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Two-dimensional covalent organic frameworks (COFs) are crystalline porous materials composed of organic
building blocks that are connected via covalent bonds within their layers, but through non-covalent
interactions between the layers. The exact stacking sequence of the layers is of paramount importance
for the optoelectronic, catalytic and sorption properties of these polymeric materials. The weak interlayer
interactions lead to a variety of stacking geometries in COFs, which are both hard to characterize and poorly
understood due to the low levels of crystallinity. Therefore, detailed insights into the stacking geometry
in COFs is still largely elusive. In this work we show that the geometric and electronic features of the
COF building blocks can be used to guide the stacking behavior of two related 2D imine COFs (TBI-COF and
TTI-COF), which either adopt an averaged “eclipsed” structure with apparent zero-offset stacking or a
unidirectionally slip-stacked structure, respectively. These structural features are confirmed by XRPD and TEM
measurements. Based on theoretical calculations, we were able to pinpoint the cause of the uniform
slip-stacking geometry and high crystallinity of TTI-COF to the inherent self-complementarity of the building
blocks and the resulting donor—acceptor-type stacking of the imine bonds in adjacent layers, which can
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Introduction

Covalent organic frameworks (COFs) have risen from obscurity
in recent years." They show great promise for many applications,>™
especially since their structures,™® properties” and functionalities
can be engineered.'®"”> However, much of the inherent potential
of COFs to rationally design their structures is impeded by their
relatively low crystallinity as compared to the related metal-organic
frameworks (MOFs)."* The hallmark of COFs, namely their strong
covalent bonds combined with their low-temperature synthesis
through the utilization of reversible reactions by dynamic covalent
chemistry, often leads to a compromise between framework
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serve as a more general design principle for the synthesis of highly crystalline COFs.

14,15

stability and crystallinity. COFs made by highly reversible
reactions such as the nitrosyl dimerization can be obtained
in single crystalline form, but they suffer from comparatively
low stability due to the intrinsic weakness of these ON-NO
bonds."® Compromising reversibility for stability leads to reduced
crystallinity, i.e. disorder and small crystallite sizes.'*'” Two-
dimensional COFs rely on van der Waals and other non-covalent
interactions in addition to covalent interactions to form a three-
dimensional solid. The weak non-covalent interactions often
cause the formation of 2D crystals where large deviations from
the ideal stacking geometry are possible in the third dimension,
leading to complex or ill-defined polytypes. While local analytical
techniques such as solid-state NMR are largely insensitive to the
stacking sequence, X-ray powder diffraction (XRPD) of COFs with
moderate crystallinity returns average structures with no or little
information about the layer arrangement. As this is a common
challenge in 2D COFs, several design principles have been
proposed to improve, control, or alter their stacking behavior.
These include for example the use of non-flat, propeller-shaped
building blocks that induce stacking without offset and lead to
preferred, “locked-in” configurations,'®'® as well as the use of
donor and acceptor (DA) molecules that can stack in an alter-
nating fashion,” or the manipulation of the dipole of the linkers,
which can lead to energetic minimum structures through dipolar

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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alignment.*** In all cases, however, high crystallinity is a key
prerequisite to derive the 3D structure of COFs by means of XRPD.

In addition to the experimental difficulties in obtaining
highly crystalline COFs, the determination of the exact stacking
geometry is challenging and early attempts mainly differentiated
between staggered and the so-called eclipsed stacking.>*>* It has
been predicted that a perfectly eclipsed stacking is energetically
not favorable for n-stacked, flat COFs as the energetic minima lie
off-center.*®*® Truly slip-stacked structures based on flat building
blocks however have not been identified by XRPD so far, possibly
due to stacking disorder and crystallite size effects, which lead
to line broadening, precluding the exact determination of the
stacking structure. Instead, the higher symmetry structure based
on eclipsed layer stacking is usually assumed as an average
structure model.>**?°

Inspired by the existing design principles, we have synthe-
sized a COF in which the stacking can be rationally adjusted
based on the geometry and non-covalent interactions of the
building blocks. We demonstrate that individual layers can self-
assemble to form DA-type stacks where imine bond polarization
or similar interlayer interactions may be efficient in determining
the polytype. To add evidence for our hypothesis, we “turned off”
the possibility of DA stacking in a closely related system by
introducing a propeller-shaped building block that causes the
formation of an averaged eclipsed geometry. These two very
similar systems allow us to gauge the influence of symmetry,
geometry and polarity of the building blocks on the stacking
characteristics of the COF. The stacking of the COFs was analysed
experimentally and theoretically and we provide first evidence of
well-defined slipped stacking in a COF based on a combination of
Rietveld refinement of XRPD data and transmission electron
microscopy (TEM). We thus demonstrate that careful analysis of
the stacking mode can serve as a design principle to direct and
control disorder and crystallization in COFs.

Results

Two imine COFs based on the triphenyl aryl unit were synthe-
sized through the reaction of a triamine with a trialdehyde
under solvothermal conditions in mesitylene/dioxane 1:1 and
aqueous acetic acid as a catalyst (Fig. 1).*° The difference
between these COFs lies in the nitrogen content of the triamine
precursor, which is based on a central phenyl ring or a triazine
ring in case of the TBI-COF or the TTI-COF, respectively. The
successful condensation reaction was confirmed via the dis-
appearance of N-H and C—O vibrations and the appearance
of C—=N vibrations through IR spectroscopy (Fig. S1, ESIt). The
porosity of the structures was determined via argon physisorption
(Fig. S2, ESIt), which showed BET surface areas of 1108 m> g~ * for
the TBI and 1403 m” g~ " for the TTI-COF (Fig. S3, ESI}).

While both networks are crystalline (Fig. 2), the TTI-COF has
narrower line widths and shows a pronounced splitting of the
[100], [110], [020] and [120] diffraction peaks as well as a
discernable stacking peak (Fig. 2) showing that this COF is
highly crystalline. This unusual diffraction pattern of TTI-COFs
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Fig. 1 Schematic representation of the synthesis of TTI-COF and
TBI-COF from a triamine and a trialdehyde.

is distinct from previously reported, highly symmetrical
frameworks.

To determine the structure of the two COFs, several structural
models were considered to explain the observed powder patterns.
We developed three models based on different stacking modes
influencing the overall symmetry as well as the molecular
conformations, which were compared to the experimental powder
patterns using Pawley refinement®' and Rietveld analysis.** The
initial values of the cell parameters were obtained from the force
field optimized structures, which were constructed based on
geometrical considerations, and the in-plane connectivity was
derived from the topology of the molecular building blocks.
All models are based on a honeycomb structure with a ich net*?

(Fig. 1).

High symmetry case: eclipsed stacking

For the eclipsed model C; symmetry was chosen for the in-plane
structure. These individual layers were then stacked in a perfectly
eclipsed fashion to form a one-layer cell with P3 symmetry and cell
parameters a = b # cand o = = 90°, y = 120°. This type of model
is simplistically assumed for most COFs in the absence of detailed
structural information from the X-ray powder patterns.>*>%28
While these COFs have an apparent high symmetry due to
disorder,* only some COFs stack without any lateral offset
between layers.”® When this high symmetry cell is applied to
the observed XRPD pattern of TTI-COF, stark differences
between the simulated and the observed pattern are obvious
and most prominently reflected by the different numbers of
reflections (Fig. 2, Ryp: 9.319, see eqn (S1) in ESIT). We therefore
explored lower symmetry models for the TTI-COF. For the case of
the TBI-COF the eclipsed model yielded a good fit (Ry,p: 1.365), as
no symmetry reduction is apparent.

Low symmetry layers: oblong pores

As a first lower symmetry model, the in-plane C; symmetry was
removed and varying the conformation of the imine bonds lead
to oblong pores (Fig. S4, ESIt), while the eclipsed layer stacking
was retained. This structural modification leads to a Pm sym-
metry unit cell with a # b # cand « = f =90°, y = 120°. Pawley
refinement of the oblong model shows a relatively good fit

Mater. Chem. Front., 2017, 1, 1354-1361 | 1355
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Fig. 2 Top: XRPD patterns (1 = Cu K,;) of the TBI-COF and the TTI-COF (black) with the final Rietveld fits of the COFs (red) and their respective
difference curves (blue). R. (Rietveld) (see egn (S1) in ESIf) values for the TTI-COF and the TBI-COF are 7.138 and 2.744, respectively. Bottom: XRPD
pattern (1 = Cu K,) of the TTI-COF with eclipsed, oblong and slipped Pawley refinements with detail view of the reflections showing the reduction

in symmetry.

(Rwp: 5.359) to the observed powder pattern of the TTI-COF
(Fig. 2). However, when the structural model was constructed
and the cell parameters were applied based on the Pawley
refinement (Table S1, ESIt), the structure was compressed in
the b direction, resulting in aromatic C-C bond lengths as
small as 1.36 A. The oblong model is only able to fit the
experimental XRPD pattern with a marked reduction of the cell
parameter b with respect to a, more than would be expected by
the conformational changes of the imine bonds. This strain
disfavors the oblong model as a cause for the experimentally
observed reduction in symmetry.

Shifted layer model: slipped stacking

Another conceivable way to lower the symmetry of the unit cell
is to shift the individual pseudohexagonal layers along one
direction. This model follows previous calculations on boronate
ester COFs predicting that a slipped configuration in flat 2D
COFs is energetically much more favorable than eclipsed stacking,
which lacks experimental confirmation so far.”**” This model was
implemented in a P1 unit cell with the constraints a =b # ¢ and
o= f, y = 120°. Pawley refinement with the slipped model showed
the best fit (R, (Pawley): 4.461, Fig. 2, bottom) of the three
applied models (Table S1, ESIt). The lattice parameters of the
slipped model Pawley refinement were implemented and showed
no signs of strain such as unrealistically small bond lengths
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or angles. The one-layer geometry optimized unit cell was then
refined using Rietveld analysis. Initially, the slipping direction
was fixed with the constraint a = b. To explore other possible
slipping directions, the parameter space of different directions
and magnitudes of slipping at constant layer-layer distance was
used for refinement and plotted against the layer offset (Fig. 3).
The obtained “landscape” of stacking maps the hexagonal
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Fig. 3 Contour plot of the relative quality of refinement (Ry,) of the
slipping direction in the TTI-COF, by means of changing the « and f
angles of the unit cell. To visualize the pseudo-hexagonal symmetry, the
plot is shown in Cartesian coordinates, where the x-axis is collinear
with the [100] and the y-axis with the [120] direction of the unit cell.
The cartoon insets indicate the approximate stacking geometry of the
respective positions in the refinement landscape.
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symmetry of the individual layers and reflects the fact that not
all slipping directions fit the powder pattern equally well when
comparing constant lateral offsets. The preferred slipping
direction in this COF is along [100] and all equivalent direc-
tions ([110], [010], [100], [110], [010]) (Fig. 3).

The obtained models for the TTI-COF and the TBI-COF differ
considerably despite the similarity of both COFs. To further
confirm the models we performed periodic boundary condition
DFT calculations in which the unit cells and atomic positions of
the COFs were relaxed (Table S2, ESIT). These showed a minimum
for a slipped TTI-COF and a slipped TBI-COF. While the slipping
in the TTI-COF is seen in the XRPD by the symmetry reduction,
no such indication of slipping can be seen in the XRPD of the
TBI-COF. In these DFT calculations the TTI-COF slips along [100],
just as observed in the XRPD refinement. The DFT based structure
of the TBI-COF is slipped along [120], which is in contrast to the
observed XRPD pattern showing P3 symmetry. In order to under-
stand the difference between the DFT based structure and the
observed powder pattern we performed DIFFaX simulations to
find an explanation for the apparent higher symmetry obtained
from the XRPD pattern (Fig. 4).

In the simplified model used in our simulations, subsequent
layers of the structure had a chosen probability to slip in either
one direction or the opposite, while the magnitude and the
stacking offset was kept constant. When the probabilities of
slipping in either direction become equal (0.5-0.5), the apparent
symmetry of the simulated XRPD pattern increases to P3. Thus,
with this simple model we are already able to rationalize the
observed higher symmetry of the XRPD of TBI-COF, which can
be attributed to disorder in the stacking of the TBI-COF. This
confirms the often observed higher apparent symmetry of COFs,
which results from an average structure due to the equal probability
of energetically similar or equivalent slipping directions.”*?**>®

We performed TEM and scanning electron microscope
(SEM) experiments to confirm the results from XRPD and to gain
further insights into the local structural features of these COFs.

TEM images of the TBI-COF (Fig. 5) show crystalline domains
with domain sizes in the range of 30 nm up to 80 nm, which
exhibit the hexagonal symmetry of the pores. The fast Fourier
transform (FFT) and the selected area electron diffraction
(SAED) patterns show the expected repeat distance of 2.1 nm
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Fig. 4 DIFFaX simulated XRPD pattern with varying degrees of disorder in
the slipping direction [120] for the TBI-COF.
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Fig. 5 TEM image of the TBI-COF (A) with FFT of the entire image (C) and
of the area indicated by the black rectangle (B). The SAED (D) shows the
lattice spacing of the 100 and equivalent reflections, which are close to the
value obtained by XRPD refinement (2.1 nm).

that matches the 100 reflection obtained from the structural
model based on the XRPD data. The morphology of the TBI-COF
as observed in the SEM and TEM resembles individual slabs that
are composed of smaller crystallites (Fig. S5, ESIt).

TEM of the TTI-COF shows significantly larger crystalline
domains than the TBI-COF with crystallite sizes in the range
of 50 nm up to 200 nm. The pseudo-hexagonal symmetry of the
pores is apparent along the [001] zone axis, while the pore
channels are visible when viewing in the direction along the a-b
plane (Fig. 6). The FFT and the SAED of the TTI-COF both show
lattice spacings close to the values expected from XRPD. The
microscopic morphology of the TTI-COF exposes large poly-
crystalline rods in which some crystallites show bending along
the direction of the channels (Fig. S5 and S6, ESIT).

The FFT shows the hexagonal pore structure of the COF along
[001] (Fig. 6B) as well as zone axes allowing the observation of
00l and hk0 reflections simultaneously such as [110] (Fig. 6D).
In addition to the sharp reflections from the (110) and higher
order reflections, a prominent streak along ikl is visible at a
distance of 2.90 nm™" (3.5 A) which is in excellent agreement
with the expected layer-to-layer distance. Close inspection of
the SAED reveals a further streak at the distance of 1.45 nm ™"
(6.85 A), which indicates the existence of two individual layers
per unit cell along ¢. The simulated SAED of a two-layer model
fits well to the experimentally obtained SAED (Fig. 6D and E;
model: Fig. 8, right). In contrast to the simulation, the reflections
hk1 and hk2 are smeared out to form streaks. The direction of
these streaks indicates in-plane disorder as the cause of this
diffuse reflection, since stacking disorder would cause streaks
along c. A possible cause of in-plane disorder might be a random
variation of the conformation of the imine linkages such as
described in the oblong model. Since the SAED indicates two
layers per unit cell, we developed possible models with different
stacking geometries of imines with two layers per unit cell based
on the structures of known molecular imines. From the crystal
structures of molecular imine compounds three major geometric
motifs are conceivable for the TTI-COF (Fig. 7). Molecular imines
have a variety of stacking modes, where sometimes one molecule
exhibits different kinds of stacking in one crystal or differently
stacked polymorphs exist for a single compound.** Ordered
geometries include the direct slipped geometry where the imine

Mater. Chem. Front., 2017, 1, 1354-1361 | 1357
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Fig. 6 TEM image of the TTI-COF (A) with FFT of the area indicated by the black square (B) and of the entire image (C). The contrast-enhanced SAED
(D, logarithmic contrast) shows a pattern taken along the [110] zone axis, which corresponds to the simulated SAED (E). Profile plot (F) along ¢ corresponding
to the [001] direction of the image (D) clarifies the streak features visible at 2.90 and 1.45 nm™~? corresponding to the 001 and 002 reflections, respectively.
The SAED (G) shows the repeat distance of the 100 reflection with lattice spacing close to the value obtained by XRPD refinement (2.1 nm).
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orientation is the same for all molecules that are stacking
(Fig. 7A),> and the antiparallel geometry with the imine orienta-
tion changing with a twofold axis from one layer to the next
(Fig. 7B).*® These motifs are present in imines with different
substituents and the influence of these might guide the stacking
behavior.** A common motif for molecular imines with identical
substituents is the disordered stacking leading to a pseudo
inversion center on the imine bond (Fig. 7C).*”~*° The symmetric
substitution in the TTI-COF would point toward the disordered
stacking, which however is not compatible with the observed
SAED with clearly discernable streaks along (kk1) and (kk2).

To further narrow down the possible stacking geometries,
we performed periodic boundary DFT calculations on two layer
unit cells and compared whether the alignment of the imine
bonds (Fig. 7A) or the antiparallel imine bond (Fig. 7B) are

1358 | Mater. Chem. Front., 2017, 1, 1354-1361

antiparallel imines

Fig. 7 Three of the possible stacking motifs of the TTI-COF, where blue and green represent the amine and aldehyde building blocks, respectively.
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energetically more favorable. We relaxed the structures of the
antiparallel imine and the parallel imine models and obtained
two closely resembling slipped structures that match the
obtained lattice parameters from Pawley refinement of the
XRPD well (Table S2, ESIt). The difference in total energy of
these two structures was calculated and showed that the anti-
parallel configuration is more stable by approximately 0.32 eV
(30.9 k] mol™") per unit cell. This is not surprising, as an
antiparallel stacking from one layer to the next leads to
donor-acceptor (DA) interactions between the more electron
rich triazine triphenyl amine (TT-NH,) and the electron poorer
triazine triphenyl aldehyde (TT-CHO) across the layers, which is
a well-known phenomenon for two flat molecules that have
electron poor as well as electron rich character.*® In addition,
the antiparallel stacking creates antiparallel aligned dipoles,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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Fig. 8 The DFT optimized structures of the TBI-COF (left, parallel) and the
TTI-COF (right, antiparallel). Carbon atoms are shown in grey, nitrogen in
blue and hydrogen in white.

which stabilize the structure. The comparison of the parallel
and the antiparallel stacking in the TBI-COF yielded only a
negligible energetic difference of 0.04 eV (3.9 k] mol '), which
could be explained by a competition of the favorable DA
stacking and the unfavorable geometric mismatch between
the propeller-shaped triphenyl benzene core (TB) and the flat
triphenyl triazine core (TT).

To investigate the origin of the high crystallinity and the
unidirectionally slipped geometry of the TTI-COF, we compared
the energy landscape of stacking the layers with different offsets
of the antiparallel and parallel imines (Fig. 9), determined by
DFT. In both energy landscapes, eclipsed stacking, corres-
ponding to zero offset, is energetically non-favorable in contrast
to the slipped geometry. The “parallel imine” stacking land-
scape shows a shallow and widespread minimum with multiple
symmetry-related minima with a pseudo-hexagonal structure.
Such an energy landscape might be expected to yield a random
direction offset in stacking. In contrast, the “antiparallel
imine” stacking landscape shows reduced symmetry, which
can be attributed to the slight out-of-plane torsion of phenyl
rings, which is more pronounced in the antiparallel imine case
than in the parallel imine case (Fig. S7, ESIt). This torsion
reduces the symmetry of one individual layer, but at the same
time is able to propagate the preferential slipping direction to
the next layer, providing a rationale to the observed reduction

View Article Online

Materials Chemistry Frontiers

in the symmetry of the unit cell. The comparison of both energy
landscapes shows that in the case of the antiparallel imine
bonds the minimum is steeper and less distributed than in the
case of the parallel imine bonds. A steep minimum likely
directs the crystallization process during the synthesis of the
TTI-COF and therefore may be linked to the observed slipped
stacking mode and the high crystallinity of the TTI-COF.

As the antiparallel stacked TTI-COF is the most stable
configuration according to DFT, this structural model was used
for the Rietveld refinement. The crystal structure consisting of
two independent layers was refined using Rietveld methods, by
refining the lattice parameters, atomic coordinates using rigid
bodies for the layers and their shift with respect to each other.
The final TTI-COF model is shown in Fig. 8 and the corres-
ponding refinement in Fig. 2.

Discussion

As outlined above, the particular slip-stacking mode seen in the
TTI-COF can be explained by an interplay of several factors that
are different in the TBI-COF. Most notably, the TTI-COF is a
relatively flat system, which allows the individual layers to slip,
in contrast to propeller like out of plane elements, which can
cause locking in of a structure."®'® However, the flat structure
alone does not seem to be sufficient for introducing unidirec-
tional slipping, since many COFs are flat, but do not show the
same layer offset in only one direction and hence, symmetry
reduction, as observed in the TTI-COF.”**° Therefore, another
factor influencing the stacking might be the self-complementarity
of the TTI-COF, which means that individual layers can form DA
stacks just by alternation of the different building blocks along
the c-direction (Fig. 7). This feature is fairly unique, since it
requires the use of two linkers with Cs;-symmetry that have the
same size, geometry, but different electronic structures. Generally,
the parallel stacking of imines can be seen as a valid model
for most imine COFs since conditions for self-complementary

Layer shift x (A)

Layer shifty (A)

Layer shift x (A)

0.000 eV
0.1000 g/
0.2000 gV

0.3000 eV
0.4000 eV

B 0.5000 eV
w 0.6000 eV
0.7000 eV
0.8000 eV

Layer shift y (A)

antiparallel imine

Fig. 9 Energy landscape for slipping of the TTI-COF composed of two extended layers that are offset with respect to each other, while keeping the
stacking distance constant. The energy landscape was sampled in close proximity to the optimum offset calculated by DFT for the 3D periodic structure,
located at the center of each landscape. The layers were shifted with respect to each other at a constant distance between both layers. The obtained
energies were normalized with respect to the lowest energy geometry. Values between data points were smoothed to aid the eye. A zero (0 A, 0 A) shift

represents a perfectly eclipsed geometry.
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antiparallel stacking as outlined above are rarely met. If the size
of the building blocks is different, then the contact during
alternation would not be that intimate and the dipole of the
imine bonds could not be aligned in a close, antiparallel
fashion to enable favorable dipole-dipole interactions.?"** In
addition, the planarity of TTI-COF favors the DA stacking,
which is in contrast to TBI-COF. The TBI-COF could be expected
to stack with no offset between the layers (eclipsed) since
it bears a propeller-shaped building block.'® However, the
DFT calculations showed an energy minimum for an offset
structure, which is why an averaged structure with an apparent
zero layer offset is more likely for this COF. In principle, the
TBI-COF could be expected to show an even more pronounced
stacking in a DA fashion since a benzene core is more electron
rich than the triazine core. However, the out-of-plane twisting
of the TB system is likely to make efficient contact to the TT core
in an adjacent layer difficult. Therefore, the lower crystallinity and
the different observed stacking geometry of the TBI-COF is largely
linked to the disturbance of planarity.

Conclusion

In conclusion, we have synthesized two imine-COFs with
similar molecular connectivity but distinctly different stacking
geometries. While the TBI-COF adopts the archetypical random
layer off-set as seen for most 2D COFs, giving rise to an average
higher symmetry structure which is isostructural with eclipsed
layer stacking, the TTI-COF shows an unusual slip-stacked
geometry with uniform direction of the layer offset in each
subsequent layer. SAED in conjunction with DFT calculations
revealed a two-layer unit cell of the TTI-COF with antiparallel
imines as a preferred stacking mode. The observed stacking
preference of the TTI-COF directly translates into significantly
increased domain sizes and crystallinity as compared to TBI-COF.
DFT based energy landscapes for the stacking of the TTI-COF
suggest that the alternate imine stacking creates steeper and
deeper minima, which can be seen as the rationale for the
unidirectional offset-stacking and the resulting improved overall
crystallinity. In conclusion, the observed interlayer donor-acceptor
type stacking interactions in TTI-COF may be used as a more
general design principle based on non-covalent interactions
that facilitate crystallization.
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