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ABSTRACT: Cyclotetrabenzoin and its tetraacetate, two macro-

cyclic porous molecular crystals, were examined as adsorbents for

light hydrocarbons, with a focus on C; hydrocarbons: propane,

propene, and propyne. While both materials exhibit a preference for Directionally through rigid pores...
propyne, only the tetraacetate—owing to its higher surface area (570
vs. 42 m* g”'), enhanced uptake capacity (1.99 vs. 1.19 mmol g™*),
and faster kinetics—achieves dynamic binary separation of propyne
from propylene under ambient conditions and various influent ratios
(1/1, 1/2, and 2/1, v/v). The high propyne selectivity and
separation trends were explained by using a combination of in situ
synchrotron powder X-ray diffraction and molecular dynamics.
These techniques suggested that the more rigid, extensively
hydrogen-bonded structure of cyclotetrabenzoin transports propyne
chiefly through pore enlargement. In cyclotetrabenzoin acetate, the absence of hydrogen bonding and larger void volume (25.9 vs.
9.6% in cyclotetrabenzoin) allows extensive structural adaptation that facilitates the capture and transport of propyne through the
crystal. Rotation of cyclotetrabenzoin acetate’s benzene aromatic panels by =19° allows adjustment to the propyne structure,
maximizing interactions with the C=C triple bond and the acetylenic hydrogen. Beyond the molecule, extensive fluxionality allows
for peristaltic transport of guests through the material but can also result in transient closure of one-dimensional channels observed
in the single-crystal X-ray structure. These results highlight the importance of subtle structural adaptations in sorbent structures to
the bulk separation performance and offer a new design strategy for gas sorption in transiently porous and ultramicroporous
molecules.

B INTRODUCTION feeds inevitably contain trace propyne (C;H,) that poisons
polymerization catalysts. Polymer-grade (99.9995%) propylene
therefore requires C;H, contents below a few parts per million.
The conventional remedy—selective hydrogenation of pro-
pyne/propylene mixtures over noble metal catalysts—is
expensive and plagued by short catalyst lifetimes and secondary
pollution. To address this shortcoming, adsorptive purification
using reticular porous sorbents is emerging as a more energy-
efficient alternative to cryogenic distillation. Traditional
adsorbents such as zeolites and activated carbons cannot
discriminate between C3;H, and C;Hg because of their similar
size and polarity; in contrast, metal—organic frameworks
(MOFs) with ultramicroporous (pore aperture <7 A) channels
and functional groups have recently come to the fore, offering

The global chemical industry generated an estimated annual
revenue of about $6.2 trillion in 2024 (excluding pharmaceut-
icals), representing roughly 5.4% of the global GDP. At the
same time, the chemical industry is the largest energy
consumer among all of the industrial sectors (8.5 Quad in
2022) and the third largest direct emitter of CO, (935 Mt in
2022)." As the demand for chemical raw materials and plastics
keeps increasing, these figures are projected to rise. Within the
chemical industry, energy-intensive distillation-based separa-
tions of raw materials and products consume about 15% of all
of the energy used in the United States.” Switching some or all
of these distillation-based separations to membrane-based
alternatives could save as much as 90% of energy currently
used in this sector. This is especially salient in the immensely

important large-scale separations of ethylene and propylene Received: ~September 19, 2025

from their alkane and alkyne relatives, as these gaseous Revised:  November 10, 2025

mixtures lend themselves well to membrane-based separa- Accepted: November 12, 2025
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Propylene (C;H4) is an essential building block for

polypropylene and other commodity chemicals, but industrial
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strong yet selective C;H, binding. Early flexible frameworks
such as ELM-12, [Cu(bpy),(triflate),], delivered propylene
purity above 99.999% via confinement-driven C;H, binding."
Interpenetrated hybrid ultramicroporous materials (HUM:s)
like TIFSIX-14-Cu-i, [Cu(14),(TiF,)], (TIFSIX = TiF<", 14
= 4,4'-azobipyridine, i = interpenetrated) feature anion-pillared
~3.4 A pores and capture C;H, at sub-0.1 bar, producing
polymer-grade propylene. MOFs with more open pores (on
the order of ~5.7 A), NKMOF-1-M, and Cu[M(pdt),], (pdt =
pyrazine-2,3-dithiol; M = Cu, Ni) combine hydrogen bonding
and [z 7] stacking to attain very high selectivity. However,
strong sorbate—framework interactions raise regeneration
energies and limit working capacity, so a balance of interaction
energetics is a significant consideration. A forward-looking
strategy is to design structurally adaptive physisorbents in
which guest-triggered flexibility provides high selectivity at low
pressures while opening additional porosity at higher loadings.”
Responsive and structurally adaptive physisorbents that offer
induced-fit binding selective to propyne could thus break the
long-standing trade-off between selectivity and working
capacity (ie., uptake), and deliver energy-efficient C;H,/
C;Hg separations.

Among organic porous materials, covalent or&anic frame-
works (COFs)° and ultramicroporous polymers’ have been
used for the separations of C, and C; hydrocarbons. Solution-
processable porous molecular crystals (PMCs)® have been
studied less in this context. Predicated upon a symmetric C,,
macrocyclic core, here we present a pair of PMCs, cyclo-
tetrabenzoin (CTBZ) and cyclotetrabenzoin acetate (CTBZ-
A), which exhibit high selectivity for propyne over propylene
and propane (C;Hg). These propyne selectivities result in the
more porous CTBZ-A efficiently separating propyne from
propylene, and are underpinned by the specific interactions of
the triple bond of propyne with the four aromatic walls of the
narrow cavity in CTBZ and CTBZ-A, a bespoke insight
obtained from in situ synchrotron powder X-ray diffraction and
molecular dynamics (MD). This study presents a detailed
blueprint on interpreting and utilizing minute differences in
molecular structure to affect propyne affinity, framework
flexibility, and ultimately bulk sorption behavior.

B RESULTS AND DISCUSSION

The CTBZ macrocycle (Figure 1, top left) was first prepared
in 2015 through a cyanide-catalyzed benzoin condensation of
terephthaldehyde.” Its X-ray crystal structure shows molecules
of CTBZ organized into perfectly aligned nanotubes, stabilized
by an extensive network of strong hydrogen bonds between the
carbonyl and hydroxy oxygens on one molecule of CTBZ and
the hydroxyl hydrogens on another (Figure 1, bottom left). In
contrast, acetylated cyclotetrabenzoin CTBZ-A (Figure 1, top
right)'? lacks the ability to hydrogen bond to itself, which
makes it more soluble in organic solvents than CTBZ. In the
solid state, CTBZ-A is unable to efficiently pack, which creates
secondary, larger, diamond-shaped voids (Figure 1, bottom
right). Both CTBZ and CTBZ-A are thermally stable, air-
stable, and phase-pure bulk solids (Figures S1—S4), which can
readily be produced in multigram quantities with uniform
particle size distribution (Figures S5—S9). CTBZ was found to
be hydrophobic (Figure S10) with cryogenic N, (77 K) and
CO, (195 K) adsorption isotherms revealing low Brunauer—
Emmett—Teller (BET) surface areas of 42 and 174 m* g,
respectively (Figures S11 and S12). CTBZ-A is dramatically
more porous, with BET surface areas of 570 and 461 m? g~*

Figure 1. On the top are the structures of cyclotetrabenzoin (CTBZ)
and cyclotetrabenzoin acetate (CTBZ-A). On the bottom are
segments of crystal packing diagrams of CTBZ (left) and CTBZ-A
(right), viewed along their respective crystallographic ¢ axes.

derived from the N, (77 K) and CO, (195 K) adsorption
isotherms, respectively (Figures S11 and S12). Calculated
surface areas from single-crystal structures (using a22 A
probe) are 53 m* g”' for CTBZ and 576 m* g~' for CTBZ-A.
Increased porosity of CTBZ-A is attributed to the combination
of intrinsic porosity of the macrocycle and its extrinsic porosity
stemming from the inability to pack efficiently in the solid
state. Improved processability and higher porosity of CTBZ-A
have allowed its use in lithium—sulfur batteries,'" separation of
CO, from CH,, N,'* and CO," and capture of terminal
alkynes and nitriles."*

Powder X-ray diffraction (PXRD) was employed to confirm
the bulk phase purity of both CTBZ and CTBZ-A (Figure S1).
Thermogravimetric analysis (TGA) showed thermal decom-
position occurring at 350 and 310 °C for CTBZ and CTBZ-A,
respectively (Figure S2). Differential scanning calorimetry
(DSC) traces collected at 3 °C min™" show a clear melting
endotherm for CTBZ at 220 °C and for CTBZ-A at 237 °C.
Each material then exhibits a pronounced thermal event
attributed to decomposition at 314 °C for CTBZ and 270 °C
for CTBZ-A (Figures S3 and S4). These decomposition
temperatures coincide with the onset of mass loss in TGA,
defining the thermal stability limits of the two solids.

As CTBZ and CTBZ-A were both found to be robust,
readily scalable adsorbents, we evaluated their ambient-
temperature gas sorption performances, focusing on CO, and
the C, and C; hydrocarbons (Figures S12—S36). Because of its
low surface area, CTBZ has thus far not been applied in gas
sorption experiments. Initial C, hydrocarbon gas sorption
experiments were conducted at 25 °C (298 K) and showed
preferred sorption of acetylene (C,H,) relative to ethylene
(C,H,) and ethane (C,Hy) in both CTBZ and CTBZ-A
(Figures S23 and S24), but with approximately seven times
higher C,H, capacity in CTBZ-A (2.16 vs. 0.28 mmol g™'). As
the temperature was lowered to 0 °C, capacities increased in
both materials; but lowered the C,H, capacity preference for
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Figure 2. C; gas adsorption isotherms recorded at 298 K for CTBZ (A) and CTBZ-A (B). C; isosteric enthalpy of adsorption profiles for CTBZ
(C) and CTBZ-A ((D) olive green: C3H,; orange: C;Hg; purple: CyHj). Selectivity for C;H, over C3Hg (Scana/csme) in @ 1:1 v/v mixture across
loadings, up to 1 bar, was determined from pure C; gas sorption isotherms using IAST, for CTBZ (E) and CTBZ-A (F). C;H, adsorption kinetics

analysis at 303 K was carried out for CTBZ (G) and CTBZ-A (H).

CTBZ-A over CTBZ to three times: 3.42 vs. 1.01 mmol g™".
From the virial fit of isotherms recorded at 298, 283, and 273
K, the isosteric enthalpy of C,H, adsorption, Q,(C,H,), values
of 35.8 and 34.0 k] mol™' were determined for CTBZ and
CTBZ-A (Figures S40 and S42), respectively. Ideal Adsorbed
Solution Theory (IAST) revealed that both CTBZ and CTBZ-
A have a very slight preference for CO, over C,H, (Figures
S25 and S26), consistent with the comparable Q,(CO,) of
34.1 k] mol™" determined for CTBZ-A (Figure $38).
Switching to C; hydrocarbons, viz., propyne, propylene, and
propane, revealed similar C;H-selective trends but much more
pronounced differences in the sorption capacities for CTBZ
and CTBZ-A. At 298 K, CTBZ adsorbed 1.2 mmol g' of
C;H, (Figure 2A), contrary to the significantly smaller
amounts of both propylene (0.2 mmol g™') and propane
(0.1 mmol g'). Conversely, CTBZ-A registered higher
capacities for all three gases (Figure 2B). As a result, at 298
K and 1 bar, the C;H,/C;H, uptake ratio registered by CTBZ
(4.10) was found to be higher than that in CTBZ-A (1.34).
Lowering the temperature to 283 and then 273 K led to
increased capacities for all C4 gases in both sorbents (Figures
S27-836), but with C3H,/C;Hs uptake ratios and IAST
selectivities improving in CTBZ and eroding in CTBZ-A
(Figure 2E,F; Table S2). Isosteric enthalpies of adsorption,
Q,(C3H,), Q.(C3Hy), and Q,(C;Hg) were determined to be
36—40 kJ mol™* for CTBZ and 29—46 k] mol™" (for CTBZ-A)
(Figures 2C,D and S37—S48; Table S1). Further, all three C,
sorbates’ adsorption kinetics were recorded gravimetrically,
whereby activated CTBZ and CTBZ-A were exposed to a
constant flow of pure gas at 303 K (~1 bar, Figures 2G,H and
$59—-S862). The order of C;H, uptake at equilibrium, evident
from the linear kinetic slopes of 0.99 (CTBZ-A) > 0.19
(CTBZ) and the C3H, adsorption uptakes (5.5 wt % in CTBZ-

43959

A > 1.1 wt % in CTBZ), were highly in favor of CTBZ-A over
CTBZ.

CTBZ and CTBZ-A exhibit high uptake ratios and IAST
selectivities for C;H,/C;H,, comparable to reported sorbents
(Table S2)."° However, such single-component isotherm-
based predictions often overestimate mixed-gas separation
performance because kinetic effects, framework flexibility,
potential material dynamics, coadsorption, and particle
morphology all can impact the isotherms in a way that no
longer allows for a detailed analysis by IAST."® Such isotherm-
based predictions often diverge from mixed-gas separations
conducted under flow conditions.'” Therefore, single-compo-
nent isotherms and relative adsorption capacities for C;H,/
C;Hg serve as early indicators. Dynamic column breakthrough
(DCB) experiments, which directly probe multicomponent
mixtures, can quantify separation behavior with much higher
accuracy. Accordingly, DCB tests were performed on CTBZ
and CTBZ-A using three inlet gas mixtures of C;H,/C;Hy in
volumetric ratios of 1:2, 1:1, and 2:1. Each bed, contained in
an 8 mm-diameter quartz tube and holding ca. 0.55g of
sorbent, received the mixtures at a total flow rate of 1cm?®
min~'. Before each run, the sorbents were activated at 323 K
under the flow of pure He (20 cm® min™"), cooled to 298 K,
and then used for DCB measurements; eluted gases were
analyzed by gas chromatography (Figure S63). Figure 3 shows
the time-dependent effluent concentration profiles for C;H,
and C;Hj exiting CTBZ-A. For the three dry binary mixtures
under the foregoing DCB conditions, only CTBZ-A effected a
clear separation, while CTBZ afforded coelution of the gases.

Propylene eluted from CTBZ-A at 10.0 min g ' in the case
of a 1:2 mixture with propyne, 9.75 min g~" in the case of a 1:1
mixture, and 6.6 min g~' in the case of a 2:1 mixture. Propyne
eluted later at 29.75 (1:2 mixture), 32.73 (1:1 mixture), and
22.98 (2:1 mixture) min g~'. The difference between the
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Figure 3. DCB traces at 298 K and 1 bar for the separation of 1:2 (A),
1:1 (B), and 2:1 (C) binary mixtures of C;H,/C;Hy on CTBZ-A.

propyne and propylene breakthrough times was the highest for
the 1:1 mixture in the DCB experiments at 22.98 min g~ '.
Equilibrium mixed-gas uptakes calculated from these DCB data
were 15.48 cm® g for C3H, (1:2), and 6.69 cm® g™ for C;Hy
in the 1:2 mixture; 24.73 cm® g~' for Cy;H, and 9.37 cm® g~
for CyH, in the 1:1 mixture, and 26.58 cm® g™ for Cy;H, and
8.39 cm® ¢! for CyHj in the 2:1 mixture. Overall separation
factors of 4.62, 2.64, and 1.58 were determined for the 1:2, 1:1,
and 2:1 mixtures, respectively (Figures S64—S69).

To gain a deeper understanding of the binding sites of the
gas, we turned to crystallography. Attempts to grow single
cocrystals of CTBZ and CTBZ-A with flammable propyne gas
proved technically challenging. Therefore, we used in situ
synchrotron powder X-ray diffraction of propyne-loaded
samples of CTBZ and CTBZ-A to arrive at their crystal
structures after Rietveld refinement (Figures 4 and S70—S83,
including adsorption of CO, into CTBZ). As summarized in
Figure S71, as CTBZ and CTBZ-A are exposed to increasing
pressure of propyne, more propyne is found within the crystal
structures. To confirm whether our obtained chemical models
(propyne positioning) and refined quantities were reasonable,
they were compared to experimental isotherm values. As can
be seen in Figure S71, the obtained crystallographic
occupancies for propyne (refined, not constrained) align well

Figure 4. Top (left) and side (right) views of the crystal structures of
propyne-loaded CTBZ ((A) 1900 Torr) and CTBZ-A ((B) 1500
Torr), obtained by in situ synchrotron powder X-ray diffraction (28-
ID-2, Brookhaven National Laboratory). In both hosts, propyne guest
molecules are disordered over several orientations. Element colors:
C—gray, H—white. For clarity, the CTBZ host is shown in blue and
CTBZ-A in orange.

with experimental isotherm values. This, alongside the
excellent fits to the data made over the multiple pressure
ranges for both CTBZ and CTBZ-A, Figures S74—S83,
suggests our chemical models for adsorbed propyne are robust.

Evident in both the CTBZ and CTBZ-A refined structures is
the inclusion of the propyne’s C=C bond into the cavity of
the cyclotetrabenzoin macrocycle, with the methyl group
residing in the interstitial space between the neighboring
molecules of CTBZ/CTBZ-A, as well as the disorder in the
included propyne molecules (Figure 4). This mode of binding
parallel that observed for other terminal alkynes and linear
guests, with the [7---7] interactions between the triple bond
and the aromatic rings of CTBZ/CTBZ-A playing the key
role.'”"® In CTBZ-A, propyne was not observed in the
diamond-shaped cavity. Given the larger interstitial space of
CTBZ-A and the lack of hydrogen bonding between
macrocycles, CTBZ-A is more readily able to expand and
accommodate more adsorbed gas, explaining its higher
capacity for propyne vs. CTBZ.

Closer examination of the crystal structure of two propyne-
loaded hosts reveals subtle but important differences in their
geometry. In CTBZ, the aromatic panels rotate a bit—from
40.8° in the single-crystal structure™ to 37.0° in an evacuated
sample, and finally 31.4° in the propyne-loaded samples. In
CTBZ-A, the aromatic panels are much more flexible: the
interplanar angle of 21.2° observed in the single-crystal
structure' "> changes to 10.1° in the evacuated structure,
and the panels become effectively parallel (2.1°) upon loading
with propyne. These geometrical changes result in the de facto
shrinking of the aperture in CTBZ to roughly 6.0 A, whereas
for CTBZ-A it remains more open at 7.0 A (measured as the
shortest distance between a pair of hydrogen atoms on
phenylene rings on the opposite sides of the macrocycles,
consistent with the Horvath—Kawazoe (H—K) pore size
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distribution profiles-led pore apertures of (~ 6 A, Figure S13)
obtained from the CO, adsorption isotherms at 195 K, Figure
S12). This difference in geometry may result in a more “snug”
fit of propyne in the CTBZ’s cavity.

Geometric trends observed on propyne-loaded samples are
consistent with the CO,-loaded structure of CTBZ, with
interplanar angles of 37.5° (Figure S$73), and the previously
reported single-crystal structures of CO,-loaded CTBZ-A,
where the corresponding interplanar angles were 18.1—21.3°."
However, the CO, molecules’ center of mass was observed to
be symmetrically positioned within the cavity of CTBZ/
CTBZ-A, likely as a consequence of its lower polarity and the
steric bulk of propyne’s methyl group.

Molecular dynamics calculations provided further insights
into the selectivity and transport of propyne and propylene
guests through the pores of the two hosts. Modeled over S ps
(5 X 10° steps) with a time step of 0.01 fs at 298 K, the unit
cell volume of CTBZ expands by as much as ~7% (Figure
$87), in turn increasing the free volume and surface area
(Figure S89a). Nevertheless, the hydrogen-bonded square grid
structure (shown in Figure 1, bottom right) never breaks
down, suggesting that CTBZ is a rigid, low-porosity structure.
In contrast, while CTBZ-A undergoes almost similar volume
expansion, its extended structure is dramatically more flexible
on account of the absence of intermolecular hydrogen bonding
as well as the free rotations and vibrations of its acyl groups in
the empty pore space. The results of this flexibility are highly
fluxional stacks of CTBZ-A molecules that at times lose long-
range order, and the sliding of parallel x—y planes, which can
close one-dimensional z-direction channels, leaving only x—y
planar pores accessible (Figures S88 and 89b). These features
may also explain the marginal discrepancy of the high Q
scattering data versus the fit of powder X-ray patterns of
CTBZ-A (vs. those of CTBZ). Regardless, even with minor
imperfections in the fits for CTBZ-A, the refined propyne
positions are chemically rational, and the occupancies are
consistent with isotherms, lending credence to our structural
conclusions.

The differences in the flexibility of channels in CTBZ and
CTBZ-A directly translate into differences in the transport
mechanism and selectivities of the hosts. In the rigid CTBZ
structure, pore enlargement plays a key role in the adsorption
and transport of the propyne guest through the material. The
more flexible CTBZ-A dramatically changes its channel shape
as the guest traverses through it, effectively pushing it through
somewhat regardless of the shape. This peristaltic motion
through the PMC increases capacity and most likely speeds up
transport but lowers the C3H,/C;H, selectivity (Figure S86).
In ultramicroporous materials, given that adsorbed molecules
are commensurate in size with the pore apertures and cavities
which they must traverse, these subtle structural movements
and rearrangements prove key to the separations of chemically
similar gases, especially as a function of transport kinetics."®

In conclusion, we have compared CTBZ and CTBZ-A—
two readily scalable cyclotetrabenzoin-based hosts—as adsorb-
ents for C, and C; gases. CTBZ showed superb selectivity for
propyne, which was explained by (a) the tighter fit of C;H,
among the rotated aromatic panels, (b) higher rigidity of this
framework, which lowered the affinity for the less well-suited
propylene guest, and (c) the single shape of pores, which
prevented the erosion of selectivity. Nevertheless, the very low
capacity of CTBZ resulted in a material that effectively does
not separate propyne from propylene. Instead, CTBZ-A,
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despite its lower selectivity, has proven to be a competent
agent for propyne-propylene separation in dynamic column
breakthrough experiments. When benchmarked against MOFs
and other reticular C;H,-selective sorbents, both CTBZ and
CTBZ-A exhibit the characteristic combination of high
selectivity and low capacity under ambient conditions (298
K and 1 bar), typical of ultramicroporous physisorbents that
are not molecular sieves.”® The trade-off between selectivity
and capacity is a general point to explore in future studies."”
Our study highlights the impact of a confluence of subtle
structural elements (torsion angles, hydrogen bonding, and
interstitial spaces) on the bulk separation performance of
porous molecular crystals. It additionally provides computa-
tional insights into the relevance of intermolecular motion in
gas sorgtion within soft and transiently porous molecular
crystals.”’
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