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Guest-Induced Breathing Effect in a Flexible Molecular Crystal
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Abstract: By introducing a flexible component into a molec-
ular building block, we present an unprecedented alkyl-
decorated flexible crystalline material with a breathing behav-
ior. Its selective adsorption is derived from the breathing effect
induced by a guest triggered alkyl transformation. This feature
allows the crystal to take up 2.5 mmolg™" of chloroform with
high adsorption selectivity (CHCIYEA > 2000 for example),
implying a potential application in sorption separation and
chemical sensors.

The uptake and encapsulation of guest species by micro-
porous materials has great potential in a wide range of
applications, such as selective molecular separations, chemical
sensing, heterogeneous catalysis, and gas storage.l'! Over the
past few years porous molecular crystals (PMCs) have
evolved as a promising alternative to traditional adsorbents,
such as zeolites, activated carbon, metal-organic frameworks
(MOFs), covalent organic frameworks, or network polymers,
because of their distinguishing features.”) Generally, PMCs
should be fabricated by removal of solvent molecules from
their inclusion crystals.”) However, a major challenge is that
PMCs do not commonly retain their incipient porosity upon
guest removal, but rather collapse to form a dense phase.
Thus, a more general design strategy would incorporate
molecular rigidity into building blocks to prevent precursors
from close-packing during evacuation.”! In other words,
molecular flexibility has to be avoided. In contrast, to control
the pore size and achieve switchable processes in MOFs,
flexible components (namely metal ions and organic linkers)
are usually employed.”! For example, a reversible open-dense
framework transformation was successfully facilitated by
distorting nodes and bending struts.!”) Moreover, MOFs can
enable enhanced selective guest sorption in response to
external stimuli by a gate-opening effect resulting from the
structural transformation of a flexible architecture.” Inspired
by PMC and MOF design concepts, we propose construction
of a new bimodal PMC containing rigid and flexible moieties
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in one assembly unit, where the former are responsible for
retaining the integral scaffold, while the latter are responsible
for a structural transformation response to external stimuli.

Recently, we found that a Gemini surfactant composed of
two alkyl chains, a typical flexible group, and a rigid biphenyl
spacer, formed a crystal in which water was included.”
Unfortunately, stability of the crystal was lost upon guest
removal. Nevertheless, because such Gemini molecules
possess both rigid and flexible groups, we hypothesized that
construction of a novel PMC with an external stimulus-
responsive behavior arising from the structural transforma-
tion of alkyl chains was reasonable.

The primary objective of this work was to test this
hypothesis by changing the spacer and the crystallizing
method, with a view to enhancing the crystal stability during
guest removal. With this purpose in mind, we synthesized
a new Gemini surfactant, N,N'-((diazene-1,2-diylbis(4,1-phe-
nylene))bis(methylene))bis(N,N-dimethyl-dodecan-1-ami-
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Scheme 1. Molecular structure of a Gemini molecule employed as
a PMC (porous molecular crystal) building block.

nium) bromide (Scheme 1), by introducing an azobenzene
spacer into the structure (see Supporting Information). A
flexible PMC was grown by liquid phase diffusion of tetra-
chloroethane into an ethyl acetate solution of the Gemini
surfactant, producing PMC-1. Intriguingly, PMC-1 only
responds to chloroform vapor, exhibiting a reversible adsorp-
tion—desorption process after exposure to chloroform vapor
and nitrogen atmosphere, thus indicating a better selectivity
for chloroform compared to other organic vapors. This
preferential sorption property probably stems from the
formation of transient pores, which originate from the
bending of terminal chains in PMC-1 as they accommodate
guest molecules. Simultaneously, the structural transforma-
tion of flexible moieties and adsorption—desorption of chloro-
form lead to a reversible expansion/shrinkage of the PMC-
1 unit cell.

Initially, we examined the N, adsorption—desorption
isotherm of PMC-1. The isotherm plot showed that PMC-
1 takes up extremely low volumes of N, gas at low relative-
pressures at 77 K (Supporting Information, black scatter in
Figure S1). Thus, PMC-1 was deemed to be non-porous. A
low 8.1 m*g ! Brunauer-Emmett-Teller surface area may be
attributed to the solid surface and piled pores of crystal
particles. Despite this, we investigated the properties of the
material at 298 K with the aim of understanding whether
thermal stimuli could “activate” the transition of alkyl chains,
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and in so doing generate void spaces. Unfortunately, this
hypothesis was not substantiated (Supporting Information,
red scatter in Figure S1).

Surprisingly, PMC-1 showed a significant uptake of CHCl;
when exposed to chloroform vapor in the low relative-
pressure region at 298 K (Figure 1a). The isotherm curve of
CHCI; revealed a steep rise in the range of p/p, from about
0.02-0.06. A plateau after saturation suggested that PMC-1 is
porous to CHCl;. Desorption of CHCI; only starts at p/p, <
0.055, resulting in a hysteresis loop with a width of 0.66 kPa.
Hysteresis can be attributed to significant adsorbent—adsor-
bate interactions arising from hydrogen-bonding or dipole—
dipole contacts.””’ In contrast, it is surprising that for other
volatile organic compounds (VOCs) PMC-1 reveals a slight
linear or level uptake, indicating that this material appears to
be essentially non-porous to such VOCs. These results are
consistent with the N, adsorption—desorption isotherms.
Here, a molecular sieving effect by PMC-1 should be ruled
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Figure 1. The adsorption—desorption isotherms of PMC-1 for various
VOCs at 298 K. a) Adsorption (closed symbols)—desorption (open
symbols) isotherms for VOCs. b) Adsorption—desorption cycles for
CHCl,. P, for VOCs: chloroform 26.54 kPa, dichloromethane 53.33 kPa,
methanol 8.205 kPa, ethanol 16.98 kPa, ethyl acetate 13.33 kPa, ben-
zene 12.69 kPa.
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out because the molecules employed are of a size less than
that of CHCl;, and have a low CH,Cl,, CH;OH, and C,H;OH
uptake, and a negligible N, uptake. It is worth noting that
PMC-1 crystal particles agglomerated above the relative-
pressure mid-range when a routine gas-adsorption measure-
ment method was used to determine adsorption—desorption
characteristics of the four VOCs (CHCl;, CH,Cl,, CH;0H,
and C,H;OH). Therefore, we focused on the sorption proper-
ties in the low relative-pressure region in case of the
occurrence of capillary condensation. These results suggest
that PMC-1 responds exclusively to CHCI; vapor as a result of
structural transition. Furthermore, 10 repeated sorption
cycles clearly demonstrate that PMC-1 can adsorb/desorb
CHCI; with good reproducibility, indicating that structural
transformations are reversible (Figure 1b).

In Figure 1a, CHCIl; uptake is close to 2.5 mmolg ',
comparable to that of other porous networks.'” PMC-
1 demonstrates slight adsorption of the other VOCs, con-
sequently enabling a high selective adsorption of CHCI; over
the other VOCs. For example, the ratio of CHCL/EA
selectivity exceeds 2000 (Supporting Information, Table S1).
Even the low CHCly/CH,Cl, selectivity (ca. 14) determined by
our work is an order of magnitude higher than that described
in previous reports.""! For practical applications, adsorption—
desorption rates were evaluated using mass variation by
alternatively exposing PMC-1 to a N, stream saturated with
CHCI; vapor and a dry N, stream. The adsorption process
took only six minutes to reach saturation in a CHCIy/N,
mixture, while the desorption process took one hour under
N, purging (Supporting Information, Figure S2). Moreover,
agglomeration of PMC-1 particles did not take place in the
CHCI,/N, mixture, unlike the situation described above using
routine methods. Although we did not understand the reason
for this behavior, avoidance of the agglomeration phenom-
enon renders PMC-1 a suitable material for practical appli-
cations.

Remarkably, the inclusion single crystal PMC-2 was
obtained after exposure of PMC-1 to a CHCIy/N, mixture
atmosphere for about an hour at room temperature.'” The
unique CHCI; induced response of PMC-1 prompted us to
elucidate structural transitions using single-crystal structure
analysis. Both PMC-1 and PMC-2 were characterized by
thermogravimetric analysis (TGA), X-ray diffraction (XRD),
and single-crystal X-ray diffraction (SC-XRD). TGA results
indicate that PMC-1 is a completely desolvated crystal, while
PMC-2 is solvated with two CHCI; molecules per host
molecule (Supporting Information, Figure S3). According to
the XRD patterns, PMC-2 is able to recover to PMC-1 by
means of a thermal treatment (<75°C) or N, sweeping
(Supporting Information, Figure S4). Moreover, a reversible
transition is confirmed by the single-crystal diffraction results
from desolvated PMC-2 (Supporting Information, Figure S5
and Table S3).

Single-crystal XRD patterns indicate that both PMC-
1 and PMC-2 are in the same Pbcn space group (crystal details
are summarized in the Supporting Information, Table S2).
Structural analysis of PMC-1 in Figure 2a revealed a number
of key features: 1) all of the Gemini molecules adopt a zigzag
conformation and their alkyl chains align adjacent to benzene
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rings to form a 1D column along the ¢ axis as a result of C—
H--7t interactions (a 4.62 A distance from the antepenulti-
mate carbon atom of terminal alkyl chains to the center of the
adjacent benzene ring; Supporting Information, Fig-
ure $6);! 2) two such columns stack face to face to form
a pair of columns connected by electrostatic attractions
between quaternary ammonium head groups and counter-
ions (Supporting Information, Figure S7), n—n stacking and
C—H--m interactions (a 3.88 A distance from the middle of the
alkyl chain to the center of the benzene ring of the
neighboring layer; Supporting Information, Figure S8); and
3) column pairs align in a staggered lattice because of
electrostatic attractions in the aob plane, thereby forming
the PMC-1 host scaffold. The space-filling model of the
crystal is densely packed without substantial voids (Support-
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Figure 2. Stacking process of PMC-1 and structural variation before
and after guest encapsulation. a) Representation of the PMC-1 assem-
bly process. b) Unit cell expansion/shrinkage and alkyl transformation
during adsorption—desorption processes. C gray, N blue, Cl green,

Br olive. Hydrogen atoms are omitted for clarity. c) A representation of
transitions in framework topology between PMC-1 and PMC-2.
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ing Information, Figure S9), rendering the PMC an imprac-
tical host for atoms or molecules. The framework cannot even
accommodate H" ions. Unremarkable adsorption of VOC
vapors are a likely consequence of the space restrictions in the
crystal, except in the case of CHCl;.

In sharp contrast, PMC-2 is formed after exposure to
chloroform with a unit cell volume increase of about 15%,
from 4513 (PMC-1) to 5185 (PMC-2) A®. The size of the unit
cell in b and ¢ directions increases by 11.22% and 2.88 %,
respectively, with near retention of length along the a axis
(Figure 2b). Overall, the assembly motif of PMC-2 is similar
to that of PMC-1. However, closer inspection of substructures
shows several points of difference. Firstly, the localized
amplified images reveal that the terminal alkyl chain
(brown) transforms from an all-trans conformation to parti-
ally gauche upon guest adsorption. Secondly, the inter-plane
distance between the two neighboring azo planes, which
belong to two adjacent column pairs, increased from 11.46 A
to 13.38 A. Thirdly, alkyl chains are pushed towards the rigid
spacer, compressing intermolecular C—H--m interactions
from 4.62 A to 3.71 A (Supporting Information, Figure S6).
These transformations in structure lead to an expanded
scaffold and generate many larger transient pores for
accommodation of CHCI,.""! Consequently, the adsorption—
desorption of guests endows PMC-1 with a “breathing”
characteristic, closely related to the expansion—shrinkage of
its scaffold (Figure 2c¢).

Breathing effects can be attributed to the unique molec-
ular structure of the Gemini molecule and its packing motif.
As expected, azobenzene spacers facilitate fabrication of
a rigid scaffold which is immovable in both PMC-1 and PMC-
2, while alkyl chains are the origin of structural transforma-
tion. When Gemini molecules assemble along one direction,
rigid spacers adopt the same orientation and alkyl chains
orient to one side. Thus, the resulting molecular column can
be regarded as a skeleton covered with a spongy cushion on
one side (represented by blue and green boxes in Figure 2 a).
Columns of this type stack in pairs to form a column pair
because of electrostatic, m—mn stacking and C—H-x interac-
tions, thereby formulating the building unit (“brick”) of each
PMC. The skeleton moieties of these bricks are connected
through electrostatic interactions (Supporting Information,
Figure S10) and form a stable scaffold in which spongy
cushions (flexible alkyl chains) are filled. During the adsorp-
tion process, guest molecules ingress into the spongy moieties,
leading to a structural transformation. Adjacent bricks are
compressed and transient pores are formed to accommodate
guest molecules (Supporting Information, Figure S11). Upon
guest evacuation, the spongy cushion recovers to its original
state and the PMC converts into a dense staggered arrange-
ment, akin to a brick wall.

When guest molecules squeeze into voids, fully extended
alkyl chains are compelled to adopt a gauche conformation
because of their flexibility. As a result the scaffold expands
simultaneously. This thermodynamically unfavorable process
requires additional energy, which can only stem from affinity
between the guest molecule and the scaffold. In PMC-2, host—
guest affinity mainly comes from hydrogen bonding inter-
actions, which are summarized in Table S4 (Supporting
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Information). The interaction between scaffold and CHCl,
has a large binding affinity energy of —14.8 kcalmol™’
according to DFT calculations!" and non-covalent interac-
tion (NCI) analysis!" (Supporting Information, Figure S12),
which facilitates the structural transition of alkyl chains and
volume expansion of the framework. For comparison, the
binding energy affinity of other VOC molecules for CHCl;
was also calculated (Supporting Information, Figure S13).
Calculations indicate that none of the other VOCs possess an
affinity for CHCl, as great as that shown by PMC-1. Logically,
molecules larger in size than CHCl; require a higher addi-
tional energy to induce a more expansive transition in the
PMC-1 structure. The affinity between bigger molecules and
the scaffold was not determined in this case, but it is
anticipated that variations in binding affinity of different
host-guest complexes will signal propensities for guest
sorption.

In summary, we have confirmed that flexible components
contribute to enhance the selectivity of porous molecular
crystals. More importantly, we have described the first
example of an alkyl decorated PMC for specific adsorption
of VOCs. The fast adsorption rate and low-pressure satura-
tion of PMC-1 lends the material to gas sensor applications
for specific detection of chloroform. Our findings indicate
that introduction of flexible components may facilitate the
design of new functional PMCs.

Supporting information for this article may be accessed
using the link at the end of the document. CCDC 1437194 and
1437195 contain the supplementary crystallographic data for
this paper. Data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.
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