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C H E M I S T R Y

Guest-induced amorphous-to-crystalline 
transformation enables sorting of haloalkane isomers 
with near-perfect selectivity
Jia-Rui Wu1,2, Gengxin Wu1, Dongxia Li1, Dihua Dai1, Ying-Wei Yang1*

The separation of haloalkane isomers with distillation-free strategies is one of the most challenging research 
topics in fundamental research and also gave high guiding values to practical industrial applications. Here, this 
contribution provides a previously unidentified solid supramolecular adsorption material based on a leggero pil-
lararene derivative BrP[5]L, which can separate 1-/2-bromoalkane isomers with near-ideal selectivity. Activated sol-
ids of BrP[5]L with interesting amorphous and nonporous features could adsorb 1-bromopropane and 1-bromobutane 
from the corresponding equal volume mixtures of 1-/2-positional isomers with purities of 98.1 and 99.0%, respec-
tively. Single-crystal structures incorporating theoretical calculation reveal that the high selectivity originates from 
the higher thermostability of 1-bromoalkane–loaded structures compared to its corresponding isomer-loaded struc-
tures, which could be further attributed to the perfect size/shape match between BrP[5]L and 1-bromoalkanes. 
Moreover, control experiments using its counterpart macrocycle of traditional pillararene demonstrate that BrP[5]L 
has better adsorptive selectivity, benefiting from the intrinsic free-rotation phenylene subunit on its backbone.

INTRODUCTION
With the increasing global demand for petrochemicals, the ex-
ploitation of new materials or strategies, expected to reduce the 
environmental impact and operation cost/complexity of industrial 
separation and purification, is of great significance and imperative. 
Among these, the energy-efficient separation of haloalkane com-
pounds is a major industrial sustainability challenge (1–3). The use 
of macromolecular porous materials, such as metal-organic frame-
works (4–6), zeolites (7–9), porous organic polymers (10–13), and 
covalent organic frameworks (14–18), in which the building blocks 
are linked together by covalent or coordinative bonds is considered 
one solution to solving this problem. Besides, molecular-level 
porous/nonporous materials, such as hydrogen-bonded organic 
frameworks (19–21), supramolecular organic frameworks (22–24), 
porous organic cages (25–27), and nonporous adaptive crystals 
(28–31), which are constructed by weak intermolecular interac-
tions, also show promising applications in physical adsorption and 
energy-efficient separation processes. To date, these macromolecular- 
or molecular-level adsorption materials have been intensively in-
vestigated, and similar features could be summed up as “porosity 
and crystallinity of its initial state,” which means that their adsorp-
tion performance is closely correlated with their well-ordered porous 
frameworks or molecular arrangement.

Supramolecular macrocycle-based crystalline molecular adsor-
bents have attracted much attention from chemists over the past 
few years and acquired inestimable benefits from the development 
of novel synthetic macrocyclic host compounds with distinctive 
topologies and intriguing properties (32–36). With the increased 
understanding of host-guest chemistry, structure-function relation-
ship, noncovalent interactions, and dynamic molecular assembly, 

the creative design of macrocycle-based supramolecular materials 
with growing complexity, functionality, and applicability could be 
implemented with great ease.

Pillararenes, a new generation of supramolecular hosts, have 
been classified as one of the most iconic macrocyclic containers 
among the well-established ones (e.g., crown ethers, cyclodextrins, 
cucurbiturils, and calixarenes) (37–39) and gained tremendous 
momentum during the modern supramolecular chemistry boom. 
Recently, we have presented an example of pillar[5]arene-derived 
macrocyclic receptor, named permethylated leggero pillar[5]arene 
(MeP[5]L) (40), in which two methoxy functionalities on a single 
one of the subunits of traditional permethylated pillar[5]arene were 
selectively removed. We also found that the amorphous powder of 
MeP[5]L can physically adsorb certain types of guest vapors accom-
panied by the molecular packing transition from the initially chaotic 
state to various ordered states. Inspired by this, we speculate that 
the macrocycle-based molecular materials constructed from dis-
ordered molecular building blocks without any porosity and 
crystallinity could also be excellent potentially applied in molecular 
separation.

In this work, we report the whole family of leggero pillar[n]
arenes (P[n]Ls for short) and use the amorphous nonporous 
powders of perbromoethylated leggero pillar[5]arene (BrP[5]L) to 
achieve a super-efficient adsorptive separation of 1-/2-bromoalkane 
isomers (Fig.  1,  A  and  B). We find that BrP[5]L can separate 
1-bromopropane (1-BPR) from 2-BPR with 98.1% purity (Fig. 1C) 
and separate 1-bromobutane (1-BBU) from 2-BBU with 99.0% 
purity (50:50, v/v) (Fig. 1D), which is superior to the counterpart in 
traditional pillararenes, perbromoethylated pillar[5]arene (BrP[5]A). 
The precisely sorting capability can be ascribed to the superior 
cavity adaptability and tunability, benefiting from its inherent 
free-rotation phenylene subunit. Powder x-ray diffraction (PXRD) 
reveals that this adsorptive separation process is also a bottom-up 
molecular assembly approach from the initial guest-free amorphous 
to the last guest-loaded crystalline structures driven by weak inter-
molecular interactions in the solid state. Moreover, removing 
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1-bromoalkanes from 1-bromoalkanes–loaded BrP[5]L structures 
leads to the original guest-free amorphous state, making BrP[5]L 
highly recyclable without losing any performance.

RESULTS
Synthesis and characterization of P[n]Ls
Selective removal of two hydroxy or alkoxy groups on one subunit 
of traditional P[n]As turns out to be much more unachievable 
because of the extreme difficulty to precisely crack two aryl-O bonds 
on one alkoxybenzene subunit. Previously, we discovered that the 
critical step for MeP[5]L synthesis is the initial construction of two 

kinds of coupling precursors (40). Accordingly, in this research, we 
successfully synthesized per-hydroxylated P[5]L (P[5]L), perethylated 
P[5]L (EtP[5]L), perethylated P[6]L (EtP[6]L), BrP[5]L, and two other 
important functional derivatives P[5]L-1 and P[5]L-2. Specifically, 
macrocyclization of EtP[5]L and EtP[6]L could be implemented 
by fragment coupling of two kinds of easily synthesized precursors 
(1 and 2 or 1 and 3) with paraformaldehyde in CHCl2 or CHCl3 in 
the presence of a catalytic amount of Lewis acid BF3·O(Et)2 at room 
temperature (Fig.  2A and figs. S1 to S4), resulting in EtP[5]L 
and EtP[6]L in isolated yields of 19 and 9%, respectively (see the 
Supplementary Materials). Whereafter, P[5]L could be qualitatively 
obtained by the O-dealkylation of EtP[5]L with an excess amount 
of BBr3 (fig. S5), indisputably confirming the postmodification 
capability of P[n]Ls.

The synthesis of BrP[5]L, bearing eight bromoethyl moieties, 
was accomplished by a facile three-step synthetic approach from 
P[5]L (Fig. 2A and fig. S6). First, macrocyclic intermediate P[5]L-1, 
i.e., ethoxycarbonyl-substituted P[5]L, can be prepared in a yield of 
47% by reacting P[5]L with excess ethyl bromoacetate via a nucleo-
philic substitution reaction. Whereafter, the reduction of P[5]L-1 
with LiAlH4 afforded the octanol P[5]L-2 in 45% yield, followed by 
further bromination by CBr4 and PPh3 to give the target compound 
BrP[5]L in 50% yield. The whole synthetic approach of these 
derivatives is highly convenient, efficient, and smooth, indicating 
the versatility and universality of P[n]L macrocycles.

P[5]L, EtP[5]L, EtP[6]L, and BrP[5]L were fully characterized 
by 1H/13C nuclear magnetic resonance (NMR) spectroscopies, 
matrix-assisted laser desorption/ionization–time-of-flight mass spec-
trometry (MALDI-TOF MS) spectroscopy, and density functional 
theory (DFT) analysis (Fig. 2B and figs. S7 to S30). The guest-binding 
capability, derived from the strengths and weaknesses of intermo-
lecular interactions, more or less relies on the in-cavity electrical 
properties in supramolecular macrocyclic receptors. Similar to 
traditional pillararenes, the electrostatic potential maps of P[n]Ls 
also exhibit -electron–rich aromatic cavities with negative poten-
tial, confirming that the selective removal of functionalities on a 
single one phenylene subunit of traditional pillararenes has no 
noticeable impact on its in-cavity binding performance in the view-
point of electrical characters. All energy-minimized structures of 
P[5]L, EtP[5]L, EtP[6]L, and BrP5L render a noncylindrical Ci 
molecular conformation with the unsubstituted phenylene subunit 
tilt to the inner cavity in varying degrees (Fig. 2B), which is in sharp 
contrast to the traditional pillar-shaped pillar[5]arenes with D5h 
symmetry.

Although one unsubstituted phenylene exists among the ring- 
forming subunits, P[n]Ls still show large enough and effective 
cavities for binding with different species in the solid-state (super)
structure. As in Fig. 3 and figs. S31 to S36, by the stabilization of multi-
ple intermolecular interactions, P[5]L, MeP[5]L, EtP[5]L, and 
BrP[5]L can encapsulate acetone, n-hexane (n-Hex), dichloromethane 
(DCM), or CH3CN molecule in the cavity or lattice voids to form 
acetone⊂P[5]L, n-Hex⊂MeP[5]L, DCM⊂MeP[5]L, CH3CN⊂MeP[5]L, 
CH3CN⊂EtP[5]L, and 2(CH3CN)⊂BrP[5]L, respectively. Fur-
thermore, the structural flexibility and adaptability of P[5]Ls 
were proven unambiguously by x-ray crystallography. Concretely, 
MeP[5]L in n-Hex⊂MeP[5]L adopts an almost pillar-shaped struc-
ture, and the unsubstituted phenylene subunit has a dihedral angle 
(DA) of 89.9° with the pentagonal plane formed by its five methylene 
carbon atoms (Fig. 3B). MeP[5]L exhibited a distinct conformational 

Fig. 1. A general strategy for separating 1-/2-bromoalkane isomers via guest- 
induced restructuring of amorphous macrocyclic hosts. Chemical structures of 
(A) perbromoethylated leggero pillar[5]arene (BrP[5]L) and (B) 1-bromopropane 
(1-BPR), 2-BPR, 1-bromobutane (1-BBU), and 2-BBU. The size of the cavity in BrP[5]
L was calculated to be 4.7 Å. The effective sizes of 1-BPR, 1-BBU, 2-BPR, and 2-BBU 
were calculated as 4.8, 4.8, 6.6, and 6.9 Å, respectively. Schematic representation 
of the separation process and mechanism of (C) 1-BPR from 1-BPR/2-BPR isomer 
mixture and (D) 1-BBU from 1-BBU/2-BBU isomer mixture using BrP[5]L.
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change in DCM⊂MeP[5]L and CH3CN⊂MeP[5]L, where the relative 
DA values are 58.0° and 61.2° (Fig. 3, C and D), respectively, 
rendering an approximate 30° angle change in comparison with 
MeP[5]L in n-Hex⊂MeP[5]L. Besides, the relative DA values of 
EtP[6]L and BrP5L in CH3CN⊂EtP[5]L and 2(CH3CN)⊂BrP[5]L 
are 75.3° and 50.9° (Fig. 3, E and F), respectively, displaying obvious 
distinctions between each other and also varying from MeP[5]L in 
CH3CN⊂MeP[5]L as aforementioned, which suggest that the con-
formational diversity of P[5]Ls was affected by not only the guest 
species but also the substituent groups. All the above results reflect 
the remarkable adaptability and tunability of the binding cavity 
in P[5]L macrocycles, benefiting from the free-rotation phenylene 
subunit.

Preparation and characterization of activated BrP[5]L
For adsorptive separation, guest-free– and thermodynamically 
favored crystalline structure of BrP[5]L (BrP[5]L) was obtained 
from recrystallization in the mixture of 2-bromobutane and 

methylcyclohexane (fig. S37). The resulting crystals were then 
subjected to vacuum at elevated temperature (110°C) for 6 hours to 
obtain activated adsorptive separation materials. Thermogravimetric 
analysis (TGA) proved that the activated powder was fully desolvated 
(figs. S38 and S39). PXRD demonstrated that the solids transformed 
from crystalline BrP[5]L to amorphous state (BrP[5]L) upon 
heating (Fig.  4A and fig. S40), which could be ascribed to the 
relatively low melting point (138°C) of BrP[5]L, as proved by 
differential scanning calorimetry (DSC) experiment (fig. S41). The 
Brunauer-Emmett-Teller surface area of BrP[5]L was determined 
to be 3.83 m2/g by the 77-K N2 sorption test (fig. S42), indicating 
its nonporous feature.

Single-component bromoalkane isomer adsorption 
experiments
Despite its nonporous nature, the adsorption property of BrP[5]L 
toward 1-bromoalkane and 2-bromoalkane was first investigated 
through time-dependent single-component solid-vapor sorption 

Fig. 2. Synthesis and structures. (A) Synthetic route to P[n]Ls, that is, P[5]L, EtP[5]L, EtP[6]L, and functional P[5]L derivatives P[5]L-1, P[5]L-2, and BrP[5]L. (B) Energy-minimized 
structures and electrostatic potential surfaces of P[5]L, EtP[5]L, EtP[6]L, and BrP[5]L showing the -electron–rich character of the aromatic cavity and the noncylindrical 
molecular conformation of the P[5]Ls scaffold.
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experiments. As shown in Fig. 4 (B and C), 1-BPR, 2-BPR, 1-BBU, 
and 2-BBU can all be adsorbed by BrP[5]L, and the adsorption 
rates of 1-BPR and 2-BPR were slightly faster than 1-BBU and 
2-BBU, which took only about 1 to 2 hours to reach the saturation 
points upon adsorption. 1H NMR spectra and TGA results further 
verified the adsorption and storage capability of BrP[5]L. The 
uptake amounts of 1-BPR, 2-BPR, 1-BBU, and 2-BBU can be 
calculated as ca. 1.0, 2.0, 1.0, and 1.5 mol/mol BrP[5]L at equilibrium, 
respectively (figs. S43 to S50).

PXRD experiments were implemented to study the structural 
changes of BrP[5]L upon uptake of bromoalkane vapors. As 
shown in Fig. 4 (D and E), BrP[5]L in amorphous state exhibited 
sharp peaks after adsorption of 1-BPR, 2-BPR, 1-BBU, and 2-BBU, 
which indicated that these guest-free disordered hosts transformed 
into new guest-loaded structures and gained crystallinity to some 
extent via guest-induced intermolecular interactions. Moreover, the 
BrP[5]L patterns after adsorption of 1-BPR or 2-BPR were different 
from each other, suggesting the formation of two new BrP[5]L 
structures. Similar results were also observed after uptake of 1-BBU 
and 2-BBU.

Structural analysis of BrP[5]L with bromoalkane isomers
To reveal these new guest-containing structures, we obtained single 
crystals of BrP[5]L loaded with 1-BPR, 1-BBU, and 2-BPR (Fig. 5). 
By the stabilization of multiple C─H··· (interact site distances of 
2.521, 2.648, 2.775, and 3.004 Å), C─H···O (3.330 and 3.348 Å), and 
C─H···Br (3.394 Å) interactions (fig. S51), BrP[5]L can encapsulate 
one 1-BPR to form 1-BPR⊂BrP[5]L complex (space group C2, 
monoclinic) in the crystalline state. The pentagonal BrP[5]L molecules 
assemble in a herringbone packing mode. Thus, no atomic-scale 
channel could be found in the structure because of the two adjacent 
BrP[5]L molecules being staggered from each other (Fig. 5A). 
Moreover, the PXRD pattern of BrP[5]L after uptake of 1-BPR 
matched well with the simulated pattern (fig. S52), suggesting that 
the adsorption of 1-BPR led to the structural transition from dis-
ordered BrP[5]L to 1-BPR⊂BrP[5]L. As for 1-BBU–loaded BrP[5]L 
structure (1-BBU⊂BrP[5]L), BrP[5]L molecules were crystallized in 
the space group P-1 (triclinic), and a 1:1 host-guest complex stabi-
lized by C─H··· (interact site distances of 2.761, 2.838, 2.791, and 
3.011 Å), C─H···O (2.979 and 3.374 Å), and C─H···Br (3.348 and 
3.379 Å) interactions was also observed (fig. S53). BrP[5]L forms 

Fig. 3. Solid-state (super)structure of P[5]Ls. X-ray single-crystal structures of (A) P[5]L, (B) n-Hex⊂MeP[5]L, (C) DCM⊂MeP[5]L, (D) CH3CN⊂MeP[5]L, (E) CH3CN⊂EtP[5]
L, and (F) 2(CH3CN)⊂BrP[5]L showing the structural adaptability and tunability of the binding cavity in P[5]Ls macrocycles that are benefiting from the free-rotation 
phenylene subunit.
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regularly window-to-window packing mode, resulting in infinite 
honeycomb-like one-dimensional (1D) channels with 1-BBU threaded 
through (Fig. 5B). Note that there are still a small quantity of dis-
ordered 1-BBU molecules located outside the cavity and links 
neighboring BrP[5]L through weak van der Waals contacts in 
1-BBU⊂BrP[5]L (fig. S54). Despite many attempts, the PXRD 
pattern of BrP[5]L after taking up 1-BBU gave a poor quality of match 
with the corresponding simulated pattern from 1-BBU⊂BrP[5]L 
(fig. S55), presumably due to the lack of disordered 1-BBU molecules 
in the lattice voids as the crystal structure presented to us. Subse-
quently, DSC experiments were carried out to study the desorption 
behaviors of 1-BPR⊂BrP[5]L and 1-BBU⊂BrP[5]L. Contrary to the 
relatively normal boiling points of 1-BPR and 1-BBU (boiling point 
of 1-BPR: 71°C and boiling point of 1-BBU: 101°C), 1-BPR⊂BrP[5]
L and 1-BBU⊂BrP[5]L began to release 1-BPR and 1-BBU mole-
cules at ca. 125° and 105°C (figs. S56 and S57), which indicated that 
the thermostability of herringbone packing mode without specific 
channels in 1-BPR⊂BrP[5]L is higher than the honeycomb-like 
packing mode in 1-BBU⊂BrP[5]L, and more heat is needed to 
desorb the guest species.

In terms of 2-bromoalkane–loaded structures, single crystals of 
BrP[5]L loaded with 2-BPR (2-BPR⊂BrP[5]L) were also obtained 
by slow evaporation of a 2-BPR solution of BrP[5]L. Despite 

numerous attempts, no suitable crystal structure of 2-BBU–loaded 
BrP[5]L (2-BBU⊂BrP[5]L) was obtained, which could be ascribed 
to the molecular chirality of 2-BBU and the size mismatch between 
2-BBU and the cavity of BrP[5]L. In 2(2-BPR)⊂BrP[5]L, BrP[5]L 
hosts were crystallized in the space group P-1 (triclinic) and formed 
a 1:2 host-guest assembly with 2-BPR (Fig. 5C). Driven by the 
stabilization of C─H··· (interact site distances of 2.880, 2.835, and 
3.190 Å), C─H···O (2.786, 2.928, and 3.076 Å), and C─H···Br 
(distance of 3.183 Å) interactions, two 2-BPR molecules irregularly 
reside in the cavity rims of BrP[5]L, and the protruded Br atoms 
further interact with the neighboring BrP[5]L through C─H···Br 
(distance of 3.031 Å) interaction (fig. S58). Besides, BrP[5]L in 
2(2-BPR)⊂BrP[5]L exhibited a 2D layer-like superstructure net-
work with the neighboring layers stacking in a staggered packing 
mode; thus, no specific channels could be found in the structure 
(Fig. 5C). The PXRD pattern of BrP[5]L after adsorption of 2-BPR 

Fig. 4. Single-component bromoalkane isomer adsorption experiments. 
(A) Schematic representation of the phase transition from the initial guest-free 
crystalline state (BrP[5]L) to the guest-free amorphous state (BrP[5]L) upon 
heating. (B and C) Time-dependent BrP[5]L solid-vapor sorption plots for single- 
component (B) bromopropane isomer vapor and (C) bromobutane isomer vapor. 
(D) PXRD patterns of BrP[5]L: (I) original BrP[5]L, after adsorption of (II) 2-BPR 
vapor, and (III) 1-BPR vapor. (E) PXRD patterns of BrP[5]L: (I) original BrP[5]L, 
after adsorption of (II) 2-BBU vapor, and (III) 1-BBU vapor.

Fig. 5. Structural analysis of BrP[5]L with bromoalkane isomers. Solid-state super-
structures and intermolecular binding isosurfaces (visual study of weak intermolecular 
interaction) of (A) 1-BPR⊂BrP[5]L, (B) 1-BBU⊂BrP[5]L, and (C) 2-BPR⊂BrP[5]L.
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vapor was consistent with that simulated from 2-BPR⊂BrP[5]L 
(fig. S59), confirming that the uptake of 2-BPR resulted in a phase 
transition from nonporous BrP[5]L to 2-BPR⊂BrP[5]L.

To prejudge the relative stability of BrP[5]L loaded with 
1- bromoalkane and 2-bromoalkane, independent gradient model 
(IGM) analyses (visual study of weak interaction) were carried out 
(Fig. 5). The intermolecular binding isosurfaces revealed that the 
host-guest interactions of 1-BPR⊂BrP[5]L and 1-BBU⊂BrP[5]L 
are mainly concentrated in the center of the electron-rich cavity of 
BrP[5]L. Meanwhile, the guest molecules are fully encapsulated. 
In comparison, the areas of the binding isosurfaces between 2-BPR 
and BrP[5]L are centered mainly around the rims of the cavity, 
which binding mode is sustained primarily by the substituent 
groups of BrP[5]L. In addition, DSC experiments were conducted, 
and a broad endothermic peak ranging from 40° to 120°C was found 
in both 2-BPR⊂BrP[5]L and 2-BBU⊂BrP[5]L (figs. S60 and S61), 
representing the release of 2-BPR or 2-BBU molecules. As com-
pared with the higher desorption temperatures and smaller endo-
thermic ranges of both 1-BPR⊂BrP[5]L and 1-BBU⊂BrP[5]L as 
aforementioned, we can deduce that the in-cavity binding between 
1-bromoalkanes and BrP[5]L with more suitable host-guest size/shape 
match will have higher thermostability than their corresponding 
2-bromoalkanes–loaded structures.

Mixture vapor adsorption experiments of BrP[5]L
Given the different crystal structures and thermostabilities of BrP[5]L 
upon adsorption, we here investigated whether BrP[5]L could 
separate 1-/2-bromoalkane isomers. First, a time-dependent solid- 
vapor (from an equimolar 1-BPR/2-BPR or 1-BBU/2-BBU mixture) 
sorption experiment was carried out. As shown in Fig. 6 (B and C), 
the uptake amounts of 1-BPR and 1-BBU increased with time and 
took about 2 and 5 hours to reach each saturation point, respectively. 
In sharp contrast to the single-component adsorption plots, the 
sorption of 2-bromoalkanes was negligible from beginning to end, 
and BrP[5]L maintained its selectivity toward 1-bromoalkanes 
all along. Consistent with the crystal structures, the adsorption 
amounts of 1-BPR and 1-BBU were determined as nearly one 1-BPR 
or 1-BBU/BrP[5]L, which were also in good agreement with the 
single-component adsorption experiments as above mentioned 
(figs. S62 and S63). The PXRD patterns of BrP[5]L after adsorp-
tion of the 1-/2-bromoalkane isomer mixture vapors matched well 
with that upon uptake of the single-component 1-bromoalkane 
vapors (Fig. 6, C and D). Gas chromatography (GC) tests showed 
that the purities of 1-BPR and 1-BBU adsorbed in BrP[5]L were 
determined to be 98.1 and 99.0% (Fig. 6E and figs. S64 and S65), 
respectively, further supporting the remarkably high selectivity of 
BrP[5]L for 1-bromoalkane isomers. Electrostatic potential maps 
for the complexes of 1-BPR⊂BrP[5]L and 1-BBU⊂BrP[5]L ex-
hibited that electrons in the original electron-deficient 1-BPR and 
1-BBU fully delocalized in the whole electron-rich cavity of BrP[5]
L upon adsorption (Fig. 6G), again confirming that the high 
selectivity not only arose from the stability of the newly formed 
crystal superstructure after guest adsorption but also came from 
the strong intermolecular interactions by the perfect size match 
between BrP[5]L and 1-bromoalkane isomers.

In industry, recyclability is one of the vital parameters to evaluate 
an adsorbent. We proved that BrP[5]L with amorphous nature 
could be wholly regenerated by simply heating 1-BBU⊂BrP[5]L 
at 120°C under vacuum, as characterized by 1H NMR, TGA, and 

PXRD (figs. S66 to S69). Moreover, the newly formed BrP[5]L still 
maintained its selectivity for 1-BBU vapor from an equal volume 
mixture of 1-BBU/2-BBU without any detectable degradation after 
recycling six times (Fig. 6F).

Fig. 6. Mixture vapor adsorption experiments of BrP[5]L. (A and B) Time-dependent 
BrP[5]L solid-vapor adsorption plots for a 1:1 vapor mixture of (A) bromopropane 
isomers and (B) bromobutane isomers. (C) PXRD patterns of BrP[5]L: (I) original 
BrP[5]L; (II) after adsorption of 2-BPR vapor, (III) simulated from the single-crystal 
structure of 2-BPR⊂BrP[5]L, (IV) after adsorption of 1-BPR vapor, (V) after adsorp-
tion of the 1-BPR and 2-BPR mixture vapor, and (VI) simulated from the single- 
crystal structure of 1-BPR⊂BrP[5]L. (D) PXRD patterns of BrP[5]L: (I) original BrP[5]
L, (II) after adsorption of 2-BBU vapor, (III) after adsorption of 1-BBU vapor, (IV) 
after adsorption of the 1-BBU and 2-BBU mixture vapor, and (V) simulated from 
the single-crystal structure of 1-BBU⊂BrP[5]L. (E) Relative amounts of 1- and 
2-bromoalkane isomers adsorbed by BrP[5]L over 7 hours as measured by GC. 
(F) Relative uptake of 1-BBU and 2-BBU by BrP[5]L over 7 hours after BrP[5]L 
was recycled six times. (G) Electrostatic potential maps of 1-BPR, 1-BPR⊂BrP[5]L, 
1-BBU, and 1-BBU⊂BrP[5]L revealing that electrons in the original electron-rich 
1-bromoalkanes delocalized in the whole host-guest complexes because of strong 
intermolecular interactions. a.u., arbitrary units.
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Controlled experiments by comparison with  
traditional pillararene
Given that BrP[5]L exhibited high selectivity to 1-bromoalkane 
isomers, we were interested in finding some differences in the 
adsorption performance between BrP[5]L and its counterpart 
macrocyclic arene of BrP[5]A (BrP[5]A) in traditional pillararenes 
(Fig. 7A). Therefore, controlled adsorption experiments by using 
BrP[5]A were carried out. Single-component solid-vapor adsorp-
tion experiments confirmed that the uptake amounts of 1-BPR, 
2-BPR, 1-BBU, and 2-BBU could all be calculated as about one 
molecule per BrP[5]A at saturation (figs. S70 to S79), respectively. 
Consistent with BrP[5]L, mixture vapor adsorption experiments 
revealed that BrP[5]A also exhibited an outstanding selectivity to 
1-bromoalkane isomers (figs. S80 to S85). GC experiments demon-
strated that the selectivities of BrP[5]A for 1-BPR and 1-BBU 
were 96.9 and 96.0%, respectively (Fig. 7B). Although the adsorp-
tive selectivity of BrP[5]A toward 1-bromoalkane isomers is good, 
there are still substantial gaps in comparison with BrP[5]L. To 
reveal the mechanism of the selectivity difference between BrP[5]A 
and BrP[5]L, we obtained single crystals of BrP[5]A loaded with 1-BBU 
(1-BBU⊂BrP[5]A) via a solution growth method (Fig. 7C). In line 
with 1-BBU⊂BrP[5]L, BrP[5]A molecules in 1-BBU⊂BrP[5]A 
were crystallized in the space group P-1 (triclinic) and formed a 1:1 
host-guest complex with 1-BBU by the stabilization of multiple 
C─H··· (distances of 2.773, 2.689, 2.958, and 3.001 Å), C─H···O 
(distances of 2.993 and 3.057 Å), and C─H···Br (distances of 3.232 
and 3.333 Å) interactions (fig. S86). Intriguingly, we found that 
BrP[5]L in 1-BBU⊂BrP[5]L exhibited a distinct guest-induced 
conformational change, where the DA value between the unsubstituted 
phenylene subunit and the pentagonal plane is 70.6°, in sharp 
contrast to the pillar-shaped molecular conformation of BrP[5]A 
in 1-BBU⊂BrP[5]A (fig. S87). Thus, the better adsorptive/guest 

selectivity than BrP[5]A is ascribed to the superior adaptability and 
tunability of the binding cavity in BrP[5]L macrocycle due to the 
free-rotation phenylene subunit.

In addition, the structural flexibility of P[5]Ls was also tested 
and proved by DFT analysis. Conformational free energies of P[5]L 
were calculated by rotating the DA of the unsubstituted phenylene 
subunit every 20° concerning the pentagonal plane (Fig. 7D). Taking 
a point-to-point comparison with the corresponding conforma-
tional free energy of traditional pillar[5]arene (P[5]A) by rotating 
one of its phenylene subunits, we can easily find that the rotation of 
the subunit in P[5]A is challenging, where the maximum rotational 
barrier reaches up to more than 80 kcal/mol, showing a barrier 
nearly 20-fold larger than that of P[5]L (about 4 kcal/mol). Besides, 
compared with the single low-energy state point at the pillar-shaped 
molecular conformation of P[5]A (90° DA), the energy changes of 
all points during the rotation in P[5]L were minor. These results 
indicated a markedly increased flexibility of macrocyclic back-
bone of P[5]L, allowing the free-rotation phenylene subunit to adopt 
a preferred perpendicular or tilted conformation and again con-
firmed the better tunability of the cavity size, endowing P[5]Ls with 
more potential for high selective guest adsorption as demonstrated 
by the aforementioned controlled experiments.

DISCUSSION
In conclusion, we have successfully developed a flexible macrocycle- 
based molecular-level adsorption material, amorphous solids of 
BrP[5]L, which can separate 1-/2-bromoalkane isomers with 
near-ideal selectivity. In conjunction with theoretical calculation 
and TG-DSC, single-crystal structures revealed that the adsorp-
tion selectivity mostly came from the higher thermostability of 
1-bromoalkanes–loaded structures than its corresponding isomers- 
loaded structures, which could be further attributed to the perfect 
size/shape match between BrP[5]L and 1-bromoalkanes. Controlled 
experiments using its counterpart macrocyclic arene from tradi-
tional pillararenes demonstrated that BrP[5]L had better sorting 
abilities by virtue of its superior structural adaptability and cavity-size 
tunability arising from the unsubstituted free-rotation phenylene 
subunit. In addition, the reversible transitions between the guest-free 
amorphous and the guest-containing crystalline state made BrP[5]
L highly recyclable. On reflection, the novelty of this work can 
be summarized as follows: (i) We presented a family of skeleton- 
trimmed pillararene derivatives, leggero pillar[n]arene, and mean-
while, a nearly perfect separation of bromoalkane isomers using 
macrocycle-based molecular adsorbent is achieved; (ii) we proved 
that adsorption material without any porosity and crystallinity 
could also be greatly applied in molecular adsorptive separation; 
and (iii) new strategies to strengthen the structural adaptability and 
guest selectivity for traditional pillararenes have been put forward. 
Ongoing studies in our laboratory focus on constructing more 
supramolecular-level adsorptive separation materials based on the 
P[n]L family for applications in other demanding separations, such 
as sorting isotopes and chiral compounds.

MATERIALS AND METHODS
Materials availability
All reagents were purchased from commercial suppliers and used 
without further purification unless stated otherwise. The synthetic 

Fig. 7. Controlled experiments by comparison with traditional pillararene. 
(A) Chemical structure of BrP[5]A. (B) Relative amounts of 1- and 2-bromoalkane 
isomers adsorbed by BrP[5]A over 7 hours as measured by GC. (C) Single-crystal 
structure of 1-BBU⊂BrP[5]A. (D) DFT-calculated rotational free energy comparison 
between the free-rotation phenylene subunit of P[5]L and a subunit of P[5]A.
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methods of P[5]L, EtP[5]L, EtP[6]L, P[5]L-1, and BrP[5]L are de-
scribed in detail in the Supplementary Materials. 1-BPR, 2-BPR, 
1-BBU, and 2-BBU were purchased from Sigma-Aldrich. Activated 
amorphous BrP[5]L, referred to as BrP[5]L, was obtained by heat-
ing the thermodynamically favored guest-free crystalline structure 
of BrP[5]L, that is, BrP[5]L, under reduced pressure at 110°C 
for 6 hours.

Material characterization
1H and 13C NMR spectra were recorded at 298  K on a Bruker 
AVANCE III 400-MHz instrument at room temperature. Chemical 
shifts were referenced to tetramethylsilane. Mass spectra were recorded 
on Bruker Daltonics Autoflex Speed Series: High-Performance 
MALDI-TOF Systems and a Bruker Agilent1290 micrOTOF-Q II 
high-resolution MS instrument. PXRD measurements were collected 
on a PANalytical B.V. Empyrean powder diffractometer operating 
at 40 kV/30 mA using the Cu K line (  =  1.5418 Å). Following 
procedures previously described in (41), data were measured over 
the range 5° to 40° in 5°/min steps over 7 min. Single-crystal XRD 
data were measured by a Bruker D8 Venture diffractometer using 
the -scan mode with graphite-monochromator Mo K radiation 
( = 0.71073 Å) and Ga K ( = 1.34139 Å). The structures were 
solved with SHELXD (42), with SHELXT (43), or by the direct meth-
ods with SHELXS-2014 (44); refined by full-matrix least squares on 
|F|2 by SHELXL (45); and interfaced through the program Olex2 
(46). TGA was carried out using a simultaneous thermal analyzer 
449 F3 analyzer (NETZSCH Instruments) with an automated ver-
tical overhead thermobalance. The samples were heated at 10°C/
min using N2 as the protective gas. DSC analysis was done on a DSC 
Q20 at a heating rate of 10°C/min at a nitrogen atmosphere. Low- 
pressure gas adsorption measurements were performed on a 
Micromeritics Accelerated Surface Area and Porosimetry System 
2020 surface area analyzer. Samples were degassed under dynamic 
vacuum for 12 hours at 100°C before each measurement. N2 iso-
therms were measured using a liquid nitrogen bath (77 K).

Vapor-phase adsorption measurements
For each solid-vapor sorption and fractionation experiment, an 
open 0.5-ml vial containing 3.0 mg of activated BrP[5]L adsorbent 
(BrP[5]L) was placed in a sealed 2-ml vial containing 0.03 ml of 
solvent or solvent mixture (50:50, v/v). Relative uptake amount in 
the amorphous solids of BrP[5]L was determined by 1H NMR inte-
grals of corresponding proton signals by completely dissolving the 
organic powders in CDCl3. GC characterizations were also performed 
to determine the relative uptake amounts of 1-/2-bromoalkane 
isomers more accurately. Desorption experiments after saturation 
were carried out by TGA and DSC.

Theoretical calculations
All calculations were performed by DFT using the B3LYP hybrid 
function combined with 6-31G(d,p) basis set under Gaussian G09. 
Using single-crystal superstructures as input files, IGM analyses 
(47) were carried out by Multiwfn 3.6 program (48) through 
function 20 (visual study of weak interaction) and visualized using 
Visual Molecular Dynamics software (49).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo2255
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