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Sabatier principle in designing CO,-philic but

blocking membranes

Leiging Hu"*3, Asha Jyothi Gottipalli', Gengyi Zhang', Kieran Fung*, Thien Tran’,
Narjes Esmaeili’, Peihong Zhang®, Yifu Ding*, Kaihang Shi’, Haiqing Lin*

Gas transport through polymers follows the sorption-diffusion mechanism, and gas-philic functional groups are
often incorporated into polymers to enhance its solubility selectivity and thus separation efficiency. In contrast,
we report that polymers exhibiting strong chemisorption toward specific gas molecules can counterintuitively
impede their diffusion, illustrated by experimental and simulation studies of CO, transport in cross-linked poly-
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amines, paralleling the Sabatier principle observed in catalysis. The CO,-philic polyamine membrane attains an
unprecedented H,/CO; selectivity of 1800, making it highly desirable for H, purification. The cross-linked poly-
amines exhibit excellent self-healing properties and processability for fabricating thin-film composite mem-
branes, indicating great promise for industrial separations. Retarded transport by introducing strongly binding
groups presents a promising route for designing membranes for various separations.

INTRODUCTION

Chemical separations account for up to 15% of the global energy
consumption (1). Membrane technology has emerged as the frontier
for industrial separations due to its inherently high energy efficiency
and absence of chemical wastes (2-4). State-of-the-art commercial
membranes are often based on polymers, where gas transport is
governed by the sorption-diffusion model (5). Gas permeability of
component A (P,) is a combination of solubility (Sa) and diffusivity
(Da), and the selectivity of component A over B (a/p) can be writ-

ten as follows
Py Sa Dy
= —_— = —_— X —_—
== (2)(%) g

Most polymers achieve high selectivity via strong size-sieving
ability and high diffusivity selectivity, which inevitably decreases gas
diffusivity and permeability (5-7). An effective strategy to overcome
this selectivity/permeability trade-off is to introduce functional
groups with affinity toward component A, improving Sy and Sa/Sp
and thus aa/p. For example, H,/CO, separation is a critical step in
producing blue hydrogen from fossil fuels or green hydrogen from
biomass on a large scale (8-11). Polymers containing CO,-philic
groups were developed to achieve high CO,/H, solubility and thus
permeability selectivity, such as poly(ethylene oxide) (PEO) (12)
and polyamines (4, 13). Similarly, palladium (Pd) nanoparticles (14)
and nanorods (15) and single-atom metals (16) with strong H; affin-
ity were incorporated in polymers to enhance H; solubility and thus
H,/CO; solubility selectivity to overcome the trade-off.

We report here a mechanism for achieving H,/CO, separation
properties above the upper bound by retarded transport of CO,, as
exemplified by cross-linked polyethylenimine (XLPEIs) prepared by
branched polyethylenimine (PEL 25 kg/mol) cross-linked in situ
using hexamethylene diisocyanate (HMDI), as shown in Fig. 1.
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Polyamines have a strong affinity toward CO,, and thus, they have
been designed as sorbents for direct air capture of CO, (17-20) and
even membranes to selectively remove CO, from mixtures with N,
and H, saturated by water vapor (4, 21). However, in this study, we
observed that the interactions between CO, and amine groups are
so strong that they form “ionic” cross-linking and impede CO, dif-
fusion (Fig. 1A), leading to superior H,/CO, selectivity. Similar
phenomena have been observed in the optimization of catalysts de-
scribed by the Sabatier principle, where too-strong or too-weak in-
teractions between the catalysts and reactants reduce reactivity (22).
Furthermore, the XLPEIs can be facilely fabricated into thin-film
composite (TFC) membranes, which exhibit an unprecedented H,/
CO; selectivity of 1100, much higher than state-of-the-art polymeric
and inorganic membranes. Our strategy of high affinity yet retarded
transport unveils a route for designing high-performance mem-
branes for various molecular separations.

RESULTS
Structure and pure-gas H,/CO, separation
properties of XLPEls
Figure 1B shows the reaction between the —N=C=0 groups in
HMDI and the primary and secondary amines in PEI, converting the
viscous liquid PEI to a transparent solid film (Fig. 1C). Figure 1D dis-
plays the Fourier transform infrared (FTIR) spectra of XLPEIs, and
the appearance of two new peaks at 1530 and 1610 cm™" (corre-
sponding to the amide and carbonyl groups, respectively) and the
disappearance of the characteristic peak of the isocyanate group at
2340 cm ™! confirm the reaction (23). In addition, the peak at 3300 cm™?
representing primary amine groups decreases from XLPEI10 to
XLPEI20. The percentage of the reacted primary and secondary amines
increases from 9.2% in XLPEI10 to 55% in XLPEI40 (table S1). Increas-
ing the HMDI content increases the gel content (further validating
the cross-linking), which reaches 90% at an HMDI content of 20%
(Fig. 2A). Young’s modulus also increases from 0.30 MPa in XLPEI10
to 10 MPa in XLPEI40 (fig. S1A and table S2).

Figure 2B shows that the cross-linking increases the density (pp)
of the dense XLPEI film determined using the buoyancy method
and decreases the fractional free volume (FFV) calculated using
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Fig. 1. CO,-sticky XLPEIls with strong sorption but retarded diffusion. (A) Schematic illustration of H, and CO, permeation in polyamines. (B) Synthesis of XLPEIs from
PEl and HMDI. (C) Photos of (left) PEI liquid and (right) an XLPEI30 film (50 um thick). (D) FTIR spectra of XLPEls. The samples are denoted as XLPEIxx, where xx is the mass

percentage of HMDI in the samples. a.u., arbitrary unit.

FFV =1 - 1.3ppV,,, where V,, is the van der Waals volume estimated
using the group contribution method (table S3). For instance, in-
creasing the HMDI content from 0 to 40% increases the pp from
1.030 to 1.210 g/cm’ and decreases the FFV from 0.124 to 0.093. The
decreased FFV is also consistent with the decreased d-spacing (or
the average distance between polymer chains) from 4.5 to 4.3 A
(fig. S1B).

Increasing the HMDI content increases glass transition tempera-
ture (T;) due to the increased cross-linking degree and decreased
polymer chain flexibility (Fig. 2C), and all XLPEIs are rubbery at the
temperatures of interest (35° to 150°C). Exposure to CO, at 8.0 atm
and 100°C for 48 hours increases the Tg, confirming the reaction
with CO, and the rigidified structures. In addition, as the HMDI
content increases from 10 to 40 mass %, the degradation tempera-
ture with 5 mass % loss (T4,5%) increases from 179° to 212°C (fig. S1,
C and D), indicating that the polymers can be used for H,/CO,
separation at temperatures up to 150°C. The increased degradation
temperature with increasing HMDI content can be ascribed to the
better thermal stability of C—C bonds than C—N bonds. For instance,
polyethylene (PE) exhibits a Ty 59 of ~300°C, higher than that of PEI.

Figure 2 (D and E) depicts the strong CO; sorption at 100°C in
the XLPEI films (~50 pm). Increasing the HMDI content decreases
CO; solubility because of the reduced amine content in the XLPEIs,

Huetal., Sci. Adv. 11, eadz2830 (2025) 21 November 2025

and their isotherms are shown in fig. S2A. Notably, CO, sorption in
XLPEI20 and XLPEI30 does not reach equilibrium after 30 hours
because of the extremely slow CO, diftusivity (19, 20), so the final
values at the 30th hour are used for convenience. Figure S2 (B and C)
also exhibits that C,Hg solubility decreases with increasing HMDI
content because of the decreased FFV. XLPEI20 demonstrates CO,
solubility as high as 12 cm>(STP) cm ™ atm ™" at 4.5 atm and 100°C,
much higher than typical CO,-philic polymers, such as cross-linked
poly(ethylene glycol) diacrylate (XLPEGDA), poly(1,3-dioxolane)
acrylate (PDXLA), and cellulose diacetate (CDA) (Fig. 2E and table S4).
Similarly, XLPEIs show CO,/C,Hj solubility selectivity as high as
7.0, despite their similar critical temperature, confirming the reac-
tion between CO, and amine groups.

The CO, sorption behavior in XLPEI30 at different temperatures
(60°, 90°, and 100°C) was investigated (fig. S2D). XLPEI30 appears to
have higher CO; sorption at 100°C than at 60°C, which can be as-
cribed to the “ionic gelation” effect and its nonequilibrium nature
(19, 20). CO, molecules are first adsorbed onto the polymer surface
and then react with the primary and secondary amines, forming
COO~ and NH;" ions and tightening the polymer structure (fig. S2E).
This limits CO, diffusion into the bulk and hinders its approach to
equilibrium, and the constraint becomes more pronounced at lower
temperatures due to stronger CO, sorption on the surface and slower
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Fig. 2. Physical properties and pure-gas transport properties of XLPEI films. (A) Gel content. (B) Density and FFV. (C) Effect of the HMDI content and CO, exposure (at
8atmand 100°C for 48 hours) on Ty. (D) CO; solubility as a function of pressure. (E) CO; solubility and CO,/C;Hg solubility selectivity compared with other polymers, includ-
ing glassy PBI (32) and CDA (37), and rubbery polymers such as PE (38), poly(tetramethylene oxide) (PTMEO) (39), cross-linked poly(propylene glycol) diacrylate (XLPPGDA)
(40), XLPEGDA (38), PDXLA (30), and poly(propylene carbonate) (PPC) (38) (table S4). (F) H, and CO, permeability, and H,/CO, selectivity of XLPEI30 films at 70°C and vari-
ous relative humidity (RH) levels in 140 hours. CO, permeability is too low to be determined at RH levels below 9%. (G) H,/CO, separation properties at 70°C compared

with the upper bound and state-of-the-art polymers (table S7) (6, 16).

CO, diftusivity. By contrast, increasing temperature enhances CO, dif-
fusivity, allowing its access to the amine groups in the bulk and resulting
in enhanced CO, sorption during the testing period (24). In addition,
CO; permeability is too low to be determined in our apparatus at 100°C
and below. Therefore, the highest values are used as estimates (table S5).
In contrast, the polymers exhibit high H, permeability, which increases
with rising temperature. However, introducing water vapor in the Hy/
CO; mixture can exponentially increase CO, permeability in the
XLPEI30 (Fig. 2F and table S6). In particular, with the saturated water
vapor at 70°C, the XLPEI30 becomes CO,-selective, exhibiting a CO,
permeability of 48 Barrer [1 Barrer = 107 cm?*(STP)-cm cm™2 s~}
cm-Hg_l] and CO,/Hj, selectivity of 7.1. The behavior can be ascribed
to the participation of water vapor in the reaction between CO,
and amines, decreasing the reaction equilibrium constant and en-
hancing the reversibility of the reaction (or CO; desorption) (25). In
addition, the film is swollen by the sorbed water, loosening chain
packing (fig. S2F) and enhancing gas diffusion.

Figure 2G demonstrates superior H,/CO, separation properties
of XLPEI30, far surpassing Robeson’s upper bound at 70°C (26, 27).
XLPEI30 exhibits H,/CO; selectivity one order of magnitude higher
than the leading polymers with strong size-sieving abilities, such as
PBI and cross-linked PBI (table S7), showcasing the feasibility of
using retarded CO, transport in designing highly selective mem-
branes. Moreover, the H,/CO; separation performance of XLPEI30
is comparable to leading inorganic materials, including nanoporous
carbons, metal-organic frameworks, and two-dimensional materi-
als (table S8 and fig. S3).

Noticeably, XLPEIs exhibit self-healing behavior because of
their abundant hydrogen bonds (28, 29), which can improve the
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manufacturability of defect-free TFC membranes. For instance, two
XLPEI30 films were cut into two pieces and pinched with a needle to
generate a pinhole of 0.7 mm in diameter (fig. $4). Compared with
the pristine film with H, permeability of 0.39 Barrer at 35°C, both
damaged samples exhibit similar H, permeability after self-healing
(table S9), indicating complete healing from the damage.

Modeling and simulation of H, and CO, transport in XLPEls
Figure 3A displays the effect of the temperature (35° to 100°C) on pure-
gas H, permeability of XLPEISs, which is satisfactorily described us-
ing the Arrhenius equation (eq. S1). The activation energy value of
H, permeation (Ep,) increases from 29 kJ/mol for XLPEI20 to 44 kJ/
mol for XLPEI40 (table S10), consistent with the decreasing FFV.

Although unexpected, the H,/CO, separation properties in XLPEIs
can also be described using a modified free-volume model. Within
this framework, the FFV of the polymers during the exposure to
CO; can be correlated with the T, using the following equation
(Fig. 3B) (30)

FFV = FFV, + o, (T - T,) )
where FFVy is the apparent FFV at Ty and is estimated at 0.089 for
the XLPEILs. The o, is the thermal expansion coeflicient and is esti-
mated at 4.9 x 1071 K™}, close to the estimated value (6.3 x 1074 K™!)
from the aqueous PEI system (table S11 and eq. S2) (31). Increasing
the HMDI content decreases pure-gas H, permeability at 35°C,
which can be described using the free volume model (fig. S5)

P, = Ap exp(—Bp/FFV) (3)

30f10

GZ0Z ‘TZ JequenoN uo B10°80us 105 MMM//:Sdny WoJ) pepeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

A 40100 70 35°c B 013 . . . C 10, - , r
T T T o

& H, L2 XLPEI40 o
g 0.2} 5
2 g \— XLPEI30
3 > 1 i
s XLPER0 | = ol £ E XLPEI200, 7
E 1 4= = s N\—TFC
Q Q
o £

2 XLPEI30 =
I Qo
g 0.1} =
@
() -
5 XLPEI40
n' F

0_09 i i i 1 i i i 1 i i i 1 i i i 0.05 i i i 1 i i L 1 i i
0.1 1 1 1
! 55 3 F 1 ) 20 ] ;o(K) 60 80 0 40 80 120
1000/T (K1) o T-T,(K)

Fig. 3. Free volume model to describe H, permeability of XLPEI films. (A) Effect of temperature on H, permeability described using the Arrhenius equation. (B) Cor-
relation of FFV with temperature and Tg. (C) H, permeability as a function of (T — Tg) described using the VFT equation (Eq. 4). H, permeability of the TFC membranes was

determined in a H,/CO, mixture (50/50 vol %).

where Ap is a pre-exponential factor, and Bp is a constant depending
on the penetrant size. Combining Egs. 2 and 3 renders the following
expression like the Vogel-Fulcher-Tammann (VFT) equation used
to describe ion transport in rubbery polymers (30)

_BP/ar
FEV, /o +(T—T,)

Py =Apexp l (4)

Figure 3C shows that the H, permeability of XLPEIs at different
temperatures (35° to 100°C) can be satisfactorily modeled using the
VFT equation with an Ap value of 18,000 Barrer and Bp value of 1.1,
indicating that H, transport in XLPEIs depends on the polymer
chain mobility.

To understand the effect of strong CO, sorption on its transport
and H,/CO; selectivity in XLPEIs, H, and CO; sorption on mono-
mer structures of specific rubbery polymers are simulated and com-
pared (Fig. 4A and fig. S6). The primary amines on the branched
PEI exhibit a CO, binding energy of —53 kJ/mol, much lower than
that for other chemicals, such as nonane (—11 kJ/mol) and ethylene
glycol (—16 kJ/mol) (table S12). On the other hand, H, binding en-
ergy on branched PEI is estimated at —5.0 kJ/mol, close to those for
other chemicals but much lower than CO, binding energies. Conse-
quently, the polymers exhibit a volcano trend of CO, permeability
(Fig. 4B) and an inverted volcano trend of H,/CO; selectivity
(fig. S7) as a function of the binding energy with a facilitated trans-
port zone and a retarded transport zone. Notably, the retarded trans-
port can also be partially attributed to the tightened chain packing
(or increased Ty) of the polymers (Fig. 2C).

To understand the retarded transport at molecular level, H, and
CO; transport through a nanoporous graphene membrane was simu-
lated using molecular dynamics (MD) simulations (Fig. 4C; figs. S8 to
S11; tables S13 to S19; and movies S1 to S3), with adjustable adsorp-
tion energies toward CO; [Eygs(CO3)] from —9.3 to —190 kJ/mol and
pore diameters from 4.3 to 9.3 A. Generally, CO, permeability in-
creases with E,4,(CO;) decreasing from —9.3 to —37 kJ/mol because
the enhanced affinity toward CO; can facilitate CO, transport in the
membrane (Fig. 4, D to F). However, a further decrease of E,q5(CO>)
generates irreversible bonding of CO, molecules on the graphene,
thus impeding CO, diffusion (Fig. 4G). As such, CO, permeability
decreases considerably, especially for the membrane with smaller
pores, leading to a volcano trend with a threshold value of E,4,(CO;)

Huetal., Sci. Adv. 11, eadz2830 (2025) 21 November 2025

at about —37 kJ/mol. On the other hand, H, permeability dramati-
cally decreases along with the decreasing E,45(CO,) due to the com-
petitive sorption and pore blocking by adsorbed CO, (fig. S12A). As
such, H,/CO; selectivity decreases with E,4,(CO,) as well (fig. S12B).

Superior H,/CO, separation performance of XLPEI

TFC membranes

As XLPEI30 exhibits a balanced H, permeability and H,/CO; selec-
tivity, it was fabricated into TFC membranes via a scalable dip-
coating method (14). The XLPEI30 layer has an average thickness of
450 nm on a modified polydimethylsiloxane (mPDMS) gutter layer
supported by polyacrylonitrile porous support (Fig. 5A). Gas per-
meance of the membrane decreases with increasing penetrant size
except for CO, (Fig. 5B). Specifically, CO, with a kinetic diameter of
3.3 A exhibits lower gas permeance than O, (3.46 A), further con-
firming the retarded CO, transport. The membrane shows H, per-
meance of 5.5 GPU (gas permeation unit) [1 GPU = 10~ cm®(STP)
cm™*s7! cm-Hg '] and CO, permeance of 0.0052 GPU, leading to
H,/CO; selectivity of 1100, the highest reported for known poly-
mers. In addition, based on its thickness, the XLPEI3O0 layer is esti-
mated to have H, and CO, permeability of 2.5 and 0.0023 Barrer,
respectively, consistent with the values obtained for the freestanding
films. The membrane exhibits a pure-gas H,/N, selectivity of 1800,
much higher than state-of-the-art polymers (fig. S13 and table S20),
indicating the strong molecular sieving capability of XLPEI30.

The membrane was further evaluated with various H,/CO, mix-
tures at 9.0 atm and 70°C. Figure 5C shows that the mixed-gas H,
permeance slightly decreases from 0.78 to 0.60 GPU with increasing
CO; partial pressure from 2.2 to 7.3 atm. The mixed-gas H, perme-
ance is much lower than the pure-gas value (where CO, partial pres-
sure is 0 atm) because of the ion cross-linking of the XLPEI30 by the
sorbed CO; during the mixed-gas permeation. Higher CO, partial
pressure increases the CO, sorption and cross-linking degree and
decreases the free volume, decreasing gas permeance but retaining
mixed-gas H,/CO, selectivity at 100 (Fig. 5D).

Industrial syngas streams are often at high temperatures, and
thus, H,/CO; separation is preferred at high temperatures to avoid
cooling, which increases the costs (32). To this end, our TEC
membranes were investigated at 60° to 90°C due to their optimal
separation properties. Both H, and CO, permeances can be revers-
ibly changed in this temperature range (fig. S14A). Figure 5E shows
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Fig. 4. Simulation of H, and CO, transport in model chemicals and porous graphene. Density functional theory (DFT) simulations of interactions between gas and
XLPEIs, including (A) schematics and (B) CO, permeability as a function of CO, binding energy in polymers. Here, nonane, ethylene carbonate (EC)-dimer, ethylene oxide
(EO)-trimer, linear ethylenimine (El)-trimer, N,N-dimethyl-methylamine (DMMA)-trimer, and branched El-trimer represent PE, poly(ethylene carbonate) (PEC), PEO, linear
PEI, poly(N,N-dimethyl-methylamine) (PDMMA), and branched PEl, respectively. MD simulations of equimolar H,/CO, mixture permeating through a nanoporous gra-
phene membrane, including (C) a representative simulation snapshot where red beads represent oxygen atom, gray beads represent carbon atom, and blue beads rep-
resent hydrogen atom (M bead in the hydrogen model is not shown for clarity); (D) mixed-gas CO, permeability as a function of CO, adsorption energy [E.qs(CO,)] in
simulated nanoporous graphene membranes with pore diameter from 4.3 to 9.3 A (error bars were calculated from 10 replicate runs); and simulation snapshots of CO,
transport in membranes with a pore diameter at 6.4 A and various E,4s(CO,) values, including (E) -9.3 kJ/mol, (F) =37 kJ/mol, and (G) -190 kJ/mol.

that mixed-gas H, and CO, permeance increases with increasing
temperature due to the increased gas diffusivity, and the increase
can be satisfactorily described using the Arrhenius equation. Mixed-
gas selectivity increases with decreasing temperature, reaching 190
at 60°C, resulting in a lower Ep value for H; (48 kJ/mol) than CO,
(95 kJ/mol) because of the smaller kinetic diameter for H,. The Epa
value for the mixed-gas H, permeation is also higher than that of
pure-gas permeation (38 kJ/mol) because of the increased chain ri-
gidity by CO; cross-linking. Furthermore, the mixed-gas H,
permeance can be used to estimate T, (45°C) using the VFT equa-
tion (table S21), higher than the experimentally measured T, of

Huetal., Sci. Adv. 11, eadz2830 (2025) 21 November 2025

26°C (Fig. 2C). This difference is likely attributed to the potential
partial release of CO; from the XLPEI30 film before the differential
scanning calorimetry (DSC) analysis. Using the estimated T} values,
we can effectively model mixed-gas permeance and H,/CO; selec-
tivity using the VFT equation (Fig. 3C and fig. S14, B and C). Nota-
bly, the Bp value is 2.1 for CO, permeability, higher than that (1.1)
for H, permeability because of the larger kinetic diameter for CO,.
The long-term stability of the TFC membrane was investigated
using both pure and mixed gases (Fig. 5F). The membrane exhibits
stable mixed-gas separation performances for 15 hours before
switching to pure H,. Pure-gas H, permeability gradually recovers
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Fig. 5. Superior H,/CO; separation performance of XLPEI30 TFC membranes. (A) Cross-sectional scanning electron microscopy image. (B) Gas permeance as a func-
tion of kinetic diameter at 70°C and 9 atm. (C) Mixed-gas permeance and (D) H,/CO, selectivity as a function of the feed CO, partial pressure at 70°C and 9 atm. (E) Effect
of temperature on H,/CO; separation properties with H,/CO, of 50:50 at 9 atm. (F) Long-term stability under pure-mixed-pure-gas conditions in the presence of water
vapor at 9 atm and 70°C for 65 hours. (G) Comparison with the state-of-the-art membranes (table $22), including leading membranes (LANL PBI HFM, Proteus-200, and
SRI PBI HFM), polymeric membranes [PBI/Pd(58) (14), PBI/Pd(50) HFM (41), PBI/ZIF-8(10) HFM (42), IP PA (43), IP BILP (44), BIALP150 (77), PBDI (45), and TR-PBOI (46)], carbon
molecular sieve (CMS) membranes [Aramides@925 (47), cellulose@700 (48), PFA@525 (49), and PI@700 (50)], and inorganic membranes (table S8). The values after the dash
represent the testing temperature (°C). The upper bound at 70°C was drawn assuming 1-um-thick selective layers.

within 6 hours, validating the reversible CO, cross-linking. In the
second-cycle mixed-gas separation after 50 hours, the membrane
exhibits similar separation performance, indicating that it is stable
against physical aging or CO; plasticization. Notably, it is rather fast
for H, permeance to reach stable values when switching from pure
H, to the H,/CO; mixture, as CO, sorption on the surface can im-
mediately reduce H, permeance; by contrast, it takes much longer
time for H, permeance to recover after the switch from the mixture
to pure H; due to the slow kinetics for the sorbed CO; in the bulk to
desorb and diffuse to the surface. Similarly, as the temperature de-
creases from 90° to 60°C, the mixed-gas permeance takes several
hours to stabilize due to the decreased CO, diffusivity and desorp-
tion kinetics (fig. S14A).

Figure 5G compares the H,/CO; separation performance of the
XLPEI30 membrane with state-of-the-art TFC membranes [includ-
ing commercial membranes, polymeric membranes, polymer-derived
carbon molecular sieve (CMS) membranes, and inorganic mem-
branes], benchmarking with the upper bound at 70°C (6, 32). Most
membranes exhibit high H, permeances at higher temperatures. Nev-
ertheless, our XLPEI30 membrane exhibits the highest H,/CO, selec-
tivity for mixed-gas separations, far surpassing the upper bound and
all polymer-based TFC membranes. The separation property of
XLPEI30 is also comparable to many leading inorganic membranes.

DISCUSSION

We report that strong gas chemisorption can reversely retard its
transport, uncovering a way to design highly selective materials for
molecular separations. This phenomenon is illustrated by CO,
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transport in XLPEI membranes, which contain numerous amine
groups that have a strong interaction with CO,, as evidenced by a
binding energy of —53 kJ/mol. The ionic cross-linking formed by
CO; chemisorption in XLPEI increases polymer chain rigidity and
decreases CO; permeability, leading to H,/CO; selectivity up to 1800,
the highest value reported so far. Moreover, the XLPEIs can be fac-
ilely fabricated into scalable TFC membranes, and they show stable
separation properties when challenged with simulated syngas. This
work raises the prospect of designing reactive materials with retard-
ed diffusion for other important gas separations.

MATERIALS AND METHODS

Materials

Branched PEI (molecular weight: ~25,000 g/mol), HMDI, dopamine
hydrochloride, hexane, isopropyl alcohol, iso-octane, and chloro-
form were purchased from Sigma-Aldrich Corporation (St. Louis,
MO). Tris(tromethamine) was purchased from Thermo Fisher Sci-
entific (Pittsburgh, PA). Sylgard 184 was procured from Dow Silicones
(Midland, MI). Polysulfone (PSF) porous support with a molecular
weight cutoft of 20 kDa was purchased from Sterlitech (Auburn,
WA). Gas cylinders of H,, CO,, and N, with ultrahigh purity were
acquired from Airgas Inc. (Buffalo, NY).

Preparation of freestanding films and TFC

membranes of XLPEls

Freestanding films of XLPEIs were prepared via a solution synthesis
and casting method. First, 2 mass % PEI/chloroform and 1 mass %
HMDI/chloroform solutions were prepared separately. Second, the
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HMDI solution was added dropwise to the PEI solution under soni-
cation. The mass ratio of HMDI to PEI was varied at 20:80, 30:70,
and 40:60. Third, the mixed solution was cast in a Teflon petri dish
and dried at 60°C under N, atmosphere. Last, a freestanding film
with an average thickness of 50 pm was obtained.

To prepare TFC membranes, an XLPEI30 solution containing
1.1 mass % PEI and 0.46 mass % HMDI in chloroform was first pre-
pared. Second, the PSF support was coated with a gutter layer of
PDMS followed by the modification by dopamine using a procedure
reported in our prior study (33). Last, the membrane was dip-coated
twice with the XLPEI30 solution for 1 s and dried under N, at 23°C
for 4 hours before tests.

Characterizations of XLPEls
FTIR spectra were collected between 600 and 2500 cm™" using a
Vertex 70 Burker spectrometer (Bruker Scientific LLC, Billerica,
MA). Thermal transitions (including T,) were measured using DSC
(Q2000, TA Instruments, New Castle, DE) and Universal Analysis
2000 software. The wide-angle x-ray diffraction patterns were ob-
tained using an Ultima IV x-ray diffractometer (Rigaku Corpora-
tion, Tokyo, Japan) and CuKa radiation with a wavelength of 1.54 A.
A TG 209 F1 Iris Netzch thermogravimetric analysis was used to
determine thermal stability at temperatures up to 600°C under an
N, flow. The gel content of the XLPEI films was the fraction of the
residual sample after immersing in chloroform at 35°C for 24 hours.
The density of XLPEI films was determined using Archimedes’ prin-
ciple with iso-octane as an auxiliary liquid. Mechanical properties of
XLPEI films were determined using static tensile loading at ~22°C
by a universal testing system (Instron 5965, Instron Mechanical
Testing Systems, USA). Three specimens (15 mm by 5 mm) were
tested with a uniaxial tensile load and an initial strain of 0.1% at
1.0% min " until they fractured. Young’s modulus is calculated from
the slope in the elastic deformation region of the stress-strain curve,
where the tensile strength and fracture strain can also be estimated.
The self-healing properties of XLPEI30 films were demonstrated
via two approaches. In the first approach, an XLPEI film (sample 1) of
~1 by 2 cm was cut into two pieces using a surgical knife. The cut inter-
faces were brought into contact with each other and then exposed to
moisture at 22°C for 6 hours. In the second approach, another XLPEI30
film was first tested for gas permeation. Afterward, a hole ofa 0.7 mm
was punctured in the middle of the film using a needle. Following
this, the sample was exposed to moisture at 22°C for 6 hours and
dried overnight. Last, the sample was retested for gas permeation.
For freestanding XLPEI films, pure-gas permeability was deter-
mined using a constant-volume and variable-pressure permeation
apparatus at 35° to 100°C, and pure-gas sorption isotherms were
determined using a gravimetric sorption analyzer of IGA 001 (Hiden
Isochema, UK) (27). Gas diffusivity was calculated based on the
solution-diffusion model and summarized in table S12. For TFC
membranes, pure- and mixed-gas permeability was measured using
a constant-pressure and variable-volume permeation apparatus at
various temperatures with N, as the sweep gas on the permeate side
at ~1 atm. The gas composition on the sweep side was determined
using a gas chromatograph. Mixed-gas permeability of XLPEI30
films was measured using the same approach at 70°C.

Binding energy calculation and MD simulation
Density functional theory (DFT) calculations of the sorption ener-
gies are carried out using the Quantum ESPRESSO package (34, 35).

Huetal., Sci. Adv. 11, eadz2830 (2025) 21 November 2025

The van der Waals (vdw) interaction is included in the calculations
within the vdw-density functional (vdw-DF) method using the vdW-
optB86b functional (36). The sorption energies of H, and CO, are
studied on six model molecules that capture the important chemistry
and structural features of the membrane. Those molecule structures
are nonane, ethylene carbonate (EC)-dimer, ethylene oxide (EO)-
trimer, linear ethylenimine (EI)-trimer, N,N-dimethyl-methylamine
(DMMA)-trimer, and branched EI-trimer, respectively representing
PE, poly(ethylene carbonate) (PEC), PEO, linear PEI, poly(N,N-
dimethyl-methylamine) (PDMMA), and branched PEI. For each
model molecule, the CO, and H; are placed at various sorption sites,
and the structures are fully optimized until the residual forces acting
on all atoms in the system are smaller than 107> eV/A. The details of
the MD simulation on gas transport via graphene membranes were
listed in the Supplementary Materials.
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