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In pursuit of environmental sustainability and energy efficiency, assorted macrocyclic compounds have recently
emerged as crystalline adsorbents for the efficient molecular sieving of various chemical commodities. Herein, we delve into the
conformational characteristics and solid-state packing modes of tiara[S]arenes (T[S]), a rim-differentiated pillar[S]arene derivative.
By meticulously exploring the conformational space, we have successfully identified a multitude of distinct T[S] conformers within a
relatively narrow energy range of 22 kJ/mol. This finding underscores the inherent conformational flexibility of this macrocyclic
scaffold, enabling T[S] to adapt diverse packing arrangements in the solid state. While solvent-free T[S] crystals do not exhibit
permanent porosity, they undergo solvomorphic interconversions when exposed to various guest compounds. Our study
demonstrates that T[S]-based crystalline materials exhibit a notable preference for selectively capturing aromatic and olefinic
solvents, such as benzene, toluene, chlorobenzene, and cyclohexene, over their aliphatic hydrocarbon counterparts from equivalent
volume liquid mixtures, achieving up to 10:1 selectivity between benzene and cyclohexane.

tiara[SJarene, conformational search, host—guest analysis, adsorptive separation

Supramolecular chemistry delves into the intricate world of
noncovalent weak forces governing interactions between
molecular entities.”” Beyond its critical role in unraveling the
delicate interactions underpinning biological systems, recent
years have witnessed a burgeoning fascination with harnessing
these principles to engineer artificial supramolecular materi-
als.>® These materials hold tremendous promise across a
range of applications, including molecular separation, catalysis,
biomedicine, electronic devices, and energy storage materi-
als.” =" One class of key members that has risen to prominence
within this paradigm is macrocyclic compounds.'' ™'
Renowned for their innate abilities to form well-defined
host—guest complexes, these compounds have garnered
significant attention by virtue of their structural diversity and
functionality. Apart from their intrinsic pores allowing for
precise control over molecular recognition events, on account
of their unique shapes and symmetries, they also serve as
fundamental building blocks for the construction of molecular
cages and framework materials that possess extrinsic
porosity.'~*° Intriguingly, certain crystalline organic materials
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formed by calixarenes even display the so-called “porosity
without pores”.”' Despite lacking atomic-scale channels to
interconnect the lattice voids formed by the packing of the
macrocycles, these materials allow the permeation of gas and
liquid guests, facilitating single-crystal to single-crystal trans-
formations toward inclusion compounds.””*’

Recent advancements in pillararene chemistry”*™>* have
ushered in new aspects for the development of macrocycle-
based crystalline functional materials.”” > Both pillar[5]arenes
and pillar[6]arenes have played pivotal roles in the
construction of assorted supramolecular-organic frameworks
(SOFs) exhibiting either intrinsic or extrinsic porosities for
selective gas adsorption properties.”” > On the other hand, in
alignment with the “porosity without pores” concept, crystals
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of pillar[S]arene and pillar[6]arene derivatives, even in the
absence of lattice voids, show structural adaptivity and can
accommodate specific guest molecules. These nonporous
adaptive crystals (NACs) have showcased significant potential
in the adsorptive separation of petrochemical commod-
ities.>®>” For instance, the NACs of pillararenes have shown
high selectivity in adsorbing volatile aromatic hydrocarbons
over their cyclic aliphatic counterparts,”® * as well as in
capturing linear alkanes as opposed to branched ones.”' ~*

Understanding the structure—property interplay is essential
to advance further research into novel macrocycle-based
functional materials. In the context of NACs, the structural
flexibility inherent to the macrocyclic scaffold is poised to exert
a substantial impact. This innate adaptability empowers these
macrocycles to assume diverse conformations or configurations
during interactions with various guest molecules and to
conform to distinct packing arrangements within the crystalline
lattice. As a result, these NACs can undergo energetically
favorable solid-state structural transformations while achieving
highly selective guest inclusions.

The pillar[S]arene macrocyclic scaffold, e.g., permethylated
pillar[S]arene (P[S], Figure 1), is not entirely rigid; rather in
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Figure 1. Chemical structures and representative conformations of
permethylated pillar[S]arene (P[S]) and tiara[S]arene (T[S])
macrocycles, respectively. While P[S] typically forms “pillar-like”
conformers in the solid state, the aromatic panels of T[S] often
exhibit more distorted conformations within the crystal lattice. The
cavity diameter of T[5] is 4.2 + 0.2 A, compared with P[5] is 5.1 A.
The cavity size calculation method can be found in Supporting
Information.

solution, the aromatic units within P[$] can undergo rotational
movements around the single bonds of the methylene bridges,
a phenomenon often referred to as “O-through-the-annulus”
circumrotation.*™*” These movements significantly influence
the conformational and stereochemical characteristics of P[5].
In contrast, in the solid state, P[5] typically adopts “pillar-like”
conformations (Figure 1) ;" where all aromatic units align
perpendicularly to the macrocyclic aperture. This arrangement
effectively minimizes steric interactions between the alkoxy
groups on the rims and allows for the accommodation of
solvent guests within the pore.

Recently, our research group introduced a rim-differentiated
pillar[S]arene derivative, known as permethylated tiara[S]-
arene (T[5]) (Figure 1), achieved by selectively removing five
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alkoxyl substituents from one rim. T[5] exhibits distinctive
conformational characteristics compared to P[$]."7°" In the
crystal lattice, T[S] often assumes highly distorted conforma-
tions with low symmetry,”® a consequence of this structural
modification that grants greater rotational freedom to the T[5]
aromatic units around the methylene groups (Figure 1).
Furthermore, under varying crystallization conditions, T[S]
can adopt a plethora of conformations and packing arrange-
ments in the solid state. This inherent flexibility allows T[$] to
adopt a diverse array of conformers within a relatively narrow
energy range, a feature not as pronounced in P[5]. The
extensive range of conformational possibilities, coupled with
diverse polymorphs in the solid state, positions T[S] as an
excellent candidate for molecular sieving. Our findings indicate
that T[S]’s nonporous crystalline materials have proven to be
adaptable and reusable, showing good performance in
selectively capturing aromatic and olefinic solvents from
mixtures with equal volumes.

In this study, our primary objectives are two-fold: first, to
investigate the conformational characteristics of T[S] in direct
comparison with P[S] through an extensive conformational
search analysis; second, to explore the practical utility of T[5]
crystals in accommodating guest molecules. Our computa-
tional investigations reveal a compelling contrast: the T[S]
scaffold exhibits a remarkable capacity to adopt a diverse array
of conformers, all within a relatively narrow energy range of 22
kJ/mol, whereas P[S] presents conformers dispersed across a
broader energy spectrum of 40 kJ/mol. This inherent flexibility
and dynamism suggest that T[5] has the potential to serve as a
pivotal component in adaptive solid-state systems, demonstrat-
ing responsive behavior to guest molecules. To experimentally
scrutinize the guest-mediated solvomorphic structural trans-
formations, T[S] was cocrystallized with several benzene
derivatives as guest molecules, each inducing distinct alteration
in the packing modes of the resulting crystalline material.
Notably, solvent-free T[S] crystals displayed exceptional
selectivity in capturing aromatic and olefinic solvents from
their equivolume mixtures with corresponding aliphatic
compounds. Our findings underscore the profound conforma-
tional flexibility of T[5], illuminating its promise as a dynamic
and responsive element in the fields of crystal engineering and
molecular separation applications.

Single cocrystals of T[5] with benzene (BZ), cyclohexene
(CHE), toluene (TOL), and chlorobenzene (CBZ) were
successfully obtained by subjecting their respective solutions to
slow vapor evaporation.> > A pivotal aspect of T[5]’s
versatility lies in its capacity to adapt its conformation and
packing mode in response to the specific solvent employed in
each experiment, as illustrated in Figure 2. Across various
solvomorphs, T[S] undergoes conformational adjustments,
leading to shifts in its overall shape and size, eventually
enabling its molecular structure to optimize interactions with
neighboring molecules. This property is particularly valuable in
the domain of solid-state host—guest chemistry, where T[S]
can function as a versatile host molecule, accommodating
guests of diverse sizes and chemical properties. For instance, in
the crystal structure of BZ@T[$], characterized by a 1:2 host—
guest ratio, the BZ guests reside outside the T[5] cavity, as
depicted in Figure 2a. On the other hand, the crystal structures
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Figure 2. Host—guest arrangement and the altered conformations of
T[S] as evidenced by single crystal structures. (a) BZ@T[S], (b)
CHE@T[5], (c¢) TOL@T[5], (d) CBZ@T[5], (¢) MeCNCT[5],
and (f) solvent-free T[5] crystallized in CHCI3, viewed from the top.
Hydrogen atoms of the hosts are omitted for clarity. Color code: C,
dark gray; O, red; N, light blue. Color code for guest molecules: BZ,
orange; CHE, red; TOL, blue; CBZ, dark green.

of CHE@T[5], TOL@T[5], and CBZ@T][5] exhibit a 1:1
host—guest arrangement, where the guest molecules partially
reside within the concave cavity of T[S] (Figure 2b—d). The
primary driving forces behind the formation of these molecular
assembles stem from the combination of multiple C—H:--7 and
C—H--O interactions (Figures S1—S4). In stark contrast to
these previously observed distorted conformations, a distinctly
different structural arrangement emerged when T[S] was
crystallized from acetonitrile (MeCN). In the MeCN@T[5]
structure (Figure 2¢),°%¢ all five aromatic units are aligned
perpendicularly to the pentagonal aperture, forming a tiara-like
shape to effectively host the guest molecule within. Another
solvent-free T[S] crystal structure®>”’ is noteworthy for its
tightly packed dimeric arrangement (Figure 2f). Intriguingly,
two adjacent T[S] macrocycles each have one of their methoxy
groups occupying the cavity of the other, indicating strong
intermolecular interactions for dimeric arrangement. In light of
these findings, it is evident that T[S] exhibits a diverse range of
structural variations in the solid state.

In our pursuit of further understanding the conformational
flexibility of the T[S] molecule, a thorough computational
study involving conformational search was conducted,”®
commencing with the guest-free T[S] crystal structure. This
extensive exploration yielded a total of 142 energy-accessible
conformers (Figure 3, pink dots). For comparison, a similar
conformational search was also conducted for the P[5]
molecule, resulting in the identification of 423 energy-
accessible conformers (Figure 3, blue dots). To ensure reliable
optimized structures and accurate energy calculations, we
employed density functional theory (DFT) calculations to
determine the relative energies and optimized geometry of
each conformer.”” Notably, the energy gap between the highest
and lowest energy conformers for T[5] was found to be 22 kJ/
mol, indicative of a substantial degree of molecular flexibility.
The presence of both compact and extended conformers in
T[5] further underscores its conformational freedom.
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Figure 3. Conformational landscape of T[S] and P[5]. T[S]
conformers are depicted by pink dots, while P[5] conformers are
represented by blue dots. The landscape illustrates that T[S5]
conformers exhibit a wider distribution in both radius of gyration
(Rg) and relative energy in comparison to P[S]. The calculated
conformers with the highest and lowest relative energy for T[S] and
P[S] are shown in black circle, respectively. T[S]-3 and P[$]-3
illustrate the conformers of T[5] and P[5] with the minimum radius
of gyration.

To evaluate the conformational dynamics, flexibility, and
rigidity of the macrocycle, we employed the radius of gyration
(Rg). This parameter provides valuable insights into the spatial
distribution of mass within the macrocyclic scaffold, hence
serving as an indicator of its compactness or extension. The R,
values for the T[S] conformers exhibit a wider spread
compared to those of the P[S] conformers, suggesting that
T[S] possesses greater structural flexibility. The conformer
with the highest relative energy exhibits five unfolded rims,
resulting in a relatively extended and open conformation
(T[5]-1 and P[5]-1; see Figure 3). Conversely, the conformer
with the lowest relative energy or the minimum radius of
gyration, characterized by the presence of five folded rims,
respectively, adopts compact shapes (T[5]-2, T[5]-3, P[5]-2,
and P[5]-3; see Figure 3).

Furthermore, we conducted a comprehensive investigation
to determine the conformational properties of T[S] by utilizing
a diverse set of initial conformers obtained from single
cocrystal structures produced in various solvents. This analysis
led to the identification of a cumulative count of 511
conformers, as depicted in Figure S5. Remarkably, regardless
of the starting configuration employed for the conformational
search, our findings consistently converged to the same
conclusion.

In contrast, the energy difference between the highest and
lowest energy conformers for P[S] was found to be 40 kJ/mol,
suggesting a lower degree of flexibility compared to T[S]. The
results of P[5] demonstrated a greater energy gap, indicative of
a more restricted range of possible conformations. The P[5]
conformer with the smallest radius or least relative energy
display exhibits increased distortion and compactness
compared to the conformer with the highest energy. These
observations align with the experimental findings indicating
that T[S] can readily switch between different conformers with
low energy barriers when the crystallization conditions are
altered.
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Figure 4. (a) Initial acquisition of solvent-free T[5] crystals via recrystallization in CHCI, solvent. (b) Schematic representation of the fractionation
process for aromatic/olefinic compounds over aliphatics using T[5]-based nonporous adaptive crystals. (c—f) Single cocrystal structures of BZ@
T[S], CHE@T[S], TOL@T[5], and CBZ@T[5], along with time-dependent vapor—solid sorption plots for (c) BZ/CH, (d) CHE/CH, (e)

TOL/MCH, and (f) CBZ/CCH.

To ascertain the most optimized conformations from the
pool of expected conformers, we employed a geometric
matching approach, which involves comparing the gas-phase
calculated conformations with structures obtained from single-
crystal diffraction (Figure S6). The root-mean-square deviation
(RMSD) value served as a metric to quantify geometric
differences.”” It was found that the calculated conformers
exhibit geometric similarities to the conformations observed in
the established phases of T[5] (see Figure S6). Nevertheless,
notable differences, particularly in the orientation of the
methoxy groups, were observed. This implies that molecules
undergoing crystallization may not always be limited to
adopting their lowest energy shape, and the conformations
observed in experimental crystals may potentially influenced by
kinetic factors.

Furthermore, we conducted geometric matching on single-
crystal structures that underwent DFT optimization (Figure
S7). Remarkably, it was observed that the single crystal
structures exhibited a high level of concordance with the
estimated structures following the optimization process, with a
small RMSD value for each (Figure S7). '"H NMR titration
experiments were also conducted (Section 3 in SI, Figures S8—
S11) to examine the flexibility between T[S] and P[5] in the
solution state. All these identified conformational traits provide
valuable insights into the inherent flexibility and adaptability of
the T[S] macrocyclic scaffold.

The conformational study of T[S] and P[S] comprehen-
sively demonstrated the remarkable conformational flexibility
of the T[S] macrocycle through a series of detailed
computational analyses. The investigation confirmed T[5]’s
ability to access a wide array of conformers, significantly more
diverse than P[5]. T[S] not only displayed a broad spectrum
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of structural variations, from compact to extended forms, but
also adapted dynamically to varying conditions. Geometric
matching approaches further underscored this adaptability,
showing that T[S]’s crystalline forms might deviate from the
lowest energy structures due to kinetic effects. This
comprehensive collection of conformer data, coupled with
geometric and energy assessments, firmly establish T[S] as a
highly flexible and adaptable macrocyclic scaffold, well-suited
for applications requiring molecular recognition and responsive
adaptation to environmental fluctuations.

To delve into the adsorption behavior of T[S] crystals, we
conducted time-dependent solid—vapor sorption experiments.
A guest-free T[S] crystalline material, obtained by slowly
diffusing MeOH vapor into CHCI; solvent, was used as the
adsorbent (Figure 4a). The absence of solvent molecules from
the T[S] crystals was confirmed through 'H NMR and
thermogravimetric analysis (TGA) data, as shown in Figures
S12 and S13, respectively. A bulk sample of desolvated T[S5]
was analyzed by powder X-ray diffraction (PXRD), confirming
it to be both phase pure and representative of the single crystal
data in its desolvated form (Figure S14). The N, adsorption
isotherm at 77 K revealed the nonporous nature of this T[S]
crystalline adsorbent, with a calculated Brunauer—Emmett—
Teller (BET) surface area of merely 19 m*/g (see Figure S15).
Notwithstanding its initial nonporous nature, it is worth noting
that similar pillararene macrocycles have been reported to
exhibit adsorption performance due to structural changes
induced by C—H---7 interactions, aromatic 7—7 stacking, and
charge-transfer interactions.’*’
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Time-dependent solid—vapor adsorption experiments were
conducted to investigate the adsorption behaviors of various
bicomponent aromatic/aliphatic or olefinic/aliphatic (50:50 v/
v) vapors on the solvent-free T[S] crystalline material. The
bicomponent atmospheres comprised four distinct combina-
tions: benzene/cyclohexane (BZ/CH),*”*"°'~** cyclohexene/
cyclohexane (CHE/CH),*> toluene/methylcyclohexane
(TOL/MCH),*® and chlorobenzene/chlorocyclohexane
(CBZ/CCH).*® In the BZ/CH atmosphere, "H NMR analysis
indicated a gradual increase in BZ uptake by T[S], reaching
approximately 0.8 mol of BZ per T[5] after saturation (Figures
4c and S17). Conversely, only a minute amount of CH was
adsorbed. Similarly, across the other bicomponent atmos-
pheres, T[S] exhibited more effective adsorption of CHE,
TOL, and CBZ compared to MCH, CCH, and CH,
respectively. The '"H NMR analysis revealed guest uptake of
CBZ and TOL, with approximately 0.7—0.8 equiv molecules
per T[S] after saturation. In contrast, CHE uptake was
comparatively lower, as T[S] captured an average of about
only 0.5 equiv of CHE from the equimolar CHE/CH mixture
(shown in Figures 4d—f and S18—S20).

Solid-state packings of single crystal structures of BZ@T[5],
CHE@T[5], TOL@T[5], and CBZ@T[S] are shown in
Figure 4c—f. In these superstructures, solvent guests are
located in the extrinsic cavity. Hirshfeld surface analysis was
employed to investigate the intermolecular interactions present
in these cocrystal structures. In the context of BZ@T[5],
CBZ@T[5], and TOL@T[S] inclusion, we observed the
presence of C—H:--O interactions between the host molecules,
as well as between the host and guest molecules (refer to
Figures $21—S23). Nevertheless, inside the CHE@T[S]
inclusion compound, our observations were limited to C—
H--O interactions only among the host molecules (Figure
S24). It is conceivable that T[S] has a greater propensity to
acquire BZ, CBZ, and TOL compared to CHE. According to
the examination of the Hirshfeld surface, it can be inferred that
the adsorption capacity of T[5] for CHE is comparatively
lower, possibly due to the lack of C—H:--O interactions
between CHE and T[S]. These findings shed light on the
precise interactions governing the adsorption behavior of T[5]
with various guests, thereby enhancing our understanding of its
separation capacities.

To access the structural changes induced by the
encapsulation of guest molecules within T[S], we carried out
PXRD studies following the adsorption of pure BZ, CHE,
CBZ, and TOL by T[S], respectively. Notably, the PXRD
patterns of T[S] underwent pronounced alterations after the
adsorption of these solvents. These patterns correlated with
the simulated PXRD profiles generated from the single crystal
structures of BZ@T[5], CHE@T[5], TOL@T[5], and CBZ@
T[5]. However, clear deviations were observed between the
post-adsorption PXRD patterns and their respective single-
crystal structure patterns. These discrepancies might arise from
factors such as surface adsorption effects and variations in the
quantity of guest molecules entrapped within T[S] (Figure
$25). On the other hand, the PXRD patterns of T[5] remained
unaltered following the adsorption of CH, MCH, and CCH,
suggesting that the structural integrity of T[S] was unaffected
by its exposure to these solvents (Figures $26—529). We also
validated the guest uptakes by gas chromatography (GC) and
TGA analysis. GC results confirmed the predominant uptake
of aromatic or olefinic compounds compared to aliphatic ones
in T[5] (Figure S30). Furthermore, TGA analysis revealed a
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weight loss attributed to the release of the adsorbed guest
molecules from T[S], providing additional evidence of
successful adsorption and storage of the aromatic/olefinic
compounds (Figure S31). For separation materials of this
nature, a notable challenge arises from the decrease in
performance after multiple uses, potentially stemming from
issues like fouling, structural alterations, and material
degradation. Therefore, the ability to restore utility and sustain
stability over numerous adsorption and desorption cycles
becomes imperative. In our investigation, we noted a
noteworthy phenomenon: the adsorbed aromatic molecules
can be liberated when subjected to heat. This property enables
T[5] to undergo reactivation, rendering it suitable for repeated
cycles of adsorption (Figures S32—S35). This adaptability and
reusability of nonporous T[S] crystalline materials represent a
remarkable advantage for adsorbent cycles.

Upon examining various adsorption conditions of T[S]
crystals, a clear preference becomes evident: T[S] exhibits a
propensity for encapsulating aromatic/olefinic solvents over
their aliphatic counterparts. To elucidate the underlying
molecular interplays, we turned to molecular docking. This
approach, outlined in Figure Sa, aimed to generate host—guest

a GUEST .
( ) Possible Host-guest ~ Optimized host-guest
}/ﬁ configurations complex
N
\ Wl v\
/ g A - e
X X 2=

CH@TIS]
-60.75

CHE@TI5]
67.78

CH@TIS]
-60.00

TOL@TI5]
-83.01

MCH@TI5]
64.35

CBZ@TI5]
-90.37

CCH@TIS5]
-83.81

Figure 5. (a) Simplified docking process overview. Left: input
structures of individual host and guest molecules. Center: molecular
docking procedures involving the search for the optimal host—guest
binding mode, including randomly sampled poses through translation,
rotational, and torsional operations. The faded benzenes represent
trial poses, while the solid cyan benzene represents the stable pose.
Right: The docking results. (b-e) Geometry-optimized 1:1 host—guest
structures obtained from molecular docking were subsequently used
for binding energy calculations. The host molecules are shown in gray,
while the guest molecules for (b) BZ/CH molecules are shown in
orange and wheat, (c¢) CHE/CH in red and salmon, (d) TOL/MCH
molecule in blue and light blue, and (e) CBZ/CCH in dark green and
pale green. The unit of binding energy is measured in kJ/mol.

https://doi.org/10.1021/jacsau.4c00310
JACS Au 2024, 4, 3475-3483


https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00310/suppl_file/au4c00310_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00310/suppl_file/au4c00310_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00310/suppl_file/au4c00310_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00310/suppl_file/au4c00310_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00310/suppl_file/au4c00310_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00310/suppl_file/au4c00310_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00310/suppl_file/au4c00310_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00310/suppl_file/au4c00310_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00310/suppl_file/au4c00310_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00310/suppl_file/au4c00310_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00310/suppl_file/au4c00310_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00310?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00310?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00310?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00310?fig=fig5&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

complexes of both aromatic/olefinic@T[S] and aliphatic@
T[S]. This docking analysis was performed using Glide as
implemented in Schrodinger.”” Molecular docking serves as a
predictive tool, providing insights into how two molecules
might orient themselves to form a stable complex with optimal
binding.”® This approach allowed us to pinpoint the most
favorable low-energy structures for both the aromatic/
olefinic@T[$] and aliphatic@T[S] host—guest pairs. Building
on this, we performed DFT-D geometry optimization of these
complexes, utilizing the results from the docking study as our
starting point.”” The geometry optimized conformations of
aromatic/olefinic@T[5] and aliphatic@T[5] complexes are
shown in Figure Sb—e.

Upon closer examination of the binding energy analysis, a
consistent trend emerged: the aromatic/olefinic@T[S] com-
plexes consistently register lower binding energies in contrast
to their aliphatic@T[S] counterparts. In the case of the
aromatic/olefinic complexes, noticeable discrepancies between
the docking predictions and the actual crystal structures were
observed, possibly stemming from the absence of certain
intermolecular forces during the stacking phase (as illustrated
in Figure S36a—h). While numerous factors can influence the
binding energy in supramolecular host—guest systems, our
calculations suggest that the m—z interactions observed
between T[S]’s arenes and aromatic guest molecules in the
optimized geometries could be the driving force behind their
energetically favorable nature, especially when compared to
aliphatic molecules (refer to Figures S36ik,] and S37). Even
though the derived docking models may deviate from the
actual crystal forms, they shed light on the molecular
intricacies influencing adsorption selectivity. All evidence
points to T[S] showcasing an innate preference for
cocrystallization with aromatic/olefinic solvents, leading to
the formation of more robust host—guest assemblages than
with aliphatic counterparts.

In summary, our study has offered a comprehensive insight
into the conformational versatility displayed by T[5] through a
variety of analytical approaches. X-ray crystallography analysis
has revealed the presence of multifaceted conformations of
T[5] in the solid state, shedding light on its structural
adaptability. Our theoretical exploration of conformational
energy landscapes has allowed us to pinpoint stable T[5]
conformers and emphasize the minor energy differential (22
kJ/mol) between the highest and lowest energy states,
underscoring its flexible nature. Furthermore, our solid—
vapor sorption experiments have unveiled a significant
revelation: T[5] initially exhibits nonporosity in its guest-free
state, undergoes a transformative shift when introduced to
aromatic/olefinic vapors, underscoring its pronounced predi-
lection for these specific guest entities. Insights from single-
crystal analyses, X-ray diffraction, and molecular simulation
converge to suggest that this selectivity arises from guest-
induced structural alterations. Such sorption behavior diverges
from traditional adsorptive processes which utilize materials
with pre-existing pores. For T[5]-based crystalline materials,
the formation of these “pores” takes place during crystalline
inclusion compound assembly and typically maintains stability
when filled by guest entities.

These findings underscore the adeptness of T[S] in
discerningly separating aromatic/olefinic solvents from bal-
anced mixtures with analogous aliphatics. Considering its high

conformational flexibility, exceptional performance in separa-
tion capabilities, and excellent reusability, T[S]-based crystal
emerges as a promising contender for tackling intricate
challenges related to molecular separation. These findings
provide valuable insight into the design and synthesis of
macrocycle-based crystalline materials, offering sustainable and
efficient solutions for various industrial processes.

Starting materials, reagents, and solvents were purchased from
commercial vendors and used as received, unless otherwise noted.
Permethylated tiara[S]arene (T[S]) was synthesized by a synthetic
procedure previously reported.*” 'H NMR spectra were recorded on
Bruker Advance 400 and 600 MHz spectrometer at ambient
temperature, unless otherwise noted. The chemical shifts are listed
in ppm on the § scale and coupling constants were recorded in Hz.
Chemical shifts are calibrated relative to the signals of the
nondeuterated solvents (CHCl;: § 7.26 ppm, CH,Cl,: § 5.32 ppm).
Thermogravimetric analysis (TGA) was performed with METTLER
TOLEDO TGA 2 operated at 10 K-min™". Powder X-ray diffraction
(PXRD) patterns were recorded on a Rigaku D/Max-2500 X-ray
diffractometer. Data were collected over the range of 3—40° in 5°-
min~'. N, adsorption measurements were carried out on a
Micromeritics ASAP 2020 gas adsorption analyzer at 77 K before
T[S] was heated at 60 °C in vacuo for 12 h. Gas chromatography
(GC) measurements were carried out on a Shimadzu GCMS-QP2010
Plus with an FID detector. Samples were analyzed using headspace
injections and were performed by incubating the sample at 50 °C for
S min followed by sampling 1 mL of the headspace.

Colorless block crystals of different T[5] solvomorphs were grown by
slow evaporation of the corresponding solutions of T[S] (solvent:
benzene (BZ)/cyclohexane (CHE)/toluene (TOL)/chlorobenzene
(CBZ), 1 mL; T[S], S mg). After several days, single crystals suitable
for X-ray diffraction were selected and mounted in inert oil in cold gas
stream and their X-ray diffraction intensity data was collected on a
Rigaku XtaLAB FRX diffractometer equipped with a Hypix6000HE
detector, using Cu Ka radiation (4 = 1.54184 A). Crystals were kept
at the temperature listed in Tables S1—S3 during data collection. By
the use of Olex2,’° the structure was solved either (i) with the
ShelXS”" structure solution program using Direct Methods or (ii)
with the ShelXT”* structure solution program using Direct Methods
or Intrinsic Phasing. The hydrogen atoms were set in calculated
positions and refined as riding atoms with a common fixed isotropic
thermal parameter. Selected details of the data collection and
structural refinement can be found within Tables S1—S3 and full
details are available in the corresponding CIF files. The crystal
structures of BZ@T[S] and solvent-free T[S] were previously
reported.>®

The initial conformers are derived from the guest-free single crystals
of both P[S] and T[S]. Additionally, a more detailed conformer
search uses the single crystal structures of various solvents. Upon
obtaining the conformers, the structure is optimized using the
OPLS3e force field,”” as incorporated in Schrodinger.”* Minimum
and maximum distance for LMOD”® of 6 and 12 A are applied and
3000 search steps are used. When preserving structures, an energy
window is set to within 50 kJ/mol, and a 1 A cutoff is established for
maximum atomic deviation, accounting for potential force field
inaccuracies. While it is widely recognized that solely using a force
field for molecule optimization can be unreliable,’” even though
OPLS3e has demonstrated effectiveness in organic systems.
Consequently, structures derived from the conformer search are
further optimized at the DET-D level using B3LYP®*”® function with
6-311G* basis sets, and Grimme’s D3 scheme with Becke and
Johnson damping,”””® all executed in Gaussian 09.”
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The binding energy,”® denoted as AEjding energy 18 calculated based
on the energy difference between the host—guest complex and the
summed energies of the independent host and guest molecules, each
in its energy-minimized conformation. The equation can be found in
the Supporting Information.

The structures of aromatic@T[5], olefinic@T[5], and aliphatic@
T[S] complexes are intricate. These complexes were generated using
the Glide module®” of Schrodinger V13.2 to obtain their docking
configurations. All employed force field parameters are based on the
OPLS4*" framework within Schrodinger. For the LigPrep stage,
ionization states remain unchanged, and the specified chirality is
maintained. A maximum of 32 stereoisomers per ligand is generated.
The Protein Preparation Workflow uses default settings for each T[S]
host molecule. During the receptor grid generation, the van der Waals
radius scaling factor is set to 1.0, with a partial charge cutoff of 0.25.
For Ligand Docking, these values are adjusted to 0.8 and 0.15,
respectively. The precision method is standard precision, and ligand
sampling is set to flexible, incorporating both nitrogen inversions and
ring conformation sampling.

All DFT calculations were performed in Gaussian09,”’ aiming to
identify the absolute minimum conformation. The DFT-D geometry
optimization employs the B3LYP functional with a 6-311G* basis
set.””” Additionally, dispersion energy corrections are Grimme’s D3
scheme with Becke and Johnson (BJ) damping.”””®

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00310.
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