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Direct-Space Structure Determination of Covalent Organic
Frameworks from 3D Electron Diffraction Data

Tu Sun™, Colan E. Hughes™, Linshuo Guo, Lei Wei, Kenneth D. M. Harris,* Yue-Biao

Zhang,* and Yanhang Ma*

Abstract: Structure determination of covalent organic frame-
works (COFs) with atomic precision is a bottleneck that hinders
the development of COF chemistry. Although three-
dimensional electron diffraction (3D-ED) data has been used to
solve structures of sub-micrometer-sized COFs, successful
structure solution is not guaranteed as the data resolution is
usually low. We demonstrate that the direct-space strategy for
structure solution, implemented using a genetic algorithm (GA),
is a successful approach for structure determination of COF-
300 from 3D-ED data. Structural models with different
geometric constraints were considered in the GA calculations,
with successful structure solution achieved from room-temper-
ature 3D-ED data with a resolution as low as ca. 3.78 &. The
generality of this strategy was further verified for different
phases of COF-300. This study demonstrates a viable strategy
for structure solution of COF materials from 3D-ED data of
limited resolution, which may facilitate the discovery of new
COF materials in the future.

Introduction

Covalent organic frameworks (COFs) are constructed from
well-designed organic building blocks through covalent bonds,
leading to extended 2D or 3D networks.! To date, COF
chemistry has shown versatility of covalent Iinkages[zl and
diversity of pore engineering,[s] leading to a range of functional
applications.[4] While there is considerable scope for synthesis of
new COFs, rigorous structural character-ization is a bottleneck in
the development of this field. While single-crystal X-ray
diffraction (SCXRD) studies have been reported[s] for a few
COFs, this technique requires a single crystal sample of sufficient
size and quality; however, due to synthetic limitations, most

COFs are formed as microcrystal-line materials of low-
crystallinity that are unsuitable for study
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by SCXRD. Instead, with knowledge of reticular chemistry,
model building strategies coupled with powder X-ray diffrac-tion
(PXRD) pattern-matching methods have often been used to
elucidate COF structures.'> © In this approach, structural
insights derived from other techniques such as FT-IR
spectroscopy, solid-state NMR and gas/vapor sorption are often
required. However, when the PXRD data has a low number of
reflections and significant peak overlap, this strategy may be
limited by uncertainty in the unit cell, space group,
interpenetration number and dynamic properties of the COF
material.

Electron diffraction provides an important alternative
opportunity for structural characterization of materials.l”l The
3D-ED approachl® has advanced rapidly for structure deter-
mination of framework materials,[g] small organic molecules
(including pharmaceuticals),*® macromolecules and pro-
teins.l*Y) As electrons interact with matter about 10° to 10* times
more strongly than X-rays, electron diffraction is superior for
determining structures of nanocrystals, which are sufficiently
large to give adequate electron diffraction data. In the
development of COF chemistry, 3D-ED has played an important
role in structure determination,!2 and structure solution of
several COFs has been achieved from high-resolution 3D-ED
data by traditional direct methods or charge-flipping
algorithms.[*?"91 To achieve structure solution with a limited
number of reflections, a simulated annealing (SA) method ™! was
used on COF-320 and COF-300 using 3D-ED data with
resolution 1.5 & and 1.65 & respective-ly.[lza'b] Recently, cryo-
electron diffraction tomography (cryo-EDT) has also been
developed to study the dynamic behavior of COFs and to locate
guest molecules in sub-micrometer-sized COFs at the atomic
level.29] However, there are no reports of successful structure
solution of COFs achieved directly from 3D-ED data with
resolution lower than 1.65 &.

Herein, we demonstrate the application of the direct-space
strategy,[*l implemented using a genetic algorithm!*®! (GA), for
structure solution of COF materials of known structure
(specifically, activated and hydrated forms of COF-3OO[1G]) from
low-resolution 3D-ED data (Figure 1) using the program
EAGER,*" 181 which was originally developed for direct-space
structure solution from PXRD data. Based on knowledge of
reticular chemistry and structural information obtained from the
3D-ED data, three distinct models were designed for the GA
structure-solution calculations, each based on a specific definition
of the structural fragment in direct space. We show that the
direct-space GA strategy allows high-quality structure solution to
be achieved from 3D-ED data with resolution as low as 3.78 &.
Furthermore, three
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Figure 1. a) Projection of a reconstructed 3D reciprocal lattice along
a random direction from the 3D-ED dataset COF-300-V-RT (the red
circle indicates data at 3.78 & resolution). b) Overlay of the structure
solution from direct-space GA calculations using the 3D-ED data at

3.78 & resolution (red) and the reported structure (blue).[*29 ¢)
Overlay of individual fragments from (b). Geometric details are
given in Tables S1 and S20.

different 3D-ED datasets are considered, allowing the universality
of this structure solution strategy to be assessed.

The direct-space structure solution strategy is an impor-tant
step forward to fully use the knowledge of reticular chemistry in
facilitating the structure determination of COFs, even from low-
resolution 3D-ED data.

Method

The direct-space strategy[14] for structure solution oper-ates
by carrying out global optimization in direct space to find a
structure that gives optimal agreement with experimental
diffraction data. An important aspect underlying the success of
the direct-space strategy is that the trial structures are defined by a
suitable “structural fragment” constructed using reliably known
information on molecular geometry (e.g. standard bond lengths,
bond angles and geometries of rigid moieties such as aromatic
rings). In general, trial crystal structures are defined by the
position {x, y, z} and orientation {q, f, y} of the structural
fragment relative to the unit cell axes, and the conformational
geometry is specified by variable torsion angles {t1, t2, ..., tn}.
The aim is to determine the global minimum on the R-factor
hypersurface (i.e. R-factor as a function of the variables {Xx, vy, z,
q,fytato ...,
tn}).

In the present work, direct-space structure solution is
implemented using a genetic algorithm[15] (GA) for global
optimization, which effectively explores the R-factor hyper-
surface by mimicking the processes of biological evolution.
Starting from a randomly generated population of trial structures,
the GA produces new structures by mating and mutation
operations, and the population is allowed to evolve

through a sequence of generations by natural selection. The GA is
an implicitly parallel search of the R-factor hypersur-face, with
different regions of structural space sampled simultaneously and
with information swapped actively be-tween trial structures. In
contrast, other global optimization algorithms[14] (such as SA or
Monte Carlo) typically involve a sequential search to locate the
global minimum. The parallel search strategy in the GA is
conducive for efficiently locating the global minimum on the R-
factor hypersurface, particu-larly when the number of structural
variables is large.

Results and Discussion

The 3D-ED data were recorded for two phases of COF-

300: an activated phase COF-300-V and a hydrated phase COF-
300-H20, as discussed in our recent study of the dynamic
behavior of COF-300 (Supporting Information, Section S1).[%9!
For the COF-300-V sample, the 3D-ED data were recorded both
at room temperature (COF-300-V-RT; Supporting Information,
Figure S1) and using a cryogenic sample holder (COF-300-V-
Cryo; Figure S1). For the COF-300-H20 sample, the 3D-ED data
were recorded using the cryogenic sample holder (COF-300-
H20-Cryo; Figure S1). In each case, the unit cell (Supporting
Information) and space group (141/a) were determined from the
3D-ED data.

For the direct-space GA structure-solution calculations,
appropriate structural variables must be defined. As COF
materials have extended frameworks linked by covalent bonds,
they do not contain discrete molecular entities that would allow
the “structural fragment” to be defined straight-forwardly (as
described for the case of molecular crystals under Method); thus,
the COF framework must be consid-ered carefully in defining a
suitable structural fragment for direct-space structure solution
calculations. A starting point is to identify the asymmetric unit of
the framework. Based on the synthetic protocol, COF-300 is
known to be constructed from tetrahedral tetra-(4-anilyl)-methane
building blocks and linear terephthaldehyde units, giving the
structural fragment denoted “fragment-1” in Figure 2 a. The
multiplicity of space

group l41/a is 16, with two special sites: 4-fold improper
rotation axes (4) and inversion centers (1). The relatively small
asymmetric unit and high space-group symmetry require that, to
avoid molecular overlap, the building units
should be compatible with 4 and/or 1 symmetry. The

tetrahedral building block can achieve 4 symmetry with the
central carbon located on a 4-site and, as the linear building units
are centrosymmetric, the central benzene ring can be
located on a 1 site. While the 4 symmetry element of
I41/a dictates that all fragment-1 units in the structure are
symmetry-related, the 1 symmetry element of 141/a dictates
that fragment-1 has 1 symmetry. Thus, the asymmetric unit
comprises half of fragment-1, as defined by “fragment-2” in
Figure 2 b.

To solve the structure of COF-300 by direct-space structure
solution, three different models were considered (Figure 2 c). In
each model, the structural fragment includes all atoms in the
asymmetric unit, with features of molecular geometry (bond
lengths and bond angles) taken from similar
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Figure 2. a) Construction of COF-300 from tetrahedral and linear building units. b) The asymmetric unit of COF-300 (corresponding to
fragment-2 in (a)). c) Definition of the three structural models used in the direct-space GA structure solution calculations.

known structures (Supporting Information, Tables S1-3). From
the above deductions, atom C1 in fragment-2 is located

on a 4-site and the central benzene ring of the linear building

unit is centered on a 1-site. On this basis, the structural variables
for each model in the GA structure solution calculations can now
be defined. In Model-1, C1 is fixed at

a 4-site and the whole fragment is allowed to rotate freely (by
variation of { , f, }) around the 4-site, with the conformation
defined by two torsion-angle variables {t1, t2}. In Model-2,

there are two independent sub-fragments formed by breaking

the C1 C2 bond. The C1 atom is fixed on a 4-site while the
central benzene ring of the other sub-fragment is fixed on a 1-site
and allowed to rotate freely {q, f, y} around this site, with two
variable torsion angles {t1, t2} defining the conformation.

In Model-3, the central benzene ring is fixed on a 1-site and the
whole fragment is allowed to rotate freely {q, f, y} around

this site; the C1 atom is not constrained to be on a 4-site and the
occupancy of C1 is fixed at 1/4 as this atom is shared by

four symmetry-equivalent fragments (related by 4 symmetry).
The conformation is defined by two variable torsion angles {ti,
to}.

All three models were used in EAGER calculations to find
trial structures giving good agreement with the exper-imental 3D-
ED data (i.e. low R-factor). However, low R-factor is not the only
criterion for an acceptable structure solution, as it is possible (e.g.
as a consequence of approx-imations inherent in the definition of
the model and/or poor data quality) that some geometrically
unreasonable structures could have low R-factor. Therefore,
another essential crite-rion is that the structure must have
acceptable geometric

features, including the correct connectivity of the building units.
Thus, the parts of the framework that were “broken” in defining
the structural fragment must be ‘“re-formed” with reasonable
geometry to form the complete 3-dimensionally connected
covalent framework. Also, the conformationally flexible parts in
the structural fragment defined by variable torsion angles must
have a reasonable geometry. Clearly, the criteria used to assess
whether the structure solution is geometrically reasonable are
different for each model. For Model-1, the central benzene ring
must be successfully formed by an appropriate connection
between two symme-

try-related structural fragments around the 1-site. For Model-2,
the distance between C1 and C2 (denoted di2 in Figure 2 ¢) must
correspond to a covalent bond with acceptable bond length. For
Model-3, as the occupancy of C1 is fixed at 1/4, a successful
structure solution must have the C1 atoms of four symmetry-
related structural fragments superimposed (at least

approximately) on the 4-site. For each model, the expectation is
that the structure solution must be sufficiently close to the correct
structure to be able to converge to the correct structure in
subsequent structure refinement (e.g. Rietveld refinement using
PXRD data or geometry optimization using DFT-D calculations).

To assess the quality of structure solutions obtained in the
direct-space GA calculations, we focus on the results for the
COF-300-V-Cryo and COF-300-H20-Cryo datasets (Sec-tion
S2). For COF-300-V-Cryo (Figures S1 and S2), all three models
give structure solutions that correspond to the correct covalently
connected framework, with all the “broken” parts of the structure
re-formed successfully (Figures 3 a—c;
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Figure 3. Results from direct-space GA structure-solution calculations using Model-1 (top), Model-2 (middle) and Model-3 (bottom)
for the following 3D-ED datasets: a—c) COF-300-V-Cryo, d—f) COF-300-H20-Cryo, and g—i) COF-300-V-RT. In each case, the best

structure solution obtained using each model is shown.

Tables S4-S6). For Model 1, the central benzene ring is re-

formed at the 1-site with reasonable geometry. For Model-2, the
C1 C2 bond is re-formed with acceptable bond length (d12 = 1.52
&) and the torsion angles in the best trial structure are acceptably

close to the reported structure[*2d] (Table S2). For Model-3, the
C1 atoms of the four symmetry related

fragments are very close to the 4-site and the variable torsion
angles are reasonable. For COF-300-H2O-Cryo (Figures S1 and
S2), structure solution is again successful for all three models
(Figures 3 d—f). For Model-1, the central benzene ring is re-
formed with reasonable geometry; for Model-2, the C1 C2 bond
is re-formed successfully (di2 = 1.57 &); for Model-3, the C1
atoms of the four symmetry related frag-

ments are very close (0.09 &) to the 4-site. However, Model-2
and Model-3 perform better than Model-1 in terms of the torsion
angles in the best trial structure (Tables S7-S9). GA structure-
solution calculations were also carried out for COF-300-H,0-
Cryo using each model defined in Figure 2 c¢ but with a single
oxygen atom added to the model (allowed to translate freely {x, y,
z} in the unit cell) to represent the water molecules in the
structure. Significantly, in the best structure solution for each
model, this oxygen atom is located at the correct site in the
channel of the COF-300 framework (Figure S3).

Direct-space  GA structure-solution calculations using all
three models were then carried out for the COF-300-V-RT
dataset. Compared to the other two datasets, the quality of

COF-300-V-RT is rather poor, with lower resolution (1.1 &) and
fewer reflections (completeness 38 %), attributed to electron
beam damage and thermal effects (Figure 1; Fig-ure S2).
Significantly, previous attempted structure solution using
traditional direct methods and charge flipping on this dataset
were unsuccessful,*29 as only the position of the central carbon
atom of the tetrahedral building unit was resolved (Figure S4). In
the direct-space GA structure solution calculations using the full
COF-300-V-RT dataset, a structure solution of acceptable quality
was obtained only for Model-2 (Figures 3 g-i). For Model-1,
although the central benzene ring is recognizable, the geometry of
this ring deviates from reasonable bond lengths and bond angles
(Tables S10-S12). For Model-3, the four symmetry-related C1

atoms that should converge on the 4-site are rather far
(0.56 &) from the 4-site.

Given the better performance of Model-2 in GA structure
solution calculations on the full COF-300-V-RT dataset, structure
solution using Model-2 was also carried out on resolution-limited
3D-ED datasets containing only a subset of the reflections in
COF-300-V-RT (Section S3). The resolu-tion-limited datasets
were generated by excluding all reflec-tions with g greater than a
specified maximum value (gmax), With gmax ranging from 0.158
to 0.6258 [the corresponding
resolution is given by d = 1/(2 singmax), with | = 0.02508 &; Table
1; Tables S13-S15]. GA structure-solution calculations



Table 1: Results from direct-space GA structure-solution calculations using Model-2 on the resolution-
limited datasets derived from the full experimental COF-300-V-RT dataset (for further details see

solution of other COF materials
when only low-resolution 3D-ED

Section S3). data are available. The strategy
Y  Resoluion No.of Qualty™ %o % e t2 t3 requires knowledge of reticular
[8]w [&] peaks!’! [&a  [8]w [8]a [8]a [8]a [8] chemistry and handling of nano-
0.15 4.79 10 Llow 192 915 1426 50.7 1456 520 crystals, together with the applica-
0.16 4.49 12 Low 1.89 1486 871 24.4 163.7 89.9 tion of model building strategies
0.17 4.23 13 Low 1.88 1503 859 18.6 156.6 155.8 and reliable structure solution from
0.18 3.99 14 Low 1.82 1520  86.1 22.8 156.1 147.0 the 3D-ED data using a direct-
0.19 378 18 High* 155 1210 1181 56.4 159.2 97.9  space method. Significantly, we
0.20 359 22 High* 151 1283 1118 42.2 169.0 107.9 have shown that this strategy can
0.21 3.42 23 High* 151 1261 1139  46.0 174.6 107.1  achieve successful structure solu-
0.225 3.19 31 High 154 1191 1201  56.0 156.9 98.1 ) )

0.25 2,87 39 High 151 1265 1135 482 1750  109.4 tion from very low-resolution 3D-

{a] Results are only shown for calculations with gmax

0.258; calculations with higher gmax (0.3758, 0.508, 3.78 &).

ED data (with resolution as low as
Given the difficulty of

0.6258) all give high-quality structure solutions comparable to that obtained for the full COF-300-V-RT

dataset. [b] Number of independent reflections. [c] Quality of the best structure solution, based on the preparing COF
geometric criteria discussed in the text (in those cases marked with an asterisk, the trial structure with
the most reasonable geometric features has an R-factor slightly higher than the trial structure of lowest
R-factor; Figure S5). [d] Geometric properties of the best structure solution: di2 =C1 C2 distance
(Figure 2 ¢), a123 = C1-C2-C3 angle, a124 =C1-C2-C4 angle, t1 = C5-C7-N1-C8 torsion angle, t2 =N1-C8-

C9-C10 torsion angle, t3 =C2’-C1-C2-C3 torsion angle.

using Model-2 were carried out on each resolution-limited

dataset to establish whether geometrically reasonable struc-

ture solutions are obtained, as judged by the following

criteria: the C1 C2 bond distance (d12 in Table 1) is in the

range (1.54 0.05) &, the C1-C2-C3 and C1-C2-C4 bond
angles (a123 and ai24 in Table 1) are in the range (120 10)8
and the C5-C7-N1-C8, N1-C8-C9-C10 and C2’-C1-C2-C3
torsion angles (t1, t2 and t3 in Table 1) are acceptably close
(within ca. 208) to those in the reported structure*29] (t; =
49.68; t2 =167.98,; t3 = 100.78). Based on these
“high-quality” structure solutions were achieved for all
datasets with gmax  0.198 (Table 1; Tables S16-S25), giving
geometrically reasonable structures with a complete frame-

work and correct interpenetration number (Figures S5-S7).

criteria,

We note that the dataset with gmax = 0.198 (resolution 3.78 &)
contains only 18 independent reflections.

For gmax 0.198, the re-formed C1 C2 bond length in the
structure solution is in the range (1.54 0.03) &, close to the
optimal value, the C1-C2-C3 and C1-C2-C4 angles are close to
the ideal value of 1208, and the torsion angles are also
reasonable (Table 1). For the datasets at lower resolution
(gmax < 0.198), the best structure solution  deviates from
standard geometric features, although it may still be suffi-
ciently close to the correct structure to allow subsequent
refinement (e.g. Rietveld refinement on PXRD
DFT-D geometry optimization) to converge to the correct
structure. The 3D electrostatic potential maps calculated for
trial structures may also provide valuable insights in the

structure determination process (Figure S8).

data, or

Conclusion

We have shown that the crystal structure of COF-300 can
be solved successfully from low-resolution 3D-ED data using

the direct-space GA technique for structure solution, thus

validating an approach that may be applied for structure

materials  suitable
for single-crystal XRD, this strategy
has considerable potential to over-
come the challenge of solving the
structures of sub-micrometer-sized
COF crystals with relatively low
crystallinity.
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