5 h reaction time to 360 h to yield carboxylic acid PIMs with 92% convé&rsion.
The increased amounts of carboxylic acid and reduced free volume in their samples yielded
enhanced C@selectivity, but high pressure sorption and permeation were not investigated. In
separate efforts by Wu et al., a nitrous acid hydrolysis method wasdoged to produce
carboxylic acid PIM1 with high conversion from the amide functionalized polyfétowever,
the harsh condibins required for this reaction reduced molecular weights, thus precluding film
formation. Since the publication of the 360 h base hydrdfysise report has implemented this
extended bashydrolysis route to make highly converted carboxylic acid B#Areferred to in
this paper as PINCOOH hereatfter). In their study, Zhou et al. converted #@nbaxylic acids in
PIM-COOH to acid chlorides and crelisked the polymer to aminfunctionalized
polyacrylonitrile to form an interconnected layer for organic solvent nanofiltfdtion

Here, we present a facile and tiefficient 2 day synthesis of PH@OOH with high
carboxylic acid content (>89%) through a modification of a previously reportechpdrdlysis
method?® *H and '3C nuclear magnetic resonanceMR) spectroscopy, thermogravimetric
analysismass spectrometry (TGRIS), and Xray photoelectric spectroscopy (XPS) were
performed to characterize the chemical identity and high extent of conversion <f ®lhe

carboxylic acid moiety. Structuirpropery relationships are derived through a combination of
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physical characterization techniques (i.e., waahgle Xray scattering (WAXS), BET surface area
characterization, positron annihilation lifetime spectroscopy (PALS), and density measurements)
and sepat#n characterization techniques, including hglessure permeation and sorption tests

of various gases (i.eN2, CHs, and CQ). Finally, the contributions of diffusion and sorption to

gas transport are analyzed through the sorpdidfusion model andte dualmode sorption model

to reveal the effects of carboxylic acid functionality on separation performance for these PIMs.

3.2. Experimental and theory section
3.2.1. Materials

Met hanol (HPLC, 099.9%), dichl oetmanob,tNhane (
N-dimethylformamide (DMF, anhydrous, 99.8%), tetrahydrofuran (THF, inhibitor free, HPLC,
099.9%), gl aci al acetic aci 98.0%pwerepurchasey frand e ) |,
SigmaAldrich and used as received. Chloroform (ARCS Re g e n't Gr ade, 099.
purchased from Macron Fine Chemicals and ace
chemical and used as received. Ultrahigh purity gases were purchased from Airg#sPE00,
99.999%), CH (UHP300, 99.99%), N(UHP300, 99.999%)0, (UHP300, 99.994%), and GO
(UHP3 00, 99. 999 %) . The biscat ec hoetétrahydronxy o me r f
3, 3 ,-t8tiamedhgll , -dpivobisindane (TTSBI, 97%, Alfa Aesar), was purified by dissolution
in methanol at 60 °C followed by -mrecipiation in dichloromethane overnight. The
tetrafluorinated monomer, tetrafluoroterepthalonitrile (TFTPN, 99%, Sigma Aldrich) was purified
by dissolution in hot methanol and slow cooling tecrgstallization overnight. After filtration,
both monomers wereigd in a vacuum oven overnight. TFTPN was dried &C38nd TTSBI at
130 °C. Anhydrous potassium carbonateQCs, 099. 0%, Sigma Aldrich)

powder using a mortar and pestle and dried overnight in a vacuum oven at 120 °C before use.
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3.2.2. ynthesis of PIM-1

PIM-1 was synthesized and purified using a modified procedure based on a previous report
by Mason et &P. All glassware was dried at 130 °C in a vacuum oven overnight to remove residual
water. A threenecked 500 mL flask equipped with a mechanical stirrer was purged wihitdas
UHP grade, purity >99.999%) for 30 min, after which, TTSBI (10.2126 g, 30 mmol), TFTPN
(6.003 g, 30 mmol), and anhydrous DMF (150 mL) were added to the flask and stirred@h140 r
until the monomers dissolved. Next, the basg;®& (8.2923 g, 60 mmol), and additional DMF
(50 mL) were added to the solution. The flask was immediately immersed in a preheated oil bath
at 55 °C and left stirring for 72 h. Upon cooling, the reactidatem was precipitated by slowly
pouring it into a beaker with 1200 mL of deionized water at 90 °C. The precipitant was stirred for
4 h to ensure removal of residual salts. The mixture was then filtered and the resulting yellow
polymer was dried for 2 htd30 °C, dissolved in 500 mL of chloroform, and precipitated in
methanol to remove low molecular weight oligomers:pRecipitated polymer was filtered once
more, dried at 1380C, dissolved in 500 mL of THF, and precipitated in a 1:2 mixture of THF and
acetone. The polymer was then recovered by vacuum filtration and vadudedhat 130 °C

overnight.

3.2.3. Acid hydrolysis of PIM1 into PIM-COOH

PIM-COOH was synthesized via a modified acid hydrolysis method based on a previous
report’. In a typical synthesis procedure, 0.3 g of PIML8 mL of deionized (DI) wate6, mL of
glacial acetic acid, and 18 mL of sulfuric acid were added sequentially to a 100 mL round bottom
flask, and a water condenser was attached. The-stalid acid hydrolysis reaction was stirred at
300 rpm for 48 h at 150 °C. Upon cooling, the hegeneous solution was neutralized in a beaker

with 500 mL of deionized water and the brown product was filtered. To remove residual reagents,
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the powder was refluxed in a slightly acidic DI water solution with 200 mL of DI water @nd 3
drops of sulfuric eid for approximately 12 h, filtered, and vacwdimed at 130 °C overnight.
PIM-COOH solvent solubility characteristics are summarized in section S1 of the supplementary

information.

3.2.4. Film formation

Films were cast from THF using a solutioasting technique. To allow for good
comparison between films made from different polymer samples;1Pédd PIMCOOH were
cast using the same procedure. In a typical casting experiment, 0.1 g of polymer were dissolved in
THF (5 mL), targeting 2 w/v%, and the gtbn was stirred for at least 30 min until the powder
completely dissolved. The bright yellow or dark brown solution was then filtered using a 5 um
PTFE filter (purchased from Whatman) into a glass Petri dish. The casting dish was immediately
covered withanother glass dish to prevent dust particles from settling on the film surface and to
reduce the solvent evaporation rate. After approximately 24 h, thessalelfilm had formed and
detached from the dish. All films were then dried in a vacuum ov&BG&fC for 12 h. Asast
PIM-1 and PIMCOOH films were tested without any additional treatment as€0DOH films

would curl and subsequently crack upon immersion in methanol.

3.2.5. Structure characterization

To identify the functional groups presentHtM-1 and PIMCOOH, infrared spectra were
recorded using a Thermo Fisher FTIR6700 Fourier transform infrared spectrometid®).(FT
Samples were characterized using attenuated total reflection (ATR) mode for a total of 32 scans in
the range of 50@000 cm®. FT-IR spectra were normalized with respect to the characteristic
backbone peak present at approximately 1003 fonboth PIM-1 and PIMCOOH. The chemical

structure of the polymers was also studied usih@nd®*C nuclear magnetic resonance (NMR)
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in a500 MHz Varian Inovéb00 NMR spectrometer. In preparation for NMR tests, Rlfsind
PIM-COOH were dissolved in deuterated chloroform (CIpGind dimethyl sulfoxidels
(DMSO), respectively. The thermal stability of RIMOOH was evaluated using a TA instruments
thermogravimetric analyzer (TGA). The polymer sample was heated from ambient temperature to
650 °C in a He atmosphere at a scan rate of 5 °C'nidecompositiorproducts of PIMCOOH

were identified using TGA analysis coupled with magsctrometry (MS). Gases evolved during

the TGA measurement were transferred to a ThermoStar GSD 301 T MS through a heated fused
silica capillary at 132.8 °C using a flow rate of 32 min'l. Mass ranges were evaluated from
12-45 m/z every 47 s. The atomic composition of films was measured using a Versaprebe Il X
Ray photoelectron spectrometer (XPS) with an Adlgha Xray source (1486.6 eV). The-pay

source power was 50 W and thealn spot size 200 um. Spectra were taken with a pass energy of
187.87 eV for PIML and of 93.9 eV for PIMCOOH. All spectra were obtained with a photo

electron takeoff angle of 45.0°.

3.2.6. Physical characterization

The physical packing structure of telymers was analyzed with wide angleRéy
scattering (WAXS), powder BrunauEmmettTeller (BET) analysis, density measurements, and
positron annihilation lifetime spectroscopy (PALS). WAXS was conducted on a SAXSLAB
machine equipped with a Rigaku 002crofocus Xray source and a DECTRIS PILATUS3 R
300K detector, under a vacuum of 0.08 mbar in the rangero0 3 . BET surface a
polymer powders were obtained from idotherms measured on a Micromeritics 3Flex system.
The density of PIML andPIM-COOH films was determined from the buoyancy method in water

using a standard density kit purchased from Mettler Toledo[MNE -4):
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0 O oP
where” is the calculated density, is the water densitgt the specific ambient temperature,
andd and0 are the mass of the polymer film sample weighed in air and immersed in

water, respectively. The water temperature ranged frar@2IC and was measured prior to each

sample tested. All sartgpdensities were measured at least three times with different pieces of film.

PALS measurements were used to analyze the free volume size and free volume size distribution
of the polymers. PALS tests were conducted at room temperature and under vacanm in
automated EG&G ORTEC fasast coincidence system at CSIRO (Clayton, Australia).*fika

positron source was contained in a Mylar envelope and sandwiched between stacks of the polymer
film samples. A minimum of five spectra with 4.5 million integratednts was collected for each

sample.

For PALS experiments, positrons emitted from fda source penetrate the interstitial
free volume structure within the polymer films. Here, a positron can combine with an electron
exposed at an internal free volansite, forming a bound state with an electron known as
positronium (P$Y. When the Ps has aligned spins, the complex is referred to aghan
positronium ¢-Ps), and when the Ps has unaligned spins, the complex is referred paras a
positronium p-Ps). The lifetimes 06-P s a t s@ m &in fdkbseconds) can be related to radii
of free volume elements (FVE) using certain geometrical assumptions sudplasrgal FVE
assumption, which is used in this work, through the-Eklvup relationship for an infinitely deep

potential welf344

P P g1
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wherei is the radius of the FVE a¥ isasemie mpi ri cal correctii oin of
is the radius of the spherical potential well. A f@emponent fit was implemented to analyze the
data using the LTv9 progrd For the fit,the p-Ps annihilation lifetime( ) was fixed aD.125

ns while the lifetimes of the free positron in ample { * 1@ ) andtheo-Ps atomsi andt )

were calculated along with their respective intensit@s@ ‘O, and’©. The associated intensity
values ofo-Ps atomsOor ‘O are proportional to the relative number of FVEs within the sample.

Bimodal free volume distributions were calculated using the PAScual préfgfam

3.2.7. Puregas permeation

Puregas permeation tests of,HN2, Oz, CHs, and CQ were performed using an automated
constartvolume, variablepressure permeation system from Maxwell Robotics. Polymer coupons
of approximately 25 m#Ain area were cut out from-qsepared and dried films. The samples were
then attached to the center dbrass washer that was 47 mm in outer diameter and 7 mm in inner
diameter using epoxy glue (Devcon 5 min Epoxy), which resulted in an active area for permeation
ranging from 10 to 19 mfAPrepared samples were sealed in dimmstainless steel cell anaen
immersed in a water bath. The temperature during the tests was seimB8 controlled by a
Thermo Fisher SC150L circulator. All samples were held under vacuum for at least 5 h prior to
testing. Before changing from one gas to another, a heliwsh 8u1 atm was applied, followed
by a degassing and a vacuum hold of 1 h. Each polymer sample-{Pdktd PIMCOOH) was
cast into at least three different films, each tested at 1 atm for reproducibility. Uncertainty is thus
reported as standard deviatio®dM-1 and PIMCOOH samples were also tested under -igh
pressure C@over a range ofib0 atm to evaluate the effects of plasticization. The permeation

rate of each gas was calculated from the stssaty pressure rise using the following equation:
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whered is the permeability in barrer (18 cm*(STP) cm cri? cmHd 1 s' %), 6 is the effective area
of the film (cnf), &is the film thickness (cm)w is the downstream volume (ém“Yis the
operating temperature (Ki), is the average upstream pressure (cmHg),afd2 ds the steady
state pressure rise in the downstream (cmHyy after subtracting the leak rate. The ideal
selectivity [ ) was calculated as the ratio of pgaspermeabilities for a pair of gases, A and B,

where A is typically more permeable:

H
c-zl C-
&

Diffusion coefficients were calculated from permeation experiments using thdatyme
method Eq. 3.9:
(p_

whereQis the diffusion codicient (cn? s 1) and—is the time lag.

When this approach was applied, the sorjititiffusion model { 'O "y was used to
backcalculate effective sorption coefficients using permeability and-Egemeasurements.
Additionally, equilibrium sorptiowas measured directly, as will be described in detail later, and
from this approach, effective diffusion coefficients were bealculated from permeability and
sorption dataDiffusion coefficients were not calculated foe Hs the downstream increase in
pressure was too fast to obtain an accurate measurement. Note that units repOvtaick fior

cm’(STP) cm?3 atmi 2.,
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3.2.8. Mixedgas permeation

Mixed-gas permeation tests for @OHs mixtures were performed on an automated
constantvolume variablepressure permeation system purchased from Maxwell Robotics. The
temperature was maintained at 35 °C using a-budir-heating system and an Agilent 7890B gas
chromatograph (GC) was used to measure the composition of gase$eiediaad the permeate
streams. A PIMCOOH sample, which was aged at ambient conditions for 330 days, was loaded
into a stainless steel permeation cell. The gas composition was mixed upstream of the permeation
cell and equilibrated before conducting the tmig permeation experiments. Before these tests,
pure H, N2, CHs, and CQ gases were tested to evaluate the effect of aging on the transport
performance of the films. Next, a 50:50 £0Hs mixture was tested at a total feed pressure of 2
atm and 14 atm.espectively. The mixture flowrates at the upstream side of the film were 300
sccm and 400 sccem for tests performed at a total pressure of 2 atm and 14 atm, respectively. During
each experiment, the downstream of the permeation cell was held under dyaamimwntil
steady state was reached. The steady state gas mixture was then collected into a fixed volume
under static vacuum, and the mixture composition was subsequently analyzed by the GC. Multiple
time points were collected and various upstream fl®gratvaluated to ensure steady state had

been reached and concentration polarization was insignificant.

3.2.9. Highpressure puregas sorption

N2, CHs, and CQ high-pressure sorption isotherms were collected using an automated
pressure decay method withdaal volume and dual transducer sorption system from Maxwell
Robotics. Measurements were carried out at 35 °C and up to 50 atm withigittiaurity gases.
In a typical test, approximately 0112 g of polymer film were loaded into the sample cell, the

cell was sealed with a VCR gasket, and then the system wgasded under vacuum for 8 h to
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remove any dissolved atmospheric gases from the films. The temperature was controlled using a
built-in air-heating system at 35 °C. Moles of gas sorbed into themmulfilm at each pressure

step were calculated using a mole balance between the initial and equilibrium conditions in the
chamber as described by Lin effalsotherms were fit to the dualode sorption (DMS) model:

. 6 @n

6 Qr —,
L o

whered is the concentration of penetrant in the polyncer*rrcm' 3,0), 1 is the equilibrium gas

phase pressure (atnd), is the Langmuir capacity constamnfstrcm ), Qi s t he Henry
constant¢mPstrem 3poia t' ) andais the affinity constang( t ' H1** Fitting to the DMS model

can provide insight on the influence of functionahtyd free volume on the sorption capacity of

the films. However, it has been previously demonstrated that fitting of the DMS model without
constraints can result in many good fits with limited physical significand® improve the

physical significance of fits{Q and & were constrained to maintain the same slope as that
calculated at 10 atm for sorption coefficients versus critical tempetatBarameters calculated

under different fitting constraints are reported\ppendix A.

The DMS model irEg. 3.6can be rewritten in terms of sorption by dividingpth sides of

the equation by pressure:

1
o
€

o

o
e
:4

Taking the limit ofEq. 3.7as pressure approaches zero, the sorption coefficient at infinite
dilution can be defined by the algebraic sum of equilibrium andegoiiibrium contributions to
sorption, and such a result physically represents the affinity of the first gas molesoitb toto
the polymer, a property inherent to the material.
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3.3. Results and Discussion

The hydrolysis of nitriles is typically performed through base or acid catalyzed reactions.
For small organic molecules, conversidmidrile groups (CN) to carboxylic acidsi COOH) is
easily achieved, but conversely, this type of reaction is challenging for high molecular weight
polymers, such as PIMs, due to limited access of reagents to the functional groups on the polymer
backbon&*?’. A similar issue has been reported for the reductionGM groups on PIML to
amines, where the commonly employed reducing agent, lithium aluminum hydride, proves
ineffective for high molar mass polymers, thus requiring an alternative apptoactabbreviated
reaction scheme for the acid and base catalyzed hydrolys@N\ofunctional groups is presented
in Scheme 3.10f note, the mechanism for base hydrolysis involves a poetl Mving group
and a stable amide intermediate. Therefore, it is more challenging to fully convert the amide into
the carboxylic acid using babgdrolysis, and when this route is pursued, high concentrations of

base are requiréd

On the other hand, acid hydrolysis provides an efficieiird) force for nucleophilic
attack by retaining the protonated intermediate and liberating a more stable leaving graup, NH
Efforts to improve conversion using base or acid catalyzed routes have been accomplished with
high conversion and yield, but &etcost of either reduced molecular wetgbt increased reaction
time?L. In this report, a more efficient sulfaracid catalyzed hydrolysis is applied to produce
highly carboxylic aciefunctionalized PIM1 in only two days while still retaining high enough

molecular weights to cast films.
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Scheme 3.1Simplified mechanism for a) acid and b) base hydrolysis oflestradapted from

reference 25.

3.3.1. Chemical characterization

The chemical identity of PIMCOOH synthesized in this study was confirmed using the
outlined characteristic spectral criteria #€-NMR, 'H-NMR, and FFIR specified by Santoso et
al*l. Images of the asast PIM1 and PIMCOOH films are shown ifrigures 3.1a, bandc and
the reference chemical structugseach polymer are shown fgures 3.1dande. Figure 3.1f
displays the collectetPfC-NMR spectra for PIMCOOH and PIML. In the case of PIM, thei
CN group is identified from its neighboring carbon by the NMR signal at 95 ppm, which is absent
in the RM-COOH spectra. Instead, the PAMOOH spectra shows a distinct signal at a chemical
shift of 162.8 ppm, which is characteristic of if@OOH group and has been previously reported
at 162.5 pprft. The signal acquired is slightly downfield to the chemical shift expected for the
CONH; functionality at 161.9 ppf, confirming the presence #COOH as the major product.
The 'H-NMR spectra for PIML and PIMCOOH (Figure 3.1¢g demonstrates a clear distinction
between these two polymers, whersenaall broad signal at aroundill2l ppm designates the

COOH proton. The PIMCOOH spectra also differs from that of the amide functionaliz&d\G
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which has'H-NMR peaks at 7:8.0 ppm and no peaks at around 148 ppm. In agreement with
the NMR spectrajie FTIR spectra of PIMCOOH (igure Al) displays the characteristi€=0
peak associated with thi€COOH moiety at 1720 chhand a broad OH stretch at 3500 crh

Notably, the sharp FIR carbonyl peaks associated with the amide at 1666 ara absent.

—
acid 5
hydrolysis 1

F G
13C-NMR pmso | TH-NMR
El
s -COOH
2 |,
; .
£ CHCl,
DC H2°
u B
160 140 120 100 80 60 40 14 12 10 8 6 4 2 0
ppm ppm

Figure 3.1.Image ofa) a PIM1 film, b) a PIMCOOH film, and c) bent PIM. and PIMCOOH
films. Chemical structures of d) PH¥and e) PIMCOOH. f)*3C-NMR spectra and gdH-NMR
spectra of PIML and PIMCOOH. Proton and carbon assignments are labeled on the chemical

structures in d and e.
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An important characteristic of ti€COOH proton is its ability to undergo exchange with
water, methanol, and other polar solvéhtBor this reason, the NMR signal associated with the
T COOH proton typically appears broad and can change its position with increased humidity or
water content in the sample. As a consequence of this exchangemdantsignal broadening
and changes in peak intensity were observed for dissolved water in the NMR solution at 3.38 ppm,
thus making it difficult to quantify the extentiot€OOH conversion through NMR alone. Instead,
elemental analysis and TGA weight Iqge®files were used to estimate conversion. The percent
conversion of nitrile td COOH was first approximated using XPS elemental analysis for PIM
COOH and the parent PH#l polymer as shown iRigure 3.2a The expected and actual atomic
percentages of cash, oxygen, and nitrogen in PHY, PIM-CONH,, and PIMCOOH are shown
in Table Al In PIM-1, the experimental atomic compositions closely align with theoretical
predictions, and in PIMCOOH, a very small percentage of nitrogen was found relative to oxygen
and carbon atomic percentages. Assuming that the only source of nitrogen in the sample is from

the PIMCONH: intermediate, the fraction of amide remaining in the polymer is predicted as the

ratio of the atomic percent of nitrogen found in the RIKAOH @ divided by
the theoretical atomic percent of nitrogen in a converted®OMNH; (w ):
‘ W j
() - o8
W R
wherew is the fraction of PIMCONH. remaining. The theoretical nitrogen content for a fully

converted amide PIM is 5.4%, and our experimental nitrogen content in the @GDOH sample
is 0.2%, indicating that the percentage of amide is approximately 4%. The percent conversion to
PIM-COONH isthus approximately 96%, which is significantly higher than the <50% conversion

found for the corresponding 5 h base hydrolyzed reaétions
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Figure 3.2.a) Elemental analysis of PHY and PIMCOOH films. b) TGAMS curve of PIM
COOH powder. Decomposition products andtiterresponding mass numbers are highlighted.

The approximated weight loss of 15.8% associated with decarboxylation is marked in red.

To crosscorrelate our XPS findings with an independent experiment, percent conversion
of PIM-COOH was estimated using AaMS in a helium atmosphere. As showrFigure 3.2b,
the TGA profile of PIMCOOH exhibits two characteristic mass loss regions starting around 300
°C and 500 °C. The first region is attributed to the loss of the carboxylic acid functional group, as
confirmed from the measured m/z of 44 from the MS, which indicates the expected lossof CO
The second region is representative of backbone deasitron of PIM1, where HO (m/z of 18)
was a major decomposition product. The loss £ ldnd additional loss of Gs ascribed to the
full or partial scission of dioxane rings on the polymer backbone, which is the dominant backbone
decompositiorstep for PIM1%%. The PIMCOOH weight loss aB00 °C observed in TGA was
approximately 15.8%. Assuming that the decarboxylation product of-CGIH is a
hydrogenated PIM, a theoretical weight loss of 17.8% would indic&®o kibnversion. In this
case, the 15.8% conversion indicates 89% hydrolysis, in accordance with a high conversion

estimated from XPS. In view of both the XPS and TGA results, the conversion of thg t8elM
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PIM-COOH through this acid hydrolysis reactionapproximately 8®6%, which is
remarkably high compared to a 92% conversion reported for a significantly longer reaction of 360
h using a base hydrolysis reacibi\s previously reported by Du et al. forRIM*’, the chemical
structure of the PIM formed in the temperature plateau between decarboxylation and backbone
decomposition may be a crosslinked version of the polymer. If ourch@akdCOOH sample
does crosslink, our assumption of backbone hydrogenation upon decarboxylation is a simplified
estimate. Thus, our estimate of 89% conversion from TGA would be artificially low because the
crosslinked PIM would have a lower mass thanhtglrogenated analogue. Nevertheless, XPS,
NMR, and MS measurements independently indicate high conversion, and demonstrate a unified

conclusion of high conversion at short reaction times for our modified acid hydrolysis.

3.3.2. Packing structure characterzation

The incorporation of the carboxylic acid groups into PIMan influence the solistate
morphology and BET surface areas through secondary interactions such as hydroges#énding
Such packing effects have been alied in other possynthetically modified PIMs including
thioamide PIM1 (Thio-PIM)!, tetrazole functionalized PINI (TZ-PIM-1)!%, amidoxime
functionalized PIM1 (AO-PIM-1)*°, and previous reports of fulfyand partially® carboxylic
acid-functionalized PIM1 (C-PIM). As shown inTable 3.1, functionalization of PIML to PIM-
COOH in this study resulted in a 58% reductiorsimface area, indicating a contraction of the
polymer matrix through the incorporation of carboxylic acid moieties. The retention of relatively
high surface areas for PHFIOOH compared to conventional dense polymers, which have low to
unmeasurable BET sade ared$ > was attributed to the inherent backbone rigidity of the PIM
structure. This rigidity typically prevents efficient chain packing and naturally results in

measurable BET surface areas regasitd backbone functionality.
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To obtain quantitative information on the local macromolecular packing structure of our polymers,
films treated identically as those tested for permeation and sorption were evaluated using WAXS
and PALS. Previous work by Li at. demonstrated that fluctuations in drying treatment conditions
and casting solvent for P films yields significant differences in gas transport properties (e.g.,
H. permeability of 1450 or 2330 barrer for films cast from CH@ DCM, respectively)
Therefore, to provida reasonable comparison between HAldnd PIMCOOH films, the same
casting solvent (THF), casting procedure and drying protocol were applied on all films

characterized by permeation, sorption, WAXS, and PALS.

WAXS measurements were performed to evalghtnges in the average intersegmental
spacing between polymer chains in PO@OH and PIM1. WAXS patterns are displayed as
intensity valuesOr] versus the scattering vectpr t“ O E+F_, where—is the angle of
incidence at which scattering is @pged and_ is the wavelength of the-Kay beam. Scattering
vect or v al 'daetypiaalymsseciated with bond lengths while broad peaks aj low
values are typically associated with the sizdasfier features such as interchain spacing
WAXS, amorphous polymers generally display very broad peaks that have corresponding halos of
decreasing intensities at successivadcing multiples of their dominant Bragg peak. In contrast
with typical amorphous polymers, Plddisplays three rather gipacharacteristic peaks around
0.89, 1. 2%, asshowdifigure®.3a McDermott et al. have shown that these peaks
are associated with distances between closely or loosely packed polymer chains-adidcent

spirocenters7. The WAXS spectra for PINCOOH displays a noticeable shift of the characteristic

PIM-1 peakatlownf rom 0.89 to 0. 95 T1, indicating a |
contrast, the signal at 1. 24 Tl is identical
1.62 Tl has a signifi c-@0H] iydicaing a reductiah inithet e n s i
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average intersegmental spacing of the polymer at the smallest detectable length scales for WAXS.
Features in the lowj region provide information about the free volume of the polndn the

nrange from 0.0 . 6 i1, there is a shift in the peak
forPIM-1t00.35 T 1 f oQOOR. SiMilar to the analysis at highvalues, the overall view

of the spectra indicate a reduction in chain spacing and free volume {COIMDH.
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Figure 3.3.a) WAXS spectra for PIML and PIMCOOH films where the numbering indicates the

| values associated with peaks in the higregion and the arrow indicates the shift in peaks in
the low region, and b) pore size distribution calculated from PALS measurements adapted from
the PAScual program. Arrows indicate the shift in average y@ume element diameter and

intensity observed for each mode.

The results from PALS, densily), and BET measurements, which are summarized in
Table 3.1 confirm a change in structure similar to that observed from WAXS. The density of
PIM-1, for instance, was approximately 9% lower than that of-EMOH. Moreover, PALS
analysis provided a quantitative assessment of free volume size and the relative ofuinaser
volume elements, whichire represented as pore size distributions (P8BsBoth unimodal and

bimodal distributions have previously provided good representations of the PSD-IFF/h°
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and our findings revealed that data for both sampleddoeilfit with similar uncertainties for
either a unimodal or bimodal fit. However, we chose to present a bimodal fit because this fit
resulted int values that better aligned with those expected for free positron annihil@tien
bimodal distributionsdr PIM-1 and PIMCOOH are presented Kigure 3.3b. For FVE diameters
greater than 6 , he d-Ps lifetime ¢ ) and intensity O of PIM-1 are significantly higher than
those of PIMCOOH (Table 3.1). Lifetimes ofo-Ps atoms are typically associated VAWE sizes
while intensities relate to the number of FVEs in the %idvhen applying a spherical fit to the
FVEs, PIM1 and PIMCOOH were each found to contain average FVE diametd@.04+ 0.06

and 8. 1fér théNlarger F¥Bs,and . 4 N 0. 4 fan thedsmaler 5VES] 0 . 2
respectively. As shown iRigure 3.3b, hydrolysis of PIML1 results in a shift in the PSD for PAM
COOH to reduced FVE diameters and reduced intensities for the larger FVESs, confirming an
overall reductionif r ee v ol ume. For smaller FVEs with
results in reduced-Ps lifetimes { ) but increased intensitie®). This result indicates that, when
hydrolyzed, PIMCOOH undergoes a tightening of the structure where large Ev&ssce into
smaller FVEs, which ultimately increases the overall number of small FVEs. Together, PALS,
density measurements, WAXS, and BET demonstrate a reduction in the FVE sizeQORIM.
Notably, PALS results suggest that RBOOH has an increasetumber of smaller FVEs
compared to PIML. In the context of gas transport, these small FVEs can improve ditioasau
size selectivity for /N2, Ho/CHs, CO/N2, and CQ/CHs, which will be discussed later in this

paper.
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Table 3.1.PIM-COOH and PIM1 materials properties.

BET SA _
Sample |z (e | W(nsy W (nsy Le ke
(m*g'h
PIM-1 886 1.19+0.03|1.40+0.14 | 5.63+0.07|54+£0.3 |18.6x0.2
PIM-COOH 373 1.31+£0.02|1.07+0.06 | 3.72+0.07{ 6.3+ 0.5 | 13.0+0.3

aCalculated using theuoyancy method with a density Kkit.
b o-Ps lifetime calculated from PALS, associated with the size of free volume elements.
¢0-Ps intensity calculated from PALS, associated with the number of free volume elements.

3.3.3. Gas transport properties.

As a class of materials, polymers can span a range of physical states and packing structures.
Scheme 3.2elps to qualitatively illustrate how such morphological considerations can be viewed
for rubbery and glassy polymers. For PIMs, which can be viewedtasnediary materials
between traditional glassy polymers and classic molecular sieves, the molecular picture of gas
transport becomes nuanced in terms of interpretation using traditional theoreticaPftddeds
example, if a polymer is truly microporous, diffusion coefficients determined from thdagne
method would be different from those detered by dividing permeability by sorptiéh as
implied by the sorptioidiffusion model. Therefore, this section considers both appesam
evaluating diffusion and analogous approaches in determining sorption. By doing so, we aim to
provide a complete moleculavel picture of how transport theory should be applied to-PIM

and PIMCOOH.
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Scheme 3.2Gas polymer interactions inubbery, glassy, and molecular sieving materials.

3.3.3.1. Puregas permeation

Results showing the effect ®fCOOH functional groups on pugas permeability and
selectivity are presented Figure 3.4and tabulated imables A2andA3. After incorporatimg the
carboxylic acid group, permeation significantly decreased while the selectivity fpa@DH
based gas pairs significantly increased, as is expected for typical permesabddirvity tradeoff
behavior Figure A3). As depicted irFigure 3.4b,compared to the parent PHY polymer, there
is a 260% increase in GM@Ha selectivity, a 160% increase in @08, selectivity, a 310% increase
in Ho/N2 selectivity, and a 160% increase i/l selectivity. The permeability of gases in RIM
COOH follows a simar trend to that of other PINMBwhered >0 >0 >0 >0 .In
general, PIMCOOH displays a more prominent sigieving ordiffusion-selective mechanism of
transport than PIM, especially for gas pairs with significantly different kinetic diameters (i.e.,
COz and CH) (Table A2). Our PIMCOOH permeability trends are similar to those found for the
hydrogenbonded AGPIM-1, wheae H, and CQ have similar permeabilities and Bind CH have
similar permeabilitied. Given these similarities between RIMDOH and AGPIM-1, improved
selectivities do not appear to be biased to a specifi¢ gagmer interaction, such as the one

expected with C@ but instead, to be influenced to a large extent by penetrant size.
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Figure 3.4.a) Puregas permeability and b) ideal selectivity of RIMand PIMCOOH films.

Results are shown for 3& and 1 atm.

3.3.3.2. Puregas sorption

Puregas sorption studies were performed to directly measure the sorption contribution to
PIM-COOH gas transport, émnvolute the nomquilibrium and equilibrium components of
sorption through the duahode model, and gain insights on the validity of applying the soiption
diffusion model to functionalized PIMs. As shownFigure 3.5 PIM-1 and PIMCOOH show a
good fit to the DMS model and exhibit the typical concavity witheespo the pressure axis that
is expected for glassy polym&tsMoreover, sorption trends followelde expected order of more
condensable gases having higher sorptidh (> Y > "Y ), consistent with previous gas
sorption analysis of PIM?2. The concentration of \NNCHs, and CQ sorbed in PIMCOOH films
was around 675% that of PIM1. Of note, the percent decreasesorption for CQ was similar
to that of other gases considered, indicating that the rol@©DH did not create a unique affinity
for the quadrupola€O,. To more clearly elucidate the origin of these findings, sorption data was
de-convoluted into eglibrium and norequilibrium components through the DMS md&éd. The

Henr yos @) dsmmeasuretof gésssplution into a rubberyor liquid-like phasé®®®and
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the Langmuir capacity constarit () is associated with sorption into excess-frekime domains.
Thus, relative changes in these DMS parameters indicate whether the primary consritaution
sorption in PIMCOOH are related to excess FFV through changés iar to the chemical

composition of the polymer through change&ifi®-°”.

C (emgrp cm)

0 10 20 30 40 50
Pressure (atm)

FigurgogBption i sotlHeandst DT ANC {empPlyMsquare ¢

and -e0@®H films (filled triangle symbols) meas:!

Parameters fit from the DMS model are showiTable 3.2andTable A4. Bothd and
Q of each gas in PIM are significatly higher than those of each gas in POOH, indicating
that both Henry and Langmuir mode sorption are lower for-EIMMOH than PIM1. The overall
non-equilibrium contribution to sorptiod( & is higher for PIM1 than PIMCOOH for every gas
considerd, consistent with the reduction in BET surface area for the hydrolyzed sdraple.
3.2 also presents sorption at infinite dilutiotY () and sorption at 1 atmi{ ), which will be

discussed in the following paragraph, and the ratio ofatpnlibrium sorption to equilibrium
sorption at infinite dilution{—). The latter ratio provides an indication of whether the gas of

interest prefers to sorb in the polymer matrix or in-agnilibrium domains. For hydrolyzed PIMs,
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the— ratios were consistently lower than those in PINbr all gases considered. However, for

COp, — values differ by approximately 10% for PiMcompared to PIMCOOH, while those

for N2 and CH differ much more substantially by approximately 34 @386, respectively. A

potential explanation for this trend is that the accessible carboxylic acid functional groups in the
nortequilibrium free volume of PIMCOOH create a more favorable energetic binding mode for

CO; than N or CHs, and such favorableemee t i cs are suppressed for t
secondary interactions such as hydrogen bonding between carboxylic acid functional groups in the
more closely packed equilibrium free volume domain. Such an interpretation; namely, that CO

has a unique sef bimodal sorption properties relative to each mode within therdode model,

could also explain why the decrease in totab&@ption inFigure 3.5was similar to that of other

gases. In this case, the less polarizable gases @.end\CH) would show a weaker dependence

on hydrogebonded carboxylic acid functional group s
that this interpretation relies on the rpinysical nature of the DMS mod&f® so while this trend

provides an interesting connection between gas sorption and theguadibrium glassy state, a

physical ovetinterpretation of our conclusions should be carefully avoided.

Table 2.Duakmode sorption model pameters from sorption isotherms measured &C35

Sample | Gas N ro ] ® ] +<bD

PIM-1 N2 0.233 1.98 2.21 1.96
CH4 0.565 7.00 7.56 7.84
C02 2.67 42.5 45.2 29.3

PIM-COOH N2 0.216 1.22 1.43 1.27
CH4 0.471 4.49 4.98 5.21
CO, |185 26.6 285 207

I'n u it % r‘rftgofq\tfifn
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Using equilibrium sorption isotherms, comparisons between samples can be made to
determine if the addeidCOOH functional group altered sorption relationships that are frequently
observed for hydrocarbepased polymers that obey regular solution th¥oRor this analysis,
the logarithm of Y was plotted against critical temperature of the respectivesgdl CHs, or
CQu. These linearized plots take the formiofY T “Y | ,wherg is the yintercept and
I is the slop®. Generally, hydrocarboiased polymers and liquids halvevalues ranging
between 0.018.019 K at 35AC®. As shown inFigure 3.6 when this analysis is applied to
PIM-COOH and PIM1, the polymers show conventiohalalues of 0.016& 0.0009and 0.017
+ 0.001 K™, respectively, indicating that both PIMsllbw similar sorption trends to other
hydrocarborbased polymers. Moreover, PIRIOOH does not display any significantly altered
trends in sorption. Therefore, these results suggest that the sidgfission model can be readily

applied to these PIMs ansed for comparisons with other polymeric membrane materials in the

literature.
10?
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Figure 3.6. Sorption coefficient at infinite dilutionY ) vs. critical temperatured() for PIM-1

and PIMCOONH films.
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3.3.3.3. Validation of sorption diffusion framework

Gas diffusion in polymers is often viewed as an activated prdcdasthis respect,
molecular diluents occupy individual free volume elements, and polymer chains must be activated
with sufficient thermal energy to permit stochastic diffusion of molecules fnoenfree volume
site to another. However, in PIMs, the slow timescales for polymer chain dynamics and ultrahigh
fractional free volumes presents intriguing fundamental questions related to transport in these
materialé. Unlike many other glassy polymers commonly considereddsrseparations, PIMs
have measurable BET surface areas coupled with ultrahigh fractional free volumes. As a result, a
key question is whether transport in PIMs can be adequately described within the traditional
framework of the sorptidgrdiffusion model orif interconnected and permanent free space

necessitates an entirely new physical picture of transport in these materials.

In their seminal work on transport in liquids and glasses, Cohen and Turnbull anticipated
the possibility of overlapping free vahe elements. If such atures were to manifest themselves
in PIMs, including PIM1 and PIMCOOH, they could be revealed through careful testing of the
assumptions within the sorptibdiffusion model. In addition to revealing fundamental insight on
transport, this type of anaigscould further clarify the semantics of whether PIMs as membrane
mat erials are best described wusing the ter mi
arguments originally presented by Budd €t?alhus, we proceeded to systematically investigate
trarsport for PIM1 and its hydrolyzed counterpart, RIBOOH, using seftonsistent experiments

to analyze the role of interconnected free space.

These experiments were conducted in two ways. First, by measuring equilibrium sorption
isothermsthe secantsorgion coefficient was directly extracted at 1 atm, and then, the diffusion

coefficient was calculated by dividing the permeability by the secant sorption coefficient. These
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results are presentedhigures 3.7a and dor diffusion with respect to effectivdiameter of gases
squared, in agreement with the physical picture of the Brandt Mcated for sorption with respect
to T, respectively. Second, using transient permeation experiniemgslag analysis was used to
calculate diffusion coefficients, and theapplying the sorptididiffusion model, sorption
coefficients were calculated by dividing the permeability by the-tagediffusion coefficients.

These comparative results are presentdedgares 3.7b and d.

Sorption coefficients are expected to inceeawith increasing measures of gas
condensability while diffusion coefficients are expected to decrease with increasing measures of
penetrant siZ8. PIM-COOH and PIM1 display these expected trends. The slopes of these semi
log plots inFigure 3.7 are displayed on each figure, where a steeper slope ssraeggraxy for
higher sorption or diffusion selectivity. Tabulated diffusion and sorption selectivities for select gas

pairs are reported ifable A3 and A5 for time-lag and secant methods, respectively.

For individual gas pairs, diffusion and sorption selectivities calculated from each method
are almost identical for PIM, indicating that PIML can be clearly considered within the
framework of the sorpticdiffusion model. PIMCOOH showed similar behavioThe slight
steepening of the diffusivity plots iRigures 3.7a and bfor PIM-COOH compared to PIM
simply indicates that diffusion selectivity contributes more to the overall increase in
permselectivity for the hydrolyzed PIM. Remarkably, when compgadentical polymers (i.e.,
PIM-1 or PIM-COOH), slopes irFigures 3.7c and dcalculatedfrom the timelag and secant
methods show identical values within error. Furthermore, for-€{MDH, sorption and diffusion
selectivities calculated for G£LH4 from boh methods are consistent within error, albeit more
variability is found when comparing GMI2 sorption and diffusion selectivities for PHRIOOH.

Robeson et al. previously examined variations betweenléimand secarttased analyses for
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PIM-1 through apptation of the partial immobilization modéf2 In their analysis, the predicted
sorption selectivityfor PIM-1 calculated using the tirag diffusivity (i.e.,| ) was found to
vary by a maximum of only 13% from that calculated by direct sorption|(i.g.,) for CO/N>
at around 5 atfi. In our work, PIM1 sorption selectivities for CAN; that were calculated from
each method are almost identical within erfbalfle A3 andS4) However, for PIMCOOH, the
use of different méitods result in sorption selectivities for &, that vary by approximately 40%.
Analogous deviations between sorption and/or diffusion estimates frorieioe secant methods
have been observed in amiRéMs, where pronounced dualode behavior is hypbesized to
yield penetrant concentration dependeriéi€s In PIM-COOH, signiicant Langmuir
contributions in duamodel sorption, which are particularly prevalent for gases such g$€0

could contribute to thee differences.
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Figure 3.7.Diffusion coefficients versus effective diameter squaregdge) for PIM-1 and PIM
COOH films calculated using a) the secant (sec) method combined witlygmipermeation tests
or b) the timelag (d) method. Sorption coefficients versdisfor PIM-1 and PIMCOOH films
calculated using c) the secant (sec) method or d) theldign@) method combined with purgas

permeation tests. Slopes and errors were calculated using the Origin 2018b lingdofittiData

Taken together, our analyses indicates that -RIMnd PIMCOOH have transport
characteristics that resemble many other glassy polymers and a physical picture of transport that

can be viewed within the confine$ the sorptiondiffusion model. In view oScheme 3.1such



an interpretation would indicate that molecular diffusivity occurs from a single mechanism of
thermally activated diffusive jump steps from free volume elements, instead of discrepmistra

diffusion followed by activated diffusive jumps through microporous slits in a molecular sieve.

For this reason, we recommend framing PIMnd PIMCOOH within the traditional terminology

of Afree volumeod, cons 8tIeisirmportmnttohotephoweeer,thag t u d i
our analysis is specific to GHN., and CQ, so we carefully refrain from drawing conclusions on

how to frame trarmort mechanisms of smaller gases suchas RIM-1 and PIMCOOH.

3.3.3.4. Plasticization, aging, and mixedas properties

To examine how PIMCOOH would perform under more realistic conditions and to
evaluate the effect of hydrogen bonding on>@®posue, highpressure C®permeation tests
were performed on PIM and PIMCOOH films as shown ifrigure 3.8. Plasticization is a
phenomenon where highly polarizable gases, such as &®igh enough concentration, can
induce chain mobility in polymers andal to a reduction in permselectivity in mixgds
scenario® '8 Typically, films that are physically or chemically crdssked have tighter packing
and inherently lower chain mobility, which can result in bettastirization resistance than their
counterpart§. At the same time, following hypotheses from Wesslirdy@worker’, films with
higher CQ sorption and high FFV can more rapidly reach a critical €@ centration that induces
plasticization effects. Because of the tighter packing structure and lowesdg@on in PIM
COOH compared to PIM, we anticipated an increase in the film plasticization pressure.
However, as shown iRigure 3.8 in a puregas scenario, permeation in RIMDOH appears to
considerably increase with increasing pressures compared t&,RiM the plasticization pressure
point of PIM1 (15 atm) is higher than that of PA®OOH (5 atm). In the case of PIRIOOH,

these findings may indicate a disruption of secondary interactions when exposed koddCthis
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interpretation, as pressure increasad the C®concentration rises, hydrogen bonding between

T COOH groups on the polymer backbone may be disrupted, leading to increased free volume and
thus, higher C@diffusion at high pressures. Analogous behavior has been previously reported by
Fleminget al., wheren situ ATR FT-IR monitoring of miscible PVAPEG blends demonstrated a
reduction in polymémpolymer hydrogen bonding with a concomitant increase in polyG@r

interactions as high pressure £@p to 80 bar) was introduced to the bléhd

A more rigorous methodtevaluate plasticization behavior is to study the permeation of
gas mixtures at increasing upstream pressure. Therefore, an age@C@AM film was
characterized for mixedas permeation, as shownHigure 3.8h After 330 days of aging, PIM
COOH displayed decrease in permeability and a concomitant increase in selectivity for all gas
pairs considered={gure A3). This result is consistent with the aging trends typically observed in
glassy polymer8. Notably, after 330 days of aging, PARDOH surpassed the 2008 upper bound
for Ho>-based gas pairs. For GDased separations, the effects of2@@luced plasticization on
the performance of PINCOOH were examined by considering a 50:50:C8ls mixtureat CQ
partial pressures below (1 atm) and above (7 atm) thepG@Sticization pressure (5 atm). In the
case of pristine PIM, CQJ/CHs selectivity has been shown to decrease below 10 after
plasticizatioi®. However, given its high ideal GZH. selectivity, PIMCOOH has potential to
outperform PIM1 and other glassy polymers in mixgds conditions. This effect is shown in
Figure 3.8b. At a total pressure of 2 atm, aged POMDOH displayed excellent transport
performance above the 2018 mixgas upper boufd At a total pressure of 14 atm, mixges
selectivity decreases as a result of plasticization. However, despite the plasticization effects, PIM

COOH exhibits excellent mixegas transport performance on the 2018 migasl upper bound.

109



A 25 g 60 <
4 PIM-COOH-330d
PIM-COOH (2 atm, mixed-gas)
2 40 *
5 201 s PIM-COOH-330d
8 - f (14 atm, mixed-gas) .-
£ . O PIM-COOH
3 .5 )
g ] . e
S . 3 20+
©
g 1.04= Satm . PIM-1,
pzd - : : i . . - - ™
15 atm
0.5 T T T T T T T
0 10 20 30 40 50 10! 102 10° 104
Pressure (atm) P(CO,) (barrer)

Figure 3.8.a) CO; plasticization isotherms for P and PIMCOOH films plotted as normalized
permeability versus pressure measured at 35 °C. Plasticization pressures are designated at 5 atm
and 15 atm for PIML and PIMCOOH, respectively. b) C/CH, 2008° and 2018 upperbound
relationship for PIM1 (black) and PIMCOOH (red square) msared in purggas conditions at 1

atm, and for 330 dagged PIMCOOH (PIM-COOH-330d) measured in mixegas conditions

(50:50 CQ:CHg) at a total feed pressure of 2 atm (dark red empty star) and 14 atm (dark+ed half
filled star). The red arrow indicatestbecrease in mixeghas selectivity of PIMCOOH-330d with

increasing feed pressure.

3.4. Conclusion

Highly carboxylic acidfunctionalized PIM1 films (PIM-COOH) were synthesized
through a facile, 48 h, acidydrolysis method, an improvement over the prasi360 h method.
The chemical structure of PHGOOH was characterized throu§H-NMR, °C-NMR, and FF
IR, showing little to no spectral characteristics associated with the amide functionalized
intermediate. TGAMS and XPS analysis confirmed >89% convansio carboxylic acid.
Characterization of the packing structure using PALS, WAXS, and density measurements

indicated a reduction in free volume size in PIMDOH. Gas transport behavior was characterized
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through puregas permeation and sorption tests. Thengability of PIMCOOH significantly
decreased when compared to PIMwhile the selectivity increased by >100% for 40D,
CO/CH4, O/N2 and H/N2 gas pairs. Purgas sorption analysis revealed reduced sorption for all
gases in PIMCOOH, and an wdepthanalysis using the DMS model revealed a strong influence
of FFV on sorption through the Langmuir mode. Diffusion and sorption coefficients calculated
through transient and equilibrium methods were compared, indicating that PIMs considered in this
study béave like traditional hydrocarbdmased glassy polymers and follow trends fully consistent
with the sorptioindiffusion model. This analysis further revealed that the incorporation of
carboxylic acid groups primarily influenced diffusion selectivity. FinaRIM-COOH transport
performance was evaluated using hpggkssure C®permeation isotherms, and highessure
binary CQ:CHs mixed-gas tests were performed on a 330 day aged®DH sample. While
PIM-COOH shows a plasticization pressure of 5 atm in -gae conditions, mixedas tests
revealed that aged PHEOOH maintains excellent transport performance on the 2018 rga®d

upper bound even at a mixgds total feed pressure of 14 atm.
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Chapter 4. Leveraging free volume manipulation to improve membrane separation

performance of aminefunctionalized PIM -1

Abstract

Gasseparation polymer membranes display a characteristic perméaaléagtivity tradeoff that

has limited their industrial use. The most comprehensive approach to improving performance is to
devise strategies that simultaneously increase fractional free volume, narrow free volume
distribution, and enhance sorption sebatyi but generalizable methods for such approaches are
exceedingly rare. Here, we presentirasitu crosslinking and solidtate deprotection method to
access previously inaccessible sorption and diffusion characteristics in-famitienalized
polymersof intrinsic microporosity. Free volume element (FVE) sizes can be increased while
preserving a narrow FVE distribution, enabling belggper bound polymers to surpass thé\,

H2/CHa, and Q/N2 upper bounds and improving G®ased selectivities by 200%his approach

can transform polymers into chemical analogues with improved performance, thereby overcoming

traditional permeabilitiselectivity tradeoffs.

This chapter has been adapted frdvhizrahi Rodriguez, K., Lin, S., Wu, A. X., Han, G,,
Teesdat, J. J., Doherty, C. M., & Smith, Z. P. (2021). Leveraging Free Volume Manipulation to
| mprove the Membrane Separation PeAndewandieanc e

Chemie International Editiqr60(12), 65936599.
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4.1. Introduction

Developingsustainable technologies to perform gas separations and reduce anthropogenic
carbon emissions has become a worldwide pritbfityVhile current industrial processesd,
cryogenic distillation and amine absorption) can perform separations effectively, moreaslistain
technologies are needed to reduce energy consumption and the use of toxic solvents for existing
process€s. In addition to being energgfficient, polymer membranes have various attractive
features, including facile operation, modularity, snfabtprints, and improved occupational
safety'’. Because offeir tunable chemical features, mechanical properties, and relative ease of
processing, polymers have been the dominant class of materials for industisa@pgestion
membranes.

A primary challenge in applying membrane technology to new separationssréba
limitations in membrane material separation performance. Along these lines, polymers experience
a welkknown tradeoff between gas permeability and selectivity. This traffevas empirically
defined for a large database by Robeson in 888d later revised to include more data points in
2008. Newer upper bounds have been deftiég but the Robeson plots remain the most
common benchmark comparison. These plots serve as a soft metric to benchmaglspure
separation performance across polymer classesr(bbery andglassy and chemistriese(g,
backbone and/or sieehain composition). In general, a large majority of roeanebased research
efforts focus on developing materials that display simultaneous improvements in permeability and
selectivity.

A few years after the initial publication of the empirical upper bound, Freeman developed
a theoretical basis for this permance tradeff. It was suggested that to surpass the upper bound,

new polymers needed to be synthesized with (1) increased backbone stiffness and high free volume
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and/or (2) enhanced sorption selectitAtyJsing these guidelines, a number of novel polymers
have since been synthesized under the premise of increased backbone rigidity and interchain
spaing, including polymers of intrinsic microporosity (PIM%}%, CANAL-based ladder
polymers’, ROMPbased polymers with sidghain porosit}?, and thermally rearranged (TR)
polymers®. The archetypal PIM (PIM) was designed with a contorted and rigid backbone
chemistry that reduces backbone mobility and results in an inefficiently packeestsidid
structure with persistent microvoid domains of less than 2 nm in size, high fractional free volume
(FFV), and ultrahigh surface areas (~856 gh')?’. Because of its ultrglassy microporous
structure, PIM1 displays gas transport performance approaching the 2008 upper bound for various
gas pair§?L

In addition to large interconnected void spaces, -BlMas an accessible nitrileGN)
moiety that can be functionalized to tailor the sorptiorgage$’. Examples of this approach
include postsynthetic modification withthioamidé®, tetrazolé®, amidoximé&®, aminé®?’,
amide® andcarboxylic acid® 3% An important consideration in these examples, however, is the
role that polymer chemistry plays in dictating the packing structure and transport characteristics
of the polymer film. Upon functionalization, it is exceedingly difficult tarease C@sorption
without compromising internal surface areas, and thus, molecular diffusion decreases, particularly
due to secondary interactions introduced by new functionalities. For example, we recently reported
a sorptioidiffusion tradeoff for hydrolyzed PIM 13!, where the targeted enhancements i CO
sorption through carboxylic acid COOH) functionalization were offset by a concomitant
reduction in FFV and surface area, which substantially reduced pernyedtiils same effedtas
also been observed mminefunctionalized PIM1 (PIM-NH2), where amine functionalization

introduced exceptionally high GQorption, but hydrogen bonding betwéétH> groups reduced
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both FFV and diffusion, yielding transpamtoperties for PIMNH: that were substantially below
the upper bourfd. Therefore, there are limited opportunities to leverage -poghetic
modification to improveransport performance in PIMs without the negative effects of reducing
surface area and permeability.

In this report, we demonstrate that a pogithetic strategy can be used to circumvent these
issues, specifically focusing on amifenctionalized PIM1. Through this approach, we can
access the sorption benefits of psghthetic functionalization while retaining beneficial
properties provided by the PHY backbone. As shown iScheme 4.1the method involves
protection of PIMNH2 with atert-butoxycarlonyl (i t-BOC) group followed by deprotection using
either an acid solution or a high temperature treatment in vacuum. Protection/deprotection
techniques are commonly employed in srmadllecule organic synthesis, where a protecting group
is used to tempordy block reactive functionalif?. Due to its versatility, the
protection/deprotetion process has been creatively applied across fields including bioché&mistry
and lithograph3#. In the context of gas separatioisBOC deprotection has be investigated
for dense polymers, but only small changes in transport properties have been débserved
Conversely, microporous polymers such as PIMs have yet to be explored. In this report, we
demonstrate that free volume manipulation through protection/deprotection éfliRriMnables
control of the polymer microstructure, allowing us to access previously inaccessible transport

performance in these materials.
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Schemed4.1. Protection and deprotection of PINH>. All reactions are performed in the selid

state. Images of sample films are presagmd-igure B1 of Appendix B
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4.2.Results and Discussion

A synthetic strategy was successfully developed for protection and deprotection -of solid
state PIMNH: films. First, PIM-1 films were functionalized with amine groups using a method
previously reported by Masaet al?® Next, PIM-NH, was protected witlit-BOC using al day
solid-state reaction at 35 °C that we have previously applied to polyithidBslymers
functionalized withi t-BOC (PIM-t-BOC) were deprotected in the seBthte using one of two
conditions: aciecatalyzed deprotection in a dichloromethane-salwent (PIMdeBOC(acid)) and
thermal deprotection under vacuum at 250 °C ({@BBOC(thermal)). These distinct deprotection
routes were chosen to investigate the influence of deprotection conditions on the resulting packing
structure. Stegby-step synthetiprocedures are outlined in tA@pendix(Schemes B1B6).

The chemical identity of each polymer was first investigated usingRF3pectroscopy
(Figure B2). The PIM-1 spectrum displayed the characteristic nitrile stretch at 2238 wiich
was absent foPIM-t-BOC and PIMNH? and its derivatives. Consistent with the spectral features
previously reported for PIMNH2?%, the spectra for PINNH2, PIM-deBOC(acid), ancPIM-
deBOC(thermal) from our study showed signals foritNeH stretch and wag at 3390 thand
830 cm?, respectively. The spectra for PAéBOC(acid) was nearly identical to that of pristine
PIM-NH>, indicating removal of theit-BOC group. In contrast, ¢h spectra for PIM
deBOC(thermal) displayed two salient differences from that of-RH4: a reduced N-H wag
signal and the appearance of @=0 signal at 1684 cth As described later in this paper, we
attribute these features to light urea crosslinkimghie polymer structure, which can notably
stabilize the free volume microstructure during deprotection. TRHRFSpectra for PIM-BOC
revealed the presence ofi @=0 signal at 1707 cth which was associated with tli¢-BOC

chemical moiety.
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The thermébstability of PIM films was evaluated through TGRigure B3). All PIM-NH>
analogs showed similar weight loss curves with a mass loss aro8@tdbetween 400 and 480 °C
prior to backbone decomposition at approximately 490 °C. This mass loss was attobilted
loss of thei NH2 groups in the form of Nk as has been previously reported for NM2?5. The
temperature required for thermal deprotection was ifilethfrom TGA at approximately 250 °C,
where PIMt-BOC displayed a 27% mass reduction. Since the theoretical mass loss for complete
deprotection is 29%, this finding indicates successful protectionNef, with 1t-BOC at a
conversion of 93%, similar tit-BOC protection of hydroxyl groups in polyimidésTheTable
plateau in mass loss between the deprotection temperature and badkbbragcomposition
indicates that solidtate deprotection can be accomplished while retaining functionality and
backbone integpy.

Chemical differences among PiMand the three PINNH2 analogs were examined using
magicangle spinning (MAS) solidtate *3C NMR spectroscopy. As shown iRigure 4.1,
characteristic features for the PIMand PIMNH2 spectra were consistent withreviously
reported finding®, where the aromatic signal for PiMat 94 ppm (peak 1) shifted to 118 ppm
for PIM-NH.. All PIM-NH2 analogues also displayed a new NMignal at 34 ppm (peak 2)
associated with the methylene group bound td .. For PIMt-BOC, the three expectéédC
signals for th& t-BOC carbonyl (155 ppm, peak 4a), tieet-butyl carbon (78 ppm, peak 5), and
the three methyl groups (29 ppm, peakv@re identified. Analogous to the HR results, PIM
deBOC(acid) displayed an almost identical spectrum to that ofNHIY evidencing the recovery

of the original chemistry.
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Figure 4.1. Solid-state'3C NMR spectra for film samples of PH(black),PIM-NH: (blue), PIMV

deBOC(acid) (orange), PideBOC(thermal) (green), and PitvBOC (red). A generalized PM

1 structure is shown above the image and the characteristic chemical group present in each

derivative is shown to the right side of the image. pelik assignments are showrfFigure B4.
PIM-deBOC(thermal), however, displayed a reduction of intensity of the ¥CadMR

signals associated wiitNH2 and the appearance of a new signal at a chemical shift of 159 ppm

(peak 4b), which was distinct frothei t-BOC carbonyl signal present at 155 ppm. The origin of

this new chemical signal was evaluated by comparing with spedttaB®C and urea structural

analogues and investigating possible deprotection mecha&h€nehich are shown iSchemes

B7i 9 of theAppendix B. It is well known that carbamic acid intermediates or isocyanates in close

proximity toT NH2 groups can rapidly react to foranea bonds, as shown $theme B10In the

case of the thermal deprotection procedure used here, very high temperaur2so(°C) can

potentially provide enough energy to start radioadiated or concerted deprotection

mechanism¥. Both featurescould allow for urea bond formation. In contrast, the acid
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deprotection was performed by soaking the film in a dichloromethaneaieent. Polymer
swelling and solvation of functional groups can enlarge the FVE within the film, as later
demonstrated thuggh PALS, and potentially reduce the proximity BiIHCOOH ori NCO groups
to i NHz, thus preventing urea crosslinking.

The influence of possynthetic modification on gas separation performance of the PIM
NH:z analogs was investigated fog,HDz, CHs, N2, and CQ permeation tests of all derivatives, as
presented irFigures 4.2 and B5a and tabulated iTablesB1 and B2. After acid deprotection,
H2, Oz, CHs, and N permeabilities were approximatelyiZ8% higher than those of PHMHo,
while Hx-basedselectivities remained similar within errdfigure B5a). For CQ-based gas pairs,
the deprotected PINNH> sample had a 67% higher @ermeability and slight improvements in
CO; based selectivity relative to PHMH2. Overall improvements in permeabilityeve attributed
to a combination of FVE templating and swelling of the sample during solvent deprotection
resulting in a widening of the internal free volume in the films, which was further evaluated
through PALS tests that will be discussed later. Nevimgke the modulation of transport

properties for the acid deprotected sample was small compared to the initialHRIpblymer.
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Figure 4.2. Permeability and selectivity for the polymers compared against the 2008 Robeson
upper bounds for (a) N2 and (b)O2/N2 gas pairs.
Thermal deprotection, on the other hand, produced a remarkable change in gas transport
performance compared to PINH2. After deprotection, a significant enhancement in the-size
sieving behavior for ICHa, Ho/N2, and Q/N2 gas pairs was observed for Ri¢BOC(thermal)
compared to PIMNH2, which was attributed to a tightening of the packing structure provided by
the urea crosslinks. In comparison to PN#>, the CQ and H permeabilities of thermally de
protected films incrased from840l 70 t o 2300 & 5a0n0d bfarrorne rl 4f500r RNC

N 200 b arAtteersanfe time, the GHind N permeabilities for PIMdeBOC(thermal)
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remained similar to those of PIMH: (Figure B5b and TableB1). The selective increase H>

and CQ permeabilities indicates that crosslinking coupled with FVM creates a distinct packing
structure, enabling access to improved selectivities for small molecules. As a result, PIM
deBOC(thermal) displayed an increase in bothpermeability and ktbased selectivities for
H2/N2 and H/CHs, surpassing the 2008 Robeson upper bound and outperforming untreated and
methanoltreated PIM1 for both gas pairdgure 4.2 and B6). This sizeselective behavior was

also observed for £N,, where Q/N; selectivity increased from3® 0.1 to 4.6 N
surpassing the 200 RenRraadblg, campared o PNH,, GOphased .
permselectivities for thermally deprotected samples increased by more than 200%, fkom ®.3 5

t o N2® fJopa nf@40N 0. 4 t o 4 €4HNith thesé improveinents, the €0
separation performance of PiteBOC(thermal) is almost equivalent to that of untreated-PIM
These findings reveal that free volume manipulation can be used toateottahsport properties

in polymers without significantly modifying the chemical composition of the polymer itself.

To glean moleculalevel insights on how protection and deprotection strategies influenced
transport properties of the P¥MH> analogs, various characterization studies were performed on
each sample. These studies included veidgle Xray scattering (WAXS), positron annihilation
lifetime spectroscopy (PALS), and Brunaiuemmett Teller (BET) measurements. Experimental
details aralescribedn Appendix B.

Bulk PALS tests were performed to measure the FVE size distributions of the films, which
are here referred to as pore size distributions (PSDs). In PALS experiments, positrons emitted from
a??Na source are used to probe therstitial void spaces or FVEs in dense films. Once positrons
infiltrate the sample, they can combine with electrons in the internal surface of FVEs to form a

positron electron complex known as a positronium atom (Ps). Ps atoms are referramttmas
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posironium ©-Ps) atoms when the atom spins are aligheohd the lifetimesf( andt ) of o-Ps

atoms can be related to the radius of an FVE through th€&Baop equabn®®*% Moreover, the

signal intensities @ and"0) can be associated with the number of FVEs in a sdfmpienodal

PSDs for each sample are showrrigure 4.3, and the correspondirggPs lifetimes, intensities,

and FWHMs are summarized Trable B3. After amine functionalization of PIM, the average

di ameter for | arge FVEs decreased dPsiotensity 1 . 25 |
('O increased by 16%. These shifts‘@and T suggest that hydrogen bonding in PNH>
reducesinec hain spacing and densifies the overal/l
there is no significant change in the size and number of FVEs foiNMbMcompared to PIML,

which indicates retention of the FVE structure at smaller length scalestB@& and PIMNH>

have similar FVE diameters with very dOfferei
increases by 230% and, Otleoreasebs byb0%d Theseresules suggest b o v
that bulkyi t-BOC groups shift the FVE structure teduce permeability but increase selectivity,

as also observed through permeation tdsiblé B1).
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Figure 4.3.Bimodal pore size distributions for PHU(black), PIMNH2 (blue), PIMdeBOC(acid)
(orange), PIMdeBOC(thermal) (green), and PitvBOC (red). The PSD for PIMNH: s plotted

as a dotted line for reference in each fraAreows denote shifts in intensity and FVE diameter
for films compared to PIMNH>. Percentage changesa+Ps ntensity are indicated in text.

PALS analysis was further uséo investigate the effects of deprotection on the polymer
packing structure by comparing the PSDs of RIBIOC to that of treated samples. After
deprotection, the average FVE size for RIEBOC(thermal) significantly increases while the
PSD remains almosas narrow as that of PRABOC. In the context of gas separations, this
increase in FVE size and simultaneous retention of a narrow PSD can result in enhanced size
sieving. Thermally treated films also had narrower PSDs thanNHlyland a 19% increase @

Ps intensity 0, suggesting an increase in the number of small FVEs, which can also enhance
sizeselective transport. In contrast, after acid deprotection, the FWHMs and average FVE sizes

increased for both small and large FVEs, compared tetlBRC and PIMNH.. This change was
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associated with solvefmiduced swelling during acid deprotection. Nevertheless, the PALS
features observed for both PIBOC(acid) and PIM. are consistent with the high
permeabilities and moderate selectivities observetdtr polymers, and, with the exception of
PIM-deBOC(acid), all films display an increase igtbhised selectivities inversely related to the
FWHM of the dominant FVE mode. This general trend demonstrates how narrowing of the FVE
distribution can effectivgl improve screening of larger gases. Such a result matches the
expectations proposed by Freeman for improving separation property sets relative to the upper
bound?®.

The physical packing structure of the samples was further investigated using WAXS. In
WAXS, signal intensity at smalleff values are typically associated with average interchain
distances while signals at larggrvalues are associated with smaller distances such as bond
lengths. In previous work by McDermatt al, molecular dynamics simulations were used to
identify theorigin of three characteristic WAXS signals in RIMat 0.89, 1.24, and 1.62' A
which were found to represent the spacing between adjacent spirocenters in-thbaihon®.

Here, we extend this analysis to include experimental data forNMbderivatives shown in
Figure 4.4. In comparison to PIM,, PIM-NH: derivatives display a few salient differences. First,
the characteristic WAXS signal at89. A'? shifts to 0.95 Al for the analogs, while the intensity

of the peak at 1.62'Adecreases significantly, indicating a reduction of interchain spacing due to
hydrogen bonding of thENH2 groups. These shifts are analogous to those reported in okir wor
on PIM-COOH, where a reduction in intersegmental spacing and a densification of the polymer
structure at length scales < 1 nm are observed. FortfBBIC, the three characteristic peaks at
highq are not clearly observed, and instead, a prominent, broad peak centered &t hez@es

the dominant feature within thggvalue range. We ascribe this new feature to the average size of
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ait-BOC group, since the-spacing value associated with thiffrdction angle is 5.15 A, which
nearly matches that of the estimated-eméend distance in at-BOC functional groupKigure

B7). Finally, at lowq, the relative position of the broad peaks suggest that there is a reduction in
the size of micropores déngth scales > 1 nm fdPIM-t-BOC compared to the PHMH>
derivatives, and for the PHWAH2 derivatives compared to PHU. This result is indicative of
hydrogen bonding and FVE blockage in aminei@ABOC functionalized films, respectively, and

again consstent with the transport properties previously discussed.

\ low g region inter-segmental
PIM-tBOC spacing

1.22

PIM-deBOC(thermal)

PIM-deBOC(acid)
-\_-———-—"'_'_._.-_-__-_-_‘--—""_-‘-—-__.,_

PIM-NH,

PIM-1 0.89

0.1 1
q (A

Figure 4.4. Wide Angle Xray Scattering (WAXS) spectra for all PIM derivatives studied.

To obtain additional information on the packing structure of each sample, BET tests were
performed orpolymer powders. The BET surface area for RIBOC was determined to be 80
m? g', which is about ten times less than that of pristine-R1{886 nt g'?), further supporting
the physical picture of FVE blockage by titeBOC group. Consistent with previsueports, no
BET surface area could be determined for the-RINb sample at 77K, likely due to the very slow
diffusion of Nz into this structure under cryogenic temperattfrdaM-deBOC(acid) similarly had

an undete@ableBET surface area, but remarkably, the BET surface area ofleBOC(thermal)
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was 778 mg'l, which is 870% larger than that of Pi¥BOC and close to that of PHil. To the

best of our knowledgehis value represents the largest reported BET surface area for-a post
synthetically modified PIML sample Figure B10). Our ability to access this enormously high
BET surface area for PIMeBOC(thermal) suggests that the PIM backbone structure is stiff
erough to prevent structural densification at a molecular level during-stalied deprotection of
thet-BOC group. Therefore, compared to the other{NMb samples, this approach demonstrates

a successful application of free volume manipulation far belevgliss transition temperatffte
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Figure 45. Time-lag (a) diffusion coefficients versus effective diameter squared, and b) sorption
coefficients versus critical temperature for PIBOC, PIMNH,, PIM-deBOC(thermal) and

PIM-deBOC(acid).
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To better understand the influence of chemical structure and molecular packing on gas
transport in these polymers, diffusion coefficients were calculated via thdatymaethod and
sorption coefficients back calculated froily 0FO*“ Figure 4.5a presents diffusion
coefficients as a function of gas diameter squared for all samples. While nearly within error of
each other, the relative order of diffusivities among the samples follows the average FVE sizes
and lifdimes derived from PALS for the PHMH: derivatives, where the diffusion coefficient for
all gases considered decreases as follows:®P¥IB O C ( a ¢ -NiH)~ PIM-dEBOG(thermal)
>>> PIM-t-BOC. By extension of the Brandt Model t h e s Figume é.Sawdrebcompared
and used as a proxy for diffusion selectifity The appar e niltisléssnegatbthae f or
that of the PIMNH: derivatives, and, consistent with the increase in selectivity associated with
FVE blockage, the average slope for PHBOC is slightly steeper than that of all other
derivatives. Furthermore, compared to PNW., PIM-deBOC(acid) has a modest increase in
diffusion selectivities while PIMleBOC(thermal) displays a 110 and 150% increase isINCO
and CQ/CHqs diffusion selectivity, respectively. These changes in diffusion selectivity indicate
that the narrow FVE distrution preserved through urea crosslinking in RIBBOC(thermal)
contribute to sizeselective behavior. Crosslinking could also reduce local polymer chain
dynamics, potentially increasing selectivity as well.

To examine the relationship between sorptiond gas transport performance, sorption
coefficients were plotted against critical temperature for all samipigsré 4.5b). Strikingly, the
time-lag sorption directly captured the trends observed in BET testst-B®IC showed a-$old
reduction in N sarption which correlates with the 40ld reduction in BET surface area compared
to PIM-1. PIM-deBOC(thermal) and PIM displayed the highest overall sorption coefficients,

with N2 sorption, coefficientso?2 . 56 N 32NO0 PA.id Add AOihr pecti vely,
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b a in alignment with their ultrahigh surface areas of 886 and 77§ fn Conversely, PIM
deBOC(acid) and PIMNH2 have identical N sorption cefficients and similarly undetectable
surface areas. Analogous trends observed in BET andadgrsorption experiments confirm that
the free volume manipulation technique can modify the stlite morphology in the films, and
as a result, also manipulate transport performance.

Finally, physical aging is an important consideration for ulifassy polymers such as
PIMs. This phenomenon results in losses in permeability accompanied by increases in selectivity
over timé¥52, The driving force for aging is associated with differences between the specific
volume () and equilibrium free voluma)() in a polymet®. Becase the films investigated in
this study have identical polymer backbones, differences in the extent of aging can be associated
more directly to differences in specific volume. These effects were explored by testing the
permeation of all PIMNH2 derivativesafter aging for 180 days$-igure B8). With the exception
of PIM-t-BOC, which displays little change in overall transport performance for all gas pairs, all
PIM-NHzanalogs surpass the/@Hs, H2/N2, and Q/N2 2008 upper bounds after aging and follow
the expected trend of reduced permeability and increased selectivity for all gas pairs cofisidered
Interestingly, the percentage decrease inNd, and CH permeabilities for PIMNHz and PIM
deBOC(thermal)Kigure B9) are equivalent and do not correlate with surface area. This finding
suggests that urea crosslinking may stabilize the templated free volume architecture from
accelerated aging.

4.3 Concluspbn

We have demonstrated that protection and deprotection chemistries of- amine
functionalized PIMs are an effective strategy to manipulate free volume and free volume

distribution. As a result, gas transport performance of stéite microporous films cdre altered
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in beneficial ways. Thermal deprotectiori 6BOC-functionalized PIMs in the solidtate resulted

in a synergistic enhancement in sgeving performance, enabling samples to surpass:kd]

O2/N2 and H/N2 2008 Robeson upper bounds. In addition, property sets were significantly
improved from the asynthesized PIMNH: for COz-based gas pairs. Through a combination of
chemical, physical, and transport characterization, we found that thermal treatmentgbtigthtice

urea crosslinking resulting in a narrow PSD, improved selectivity for all gas pairs considered, and
a potential stabilization of aging. Application of this general approach in free volume manipulation
suggests that significant improvements can ksdenin membrane performance for amine
functionalized polymers other than PIMs, so long as thermal and structural stability can be

preserved during chemical processing.
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Chapter 5. Sorption-enhanced mixedgas transport in amine functionalized polymers of

intrinsic microporosity (PIMs)

Abstract

Puregastransport performancerely matchesnixedgas performance for industrially relevant
membrane application®Vhile sgnificant effort has focused on studying the adverse effects of
plasticization, an additional phenonogrknown as competitive soliph can be used to improve
performance, resulting in mextgaspernselectivities that far exceed pugas predictions. Such
findings are rare, but recent synthetic discoveries of functional polymers of intrinsic microporosity
(PIMs) now provide a platfornto investigate if competitive sorption effects canprove
separation performance in complex mixtures by offsettingtiverse effectsf plasticizationIn

this work, we report higipressure and mixeglas transport properties for six polymers of intgnsi
microporosity (PIMs)with identical benzodioxane backbenanda diverse set of backbone
functionalties. Low-pressuremixedgas testsrevealeda relationship between GGsorption
affinity of the PIMs andimprovements inCO/CHs and CQ/N2 mixedgas permselectivity
compared to purgas scenarios.The aminefunctionalized PIM1 (PIM-NH2) showed an
unprecedentedl40% and 250% increasi® equimolar CO,/CHs and CO/N2 mixedgas
permselectivity respectively, compared to that of pgas testste? atm Additionally, PIM-NH>
retainedhigh CO,/CHs mixed-gas pernselectiviy (>20) up to pressureof 26atm in 50/50
CO/CH4s mixtures, demonstrating a resistance to plasticizaomegas sorption and mixegas
permeation for the six PIMs were comte elucidate structui@roperty relationships. Results
demonstrate theemarkable potentiadf primary amine functionalization for developing highly

sorptionselective and plasticizatienresistant membranes for gas separations
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This chapter has been adapteain: Rodriguez, K. M*, Benedetti, F. M., Roy, N., Wu, A. X.,
& Smith, Z. P. (2021). Sorptieanhanced mixedas transport in amine functionalized polymers
of intrinsic microporosity (PIMs)ournal of Materials Chemistry,®(41), 2363123642.T he A * O
symbol indicates equal contribution.
5.1. Introduction

Global CQ emissions reached over 30 Gt in 2020, while U.S. natural gas
consumptiorhas increasely approximately80%in the past decaddn the U.S. chemical
industry alone, laout 50% of the energy consumption results from-hr@anhsive processes
such as distillation and absorption, processes which also produce indirect GHG eriissions
As such, implementing energpfficient separation alternatives and carbon capture
solutionsi s cr i ti cal to meet t he U. S. Depart men
80% by 2058. Unlike traditional unit operations, polymer membranes have a small,
modular footprint and facile operation, and do not require toxic solvents or regerfetration
However, polymer performance is limited by a trade between permeability and
selectivity, which is defined by a theory that does not consider mixturesffect

Since 2004, microporous polymers such as polymers of intrinsic microporosity
(PIMsY’, thermally rearranged (TR) polym&rsROMPS, and CANALS® have shown
noteworthy performance enhancements. Benzotriptybesed PIMs, for instance,
redefined purggas CQ/N2 and CQ/CH, upper bound benchmarks in 2819Additional
upper bounds for Hbased separatiotfs and gas mixture¥® have been reported, where
microporous polymers continue aatperformtraditional polymers. Microporous polymers
are designed with rigid monomers of high configurational free vol@nge, spirobisindane

and trypticene), which result in inefficiently packed sdtdte structures with high internal
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surface areas, intrachain rigidity, and excellent permeaisiibyctivity combination§' 7.
However their intrachain rigidity alone has been insufficient to mitigate plasticization
effects at high pressurés®

Another important aspectequired for industrial deployment of PIMbased
membranes isinderstanding performance under complex mixtures. To this end, several
groups have been investigatimjxed-gas sorption for C&CHa, COy/CoH4, CO/N2O, and
CO,/C2Hs mixtures invarious polymers, including Z-PIM?°, PIM-12°, PTMSP®, AO-
PIM?, 6FDA-MPDAZ?, PIM-Trip-TB?3, 6FDA-HAB and its TR450nalogué’, cellulose
triacetate (CTAP, PDMS®2’ 6FDA-TADPC?, PECG?® and PMMA®3L Sorption of
complex GHe/CO/CH4 ternary mixtures in PIML has also been recently reported,
highlighting the importance of competition in influencing transpgmmtformance under
realistic condition®. Mixed-gas sorptiostudies demonstrate thgases with high polymer
affinity (e.g., CQ) can reduce the sorption of-penetrants in a gas mixture, increasing
sorption selectivity and permselectivity in separations such atOE@and COx/Nz. In
pristine polymers at high pressures, however, plasticin effects can decrease diffusion
selectivity and permselectivity beyond improvements achieved by competition @ffects
This tradeoff is particularly acute for diffusiogelective polymers including polyimides
and PIMg,

Recently Eddaoudi and Koros have demonstrated that chemical functionality can
be wsed to simultaneously improve sorption selectivity and plasticization resistance in
MOF-basednixed-matrix membraneé34 When considering cmlensable penetrants (i.e.,
H2S and CQ) in these MMMs competitivesorptioncanimproveH2S and CQpermeation,

while controlled plasticization at high pressures can retain goOgCHa (>20) and

144



H>S/CH4 (>30) permselectivitiesRelated findings havalsobeen reported for transport of
binary mixtures in polymer films. Oneotableexample relates toOH modified PIM
polyimides (PIMPIs), where Swaidan et al. and Alghunaimi et al. reported the syntheses
of hydroxyl bearing PIMPIs, TPDAAPAF® and TDALXAPAF3S, respectively, which
showed 11% and 17% higher mixgds CQ/CH4 permselectivities compared to ptgas
tests, respectively. Plasticization resistance improved in thesePRIMue to interchain
rigidity provided by hydrogen bonding.

A related approach to increase sorption selectivity involves -gyoghetic
functionalization of the polymer backboti€® Several functionalized variants of PAM
have been reported, including the incorporation of tetrd%okarboxylic acid® 43
amidoximé®, thioamidé* aminé®, and amid® groups. In thesexamples, however,
functionalization has consistently resultededuced free volume and correspondingly low
pure-gas permeabilitiedVith respect to sorption, most functionalized PIMs show moderate
changes in C@uptake, with the exception of amifienctionalized PIM1 (PIM-NH2)*547.
Unfortunately, however, purgas performance for PHMIH: is significantly belav the
2008 upper bourfd and mixed-gas transport has not been studi€iven the extensive
palette of possynthetic chemistes available toPIMs, understating how functiority
affects mixedgas performance and compietitis crucial for the design of higherforming
microporougnembranes for industrially relevant conditions.

Herein, we elucidate direct structupeoperty relationships between polymer
chemistry, sorption affinity, and mixeghs competition effects fonsfunctionalized PIM
1 derivatives. Mixeejas sorption was modelled from ptgas isotherms to assess the role

of competitive sorption on mixegas permeation for C€bhased separations under
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industrially relevant feed compositions. Puend mixedgas hidp-pressure permeation
tests were also considered to evaluate the role of polymer functionality on plasticization.
Sorption selectivity and mixedas permeability enhancemsndf these PIMs were
compared to reported literature for microporous polynrexgaling thatPIM-NH2 had the
most improved competitive sorption properties among known PIMs. Additionally; PIM
NH2 showed an exceptional resistance to plasticization compared td PIkese results
underscore the promise of primary amine functionalizatmmsfgnificantly enhancing
mixed-gas sorption selectivity and maintaining excellent separation performance at high
pressures.
5.2. Experimental
5.2.1. Materials and film preparation

PIM-1 analogues with chemical moieties including nitdl€N, PIM-1), carboxylic
acid { COOH, PIMCOOH), amine i(CH2NH2, PIM-NH2 and PIMdeBOC(acid)), tert
butoxycarbonyl{ CH.NHCOOC(CHh)z, PIM-tBOC), and partial ured NHCONHi , PIM-
deBOC(thermal)), represented iarror! Reference source not found5.1l, were s
ynthesized or chemically functionalized as described in our previous\iérkiethanol
(HPLC, O 99. 9 %) was purchased fr omNHSi gma
derivatives including PIMleBOC(thermal), PIMleBOC(acid), and PIMBOC were
soaked in methanol for 24 and dried under vacuum at 13D for 12h prior to all
characterization tests. PHKIOOH samples were not methanol treated due to structural
fragility when submerged in methanol. To enable robust comparison between samples,

PIM-1 films were prepared with and without methanol treatmeegjaRlless of these
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treatment steps, all films were vacwaimed at 130 C for 12h. Films were aged at ambient

conditions for 290448 days.

5.2.2.Pure- and mixed-gas permeation

Permeation tests were performed using automated cotvstiambe, variable
pressure permeation systems from Maxwell Robotics. A detailed experimental procedure
for puregas testing is provided in the Sl. For mixgak tests, a builh air heating system
was used to maintain the temperature at@and the gas mixture compositianghe feed
and the permeate streams were measured using an Agilent 7890B gas chromatograph (GC).
Aged film samples were loaded into a permeation cell in the rgasdsystem and
degassed under vacuum for at leabt §he feed mixtures were generatedh&t desired
composition using Bronkhorst mass flow controllers, which maintained high flowrates
(300r 800sccm) to avoid concentration polarization. A stage cut of <0.1% was used for all
tests, as recommended elsewR®te The upstream pressure was set using a propoitional
integral derivative (PID) controller. Steadstate was verified by confirming linearity in
downstream pressure rise as a function of time for the mixture and evaluation of the
permeate composition over time for multiple time points. The duration of the equilibration
step for each mixedas test wasatermined to be at least 10 times the pyae time lags
of the slower permeating species (i.e.,4«@FN,) calculated at 1 atm and 36. At steady
state, the permeating mixture was collected into a degassed volume under static vacuum,
after which, gas wainjected into the GC for analysis. For a typical experiment,-gase
CHs and CQ permeability were first analyzed in the mixgds system atdtm. Next, nine

CO,/CH4 mixture compositions, defined throughout the manuscript by mole percentage,
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were sequatially tested for C@QCH4 compositions of 10/90, 20/80, 30/70, 40/60, 50/50,
60/40, 70/30, 80/20, and 90/10. High performing samples were also tested using pure H
and N, and 50/50 mixtures of 4HCH4, Ho/N2, and CQ/N2 at a total pressure ofa@m.
Following these lowpressure tests, the GOH4 feed composition was fixed at 50/50 and
the total mixeegas pressure was increased from 2 tat26.

For CQ pressures above 1 atm, the fugacity was calculated to account faeabgas
behaviour using the &al equation of stat& The mole fraction of gas in the downstream was
calculated using GC calibration curves. The following relationships were used to calculate
puregas permeability and the mixghs permeabtly for componentf a binary mixture,

respectively

. aw [04]

Y BYYnR Qo v
5 aw (9
0 5N L&

5YYon Qo

where0 is the permeability in barred ¢ '° cnPsteem cni? cmHd® s'1), dis the film thickness,
W is the volume in the downstrean, is the average upstream pressures the active cross
sectional aredy is the ideal gas constarilis the absolute temperatui@) 7Q ds the pressure
rise in the downstream minus the leak rate. For mgesdcalculationse and w are the mole
fractions of gas i in the downstream and the upstream, respectively, and) , wherery 10
torr. Film thicknesses and treatment conditions are summariZebla C1.
5.2.3.High-pressure puregas sorption

CQO,, CHy, N2, and Q sorption isotherms for methanol treated PIMPIM-NHo,

PIM-deBOC(acid), and PIMIieBOC(thermal) were collected at 35 using an automated
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pressure decay system from Maxwell Robotics. Detailed protocols for this test are provided
in our previous work®,

Sorption in glassy polymers is commonly described through thendoaé rption
(DMS) model*4>°

o 0 ROQ

Qr"Q &
On h 0 ®O0 v

whered is the concentration of gasn the polymer ¢mPstrcm 350), "Qis the fugacity
(atm) at equilibrium® 5 is the Langmuir sorption capacitgn®stecm 350), Qj, is the
Henryodos | acwstrcml fosat tahm and af is the Langmuir affinity constant
(a t"H°® Isotherms were fit to the DMS model via nonlinear least squares fitting by
constraining INQQ) versus critical temperaturéY] to have the same slope as¥hyersus
Y at 10atm, where€Yis the sorption coefficier>8

Puregas DMS model parameters can be used to predigdgias sorption as
proposed by Koro¥»¢°In this model, sorption into the equilibrium mode is assumed to be
unaffected by competition, while q@enetrants compete to sorb into the Langmuir mode of
the polymer’* Competition for the Langmuir mode results in a depression of ngasd
sorption for each penetrant in the mixture, which can be estimated usirggsuBEMS
model parameters for penetr&fiQ , ®, andd ) and the Langmuir affinity constant for
the copenetranfQn the binary mixtured). The concentration of penetrd@torbed in the
polymer in the presence of a-penetraniQis:

. 00 6 jO'Q R
Or h o o0 0 U
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where "Qis the partial fugacity of each penetrant. Mibgak sorption isotherms we
modeled using constrained DMS parameters. Migasl fugacities were calculated by
invoking the LewisRandall approximatioft

Pure or mixedgas sorption coefficients can be calculated by dividing the gas

concentration by the corresponding fugacity as shoviaqirb.5 and 5.6 respectively:

o 0 ¢ O
v 6 . 6 (O
h 0 h b 00 0 LE

5.2.4.Sorptioni diffusion model
Gas transport through a polymer is often described using the sdptfasion
model, where the permeability defined as the product of the diffusion coefficierrd
s' 1 andthe sorption coefficientcfrestrem 3,0 atm 1):62
0 O Y L
Pure and mixedgas permselectivity () is defined as the ratio of the permeabilities

for pure and mixedgas conditions:

L&y

Ny
cq ©-
2l <

wheregl is the diffusion selectivity and is the sorption selectivity = Puregas sorption
selectivities were estimated using bfiisturves of experimental data, while mixges sorption
selectivities were calculated from sorption isotherms modeled using constrained DMS parameters,
as described earlier. Diffusion selecties were then calculated as the ratio between-pmre
mixed-gas permselectivity and sorption selectivity.

5.3 Results and Discussion
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In this work, mixedgas and higipressure transport properties of six functionalized
PIMs were evaluated. As shown kgure 5.1, the PIMs investigated have identical
backbones with distinct functionalities of varying £&finity including the nitrile (CN),
carboxylic acid Y{COOH), amine (1 CH:NHy), tert-butoxycarbonyl [
CH2NHCOOC(CH)3, 1tBOC), and ureai(NHCONHi ). As peviously reported, PIM
deBOC(acid) and PIMieBOC(thermal) are chemical analogues of ®M>, but with
distinct free volume architecture and for RMBOC(thermal), a light degree of urea
crosslinks*® In our prior work, the influence of physical packing on the transport properties
of these polymers were investigated under fma® conditions and through tiney
analysis. In this work, the influencd side-group chemistry on mixedas transport is
probed through mixedas permeation and direct sorption.

In addition to mixture considerations and higtessure, in many separation
applications, PIMs will lose permeability and increase selectivity twee through a
process known as physical aging, but few studies report transport performance for structural
analogues that have been systematically #§édAging effects are also accelerated for
thin films, and Jue etl.ahave demonstrated that industrially relevant RlMollow fibers
have separation performance reminiscent of RIkhick films that have aged for several
year$>®® To consider performance under more realistic scenariosipadlWere aged for
over 290 days. After aging, all films demonstrated the expected loss in permeability and
increase in permselectivity typically observed for glassy polyifexith the exception of
PIM-tBOC, which had little change in permselectivity and permeability due to its low

fractional free volumeRigure C1).4°
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Figure 5.1. Generalized PIML backbone and functionalities for the six PIManalogues
investigated in this study, along with their corresponding sorption coefficients at infinite dilution
(Y incmPsteem 3o a t'im

5.3.1.Variable composition mixedgas permeaton

5.3.1.1.CO2/CH4 mixtures.

Aged polymer films were first evaluated with @OH, binary mixedgas feeds at a
low total pressure of @tm (igure 5.2a and Table 5.1). When comparing pufreand
mixed-gas tests performed at similar &gartial pressure of 1.@m, all polymers, with the
exception of PIMIBOC, display an increase in G@H4 permselectivity and minimal
changes in C®permeability. PIMNH: (290 d) showed an outstanding 140% increase in
permselectivity from 12 in purgas ests to 29 in mixegas testsMoreover puregas
permselectivities for PIMNH2 (290 d) differed between fresh (3.6) and aged (12) films,

showing the effect of aging on permselectivity of these films. In ragasiconditionsall
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samples containing amineurfctionality @IM-NH2, PIM-deBOC (acid), and PIM
deBOC(thermal)) exhibited nearly identicplermselectivities between 25 and 29,
suggesting that mixedas transporis primarily controlled by competition as opposed to
diffusion. However, when comparing thehange in selectivity between ptgas
calculations and mixedas experimentsPIM-deBOC(acid) and PIMieBOC(thermal)
exhibited a smaller increase permselectiafty85% and 34%, respectivelinterestingly,
there are significant eviations between timkag andequilibrium sorption analysis,
particularly for PIMNH2*. Thesedifferencesare associated witmonlinearities in the
concentration gradiettirough the polymer filit?#7-¢”. Thus the smaller increase in mixed
gas permselectivity for PIMeBOC(thermal) versus PHMH: is attributed to its lower
Langmuir affinity for CQ, which is further discussed later. When considering other
derivatives, small variations were obsedvbetween pureand mixedgas CQ/CHa
permselectivities for aged, untreated PIM+18%) and PIMCOOH #26%), and aged,
methanol treated PIM (+16%) and PIMBOC (i 6%). In other studies, small but
significant differences in C@CHs mixed and puregas pemselectivities have been
documented for glassy polymers includititge 6FDA-HAB polyimide (+25%), TDAL
APAF (+7%), and thermally rearranged RBEDA-OH (+15%), where permselectivity

increases for the mixeglas case weralsoattributed to competiticiy>168
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Figure 5.2 (a) Robeson plot for aged PIMs containing 2008 ga® and 2018 mixegas upper
bound relationships. Pugas tests were performed at®€and 1.2 atnfi{led circles) and mixed

gas tests at 35C and approximately atm at nine compositions (open circles). Stars denote mixed
gas tests performed with a 60/40 £8CH4 composition and a C{partial pressure similar to that
of puregas. (b) C@Qmixed-gas permabilities (blue filled circles) and GZH4 permselectivities
(open diamonds) for incremental @& mpositions at a total pressure of approximately 2 atm for
PIM-NHz. Inset corresponds to mixgds CH permeabilities (filled triangles). Pink points
indicae puregas CQ (circle) and CH (open triangle) permeabilities, and pgas CQ/CHs
permselectivity (diamond). Stars denote permselectivity (open) andp€neability (filled)
tested at a 60/40 GLTH. composition. For PIM-NH2(290d) tested at 180% CQ
compositions, the total mixeglas pressure was 1.9 atm. At a 90%CQ@mposition, the

total mixedgas pressure was set to 2.2 atm to maintain a high flux and a low stage cut.
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Table 5.2. Pure and mixedas permeabilities andermselectivities tested at 1.2 atm partial

pressure of Ce&and 35 °C. All uncertainties were calculated from error propagation and each test

was performed on independently cast polymer films.

Polymer sample Aging Treatment Permeability (barrer) Selectivity ()
. . ; - b = > T e W -0 > T e gW -0 > )
designation (gg;es) after casting ||,F ] O] ||_DF o= | = = "’Dm = >3 |=7F.ﬂ DF i7m
PIM-1 (fresh) 1 MeOH 9000 +350 | 8250+350 | 660 *25 810 +50 | 13.5+0.8 10.2+0.8
PIM-1 (381 d) 381 MeOH 4000 + 200 | 4200+200 | 300 +20 270 +10 | 13.4+0.9 16 +1
PIM-NHz(fresh)i 1 MeOH 1070 + 60 845+ 50 | 300 *15 335+ 50| 36+ 03 | 252 %39
PIM-NHZ(ZQO dy 290 MeOH 410+ 20 430+ 20 33 £2 147 £ 08| 12 *1 29 2
PIM-NH2(448 dy 448 MeOH 480+ 20 509+ 25 44 + 2 183 + 14| 111 + 0.7 | 27.8+25
PIM-NHz(cond.) 433 MeOH and C@ | 410+ 20 445 + 25 54 + 3 169 + 15| 76 + 06 | 26.3+2.38
conditioning
PIM-tBOC 351 MeOH 110+ 20 100+ 10 6.1+ 0.8 6.1 + 0.8 |18 +3 17 +3
PIM-deBOC (acid) 339 MeOH 460 + 20 480 + 20 30 £ 1 16.7 £+ 0.6 | 156 £09 |29 *2
PIM-deBOC (thermal)| 343 MeOH 630+ 30 650 + 30 31 £ 2 24 1 20 1 28 2
PIM-1 (402 d) 402 Vacuum dry 3700 +100 | 3900 + 100 280 +10 | 250 +10 | 13.3*0.7 15.8+0.9
PIM-COOH (330 d) 330 Vacuum dry 81+ 4 90+ 20 21+ 0.1 1.7+01 |39 #3 50 *4

aMixed-gas tests were performed at a 1.6 atm partial pressure-of CO

bTreatment designations: MeOH (MeOH soak for 24 h followed by a vacuum dry at 130

°C for 12h),vacuum dry (dry at 130 °C for 12h), and £€onditioning (puregas CQ test
up to 29 atm). Samples thicknesses and treatments are summaiiadteic 1.

Di fferentlétagi ngPl Mt e

mircopor ous f il

To assess the influence of changes in,@Ontent on mixedjas permeation,

incremental C@CHas mixture compositions were investigated at a total pressureatrh 2

refl ects
ms casted

t he

typical

independent | y.

(Figure 5.2 andFigure C2). CCG: and CH permeabilities decreasedth increasing C@

composition from 10% to 90%&igure 5.2b). This trend is consistent with the decrease in

sorption expected for glassy polymevgh increasing pressuia the framework of the

duatmode sorption model when no significaptasticizationinduced variations in

var

diffusion are expectéfl As pressure increases and Langmuir modes saturate, the sorption

coefficient, and thus permeability, decreases due to the higher energetic penalty required to

sorb intotheHe nr y 6 s

%-'% The GO @He mixed-gas permselectivity slightly

increased with increasing content of £@emonstratinghow competition (i.e., CH

exclusion from the polymer matrix3 proportional tahe molar raticof CO; over CH: in

the mixture.When comparing pureand mixedgas tests at the same g@essure, C®
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permeabilities wereroughly equivalentto each other Conversely mixedgas CH
permeabilitywas significantly lower compared to purgas permeabilities(cf., inset in
Figure 5.2b and Table C1), due to competitive sorption and exclusion of 4CIAs
presented irFigure C2, these trends applied to every aged PIM considered except PIM
tBOC, which wasthe polymer with the est CQ infinite dilution sorption coefficient
among those teste@igure 5.1). Taken together, the decrease ins@drmeability from
pure to mixedgas tests at the same pantisgssuref CHs correlateddirectly with the CQ
affinity of the polymer, ashown inFigure C3.

The shape of the isobaric mixgds permeability trends also provides valuable
insights. By increasing CG@ompositions from 10% to 90%, GPermeabilities decreased
by 60% forPIM-NH> (290 d)and 50%for PIM-deBOC(acid)andthe magnitude of the
decreasesorrelatedwell with their Langmuir affinity constants of 1.006 atrand 0.895
atnm?, respectively(Table C3). In contrast, PIMBOC showed a small change in
permeability over the same range of 8f@mpositions from 118 to Q®arer, which was
ascribed to a loww value of 0.427 atri. In each case, tests at incremental,CO
compositions illustrate the important role of sorption on transport at varying feed
conditions. At CQ compositions of 10%, for instance, PINH> has competite
performance above the 2008 upper bound, indicating its potential feoresgure and low
concentration C@removal applications, such as thdsend inbiogas purificatiof'.
5.3.1.2.0ther mixtures.

Binary H/N2, Ho/CH4, and CQ/N2 mixtures were also investigated due to their
relevance in commercial and emerging membiaased applications including hydrogen

purification and postcombustion carbon captdfe For these separations, significant
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competitive sorption effects were also observed in-RilNb (Figure C4) and aligned
directly with critical temperatures of the gases, summarizédlie C2. Notably, CQ/N2
mixed-gas prmselectivity increased by 3.5 times (+250%) that of the -gase
performance, higher than the enhancement measured #CBLOThis result is consistent
with the rationale that the driving force for competition is the relative difference in sorption
of two gases for a binary mixture. Critical temperature is often used as a correlating variable
for sorptiorf®, and indeedY ¥ “YO'OL Y60 . Thus increases in C&N2
permselectivity are expected to exceed those fop/CiD. Enhancements in GIN>
permselectivity have also been reported for other PIMs, includinr@IWE° (+47%) and
MTZ-PIM’™ (+80%), but to a lesser extent than that for PNIM2. Similar considerations
apply for H-based separations, which showed a reduction #CHh and H/N2
permselectivity for PIMNH>, consistent with the strongsorption preference of Gtand
N2> comparedo H..
5.3.2.Pure-gas sorption tests and mixedjas sorption predictions

Puregas sorption isotherms for methanol treated Rl&ind PIMNH: derivatives
are presented ifigure 5.3a and Figure C5, along with previously publishedorption
isotherms foruntreated PIML and PIMCOOH* As shown inFigure C5a andb, the
relative order in C@uptake observed for each film at 1 atm (PBOC << PIM-1 < PIM-
deBOC(thermal) < PIMleBOC(acid)a PIM-NH>) correlated remarkably well with the
relative increase in C4CH4 mixed-gas permselectivity for each PIM. In contrast, OHa,
and N isotherms show a different trend relative uptake withPIM-tBOC << PIM-
deBOC(acid)a PIM-NHz < PIM-1 & PIM-deBOC(thermal)To provide deeper physical

insight into thedistinct CO» sorption behavior compared to that of other gases, the pure
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gas sorption at infinite dilution’Y ) was calculated. This material propefly,, describes
sorption of the first gas molecule into the polymer matrix and is dependent on
temperaturt-® By taking the limit ofEq. 5.5 as fugacity approaches zei¥, is defined
as
YOILEY @ 66 L&)

DMS parameters an®Y values fo all isotherms, including untreated PI®OOH
and PIM1*t are summarized ifiable C3. In line with the aforementioned sorption trends,
the relative order of magnitude f8r andafor CO; (Figure 5.1 andTable C3) correlates
with the relative increase in permeability between mas and mixegas measurements
in Figure 5.2a. At the same time, the relative ord#rS for Oz, N2, and CH, aligns with
the respective uptake trendé these gasesndicating a stronghemical interaction for

PIM-NH2 and CQ that isnot observedior gases with lower critical temperatures
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Figure 5.3 (a) Puregas CQ and CH, sorption isothermsc{rcleg fitted with the DMS model
(solid lines),and CQ and CH, 50/50 mixedgassorptionisothermgredicted with the DMS model
(dashed lines) for PINNH,. Open(CHa) andfilled (CO2) symbols denote experimentally collected
data. (b) Purgias CQ and CH sorption selectivities (solid lirge and predicte®0/50CO,/CH,
sorption selectivities @shed lines) for PIMNH,. (c) Pure and predicted mixedas sorption

selectivities at a CPpartial fugacity of latm (d) Pure and mixedgas diffusion selectivities
calculated using the sorptiahffusion model at CQ partial fugacity of Jatm

The effect of competitive sorption was modeled from gyas isotherms usingq.
5.6, aspresentedn Figure 5.3aandC6. This modeling approach has demonstrated good

agreement with experimental mixgds sorption for PIML, TZ-PIM, PTMSP, 6FDA
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HAB and its TR450 analog, 6FDANPDA, CTA, and PMMA?22:242530,52.75
Thermodynaritally rigorous models such as the nonequilibrium lattice fluid (NELF)
model would provide more robust mixgas preditions*’’, but lattice fluid parameters
(i.e.,”*, "YM®) cannot be directly determined for the PIMs studied in this bedause
the polymersdegrade bew their glass tansition temperatur&’® As shown in
Figure C6a, experimental purgas and predicted 50/50 @OHs mixedgas PIM1
sorption isotherms obtained in this work aligned very well with experimental results
reported by o p i dtat8dThe modeling approach was thus extendeallteix PIMs, as
presented irFigure C6 and C7. Predicted mixedjas sorption isotherms showed a small
decrease in CQuptake ranging betwearb% andi 9% for all films, while CHisotherms
displayed a much more pronounced decrease rangingi 286% to1 47%.Because of its
high solubility, CQ sorption is weakly affected by the presence of, @Hhe mixture while
CHas experiences a significant reduction in sorption, resulting in a beneficial increase in
CO/CHa4 sorption selectivityFigure C7b andc). The effects of competitidior increasing
fugacities can be visualized by plotting the puamd mixedgas CQ/CH4 sorption
selectivities|( and| ) (Figure 5.3b andFigure C7). As shown inFigure 5.3b,
| for PIM-1 and PIM-NH: is consistently higher than for all fugacities
considered

Diffusion selectivitywas also evaluatedlo this end pure and mixedgas diffusion

selectivities (L, pgnd> I, ;were estimatedia the sorptiondiffusion model Eg. 5.7) using

experimental purgias and modeled mixeghs sorption coefficients for a G@artial fugacity of

1 atm As shown irFigure 5.3d andTable C4, there is little change betwetre| and

160



for each sample, reinfoing our assertiothat the increase in migegas permselectivity is driven
by competition.
5.3.3.Pure-gas and mixedgas plasticization

Penetraninduced plasticization is a significant challenge for the deployment of
membranes for natural gparificatiorf’. At industrially relevant pressures, penetrants like
COe can swell the polymer and result in detrimental losses in satgci¥fective methods
to mitigate plasticization involve increasing interchain rigidity with addition of strong
secondary interactiof8? 84 thermal anding® 8/, or chemical crosslinkirf§®°. Here, we
investigate the influence of amine hydrogen bonding i@Bd@C functionality on C@
induced plasticizatin of PIM-NH: derivatives. As shown iRigure 5.4a, PIM-1 showed a
pure-gas plasticization pressure at a fugacity o&afim while PIMNH2, PIM-deBOC(acid),
and PIMdeBOC(thermal) showed no plasticization pressure up to a feed fugacity of
29 atm. The shapef the highpressure curves for the PIMH2 derivatives; in particular,
the significant drop in permeability at low fugacity, is associated with the strong
contribution to Langmuir mode sorption, as can be gleaned Figore 5.3a andC6. In
contrast, PIMtBOC exhibited a plasticization pressure at a fugacity aitb@ which was
ascribed to weaker interchain interactions betwi@&®OC groups compared to dipolar

CN groups and hydrogen bondiniyH> groups.
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Figure 5.4. (a) Pure (filled circles) andmixed-gas (open shapes) normalized {g@rmeabilities
for PIM films. (b) Mixedgas CQ/CHs upperbound and plasticization performance for
conditionedPIM-NH: (open blue triangles), fresh PiMH: (half-filled blue circles), aged PIM
films which underwentnethanol treatmenB881 d,open black circlesor no methanol treatment
(402 d open gray circles), and a freshly methameated PIM1 film (half-filled black circles).
Mixed-gas tests performed with a 60/40 £XCH4 mixture at 2 atm total pressure arendied as
stars. Highpressure mixegjas points collected at a total presure of 20 atm (e.g@iM®f CQ)
are highlighted as diamonds for comparison with the presmsed 2018 mixedas upper bound.

Permeability datan this plotwasspecifically calcuated using pressure for ease of comparison
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with literature.(c) Pure and mixedgas CH permeability for aged PINNH2 (448 d) up to a total
pressureof 7 atm (d) Normalized mixedjas CH permeability versus COpartial pressure for
methanol treated PIM (open black circles), untreated PAM(open gray circles), and conditioned
PIM-NH:2 (open blue triangles). Reference data for fNM_(fresh) is provided ifrigure C10.
PIM-NH wasfurther evaluatedior plasticizationstability usinga 50/50 CQ/CHa4
mixture up to total feed fugacity of 2¢4m (Figure 5.4). Mixed-gas tests up to total fugacity
of 5 atm were also provided for the other derivativegigure C8 andC9. For all PIM-
NH: films, the CQ/CH4 mixed-gas permselectivity increasslightly upto a total fugacity
of 5atm as shown ifrigure 5.4b and C9a. This unusual finding relates to a favorable
combination of CQCHs4 competitive effects andigh COui polymeraffinity. Puregas tests
up to 2.5atm at similar partial fugacity were also comparethéomixedgas plasticization
curves inFigure 5.4c andC10. In each case, CGpermeability is essentially the same in
pure and mixedgas scenarios, while Ghhixed-gas permeabilities decrease significantly
compared to purgas values, a clear demonstration of competitive sorption ipr CO
containing mixturesCO,/CH4 mixed-gas plasticization was further evaluated by inspecting
the co-permeability of CH with the mixture, an unambiguous indicator of plasticizatiSn.
Since CH is not a typical plasticizing gas, its pugas permeability is only expected to
decrease with increasing fugacity. However, wbepermeating withCO,, CHs diffusion
is expected to increase more readily by @@luced plasticization, resulting in an
accentuated plasticization pressure curve for.€As presented ifigure 5.4d, C10, and
C11, PIM-1 shows an immediate «tprn in CH; permeability with increasing fugacity,
while PIM-NH: retains table CHs permeability that follows trends expected for non

plasticized glassy polymers up to a total feed fugacity aitB® Moreover by increasing
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CQO partial pressurérom 2 atm to 10atm,there is adecrease in mixedas selectivity for
both treatedi 36%) and untreatedi 32%) PIM-1 that is significantlymore pronounced
than that of PIMNH: (1 10%), as shown on the Robeson plofigure 5.4b.
5.3.4Comparisons to other microporous polymers.

Mixed-gas analysis at low pressures demonstrated how functionafibemnces
competitive sorption for PIMsTo contextualize these findings, literature survey of
CO/CH4pure andmixed-gas data for microporous polymers is summarizetaible C5
andFigure 5.5. For the comparison shown lfigure 5.5a, only literature studies reporting
(1) puregas permeability measured at a pressure consistdnthe CQ partial pressure
reported for the mixed gas teahd (2) CQand CH high-pressure sorption isotherms were
included. The ratio of C&CH4 mixed to pure-gas permselectivity ( bl ) was
plotted against , Where| and| were assumed invariant at low gQartial
pressures, consistent with our findings presentédgrb.3d. As a general trend, as
increases, bl increases largely due to competitive sorption eff&itgilarly, &

a total pressure of &m, the six PIM derivatives show an increasing trend, where amine
functionalized PIMNH2 and its chemical analog, PHeBOC(acid), show the largest
increase in Il and the highest . The chemical structures of polymers
showcased irFig 5.5a are shown inFigure C12 in order of increasing values
Among the samples considered, bdanes containing OH3>82 and 1 COOH*°! groups
show generalhhigher CQ/CHa | values than backbones containing groups suéh as
F,iH, ori CN823:35919 Noreover all polymeis considered from thiterature have

below 5.5 and a il less than 1.5. In contrast, PINH: (2.4) and PIM
deBOC(acid) (1.9) shosd the highest improvements to @GH; | (Figure 5.5a).
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To the besbf our knowledge, these improvements represent a record for microporous
polymer membranes, highlighting the intriguing benefits of using affuinetionalized
microporous polymers for C&based separations. Other amawetaining PIMs such as
TZ-PIM and AOPIM haveshownless pronounced changes in sorption selectivity, as
presentedn the sorption upper bound iRigure C13. These trendsorrelate withlower
COz Langmuir affinities for TZPIM-1 (0= 0.437 atrit) and AGPIM-1 (o= 0.324 atrht)
than PIM-NHz (0= 1.006 atrt)?%. In these cases, we hypothesize that tveet CQi
polymer affinity may be associatedth the nature of the acidase interactions for each
functional group as well as group accessihilffpr instance, th amine in AGPIM is
accompanied by aimOH groupthat can hydrogen bond whil&Z-PIM haslow pKa values
compared to primary amin&s’and anaromaticring that can creatsteric hindrance
Compared to other PIM analogues, the {ICH4 pure and mixedgas sorption
selectivities for PIMNH2 are remarkably high. When considering sorption dniie
dilution, PIM-NH_: falls on the infinitedilution sorption upper boundrFigure C13), which
was developed theoretically in 2014 by Lipscomb et al. for pure gasesxctuding
competitive sorption effects). As indicated by the authors, this upper bound is limited by
the highest value of cohesive energy achievable in polynraigating thatPIM-NH>
sorption values fall close toigtthermodynamidimit, enabling theemarkablencrease in
CO,/CHs and CQ/N2 mixed-gas permselectivitycompared to purgas results. These
results suggest unique interaction between the Lewis badiel, and CQ, consistent with
the outstanding Cfadsorptionbehavior reported for amirdenctionalizd MOFsand

aminefunctionalized polysulfong? 8101
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Figure 55b presentsa larger collection of | bl data reported for
microporous polymers againguregasCO, permeability, including studies that did not
test sorption. For polymers reported in the literature, the 7% permselectivity ratio
centers around + 0.2 with the lowest and highest literature values of 0.52 andfdr59
PIM-EA(Me2)-TB1%?2and 6FDADAM:DABA (1:2)%, respectively. Remarkably, the value
of | bl for PIM-NH2 (290 d and 448 dp 2.4, surpassing all otharicroporous
polymers caosideredin the literature. Interestingly, as total pressure rises, X
for PIM-NH: further increases to over 3.5 at a pressure oatil(Figure 5.5a). These
resultsdemonstrate the promise DiNH> chemistry for enhancing C&based mied-gas
transport through competitionyhile simultaneouslyproviding plasticization resistance

through hydrogen bonding.
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Figure 5.5. Ratio of mixedgas and purgas CQ/CHs permselectivity|( A ) versus (a)

puregas CQ/CHs sorption selectivity|( ) for aged PIMs and literature samples. All filled
stars indicate tests at a mixgds total pressure of 2 atm. Open blue stars indicate rga®tests
performed on PIMNH2 (448d) at CQ total pressures of 3.4 atm and &tm. References are
reported inFigure C10. (b) CO: puregas permeability for this work (star symbols) and literature
data (other symbols) forisroporous polymers tested at approximate total pressures indicated in
the legend. Detailed references, periiogadata, and exact testing pressures are reporieabie
CsS.
5.4.Conclusion

Mixed-gas transport properties of six functionalized PlMvariants were

systematically investigatedfter agingto study the role of C@affinity and polymer

chemistry on competitive sorption. Lowpressuranixed-gas tests revealed a relationship
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between C®@ sorption affinity and changes in permselectivities of miged tests
comparedto puregas tests. Amindunctionalized PIM1 showed a 140% increase in
mixed-gas CQ/CHj sdectivity and a 250% increase in @®> mixedgas selectivity
compared to purgas resultperformed at the same partial pressure ob.Qvlixed-gas
sorption predictions and sorptiadiffusion model analysis indicated that &OHs
permselectivity improvements resulted from sorption selectivity increases that are
exclusive to mixeejas conditions. Structurproperty relationships were derived by
comparing purgas sorption and mixeglas permeation performance famples in this
study and for microporous polymers in the literature. RINH2> showed the highest
CO./CHa4 sorption selectivity for all polymers considered, and correspondingly, the greatest
improvement for mixedjas tests relative to pugas data Microporous polymers
contaning hydroxyl and carboxylic acid functionalized backbones showed more limited
improvements, and PIMs without hydrogen bonding moieties showed the most limited
improvements. Notably, PINNH> and its chemical analogue (Pit&BOC(acid))
approached the thedieal sorption limit predicted in the 2014 pugas sorption upper
bound. Finally, higkpressure 50/50 C#CHs mixedgas tests revealedxceptional
plasticization resistance for PHMH2. This effect was attributed to enhanced interchain
rigidity induced byhydrogen bonding in PINNH>. Our results demonstrate that increasing
solubility-selectivity is of paramount importance to leverage competitive sorption and
improve permselectivity for C&based gas pairs. Furthermore, plasticization resistance is
necessar to retain this advantage at high pressure. Among the six PIMs considered, the

primary amine functionalization (PHIH2) was identified as the best compromise of these
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two features, displaying attractive performance under testing conditions reminiscent to

those found in industry.
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Chapter 6: Elucidating the role of micropore generating backbone motifs and amine

functionality on sorption energetics, mixedgas permeation, and HS transport

Abstract

While significant headway has been made in the synthesis ofm@&wporous polymers
for gas separations, little is known about their stru¢pneperty relationships in industrially
relevant conditions involving highly condensable penetrants such&sRécent work on the
mixed-gas transport in an amufenctionalizel microporous PIM (PIMNH2) has demonstrated
surprising benefits of plasticization resistance with competitive sorption for increased
permselectivity in binary C&CHs mixtures. Here, we test the generalizability of this approach
through the synthesis ofreew aminefunctionalized polymer based on a microporous poly(aryl
ether) (PAE) backbone and provide direct comparisons withfH¢land corresponding nitrde
functionalized counterparts. The amifuectionalized PAERAE-NH>) exhibits a 3fold increase
in COy/CHsand CQ/N2 mixed-gas permselectivities compared to the pyae case. Moreover, in
20/20/60 HS/COGJ/CHs mixtures tested at a total pressure of 8 atm, afuinetionalized
derivatives sustain increases in £lCHs selectivities compared to the nitrlenctionalized
analogues. These performance trends were further analyzed througlapserption testat
35°C, 45°C, 55°C, and 65C, ternary mixeefjas sorption modeling, duaiode sorption
analysis, and invegation of sorption energetics foroNCHs, CO, and HS. Puregas CQ
sorption for PAENH2 was significantly higher than that of PAEN, suggesting increased affinity
to CO. The strength of the ggsolymer interactions were quantified through calculatdn
isosteric heats of sorption for Gah PIM-1, PIM-NH2, PAECN, and PAENH,. Amine

functionalized samples showed highly exothermic interactions with heats of approxirddt&ly
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mol'. Finally, PIM-NH2, PAE-CN, and PAENH, demonstrate excellent plastiation resistance

in 50/50 CQ/CHj4 binary mixedgas tests up to 26 atm.
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6.1 Introduction

As the drive to replace coal and provide more sustainable solutions for the energy transition
strengthens, the global demand for natural gas continliasreas& As a result, there is a large
incentive to access and successfully process more natural gas wedlsttpipeline specifications
(i.,e., [CQ] = 214 mol% and [HS] = 0.210.6 ppm), including sulquality natural gas feeds
containing large amounts of hydrogen sulfide§Hor carbon dioxide (C£pat pressures up to 60
bar'®. At the same time, renewable natural gas (RNG) purification has gained extensive traction
as a means of sustainably deriving enaigly methane from organic waste Because RNG is
sourced from home and livestock organic waste, RNG plants treat streams covering a large range
of compositions at atmospheric pressure, includirngB3% of CQ and varying concentrations of
H.S 2 Membranes processes are a promising route to carry a€8pbased separations due to
their energy efficiency and ease of operation. Compared to absorption processes, membranes
provide advantges such as modularity, compactness, and limited tokfciy the case of RNG,
the low pressures and higher £€ontents can be pacularly attractive for bulk separation with
limited plasticization effects, if pressure differential limitations can be surpassed. Several process
and techneeconomic analyses by Stern et al. have also highlighted optimal menrtlased
process configations to purify traditional natural gas, such as hybrid$tege processes using

CO, and HS-selective membrané¥ 13,

Unfortunately, however, the development of highiySHand CQ-selective membranes
can be challenging due to a conflicting interplay between diffusion and sorption seléotittiy
gases of interest. Generally, transport in polymers is governed by the safffimion model
where sorption represents a thermodynamic contribution to transport associatedivpithygaer

interactions, and diffusion represents a kinetic coutigin to transport associated with the relative
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differences in size of the gasésThe difference in kinetic diameters for €{8.80 ) and CQ
(3.30 ) is much larger than that of28 (3.62 ) and CH, making CQ/CHs separation more
strongly driven by diffusion selectivity. In parallel,$lis more condensable than £ @aking

the HS/CHs separation more strongly driven by sorption selectivity{CM p w3t <CO,

(Y omn@&@L <HS (Y o xa&v ). Itis thus critical to develop materials capable of both
diffusion- and sorptiorselective transport to achieve the largest enhaaoem performance for
simultaneous b5 and CQ separation from CH Moreover, transport properties in ternary
mixtures are difficult to predict due to naeal phenomena such as competitive sorption (i.e.,
reduced sorption of the less condensable gasesxtures}® and plasticizéon (i.e., swelling of
the polymer matrix when in contact with condensable gases at high preSsuéeditionally,
testing of binary and ternary mixtures with toxic gases requires rigorous safety protocols and
specializedesting equipment. As a result, while many new polymers have been synth&Sized
sour gas testing has been limited to only a few indlistnd academic groups and a small set of
materials, making evaluation of structipeoperty relationships in these conditions particularly

difficult>.

Despite the aforementioned challenges, various studies have demonstrated the promise of
chemical modification (i.e., functionalization) and manolecular design handles (i.e., chemical
crosslinking and addition of bulky monomers) for accomplishing simultaneous separatiop of CO
and BS at industrially relevant conditions. For a comprehensive overview on this topic, we refer
the reader to the rent review by Deng et dlWhen considéng rubbery polymers, Harrigan et
al. studied the ternary mixeghs transport in PEGand the commercial polyethbramide
(Peba®)?°. Tuning thecrosslinking density in PEG helped to limit crystallinity in the rubbery

polymer resulting in high sour gas selectivitiesYKCH: and CQ/CH4 > 60). In a separate study,
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Peba® polymer grades with higher hydrogen bonding ability showed higher sour baiystd

low H.S compositions. However, the overall performance depended on the block content and
chemistry in the sampl&/hen considering glassy polymers, various chemical modifications have
been used to improve the performance of cellulose acetate ttt@9ommercial polymer used in
UOPo6s Smemkerxanes and Schlumbergeros CYNARA
natural gas processifig’z For example, Achoundong &l. grafted vinyltrimethoxysilane icOH

groups in CA and achieved G@nd BS permeabilities an order of magnitude higher than those
of the neat polymet. In a similar study, Sundell et al. applied ardamitalyzed silanation on CA,
which increased Cfmixed-gas permeabilities from 2.7 to 12.7 barrer and improved plasticization
resistancé®. In addition to CA, polynorbornernésand glassy polyimides have been investigated

for sour gas separations including polyimides such as 6BBM %%, 6FDA-DAM:DABA 2%, and
co-polymers made from 6FDM®urene and cenonomers such as 6FBBARDO? or 4, 4 N;j
methylenebis(2 @liethylaniline) (MDEA) and 6FpDA’. In these examples, the chemical structure

of the cepolymer played a significant role in tuning macromolecular packing structure and
separation ability. For instancagher DABA content in 6FDADAM:DABA increased hydrogen
bonding, which reduced 43 and CQ permeabilities, and increased overall selectivitiem a
separate study, addition of the fluorinated 6FpDAn@mmomers introduced newonding
interactions that inhibited chain packing, enhancingalyirmixedgas transport with limited

plasticization resistance in sour gas fe€ds

Microporous polymers also represent an interesting platform for sour gas separations due
to their high diffusiorselectivities, versatile backbone chemistry and high sbrption capacity
3428 |n particular, the archetypal PIM (P, amidoximefunctionalized PIM1, and a hydroxyl

functionalized PIMpolyimide (i.e., PIM6FDA-OH) have demonstrated excellent sour gas
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separation ability in 20/20/6043/CQ/CHs4 mixtures at high pressufeS. AO-PIM-1 and PIM
6FDA-OH had HS/CH; selectivities of 75 and 30, respectively, ancb(@Bl4 selectivities of 14.7

and 25, respectively. In both cases, hydrogen bonding provided pgléréunctionalities helped

to densify the polymer packing structure and increase diffusion selettfvit9f note, these
studies reported #$ puregas sorption isotherms and ternary migas sorption predictions for a
20/20/60 HS/CQ/CH4 mixture. These analyses revealed how competitive sorption effects can
reduce sorption for all three gases. In contrast, in experimental and modelled sorptiof@.CO
binary mixtures, C@sorption remains relatively constant while Qidrption decreas&s?®. Such
contrasting findings suggest that ternary migie@ transport can contribute to even more complex
competitive sorption phenomena compared to that in binary mixtures and must be considered for
industrial applications. Toale, the study of sour gas transport in microporous polymers has been
limited to PIM-1, AO-PIM-1, and PIM6FDA-OH. Investigation of mixedas transport and23
sorption in other hydrogen bonding, hydrophilic, and lr CQ-philic functionalities in PIMs
would expand the materials space and struicpuioperty understanding for microporous polymers

in sour gas conditions.

From a fundamental standpoint, the effects of competitive sorption and plasticization are
important to understand complex mixgds trangort in polymer membranes. On one hand, the
mixed-gas sorption literature has demonstrated how condensable penetrantsalic@nCGeduce
the sorption of less condensable gases in a mixture, resulting in sorratinvaesageous shifts in
mixed-gas permseldwity. These trends have been reported forAOBl; mixtures in PIM1%°,
TZ-PIM-1%°, AO-PIM-13%, PIM-Trip-TB*2, 6FDA-mPDA33, 6FDA-HAB?S, cellulose triacetat¥,
among ¢hers4%, The relationship between sorption affinity and permeagerformance

becomes more convoluted with increasing complexity of the mixture as demonstrated by Ricci and
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Benedetti et al. for a £ls/COJ/CHs ternary mixture in PIMI*L. As pressure increases,
condensable gases can also swell the polymer, overcompensating for competition effects, and
decreasing gas transport performafttc® Various strategies have been developed to reduce inter
chain mobility and limit the effects of plasticization. These include thermal crossliftkfiig
incorporation of hydrogen bonding groups”®>, and blending with fillers® %3, In general,
plasticization effects can be stabilized when ateinmobility is limited, while incorporation of
monomers that decrease inti@ain mobility has shown little success in reducing plasticiztion

Using insights from these previous reports, our group recently reported on a platform of
six aged functionalized PIMs for G@@Ha separatioff. Compared to the other functionalities such
as the nitrile {CN) and carboxylic acidi COOH), the primary aminel CH2NH2) provided a
suitable design handle for mitigating plasticization through hydrogen bonding while exhanci
COp-based sorption selectivity in mixegas conditions. Compared to other microporous polymers
in the literature, the primary amine showed the highest enhancement (H®lddrtrease) in
mixed gas C@CHs permselectivity compared to the pigas cae. To the best of our knowledge,
aminefunctionalized PIM1 (PIM-NH>) was also the only microporous backbone functionalized
with a primary amine pendant group, likely due to limitations in polymer synthesis, where amines
often become insolutfigor are consumed as end groups from step polymerization reactions, such
as those for polyimide.

Here, we investigatthe generalizability of our prior results by developing a new amine
functionalized polymer based on a newly reported poly(aryl ether) backbone (PAE) architecture
%7 The influence of the amine on competition and plasticization was evaluated witDHG@nd
CO2/N2 binary mixedgas tests at nine variable compositions op,GDd pasticization tests up to

a total mixeegas pressure of 26 atm for four samples (i.e.,-BJFIM-NHo>, nitrile-functionalized
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PAE (PAECN), and amindunctionalized PAE (PAENH>)). Transport in sodgas mixtures was
considered through ternary mixeds tests with 13.3/26.6/60, 20/20/60, and 26.6/13.3/60
H>S/CQ/CHs ternary mixtures at a total pressure of 8 atm. To elucidate the sorption mechanisms
influencing transport, we investigate the varial@sperature purgas sorption for C& N2, CHs
and BS at35 °C, 45°C, 55°C, and 65°C. Using an optimized constrained duabde sorption
(DMS) fitting analysis developed by Wu et’8lwe extract higtprecision DMS parameters from
the data as well as sorption energetics for all gases. Finally, transport theory attdrib@®e of
the DMS model to mixtures are used to predict ternary mipgesdsorption and calculate isosteric
heats of sorption, revealing fundamental insights to inform the future design of microporous
materials for sour gas applications.
6.2 Background ard Theory

Gas transport in a polymer is often described through the sdrgtitusion modeP®.

0 O Y (0

whereD is the permeability or the pressuesd thicknessnormalized flux through a film in units
of barrer (0° cmPstecm poymer c? cmHg?! s'1), 'O is the concentraticaveraged diffusion
coefficient em?s'Y), and"Yis the sorption coefficient dmPste cm' 3poymercmHg ). Changes in
backbone rigidity and polymer packing structure will influence transport performance through the
di ffusion coefficient, while changes in chemi

influence performance throughe sorption coefficient.

Permeability and permeabiltyased selectivity (i.e., permselectivity) are two important
metrics to measure gas transport performance. After a permeationuiestampd mixedgas

permeabilities can be calculated using theofeihg equations, respectively
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whered is the permeability in barregiis the thickness of the film (cmd is the volume of the

downstream (cR), 0 is the crosssectional area of the film (i “Vis the absolute temperature of
the air or water bath (K)} is the average upstream pressure (cmHg); is the steadygtate

pressure rise in the downstream (cmiMg with the leak rate subtracteln mixedgas testsg
andw are the mole fractions of g&n the downstream and upstream, respectively, which, in this
study, are calculated from GC calibration curves for binary and ternary mixtures as shown in
Section D7 of Appendix D

Pure and mixedgas permselectivitie$ § are defined as the ratio of pu@ mixedgas

permeabilities for the two gases of interé&tnd’@

C'll CA

08

In constanvolume variablepressure systems, diffusion coefficients can be calculated
from pure-gas tests using the tirtag equatior?:

a

yo .
(p_

0D

where—is the timelag (s) andD is the diffusion coefficient (cAs ). Using dffusion coefficients
and puregas permeation valuethe sorptiondiffusion model can be used to calculate tiag

sorption coefficients™).
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Sorption coeffients can be also measured directly through sorption experiments. In glassy
polymers, puregas sorption isotherms are often described through thewhde sorption (DMS)
model 72

. 00 6 HOQ
o - —
3 f 0 60

o

whered is the concentration of gasn the polymer ¢mPstrcm 350), Qi s t he Henr
law constantdmPsteem 3p0a t'H 6 f is the Langmuir sorption capacityni®stecn 30),
@ is the Langmuir affinity constana(t' ¥ and'Qis the equilibrium fugacity (atm). DMS
parameters are often fit using a nonlinear optimization with or without constraints.
However, Ricci et al. demonstrated how unconstrained DMS fittings can result in multiple
solutions with little physical meanifg) In this work, DMS peameters were calculated
using a precise nonlinear optimization method developed by Wu®&tThis method
appl i es vanot Hof f and l i near free ener
thermodynamicalbased constantsQ and ¢y and an additional constraint thét
decreases with temperature. Parameter optimizations were run by minimizing the
objective function in MATLAB. Uncertainties were calculated through error propagation
or ... parabolic estimatioff. The lower and upper bounds constraints used for the
MATLAB optimization are tabulated iables D10 11.

In 1981, Koros et al. developed an extension of the DMS model to enable prediction
of mixed-gas sorption isothernis.This extension assumes that the equilibrium mode of
sorption is not affected by the presence of other penetrants in a binary or ternary mixture,
and has been shown useful for predicting the qualitative behavior of gas sorption in mixture

when mixedgas sorption experiments are not accesSibfeFor a ternary mixture, for
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instance, the purgas Langmuir affinity constant for the other penetrants in the mix@re (

and™Q can be used to predict mixgas sorption for the third penetraigp (

. 90 6 O'Q
On R " 7 7
h T 00 00 oQ

0=

The sorption coefficient and sorption selectivity can be calculated from theopuneced

gas concentrations acquired from the sorption isotherms, and provide a measure of sorption with

respect to pressure fugacity:

y 0
o 0

Y O 76

| ¥ oV, 00 080

In addition to the secant sorption values, sorption isotherms also provide information on

the sorption at infinite dilution’Y ). The parametéily is a measure of the affinitgf a polymer

for a gas or the sorption of the first gas penetrant to enter the polymer. In the limit of zero pressure,

Y is:
I EY Q 6o Y P T
When considering multiple temperatures, the temperature dependéic@ panddcan

berg¢resented as a vanot ¥ f expressions,
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whereY'O, YO, andY'O are the overall heaif sorption kJ mo'l) the enthalpy of Henry
sorption kJ mo'1), and the enthalpy of Langmuir sorptidad(m o' ), and"Y (cmPstercm’ 30l
a t"mMQy (cmistrem 3pora t' 1) andd (a t " Hhare preexponential factors.

Using sorption isothermat various temperatures, the isosteric heats of sorption can be

calculated to elucidate the dependence of the heat of sorption with penetrant concéntration

QI i YO
QprY avY @b T

whereY'O is the enthalpy of sorption at a concentratioandd is the compressibility factor for

the gas.
6.3. Experimental

6.3.1. Materials

The PIM1 monomers, tetrafluoroterephthalonitrile (TFTPN, 9Bigma Aldrich) and
5, 5 o&tethydraxy3 , 3 ,-tBtamesh@ll , -4pivobisindane (TTSBI, 95%, Sigma Aldrich)
were purified through rerystallization according to reported protocalsPure gases were
purchased fromfirgas: H (>99.999%), CH (>99.99%), N (>99.999%), @ (>99.994%), CQ
(>99.999%), and k6 (air certified standard mixture, 99.99%). Diethyl etfaahydrous, >99%),
N,N-di met hyl for mami de (DMF, anhydrous, 99. 8 %),
(99%), ethyl alcohol (> 99.5%), hydrochloric acid (HCI, 37%), dichloromethane (DCM, >99%,
et hanol stabilized), met hanol ( Me OH, HPLC,
anhydrous pellets), a bordremethyl sulfide complex solution (5.0M in diethyl etheand a
boranétetrahydrofuran (THF) complex solution (1.0 M in THF) were purchased from Sigma

Aldrich and used as received.
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6.3.2. Polymer synthesis

6.3.2.1. PIM1 synthesis

PIM-1 was synthesized using a high temperature polycondensation prosediae to
that previously reportéfl Glassware was dried at 13C under vacuum overnight. A 300 mL
threenecked round bottom flask equipped with a mechanical stirrer, aStaaktrap filled with
toluene, and an air condenser was purged witftoN30 min. TTSBI (6.808g, 20 mmol), DCTB
(4.002 g, 20 mmol), and DMAc (4mL) were added to the flask and stirred at 200 rpm. After the
monomers dissolved, K0z (8.292 g, 60 mmol) was added and the dark red solution turned bright
yellow. Next, 15 mL of toluene were added and the flask was immediately transferred {0 a pre
heatd oil bath at 160 °C at 300 rpm mechanical stirring. After refluxing for 5 min, the solution
became viscous and 10 mL of toluene were added to allow for continuous stirring. The reaction
was kept under reflux for a total of 50 min, with an additional 30aitoluene added to the
reaction in 510 mL increments to allow for continuous stirring and limit crosslinking. At the 50
min mark, the reaction was quenched with 10 mL of toluene and the mixture was precipitated into
600 mL of methanol. The product whlered, dried at 130C, dissolved in chloroform, and-re
precipitated in methanol twice more to remove low molecular weight oligomers. The
resultingpolymer was washed in 100 °C water for 5 h to remove residual salt and then vacuum
dried at 130 °C overght 0 o 1p pfD LU o
6.3.2.2. PAECN synthesis

The poly(arylene ether) (PAE) microporous polym@NGEBFRTBTrip-I) was synthesized
using the palladium (Pebatalyzed €O polycondesantion reaction reported by Guo %t &br
simplicity, the polymer will be referred to as PAEN thoroughout this study. The nonpdan

spirobifluorene (SBF) motif was selected for investigation as its bulky structure can generate high
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free volume and is commercially available (95%,-&@romo9 , -Spivobifluorene, Sigma
Aldrich). An ovendried pressure vessel (100 rhkeavy wallcylindrical vessels were purchased

from Synthware, P26000®quipped with a stir bar was sequentially charged with solid reagents,
includingP a | | a dinnamyl) ¢hloride dimer (36.7 mg, 0.07 mmol, 0.01 equB)BrettPhos

(205 mg, 0.42 mmol, 0.06 equivgrt-Bu-triptycene hydroquinone (2.81 g, 7.1 mmol, 1.0 equiv)

81 2 7-dibromo9,9:spirobifluorene (3.7 g, 7.1 mmol, 1.0 eqlf)KsPQy (4.5 g, 21 mmol, 3.0
equiv). The reactiotube was evacuated and backfilled with nitrogen from the Schlenk line (this
process was repesl a total of five times), then toluene (8.4 mL) and dimethoxyethane (4.2 mL)
were added successively. The reaction tube was placed intehaaiesl oil bath and the mixture

was stirred at 140 °C for 72 h. The reaction tube was removed from the odrizhtilowed to

cool to room temperature. Next, the tube was uncapped and the reaction solution was diluted with
THF (50 mL) and 0.2 M thiourea aqueous solution (50 mL). The mixture was allowed to stir at
room temperature for 4 h. The crude material wassteared to a separatory funnel and another

50 mL THF and 50 mL brine were added. The water phase was removed and the organic phase
was washed by brine (50 mL) once. The solution containing the crude product was dried over with
NaSQs and concentrated to5~mL with the aid of a rotary evaporator. Upon completion, the
resulting polymer was precipitated in methanol (500 mL). The collected polymer was dried in a
vacuum oven at 140 °C overnight before characterization. NMR spectra are provitktiom

D1 of the Appendix. Molecular weight values were calculated using ChemStation GPC Data

Analysis Software (Rev. B.01.01) based on the refractive index s{0 = ¢ Ix ¢F)

QM wrt
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6.3.3. Film casting and functionalization
6.3.3.1 Film casting

Self-standingpolymer films were prepared using a standard solitasting procedure
targeting a 3w/v% and 4w/v% solution for PIMand PAECN, respectively, in 5 mL of CHEI
The solutions were left to dissolve in a shaker for 30 minutes and then filtered throygh a 5
Whatmat PTFE syringe filter (GE Healthcare Life Science) into alflatomed glass Petri dish
which was covered with a larger dish to reduce the evaporation rate. Finally, the solutions were

left to dry over a twalay period, and the films were driat130 °C for 16 h.

6.3.3.2. Poskynthetic aminefunctionalization

PAE-CN was first functionalized in the powder form using previously reported procedures
®5in a boané dimethyl sulfide complex solution in diethyl ether, which is a-solvent for PAE
CN, or the borarieTHF complex solution in THF, which is a solvent for R&RI. For the latter,
0.1 grams of PAECN were dissolved in 6.5 mL of anhydrous THF under aatidosphere. The
mixture was cooled to 0 °C and the complex was added dropwise and then left to reflux at 60 °C
overnight. A lilaccolor powder precipitated out upon addition of the complex and turned beige at
the completion of the reaction. The amimactionalized PAE (PAENH.) was filtered, immersed
in methanolic HCI (1M) for 8 h, and neutralized in a 5 wt% NaOH solution for 6 h. The powder
was then washed with methanol and water and dried at 130 °C under vacuum for 16NHPAE
powders were insoluble tommon organic solvents including toluene, tetrahydrofuran (TRH),
Methyl-2-pyrrolidone(NMP), N,N-Dimethylacetamid¢éDMAC), ethyl acetate, acetone (AcOH),
dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), dichloromethane (DCM), chloroform

(CHCl), andacetonitrile (CHCN).
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PIM-1 films were functionalized using a sofitiate reaction in a borane dimethyl sulfide
complex solution using a previously reported method in a-heeked round bottom fla8ké3
Because PAECN films are less flexible than PH# and showed some solubility in the borane
dimethyl sulfide complex solution, the PAEN films were functionalized using a slightly
modified solidstate procedure from that reported for PIMThe reaction was performed using a
500 mL cylindrical reaction vessel (ChemGlass,-T32001) equipped with the corresponding
stainlesssteel clamp(ChemGlass, C@41-02), threeneck lid (ChemGlass, G&94001), and
Viton® O-Ring (ChemGlass CG47-21). In a typical reaction, the thick edges of seven {EAE
films were removed using a razor blade, leaving approximately 1.4 grams of material for
functioralization. The films were inserted in the reaction vessel along with a small stir bar placed
below the films. The vessel was then immersed in an oil bath at 45 °C, sealed with vacuum grease
(Dow Corning), and purged for 30 minutes withoNyas. To encouray homogeneous
functionalization and limit dissolution of the films in the complex, 100 mL of the diethyl ether
solution were first added to the films, followed by 70 mL of the bdrdineethyl sulfide solution.

The reaction was left stirring for 5h. The gduzt was then treated with a 1 M methanolic HCI
solution and 5% NaOH solution in water as described earlier. All films were dried under vacuum
at 130 °C for 16 h.

6.3.4. Membrane characterization

6.3.4.1. Chemical characterization

Fouriertransform infraed (FTIR) spectra were collected using the attenuated total
reflection (ATR) mode on a Thermo Fisher FTIR6700 Fourier transform infrared spectrometer.
Samples were measured with a resolution of 4 amthe spectral range of 508000 cmi*and for

32 scas. Thermogravimetric analysis (TGA) profiles were measured using a TA Instruments 550
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Thermogravimetric Analyzer at 10 °C mirfor a temperature range from 40 °C to 650 °C under

a Np atmosphere:*C magic angle spinning (MAS) soti&tate nuclear magnetiesonance (NMR)
spectra were collected on a Bruker Avance Neo spectrometer equipped with a 3.2 mm HX probe
for solids. Small film pieces or polymer powder were packed into a zirconium rotor (3.2 mm,
Bruker), and spectra was collected with a 20,000 Hz spynrate, a 3 s relaxation delay, and a

200 ppm spectral width. Previously published PIMAnd PIMNH: spectra are shown to compare

the similar functionality changes in the PAB and PAENH: analogue¥.

6.3.4.2. Physical characterization

The BrunaudarEmmett Teller (BET) surface area for PAEN was collected using a
Micromeritics 3Flex instrument. Approximately 0.2 g of polymer were loaded into a BE&
tube and degassed at 120 °C for 12 h. \Widgle Xray scattering (WAXS) was conducted on a
SAXSLAB equipment with a Rigaku 002 microfocusray source and a DECTRIS PILATUS3
R 300K detector. Measurements were taken under a 0.08 mbar vacuum far@Dio she B70

range. Density measurements were pRNY#dor med

and Archi medeso (i muddldeée qdecanef eop tpa & eXYo( € Q
and hexadecan® (w ¢ ¢ & p¥a ¢ aThe temperaterranged from 225 °C.
6.3.5. Pure and mixed-gas permeation testing

Pure and mixedgas permeation tests were collected using automated cownstamte,
variablepressure purer mixedgas permeation systems supplied by Maxwell Robotics. Detailed
expe&imental protocols are provided in our previous w3 All samples werele-gassed for
71 8 h prior to testing. Lowpressure purgas tests were conducted in triplicate for each film and
the permeability is reported as the average of three measurements with corresponding standard

deviations. Following lowpressure purgas testshighpressure Cetests were carried out using
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stepwise pressurizing up to a fugacity of 40 atm angbrdssurization back to atmospheric
pressure. Samples were held for 0.5 h at each pressure step to ensure idenggpb€@e. In a
typical binary mxedgas test, the pwgas permeation was first evaluated followed by two
sequences of nine variable compositions for both/Cly and CQ/N>, including 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, and 90%.@@ a mole percent basis. Once the variable
composiion tests finished, the composition was maintained at 50/50CE»and the total mixed
gas pressure was increased to 26 atm for plasticization analysis. Separate samples were prepared
for H2S puregas plasticization tests up to 7.2 atm and fg8/8Q/CHa ternary mixeegas testing
at variable partial pressures oh3 which included ternary 43/CQJ/CHs compositions of
13.3/26.6/6020/20/60, and 26.6/13.3/60 at a total mbgas pressure of 8 atm. Details on the
stagecut ratios and GC peak calibration fanary and ternary mixtures are providedSiection
D7. All stage cuts were below 1%. Fugacities were calculated using the virial coefficient equation
of staté*, and for HS, the PendRobinson equation of st&fe Fugacities calculated using both
equations of state differed by <1%. PdRgbinson was selected for.$l to avoid additional
extrapolation, since there was no available experimental data fop$hseldond virial coefficient
at 35 °C4,
6.3.6. High- and low-presaure pure-gas sorption

H>S lowpressure sorption isotherms for RIMPAECN, PIM-NH, and PAENH were
collected on a Micromeritics 3Flex instrument located inside a-imalkood. Multiple HS
detectors and alarms were located inside and outside loddifor safe operation. Approximately
0.1 g of film pieces was loaded into a clean BET tube and degassed at 120 °C for 12 h, after which
the sorption and desorption curves were collected, CEs, N2, and HS highpressure sorption

isotherms were measutat 35 °C, 45 °C, 55 °C, and 65 °C using an automated pressure decay

195



system purchased from Maxwell Robotics. Detailed protocols are provided in previous reports
516876 H,S sorption isotherms were asured up to fugacities of 90 atm. Because43 is highly
toxic, all tests involving BB were performed with an automated and rersoterol system located
inside a walkin hood equipped with gas detectors and alarms calibrated to sens§ if H
concentrabn levels reach above a certain threshold. All researchers also used handheld detectors
when working with tubing lines connected teSHor when working with samples being removed
or added to previously evacuategdS-sample chambers.
6.4. Results
6.4.1. Cremical characterization

As shown in the schematic Figure 6.1a PIM-1 and PAECN were possynthetically
functionalized with a primary aming CHzNH2).%® In prior work by Mason et al., amine
functionalization of PIM1 was conducted using a boradenethyl sulfide complex in THF or
diethyl ether for either powder or films. The aminacionalized PIM1 (PIM-NH;) became an
insoluble product in common solvents. Herein, we extend the functionalization strategy to-a nitrile
functionalized PAE polymer composed of the spirobifluorene unit and a triptycene moiety. As
shown inFigure D2, powdersamples of PAECN were possynthetically functionalized using
either a THF or diethyl ethdrased boran@imethyl sulfide complex for five hours. In all cases,
the products were insoluble in common laboratory solvents. The functionalization strategy was
extended to soliétate films using the dimethyl sulfide neolvent. The films and powder
products were characterized throughlIRTand solidstate NMR analysis, as shownRigure D2
and Figure 6.1 Previously reported spectra for RiMand PIMNH: are ircluded for comparison
8 The FFIR spectra for PIML and PAECN show the characteristic stretches for a nitrile group

at 2239%cm't and 222&m'?, respectively, which are absent in PANH2 and PAENH, indicating
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successful functionalization of th€€N. PAENH2 samples also show new signals for tinNH
wag at807cm' ! and thei NH stretch aapproximately 3358m' %, in accordance with the chemical

features previously observed for PIMH,. 6583
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Figure 6.1.(a) Chemical structuregb) FT-IR spectra, and (c) sokstate NMR spectra for PIM

1, PAECN, PIM-NH, and PAENH..
The samples were further characterized through MAS -stéit*C NMR, as shown in
Figure 6.1c and D2cThe solidstate NMR spectra for the PAEs is composed ofynmoad peaks

between 110 and 160 ppm, which correspond to various aromatic carbons with small differences
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in chemical shift. As shown iRigure D1b, many of these peaks can be resolved for {€AE

using solutiorstate NMR because this polymer is solubiechloroform. The three carbons
associated with theCN andi NH2 groups are labeled iRigures 6.1a and D2dor clarity. The
chemical shifts for PAECN and PAENH. show three primary differences. First, the signal at 132
ppm, which is associated with th@matic carbon adjacent to the chemical group, shifts downfield

to 126 ppm. Second, the chemical signal at 113 ppm, which is associated with the aromatic carbon
directly attached to thieCN, significantly reduces in intensity and appears at a new cheshittal

of 136 ppm in PAENHo.. Finally, the carbon signal for tfi€€N group, which is likely concealed

in the large peak at 121 ppm, shifts downfield to form a broad peak at 47 ppm. These chemical
shifts changes mirror those observed when functionalizing-Pitd PIM-NH, and indicate
successful amir&nctionalization of PAECN.

The thermal profiles and stability of the four polymer samples were characterized through
thermogravimetric analysis in2ditmosphere as shown kigure D3. Similar to PIMs, the PAE
samples show excellent thermal stability up to 8DQwhere the onset of backbone decomposition
affiliated with the breakage of ether linkages bef§irGompared to the two PIMs, PAE analogues
retaina significantly larger weight percentage after decomposition. For instance, 4 9P8E
CN and PAENH: retain 79% and 76% of their weights, respectively, whereas1Pévid PIM
NH: retain only 68% and 64%, respectively. The enhanced thermal stability of PAEs may result
from the high stability of the SBF and triptycene monomers, which do not contain chemically
labile bonds for decomposition. This finding represents an interestingrdefor potential
carbonization of PAE samples into carbon molecular sieving mat&fal$Vvhen considering the
aminefunctionalized analogues, both PAINH> and PAENH2 show a slower decomposition rate

between 426465°C, which was associated with the decosipon of thel NH> functionality.
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6.4.2. Physical characterization

The solidstate polymer films were characterized through density tests, BET analysis, and
WAXS measurements. While PAE backbones contairbigtstl groups, triptycene chemistry and
SBF moieties with high configurational free volume, the linear ether backbone connectivity may
allow for more segmental rotation in comparison to the rigid ladder structure ofl. PTMe
importance of this type of structural configuration on transport has ligalighted in work by
the Guo and Freeman groups, where triptydesmed polyimides including ether linkages were
shown to have lower permeabilities than those without ether linR&gtdn accordance with this
behavior, the BET surface area for RIMs usually reported at approximat&@0 nfg't, 5183
whereas that of PAEN was 288 rfig (Figure D4), which supports similar expectations for

permeability, which will beaported later.

Similar trends in porosity for PAEs and PIMs were observed through density experiments.
The densities of PIM. and PIMNH: have been previously reported and are very close to that of
water, making standard density measurements from buoyangsiter challenging®. Perhaps
because of this challenge and because of the higlequitibrium free volume of PIML, density
measurements havé@vn large variability in the literaturé. To address these uncertainties,
buoyancy measurements were conducted in this study with three high molecular weight
hydrocarbons that have significantly lower densities than water: heptake (p &t gy/mol,
0.68 g/cm), decanel{ w p T & w/mol, 0.73 g/crf), and hexadecané (» ¢ ¢ & @/mol,
0.77 g/lcm). As the molecular weight of the buoyant fluid increases, liquid diffusion into the
polymer matrix is expected to decrease, as can be gleaned from vapor sorption experiments for
PIM-1 using pentane, hexane, and hepf&nBecause hydrocarbon sorption into these polymers

can potentially influenceensity measurements, we investigated larger and larger buoyant fluids
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to slow down this kinetic effect. FroRigure D5, as the buoyant fluid molecular weight increases,

the density appears to plateau to the real bulk density value. Density measurent&iMsNei>,
PAE-CN, and PAENH: remain within the error of the measurement for all three solvents, but the
PIM-1 density steadily decreases with increasing solvent molecular weight from heptane to decane
and then plateaus for hexadecane. This result swytest PIM1 is more microporous and
therefore more rapidly sorbs these hydrocarbons compared to other samples, increasing
uncertainties in density measurements if only heptane is considered. The densities in hexadecane
were selected as the most suitaldéues for analysis of fractional free volume (FFV) via group
contribution methods, which are summarizedrable D1. FFV was calculated using van der
Waals volumes reported by Park and Paahd the modified group contribution method recently
developed by Wu et ai! FFV calculated from the Wu method tends to be higher for PIMs and
lower for PAEs compared to calculations from thekPawrd Paul method. Moreover, the FFV
calculated from the Wu method decreases by 7% fromPIiVMPIM-NH; and by 37% from PAE

CN to PAENH.. These decreases were attributed to densification in the polymer structure due to
the addition of hydrogen bonding amas. The larger decrease in the FFV for PAEs is also
potentially associated to their backbone flexibility derived from the ether linkages. Moreover, there
is a 70% decrease in FFV from PiMto PAECN, which is in line with the 67% decrease in BET

surfacearea.

WAXS spectra for PIML, PIM-NH2, PAE-CN and PAENH: areillustrated as intensity,
"‘Qversus the scattering vectgr, 1 O EFX_, in Figure D6, where_ is the wavelength of the
X-ray beam and— s Br a g.¢basactegistigsigeals for PHl and PIMNH. have been
previously discusse&% where the three signals at large scattering vectors represent inter

segmental spacing between polymer chains. The WAXS pattern fol0hNA&hd PAENH2 show
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t wo amor phous hal'lwhicladorre§pond ® distamaks of 12 32and155

and may be ascribed to the configurational free volume elements associated with SBF and
triptycene moieties. Further analysis or simulations may be required to confirm this hypothesis.

Of note, chaimacking simulations of SBBased PIMs has beenrfiemed by Bezzu et &P In

their study, simulated structures were used to derive cumulative pore volumes for characteristic
PIMs such as PIMSBF1, where a broad halo at pore diameters betwéén 3 was consi st
observed, and may be representative of the characteristic peaks also observed in the PAE spectra.
Finally, there were minimal differences in the WAXS spectra for f&AE and PAENH:

suggesting that the large features are indicative of constant structurdlempiesent in both

polymer backbones.

6.4.3. Pure gas permeation

The influence of polymer packing structure on gas transport properties was investigated
through puregas permeation tests fop,HD2, N2, CHs, and CQ. As shown inFigure 6.2, pure
gas permeability trends are consistent with trends in FFV, where overall gas permeability and FFV
values calculated from both the Park and Paul and the Wu methods decrease in the following order:
PIM-1 > PIM-NH2> PAE-CN >PAE-NH>. Forsizesieving gas pairs such as/8Hs and H/No,
ideal permselectivity increases in accordance with FFV trends, where polymers with higher free
volume are less selective, and aminectionalized films are more selective than the nitrile
functionalized conterparts. For C&CHs and CQ/Nz, ideal permselectivities decrease for amine
functionalized films compared to the nitrilenctionalized analogues. This trend has been
previously highlighted for PIMNH2 and is attributed to partial immobilization of €@Que to
increased C@sorption affinity®®. In previous work, we have demonstrated how such trends for

COrx-based purgas selectivities are indeed associated with inete@ affinity and can actually
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result in remarkable increases in £iéased mixedjas permselectivities. This phenomenon will

be discussed in detail i®ection 6.4.3 Moreover, despite undergoing identical chemical
transformations from théCN to thei NH», the decrease in G{ZH4 puregas permselectivity

from 7 CN toi NH2 analogues for PAEs is 34% while that of the PIMnalogues is 67%. Such
trends could be explained by one of two hypotheses: (1) there is a smaller contribution to CO
sorption for densepolymer structures, which has been observed for large data sets of polymer
membrane¥, or (2) that, in PAEs, there is aatg diffusion contribution to permselectivity that

is unaffected by Cgaffinity.
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Puregastrends for CQCHs and CQ/N2 are shown in 2008 upper bound plotg-igure
D7. COx-based selectivities decrease for anfumectionalized films, along with a concomitant
decrease in permeability due to densification of the polymer packing structurgaBuransport
was further evaluated through tirtag diffusion and sorption analysis via the framework of the
sorptiori diffusion model, as shown iFigure D8. Diffusion coefficients were plotted against the
effective diameter squared, where the sldpecgn serve as a proxy for diffusion selectivity
according to the Brandt mod&l As shown irFigure D8a PAE-CN and PAENH. show steeper
slopes ofi 0.35+ 0.03 and 0.34+ 0.06, respectively, compared to RiMand PIMNH, (i 0.19+
0.07 andi 0.22+ 0.18, respectively), suggesting higher diffusion selectivities that are consistent
with their lower FFV However, the fit for PIMNH: displays a relatively high uncertainty in the
fitting for the slope and strong deviation from the linear tren@ekrsusQ . As previously
pointed out by Fuoco et al., the low €@iffusion observed for PIMNH> resuts from partial
immobilization of CQ and highlights the presence of specific fumvalent interactions with GO
% PAENH, shows an analogous trend where the, @@fusion falls below the linear trends
expected from the fit, sggsting that both PAERIH> and PIMNH2 have unique nogovalent
interactions with CQ which may influence mixedas transport. Indeed, if G@& removed from
this analysis, the statistical uncertainty is negligible and the PAEs demonstrate clear improvements
in diffusion selectivity relative to the PIl and PIMNH2 samples. Timdag sorption coefficients
were also plotted against critical teempture, a measure of gas condensability, as shokigune
D8b. In this case, timéag sorption is generally lower for am#fignctionalized samples, indicating
reduced overall FFV, but these differences in sorption across analogues of each classesf polym
are very small. In contrast, PIMs have significantly higher sorption capacity than PAEs due to

higher norequilibrium free volume.
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The contributions of sorption and diffusion to the overalb®@sed permselectivities in
PAE-CN and PAENH: can be compad as shown irrigure 6.2c PAE-CN generally shows
higher CQ-based diffusion selectivities than PAH>, while PAENH2 shows higher C&based
sorption selectivities. These trends highlight the restricted @€usion in PAENH2 and
increased sorption pacity, which is discussed in detail later through sorption experiments and

mixed-gas permeation analysis.

6.4.3. Binary mixedgas permeation

Low-pressure C&CHs and CQ/N2 binary mixedgas tests were performed oinl® day
and 3643 day aged sample3dble D6) to investigate the effects of competition for amine
functionalized PIMs and PAEs. As showrHigure 6.3andTable S7 8, in general, samples show
an increase in C£CH4 and CQ/N2 permselectivities from puréo mixedgas tests. However, the
increase in the purdo mixedgas CQ-based permselectivities is more significant for polymer
backbones containing thié&lH». For 5 10 day aged films, PIM. and PAECN show 1.5and 1.6
fold increase in C&N2 and CQ/CHs4 permselectivities, respectively. In contrast, PNW> shows
a 12 and 15fold increase in C&N2 and CQ/CH4 permselectivities, and PANH, shows a 3.1
and 3.4fold increase in C@N2 and CQ/CHs4 permselectivitie® both higher than theirCN
analoguesWe have recently reported on the mixgas CQ/CHs and CQ/N2 permselectivities
for aged and methantleated PIMNH. backbone¥, where 29aday-aged PIMNH, showed a
2.4fold increase in C&CHs mixed-gas permselectivity compared tite puregas case. Here,
fresh samples without methanol treatment result in even larger increases in-gamsxed
permselectivities for C&based gas pairs. The additional increase in mgasdpermselectivity

for PIM-NH2 samples was attributed to a lowetiaipermselectivity present in ne&aged samples.
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In fact, in our prior work, a fresh PHMH: film showed a #fold increase in mixeggas CQ/CHs

permselectivity versus puwgas, compared to the 2fdld increase for the aged film.
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Figure 6.3.(a) CQ/N2 and (b) CQ/CHs Robeson upper bound for fresh amethanol treated
PIM and PAE samples tested at°8 The 2018 C&CHs mixed-gas upper bound is shown for
reference. Purgas performance (filled) was tested at 1.2 atrd mixedgas performance (open
circles) were collected at a total pressure of 2@2atm at nine compositions. Stars indicate
mixed-gas tests at a C(partial pressure similar to that of ptgas with a 60/40 C£CHas

composition.

Similar mixedto-pure-gas trends were observed for an arfungctionalized PAE, where
there is a larger increase in mixgds permselectivity compared to that of the nHiullectionalized
analogue. The increase in &ased mixedjas transport is lower for the PAEs than RiMs.
This subdued competition effect is consistent with the aforementioned trends-gepuransport,
where there was a lower decrease in®&sed purgas permselectivity, suggesting weakenrCO

specific interactions. Such trends are evaluated thrdirght sorption tests later in this work.
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The effect of varying C®compositions on mixedas transport was investigated using
incremental compositions from 10% to 90% of @ CO,/CH4 and CQ/N2 binary mixtures at
a low total pressure of 2600.2 atm As shown irFigures 6.3, 6.4andD9i 12, all samples show
a decreasing trend in both €bihd CQ permeability, consistent with the trends of the emale
model in the absence of plasticization. In comparison to their Fmletionalized counterparts,
aminefunctionalized films exhibit a trend between £@ixed-gas permeabilities and upstream
pressure that shows higher curvature as well as higher magnitude differences between low and
high CQ concentrations of 10% and 90%, suggesting a larger dependéperformance based
on CQ composition. Competitive sorption trends are also appareéngure 6.4, where the C@
puregas permeability is close to that in the mbgaks case, while Nmixedgas permeability
decreases significantly due to exclusiorsuteéng in an overall increase in mixgds CQ/N2

permselectivity.

500 40
o - 36
E“ 450 - 10% o O o O .0 © o . :
5 M 32
S 4001 . >
> 20% £28 Z
= ® !
2 350y 30% o 248
- 5. 40% o §
g 300{%. sovl © 20 ¢
o} Bl . 60% 7'0/ ° £ 16
£ A 0 ;
O o 50 el L. 0 o . ]
20 ;:; 00 05 10 15 20 80% 90% :'12
200 CO, pressure (atm) PAE-N H2 {Sd} g
0.0 05 1.0 15 20

CO, pressure (atm)

Figure 6.4.Mixed-gas CQ permeabilities (filled red circles),Nbermeabilities (filled triangles in
inset), and C@N2 permselectivities (open red diamonds) for incrementap €@nposiions
ranging from 1090% at a total pressure of 2t00.2 atm for PAENH,. Green points represent
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puregas CQ (filled circle) and N permeabilities (open triangle) and &R, permselectivities

(diamond).

6.4.4. Ternary sour gas permeation

The effects otompetition were further investigated by exposing aged-PJIMIM-NH,
PAE-CN, and PAENH: to sourgas ternary mixtures with GOCHs, and HS. Thicknesses and
treatment conditions are summarizedimble D9. Because kb is highly condensable, it could
outcompete C@and CH sorption and reduce the competitive sorption enhancements observed
for the CQ/CHj4 binary mixture. At the same time, favorable interactions betweeil\thie and
COz in aminefunctionalized polymers could assist in retaining competgivects for CQ/CHa.
Many researchers have reported on the favorable interactions between amines, &fd°€0
which result in increased binary mixgds separatiof®1%2 high CQ sorption capacity for
adsorbents®. Interactions between primary, secondary and tertiamines withH2S have also
been reported where .8 can react with amines and le@adlow sorption capacit}*. Here, the
effect of BS and CQon transport is considered throughSHCQ/CHs mixed-gas tests. Ternary
mixtures of 13.3/26.6/60, 20/20/60, and 26.6/13.3/68/68Q/CHs were measured at a total
pressure of 8 atm. Pugas permeabilities at the correspondingsHCQ, and CH patrtial
pressures of the mixture were also tested forctlicemparison with mixedas tests. Pureand
mixedgas HS, CQ, and CH permeabilities and C&CHs, H.S/CH: pure and mixedgas
selectivities for each mixture are showrilable 6.1 and 6.2 The results are also summarized in

Figure D13in CO/CH4 pure and mixedgas upper bounds and a pygas HS/CH; upper bound.

Figure 6.5ashows the KS/CH; and CQ/CHas permselectivity changes observed between
a puregas and a mixedas test for a 20/20/60.8/CQ/CHas ternary mixture tested at a total

pressure of 8 at. In most cases, 43/CH; permselectivity increases by approximateljoRl in
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the mixedgas test due to competition and exclusion of;@dm the mixture. This effect is
surprisingly not observed for PAEH. For CQ/CHs, PIM-1 and PAECN maintain equal yre-
and mixedgas CQ/CH4 permselectivities, highlighting the effect ob$ competition with C@
and potential plasticization for PHY. In contrast, PIMNH> and PAENH2 show an &old AND
1.8fold increase in Ce)CHs permselectivity in mixtures, respeatiy, suggesting that strong O
sorption affinity can compete witho8 and partially maintain increases in £XCH4 mixed-gas

permselectivity.

Figure 6.5bpresents the combined acid gas (CAG) parel mixedgas permselectivities
and permeabilities for all samples arigure 6.5cshows the individual b$/CH: and CQ/CHs
permselectivities in the y and x axes, respectively. The CAG metric was first proppsed b
Kraftschik and Koros et al. as a metric to evaluate overall membrane performance for sour gas
mixtures?. Ding et al. recently introduced plots 0${CH; versus CQCHa permselectivities,
which can complement CAG plots and directly highlight changes in permselectivity for both gas
pairs®. As shown inFigure 6.5 PIM-1 shows a small boost in.8/CH; permseletivity, but
retains its overall performance, while PINH: shows a Zold increase in ES/CH;
permselectivity along with an-®Id increase in C&CHs mixed-gas permselectivity. These
performance enhancements place fNM; at a CAG of 48 (C@CHs= 28 andH.S/CH=20)
compared to 26 for PIM (CQ/CHs= 11 and HS/CH;=17), and remarkably close to the upper

bound proposed by Liu et al. for CAG performance in glassy polymers.
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Figure 6.5.(a) Pure and mixedgas HS/CH; and CQ/CHs permselectivities. (b) Combined acid
gas (CAG) permselectivity versus CAG permeability plot. A CAG upper bound reported by Liu
et al. is shown for comparison with performance of othermamoporous glassy polyméfs. (c)
H.S/CH; versus CQCH. permselectivity plots for PIM. (dark blue) PIM-NH2 (light blue),
PAE-CN (dark red), and PAIRIH> (light red). Puregas data is shown as circles and miged

data is shown as stars. Mixgds tests were performed at 13.3/26.6/60, 20/20/60, and 26.6/13.3/60
H>S/CQ/CHs compositions at a total prese of 8 atm and 3%C. Enhancements in G@H4 and

H>S/CH. performance from the pure the mixedgas case are noted as gradient triangle shading

or arrows, respectively.
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Table 6.1.Pure and mixedgas HS, CQ, and CH permeabilities for HI5/CQ/CHs ternary

mixtures of 13.3/26.6/60, 20/20/60, and 26.6/13.3/60 tested at a total pressure of 8 atm.

Ternary Sample Permeability (barrer)
mixture designation ||-ﬂ-°+|’- [ERD " ||-?<>F *m = ];—-' =2 > = ||.DH°—-'_
PIM -12 3700 £ 100 | 4100+ 100 | 3200+ 100 | 3200+100 | 310 +10 | 265 +9
PIM-NH,, 460+ 20 69+ 3 127+ 6 106+ 5| 47 + 2 3.6+0.2
13.3/26.6/60
PAE-CN 263+ 9 271+ 9 390+ 10 237+ 8| 274+ 09| 16.2+0.6
PAE-NH:2 330+ 10 120+ 4 187+ 7 159+ 6 172+ 0.6/ 6.9+0.3
20/20/60 PIM -12 3700 £ 100 | 4000 =100 4200+ 100 | 2690+ 90 | 310 *10 | 235 +8
PIM-NH,, 460+ 20 71+ 3 162+ 8 98+ 5 47 = 2 35+0.2
PAE-CN 246+ 9 250+ 9 410+ 10 212+ 7 274+ 09| 143+05
PAE-NH:2 290+ 10 113+ 4 215+ 8 155+ 6 172+ 0.6/ 6.9+0.3
26.6/13.3/60 PIM -12 3700 £ 100 | 3100 100 4200 +100 | 1980+ 70 | 310 =10 | 169 +6
PIM-NH,, 380+ 20 97+ 5 200+ 10 105+ 5| 47 + 2 4.2+0.2
PAE-CN 233+ 8 245+ 8 430+ 10 186+ 6| 274+ 09 123+04
PAE-NH:2 280+ 10 126+ 5 248+ 9 137+ 5 172+ 06| 6.4+0.2

dPuregas PIM1 data was measured on a separate film at a pressure of 1 ats8 fandHCH

and is therefore reported as identical permeabilities for all compositions in thggaucase.
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Table 6.2.Pure and mixedgas HS/CH: and CQ/CH4 permselectivities for k¥8/CQ/CHa

ternary mixtures of 13.3/26.6/60, 20/20/60, and 26.6/13.3/60 tested at a total pressure of 8 atm.

Ternary Sample Permselectivity ()
mixture designation ?‘L;Fiﬂ )DF F;F-'TI. Ratio »ﬂ-m;:ﬂ }grﬁ' Ratio
13.3/26.6/60 PIM -12 11.6 + 0.6 12.1+0.6 1.04+0.07 | 119+06 |154+08 | 1.30+0.09
PIM-NH, 2.7+0.2 29 2 11 +1 9.7+07 |19 +1 20 +0.2
PAE-CN 14.3+0.7 146 +0.7 1.02+0.07| 96+05 |16.7+08 |17 £0.1
PAE-NH2 10.8 0.6 23 1 21 +02 |19 =1 17.2+09 | 0.91+0.07
20/20/60 PIM -12 15.2+0.7 11.5+0.6 0.75+0.05|11.9+06 |17.1+08 |14 0.1
PIM-NH, 34+0.2 28 2 8.1 +0.8 9.8+07 |20 1 20 +0.2
PAE-CN 15.0+0.7 14.8+0.7 0.99+0.07| 9.0+04 |175+09 |20 =01
PAE-NH2 12.5+0.7 22 1 18 +£01 |[17.0+£09 |16.4+09 | 0.96+0.07
26.6/13.3/60 PIM -12 15.4+0.8 11.7+0.6 0.76£0.05| 11.9+06 |18.6+09 |16 +0.1
PIM-NH, 43+0.3 25 2 59 +0.6 8.0+05 |23 2 29 03
PAE-CN 15.6+0.8 15.1+0.7 097+0.07| 85+04 |20 =1 23 +£0.2
PAE-NH:2 14.4+0.8 21 1 15 +01 |[165+09 |20 1 1.20+£0.09

Puregas PIM1 data wasneasured on a separate film at a pressure of 1 atm$oaht CH

and is therefore reported as identical permeabilities for all compositions in thggaucase.

6.4.5. Pure gas sorption and sorption energetics

6.4.5.1. Sorption trends with gagondensability

N2, CHs, CO,, and HS sorption isotherms tested at 8for PIM-1, PIM-NH2, PAE-CN,
and PAENH: are presented iRigure 6.6 D14, D15 andD26, andshow the concave curvature
characteristic of duahode sorption in glassy polyme#si®® For less condensable gases (i.e., N
and CH), PAE-CN and PAENH: have identical sorption curves while PIMgenerally has higher
sorption than PIMNH.. For PAESs, the similar Nand CH sorption capacity was attributed to their
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similarly dense packing structures while, for PIMaind PIMNH>, functionalization can straly

densify the packing structure decreasing overall Langmuir capacity. For more condensable gases
(i.,e., CQ and HS), aminefunctionalized polymers have higher sorption capacity thismie-
functionalized analogues, suggesting favorable interactiamseba theamineand both CQand

H2S. Notably, PIMNH: retains higher &5 and CQ@sorption at most pressures despite the inverse
trend in N and CH sorption noted previously. Moreover, at 5 and 10 atm, the films reached
remarkably high K5 concentrations of 180, 200, 135 and &B&stpcm 3,01 for PIM-1, PIM-

NH2, PAECN, and PAENHo,, respectively.

225
(a) 35°C PIM-1 (b) 35°C PAE-CN
200 4 1501 PAE-NH,
1754 125 ]
o= 1504 =
=5 =5
£ 125§ € 1001
o o
mEE 100 5 mEE 75 1
S 754 e
© 501 o 30 CH,
25{ & o 251 AN,
03 0.
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Fugacity (atm) Fugacity (atm)

Figure 6.6. N2, CHs, COp, and HS sorption isotherms for (a) PHU (dark blue) and PIMNH>

(light blue), and (b) PAECN (dark red) and PARIH: (light red) measured at 3&.

6.4.5.2. Dualmode model fitting and interpretation

Sorption isotherms were collected at°85 45°C, 55°C, and 65°C to enable application
of a constrained duathode sorption fitting previously developed by Wu é@#.S isotlerms for
PIM-NH2 and PAENH: at the four testing temperatures are showhigure 6.7a and b where
all isotherms show the expected decrease in sorption with increasing temperanaogous

plots for N, CHs, COr and HS sorption at varidb temperatures for PIM, PIM-NH2, PAECN,
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and PAENH: are summarized iRigures D16 18. The aforementioned fitting was performed to

derive temperaturdependent DMS parameters and gain a phenomenological understanding of
sorption of highly condensable g5 in the four polymers considered. In short, DMS isotherms
were calculated through a n o?ndifféerenee edetweenpthei mi z a
experimental data and the DMS model. The fit was minimized using six constraints: (1) two linear

free enegy relationships (LFER) relating the enthalpies of sorption for the Langmuir i¥d@le (

and Henry mode of sorptio'© with their corresponding paramete@; and®, ( 2) t wo Vv a
Hoff relationships forQ andd and (3) a criterion of ineasingd with temperature. Detailed

protocols for this optimization are provided in previous wétk Upper and lower bound
constraints and initial guesses for the optimization are showalles S1011. DMS parameters

and"Y values measured 86 °C, 45°C, 55°C, and 65°C are reported iTables D12 15.
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Figure 6.7.H2S puregas sorption isotherms as a function of pressusé 4C (diamonds), 45 °C
(circles), 55 °C (squares), and 65 °C (triangles) for (a)}RH4 and (b) PAENH2. Sorption trends
for (¢) "Y and (d)Q versus critical temperature for PiM(dark blue), PIMNH: (light blue),
(b)

calculated using the LINEST function in Excel. Theddta points for (c) and (d) for PARH>

PAE-CN (dark red), and PARIH> ( | 1 g h't red) . Sl opes and

was excluded due to low fit quality using LFER parameters for that particuigyaggsier pair.

Parameters derived from sorption fittings, suchYasQ , and@ are often correlated with
measures of gas permtt condensability such as critical temperatti¥e @nd Lennardlones
parameters-{fl)1°”. The corresponding trends witfiare shown irFigure 6.7c and dandFigure

D21. The sorption at infinite dilution"{ ) can be calculated from DMS parameters according to
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Equation 6.10and provides a measure of intrinsic sorption into the polymer in the limit of zero

pressure. FotY , PIM-1, PIM-NH2, PAE-CN, and PAENH hadf values off@t p x @t it 11 @

8L ¢ p T T, p w T T,@Nd 18T ¢ p TNt 7T T consistent with typical sorption trends

for hydrocarborbased polymef§®. Generally,"Y values showed sindt trends to those of the

overall sorption, where less condensable gases showed Sknilafues for amindunctionalized

and nitrilefunctionalized samples, and @@howed a significant boost ifi¥ for amine

functionalized samples, resulting in steepevalues for those polymers; the magnitudg of

provides an indication of a material 6s sorpti
The"Y trends presented fhigure 6.7cwere further investigated by plotting their Henry

and Langmuir contributions® and ¢y against’Y, as shown irFigure D21 and Figure 6.7d

Henr y 0 s isassocatedawith solubility into the polymer matrix, which necessitates the

opening of fAgapso i nsi deFigurh @7dphe trepdsel@ withrai n's .

remain relatively constant for the two polymer backbones regardless of backbone functionality.

This result suggests that the Henryds mode of

penetrant with theNH2 or i CN in microporous polymersandgtlt Henr yds mode of

be dictated by the backbone chemistry of the polymer, which remains identical fet Bxhd

PIM-NH>, and PAECN and PAENH., respectively. In previous work investigating gas sorption

in perfluoropolymers, Wu et al. foundtha Henr y6s mode was the pri mail

in sorption selectivity for perfluorinated polyimides whereas the Langmuir affinity constant

remained relatively unchanged across the polyimides constfeiregerfluoropolymers, the gas

penetrant incurs an adiibal enthalpic penalty associated with unfavorable mixing of fluorine

with condensable gases such as;. Gkl contrast, for amin@nctionalized microporous polymers,
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there appears to be an additional f alyoer abl e

micropores, directing the sorption contributions to the Langmuir mode rather than Henry.

In fact, when the Langmuir contributions@fndé are considered for PIMs and PAEs,
the Langmuir mode appears to contribute considerably to the treratsition at infinite dilution.
Figure D21 illustrates trends ob with FFV for all gases for both PIMs and PAEs. The PIM
analogues, which have higher FFV, show a clear increase for less condensable penetrants,
while the PAEs, with less nesquilibrium free volume, show relatively constant8interestingly,
the trends are reversed for €&ahd BS, where increasing free volume does not contribute directly
to increased Langmuir capacity, likely due to the loss of Mid> group. This effectvas further
investigated through the Langmuir affinity constamtwhich represents the equilibrium between
absorption between neeguilibrium surface voids of the polymer matrix and the penetfemnt.
shown inFigure D21, Ggenerally increases for mocendensable gases and, in the case of PIM
NHoa, increases much more strongly for &@®an HS. This result further suggests strong suiface
penetrant (i.e., amil€0Oy) interactions primarily taking place in na&guilibrium voids of the
polymer. Taken together, the Langmuir mode strongly contributes to the trends obseied for

with “Yand thus, to overall sorption in amifienctionalized microporous polymers. Tinegortant

role of the Langmuir mode to the sorption trends observed also provides a potential explanation

for the higher increase in mixaghs versus purgas permselectivities observed for PNIH2

compared to PABNH,. These findings suggest that, in adufitio theif NH2 functional group, the

Langmuir contribution (and therefore polymer FFV) should be maximized to optimize competitive

sorption effects.
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6.4.5.3. Mixedgas sorption predictions for ternary mixtures

Puregas DMS model parameters were usethtmel the effects of competitive sorption
on mixedgas transport for a 20/20/6G$ CQ/CHs ternary mixture at a total pressure of 8 atm.
Mixed-gas HS, CQ, and CH sorption isotherms were calculated from pgas DMS fitting
parameters according Equation 6.7, as shown irFigure 6.8a and D22 This ternary mixture
compares directly with the ternary permeation tests discussed previously and illustrates the
competitive effects of a mixture involving two highly condensable gases (¥®.ahtl CQ) and
a less condensable gas (i.e., §Hn previous DMS modeling work, our group and others have
demonstrated how GOnixed-gas sorption is typically unaffected by the presence of, GHile
CHa4 mixed-gas sorption significantly decreases as it is excluded frorpdlyener matrix®>€ In
this scenario, kb5 represents a much more condensable penetrant thars@@esting that both
COz and CH sorption decreases significantly while that gSHlemains less affected. These trends
have beemreviously highlighted in DMS modelling by Yi et ‘afor AO-PIM-1 and PIM1 in
20/20/60 HS/CQ/CH4 ternary mixtures. As shown iRigure 6.8a and D22 the mixedgas
sorption of all three penetrants in the mixture significantly decrease when in the presence of the
other twopenetrants. However, the decrease i IFhixedgas sorption for PIML and PAECN
compared to purgas HS sorption is noticeably smaller than that observed for the amine
functionalized films, suggesting that the stronger. @fnity of i NH2 can increaséhe potential

for exclusion of other penetrants in the mixtures regardless of condensability.
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Figure 6.8.(a) S, CQ and CH puregas isotherms (lines) and modeled migas sorption
isotherms (dashed and dotted lines) for a 20/2043JE{/CH4 mixture tested at a total pressure
of 8 atm. (b) Purgas CQ/CHs (orange bars) and 23/CH; (dark brown and patterned bars)
sorption selectivities and modeled mixgas CQ/CHs (purple bars) and #/CH; (dark purple

and patterned bars) sorption selectivitiesHtivl-1, PIM-NH2, PAE-CN, and PAENH..

Pure and mixedgas CQ/CHs and BS/CH; sorption selectivities are presentedrigure
6.8b. In all cases, t6/CH: mixed-gas sorption selectivity increaseg more than double that in
the puregas, and the effect is slightly more prominent for MM, and PAENH,. These trends
align with the expected competitive effects for a highly condensable penetrant and can positively
influence transport performance the polymer in the absence of deleterious plasticization effects.
On the other hand, mixeghs CQ/CHjs sorption selectivity remains identical to that in the pure
gas case for PIM and PAECN while PIM-NH2 and PAENH2 mixedgas CQ/CHs sorption
selectivties still increase compared to that in the pgas case. These results align remarkably
well with the observed trends in ternary mixgas permeation experiments discusse8dantion
6.4.4and highlight the promise of amkfienctionalized microporous bkloones for increasing

CAG permselectivities even in the presence of a more condensable gas at high concentrations.
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6.4.5.4. Sorption energetics and isosteric heats of sorption

Changes in sorption energetics as a function of affainetionalization were westigated
by calculating heats of sorption at infinite dilutia@® ) for each polymegas pairgdO can
be calculated from trends of with temperature according tquation 6.11in the following

form:

Y Y A@D 30
h 'Y "Y (p$) U

where"Y ; is a preexponential factor embedding the entropic terms associated with infinite
dilution sorption(cnPstecm 3y01a t' 1 As shown irEquations 6.12 and 6.13Henrys and
Langmuir mode <contributions to sorption
temperature, wheregdO and O can be extracted in kJ mibland represent the energy

difference between the penetrant in the gaseous state and themtes@tbed in its respective

mode (i.e.3O O O .

ThedO valuesfor each gaigpolymer pair are presentedhiigure 6.9, wheregdO
values range frorii16 kJ mol* for N2 to 138 kJ mol! for CO,, respectively. These valuesea
consistent with general trends observed for hydrocabased polymeP8 Moreover, 3O
values in PIM1 align well with previously reported values fos 114 kJ mol*), CHs (i 19 kJ
mol'!) and CQ (i 22 kJ mol')’. Tothe best of our knowledge, there are no report&idarption
isotherms at variable temperatures for PIMr the three other polymers considered. Generally,
PO values represent the thermodynamic favorability associated with mixing of the gas pienetran
with the polymer matrix. In typical hydrocarbdased polymers, the more condensable gases will
more favorably mix with the polymer matrix, resulting in more exothermic sorption interactions.

These trends are directly observed for PIMnd PAECN, wheregdO  values increasingly more
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exothermic in proportion to the condensability of the gases. Analogous to thep€€ific trends

observed fofY andQ, PIM-NHz and PAENH: have significantly highegdO values for

CQO; than for BS, which isattributed to the C®specific interactions between thBlH> and the

gas penetrantigure D23s u mmar i zes t h e’ OcaodgO for dach gagolyner of
pair, where the trends fggO mirror those reviewed earlier fgdO . Sorption energeatitrends

for the Henry law mode of sorption remain relatively constant across gases, with some more

significant deviations observed foe M PIM-1 and CQin PIM-NH..

=~
{ERcH.
Eco.
= {Ems

FiM-1  PIM-NH, PAE-CN PAE-NH,

Figure 6.9.N2, CHs, CO; and HS @O values calculated for PIM, PIM-NH,, PAE-CN, and
PAE-NH.. Errors were calculated from error propagation of the slope and intercept errors

calculated using the LINEST function in Microsoft Excel.

Isosteric heats were calculated to investigate, i, and RS sorption energetics across
penetrant coposition for the gdgolymer pairs considered, as showirigure 6.10 and Figure
D24. N2 curves remain relatively flat and within error of each other, thus, more condensable gases
were taken as the primary focus of this discussion, C» and BS isosteic heats all show a

minimum which is generally lower for PAEs than PIMs. In the context of therdade model,
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the minimum of the isosteric heat trends generally represents transition from the Langmuir regime

to less favorable enthalpic interactionshne Henr ydés | aw mode. This tr
PAEs due to their denser packing structure, where PAEs reach their Langmuir capacity at a lower
concentration than PIMs. The largest differences between the isosteric heat curves are observed
betweemitrile- and amindunctionalized samples for GQnterestingly, PIMNH2 and PAENH>

show remarkably exothermic minima ®%4 kJ mdll. These highly favorable exothermic
interactions between G@nd thei NH> surpass the minima observed for isosteric hehts,S,

which falls afi 34 kJ mdl* andi 31 kJ mol* for PIM-NH; and PAENH, respectively. Moreover,

H>S isosteric heats remain within error of each other between polymers with the same backbone,
while CQ isosteric heats for PINNH> and PAENH2 show sigificant differences in

exothermicity.

The interaction of amines with G@an undergo various mechanistic pathways depending
on the humidity or neighboring groups in the fixddH: site'®X. For aminefunctionalized solids
in dry conditions, C@capture at its highest efficiency occurs at a 2:1 raticdNdf. to CO, through
the formation of a carbamaf@ In the context of isosteric heats, the minimum observed can be
understood as the tratish from Langmuir to Henry mode sorption after reaching the Langmuir
capacity. Interestingly, the approximate concentrationNil> groups per mole in the polymer
backbone is approximately twice the concentration of the minima observed in the isosteric he
curves inFigure 6.10a This finding could be explained by two hypotheses: (1) the polymers have
not been functionalized to full conversion and instead show approximately 50% conveiision to
NH>, or (2) the physical reactions occurring between thedathei NH2 require a 2:1 ratio of
TNH2 to CO similar to that observed in amifienctionalized solids. Additionally, Said et al. has

demonstrated how Gamine reaction mechanisms can sometimes require the catalytic assistance
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of a bast. In the presence of water, highly favorable interaction can occur between tfa@€O

the amines, but in its absence, the nucleophilic attack efnt®y be assisted by neighboring

NH:z groups. Whié this interpretation provides another potential explanation for these results, this

assisted behavior is typically expected for samples with high density of amines, which may or may

not fully represent the state of these microporous systems.
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Figure 6.10.(a) CQ and (b) HS isosteric heats of sorption for PAM PIM-NH2, PAE-CN, and

PAE-NHo>. Error bars are represented as lines with the area of the error shaded in the corresponding

color for the respective plot in a lighter shade. Dashed ilmkésate the concentration of Gthat

corresponds to a 1:1 balance with the concentration of amine groups in each polymer.

6.4.6. Pure and mixed-gas plasticization

Penetraninduced plasticization is a ubiquitous phenomenon in memirased gas

separat ons wher e a

pol ymer 6s

segment al

mobi l i

condensable gases at high presstiteshis effect can & particularly detrimental in natural gas

purification applications where the feed pressures can reach up to 60 bar and contain large amounts

of condensable impurities such as£Dd HS. In previous work, we demonstrated how amine
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hydrogen bonding in PINNH: yielded strong plasticization resistance for AZMHs mixtures up

to a total mixeegas pressure of 26 BarFigure 6.11bandFigure D26 summarize the results for

plasticization tests of the four polymers in pure-@ to a partl fugacity of 40 atm, pure 9

up to a partial fugacity of 7.5 atm, and a 50/5040Bl; mixture up to a total feed pressure of 26

atm. Permeability and permselectivity values are presentéduine D27. For highpressure tests

containing CQ, PIM-NH: displays high plasticization resistance to £ pure and mixedgas

conditions as previously reported. Notably, PBN and PAENH: also show excellent

plasticization resistance in puand mixedgas tests, especially compared to PIMvhich readily

plastcizes in both cases at around 15 atm.

(a) 50

40

o (CO,/CH,)

10

304

20

1.4
N 50/50 CO,/CH (b)
9’50 ©0 Q¢ PIM-NH, (2 atm) e .
20 atm = 1.2
=
[}
@
PAE- NH2 (2 atm) £ 1.0
@
20 m&? - PAE- SN (2atm) ot
-, \ T 0.84
PIM-1 (2 atm) o
mamg g ol
2u'a1m_g 2 044
pressure-based 0.2

"
_m
—"" PIM1(5d)
R
=

L = 10d

.“"!hl-—l-—!—l—l

\ =
40d

(|
—n

| |
PAE-NH, (5d) .'f'_“ﬂ'NHi (59d)

PAE-CN

1000 10000 0

P(CO,) (barrer)

100

2 4 6 8 10 12

CO, fugacity (atm)

14

(c)™

Cc PIM-NH,
PIM-1
>
= PAE-CN
w 2.04PAE-NH,
[11])
£
o
[+ %
B
8 151 =
T
£ -/ /I
[=]
= _~ /
'f. /
1.0 lé:zl?.‘l/
0 2 4 6 8

Fugacity (atm)

223



Figure 6.11.(a) Pure and mixedgas CQ/CHs upper bounds with plasticization performance for
PIM-1 (open dark blue circles), PHNH: (open light blue circles), PAEN (open dark red
circles), and PAENH: (open red circles) in a 50/50 @/GH4 mixture. Mixedgas tests performed
at a total pressure of 2 atm using a 60/4Q/C84 mixture are indicated as stars and kjghssure
points at a total pressure of 20 atm (i.e..@@rtial pressure of 10 atm) arerbted as diamonds.
(b) Normalized mixedjas CH permeabilities versus GQugacity for all films tested in the 50/50
CQOu/CHjs binary mixtures. Open and filled dark red symbols represent@®XEata for a 40d and
10d aged sample, respectively. (c) Normedipuregas HS permeabilities versus,8 fugacity
for all films tested up to a total-8 fugacity of 7.5 atm.

A more unambiguous measure of plasticization is the permeability of the less condensable
gas in the mixture. In a pugas highpressure test foa nonplasticizing gas such as GH
permeability is expected to decrease according to the DMS model. When a polymer plasticizes,
increased polymer segmental motion will allow for significantly increased diffusion of all gases,
including the less condersa gases. This effect results in an upward shape for permeability versus
fugacity curves for the less condensable gas in a mixtigare 6.11bpresents the mixedas
CHs permeability for all samples considered in the binarg/C84 mixture. While PIM1 displays
a rapid upturn in CkHmixed-gas permeability, PAEN, PAENH2 and PIMNH2 show excellent
stability for CH; permeability in the mixture. These trends suggest that the particular backbone
chemistry of PAEs endows polymers with higher plasticizatsistance compared to PIMs.

The polymers were further subjected to plasticization with-gaseeHS up to 7.5 fugacity.

Due to its high condensability,-H is more likely to plasticize polymers than £&hd is thus
expected to cause these plasticizagtfects at lower fugacities. As shownkigure 6.11c and

D29, all samples plasticize when in contact witsSHHowever, PAE analogues show noticeably
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stable plasticization curves up to 3 atm, while PIMs readily plasticize w&hwhich is consistent
with previous reports of ¥ permeation in PIM.1'! PIM-NH2 shows slightly stabilized #$
plasticization isotherms compared to RPIMlikely due to its hydrogen bonding ability reducing

inter-chain mobility.

6.5. Conclusions

A new aminefunctionalizedmicroporous polymer (PARIH2) based on spirobifluorene
and triptycene structural units was synthesized from a ritniletionalized polyaryl ether (PAE).
Chemical characterization demonstrated successful functionalizationRAEREN to PAENH..
The efects of amindunctionalization on the polymer packing structure and g transport
performance were investigated through FFV calculations andgasr@ermeation tests in direct
comparison to PIML and its amindunctionalized analogue, PHMH.. In pure-gas tests, amire
functionalized backbones showed a decrease inla®ed selectivities and an increase in-size
sieving selectivities compared to their nitrile functionalized analogues. The effects of competitive
sorption were investigated through €CH4 and CQ/N2 binary mixedgas tests at nine variable
compositions from 10% to 90% of GAPIM-NH2 and PAENH: showed significant increases in
mixed-gas permselectivity compared to the pges tests for both GGCHs and CQ/N2 binary
mixtures, while PIM1 and PAECN showed limited increases in mixgds permselectivity. The
effects of competition were further investigated through ternary ngasdtesting with
H.S/CQ/CHs mixtures at a total pressure of 8 atm. All polymers showed an increas8/i@Hd
pemselectivity consistent with competitive sorption effects. Notably, -RiN4 and PAENH:
retained increased competitive effects forAlIM4 even in the presence of a more condensable

gas.
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To better understand the competitive phenomena observed throughagien testing,
gag polymer interactions were probed through BHs, CO;, and HS puregas sorption tests at
35°C, 45°C, 55°C, and 65°C and the data was interpreted via the gnatle model framework.
CO sorption for PAENH2 and PIMNH: was noticeably higher than that of PAEN and PIM1,
respectively, suggesting that increases in mpasl performance were driven by sorption. For
PAE-NH2 and PIMNHo>, sorption at infinite dilution for C®was particularly high. In terms of
sorption eneregtics, the heats of sorption at infinite dilution were also highest fairCi®e amine
functionalized samples. Further analysis indicated that interactions .oiviltDthe amines were
driven by the Langmuir mode of sorption. The strength of thei @@ymer interactions was
guantified through calculation of isosteric heats of sorption fos IG®IM-1, PIM-NH2, PAE
CN, and PAENH.. Aminefunctionalized samples showed significantly more exothermic
interactions compared to those of nitfilerctionalized anlagues, indicating stronger interactions
for the amine with C@ Finally, the plasticization behavior of all samples was investigated in
binary CQ/CH4 mixtures and lowpressure plasticization tests with$4 PAECN and PAENH2
also showed exceptional pteszation resistance to GQip to a total mixedjas pressure of 26 bar

and resistance toA3 plasticization up to 3 atm.
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Chapter 7: Binary and ternary mixed-gas transport in mixed-matrix membranes formed

from UiO -66-NH2 and functional polymers of intrinsic microporosity

Abstract

Mixed-matrix formulation has emerged as a compelling strategy to develojpérfgrming gas
separation membranes and combat polyspercific instality issues like plasticization. However,
issues of particle agglomeration and poor interfacial compatibility often limit formation of
homogeneous mixeadhatrix membranes (MMMs). As a result, significant research efforts have
focused on developing new chetnies and hybrid formulations to increase M@&lymer
interactions, but advanced transport analysis, including the effects of MOF addition on competitive
sorption and binaryand ternary mixedjas transport, are seldom explored. In this work, we
leverage the compatible functionalities in a Ui&-NH> MOF and a carboxylic acid
functionalized PIM1 to fabricate homogeneous mixettrix membranes with improved pure
gas performance compared to control formulations with archetypallPIRUregas transport
properties are evaluated for testing samples of duplicate films to highlight saorgdenple
variation expected for higfree volume MMMs. Sorptiardiffusion analysis demonstrates that
UiO-66-NH2 addition in both PIM1 and PIMCOOH primarily contributes to areased purgas
diffusion while puregas sorption remains relatively constant. Incorporation of-&8@IH> in
PIM-COOH helps to stabilize G@nd HS plasticization compared to PAMMMMs, likely form
increased MOFpolymer interchain interactions. Thefefcts of UiG66-NH. incorporation on the
mixed-gas transport through the MMMs is probed through/C8s and CQ/N> tests at a total
pressure of 2 atm. All samples show increasegHa3ed selectivities, with minimal contributions
directly associated to tiMOF. Finally, ternary HS/CQ/CHa tests were performed to demonstrate

the influence of S content on the overall performance of the MMM. Notably, the highest
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H>S/CH; and CQ/CHjs selectivity combinations were found for the RBODOH based MMM due

to increased intechain rigidity provided by the UiB6-NHo.

This chapter has been adapted fratatherine Mizrahi Rodriguez, WaNi Wu, Naksha Roy,
Justin Teesdale, Gang Han, Alexander kg Zachary P. Smitlginary and ternary mixedas
transport in mxedmatrix membranes formed from U#B-NH. and functional polymers of

intrinsic microporosity In preparation.
7.1.Introduction

Gas separations such as natural gas upgrading, nitrogen production, and hydrogen recovery
are important processes for the chemical and energy industries. In 2020, natural gas accounted for
40% of the total utility power generation in the U.S. and is ptejeto remain in high demand in
20221, Developing suitable technologies for emerging separasiocis as Cefrom N for post
combustion carbon capture and of £&dm CH;, for renewable natural gas purification is also
important for a smooth transition to a more sustainable energy fiituMembranebased gas
separations are an attriaet separation technology due to their eneefficiency, scalability, low
operation costs, and modularftyHowever, polymer membranes dspa weltknown tradeoff
in permeability and selectivity and, as a result, few compositions are deployed in industrial gas
separations. Moreove, traditional polymers often plasticize when in contact with condensable
gases at high pressuteBlasticization is particularly concerning in natural gas purification, where

H.S contehand feed pressures can reach up to 30 vol% and 60 bar, respéctively

Fabrication of mixednatrix membranes (MMMSs) via incorporation of highrformance
metal organic frameworks (MOFs) has emerged as a compelling strategy to overcome polymer

specific limitations®. MOFs are composed of metal centers bridged by organic linkers, resulting
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in crystalline structurwith fixed pore sizes and topologies. Their organmrganic composition
make MOFs useful for interfacing with polymers and their inherent rigidity can help reduee inter
chain mobility in polymer matrices, reducing plasticization and aging. MoreoveiVididrmed

with the appropriate fabrication strategy and M@&lymer pair can achieve promising increases

in permeability and selectivity. However, MMM fabrication is difficult due to issues of particle
agglomeration and interfacial incompatibility betwelee MOF and the polymer, which result in
sievein-cage defects and naelective transport in addition to low mechanical integrity typical of
high filler loadings. Researchers have developed many approaches to circumvent these challenges
including primingof the MOF with the polymer before castifi§, preparing viscous polymer
solufons to prevent particle settling, using compatible functionalities to improver [da¥mer
interactions, and carrying out modifications such as in situ synthesis of MOF within a polymer

film 1©, in situ polymerizatin on MOFs!!, and postsynthetic modification of MOF¥..

MMMs formed from polymers of intrinsic microporosity (PIMs) and University of Oslo
(UiO) MOFs have gained particular attention for achieving ultrahigh permeabilities with decent
selectivity combinabns for various gas pairs. The archetypal PIM, RIMs mechanically and
thermally robust, and has a nreguilibrium structure that results in excellent permealility
selectivity combinations for common gas paitsUiO-66 MOFs, on the other hand, are versatile
in terms of accessible synthetic design modifications and-gyoshetic functionalization
chemistries, which allows for tuning of particle sizEsgefect density>'¢ and possynthetic
modification with functional group¥. In particular, the aminfunctionalized version of Ui6,
UiO-66-NH, has been widely used to form MMMstwiPIMs and other glassy polyméfs.
For instance, Khdhayyer et al. fabricated MMMs from & UiO-66-NH2and UiG66(COOH)»

in PIM-12%, MMMs formed from UiG66-NH. showed increased pugas permeabilities with little
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selectivity improvements and retained this performance in th&Nz@ixtures for a 3anonth aged
sample. Muldoon et al. embedded W6-NH2 in a PIM1/MEEP80 blend. In this case, €0
permeabilities increased with MOF addition and@selectivities were between that of the two
polymer matrices in pureand mixedgas test?2 In a separate study, Ghalei et al. demonstrated
significant CQ/N2 selectivity increases by mixing PHY with UiO-66-NH2 nanoparticles.
However, while there was a step change increase selectivity from thpgunger to the MMM

at 5 wt% loading, selectivity losses were observed with increasing MOF loading up to 30 wt%.

Other groups have developed synthetic approaches to im@d@@#epolymer interactions.
Yu et al. functionalized the surface of UgB-NH> with T CN groups and then creseked the
MOF with PIM-1 . This method resulted in what the
t r ans p o rpameanbility of 120EB bagr*. Tin-Binh et al. developed an in situ chemical
crosslinking method to bind Ui@6-NH. to PIM-1 during polymer synthesis. The resulting
MMMs showed good MO#Fpolymer compatibility, increased permeabilities and®@sed
selectivities, in contrast to MMMs formed from physically mixed PIMnd UiG66 or UiO-66-
NH2 L Recent work has also demonstrated the potasftissing compatible functional groups on
the polymer matrix to increase MOpolymer adhesion. Ren et al. fabricated MMMs from
amidoximefunctionalized PIM1 (AO-PIM-1) and UiG66-NH.. 24 Hydrogen bonding between
MOF and polymer functional groups provided a benefit to transportrpeafae, resulting in CO
permeabilities of 8425 barrer while retaining £X& and CQ/CHjs selectivities of 27.5 and 23.0,
respectively. Similar findings were reported in a computatienglerimental study by Carja and
Tavares et al. where the interfacesnmen UiG66(Zr) and AGPIM-1, tetrazole PIML, and N

((2-ethanolamino)ethyl)carboxamide PIM were simulated and examinéd The authors
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concluded that polymer funomalization was a reliable strategy for improving adhesion with the

MOF for AO-PIM-1 MMMs.

In addition to MOF polymer interactions, a critically important consideration for industrial
deployment of MMMs is mixedy as per f or mance. O emonsgrated igwbé s r e
increased Ce@affinity in aminefunctionalized PIM1 can result in increased @®ased mixed
gas transport compared to the pges casé®. Given its similarly high C@affinity, UiO-66-NH;
may exhibit similar mixedyas performance trends in &@ased mixtures. In fact, some of the
aforementioned MMM studies including Ui€6-NH> showed increases in GdDased mixedjas
selectivities compared to the ptgas case, but competitive effects weot explored directly. In
addition to binary mixedjas transport, the Koros and Eddaoudi groups have recently reported on
the HS/CHJ/CO; ternary mixeegas transport through MMM&2°, Simultaneous k8/CH; and
CQO,/CH4 separation can be particularly difficult becausgSiEQ separations and GATH4
separations are characterized by a complicated tradeoff in soaptiotiffusion control, as noted
by the relative condensabilities and sizes of the permeate species. More specifically, the order of
gas condensability iCHs (Y p w8t <CO ('Y o m@&UL <HS (Y o x&u while
the order of gas size iI€02(3.30 ) < HxS (3.62 ) <CHs (3.82 ). Leveraging the tailorable
pore apertures and sorptigelectivity combinations provided by MOFs can be a promising
strategy to tune performance for challenging sour gas applicétosinstance, Liu et al. showed
how incorporation of fluorinated MOFs with tuned pore apertures (NbOFREME and
AIFFIVE-1-Ni) in 6FDA-DAM allowed for ultraselective MMMs with combined acid gas (CAG)
selectivities close to 58. In a separate work, MMMs formed from 6FEpased polyimides were
combined with Z#fum-fcu-MOF fillers to control plastization and competition, resulting in

H.S/CH; and CQ/CHs selectivities above 20 and 30, respectiélyn further studies, the tailored
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pore apertures in Emaphfcu-MOF and Y-fum-fcu-MOF have also demonstrated unprecedented
performance for bB/CQ/CH. separations in MMM formed with 6FDAased polyimides:’ In

the case of PIMs, however, few studies have reported on the sour gas transportlifi, RO
PIM-13°and PIMGFDA-OH 3%, and to the best of our knowledge, there are no reports with ternary

mixed-gas tests for PIMbased MMMs.

In this work, MMMs are formed from Ui@6-NH> and PIM1 as well as its carboxyhc
acid functionalized analogue, PHRIOOH Scheme ). Functionalization of both the polymer and
MOF components are applied to increase M@i#ymer adhesion through hydrogenndong,
while aminefunctionalization of the MOF is investigated as a potential means to improxe CO
based transport in mixtures. A comprehensive{ga®testing campaign was performed to derive
trends in purggas transport performance for PIBOOH MMMs. Such trends were directly
compared to PIML MMMs cast using the same method, and replicate testing was performed to
account for samplo-sample variation in transport properties that is commonly observed for
PIMs*233 The influence of competition on G®ased transport through the MMMs was evaluated
through binary C@CHs and CQ/N2 tests of the high loading MMMs at aabpressure of 2 atm
and ternary bS/CQJ/CHs mixedgas tests at a total pressure of 8 atm. To fundamentally
understand trends in binary mixgds transport, mixedas sorption isotherms for the three MMM
components were predicted using the extended Lamegfneiindlich and duahode sorption
models. Finally, C@ and HS plasticization trends were evaluated for pgme tests up to

pressures of 40 atm and 7 atm, respectively.
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- Ho__0 PIM-COOH

high free volume | limited physical interactions dense packing | hydrogen bonding interactions

Schemel. General schematic MM fabrication with PIM-1 and UiG66-NH: (left) and PIM
COOH and UiG66-NHz (right).

7.2. Results and Discussion
7.2.1. Synthesis and Characterization of PIML, PIM-COOH, and UiO-66-NH: particles

The PIM1 polymer was synthesized through a modified figghperature polymerization
reaction detailed i\ppendix E. Next, the PIM1 sample was functionalized with a carboxylic
acid group to form PIMCOOH using igram scale modification of our previously reported method
34 Ui0-66-NH2 MOFs with particle size between Iid®0nm and surface areas of approximately
1000 1200 nt g'! were synthesized via an acetic acid modulated hydrothermal synthesis (cf.
Appendix E). The chemical identity, porosity, and crystallinity of the MOF was confirmed via
TEM, BET, XRD, and TGA Figures 7.1 and E1i 3, andTables E2 3). The XRD patterns of
UiO-66-NH2> show the characteristic peaks at 7.4, 8.5 and®2®@esponding to the (11 1), (20
0), and (6 0 0) crystal planes, respectively, and confirming high crystallinity consistent with the
simulaed pattern for the UiO MOR>38 The thermal profiles of the samples were investigated

through TGA FEigure 7.1c), where UiG66-NH2 shows the characteristic weight loss for the MOF
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ligands between 20@00°C, and after 700C, only ZrQ remains’. PIM-1 and PIMCOOH show
high thermal stability with the backbone degradation staaimgound 400C. The thermal profile
for PIM-COOH in air also shows the characteristic weight loss for decarboxylation &C250
which plateaus at 86%, and corresponds to a 14% lo$€0fOH content compared to the
theoretical loss af7.8%at 100% conersion. It is important to note that thgdam scale synthesis
results in slightly reducedCOOH content relative to our originally reported method using-a 0.3
gram scal¥. However, this analogue was chosen for MMNbrfeation due to its increased

mechanical robustness compared to fully functionalized-€MOH.

The sorption affinity of the Ui€6-NH> particles was evaluated through low pressure N
CHa, and CQsorption tests at 2%, 35°C, and 45C, which werdit to the Langmuiir Freundlich
equation Figure 7.1d, E4, and Table EX All isotherms show the expected trend of decreasing
sorption with increasing temperature and demonstrateupt@kes similar to those in other reports
of UiO-66-NH.*8. Because the Ui®6-NH, synthesis is subject to variation depending on the
defect density, modulator chemistry, and particle, sizange of C@uptake is expected compared
to literature. Assynthesized Ui@b6-NH2 particles have high affinity to GOas shown in the
tabulated isosteric heat valuesTiable E5, where the i CH; and CQ isosteric heats aiiel5.6

kJ mol?, i1 16.0kJ nol', andi 34.0 kJ mol?, respectively.
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Figure 1. (a) TEM image of UiG66-NH_, (b) simulated and experimental XRD pattern for UiO
66-NH>, (c) TGA profiles in air for PIML, PIM-COOH and UiG66-NH>. Red, yellow, and gray
shading represent weight lossesociated with decarboxylation, loss of the amine, and backbone

degradation, respectively. (d) @@w pressure sorption isotherms at°25 35°C, and 45°C.

7.2.2. Hybrid mixed-matrix membrane characterization

PIM-1 and PIMCOOH based MMMs with Uieb6-NH> particles were prepared at various
filler loadings as shown ifables EQ and E18 For simplicity, | oadi ng
symbols all indicate volume percent. TGA scans of each MMM in air were run to calculate precise

volume percentages of eacngple Figures ES 6). The skeletal densities of two independent
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UiO-66-NH2 syntheses (cFigures E7 9 andTables E6i 8) were used to estimate bulk densities
and MMM volume fraction according to a method by Bloch efdlo form weltdispersed MMM
casting solutions, the polymers were first dissolved as highly viscous solutions in vials)Jghe via
were placed on a mechanical roller overnight, and then homogenized with the MOF solutions in
THF for a second night as detailedAppendix E. The total THF volume for casting was 2 ml,

and films were cast in a glove bag to reduce variation in solwamoeation rates (ckigures

E10i 11). This method produced highly homogeneous filFigyre 7.2a).

FT-IR was used to identify successful incorporation of the MOF within the MMM and
identify the corresponding features associated with the functionalgmepch component. PIM
1 showed the characteristicCN peak at around 2250 & For UiO-66-NH>, the signals
associated with the symmetric and asymmetric vibrational bands oNtHgwere identified at
3518 cm!and 3337 crit, respectively. Additionasignals associated with the symmetric and
asymmetric stretches of thé G in the BDC linker and the Z© mode were also found at 1380
cm'l, 1568 cmit and 764 ciit, respectively. PIMCOOH showed the characteristic peak for the
carbonyl at 1731 chh. All MMM s retain the characteristic chemical signals of each independent
component without signs of chemical crosslinking betweeri Hté; andi COOH, as has been

recently reported in MMMs formed froirCOOH functionalized polyimides with Ui®6-NH2.4°

246



casting
(a) solutions

S,

PIM-COOH + UiO-66-NH, (32%) MM/\
UiO-66-NH, M
PIM-1 + UiO-66-NH, (25%) ‘AJ\MAMA
PIM-1 — JU ULAJ\—A

4000 3500 3000 2500 2000 1500 1000 500

W o () [ o

casting
solutions

increasing loading > Wavenumber (cm™)

Bl =AY

SRS

200 nm

F _ 200 nm PIM-COOH MMM
Figure 2. (a) MMM casting solutions and films one day after drying for RI§ellow) and PIM
COOH (brown) MMMs. Thdar left solution and film are pusgolymer only. (b) FHIR spectra
for PIM-COOH (red), PIMCOOH MMM (dark red), UiG66-NH, (orange), PIM1 MMM
(mustard), and PIM. (black). Crossectional SEM image for the (c) PiMMMM at 25% loading
and (d) PIMCOOH MMM at 32% loading. Red circles highlight two MOF patrticles in the

MMMs.

The compatibility of the MMMs was investigated through cresstionalal SEM imaging
(Figures 2c and d and E1217). Despite having identical backbone structures, the cross sections
of PIM-1 and PIMCOOH MMMs are markedly different. In general, the adhesion between the

polymer and MOF appeared to be improved when using theGOI@H as polymer matrix. In
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PIM-1, cross sctional images display well dispersed single MOF particles sitting in voids within
the polymer. Typically, these voids form when the polymer separates from the MOF as the
membrane is fractured, suggesting weaker interfacial interactions between the MQkean
polymer phase relative to the PI®IOOH samples, which showed relatively homogeneous cross
sections, where visible MOF particles remain closely bound to the polymer matrix and completely
surrounded by the polymer phase. In part, these -sexggnalresults qualitatively demonstrate
the weaker mechanical integrity of PIGIOOH relative to PIML, which leads to smoother
cracking, but nevertheless, as a composite, the good adhesion between the MOF phase and polymer
phase suggests improved MiQuelymer ineractions. Similar effects have been observed for AO
PIM-1 with UiO-66(Zr), where TEM demonstrates no clear interfacial voids in these samples
compared to those of PH#l with UiO-66(Zr)2° In our case, the compact packing structure of the
polymer and compatible functionalities provided by t@OOH groups interact favorably with
the MOF.
4.3. Influence of MOF addition on puregas permeation

The effect of the polymematrix on MMM performance was investigated first through
puregas permeation experiments with He, Bz, N2, CHs, and CQ at 1 atm and 35C, which
are represented in Robeson upper bound pldigjures 3 and EL8 and tabulated ifables E9
26. Recent effrts in the scientific community have highlighted the importance of reproducibility
and batcko-batch variability in MOF synthesis, sorption measurements and testing of gas
transport propertié$44. This issue is of particular importance for PIMs, where variations in
thermal treatments, solvent treatngnand casting protocols can significantly influence the
performance of high free volume polym&rdn MMMSs, the concern is particularly salient as new

sources of variation such as that in MOF synthetic protocols and MMM formation are added. In

248



fact, in most PIMbased MMM reports, there is liredl data on reproducibility and battdibatch

variation.
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Figure 3. (a) O/N2, (b) H/N2, and CQ/CH4 2008 upper bound plots for PH¥land PIMCOOH
MMMs. Pink and gray dashed lines represent Maxwell model fitting for the entire dataset starting
from the average polymer permeabiligglectivity combination (pink star) to the predicted pure

MOF permeabilites (orange star).

To illustrate the variability in MMM properties, two sets of mixadtrix membranes were
cast using PIML and PIMCOOH and two samples from each membrane were prepared for
testing, representing a data set of 32 samples, where sthtisti@nts with permeabilities outside

two standard deviations of the dataset were removed from the analysis. As slkayuner, the
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data of the pure polymer for both PAiMand PIMCOOH exhibit some scatter beyond the deviation
observed from error progation. Such trends can result from differences in drying and solvent
evaporation rates within a film. Still, a clear increase in permeabilities is observed for all gases in
all samples with increasing MOF content. Interestingly, these trends appeantoebeonsistent

for the PIMCOOH dataset, where better M(Q#®olymer compatibility may result in more
consistent film formation and a reduction in defects. Additionally,-RIflims show decreases in
selectivity with increasing MOF content for all gas pgirecluding the MMMs from crossing the
puregas 2008 upper bounds in all cases except that efN2An contrast, PIMCOOH showed
general increases in2HN2, Ox/N2, Ho/CHs and CQ/CHs selectivity compared to the pure PIM
COOH samples. Of not®&IM-COOH MMMs surpass the N2, CO/CHa, Ho/N2 and H/CHs

2008 upper bounds at increased MOF loading, and the permeation results suggest that the high
diffusion selectivity of PIMCOOH is maintained with MOF addition, enabling increases in
permeability with limitedoermselectivity decreases as a function of filler content.

Puregas transport results were further analyzed using a Maxwell model fitting of the entire
dataset shown iRigures 3. Generally, the Maxwell model is most valid for spherical particles at
low loading of filler below 20 vol%. As such, the fittings were performed both for the entire dataset
(Figure 3) and the < 20 vol% subset of the dd&&m(re E19.) Additionally, the four purgolymer
samples were averaged into a single average perme&ilRyM-1 and PIMCOOH for analysis.
Depending on the nature of the fill@olymer interaction, Maxwell model predictions will fall
within the following scenarid$: (1) the interaction with the polymer is poor and gas diffuses
through defects between the polymer and filler or the M@kmer adhesion is improved and
gas diffuses preferentially througihe MOF ( >0 ), (2) the polymer blocks the porosity of

the filler 0 <0 ), (3) the permeability through the MMM lies between the two earlier extremes
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(m 0 < ). As shown inFigure 3, the scatter in the dataset results in MOF@ability
predictions that are significantly different depending on the polymer matrix used for MMM
formation, PIM1 or PIMMCOOH. The analysis was further extended to predictions including the
first scenario and the second scenario described above | @s weddictions for the entire data set

and for < 20 vol% loadings as showrHigure E19. Similar to previous demonstrations by Bushell

et al. using a PIML/UiO-66-NH> MMMs, the datasets for all gases in RIMand PIMCOOH

based MMMs remain within the bads of scenarios 1 and 2. The pM®F permeabilities for

all gases predicted using the low loading data points are lower than that predicted from the entire
dataset for PIML MMMs while those of PIMCOOH MMMs remain within error for C&£and N,

with morescatter observed for other gases. In previous work by Qian et al., MMMs formed from
6FDA-Durene and Ui@6-NH2 coated with 6FDADurene showed strong alignment with
Maxwell model predictions due to enhanced interactions between the MOF and polymer at the
interfacé®. In this case, increased consistency between model predictions at lohighed
loadings for PIMCOOH MMMs could result from enhanced compatibility between the MOF and
polymer phase for the MMMSs, reducing MOWMOF connections. While an interesting
pedagogical exercise, the Maxwell model fitting and resulting MOF permeabiligiasilahighly
dependent on differences in inherent properties of the IMGIFmer pairs and defect density
variations in the Ui@6-NH2> MOF. To demonstrate this variation and contextualize our findings,

literature values of predicted Ui66-NH2 permeabiliies are tabulated ihable E27.

The contributions of sorption and diffusion to MMM ptgas transport were calculated
using the timdag methods and sorptibdiffusion model and are summarized as a function of
MOF volume percent iigure 4. In comparisa to PIM-1, PIM-COOH films and MMMs display

much more selective gas transport, with higher discrimination afs@H N compared to kand
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COp and with concomitant reductions in ptgas permeabilities compared to RIMFor MMMs,

PIM-1 and PIMCOOH basedilms showed increases in overall gas permeability as a function of
increasing MOF loading. These higher permeabilities result primarily from an increase in gas
diffusion through the MMM matrix due to MOF incorporation, as showrFigures 44 d.
Interestngly, the diffusion coefficients calculated for PiMshow significantly higher scatter for
lighter gases such as ¢é@nd Q, highlighting inaccuracies of the tini@g method for calculating
diffusion coefficients in relatively thin and highly permeabl& Pl films. Additionally, Figures

46 f present the trends of sorption versus volume percent. Generally, overall gas sorption remains
relatively constant for PIMCOOH MMMs and shows some scatter for PIMMMMs likely
resulting from variations in diffusion efficient calculations. These findings suggest that
incorporation of a Ui@66-NH> does not contribute significantly via sorption to bulk MMM gas
transport at these low vol% loadings and that transport improvements through the MMM are
primarily driven by difusion. Interestingly, PIML and PIMCOOH based films have very similar
sorption characteristics for slightly more condensable gases (i.eand@H), while the sorption
coefficients decrease more significantly for PGOH films for @ and N, potentally due to

reduced norequilibrium free volume in these systems.
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Figure 4. Puregas permeabilities (a and b), tifag diffusion coefficients (c and d), and sorption

coefficients (e and f) for PIM. and PIMCOOH based MMMs as a function of MOF loading.
7.2.3. Puregas plasticization effects in MMMs

Penetraninduced plasticization is an important challenge for polymer membranes with
targeted applications in natural gas purification, biogas upgrading, and olefin/paraffin separations.
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Highly condensableages at high pressures can induce increased chain mobility in polymer films,
which result in swelling of the polymer matrix that is often characterized by an increase in the
permeability at high pressures. Through the lens of the sorpiftusion model,permeability
versus pressure curves show an exponentially decreasing trend, where the sorption coefficient
decreases with pressure as expected from thendo@é framework. When a polymer plasticizes,

the diffusion of the gas through the polymer will sfgrantly increase, resulting in an upward
deviation of the permeability versus pressure curve, which is referred to as the plasticization
pressure. Different polymers will plasticize at different rates depending on their inherent chain
dynamics and intechain rigidity. Generally, gases with higher condensability plasticize polymers
more readily than those of lower condensability, making separations involyigéadticularly
difficult due to losses in membrane selectivity associated with plasticizatispit®dhese
challenges, researchers have demonstrated that increaseahaiterrigidity in polymer
membranes is a reliable strategy for mitigating plasticization. In particular, incorporation of rigid
MOF fillers can act as physical crelaskers for thepolymer matrix and suppress increased chain
dynamics during plasticization. The plasticization behavior of-Ridhd PIMCOOH MMMs was
investigated through pugas CQ and HS tests up to total pressures of 42 atm and 7 atm,
respectively, for each sampdes described ifable E29 As shown inFigures 5 and E19 20,

PIM-1 and PIMCOOH have C®@plasticization pressures at 15 atm and 10 atm, respectively. With
increasing MOF loading, PIM MMMs show a slight increase in the €flasticization pressure

from 15to 20 atm, but all MMMs show a plasticization pressure within the pressures considered.
In contrast, PIMCOOH MMMs show significant suppression of plasticization with incorporation

of MOF, with a significant plateau in permeability at 19 vol% with sligbteases in permeability

at approximately 25 atm. At 35% MOF loading, the PHIOOH MMM has no observable
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plasticization pressure. Differences in the plasticization behavior inlPavid PIMCOOH
MMMs are indicative of stronger MOolymer adhesion folJiO-66-NH, with PIM-COOH
compared to that of the MOF with P41 Despite having a lower plasticization pressure in the
purepolymer case, PIMCOOH plasticization can be significantly stabilized by incorporation of
MOF. For PIM1 MMMs, UiO-66-NH. addition 5 able to suppress plasticization with limited
success as a result of limited MQ@elymer adhesion. ¥$ plasticization trends are also presented
in Figure 5c. As observed for C@and reported in our previous wétkPIM-COOH plasticizes
more rapidly than PIML, ande f f ect t hat is driven by the

addition slightly stabilizes ¥$ plasticization for PIMCOOH.
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