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Phase-Dependent Responsiveness in Soft Porous Crystals
Assembled from Flexible Metal-Organic Cages

Donglin He,*? Javier Lépez Cabrelles,? Jack D. Evans ® and Shuhei Furukawa *¢

Soft porous crystals (SPCs) based on flexible metal-organic cages (MOCs) remain elusive due to challenges in preserving
both dynamic behavior and crystallinity after desolvation. Here, we report an SPC assembled from flexible metal—-organic
cages (MOCs), in which the resulting porous properties, either conventional microporous filling or gate-opening behavior,
depend on the activation process. The flexible MOCs are constructed by a covalent linking strategy; amine-functionalized
dirhodium paddlewheel complexes serve as building blocks and are connected with aldehyde units through Schiff base
condensation. By systematically tuning ligand substituents, axial pyridine coordination, and activation conditions, we
achieve a delicate balance between crystallinity and flexibility. Notably, one compound provided two distinct activated
phases under different activation conditions. Their structures were determined by three-dimensional electron diffraction
(3D ED). One phase displays a conventional type | CO; isotherm at 195 K, confirming the rigid MOC assembly. In contrast,
the other phase exhibits reversible stepwise CO. adsorption accompanied by hinge-like ligand flipping and packing
rearrangements, as confirmed by in situ powder X-ray diffraction (PXRD) and atomistic simulations. In this system, the gas-
responsive behavior is governed by both molecular conformation and packing, providing a unique strategy for developing a
novel SPC class based on the flexible MOCs.

Introduction

The concept of soft porous crystals (SPCs) originates from
metal-organic frameworks (MOFs), which exhibit reversible
channel modulation responding to external stimuli while
This unique

'softness' and 'regularity’ opens new avenues for designing

maintaining crystallinity.1-3 combination of
functional materials with adaptive porous properties, such as
selective gas adsorption,* and separation®. The success of MOFs
as SPCs lies in their extended networks, in which strong covalent
and coordination bonds facilitate cooperative structural
dynamics, particularly in response to gas sorption.®10
Metal-organic cages (MOCs), the molecular counterparts of
MOFs, are discrete metal complexes with accessible and
tunable cavities.1112 Their solubility has enabled extensive
investigations into their
revealing that flexible MOCs undergo diverse conformational
motions such as ligand isomerization,3 flipping,14 rotation,>
and breathing® driven by the intrinsic flexibility of their organic
components. Thus, MOCs hold promise for constructing SPCs;

structural dynamics in solution,
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however, there are only a few examples due to the challenge of
retaining both crystallinity and flexibility in the solid state.17.18
The reasons for such difficulties can be explained as follows.
First, the solvent-removal process, known as activation, often
leads to structural collapse or loss of crystallinity due to weak
intermolecular  interactions  between discrete  MOC
molecules.1%21 As a result, it is difficult to determine the
activated structure by single-crystal X-ray diffraction (SC-XRD).
Second, unlike MOFs, MOCs often crystallize in low-symmetry
space groups, which makes it challenging to refine the activated
structure by powder X-ray diffraction (PXRD). Third, even if
crystallinity is retained and the ligands are flexible, the limited
molecular mobility and rigid packing in the solid state typically
restrict dynamic structural responses.

Here we present a series of lantern-type Rh-based MOCs
(RhMOCs) with flexible imine moieties that exhibit flipping
conformational motion. As illustrated in Figure 1, the discrete
flexible MOCs are assembled into crystalline solids, which retain
their crystallinity upon solvent removal. One of the compounds
shows two distinct activated phases, depending on the
activation methods. Three-dimensional electron diffraction (3D
ED) allows us to solve both structures: one phase with MOCs in
a flipped conformation and the other in a straight conformation.
While the former shows a Type | gas adsorption isotherm, the
latter demonstrates a stepwise adsorption isotherm. In situ
PXRD experiments under controlled gas pressure and
computational simulations reveal that stepwise adsorption
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arises from cooperative structural changes in MOCs,
accompanied by the flipping motion of imine moieties. This
work provides a detailed understanding of the correlation
between molecular and packing dynamics in SPCs formed from
flexible MOCs and offers a design strategy for responsive porous
materials.
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Figure 1. Conceptual scheme of conformational dynamics and phase transitions in
flexible MOCs. (a) Hinge-like flipping between MOC conformations. (b) Activation-
dependent phase behaviour: the soft phase exhibits reversible gate-opening, while the
rigid phase remains a similar structure with gas adsorption.

Results and discussion

Synthesis and Characterization of flexible RhMOCs.
Conventionally, MOCs synthesized through the
coordination assembly of metal ions/clusters and organic
ligands, where coordination bonds form simultaneously during
cage construction.?? Even with carefully selected metal centres
and ligands, precise control over MOC structures remains
challenging, especially when using flexible ligands.1%23 Though
essential for imparting structural dynamics, the incorporation of
flexible functional groups in ligand scaffolds can further
complicate the self-assembly process due to their
conformational freedom, leading to the disruption of binding
geometries or the formation of kinetic polymeric products.

To overcome these limitations, we propose a covalent linking
strategy using pre-functionalized metal clusters and organic
precursors to introduce flexible moieties into MOCs (Figure 2).
This strategy employs Schiff base condensation, inspired by
dynamic covalent chemistry in porous organic cages, where
reversible imine formation enables error-correction and the
formation of thermodynamically stable structures.?4 Chemically
robust dirhodium paddlewheel clusters were selected as stable
building blocks for covalent functionalization.2>2¢ The resulting

are
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imine moieties undergo hinge-like flipping accompanied.bythe
rotation of the three adjacent benzene rifgs); tAPERAPIHPATRIAR
flexibility to the MOCs (Figure 2c).

The key dirhodium paddlewheel precursor, Rhx{m-
(NH2)ArCOz}s (m-(NH2)ArCO; = 3-aminobenzoate), bearing four
pendant amine groups, was synthesized using a Boc-protection
strategy inspired by previous reports.27.28 As shown in Figure
S1-S3 (Sl Sections 2.1-2.3), protection of 3-aminobenzoic acid
followed by complexation with RhCl3 and sodium ethoxide
afforded the Boc-protected paddlewheel, which was
subsequently deprotected using HClIO4 in methanol to yield the
target complex. Structural characterization by nuclear magnetic
resonance (NMR) spectroscopy, mass spectrometry (MS), and
SC-XRD confirmed the successful formation of the Rha{m-
(NH2)ArCO,}s (SI Section 2.3, Figure S9 and S18). Subsequent
condensation with 2-hydroxyisophthalaldehyde derivatives (R =
H, CHs, or C(CHs)s3) either at room temperature (RT) or at 65 °C
afforded imine-linked lantern-type RhMOCs (S| Section 2.4-2.9).
Unlike conventional RhnMOC synthesis, which typically requires
high temperatures ( = 100 °C) due to the ligand exchange
reaction with the inert equatorial carboxylates of the commonly
used Rhy(0,CCHz3), precursor,1l 29 this approach yielded single
crystals within a few hours at RT. Time-resolved optical
microscopy images of single crystal growth are shown in Figures
S4-S7. The structures of all the solvated RhMOCs were
confirmed by SC-XRD, and detailed structural features are
discussed in the following section.
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Figure 2. (a) Schematic diagram of covalent linking strategy for the synthesis of flexible
MOCs. (b) Design and construction of flexible RhMOCs through in situ covalent linking
and ligand engineering. Syn/anti imine conformations, stabilized by intramolecular
hydrogen bonds (red dashed lines), and cis arrangements of the ligands within the
RhMOC. (c) Hinge-like flipping of an imine-linked ligand arm, illustrating how rotation
around the imine bond imparts dynamic flexibility at the molecular level.
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Figure 3. Single crystal structures of solvated RhRMOCs and their packing arrangements. H atoms, solvent molecules, and disordered parts are omitted for clarity (green, Rh; blue, N;
red, O; grey, C). Two distinct packing modes are observed: Packing 1 (orange and blue) and Packing 2 (yellow and purple).

The general formula of RhMOCs is found to be Rhga(x-IL-
OH)a(solvent)s, where x-IL-OH refers to 2-hydroxy-N,N’'-bis(4-
carboxybenzylidene)-1,3-phenylenediamine with X
representing the following substituent at the 5-position:
hydrogen (H), methyl (Me), or tert-butyl (tBu). The “solvent”
refers to coordinating solvent molecules, which occupy the axial
sites of the dirhodium paddlewheels (Figure 2b). For clarity, the
resulting Rha(x-IL-OH)4(solvent), are denoted as 1 (x = H), 2 (x =
Me), and 3 (x = tBu), irrespective of the coordinated solvent
molecules.

To modulate intermolecular interactions between RhMOCs,
we introduced a bulky ligand, 4-tert-butylpyridine (tBP), which
selectively coordinates at the external axial sites of the
dirhodium paddlewheels. The resulting complexes, with the
general formula of Rha(x-IL-OH)4(tBP),(solvent),, are referred to
as 1-tBP (x = H), 2-tBP (x = Me), and 3-tBP (x = tBu), regardless
of the coordinating solvent (Figure 2b and 3).

The molecular composition of the bulk samples was analysed
by NMR after the acid digestion, matrix-assisted laser
desorption ionization-time-of-flight mass spectrometry
(MALDI-TOF MS), and infrared (IR) spectroscopy. As shown in
Figures $S19-S24, the "H NMR spectra of the digested samples
revealed that the ratio of 3-aminobenzoic acid, dialdehyde, and

This journal is © The Royal Society of Chemistry 20xx

tBP closely matches the expected stoichiometries: (8:4:0) for
compounds 1, 2, and 3, and (8:4:2) for 1-tBP, 2-tBP, and 3-tBP.
In the MALDI-TOF MS spectra (Figures S25—-S30), the molecular
ion peak corresponding to the RhMOC core without the
coordination of any molecules at the axial sites of the dirhodium
paddlewheels was observed in all samples. The tBP molecules
coordinating at the axial sites were most likely removed during
ionization due to their weak binding. The presence of the imine
linkages (vC=N = 1615-1700 cm™) in the solid state was
confirmed through IR spectroscopy (Figures S31-S33). These
results collectively confirm the successful synthesis of RhMOCs
and their high purity.

J. Name., 2013, 00, 1-3 | 3
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Crystal Structures of Solvated RhMOCs. The solvated crystal
structures revealed that four imine ligands (x-IL-OH) bridge two
dirhodium paddlewheel nodes to form the lantern-type MOC
structures (Figures 2 and 3). All molecular structures exhibited
a similar molecular configuration, regardless of the substituent
(H, Me, or tBu) or the presence of axially coordinating tBP. As
shown in Figure 2b, all four ligands in each RhMOC adopt a
uniform syn—anti configuration3°, in which the syn and anti
orientations of the imine moieties are highlighted in blue and
red, respectively. Note that intramolecular O-H---N hydrogen
bonds are observed between the phenolic hydroxyl groups and
adjacent imine nitrogen atoms (O+*-N around 2.56-2.63 A as
determined from SC-XRD; red dashed lines in Figure 2b), which
further stabilize this specific conformation.3! These four ligands
adopt a cis-arrangement, with the ligands on the diagonal
reversed.
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Figure 4. (a) Crystal packing of as-synthesized 3-tBP (solvated, green) and after solvent
exchange followed by vacuum activation at 120 °C (3-tBP-a, red) with corresponding
unit-cell axes. (b) Top and side overlap of the single RhMOC from solvated 3-tBP (green)
and 3-tBP-a (red), highlighting hinge-like flipping of the imine-linked ligand arms. (c) N,
sorption isotherms at 77 K for 3-tBP-a (red).

Despite the similar ligand configuration, the twisting of the
imine moieties varies markedly among the RhMOCs, occurring
through the rotation of the three adjacent benzene rings in a
hinge-like flipping fashion (Figure 2c and 3). To quantitatively
describe this flipping, four planes (P1-P4) were defined along
the ligand backbone (Figure S54). P1 is defined by the plane
passing through the carboxylate oxygen atoms bound to the
dirhodium paddlewheel, while P2, P3, and P4 correspond to the
successive benzene rings extending from the imine moieties.

4| J. Name., 2012, 00, 1-3

The degree of flipping was evaluated by calculatingthe dihedral
angles (®1-2, ®1-3, and @1-4) between thelABAREN NEEtoT31 gt
these planes according to the equation in Sl Section 15. (Figure
2c) Due to the approximate C; symmetry of the RhMOC, the
four bridging ligands are arranged in two symmetry-equivalent
pairs. Therefore, only two adjacent ligands (L1 and L2) are
discussed in the following calculations. The ®;-3 dihedral angle,
which involves the benzene ring connected by two imine bonds,
provides the most visible measure of the flipping motion from
the top view and varies in the range of 4 — 38° (summarized in
Table S8-S14). The two benzene rings connected to the
dirhodium paddlewheel, described by @1, and ®i_4, also
undergo independent twisting, with angle variations of 1 — 25°.
Together, these three dihedral angles provide a comprehensive
measure of the overall conformational motion of the RhMOC as
described below.

All solvated RhMOCs exhibit layered packing arrangements,
in which intralayer packing arises from intermolecular
interactions between the imine ligands of adjacent RhMOCs. As
shown in Figure 3, the packing modes within each layer can be
classified into two types. Packing 1, observed in structures 1, 2,
3a, and their tBP analogues, exhibits an interdigitated-like
cross-arrangement, characterized by staggered and close
contacts between the ligands of adjacent RhnMOCs. The more
open packing 2 is unique to 3b, a polymorph co-produced with
3a in the same reaction vessel. A comparison between
structures with and without tBP reveals that the steric bulk of
tBP slightly disrupts the tight packing within the layers.

The interlayer interactions are primarily maintained by
solvent molecules or tBP coordinated at the external axial sites
of the dirhodium paddlewheels (Figure S10-S16). Specifically,
structures 1 and 2 exhibit similar packing arrangements, as do
their tBP analogues, 1-tBP and 2-tBP. In both pairs, the RhMOCs
stack in ordered layers with similar orientation.

Activation-Induced Structural Transformation. The removal of
solvents from crystals, known as activation, often results in the
loss of long-range order in MOC systems due to the collapse of
solvent-stabilized packing and the inherent nature of weak
inter-cage interactions. Thus, there are a few reports on the
precise structural and porosity analysis of MOCs after
activation.?? To gently activate the sample, we employed the
supercritical CO, (ScCO;) drying process as follows.3233 The as-
synthesized crystals in DMA were first exchanged with a 1:1
(v/v) mixture of DMA and acetone for 10 minutes, followed by
two additional exchanges with pure acetone, each lasting 10
minutes. The resulting samples were activated by the ScCO,. For
comparison, a conventional activation method was also applied,
in which acetone-exchanged samples were dried under vacuum
at room temperature (RTV) or at 120 °C.34

The PXRD experiments (Figure S34-39) revealed that all
samples retained crystallinity after both activation processes
and exhibited structural changes. Notably, the activated
RhMOCs without tBP exhibited the broadening of the
diffractions compared to their tBP-containing analogues. This
difference suggests that the coordinating tBP helps samples

retain the crystallinity during the activation process.

This journal is © The Royal Society of Chemistry 20xx
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Particularly, the activated 2-tBP and 3-tBP crystals maintained
high crystallinity.

By taking advantage of the preserved high crystallinity, we
obtained structural information on the activation-induced
transformation in 3-tBP. Upon thermal activation at 120 °C
under vacuum, single crystals of the activated phase (3-tBP-a)
suitable for SC-XRD were obtained. The structure reveals a
symmetry reduction upon activation from C2/c to P2:/c, along
with a 34% reduction in unit-cell volume (Figure 4a). As shown
in the molecular overlay in Figure 4b and the dihedral angle data
in Table $S14-S15, the structure of 3-tBP-a exhibits pronounced
hinge-like flipping of all three benzene rings around the central
imine linkages. Notably, @13 and @14 of ligand L2 increase
significantly from 9° to 26° and from 1° to 24°, respectively. In
ligand L1, @1, increases from 2° to 12°, while ®;-4 remains
unchanged (12°). These results indicate that the conformational
transformation involves not only the central benzene ring (@1-
3) but also significant twisting of the outer arms (®;-; and @;-4).

TGA measurements indicated that thermal activation at
120 °C is effective for 3-tBP-a, fully removing trapped solvent
(Figure S48). N, sorption isotherms at 77 K (Figure 4c) revealed
the typical type | isotherm (54 cm3/g at P/Po = 0.01), with a BET
surface area of 290 m?/g calculated by BETSI v2.0 (Figure S49),35
closely matching the theoretical surface area (288 m?/g)
calculated from its single-crystal structure by Zeo++.36 As shown
in Figure S50, the permanent porosity of 3-tBP-a is attributed
to its sufficiently large pores and channels that both exceed the
kinetic diameter of N, (kinetic diameter, Dk = 3.64 A) and even
CO, (Dk = 3.30 A). Specifically, the maximum pore diameter,
defined by the largest included sphere along the free sphere
path (Dif), is 5.75 A, and the channel window diameter, defined
by the largest free sphere (Df), is 4.89 A.36 These dimensions
indicate that the crystal has the necessary porosity to allow
these gases to diffuse through its structure.

By comparison, compound 3, without the coordinated tBP,
activated under vacuum at 120 °C, exhibited a relatively high N,
uptake (~¥50 cm3/g at P/P, = 0.01) as shown in Figure S44a.
Since the activated 3 appeared to be a mixture of different
crystalline phases, its structure could not be reliably determined
and is therefore not discussed further. Other samples after
activation were also tested for N, sorption at 77 K and CO,
sorption at 195 K (Figure S40-42). Activated 1, 2, and 1-tBP show
negligible porosity toward N..

Process-Dependent Activated Phases with Distinct Sorption
Property. Thanks to the maintenance of high crystallinity of 2-
tBP during solvent exchange and activation, we were able to
obtain crystal structures at all steps of the activation. Note that
the detailed PXRD analysis further showed that two distinct
activated phases of 2-tBP were obtained depending on the
activation methods: 2-tBP-a via conventional RTV activation
and 2-tBP-B via ScCO, drying process (Figure S36a). The
structure of the acetone-exchanged crystal, 2-tBP-acetone, was
determined by SC-XRD. The two distinct activated phases, 2-
tBP-a and 2-tBP-B, were confirmed by 3D ED, an effective
technique for directly observing structural transformations in
MOCs.37 As shown in Figure 5a, Table S3 and S5, all three

This journal is © The Royal Society of Chemistry 20xx
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structures retain the triclinic P-1 symmetry byt exbihit
progressive structural contraction upon 561véatER¢EAaYIZEHRE
removal. First, the intermediate 2-tBP-acetone structure shows
a moderate unit-cell volume contraction (~14%) relative to the
parent 2-tBP. Further solvent removal induces a more distinct
structural transformation. 2-tBP-a undergoes a hinge-like

(a) Activation

O
2-tBP-acetone |
RT 1

l Vacuum

2

$cCO, 1

Side view

Hinge-like flipping

Figure 5. (a) Crystal packing of 2-tBP in its as-synthesized (solvated, green) form, after
acetone exchange (2-tBP-acetone) and following activation by room-temperature
vacuum (2-tBP-a, orange) or ScCO, drying (2-tBP-B, blue). Unit-cell axes a, b, c are shown
for each packing. (b) Top and side overlap of the single RhRMOC from the solvated 2-tBP
(green), 2-tBP-acetone (purple), 2-tBP-a (orange) and 2-tBP-B (blue). H atoms omitted
for clarity; overlays generated in Mercury.
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flipping of all three benzene rings around the central imine
linkages, leading to a molecular conformational change and a
total ~21% volume reduction relative to 2-tBP. In contrast, 2-
tBP-B maintains a straight molecular conformation similar to
the solvated structure, but rearranges its packing into a denser
phase, resulting in a greater ~28% volume reduction relative to
2-tBP.

As illustrated by the molecular overlay in Figure 5b and the
dihedral angle data in Table S11 and S16-S18, the structural
transformations among 2-tBP-acetone, 2-tBP-a, and 2-tBP-B
clearly reflect differing degrees of molecular flipping. Compared
to the as-synthesized 2-tBP, all three structures exhibit changes
in the key dihedral angles @1-,, @1-3, and @1-4. Notably, @13
associated with the central benzene ring and the most
indicative of hinge-like motion in L2 increases from
approximately 8°in 2-tBP to 38° in 2-tBP-a. In contrast, @;-3 in
2-tBP-B changes relatively small, with values of 15° and 16° for
L1 and L2, respectively, compared to 11° and 8° in 2-tBP,
respectively.
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Figure 6. (a) CO, adsorption isotherms at 195 K for 2-tBP-a (orange) and 2-tBP-B (blue),
key pressure points and stepped uptake associated with structural gating in 2-tBP-B are
highlighted. (b) In situ PXRD patterns (A =0.9994128 A) of 2-tBP- collected at 195 K
under vacuum, at CO, pressures of 20, 50, and 100 kPa, and after desorption, together
with the RT simulated pattern. The blue diamond symbols highlight the most
pronounced new reflections associated with the open phase.

As shown in Figure S43a, the N, sorption isotherms at 77 K
display very low uptake for both 2-tBP-at and 2-tBP-B, indicating
that neither phase is accessible to N,. This is consistent with the
narrow channel window (Figure S51) diameters (2.32 A for 2-
tBP-a and 2.01 A for 2-tBP-B) as calculated by Zeo++ for both
static structures, which limit accessibility for N, (kinetic
diameter, Dk = 3.64 A) and even CO, (Dk = 3.30 A).37

6 | J. Name., 2012, 00, 1-3

The CO; sorption isotherm at 195 K presents moyg prominent
adsorption features (Figure 6a). The CO, JU3b Rt SEEREAN &F
2-tBP-B, which has a smaller pore aperture and an extremely
narrow channel (maximum pore diameter = 2.80 A), displays a
pronounced multi-step adsorption profile with distinct uptakes
at approximately 15.5 and 46.2 kPa and a similar multi-step
desorption with hysteresis. This multi-step behaviour with
hysteresis suggests a sorption-induced structural
rearrangement.l 3% This responsive behaviour was highly
reproducible over at least three adsorption—desorption cycles,
indicating the structural stability of the 2-tBP-B during gas-
induced transformations (Figure S43b). In addition, the
crystalline phase remained intact after adsorption—desorption
cycling and three days of water immersion at RT, indicating
good structural stability (Figure S36a).

In contrast, 2-tBP-a, with a larger pore maximum (5.43 A) but
narrow channel windows (2.32 A), displays a type | adsorption
isotherm without noticeable hysteresis or stepwise uptake
(Figure 6a), demonstrating that its intrinsic local flexibility
allows CO; to diffuse through the channel without significant
rearrangement of the molecular conformation and packing.3?

To better understand the distinct CO, adsorption behaviours
of 2-tBP-a and 2-tBP-f, we performed in situ PXRD experiments
under controlled CO, pressure. For 2-tBP-a, no significant
structural changes were observed upon CO, loading (Figure
S37), consistent with its type | adsorption isotherm. The PXRD
data of 2-tBP-B shown in Figure 6b display clear and reversible
structural transformations upon CO; loading (vacuum, 20, 50,
100 kPa and vacuum after testing). The contour plot of in situ
PXRD intensity shown in Figure 7a illustrates the structural
response of 2-tBP- to CO; adsorption at 195 K as a function of
gas pressure. Notably, the contour plot shows that initial
structural changes from the activated phase to the intermediate
phase are minor, because the diffractions neither largely shift
nor newly appear until 20 kPa. The large structural change
occurred over 50 kPa from the intermediate to fully loaded
phases to maximize the CO; capacity. This result suggests that
the structure undergoes sequential reorganization as CO,
pressure increases, rather than an abrupt switching between
closed and open phases. Moreover, a prominent PXRD peak at
29 = 3.7° for 2-tBP-B, assigned to the 001 reflection, remains at
a constant position throughout the entire pressure range,
indicating that the periodicity along the c-axis is largely retained
during CO; adsorption. These results imply that the structural
changes upon CO; adsorption mainly occur within the ab plane,
possibly involving interlayer shifting or molecular flipping.

To further explore this scenario, we performed DFT
optimizations to gain molecular-level insight into the guest-
responsive behaviour of 2-tBP-B (Figure 7b). First, we
performed DFT energy calculations for the discrete RhMOC
molecules in the gas phase, each in the conformations observed
in the crystal structures. DFT computed energies revealed that
the flipped conformation, found in 2-tBP-a, is more
thermodynamically stable (8.58 kJ/mol per cage) than the
straight conformation of 2-tBP-B. Interestingly, this
thermodynamic stability is reversed in the crystalline phase. The
DFT geometry optimized packing phase of 2-tBP-B (named 2-

This journal is © The Royal Society of Chemistry 20xx
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that the straight conformation is more suitable to maximize the
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Figure 7. (a) Contour plot of in situ PXRD intensity (A = 0.9994128 A) for 2-tBP-B over 20 = 3—18° as a function of P. Dashed lines denote P= 20, 50, and 100 kPa. Intensities are
normalized to the reflection at 26 = 3.7°. (b) DFT-optimized packing of 2-tBP-B-opt and CO,-loaded open structure (3CO,@2-tBP-B-opt and 8CO,@2-tBP-B-opt). H atoms omitted

for clarity.

Next, we performed DFT optimizations on 2-tBP-B-opt upon
CO; loading. As shown in Table S7, CO, loading drives a
progressive lattice expansion: the structure of 2-tBP-B-opt
loaded with three CO, molecules (3CO,@2-tBP-B-opt) expands
to 105%, increasing further to 121% when eight molecules are
loaded (8CO,@2-tBP-B-opt). This expansion arises mainly from
molecular flipping and structural dislocation within the ab plane
to accommodate CO,, while the interlayer packing distance
along the c-axis remains nearly unchanged (Figure 7b),
consistent with the in situ PXRD results (Figure 7a).

According to the adsorbed CO, positions in 2-tBP-B-opt
shown in Figure S53, the adsorbed molecules are primarily
located between the packing layers as observed in 1CO,@2-
tBP-B-opt and 3CO,@2-tBP-B-opt. Upon further loading, CO;
diffuses into the intrinsic cavity of RhMOC, accompanied by a
greater degree of molecular flipping observed in 8CO,@2-tBP-
B-opt. The calculated structure in Figure 7b and the detailed
analysis of the dihedral angles around the imine linkages,
summarized in Tables S19 and S21, reveal that the most
pronounced conformational change occurs at @;_3. For ligand
L1, @13 increases markedly from 16° in 2-tBP-B-opt to 28° in
8CO,@2-tBP-B-opt, while for L2 it rises from 12° to 21°. In
comparison, the intermediate 3CO,@2-tBP-B-opt structure
exhibits moderate @;-3 values of 20° for L1 and 16° for L2 (Table
S20). These results further indicate the 2-tBP-B progressively
“opens its gate” through successive hinge-flipping motions and
packing expansion as CO; pressure increases (Figure S53).

By comparison, the DFT-optimized structure of 2-tBP-a-opt,
featuring the initial flipped conformation, shows minimal
structural and conformational changes even upon loading with
8 CO, molecules, consistent with the experimental gas sorption
behavior and in situ PXRD results. (Table S6, Figure S37 and S52)

This journal is © The Royal Society of Chemistry 20xx

Conclusions

We reported a series of flexible dirhodium imine-functionalized
MOCs, formed by a versatile covalent-linking approach. All six
types of RhnMOCs crystallize readily at ambient conditions and
retain crystallinity upon activation. Systematic PXRD and gas
sorption studies showed that tBP coordination at the axial site
of RhMOC markedly improves the stability of molecular
packing, which allows us to investigate the crystal structure
after activation by 3D ED. Among these, the ScCO,-activated 2-
tBP-B phase, possessing a metastable straight molecular
conformation but the denser packing, exhibits repeatable CO,-
induced structural transformation. The combined in situ
experiments with DFT calculations revealed that the flipping
motion of the imine ligand and the molecular dislocation of
MOCs are key to such structural flexibility. By contrast, the
conventionally activated 2-tBP-a phase, with a stable flipped
conformation but less dense packing, exhibits a Type | isotherm
and no structural transition, consistent with its larger cavity.
Our studies demonstrate that the modular synthetic approach
to generate a variety of flexible MOCs can deliver stable yet
stimuli-responsive SPCs. Such phase-specific structural features
give rise to distinct gas sorption behaviour, offering new design
principles for adaptive materials in gas adsorption and
separation.
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