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ABSTRACT: X-ray powder diffraction (XRPD) data of covalent
organic frameworks (COFs) seem to be simple and apparently do
not contain a lot of structural information, as these patterns usually
do not show more than 3−5 distinguishable Bragg peaks. As COFs
are inherently complex materials exhibiting a variety of disorder
phenomena like stacking faults, layer curving, or disordered solvent
molecules populating the pores, the interpretation of XRPD
patterns is far from being trivial. Here we emphasize the critical
need for precision and caution in XRPD data acquisition,
refinement, and interpretation to avoid common pitfalls and
overinterpretations in data analysis. This perspective serves as a
comprehensive guide, educating the community on the nuances of
refinement processes necessary for advancing COF research with
clarity and accuracy.
KEYWORDS: Covalent organic frameworks, XRPD, Refinement, Structure, Defects, Layer stacking

■ INTRODUCTION
In recent years, covalent organic frameworks (COFs) have
garnered significant attention, owing to their vast potential
across various domains, including catalysis, sensing, and gas
separation, to name just a few.1 Through the almost infinite
linker library coupled with reticular chemistry strategies, COFs
offer a rich tapestry of framework architectures, linkages, and
structures.2−4 COFs are characterized by two main features,
notably, their porosity and crystallinity. These are intrinsic
structural properties of the material which must be investigated
and understood to gain understanding of the COF’s structure
and properties.
Since their original report in 2005, COFs with a multitude of

different linkages, pore geometries and pore sizes have
emerged.5 A typical COF chemist will recognize a COF as a
crystalline material through the identification of the (100) and
other Bragg peaks in a typical X-ray powder diffraction (XRPD)
pattern. With the help of the diffractograms and simulations, a
COF chemist will also be familiar with identifying the stacking
type of the material, be it an eclipsed (AA) or staggered (AB)
arrangement for 2D COFs. In many instances, this might reflect
the reality of the structure, however, there are many cases where
this “simple” AA or AB image of 2D sheets stacking on top of
each other is often reached prematurely without proper
investigation of the crystallographic data.
As many 2D materials, COFs are complex and prone to

multiple defects such as linkage defects, stacking faults, layer
curving, or disordered solvent molecules populating the pores,

to name just a few.6−13 These arise from various factors ranging
from linker (non)planarity or flexibility to a multitude of inter-
and intralayer interactions (steric, dipole, ionic, hydrogen
bonding, and dispersive interactions).
Single crystal COFs have been of interest in recent years with

advantages seen in their well-defined structures for in-depth
characterization.14−17 However, most COF materials remain
polycrystalline but their characterization data still contain a
wealth of unexplored information. The main method for
investigating polycrystalline COF structures is through XRPD
where the data obtained in diffractograms relate to the
frameworks’ most often idealized crystalline structure. Common
refinement methods such as Pawley or Rietveld help elucidate,
build and confirm structural models of COFs. However, it is at
this point where information may be lost, over- or misinter-
preted and premature structural conclusions are taken, leading
to a false image of the material one is working with.
In this perspective, we aim to provide COF chemists with an

overview of the refinement methods used in the field and at the
same time sensitize for common pitfalls in data interpretation.
We will focus on elucidating what aspects of the COFs’ structure
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these methods account for and, just as crucially, their
ambiguities. Furthermore, by employing simulations, we will
shed light on the intricate factors and structural effects
influencing XRPD data in the context of COFs. This way we
hope to equip veteran and new researchers in the field with a
more profound understanding of the nuances in COF
characterization and guide them toward making informed,
precise, and scientifically robust conclusions about these
intriguing materials.

■ DEFINITION OF TERMS
A typical diffractogram of a poly crystalline 2D COF consists of
3−5 Bragg peaks mostly at low 2θ angles, each having a specific
position, shape and intensity (Figure 1, experimental XRPD

black line). The low number of diffraction peaks is due to
multiple factors such as disorder, porosity, low density, and low
structural coherence. The limited number of peaks should,
however, not deter researchers from investigating the structure,
as substantial information can be extracted despite this apparent
limitation.
This paper refrains from delving into an exhaustive

exploration of XRPD theory but instead, its primary focus lies
in serving as a poignant reminder to readers about the critical
significance of refinement methods and the intricate processes
and information they encompass. For a deeper exploration into
the theoretical intricacies of X-ray diffraction, we guide the
reader to the texts by W. Massa,18 W. Clegg,19 and R. E.
Dinnebier.20 We wish however to quickly remind the reader of
factors giving rise to the information acquired during an XRPD
data-collection process.
Peak Positions
The peak positions or 2θ values of diffraction peaks arise from
the size, i.e. the lattice parameters, and the metrics of the unit
cell. Symmetry elements with a translational component, like
lattice centering, glide planes and screw axes, lead to systematic
reflection absences. The larger the unit cell, the lower the 2θ
values, which is known from the well-known Bragg equation (eq
1). The unit cell contents themselves and their location do not
influence the peak positions, but rather their intensities.
Bragg equation:

=n d2 sin (1)

where n is the order of the reflection, λ is the X-ray wavelength, d
is the spacing and θ is the incident angle.
Peak Shapes
The peak shapes are determined by the crystallite size, known
from the Scherrer equation (eq 2), but also sample micro-
structure, diffractometer geometry, and instrumental parame-
ters. These parameters can influence if the peak is iso- or
aniostropic in nature, for instance.
Scherrer equation:

= K
cos (2)

where τ is the mean size of the ordered domain, K is the shape
factor (typically around 0.9), λ is the X-ray wavelength, β is the
line broadening at fwhm, and θ is the Bragg angle.
Peak Intensities
The intensities of the diffraction peaks are not arbitrary and are
dependent on multiple factors elucidated hereafter:

Scale factor: This factor influences intensities but
depends on the experimental parameters used to obtain
the diffractograms. Crystallite packing, the amount of
diffracting particles, measurement time, instrument
parameters - all contribute to the scale factor but remain
constant for all peaks in the pattern, thus not affecting the
relative peak intensities.
Polarization factor (often combined with the Lorentz
factor): The diffraction intensity is dependent on the
polarization of the incident X-ray beam which itself is 2θ
dependent. In most laboratory set-ups, the X-ray beam is
unpolarized. This is different for synchrotron based
measurements.
Lorentz factor (often combined with the Polarization
factor): The Lorentz factor takes into account multiple
effects. It accounts for the θ-dependent changes in the
number of X-ray photons that are coherently scattered
when the angle slightly diverges off the Bragg condition. It
also encompasses the number of crystals that are oriented
properly for diffraction to occur, and how much of the
diffraction cone intersects with the detector.
Multiplicity factor: The multiplicity depends on the
different crystal systems and which, as well as how many,
symmetrically equivalent reflections they have. Indeed, if
a certain reflection has a high multiplicity, this will
increase the peak’s intensity.
Absorption: As X-rays travel through a sample measured
in transmission or Debye−Scherrer geometry, they are
absorbed to a certain extent, which affects peak intensities.
The absorption correction is material-, wavelength- and
geometry (e.g., the sample thickness)-dependent.
Structure factor: The structure factor, the most
influential factor on the peak intensities, tells us about
the interference effects that come from atoms located at
different positions within the unit cell. This term contains
all the information about the atomic positions and their
scattering power and greatly influences the intensity of
peaks. Identical unit cells containing different atoms or a
different arrangement thereof will show Bragg peaks at
similar positions but their intensities will be different.

Upon acquisition of experimental data, a COF chemist will build
structural models and refine these to the data. Refinement of
crystal structures from diffraction data are of key importance

Figure 1. Comparison of the measured (black) and calculated XPRD
pattern of COF-LZU1 (molecular model) using a hexagonal structure
model with eclipsed layers and empty pores (blue). Selected reflection
indices are given. The inset highlights the 001 reflection that
corresponds to the interlayer distance.
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when it comes to determining or evaluating structural models of
COFs. Many whole powder pattern fitting methods with and
without a structure model are used throughout COF literature,
such as Pawley, LeBail and Rietveld refinement, the most
common one in the COF field being Pawley refinement. All
these methods look at the experimental data and compare its
data points to a theoretical diffractogram. The refinements are
similar in that they use a “least-squares procedure”, a local
mathematical optimization method that iteratively adjusts the
model to refine the initial structure by minimizing the difference
between the observed and calculated diffraction pattern, but
widely differ with regards to the parameters contained in each
model, as explained in the following.
Single Peak Fit

A single peak fit is sometimes used to refineCOFXRPDpatterns
due the low number of Bragg reflections. This method consists
of restricting the refinement to one peak or a set of individual
peaks of the diffraction pattern (typically the (100) reflection).
From this one peak, it refines the unit cell parameters (a, b, c, α,
β, γ), scale factors, background contributions, peak shape
parameters and the peak intensity. Such a fitting can be useful in
cases where there are only few, low intensity peaks and
information about the unit cell size in the layer direction is
desirable. It must however be noted that instrument parameters
during the refinement can cause the refined peak position to
diverge from the actual peak maximum, leading to false unit cell
parameters and size.
Pawley Refinement

The Pawley refinement21 method is the most commonly used
refinement method in the COF community. This method,
however, does not use a structural model at all. It refines only the
metrics of the unit cell, i.e. the unit cell parameters (a, b, c, α, β,
γ), scale factors, background contributions, peak shape
parameters and peak intensities to fit the peak positions. It is
important to note that the Pawley refinement does not refine
atomic positions and thus the structure factor and location of the
atoms within the unit cell are not considered. The individual
peak intensities become refinable, unconstrained parameters, are
arbitrary and lose any relation they have to each other. As COF
diffractograms have few peaks, it becomes easy to fit them with a
simple model, as peaks that could appear in the theoretical
model but at a very low intensity can be blown up tomatch those
of the experimental pattern. While a Pawley refinement might be
a good start to identify potential unit cell geometries, a perceived
“good fit” can easily be obtained and crucial information is lost.
Nevertheless, the parameter correlation matrix can contain
valuable information.
A further step onemay take is performing a Pawley refinement

with an internal standard with known lattice parameters (e.g.,
such as corundum or diamond powder) which offers reflections
at large 2θ. Having an internal standard allows for the
suppression of zero shift error which can lead to artificial
distortion of the COF lattice parameters.
Le Bail Refinement

Le Bail refinement22 is similar to Pawley refinement with regard
to the parameters utilized, but differs in the algorithm used to
reach convergence, e.g. positive peak intensities are enforced by
the algorithm. Most importantly, it yields the same information
as a Pawley refinement (i.e., lattice parameters) and suffers from
the same drawbacks.

Rietveld Refinement
The Rietveld refinement23−25 method is rarely used in the COF
community, while it is the most powerful of all refinement
methods by far. It is a full structural model comprising atomic
positions, thermal displacement parameters, and occupancy
factors to describe the crystal structure. The Rietveld method
actively refines the unit cell metrics (a, b, c, α, β, γ), scale factors,
background contributions, peak shape parameters and the
atomic positions of those contained within the unit cell. The
intensities are not a refinable parameter. They are calculated
based on the contents of the unit cell (structure factor) and thus
peak intensity relations within a diffractogram are maintained,
which is crucial structural information.
The quality of the XRPD data refinement is indicated by

several figures of merit:
Weighted Profile Reliability Factor (Rwp)
This factor assesses the agreement between the observed and
calculated diffraction patterns. It takes into account not just the
individual intensity or amplitude of the diffraction peaks but also
considers the uncertainties or errors associated with these
intensities. The Rwp incorporates a weighting scheme, which
assigns different weights to data points based on their reliability
or measurement error. It should be noted that the Rwp also takes
the fit of the background into account. Hence fitting XRPD data
with a background consisting of many background polynomials
leads to a low Rwp value even if a poor or unsuitable model is
used. All conventional refinement programs calculate back-
ground corrected Rwp values, e.g. usually denoted as “Rwp_dash”.
As these are considerably higher than the plain Rwp values, they
are usually not reported in the literature.
Expected Reliability Factor (Rexp)
This factor is calculated based on the degrees of freedom in the
refinement process, considering the number of reflections, the
experimental errors and the errors in the detector’s counting
statistics. It provides a baseline or target value for the R-factor
that one might expect to achieve if the model perfectly
represents the crystal structure given the experimental data
quality. If the errors in the detector’s counting statistic are not
included into the raw data by default, most refinement software
tries to estimate them by the noise in the data, which usually
leads to a tremendous underestimation of the Rexp value and
therefore to an artificially large GOF (see below).
Goodness of Fit (GOF or GooF)
Refinements are usually characterized by their goodness of fit. In
powder X-ray diffraction refinement methods, the GOF is
determined by the ratio between the weighted profile reliability
factor, Rwp, and the expected reliability factor, Rexp. A GOF of 1.0
is considered as ideal. For XRPD data GOF values between 2
and 3 are regarded as acceptable. A large GOF may indicate a
poor fit or might be attributed to an overestimation of the
counting statistics (see above). A GOF value of smaller than 1
indicates an overparametrization of the refinement. It is
important to note that the GOF does not give any indication
of whether a structural model is crystallographically and
chemically reasonable or not.

■ STRUCTURAL EFFECTS INFLUENCING COF XRPD
PATTERNS

Having recalled the data analysis approaches of XRPD patterns
of COF materials, we would now like to exemplify how various
structural effects are reflected in obtained diffraction patterns. It
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must be noted that XRPD patterns of COF materials are
inherently difficult to analyze as they only show very few
reflections and seem to contain little information, however a
deeper understanding of COF structures is realistically
attainable nevertheless.
Here, we will focus on a chemically simple COF system, COF-

LZU1 (1,3,5-triformylbenzene - p-phenylenediamin COF)
(Figure 1, experimental XRPD black line) and investigate
various structural effects that may influence the experimental
pattern.
Furthermore, an additional example, COF-366-Co, is

presented in the Supporting Information (Supporting Informa-
tion S1). We show step-by-step how Pawley refinements can
lead to erroneous structural assignments. COF-366-Co is known
for its electrocatalytic properties, and correct structural
elucidation is key as a first step to understanding structure−
property relationships.
The pattern of COF-LZU1 is dominated by the very intense

100 reflection, which is attributed to the lateral (i.e., in-plane)
dimension of the unit cell. Three additional, weak reflections are
visible: 210, 200 and 310, similarly associated with the lateral
dimension of the unit cell. Reflections attributed to the interlayer
distance (like 001) seem to be absent (Figure 1, gray
background). Upon closer inspection, however, it can be seen
that they are not entirely absent. Instead, a broad hump is
situated at the expected reflection position (Figure 1, inset).
Note that this hump cannot be assigned to the 001 reflection
unambiguously, as the 620 and 101 reflections are located in
close proximity. Hence it is obvious that the lateral dimension of
the COF unit cell can be derived directly from the XRPD
pattern, whereas the precise interlayer distance cannot be
determined, which is a common phenomenon in other COF
systems as well. In consequence, the performance of meaningful
crystal structure refinements of COFs using XRPD patterns to
extract 3D structural information is difficult.
The difficulty in the analysis becomes clear when we compare

the experimentally measured XRPD pattern of COF-LZU1 with
a calculated pattern assuming eclipsed stacking and empty pores
(Figure 1, blue line). The position of the 100, 210, 200 and 310
reflections exhibit a very good match between both measured
and calculated patterns. The ratio of the peak maxima between
the 100 peak and the 210, 200 and 310 reflections, however, is
significantly smaller in the measured pattern. Moreover, the
calculated pattern shows sharp Bragg peaks at diffraction angles
2θ > 15° (Figure 1), whereas the measured pattern does not.
The mismatch between measured and calculated diffraction

patterns primarily originates from the “real” structure−as
opposed to the ideal or average structure−of the COF that
gives rise to many different types of structural defects.
In the following we will demonstrate how different crystal

structure defects which can occur in COF materials, such as
grain size, pore filling, stacking order, interlayer arrangements
and linker defects, affect XRPD patterns using COF-LZU1 as an
example.
All simulations were performed using Cu−Kα1 radiation,

which is typically used for X-ray powder diffraction of COF-
materials, and the instrumental profile of a STOE-Stadi-P
diffractometer in Debye−Scherrer geometry. It should be noted
that structural defects can materialize in different degrees.
Therefore, rather than the exact match between simulated and
measured patterns, we will focus on the interpretation of trends
in changes of the peak shapes and intensities. Details on the
setup of the XRPD data simulations can be found in the
Supporting Information.

■ DOMAIN SIZE
In the literature, COFs are often denoted as “crystalline” when
rather sharp and intense Bragg peaks are visible and “semi-
crystalline” or “non-crystalline”, when they are broad or (nearly)
absent. The term “crystallinity” refers to the presence of
coherently scattering domains, i.e. crystallites in which a regular,
3-dimensional periodic arrangement of atoms exists. Thus,
crystallite size (or the size of coherently scattering domains) has
a stark influence on the XRPD pattern. In Figure 2, we present a
series of simulated XRPD patterns of COF-LZU1 in which we
gradually reduce the mean size of the coherently scattering
domains from 255 to 5 nm (corresponding to 155× 155 and 2×
2 repeating units, respectively). For large domain sizes, the peaks
exhibit an anisotropic shape, i.e. tailing toward lower diffraction
angles, which is typical for XRPD data collected in Debye−
Scherrer geometry. Accordingly, the peak shape is governed by
the instrumental profile. A significant reduction of the domain
size from 255 to 65 nm, leads to some peak broadening, which is
associated with a significant reduction of the peak maximum
(Figure 2b). The reflections still exhibit an anisotropic shape.
Further reduction of the mean domain size leads to additional
peak broadening and a transition to a more Gaussian-like, i.e.
symmetrical, shape. In consequence, for small average domain
sizes, the peak profile is governed by themean domain size. At an
average domain size of 5 nm the peak broadening is extremely
pronounced and the reflection almost merges with the
background. It must be noted that a small average domain

Figure 2. (a) Series of simulated XRPD patterns of COF-LZU1 with an iterative reduction of the domain site from 255 to 5 nm in 10 nm steps.
Including selected reflection indices. (b) Close-up of the 100 reflection with different degrees of domain size-related peak broadening.
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size, which can be described as being diagnostic of low
crystallinity, leads to peak broadening and a decrease in the
peak maximum. The reflection intensity, i.e. the integral area
underneath a diffraction line, is not affected. If the background
(Figure 2b, gray line) of an XPRD pattern is known, these peaks
might be still identified.

■ LAYER SLIPPAGE
Another aspect of the COF crystal structures, which is often
controversially discussed in the literature, is the layer arrange-
ment, i.e. the stacking order of the COF layers.11,26−29 The
initial simulation (Figure 3, blue line) was performed using a

fully eclipsed stacking of the layers (AA stacking), although there
is ample evidence that a perfectly eclipsed stacking does not exist
in COFs.6,9,30 Instead, a stacking order in which subsequent
layers have some small offset within the ab-plane with regard to
the preceding layer (few Angstroms), quasi AA-stacking, is
assumed to be present in most COFs due to an overall lowering
in the energetics of such a configuration.27,28 Stacking has also
been shown to have numerous influences on COF proper-
ties.31−37

Layer slippage can happen in different ways and different
stacking polymorphism and planar disorder have significant
effects on XRPD patterns.38 In our example, if the subsequent
COF layers are unidirectionally slipped by 1 Å (Figure 3a, green
arrow), then the 100 reflection is shifted toward higher
diffraction angles and the 210, 200 and 310 become split
(Figure 3b, blue and orange lines) due to a loss of the hexagonal
lattice symmetry.39 This effect is clearly detectable in the
diffraction patterns.
The node of COF-LZU1, however, exhibits a trigonal

molecular symmetry leading to a trigonal layer symmetry,
which is also apparent in many other hexagonal COFs. As a
consequence, the layer slipping can occur in any of the three
directions that are equivalent by layer symmetry (Figure 3a,
green and blue arrows). Hence, the layer slipping is most likely
to occur randomly among these three directions. The simulated
diffraction pattern of a multidirectional random layer slipping
(Figure 3b, violet line) is almost identical to the diffraction
pattern of a fully eclipsed stacked COF (blue line). A slight
anisotropic peak broadening leads to a small shift of the peak
maxima that might be easily overlooked and compensated by
using an artificially smaller a- and b-unit cell axis or refining the
zero error of the diffractometer.
In COF-LZU1, the offset of the layer slipping within the ab

plane is not predetermined by any feature of the structure of the
COF-layer. Accordingly, we performed a series of simulations in
which we incrementally increased the layer offset using a 3-
directional, randomized slipped stacking order from 0 to 5 Å
(Figure 4). For comparatively small layer offset of ≤2 Å, the
XRPD patterns exhibit close similarity with the simulated
pattern of an eclipsed stacked structure (Figure 4b). The
anisotropic peak broadening causes a slight shift of the peak
maxima. If the layer offset is further increased, the anisotropic
diffraction line broadening becomes more pronounced and the
210, 200 and 310 reflections finally merge with the background
(Figure 4a) and the 100 reflection adopt a very characteristic
triangular peak shape, a so-called Warren-type peak.40 It should
be noted that the larger the lateral dimension of the COF, the
more the peak broadening effect of the layer offset is reduced, i.e.
large COFs can show larger layer offsets while exhibiting less
pronounced anisotropic peak broadening such as large pore
polyimide COF PI-COF-341 or PP-TAPB COF.30 In con-
sequence, the detection of a randomized slipped stacking
becomes more difficult the larger the COF. Moreover, as the
offset distance is not templated by the chemical structure of the
COF itself, it also could be randomized, which would lead to a
peak broadening due to a reduction of the structural coherence
on its own. Accordingly, determining a mean layer offset from
XRPD data is far from being trivial and often only rough
approximations or semiquantitative trend analyses are possible
but further methods such as PDF analysis might offer deeper
insights.30

■ PORE FILLING
Another aspect of COF structures that can make crystal
structure analyses more complicated are the pores; specifically,
their content. COFs exhibit pore volumes of more than 50% of
the total volumes and these structures are not stable at ambient
conditions if the pores are vacant.42 Under ambient conditions,
the COF pores are filled with disordered solvent, water
molecules, or gas.13 Despite the delocalized character of the
electron density of the guest molecules within the pores, they
can have a significant impact on the XRPD pattern.28 It should

Figure 3. (a) Structure model of a bilayer of COF-LZU1 showing the
bottom layer in blue and the top layer in magenta. The projection of the
stacking vector onto the ab-plane is represented by the green arrow.
Slippage can happen simultaneously along any direction indicated by
green and blue arrows. (b) Simulated XRPD patterns using different
stacking orders.
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be noted that if a COF is stored under argon atmosphere and if it
takes up argon gas, the absorbed gas molecules have a significant
impact on the XPRD pattern due to the stronger scattering
power of argon. For comprehensive simulations we used COF-
LZU1 with a 3-directional randomized slipped structure
applying a mean layer offset of 1 Å. Seven oxygen atoms
mimicking water or solvent molecules were placed within the
pores applying a 3-fold increased thermal displacement
parameter representing positional disorder of the guest
molecules (Figure 5a). During the series of simulations (Figure
5b), we iteratively increased the site occupancy factors (SOF) of
the guest atoms. An increase of the degree of pore filling leads to
a significant decrease of the peak intensity of the 100 reflection

and to lesser extent of 210 and 310 peaks due to a decrease in
scattering contrast. Since the disordered solvent molecules often
have similar scattering power as the pore walls, solvent
incorporation leads to an increase in cell symmetry by the
creation of a pseudo subcell, which is associated with a decrease
of the diffraction line intensity.13 For larger COFs this effect can
be even more pronounced and can lead to an extinction of the
100 reflection.13 If the incorporated guest molecules are not
ordered, they do not break the symmetry of the crystal structure.
In consequence, no new diffraction lines appear and solvent
incorporation does not lead to peak broadening. Due to a
pronounced correlation between site occupancy and positional
disorder (often modeled by large thermal displacement

Figure 4. (a) Series of simulated XRPD patterns of COF-LZU1 showing a random 3-directional slipped stacking order in which the layer offset was
incrementally increased from 0 to 5 Å. (b) Close-up of the low 2θ range of the XRPD pattern showing the simulated pattern for no layer offset and for
layered offsets of 1 and 2 Å.

Figure 5. (a) Illustration of COF-LZU1 structure model that was used for the simulations: randomized 3-directional layer offset by 1 Å, pores filled
with 7 oxygen atoms mimicking water or solvent using 3-fold increased thermal displacement parameters for simulating positional disorder. (b) Series
of simulated XRPD patters with an iterative increase in the site occupancy factor (SOF) of the host atoms within the pores, in the inset, the low 2θ angle
region is shown for selected pattern for clarity.

Figure 6. Simulated XRPD patterns of COF-LZU1 structure implementing an increasing amount of (a) linker and (b) node defects.
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parameters) of the host molecules, the absolute occupancy of
the pores cannot be extracted directly from the diffraction
patterns. Accordingly, XRPD data interpretation has to be
limited to the description of semiquantitative trends, e.g. by
comparing similar samples or analyzing in situ data, and should
be correlated with complementary analyses such as sorption
measurements.13

■ LINKER AND NODE DEFECTS
Another type of possible disorder in the constitution of the COF
layers are linker and node defects (Figure 6), caused, e.g., by
incomplete polymerization reactions. If these defects are
distributed absolutely randomly across the crystal structure,
they do not break the crystal symmetry, hence they do not lead
to diffraction line broadening or the appearance of new Bragg
peaks. Instead, these point defects cause a reduction of certain
peak intensities. In the COF-LZU1 structure linker (p-
phenylenediamine) defects cause a small reduction of the 100
peak intensity and a significant reduction of the 200 diffraction
line intensity, whereas the intensity of the 210 peak increases
(Figure 6, a). Node (1,3,5-triformylbenzene) defects, in
contrast, lead to almost opposite effects: the 100 peak intensity
slightly decreases as well, but the 200 diffraction line intensity
increases, whereas the 210 peak intensity decreases. Thus, in
theory, node defects can be distinguished from linker defects in
the COF-LZU1 structure; however, it appears likely that both
node and linker defects occur simultaneously. Depending on the
type of COF investigated and on the degree of pore filling, these
two types of point defects can either cancel each other’s effect on
the XRPD pattern or may lead to a decrease in 200 and 210 peak
intensity relative to the 100 diffraction line intensity.

■ INTERLAYER DISTANCE
Up to this point, our considerations have covered the low 2θ
angle region of the XRPD patterns and the reflections that are
usually visible in the diffraction patterns of crystalline COFs. But
as we initially showed, there is no sharp 001 reflection attributed
to the interlayer distance in the measured COF XRPD patterns,
instead, only a broad hump is visible (Figure 1, inset). This
indicates a loss of structural coherence perpendicular to the layer
plane, i.e. a random modulation of the interlayer distance
throughout the structure. There are a variety of possible origins
for such a modulation, such as pore filling caused by guest-COF
interactions, disorder within linker molecules if they exhibit

rotational degrees of freedom, or layer buckling.30 For a series of
XRPD pattern simulations we chose two additional interlayer
distances: d2 = 3.0 Å and d3 = 4.0 Å along with the expected
interlayer distance of d1 = 3.5 Å (Figure 7a). Then, we iteratively
randomized the interlayer distance in a symmetrical way (i.e., a
shift toward d2 is as likely as a shift toward d3) and implemented
this into the COF-LZU1 structure with a 3-directional
randomized slipped stacking order. The 2θ angle region below
15° is not affected by the random modulation of the interlayer
distance as there are only h00 and hk0 reflections (Figure 7b). At
higher 2θ angles, the modulation of the interlayer distance has a
significant impact on the diffraction patterns (Figure 7c). The
interlayer distance was modulated both toward smaller and
larger distances to the same extent, i.e. the mean interlayer
distance is not changed nor is the position of the 001. Instead,
this peak, as well as the 101 reflection, is symmetrically
broadened. As the 620 reflection exhibits broadening from the
randomization of the direction of the slipped stacking, all three
largely broadened peaks merge to one hump that strongly
resembles themeasured XRPD pattern within the same 2θ range
(Figure 1, inset). It must be noted that an unsymmetrical
modulation of the interlayer distance either toward smaller or
larger distances will change the mean interlayer distance and
therefore shift the maximum of the broadened peak accordingly.
In addition, an asymmetric peak broadening, which can
materialize in a triangular peak shape, also occurs.30 In
consequence, refining the position of the 001 peak-related
hump will only give information on themean interlayer distance,
which is usually associated with a large uncertainty due to the
overall broad and complicated peak shape.

■ ADDITIONAL DEFECTS
Another important fault type is layer buckling, which is not
trivial to simulate properly in direct space since it requires to
iteratively change the unit cell metrics with degree of buckling
while maintaining the intralayer connectivity and therefore will
not be shown in detail. Nevertheless, it has been investigated
extensively in the literature and was shown to lead to a shrinking
of the ab-plane of the unit cell, which was accompanied by
significant peak broadening.30,43,44

In summary, we simulated the effects of the most obvious
types of disorder in COF materials on the XRPD patterns. The
different types of disorder lead to changes in the peak shape,
mean peak positions, peak maxima and integral peak intensities.

Figure 7. (a) Illustration of the appearance of different interlayer distances (d1, d2, d3) in the structure of COF-LZU1 exhibiting stacking in a 3-
directonal randomized slipped stacking order. (b) Series of simulated XRPD patterns with an iterative randomization of the interlayer distance using
three distinct interlayer distances: d1 = 3.5 Å, d2 = 3.0 Å, and d3 = 4.0 Å with selected XRPD patterns are presented in the inset (enlarged by a factor of
20). (c) High 2θ angle region of the series of simulated XRPD patterns (enlarged by a factor of 20) with an iterative randomization of the interlayer
distance.

JACS Au pubs.acs.org/jacsau Methods/Protocols

https://doi.org/10.1021/jacsau.4c00979
JACS Au 2025, 5, 388−398

394

https://pubs.acs.org/doi/10.1021/jacsau.4c00979?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00979?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00979?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00979?fig=fig7&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Due to the flexible and often poorly defined nature of the COF
structures, several types of structural disorder can be expected to
occur simultaneously, leading to a combined impact on the
XRPD pattern. Hence extracting precise structural information,
even very basic ones, such as the lateral dimension of the unit
cell, is not trivial and deconvolution of the individual disorder
parameters has to be done with great care.
Even though sometimes ambiguous, we would like to note

that XRPD is a potentially powerful tool to help in guiding
synthesis toward more atomically precise crystalline materials.
Within identical COF systems, the analysis of PXRD parameters
such as peak fwhm, counts and precise peak positions (obtained
with internal standards) can offer avenues to exploring COF
microstructures through the optimization of synthetic con-
ditions or introduction of specific chemical groups as we have
previously shown.30

■ RECOMMENDATIONS AND COMPLEMENTARY
METHODS

Against the backdrop of decades of polymer chemistry, the
synthesis of crystalline 2D COF materials has materialized only
relatively recently. Gaining a comprehensive understanding of
their average and real structures is the next big frontier in this
endeavor.
As we have demonstrated above, many factors and real

structure effects have a profound influence on their powder
diffraction patterns, rendering the characterization of COFs a
challenging task. To enhance the quality and reliability of data
obtained through X-ray powder diffraction (XRPD), we propose
the following guidelines:

(1) Crystallinity is not trivial to define for COFs and the lines
between them and porous polymers can in some cases be
blurred. Contrary, to traditional polymer chemistry,
which benefits from concrete measurable parameters to
describe the system such asMn,Mw and the PI, the precise
nanostructures in COFs (mean sheet size, mean sheet
stacking, shape factors, edge functionalities) remains
elusive.45 However, in instances where the material under
investigation does not exhibit crystallinity (i.e., the
presence of at least a sharp diffraction peak), it advisible
to refrain from categorizing such materials as COF.

(2) When presenting XRPD diffractograms, it is advisible to
include not only the experimental and refined data, but
also the diffraction pattern corresponding to the unrefined
structural model.

(3) Researchers should possess a thorough understanding of
the specific information contained within each refinement
method. A Pawley refinement, is considered less robust
compared to a Rietveld refinement as it only provides unit
cell metrics and not any atomic level structural
information. The inability to achieve an ideal fit using
Rietveld refinement does not inherently undermine the
validity of the structure. However, drawing conclusions
regarding structure−property relationships in the absence
of a well-defined model is not advisible.

(4) COFs often exhibit various real structure effects and
disorder scenarios that can significantly affect diffraction
data as seen above. Researchers should be aware of these
disorder phenomena, as they play a crucial role in the
refinement process, impacting the quality and reliability of
the obtained results.

(5) Understanding the scattering contributions from pore
filling is imperative. The presence or not of guest
molecules within the pores can drastically change the
ratios between peak intensities in the diffractogram as it
may only affect certain peaks. This change can lead to
inconclusive refinements as the structure factor calculated
during Rietveld differs largely between solvent-free and
pore-filled COFs. Recognizing this helps in distinguishing
between the structural information on the framework and
the guest molecules, contributing to a more accurate
analysis of COFs.

In addition to these recommendations, we also suggest
investigating other analytical techniques that may offer insight
into the material’s structure:
In situ XRPD methods offer a dynamic perspective, allowing

for real-time observation of changes in materials under varying
conditions. These methods encompass a range of experimental
setups, such as temperature-controlled environments, pressure
cells, gas flow, or humidity chambers. By coupling XRPD with
these techniques, one can gain insights into structural
modifications, phase transitions, or reactions occurring within
a material as it undergoes external stimuli. For instance,
monitoring crystalline phase transitions during heating or
observing structural changes under humidity changes can
provide invaluable information about a material’s behavior and
stability.13,30,46 This integrative approach not only validates
XRPD data but also broadens the scope of understanding
materials’ properties and functionalities, enhancing the overall
reliability and applicability of the obtained results.
Sorption measurements, already a central tool in the

characterization of COFs, can be used to gain insight into
pore size and volume.We previously showed how such amethod
may be complementary in confirming layer slipping in 2D
COFs.30 This method, coupled with simulations, helps to build a
more defined picture of the structure and its porosity, which are
crucial to applications such as catalysis, gas storage, and
separation.6

Solid-state NMR, for example, can provide valuable insights
into local atomic environments and chemical bonding, providing
details on local structure effects that XRPD cannot.
Total scattering and PDF-analysis can also offer valuable

insights into the local structure and stacking disorder in COF
materials beyond the average view of XRPD.9,47 This method is
far from trivial as quality data acquisition usually requires a
synchrotron source and data reduction and analysis bring their
own challenge, but can yield great insights into the structure.

■ CONCLUSION
COF materials are an extremely interesting and versatile class of
reticular materials offering a broad range of applications as well
as a platform to understand and explore 2D materials and
confinement effects in porous materials. Herein, we recall the
different parameters utilized in various structural refinement
methods and show that the structural elucidation of 2D COFs is
far from trivial. Many factors such as grain size, layer slippage,
guest molecules, linker defects and a spread in interlayer
distances can have a large influence on the obtained diffracto-
gram of a COF material. Being aware of these effects is key to
perform high quality structural refinements to gain an idea of the
real COF structure beyond the typical AA or AB image.
Simulations performed on a structural model of COF-LZU1
showed that peak positions, intensities and symmetry are all
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affected by these numerous effects and even subtle deviations
between simulated diffractograms and experimental data could
hint at disorder, which is naturally present in these materials.
Understanding the influence of defects on PXRD patterns is vital
for accurate structural elucidation. However, researchers should
not allow these challenges to overshadow efforts to optimize
synthetic conditions for obtaining high-quality crystalline
samples. We invite the readers to explore a further example of
structural ambiguity with COF-366-Co in the Supporting
Information to this text.

■ METHODS
Structure modeling and Rietveld refinement were performed
with BIOVA Materials Studio 2017 (17.1.0.48. Copyright 2016
Dassault System̀es) software and its Reflex module.
Simulations of COF-LZU1

The program TOPAS v6.048 was used for all simulation of
XRPD patterns as described elsewere.49 For the simulations, we
used the instrumental profile of a Stoe Stadi P powder
diffractometer in Debye−Scherrer geometry (Cu−Kα1 radia-
tion from primary Ge(111)-Johann-type monochromator, triple
array of Mythen 1 K detectors (Dectris)) modeled by using the
fundamental parameter approach50,51 as implemented into the
TOPAS software. Parameters like domain size, fault probability
or length of the stacking vector were iteratively varied
throughout a series of simulations using previously published
grid search routines.52,53

Refinements of COF-366-Co

Pawley and Rietveld refinements were performed using TOPAS
v6.0.48 The background was modeled with Chebychev
polynomials with the order indicated in the respective
refinements. Simple axial and zero-error corrections were used
together with additional corrections for Lorentzian crystallite
size and/or strain broadening.
General Methods

All reactions were performed without magnetic stirring. Unless
otherwise noted, reagents were purchased from different
commercial sources and used without further purification.
Infrared Spectroscopy

IR spectra were recorded on a PerkinElmer UATR Two FT-IR
spectrometer equipped with an attenuated total reflection
(ATR) measuring unit. IR data are reported in wavenumbers
(cm−1) of normalized absorption.
XRPD

X-ray powder diffraction experiments were performed on a Stoe
Stadi P diffractometer (Cu−Kα1, Ge(111) in Debye−Scherrer
geometry. The samples were measured in sealed glass capillaries
(OD = 1.0 mm) and spun for improved particle statistics.
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