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ABSTRACT: Dynamic 3D covalent organic frameworks (COFs) have shown a
concerted structural transformation upon adaptive guest inclusion. However, the origin
of the conformational mobility and the host—guest adaptivity remain conjecture of the
pedal motions of revolving imine linkages, often without considering the steric
hindrance from the interwoven frameworks. Here, we present atomic-level observation
of the rotational and translational dynamics in single-crystal COF-300 upon adaptive
guest inclusion of various organic molecules, featuring multiple rotamers of covalent
linkages and switchable interframework noncovalent interactions. Specifically, we
developed a diffusion gradient transimination protocol to facilitate the growth of COF
single crystals, enabling a high-resolution X-ray diffraction structural analysis. We
uncovered metastable and low-symmetry intermediate phases from contracted to
expanded phases during structural evolution. We identified torsion angles in the
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terephthalaldehyde diimine motifs that switch from anti-periplanar to syn-periplanar/anticlinal conformations. Moreover, the
rotational dynamics of the imine linkage were concurrent with the translational dynamics of tetraphenylmethane units, which tend to
form the translational quadruple phenyl embrace. Such conformational mobility allows the frameworks to adapt to various guest
molecules, such as alcohols, esters, phenols, and diols, featuring double linear, herringbone, zigzag chains, triple helix, and tubular
alignments. Quantitative energy analyses revealed that such dynamic structure transformations are not arbitrary but follow specific
pathways that resemble protein folding. The work is paving the way to developing robust, dynamic, and crystalline molecular
sponges for studying the condensed structure of liquids without the need for further crystallization.

Bl INTRODUCTION

Covalent organic frameworks (COFs) are robust porous
crystals constructed by stitching organic building units into
extended networks through strong covalent bonds."”” Featuring
various conformations without breaking and remaking bonds
upon adaptive guest inclusion, the dynamics responses of
COFs have attracted great attention for their high functions in
gas storage, adsorptive separation, heterogeneous catalysis, and
molecular sensing.’~® Thus, understanding their dynamic
mechanisms at the atomic-level is crucial for correlating their
conformational geometry variations with their dynamic
responses coupled with their physicochemical properties. In
this work, we unraveled the rotational and translational
dynamics for adaptive guest alignments tracking by single-
crystal X-ray crystallography with atomic resolution in COF-
300,” enabling computational analyses on the energy pathway
of structural transformation.

Inspired by the protein folding, conformations of the
polypeptide backbones are determined by the degrees of
freedom at each peptide linkage (Figure la; @, i, and ¢): With
the partial conjugation of the amide bond, the C,—CO—-N-C,
motifs are generally coplanar, leading to @ torsion angles of
either 180 or 0°, which dictate the formation of a-helices/f-
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strands or big turns in their folded structures to dictate their
biological functions.'™ Levinthal's paradox highlights the
contradiction between the rapid folding of proteins, often
within seconds or less, and the astronomical time theoretically
required to randomly explore all possible conformations (i.e.,
3% = 5 x 10® for a protein containing 100 peptide
linkages).10b This suggests that protein folding is not random
but instead follows specific pathways, as described by the
“folding energy funnel model.” In contrast to the 1D
backbones in protein folding, the structural transformation of
dynamic 3D COFs (Figure 1b) remains elusive due to the
steric hindrance imposed by their interwoven networks.*
Therefore, atomic understanding of the conformation diversity
and quantitative analyses of their host—host, host—guest, and
guest—guest interactions are essential to portray their energy
pathway of structural transformation. For describing the
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Figure 1. Conformational mobility of dynamic 3D COFs akin to protein folding. (a) Degrees of freedom in the polypeptide backbone, defined by
the coplanar torsion angle C,—N—C—C, (@ = 0 or 180°) and the rotational torsion angles N—C,—C—N () and C—N—C,—C (¢) for each
peptide linkage. (b) Key parameters for the conformation of dynamic 3D COFs, highlighting the torsion angles of diimine (@ = 0, 134, or 180°)
and biphenyl imine (y = 160, —163, 176.88, or —179°). (c) Superimposed view of covalent linkages in anti-periplanar, syn-periplanar, and anticlinal
conformations for COF-300-cp, -ip, and -op, demonstrating the pedal motion by revolving imine bonds and shift of the tetrahedral nodes. (d)
Shuttle movement of tetraphenylene methane leads to the formation of the translation quadruple phenylene embrace.

rotational dynamics of COF-300, we identified the critical
conformational geometry variation as the torsion angles of its
terephthalaldehyde diimine (TPDI) motifs (@ in Figure 1b)
adopting anti-periplanar, syn-periplanar, and anticlinal con-
formations, leading to crystallography symmetry-breaking.
Another key conformational geometry variation is the torsion
angle of the diphenylimine (y in Figure 1b), which determines
the contraction and expansion of frameworks without changing
the w angle and crystallography symmetry. Overlaying these
conformations (Figure 1c) reveals the rotational freedom of
the imine linkage within the COF’s closely interwoven
structures. Moreover, the steric hindrance imposed by the
interwoven frameworks is mitigated by the translational
dynamics between tetraphenylmethane (TPM) motifs, whose
interframework noncovalent interactions switched from 7—n
interaction between TPM and TPDI to the formation of
translational quadruple phenylene embrace (TQPE)"" between
TPMs (Figure 1d).

Such extraordinary conformational mobility, coupled with
structural regularity, enables adaptive guest alignments within
the dynamic confinement space with atomic precision.
Adaptive guest alignments of organic molecules such as
alcohols, esters, and diols, with varying sizes, functionality,
and complexity, have shown rich guest—guest interactions to
perform double linear, herringbone, zigzag chains, triple helix,
and tubular alignments, manifesting their exceptional mutual
host—guest adaptivity, precise molecular recognition, and
multimodule self-organization. This work is paving the way
to developing robust, dynamic, and crystalline molecular
sponges for studying the condensed structure of liquids
without the need for further crystallization.

B EXPERIMENTAL SECTION

Rapid Growth of COF Single Crystals for High-Resolution X-
ray Structural Analysis. Single crystals of COF-300, suitable for
high-resolution X-ray diffraction analysis, were synthesized using a
diffusion gradient transimination protocol (Section S1 in the
Supporting Information)."” Terephthalaldehyde (TPA, 12.0 mg,
0.089 mmol) is dissolved in 1,4-dioxane (0.5 mL, ultradry), added
with aniline (0.12 mL, 15 equiv.) and aqueous acetic acid (AcOH; 6
mol L™, 0.2 mL), resulting in white flack crystal precipitated out at
the bottom of the glass diffusion tube (inner diameter ~4.24 mm)
standing vertically. Then, a solution of tetra-(p-aminophenyl)-
methane (TAM, 20.0 mg, 0.052 mmol) dissolved in 1,4-dioxane
(0.5 mL, ultradry) was then added drop by drop onto the first layer to
form stratification. The diffusion gradient transimination protocol
controls the nucleation and crystal growth, yielding prismatic crystals
of COF-300 with a size of ~50 ym within 6 days (denoted as COF-
300-DC). For comparison of crystallinity, imine-exchange and
solvent-ventilation controlled crystal growth are also implemented
to yield single crystals of COF-300 with sizes of ~40 ym within 30 or
14 days (denoted as COF-300-MC and -VC), respectively.

Size and Morphology Control of Single-Crystal COF Bulk
Sample for In Situ Powder X-ray Diffraction (PXRD) Analysis.
To improve the adsorption kinetics and achieve coherent trans-
formation,* we have developed the ventilation-vial synthetic protocol
to obtain bulk samples with uniform size and morphology (Section S1
in the Supporting Information).*® TPA (60.0 mg, 0.445 mmol) was
dissolved in 1,4-dioxane (1 mL, ultradry) in a 20 mL ventilation glass
vial, which was added with aniline (0.20 mL) and AcOH (6 mol L™},
1 mL). A solution of TAM (100.0 mg, 0.26 mmol) dissolved in 1,4-
dioxane (5 mL, ultradry) was then added to the vial, which was heated
at 65 °C for S days. Single crystals of COF-300 with a size of 10 um
(donated as COF-300—10 um) were then isolated and washed with
fresh 1,4-dioxane and fully exchanged with tetrahydrofuran (THF).
The phase purity and crystallinity of samples were confirmed by
PXRD on a Bruker D8 advance diffractometer with Cu Ka radiation.
The crystal size and morphology were examined through scanning
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Figure 2. Rapid growth of COF single crystals for high-resolution X-ray diffraction. (a) Gradient diffusion protocol showcasing sequential COF
construction through imine condensation of TPA and aniline to form a modulated molecular precursor, followed by imine exchange with TAM to
form COF-300 with diffusion-controlled kinetics (COF-300-DC), compared to one-pot reactions with kinetics controlled by modulator-controlled
in sealed vials (-MC) and solvent ventilation in vented vials (-VC). (b—g) Optical images of single crystals grown via -DC (6 days), -MC (30 days),
and -VC (14 days) approaches, respectively. (e—g) Reconstructed single-crystal X-ray diffraction projected along the reciprocal ¢* direction, with
resolutions of 0.74, 0.85, and 0.76 A for COF-300-DC, -MC, and -VC, respectively.

electron microscopy (SEM) on a JEOL JSM 7800F Prime
microscope.

Single-Crystal Structural Analysis. The single crystal X-ray
diffraction (SXRD) data were collected at the Shanghai Synchrotron
Light Source Line BL17B1/BL10U2 station. The structure was solved
by direct methods using the SHELXTL software package and further
developed with different Fourier syntheses. All non-hydrogen atoms
on the framework were refined anisotropically; all hydrogen atoms

were generated geometrically and refined in the riding mode. All of
the phenyl rings are treated with rigid constraints.

Gas/Vapor Adsorption Isotherms. The organic vapor adsorp-
tion isotherms of the COF-300-DC samples were collected using a
BELSORP-MAX and MicrotracBELSopr-Aqua3 adsorption apparatus
with a water circulator bath. Anhydrous solvents were used for vapor
adsorption, which degassed at least five times before the isotherm
collection.
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Figure 3. X-ray diffraction single-crystal structural evolution during guest removal illustrated the COF-300-cp (left column), -ip (middle column),
and -op (right column) phases observed through ex-situ desorption of n-BuOH guest molecules. (a) Atomic-level conformational variations
highlighting the pedal motion of covalent linkages, characterized by changes in torsion angles (w and ). (b) Interframework displacement is driven
by shifts in 7—7 interactions and rotation of the imine linkage, transitioning from the node (TPM)—to-edge (TPDI) interactions to node—to-node
and edge—to-node interactions, mitigating the steric hindrance in the closely interwoven frameworks. (Color codes: C, gray; N, blue; and H,
white.).
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Solid-State Nuclear Magnetic Resonance Spectroscopy.
Solid-state nuclear magnetic resonance (ssNMR) spectroscopy was
performed with cross-polarization with magic angle spinning (CP/
MAS) techniques on a Bruker AVANCE III HD 400 MHz wide-bore
solid-state NMR spectrometer at a magnetic field of 9.4 T equipped
with a standard Bruker MAS probe with a 3.2 mm (o0.d.) zirconia
rotor. *C CP/MAS NMR spectra were acquired at a Larmor
frequency of 100.6 MHz. *C chemical shifts were referenced to
tetramethyl silane (TMS) at 0 ppm and were further calibrated using
the carboxylic carbon of the glycine assigned to 1762 ppm as a
secondary reference. All the '>*C CP/MAS experiments were carried
out on a standard 3.2 mm double-resonance probe with a sample
spinning rate of 12 kHz, and *C experiments were carried out with a
'H /2 pulse length of 3.5 s, a contact time of 2 ms, a pulse delay of
S's, and a SPINAL-64 at a decoupling frequency of 81 kHz.

Dynamic Vapor Sorption In Situ PXRD Measurement. The
organic vapor concentration in the working gas was regulated by
blending vapor-saturated nitrogen (N,) from an inlet connected to a
solvent reservoir with dry N,, using two 100-sccm mass flow
controllers (MFCs).* This working gas was directed into the Anton
Paar in situ PXRD chamber on a Bruker D8 diffractometer. PXRD
patterns were collected sequentially under a stable vapor concen-
tration until the reflection positions and intensities reached
equilibrium, after which the conditions were adjusted to the next
set points.

B RESULTS AND DISCUSSION

Optimizing Crystallinity and Efficiency in COF Single
Crystal Growth. The crystallization problem of COFs has
long posed a significant challenge, particularly in growing
sufficiently large single crystals (~5S0 pm) suitable for X-ray
diffraction analysis. Several synthetic strategies, such as
introducing amine modulators,’® amine transimination,'®
crystal growth in ionic liquids,'* and amphiphilic micelle
reaction vessels,"> have yielded larger single crystals. However,
large-sized single crystals do not guarantee high-resolution X-
ray diffraction for structure analysis of COFs.'® While the
aniline-modulated strategies have led to decent crystallinity
and X-ray diffraction resolution up to 0.83 A, the process has
been time-consuming (30—80 days).

To enable precise host—guest structure analysis, we
developed a diffusion gradient transimination protocol that
facilitates the growth of COF single crystals (~50 pm) within
just 6 d or less, achieving X-ray diffraction with resolutions of
up to 0.68 A (Figure S24 in the Supporting Information). This
process involves the imine condensation to form model
precursor (MP, Figure S22 and Table S1 in the Supporting
Information) immediately precipitated out at the bottom of
the diffusion tube, alongside a transimination with TAM
diftused from its top layer, resulting in nucleation control and a
reactant diffusion ingredient conducive to the single crystal
growth. In general, the reaction kinetics of imine exchange is
faster than that of imine condensation, such sequential
transimination bypassing the slower imine condensation
competition between TAM and aniline in a one-pot reaction,
accelerating the crystal growth. Indeed, we observe the full
conversion of the white crystal of the model precursor into the
yellow crystal of COF-300-DC (Figure 2b), resulting in an X-
ray diffraction resolution of 0.74 A (Figures 2e, S23 and Table
S2 in the Supporting Information).

Fourier-transform infrared spectroscopy (FT-IR, Figure S1
in the Supporting Information) confirmed the formation of
imine bonds (—C=N-—stretching at 1626 cm™"), and thermal
gravimetric analysis (TGA, Figure S2 in the Supporting
Information) indicated thermal stability up to 520 °C.

Moreover, PXRD patterns (Figure S3 in the Supporting
Information) displayed sharp reflection peaks with a full width
at half-maximum (fwhm) of 0.123° (200), suggesting high
crystallinity. The *C ssNMR spectra revealed a homogeneous
local chemical environment of COF-300-DC with significantly
improved resolution (fwhm ~0.52 ppm, Figure S4 in the
Supporting Information). The CO, (195 K), N, (77 K), CH,
(112 K) and n-Butane (298 K) adsorption isotherms have
shown their dynamic responses upon gas inclusion, consistent
with the crystal-size effect observed in dynamic 3D COFs*
(Figures S7 and S10 in the Supporting Information).

In comparison, single crystal growth through the traditional
amine modulated protocols controlled by imine exchange
(COF-300-MC) and solvent ventilation controlled (COF-300-
VC) requires 30 and 14 days, respectively, resulting in X-ray
diffraction resolutions of 0.86 and 0.76 A (Figure 2d—g, Table
S3 in the Supporting Information).

Suitable Probe for Ex Situ Single-Crystal Structural
Evolution of COF-300. To identify a suitable probe molecule
for monitoring the dynamic structural transformations of COF-
300, we collected adsorption isotherms for various organic
vapors, including alcohols, esters, ethers, and alkanes (Figures
S12 and S20 in the Supporting Information). These experi-
ments allowed us to screen for anomalous adsorption behavior
accompanied by dynamic structural transformation. Among the
tested vapors, n-butanol (n-BuOH) emerged as the most
effective probe, owing to its broad pressure response range (P/
Py: 0—0.50) and high heat of adsorption, ranging from 65 to 81
kJ/mol (Figure S21 in the Supporting Information). These
characteristics suggest strong host—guest and guest—guest
interactions, making #n-BuOH particularly well suited for
capturing subtle phase transitions.

Rotational Dynamics of Covalent Linkages Visualized
by the COF Rotamers. High-resolution synchrotron SXRD
analysis (Figures 3; $25—S29 and Tables S4—S6 in the
Supporting Information) provided atomic-resolution structures
of COF-300 across different guest stoichiometries, including
the contracted phase (-cp, tetragonal 14,/a, a = b = 2049 A, ¢
= 882 A, V = 3703.0 A’), the intermediated phase (-ip,
orthorhombic 12,2,2,, a = 24.30 A, b =20.76 A, c = 8.17 A, V
=4123.0 A%), and the open phase (-op, tetragonal I4,/a, a = b
= 2541 A ¢ = 778 A, V = 5021.6 A%). The structural
transformation was highlighted by the conformational changes
in the covalent linkages, as observed from the electron density
maps calculated from the SXRD data (Figure 3a). Both COF-
300-cp and -op shared the global symmetry of space group I4,/
a (No. 88), with the diimine structure units exhibiting an anti-
periplanar conformation (@ = 180°). Notably, COF-300-ip
crystallized in lower symmetry, I2,2,2,(No. 24), and displayed
a doubled asymmetric unit compared to that of COF-300-cp
and -op, resulting in a syn-periplanar conformation (w = 0.5°)
and an anticlinal conformation (@ = 134.5°). This geometric
variation of covalent linkages between anti-periplanar (180°),
syn-periplanar (0.5°)/anticlinal (134.5°), and anti-periplanar
(180°) conformations of w is direct evidence of the rotational
dynamics of the COF. Despite both COF-300-cp and -op
adopting the same anti-periplanar conformations, the structural
differences are characterized by the torsion angles C,-C=N-—
C (denoted as y, Figure 3a), which shift from 160.2 to
—176.9°. By overlaying the phenyl rings of the TPDI for
comparison (Figure SS9 in the Supporting Information), it
becomes clear that the y angle significantly impacts the
distance between the tetrahedral nodes. This conformational
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Figure 4. Concerted structural transformation of COF-300 upon adaptive guest inclusion with controlled single crystal size and morphology. (a)
Anomalous adsorption behavior of COF-300, correlated with guest-induced structure transformations at representative n-BuOH vapor uptakes at
298 K. Inset, SEM image of the bulk sample of COF-300 single crystals with controlled size and morphology. (b) Contour plot of in situ PXRD
patterns of COF-300, tracing its intermediate phase at varying concentrations of n-BuOH vapor. (c) Adaptive guest alignments of n-BuOH within
the dynamic confinement space in COF-300 from -cp to -ip showing pore enlargement and geometry diversification for quantitative host—guest
(red isosurface) and guest—guest (blue isosurface) interactions (sign(4,)p colored isosurfaces of 5gi“ter = 0.005 a.u.). Color codes: C, gray; N, blue;

and H, white.

mobility is further enabled by a concerted “hinge” movement
of adjacent phenyl groups in TPM, where the angle @ varies
between 101 and 113° (Figure SS8 and Table S21 in the
Supporting Information).

The free energy landscape'’ of conformational search of
TPDI shows dependences of both @ and y (Figure S64 in the
Supporting Information). Energy minima are located at y =
168° and @ = 0 or 180°. The observed conformers of COF-
300-cp (y = 160° and w = —180°), the syn-periplanar of -ip (y
= —163.2° and @ = 0.5%) and -op ( = —178.7° and @ =
180°) approximate the ideal conformational geometry, while
the anticlinal of -ip (y = —176.9° and @ = 134.8°) is of energy
penalty.

Translational Dynamics Enabled by Switching Inter-
framework 7—x Interactions. The conformational mobility
of dynamic 3D COFs is further facilitated by the displacement
of interwoven dia networks. Comparing their simplified
networks, the angle of the tetrahedral nodes varied from 67°
to 83.4 and 87.4°, with the displacement between subnets
decreasing from 8.80 to 7.94 and 7.62 A (Figure SS8 in the
Supporting Information). As shown in Figure 3b, the dominant
interaction in the COF-300-cp involves the phenyl edge-to-
face w—m interaction, featuring the distance between TPM and
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TPDI (2.96 and 3.12 A). In the COF-300-ip and -op
conformations, the TPM phenyls form the 4-fold edge-to-
face interactions known as phenyl embrace (Figure 1d). The
distances between TPM phenyl are 3.43 and 3.72 A in COF-
300-ip and only 3.43 A in COF-300-op. In addition to the
phenyl embrace, edge-to-face 7—r interaction is observed
between TPDI and TPM in both the COF-300-ip phase
anticlinal and COF-300-op anti-periplanar conformation, with
distances of 3.21 and 3.13 A, respectively. Throughout the
conformational transition, the dominant interaction within the
framework changes from node (TPM)—edge (TPDI) to both
node—node and edge—node interactions, demonstrating the
flexibility of the moieties within the dynamic framework. These
moieties within this dynamic framework can rotate, bend, and
deform freely in a concerted manner through interwoven
displacement.

Further analysis of framework interaction was conducted
using an independent gradient model Hirshfeld partition of
molecular density (IGMH)'® via Multiwfn software'® (Section
S6 in the Supporting Information). Focusing on the 5gmter
(isosurfaces of 0.0045 a.u.) intermolecular interaction region
(Figure 3b), the results revealed that the van der Waals
interactions between the frameworks are consistent with the
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Figure 5. Diverse spatial arrangements of organic molecules within the dynamic confinement space of COF-300. (a) Chemical formulas and
abbreviations of representative organic guest molecules (n-Butanol, NBA; n-Pentanol, NPA; n-Hexanol, NHA; 2-Methyl-n-butanol, MB; Isoamyl
alcohol, IAA; 2-Pentanol, SPA; Benzyl alcohol, BA; Ethyl lactate, EL; Phenol, PO; Guaiacol, GA; 2-Methylfuran, MF; Ethylene glycol, EG) with
functionalities highlighted with colors: red, alcoholic hydroxyl; violet, phenolic hydroxyl; blue, ester group; purple, hydrate glycol. (b) Diverse
arrangements of organic guest molecules—such as double linear, herringbone, zigzag chain, triple helix, and tubular structures—within the adaptive
channels of COF-300. The channel walls of COF-300-ip and COF-300-op are depicted with red and green space-filling models to represent the

distinct confined environments in these phases.

single-crystal structure analysis. Moreover, the dominant 7—7
interaction evolves from TPM-TPDI to TPM-TPM and
TPDI-TPDI upon guest inclusion. Benefiting from precise
SXRD analysis and computational calculations, we have
elucidated the dynamic mechanism governing the COF-300
response upon guest inclusion and removal.

Coherent Structural Transformation Upon Adaptive
Guest Inclusion within Dynamic Confinement Space in
COF-300. The coherent structural transformation of COF-300
was investigated using COF-300-10-um crystals with size and
morphology control (inset in Figure 4a, Section S1 and Figures
S1-S6, S19), whose transition kinetics for a bulk sample has
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been optimized with the consideration of crystal size effect.’
By combining the organic vapor adsorption isotherm with in
situ PXRD under various concentrations of organic vapor (e.g.,
n-BuOH carried by N, gas), the host-guest adaptivity can be,
therefore, correlated with their anomalous adsorption behavior
(Section SS; Figures S60-S63 in the Supporting Information).
The n-BuOH (298 K) vapor adsorption isotherm of COF-300
(Figure 4a) shows an initial plateau upon uptake over 1 mol
mol”, followed by approaching 4 mol mol™'. Partial vapor
pressures with anomalous adsorption points were therefore
selected as representative vapor concentrations (e.g., 1.66,
249, 4.14, 4.97, 5.80, 6.63, 8.29, 11.61 and 14.92 ppk) for in
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situ PXRD patterns reveals multistep coherent structural
transformation upon n-BuOH inclusion: (i) at low vapor
pressure (—4.14 %o n-BuOH), the lattice constants remained
unchanged with a peak at 8.73°, attributed to 200 reflection of
COF-300-cp (Figure S62 in the Supporting Information); (ii)
a detectable shift for a peak at 8.67° attributed to the 020
reflection of COF-300-ip, along with the emergence of new
peaks, indicates the onset of structural transformation at
4.97%0 n-BuOH; (iii) a new significant peak at 7.32°,
corresponding to the 200 reflection of COF-300-op, marks
the transition from COF-300-cp to COF-300-ip at 6.63%o n-
BuOH (upon 2 mol mol™" uptake); and (iv) the complete
transformation is observed at 14.92%o0 n-BuOH, with a peak at
6.66° corresponding to the 200 reflection of COF-300-op.
Remarkably, the structural transformation is fully reversible
upon heating, with the desorption of n-BuOH restoring the
pristine COF-300-cp (Figure S63 in the Supporting
Information).

Notably, the dyy or dyyy value progressively changes from
10.13 to 12.24 A and finally to 13.32 A during the inclusion of
n-BuOH, suggesting a stepwise increase in pore volume—39%
for COF-300-ip and 86% for -op (Figure 4c), as well as the
dynamic confinement space within COF-300 as determined
from SXRD analysis (Figures S26—S29; Tables S5—S6 in the
Supporting Information). The enlargement of pore diameters
from COF-300-cp (3.58 X 3.58 A%*) and COF-300-op (9.30 X
9.30 A?) is therefore evident with square pore geometry.

Notably, COF-300-ip exhibits symmetry-breaking dynamics,
featuring pore geometry deformation into rectangular shapes
and diversification of pore environments in the channels I
(647 x 545 A*) and 11 (5.56 X 4.41 A?). IGMH analysis
(Figure 4c) indicated that host—guest and guest—guest
interaction regions are more prevalent in channel I than in
channel II. Upon the adsorption of n-BuOH molecules, the
guest alignment undergoes reorganization, and within the
COEF-300-o0p, the guest—guest interactions become stronger
than the host—guest interactions.

Adaptive Molecular Alignments within the Dynamic
Confinement Space of COF-300. Such a dynamic confine-
ment space within COF-300 provides exceptional host—guest
adaptivity tolerance for various organic molecules. Thus, we
further extended our investigation for other guest molecules of
varying sizes, complexities, and functionalities, such as
alcohols, phenols, esters, and diols (Figure Sa), leading to
diverse adaptive guest alignments within the dynamic confine-
ment spaces of COF-300-ip and -op determined through high-
resolution X-ray crystallography (Section S4 in the Supporting
Information).

Remarkably, the formation of distinct and intricate align-
ments of organic guest molecules mainly relies on the partial
pressure of organic vapor and their guest—guest and host—
guest, noncovalent interactions. Upon 2 mol mol™" uptake of
n-butanol (NBA, Figures 526—529, and Tables S5—S6 in the
Supporting Information), the NBA molecules align head-to-tail
to form double linear chains within two types of channels of
the COF-300-ip, featuring distinct chain-to-chain distances
(2.88 and 4.11 A within channels I and II, respectively, Figure
5b). Driving by the intermolecular hydrogen bonding of NBA
guest molecules, NBA guest molecules rearranged, upon 4 mol
mol™" uptake, to form head-to-head herringbone alignment,
having their alkyl chains face toward the pore wall. At the same
time, the hydroxy groups aggregated inward within the
expanded channels. With larger molecular size, the n-pentanol

(NPA) molecules adopt head-to-tail zigzag chain alignment
within the contracted channel I of COF-300-ip and further
align head-to-tail to form a triple helix fashion within the
expanded channel of COF-300-op upon 3 mol mol™" uptake
(Figures S30—S33, S65a,b and Tables S7—S8 in the
Supporting Information). Such triple helix alignments can
also be observed for n-hexanol (NHA), 2-methyl-n-butanol
(MB), isoamyl alcohol (IAA), and 2-phenol (SPA), as well as
benzyl alcohol (BA) and ethyl lactate (EL), showing the
excellent host—guest adaptivity of varying molecular sizes and
varieties (Figures Sb, $34—S47, S65c—h and Tables S$9—S15 in
the Supporting Information).

Different from aliphatic molecules, adaptive guest align-
ments of aromatic guest molecules, such as phenol (PO, Figure
Sb, S48—S549, S65i—g, and Table S16 in the Supporting
Information), are driven by two types of noncovalent
interactions—interphenylene 77—z interactions and interhy-
droxyl hydrogen bonding —resulting in a pinwheel tubular
arrangement within the expanded channel of COF-300-op.
With an additional methoxy group, Guaiacol (GA) forms helix
alignment through intermolecular hydrogen bonding by
inhibiting interphenylene 77—z interactions (Figures SS0—
S51, and Table S17 in the Supporting Information). Single
helix arrangements of 2-methylfuran (MF, Figures Sb, $52—
S53, S65k-i, and Table S18 in the Supporting Information)
within the expanded channels of COF-300-op were observed,
driven by guest—guest hydrogen bonding.

For an aliphatic organic molecule with bifunctionality,
intricate alignment of ethylene glycol (EG) was observed
(Figure Sb, Figures $54—S56, S65m, and Table S19 in the
Supporting Information), driven by guest—guest and host—
guest interactions. One type of EG guest molecule (EG-],
colored with cyan, with a torsion angle of OCCO at 31.9°)
aligned head-to-tail to form a helix arrangement within the
expanded channel of COF-300-op. Host—guest interactions
were observed in another type of guest molecule (EG-I],
colored purple, with a torsion angle of OCCO at 10.4°)
docking on the pore wall through O—H---N hydrogen bonding
(O--N, distance: 2.80 A), with the other, ends attaching to the
helix mentioned above with O---O distances of 2.83 and 2.88 A
(Figure SSS in the Supporting Information), respectively. The
rotational and translational dynamics in COF-300 enabled
such adaptive guest alignments, which is evident by the atomic-
level conformational changes of TPM and TPD], as detailed in
Tables S20—S21 in Supporting Information and Figure S57 in
Supporting Information. The quantitative energy analyses of
host—guest and guest—guest interactions for these adaptive
guest alignments are provided in Figure S65 in the Supporting
Information.

Dynamic 3D COFs represent a new form of soft porous
crystals (SPCs)*” with covalent linkage for a higher level of
robustness than crystalline sponges,”’ and the adaptive guest
alignment exempts the requirement of strong coordination
ability compared to the coordinative alignment (CAL)
method® using robust metal—organic frameworks (MOFs).
Furthermore, the adaptive guest alignment can work for gas-
phase molecules without needing further recrystallization
compared with crystal mates through a cocrystal approach.*
By leveraging the guest—guest interactions within the dynamic
confinement space, the adaptive guest alignment approach has
the potential to unveil the condensed structures of organic
liquids, which are usually dynamic and intricate.”*
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B CONCLUSIONS

In conclusion, we have uncovered the rotational and
translational dynamics of single-crystal dynamic 3D COFs
through high-resolution X-ray crystallography, featuring
conformation diversity of anti-periplanar, syn-periplanar, and
anticlinal forms and switchable interframework z—7 inter-
actions. Such exceptional conformational mobility coupled
with precise host—guest adaptability allows for adaptive guest
alignments within the dynamic confinement space for various
guest molecules varying in size, functionality, and complexity.
With these precise adaptive guest alignment structures in hand,
we are able to perform quantitative analyses of their host—host,
host—guest, and guest—guest interactions to portray their
energy pathway of structural transformation (Figure S66 and
Table S22 in the Supporting Information). Inspired by the
observed diverse and intricate alignments, this work is paving
the way to robust yet dynamic porous crystals for studying the
cond2e4nsed—state chemistry of liquids at atomic-level preci-
sion.
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