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ABSTRACT: Solid-state nuclear magnetic resonance spectroscopy
is routinely used in the field of covalent organic frameworks to
elucidate or confirm the structure of the synthesized samples and to
understand dynamic phenomena. Typically this involves the
interpretation and simulation of the spectra through the
assumption of symmetry elements of the building units, hinging
on the correct assignment of each line shape. To avoid
misinterpretation resulting from library-based assignment without
a theoretical basis incorporating the impact of the framework, this
work proposes a first-principles computational protocol for the
assignment of experimental spectra, which exploits the symmetry of
the underlying building blocks for computational feasibility. In this
way, this protocol accommodates the validation of previous
experimental assignments and can serve to complement new NMR measurements.

1. INTRODUCTION
Covalent organic frameworks (COFs) form a promising type
of tunable porous materials which can be tailor-made for
applications in heterogeneous catalysis, electrochemistry,
sensing, biomedical, and gas storage.1−9 Characterizing the
atomic-level structure of COFs, in particular, their local
chemical structure, functionalization and layer stacking, is
essential to understand the material’s macroscopic properties
and to leverage the material toward the applications.10,11

However, this characterization is not a trivial task in COFs,
given the limited long-range order of typical samples. While
advanced physicochemical characterization has proved ex-
tremely useful,12−15 experimental methods are sometimes
limited to resolving features that are periodic in nature. For
example, X-ray diffraction (XRD) may reveal a long-range
order and 3D stacking of nodes and linkers and layer stacking
in the COF structures, but it cannot provide access to the local
chemical environment of the functional groups or assess the
extent to which all links in the reticular network have been
formed. Therefore, complementary characterization techniques
are required, as they can operate at the atomic level and
provide atomic level information. In this respect, combining
solid-state nuclear magnetic resonance (NMR) spectroscopy
with its computational counterpart is an obvious candidate
methodology that can provide element-specific information on
the local structure of the atomic framework sites and guest
species.16−23 In this work, we take a look at a specific case
study of a COF that previously has been well-characterized

through a combination of experimental XRD, 13C NMR and
computational XRD.24 Specifically, we calculate the theoretical
NMR chemical shifts and propose different methods to
compare the NMR spectra to experiment. The incentive for
this work was the routine library-based assignment of
experimental NMR resonances supported by chemical
intuition and (assumed) prior knowledge.25−30 As we show
in this paper, the assumptions on the symmetry of the carbon
sites can be wrong, and peaks may be assigned to the wrong
resonance in the spectrum. As such, a more systematic and
first-principles-based computational method is proposed in
order to improve peak assignments and bolster the spectral
interpretation. The correct assignment of NMR spectra is a
prerequisite to the correct interpretation of spectral changes,
for example, during a phase transformation or during
catalysis.31−33 A preliminary version of the methodology
described in this paper has previously been applied in relation
to the assignment of 13C NMR resonances of two newly
synthesized COF systems (TpBpyCOF and TpPpyCOF) with
applications in metal-free photocatalysis.34
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In other work, two newly designed two-dimensional COFs
were reported for the production of H2O2, whose structure was
determined through a combined experimental−
computational approach.35 These are built up out of

N,N,N′,N′-tetrakis(4-aminophenyl)-1,4-phenylenediamine
nodes (henceforth referred to as TAPD) and either 2,5-
dimethylbenzene-1,4-dicarboxaldehyde linkers (referred to as
Me) or 2,5-dimethoxybenzene-1,4-dicarboxylaldehyde (re-
ferred to as OMe). Figure 1 shows the chemical building
blocks and the structure of one layer of the final COF material,
exhibiting a Kagome lattice. The full synthesis of the COFs and
the characterization of their crystallinity may be found in the
original paper.35 The focus of the current work is the
computational modeling of NMR spectra of these COF
materials. Here, we present and discuss three different
computational methodologies to produce theoretical 13C
NMR spectra which can be compared to experimental spectra
(Section 2). All methodologies use the same computational
chemical shielding data, which are derived from optimized
structural models, calculated using density functional theory.
The chemical shielding data are derived from a static (0 K)
structure, as performing molecular dynamics (MD) for larger
sets of structures could become prohibitively expensive. Even
though MD plays a huge role in the further development of
operando spectroscopic techniques in nanoporous materi-
als,36−38 we aim to develop a computational protocol that is
relatively cheap, hence we prefer static methods over dynamic
ones in this case due to the large system size. The larger the
system size, the better the methodology works, as increasing
the number of atoms in the unit cell will lead to better statistics
in the averaging schemes of the methodology and a
representation of the true system. The difference between
the three proposed methodologies lies in their interpretation of
the chemical shifts and the underlying averaging scheme used
to emulate the inherent time-averaging of an experimental
measurement. Similar approaches have been previously
presented for the prediction of powder XRD patterns.24 The

COF systems under investigation, their experimental 13C NMR
spectra and the peak assignments are briefly discussed in
Section 3.1. Using our three proposed schemes and a dynamic
model, we calculate the theoretical 13C NMR spectra of the
experimentally reported TAPD-(Me)2 COF and compare their
relative efficacy (Section 3.1). Then, we perform a full
assignment of the peaks of the experimental TAPD-
(Me)213C NMR spectrum and compare this to the previous
assignment as was performed in the experimental study
(Section 3.2). We show that spectral assignments based on
chemical intuition cannot always provide an indisputable
assignment of the resonances, therefore, emphasizing the need
for computational models to complement experimental data.
Furthermore, as NMR is extremely sensitive to the local
electronic structure around individual nuclei, computational
NMR offers us information on diversity in local structure
around carbon atoms and how this influences the chemical
shift (Section 3.2). As a second validation, this procedure has
also been applied for the spectral assignment of the 13C NMR
spectrum of a related material, the TAPD-(OMe)2 COF
(Section 3.3). For both COF materials, 1H−15N CPMAS
NMR spectral measurements were performed with which an
assignment of the 15N NMR spectra is provided using the
newly developed computational protocol (Section 3.4). 15N
NMR typically suffers from the poor natural abundance of 15N
(0.368%) requiring very long measurement times to achieve a
minimal signal-to-noise ratio, and we discuss the implications
of this aspect for the efficacy of the protocol. Finally, as the
stacking configuration in 2D COFs is regulated by the local
arrangement of neighboring layers, the predictive power
toward identifying the layer stacking through 13C NMR
spectra is discussed in Section 3.5.

2. METHODOLOGY
The initial atomic geometries were derived from the
corresponding (previously performed) force field MD

Figure 1. Chemical structure of the building blocks (left) and the final COF lattice (right).
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simulations by extracting a two layer unit cell from a single
snapshot, and fully relaxing the structure using VASP within
the PAW formalism.39,40 The computational details of the
FFMD simulations may be found in the Supporting
Information of the paper by Krishnaraj et al.35 (Section S3
therein). NMR chemical shieldings were then obtained
through the DFT-GIPAW41 approach implemented in
VASP42−45 under periodic boundary conditions. Computa-
tional settings for geometrical optimization of atomic positions
and cell shape and for linear response calculations were as
follows: PBE functional46,47 with DFT-D3(BJ) dispersion
correction,48,49 energy cutoff for plane waves of 500 eV,
sampling of the Brillouin zone was limited to the Γ point. All
electron density symmetrizations were switched off.
Here, we propose three different ways in which a

computational NMR spectrum may be constructed: (i) the
uniform model, (ii) the secondary building unit (SBU) average
model, and (iii) the symmetrically inequivalent average model.
These three approaches represent the extremes of (i) directly
using the individual NMR parameters of each carbon atom in
the system and (iii) grouping the carbon atoms into chemically
equivalent classes and using NMR parameters per carbon class
averaged over the entire system, along with the intermediate

method of (ii) using NMR parameters for every carbon atom
within the SBUs, averaged over all SBUs. In each approach, the
spectrum is built up from the summation of Gaussian line
shapes (which is a typical choice for spin-1

2
systems),

determined by two parameters: the position of the peak μ
along the chemical shift axis x and the width of the peak σ. In
what follows, the three different models are further explained.
The spectra that result from these three methods are illustrated
for a generic system in Figure 2.

2.1. Approach 1: The Uniform Model. The total
spectrum (which is denoted gI as it constitutes individual
atomic sites) is obtained by summing over all atomic sites

g x A
x

( )
1
2

exp
( )

2i

i
I

2

2=
i
k
jjjjjj

y
{
zzzzzz (1)

where A denotes an overall amplitude of the spectrum. The
index i runs over all of the atoms of the isotope under
investigation. In the first approach, the width of the peaks σ is
the same for all atoms and can be chosen arbitrarily (or fitted
to the experimental spectrum). In a sense, the choice of σ
reproduces the intrinsic peak width produced by the NMR

Figure 2. Derivation of Gaussian line shapes in the three approaches summarized using a generic example of a linker SBU. The spectra shown are
purely hypothetical for illustration purposes.
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nucleus convoluted with broadening effects induced by a
variety of factors including field (in)homogeneity, strength of
dipolar couplings, magic angle spinning, etc. but excludes
chemical shift broadening because every atom in the
computational system contributes a single Gaussian resonance
to the total spectrum.

2.2. Approach 2: The SBU Average Model. The
computational NMR resonance that is calculated for each of
the atoms individually in the first approach is not necessarily
the resonance that we expect to be present in the experimental
spectrum. This is because the system is dynamic, taking each
individual atomic site through a plethora of states with varying
local geometry. As such, the geometry of a carbon site in a
single static structure is not necessarily representative of the
average geometry of that site in the true experimental system.
This is similar to the previously studied case of 27Al NMR in
zeolites,37 only in this case the nature of the effects that average
the resonance is not the presence and mobility of water and
extra framework species, but the variations in the local
geometry of the structure. Note that it is not even guaranteed
that, for example, an MD run takes all of the atomic sites
through all the relevant states in a time that is computationally
feasible to attain. Therefore, we propose an alternative
approach that relies on the symmetry of the system to improve
the comparison to the experiment. For this second approach,
we group the carbon atoms in the system into symmetrically
inequivalent classes and derive one representative average
NMR resonance per group. In this way, even in a static model,
the Gaussian resonances that make up the total spectrum are
composed of multiple resonances on their own in an average
manner. As such, through the derivation of an average location
and width for each computational resonance, the geometrical
diversity within the experimental system can be mimicked. The
total spectrum in this second approach, denoted gS to
emphasize the use of symmetry, is composed of a sum over
symmetrically inequivalent carbon sites

g x A
x
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1

2
exp

( )
2( )n n

n

n
S

2
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where ⟨μ⟩n denotes the chemical shift averaged over all atoms
belonging to the class n. The classes are chosen as follows:
each carbon atom in the nodes and linkers (being the SBUs in
the system) that make up the COF represents a single
symmetry class. The average NMR resonance for that class is
derived by averaging the NMR chemical shielding over all
building blocks in the system (effectively, this is an average
over all the nodes or all the linkers). The carbon labels are
shown in Figure 3, which contains the three building blocks
that are used to construct the system under investigation. The
TAPD-(Me)2 COF is produced through combining the TAPD
node and methylated linkers (denoted as Me), whereas the
TAPD-(OMe)2 system is built with methoxy group linkers
instead (OMe). The atoms are colored according to the
symmetry of the molecules. Note that multiple atoms have the
same color, which means that in the building blocks these
atoms are symmetrically equivalent. However, in the gS model,
we retain these atoms as being symmetrically inequivalent,
because their geometrical environment inside the COF
material can be different irrespective of the molecular
symmetry of the underlying building blocks. The number of
symmetrically inequivalent classes of carbon atoms in the COF
material is therefore not the same as in the underlying building

blocks. In total, there are 11 symmetrically inequivalent carbon
atoms in the nodes and linkers, while we use 40 inequivalent
carbon classes in the COF (for the 40 carbon sites that are
present in node + linker). This gives us 40 NMR line shapes
that are summed in the spectrum gS. The chemical shift of a
carbon class in the node is an average over the six nodes that
are present in the unit cell. For a carbon class in the linker, the
average comprises 12 linkers. For the widths γσn, we use the
natural choice of the standard deviation of the chemical
shieldings from their average value ⟨μ⟩n, scaled by an overall
factor of γ. This γ factor tunes the overall width of the
spectrum without changing the relative widths of the line
shapes, as these are determined by the computational data in
this model. We show that this second approach improves the
comparison to the experimental spectrum. As an error
measure, we take the mean squared error (MSE) of the
computational spectrum with respect to the experimental
spectrum, normalized by dividing by the integral of the
experimental spectrum.

2.3. Approach 3: The Symmetrically Inequivalent
Average Model. As a third option to produce a spectrum,
this approach is a variant of the SBU average model, where we
reduce the number of symmetry classes by grouping the carbon
sites that are chemically equivalent when looking at the
symmetry of the nodes and linkers. In that way, the number of
carbon classes is drastically reduced to 11. The resonances of
the carbon classes are then the average over all atoms with the
same color label (same symmetry in the building block), and
the line shape width is the standard deviation of all the
individual shift values with respect to the average of the
symmetry class. We denote the spectrum that is produced in
this way gR, for the reduced number of classes that is used. In
this approach, we also have to correct the amplitudes of the

Figure 3. Definitions of the TAPD node, Me linker and OMe linker,
where the carbon atoms are colored to show the division into
symmetrically inequivalent classes. Nitrogen and oxygen atoms are
denoted N and O, respectively.
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carbon classes, as not all of the classes comprise the same
number of resonances. Therefore, we scale the line shapes with
the number of carbon sites belonging to that class (these
amplitudes An are not parameters that are optimized, because
the relative contributions of the line shapes to the spectrum
must scale with the number of atoms belonging to that class in
the system). The resulting spectrum is therefore

g x A
A x

( )
2

exp
( )

2( )n

n

n

n

n
R

2

2=
i
k
jjjjj

y
{
zzzzz (3)

with the sum now running over the 11 carbon classes as
indicated by the numbers and colors in Figure 3.
The three approaches, along with how they distinguish

groups of atoms and their use of symmetry, are summarized in
Figure 2. In the first approach, there are four parameters that
can be changed independently to minimize the MSE between
the computational gI spectrum and the experimental spectrum:
the overall amplitude A, the width of the Gaussians σ and the
two parameters a and b in the linear shift-shielding relation δiso
= aσiso + b that is used to convert the calculated isotropic
shielding values σiso to isotropic chemical shifts δiso. In the
second approach (gS), these parameters are the same, except
that each symmetry class now has its own characteristic width
that is calculated as the standard deviation on the data in each
class, so that the parameter we tune is an overall scaling factor
γ that scales all of the widths equally in order to retain their
relative magnitudes. Similar to the fitting of the σ parameter in
the uniform model, it makes sense to fit γ to the experimental
spectrum, as in the experimental case, there are broadening
effects other than chemical shift broadening. All computational

NMR spectra that we produce are quantitative, in the sense
that the integral of the line shapes is proportional to the
amount of carbon atoms in the system, which have that
particular NMR resonance. In the experimental CPMAS
spectrum, this is not necessarily so. We refer the reader to
Section S1 of the Supporting Information for a brief discussion
on this property. Finally, the third approach has the same
parameters to be fit as those of the second approach.
As stated before, the static model takes into account only a

single geometrically optimized configuration of the system. We
can also take into account motion of the atoms by taking a set
of snapshots of the system from a (force field or first
principles) MD run, calculating the NMR chemical shifts of
the atoms in the system through DFT-GIPAW, and averaging
the NMR spectrum over time by time-averaging the chemical
shifts for each individual site. We can then use the time-
averaged NMR chemical shifts to produce a spectrum similar
to the static NMR chemical shift values. To assess whether the
static gS approach succeeds in producing chemical shifts that
mimic the experimental geometrical diversity, we will also
derive a spectrum using the gS approach but with chemical
shifts originating from a dynamic model. This spectrum is
denoted gS, with the g̅ emphasizing that the chemical shieldings
used in the model are time-averages derived from a force field
MD run. Generally this dynamic approach takes a lot of
computational resources (either for developing a suitable force
field to perform MD or through first-principles MD). We refer
the reader to Section S2 of the Supporting Information for a
comparison between a spectrum produced with time-averaged
chemical shifts versus chemical shifts derived from a static

Figure 4. Experimental 13C NMR spectra of the TAPD-(Me)2 and TAPD-(OMe)2 COFs with the assignment of the peaks to specific carbon sites
as was performed by the authors of the original paper. Spinning sidebands are indicated with *. Residual terminal Me group carbon contributions
are denoted t-CH3. The experimental NMR data used for this work is reprinted with permission of ref 35, copyright 2022 ACS.
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model. The results validate the approach of averaging over
carbon atoms as a way to mimic averaging chemical shifts over
time.

3. RESULTS
3.1. Overview of the Three Models for the TAPD-

(Me)2 COF. As illustrated in the original experimental peak
assignment of Figure 4, several atoms are lumped together in
the labeling. This is a simplification that does not reflect that
the three carbon atoms that are bound to the same nitrogen
atom (experimental carbon site A in Figure 4) are not
symmetrically equivalent. Two additional symmetrically
inequivalent classes must be introduced to include all carbon
atoms, as introduced in Figure 3. To illustrate the connectivity
in the TAPD-(Me)2 framework, Figure 5 shows part of the
extended framework (all atoms of which are colored gray) as
well as the unit cell used in the calculations, for which the
carbon atoms are colored according to their correct symmetry
class as defined in Figure 3. The framework of the TAPD-
(OMe)2 COF, which will be discussed later, is not shown as
the connectivity is essentially the same, except for the methyl
groups (CH3) being replaced with methoxy groups (OCH3).
In what follows, carbon labels that were originally introduced
in the experimental assignment of the spectrum will be
denoted with letters A through I. The extended (corrected)
carbon labels introduced in this work are denoted with
numbers 1 through 11 (Figure 3), in order to clearly
differentiate them from the experimental labeling.
With these corrected symmetry labels, the performance of

our three approaches, defined in Section 2, can be assessed.

Figure 6 shows the computational spectra obtained using the
three approaches (gI, gS, and gR) plotted against the
experimental spectrum of the TAPD-(Me)2 COF.
Before we look at the assignments of the resonances, we first

consider how the three models compare. Visually, all three
approaches produce a spectrum that is close to the
experimental TAPD-(Me)2 spectrum. Whether we sum
Gaussian line shapes at locations based on individual atomic
chemical shifts (gI) or whether we do this using average
chemical shifts (gS or gR): the overall location of the peaks is
similar to experiment. There are, however, some subtle yet
important differences. The relative error which is reported in
the bottom right table of Figure 6 shows that the gS model
spectrum is the closest (smallest MSE error) to the
experimental spectrum, followed closely by the gR model,
which has only a +3% higher MSE error. The gI approach
however gives a significantly higher MSE error with respect to
experiment, with a value being +27% higher than the gS model.
This shows the merit of averaging chemical shifts based on the
symmetry of the underlying building blocks: both models
succeed partly in implicitly taking into account the mobility of
the atoms. Looking at the γ parameter then, we see that the
overall width of the Gaussians in the gI model is 1.84 ppm
(recall that the initial line width in the spectrum is arbitrarily
chosen to be 1.0 ppm, therefore the γ parameter being 1.84
means the overall width is 1.84 ppm for all line shapes in this
approach). For the gS and the gR models, the initial line widths
of the spectrum (before fitting γ) are not chosen arbitrarily,
rather they are the standard deviation of the chemical shifts in
each symmetry class with respect to the average value. This

Figure 5. Two layers of TAPD-(Me)2 COF material in the inverted stacking scheme which was previously found to be exhibited experimentally.
The carbon atoms contained within the unit cell used in the calculations are colored according to their corrected symmetry class defined in this
work.
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results in the γ parameter having a value closer to 1.0, showing
that this standard deviation is a natural and logical choice for
the line widths. Choosing a single line width for all carbon
resonances as in gI is therefore not very realistic, and the
models gS and gR, with variable line shapes per carbon class,
more closely reflect the real situation, in line with their variable
local environment. The value for γ of 0.97 for the gS model
means that barely any correction to the width is necessary to
minimize the MSE error between the gS model and experiment.
For the gR model, however, the line width is corrected
downward, with the γ value being 0.82. This means that we are
grouping the carbon atoms together too much, in turn leading
to a larger spread on the chemical shifts with respect to the
average value, which increases the line width of the line shape.
It is also worth looking at the methyl resonance (carbon class
11, gray). For the gI and gS models, this resonance is
asymmetrical, which is also the case in the experimental
spectrum. For the gR model, however, there is only a single line
shape to produce this resonance, and therefore by definition it
is symmetrical, in disagreement with experiment. It seems that
the gS model, which treats every atom in the underlying
building blocks as representing a separate symmetry class,
performs best in reproducing the spectrum by averaging some

information away while retaining enough diversity. The gR
model averages away too much information, resulting in line
shapes that are too wide and too symmetrical. The gI model on
the other hand does not average any information and produces
line shapes that are not broad enough compared to the
experimental data. Additionally, the large spread on the
chemical shifts clouds the assignment of line shapes, as will
be discussed later.

3.2. Corrected Assignment of the TAPD-(Me)2
13C

NMR Spectrum Using the gS Approach. Focusing now on
the 13C NMR spectrum, using the SBU average approach (gS)
due to its optimal reproduction of the experimental spectrum,
Figure 7 compares the previously shown experimental
assignment (top) to the computational gS spectrum (bottom).
All carbon classes are present in the experimental assignment,
and their assigned location can be compared to our
calculations, except for carbon class A, which must be split
into three classes, namely 1, 5, and 6.
The resonance with the highest chemical shift near 154 ppm

is the one with carbon label 10, which is assigned correctly
(class E). The next peak at 141 ppm is attributed to carbon
sites of label 1, which is correct except that there are two other
types of carbon atoms, which are incorrectly given the same

Figure 6. Experimental and computational gI, gS, gR1 1H-decoupled 13C CPMAS NMR spectra of the TAPD-(Me)2 COF. The bottom right panel
shows the parameters fitted to minimize the MSE between the experimental and the model spectrum. The parameters a and b denote the fitting
parameters of the linear shift-shielding relation (δiso = aσiso + b) and γ is the overall multiplier of the widths used in the spectra. The overall
amplitude A is not shown, as it carries no relevant information.
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label A. Additionally, the peak at 141 ppm is also in part due to
atoms with carbon label 4 (yellow), which experimentally was
incorrectly attributed to the peak near 135 ppm in the
spectrum. The central peak near 135 ppm is not due to carbon
label 4, rather it is due to label 9 (dark green, assigned

correctly), and due to label 5, which is not present in the
experimental classification. Next, there are resonances that
largely overlap and contribute to the peak with a maximum
near 127 ppm and showing a broad shoulder until 100 ppm.
The higher ppm values of this peak are due to carbon labels 8
and 7 (highest shift values in the peak, correctly assigned
experimentally). Then, there is the contribution of carbon label
2, and last label 6 and label 3. Label 6 is missing in the
experimental assignment. Label 2 was assumed to contribute to
the rightmost part of the peak with lowest ppm values, which is
incorrect. Rather, label 6 contributes the most near 125 ppm,
with some contribution also coming from label 3. The
rightmost part of the peak is due to label 6 and label 3.
Lastly, the methyl resonance is of course the only contributor
for the peaks near 16 ppm, where we note an asymmetrical
shoulder toward 25 ppm, which is also present in the gS model.
Furthermore, the data show that assigning the features of the

experimental spectrum to specific carbon classes can be
ambiguous. Even though carbon sites may be chemically
equivalent in the underlying building block, they can still show
a large difference in the chemical shift. Even if the chemical
shift is averaged out over multiple building blocks in the
system, the resulting chemical shift can strongly differ,
depending on the exact location of the carbon site in the
building block. The striking example of this is the assignment
of carbon label 3. The resonances originating from these sites
may be found in a much broader part of the spectrum, which
comprises the entire range of chemical shifts, where labels 2
and 6 are also found, meaning that they overlap. Clearly, the
chemical shifts of carbon sites that, based on the symmetry of
the underlying building blocks, are equivalent can be found in a
larger range than was expected experimentally because
experimentally these were assigned to one specific location in
the spectrum. The origin of this large range in which the
chemical shifts may be found is geometrical in nature,
following the flexibility of the imine linkages, and we can
show this by taking a look at the local geometry around the

Figure 7. Comparison between previous experimental assignment of
the TAPD-(Me)2 COF versus gS model assignment of this COF.
Chemical shift values indicated on the bottom plot are not the only
line shapes of the spectrum, but are merely present as a guide to the
reader’s eye.

Figure 8. Correlation between two geometrical properties defined for the carbon sites 3 with their theoretical chemical shift.
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carbon sites with label 3 (red). Figure 8 shows the chemical
shifts of the carbon atoms within carbon label 3, plotted
against two geometrical parameters: the C3−C4−N angle (α)
and the C3−C4−N−C10 dihedral angle (ϕ). Both of these
may be defined for any carbon atom with label 3, and they
both have a strong correlation with the chemical shift of the
carbon site. This also translates to the averages: the carbon
classes within label 3 can have, on average, a larger or smaller
angle α (or, conversely, a smaller or larger dihedral ϕ), which
will affect the average chemical shift of the class. The
geometrical diversity in the system leads to a large spread on
the chemical shifts, and some carbon classes, such as the class
with label 3, may contribute to different parts of the spectrum.
This illustrates the fact that while all C3 sites are chemically
equivalent in the underlying building block, they have their
own unique geometrical environment within the COF
framework and can show a broad range of chemical shifts.
This results in the fact that spectral features cannot necessarily
be assigned to single carbon classes; rather, one must consider
the possibility of significant overlap between carbon classes.
This possibility is generally not considered in the assignment of
carbon spectra in experimental studies, which again emphasizes
the need to complement spectral interpretation with
theoretical calculations. The same effect could be described
for label 2 and the angle C2−C1−N, for example.
The previous discussion leads us to the fact that it is

interesting to show the diversity in the gS model of the
underlying chemical shifts of the line shapes. For this reason,
one could also consider the distribution of chemical shifts per
line shape through a boxplot, as illustrated for the TAPD-
(Me)2 COF in Figure 9. Such plots are more informative than
just plotting the average chemical shifts as they give an idea of
the underlying distribution of chemical shifts that produce the
average. Additionally, it is immediately clear which carbon sites
reside in more geometrically (and therefore potentially
chemically) diverse framework sites.

3.3. Corrected Assignment of the TAPD-(OMe)2
13C

NMR Spectrum Using the gS Approach. With the previous
discussions in mind, we turn our attention to the TAPD-
(OMe)2 COF and immediately consider the gS model together
with the boxplot representation to get the correct assignment
of the carbon spectrum and subsequently compare to
experiment (the gI and gR model spectra may be found in
Section S3). Figure 10 shows the experimental spectrum and
its assignment (top), together with the gS model spectrum and

corrected assignment with boxplots to show the diversity in
underlying chemical shifts (bottom). Again, aside from the
missing carbon classes, there is a clear discrepancy between
several carbon assignments. The leftmost resonance near 153
ppm is indeed caused by carbon label 9 (correctly assigned
experimentally). Immediately next to that, in between the 153
and 141 ppm peaks, carbon label 10 produces the spectrum,
together with the misassigned carbon label 4 (similar to the
TAPD-(Me)2 COF). Next, carbon label 1 is correctly assigned
to the peak near 141 ppm, complemented by contributions
from the missing carbon class 5 to the same peak, as the
neighboring peak at lower ppm values. The central peak at 126
ppm and its broad shoulder toward 100 ppm is similar to the
TAPD-(Me)2 COF spectrum: carbon label 2 mostly produces
the central peak at 126 ppm, with contributions from label 3
and label 8. As such, label 8 is misassigned as well in this case
(dark purple dot in the experimental spectrum). Again the

Figure 9. Model gS spectrum of the TAPD-(Me)2 COF with boxplots to show the underlying distribution of the chemical shifts. The average
chemical shift is plotted with a diamond symbol (⧫).

Figure 10. Comparison between previous experimental assignment of
the TAPD-(OMe)2 COF versus gS model assignment of this COF. In
this figure the boxplots describing the underlying chemical shift
distribution is also shown.
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label 2 and 3 contributions are misplaced; however, they do
not produce distinct resonances. Similar to TAPD-(Me)2
COF, TAPD-(OMe)2 COF exhibits a lot of geometrical
diversity around those sites, leading to large distributions in
chemical shifts, even for the average values used in the gS
model. The carbon sites at label 7 are correctly assigned to the
peak at 104 ppm, which is nicely separated from the rest of the
spectrum. Lastly, the methoxy peak is located near 54 ppm.
Clearly, the observations from the TAPD-(OMe)2 and TAPD-
(Me)2 COF are general: experimental assignments obscure the
underlying overlap of NMR contributions, following an
underestimation of the diversity in chemical shifts that
originates in geometric diversity. The misassignments that
follow from this are exacerbated by potentially omitted (but
relevant) carbon classes. The observations made here under-
line the main message that a unique and correct interpretation
of NMR spectra of complex materials cannot be done based
solely on experimental data. In such systems, complementing
experimental data with a theoretical analysis that correctly
accounts for structural diversity and possible dynamical effects,
allows for a unique assignment and can also assess the
broadness of some peaks.

3.4. 15N NMR and Comment on Noisy Spectra. As the
NMR calculations also provide the nitrogen shieldings, the
same procedures can be repeated to produce a computational
15N NMR spectrum for the TAPD-(Me)2 and TAPD-(OMe)2
COFs, for which new experimental NMR measurements were
performed. The methodology for the collection of the 15N
NMR data is detailed in Section S4 of the Supporting
Information. The experiments were repeated two times for
each of the two COFs: once with 92,160 transients for TAPD-
(Me)2 COF and 82,944 transients for TAPD-(OMe)2 COF,
resulting in a lower signal-to-noise ratio and a second time with
261,120 and 467,520 transients for respectively TAPD-(Me)2

and TAPD-(OMe)2, resulting in a higher signal-to-noise ratio.
After collection, a broadening filter of 100 Hz was applied to
the spectra. All spectra at different measurement times and
both with and without artificial broadening are shown in
Section S4 of the Supporting Information. Here, the 100 Hz
broadened spectra with the longest measurement times were
used for both COFs.
The nitrogen classes are defined through the same

procedure as the carbon classes, except that all nitrogen sites
are included in the node, and no nitrogen sites are retained in
the linker. This gives us six distinct nitrogen classes, as shown
in Figure 11a. Note that the very low natural abundance of 15N
(0.368%) often results in the necessity for extremely long
experiment durations. As such, it is often necessary to aim for
reasonable, rather than optimal, signal-to-noise ratios. We do
note that there is still a lot of noise present in the 15N NMR
experimental spectrum. The significant amount of noise leads
to strong local variations in the amplitude in the spectra, which
can be problematic for the parameter fitting procedure in our
methodology. We have seen that in cases with a higher amount
of noise, the fitting will often lead to broader line shapes (γ
considerably larger than 1) in an attempt to replicate the noisy
amplitude variations in between physical resonances which
leads to a high MSE error. This error is minimized by the
model through a broader line shape that on average has a lower
MSE error than a strongly varying computational spectrum.
This is definitely something to keep in mind in the case of
noisy spectra, as it might get rid of spectral details that are
otherwise relevant to the system. Additionally, if artificial
broadening is introduced to reduce these strong noisy
oscillations (as is the case here), the protocol will consequently
significantly broaden the computational spectrum to match
this.

Figure 11. Application of the gS protocol for the high signal-to-noise ratio 15N NMR spectra of the TAPD-(Me)2 and TAPD-(OMe)2 COFs. (a)
Definition of nitrogen classes based on the TAPD node. (b) Nitrogen classes chemical shifts and corresponding line widths in the gS spectra. (c)
15N experimental and model spectra (gS). Spinning side bands are indicated with an asterisk (*).
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The class chemical shifts ⟨μ⟩n and line widths γσn for the
nitrogen line shapes are shown in Figure 11b and the resulting
spectra are shown in Figure 11c. The line widths of conjugated
nitrogen atoms can also be high, up to 18.9 ppm in the TAPD-
(Me)2 case and 22.2 ppm in the TAPD-(OMe)2 case. This is
consistent with the large spread and line widths that are found
for the carbon label 3 class. The geometric diversity affects not
only the carbon but also the nitrogen chemical shifts. Overall,
the experimental 15N NMR spectrum is reproduced nicely with
the gS method for both the TAPD-(Me)2 as well as the TAPD-
(OMe)2 COF. By our gS model, it is predicted that some
variation in the experimental line shape between 300 and 350
ppm (two-coordinate nitrogens) is not due to noise, rather
there are physical differences in the nitrogen sites contributing
to that line shape. This is the case because the average
chemical shifts (plotted as round colored dots at the bottom of
the spectra) are not all in the exact same location. Additionally,
the width of those line shapes can be significantly larger than
for the nitrogens bonded to three carbon sites. Not all
variations in the experimental spectrum necessarily originated
in noise. As is the case for the 13C NMR spectrum, atoms that
we may expect to be chemically equivalent may reside in
geometrically distinct sites due to the mobility and geometric
diversity in the system. A line shape in the NMR spectrum may
consist of multiple line shapes at slightly different chemical
shifts. As such, a feature in a line shape that may look like noise
(especially in noisy spectra) may be of physical origin. This
gives us information about the local structure around those
nitrogen sites bonded to two carbon sites, which might be
more structurally diverse than that seen in the experimental
spectrum alone. This is additional information that the
experimental nitrogen spectrum alone does not provide.
Moreover, the γ parameter is much higher than that in the

models for the carbon spectra. This is normal; artificial
broadening was added to the 15N NMR spectra. While the
noise is mitigated in the broadened spectrum, the actual peaks
in the signal are broadened as well. This leads to a larger
discrepancy between the width of the line shape caused by
chemical shift broadening as well as artificial broadening,
compared to the model values for the widths, which are purely
due to chemical shift broadening.

3.5. Comparing Stacking Schemes and Mobility. As
weak noncovalent interactions govern the stacking config-
urations, the relative layer position is inherently prone to
disorder.10,11,24,50−52 As such, COF layers can be stacked in
many different ways that can vary in interlayer distance, layer
offset, functional group location, functional group orientation
(in-plane or out-of-plane), and so on. Previously, structural
models of distinct stacking schemes were proposed and
ordered as a function of their likelihood to reproduce the
experimental PXRD pattern.24 By comparing the experimental
spectra to the computational XRD counterpart, it was revealed
that the TAPD-(Me)2 and TAPD-(OMe)2 COF layers are
primarily stacked in the inverted configuration as shown in
Figure 12. In this inverted stacking scheme, the functional
groups (denoted R in the figure) are placed on alternating
carbon atoms of the central benzene ring of the linkers when
going from one layer to the next. In a parallel stacking scheme,
these functional groups are placed on the same carbon atom.
However, the XRD method that was previously used to

identify the stacking scheme35 requires medium- to long-range
order to obtain clear signals. As the method is not sensitive on
the atomic length scale, there is little local information that
may be gathered through this technique.50 Moreover, COF
samples typically lack long-range order, making structure
determination through XRD more difficult and ambiguous.53,54

Additionally, if different regions of the sample have different
stacking schemes, such a structural determination from XRD
becomes virtually impossible. Theoretically, in such a case, it
would still be possible to use NMR to attempt to assign the
stacking schemes that are present. While solid-state NMR
spectra do reflect long-range order, they do not intrinsically
rely on the presence of this order to yield well-resolved spectra.
Thus, in those (more complicated) cases where multiple
stacking schemes are present in the sample, the NMR
spectrum would be the sum of the spectra of different stacking
schemes and one would be able to sum theoretical spectra and
fit the results to the experimental spectrum. In this way, it
might be possible to still resolve the stacking scheme in a
regime in which the XRD method fails. In this section, we
show that it could also be possible to use NMR to identify the

Figure 12. Definition of inverted and parallel stacking. These perfectly aligned structures are the ones that are used as starting structural models for
the geometrical optimization.
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stacking scheme, at least in the simple case, where a single-
stacking scheme dominates.
Considering again the TAPD-(Me)2 system, Figure 13

illustrates the atomic positions in the statically optimized
parallel structure, which are largely similar to those of the
perfectly stacked starting structure. The 0 K energetic
minimum for the parallel stacking scheme is found close to a
situation with perfectly aligned layers, as schematically shown
in Figure 12. In contrast, the atoms are displaced far more
during static optimization of the inverted structure and the
resultant structure lies further from being perfectly aligned.
This is related to mobility of the structure. The more motional
freedom the linkers and parts of the linkers have, the more
diverse the local geometry around carbon sites is. Figure 13
shows some types of mobility that can be present that have a
large effect on the local structure other than displacement of
one entire COF layer with respect to the other. The fact that in
the inverted stacking scheme there is more mobility could be
explained by the larger interlayer distance. The distance
between the linkers in adjacent layers of the COF is 3.42 Å in
the parallel case where it is 3.87 Å in the inverted case in the
optimized structures.
With this larger mobility in the inverted case in mind,

consider the data in Figure 14, which shows the gS line widths
of the carbon line shapes for the parallel stacking model
plotted against the line widths in the inverted stacking model
for the TAPD-(Me)2 COF. In this case, we have fixed the γ
parameter to be exactly 1.0, so that the widths of the line
shapes exactly reflect the structural diversity without addition-
ally fitting these to the experimental spectrum, which could
lead to unwanted and unphysical conclusions. The line widths
of the carbon class line shapes are consistently higher in the

inverted stacking scheme compared to the parallel stacking
scheme. Within the same carbon class, the carbon sites show
more similar chemical shifts if the COF is stacked parallelly.
The local geometry around the carbon sites in the parallel
model is much more homogeneous than for the inverted
stacking model, as can be seen in Figure 13 where part of the
structurally optimized inverted and parallel structures are
shown. From the line widths it is already clear that the parallel
model will probably not be able to explain the experimental
NMR spectrum. The homogeneity of the structure leads to
spectral line widths that are implausibly low when they are

Figure 13. Cutout of the optimized inverted (top) and parallel (bottom) TAPD-(Me)2 models. Letters (a−c) indicate displacements/rotations
that may occur in these structures.

Figure 14. Comparison of the line widths of the carbon class line
shapes between the inverted and parallel stacking schemes for the
TAPD-(Me)2 COF. The line widths are not scaled (γ = 1).
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compared to the experimental situation. Nevertheless, we tried
to fit the 13C NMR spectrum of the parallel model to the
experimental TAPD-(Me)2 NMR spectrum. The results are
shown in Figure 15a. Other than the missing peaks, it is clear

that the parameter that controls the overall width of the

spectrum γ = 4.4 is unnaturally high, given the fact that in the

inverted model γ = 0.97 remained close to 1 (see the table in

Figure 15. Fitting of the computational parallel stacking NMR data to the 13C CPMAS NMR spectrum of the parallel model shows that the parallel
model is unlikely to be present experimentally. (a) Attempting to fit the parallel gS TAPD-(Me)2 model spectrum to the experimental 13C CPMAS
NMR spectrum shows that a parallelly stacked model cannot explain the data. (b) A comparison between the inverted and parallel stacking schemes
of the TAPD-(Me)2 COF for the 13C CPMAS NMR spectrum using the gS approach with generic parameters indicated on the plot. The line widths
as they emerge from the parallel model are far lower than for the inverted stacking model, reflecting the symmetry that is present in the parallel
model.
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Figure 6). The model with the parallel stacking scheme,
therefore, cannot explain the 13C NMR data.
To get an impression of how different the inverted and

parallel spectra look, we show both the parallel and inverted gS
spectra in Figure 15b. The line shape of each carbon or
nitrogen class has its “natural” line width (the standard
deviation of the chemical shifts belonging to the respective
class with respect to their average, so γ = 1). We choose a
generic shift-shielding relation with a = 1, and b = 174.6 ppm
together with a generic amplitude of A = 1 to plot the spectra.
We also want to draw attention to the asymmetry of the
isolated methyl resonance: while this resonance manifests as
asymmetrical in the experimental spectrum, the parallel model
produces a symmetric resonance. From all these consider-
ations, and the fact that the inverted spectrum is in near-perfect
agreement with experiment, it is clear that the parallel stacking
configuration, if present, is negligible with respect to the
inverted stacking configuration. This case shows that NMR
could also be used to determine stacking configurations in
COFs.

4. CONCLUSIONS
In this paper, we propose three approaches to construct
computational NMR spectra for COFs through the usage of
quantum mechanical static structural models. All models start
from the same structural model and the chemical shielding
data but approach it in a different way, ranging from no
averaging over shieldings to maximal averaging. It is clear that
all three approaches could be deemed viable alternatives for
the production of a model carbon spectrum, as each approach
produces a spectrum that is in decent agreement with the
experimental spectra. In reality, there is mobility of the
framework, and each carbon site is dynamic. What we should
aim to mimic is an ensemble average over configurations that is
representative of the dynamic COF structure. During the
collection of the NMR signal, carbon sites propagate through
multiple possible geometries, and therefore, the actual NMR
resonance that a single carbon site produces is an average
resonance. One could resort to MD for the propagation of the
system either at the DFT level of theory or using a force field.
The first, however, is expensive for systems of this size. The
computational cost could still be a problem in the dynamic
approach with force fields because the force field still has to be
derived from more expensive calculations, which is in itself not
always easy in complex materials. In any case, given the fact
that COFs can be placed in different stacking configurations
and with different orientations for the linkers, it can become
impractical to perform MD runs for all possible configurations,
whereas it might still be feasible to use static calculations for all
candidate structures. Within this work, we have shown that a
static approach can yield a great deal of information without
the need to perform explicit MD simulations. Instead, the
inherent spatiotemporal averaging of an experimental measure-
ment can be mimicked by an appropriate configurational
averaging technique for the chemical shifts, grounded in a
particular grouping strategy of atomic sites. The three
approaches gI, gS, gR each have their own specific merit and
downsides:

• The uniform model (gI) uses a single line shape per
atomic site. Since we are using a static model, it is
therefore not very physical that each carbon site
produces a single line shape with one specific chemical

shift. In this sense, the model is not a good
approximation for the ensemble average that we aim
to represent. However, the spectrum that it produces can
visually still be similar to the experimental spectrum,
therefore it could serve as a quick first check that
requires little postprocessing.

• The symmetrically inequivalent average model (gR) is, in
a sense, the opposite of the gI model, because it averages
out a lot of information where the gI model does not
average anything. The atomic sites are grouped based on
the symmetry of the nodes and linkers. However, the
symmetry of the building block inside the COF material
can be lower than the isolated molecule. When the
chemical shift is overly averaged, information can be lost,
as carbon sites that are not equivalent inside the
framework are treated as being equivalent.

• The SBU average model (gS) is an intermediate between
the gI and the gR model, as it still uses symmetry to
group the carbon sites into inequivalent classes.
However, in this model there is more freedom, as the
classes of the gR model are partitioned. Each atom in the
node or linker represents an inequivalent class, and the
average is taken over the nodes/linkers present in the
system. With this model, we approximate the ensemble
average the closest, without the need to perform
expensive MD simulations at the DFT level of theory.

Furthermore, we hypothesize that, for some systems, there
exist better choices for the gS model classes than just basing the
classes on the symmetry of the underlying building blocks. For
example in the case of COFs, if there is reason to believe that
carbon atoms across different layers will produce a separate
resonance in the NMR spectrum, it will be better not to
average the chemical shifts over these different building blocks
across layers. Rather, in that case, it would be best to simply
increase the number of classes (and, if necessary to obtain
good statistics, increase the unit cell size) and only average the
chemical shifts over classes within the same layer of COF
material. However, increasing the number of classes further in
this system is not beneficial in this case, as the number of
carbon atoms per class in such a modified gS model becomes
too small to retain decent statistics in this case. The principle
of increasing the number of carbon classes to limit the
averaging of chemical shifts to carbon atoms residing within
the same layer can also be applied to the gR model, the
resulting spectrum of which may be found in Section S5.
Looking beyond the materials discussed in this work, an
optimal choice for the different classes in the gS model hinges
on the (in)equivalence of the atomic sites within the material,
originating from the invariant structural features of the
material.
Similar to systems where significant geometrical differences

are expected to be present across layers, in cases in which some
form of turbostratic disorder is present, multiple regions of the
COF can have different space groups. In that case, some
carbon classes that by default in the gS model are treated to be
equivalent are better kept as separate classes. In a case such as
COF-5,55 it is possible that considering the different existing
symmetries of the (different regions of the) framework is
preferable over defining the carbon classes based on the
symmetry of the building block.
We also showed that the assignments of carbon spectra that

are routinely performed by experimentalists are not always fully
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correct. Whether this results from missing carbon classes
stemming from an oversimplification of the structural models
involved, or assumptions about the spectra concerning
dynamics of the species studied, it is clear that performing a
DFT calculation provides relatively cheap and necessary
complementary information for unique peak assignments.
These methods can be readily applied to check existing
assignments in the literature as well as for future studies, where
uncertainty in the spectral interpretation may arise due to
missing information, misinterpretation of mobility, or noisy
spectra.
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