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Figure 9: A) ATR-FTIR spectra of OD2K and the silver nanoparticles stabilized by OD2K
(OD2K-Ag) between 1510 and 1750 cm™ wavenumbers. B) ATR-FTIR spectra of OD4K and the
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Figure 12: SEM micrographs for the cross-section of a) Pebax, b) Pebax+20D2K-Ag, c)
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C2H4/C2Hs diffusivity selectivity in Pebax as a function of OD2K1-Ag weight loading from 0-4
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(lines serve to guide the eye). B) Intrinsic viscosities are used to generate the Mangaraj plot,
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Figure 25: A) Intrinsic viscosity of OD4K as a function of the solvent solubility parameter at
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Figure A10: CO: sorption isotherms at 35 °C in Pebax, Pebax+20D2K-Ag, and
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Figure B7: SEM micrographs of the cross-sections of A) Pebax, B) Pebax+2.50D2K1-Ag, C)
Pebax+40OD2K1-Ag, D) Pebax+2.50D2K2-Ag, and E) Pebax+40OD2K2-Ag. Imaged at 10kX
magnification with and with an accelerating voltage of 10 KeV. ..........cccccovvieveviiiioeniieneene, 119

Figure B8: Permeability isotherms of CHyat A), 15 °C B) 25 °C, C) 35 °C, and D) 45 C in
Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) in Barrer as a
function of pure gas pressure, ranging up to 30 atm. Error bars were calculated via linear error
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Figure B9: Permeability isotherms of CO2at A), 15 °C B) 25 °C, C) 35 °C, and D) 45 C in
Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) in Barrer as a
function of pure gas pressure, ranging up to 30 atm. Error bars were calculated via linear error
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Figure B10: Ideal CO./CH+ overall selectivity at A), 15 C B) 25 °C, C) 35 °C, and D) 45 Cin
Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) as a function of pure
gas pressure, ranging up to 30 atm. Error bars were calculated via linear error propagation. 124

Figure B11: Permeability isotherms of C2Hsat A), 15 °C B) 25 °C, C) 35 °C, and D) 45 C in
Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) in Barrer as a
function of pure gas pressure, ranging up to 30 atm. Error bars were calculated via linear error
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Figure B12: Permeability isotherms of C2Hs at A), 15 C B) 25 °C, C) 35 °C, and D) 45 Cin
Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) in Barrer as a
function of pure gas pressure, ranging up to 30 atm. Error bars were calculated via linear error
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Figure B13: Ideal C:H4/C2Hs overall selectivity at A), 15 °C B) 25 °C, C) 35 °C, and D) 45 C
in Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) as a function of
pure gas pressure, ranging up to 30 atm. Error bars were calculated via linear error
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Figure B14: Concentration isotherms of CO2at A), 15 CB) 25 °C, C) 35 °C, and D) 45 Cin
Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) in cm3STPcm3Pol
as a function of pure gas pressure in atm. Error bars were found via linear error propagation.

Figure B15: Concentration isotherms of CHsat A), 15 CB) 25 °C, C) 35 °C, and D) 45 Cin
Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) in cm3STPcm3Pol
as a function of pure gas pressure in atm. Error bars were found via linear error propagation.

Figure B16: Concentration isotherms of C2Hsat A), 15 °CB) 25 °C, C) 35 °C, and D) 45 C in
Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) in cm3STPcm3Pol
as a function of pure gas pressure in atm. Error bars were found via linear error propagation.
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Figure B17: Concentration isotherms of C2Hsat A), 15 C B) 25 °C, C) 35 °C, and D) 45 C'in
Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) in cm3STPcm3Pol
as a function of pure gas pressure in atm. Error bars were found via linear error propagation.

Figure B18: Concentration averaged diffusivity coefficients of CHsat A), 15 CB) 25 °C, C) 35
C, and D) 45 °C in Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green)
in cm2s107 as a function of pure gas pressure in atm. Error bars were found via linear error
propagation and values were calculated assuming solution diffusion from permeability and
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Figure B19: Concentration averaged diffusivity coefficients of CO2 at A), 15 °C B) 25 C, C) 35
C, and D) 45 °C in Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green)
in cm2s107 as a function of pure gas pressure in atm. Error bars were found via linear error

propagation and values were calculated assuming solution diffusion from permeability and
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Figure B20: Pure gas CO2/CH4 diffusivity selectivity at A), 15 °C B) 25 °C, C) 35 °C, and D) 45
C in Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) as a function
of pure gas pressure, ranging up to 30 atm. Error bars were calculated via linear error
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Figure B21: Concentration averaged diffusivity coefficients of C2Hsat A), 15 C B) 25 °C, C) 35
C, and D) 45 °C in Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green)
in cm2s107 as a function of pure gas pressure in atm. Error bars were found via linear error

propagation and values were calculated assuming solution diffusion from permeability and
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Figure B22: Concentration averaged diffusivity coefficients of C2Hs at A), 15 °C B) 25 °C, C) 35
C, and D) 45 °C in Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2KI1-Ag (green)
in cm2s107 as a function of pure gas pressure in atm. Error bars were found via linear error
propagation and values were calculated assuming solution diffusion from permeability and
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Figure B23: Pure gas C2H4/C2Hs diffusivity selectivity at A), 15 CB) 25 °C, C) 35 °C, and D)
45 °C in Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) as a
function of pure gas pressure, ranging up to 30 atm. Error bars were calculated via linear error
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Figure B24: Natural logarithm of permeability at 1 atm of A) CH4, B) CO>, C) C2Hs, and D)
C2Hy4 in Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) as a
Sfunction of reciprocal temperature (1/K). The linear best fit lines for each sample in plots A-D
are shown. The slope is proportional to the activation energy of permeation. Uncertainty values
were calculated through linear error propagation. ...............cccccceeeeeecueeseeseeeesiesieesee e 141

Figure B25: Natural logarithm of Sorption at 1 atm of A) CH4, B) CO>, C) C2Hs, and D) C2Hy in
Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) as a function of
reciprocal temperature (1/K). The linear best fit lines for each sample in plots A-D are shown.
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The slope is proportional to the enthalpy of sorption. Uncertainty values were calculated through
[iN€Ar €FTOF PYOPAZALION. .........eeeeeeeeieeeeeeeee et eeee e e taeestee e ebeeeeaeeesaeessseesnsaeesnsseesnsaeennseens 142
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RATIONAL DESIGN, SYNTHESIS, AND CHARACTERIZATION OF FACILITATED

TRANSPORT MATERIALS IN NATURAL GAS AND PARAFFIN/OLEFIN SEPARATIONS

ABSTRACT
Facilitated transport membranes (FTMs) have demonstrated the ability to simultaneously
enhance permeability and selectivity, overcoming the traditional perm-selectivity trade-off
observed in conventional polymer membranes. Despite showing high performance, metal ion
carriers experience photo/chemical aging, which in turn, leads to a rapid decay in performance.
Additionally, when embedded into polymer materials, structural defects may form at the metal-
polymer interface that, despite accelerating small molecule transport, cause a parallel loss in
selectivity. To address the issues mentioned above, we fabricated silver nanoparticles (NPs)
stabilized using a series of poly(amic-acid)s (PAAs) derived from 4,4-oxydiphthalic anhydride
and a polyetheramine, Jeffamine. Overall, this approach attempts to simultaneously i) achieve
defect-free mixed matrix membranes (MMMs), ii) target CO2 and ethylene (C2H4) selective
transport, and iii) reduce photo/chemical-induced degradation.
As part of the particle design procedure, dynamic light scattering (DLS) is proposed as a more
efficient alternative to traditional methods, such as viscometry measurements, to estimate the
polymer solubility parameter (§). In determining these values for the series of PAAs used
throughout this work, justification and development of a liquid-liquid extraction process for
producing silver NPs was established. The results show that DLS achieved similar § values for
an array of polymers, within 8%, to those found using viscometry measurements. The DLS
method was further established by making a comparison to the group contribution method, for
which we provide updated group contribution parameters, along with their uncertainty, according

to the technique recently reported by Smith et al. These updated group contribution parameters
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result in a mean absolute relative error of 9.0% in predicting the solubility parameter on a test set
of 40 polymers, which is on par with the average 10% error reported previously.

The synthesized silver-PAA NPs, which were thoroughly characterized via TEM/EDS analysis,
showed near spherical morphology (~5 nm) and lack of aggregation. The occurrence of the
chelating reaction between silver and the PAA showed that favorable carbonyl-silver
coordination interactions were achieved. The effect of the PAA length and ether functional group
concentration on the structure and transport properties of the NPs were systematically
investigated.

The silver-PAA NPs were added into a commercial polymer, Pebax 1657, to fabricate defect-free
MMMs for CO2/CH4 and C2H4/C2Hs separations, whose structure and transport properties were
examined at various NP loadings (0-4 wt%). Remarkably, the inclusion of only 2.5 wt% NPs in
Pebax enhanced CO2 and C2H4 permeability by 50% and 100%, respectively, while increasing
both CO2/CH4 and C2H4/C2Hs selectivity between 80-100% relative to the neat polymer. A
detailed analysis of the transport mechanism and underlying energetics, as well as changes in
thermo-mechanical properties, was performed to elucidate the molecular origin of the observed
membrane performance. This information was subsequently used to shorten the length of the
PAA, in effort to minimize suppression of the glass transition temperature, i.e., increases in
polymer chain mobility, as well as to prevent decreases of crystallinity at higher loadings of NPs,
both of which negatively impact overall gas selectivity. Finally, the synthesized materials were
exposed to hydrogen over 1 week to assess the long-term chemical stability. Each material
exhibited drops between 10-30% in both CO2 and C2Ha permeability, as well as CO2/CH4 and
C2H4/C2He selectivity. However, despite the observed decline in performance, each MMM

retains properties superior to that of neat Pebax.
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In summary, this dissertation explores the design, synthesis, characterization, and optimization of
novel facilitated transport membranes (FTMs) specifically tailored for natural gas and
paraffin/olefin separations. The overarching goal of this work is to elucidate the fundamental
mechanisms governing gas diffusivity, sorption, selectivity, and stability in these materials,

providing insight into their potential use in advanced gas separation technologies.
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Chapter 1. Motivation Introduction, and Theory

1.1. Motivation

The survival of humanity depends on having a sustainable supply of energy and chemicals. One
such example is methane, a major component found in natural gas, which serves as a vital energy
source for both industrial and domestic applications. However, before being put into practical use,
excess carbon dioxide must be reduced to less than 2%, adding a significant cost to natural gas
processing.'> Amine absorption is commonly used to remove CO> from process streams. Despite
being a well-established method, with CO2 recovery rates up to 98%, liquid amines are both toxic
to nature and corrosive to process equipment.’ Additionally, periodic regeneration of the
absorbents through pressure or thermal swings creates concern over operational expenditures.* In
addition to being a contaminate within natural gas, CO: is also produced through various
petrochemical processes. Globally, existing power plants emit billions of tons of CO2 per year,
accounting for nearly 65% of greenhouse gas emissions, creating implications that may affect the
rate of global warming.® This effect also plays a role in the acidification of oceans, generation of
lung afflicting smog, and more. If the amine absorption approach is adapted into every power
station in the U.S., in order to limit these emissions, it is estimated that full implementation will
cost as much as 30% of the total U.S. annual GDP growth.®

Not only relevant to natural gas processing, gas separations are a critical process in numerous
industrial applications, including hydrogen production from methane steam reforming and
olefin/paraffin separations.”® For example, ethylene, is needed in high purity to produce
polyethylene. Polyethylene represents nearly 35% of the world’s plastic demand, with a global

market volume of nearly 110 million metric tons.” To put this in perspective, ethylene production



is ranked as the second largest contributor of global energy consumption, nearly 2 EJ/year.” Yet,
the separation of ethane from ethylene is complex and costly process, due to their nearly identical
condensability and molecular sizes.!!!?

The insurance of a more sustainable future requires a capture process that not only fits a targeted
separation performance, but accomplishes it with minimal energy and economic input. It has been
estimated that thermal driven separation processes (i.e., distillation, drying, evaporation, etc.)
account for 80% of the energy consumed in U.S. separations.® Alternatives, such as membrane
technologies, provides both energetic and economic advantages over competing technologies.
Compared to other purification processes, membranes separation is known for its system
compactness, energy efficiency, operational simplicity, and an ability to overcome thermodynamic
limitations. Although membrane-based technologies can mitigate issues expedited by amine
absorption, large-scale separations are still limited by an intrinsic trade-off between permeability
and selectivity.>!?

Facilitated transport membranes (FTMs) have been demonstrated to be effective in simultaneously
increasing permeability and selectivity, making them an alternative approach to overcome the
perm-selectivity trade-off experienced by conventional polymer membrane.'* !¢ Despite high
performance, metal ion carriers experience photo/chemical aging, which, in turn, cause a rapid
decay of their performance.'*!> Moreover, when embedded in polymer materials to form mixed
matrix membranes (MMMs), structural defects may form at the metal-polymer interface that,
despite accelerating small molecule transport, cause a parallel selectivity loss. !’

To address the issues mentioned above, in this work, we fabricated silver nanoparticles (NPs)

stabilized using a polymer derived from 4,4-oxydiphthalic anhydride (ODPA) and a

polyetheramine, Jeffamine. In conjunction with the metal core, polymer agents may be used to not



only provide stability against aggregation to the NP, but also evoke separate effects on gas transport
properties through the simultaneous targeting of the diffusivity and solubility selectivity of dense
polymer films. This is accomplished by means of the actions of the silver ions, which promotes
CO: facilitated transport, and, in the case of COz, that of the Jeffamine ether groups, which
promotes COz solubility. Additionally, polymer agents can mediate an interphase between silver
and the bulk polymer, while offering carrier sites protection from photo/chemical degradation.'®!
It is within the goal of this study to elucidate the molecular mechanisms by which both silver and

the Jeffamine ether groups contribute, both individually and synergistically, to the membrane

transport properties by developing the corresponding structure-property correlations.

1.2. The Solution-Diffusion Model

1.2.1. Permeability

Beginning in the 1940s, the solution-diffusion model has been used to describe small molecule

(e.g., gases) transport in dense, non-porous, polymeric membranes (cf. Eq. 1).2° The solution-

diffusion model assumes a constant, and uniform, pressure within the membrane, expressing the

mass flux as being only concentration driven, i.e., following Fick’s first law?%2!:
= dC;
Ji=Di— (Eq. 1)

Where | is the mass flux of gas species i, D; is the concentration-averaged diffusivity of gas species
. ac; . . . N .
i, and d—xl is the concentration gradient of gas species i across the membrane. In this model, the

concentration-averaged diffusivity represents the average diffusivity that is observed, as the gas

transitions from one concentration to another across the membrane material (cf. Eq. 2)?..

D; = —— [ D(C;,) dC (Eq. 2)

b Ci—Cio Cio
Where D(C]-‘x) is the effective local diffusivity, and C; o and C; ; are the gas concentrations found

at position x = 0 (i.e., the upstream interface) and x = L (i.e., the downstream interface),
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respectively. If we integrate these equations over the membrane thickness, L, and relate gas
concentration to the external pressure (p) using a sorption coefficient (S), i.e., C; = p * S;, then

Eq. 1 can be rewritten as follows (given the downstream concentration is negligible):

=== (Eq. 3)
Where D; is the concentration average diffusivity coefficient, S; is the gas sorption coefficient, Ap
is the transmembrane pressure, and P; is the gas permeability coefficient. It becomes clearer that
the separation process is defined to occur via two mechanisms, 1) condensation of an external
fluidic phase into the polymer matrix, and 2) diffusion of these condensed species across the
thickness of the film, driven by a concentration gradient, before being desorbed on the low-
pressure face of the membrane. The solution-diffusion model therein presents the productivity of
a material, the permeability (P;), as the product of the penetrant mobility within the polymer (i.e.,
concentration averaged diffusivity (D;)), and its affinity towards the polymer phase (sorption
(5:)):
P, = D,S; (Eq. 4)
Permeability therein, is the pressure and thickness normalized flux, and is therefore an intrinsic
property of the material. This allows for direct comparisons in performance between different

membrane materials.

1.2.2. Selectivity
An additional specification, made to quantify the separation ability between two penetrants,

species [ and j, is the selectivity (;;), defined as the ratio of permeability between both

components (cf. Eq. 5)

a; == (Eq. 5)



If we apply (Eq. 4) to (Eq. 5), the overall selectivity is broken into two separate parts, 1) the
sorption-selectivity (aisj), and 2) the diffusivity-selectivity (ag-). Sorption-selectivity is typically
driven through enthalpic factors, a thermodynamic measure of the difference in affinity for each
gas to condense into the polymer materials. Diffusivity-selectivity is instead related to entropic

factors, or how well the materials can discriminate differences between different gas sizes.?
_ (Di\(Si\_ ,D,S
al'j = <5]_) (Sj) = aijai]- (Eq 6)

Selectivity can also be defined as both the ideal selectivity, i.e., the ratio of permeabilities measured
in single-component experiments, at a given pressure and temperature, or the real selectivity, i.e.,
the ratio of permeabilities measured in multi-component experiments, at a given pressure and
temperature. In mixtures, gases can compete and interact with one another, which may affect both
the sorption, and diffusivity of each component in the mixture.?® Therefore, to design competitive
materials capable of exceeding and/or replacing current separation processes, solubility and
diffusivity must be engineered to enhance permeability and selectivity to an acceptable threshold

value dependent on the application.

1.3. Facilitated Transport Mechanisms

Structure-property relations are developed by breaking permeability coefficients into their base
contributions, D and S, as they relate to membrane structure and morphology. For example,
penetrant solubility increases with an increased affinity to the polymer backbone.?*?
Alternatively, diffusivity might be tuned by embedding inorganic particles in polymer matrices to

fabricatt MMMSs.!7?® In the past, size-selective fillers, such as zeolites or metal organic

frameworks have been used. Because of high costs or dramatic losses in selectivity, due to the



formation of non-selective interfacial defects, they have had little large-scale appeal.!>?’
Alternatively, facilitated transport can be used to tune the permeability and selectivity through a
reversible reaction between transport carriers (i.e., transition metals) and specific, targeted

penetrant species (e.g., CO2 and C2H4) (cf. Eq. 7 and Eq. 8).2%%

M* + €0, & M*(CO,) (Eq. 7)
M* + C,H, & M*(C,H,) (Eq. 8)

The formation of this metal-organic complex can be described by the Dewar-Chatt-Duncanson
model. C2H4 and CO» donates electron density into the metal s-orbital from a n-symmetry bonding

orbital, forming a ¢ bond. The metal then back-donates electrons from a filled d-orbital into the

empty 7t orbital of C2Hs and CO», forming a n-complexation (cf. Figure 1).3° Therefore, in the case
of facilitated transport membranes (FTMs), the materials not only operate on solute partitioning
and diffusion, but also on a reversible complexation reaction within the membrane. This then

becomes analogous to chemical absorption and stripping on either side of the membrane material.

T orbital " orbital
Cc o C (o]
o bond T bond
formation formation
s orbital d orbital

Figure 1: Pi-complexation between CO; and a transition metal ion. 1) A sigma bond is formed
from the donation of CO: pi electrons to an empty metal s orbital (left) and 2) A pi bond is
formed from the back donation of electrons from a metal d orbital to the anti-pi orbital of CO:

(right).



After the solute dissolves into the membrane, it can readily diffuse from site to site across the FTM
in the case of fixed carriers, e.g., silver nanoparticles. The total flux (J;) can then be written as the
flux due to normal solution-diffusion (Jsp) and the flux due to the facilitated mechanism (Jz) (cf.

Eq. 9).

Jr=Jsp +Jr (Eq. 9)
Thus, this process requires the carriers to have the ability to react quickly with C2Hs or CO», to
form a complex that can easily be decomposed. Therefore, it is essential to use metals that form
appropriate interactions with C2Hs and CO2. Among those found, metal ions including Cu’, Co™,
Fe*', Au', Zn™, K', Cd*", and Ag' are capable of facilitated gas transport. In general, the
electronegativity of these metal ions can be used to demonstrate the intensity between the metal
and CO; during m-complexation. As a rule of thumb, an electronegativity between 1.6-2.3 is
considered to form reversible n-complexations.!>® Additionally, it is important that the chemical
hardness (resistance towards electron cloud polarization or deformation) remain as low as possible,
with the idea of using metals more prone to react with C2H4 or CO>. Thus, out of the candidates,
Ag' and Cu' stick out, with an electronegativity/chemical hardness of 1.93/6.9 and 1.9/6.3

respectively.*® The use of silver as a facilitator in this process, despite an economic disadvantage
(Ag - $0.73/g, Cu - $0.009/g), becomes preferred due to Cu'’s strong tendency to oxidize into

Cu”’, losing its facilitation ability.'>*32 However, silver ions are still readily attacked by UV

radiation or through chemical species such as C;Ha, Ho, or H»S, which serves to shift silver ions

into a new oxidation state, Ago. This also results in complete loss of the facilitated effect. Though,
as we transition to the use of Ag NPs, where surface ions may not always be present, the use of an

electron acceptor is typically used to activate the particle. This activation is the result of the surface



being positively polarized, thus strengthening silver’s ability to undergo m-complexation.™
Coincidentally, this polarization process also enhances the stability of the material, thus making

this technique more favorable for long term applications.

1.4. Glassy vs Rubbery Polymers

Distinguishing the difference between rubbery and glassy polymers becomes important in
understanding the various behaviors in thermal, mechanical, and transport properties that we
observe in the work. Glassy polymers, which exist below the glass transition temperature (Tyg),
exhibit non-equilibrium free volume that is due to frustrated local polymer chain packing,
ultimately exhibiting lower densities than their theoretical maximum (cf. Figure 2). Due to this
excess free volume, glassy polymers contain small, unconnected voids called Langmuir sites that
boost overall sorption.** Consequently, because this volume exists beyond its equilibrium phase,
it tends to relax over time and densify the material. As a consequence, resistance to transport

through the material will increase, a phenomenon known as physical ageing.>*

Glassy i Rubbery
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Figure 2: Demonstration of polymer rubbery and glassy states using the specific volume as a
function of temperature. Below the glass transition temperature (Tg), polymer chains lose the
ability to pack efficiently quickly enough, freezing chains in place and exhibiting non-equilibrium
excess free volume.

Opposingly, because rubbery polymers are above their Tg and do not contain any excess non-
equilibrium free volume, they do not physically age. This is an important concept to note as Pebax
1657, the polymer of interest in this work, is a co-block polymer containing both a rubbery
poly(ethylene oxide) (PEO, ~60%, T¢=-50°C) and glassy poly(amide 6) (PA6, ~40%, T¢=60°C)
regions.>>® However, it has been extensively shown that the majority of transport occurs through
the PEO segments, whilst PA6 serves as adding structural support (cf. Figure 3).333¢
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Figure 3: Chemical structure of Pebax 1657, PA6 stands for polyamide 6 and PEQO stands for
poly(ethylene oxide). x=0.4 and y= 0.6)

&
A
L

o

n

Thus, given this fact, Pebax 1657 is not considered susceptible to the phenomena of physical
ageing. As it will be shown in Section 1.5.4, silver nanoparticles are susceptible to photo/chemical
attack, hence, we might expect a slight decline in gas permeability over time. Therefore, it is
advantageous to utilize a rubbery-type polymer, which allows us to easily distinguish changes in
permeation that are specifically due to the ageing of the silver material, and not of the surrounding

polymer matrix.

1.5. Membrane performance limitations

1.5.1. The Robeson upper bound



To design competitive materials capable of exceeding and/or replacing current separation
processes, solubility and diffusivity must be engineered to enhance permeability and selectivity to
an acceptable threshold value dependent on the application. However, as illustrated by Robeson in
1991, there exists an intrinsic trade-off between permeability and selectivity (perm-selectivity
tradeofY), i.e., any attempt to enhance selectivity causes a decrease in selectivity and vice-versa.'®
Creating a log-log plot of these two parameters for specific penetrant pairs, and populating the
figure with values reported for different polymer membranes, it is clear that an upper bound
restricts the performance needed to meet industrial scales (cf. Figure 14, Figure 16 and Figure 23).
The upper bound can be expressed through following equation, where k and n are constants that
relate to the gas pairs being analyzed.

a;j = kPj; (Eq. 10)
Thus, it is an ongoing effort to discover materials that can transcend and move the upper
bound.***”3 For example, the 2008 upper bound for CO2/CH4 surpassed the prior 1991 upper
bound with the addition of thermally rearranged polymers and polymers of intrinsic microporosity
(PIMs).¥
However, it should also be noted that the upper bound is not always indicative of membranes
performance under real conditions, i.e., mixed-gas, high pressure/temperatures. These conditions
can affect transport properties through phenomena such as plasticization or mixing effects.?*
Additionally, high pressure/temperatures can affect the structural/mechanical properties to

become difficult to manage or break.*'**? To try and account for some of these variables in this

work, mixed-gas transport testing will be considered in Section 3.4.5.

1.5.2. Plasticization
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In both rubbery and glassy polymers, highly condensable species (e.g., COz, vapor, hydrocarbons)
can increase the mobility of polymer chains, thus causing the polymer matrix to plasticize. This
change in chain mobility is accompanied by parallel losses in diffusivity selectivity (size-sieving
ability), and more importantly, overall selectivity.**** There are several techniques that have been
used to encourage resistance to plasticization. For example, crosslinking, hydrogen-bonding, or
the use of filler agents.***® Thus, one important aspect and question that stems from this work is
the impact of the embedded nanoparticles on plasticization resistance. The answer to this question

will become more clear under mixed gas conditions, as shown in Section 3.4.5.
1.5.3. Interfacial compatibility

One key requirement that is necessary for industrial gas separations is material processability. The
addition of inorganic filler molecules is a commonly used technique to tune gas transport
properties, e.g., the use of zeolites to enhance diffusivity selectivity.***’” However, these types of
composite materials commonly suffer from non-selective defects created from poor interfacial
compatibility between the polymer and inorganic filler phase.*® On top of this, this poor quality
mixing can lead to poor mechanical properties, causing difficulty in processing the materials.
Several techniques, both physical and chemical, have been attempted to mitigate the interface
between inorganic filler and organic polymers.>* For example, chemical cross-linking of metal-
organic frameworks aid in the elimination of interfacial defects.*” Thus, as an attempt to improve
compatibility between silver nanoparticles in this work, and the bulk polymer being used, Pebax
1657, a polymer ligand is used to stabilize the silver nanoparticles. This ligand not only serves as
a capping agent to stabilize the silver nanoparticles from agglomerating, but as a bridge between

the silver and adjacent Pebax matrix. The specific capping agent used in this work is a polyether
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based poly(amic-acid), with the hypothesis that polyether components will favorably interact with

the polyether segments of Pebax.

1.5.4. Photo/chemical stability

Although FTMs tend to exhibit very high performance, this technology has struggled to be
executed for commercial use.® A large issue with all silver-based facilitated transport processes is
the strong reactivity of silver with trace impurities in the feed gas. For example, silver cations can
be poisoned via hydrogen reduction, transforming Ag" to Ag®. Likewise, hydrogen sulfide and
acetylene (C2H2) can react with silver to create silver sulfide (Ag2S) and silver carbide (Ag2C2),
respectively.!>>! It is worth mentioning that Ag>C is highly explosive, which can make the entire
separation process extremely dangerous. Finally, Ag" is photosensitive, being reduced to Ag’ upon
prolonged exposure to light,!>152

A variety of strategies have been employed to mitigate the stability of FTMs, including, the
introduction of surfactants,>® the use of ionic liquids,* using inert polymers,'> and the use of
nanoparticles.>* Due to the lower binding energies of the outer d-orbitals associated with silver
nanoparticles, wherein surface electrons are delocalized, nanoparticles typically exhibited higher
stability compared to their mobile carrier counterpart.'® Thus, for the interest of this study, silver

nanoparticles were chosen as the facilitating carrier.

1.6. Energetics of gas sorption, diffusion, and permeation

For Solution-Diffusion to occur, a change in energetic state must also occur, to allow for a gas, or
other penetrating component to partition into the polymer phase and diffuse.?? This associated
energy is needed to open a site for the penetrating species to occupy in the interspatial space

between adjacent polymer chains. Subsequently, diffusion through the material is an activated
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process which provides a means for transient gaps in the polymer chains to become available for
diffusion. The overall activation energy of permeation (E,, cf. Eq. 11) is composed of both the
energy associated with penetrant condensation and mixing with the polymer (AH,, enthalpy of
sorption), as well as the energy associated with diffusion (E,, activation energy of diffusion).
P = Pyexp (— %) = Dy exp (— i—;) So exp (— %) (Eq. 11)

Py, Dy, and S, are pre-exponential constants that relate to entropic contributions to the transport
process, as will be discussed further in Section 3.4.3. E,, E4, and AH; are the activation energy of
permeation, activation energy of diffusion, and enthalpy of sorption, respectively. In rubbery
polymers, where the mobility of the polymer is high, diffusion is assisted through polymer
segmental motion. Alternatively, in glassy polymers, when polymer motion becomes more rigid
and unoccupied volume becomes fixed, diffusion can be thought to occur in between these voids.
To describe the transition through the activated process (e.g., the movement of a penetrant once

polymer chains open), we can apply transition state theory.

BT

D= %AZ kT exp (%) exp (— i—’;) (Eq. 12)
Where kj, is the Boltzmann constant, h is the Plank constant, T is the absolute temperature, R is
the universal gas constant, AS™ is the entropy of diffusion at the transition state. The process of
diffusion is not only defined by the energetics that go into providing this transition state, as well
as the associated changes in energy reflected by the penetrant, but also by the total amount of
length available for diffusion. Thus, A represents the average jump length of a penetrant molecule
in one diffusive jump. One of the first molecular models of diffusion in polymers was proposed by

Meares (cf. Eq. 13).14%

E; = %dZNAMZ (Eq. 13)
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Where d describes the size of the penetrant molecule, N, represents Avogadro’s number, and §2
is the cohesive energy density (CED). The cohesive energy density represents the amount of energy
needed to separate polymer chains to a distance infinitely far away, thus, it acts as a good proxy to
the intermolecular strength of adjacent polymer chains.’*® To understand this model more fully,

a graphical representation is provided in Figure 4.

E d?
t Polymer chains 4

d A

Figure 4: Graphical representation of the Meares Model, wherein, the activation energy of
diffusion is defined as the product of the average void volume G dzl) created during a
diffusional jump, with the energy needed to be supplied per unit volume (52).

Since the average jump length is both dependent on the material and penetrant type, the values
obtained in this work were obtained and discussed in further detail in Section 3.4.3 to elucidate the
proper diffusion dependency on temperature. This becomes important when investigating the

entropic and energetic differences of two penetrant species in the context of diffusion.

1.7. Summary of Dissertation Chapters

This dissertation explores the design, synthesis, characterization, and optimization of novel
facilitated transport materials specifically tailored for natural gas and paraffin/olefin separations.
The overarching goal of this work is to elucidate the fundamental mechanisms governing gas
diffusivity, sorption, and selectivity in these materials, providing insight into their potential use in

advanced gas separation technologies.
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Chapter 2 introduces the central hypothesis-driven design of silver nanoparticles stabilized through
poly(amic-acid) (PAA) capping agents. The capping agents are synthesized from 4,4’-
oxydiphthalic anhydride and Jeffamine monomers by systematically varying its molecular weight,
to exquisitely control the effect of the particle on overall gas transport. The PAA plays a crucial
role in not only stabilizing each silver nanoparticle, but also fine-tuning several key parameters,
such as the particle-polymer compatibility, and silver nanoparticle reactivity and stability. These
factors influence, individually and synergistically, overall gas selectivity, and this Chapter outlines
the rationale behind these design choices. Through base-material characterization, including the
chelation mechanism, PAA grafting density, particle size, and preliminary gas transport testing,
Chapter 2 lays the foundation for understanding how these nanoparticles interact with the polymer
matrix and facilitate gas transport.

Chapter 3 extends this investigation to more challenging separations, such as paraffin/olefin
mixtures, while also exploring the performance of the developed materials under a range of
operating conditions, including various temperatures, pressures, and gas compositions as a means
of gaining deeper understanding into the transport/structural behavior and effects of each particle-
polymer system. A key focus in this Chapter is placed on how changes in nanoparticle loading and
polymer matrix structures impact both permeability and selectivity. By investigating these
parameters systematically, structure-property relationships are developed, linking transport
properties such as gas diffusivity and diffusivity-selectivity to polymer characterizations, such as
the glass transition temperature and crystallinity. The culmination of this Chapter leads to the
optimization of the PAA-stabilized silver nanoparticles by identifying that shorter-chain PAAs
result in better particle dispersion at higher loadings. As a result, a second-generation nanoparticle

system exhibiting improved performance at elevated particle weight loadings was designed and
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synthesized. Subsequently, to gauge the effectiveness of each material in more realistic scenarios,
mixed gas permeability experiments were run. Finally, this Chapter reveals the resistance of each
nanoparticle to chemical attack through hydrogen gas exposure, thus demonstrating the long-term
stability of each system.

Chapter 4 is used to help justify experimental procedures executed in both Chapter 2 and Chapter
3, while also outlining novel techniques for the estimation of a polymer’s solubility parameter.
Dynamic light scattering is proposed as a more efficient alternative to traditional methods, such as
viscometry measurements, to estimate the polymer solubility parameter. In determining these
values for the series of poly(amid-acid)s used throughout this dissertation, justification and
development of a liquid-liquid extraction process for producing silver nanoparticles was
established. This Chapter also highlights computational methods used to estimate the solubility
parameter, both by updating prior group contribution methods with updated molar volume
estimations and by comparing this to modern machine learning methods. In conclusion, this
Chapter highlights the need to obtain experimental values of the solubility parameter for various
polymers to enhance our current understanding, which in turn will allow us to make better material
property predictions. For example, the solubility parameter can be used to predict the solubility-
selectivity of two liquid components within a membrane. Consequently, this Chapter provides a

new tool, through dynamic light scattering, to accurately and efficiently reach this goal.
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Chapter 2. Rational design, Synthesis, and Characterization of Facilitated Transport

Membranes Exhibiting Enhanced Permeability, Selectivity, and Stability*

2.1. Abstract

This chapter begins to outlay the rational design, as well as the characterization, of new types of
facilitated transport membranes (FTMs) materials for highly selective separations. Despite
outperforming conventional polymer membranes in the short time frame, FTMs are prone to
photo/chemical aging, which causes a rapid decay of their performance. Moreover, when
embedded in polymer materials to fabricate mixed matrix membranes (MMMs), structural defects
may form at the metal-polymer interface, causing a selectivity loss. This chapter works to address
these issues through a series of poly(amic acid)s (PAAs), have been synthesized using 4,4’-
oxydiphathalic anhydride (ODPA) and Jeffamine monomers of varying molecular weight, which
are used to fabricate silver nanoparticles via the chelating reaction with silver ions. Overall, this
approach attempts to simultaneously i) achieve defect-free mixed matrix membranes (MMMs), i7)
target COz selective transport, and iii) reduce photochemical induced degradation. The occurrence
of the chelating reaction between silver and the PAA was confirmed, and as a result, individual
and un-aggregated PAA-coated silver nanoparticles were obtained and incorporated into a
commercial polymer, Pebax 1657, to fabricate defect-free mixed matrix membranes. The effect of
the PAA length and ether functional group concentration on the structure and performance of the

resulting mixed matrix membranes was systematically investigated. Remarkably, inclusion of only

*Reproduced, with permission from Webb, et al.>
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2 wt% nanoparticles in Pebax enhances the CO2 permeability by about 50% and COz selectivity
by about 100% relative to neat polymer. A detailed analysis of the sorption and diffusion
coefficients was performed to elucidate the molecular origin of the observed membrane
performance. Finally, preliminary data confirm that the newly synthesized materials exhibit high

chemical stability upon exposure to pure Ho.

2.2. Introduction and Motivation
Nanoparticles (NPs) are of utmost interest due to their unique chemical-physical properties, which

substantially differ from those of bulk materials. The tunable nature of NP properties enables their

60-62 63-65

use in a variety of applications such as optics, electronics, nanomedicine,*® % drug
delivery,® and molecular separations.”®’! In this last regard, nanoparticles can be embedded in
polymer materials to tune their transport properties and achieve superior selectivity/permeability
performance in a variety of industrially relevant separations.'*!”-7>7> Specifically, silver ions/NPs
have traditionally been used as facilitated transport carriers for specific gasses, such as carbon
dioxide and ethylene.!>7®77 As recommended by the 2019 NAS report “A Research Agenda for
Transforming Separation Sciences”, achieving high selectivity is the crucial factor to debottleneck
membrane-based separations and make them competitive with conventional processes.’”® More in
general, current research efforts in the membrane field are oriented towards enhancing selectivity
and long-term durability.!3-*437-38.7982 Thig paper aims at proposing a novel strategy to enhance
selectivity and stability in COz separation systems.

Facilitated transport membranes (FTM) have been an active area of research in membrane science,
providing materials that far exceed the separation performance of conventional polymer materials

and position in the upper-right side of the Robeson upper bound.!*'®#> As shown by Eriksen et

al., an ethylene permeability of 26,800 Barrer and a corresponding ethylene/ethane (C2Ha/C2He)
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selectivity of 1930 (i.e., > 99.9 wt% ethane purity) was achieved by soaking glycerin-swollen
Nafion membranes into an aqueous solution of silver tetrafluororborate (AgBF4).%* By comparison,
most membranes have an ethylene permeability between 1 to 1000 Barrer, with a C2H4/C2Hs
selectivity less than 10.% However, due to the instability of the facilitated transport carrier (e.g.,
reduction of ions), as well as non-selective interfacial polymer-filler defects, these films fall short
of commercial viability.'* As an example, AgBF4 incorporated into poly(2-oxazoline) suffered a
100% decrease in the C2Ha/C2He selectivity in as little as 4 hours.®

Solid-state configurations with fixed carrier sites, which function based on a chained-carrier
mechanism, are one avenue towards improving FTMs.>*%7% In 2015, Zhou et. al. doped Pebax
polymer membranes with nanospheres formed by silver NPs chelated with polydopamine,
observing a simultaneous increase in CO2 permeability and CO2/CHa4 selectivity relative to neat
Pebax. Using a 15 wt% loading, the enhanced selectivity experienced an 8% decrease over the
span of 7 days.”® Although these pioneering results look promising, the individual and synergistic
contributions from the silver and polymer ligand remain largely unknown. Furthermore, the
exploration of different ligands and their effects on the long-term stability and performance of
FTMs are crucially important in attempts to further enhance the performance and long-term
stability of these systems.

To address the downsides associated with FTMs by use of NPs, it is necessary to carefully consider
the design of the particle and its capping agents. Poly(amic-acid)s (PAAs) show favorable
carbonyl-silver coordination interactions that ultimately are responsible for the formation of stable
silver NPs via the chelating mechanism.”! Secondly, electron acceptors within PAAs (e.g.,
carboxylic acids) polarize the particle surface, which helps tune selectivity and offers particle

protection from photo/chemical degradation.’® Additionally, by applying the solution-diffusion
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separation principles,?® incorporation of functional groups (i.e., ethers) that interact with target
solutes (e.g., CO2) can further benefit the separation performance of existing membrane
systems.?#2%92-% Finally, improving the NPs compatibility with polymer matrices is expected to
inhibit the formation of non-selective defects, thus providing an additional opportunity to enhance
selectivity in membrane applications.”>®

In this chapter, rationally designed nanoparticles targeting CO2 separation were synthesized by
chelating silver NPs with PAAs. Each PAA was molecularly designed to include polyether
segments to target CO: transport and achieve particle compatibility in polyether-based membranes.
Using a variety of physical, chemical, and structural characterizations, the effect of the PAA on the
structure and properties of NPs was systematically investigated. NPs were then incorporated, in
the amount of 2 wt%, in Pebax 1657, a commercial polymer of practical interest for CO:
separation, showing that CO2 permeability can be enhanced by 50% and CO2/CHs4 selectivity by
100%. The molecular origin of this behavior was elucidated by breaking permeability into its
sorption and diffusion contributions. Finally, the stability of the newly synthesized materials was
tested by exposing them to pure Hz for 24h, after which CO2 and CH4 permeability and CO2/CH4
selectivity were rechecked. Therefore, the approach proposed in this study provides a unique

avenue to achieve high CO: selectivity and permeability, while simultaneously prolonging the

long-term durability of the ensuing systems.

2.3. Experimental Methods
2.3.1. Materials.
4,4’-Oxydiphathalic anhydride (ODPA) was purchased from Sigma-Aldrich (97 wt % purity), and

two Jeffamine D-series grades, exhibiting molecular weight of 2000 (D2K) and 4000 g/mol (D4K),
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were generously donated by Huntsman corporation (cf. Table 1). Prior to use, all monomers (i.e.,
Jeffamine and ODPA) were dried under vacuum for 24 hours at room temperature and stored in a
desiccator. The PAA reaction medium, tetrahydrofuran (THF), was purchased from Fisher
chemical with a water content of 0.02 %. The water content was further reduced using 3A
molecular sieves purchased from Sigma-Aldrich, for at least 24 hours. Methanol (>99 %), which
was used to remove monomer/oligomers from the synthesized polymers, was purchased from
Acros Organics. Deuterated chloroform, CDCls, to be used for nuclear magnetic resonance (NMR)
characterization, was purchased from Cambridge Isotope Laboratories, Inc. (99.8%). Ethylene
glycol (EG), to be used as the reducing agent in the NP synthesis, was purchased from Fisher
chemical. The NP precursor, silver nitrate (AgNO3), was purchased from Acros Organics with a
purity >99 %. Chloroform (CHCI3) was purchased from Sigma-Aldrich to extract the NPs from
EG and to dissolve Pebax 1657 for membrane fabrication. Ultrapure water with an in-line
resistivity of 18.2 MQ-cm, used throughout the study, was produced via a MilliQ7000 purification
system. White mineral oil with a flash point of 360-400 °F, to be used to control the reaction
temperature, was obtained from Fischer Scientific. Pebax 1657 (Pebax) was purchased from
Arkema to serve as the membrane bulk material. 200 proof ethanol (ETOH) was purchased from

Fisher Chemical to dissolve Pebax for membrane fabrication via solution casting.

2.3.2. Synthesis of Poly(amic-acid).

The PAAs were synthesized through a nucleophilic substitution reaction by Jeffamine’s amine
group at one of ODPA’s anhydride carbonyl carbons (cf. Figure 5). This reaction was performed
in a 100 ml three-neck flask, manufactured by Chemglass, equipped with a Lab Fish mechanical

stirrer and a water jacketed reflux column. A nitrogen blanket was first provided to the flask to
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remove any traces of humidity. The flask was then charged with 30 ml of THF and 15 mmol of
Jeffamine.’” The same procedure was used for both Jeffamines, D2K or D4K.

Table 1: Summary of Diamines Used in This Study.

. Resultant
Name Abbreviation Wzlol:fc(lgl;xol) gtl:::tl:f; X Polymer
g Abbreviation
Jeffamine D2000 D2K 2000 ma S e w33 OD2K
Jeffamine D4000 D4K 4000 ° Y 68 OD4K

Listed is the diamine commercial name, its abbreviation, molecular weight, structure, the number
of internal repeated units (X), and the abbreviations used for the PAA resulting from the reaction
between ODPA and each diamine.

The mixture was stirred at room temperature until homogeneous. Then, the solution was cooled to
0 °C using an ice bath before adding 15 mmol of ODPA. The purpose of the ice bath during the
initial monomer consumption was to improve the molecular weight of the resulting PAA, given
the exothermic nature of the reaction.”® The initial attack of the amine on the anhydride carbonyl
occurs rapidly, within the first few minutes of the reaction. After 10 minutes, the flask was heated
on a hot plate to 30 °C using a bath of white mineral oil. The mixture was allowed to react for three
hours to ensure a high molecular weight polymer was formed, capable of passivating the silver
surface quickly in the NP synthesis. Following this step, the PAA was precipitated using a
methanol/water (10/90 vol%) mixture and subsequently rinsed using this mixture over a vacuum
filtration device. This step was done to remove any unreacted monomers and oligomers. The
resulting PAAs (OD2K/OD4K) (cf. Figure 5 and Figure A1) were dried under vacuum for 24 hours
at room temperature and stored in a chemical refrigerator at 4 °C. The PAA derived from ODPA

and D2K will be abbreviated by OD2K, while the PAA derived from ODPA and D4K will be

abbreviated by OD4K.
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Jeffamine D-Series TH Poly(amlc -acid)

Figure S: Reaction between Jeffamine and ODPA for the synthesis of Poly(amic-acid) (PAA) in
THEF. The resulting PAA structure is shown. X denotes the number of repeating segments within
each Jeffamine molecule (cf. Table 1). N denotes the number of repeating segments within the
overall PAA.

2.3.3. Synthesis of Silver Nanoparticles.

The NP synthesis was performed in a 100 ml three-neck flask from Chemglass equipped with a
magnetic stirrer, water jacketed reflux column, and a nitrogen blanketed atmosphere. First, 200 mg
of either OD2K or OD4K was added to the flask and completely dissolved in 40 ml of EG (cf.
Figure 6, Step 1) This mixture was heated to 100 °C on a hot plate using a mineral oil bath. AgNO3
was dissolved in a separate beaker using ultrapure water at a concentration of 40 wt%, following
the procedure by Kim et al.”® 2 ml of this aqueous solution was rapidly injected into the flask using
a syringe to induce particle nucleation (cf. Figure 6, Step 2). The resulting concentration of AgNO3
after addition to the reaction volume was 0.5 M. The reaction was maintained at 100 °C for 30
minutes, allowing time for particle growth. At this time, the solution was quickly cooled down to
room temperature using a water bath at 20 °C (cf. Figure 6, Step 3). To denote the particle type in

an abbreviated manner, Ag is added to the end of the PAA that was used in the synthesis (e.g.,

OD2K-Ag are silver NPs synthesized using OD2K).
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with magnetic stirring. and wait 30 minutes for the reaction

to complete.
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STEP 4: Transfer the silver NPs (in STEP 5: Shake the funnel 3 times to STEP 6: Elute the CHCI; extract and
to a separatory funnel (left) mix the solvents (Left). Allow the wash it 3 additional times using steps

before adding water/CHCI; (Right) to CHCI; layer, which now contains the 4-6 and a mixture of 0/30/70

obtain a 25/35/40 (EG/CHCIl;/Water) NPs, and the water/EG (grey) layer to  (EG/CHCI/Water) vol%.

vol%. settle (Right).

Figure 6: Schematic of the silver nanoparticle synthesis.

The nascent particles, still in EG, were then transferred to a 500 ml separatory funnel and mixed
with CHCIs at a 40/60 (EG/CHCI3) vol% ratio (cf. Figure 6, Step 4). The particles were pushed
from EG into the CHCIl3 layer upon adding ultrapure water, at a vol% ratio of ~25/35/40 for
EG/CHCI3/H20, respectively. Likewise, EG was selectively removed by the aqueous layer. NPs
were placed in chloroform, rather than remaining in EG, to facilitate their subsequent dispersion
in polymers to fabricate the mixed matrix membranes. Such choice is based on: 1) chloroform’s
immiscibility with the aqueous phase to facilitate the extraction process, 2) chloroform’s similarity
of solubility parameter to the silver NP’s steric polymer layer (CHCl3 — 19 MPa%>, EG — 32.9

MP2%3 and OD2K/OD4K ~ 20.2/19.7 MPa’?) (cf. Sections A1 and A6) and 3) a low boiling point
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(61 °C) for CHCIs relative to EG (197 °C). The funnel was shaken several times before allowing
the solvent layers to settle (cf. Figure 6, Step 5). The CHCIs phase was removed, and the funnel
was cleaned before adding the CHCl3 extract back into the funnel (cf. Figure 6, Step 6). The CHCl3
phase was then rinsed 3 additional times in the separatory funnel using ultrapure water at a 30/70
(CHCI3/H20) vol % ratio. Between each wash, the CHCIs extract was removed, and the funnel was
cleaned. The final particle suspension in CHCl3 was placed in PTFE lined amber vials and stored

in a refrigerator at 4 °C.

2.3.4. Mixed Matrix Membranes Fabrication

Neat Pebax membranes were fabricated via the solution-casting procedure from a 2.5 wt% solution
in ETOH/CHCls (50/50 vol%), which was dissolved at 50 °C. Both OD2K-Ag and OD4K-Ag were
used to fabricate composite materials with Pebax by adding either of the respective particles to the
described polymer solution. The final silver concentration in these materials was targeted around
2 wt%. Since the particles are also suspended in chloroform, the solvent composition used to
dissolve Pebax was slightly altered, so as to obtain a final mixture of Pebax and particles that was
50/50 vol% (ETOH/CHCI3). This was done to ensure that the total volume and composition of the
mixture remained constant. Each mixture was sonicated for 5 minutes before being poured onto a
leveled glass dish at room temperature and inside a nitrogen filled glove bag, so as to avoid
oxidizing the sample. The samples were allowed to dry for 3 days prior to use. The membrane
thickness was measured using a Mitutoyo micrometer ten times, with values ranging between 80-
100 pum. Membranes containing 2 wt% OD2K-Ag and OD4K-Ag are referred to as

Pebax+20D2K-Ag and Pebax+20D4K-Ag respectively.
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2.4. Characterization Methods

2.4.1. Nuclear Magnetic Resonance (NMR).

OD2K and OD4K were characterized by 'H NMR analysis using a VNMRS 500MHz-NMR
spectrometer. Prior to the synthesis of OD2K and OD4K, D2K, D4K, and ODPA were examined
using NMR to ensure that no impurities were present. Deuterated chloroform (CDCl3) (99.8%,
Cambridge Isotope Laboratories) was used as the solvent with a polymer concentration of 2 wt%.
'H NMR spectra were referenced internally to CDCIs (8 = 7.26 ppm).

2.4.2. Fourier Transform Infrared Spectroscopy (FTIR).

OD2K, OD4K, OD2K-Ag, and OD4K-Ag were analyzed using a Nicolet iS50R Fourier Transform
Infrared Spectroscope (FT-IR) in the iS50 attenuated total reflectance (ATR) mode using 64 scans
with a resolution of 0.4821 cm™ (cf. Section A2)).

2.4.3. Dynamic light scattering (DLS).

DLS was used to measure the effective hydrodynamic diameter of OD2K and OD4K in various
solvents, in attempt to corroborate the solubility parameter calculated using the group contribution
method (cf. Section Al). These measurements were performed on a NanoBrook Series Particle
Analyzer using backscattered detection. For more information, cf. Section A6.

2.4.4. Transmission Electron Microscopy (TEM).

Micrographs of the OD2K-Ag and OD4K-Ag were obtained using a JEOL 2000FX transmission
electron microscope (TEM) at 200kV with LaBs electron source. 20 pL of a silver NP suspension
in CHCl3 (~500 PPM) was dropped onto a 3mm copper grid with a carbon support film. The
particle size distribution and morphology were determined based on 160 NPs, using Fiji image

analysis.'%
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2.4.5. Ubbelohde Viscometer.

The intrinsic viscosity of OD2K and OD4K was found using a size 0C Ubbelohde viscometer
purchased from Cannon Instruments, calibrated with a viscometer constant of 0.003309 cSt/s>. The
intrinsic viscosity was used to compare relative molecular sizes. OD2K and OD4K were prepared
at concentrations ranging from 0.3 to 1 g dL™! in CHCI3 and tested at 35 °C. The reduced viscosity
(Nyeq) and inherent viscosity (1;,,) were measured at each concentration five times (cf. Figure
A4). The intrinsic viscosity for OD2K and OD4K were determined by averaging the extrapolated
value for the 77,..4 and 1;,,, at a concentration of 0 g dL™! (cf. Section A3). This relative trend was
then compared to molecular weight estimates obtained from gel permeation chromatography
measurements.

2.4.6. Gel Permeation Chromatography (GPC).

Using a Waters 717 plus auto sampler, 30 pL of a 0.1 w/w% polymer solution in CHCI3 was
injected into a 7.5 x 250 mm Agilent polypore column at a flowrate of 1 ml/min and at 40 °C. The
eluent was detected using a Waters 490E programmable multi-wavelength detector, set to 260 nm.
Details surrounding the weight calculations, as well as the overall molecular weight distribution
of OD2K and OD4K is available in Section A4.

2.4.7. Thermogravimetric Analysis (TGA).

TGA was used to individuate mass losses for OD2K, OD4K, OD2K-Ag, OD4K-Ag, Pebax,
Pebax+20D2KAg, and Pebax+20D4K-Ag. About 10-20 mg (dry mass) of each sample was
placed into a TA Instruments TGA Q500 under nitrogen gas, flowing at 10 ml/min. In the case of
the silver NPs (OD2K-Ag and OD4K-Ag), which are suspended in CHCIs, the TGA pan was first
filled dropwise with the liquid. The CHCl3 was allowed to evaporate, and the addition was repeated

until sufficient particle dry mass was obtained. The samples were heated at a rate of 10 °C /min
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from 28 to 800 °C, and any mass losses were recorded. First and second derivative analysis was
used to determine temperature ranges of individual mass loss events (cf. Figure A6 - Figure AS8).
TGA was coupled with GPC and TEM information to calculate the polymer surface grafting

density (o) as follows'?!:

Ipol
NA<gp—>PAgT
o= :+n (Eq. 14)

where N, is Avogadro’s number (6.022E23 chains mol ™), Ipot 18 the polymer mass, g4 is the

silver mass, r is the equivalent radius of the nanoparticle (based on TEM measurements, cf. Figure
6 and Table 3), and p, is the density of the silver nanoparticles, which was assumed to be nearly
identical to that of bulk silver (i.e., 10.5 g cm™). Each TGA measurement exhibited an uncertainty
of 5 %.

2.4.8. Scanning Electron Microscopy (SEM).

Scanning electron micrographs of Pebax, Pebax+20D2K-Ag, and Pebax+20D4K-Ag’s cross-
section were used to characterize structure morphology. Cross-sections were prepared via
fracturing each membrane while immersing the sample in liquid nitrogen. Prior to imaging, each
sample was sputter coated with iridium. Images were taken using a ThermoFisher Quattro device
at 10 kx, with an accelerating voltage of 10 KeV.

2.4.9. Pure gas sorption and permeation measurements.

Pure gas (CH4 and COz) permeability was measured at 1 bar and 35 °C and pure gas solubility
(CH4 and COz2) was measured from 5 to 20 bar at 35 °C. Details about these measurements are

provided in Section A7. Gas diffusivities were estimated using the solution diffusion model:

D= g (Eq. 15)
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where P is the permeability, S is the solubility coefficient, and D is the concentration averaged
diffusion coefficient. The ideal (i.e., pure-gas) CO2/CHa selectivity (a) was estimated as shown
in Eq. 16 and broken into its sorption (a«®) and diffusion (a?) contributions:

P =PC02 =SCOZ XDCOZ — oS D (Eq 16)
PcH, ScH, DcHy

a

2.4.10. Stability Testing.

Both Pebax+20D2K-Ag and Pebax+20D4K-Ag, were subjected to 1 atm Hz at 35 °C for 24 hours.
Prior to, and after the materials were treated with Hz, pure gas CH4 and CO2 permeability at 1 atm
and 35 °C were measured. Changes in overall COz permeability and CO2/CH4 selectivity as a result

of Hz exposure are tabulated and compared (cf. Table 4).

2.5. Results and Discussion

2.5.1. Poly(amic-acid) Characterizations

FTIR was used to provide evidence that the PAA was formed. Figure 7A shows the FTIR spectra
of the synthesized OD2K compared to ODPA and D2K, while Figure 7B shows the FTIR spectra
of the synthesized OD4K compared to ODPA and D4K in the wavelength range 1500 and 1900
cm’!. The spectral features in this region show key changes in the carbonyl groups during the

reaction, providing insight to the polymerization.
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Figure 7: A) ATR-FTIR spectra of the synthesized OD2K sample compared with the ODPA and
D2K reactants, between 1500 and 1900 cm™ wavenumbers. B) ATR-FTIR spectra of the
synthesized OD4K sample compared with the ODPA and D4K reactants, between 1500 and 1900
cm! wavenumbers.

The D2K and D4K samples exhibited low absorption in this region in contrast to the spectrum
obtained for ODPA. ODPA has characteristic peaks at 1770 and 1846 cm™! for the symmetric and
asymmetric stretching of the anhydride carbonyl, respectively.!”” The loss of these peaks in both
OD2K and OD4K’s spectra indicates that the reactants are being mostly consumed by the reaction
and removed by subsequent washings. The formation of the amic-acid group is supported by the
appearance of peaks at 1655 and 1545 cm! that correspond to the Amide I (C=O stretching) and
II (N-H bending) bands for a secondary amide.!®® Additionally, a peak at 1723 cm™' shows the
simultaneous appearance of the carboxylic acid carbonyl.!?? Finally, there is a clear red shift (i.e.,
a shift of around 10 cm™! towards lower wavenumbers) in the aromatic alkene bonds from ODPA
to its incorporation into the polymer due to the mesomeric effect.!®

'"H NMR can further describe the results of the reaction by confirming the retention of basic

reactant structures. In the "H NMR spectra of both OD2K (cf. Figure 8A) and OD4K (cf. Figure
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8B), the main chain proton signals for aromatic protons of the dianhydride, aliphatic protons of
the diamine, and terminating/side chain methyl groups appeared around 7-8, 3-4.5, and 1-1.5 ppm,
respectively.!® This is an indication that each of the three groups are retained from the reactants

after the synthesis.
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Figure 8: 4) '"H NMR Spectra of OD2K at 2 wt% in CDCIs. B) '"H NMR Spectra of OD4K at 2
wt% in CDCl3.

The intrinsic viscosities of OD2K and OD4K in CHCI3 at 35 °C were 0.232 + 0.001 and 0.255 +
0.001 dL g!, respectively (cf. Table 2). The higher value of intrinsic viscosity exhibited by OD4K
highlights its larger molecular weight relative to OD2K.!%° These results were corroborated with
GPC data, which provided number average molecular weights of 20800 + 4310 and 42800 + 8890
g/mol for OD2K and OD4K, respectively (cf. Table 2). Although it appears that, on average, OD4K
is nearly twice the projected (i.e., linear) length of OD2K, the two polymers are chemically similar.
This is also shown via their solubility parameter, which was calculated using group contribution
methods (cf. Section A1).!% Based on this method, the solubility parameter of OD2K is 20.2 + 0.3
MP2a®%’ and of OD4K is 19.7 + 0.3 MPa®?. This similarity was also observed by DLS measurements
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of OD2K and OD4K in a variety of organic solvents, which suggested that both OD2K and OD4K
has a solubility parameter around 20 MPa’’, as shown in Figure A9. Therefore, the two
independent measurements provide, within the experimental uncertainty, consistent results.
Polymers should experience the greatest swelling in a solvent they are most similar to, and both
polymers’ hydrodynamic radii experienced a maximum in acetone, whilst OD4K was larger (2.5
nm) compared to OD2K (1.7 nm) (cf. Figure A9).1%

Table 2: Summary of OD2K/OD4K Intrinsic Viscosity, Molecular Weight, and Solubility
Parameter.

Intrinsic Number Average Solubility

Name Viscosity Molecular Parameter
(dL/g) Weight (g/mol) (MPa"%)
OD2K 0.232 £0.001 20800 = 4310 20.2+0.3
OD4K 0.255 +0.001 42800 + 8890 19.7+0.3

Listed for OD2K and OD4K is the Intrinsic Viscosity (dL g”'), measured in CHCI3 at 35°C, the
number average molecular weight (g mol’) obtained from GPC experiments, and the solubility
parameter based on the group contribution method.'”’

2.5.2. Silver Nanoparticles Characterizations.

The formation of PAA-stabilized silver NPs was first verified by examining the FTIR absorption
spectra of the NPs. To investigate the interaction that leads to stabilized silver NPs, FTIR was
compared between the neat OD2K and the silver nanoparticles modified using OD2K (i.e., OD2K-
Ag). As shown in Figure 9A, there is a clear red shift for the carboxylic acid carbonyl stretch from

1722 to 1715 cm™ and for the amide carbonyl peak from 1645 to 1630 cm™. The red shifting of

both carbonyls suggests that the carbonyl moieties are interacting with the silver surface.
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Figure 9: A) ATR-FTIR spectra of OD2K and the silver nanoparticles stabilized by OD2K
(OD2K-Ag) between 1510 and 1750 cm™ wavenumbers. B) ATR-FTIR spectra of OD4K and the
silver nanoparticles stabilized by OD4K (OD4K-Ag) between 1510 and 1750 cm™ wavenumbers.

This is likely due to the ability of the carbonyl lone electron pairs to complex with cationic silver
ions located on the NP surface.'”® The amide, in its neutral state, is capable of forming adducts
with metal ions at the carbonyl oxygen, but the amide nitrogen is incapable of coordinating with
the NP surface without first substituting its hydrogen by deprotonating.'® Given the poor acidity
of secondary amides, this seems unlikely. Instead, shifting in the amide N-H bending from 1545
to 1530 cm™ is more likely due to the positive charge placed on the nitrogen atom as a result of
the chelation occurring at the amide carbonyl.!®” Thus, the shifting would be due to the
strengthening of mesomeric effects. All other peaks do not experience shifts upon stabilization of
silver NPs. A similar comparison was done for OD4K and OD4K-Ag with analogous results (cf.
Figure 9B). Through this mechanism, OD2K and OD4K coordinate with the silver NPs to form a
protective layer that sterically hinders the NP aggregation. This was confirmed by the TEM

analysis, which is shown in the micrographs of Figure 10.
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Figure 10: TEM micrographs (A) OD2K-Ag and (B) OD4K-Ag, imaged at 250kX magnification.

The OD2K-Ag and OD4K-Ag particles are well dispersed and mainly spherical in shape, with
equivalent diameters of 6.2 = 2.9 nm and 4.5 £+ 2.5 nm, respectively (cf. Figure 10 and Table 3).
Previous studies featuring facilitated transport of olefins, used NPs with diameters less than 30
nm.''% The much lower NPs size obtained in this study, which leads to an increased particle surface-
to-volume ratio, is expected to benefit the transport/separation properties, as shown later in this
paper. Even though the molecular weight of OD2K and OD4K were different, stable nanoparticles
exhibiting similar size and morphology were achieved. To further investigate any potential
differences between the surface properties of the resulting nanoparticles, thermogravimetric

analysis (TGA) was used (cf. Figure 11A/B).
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Figure 11: TGA analysis illustrating the mass loss of A) OD2K-Ag and B) OD4K-Ag, between 28
and 800 °C.

Two main mass loss events occur for both particle types. Using first and second derivative analysis
(cf. Figure A6), the first mass loss on both curves occurs between 100 and 200 °C. This is most
likely from residual solvents, such as ethylene glycol. The second mass loss occurs between 300
and 450 °C, which corresponds to the main chain degradation in OD2K and OD4K (cf. Figure A7).
The residual mass at 800 °C is attributed to silver. The overall silver to polymer mass ratio was 4
and 2.9% for OD2K-Ag and OD4K-Ag, respectively (cf. Table 3). The similar mass ratios are
consistent within the limit of increasingly smaller particles, whereas the amount of polymer mass
needed to surround each particle becomes near constant.!'! Using these values and (Eq. 14), the
surface grafting density of OD2K-Ag particles is calculated to be 7.6 chains/nm?, which is
approximately twice the estimated value of 4.2 chains/nm? for OD4K-Ag particles. Using the
surface grafting density and polymer molecular weights, OD4K-Ag nanoparticles contain ~10%

more ether groups relative to OD2K-Ag nanoparticles.
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Despite the similarity in the particle silver/PAA mass ratio (4 for OD2K-Ag and 2.9 for OD4K-
Ag), the grafting density of OD2K-Ag (7.6 chains/nm?) is almost twice that of OD4K-Ag (4.2
chains/nm?). Mathematically, the shift from a similar mass ratio to different grafting density is
based on the molecular weights, which also differ by a factor of ~2 (OD4K — Mw = 42800 g/mol;
OD2K — Mw = 20200 g/mol). However, a more detailed explanation can be found from Benoit et
al.!’! In this paper, the surface grafting of thiolated polyethylene glycol (PEG) on the surface of
gold nanoparticles was analyzed as a function of the PEG molecular weight. When polymer
molecular weight increases, the probability of entanglement and chain overlap increases. As a
result, when attempting to graft longer chains onto a particle surface, entanglements and added
steric hindrance may hamper the efficient packing of polymer chains to the nanoparticle, thus
lowering the effective surface grafting density.'! It should also be noted that particle surface
curvature plays a role. On highly curved surfaces (i.e., smaller particles), confinement impacts
surface grafting by limiting attachment sites, while also influencing polymer chain conformation
and orientation on the particle surface. For both these reasons, it is reasonable to expect a lower
grafting density for OD4K-Ag, relative to OD2K-Ag.

Table 3: Summary of Silver Nanoparticle Size, Composition, and Surface Grafting Density

Grafting
Name Equivalent Ag/Polymer Density
Diameter (nm) Mass Ratio (%) (Chains nm~
%)
OD2K-Ag 6.2+29 40+0.2 7.6+2.0
OD4K-Ag 45+25 29+0.2 42409

Listed for each NP is the equivalent diameter (nm), silver (Ag) to polymer mass ratio (%), and
PAA polymer surface grafting density (chains/nm?)

2.5.3. Mixed Matrix Membrane Structural Characterization.

Both OD2K-Ag and OD4K-Ag were incorporated in Pebax at a loading of 1.73 + 0.09 and 2.06 +

0.10 wt% silver, respectively, as calculated via TGA measurements (cf. Figure A1l and Figure
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A12). Neat Pebax 1657 and its mixed matrix membranes (i.e., Pebax+20D2K-Ag and
Pebax+20D4K-Ag) exhibit similar thermal stability, with a degradation onset starting at about 300
°C (cf. Figure A1l and Figure A12). This finding is consistent with the very low NPs loading.

Scanning electron micrographs showed no signs of structural defects in the Pebax-NPs mixed
matrix membranes, thus demonstrating excellent Pebax-NPs compatibility at this loading (cf.

Figure 12A-C).

Figure 12: SEM micrographs for the cross-section of a) Pebax, b) Pebax+20D2K-Ag, c)
Pebax+20D4K-Ag at 10 kx and 10KeV.

2.5.4. Membrane Transport Properties.
CO:2 and CH4 sorption and permeability data in neat Pebax, which were collected to serve as a

baseline in this study, exhibit good agreement with literature data.!'>!'3 Pure gas sorption
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isotherms, as well as diffusion and permeability coefficients, are shown in Section A7.
Experimental uncertainties were estimated via the error propagation method.!'* Upon
incorporating OD2K-Ag in Pebax 1657, CO2 permeability at 35°C and 1 atm increased by 46.8%
while CO2/CHa4 ideal selectivity increased by 84.8% relative to the neat Pebax (cf. Figure 13A).
Similarly, incorporation of OD4K-Ag in Pebax 1657 increased CO2 permeability by 51.1% and

CO2/CHa ideal selectivity by 109.6% relative to neat Pebax (cf. Figure 13A).
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Figure 13: A) Permeability and CO2/CH4 ideal selectivity, B) solubility and CO2/CHy solubility-
selectivity, and C) diffusivity and CO2/CHq4 diffusivity-selectivity for Pebax 1657, Pebax +
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20D2K-Ag, and Pebax + 20D4K-Ag. Data are at 35°C and 1 atm. Error bars were estimated
via the error propagation method."*

To understand the molecular origin of the resulting transport behavior, the overall permeability
coefficient and selectivity were deconvoluted into their sorption and diffusion contributions.
Solubility and solubility-selectivity showed no significant change in Pebax+20OD2K-Ag compared
to neat Pebax 1657 (cf. Figure 13B). However, in the case of Pebax+20D4K-Ag, COz2 solubility
increased by around 8%, whereas solubility-selectivity increased 43.8% compared to neat Pebax
1657 (cf. Figure 13B). This result suggests that the higher ether concentration in OD4K-Ag
particles, about 10% above that of OD2K-Ag, could be playing a role in dictating CO2 solubility
changes. Both mixed matrix membranes experienced an impressive increase in CO2 diffusivity
(~40%) and CO2/CHz4 diffusivity-selectivity (>50%) relative to neat Pebax 1657 (cf. Figure 9C).
This physical picture is compatible with CO: transport being facilitated by the NPs, while the
diffusion of CH4 occurs via the standard solution-diffusion mechanism. Interestingly, the CHa
diffusion coefficient slightly decreases upon incorporation of silver NPs with respect to neat Pebax,
suggesting that the NPs might increase the tortuosity of the diffusion pathway travelled by CHs in
the mixed matrix membrane. This effect, however, is within the experimental uncertainty. A
summary of transport data at 1 atm and 35°C is shown in Table A4.

To put the performance of Pebax+20D2K-Ag and Pebax+20D4K-Ag in broad perspective, the
ideal CO2/CHs selectivity was plotted in a Robeson-type plot as a function of CO2 permeability
and compared with other materials (cf. Figure 14),>>!>-117 a5 well as the 2008 upper bound.*® The
simultaneous increase in CO2 permeability and CO2/CHas selectivity shifts both Pebax+20D2K-
Ag and Pebax+20D4K-Ag closer to the upper bound, relative to the neat Pebax. For example,

Pebax+20D2K-Ag and Pebax+20D4K-Ag possess similar pure-gas selectivity as Matrimid,
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cellulose acetate and polysulfone, while pure-gas CO2 permeability is about 35 times larger. This
enhancement is quite impressive, considering that it can be achieved with a NPs loading of 2% or

less.

2008 Upper Boun
> 100 | i
:.: -
= Pebax+ |
- ebax 1
o 2 wtlz/?t()%(zJ;(-Ag & 2P QARG
d’ o -
(] i 1
T & CA
9__ - Matrimid .
o™
o] O
O PSf N -
PPO
Pebax 1657
—%
10 MEPEPETTT BRI B ST BT
1 10 100 1000 10000

CO2 Permeability (Barrer)

Figure 14: Comparison among the CO2/CH4 separation performance of Pebax, Pebax+20OD2K-
Ag, and Pebax+20D4K-Ag with state-of-the-art materials on the 2008 upper bound.’’ Data are
from pure-gas permeation measurements at 35 °C with a feed pressure of 1-10 atm. PSf stands
for polysulfone,’’> CA stand for cellulose acetate,"'® Pls stands for polyimides,’® and PPO stands
for poly(2,4-dimethly-1,4-phenylene oxide)."”

Obviously, an important question concerns the long-term stability of these membranes. It is well
known, indeed, that silver is prone to reduction/oxidation processes in the presence of UV light
and poisoning gasses, such as H2 and H2S, which are common contaminants in natural gas.

2.5.5. Membrane Stability.

Despite their high performance in the short time-frame, metal ion carriers usually experience

photo/chemical ageing, which causes a decay of their performance within a few hours.!*!> To
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evaluate the stability of the newly synthesized materials, CO2 and CH4 permeability, and CO2/CHa4
selectivity in Pebax+20D2K-Ag and Pebax+20D4K-Ag was measured before and after exposure

to Hz at 1 atm and 35 °C for 24 hours (cf. Table 4).

Table 4: CO: permeability and CO2/CHy selectivity before and after 24-hour hydrogen exposure.

COZ 0, g ) 1
e COJCHs  permeability —COyCH, ’°Changein % Changein
sample permeability Selectivity Post-H: Selectivity e Dl
Pre-H: (Barrer) ) Permeability Selectivity
Pebax+20D2K-Ag 177.7+9.0 25.8+1.9 163.3 +8.3 24.3+1.05 -8.8% -6.0 %
Pebax+20D4K-Ag 187.6 £ 6.5 27.6+1.8 171.9+6.9 254+29 9.1% -8.5%

Listed for each MMM is the CO: permeability (Barrer) and CO2/CHs selectivity, measured at 1
atm and 35 °C, before and after a 24-hour H> exposure at 1 atm and 35 °C. The percent change
in both permeability and selectivity values is included.

The CO:2 permeability in Pebax+20D2K-Ag, both before and after H2 treatment, are 177.7 + 9.0
and 163.3 + 8.3 Barrer, respectively. Upon exposure to H2, CO2 permeability apparently dropped
by nearly 9%, with a subsequent drop in CO2/CH4 selectivity of 6% (cf. Table 4). However, if we
consider the experimental uncertainty affecting these measurements, these drops are negligible;
therefore, permeability and selectivity remained essentially unchanged, pointing out the superb
stability of the mixed matrix membranes under study to Hz. Similarly, CO2 permeability and
CO2/CHs selectivity in Pebax+20D4K-Ag experienced an apparent drop of 9.1% and 8.5%,
respectively. Again, if we consider the experimental uncertainty (cf. Table 4), this drop is
negligible, indicating a very good stability also in the case of Pebax+20D4K-Ag.

Remarkably, after exposure to pure Hz, the overall CO2 permeability and CO2/CH4 selectivity
remained 40% and 95% higher, respectively, relative to neat Pebax. For the sake of comparison,
previously reported Pebax-based facilitated transport membranes containing 80 wt% AgBF4 have

experienced a loss in selectivity of higher than 10% after 24 hours of H2 exposure, with a complete
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loss in selectivity after 30 days,’!

indicating that our approach offers not only a simultaneous
increase in permeability and selectivity, but also a decent stability enhancement. Moreover, the
possibility to achieve such enhancement with a very modest NPs loading, only 2%, would benefit
the economics of the process.

The analysis of the individual and synergistic effects of the NPs composition, surface grafting
density, and weight loading on i) long-term (i.e., >30 days) NP photochemical stability under

various conditions (i.e., H2 and UV), ii) compatibility with the bulk membrane matrix, iii) CO2

solubility-selectivity and iv) facilitated transport will be discussed in more detail in Chapter 3.

2.6. Conclusions

Silver NPs were rationally designed utilizing an appropriate polymeric ligand (i.e., capping agent)
to be incorporated in polymers and fabricate novel facilitated transport membranes (FTMs)
exhibiting enhanced CO2 permeability, CO: selectivity and long-term stability. The synthesis of
the capping agent, poly(amic-acid, PAAs) was performed through the polycondensation reaction
of 4,4’-Oxydipthalic anhydride (ODPA) and Jeffamines exhibiting systematically varied molecular
weight (i.e., ether concentration). The polymer structures were confirmed using NMR and ATR-
FTIR. The degree of polymerization was similar in polymers containing each diamine, and the
impact of the resulting differences in the overall molecular weight with respect to the silver NP
synthesis did not change the particle size/shape morphology significantly.'!! The particles
exhibited clear coordination interactions (i.e., chelation) with the PAAs carbonyl moieties, which
produced individual spherical NPs. Micrographs revealed that particles with similar
size/morphology were achievable despite the differences in polymer molecular weight. Though,
there exist clear differences in the surface grafting density. Once incorporated into Pebax 1657,

both NPs produced an impressive increase in overall CO2 permeability (+50%) and CO2/CHa4
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selectivity (+100%), with increases, in the case of Pebax+20D4K-Ag, in both CO: solubility and
diffusivity. These improvements are remarkable, as they were achieved with a very low NPs
loading, just 2% or less. Equally important, preliminary results indicated that our membranes
exhibit high stability upon exposure to Haz, highlighting the importance of rational molecular
design of the capping agent. The impact of surface grafting composition, weight loading, as well

as the stability of these materials in a variety of environments will be the subject of Chapter 3.
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Chapter 3. Enhancing Nanoparticle Design to Fabricate Defect-free Mixed Matrix
Membranes**

3.1. Abstract

In the previous Chapter, facilitated transport membranes (FTMs) were designed by embedding
poly(amic-acid) (PAA) stabilized silver nanoparticles in Pebax 1657. Although significant
improvement in COz permeability and CO2/CHa selectivity was observed relative to neat Pebax at
low filler loadings, these FTMs experience a decay in selectivity at higher filler loadings. In this
study, we successfully combined experiments and theoretical modeling to i) discover the molecular
origin of the observed behavior, and ii) optimize the nanoparticles design to eliminate selectivity
losses at high filler loadings. We show that the length (i.e., molecular weight) of the PAA
stabilizing agent directly affects the Pebax crystallinity and glass transition temperature and thus,
its diffusion-selectivity. When shorter chain PAA is used, it is possible to increase the silver
nanoparticles loading in Pebax without adversely affecting its structure and transport properties.
Finally, the effect of the second-generation nanoparticles on the FTMs stability and mixed-gas

transport behavior was investigated, and structure-property correlations were developed.

**Reproduced, with permission from Webb, et al.!'®
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3.2. Introduction

Natural gas demand was projected to grow by nearly 64% between 2012 and 2040, reaching an
annual demand of 180 trillion standard cubic feet.!'” However, its widespread use poses challenges
due to the expensive requirement to reduce carbon dioxide levels to below 2%, which is essential
to prevent pipeline corrosion.? Of equal importance, removing higher hydrocarbons like ethane
and propane is crucial to meet the specifications for combustion and to achieve suitable heating
values.>* These challenges highlight the need for efficient separation technologies, not only in
natural gas processing but also in related sectors, such as the separation of paraffins and olefins in
petrochemical production.® The separation of ethane from ethylene, for example, is particularly
challenging and costly due to the nearly identical condensability and sizes of these molecules.'?!
Poly(ethylene), which represents nearly 35% of the global plastic demand with a market volume
of around 100 million metric tons, requires energy-intensive processes for ethylene purification.!?!
Ethylene production is the second-largest contributor to global energy consumption, using nearly
2 exaloules per year.! Although facilitated transport membranes could potentially fix some
shortcomings exhibited by conventional solution-diffusion membranes, such as limited
selectivity,'?? they also exhibit their own limitations, such as carrier instability and sensitivity to
moisture and poisoning agents, 4311227125

This study aims to build on our previous research, where silver nanoparticles (Ag NPs) were
stabilized using a series of poly(amic-acid)s (PAAs) and incorporated into Pebax 1657 for
facilitated CO: transport.> The resulting mixed matrix membranes (MMMs) demonstrated nearly
a 100% increase in CO2/CHa selectivity and a 50% increase in CO2 permeability compared to neat

Pebax at only a 2 wt% silver loading.>® However, the effects of varying the weight loadings of Ag

NPs within the polymer matrix for facilitated transport remain underexplored. This study aims to
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fill this gap by exploring the motivation for using higher weight loadings of Ag NPs. Higher
loadings of Ag NPs are expected to provide enhanced gas separation capabilities,'?¢12® but also
can present challenges related to particle dispersion and  stability,!4!2%130
To broaden our range of application, key differences in CO2/CH4 and C:H4/C:He separation
behaviors, particularly at higher silver weight loadings, were examined. Utilizing these differences
at multiple weight loadings becomes useful in identifying potential strengths/weaknesses in the
designed particles, which can then be optimized for specific separations. Both CO2 and C2H4 are
known to experience facilitated transport through reversible interactions with silver nanoparticles,
making them ideal probes to test our newly developed facilitated transport membranes.”®!28:131-133
Capping agents, i.e., molecules or ions that bind to the particle surface, play a critical role in
stabilizing silver nanoparticles and preventing their agglomeration, which is vital for maintaining
their dispersion within the polymer matrix.!*'*® As shown in this study, the choice of capping
agent, including its molecular weight, and chemical functionality, significantly influences the
properties of Ag NPs and their interaction with both the polymer matrix and the penetrating gas
species.!3#13%140 In the context of facilitated transport, it has been shown that through the use of
electron acceptor groups, capping agents are essential in tuning surface polarization properties that
allow for the complexation of CO2 and olefins.!!%!41:142 Previous studies have investigated the
impact of surface modified Ag NPs on the gas selectivity and permeability of polymer
matrices.! 24128133143 Ag shown by Chae et al, Ag NPs capped with 7,7,88-
tetracyanoquinodimethane (TCNQ) were dispersed in polyvinylpyrroline (PVP) to form MMMs
exhibiting greatly improved olefin/paraffin selectivity.!**> Thus, to optimize the performance of

facilitated transport membranes, it is essential to carefully consider/modify the capping agents to

balance these interactions.
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We observed that increasing Ag NP loading in Pebax impacts polymer crystallinity and chain
mobility, which, in turn, affects the membrane selectivity and transport properties. Through the
analysis of the energetics of sorption, diffusion and permeation, we show that loss of size sieving
ability occurs at higher weight loadings (i.e., = 2.5 wt% by silver). Specifically, we demonstrate
that if the particle capping agent (i.e., the PAA) has sufficient molecular weight (i.e., chain length),
it can suppress the Pebax glass transition temperature (Tg) and its crystallinity, thus causing the
observed loss in size sieving ability. Therefore, we hypothesized that the adverse effects on
selectivity can be mitigated by reducing the molecular weight of the PAA .7%!* This hypothesis-
driven approach guided the design of a second generation of Ag NPs with shorter capping agents.
We show that mixed matrix membranes (MMMs) fabricated using NPs containing shorter PAA
capping agent did not show a suppressed glass transition temperature (Tg) relative to neat Pebax,

even at higher nanoparticle loadings, which led to improved performance.

It is also well known that facilitated transport is susceptible to photo/chemical reduction
processes. ! #31:126.145 I this study, the stability of Ag NPs exhibiting systematically different length
of the capping agent upon exposure to H> gas for 1 week was investigated and compared to

previously reported materials.

Finally, mixed gas CO2/CH4 and C2H4/C2He tests were used to gauge the effectiveness of these
materials under realistic conditions, particularly to test if swelling/plasticization of highly sorbing
gases, such as CO2 and hydrocarbons, impact the observed selectivity boost from the facilitated

transport mechanism.

3.3. Experimental Methods
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3.3.1. Materials
For the sake of brevity, details about the chemicals used in this Chapter, and any purification routes

can be found in Section B1.

3.3.2. Synthesis of Poly(amic-acid)s

Poly(amic-acids) (PAAs) were synthesized via a polycondensation reaction between 4,4’-
oxydiphthalic anhydride (ODPA) and Jeffamine D-2000 (D2K), as shown in Figure 15. Details are
provided in the Section B2. PAAs synthesized using a 1:1 molar ratio of D2K:ODPA are denoted
as OD2K1, and PAAs synthesized using a 2:1 molar ratio are referred to as OD2K2. The rationale
behind the synthesis of OD2K2 was to minimize the PAA molecular weight (i.e, chain length), to
systematically analyze the effect of the PAAs molecular weight on the facilitated transport ability
of the ensuing NPs. The synthesis of OD2K2 was driven by the hypothesis, which will later be
demonstrated, that the effect of PAA length impacts the separation performance, particularly at

high silver weight loadings, by affecting the Pebax chain mobility and crystallinity.
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Figure 15: Synthesis of poly(amic-acid)s (PAA)s from D2K and ODPA in tetrahydrofuran (THF).
The resulting PAA structure is shown. X (~33) denotes the number of repeating segments within
each D2K molecule. n denotes the number of repeating segments within the overall PAA, and is
estimated to be ~9 and 2 for OD2K1 and OD2K2, respectively, based on their molecular weight
(cf. Table 5).

The resultant PAAs were characterized using Fourier Transform Infrared Spectroscopy (FTIR), as
shown in Section C3. The molecular weight of OD2K2 was estimated using its intrinsic viscosity,
based on prior gel permeation chromatography estimates for the molecular weight of OD2K1, as

59,146,147 It is

well as its corresponding intrinsic viscosity. important to note that the same batch of
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OD2K 1 used in a previous work (formerly called OD2K) was used in the work.> Details of these
measurements and calculations are available in Section B4.

Table 5: D2K:ODPA molar ratio used to synthesize OD2K1 and OD2K2. The intrinsic viscosity,
glass transition temperature (Tg), and estimated molecular weight (g/mol) of each polymer are
also included.

. . Intrinsic
Poly(amic-acid) D2K:ODP{& Viscosity T, (°C) Molecular
Type Molar Ratio dL/g)® weight (g/mol)
oD2K1P 1:1 0.232+0.001 -50.4 20800 = 4310
¢ 2:1 0.194 + 0.001 -57.4 5310 +2970
OD2K2

“Measured at 35 °C and in chloroform

bMolecular weight measured using gel permeation chromatography in chloroform>

“Molecular weight based on intrinsic viscosity measurements, c.f. Section B4

3.3.3. Synthesis of Silver Nanoparticles

The protocol used to synthesize the silver nanoparticles did not change with respect to that
previously reported.’® For the sake of brevity and to avoid confusion with the use of updated
nomenclature, its details are summarized in Section BS5. Particles capped using OD2K1 and
OD2K2 are referred to as OD2K1-Ag and OD2K2-Ag, respectively. The actual amount of PAA
(i.e., either OD2K1 or OD2K2) in the resultant silver nanoparticles was determined using
thermogravimetric analysis (TGA) (c.f., Sections B6 and B7). Particle morphology and size
analysis was determined using transmission electron microscopy (TEM), whose details are
provided in Section B7. These characterizations serve as an additional check to the consistency
and reproduction of the OD2K1-Ag nanoparticles that have been reported in our previous work
(previously referred to as OD2K-Ag).”’

3.3.4. Fabrication of Mixed Matrix Membranes (MMMs)

In this study, five types of membranes were fabricated: neat Pebax 1657 (Pebax), to be used as the

baseline material, mixed matrix membranes comprising Pebax and 2.5 or 4 wt%, by silver, of
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OD2K1-Ag, and mixed matrix membranes comprising 2.5 or 4 wt%, by silver, of OD2K2-Ag. All
membranes were fabricated via solution casting, resulting in free standing 80-100 mm thick films.
Details are reported in Section B8. Membranes containing “x” wt% of silver by mass, using
particles which are stabilized by PAA “y”, are denoted by Pebax+xy-Ag. For example, MMMs
with silver nanoparticles that were formed using OD2K1, and loaded in the membrane at 4 wt%,

would be labeled as Pebax+40OD2K1-Ag. The membranes’ cross-section was studied via scanning

electron microscopy (SEM) (cf. Section B9).

3.3.5. Density measurements

The density of Pebax, Pebax+2.50D2K1-Ag, and Pebax+40OD2K1-Ag was measured using an
Archimedes’ balance at 22 °C in heptane to investigate any trend in density between materials, as
well as to correct for any changes in density that may affect sorption measurements (cf. Section
B10).!'"* Heptane was chosen as the buoyant liquid for the density measurements based on its
negligible uptake and swelling in Pebax materials, as opposed to other solvents, such as

water. 148,149

3.3.6. Pure Gas Sorption and Permeation Measurements

Pure gas CHas, CO2, C2He, and C2Hs4 permeation and sorption measurements in Pebax,
Pebax+2.50D2K1-Ag, and Pebax+40D2K1-Ag were taken between 1 and 30 atm, at 15, 25, 35,
and 45 °C. Pure gas sorption was measured via the pressure decay method in a constant volume
apparatus.'!'* Pure gas CHa, CO2, C2Hs, and C2H4 permeation was tested on Pebax+2.50D2K2-Ag
and Pebax+40D2K2-Ag at 1 atm and 35 °C. Details can be found in Sections B11 and B12. Gas

diffusivities were then calculated using the solution diffusion model*>** (cf. Section B13), that is:
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D=% (Eq. 17)

where P is the permeability, S is the sorption coefficient, and D is the concentration-averaged
diffusion coefficient. Finally, the pure gas overall (a®), sorption- (a®), and diffusion- (a®?)
selectivity was calculated as follows:

p_Pi_Si  Di D

A =—=—=—X—=q
Pj Sj Dj

a’ (Eq. 18)
where i and j refer to the specific gases being compared. Pure gas transport properties for CHa,
COz, C2Hs, and C2Ha, at 35 °C and 1 atm, can be found in Section B14, while the dependency of

transport parameters on temperature can be found in Section B15 and B16. This dependency is

also discussed later in this Chapter (cf. Section 3.4.2).

3.3.7. Thermal and Structural Characterization of PAAs and MMMs
Dynamic scanning calorimetry (DSC) and wide and small angle x-ray scattering (WAXS/SAXS)

characterization is discussed in Sections B17 and B18.

3.3.8. Hz Stability test

To test the facilitated transport membranes stability, Pebax, Pebax+2.50D2K1-Ag, and
Pebax+2.50D2K2-Ag were exposed to 1.4 atm H2 at room temperature for 7 days. Prior to, and
after the materials were treated with Hz, pure gas CO2, CHs, C2H¢, and C2Hs permeation were
measured at 35 °C and 1 atm. Changes in the overall CO2 and C:Hs permeability, as well as

CO2/CH4 and C2H4/C2Hs selectivity as a result of H2 exposure are tabulated and compared in

Section B19.
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3.3.9. Mixed Gas Permeation Measurements.

Mixed gas CO2/CHs and C:H4/C:He permeation was measured at 35°C in Pebax,
Pebax+2.50D2K-1Ag, and Pebax+2.50D2K2-Ag using an automated constant volume, variable
pressure apparatus (Maxwell Robotics, Austin, TX). Gas compositions for both the feed and
permeate streams were analyzed using a Shimadzu GC 2030 with a Fast Fuel Analyzer setup.
C2H4/C2He mixtures were tested using a molar feed composition of either 50/50 and 20/80%,
whilst CO2/CHa was tested at a molar composition of 50/50%, both targeting CO2 and C2H4 partial
pressures of ~1 atm, to make direct comparisons to the pure gas data. Details about these

measurements are provided in Section B20.

3.4. Results and Discussion

3.4.1. Structural characterization

OD2K1-Ag and OD2K2-Ag were both incorporated into Pebax at loadings of either 2.5 or 4 wt%
silver, as calculated via TGA measurements. The MMMs did not show a large change in the
thermal stability relative to neat Pebax, up to 800 °C (cf. Section B6). This result was expected,
given the relatively low NP weight loadings.

SEM micrographs indicate that all MMMs are defect free up to the maximum loading of 4 wt%
silver (cf. Section BY).

3.4.2. Effect of OD2K1-Ag loading on pure Gas Transport

An array of gas permeation and sorption experiments in Pebax loaded with OD2K1-Ag NPs was
designed to unravel the mechanisms by which this filler affects transport properties. As discussed
later in this Chapter, this information is critically important to optimize the particles design and,

in turn, their gas separation performance. Upon the addition of 2.5 wt% of OD2K1-Ag into Pebax,
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COz permeability at 35 °C and 1 atm increased by 41% while CO2/CHa4 ideal selectivity increased
by 49% relative to neat Pebax (cf. Figure 16A). Likewise, the permeability of C2H4 increased by
57.4%, and the overall C2H4/C2Hs selectivity increased by 37.6% relative to neat Pebax, at 1 bar
and 35 °C (cf. Figure 16B). However, upon increasing the silver weight loading of OD2K1-Ag to
4 wt% in Pebax (i.e., Pebax+40OD2K1-Ag), the overall CO2/CH4 and C:H4/C:Hs selectivity
changed by -6.3% and +59.2%, respectively, relative to neat Pebax. It should be noted that the
CO2/CHs selectivity drops 37% from Pebax+2.50D2K1-Ag to Pebax+40OD2K1-Ag. The drop in
CO2/CHs selectivity was accompanied by a 100% increase in CO2 permeability from 128 + 10
Barrer in neat Pebax to 257 + 29 Barrer in Pebax+40D2K1-Ag. Similarly, the C2H4 permeability
increases to 91 Barrer (nearly 6 times that measured in neat Pebax) after adding 4 wt% of OD2K1-
Ag.

To put the performance of Pebax, Pebax+2.50D2K1-Ag, and Pebax+40OD2K1-Ag in perspective,
the ideal CO2/CHa4 and C2H4/C2Hs selectivity were plotted in a Robeson-type upper bound plot as
a function of CO2 and C2H4 permeability, respectively, and compared with state of the art materials
(cf. Figure 16A/B).385115.116,130-153 1y general, there is a simultaneous increase in permeability and
selectivity in Pebax+2.50D2K1-Ag and Pebax+40OD2K1-Ag, which shifts these materials closer
to the 2008 CO2/CHa4 and C2H4/C2He upper bounds, relative to neat Pebax (cf. Figure 16A/B).3%%
Interestingly, Pebax+2.50D2K1-Ag exhibits a maximum in the CO2/CHs selectivity. Moreover,
the increase in C2H4/C2He selectivity in the mixed matrix membrane loaded with OD2K1-Ag
relative to neat Pebax becomes less prominent with increasing the filler loading, as shown by the

downward concavity of the red arrow in Figure 16B.
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Figure 16: Comparison among the A) CO:/CHy separation performance of Pebax (blue),
Pebax+2.50D2K1-Ag (Red), Pebax+40OD2KI1-Ag (Red), Pebax+2.50D2K2-Ag (Green), and
Pebax+40D2K2-Ag (Green) with state-of-the-art materials on the 2008 Upper Bound®. Circles
are used for neat Pebax, while squares and triangles are used to indicate a Ag weight loading of
2.5 and 4 wt%, respectively. and B) C:H4/C>Hs separation performance of Pebax (blue),
Pebax+2.50D2K1-Ag (Red), Pebax+40OD2KI1-Ag (Red), Pebax+2.50D2K2-Ag (Green), and
Pebax+4.50D2K2-Ag (Green) with state-of-the-art materials on the C2H4/C2Hs Upper Bound®.
Circles are used for neat Pebax, while squares and triangles are used to indicate a Ag weight
loading of 2.5 and 4 wt%, respectively. Arrows indicate increasing filler loading. Data are from
pure-gas permeation measurements at 20-35 °C and with a feed pressure of 1-3 atm. PPO stands
for poly(2,4-dimethly-1,4-phenylene oxide)'”®, CA stand for cellulose acetate!'S, Pls stands for
polyimides®®, PSf stands for polysulfone’’, and Ag IL composite stands for Silver Ionic-liquid
composites'>?. Additionally, various carbonized’!>3 and purely neat polymeric membranes are
included in Figure 12B%.

To explain these trends and rationalize the effect of the silver nanoparticles on gas transport,
permeability was broken into its elementary diffusion and sorption components. CO2 sorption
slightly increases with OD2K 1-Ag weight loading, specifically, by 2.6 and 5.1% for the 2.5 and 4
wt% MMMs, respectively (cf. Figure 17A). This result is consistent with the idea of incorporating

76154 j e., silver

additional COz-philic sites, i.e., ether groups,’**>* as well as facilitating agents,
nanoparticles in Pebax. Ideal (i.e., pure-gas) CO2/CHs sorption selectivity in Pebax,

Pebax+2.50D2K1-Ag, and Pebax+40OD2K1-Ag are 4.85 + 0.05, 6.02 = 0.12, and 5.07 + 0.12,
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respectively (cf. Figure 17B). However, these values are sensitive to the high uncertainty affecting
CHa4 sorption data, due to the extremely low CHa solubility in these materials (e.g., 0.2
cm’(STP)/cm? (polymer atm). For example, CH4 sorption was slightly suppressed upon adding 2.5
wt% OD2K1-Ag (from 0.23 to 0.19 cm*(STP)/cm? (polymer atm, respectively), but it recovers a
value similar to that of Pebax upon adding 4 wt% OD2K 1-Ag (0.23 cm*(STP)/cm® (polymer atm).
It is worth noting that despite some sensitivity due to low CHs sorption, the CO2/CH4 sorption
selectivity exhibited by both MMMs containing OD2K1-Ag NPs is greater than that of neat Pebax.
Both Pebax+2.50D2K1-Ag and Pebax+40OD2K1-Ag experienced an impressive increase in CO2
diffusivity relative to neat Pebax (+37.3 and +90.5%, respectively). In contrast, CHa diffusion
coefficient did not show significant changes among the materials, except for CHa diffusivity in
Pebax+40D2K1-Ag. In the case of Pebax+2.50D2KI1-Ag, CO2/CH4 diffusivity-selectivity
increased by 20% relative to neat Pebax. The simultaneous increase in CO2 sorption, diffusion,
and overall selectivity in Pebax+2.50D2K1-Ag provides a physical picture that is compatible with
facilitated COz transport, whilst CHs 1s limited to solution-diffusion transport alone. The drop in
CO2/CHz4 selectivity in Pebax+40D2K1-Ag is rationalized by the increase in CHas diffusivity, in
tandem with CO:z diffusivity, where the diffusivity of CH4 becomes almost double the values found
in Pebax and Pebax+2.50D2K1-Ag (cf. Figure 17C). Further details on the diffusion behavior in
Pebax+40D2K1-Ag are provided in Section 3.4.3, where we show that the PAA-coated NPs
disrupt the local crystallinity and PEO chain mobility in Pebax, especially at higher loadings of
silver. This disruption impacts diffusivity-selectivity, ultimately offsetting the beneficial effects of
facilitated transport. As we will see, this issue can be effectively fixed upon utilizing these “second

generation” nanoparticles, that is, OD2K2-Ag.
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Figure 17: Pure gas CO:2 and CH4 A) Permeability and ideal selectivity, B) Sorption and sorption-
selectivity, and C) Diffusivity and diffusivity-selectivity for Pebax, Pebax+2.50D2KI-Ag, and
Pebax+40D2K1-Ag at 35 °C and 1 atm. Error bars were estimated using the linear error
propagation method."*

To gauge these competing effects, i.e., facilitated gas transport vs. disruption of the adjacent
polymer matrix, the results for CO2 and CH4 are compared with C2H4 and C2Hs (cf. Figure 18A),
as ethylene benefits from facilitated transport relative to ethane, exactly as CO2 does with respect
to CH4. Moreover, it has been reported that C2H4 experiences much stronger binding interactions
with Ag" with respect to CO2,'*!1°% and thus its transport is facilitated to a greater extent than CO.

This fact is reflected by the greater increase in the overall C2Hs sorption and C2H4/C2Hg sorption-
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selectivity as compared to the CO2/CH4 gas pair in MMMs containing OD2K1-Ag. For example,
C2H4 sorption and C2H4/C:2He sorption-selectivity increase monotonically, from 0.61 + 0.01
cm*(STP)/cm?(polymer)/atm and 1.12 + 0.01 in neat Pebax, to 0.73 =+ 0.0l
cm?(STP)/cm?(polymer)/atm and 1.23 +0.02 in Pebax+40OD2K1-Ag at 1 atm and 35 °C (cf. Figure
14B), which represents an overall improvement in C2H4 sorption by ~20%, and C2H4/C2He
sorption-selectivity by ~9%. Unlike the case of CO2 and CH4, C2H4 diffusivity and C2H4/C2He
diffusivity-selectivity also increased monotonically with increasing OD2K1-Ag loading in Pebax.
Specifically, C2H4 diffusivity increased from 1.7X107 to 9.4Xx107 cm?/s, and C2Ha/C2Hs
diffusivity-selectivity increased by +45%, from 0.98 + 0.1 to 1.4 £ 0.1, upon adding 4 wt%
OD2K1-Ag (cf. Figure 18C). Similar to CHa, C2Hs sorption nor diffusivity changed significantly
in the mixed matrix membranes, apart from C:He diffusivity in Pebax+40OD2K1-Ag, which
increased over 3 times from neat Pebax. This result suggests that higher weight loadings could be
inducing structural changes, or perhaps defects to the material, thus increasing the diffusion of

each gas, and consequently, limiting the overall selectivity.
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Figure 18: Pure gas C:H+ and C:Hs A) Permeability and ideal selectivity, B) Sorption and
sorption-selectivity, and C) Diffusivity and diffusivity-selectivity for Pebax, Pebax+2.50D2K1-Ag,
and Pebax+40OD2K1-Ag at 35 °C and 1 atm. Error bars were estimated using the linear error
propagation method."*

However, due to the similarity in kinetic diameter for C2H4 and C2He (0.42 nm vs. 0.44 nm,
respectively), the C2H4/C2He diffusivity-selectivity of neat Pebax is 0.98 at 1 atm and 35 °C (cf.
Figure 18C). The CO2/CHz4 diffusivity-selectivity in the same material is 3. Consequently, matrix
effects are less likely to influence the separation performance of C2H4/C2Hg, i.e., the diffusivity-
selectivity will mostly likely not decrease relative to neat Pebax.!*® Ultimately, this is shown
through a simultaneous permeability and selectivity increase in C2H4/C2Hs up to 4 wt% of OD2K1-

Ag.
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A summary of transport data at 1 atm and 35°C is shown in Section B14.

3.4.3. Unveiling the effect of OD2K1-Ag on Pebax using Energetics of Transport

The analysis of the energetics of transport provides a deeper understanding of the underlying
transport mechanisms and its connection to the membrane microstructure. Unlike simple
permeability measurements, which offer only a snapshot of how gases move through a material,
analyzing the energetics—such as activation energies of diffusion and enthalpies of sorption—
allows us to discover structure-property correlations. This approach helps identify the key factors
influencing the interactions between the polymer matrix and the gases, especially when
incorporating nanoparticles like OD2K1-Ag. As discussed hereafter, this analysis makes it possible
to explain the observed trends in gas selectivity and permeability and optimize the NPs design for
enhanced gas separation performance. Pure gas CO2, CHs, C2Ha4, and C2Hs, permeability (P) and
sorption (§) data were collected at 15, 25, 35, and 45 °C in Pebax, Pebax+2.50D2K1-Ag, and
Pebax+40D2K1-Ag at 1-30 bar. Permeability (P;), sorption (S;), and diffusivity (D;) were fit, as

157-159

a function of temperature, using the linearization of the following equations at 1 atm, as

higher pressures would disrupt the analysis due to swelling and/or potential plasticization effects:

AE, i

Py = Poexp (—=24) (Eq. 19)
AHg

S = So,exp (— ) (Eq. 20)
AE g

D; = Dy exp (—224) (Eq. 21)

where i denotes the gas (e.g., CO2) and AE,, ;, AH, ;, AE;; are the activation energy of permeation,

enthalpy of sorption, and activation energy of diffusion, respectively. Consequently, through the
solution-diffusion model?*>*, these 3 values are related as follows:
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AE,; = AHy; + AE,; (Eq. 22)
The activation energy of permeation reflects the overall energy barrier that a gas must overcome
to cross the membrane, accounting for both polymer-matrix interactions (via the enthalpy of
sorption) and the mobility of gas molecules within the polymer matrix (via the activation energy
of diffusion).!®” The results for each gas in Pebax, Pebax+2.50D2K1-Ag, and Pebax+40D2K -

Ag are shown in Figure 19.
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Figure 19: Pure gas A) activation energy of Permeation, B) enthalpy of Sorption, and C) activation
energy of Diffusion for CHs CO> C:H4 and C2Hs in Pebax, Pebax+2.50D2KI-Ag, and
Pebax+40OD2K1-Ag at 1 atm. These values were calculated though Eq.19-Eq.21 using
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permeation, sorption, and diffusion data for each gas, in each material, at 1 atm and 15, 25, 35,
and 45 °C. Error bars are calculated using standard error of regression.

The activation energy of permeation for neat Pebax at 1 atm for CHs, CO2, C2H4, and C2Hs 1s 36.9,
25.5,47.3, and 44.3 kJ/mol, respectively. Noticeably, they follow the same order as the activation
energy of diffusion, i.e., C2H4 (57.3 kJ/mol) = C2Hs (53.8 kJ/mol) > CH4 (41.9 kJ/mol) > CO2
(41.7 kJ/mol), suggesting that the permeation process is controlled by diffusion.!'®! As a result, both
diffusion and permeation coefficients increase with temperature. Similar trends between the
activation energy of permeation and activation energy of diffusion are shown for
Pebax+2.50D2K1-Ag and Pebax+40D2K1-Ag, cf. Figure 19A-C. An overall correlation between
Ep and Ep, for better visualization, can be found in Section B16. It should also be noted that the
activation energy of permeation and diffusion, within experimental error, follow the order of the
gas kinetic diameter, C2He (0.44 nm) > C2H4 (0.42 nm) > CH4(0.38 nm) > COz (0.33 nm).'+162

Interestingly, the activation energy of permeation and diffusion for both CO2 and C2Hs decrease

by 5.9 and 7.7%, respectively, upon adding 2.5 wt% of OD2K1-Ag. In contrast, AE,, ¢y, remains
unaffected, and, remarkably, AE, . p increases by nearly 14% in Pebax+2.50D2K1-Ag, with

respect to neat Pebax. The notion of decreasing overall activation energy of permeation would be
in line with the concept of facilitated diffusion which streamlines the transport of CO2 and C2Ha.!?*
However, we must keep in mind in this interpretation that temperature will affect both the kinetics
and equilibria of the m-complexation reactions, thus creating some difficulty in discerning the
origin of this decrease in overall activation energy.'®® In striking contrast, the CHs4 and C2He
activation energy of diffusion increases, which is likely indicative of the fact that the nanoparticles

could increase the tortuosity of the diffusional pathways for the non-facilitated gases.'®* This fact

remains consistent upon moving from 2.5 wt% of OD2K1-Ag to 4 wt%, whereas AE, -y, and
AE, ¢, n, both increased by 37.8 and 29.3% from neat Pebax (cf. Figure 19A/C).
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The enthalpy of sorption is negative (i.e., exothermic sorption process), for all penetrants. The
exothermic nature of penetrant sorption in Pebax 1657 based materials is consistent with previous
reports.'®® Enthalpies of sorption generally decrease (i.e., sorption becomes more exothermic) with
increasing penetrant critical temperature (Tc). One exception to this trend is CO2, which displays
a sorption enthalpy nearly 3 times more negative than that of CHs, and 1.5 times more negative
than that of both C2H4 and C:He. This result is consistent with the highly favorable interaction
between CO2 molecules and ether groups in these materials.?*?* Changes in the enthalpy of
sorption are small relative to the changes in activation energy of diffusion when altering the NPs
loading in Pebax. Specifically, the largest relative change in the enthalpy of sorption between

materials is 2.7 kJ/mol, whilst the largest change for the activation energy of diffusion is 15.8

kJ/mol.
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Figure 20: 4) Energetic (red) and entropic (blue) CO2/CH4 diffusivity selectivity in Pebax as a
Sfunction of OD2KI1-Ag weight loading from 0-4 wt%. A) Enthalpic (ved) and entropic (blue)
C2H4/C2Hs diffusivity selectivity in Pebax as a function of OD2K1-Ag weight loading from 0-4
wt%. Error bars are calculated using standard error of regression.

Unexpectedly, increases in both the activation energy of diffusion and permeation for both CO2

and C2Ha4 occur during the transition from Pebax+2.50D2K1-Ag to Pebax+40OD2K1-Ag. The
62



overall perm-selectivity in Eq. 18 combines the effects of sorption-and diffusion selectivity. In
each material and for each gas pair, diffusivity-selectivity changes more significantly than
sorption-selectivity with increasing silver content, driving the overall changes in perm-selectivity.
The aforementioned breakdown of the transport process shows that tuning diffusion selectivity is
the key tool to improve separation performance of these materials at higher nanoparticle weight
loadings. To pursue this issue further, one can probe deeper into the source of diffusional
selectivity. According to the transition state theory!®
D= /12 kiT exp ( S+) exp (— %) (Eq. 23)

where A is the average jump length in the diffusion medium, AS* is the activation entropy of
diffusion, kj is the Boltzmann’s constant, and h is Plank’s constant. For the gas pairs and materials
considered in this work, 4 may be considered constant, and is around ~1.4 nm. This assumption is
described in detail in Section B15. Comparing gas pairs, the diffusivity-selectivity can be broken

down using Eq. 24, as follows,!>%1¢0

ap = 2 = exp (21227 e (~ 2E2200) _ oy (2900) exp (2) (g, 29

J

where i and j refer to individual components, e.g., i = CO2 and j = CHa. As a result, the diffusivity-

selectivity of each gas pair is broken into two parts: 1) the entropic contribution (1 e., exp ( R‘/ . ))

and 2) the energetic contribution (1 e. exp( lT/’)) to diffusivity-selectivity.!®>1%” Energetic
selectivity occurs due to differences in the activation energy between penetrants which is required
to make diffusive jumps. Entropic selectivity refers to the effectiveness of a material to

discriminate between the different sizes and shapes of penetrants. Each value was calculated for

both the CO2/CHs4 and C:H4/C:He gas pairs in Pebax, Pebax+2.50D2K1-Ag, and
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Pebax+40OD2K1-Ag. The entropic and energetic components are plotted as a function of silver
weight loading in Figure 20.

The entropic contribution of neat Pebax for CO2/CH4 and C2H4/C2Hs are 2.6 and 4.6, respectively.
These values are smaller than those found in rigid carbon molecular sieve membranes (up to ~15).
159.168 This result is reasonable, given that Pebax contains rubbery poly(ethylene oxide) (PEO)
segments, which are not expected to provide any entropic selectivity. Upon increasing the weight
loading of OD2K1-Ag in Pebax, entropic selectivity and energetic selectivity monotonically
decrease and increase, respectively. One possible explanation could be an effect of the facilitated
transport mechanism, which favors interactions between CO2 and C2H4 and creates preferential
pathways that CO2 and C2Ha are more likely to follow, thus increasing energetic selectivity. On
the other hand, while these gases enter temporary complexations with Ag NPs, their degree of
rotational and translational freedom becomes slightly constrained, which would be consistent with
the observed drop in the entropic selectivity. However, given the previously stated fact that C2He
and CHa4 diffusivity increase significantly at 4 wt% loading of OD2K1-Ag, despite being non-
facilitated gases, and CO2/CHa4 overall selectivity decreases in Pebax+40OD2K1-Ag suggests
otherwise. Therefore, the entropic loss in selectivity is more indicative to secondary effects, e.g.,
changes in the polymer matrix, occurring upon adding Ag NPs. Noticeably, these trends are more
severe in the case of C2H4/C2He, which could be due to stronger chemical interactions between
silver and C2Ha,'*1"155 thus driving energetic selectivity, as well as their similarity in gas kinetic
diameter (more so than CO2/CHa), which helps maximize entropic selectivity losses.

In summary, diffusivity, and more specifically, entropic diffusivity selectivity, plays a key role in

the performance of these materials, especially at large NP weight loadings. Thus, it is hypothesized
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that by also investigating potential structural evolutions in these materials, we might pinpoint the

root of the problem and adjust the NP design.

3.4.4. Optimization of the NPs design: 2" generation nanoparticles

To elucidate whether these losses in entropic selectvity were related to matrix changes, WAXS,
SAXS, and DSC were used. As mentioned earlier, Pebax is a semicrystalline copolymer that
contains a polyamide (PA6) and poly(ethylene oxide) (PEO) phase, with large diffraction peaks at
20 values of 20 and 24 degrees.'®® This strong and broad peak ranging from 10° to 30° is generally
considerd to be an intergration of both crystalline and amorphous phases that contain information
in regards to both PA and PEO domains.'®® All other membranes fabricated in this work did not
show large changes in polymer chain d-spacing, nor peak angle, from WAXS (cf. Figure 21A).
However, there is a clear increase in peak intensity for MMMs with increaing weight loadings at
~33°. This result indicates the presence of the (111) face-centered cubic (FCC) facet for the silver
nanoparticles.'”” WAXS data was further analyzed using peak deconvolution in an attempt to
estimate the overall crystallinity (cf. Section B18). Upon adding OD2K1-Ag NPs, there is a slight
drop in overall crystallinity, relative to neat Pebax, by 2-3%. However, a change in nanoscale
ordered structures becomes more apparent upon adding OD2K1-Ag into Pebax, which is evident
from SAXS data (cf. Figure 21B). Additionally, there is a slight increase in the interlamellar chain
spacing when adding OD2K1-Ag into Pebax. Specifically, Pebax exhibits an intralamellar spacing
of 101 A, while the spacing in Pebax+2.50D2K1-Ag and Pebax+40D2K1-Ag are 104 A and 106
A, respectively (cf. Section B18). Therefore, both the increase in the SAXS d-spacing and
broadening of the peak is likely related to the changes in crystalinity. This change become apparent

with increasing loading of OD2K1-Ag type particles, and is consistent with the experimentally
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observed increase in diffusivity and drop in CO2/CH4 diffusivity selectivity in Pebax+40OD2K1-
Ag 61T

As a second point of comparison, DSC shows a Ty for Pebax at -50 °C, which is representative of
the rubbery PEO region. OD2K1, which is totally amorphous (cf. Section B18), exhibits a Ty at -
54 °C. Upon adding 2.5 wt% of OD2K1-Ag into Pebax, there is little to no change in the Tg value.
However, upon adding 4 wt%, the Ty experiences a drop to a temperature similar to the neat
OD2K1, i.e., -54 °C. This observation suggests that at a 4 wt% loading, there is an increase in
chain mobility.!”? This finding supports the picture that the nanoparticles, particularly the capping
agent OD2K1, disrupt the Pebax crystallinity, leading to increased chain mobility. This result

explains the observed increase in diffusivity and diffusivity-selectivity loss.>%!71:172
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Figure 21: 4) Wide-angle x-ray scattering intensity and B) Small-angle x-ray scattering intensity
for Pebax, Pebax+2.50D2KI1-Ag, Pebax+40OD2KI-Ag, and Pebax+2.50D2K2-Ag. C) DSC
thermogram for Pebax, OD2KI, Pebax+2.50D2KI-Ag, and Pebax+40OD2KI-Ag. D) DSC
thermogram for Pebax, OD2K2, Pebax+2.50D2K2-Ag, and Pebax+40D2K2-Ag.

To address this issue, a new PAA batch was synthesized using a larger D2K:ODPA molar ratio,
i.e., 2:1, thereby forming short-chained oligomers, OD2K2. By reducing the chain length grafted
onto the surface of the silver nanoparticles, it was postulated that entaglements formed between
OD2K2 and Pebax polymer chains would become limited, thus reducing the PAAs effect on
crystalinity and chain mobility, especially at higher weight loadings.”®!'** As a result, OD2K2-Ag
NPs are expected to maintain selectivity, even at higher silver wight loadings, as diffusive
mechanisms remain limited for non-faciliated gases, i.e., CH4 and C2Hs. In this section, the validity
of this hypothesis will be tested via pure gas transport measurements. To make comparisons with
the previous materials, 2.5 and 4 wt% of OD2K2-Ag particles were added into Pebax and the
overall transport of CH4, CO2, C2H4, and C2He were tested at 1 atm and 35 °C, (cf. Figure 16A/B).
The COz2 permeability does not exhibit large changes as previously seen in OD2K1-Ag containing

materials. Specifically, permeability in Pebax+40OD2K2-Ag increase by ~20 Barrer relative to neat
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Pebax. Gratifyingly, this time the overall CO2/CHa4 seletivity increases monotonically in the order
of neat Pebax (14.6 £ 1.6) < Pebax+2.50D2K2-Ag (17.3 +1.9) < Pebax+40D2K2-Ag (20.2 =+
2.3). Noticeably, this trend is different in that observed in OD2K1-Ag containing membranes, and
is inline with the idea that shorter grafted chain can disrupt the local polymer environment to a
smaller extent (cf., Figure 21C-D).

Likewise, C2H4 permeability increases from 14 (Pebax) to 39 (Pebax+40D2K2-Ag) Barrer, with
a corresponding increase in C2H4/C2Hs selectivity from 1.1 to 2. As shown in Figure 16B, as
compared to materials containing OD2K1-Ag, selectivity also increases monotonically with
OD2K2-Ag NP loading. However, the trend is quite different in terms of approaching the upper
bound. For example, in both Figure 16A/B, as the amount of OD2K1-Ag NPs increase, selectivity
increases initially, but it begins to drop and taper out. Remarkably, upon adding more OD2K2-Ag
NPs, selectivity increases monotonically, approaching the upper bound.

As shown in Figure 21 and Section B18, the addition of 2.5 wt% OD2K2-Ag particles to Pebax
appears to have a reduced effect on the change in crystallinity, relative to the change experienced
in Pebax+2.50D2K1-Ag. Additionally, no apparent change in glass transition temperature is
observed between Pebax, Pebax+2.50D2K2-Ag, and Pebax+40OD2K2-Ag (cf. Figure 21D). The
changes observed in the structural analysis, upon changing particle-types, are consistent with the
change in transport behavior that is observed in the upper bound figures. Thus, the mechanism
underpinning the prohibition of enhancements in selectivity was outlined, and subsequently used
to redesign the NP in an attempt to optimize its performance in this particular system. A schematic
of the effect of the two nanoparticle series on the structure and ensuing transport properties of our

facilitated transport MMM s is shown in Figure 22.

68



In summary, these results provide full support to our original hypothesis and confirm that using
shorter capping agents avoids detrimental effects of the structure and separation performance of
our MMMs. To test these materials in a more realistic scenario, we also ran mixed gas permeation

tests, as detailed in Section 3.4.4.

- Crystalline Phase Longer Nanoparticle Capping
OD2K1-Ag Agent (OD2K1)

CO,/CH, * Suppressed sub-
C’?b . ambient T,
\2&; . + Impacts Pebax
o . crystallinity
* Reduction in

. . . selectivity gain
with weight

loading

Selectivity

Permeability / Ag wt%

@ crystatine Phase Shorter Nanoparticle Capping
M ovkz-ag Agent (OD2K2)

« No suppressed
sub-ambient T,

Selectivity

* Less effect on
Pebax
crystallinity

« Monotonically
increase in
selectivity

Permeability / Ag wt%

Figure 22: Effects of OD2K1-Ag and OD2K2-Ag NPs on Pebax.

3.4.5. Membrane Stability and Mixed Gas transport behavior

The change of the capping agent not only affects gas transport on the short time frame, but can
also influence the long-term stability of particles.!**!4> Thus, the Pebax, Pebax+2.50D2K1-Ag
and Pebax+2.50D2K2-Ag performance stability was assessed by measuring pure gas
CO2,CH4,C2H4, and C2Hs permeability at 1 atm and 35 °C, before and after hydrogen exposure for

1 week. Pebax+2.50D2K 1-Ag and Pebax+2.50D2K2-Ag were chosen, as their tranport properties
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are somewhat comparable between both types of gas separations explored in this work, as well as
limit any apparent matrix effects (e.g., a suppressed Tg relative to neat Pebax) from affecting
interpretation of the stability results. A summary of CO2 and C2H4 permeability in these materials
after exposure to Hz, as well as relative changes in permeability and overall selectivities when
compared to the fresh samples, can be found in the Section B19. Within the experimental error,
Pebax showed no significant change in transport properties. Previously, a CO2 permeability
decrease by 8.8% and a CO2/CHa selectivity decrease by 6% was reported for Pebax+20D2K1-
Ag, after similar exposure conditions conducted over the course of 24 hours. Extending this time
frame over 7 days, CO2/CHa selectivity changed by -13.4% and -9.2% in Pebax+2.50D2K1-Ag
and Pebax+2.50D2K2-Ag, respectively. This shows, in the case of Pebax+2.50D2K1-Ag,
continuing decline in CO:2 permeability between 1 and 7 days of H2 exposure. Moreover, C2H4
permeability changes by -9.3% and -27%, while C2H4/C2Hs selectivity changes by -9.5% and -
29.7% for Pebax+2.50D2K1-ag and Pebax+2.50D2K2-Ag, respectively. Thus, although the new
NPs synthesis approach enhanced the membrane transport properties, it did not substantially
benefit the stability upon H2 exposure. It should be noted, however, that membranes fabricated
with OD2K2-Ag are more stable than previously reported membranes.'**!!7® This result may be
physically explained by noting that the shorter capping agent is not providing adequate protection
to the silver NPs. Therefore, to further optimize the particles, the effect of the capping agents on

the silver surface energy and its reactivity should be controlled more cautiously.
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Figure 23: A) Comparison of pure and mixed gas CO: permeability and CO2/CH4 selectivity at a
CO: partial pressure ~ 1 atm and 35 °C in Pebax (blue), Pebax+2.50D2KI-Ag (red), and
Pebax+2.50D2K2-Ag (green). Circles are used for pure gas data, while squares are used for
mixed gas with a feed composition of ~50 % mol CO:z and 50 % mol CH4. For reference, the 2008
pure gas and 2015 mixed gas CO2/CHy upper bounds are included.’** B) Comparison of pure and
mixed gas C2Hy4 permeability and C2H4/C2Hs selectivity at a C2Hq partial pressures ~ 1 atm and
35 °C in Pebax (blue), Pebax+2.50D2KI-Ag (red), and Pebax+2.50D2K2-Ag (green). For
reference, the C2H4/C2Hs Upper bound is plotted®. Circles are used for pure gas data, squares are
used for mixed gas with a feed composition of ~50 % mol C2H4 and 50 % mol C:Hs, and triangles
are used for mixed gas with a feed composition of ~20% mol C2Hy4 and 80% mol C2He.

To study the effects of different capping agents in mixed gas conditions, Pebax, Pebax+2.50D2K1-
Ag and Pebax+2.50D2K2-Ag were tested for CO2/CH4 and C2H4/C2He mixed gas separation, at
partial pressures of CO2 and C2H4 around 1 atm at 35 °C (cf. Figure 23). In the case of CO2/CHa,
typically gas compositions of natural gas do not exceed 10 % CO2 by molar amount, however, to
test our materials under a more extreme condition, a 50% mole CO2/ 50% mole CH4 feed mixture
was considered. In this condition, indeed, it is possible to assess the effects of CO2 induced
swelling and plasticization. In each case, minor changes in CO2 permeability (within 6%) and
noticeable decreases in CO2/CHa4 selectivity were observed, for both Pebax+2.50D2K1-Ag and

Pebax+2.50D2K2-Ag, relative to pure-gas conditions. For example, Pebax+2.50D2K1-Ag
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showed a mixed gas CO2/CHs selectivity of 16.5, from >20 under pure gas conditions. This
behavior could be ascribed to polymer swelling, which, in turn, enhances the diffusion of the
largest component (i.e., CHs) in mixed gas conditions.*®

In contrast, in the case of C2H4/C2Hs, no significant changes were observed in C2H4 permeability
and C2H4/C2He selectivity among pure gas and mixed gas samples. This result is consistent with
previously reported mixed gas data in neat Pebax.!’* Despite C2H4 and C:Hs being larger gas
species than COz2, they sorb to a much smaller extent in our materials relative to CO2, which
justifies the drop in CO2/CHa selectivity under mixed gas conditions.?*** These differences in gas-
polymer interactions are quantitated in Figure 15B through the enthalpy of sorption. For example,
the enthalpy of sorption for CO2 was found to be ~15 kJ/mol, while only ~10 kJ/mol for either
C2H4 or CoHe. Ultimately, this leads to higher CO2 sorption relative to either C2H4 or C2He in these
materials. Additionally, CO:z interactions with ether and amide groups could be interfering in
hydrogen bonding between adjacent polymer chains, thus leading to the observed loss in mixed

gas CO2/CHjs selectivity.”>!17® For both these reasons, it is not surprising that CO2 would result in

plasticization effects on selectivity more so than either C2H4 or C2Hg in these materials.

3.5. Conclusions

In this Chapter, it was demonstrated how theoretical modeling and fundamental interpretation of
the experimental data can be used to optimize functional materials design. Specifically, we
investigated the use of PAA stabilized Ag NPs in Pebax 1657 to enhance gas separation
performance, particularly for CO2/CHa and C2H4/C:Hs separations. To do so, a hypothesis-driven
approach was used to optimize the nanoparticle design, focusing on analyzing the synergistic

effects of both silver weight loading and PAA molecular weight.
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Energetics of transport analysis, including the breakdown of the overall activation energy, as well
as identification of the energetic and entropic contribution to diffusivity selectivity, was used to
pinpoint the dominating factors that regulate overall selectivity. The results showed that higher
loadings of the “generation 1” OD2K 1-Ag particles initially improved permeability and selectivity,
which are most aptly associated with facilitated transport, but eventually showed declines in the
trend between selectivity and silver content. To address these limitations, a novel shorter-chain
capping agent (OD2K2) was developed, which minimized matrix disruptions, allowing for
enhanced or sustained selectivity at higher NP loadings.

These findings underscore the importance of hypothesis-driven NP optimization to enhance the
design of MMMs and facilitated transport materials. Stability assessments under hydrogen
exposure further highlighted the need for precise control over capping agent characteristics to
improve resistance to chemical reduction, whilst mixed gas results showed, in most cases, little
change relative to pure-gas (i.e., ideal) results. The proposed approach provides a pathway to

engineering more robust and efficient membranes tailored for specific gas separation applications.
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Chapter 4. Revisiting experimental techniques and theoretical models for estimating the

solubility parameter of rubbery and glassy polymer membranes™***

4.1. Abstract

This chapter focuses on the current estimation and correlation techniques of the Hildebrand
solubility parameter (§) of polymers and small molecules is a common practice in membrane
material science and is accomplished by experimental and numerical routes. This chapter is meant
to complement Chapters 2 and 3, as this information was crucial in helping design an appropriate
liquid-liquid extraction protocol for the synthesized silver nanoparticles (cf. Figure 6). In this
chapter, we revisit, update, and compare both routes to enhance the accuracy in the determination
of §. Best practices for the experimental determination of polymer solubility parameters are
provided, and the viability of Dynamic Light Scattering (DLS) was demonstrated as an alternative
to conventional time- and material-consuming techniques, such as Ubbelohde viscometry and
swelling measurements. Glassy and rubbery polymers, including a microporous polymers, PIM-1,
and a high fractional free volume (FFV) polymer, poly(1-trimethylsilyl-1-propyne) (PTMSP), are
among the samples included in this study with great relevance to membrane science. In an attempt
to enhance the accuracy of numerical estimate of polymer solubility parameters via the group
contribution method, we provide updated group contribution parameters, along with their
uncertainty, according to the technique recently reported by Smith et al. These updated group
contribution parameters result in a mean absolute relative error of 9.0% in predicting the solubility

parameter on a test set of 40 polymers, which is on par with the average 10% error reported

*##*Reproduced, with permission from Webb, et al.!?’
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previously.

We also show, using machine learning techniques, that augmenting the group contribution model
with extra parameters or non-linear relationships does not improve its accuracy. Results of the
updated group contribution technique and dynamic light scattering measurements were compared
to experimental viscometry on four test polymers, and the difference between the three techniques

is compared.

4.2. Introduction
The Hildebrand solubility parameter, §, is used to predict and correlate miscibility among

177-180

substances, including low molecular weight compounds and polymers, and is used in

183,184 77

practical applications such as coatings,'8""!8? drug delivery, material formulation,!”” and
membrane separations.!’%!85-18% A general rule-of-thumb is that the solubility parameter of a good
solvent should depart by no more than + 2 MPa’° from that of the polymer!®’. It is well known
that the sorption of gases and liquids in polymers decreases linearly with the squared difference
between the penetrant and polymer solubility parameters.'”® Due to this, liquid solvent flux through
organic solvent nanofiltration (OSN) and organic solvent reverse osmosis (OSRO) membranes
exhibits systematic correlations with the polymer and penetrant solubility parameters, 76185186189
Burgal et al. found a strong correlation between the molecular-weight cutoff of nanofiltration
membranes and the solubility parameter of solvents used in the post-fabrication treatment.'3® The
solubility parameter was also used to rationalize negative retention behavior in OSN
experiments.'®” These examples indicate that knowing the solubility parameters with sufficient

accuracy is essential to develop structure-property correlations in membrane material science.

The solubility parameter of a pure species i is defined as follows:
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8§ = /% (Eq. 25)

where E,; and 1}, are the cohesive energy and the molar volume of the pure species i, respectively.
The & values are normally provided at 298.15K. The solubility parameter of small molecules
correlates directly with their enthalpy of vaporization and molar volume (cf. Eq. 26), both of which
can be experimentally measured'®!:

AHygqp—RT
Vm

5= (Eq. 26)

where AH,,,, is the molar enthalpy of vaporization, R is the ideal gas constant, and T is the absolute
temperature at which enthalpy is measured. Polymers, however, do not have a measurable enthalpy
of vaporization, so indirect methods have been developed to estimate their solubility parameter.

The two conventional experimental and modeling approaches used to estimate the solubility
parameter of polymers are solvent-polymer interaction experiments (e.g., viscometry,’® swelling
measurements'®>!°%) and extrapolation of small molecule data through group contribution

methods,”!

respectively. Experimental methods, while providing a direct measure of the solubility
parameter, can be time consuming. In contrast, theoretical techniques offer a more efficient
approach for predicting solubility parameters. In recent years, machine learning (ML) techniques
have been used to predict material properties, which use large datasets to accurately predict glass
transition temperature (Tg), solubility parameter, and density, just to mention a few.!**

In this study, we introduce the use of dynamic light scattering (DLS) as a new, rapid experimental
route to measure the solubility parameter of polymers. Of equal importance, we updated the
solubility parameter group contribution values to be consistent with recent improvements in van

der Waals volume estimates!®> while providing, for the first time, the analytical error associated to

each contribution. This Chapter seeks to enhance the accuracy of solubility parameter
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measurements, enabling the formulation of more reliable structure-property correlations in
membrane science. Thus, this paper will i) verify and compare experimental and theoretical
approaches using both well-studied (polyvinylpyrrolidone) and newly synthesized (ODA4K)
polymers, and ii) extend the proposed approach to relevant polymers used in membrane science,
including polymer of intrinsic microporosity (PIM-1) and poly(1-trimethylsilyl-1-propyne)

(PTMSP).

4.3. Experimental Methods

4.3.1. Intrinsic Viscosity and Dynamic Light Scattering Measurements

Details about chemicals and polymers used in this study are provided in the Sections C1-C3.
Intrinsic viscosity of four polymers, polyvinylpyrrolidone (PVP), OD4K, PTMSP, and PIM-1
(Section C3), was measured in a variety of solvents using Ubbelohde viscometers. Additionally,
the hydrodynamic diameter (Dn) of PVP, OD4K, PTMSP, and PIM-1 in a variety of solvents was
measured using dynamic light scattering. Both the intrinsic viscosity and hydrodynamic diameter
for each polymer was plotted against the solvent solubility parameter, to elucidate any correlation.
Experimental data was elaborated using the method outlined by Mangaraj®’ (cf. Sections C4 and
C5), to accurately determine the solubility parameter value of each polymer. Details about intrinsic
viscosity and hydrodynamic diameter measurements are provided in the Sections C6 and C7,

respectively. For the sake of brevity, PTMSP data are shown in Section C8.

4.3.2. Group Contribution Method and Machine Learning

The group contribution technique defines the solubility parameter, §, as follows:

§ = 2=l (Eq. 27)

Vw
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where F; is the contribution of each functional group in the molecule to the total molar attractive
force, the sum of which is normalized by the molecule’s van der Waals volume (V). In this
Chapter, Vy, is calculated using contributions from each functional group (VW,i), along with the
overlap volume (Voverlap' j) between neighboring functional groups, as described by Wu et al. (cf.

Eq. 28), to increase the accuracy of the volume predictions and, by extension, the group

contribution values.'®?

Vw = 2?:1 VW,i - 271:1 Voverlap,j (Eq. 28)

This specific method is then used to compare viscometry and DLS techniques, while
simultaneously providing updated molar attractive force contribution fittings. The updated group
contribution fittings can be found in Section C9, along with example calculations (cf. Section C10),
as well as the optimization strategy and error estimation (cf. Section C11). Details about the

machine learning model are provided in Section C12.

4.4. Results and Discussion

4.4.1. Intrinsic Viscosity and Dynamic Light Scattering Measurements

Intrinsic viscosity, as well as swelling measurements, are commonly used to study polymer
interactions with solvents and determine their molecular weight.'*! The solvent in which a polymer
attains the largest intrinsic viscosity normally exhibits a solubility parameter closest to that of the
polymer. As the solubility parameter of the solvent deviates from that of the polymer, interactions
between the polymer and solvent become unfavorable, causing polymer chains to become more

coiled and compact. This well-documented technique’®!%31%

was used to estimate the solubility
parameter of our baseline polymer, PVP, whose properties have been reported previously.'”” PVP

exhibited the highest intrinsic viscosity (i.e., 0.433 dL/g) in acetonitrile (24.4 MPa’?) (cf. Figure

24A). Fitting the information from Figure 24 to Eq. C5 and constructing the corresponding
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Mangaraj plot (cf. Figure 11B), results in the fitted theoretical maximum intrinsic viscosity
(Mint.max) value of 0.435 dL/g, which provides, for PVP, a solubility parameter of 24.1 + 0.39
MPa’?, Since a limited number of solvents was used for the experimental campaign, locating the
position of the true maximum for the intrinsic viscosity as a function of the solvent solubility
parameter may be somehow arbitrary and lead to significant errors. In contrast to just using the
maximum from Figure 24A, the Mangaraj method (cf. Sections C4 and C5) can suggest polymer
solubility parameters intermediate to those of the solvents used, serving as a recommended method

for a reliable data elaboration.
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Figure 24: A) Intrinsic viscosity of PVP as a function of the solvent solubility parameter at 25°C
(lines serve to guide the eye). B) Intrinsic viscosities are used to generate the Mangaraj plot, where
¢ is plotted as a function of solvent solubility parameter for PVP. C) Intensity average diameter
of PVP, obtained from DLS measurements, as a function of the solvent solubility parameter at 25
°C (lines serve to guide the eye). D) Intensity average diameters are used to generate the Mangaraj
plot, where @' is plotted as a function of solvent solubility parameter for PVP. The linear best fit
line for both plots in B {2.6x — 63.5, R = 0.97} and D {y = 7.6x — 183.9, R’ = 0.92} are shown.
Uncertainty values were calculated through repeated measurements (A and C) and linear error
propagation (B and D).

The experimental route mentioned above, however, requires viscosity data in numerous solvents
at various concentrations, and therefore it is time and material consuming, which may be
problematic when working with non-commercial, expensive polymers. Dynamic light scattering
may offer a quicker route while consuming less material. DLS can indirectly provide information
about solubility parameters by measuring the size of polymers in different solvents. Analogous to
viscometry techniques, the solvent in which a polymer attains the maximum hydrodynamic
diameter (i.e., maximum swelling), has a solubility parameter closest to that of the polymer. To
test the applicability of DLS in this scenario, the solubility parameter of PVP, as estimated from
the intrinsic viscosity (~24.1 MPa’3), was compared to that estimated using DLS (cf. Figure 24C).
PVP experienced a maximum swelling (i.e., hydrodynamic size ~35.4 nm) in butanol (23.2
MPa®?), which aligns well with the values previously reported in the literature (i.e., 22.2 — 26.3
MP2?3)!98-200 estimated by various group contribution methods. The Mangaraj analysis (cf. Figure
24D) provides, for PVP, a solubility parameter equal to 24.1 = 0.27 MPa"® (D, ax = 36.9 nm).
The excellent agreement between the two approaches, depicted for the case of PVP, serves to
validate the use of DLS for this purpose.

The proposed approach was then used to estimate the intrinsic viscosity and hydrodynamic
diameter for OD4K, a newly synthesized poly(amic acid),’® as a test case. According to Ubbelohde

viscosity measurements, this polymer experiences the greatest intrinsic viscosity (0.268 dL/g) in

80



CHCls (19 MPa®?) (cf. Figure 25A). The Mangaraj fitting (cf. Figure 25B) yields an 0, max value

of 0.286 dL/g, with a corresponding solubility parameter of 18.6 = 0.07 MPa’. This value was

then compared to the DLS approach. OD4K experienced a maximum swelling (i.e., hydrodynamic

diameter ~2.5 nm) in acetone (19.9 MPa"°) (cf. Figure 25C). Using the Mangaraj fitting (cf. Figure

25D), Dp, 1may 1s estimated to be 2.52 nm, with a corresponding solubility parameter of 19.9 £ 0.08

MPa’?, As in the case of PVP, the solubility parameter of OD4K found using DLS and viscometry

are in close agreement, specifically, within 8% of one another.
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Figure 25: A) Intrinsic viscosity of OD4K as a function of the solvent solubility parameter at 25°C
(lines serve to guide the eye). B) Intrinsic viscosities are used to generate the Mangaraj plot, where
¢ is plotted as a function of solvent solubility parameter for OD4K. C) Intensity average diameter
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of OD4K, measured via DLS, as a function of the solvent solubility parameter at 25°C (lines serve
to guide the eye). D) Intensity average diameters are used to generate the Mangaraj plot, where
@' is plotted as a function of solvent solubility parameter for OD4K. The linear best fit line for
both plots B {y = 7.8x -145.2, R’ = 0.98} and plot D {y = 20.2x — 401.7, R?> = 0.94} are shown.
Uncertainty values were calculated through repeated measurements (A and C) and linear error
propagation (B and D).

PIM-1, a high T¢ (> 430 °C)*!, high FFV (28.5 £ 0.5%, calculated using density)?*> microporous
polymer, was included in this study (cf. Figure 26) to further assess the validity of the newly
proposed methodology. Specifically, PIM-1 was selected for being a material of great interest in
membrane science. PIM-1 exhibits the highest intrinsic viscosity (0.646 dL/g) in CHCIz (19.0
MPa®%?) (cf. Figure 26A). Fitting the viscometry data to the Mangaraj plot (cf. Figure 26B) provides
a solubility parameter of 19.6 + 0.09 MPa’° with a fitted maximum intrinsic viscosity of 0.772
dL/g. Likewise, the DLS data for PIM-1 (cf. Figure 26C) exhibits a trend identical to the intrinsic
viscosity measurements, with the polymer attaining the largest hydrodynamic diameter (40.7 nm)
in CHCIs. The Mangaraj fitting on the DLS data for PIM-1 (cf. Figure 26D) yields a solubility
parameter of 19.5 £ 0.19 MPa®> with a fitted maximum hydrodynamic diameter of 42.3 nm.

Remarkably, also in the case of PIM-1 the agreement between viscometry and DLS data is

excellent.
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Figure 26: A) Intrinsic viscosity of PIM-1 as a function of the solvent solubility parameter at 25°C
(lines serve to guide the eye). B) Intrinsic viscosities are used to generate the Mangaraj plot, where
¢ is plotted as a function of solvent solubility parameter for PIM-1. C) Intensity average diameter
of PIM-1, measured via DLS, as a function of the solvent solubility parameter at 25°C (lines serve
to guide the eye). D) Intensity average diameters are used to generate the Mangaraj plot, where
@' is plotted as a function of solvent solubility parameter for PIM-1. The linear best fit line for
both plots B {y = 11.7x -229.8, R* = 0.90} and plot D {y = 9.4x — 182.5, R’ = 0.86} are shown.
Uncertainty values were calculated through repeated measurements (A and C) and linear error
propagation (B and D).

Intrinsic viscosities and hydrodynamic diameters for PIM-1 in tetrahydrofuran (THF) (19.4
MPa’?) tend to somehow negatively deviate from the generally observed trend (cf. Figure 26B-
D). These deviations are ascribed to the presence of trace water in the solvent, as it was observed
that the measured hydrodynamic diameter for PIM-1 increases in size by 25.7% when using
HPLC-grade THF relative to the hydrodynamic diameter obtained when using non-HPLC grade
THF. This deviation does not appear to affect the accuracy of the fitting, though. Indeed, the
obtained solubility parameter value for PIM-1 (19.5 MPa%’) agrees with previously reported
experimental values (19.0 MPa%® 2% 19.5 MPa’°)?*. Also in the case of PTMSP, another high
Te,2 high FFV polymer’® a very good agreement between viscometry and DLS data was
observed. For the sake of brevity, PTMSP results are shown in the Section C8. Thus, the

experimental techniques presented in this study can be successfully used to determine the solubility
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parameters of modern membrane materials exhibiting rigid, bulky, and contorted monomer

structures, other than rubbery polymers and low free volume glassy polymers.

4.4.2. Revisiting the Group Contribution Method

As stated earlier, the overarching goal of this study is to provide methods for fast, accurate, and
reliable estimates of polymer solubility parameters. In the previous section, we proposed a new
experimental method to accomplish this goal. Another important question is: can group
contribution method validate DLS measurements as a technique to estimate the solubility
parameter? In this section, we answer this question by first updating group contribution
parameters and then comparing the predictions made by these new parameters to the experimental
data shown in Section 4.4.1. Finally, a neural network was used to test whether improvements may
be made to the prediction of solubility parameters when given the same set of data as the group
contribution model. The aim of implementing the neural network herein is to use it as a tool to
probe if augmentations to the group contribution techniques could be made. If there is a better way
to correlate the molar volume and functional group identity than group contribution, the neural
network should per se have a significantly lower prediction error than the group contribution
technique. This is due to the neural network containing more adjustable parameters than group
contribution (which uses one parameter per functional group) and having capability to approximate

complex non-linear relationships.?"’
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Figure 27: Parity plot of predicted vs. measured polymer 6, in units of MPa">. Red symbols are
group contribution predictions, green symbols are neural network predictions, and yellow
symbols are predictions from the Polymer Genome Project.’** Polymer genome is the state-of-
the-art machine learning tool, therefore it is reported separately. Purple symbols indicate group

contribution predictions of PVP, OD4K, PTMSP, and PIM-1 versus the solubility parameter
determined experimentally in this work.

Experimentally determined solubility parameters of 40 polymers (cf. Section C13) were taken
from a variety of literature sources and used to validate the group contribution and neural network
performance.'”!?% Using the updated group contribution parameters, a mean absolute relative
error (MARE) of 9.0% was achieved on the polymer dataset (cf. Figure 27 and Table C4), which
is in line with the error of previous group contribution estimates.!! Thus, using the higher accuracy
molar volume predictions provided by Wu et al.!®® did not result in improved solubility parameter
predictions.

Predicted and measured solubility parameter values from both group contribution and the neural
network are compared in Figure 27. Both techniques gave similar predictions, and the MARE of
the group contribution (9%) and neural network (10.3%) are nearly identical. Highly polar
polymers, such as poly(cyanomethyl acrylate), PVA, and Nylon (6,6) tend to deviate from the

parity line (16-18% error, cf. Figure 27), while predictions for nonpolar polymers, such as
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poly(methyl octyl siloxane), polyisobutylene, and PDMS (1% error), tend to be more accurate.
This could be interpreted as error increasing with the magnitude of the solubility parameter itself,
as polar molecules tend to have larger solubility parameters than nonpolar ones. Thus, the
solubility parameter of polar polymers should possibly be determined experimentally to achieve
adequate accuracy, for example via viscometry or DLS measurements.

An important implication of this modeling effort is that the neural network and the group
contribution solubility parameter predictions do not differ significantly (cf. Figure 27, Table C4).
This finding suggests that group contribution performs optimally in the case of extrapolating a set
of small molecule solubility parameters to polymers, and that augmentation to the group
contribution technique (via new correlations between base functional groups) would not further
improve its accuracy. Further discussion about the insights gained from the machine learning
model can be found in Section C14. Also, it should be noted that machine-learning models in
materials science, such as the Polymer Genome Project,'** use information beyond just functional
groups, such as topological polar surface area, van der Waals surface area, and other quantitative
structure-property parameters. Consistently, Polymer Genome outperforms group contribution
when making polymer solubility parameter predictions (MARE = 5.8%, cf. Figure 27 and Table
C4). Therefore, if future improvements to group contribution models are to come, they will likely
require additional types of information such as the ones used in Polymer Genome. Thus, it makes
sense that the group contribution technique has not seen much improvement since its inception.
Despite this shortcoming, the group contribution technique has remained a prevalent method for

estimating polymer solubility parameters due to its acceptable performance and ease-of-use.

4.4.3. Comparison of Experimental and Numerical Results
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Comparisons of viscometry, DLS, and group contribution in obtaining the solubility parameters of
PVP, OD4K, PTMSP, and PIM-1 are shown in Table 5. For PVP, estimates from the three
techniques are within error of each other. Of note, DLS and viscometry gave exactly equal values
of PVP’s solubility parameter. The solubility parameter of OD4K estimated from all three
techniques exhibit a larger spread, with a difference among estimates close to 10%. For PIM-1 and
PTMSP, numerical estimates exhibit larger deviations from the experimentally measured values,
with group contribution predicting 23.36 + 0.68 MPa’~ for PIM-1 (19.2% error) and 14.24 + 0.55
MPa’° for PTMSP (18.6% error). These deviations underpin the need for more experimentally
determined solubility parameters of modern microporous membrane materials, such that more
accurate predictive models can be constructed. A more detailed discussion regarding the origin of
these deviations and the performance of the group contribution and machine learning models in
predicting the solubility parameters of polyimides, another class of polymers relevant to membrane
science, is provided in Section CS8.

Table 6: Summary of PVP. OD4K, PIM-1, and PTMSP solubility parameters in units of MPa’>.
The solubility parameter for OD4K, PVP, PIM-1, and PTMSP was estimated using the Mangaraj

analysis of experimental viscometry and DLS data. Solubility parameters estimated using the
updated group contribution method (cf. Eq. 12) have also been included.

polymer viscometry method DLS method group contribution
PVP 24.1+0.39 24.1+0.27 23.6+0.29
OD4K 18.6 +0.07 19.9 +0.08 19.7+£0.27
PIM-1 19.6 + 0.09 19.5+0.19 23.36 £0.68
PTMSP 17.8+0.15 17.5+0.14 14.24 £0.55

Interestingly, the maximum relative error in the solubility parameters determined using DLS and
viscometry was 8.1%, which is close to the group contribution technique’s MARE of 9.0%. Since
the group contribution technique was trained on experimental data, it is not unreasonable to assign

an expected error of approximately + 10% for both experimental measurements and group
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contribution. This magnitude of error may at first appear to disagree with the error bars listed in
Table 6, which show a relative error below 2%. However, this result no longer appears
contradictory when considering that the error bars from both experimental measurements and
group contribution better reflect the solubility parameter’s precision rather than its accuracy. That
is, the error bars reflect the range of expected solubility parameters that would be estimated if
viscometry or DLS experiments were to be repeated multiple times, not what the estimates are
with respect to the true solubility parameter. These error bars do not reflect inherent errors such as

instrumental bias, human error, and other systematic errors.

4.5. Conclusions

In this Chapter, dynamic light scattering, viscometry experiments, and numerical polymer
solubility parameter estimation techniques were compared, discussed, and updated. First, we
presented viscometry measurements to ensure reliable assessment of the polymer solubility
parameter. Then, DLS was validated as an alternative experimental technique for a rapid estimation
of polymer solubility parameters relative to Ubbelohde viscometry and swelling measurements,
while still maintaining adequate accuracy. Also, a data elaboration procedure, based on the
Mangaraj’s method, was validated to achieve the best estimates from experimental measurements.
For numerical estimates of the polymer solubility parameter, updated group contribution
parameters featuring parameter uncertainties were provided, and group contribution was compared
to machine learning techniques. Both approaches performed similarly when fit to the same data,
suggesting that group contribution does not have room for augmentation unless additional
molecular-level data are incorporated. DLS and the updated group contribution technique provided
solubility parameter estimates of the test polymers (PVP, OD4K, PIM-1, and PTMSP) and were

compared with viscometry, an established technique. Additionally, insights are provided
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explaining why some classes of polymers are predicted more readily via group contribution, which
resides primarily in the presence of adequate training data. From a membrane science perspective,
having accurate solubility parameter estimates should, in principle, improve the self-consistency
of transport and fabrication correlations both within individual studies and in meta-analyses made

using large bodies of data from various researchers.
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Chapter 5. Summary and Recommendations for Future Research
5.1. Summary
This dissertation provides fundamental insight into the design, fabrication, and optimization of
facilitated transport films using silver nanoparticles. This project began with the rational design
and characterization of novel polymer capped silver nanoparticles using a polyether based
poly(amic-acid)s in an attempt to 1) stabilize the silver nanoparticles from long term aggregation
and photo/chemical induced degradation, 2) tune the surface of the nanoparticle to enhance gas
transport characteristics, and 3) provide a template for designing an interfacial bridge between
silver and Pebax 1657.
Chapter 2 focused on the specific routes taken towards synthesizing the materials used in regard
to facilitated transport. Subsequently, this Chapter provided key characterizations that highlight
differences in poly(amic-acid) ether content, which may be used to rationalize the difference in
performance, in terms of gas transport. It was also shown that defect-free composite materials
were achieved using silver nanoparticles of around 5 nm in equivalent diameter, as chosen to
boost the active silver surface area per weight loading. It was observed that using just 2 wt% of
OD2K-Ag (OD2K1-Ag) increased overall CO2/CH4 selectivity by nearly 100%.
Chapter 3 built on Chapter 2 by exploring the possibility of utilizing higher weight loadings of
silver nanoparticles for even larger enhancements in gas selectivity, and subsequently using these
results to optimize the performance through tuning of the particle capping agent. In this Chapter,
the individual components of sorption and diffusion were investigated, and a molecular and
energetic understanding was achieved for the mechanism responsible for the permeability and
selectivity. Chapter 3 worked to develop in-depth structure-property relationships connecting the

origin of transport to changes in bulk properties, such as the polymer crystallinity. In turn, these
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connections were used to make predictions about which particle parameter to tune for the benefit
of gas selectivity, thus proving the technique and optimization pathway. Additionally, this
Chapter illustrated, in the case of C2H4/C2He, negligible changes between pure and mixed gas
conditions, thus, highlighting the capability of these materials to be use in more “realistic”
applications.

Chapter 4 further strengthened this work by establishing important connections to procedures
identified, cultivated, and used for the purification and isolation of silver nanoparticles during the
experimental synthesis and fabrication process. As justification for the liquid-liquid extraction
used to obtain the final silver nanoparticles, (prior to being embedded into Pebax) the solubility
parameter was estimated using group contribution, dynamic light scattering (DLS), intrinsic
viscosity measurements, and machine learning. In relation to these measurements and the
justification they provide, Chapter 4 explored the application of DLS as a novel route to estimate
key solubility parameters pertaining to polymers, which can be useful in predicting sorption-
selectivity, as well as for the modeling of specific polymer-penetrant systems using equations of
state. DLS was shown to provide an alternative experimental approach to estimating the
solubility parameter, which, compared to prior experimental techniques, can be less time and
material intensive.

This work was supported by an NSF grant. The content of this dissertation, findings, conclusions
and recommendations are those of the author(s) and do not necessarily reflect the views of the

National Science Foundation.

5.2. Future Work
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This research provides a certain level into the fundamental understanding of how silver
nanoparticles can be apply and used in the context of facilitated transport membranes. As in any
research project that embraces a general topic, there are still many routes that need to be explored

and many questions to be answered.

Despite overcoming the perm-selectivity tradeoff and performing well under mixed-gas
conditions, as well as successfully forming defect free materials, the silver nanoparticles exhibited
loss in performance upon exposure to hydrogen gas. To fully understand the origin of this effect,
there are several aspects that must be explored.

Firstly, to address the issue of chemical stability, techniques such as x-ray photoelectron
spectroscopy (XPS) could be employed to study changes in the oxidation states of the silver
nanoparticles as a result of the chelation process, as well as after the exposure to reducing agents,
such as hydrogen. Alternatively, coupling this technique with surface modification strategies
should be investigated to improve nanoparticle resilience and optimize the particle grafting agent.
For example, using additional types of stabilizers such as thiols or amines, could reveal superior
stability of silver nanoparticles as well as boosting overall selectivity.

Not only can we attempt to probe electronic responsibility for chemical stability, but also physical
features, such as the specific facets of the silver nanoparticle which are most likely being affected,
as well as the effect of the polymer grafting density on providing a physical layer of protection. To
gain a deeper mechanistic understanding of the transport pathways and particle reactivity,
molecular dynamics simulations should be attempted to model gas diffusion and interaction at the
nanoparticle surface, to characterize the effect that the grafting density of the capping agent, as

well as any adsorbed polymer chains have on the mobility and reactivity of gases at the surface.
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To characterize these local transport behaviors experimentally, pulse field gradient nuclear
magnetic resonance spectroscopy could be considered.

Lastly, once stability can be properly addressed, arranging these materials in industrial relevant
configurations is crucial. The formation of thin film composites, whose active membrane thickness
is less then 1000 nm, can exhibit differences in chemical stability as when compared to a bulk
material due to a confinement of particles near the surface of the material. Additionally, gas

transport properties could differ slightly due to this confinement effect as well.
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Appendix A
Al. Group Contribution Method Calculation for Polymer Solubility Parameter

The poly(amic-acid) solubility parameter, &, can be estimated using a group contribution method:

5= _ZZ”VF (Eq. Al)

Where F; is the molar attraction constant for each chemical group found in the molecule, n; is the
number of those groups, and YV; is total molar volume.!”” As an example, we use the repeating

unit for the polymer OD2K1.

_ o o _
OH HO
N N
N
O - 0 N~
33
L 0 Hy O .

Hs

Qlln

Figure Al: Repeating chemical unit for the poly(amic-acid) OD2K, where n represents the
number of repeating units within the polymer.

The total molar volume is found by adding the Van der Waals volume contributions of individual

molecule fragments, tabulated by Wu et al., V,, ;, while subtracting the overlapping volumes for

the bonds between each fragment, Vyyeriap .

Vi = ZniVW,i - an Voverlap,j (Eq. A2)

Table Al: Summary of van der Waals volume contributions.'® Listed is each chemical structure
in the polymer, their respective van der Waals Volume contribution, and the number of structures
found in the repeating unit. (cf. Figure A1)

Structure Vw,i (cm® mol™) ni
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{(COOH) 21.6 2

-(CONH)- 22.05 2
Aromatic Ring 45.48 2
-O- 8.51 34
-CH2- 13.92 34
-CH- 14.63 34
CHs- 13.15 34

cm?

cm3
2Vwi = (2) (21.6 mol) +(2) (22.05 @) 4o

cm?

Vi = 18854
Z w,l mOl

Table A2: Summary of overlapping volumes contributions.” Listed is each volume overlap
found between chemical groups within the polymer, their respective overlapping volume
contribution, and the number of each contributing structure (cf. Figure Al).

Structure Voverlap,j (cm? mol) n;
Aromatic Ring-O 4.091 2
Aromatic Ring-C 4.688 4

C-C 4.614 68
C-O0 3.877 66
C-N 4.018 2

cm?

cm3
ZVoverlap,j = (2) <4-091 mol) + (4) (4.688 ﬁ) + ...

cm3
Zvoverlap,j = 6046@

The total van der Waals volume is as follows:
cm?3
XV = Znin,i - anVoverlap,j = 12808%

The total molar attraction constant calculated was based on functional group values compatible

with the molar volume method.'?’

Table A3: Summary of molar attraction constant contributions. Listed is each chemical structure
in the polymer, their respective molar attraction constant contributions, and the number of
structures found in the repeating unit (cf. Figure Al).
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Structure Fi (MPa"s cm® mol™) -

-(COOH) 597.1
-(CONH)- 698.6
Aromatic Ring 900
-O- 148.7
-CH- 161.9
-CH- 156.1
CH:- 166
MPa®> cm?3 MPa®%> cm?3
nF;=2){5971——— |+ (2)| 698.6 — | + -
| Al A
mol mol
F, = 25899, MP2>° e
xnk = : 7
The solubility parameter is:
MPa®>cm3
5 (Zmﬂ-) ~ <25899.8 —T )
= —) = -
2Vi <1280.8 ﬂ)
mol

§ =20.2 +0.26 MPa®5 (OD2K)

For OD4K1, a similar calculation provides the following result:

§ =19.7 + 0.27 MPa®% (OD4K)
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A2. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)
Results between 1500 and 1900 cm™' wavenumber from ATR-FTIR, used to characterize
differences between D2K, D4K, OD2K, OD4K, OD2K-Ag, and OD4K-Ag, are shown in the main

manuscript (cf. Figure 3 and Figure 5). The entire recorded spectra, between 400 to 4000 cm’!

wavenumbers, are shown below.
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Figure A2: A) ATR-FTIR spectra of the synthesized OD2K sample compared with the ODPA and
D2K reactants, between 400 and 4000 cm™ wavenumbers. B) ATR-FTIR spectra of the

synthesized OD4K sample compared with the ODPA and D4K reactants, between 400 and 4000
cm! wavenumbers.
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Figure A3: A) ATR-FTIR of OD2K and the silver nanoparticles stabilized by OD2K (OD2K-Ag)
between 400 and 4000 cm™ wavenumbers. B) ATR-FTIR of OD4K and the silver nanoparticles
stabilized by OD4K (OD4K-Ag) between 400 and 4000 cm™ wavenumbers.
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A3. Inherent and Reduced Polymer Viscosity

The intrinsic viscosity (1;,,¢) Was calculated by the average of the following two equations?®:

. . t—t
Nint = lcl_r)% Nrea =lim—> (Eq. A3)

c—0 cty

In(t)-In(ty)
c

Nine = liM N, =1lim (Eq. A4)
c-0 c-0
where t is the time the polymer solution takes to flow between the Ubbelohde viscometer ring
indicators, and t, is the corresponding time for the neat solvent to flow between the viscometer
ring indicators. The reduced viscosity (1,.4) and inherent viscosity (9;,,) of OD2K and OD4K
were measured at concentrations between 0.3 and 1 g dL! in CHCls at 35 °C. Each concentration
was tested five times to calculate the uncertainty. The limit for both the inherent and reduced
viscosity at a concentration of 0 g dL™! is defined at the intrinsic viscosity (dL g”!, cf. Figure A4).

The reported intrinsic viscosity was taken from the average limit of both lines, and was 0.232 +

0.001 g dL! and 0.255 + 0.001 g dL"! for OD2K and OD4K, respectively.
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Figure A4: Reduced (red) and inherent (blue) viscosity (dL g”!) for A) OD2K and B) OD4K as a
function of concentration (g dL™).

99



A4. Polymer Molecular Weight Distribution
The number average molecular weight for OD2K and OD4K were found via gel permeation

chromatography (GPC) and the following set of equations:

M, = ZahM Eq. A5
n — ZEiAi ( q' )
log(M;) = at; + B (Eq. A6)

where t; is the time, 4; is the absorption value at t;, M; is the molecular weight eluted at t;, t; is
the onset time of elution, t, is the elution end time, and M,, is the number average molecular
weight. @ and 8 are constants obtained from the linear regression of log(M,,) vs. t for polystyrene
standards, whose weight ranged from 1 to 500 kDa. The number average molecular weight of
OD2K and OD4K are 20800 =+ 4310 and 42800 =+ 8890 g mol!, respectively. The overall weight

distribution is shown in Figure AS.
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Figure AS: The weight fraction (w;) as a function of the logarithm of number average molecular
weight (Log(M,)) for A) OD2K and B) OD4K.
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AS. Thermogravimetric Analysis (TGA)

Results of thermogravimetric analysis for OD2K-Ag and OD4K-Ag are shown in chapter 1 of

this dissertation (cf. Figure 7). In Figure A6, the second derivative analysis is shown, which

helps precisely determine the temperature range of individual mass loss events.

Results of TGA analysis for the neat polymers, OD2K and ODA4K, are shown in Figure A7. The

second derivative analysis for the neat polymers is shown in Figure AS.
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Figure A6: TGA first (blue) and second (red) derivative analysis for weight% (W) with respect to
temperature (T). These are plotted as a function of temperature for A) OD2K-Ag and B) OD4K-
Ag between 28 and 800°C. Small mass losses below 200°C are attributed to residual solvents.
Subsequent mass loss starting after 300°C are attributed to polymer degradation. The remaining
mass after 800°C is from the silver core of the nanoparticles.
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Figure A7: TGA for the change in weight % (W) with respect to temperature (T). These are
plotted as a function of temperature for A) OD2K and B) OD4K between 28 and 800°C. Small
mass losses below 200°C are attributed to residual solvents. Subsequent mass losses after 200°C
are attributed to imidization of the amic-acid, followed by total polymer degradation.
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Figure A8: TGA first (blue) and second (red) derivative analysis for the change in weight % (W)
with respect to temperature (T). These are plotted as a function of temperature for A) OD2K and
B) OD4K between 28 and 800°C. Small mass losses below 200°C are attributed to residual
solvents. Subsequent mass losses after 200°C are attributed to imidization of the amic-acid,
followed by total polymer degradation.
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A6. Dynamic Light Scattering Measurements for Polymer Solubility Parameter

Dynamic light scattering (DLS) was used to measure the effective hydrodynamic diameter of
OD2K and OD4K in various solvents, in attempt to corroborate the solubility parameter calculated
using the group contribution method (cf. Section 1 in the Supporting Information). These
measurements were performed on a NanoBrook Series Particle Analyzer using backscattered
detection. Both polymers were tested 5 times at a concentration of ~0.5 mg/ml in (19 MPa’?)
chloroform, (19.4 MPa’?) tetrahydrofuran, (19.9 MPa’?) acetone, (20.2 MPa’®) dichloromethane,
(21.4 MPa®3) acetic acid, and (26.5 MPa’?) ethanol.?!? The effective diameter of OD2K and OD4K
was plotted as a function of the solvent solubility parameter. The maximum swelling for each
OD2K (1.7 nm) and OD4K (2.5 nm) was in acetone. Based on these results, the solubility

parameter of each polymer most likely resides between 19.4 and 21.4 MPa%3 21
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Figure A9: Effective diameters of OD2K (red) and OD4K (blue) plotted as a function of solvent
solubility parameters (lines are to guide the eyes).
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A7. Transport Measurements

A7.1. Gas Permeability

Pure gas (CH4 and CO2) permeability was measured at 1 bar and 35 °C using a constant volume
barometric device, wherein the membrane was situated between two large volumes, using a 47
mm HP filter holder. Prior to measurements, vacuum was pulled on the entire system for overnight
to remove any humidity or other sorbed species. Pressure was charged to the upstream side of the
membrane and measured using a PX-409-USHB series Omega pressure transducer (0-1000 psi).
Then, gas was allowed to permeate through the membrane to the downstream volume, where the
increase in pressure with time was measured using a highly sensitive PX-409-USHB series Omega
pressure transducer (0-260 torr). The permeability (P, in units of Barrers) was calculated as

follows:

p—lvdﬂ(d_p _a ) (Eq. A7)

ApART \dtgown  dtleak

where [ is the membrane thickness, 4 is the membrane area available to gas transport, R is the

universal gas constant, T is the absolute temperature, Ap is the average transmembrane pressure,

d . . . . d .
£ is the asymptotic rate of pressure increase in the downstream ballast, and == s the rate
dt down dt leak

of pressure increase in the downstream volume whilst the charge pressure is 0. Membranes were
glued with epoxy resin on a brass ring, and the passage area was accurately measured via the

Imagel software.

A7.2. Gas Solubility
Pure gas (CH4 and CO2) solubility was measured at 35 °C and up to 30 bar using the pressure decay

method. The system consists of two volumes connected via a valve, namely, the charge chamber
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and sample chamber. Both chambers are equipped with PX-409-USHB series Omega pressure
transducers (0-500 psi). The polymer sample is first added to the sampling chamber before pulling
vacuum on both chambers overnight. Gas pressure is added to the charge chamber and allowed to
equilibrate before quickly releasing it into the sampling chamber. The valve is then closed, thus
disconnecting the chambers until each chamber equilibrates. A subsequent pressure decay in the
sampling chamber is recorded, and the process is repeated in the next step without pulling vacuum.

The overall sorbed gas concentration in the polymer sample is the following:

Ppo j 1 1 14
Cporj = 5 2= (Zizo( ) ) (Eq. A8)

dpoldry VCO,i VCF,i VSF,]'

where py,,; is the polymer density, gy, 4ry is the dry polymer mass, j is the current pressure step,

V; is the sample chamber volume, V is the charge chamber volume, and V., Vg, Vg, are the gas
molar volumes (calculated using the Peng-Robinson equation of state) for the initial charge state
(prior to valve opening), final charge state, and final sample state, respectively. The solubility
coefficient for each gas was determined as the slope of the linear regression of at least 4
concentration points with pressure. Pure CO: isotherms are shown in Figure A10, where

concentration error is determined using standard linear error propagation.''*
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Figure A10: CO: sorption isotherms at 35 °C in Pebax, Pebax+20D2K-Ag, and
Pebax+20D4K-Ag as a function of pressure. Error bars are calculated using standard error
propagation.'’*

A7.3. Summary of Transport Results

A summary of data shown in Figure 9 is reported in Table A1. The table includes CO2 permeability,

solubility, and diffusivity for Pebax, Pebax+20D2K-Ag, and Pebax+20D4K-Ag, along with
selectivity data.
Table Ad4: Summary of Transport Data. Listed for each membrane is the CO2 Permeability

(Barrer), solubility (cm?(STP)/cm’(pol)/atm), and Diffusivity (X107 cm?/s), as well as the overall
CO2/CHj selectivity, solubility selectivity, and diffusivity selectivity at 1 atm and 35 °C.

CO2 CO2
— CO2/CHs  solubility COICHT S Sitrsivity. o o
Sample permeability . . 3 solubility 7 diffusivity
(Barrer) HER Gy (ORI selectivi AL selectivi
m3[pol]/atm) ty (cm?/s) ty
Neat Pebax 121.2+7.0 12.7+1.1 1.09 +0.02 5.41+£0.25 8.4+03 23+0.2

Pebax+20D2K-Ag 177.9+143 23427 1.11 +£0.01 5.43+0.07 122+0.2 43+0.5

Pebax+20D4K-Ag 183.1+144  26.6+6.9 1.18 £0.01 7.79 £0.14 11.8+0.9 34+09
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A8. Mixed Matrix Membrane Characterization
Thermogravimetric analysis of neat Pebax and mixed matrix membranes made from Pebax/OD2K-
Ag and Pebax/OD4K-Ag, can be found in Figure All. To precisely determine the temperature

range of individual mass loss events, first and second derivative analysis was used (cf. Figure

Al2).
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Figure A11: TGA for the change in weight % (W) with respect to temperature (T). These are
plotted as a function of temperature for A) Pebax, B) Pebax+20D2K-Ag, and c) Pebax+20D4K-
Ag between 25 and 800°C. Small mass losses below 200°C are attributed to absorbed species.
Subsequent mass losses after 200°C are attributed to polymer degradation. Residual mass above
600 °C is attributed to silver in Pebax+20D2K-Ag and Pebax-20D4KAg.

107



6E-4

u_----l''''|'---|----|---'|----|----|--II 8E-4 n_----l''''|'---|----|---'|----|----|--II
i i - 4E-4
~ -5E-2 |- ~— 4564 © -~ -5E2 | - Q
&) MO ]
T = 5 | 2
= o = o
= I 4 £ J 264
T B4 | —_— - 3E4 - T -EA[ — =
2 i g =2 2
b= S T 2
Q Q
I il | 0 =
2E1 | 0 -2E1 |
Pl o aaalaaaa e laaaalaaaal g, Caaaa ool aa laaaa b laaaalaaaalsai _2E_4
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)
0 _'"'I""I""I""I""I""I""I""_
- 5E-4
~ -5E-2 | - — Q
[&) ny
g ] =
52 =
= - 3E4
1 —
[ r
T -E1| -
= &
S Jd [
o 9
2E4 | ]
- -3E-4
aaaalaaaa ol aaalaaaalaaaalagig

0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure A12: TGA first (blue) and second (red) derivative analysis for the change in weight %
(W) with respect to temperature (T). These are plotted as a function of temperature for A) Pebax,
B) Pebax+20D2K-Ag, and C) Pebax+20D4K-Ag between 25 and 800°C. Small mass losses
below 200°C are attributed to absorbed species. Subsequent mass losses after 200°C are
attributed to polymer degradation. Residual mass above 600 °C is attributed to silver in
Pebax+20D2K-Ag and Pebax-20D4K-Ag.
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Appendix B

B1. Materials

4,4’-Oxydiphthalic anhydride (ODPA, 97 wt%), 3A molecular sieves, and Chloroform (CHCls,
HPLC grade) were purchased from Sigma-Aldrich. Tetrahydrofuran (THF, 99.8%), Ethylene
glycol (EG, 99.5%), and 200 Proof Ethanol (EtOH, 100%) were bought from Fischer Chemical.
Silver nitrate (AgNO3) and Methanol (MeOH, >99%) were purchased from Acros Organics.
Jeffamine D-2000 (D2K) was graciously donated by the Huntsman corporation, while Pebax 1657
was received from Arkema. The monomers used in the synthesis of the poly(amic-acid)s (PAAs),
i.e., D2K and OPDA, were dried at room temperature under vacuum for at least 24 hour before
use. The solvent used in the PAA synthesis, THF, was dried using 3A molecular sieves for at least
24 hours before use. All other chemicals were used as received. Ultrapure water with an in-line
resistivity of 18.2 MQ-cm, used throughout the study, was produced via a MilliQ7000 purification
system. Pure CH4, CO2, ethane (C2Hs), and ethylene (C2H4) were obtained from AirGas with a

purity higher than 99%.
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B2. Synthesis of Poly(amic-acid)s

First, Jeffamine D-2000 (D2K) (30.3 ml, 15 mmol) and 30 ml of THF were mixed at room
temperature in a 3-neck flask equipped with a mechanical stirrer. Following this step, the mixture
was cooled to 0 °C under a N2 purge, and ODPA (either 4.65 g, 15 mmol or 2.33 g, 7.5 mmol) was
added. Two separate PAAs were synthesized, one using a 1:1 molar ratio of D2K:ODPA (i.e.,
adding 4.65 g of ODPA), and other using a 2:1 molar ratio (i.e., adding 2.33 g of ODPA). PAAs
synthesized using a 1:1 molar ratio of D2K:ODPA are denoted as OD2K 1, whilst that synthesized
using a 2:1 molar ratio are written as OD2K2.

After 10 minutes, the resulting mixture was heated up to 30 °C under stirring for 3 hours. The
product was precipitated in a water-methanol (90/10 vol%) mixture, collected, and subsequently
washed using the same water-methanol mixture and filtered. The resulting PAAs (cf. Figure B1)
were dried under vacuum for 24 hours at room temperature before being stored in a chemical fridge
at~4 °C.

Q o

0

o
o a 0 [} <]
HoN CH
’ o ° ° obpa ° on o on
0, H H H
N N N CH;,
CH, " NHy o ) 0 0
4 H . n x
o] CHy CHy O o CH, NH;

Jeffamine D-2000 (D2K) THF Poly(amic-acid)

Figure B1: Reaction between D2K and ODPA for the synthesis of Poly(amic-acid)s (PAA)s in THF.
The resulting PAA structure is shown. X (which ~33) denotes the number of repeating segments
within each D2K molecule. n denotes the number of repeating segments within the overall PAA,
and is estimated to be ~9 and 2 for OD2K1 and OD2K?2, respectively, based on their molecular
weight, cf. Section B4.
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B3. Attenuated Total Reflectance Fourier Infrared Spectroscopy (ATR-FTIR)

OD2K1, OD2K2, OD2K1-Ag, OD2K2-Ag, Pebax, Pebax+2.50D2K1-Ag, Pebax+40D2K1-Ag,
Pebax+2.50D2K2-Ag, and Pebax+40OD2K2-Ag were analyzed using a Nicolet iSS0R Fourier
Transform Infrared Spectrometer (FT-IR) in the iS50 attenuated total reflectance (ATR) mode

using 64 scans with a resolution of 0.4821 cm. Results between 400 to 4000 cm™ wavenumbers,

are shown below.
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Figure B2: A) ATR-FTIR spectra of the synthesized OD2K1 and OD2K?2 samples, between 400
to 4000 cm™! wavenumbers. B) ATR-FTIR spectra of the synthesized OD2K1-Ag and OD2K2-Ag

silver nanoparticles stabilized by OD2K1 and OD2K2, respectively, between 400 to 4000 cm™!
wavenumbers.
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Figure B3: A) ATR-FTIR spectra of the fabricated Pebax+2.50D2K1-Ag and Pebax+40OD2K -

Ag membranes, compared to neat Pebax, between 400 to 4000 cm™ wavenumbers. B) ATR-FTIR

spectra of the fabricated Pebax+2.50D2K2-Ag and Pebax+40D2K2-Ag membranes, compared
to neat Pebax, between 400 to 4000 cm™ wavenumbers.
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B4. Intrinsic Viscosity Measurements

The intrinsic viscosity (1;,:) of the same batch of OD2K1 (previously called OD2K) used in this
study, with a molecular weight of 20,800 g/mol in CHCI; at 35 °C has been previously reported.>
Following the same technique, the intrinsic viscosity of OD2K2 was measured using a size 0C
Ubbelohde viscometer purchased from Cannon Instruments, calibrated with a viscometer constant
0f 0.003309 cSt/s?. Solutions of OD2K?2 in CHCI3 were prepared at concentrations that range from
0.4 — 1 g/dL and tested at 35 °C. The inherent (7;,;) and reduced (1,..q) viscosity were measured

at least 5 times at 4 different concentrations, and were calculated using the following equations:

t—to

Nyed = I (Eq- B1)

In(t)—In(ty)
Ninp = ———2 (Eq. B2)

C
Where t is the time the polymer solution takes to flow between the viscometer ring indicators, t,

is the corresponding time for the neat solvent to flow between the viscometer ring indicators, and

c is the polymer concentration in g/dL.
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Figure B4: Reduced (red) and inherent (blue) viscosity (dL/g) for OD2K2 as a function of
concentration (g/dL). The linear best fit line for both inherent viscosity {y = 0.0008x + 0.1943}
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and reduced viscosity {y = 0.0218x + 0.1936}. Error bars are calculated using linear error
propagation.

The intrinsic viscosity was determined to be the average value of both 7;,,;, and 1,..4, extrapolated
at a concentration of 0 g/dL, i.e., the y-intercept value. The intrinsic viscosity was used to
compared relative molecular sizes of OD2K1 and OD2K2. The reported intrinsic viscosity was
0.232 + 0.001 dL/g and 0.194 + 0.001 dL/g for OD2K1 and OD2K2, respectively. Using the
number average molecular weight and intrinsic viscosity of OD2K1 (20800 g/mol, 0.232 dL/g), as
well as a similarly structured poly(amic-acid), OD4K (42800 g/mol, 0.255 dL/g)*, the molecular
weight of OD2K2 was estimated using the following relationship. !4

Nine = KM (Eq. B3)
Where M is the polymer molecular weight in g/mol, and K and a are constants, which depend on
the particular polymer-solvent system. In the case of this two-point system, the values of K and a
are 0.131 (dL mol? /g*®) and 0.063, respectively. The estimated molecular weight of OD2K2 is

5310 + 2970 g/mol.
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BS. Synthesis of Silver Nanoparticles

The synthesis procedure for the silver nanoparticles, whose details have been previously
reported,” is briefly summarized: First, either 200 mg of OD2K 1 or OD2K2 was added to a three-
neck flask equipped with a magnetic stirrer, water jacketed reflux column, and a nitrogen blanketed
atmosphere. 40 ml of EG was added to the flask and the mixture was heated to 100 °C using a
hotplate. Aqueous AgNO3 (40 wt%) was prepared by dissolving AgNOs in ultrapure water. 2 ml
of this solution was rapidly injected into the reaction flask using a syringe. The reaction was
maintained for 30 minutes before removing the flask from heat, and immersing it in a 20 °C bath
to quench the reaction. To denote the particle type, Ag is added to the end of the PAA used in the
synthesis (e.g., OD2K2-Ag are silver NPs created using OD2K2).

The particles, which are still in EG, were transferred into a separatory funnel and mixed with
CHCI:s at a 40/60 (EG/CHCI3) vol% ratio. Ultrapure water was added, creating a EG/CHCI3/H20
(~25/35/40) vol% mixture. The CHCIs layer (now containing the Ag particles) was removed and
the funnel cleaned before adding this CHCIs extract back into the funnel. The particles were rinsed
3 additional times in the separatory funnel using water, at a 30/70 (CHCI3/H20) vol% ratio.
Between each wash, the CHCI3 layer is extracted and used for subsequent washes. The final

particle suspension was stored in a chemical fridge (~ 4 °C) using PTFE lined amber vials.
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B6. Thermogravimetric Analysis (TGA)

TGA was used to determine the nominal silver weight loading in each MMM fabricated in this
work. Additionally, each particle type, OD2K1-Ag and OD2K2-Ag, were tested to determine the
final PAA:Ag ratio to ensure consistency between batches (cf. Figure BS). About 5-10 mg of dry
particle mass was loaded into a TA Instruments TGA 500 under nitrogen gas, flowing at 10 ml/min.
Since the particles are suspended in chloroform, the TGA pan was filled dropwise with the particle
solution using a 100 pL Eppendorf pipette. The chloroform was allowed to evaporate from the pan
before adding another 100 pL of particle solution. This process was repeated until sufficient dry
mass was reached. The samples were first heated from room temperature to 40 °C and held
isothermally for 5 hours to remove any residual solvent or moisture. The samples were then heated
from 50 °C to 800 °C at a rate of 10 °C/min. First and second derivative analysis was used to

determine the temperature ranges of individual mass losses.
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Figure B5: TGA for the A) change in weight % (W) as a function of temperature for OD2K1-Ag
(Red) and OD2K2-Ag (Green), B) TGA for change in weight % (W) as a function of temperature
for Pebax (Blue), Pebax+40OD2KI-Ag (Red), and Pebax+40OD2K2-Ag (Green). Each Figure
spans the experimental temperature ramp range between 40 and 800°C. Small mass losses below
200°C are attributed to residual solvents. Subsequent mass loss starting after 300°C are attributed

to polymer degradation. The remaining mass after 800°C is from the silver core of the
nanoparticles.
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B7. Transmission Electron Microscopy (TEM)

Electron micrographs of the OD2K1-Ag and OD2K2-Ag were imaged using a JEOL 2000FX
transmission electron microscope (TEM) at 200kV with a LaBe electron source. 20-40 uL of a
silver NP suspension (in CHCI3) was dropped onto a 3 mm copper TEM grid with carbon support.
The particle shape, and size distribution was determined based on at least 200 NPs, using the Fiji

image analysis.'?
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Figure B6: TEM mzcrogmphs of A) ODZKI -Ag and B) OD2K2-Ag, zmaged at 1 OOkX
magnification.

Table B1: Summary of Silver Nanoparticle Size, Composition, and Surface Grafting Density

Equivalent Ag/Polymer Grafting
Name Diameter Mass Ratio Density
(nm)? (%)" (Chains nm?)°
OD2K1-Ag* 65+1.6 4.79+£0.2 69+1.7
OD2K2-Ag® 69+3.2 8.46+0.2 16.2+4.0

“Equivalent diameter based on the TEM size measurement of at least 200 individual particles.
bop2k1 -Ag and OD2K2-Ag silver to polymer mass ratio (Ag/polymer mass ratio) determined using TGA

“OD2K1-Ag and OD2K2-Ag silver grafting density calculated using the particle equivalent diameter, Ag/Polymer
mass ratio, and polymer molecular weight values.

The polymer molecular weight of OD2K1 was previously obtained using gel permeation chromatography.>
“The polymer molecular weight of OD2K2 was estimated using intrinsic viscosity, c.f. Section B4.7%1#
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B8. Fabrication of Mixed Matrix Membranes (MMMs)

Neat Pebax 1657 (Pebax) membranes were produced via the solution-casting method using a 2.5
wt% Pebax solution in a blend of EtOH and CHCIl3 (50/50 vol%) dissolved at 50-55 °C. Mixed
matrix membranes were fabricated by incorporating either OD2K1-Ag or OD2K2-Ag particles,
which have been suspended in CHCIs, into the polymer solution. The target silver concentration
in these membranes varied between 0-4 wt%. Adjustments were made to the final solvent
composition to maintain a consistent mixture of Pebax and particles at a 50/50 vol% ratio of EtOH
and CHCIs, considering the particles’ suspension in CHCls.

Each mixture underwent 5 minutes of sonication before being poured onto a leveled glass dish at
room temperature within a nitrogen-filled glove bag. In the case of the MMM, each casting plate
was also covered in aluminum foil, to prevent any photo-induced degradation of the silver NPs.
Following a 3-day drying period, the membrane thickness was measured using a Mitutoyo
micrometer ten times, yielding measurements between 80-100 um. Membranes containing x% of
silver by mass, using particles which are stabilized by polymer y, are denoted by Pebax+xy-Ag.
For example, particles that were formed using OD2K2, which were subsequently used to fabricate

membranes with a silver loading of 4 wt% would be Pebax+40D2K2-Ag.
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B9. Scanning Electron Microscopy (SEM)

The cross-section of Pebax, Pebax+2.50D2K1Ag, Pebax+40D2K1Ag, Pebax+2.50D2K2-Ag,
and Pebax+40D2K2-Ag were imaged using scanning electron microscopy to characterize the
structure morphology. Cross-sections were prepared by first immersing the samples into liquid
nitrogen and fracturing them. As a consequence, a few cracks were formed from this process and
remain as small artifacts in Figure B7. Before imaging, each sample was coated with a thin layer
(a few nanometers) of iridium, using a sputter coater. The images were taken at 10Kx using an

accelerating voltage of 10 KeV on a ThermoFischer Quattro device.

Figure B7: SEM micrographs of the cross-sections of A ebax, B) Pebax+2.50D2K1-Ag, C)
Pebax+40OD2K1-Ag, D) Pebax+2.50D2K2-Ag, and E) Pebax+40D2K2-Ag. Imaged at 10kX
magnification with and with an accelerating voltage of 10 KeV.
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B10. Density Measurements

The membrane density (p) of films fabricated in this work were measured using a Mettler Toldeo
balance equipped with a density kit. The density was calculated after weighing the samples in air
(mgir) and in heptane (m,) at 22 °C:

Mai

—= —(Pc7 = Pair) * Pair (Eq. B4)
Cc7

Mair

p =
Where p,;;, 1s the density of air (0.00119 g/ml) and p- is the density of heptane (0.684 g/ml).

Table B2: Experimental densities of neat Pebax, Pebax+2.50D2K1-Ag, and Pebax+40D2KI-

Ag.
Density
Name (g/ml)?
Pebax 1.14+£0.03

Pebax+2.50D2K1-Ag 1.10 £ 0.02
Pebax+40D2K1-Ag 1.18 £0.03

“Pebax, Pebax+2.5D02K1-Ag, and Pebax+40D2K1-Ag values were determined using buoyancy measurements in
n-heptane at 22 C.

The density of neat Pebax, Pebax+2.50D2K1-Ag, and Pebax+40OD2K1-Ag were used in gas

sorption measurements, cf. Section B12.

120



B11. Pure Gas Permeation Measurements

Pure gas (CH4, CO2, C2H4, and C2Hs) permeability was measured between 1-30 atm at 15, 25, 35,
and 45 °C using a constant volume barometric device, wherein the membrane was situated between
two large volumes, using a 47 mm HP filter holder. Prior to measurements, vacuum was pulled on
the entire system overnight to remove any humidity or other sorbed species. Pressure was charged
to the upstream side of the membrane and measured using a PX-409-USHB series Omega pressure
transducer (0-1000 psi). Then, gas was allowed to permeate through the membrane to the
downstream volume, where the increase in pressure with time was measured using a highly
sensitive PX-409-USHB series Omega pressure transducer (0-260 torr). The permeability (P, in

units of Barrers) was calculated as follows:

v d d
p=own(® _dp (Eq. BS)
ApART \dtdown  Adtleak

where [ is the membrane thickness, A is the membrane area available to gas transport, R is the

universal gas constant, T is the absolute temperature, Ap is the average transmembrane pressure,

d . . . : d .
d—zt) is the asymptotic rate of pressure increase in the downstream ballast, and —ZZ is the rate
down leak

of pressure increase in the downstream volume whilst the charge pressure is 0. Membranes were
glued with epoxy resin on a brass ring, and the passage area was accurately measured via the

Imagel software.!” Filter paper was used as a backing to reduce the risk of sample breakage.
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function of pure gas pressure, ranging up to 30 atm. Error bars were calculated via linear error

propagation.
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B12. Pure Gas Sorption Measurements

Pure gas (CH4, CO2, C2H4, and C2He) sorption was measured at 15, 25, 35, and 45 °C and up to 30
atm using the pressure decay method. The system consists of two volumes connected via a valve,
namely, the charge chamber and sample chamber. Both chambers are equipped with PX-409-
USHB series Omega pressure transducers (0-500 psi). The polymer sample is first added to the
sampling chamber before pulling vacuum on both chambers overnight. Gas pressure is added to
the charge chamber and allowed to equilibrate before quickly releasing it into the sampling
chamber. The valve is then closed, thus disconnecting the chambers until each chamber
equilibrates. A subsequent pressure decay in the sampling chamber is recorded, and the process is
repeated in the next step without pulling vacuum. The overall sorbed gas concentration in the

polymer sample is the following'!'*:

o j 1 1 14
Cpot,j = 2= (VCZLO( ) S) (Eq. B6)

Ipoldry Veoi Veri)  Vsrj
where py,,; is the polymer density, gp,o;,4ry is the dry polymer mass, j is the current pressure step,
i is the previous pressure step, V; is the sample chamber volume, V. is the charge chamber volume,
and V., Vcr, Vsp, are the gas molar volumes (calculated using the Peng-Robinson equation of
state) for the initial charge state (prior to valve opening), final charge state, and final sample state,
respectively. The sorption coefficient for each gas was determined as the slope of the linear
regression of at least 4 concentration points with pressure. Pure gas isotherms are shown in Figure
B14-Figure B17, where concentration error is determined using standard linear error propagation

and the uncertainty of the sorption coefficient is determined from the standard error of regression.
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Table B3: CO./CH+ sorption selectivity at 15, 25, 35 and 45 °C in Pebax, Pebax+2.50D2K1-
Ag, and Pebax+40D2K1-Ag. Uncertainty is found using the standard error of regression.

Material 15C 25C 35C 45C
Pebax 6.46 +£0.25 5.50+0.13 4.85+0.05 4.14+0.12
Pebax+2.50D2K1-Ag 7.56 £0.55 6.90 £ 0.52 6.03 £0.11 5.77+0.33
Pebax+40D2K1-Ag 6.74 £ 0.12 6.04 +0.49 5.07 +£0.08 4.81+0.10
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Figure B17: Concentration isotherms of C2Hsat A), 15 °C B) 25 °C, C) 35 °C, and D) 45 C in
3
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Table B4:C2H4/C2Hs sorption selectivity at 15, 25, 35 and 45 °C in Pebax, Pebax+2.50D2K -
Ag, and Pebax+40OD2K1-Ag. Uncertainty is found using the standard error of regression.

Material 15C 25C 35C 45C
Pebax 1.09 £0.02 1.16 £ 0.06 1.12+£0.01 1.08 £0.04
Pebax+2.50D2K1-Ag 1.21+0.10 1.19+£0.03 1.23 +£0.03 1.24 £0.05
Pebax+40D2K1-Ag 1.24 +£0.08 1.21 £0.02 1.23 +£0.02 1.26 £0.02
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B13. Pure Gas Diffusivity Coefficients

Pure gas diffusivity isotherms for CH4, CO2, C2H4, and C2Hs, at 15, 25, 35, and 45 °C, up to 30

atm, are shown in Figure B18-Figure B23. Diffusivity coefficients were calculated using the

Solution-Diffusion Model.?® Error bars are determined using standard linear error propagation.
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Figure B18: Concentration averaged diffusivity coefficients of CHsat A), 15 C B) 25 °C, C) 35
C, and D) 45 °C in Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2KI1-Ag (green)

2
.. cm . . . .
in—— (107) as a function of pure gas pressure in atm. Error bars were found via linear error

propagation and values were calculated assuming solution diffusion from permeability and
solubility data.
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Figure B19: Concentration averaged diffusivity coefficients of CO2at A), 15 CB) 25 °C, C) 35
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Figure B20: Pure gas CO2/CH4 diffusivity selectivity at A), 15 °C B) 25 °C, C) 35 °C, and D) 45
C in Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) as a function
of pure gas pressure, ranging up to 30 atm. Error bars were calculated via linear error
propagation.
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Figure B21: Concentration averaged diffusivity coefficients of C2Hsat A), 15 C B) 25 °C, C) 35
C, and D) 45 °C in Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2KI1-Ag (green)
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Figure B22: Concentration averaged diffusivity coefficients of C2Hs at A), 15 C B) 25 °C, C) 35
C, and D) 45 °C in Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2KI1-Ag (green)
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in—— (107) as a function of pure gas pressure in atm. Error bars were found via linear error

propagation and values were calculated assuming solution diffusion from permeability and
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Figure B23: Pure gas C2H4/C2Hs diffusivity selectivity at A), 15 CB) 25 °C, C) 35 °C, and D)
45 °C in Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) as a
function of pure gas pressure, ranging up to 30 atm. Error bars were calculated via linear error
propagation.
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B14. Summary of Transport Results at 35 °C and 1 atm

A summary of data shown in Figure B8-Figure B23 is reported in Table B5 and Table B6 for data
collected at 35 °C and 1 atm. Table B5 includes the CO2 permeation, sorption, and diffusion
coefficients for Pebax, Pebax+2.50D2K1-Ag, and Pebax+40OD2K1-Ag, along with selectivity
data. CO2 permeability and CO2/CH4 overall selectivity are also reported in this table for

Pebax+2.50D2K2-Ag and Pebax+40OD2K2-Ag.

Table BS: Summary of Transport Data. Listed in different materials is the CO: permeability
(Barrer), sorption (cm’(STP)/cm?(pol)/atm), and diffusivity (X107 cm?/s), as well as the overall
CO2/CHjy selectivity, sorption selectivity, and diffusivity selectivity at 1 atm and 35 °C.

CO: CO,/CH CO: solubility CO2/CH4 CO: CO:/CH4
Sample permeability selez tivi N (em*[STP)/em  solubility diffusivity diffusivity
(Barrer) ty 3[pol]/atm) selectivity X107 (cm?/s)  selectivity
Neat Pebax 128.4+£9.7 146 £1.6 1.11 £0.01 485+ 8.7+0.7 3.0+0.3
0.05
Pebax+2.50D2K1-Ag  180.9+19.0 21.8+3.3 1.14 £ 0.01 6.02 + 120+1.3 3.6+0.5
0.12
Pebax+40D2K1-Ag 257.1+29.4 13.7+3.8 1.17+0.02 5.07 + 16.7 £3.8 2.7+0.8
0.08

Pebax+2.50D2K2-Ag 133.0+£7.2 17.3+£1.9 - - -

Pebax+40D2K2-Ag 145.0+£8.2 20.2+23 - - -

Table B6 includes the C:Hs permeation, sorption, and diffusion coefficients for Pebax,
Pebax+2.50D2K1-Ag, and Pebax+40D2K1-Ag, along with selectivity data. C2H4 permeability
and C2H4/C2He overall selectivity are also reported in this table for Pebax+2.50D2K2-Ag and

Pebax+40D2K2-Ag.

Table B6: Summary of Transport Data. Listed in different materials is the C2H4 permeability
(Barrer), sorption (cm’(STP)/cm?(pol)/atm), and diffusivity (X107 cm?/s), as well as the overall
C2H4/C2Hs selectivity, sorption selectivity, and diffusivity selectivity at 1 atm and 35 °C.

C2H4 CoHA/C:H C:Hy solubility  C2H4/C2Hs C2H4 C2H4/C2H6
Sample permeability séle: tivzi S (cm*[STP/em®[  solubility diffusivity  diffusivity
(Barrer) ty pol]/atm) selectivity X107 (cm?/s)  selectivity

139



Neat Pebax
Pebax+2.50D2K1-Ag
Pebax+40D2K1-Ag
Pebax+2.50D2K2-Ag

Pebax+40OD2K2-Ag

13.5+£0.75

21.3+£2.98

90.7+2.5

335+1.0

394+ 1.1

1.09 £ 0.1
1.50+0.3
1.73£0.1
1.70 £ 0.1

1.96 £ 0.1
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0.61+0.01

0.67 +0.01

0.73+0.01

1.12£0.01

1.23 £0.03

1.23 £0.02

1.7+0.1

24+03

94+0.3

1.0+0.1

1.2+0.2

1.4+0.1



B15. Transport Dependence on Temperature
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Figure B24: Natural logarithm of permeability at 1 atm of A) CH4, B) CO2, C) C2Hs, and D)
C2Hy in Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) as a
function of reciprocal temperature (1/K). The linear best fit lines for each sample in plots A-D
are shown. The slope is proportional to the activation energy of permeation. Uncertainty values
were calculated through linear error propagation.
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Figure B25: Natural logarithm of Sorption at 1 atm of A) CH4, B) CO>, C) C:2Hs, and D) C2Hy in
Pebax (blue), Pebax+2.50D2K1-Ag (red), and Pebax+40OD2K1-Ag (green) as a function of
reciprocal temperature (1/K). The linear best fit lines for each sample in plots A-D are shown.
The slope is proportional to the enthalpy of sorption. Uncertainty values were calculated through

linear error propagation.
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B16. Energetics of Transport: Correlations and Assumptions
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Figure B27: A) Activation energy of permeation for facilitated gases, i.e., CO2 and C2Hy (red),
and non-facilitated gases, i.e., CHs and C2Hs (blue) in Pebax, Pebax+2.50D2K1-Ag, and
Pebax+40D2K1-Ag. These activation energies of permeation are plotted as a function of the
corresponding activation energies of diffusion. B) Activation energy of permeation for all gases
(CO:, CH4, C2H4, and C2Hs) as a function of the activation energy of diffusion.
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Figure B28: A) Activation energy of permeation for facilitated gases, i.e., CO2 and C2Hy (red),
and non-facilitated gases, i.e., CHs and C2Hs (blue) in Pebax, Pebax+2.50D2K1-Ag, and
Pebax+40D2K1-Ag. These activation energies of permeation are plotted as a function of the
corresponding enthalpy of sorption. B) Activation energy of permeation for all gases (CO2, CHy,
C2H4, and C2Hs) as a function of the enthalpy of sorption.
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In order to separate the diffusivity selectivity into its entropic and energetic components, the
average jump length in the diffusion medium, i.e., A, was assumed to be the same for each gas used
in this study (CO2, CH4, C2Has, and C2Hs). Using the activation energy of diffusion (Ed4), 4 can be
approximated using the Meares’ model®’:

—

Eq = ZAN,82d? (Eq. B7)

Wherein, & is the solubility parameter, d is the gas diameter, and N, is Avogadro’s number.
Because the solubility parameter for each membrane in this work was not determined, the
solubility parameter of neat Pebax (22 MPa’®) was used from literature for each sample. The
results can be found in Table B7.

Table B7: Average jump length of CH4, CO:, C2H4, and C2Hs in Pebax, Pebax+2.50D2KI-Ag,

and Pebax+40D2K1-Ag. Error bars were calculated using standard error of regression and linear
error propagation.

CH4 Jump COz2Jump C2HsJump CzHe Jump

sample Length Length Length Length
(nm) (nm) (nm) (nm)
Pebax 1.27+003 167020 145005 1.19x0.15

Pebax+2.50D2K1-Ag 1.35+0.07 1.57 +0.07 1.33+x0.07 1.34%0.07

Pebax+40D2K1-Ag 1.75+010 1.87+0.14 163+0.27 1.64+0.25
From Table B7, A ranges from 1.27 to 1.87 nm between every gas species in Pebax,
Pebax+2.50D2K1-Ag, and Pebax+40D2K1-Ag. Recall that Eq is based on the slope of the linear
regression of the natural logarithm of the gas diffusion coefficient, as a function of reciprocal
temperature. Based on this fact, coupled from Eq. B7 and Eq. 23 from Chapter 3, the assumption
that A is intendent of gas type for these materials, will only affect the entropic contribution to

diffusivity selectivity. That is, the diffusivity selectivity entropic component will change for the

2 2
CO2/CH4 and C2H4/C2He gas pairs by a factor of (jcoz) and (ACZH“) , respectively. However,

CHy CoHg
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given the additional assumptions that go into calculating A , as well as the small range in which

they seem to vary, A can be considered as a constant.
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B17. Differential Scanning Calorimetry (DSC)

DSC was used to evaluate the sub-ambient glass transition temperature of OD2K 1, OD2K?2, Pebax,
Pebax+2.50D2K1-Ag, Pebax+40D2K1-Ag, Pebax+2.50D2K2-Ag, and Pebax+40D2K2-Ag
using a TA Instruments DSC 2500. 5-10 mg of sample were heated in hermetically sealed
aluminum pan. To allow for sorbed gases and moisture to escape, the pan was pierced on its lid
using a tac. Each sample was heated at a rate of 10 °C/min until 40 °C and held for 5 minutes to
held evolved any sorbed species. Then, the samples were cooled from 40 °C until -80 °C at 10
°C/min, before being reheated to 40 °C at 10 °C/min. This cycle was repeated twice under a

nitrogen gas flow.
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B18. Wide and small angle X-ray spectroscopy (WAXS/SAXS)

Wide-angle X-ray scattering (WAXS) and small-angle X-ray scattering (SAXS) transmission
measurements were performed on Pebax, Pebax+2.50D2K1-Ag, Pebax+40D2KI1-Ag,
Pebax+2.50D2K2-Ag, and Pebax+40D2K2-Ag using a Xenocs XEUSS 3.0 with Cu-K-alpha
(1.54 A). The apparatus was operated at 50 kV and 0.6 mA with a g-range of 0.0036 to 3 A! and
0.00028 to 0.5 A with an exposure time of 60 and 120 mins for WAXS and SAXS respectively.
To calculate the fractional crystallinity, a program was used to fit a baseline followed by a Gaussian
curve to each peak and the amorphous halo. To avoid overfitting of the data, the WAXS peak
between 260 = 5 to 20 = 35 was deconvoluted into an amorphous curve, and 3 additional, more

crystalline, peaks. That is the total peak intensity (It,:q;(q)) is broken up as follows,

Itotal(CI) = Iamorphous(CI) + Il(Q) + 1, (Q) + I3(q) (Eq. BY)
Where each of the curves on the right hand-hand side of equation S7 are represented through

Gaussian curves, i.e.,

1 ( _bx) 2
L(@) = a xexp(— (£« 22)) (Eq. B9)
Where x represents either the amorphous, 1, 2, or 3, peak fitting. These curves are summed to
create the total peak, I;,:4:(q), which is fit against the experimental WAXS data. As an example

of this fitting, the WAXS data of Pebax is shown below in Figure B29A. Crystallinity is then

calculated as follows:

% Crystallinty = 100 * (1 — Aamorphous ) (Eq. B10)

Aamorphous+A1 +A;+A43

Where Agmorphous: A1, A2, and As refer to the area under the curves for the amorphous peak, peak

1, peak 2, and peak 3, respectively.
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Figure B29: A) Fitting of the amorphous peak and 3 peak deconvolution of wide-angle x-ray
scattering intensity (WAXS) for Pebax and B) The calculated crystallinity (blue) in Pebax as a
function of the number of peaks used to deconvolute the WAXS data, as well as the standard sum
error of the fitting as a function of number of peaks used. The number of peaks exclude the
amorphous peak being fit, i.e., 0 peaks would mean that only an amorphous halo was fit.

Additionally, it should be discussed that the number of peaks being used in the WAXS fitting can
alter the crystallinity values that are calculated. Thus, to enhance the accuracy of this discussion,
the % Crystallinity in Pebax as a function of the number of peaks being used in the fitting it shown
in Figure B29B. The sum of square error (SSE) between the model (I (qtoml)) and the
experimental intensity data is also shown in this figure. The number of peaks chosen was 3. After
3 peaks are used in the case of these materials, there are diminished returned in the fitting, as
evident by the SSE. Thus, at small numbers of peaks, the model does not accurately fit the
experimental data, and at high number of peaks, issues in the number of fitted parameters and
diminished returns can lead to overfitting of the data. The results of the polymer crystallinity for
each sample are shown in Table BS.

Table B8: Summary of the amorphous and crystalline fraction in each material, as well as q value
(qmax) and d-spacing corresponding to the peak maximum in SAXS.
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Sample Amo(r;z;lous Crys(t;:)linity Qmax (A1) d-s;()zc):ing
Neat Pebax 50.31 49.69 0.0620 101.4
Pebax+2.50D2K1-Ag 53.51 46.49 0.0603 104.2
Pebax+40D2K1-Ag 52.99 47.01 0.0592 106.2
Pebax+2.50D2K2-Ag 50.56 49.44 0.0558 112.5
Pebax+40D2K2-Ag 48.52 51.48 0.0570 110.3

The d-spacing (d) was calculated using the SAXS information, from using the q value that

corresponds to the peak maximum in SAXS (gmax) (cf. Table BS).

d=-"2E (Eq. B11)

Amax

Grazed incident wide-angle scattering (GIWAXS) and small-angle x-ray scattering (GISAXS)
were performed on OD2K 1 and OD2K2 using a Xenocs XEUSS 3.0 with Cu-K-alpha (1.54 A).
The apparatus was operated at 50 kV and 0.6 mA with a g-range of 0.002 to 3.15 A™! and 0.00025
to 0.55 A™! with an exposure time of 90 minutes for WAXS and SAXS respectively. The incident

angle was set to 18°.

[ ——oO0D2K2 A ] i OD2K1 B 3
- : [ ——oDzk2 ]

OD2K1

Intensity (A.U.)
Intensity (A.U.)

Pl
9 16 23 30 37 0.05 0.

1 015 02 025 03
20 q(A”)

Figure B30: 4A) Grazed incident wide-angle x-ray scattering intensity and B) Grazed incident
small-angle x-ray scattering intensity for OD2K1 (red) and OD2K2 (blue).
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B19. Hydrogen Stability Test

A summary of data for CO2/CH4 and C2H4/C2He separations in Pebax, Pebax+2.50D2K1-Ag, and

Pebax+2.50D2K2-Ag after 1 week being exposed of Hz gas at 1.4 atm, as well as relative changes

in gas permeability/selectivity is reported in Table B9 and Table B10.

Table B9: Summary of Transport Data at 1 atm and 35 °C after exposure to 1.4 atm H> gas for 7
days. Listed in different materials is the CO: permeability (Barrer) and overall CO2/CHy, as well
as the % change in both these parameters, relative to the untreated samples.

sample

Pebax
Pebax+2.50D2K1-Ag

Pebax+2.50D2K2-Ag

CO2

permeability

Post-H>
(Barrer)

112.4+2.8

157.0+£2.0

128.3+4.3

% Change in

Sdetiity €O
ty Permeability
152+0.5 -7.8+7.3
19.2+0.2 -13.2+£9.2
159+0.8 -8.1+5.9

% Change in

CO2/CH4
Selectivity

4.1+11.9
13.4+13.4

-92+6.7

Table B10: Summary of Transport Data at 1 atm and 35 °C after exposure to 1.4 atm H> gas for 7
days. Listed in different materials is the C2H4 permeability (Barrer) and overall C2H4/C2Hs, as
well as the % change in both these parameters, relative to the untreated samples.

sample

Pebax
Pebax+2.50D2K1-Ag

Pebax+2.50D2K2-Ag

C:H4

permeability

Post-H>
(Barrer)

13.9+0.4
19.3+0.3

24.4+0.8

% Change in

seleeviey . C7H
ty Permeability
1.16 £ 0.04 20+6.2
1.41 £0.02 -93+9.6
1.31+0.06 -272+33
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% Change in
C:H4/C2Hs

Selectivity

6.3+8.7

-9.5+12.7

-29.7+4.9



B20. Mixed Gas Permeation Measurements

Mixed gas CO2/CH4 and C2H4/C2Hs permeation was tested in Pebax, Pebax+2.50D2K-1Ag, and
Pebax+2.50D2K2-Ag using a constant volume, variable pressure apparatus that is automated
using a control system purchased from Maxwell Robotics. Gas compositions for both the feed and
permeate streams were analyzed using a Shimzadzu GC 2030 with a Fast Fuel Analyzer setup.
C2H4/C2He mixtures were tested using a molar feed composition of either 50/50 and 20/80%,
whilst CO2/CHa was tested at a molar composition of 50/50%, both targeting CO2 and C2Hs partial
pressures ~1 atm to make direct comparisons to the pure gas data. Temperature for each experiment
was maintained at 35 °C. Similar to pure gas measurements, the membrane was situated between
two volumes, using a 47 mm HP filter holder. Feed mixtures were generated at a desired
composition using a Bronkhorst mass flow controller set between 100 — 400 SCCM, which swept
across the upstream side of the membrane to limit the stage cut below 1%, reducing effects of
concentration polarization. Prior to measurements, vacuum was pulled on the entire system
overnight to remove any humidity or other sorbed species. Pressure was charged to the upstream
side of the membrane and measured using a PX-409-USHB series Omega pressure transducer (0-
1000 psi). Then, gas was allowed to permeate through the membrane to the downstream volume,
where the increase in pressure with time was measured using a highly sensitive MKS Baratron
pressure transducer (0-10 torr). The permeability of each gas within the mixture (P;, in units of

Barrers, where i refers to the gas component) was calculated as follows:

P IV downYidown (d_p _ ) (Eq. B12)

ART(Yi,upPup_yi,downpdown) dt down dtleak
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where [ is the membrane thickness, A is the membrane area available to gas transport, R is the

universal gas constant, T is the absolute temperature, P, is the average upstream pressure, Pgoun

. dp . . . .
is the average downstream pressure, o is the asymptotic rate of pressure increase in the
down

d . . . :
downstream ballast, and d—’; is the rate of pressure increase in the downstream volume whilst
leak

the charge pressure is 0. The concentration of species i was determined from the average of two
separate GC injections. The relative peak areas of each component are then converted into molar

fractions using calibration curves, where ¥; qown and y; ., are the molar fraction of species i on

the upstream and downstream side of the membrane, respectively. Membranes were glued with
epoxy resin on a brass ring, and the passage area was accurately measured via the ImageJ software.
Filter paper was used as a backing to reduce the risk of sample breakage. A summary of the data
for each sample can be found in Table B11-Table B13.

Table B11: Summary of transport in mixed gas conditions, i.e., ~50% mol CH4 and 50% mol CO:,

at~2.2 atm and 35 °C. Listed in different materials is the CO: partial pressure, CO2molar fraction,
CO:permeability (Barrer), and the overall CO2/CH4 selectivity.

CO: Partial CO;
Sample Pressure (atm) CO: Molar permeability CO/ .CI:L*
Fraction (Barrer) selectivity
Neat Pebax 1.21 0.56 124.0+3.5 14.5+£0.98
Pebax+2.50D2K1-Ag 1.22 0.55 1720+ 6.4 16.5 £0.69
Pebax+2.50D2K2-Ag 1.14 0.56 129.1 £3.8 16.0£1.3

Table B12: Summary of transport in mixed gas conditions, i.e., ~50% mol C2Hy and 50% mol
C2H6, at ~2.2 atm and 35 °C. Listed in different materials is the C2H4 partial pressure, C2Hs molar
fraction, C2H4 permeability (Barrer), and the overall C2Hy/C2Hs selectivity.

C:H4 Partial

Pressure (atm) C:Hs Molar C2H4. . C:H4/C2Hs¢
Sample . permeability . e
Fraction selectivity
(Barrer)
Neat Pebax 1.08 0.49 13.0+£0.3 1.3+£0.1
Pebax+2.50D2K1-Ag 1.07 0.51 18.9+0.4 1.60+0.1
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Pebax+2.50D2K2-Ag 1.10 0.52 24.7+ 0.6 1.68 £ 0.1

Table B13: Summary of transport in mixed gas conditions, i.e., ~20% mol C2Hy4 and 80% mol

C2H6, at~5.7 atm and 35 °C. Listed in different materials is the C2H4 partial pressure, C2Hs4 molar
fraction, C2H4 permeability (Barrer), and the overall C2H4/C2Hs selectivity.

C:H4 Partial CH
Samole Pressure (atm) C:H4 Molar erm:al;‘ili C2H4/C2H¢
P Fraction P ty selectivity
(Barrer)
Neat Pebax 1.18 0.20 10.6 +£0.2 1.3+£0.1
Pebax+2.50D2K1-Ag 1.10 0.20 15.7+0.3 1.64+0.1
Pebax+2.50D2K2-Ag 1.12 0.21 22.1+£0.5 1.75+0.1
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Appendix C

C1. Materials

Polyvinylpyrrolidone (PVP, ThermoFisher Scientific) was used as baseline material. 4,4-
Oxydiphthalic anhydride (97 wt%, Sigma-Aldrich) and a D-series Jeffamine (Mw = 4000 g/mol,
Fisher Scientific) were used to synthesize, via the polycondensation reaction, a poly(amic-acid)
polymer denoted as OD4K (cf. Section C2),” which served as test material to validate the
experimental and theoretical methodologies proposed in this study. PTMSP was purchased from
Gelest Inc. (Morrisville, USA)

For the synthesis of PIM-1, tetrafluoroterephthalonitrile (TFTPN, 98%) was purchased from TCI
Chemicals, 5,5',6,6'-Tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-spirobisindane (TTSBI, 97%) was
purchased from Alfa Aesar, potassium carbonate (K2CO3) was purchased from Sigma Aldrich, and
N,N-dimethylformamide (DMF, anhydrous) was purchased from Supelco. TFTPN and TTSBI
were dried at 30 °C and 110 °C, respectively, in a vacuum oven overnight before use without any
further purification. The amounts of TFTPN and TTSBI used in the synthesis of PIM-1 were
adjusted for the listed purity. Potassium carbonate was ground in a mortar and pestle, sieved
through a 220 mesh (0.065 mm) Titan brand stainless steel sieve, and dried at 110 °C in a vacuum
oven overnight before use. For the final precipitation bath, acetone (99.5%) purchased from Fisher
Chemical, and tetrahydrofuran (THF, HPLC, inhibitor free) purchased from Macron Fine
Chemicals were used.

The following solvents were used throughout this study to experimentally determine the solubility
parameter of PVP, OD4K, PTMSP, and PIM-1: chloroform (CHCIl3, 99.8%), dichloromethane
(DCM , >99.8%), and cyclohexane (99.5%) were purchased from Sigma-Aldrich; octanoic acid

(99%), butanol (99%), and 1,2-dichlorobenzene (>99%) were purchased from ThermoFisher
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Scientific; acetic acid (99.85%), was purchased from Research Products International; toluene
(HPLC, 99.8%) was purchased from Fisher Chemical; n-hexane (>95%) was purchased from Alfa

Aesar; and the previously mentioned THF.
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C2. Polymer Synthesis

OD4K, a polyamic acid, was synthesized through a nucleophilic substitution reaction between an
amine group, located on a polyetheramine named Jeffamine, and an anhydride carbonyl carbon on
4,4-oxydiphthalic anhydride (ODPA) (cf. Figure C1). The reaction was performed under an inert
nitrogen atmosphere using a 100 ml three-necked flask equipped with a mechanical stirrer. The
flask was first charged with 30 ml of tetrahydrofuran (THF) and 15 mmol of Jeffamine and mixed
until homogenous. Next, the solution was cooled to 0 °C, using an ice bath, and 15 mmol of ODPA
was added. After 10 minutes, the reaction flask was heated to 35 °C using a bath of white mineral
oil and allowed to react for 30 minutes. Once complete, the newly formed OD4K polymer was
precipitated in a methanol/water (10/90 vol%) mixture and subsequently washed using this mixture
with a vacuum filtration flask. Finally, the washed OD4K was dried using a vacuum oven at room
temperature for 24 hours before being stored in a chemical refrigerator at 4 °C.

OD4K was selected as a test polymer as our Research Group is using it within a separate project,

of which this short communication is part.

0
5 é o o o o
H,N CH,4 ODPA
\h/\oi’x\( - SH Hg gH
—— N N N CH,
Hs NH, THF o {\(\oh 1o} . {f\oh
Hj Hs Hs NH,

Jeffamine D-Series, x = 68 OD4K

Figure C1: Reaction between Jeffamine and ODPA for the synthesis of OD4K in THF. The
resulting structure is shown, where x (= 68) denotes the number of repeating segments within
each Jeffamine molecule and n denotes the number of repeating segments within the overall

polymer (n ~ 9.93; My, = 42,800 g/mol).

PIM-1 was synthesized in house using a high-temperature polycondensation technique (cf. Figure
C2). All glassware was dried at 130 °C in an oven overnight before use. A 250 ml 3-neck round
bottom flask was equipped with a mechanical stirrer, reflux, addition funnel, and purge gas
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inlets/outlets. 13.44 mmol of TFTPN, 13.43 mmol of TTSBI, and 27 ml of DMF were added under
a 5 ml/second dry nitrogen purge. The monomers were gently stirred until they fully dissolved to
form an orange-brown solution. The stir rate was then set to 200 rpm, and 40.52 mmol of K2COs3
was added using a powder funnel. Following this step, 14 ml of toluene was immediately added
using an addition funnel and the flask was submerged in a pre-heated oil bath at 160 °C. A bright
yellow solution formed, and after 5 minutes, the viscosity increased. A further 9 ml of toluene was
then added to dilute the solution and reduce the viscosity. After 30 minutes of stirring, another 18
ml of toluene was added, and the flask removed from the oil bath. The reaction mixture was
precipitated into 500 ml of methanol to yield bright yellow fibers. The fibers were solvent
exchanged with water to remove residual salts from the reaction. Specifically, the fibers were
soaked in hot water (95°C) for 1 hour. The water in this bath was decanted off and changed,
repeating the exchange process 3 times. The fibers were dried at 130 °C in a vacuum oven
overnight. The resulting PIM-1 was then dissolved in 250 ml of chloroform and precipitated into
a 1:1 (v:v) solution of acetone:THF to extract low-molecular weight residues. The solvents were
decanted, and the resulting fibers were then soaked in a water bath at 95 °C, and the exchange
process was repeated three additional times to further remove any residual salts. The fibers were

then dried at 130 °C in a vacuum oven overnight to yield the finished product (86.4% yield).

N
| Ho DMF/ .
F F O. Toluene
+ HO oH — O
F F .O K,CO;
OH

H 160 °C [ n

TFTPN TTSBI PIM-1

Figure C2: Synthesis scheme for PIM-1.
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C3. Polymer Characterization

The physical properties of the polymers utilized in the experimental portion of this study are
summarized in Table C1. A broad range of molecular weights, glass transition temperatures, and
dispersities were observed across the polymers studied. The variability in these properties did not
appear to affect the accuracy or applicability of the experimental techniques demonstrated in this
work.

Table C1: Physical properties of the polymers used in this study.

Molecular Weight . . Glass Transition
Polymer (kDa) ¢ PRI 12 Temperature, T 4 (°C)
OD4K 42.8° 5.56 -63°
PVP 53.2¢ 1.93 176°
PTMSP 56.4° 2.02 >250°%
PIM-1 96.5¢ 1.59 >430°!

“Number averaged molecular weight, as measured using gel permeation chromatography (GPC)
in chloroform against polystyrene standards.
bMeasured using dynamic scanning calorimetry with a scan rate of 10 K/min.

3.1e-3

2.3e-3

1.6e-3 |

7.8e4

Log(M,

Figure C3: Molecular weight distribution of the synthesized PIM-1 measured from GPC using
polystyrene standards.

Molecular weights of OD4K and PIM-1 were analyzed using a Waters™ 717 plus auto sampler

with a 7.5 x 250 mm Agilent polypore column at a flowrate of 1 ml/min and at 40 °C. The eluent
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was detected using a Waters™ 490E UV-VIS multi-wavelength detector set to 298 nm. The

weight-average molecular weight was found using equation:

_ ZZ AiM;
"= (Eq.CI)
log(M;) = at; + B (Eq. C2)

where t; is the time, A; is the absorption value at t;, M; is the molecular weight eluted at t;, t; is
the onset time of elution, t, is the elution end time, and M,, is the number average molecular
weight. a/f are constants obtained from the linear regression of log(M,,) vs. t for polystyrene
standards, whose weight ranged from 1 to 500 kDa. As an example, the molecular weight
distribution for PIM-1 is shown in Figure S3.

As the solubility behavior of polymers may be influenced by their molecular weight/molecular
weight distribution and the varying functionality of polymer chain ends, having an adequately high
molecular weight with a relatively narrow molecular weight distribution may be an important
factor in determining a representative solubility parameter. As can be seen in Figure S3, the
molecular weight distribution of PIM-1 is fairly uniform and has comparable molecular weights

(Mn = 96.5 kDa) and dispersity (D = 1.59) to those used in membrane literature 2!22!4
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Figure C4: (4) Linear and branched structures of PIM-1 with labels a, b, ¢, d corresponding to
aromatic protons used in the branching analysis.’’? (B) NMR spectrum of the synthesized PIM-1,
labeled with peak labels a and ¢ corresponding to the aromatic protons in the linear subunit of
PIM-1. (C) Closeup of the Lorentzian peak fitting used to analyze the degree of branching in
PIM-1, where the shoulders b and d correspond to the protons in the branched subunit of PIM-1.
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"H NMR of PIM-1 was performed on a Varian VNMRS 400 MHz NMR in deuterated chloroform
(99.8%, Cambridge Isotope Laboratories) to confirm the successful synthesis and branching
content of PIM-1. PIM-1 can incorporate branching due to substitution of two TTSBI monomers
at one of the TFTPN monomers during polymerization. Figure C4A visualizes the linear and
branched subunits present in PIM-1. The presence of this branching can lead to the formation of
cross-linked networks. The branched subunits incorporate extra hydroxyl groups compared to the
linear subunit, which can potentially affect the experimentally measured solubility parameter.?'?
Figure C4B shows the 'H NMR of the synthesized PIM-1, which exhibited the conventional peaks
associated with PIM-1.22215 Figure C4C portrays the peak fittings used to deconvolute the
branched residues, and the degree of branching was calculated according to the method reported
by Yu et al.>!? The degree of branching, defined as the total percentage of subunits that exhibit
branching, was calculated to be 15.4%. This degree of branching did not seem to affect the
solubility in common solvents for PIM-1, such as chloroform or THF, and solutions of PIM-1 in

chloroform could easily be filtered through 0.45 pm syringe filters for GPC analysis with no issue.
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C4. Mangaraj Fitting Theory

Since a limited number of solvents was used for the experimental campaign, locating the position
of the true maximum for the polymer hydrodynamic diameter as a function of the solvent solubility
parameter may be challenging and lead to significant errors. The same issue arises when trying to
locate the maximum intrinsic viscosity measured for each polymer. This one true maximum must
be found since it corresponds most closely to the solubility parameter of the polymer. Therefore,
the data obtained from both DLS and viscometry was linearized and shown in the form of a

Mangaraj plot.’”*'* To do so, the following parameters, ¢ and ¢»’, were calculated:

$(5) = (# In (”j}f—z)); (Eq. C3)
50~ (i (the)

where V,,, ¢ is the molar volume of the solvent being used, 7;,,; is the polymer intrinsic viscosity,
Dy, is the polymer effective hydrodynamic diameter, ;¢ may 15 the fitted maximum intrinsic
viscosity, and Dp, ;4 1s the fitted maximum polymer effective hydrodynamic diameter. By plotting
¢ and ¢’ against §, the solubility parameter of the polymer, &,,,, is found from the x-intercept,
based on a linear regression of these plots. 9in¢ max and Dy pq, Were varied to minimize the error

between the fit and experimental data (cf. Section C5).
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CS. Mangaraj Fitting Example
Using the data obtained from viscometry measurements of OD4K, as well as information regarding
the solvent molar volume and solubility parameter (cf. Table C2), the Mangaraj plot can be created.

Table C2: Solvents used in the intrinsic viscosity measurements of OD4K, and their molar
volume, solubility parameter, and resulting OD4K intrinsic viscosity.

Molar Solubility Intrinsic
Solvent Name Volume Parameter Viscosity
(g/ml) (MPa"°) (dL/g)
Octanoic Acid 158.6 17.5 0.132
Toluene 106.3 18 0.231
Chloroform 80.2 19 0.268
Tetrahydrofuran 81.3 19.4 0.185
Acetone 74.0 19.9 0.119

¢, as shown from Eq. S3, is calculated as follows”’:

¢ = (iln (m))z = Kiapol _ K36 (Eq. C5)

Nint
When plotting ¢ vs. §, we can see that the above equation is linear, where K% is the slope. Thus,
we can minimize the error in the linear regression of this curve by changing 71, may. However,
using this equation to linearize the data does not directly result in a straight line. Instead, a point
of symmetry causes two linear regions that mirror each other, above and below the solubility

parameter that corresponds to the 1,1 max (01 Dpy gy ) (cf. Figure CSA).
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Figure C5: A) Linearization of a Gaussian distribution that is a function of the solubility
parameter. B) Point shifting to create a single linearization of the model (i.e., Mangaraj plot).

To create the Mangaraj plot, a single linear regression is used, instead of the average of two
individual regressions, to maximize the number of points in the fitting. To accomplish this, each
¢ value located at a solubility parameter lower than that of the polymer solubility parameter are
given a front factor of -1 (cf. Figure C5B). 6,,, becomes the ratio between the negative of the
intercept to the slope, from the overall linear regression. In the case of this example, §,,,; = 18.6

0.07 MPa®’.
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C6. Intrinsic Viscosity Measurements

The reduced viscosity (17,¢4) of PVP, OD4K, PTMSP, and PIM-1 were measured at concentrations
between 0.3 and 1 g/dL in various solvents such as hexane (5 = 14.9 MPa%?), cyclohexane (8§ =
16.8 MPa’), toluene (8 = 18 MPa’3), CHCIs (§ = 19 MPa®®), THF (8 = 19.4 MPa"®), acetone (5
= 19.9 MPa%%), DCM (8 = 20.2 MPa’?), 1,2-dichlorobenzene (5 = 20.5 MPa’?), acetic acid (5 =
21.4 MPa®®), butanol (& = 23.2 MPa%), acetonitrile (5 = 24.4 MPa’?), ethanol (& = 26.2 MPa"?)
and methanol (& = 29.6 MPa’3) using a 0C Ubbelohde viscometer purchased from Cannon
Instruments, calibrated with a viscometer constant of 0.003309 cSt/s. Although toluene and hexane
are not true solvents for PIM-1 and PTMSP, respectively, each polymer formed cloudy solutions
capable of being measured by both viscometry and DLS. The reduced viscosity of OD4K in
octanoic acid (5 = 17.5 MPa’®) was also measured using a 1C Ubbelohde viscometer from Cannon
Instruments, calibrated with a viscometer constant of 0.03041 cSt/s. The reason for the specific
use of the 1C size relates to octanoic acid’s kinematic viscosity (5.2 mm?/s), which was outside
the calibrated range of the OC device. Each concentration was tested five times at 25 °C to calculate
the experimental uncertainty. The limit for the reduced viscosity at a concentration of 0 g/dL is

defined as the intrinsic viscosity (1;,,¢)(cf. Eq. C6).

Nint = lcl_{% Nreda = LI_I}(} tc (Eq- C6)
where c is the polymer concentration in g/dL, t,is the time that the pure solvent takes to flow
between the viscometer ring indicators, and t is the time taken by each polymer solution to flow.
The intrinsic viscosity of PVP, OD4K, PTMSP, and PIM-1 in each solvent was then plotted against

the respective solvent’s overall solubility parameter to elucidate any correlation.
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C7. Dynamic Light Scattering Measurements (DLS)

DLS was used to measure the hydrodynamic diameter of PVP, OD4K, PTMSP, and PIM-1 in a
variety of solvents at 25 °C, in an effort to find a relationship between the polymer size, while in
solution, and the respective solvent’s solubility parameter. Measurements were taken using a
NanoBrook Series Particle Analyzer using backscattered detection. Each polymer was tested at
least five times in various solvents such as hexane, cyclohexane, toluene, CHCls, THF, acetone,
DCM, 1,2-dichlorbenzene, acetic acid, butanol, acetonitrile, ethanol, and methanol. The intensity
averaged hydrodynamic diameter of PVP, OD4K, PTMSP, and PIM-1 was then plotted against
each respective solvent’s overall solubility parameter.

To ensure that single peaks were identifiable, and that the polymer was in a minimal unaggregated
state, each sample was diluted and re-tested until unimodal distributions of light scattering data
were obtainable. In most samples, the final concentration tested was between 0.2-0.5 mg/mL, with
a corresponding count rate of ~100 kcps. Prior to testing, each sample was sonicated for 10 minutes

and ran through a Whatman™ 0.45 pm PTFE syringe filter.
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C8. Experimental and Computational Estimates of 6 for PTMSP and polyimides
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Figure C6: A) Intrinsic viscosity of PTMSP as a function of the solvent solubility parameter at 25
°C (lines are drawn to guide the eye). B) Intrinsic viscosities are used to generate the Mangaraj
plot, where ¢ is displayed as a function of the solvent solubility parameter for PTMSP. C) Intensity
average diameter of PTMSP, obtained from DLS measurements, as a function of the solvent
solubility parameter at 25 °C (lines are drawn to guide the eye). D) Intensity average diameters
are used to generate the Mangaraj plot, where ¢' is plotted as a function of solvent solubility
parameter for PTMSP. The linear best fit line for both plots in B {2.4x — 42.8, R’ = 0.95} and D {y
= 7.1x — 124.3, R> = 0.85} are shown. Uncertainty values were calculated through repeated
measurements (A and C) and linear error propagation (B and D).
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The solubility parameter of PTMSP was estimated and compared using both experimental (DLS
and viscometry) and computational (group contribution and a neural network) methods. PTMSP
exhibited the highest intrinsic viscosity (i.e., 0.97 dL/g) in CHCIl3 (19 MPa’°) (cf. Figure C6A).
Upon fitting the data to Eq. S3 and plotting the Mangaraj plot (cf. Figure C6B), the resulting fitted
maximum intrinsic viscosity (in¢max) 18 1 dL/g, whereas the solubility parameter of PTMSP is
17.8 + 0.15 MPa’>. This value was then compared to the results obtained through DLS
measurements. PTMSP experienced a maximum hydrodynamic diameter (i.e., 36.1 nm) in CHCl3
(19 Mpa®?) (cf. Figure C6C). Using the Mangaraj fitting (cf. Figure C6D), the fitted maximum
hydrodynamic diameter was 44.0 nm, with a corresponding solubility parameter of 17.5 £+ 0.14
MPa%3. These results are in excellent agreement with each other and the experimental study by
Ilyin et al., which reports for PTMSP a solubility parameter of 16.8 MPa%’2!¢ Previous
reports>!7218 of PTMSP’s solubility parameter found using group contribution methods!%® range
from 14.5-15.8 MPa%° which, in light of the experimental results, appear to be slight
underestimates. The excellent agreement of the experimental results on PTMSP suggest that the
experimental methodology utilized herein may be readily extended to high FFV, high T materials
(PTMSP: FFV = 38%, T¢ > 250 °C)*** without further modification.

Theoretical predictions of PTMSP’s solubility parameter, using group contribution (14.24 + 0.55
MPa%?) and the neural network (12.2 MPa’), exhibit a negative deviation from experimental
values. The primary reason for this, with respect to both the neural network and group contribution
methods, was the lack of sufficient data to fit. Within the entire solubility parameter dataset
available, the presence of silicon atoms occurred 20 times in total. Other functional groups, such
as methylene (1767 occurrences) and chlorine (305 occurrences), are more prevalent in the data

set used for fitting. Being present in a more diverse set of chemicals allows the theoretical methods
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used to better distinguish the contribution of each particular group to the overall solubility
parameter. This principle justifies the predictions of PIM-1, which align closer to experimental
techniques than PTMSP, as PIM-1 can be segmented into functional groups that are more common
(e.g., ethers, methyl groups, and aromatic rings) and appear frequently in the data set used for
fitting. An extended library of experimental solubility parameter data on high Tg, high FFV
polymers would certainly improve predictions of modern membrane materials, but at the time of
writing this paper this body of data is not available.

A final comparison worth considering due to its relevance in membrane science is the
prediction of polyimide solubility parameters. Polyimides whose solubility parameters is available
in the literature, such as 6FDA-TFDB, Matrimid, and 6FDA-TMPD, were selected and compared
with both our group contribution and machine learning model predictions. 6FDA-TFDB was
predicted by the group contribution and machine learning methods to have a solubility parameter
of 23.7 + 0.4 MPa’? and 20.27 MPa’” respectively, which compared favorably to its experimental
value of 23.8 £ 0.1 MPa®3.21%22° Matrimid, estimated to have a solubility parameter of 22 MPa’?,
was estimated by our methods to be 24.14 + 0.25 MPa’’ and 23.27 MPa%’ for the group
contribution and machine learning, respectively. Finally, 6FDA-TMPD was estimated to be
25.74 + 0.31 MPa®’ and 25.1 MPa’" for group contribution and machine learning, respectively,
compared to its estimated literature value of 26.5 MPa%> 1% These predictions all reside within the
10% average error (consistent with previous comparisons in this work) for both methods and

demonstrate a general agreement with literature values and the solubility behavior of polyimides.
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C9. Updated Molar Attraction Force Group Contribution Values

Table C3: Reference IDs, structures, molar attraction contributions (F), and their errors (of). F
is the contribution of each functional group to the cohesive energy of the molecule in which it
resides, as it appears in Eq. C7, and o is the uncertainty of this contribution, which may be used
in combination with linear error propagation to get the overall error of the solubility parameter
derived from the group contribution method. Substructures colored in black are the structure of
interest, while the red bonds indicate the connections to other unspecified atoms in the overall
molecule.

Reference
Structure F (MPa®5 cm® mol™t) | o (MPa®% cm® mol™?)
ID
CH3

Gl 7 166.0 3.17

G2 C 161.9 1.50

G3 C 156.1 6.80

G4 /C\ 15.85 17.4
CH3
GS L| 437.9 10.4
CH3
fﬁ

G6 ‘< \;}— 947.8 16.1
—
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G7 JL 760.0 275
H"‘o D”/
CH3
G8 1238.6 111
CH3
G9 Q 921.9 114
G10 Oi 905.8 143
Gl1 Q/ 890.5 34.4
G12 q 897.4 32.8
G13 /@i 900.0 205
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Gl4 \Q/ 903.4 58.1
G15 \Qi 782.4 49.6
G16 /Q;I 839.3 68.5
G17 j@i 962.5 68.7
G18 I;L/ 760.8 54.9
G19 OH 401.6 5.6
G20 CN 387.8 7.4
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G21 )_L 597.1 12.3
OH
0
G22 445.0 9.5
D/
0
G23 698.6 294
v
G24 /"”2 2973 6.5
G25 N 2453 12.7
T
G26 ,L 2282 13.6
TN
G27 /,/Uxx_ 148.7 5.4
0
G28 366.1 5.4
F\ /F
G29 /c\ 153.5 13.0
G30 f,/CF:" 322.0 15.3
G31 /F 83.6 5.9
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G32 - 2342 4.0
G33 /Br 3315 8.4
G34 >C< 626.6 28.3
TFB
G35 L 916.6 75.1
CF3
0
G36 L| . 603.7 12,6
_./ HH“‘.:} -
I
G37 — ﬁ — 9433 35.8
0
G38 /,/Sxx_ 317.0 9.2
0
G39 ﬂ 707.7 35.3
,-f’f/ ‘\-\“‘\.
G40 \Si - 119.4 22.9
G41 2233 282
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G42 Sar’ 298.0 37.6
G43 Nar’ 215.35 15.8

G44 Car® 147.1 5.5

“The ‘Ar’ subscript refers to an atom participating in an aromatic ring, rather than implying a
lone “aromatic atom”. The purpose of this is to respect the altered properties of aromatic systems
(e.g., shorter bond lengths) while allowing users to construct arbitrary aromatic systems, such as
heterocycles or nitrogen/sulfur containing compounds.
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C10. Example Calculation using the Updated Group Contribution Technique

Group ID
G2
0 G28
N
G26
n G3

Figure C7: Group fragmentation of polyvinylpyrrolidone. As with most group contribution
techniques, using the largest available fragments will tend to give the best numerical results. Here,
carbonyl and tertiary amine groups are used rather than a tertiary amide. This was because of the
insufficient occurrences of tertiary amides in the training data set to accurately determine its molar
attractive constant.

The solubility parameter can be calculated using the data in this paper paired with the van der
Waals group contribution approach from Wu et al.'”® This calculation can be quite sensitive to the
VdW volume used. Since group contributions in this paper were fitted using volumes calculated
exclusively by the method reported by Wu et al., using their technique will give the best results.

According to Eq. C7, the molar attraction constant of each of the groups in Figure C7 is multiplied
by its number of occurrences added up, and the resulting total attraction energy is divided by the

molar volume.

n o
i=1 Fi

5= (Eq. C7)

Vw
The van der Waals volume was calculated to be 59.34 cm® mol™'. Then, the molar attraction term

is calculated as follows:

n

Z F, =] +156.1+366.1+ 228.2] = 1398 (MPa®® cm3 mol™)
i=1

Which then gives us:
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5= 71 F; 1398 MPa®® cm® mol ™

= 5
Vw  5934cm3mol! 23.6 + 0.29 MPa°

The uncertainty was estimated using linear error propagation.??!
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C11. Model Optimization and Uncertainty
Both group contribution and the machine learning model are optimized using mean squared error
(L2 loss) target functions. Group contribution is then optimized via the L-BFGS algorithm, and
the neural network is trained via the ADAM optimizer. It is possible to quantify uncertainty on the
minimizer values,??? that is, the error of the fit contributions of each functional group. Specifically,
the covariance matrix (Z) (of which the diagonal values are the variance of each group’s
contribution) is found by evaluating the inverse scaled hessian matrix (H™1) of the objective
function with respect to the minimizer values. More formally:

ymeas

¥ = [(apred_‘smeas)zl H_1

Nmeas Ngroups (Eq. C8)

The scaling factor corrects bias in the resulting covariance and can be otherwise phrased as the
total sum of errors at the found local minimum normalized by the degrees of freedom in the model,
which 18 1645 — Ngroups @s €ach functional group adds one fitted parameter to the model.

To train both the group contribution and neural network, small molecule solubility parameter data
was first collected from Hansen’s solubility parameter handbook'”” and pruned to 783 small
molecules containing functional groups of interest, that is, molecules containing functional groups
that may be used to construct a wide variety of polymers exhibiting various chemistries (e.g.
hydrocarbon-based polymers, fluoropolymers, and silicon-based polymers). Of this data, 80%
(i.e., 626 molecules) were used to independently train the group contribution and neural network,
while the remaining 20% (i.e., 157 molecules) were set aside to test how well both models made
solubility parameter predictions on small molecules alone.

Once trained with the 626 randomly selected molecules, both the group contribution and neural

network adequately predicted the solubility parameter of the 157 test molecules. The predicted

solubility parameters from group contribution and neural network versus the measured (literature)
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value for the training and testing small molecule datasets are shown in Figure C8A/B, respectively.
The error in these predictions is quantified and shown in Table C4, where the mean absolute
relative error (MARE) of the group contribution model is 5.7% in the small molecule training
dataset and 6.1% in the testing dataset (the 157 molecules not trained on). In comparison, the
neural network exhibited similar results, where the MARE of the small molecule training and

testing set is 6.1% and 6.3%, respectively.
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Figure C8: Parity plots of the group contribution (red circles) and neural network (green circles)
predictions of the solubility parameter in units of MPa’>. Data used to train the models are shown
in A, data reserved for making predictions of molecules the models had not previously seen are
shown in B.

Table C4: Mean Absolute Relative Error (MARE) of small molecule training and testing solubility
parameter data and polymer solubility parameter data (predictions only). Polymer Genome

predictions'®* are provided as a reference to the state of the art.
Small Molecule Small Molecule Polymer Prediction
Technique
Training MARE" Testing MARE" MARE"
Group Contribution 5.7% 6.1% 9.0%

Neural Network ‘ 6.1% 6.3% 10.3%
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Polymer Genome
--- --- 5.8%
Project’

“MARE = 1;)’0 ?lzl I5i,Predicted_5i,Measu‘red

8 i,Measured

"Data from the online database Polymer Genome'**
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C12. Machine Learning Model

Modern techniques, such as machine learning, have the capability to outperform group
contribution, but generally do so when provided with more fitted parameters and types of
information. A machine learning model was implemented to both assess the performance of the
group contribution method and to see if machine learning results align better with experimental
measurements (i.e., viscometry and DLS) than that of group contribution, which would suggest
group contribution could be improved without including more information. We used a graph
convolutional neural network, a type of machine learning model well suited to predict chemical
properties such as the solubility parameter, to fit the same solubility parameter data as the group
contribution model. This is done by comparing the predictive ability of the machine learning model
and the group contribution technique.

The neural network structure was chosen to utilize the same information as group contribution
while minimizing the risk of overfitting (cf., Figure C9). Overfitting, also referred to as
memorization, occurs when the model learns to predict only the data set it was exposed to, without
being able to generalize its predictions to previously unseen molecules. Although this may occur
in both group contribution models and machine learning models, it is more likely to occur when
more parameters are included in the model, and thus neural networks are particularly prone to
memorization.

In this network, the chemical’s functional groups are first fed to an embedding layer, which
translates each functional group into a vector (i.e., a series of values), mirroring a more general
case of group contribution’s single value input. The resulting matrix (referred to as the feature

matrix of the functional group graph) is then sent to a graph convolution layer, which operates on
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both the values of a group as well as its connections. This allows groups to interact with each other,

mirroring a general case of binary and tertiary interactions.

Solubility Parameter Prediction

x/volume*
Dense to singular value x
Global Pooling (+)
RELU Activation

Graph Convolution

Group Adjacency Functional Group VDW
Matrix ID Vector Volume

Figure C9: Schematic of the graph neural network structure. The bottom row denotes input values,
arrows denote the flow of information, and the top row denotes the output prediction. The asterisk
by volume indicates that it is an optional operation, needed only for parameters that must be
normalized, such as the solubility parameter.

If this black box model can significantly outperform group contribution, then the information
present within the functional groups and their connectivity likely is not being fully utilized by the
current group contribution model, and modifications to group contribution (e.g., extra parameters,
or a non-linear correlation) may be necessary to further improve prediction accuracy. Otherwise,
should both methods perform similarly, improvements upon fundamental group contribution
models may instead require additional types of information to be incorporated into the model, such
as polar surface area, van der Waals surface area, bond properties such as rotatability and bond

length, and other structure-property descriptors.
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C13. Polymer Data Curated for Predictions of Solubility Parameters

Table CS: Polymer solubility parameters as found in literature.

polymer

é‘measured (MPao's)

Polyethylene

Polypropylene
Polyisobutylene

Polystyrene

Polyinyl chloride)
Poly(vinyl bromide)
Polyvinylidene chloride)
Poly(tetrafluoroethylene)
Poly(chlorotrifluoroethylene)
Poly(vinyl alcohol)
Polyvinyl acetate)
Poly(vinyl propionate)
Poly(methyl acrylate)
Poly(ethyl acrylate)
Poly(propyl acrylate)
Poly(butyl acrylate)
Poly(isobutyl acrylate)
Poly(2,2,3,3,4,4,4-heptafluorobutyl acrylate)
Poly(methyl methacrylate)
Poly(ethyl methacrylate)
Poly(butyl methacrylate)
Poly(isobutyl methacrylate)
Poly(tert.-butyl methacrylate)
Poly(benzyl methacrylate)
Poly(ethoxyethyl methacrylate)
Polyacrylonitrile
Polymethacrylonitrile
Poly(a-cyanomethyl acrylate)
Polyformaldehyde
Poly(tetramethylene oxide)
Poly(propylene oxide)
Poly(epichlorohydrin)
Poly(ethylene terephthalate)
Poly(8-aminocaprylic acid)
Nylon 6,6

Poly(dimethyl siloxane)
Poly(methyl propyl siloxane)
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15.8
16.8
16.0
17.4
19.2
19.4
20.3
12.7
14.7
25.8
19.1
18.0
19.9
18.8
18.5
18.0
17.8
13.7
18.6
18.2
17.8
16.8
17.0
20.1
18.4
25.6
21.9
28.7
20.9
17.0
15.4
19.2
19.9
26.0
27.8
14.9
15.9



Poly(methyl octyl siloxane) ‘ 16.3
Poly(phenyl methyl siloxane) 19.7
Poly(trifluoropropyl methyl siloxane) 17.9
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C14. Machine Learning Outcome and Analysis

As discussed in Chapter 4, predictions from the neural network and group contribution model
exhibit similar performance. A post-training analysis revealed that the embedding layer (i.e., the
layer of the neural network that assigns values to functional groups) of the neural network very
closely resembles the corresponding fit values in group contribution. That is, when comparing the
neural network’s representation of a functional group with that same functional group’s molar
attraction constant value in the updated group contribution technique, both the neural network and
the group contribution technique tend to represent the same information (cf., Figure C10). This
suggests that the neural network is not discovering an improved process to predict solubility
parameters compared to that of the group contribution model, and is instead “re-discovering”
group contribution, despite being composed of much more flexible and generalized versions of the
tools available within the group contribution model, such as non-linear relationships and the

connectivity between functional groups.
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Figure C10: Parity plot between the neural networks embedding layer values and the traditional
group contribution’s fitted values, group contribution is normalized by the highest functional
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group’s molar attractive force constant (F), the embedding magnitudes are normalized by the
highest value in the layer.
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