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olecules assemble into porous
crystals displaying concerted cavity-changing
motions†

Taewon Kang, ‡a Hongsik Kim, ‡a Sungeun Jeoung, ‡b Dohyun Moon, *c

Hoi Ri Moon *b and Dongwhan Lee *a

With small molecules, it is not easy to create large void spaces. Flat aromatics stack tightly, while flexible

chains fold to fill the cavities. As an intuitive design to make open channels inside molecularly

constructed solids, we employed propeller-shaped bicyclic triazoles to prepare a series of aromatic-rich

three-dimensional (3D) building blocks. This modular approach has no previous example, but is readily

applicable to build linear, bent, and branched arrays of non-stackable architectural motifs from existing

flat aromatics by single-pot reactions. A letter H-shaped molecule thus prepared self-assembles into

porous crystals, the highly unusual stepwise gas sorption behaviour of which prompted in-depth studies.

A combination of single-crystal and powder X-ray diffraction analysis revealed multiple polymorphs, and

sterically allowed pathways for their reversible interconversions that open and close the pores in

response to external stimuli.
Introduction

To construct stress-resistant structures, rigid and shape-
persistent building blocks are needed. Otherwise, the
assembly would easily collapse. The same principle holds for
making non-collapsible open channels by stacking up indi-
vidual molecules.1–4 With appropriate design, such supramo-
lecular constructs can change the size, shape, and dimension of
the pores without compromising their overall architectural
integrity, so that small guests can be captured and released by
using external stimuli.5–11 From a design perspective, what kind
of molecular shape is ideal for such adaptivity? In this paper, we
provide a practical answer to this question.

Planar aromatic molecules are rigid, but they tend to engage
in tight p–p contacts.12–14 As such, they are the least amenable
choice of building blocks to make porous materials. How could
one spatially organize at slabs so that they cannot stack well
and always leave voids in between? A macroscopic object that
Fig. 1 (a) Stacks of steel H-beams leaving non-collapsible open
channels, which inspired (b) molecular-level construction of H-beams
by lateral self-assembly. (c) Chemical structure of the building block 1,
in which two iptycene units are appended to “lift up” the benzene core.
In (b), the blue-coloured horizontal slab of the H-shaped 3D model
corresponds to the electron-deficient triazole–phenyl–triazole triad
within 1, the capped-stick representation of which is overlaid for
clarity.
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Scheme 1 Covalent modification of heteroaromatic-fused iptycenes.
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satises this design requirement is the H-beam used for steel
framed buildings (Fig. 1a). Due to the orthogonal relationship
between the planes, stacks of letter H-shaped objects should
always make edge-to-face contacts, thereby leaving behind
a linearly extended empty space, regardless of how they are
packed. The size and shape of the resulting channels would
change if the H-beams are allowed to slide relative to each other.

Background and design principles

Translated intomolecular language, however, it is impossible to
elongate an H-beam to an innite length by covalent bonds. A
synthetically more viable approach would be creating a mole-
cule that resembles a thin slice of H-beam, and laterally con-
necting each other by non-covalent bonds (Fig. 1b). To turn this
idea into reality, we have devised a modular synthetic route for
“jacking up” the at aromatic core by appending propeller-
shaped molecular fragments at the periphery (Fig. 1c). This
convergent synthesis requires efficient bond-making reactions
Fig. 2 Molecular structures, Hirshfeld surfaces24 mapped with dnorm value
and (d) 3, constructed with crystallographically determined atomic coor
structure, the hydrogen bond length (dC–H/N) denotes the interatomic

© 2021 The Author(s). Published by the Royal Society of Chemistry
between structural subcomponents with minimal interference
from existing functional groups. For this purpose, we decided to
exploit the C–N cross-coupling reactions15 of triazoliptycene
(TI)16 and haloarenes (Scheme 1). Unlike other heteroaromatic
variants17–19 of the privileged iptycene motif,5,20–23 the triazole-
fused TI allows direct attachment of rigid bicyclic scaffolds
onto existing aromatic core via single-bonds in the last stage in
the synthesis. The highest level of synthetic modularity is ach-
ieved this way. A concise point-to-point connection between the
vertices of ve- and six-membered rings (Fig. 1 and Scheme 1)
signicantly expands the structural space of “iptycene-capped”
aromatics, which are typically accessed by edge-to-edge fusion of
two six-membered rings by condensation reactions.20,23

As the newest addition to the heteroaromatic-fused ipty-
cene family, we recently reported the chemistry of TI.16 By
transition metal-catalyzed C–N cross-coupling reactions,
a wide range of aryl groups can be installed at the N2-position
of TI.15,16 As shown in Fig. 2a, one suchmolecule PhTI forms an
antiparallel stacked “dimer” in the solid state to maximize
donor–acceptor (D–A) type intermolecular p–p contacts
between the electron-rich phenyl ring and the electron-
decient triazole ring.16 A tightly packed array of dimeric
(PhTI)2 leaves no void space in the crystal lattice. We postu-
lated that blocking the open end of the N-phenyl group of PhTI
by installing additional TI units should effectively suppress
the formation of a tightly stacked dimer, thereby opening up
void space in the crystal lattice.
s, and single-crystal packing diagrams of (a) PhTI, (b) 1 (1A phase), (c) 2,
dinates. Disordered solvent molecules are omitted for clarity. For each
distance between hydrogen and nitrogen atoms.

Chem. Sci., 2021, 12, 6378–6384 | 6379
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Scheme 2 Modular construction by one-pot C–N cross-coupling
reactions.
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Results and discussion
Non-stackable 3D aromatics: modular synthesis and solid-
state assembly

To test the validity of this intuitive steric model, TI was sub-
jected to palladium-catalyzed C–N cross-coupling reactions with
di- or tribromobenzene to produce 1–3 in high yields (up to
95%, Scheme 2).

Single-crystal X-ray diffraction (SC-XRD) studies revealed
that 1 indeed affords a porous structure having open channels
(Fig. 2b), whereas its regioisomer 2 assembles into a non-porous
structure with isolated voids failing to dene continuous
channels (Fig. 2c). A close inspection of the crystal structure
showed that the crescent-shaped 2 makes tight van der Waals
(vdW) contacts between the concave and convex faces of
neighboring molecules (Fig. 2c). This shape complementary
vdW interaction is reinforced by the C–H/N hydrogen bonds
(dC–H/N ¼ 2.944(2) Å, Fig. 2c), which is also observed for 3
having three TI units surrounding the central benzene ring
(Fig. 2d). The molecule crystallizes to form a hexagonal packing
held by C–H/N hydrogen bonds (dC–H/N¼ 2.719(3), 2.737(2) Å,
Fig. 2d) but without open channels.

Comparative structure analysis of 1–3 (Fig. 2) points toward
the importance of the H-shaped molecular geometry. Unlike 2
or 3, molecule 1 assembles into a porous structure since it
cannot nd shape-complementary pairs from any orientations.
The intermolecular interaction thus extends in the lateral
direction to maximize the number of C–H/N hydrogen bonds
(dC–H/N ¼ 2.381(3) Å, Fig. 2b). By design, close p–p contacts are
not allowed for the resulting H-beam like assemblies (Fig. 1);
they instead utilize weak C–H/p interactions to surround open
channels (Fig. 2b).
Fig. 3 Schematic representation of the structural interconversions
between the four polymorphs. The capped-stick packing diagrams are
constructed with crystallographically determined atomic coordinates,
and overlaid with space-filling models to show intermolecular
contacts and pores.
Open channels displaying stepwise gas sorption behaviour

To investigate the functional relevance of the open channels
found in crystalline 1, sorption isotherms were obtained for N2,
H2, and CO2 gases (Fig. S1a–c†). Prior to measurements, solid
samples were activated to remove solvent molecules. Interest-
ingly, 1 showed guest-dependent gas sorption behaviour.
6380 | Chem. Sci., 2021, 12, 6378–6384
Double-step adsorption isotherm and desorption hysteresis
were observed for N2 (T ¼ 77 K, Fig. S1a†), although 1 does not
seem to have specic binding sites for N2. Deviation from type I
isotherm25 is one of the prominent characteristics of structural
dynamics during the sorption process.26–33 In stark contrast,
only desorption hysteresis was observed for H2 gas (Fig. S1b†);
simple type I adsorption occurred for CO2 gas (Fig. S1c†).

Our attempts to understand this intriguing gas sorption
behaviour were initially met with insistent and uninterpretable
experimental results. For example, powder X-ray diffraction
(PXRD) analysis on the thermally activated 1 produced what
appears to be a hopelessly complicated intensity pattern that
could not be modeled with the initially obtained SC-XRD
structure of 1 (Fig. S1d†). More problematic was the batch-to-
batch irreproducibility of the PXRD data of 1, which sug-
gested the presence of multiple crystalline domains within the
bulk material. Apparently, the relative proportions of these
putative polymorphs vary from batch to batch, depending on
how the microcrystallites of 1 were prepared before sorption
measurements.
Metastable porosity of interconverting polymorphs

To identify the polymorph that is responsible for the double-
step N2 sorption (Fig. S1a†), we rst needed to decipher the
complicated PXRD pattern. An exhaustive empirical screening
was thus carried out by changing the conditions for (i) precip-
itating microcrystallites of 1 from the solution, and (ii)
removing entrapped solvent molecules from the harvested
material. During this investigation, a total of four polymorphs
© 2021 The Author(s). Published by the Royal Society of Chemistry
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of 1 were identied, including the initially determined structure
1A (Fig. 2b). All these polymorphs, 1A, 1B, 1C, and 1Z, were
characterized by SC-XRD. The results are summarized in Fig. 3
and S2.†

We found that the addition of pentane into a chloroform
solution sample immediately produced 1A, whereas aging of the
crystalline material in the mother liquor transformed it into 1B
(Fig. 3 and S3a†). Removal of entrapped solvents from 1A and 1B
produced 1C and 1Z, respectively (Fig. 3, S3b and d†). These
processes could be reversed, as evidenced by the PXRD analysis
on the bulk sample prior to and aer solvent back-lling
(Fig. S3c and e†). The three polymorphs, 1A, 1B, and 1C, have
open channels as potential conduits for exogenous guests
(Fig. 3). Even for the most tightly packed non-porous polymorph
1Z, no close p–p contact could be established due to the
geometrical mismatch between adjacent H-shaped building
blocks (Fig. 3).
Structural dynamics captured during gas uptake and release

With the SC-XRD and PXRD data of the four polymorphs in
hand, we proceeded to standardize the sample preparation and
activation protocols to obtain reproducible gas sorption data.
Specically, samples of 1B needed to be activated in a vacuum at
T ¼ 100 �C to achieve the prominent double-step adsorption
isotherm and desorption hysteresis (Fig. 4a). Increasing the
Fig. 4 N2 sorption isotherms and in situ PXRD pattern changes recorded
and desorption (empty circles; blue arrow) isotherms of activated 1B at
hysteresis. (b) Structural changes at the initial stage of N2 uptake, as reflec
a single peak (denoted by a green asterisk), which indicates the recovery o
small amount of 1C phase formed during the activation process. (c) PX
changes of the (021) peak, which is consistent with the N2 desorption h
adsorption, and (e) desorption processes.

© 2021 The Author(s). Published by the Royal Society of Chemistry
activation temperature induced 1B-to-1Z conversion; the
sample is fully transformed into non-porous 1Z at T ¼ 175 �C
(Fig. 3 and S3d†). From the PXRD analysis of the bulk material
used for gas sorption, we found that activated 1B contains
a small amount of 1C phase (red asterisks; Fig. 4b and c). In
addition, the entire structure was slightly perturbed, as re-
ected on the splitting of the (021) peak (green and blue
asterisks; Fig. 4b and c), which is related to the plane bisecting
the pores of 1B phase (Fig. S4†). Except for this minor variation,
other PXRD peaks of 1B are fully maintained. Presumably,
evacuation and heating in the activation process could shi the
pores as the entrapped solvent molecules escape, but without
signicantly altering the cell parameters.

Changes in the PXRD patterns recorded under gas sorption
conditions indicated the recovery of pure 1B phase immediately
aer N2 gas lled the vacuum (Fig. 4b and d). This phase
transition is best interpreted as the pore-opening process that is
responsible for the sharp increase in the Vads vs. P/Po curve at
the very initial step (P/Po < 0.03; Fig. 4a). At the second step (P/Po
z 0.2) where a sudden rise in gas uptake occurred again,
however, the PXRD pattern does not show noticeable differ-
ences (Fig. 4d). In other words, this second structural transition
involves only minor changes in the cell parameters yet a signif-
icant increase in the adsorption area. One possible explanation
is an effective pore expansion by freezing out the bond-rotating
during the sorption process. (a) N2 adsorption (filled circles; red arrow)
T ¼ 90 K showing double-step adsorption isotherm and desorption

ted on the two split (021) peaks (denoted by blue asterisks) merging into
f the 1B phase by pore-opening by N2 molecules. Red asterisks denote
RD pattern at the final stage of N2 desorption showing no noticeable
ysteresis. PXRD pattern changes were recorded during the entire (d)

Chem. Sci., 2021, 12, 6378–6384 | 6381
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Fig. 5 (a) Schematic representation of lateral association of 1 to form
H-beam units, and their organization into the 3-D lattice. At each stage
of this conceptual reconstruction, space-filling models based on the
X-ray structures of 1B are shown next. The molecular electrostatic
potential (MEP) map illustrates charge distribution that is responsible
for intermolecular C–H/p interactions. (b) Synchronized sliding
(either horizontal for 1A-to-1B, or vertical for 1A-to-1C) and rotating
(for 1B-to-1Z) motions of the H-beam units in the solid state to drive
phase transitions.
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motions34–36 of the phenylene spacer group of 1, which would
have a negligible impact on the lattice constants.35

In the desorption process, no changes were observed in the
PXRD pattern (Fig. 4c and e) at P/Po < 0.03, indicating that gas
6382 | Chem. Sci., 2021, 12, 6378–6384
sorption-induced structural transformation at low pressure is
irreversible. This experimental observation is consistent with
the hysteresis in the desorption process (Fig. 4a). Meanwhile,
independently prepared crystals of 1C displayed simple type I
isotherm (Fig. S5†), thus ruling out its participation in the
double-step sorption process.
Molecular origin of cavity-changing motions

To gain a detailed molecular-level understanding of the pore-
changing motions observed in gas sorption, we revisited the
solid-state intermolecular interactions captured by SC-XRD on
the different phases of 1. As summarized in Fig. 5a, all four
phases share a common hierarchical assembly pattern
involving three types of intermolecular forces: hydrogen
bonding, electrostatic contact, and vdW interaction. Concep-
tually, the solid-state packing commences with lateral self-
assembly of 1 by C–H/N hydrogen bonds (dC–H/N ¼
2.372(3)–2.472(2) Å, Tables S1–S6 and Fig. S6†) to form a 1-D
array that resembles an H-beam (Fig. 1b and 5a). In the crys-
talline lattice, these molecular H-beams buttress each other by
C–H/p contacts. For either phenyl/triazole or phenyl/
phenyl pair, the electropositive end of the C–H dipole and
electronegative p-clouds of the aromatic rings establish weak
C–H/p contacts (dC–H/p ¼ 3.404(3)–3.485(4) Å for phenyl/
triazole; 3.517(4)–3.942(3) Å for phenyl/phenyl; Table S7†).37 As
such, the C–H dipole ends can slide freely on the p-surfaces,
until the steric clash with the vertical iptycene unit stops the
movement. This degree of freedom allows 1 to sample multiple
packing patterns without signicant energy barriers (Fig. 5b). A
conceptual analogy could be drawn to a sliding door that can
stop anywhere along the door track.

Depending on how these H-beam substructures are arranged
in space, different polymorphs of 1 are produced (Fig. 3). The
four polymorphs of 1 are structurally similar, thus making it
possible for us to draw intuitive correlations and deduce the
mechanism of their interconversion by molecular motions
within the connes of the crystal lattice. Taking the principle of
least action, the 1A-to-1B transition could best be explained by
horizontal sliding of the H-beam units along the central tri-
azole–phenylene–triazole triad (Fig. 5b). On the other hand, the
interconversion between 1A and 1C entails vertical sliding of the
H-beam units along the peripheral benzene rings (Fig. 5b).
More drastic rotating motions are required to interconvert
porous 1B and non-porous 1Z (Fig. 5b). These processes are
accompanied by changes in the cavity dimensions (Table S8†),
which follow the order 1A > 1B [ 1C > 1Z.
Conclusions

Imparting dynamic properties is a powerful strategy to design
stimuli-responsive porous materials.1–11 The non-planar archi-
tecture of 1 effectively prevents close vdW contacts, thereby
creating open channels. The pseudo-orthogonal arrangement of
the p-faces constituting the H-shaped molecular scaffold
functions as steric barriers for the sliding and rotating motions
in the solid state. Such physical boundary conditions limit the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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number of possible intermolecular arrangements, thereby
simplifying the reaction coordinates of their interconversion in
response to external stimuli. Efforts are currently underway in
our laboratory to expand this design concept, and nd practical
applications in host–guest chemistry.
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O. Š. Miljanić, Chem. Commun., 2015, 51, 14096–14098.
© 2021 The Author(s). Published by the Royal Society of Chemistry
8 H. Wang, B. Li, H. Wu, T.-L. Hu, Z. Yao, W. Zhou, S. Xiang
and B. Chen, J. Am. Chem. Soc., 2015, 137, 9963–9970.

9 H. Yamagishi, H. Sato, A. Hori, Y. Sato, R. Matsuda, K. Kato
and T. Aida, Science, 2018, 361, 1242–1246.

10 M. Mastalerz and I. M. Oppel, Angew. Chem., Int. Ed., 2012,
51, 5252–5255.

11 M. J. Bojdys, M. E. Briggs, J. T. A. Jones, D. J. Adams,
S. Y. Chong, M. Schmidtmann and A. I. Cooper, J. Am.
Chem. Soc., 2011, 133, 16566–16571.

12 E. A. Meyer, R. K. Castellano and F. Diederich, Angew. Chem.,
Int. Ed., 2003, 42, 1210–1250.

13 S. E. Wheeler, Acc. Chem. Res., 2013, 46, 1029–1038.
14 H. Choi, S. Ogi, N. Ando and S. Yamaguchi, J. Am. Chem. Soc.,

2021, 143, 2953–2961.
15 S. Ueda, M. Su and S. L. Buchwald, Angew. Chem., Int. Ed.,

2011, 50, 8944–8947.
16 T. Kang, H. Kim and D. Lee, Org. Lett., 2017, 19, 6380–6383.
17 V. E. Williams and T. M. Swager, Macromolecules, 2000, 33,

4069–4073.
18 Y. Ramondenc, R. Schwenninger, T. Phan, K. Gruber,
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28 G. Férey and C. Serre, Chem. Soc. Rev., 2009, 38, 1380–1399.
29 J. H. Lee, S. Jeoung, Y. G. Chung and H. R. Moon, Coord.

Chem. Rev., 2019, 389, 161–188.
30 J. A. Mason, J. Oktawiec, M. K. Taylor, M. R. Hudson,

J. Rodriguez, J. E. Bachman, M. I. Gonzalez, A. Cervellino,
A. Guagliardi, C. M. Brown, P. L. Llewellyn, N. Masciocchi
and J. R. Long, Nature, 2015, 527, 357–361.
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