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We demonstrate profound effects of spatially confined
guest molecules in one-dimensional nanochannels on X-
ray diffraction behaviors of covalent organic frameworks.
Our results give insights into the abnormal X-ray
diffraction patterns and suggests a novel molecular
dynamic strategy for resolving crystalline structures.

Covalent organic frameworks (COFs) is an emerging
class of crystalline porous polymers in which organic
building blocks are covalently linked to constitute
extended structures with periodicities.1'5 In  two-
dimensional (2D) COFs, vertices and edges are
topologically linked in a 2D fashion to form monolayer.
The 2D monolayers crystallise and stack via Tr-1T
interactions to yield lattice structures. Accordingly, the
lattice symmetry of 2D-COFs can be divided into two
levels in relation to their two structural hierarchies. The
first level is the intrinsic symmetry of 2D polymer
monolayer, which is determined by the structures of
organic building blocks and the topological diagram. The
secondary level is the spatial symmetry that is dependent
on the stacking orders of 2D polymer layers. The
differences of both two levels give rise to different global
structural symmetry and vyield different powder X-ray
diffraction (PXRD) patterns. Although the PXRD pattern
could provide essential data set for structural analysis
and simulations, however, the absence of single crystals
enhances the difficulty in identifying a suitable stacking
structure for each member of COFs. Heine et. al. have
reported the different stacking modes of a variety of
COFs and provided insights into the structural effects on
stacking energy and PXRD patt(—:-rns.S"”5b

One-dimensional open channels are the structural
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bases for COFs to accommodate guest molecules. In this
study, we focused on the host—guest interactions
managed to elucidate the relationship between the guest
confinement in the channels and the variation of PX™7
patterns. To clarify the systems, we utilised a COF wi »
the smallest pore, COF-1,"" and filled the channels with
different contents of guest molecules, to show the effec =
of guest molecules on the PXRD patterns via molecul-r
dynamic simulations (Supplementary Information).

The hexagonal texture of COF-1 gives rise to typic Il
PXRD peaks that are assignable to 100, 110, and 2Cv
facets. We focused on the relative intensities of the PXR’.
peaks of 100 and 110 facets because the peak of 20c
facet is a second-order diffraction of the 100 facet. W :
rebuilt the structure of AA stacking mode without an,
external molecule in channels and shifted every secor .
layer along zigzag vertices of the hexagonal channels tc
identify the changes of the PXRD pattern. Because thie
zigzag shift can change the overall intensity distributio.. ~f
the PXRD patterns but it does not cause shift or split of
the 100 and 110 peaks, we used the heights of X-ray
diffraction peaks to quantitatively monitor their changes.

Figure 1 shows the dependency of the /110/l100 valu =
on the offset distance for COF-1 without guest molecule..
In the case of the AA stacking mode (offset distance = C ,
the l110/l100 value is 0.04. By contrast, the staggered A’
stacking mode gives rise to the highest /110/l100 value «°
0.15 (offset = 1L or 2L) among all of the stacking modes
On the other hand, the smallest /110//100 value we >
deduced to be 0.02 as the second layer has a mediitm
offset (~ 0.5L or 2.5L) between the AA and AB stacl ng
modes. All these theoretical values are however mu.
less than the experimentally observed values (/110/l100 > 7,

To clarify the reason of this large deviation, w
considered the possibility of influence of guest molecule ~
in the channels on the PXRD patterns. For this purpose
we built a crystalline structure by integration of mesityler »
solvent molecules into the channels of COF-1 in both AA
and AB stacking modes. Mesitylene was experimental. /

observed in the channels as the sole guest for COF-1."
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Figure 2 shows the calculated PXRD patterns of COF-1
with different stacking modes and guest conditions.
Compared to the AA stacking mode without mesitylene
(Fig. 2A; P6/mmm space group), the presence of
mesitylene in the channels yields an increased /110//100
value of 2.45 (Fig. 2C, one mesitylene per pore; Cc space
group). Compared to the AB stacking mode without
mesitylene (Fig. 2B; P6iz/mmc space group), the
existence of mesitylene resulted in a greatly enhanced
l110/l100 value of 13.8 (Fig. 2D, one mesitylene per pore;
P6smc space group).
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Fig. 1 (A) Dependency of the l110/l100 value of COF-1 (free of guest molecules)
on the offset distance (L) in zigzag direction. (B) One-pore structure of COF-1.

We conducted molecular dynamics (MD) simulations
on the AA stacking mode of COF-1 without guest
molecules in the channels (Figures S1-S4). We utilised 3
x 3 supercells and 10 layers of COF-1 and simulated the
structural deformations. From the stable structure, COF-1
tends to adopt slipped AA arrangements between layers
but with irregular stacking orientations; which also agrees
well with the total energy calculations previously.Sb’Sd’se
Based on this result, a stable structure was chose to
integrate mesitylene molecules into the channels with an
aim to show their impacts on the X-ray diffraction
behaviours. Figure 3A depicts the change of simulated
PXRD patterns as the apparent density of mesitylene in
the channels was increased from 0.1 to 0.9 g cm™.
Clearly, a strong correlation between the /110/l100 value
and the density of mesitylene was observed. At low guest
contents, the PXRD patterns (Fig. 3, red, green, magenta
and blue curves) are close to the experimentally observed
PXRD pattern for COF-1 without guests. As the loading
density was increased, the /110/l100 value increased (sky
blue, green and yellow curves). As the loading of
mesitylene reach the maximum density (0.9 g cm_s), the
PXRD pattern (black curve) becomes to match perfectly
with the experimentally observed PXRD profile of as-
synthesised COF-1 with mesitylene in the channels. As
shown in Figure 3B and 3C, MD simulations suggest that
the guest mesitylene molecules in the channels,
irrespective of their densities, are randomly distributed in
the nanochannels (Figure S4).
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For a crystalline solid, the incident X-ray is scattei. .
from lattice planes and the reflected X-rays interfere wit .
each other to form diffraction patterns. The channel siz
of COF-1 is only 11 A, which is a confined space fc~
guest molecules such as mesitylene. Therefore, in tt 2
channels of COF-1, mesitylene molecules are spatially
confined. From the density and structural matching, eac1
hexagonal pore can load one mesitylene molecule per
layer. This spatial confinement of mesitylene in tr2
central parts of the channels causes considerable effects
on the X-ray diffractions; samples with and without
mesitylene are totally different from each other. Th._
mesitylene guests in the channels offer a ‘pseuds
structure phase’ that affects both the calculated ar
experimental PXRD patterns of the samples. Such -
spatially confined phase changes the symmetry of tr >
lattice and varies the PXRD patterns dramatically.
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Fig. 2 PXRD patterns of (A) AA stacking without mesitylene, (B) AB stacking
without mesitylene, (C) AA stacking with mesitylene in pores and (D) AB
stacking with mesitylene in pores. Right side of each PXRD pattern shows the
corresponding unit cell structure of COF-1.

COFs are designable in both skeletons and channels:
the high flexibility in structural design leads to th=2
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generation of a variety of COFs with different building
blocks and channel sizes. COF-1 represents the simplest
COF member and offers the smallest pore among
unmodified COFs, whereas many other COF members
can be engineered to create similar small channels.***
We emphasise that the present approach is not limited to
COF-1. Any COFs with a channel size that matches with
the guest molecules aligned in the channels may lead to
abnormal X-ray diffraction behaviours as observed for
COF-1, irrespective of their topologies and linkages.
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Fig. 3 (A) Dependency of simulated PXRD patterns of COF-1 (3 x 3; 10 layers)
on the density of mesitylene in pores (Values on curves are density in g cm’3).
Snapshot structures of COF-1 with mesitylene in the channels at density of (B)
0.1and (c) 0.9 gcm™.
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The present results unambiguously demonstrate ti.. .
the layered structure of COFs is highly dependent on th .
skeletons that directly provide the 1r-11 forces in directir
the framework formation, whereas solvents and/or gu2-*
molecules are fully involved in the crystallisation proces .
Not only the stacking mode but also the PXRD pattern or
the resulting COF samples is highly dependent on tt 2
solvent or guest molecules involved. The molecular
dynamic strategy provides a new tool to resolve the lattic 2
structures of COFs. Our results also imply that the
integration of ‘designed guest’ with suitable size to fill the
channel space may help to form well-defined crystals <.
COFs and leads to unambiguous resolution of cryst .
structures of COF materials.
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