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Abstract

Polymer membranes are critical to many sustainability applications that require the size-based
separation of gas mixtures. Despite their ubiquity, there is a continuing need to selectively affect
the transport of different mixture components while enhancing mechanical and aging behavior.
Polymer-grafted nanoparticles (GNPs) are a novel platform which dramatically addresses these
issues even for 100 nm thick films. Neat GNP materials have higher gas permeability and lower
selectivity because they have increased mean free volume relative to the neat polymer. Going
beyond this ability to manipulate the mean free volume, the conceptual advance of the present
work is our finding that GNPs are spatially heterogeneous transport media, with the addition of
the free polymer being able to manipulate this free volume distribution. We show that adding a
small amount of appropriately chosen free polymer can dramatically increase the membrane gas
selectivity while only moderately reducing small gas permeability, thus leading to membranes with
highly enhanced gas separation ability. In particular, added short free chains, which are
homogeneously distributed in the polymer layer of the GNP, only reduce the permeability of all
gases with no dramatic increases in selectivity. On the other hand, long free chains, which
populate the pockets between GNPs, modify the brush structure so that the transport of large
solutes are preferentially hindered, leading to large selectivity increases. Thus, the major practical
consequence of this work is our ability to favorably manipulate the selective gas transport
properties of GNP membranes through the entropic effects associated with the addition of free

chains.



Glassy polymeric membranes are routinely used to separate gas mixtures, e.g., for shale gas
remediation and carbon capture. Membrane separations are cost-efficient relative to competing
technologies but are limited by the tradeoff between gas permeability (P, =D;xS;, B is
proportional to throughput, D; is the gas diffusivity and S; its solubility coefficient) and selectivity.
The ideal selectivity, o;; = P;/P;, is frequently used as a proxy for product purity. The compromise
between P, and aj; is captured by empirical Robeson upper bound correlations, e.g., shown in

Figure 1A, which define the best available polymers for a given separation, in this case of CO,
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Figure 1: Gas transport in neat GNPs. (A) Robeson plot for CO,/CHs separations (1 Barrer = 1x1070
cm?(STP)cm/cm? s cmHg); solid line: 2008 upper bound.® Dashed line: 2019 upper bound.'* Small open grey symbols
are literature data on neat polymers; small filled grey squares are TR polymers. Data for neat PMA, PMMA and
Polyaniline (P-An)-based (o, o, and A respectively) membranes are in black; data for the neat GNP membranes at
constant grafting density o [~ 0.5 chains/nm? for PMA (filled squares) and PMMA (filled circle); 0.25 chains/nm? for
PAn-based (filled triangle)] are in color. The three points for the PMA are for different graft molecular weights (Mgp,q ~
30 (red), 100 (green) and 130 kDa (blue)). (B) Plot of the ratio of CO, permeability in the PMA GNPs (P,) to that in
the neat polymer (P,) as a function of Mg, for o ~ 0.5 chains/nm?. Open symbols are from Ref. 24; colored squares
are PMA data in (A). The black circles are corresponding MMMs with NP loadings commensurate with the GNP data.
(C) Aging behavior of £ ~ 700 nm thick samples of PMMA GNPs (Mg,,s ~ 100 kDa, o ~ 0.5 chains/nm?) compared
to neat PMMA and blends of the GNPs and neat polymer (2 wt%, 90 kDa). Lines are guides to the eye. The
corresponding PMA-based materials show no aging behavior. (D) CO, permeance (m) and CO,/CHj, selectivity (o) of
the most permeable PMA GNPs as a function of film thickness. The dashed line is the permeance of cellulose acetate
(100 GPU), a common industrial benchmark. Films as thin as £ * 100nm are readily produced via spin-casting. (E)
Schematic of neat GNP membranes. The grafted chains must extend to fill in space between the GNP, which
constitute the distal regions in the membranes.




from CHa."® Many past approaches for improving polymer membrane performance have focused
on the synthesis of new materials e.g., polyanilines,* thermally rearranged (TR) polymers,® and
polymers of intrinsic microporosity (PIMs),® which contain rigid backbones that frustrate local
polymer chain packing. The development of these novel materials has favorably shifted
performance, e.g., from the 2008 to the 2019 upper bound.” While these materials are empirically
found to improve performance, the ability to a priori design materials with enhanced

permeability/selectivity, improved strength and aging behavior, remains an open challenge.

A potential means to rationally improve performance is to add nanoparticles (NPs), e.g., fumed
silica or metal-organic frameworks, to the polymer to form “mixed-matrix” membranes (MMM).5'?
Previous work has shown that, while these composite materials sometimes improve gas transport,
they are frequently accompanied by challenges, including NP aggregation caused by the
immiscibility between the inorganic NPs and the organic polymer.® "% 1131 The addition of NPs
can, however, mitigate aging and plasticization behavior, and improve some mechanical

15, 16

properties of the polymer, all highly desirable traits.

A resolution to the miscibility problem associated with adding (polar) NPs into an apolar polymer,
which ensures good NP dispersion, is to chemically graft the polymers to the NP to create GNPs
(Figure 1E) with no free chains."”?* We have previously shown that neat GNPs have higher gas
permeability and lower selectivity relative to the neat polymer (with no added NPs), evidently
because they have increased mean free volume. The grafted polymer chains, especially in the
limit of dense grafting (“brush” regime), must stretch out to fill all empty space between the NPs
(incompressibility constraint). This chain extension evidently results in the increased free volume.
The conceptual advance of the present work is our finding that GNPs are spatially heterogeneous

transport media, i.e., there are distinct spatial regions with different free volume. We can thus



manipulate the underlying free volume distribution, and hence gas selectivity, with the addition of
an appropriately chosen free polymer. This selectivity increase is sensitive to the amount and
molecular weight of the free polymer chain added, and maximum selectivity enhancement is found
when the graft and free polymer chain lengths are roughly equal to each other. Mechanistically,
these long chains populate the distal pockets between the GNPs (and also reduce chain
extension), and evidently allow us to selectively manipulate the higher end tail of this distribution.
Shorter free chains, which disperse more homogenously in the medium, reduce the chain
extension encountered in the pure GNP, but do not selectively block the distal spaces. These
shorter added free chains thus do not yield such selectivity increases. We thus speculate that the
larger free volume pockets, which selectively help in the transport of large gases, likely must be

located in the distal (interstital) regions between the NPs (Figure 1E).

Results and Discussion

Systems Considered and Methods Used: We primarily studied GNPs composed of impermeable

silica NPs of diameter 14+4 nm grafted with poly(methyl acrylate) [PMA] at a grafting density o ~
0.5 chains/nm? (=~ 300 graft chains per NP); the grafted polymer molecular weight, Mgratt, 1S
systematically varied.?° Even thin (£ = 100nm) GNP films remain easily processable and the NPs
serve to increase the shear modulus of the polymer (see Supporting Information, Sample
Preparation & Transport Performance Measurements).”® -We previously considered non-
equilibrium pure gas transport of these PMA GNPs measured using the quartz crystal
microbalance with dissipation (QCM-D) method, which provides direct measurements of both S;
and D;. These are directly related to P, in the framework of the solution-diffusion model, i.e., P, =
D; x S;. Here, we complement these data with steady-state light gas permeabilities measured
using the constant-volume, variable-pressure method on supported films with £ > 100 nm and

thicker free-standing films (see Supporting Information, Materials and Methods). We note that



these two experimental methods have different ranges of validity - the steady-state method with
free standing films with £ = 30 um can measure 10° Barrer > P, > 0.07 Barrer, while for the thinnest
supported film with £ = 100 nm the lower limit is 2x10* Barrer. QCM-D, a variant of the classical
sorption method, is restricted to 80 Barrer > P, > 5x10° Barrer. We cross-validate the methods
against each other where possible, and use the most appropriate method in each context. Mixed-
gas P, was also measured for the CO2/CH4 gas pair by systematically changing composition and
pressure and by coupling a specially designed permeation system to an in-line gas

chromatograph.

Summary of Pure Gas Permeability Results: Figure 1B shows the CO, permeability enhancement

in PMA-based GNPs relative to neat PMA as a function of Mg .¢.. The pure gas P; data agree with
literature values for the neat polymer (with no NPs)*' and neat GNPs.?* The large CO-
permeability enhancements in neat GNPs relative to the neat PMA are accompanied by modest
decreases in ideal aco,,/cn, (i.€., the CHs permeability enhancement is larger than that of COy),
shown as colored squares in Figure 1A; similar results are seen for other gas pairs (see
Supporting Information, Additional Figures). The GNP results are unexpected since physical
mixtures of PMA and bare silica NPs (i.e., conventional MMMSs) at similar loadings yield lower P,
than the neat polymer (Figure 1B, see Supporting Information, Transport Performance
Experiments).® "> '* Similar trends are also found for glassy poly(methyl methacrylate) [PMMA]
GNPs over similar ranges of Mg, and o, emphasizing the importance of chain grafting in
achieving the P, enhancements. While the specific chemistry of the chains themselves yield
different gas permeability values, the increase in relative permeability on grafting is apparently
independent of these chemical details. In a related matter, PMMA GNPs in both supported and
free-standing film configurations show no deleterious aging effects often encountered in polymer

22,23

membranes even though the PMMA is glassy under experimental conditions (35°C ,Tg~ 105



°C, Figure 1C); PMA GNPs (PMA T4 = 18°C), which are rubbery at 35°C, expectedly show no
aging.? Further, the permeance (i.e., P/{, ) of PMA GNPs with £ < 700 nm rivals that of

commercial cellulose acetate membranes (Figure 1D), an important industrial benchmark.

We now focus on understanding the increased P, of the PMA GNPs relative to the corresponding
neat PMA and traditional MMMs (Figure 1B). Since gas solubilities are found to be hardly affected
by grafting,?® the P, increases primarily reflect increases in diffusion, likely due to increased “free
volume” in the GNPs relative to the MMM (i.e., the “extra” unoccupied volume in a material that
aids solvent diffusion).?’ In agreement with this notion, we found an increased dynamic mean free
volume via Positron Annihilation Lifetime Spectroscopy (PALS) measurements; this metric shows
a maximum in the vicinity of Mg, ~ 80 kDa. Similarly, density measurements via pycnometry
showed that increasing Mg..rc Up to =~ 80 kDa results in progressively larger equilibrium molar
volumes than that expected from a linear combination of the NP and polymer.?’ This finding is
supported by molecular dynamics (MD) simulations which show lower polymer densities in these
GNPs (See Supporting Information, Simulations). Linear rheology experiments show that GNPs
display colloidal glass behavior for Mg, < 80kDa, consistent with a jammed solid state, whereas
GNPs with larger Mg.,r behave akin to star polymer melts (See Supporting Information,
Rheology). Increases in free volume and hence P, are therefore correlated with the formation of a

jammed solid state.?*

In the jammed state, the polymer chains must stretch out to fill all empty space between the NPs
(incompressibility constraint, Figure 1E). For long enough chains and high enough grafting
densities, the brush is comprised of two spatial regions — an inner extended brush and an outer
brush following Gaussian statistics where chains from neighboring NPs can interpenetrate.? The
degree of extension in the inner region depends on the graft chain length, and the highest free

volume state (and hence highest gas P;) corresponds to the brushes with the most extended



chains. Based on a newly published theory, we conjecture that this state of maximum chain
extension is in the vicinity of Mg, ~ 80kDa. For shorter Mg, ¢, chain extension is lower, resulting
in lower GNP free volume (but still larger than in the neat polymer) and smaller P, enhancements.
Similarly, for Mg.,¢ larger than 80kDa, in the star-polymer regime, the interpenetration region
becomes dominant and hence the permeability decreases with increasing Mg, till it is eventually

akin to that of the neat polymer.?* %

Role of Added Polymer: Figure 1A further suggests that the permeability vs. ideal selectivity data

for the neat PMA (black open squares) and the PMA-based GNPs (colored squares), when
considered together, run almost parallel to the Robeson upper bound. These data are thus

consistent with Cohen and Turnbull's®’ model of a single, mean free volume metric controlling

transport and thus the permeability/selectivity tradeoff: log a5 ~ (1 — %) logP, + ¢, where v, and
A

vg are related to the sizes of the gas molecules (in this framework, vg > v, ). GNPs in the jammed
state have higher free volume rationalizing the increased P; on grafting and the peak permeability
in Figure 1B.? Since the free volume in these jammed states is higher than in the pure melt (with
no NPs), we conjecture that the addition of solutes, in particular free polymer chains of molecular
weight M¢..., can help to manipulate this quantity. This methodology could thus provide us with a
simple way to controllably vary gas permeability in these constructs. We then expect both CO,
and CH4 permeabilities to decrease with increasing wgce, the free polymer loading (in wt.%), and
CO./CH; selectivity to increase monotonically (i.e., follow a line with a negative slope parallel to

the upper bound correlation in Figure 1A).

To verify this conjecture, we considered both PMA and PMMA-based GNP membranes with the

highest permeability, i.e., the state with the largest chain extension (Mg,¢ = 100 kDa at o =~ 0.5



chains/nm?; other Mgrare @nd o data are in the Supporting Information, Additional Figures). These
GNPs were mixed with chemically identical polymers of various Mg, at different ws.... Each
sample was mixed in solution, followed by drying in an ambient atmosphere and thermal
annealing above the polymer glass transition temperature for 2 days. Electron microscopy and X-
Ray Scattering (see Supporting Information, X-Ray/Neutron Scattering) show that free chains and

GNPs of the same polymer chemistry are miscible for all Mg... considered.?® In the gas transport
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Figure 2: Pure gas transport in GNP/free chain mixtures. (A) CO2/CH4 Robeson plot of PMA-grafted and PMMA-
grafted NP membranes at similar conditions (for PMA Mg, = 100 kDa, Mg ~ 6 kDa “short” free chains, and
Mgee = 96 kDa “long” chains; for PMMA, Mg, =~ 100 kDa, Mg, ~ 3 kDa “short” free chains, and Mg, ~ 90 kDa
“long” chains) and PAn-based composites (Mg ar = 30 kDa; Mg, = 30 kDa). The solid black line is the 2008
Robeson upper bound.? (B) CO2/CHj selectivity enhancements for PMA GNPs (Mg, ~ 100 kDa) with different Mg, e
and weight fractions. The neat PMA GNP is the open black square symbol and the weight fractions of the free chains
increase for all mixtures on moving from right to left. Maximum selectivity enhancements are observed for Mg... = 96
kDa. (C) CH4 permeability enhancement in PMA-grafted GNP composites with added Mg.., = 6 kDa and Mg... =~ 96
kDa, respectively, at various wg.q.; Inset: permeability enhancement of CO,. (Data for other My,... and gases are in
the Supporting Information, Additional Figures). The solid lines are fits to ;—“) =1+ Bd)’oe‘m"ee/m*_ (D) w* plotted a

function of the gas kinetic diameter déas in PMA based composites with two different Mg... Bg,o is reported in the
Supporting Information. (E) Schematic of gas transport in the blended composite systems. Added free chains with
large Mg... preferentially segregate into the distal regions and reduce the transport of larger gases; the whole grafted
polymer transports the smaller molecules.



measurements of blends with low molecular weight free chains (PMA, M¢... = 6 kDa mixed with
PMA GNPs; PMMA, M¢... = 3 kDa mixed with PMMA GNPs) we found that increasing w¢.c. leads
to a monotonically decreasing Pco, and slightly increasing aco,,cu, (Figure 2A). Since the
transport of both species is affected similarly by the addition of free chains, we emphasize the
notion that both gases experience the same mean free volume, which is decreased by increasing

the wgree Of @ low Mg additive. These trends are expected, as discussed above.

In contrast, blends with long free chains (M. = 96 kDa), comparable in length to the brush,
demonstrate unexpected, non-monotonic permeability/selectivity behavior with increasing wgrce-
Figure 2A shows large (= 6x) increases in CO./CHj4 selectivity for the PMA based system with
Wiree = 1 -2 wt.%. Blends with w¢.. > 10 wt.% have transport properties comparable to that of
the neat polymer. The ideal selectivities of PMA-based blends approach the 2008 Robeson upper
bound (within experimental error), while the corresponding best-performing PMMA materials

exceed this empirical limit and perform comparably to TR polymers (see Figure 2A).

This behavior is not unique to this PMA Mg.... We find that progressively smaller Mg... Yyield
progressively smaller selectivity increases at each loading when compared to M. ® 96 kDa
(Figure 2B). Similarly, increasing M¢... beyond 96 kDa (up to 210 kDa) also results in a monotonic
decrease in selectivity. The condition where Mgee & Mg4c €vidently corresponds to the optimal
conditions for maximizing ideal selectivity, while at the same time still yielding improved
permeabilities relative to the neat PMA. Experiments on analogous blended Poly(aniline) [Pan]
systems with Mgrarc ® Mgree &~ 30 kDa, 0 = 0.25 chains/nm? exceed even the upper bound defined
by TR polymers, and display extraordinarily high selectivities and no measurable loss of
performance over time (Figure 2A, measured using QCM-D; see Supporting Information,

Additional Figures). These results are also observed for other gas pairs, though its degree

10



correlates directly with the ratio of the kinetic diameters of the gases, d,/dg. Pairs with smaller,
but similar dg, values (e.g., He/H, Supporting Information, Additional Figures) fall well below the
upper bound and perform similarly to what was found in the case of the neat PMA, regardless of
Mtree; Other pairs with disparate dg,s (€.9., H2/CHa, Supporting Information, Additional Figures)
well exceed their upper bounds. Evidently, while using neat GNPs primarily increases gas
permeability and moderately reduces selectivity, adding small amounts of appropriately chosen
free polymer dramatically increases gas selectivity while only moderately reducing small gas P,
allowing us to achieve unprecedented performance improvements that are readily tunable through

polymer chemistry and Mg ¢e.

To gain a more detailed understanding of these central results, Figure 2C and its inset compare

the gas permeability enhancements of PMA-based blended materials for both short and long
M¢ce. Each set of data is well-fit by the empirical equation: i—i =1+ Bq),oe'mfree/m*,s where w* is
the sensitivity of permeability enhancement to the added homopolymer. For systems described
by a single effective free volume, w* should be independent of the kinetic diameter of the gas,
dgas. Indeed, for Mg = 6 kDa, o™ =~ 2 wt.% and only weakly dependent on dg,s (Figure 2D). As
expected, this indicates that the free chains simply serve to reduce the mean free volume, and
that the permeability of differently sized gases are affected in a similar manner with wgee
variations. The Mg... ~ 96 kDa data, in contrast, show that gases with dg,s < 0.35 nm have w* =
2 wt.% comparable to the M¢... = 6 kDa composites, while larger gas molecules have smaller w*
(Figure 2D); for example, for CH4, o™ = 0.4 wt.%. Said differently, while the P, of the smaller CO.
molecules (dg,s = 0.33 nm) are effectively independent of My, the larger CHs molecules (dgas =

0.38 nm) are very sensitive to Mg.¢e. The low Mg... data for CHs (Figure 2C, blue points) follow

the CO, trends but the high My... data (red points) show a much stronger dependence. Thus,

11
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deuterated PMMA free chains with (E) Mg..e = 3 kDa and (G) Mg... = 90 kDa. The solid lines are model fits.
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selectivity enhancements shown in Figure 2A.

The fact that the selectivity of these high M¢... blended materials does not track linearly with
permeability on a Robeson plot implies that the effective free volume experienced by the two
gases are different. This key new conclusion is not apparent in neat GNPs, or in GNPs blended
with shorter M. = 6 kDa homopolymers, and is only found for higher M¢.... TO gain insights
into this finding we used PALS to determine ortho-positronium (o-Ps) lifetimes in the composites
on the addition of My... = 96 kDa PMA, which are then translated into free volume distributions
(see Supporting Information, PALS); these data are shown in Figure 3A. Evidently, while the free
volume distributions are monomodal in all cases, adding increasing amounts of the M. = 96
kDa homopolymer systematically reduces the mean value (Figure 3B) and full width at half
maximum, FWHM, of this distribution (Figure 3C). The mean free volume radius decreases
exponentially with wgee (i.€., e @free/125) and only returns to its neat homopolymer value for

weree = 5 WE.%. This dependence tracks the behavior of the permeability of the smaller CO» on

the addition of free chains (~ e~ /). In conjunction with the data in Figures 2C (inset) and 2D,
evidently, the CO; uses the full GNP polymer layer for transport. In contrast, the FWHM
(~ e~@free/045) retyrns to its neat value for wg.e = 2 wt.%. This is consistent with the permeability
behavior of the CH, on the addition of free chains (~ e~®free/%4) Apparently, the permeability of
the larger gas is sensitive to the width of the distribution, presumably the tail of the distribution
with larger size free volume elements. Thus, we conclude that the two gases transport differently
in the GNPs mixed with higher Mg... because they sample different parts of the free volume
distribution. Most importantly these free volume pockets are evidently in different spatial regions

of the grafted polymer layers.

Structural Characterization: To gain a structural understanding of these results, we used coarse

13



grained MD simulations to probe the spatial distribution of short added free chains (Mg.ee = 5
kDa) in a chemically-identical brush with Mg.¢ = 75 kDa (for details, see Supporting Information,
Simulations). In parallel, small angle X-Ray and neutron scattering (SAXS, SANS) experiments
were performed on PMMA-grafted NPs (Mg, = 100 kDa at 0 ~ 0.5 chains/nm?) mixed with short
free dAPMMA chains (Mg.ee = 3 kDa) at different wg.ce. Figure 3D shows that the short free chains
(grey) are more homogeneously distributed in the GNP constructs than the long free chains
(Figure 3F). Analogous SAXS experiments show that the GNPs remain miscible for all
.20,29

combinations of wgee aNd Mypee; and the NP spacing increases with w¢... (s€e Supporting

Information, X-ray/Neutron Scattering).

SANS is further able to distinguish spatial correlations among the silica core, the protonated graft
chains (hPMMA) and deuterated free chains (dPMMA). We find only a single SANS correlation
peak in short M¢... composites (Figure 3E), but with an intensity that decreases with added free
polymer. Data fitting shows (see Supporting Information, X-ray/Neutron Scattering), within the
sensitivity of these experiments, that the short chains are homogeneously distributed in these
GNPs, in agreement with the simulations. This result is consistent with past work which has
experimentally found that added small solutes (e.g., ethyl acetate) homogeneously distribute

themselves in the GNPs.*°

The spatial distribution of long deuterated PMMA free chains (Mg = 90 kDa) is considered next.
While SAXS results are consistent with the My... = 3 kDa sample (see Supporting Information,
X-ray/Neutron Scattering) and indicate well-dispersed NP cores, there is a new secondary low-q
SANS scattering feature in the wg.ee = 5 Wt.% and 10 wt.% samples, evidently corresponding to
free dPMMA chains spaced at distances larger than the mean inter-NP separation (Figure 3G).

We conclude that the M. = 90 kDa free chains are not homogeneously distributed, but rather

14



are localized preferentially in the distal (or interstitial) regions within the GNP constructs. These
insights are validated by MD simulations, which show that free chains with Mg... = 75 kDa at
weree = 2 Wt.% segregate into the distal regions (Figure 3F). Previous work on miscible mixtures

of copolymers with homopolymers,®' and mixtures of GNPs* echo these findings.

Overall Physical Mechanism: These findings in combination provide the following physical picture

that explains the unusual transport behavior of GNP blended composites. We believe that CO;
and CH, are distributed isotropically in the polymer layer at equilibrium (as found for small
solvents® and also the low Mg... chains). The CO; transport, which tracks the mean distribution
of free volumes, implies that the smaller gas diffuses through the whole polymer brush layer
(Figure 2E). The larger CH4 molecules, on the other hand, must primarily move through the larger
dynamic free volume “pockets”. The question is where these larger free volume pockets are
spatially located. On adding long M¢... (= 96 kDa) chains two things happen: (i) SANS shows that
these free chains, which have lower free volume in the melt state relative to the corresponding
GNP layer, preferentially segregate into the distal regions of the polymer brush, and (ii) the
presence of the free chains reduces the packing frustration encountered by these extended graft
chains. The graft chains thus become less extended as has been verified using computer
simulations. Both of these mechanisms lead to lower free volume. Here we note that the added
short chains, which are more spatially homogeneous, reduce the chain stretching but dont fill the
distal spaces. Thus, we conclude that the higher end of the free volume distribution (as probed
through PALS) is likely in the distal spaces of these brushes, which are in their state of maximum
extension in their pure states. The fact that polymer layers preferentially transport gas molecules
through pathways based on their size*® is known and leveraged in rigid TR polymers® and Metal-
Organic Framework (MOF) based MMMs,'% 3 3% put our ability to selectively manipulate these
channels through entropic effects, i.e., by adding carefully chosen homopolymer to the GNP

layers, is an important new finding.
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The critical dg,s Where two distinct transport pathways manifest (i.e., beyond the dg,s at which w*
becomes dg,s dependent in Figure 2D) can be tuned by varying the NP core size. All of the notable
results reported here are for films with NPs of core diameter 14 nm where we find maximum gas
selectivities in matched composites, i.e., where Mgee & Mgrage, and when Mg, corresponds to
the state of maximum chain extension. All other cases yielded lower permeabilities. Inspired by
these results, we now consider selectivity changes in composites with different NP size using two
representative cases; one where Mo < Mgrae @nd one with Mg.ee & Mgrage (termed long Mgy ).
In contrast to the data on NPs with the 14nm diameter core, composites with 50 nm silica cores

show no changes in selectivity for any gas pair that we have studied (dg,s < 0.5 nm, Figure 4A;
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Figure 4: (A) Effect of changing the NP core size on He/H; selectivity. Large NPs (50 nm diameter) consistently
show effectively no change in selectivity regardless of gas pair, while small NPs (4nm diameter) are able to be
designed to selectively separate He and H,. Filled black symbols are the neat polymers, the open symbols the
corresponding neat GNPs and filled symbols mixtures with added free chains. Circles — 4 nm diameter cores
(Mgrage = 11 kDa, o ~ 0.25 chains/nm?), diamonds — 50 nm diameter cores (Mg, = 100 kDa, o ~ 0.47
chains/nm?). (B,C) Structural schematic of composites with small (2nm,green) and large(50nm,red) NPs. The small
NPs contain substantially smaller distal polymer regions (shown with an orange circle), causing them to be more
sensitive to diffusants with smaller dg,; conversely, larger NP materials contain significantly larger sized free
volume in the distal regions, reducing the ability of the GNP composites to effectively separate gases based on
size.

see Supporting Information, Additional Figures) regardless of M.ce OF Wee- CoONnversely, while

GNPs with 4nm diameter NPs also show no changes in CO./CH4 selectivity, they instead
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significantly affect the permeability of smaller gas mixtures, e.g., He/Hz (Figure 4A). Variations in
GNP core size can thus be used to favor the separation of desired gas pairs. Presumably the size
of the distal spaces scale with the NP size and provides a simple means of understanding these
results. These differences in brush structure, and how they are affected by core size, thus provide

a simple handle for manipulating the gas separation efficiency of these constructs.

Preliminary Mixed-Gas Permeability Results: While all of these results have been collected by

means of pure gas experiments, industrial applications require the use of non-ideal gas mixtures.
Previous work on polymers has shown that CO./CHs mixed-gas selectivities are typically much
lower than those calculated from pure gas permeabilities. This effect is commonly attributed to
membrane plasticization by the more soluble gas.* To test for this effect in the GNP membranes,
we performed preliminary mixed-gas permeation experiments on a representative PMA
composite (see Supporting Information, Mixed-Gas Permeability Measurements). In PMA, P¢o, =
6.7 Barrer and its ideal CO2/CHa selectivity a;; = 28. For the PMA GNP sample tested with Mg,¢ =
100 kDa, ¢ ~ 0.5 chains/nm? with added wg.ee ~ 3 Wt.% 96 kDa homopolymer, the pure gas Peo,
= 23 Barrer and its ideal CO2/CH. selectivity a;; = 41+11. Consistent with this finding, at low
pressures (2 bar total pressure, 20% CO2, 80% CH.) the mixed-gas permeabilities and
selectivities are Pco, = 21.3 Barrer and aj;= 33+5; while at high pressures (24 bar total pressure,
50% CO2, 50% CHa), the effect of CO- plasticization yields P.o, = 42.6 Barrer and aj;= 2313 (see
Supporting Information, Mixed-Gas Permeability Measurements).®” These early results show that
the GNP composites demonstrate a 3-6x increase in CO, permeability and comparable mixed-

gas selectivity for CO,/CHjs relative to the ideal behavior of the homopolymer.

Conclusions

In summary, while size-based gas separation is common in polymeric membranes, we have
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developed a facile means to selectively control the transport of different mixture components
through the addition of free polymer to a GNP based membrane. The significant conceptual
advance of this work is the ability to create two spatial regions with different transport properties
through the use of GNPs and selectively manipulate them with the tools of polymer physics. This
method can greatly improve membrane selectivity and permeability for polymer systems that
otherwise show unattractive property sets. In the absence of added homopolymer, or when added
small chains are distributed homogeneously, gas transport in the GNPs can be described by a
single effective free volume metric.?’” However, if we can selectively block the distal spaces
(shown schematically in Figure 2E), the free volume distribution in neat GNPs can be selectively
manipulated by a judicious choice of added free polymer. In such situations the transport of the
larger gas is affected more dramatically compared to the smaller gas, leading to exceptional
membrane selectivities. What constitutes “small” and “large” gases is apparently controlled by the
size of the NP cores. The principle underlying this work seems general and should be generally
applicable to many classes of polymers and NPs, especially since it synergistically leverages
simple chemistries to control localized polymer morphologies. Since film formation relies on
simple mixing of the two components, this methodology can be easily integrated into existing
membrane production techniques. Our work thus demonstrates that GNP composites represent
a novel, easily-realizable platform for next generation gas separation membranes with

unprecedented performance metrics.
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Methods

Materials and Synthesis: All solvents and materials were used as received. Methyl acrylate
(99%, Acros) and methyl methacrylate (99%, Acros) were purified by filtration through an
activated basic alumina column. Spherical silica nanoparticles (14 + 4 nm diameter [MEK-ST] and
53 + 17 nm diameter [MEK-ST-L]) were obtained from Nissan Chemical. 4 nm diameter ZrO> NPs
were synthesized using the procedure of Garnweitner et al.*® PMA free chains (matrix) were
synthesized by the well-established Reversible Addition-Fragmentation Chain Transfer (RAFT)
method®. Deuterated PMMA matrices were purchased from Polymer Source and used as
received. Grafted NPs were prepared using a Surface-Initiated Reversible Addition-
Fragmentation Chain Transfer polymerization (SI-RAFT) synthesis. The RAFT agent 2-
(dodecylthiocarbonothioylthio) propanoic acid (DoPAT) used for the polymerization was
purchased from Boron Molecular, Inc. Polymer molecular weights and dispersities were
determined using gel permeation chromatography calibrated to PMMA standards obtained from
Polymer Laboratories. The chemical composition of the chains was determined with '"H NMR and
3C NMR (Bruker Avance 300) using CDCl; as solvent. Average molecular weights and
dispersities of the polymer chains and GNPs are listed in the Supporting Information, Sample
Listing.

Gas Transport Experiments: Steady-state gas permeabilities were measured on solution-cast
films with thicknesses ranging from ~100 nm up to 120 ym using the constant-volume, variable-
pressure technique (typical permeability ranges explored by this method range from ~ 0.07 to
>10° Barrer for 30 ym films, using supported 100 nm thick films shifts the lower bound to ~ 2x10°
4 Barrer). Thin films were supported with filter paper and mounted onto brass discs of known inner
diameter. Gas permeabilities were measured in the following order: Hz, He, Oz, N2, CH4, COo.
Diffusion and solubility coefficients of CO2 and CH4 were also determined with QCM-D (Biolin
Scientific, Sweden; typical permeability range ~ 5x10° to 80 Barrer) transient mass uptake
experiments on spin-cast films < 5 ym in thickness. AT-cut quartz crystal sensors were cleaned
with a 5:1:1 mixture of deionized water, ammonium hydroxide, and hydrogen peroxide and UV-
ozone treated before taring the sensor for use as a microbalance. Films were spin-cast from
concentrated (> 60 mg/ml) solutions. Gas permeabilities measured with the two techniques agree
within experimental error for systems where both methods apply. Error bars represent the
standard deviation of at least three independent measurements. Error bars that are not visible are
within the size of the symbols. Typical experimental uncertainties are ~5% for materials with
permeabilities between 10-80 Barrer, and are ~10% for materials with permeabilities < 0.1 Barrer.
Mixed-gas experiments were performed with CO2/CH4 mixtures at 35 °C with a constant-volume,
variable-pressure permeation system from Maxwell Robotics coupled with an in-line gas
chromatograph (Agilent, 7890B). Data were collected at constant pressure (~1.5 bar) and variable
composition (ranging from 20 mol.% CO; to 50 mol.% CO, balance CH.), as well as constant
composition (50 mol.% CO, balance CH.) and variable pressure (up to ~24 bar).

Structural Characterization: SANS was performed on the PA20 spectrometer of the LLB
(Saclay, France) at fixed incident wavelength A = 0.6 nm for 3 sample to detector distances; 1.5,
8 and 19 m. The scattering curves were normalized for sample thickness, transmission, and water
scattering to correct for detector heterogeneities. Empty beam and electronic background
contributions were subtracted and absolute units were determined as a function of the incident
neutron beam intensity. Data reduction was done using the home-made PASINET software and
modeling/fitting performed with Sasfit*>. SAXS experiments were performed on bulk GNP
composites using a lab-scale instrument (SAXSlab, Amherst, MA) with a beam cross section
100x100 ym and wavelength A = 0.154 nm (incident energy of 12.4 KeV) for 4 sample to detector
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distances of 1.5, 1.0, 0.5, and 0.05 m, respectively. Samples were ~ 1 mm in thickness. The data
were background subtracted and reported as scattered intensity as a function of momentum
transfer, g. The SAXS/USAXS measurements on PMMA composites were done by synchrotron
SAXS using the ID02 high-brilliance beamline (ESRF, Grenoble, France), with a beam cross
section 200 x 400 ym and wavelength A = 0.1 nm (incident energy of 12.4 KeV) for 2 sample to
detector distances of 1 and 30 m, respectively. SAXS data were recorded on a Rayonix MX-
170HS and USAXS on a FReLoN 16M Kodak CCD. The data were treated for angular regrouping
and background subtraction, and then reported as intensity as a function of q. Details on the fitting
parameters are discussed in the Supporting Information, X-Ray/Neutron Scattering.

PALS experiments were conducted at the pulsed low energy positron system (PLEPS) at the
Heinz Maier-Leibnitz Zentrum (Germany) on bulk samples with an implantation energy of 16 keV.
The data were analyzed with the PALSFIT3 program.

TEM samples were made by drop casting solutions of 1.00-1.25 mg/ml in 95/5 THF/Chloroform

on to Lacey Carbon TEM grids (Electron Microscopy Services, Hatfield, PA) and imaged using a
Phillips CM12 TEM.

More information about GNP synthesis, experimental methods and the simulation model can be
found in the Supporting Information.
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