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Two-dimensional (2D) materials, like 2D covalent organic frameworks (COFs), have been attracting
increasing research interest. They are usually obtained as polycrystalline powders. Solid-state NMR
spectroscopy is capable of delivering structural information about such materials. Previous studies have
applied, for example, *C cross-polarization magic angle spinning (CP MAS) NMR experiments to
characterize 2D COFs. Herein, we demonstrate the usefulness of high-field and fast-spinning *H MAS
NMR spectroscopy to resolve and quantify the signals of different *H species within 2D COFs, including
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also been applied and can provide improved resolution to obtain further information about stacking
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1. Introduction

The synthesis of graphene' and its chemical modifications,
such as graphene oxide,>* has paved the way towards various
new two-dimensional materials (2DMs).*>' Meanwhile, 2D
materials/layered materials, like boron nitride,* silicene,’
germanene,® stanene,” and phosphorene,® have been synthe-
sized. Two-dimensional versions of metal-carbides and
nitrides, the so-called MXenes,”*' have proven to be useful
materials in the field of energy storage and conversion. Like-
wise, 2D materials constructed from molecular building blocks,
such as metal-organic frameworks (MOFenes)"” and covalent
organic frameworks (COFs), are finding increasing research
interest,”*" with potential applications in ion storage, separa-
tion technology, and energy conversion. Layered COF syntheses
usually provide polycrystalline powders that suffer from low
crystallinity.>* This makes the detailed structural description of
their short-range order challenging and requires often a reli-
ance on computation.”® The delamination of these layered
materials further decreases the applicability of X-ray
diffraction-based techniques for structure determination.
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effects as well as edge sites/defects.

Parallel to these synthesis efforts, solid-state NMR
spectroscopy> is increasingly used to investigate COFs/2D
COFs and other 2D materials®>'"?** in order to mitigate
the inherent shortcomings of other commonly used charac-
terization techniques. Although techniques like NEXAFS
(near-edge X-ray absorption fine structure) in principle also
allow the determination of the closer environment of atoms,
they fail for example for hydrogen or other light elements
with a low number of electrons. Solid-state NMR spectro-
scopy relies on the detection of nuclear spins, like 'H, '*C, or
others acting as local probes. The short-range interactions of
these spins, like the shielding (chemical shift) caused by
electrons in the neighborhood of the considered nuclei, the
magnetic dipole-dipole interaction with neighboring nuclear
spins, and others are then exploited to obtain structural
information. Furthermore, the application of solid-state
NMR spectroscopy does not necessarily require crystalline
samples and is thus very helpful to study COFs, including 2D
COFs. "'B magic angle spinning (MAS) NMR spectroscopy
was used to prove the formation of boron-containing hetero-
cycles in COF-1 (boroxine) and COF-5 (boronate ester) by the
line-shape analysis of the second-order quadrupole broa-
dened "B signals.** *C MAS NMR spectroscopy — usually
combined with "H-"?C cross-polarization (CP) - is meanwhile
a standard characterization technique for graphene oxide
and its functionalized variants,*?*™2” as well as for COFs.?732
It allows, for example, monitoring imine bond formation and
imine protonation during COF syntheses by '*C chemical
shift analysis.>®?° Recently, >*C CP MAS NMR spectroscopy
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Fig. 1 Structure of the monomers TAB and TA-R used for the synthesis
(left); structure of the obtained 2D COFs (top right); and proposed layer
stacking modes (bottom, right).

was used to derive information about the layer stacking in 2D
COFs.*

The present contribution shows that 'H MAS NMR spectro-
scopy at high magnetic fields and sample spinning rates is
another useful technique for the structure determination of 2D
COFs. It allows signal resolution and the quantification of
different 'H species in intact samples, which in previous
studies was only possible by decomposition of the COFs.**
Additionally, it has also been demonstrated that *C CP MAS
NMR experiments do not necessarily require high fields and
sample spinning rates. Furthermore, 'H-"*C HETCOR can help
elucidate the proximities between carbons and protons as well
as stacking effects. As a model system, we chose four structu-
rally related 2D layered COF materials, namely TAB-TA, TAB-TA-
OH, TAB-TA-OMe, and TAB-TA-OHex (cf. Fig. 1).

Here, materials were synthesized by the condensation reac-
tion of the tritopic amine functionalized linker TAB (TAB =
1,3,5-tris(4-aminophenyl)benzene) and the ditopic aldehydes
TA-H (terephthalic aldehyde), TA-OH (2,5-dihydroxytere-
phthalic aldehyde), TA-OMe (2,5-dimethoxyterephtalic alde-
hyde), and TA-OHex (2,5-dihexoxyterephthalic aldehyde)."*
These isostructural compounds with different substitution
patterns on the aldehyde linker were speculated to have differ-
ent interlayer interactions. From an energetic viewpoint, the
interlayer van der Waals interactions, especially the balance
between the London dispersion interactions among nonpolar
groups and the Coulomb forces caused by polar connector
groups interaction, determine the stacking patterns in 2D
COFs.'°

2. Experimental
Materials synthesis

1,3,5-Tris(4-aminophenyl)benzene was synthesized according
to a previously reported procedure.*® Terephthalaldehyde
(>98%) and 2,5-dimethoxyterephthalaldehyde (>97%) were
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obtained from Sigma Aldrich. Other reagents and solvents were
obtained from commercial sources and used as received.

Linker synthesis

'H NMR data of all the used linkers are provided in the ESI,}
see Fig. S1-S4.

Synthesis of 2,5-dihydroxyterephthalaldehyde

2,5-Dimethoxyterephthalaldehyde (190 mg, 1.00 mmol) was
dissolved in 16 mL anhydrous dichloromethane (DCM). The
reaction mixture was then cooled down to 0 °C. BBr; solution
(0.6 mL) diluted with 4 mL anhydrous DCM was added drop-
wise to the reaction mixture under inert conditions. Thereafter,
the reaction mixture was stirred continuously for 12 h at room
temperature. The reaction mixture was subsequently subjected
to vacuum to remove the volatiles. The solid residue was then
quenched by the addition of 20 mL of a mixture of H,0/MeOH
(4:1). The product was then extracted with ethyl acetate
(200 mL), washed with brine, and dried over MgSO,. The
organic layer was then filtered and evaporated and afterwards
dried in vacuo and recrystallized from ethyl acetate. The pro-
duct was then separated and washed with DCM and heptane
and dried under vacuum, yielding the compound as a yellow
powder.?® Yield: 120 mg (0.72 mmol, 73%); "H NMR: (DMSO-d,
300 MHz): d = 10.39 (s, 2 H; -CHO), 10.36 (s, 2 H; ~OH), 7.23 (s,
2 H; ArH).

Synthesis of 2,5-dihexoxyterephthalaldehyde

To a solution of 0.166 g (0.99 mmol, 1 eq.) of 2,5-dihydro-
xyterephthalaldehyde in 5 mL DMF, 0.415 g of K,COj;
(3.00 mmol) and 0.495 g (3.00 mmol, 3 eq.) of 1-bromohexane
were added and stirred at 90 °C overnight. After cooling to room
temperature, the mixture was poured into 100 mL water and
extracted with ethylacetate. The organic phase was dried over
MgSO, and the solvent was evaporated in vacuum. A brown oily
liquid was obtained, which was purified via column chromato-
graphy using 4:1 hexane: ethylacetate to give a yellow powder.
Yield: 220 mg (0.66 mmol, 65.8%). "H NMR (300 MHz, DMSO-
dg): 6 = 10.40 (s, 1H), 7.41 (s, 1H), 4.13 (s, 2H), 1.76 (s, 2H), 1.38
(d, J = 37.6 Hz, 6H), 0.87 (s, 3H).

COF synthesis

A solvothermal synthetic approach was used for this Schiff
base condensation reaction between 1,3,5-tris(4-aminophenyl)
benzene (0.095 mmol) as the tritopic linker and terephthalal-
dehyde (TA) or 2,5 substituted terephthalaldehyde (TA-OH, TA-
OMe, or TA-OHex) (0.143 mmol) as the ditopic linkers."® The
linkers were dispersed in a mixture of 1,4-dioxane : mesitylene
(4:1, 1 mL), and acetic acid (6 M (aqg.), 0.2 mL) within a
borosilicate ampoule. The ampoule was flash-frozen in a liquid
nitrogen bath three times while applying a vacuum in order to
degas the solvent, and it was then flame-sealed. It was then
sonicated for homogenous mixing of all the components and
then kept at 120 °C for 3 days in an isothermal oven. After
cooling to room temperature, the ampoule was opened and the
formed solid was filtered off and then transferred into a
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thimble for Soxhlet extraction. The material was Soxhlet
extracted with THF and subsequently with ethanol, and after-
wards supercritically dried to remove ethanol (see below
for details). After activation, the samples were transferred
into an argon-filled glovebox and stored there for further
measurements.

The supercritical drying procedure was performed in a
Jumbo Critical Point Dryer 13200JAB (SPI Supplies). Prior to
the supercritical drying process, all the samples were solvent
exchanged to ethanol and placed in filter crucibles. The filter
crucibles containing the samples were placed in a cooled
autoclave (17 °C). The chamber was filled with liquid CO,
and purged for 4 days. The temperature was then raised to
37 °C, resulting in a chamber pressure of around 90 bar. The
pressure was released to transfer the samples into the glovebox
and were then further handled under an inert gas atmosphere.

Characterization

The quality and purity of the synthesized COF samples
were evaluated using standard characterization methods as
described below prior to the analysis by solid-state NMR
spectroscopy. Powder X-ray diffraction (PXRD) measurements
verified the crystallinity and exhibited reflections matching the
simulated patterns (Fig. S5, ESIt). FTIR measurements revealed
the disappearance of the N-H stretching at 3430 cm ™" and the
carbonyl band at 1680 cm ™" for the linkers accompanied by the
appearance of imine bond vibrations at 1610 cm™ ' (Fig. S6,
ESIT), indicating the successful synthesis. C-H stretching
bands also appeared at approximately 3000 cm ™" for the TAB-
TA-OHex COF and the corresponding linker, suggesting that
the included side groups were intact. The conducted nitrogen
physisorption experiments verified the porous nature of the
compounds (Fig. S7, ESIf) having surface areas (Sggr) of
498.5 m*> g~ for TAB-TA-OHex,”” 1773.1 m> g ' for TAB-TA-
OMe,*® 1840.4 m* g~ for TAB-TA-OH,*° and 1184.7 m* g for
TAB-TA.>® The SEM images revealed the morphology as sphe-
rical crystalline aggregates (Fig. S8, ESIT).

Powder X-ray diffraction

Powder X-ray diffraction (PXRD) patterns were recorded on a
STOE StadiP in 20 Bragg-Brentano geometry using Cu Kol (4 =
1.5405 A) radiation and a 2D detector (Mythen, Dectris) in the
transmission mode. The patterns were collected in the 20 range
of 2°-50° with a scan speed of 150 s per step. For the measure-
ments, the samples were put into a custom-built stainless-steel
sample holder, which consisted of a stainless-steel plate with
ca. 1 mm aperture. The COF powders were pressed into the
aperture. This setup allowed us to minimize the background
noise within the recorded powder XRD patterns.

Physisorption experiments

Nitrogen physisorption experiments were carried out using a
Quadrasorb SI instrument. The materials were previously acti-
vated using supercritical CO, and the sample cell was filled
inside an argon glovebox with 20-40 mg of material. Brunauer—
Emmett-Teller (BET) surface areas were calculated from the
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linear region of the N, isotherm at 77 K using AsiQwin software
within the pressure range p/p, of 0.04-0.12.

Scanning electron microscopy (SEM)

SEM images were taken with secondary electrons in a HITACHI
SU8020 microscope using a 2.0 kV acceleration voltage and
8 mm working distance. The sample was dispersed in ethanol
by thorough sonication and dropcast on a silicon wafer. It was
then fixed to the sample holder by a carbon pad. Thereafter, the
samples were sputtered with gold to increase the conductivity.

Fourier-transform infrared spectroscopy

The FT-IR spectra were measured on a Bruker VERTEX 70 in the
range of 4000-600 cm™ " in the ATR mode. All the measured
spectra were background corrected.

Solid-state NMR experiments

Solid-state NMR experiments were carried out using 300 MHz
and 800 MHz Bruker Avance spectrometers. Measurements on
the 300 MHz spectrometer were performed using a commercial
2.5 mm double-resonance magic angle spinning (MAS) probe at
a 15 kHz sample spinning rate. Measurements on the 800 MHz
spectrometer were recorded using a 1.3 mm double-resonance
magic angle spinning (MAS) probe at different sample spinning
rates up to 60 kHz. The "H MAS NMR spectra were recorded by
direct excitation with a delay of 3 s between subsequent scans.
The background signal of the probe was subtracted as demon-
strated in the ESIt (¢f Fig. S9). The >C CP MAS NMR spectra
were recorded by ramped CP with "H decoupling (SPINAL-64)
and a 3 s delay between subsequent scans. Spectra were
referenced relative to TMS using adamantane as the secondary
reference.

Chemical shift predictions were obtained by the software
ACD Labs.*® This software uses two algorithms: a hierarchically
ordered spherical environment (HOSE) and neural network.
The HOSE code is a well-known method for representing the
chemical surroundings of a specific atom up to a predeter-
mined number of bonds. Shifts for structures that are not
represented in the database are predicted better by neural
network algorithms.

'H-*C HETCOR spectra were acquired at 800 MHz 'H
resonance frequency and a 50 kHz sample spinning rate
using *C detection, i.e., the well-resolved *C dimension was
directly detected. The 'H dimension with its intrinsically lower
resolution was chosen as the indirect dimension. Heteronuc-
lear polarization transfer was achieved by ramped cross-
polarization at a 4 ms CP contact time. Overall, 80-180 scans
were added with a recycle delay time of 3 s.

3. Results and discussion

Optimization of the "H MAS NMR measurements

Fig. 2 displays the "H MAS NMR spectra of TAB-TA-OH mea-
sured at two different magnetic fields with flux densities of
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Fig. 2 'H MAS NMR spectra of TAB-TA-OH measured at variable sample

spinning rates and two different magnetic fields with flux densities of
7.04Tand 1879 T.

7.04 T and 18.79 T corresponding to 300 and 800 MHz 'H
resonance frequency, respectively.

The spectra recorded at 800 MHz resonance frequency were,
furthermore, acquired under variation of the sample spinning
rate from 15 kHz to 60 kHz. Notably, the spectral resolution was
considerably improved by both, the higher magnetic field
strength and the increasing sample spinning rate v, up to
60 kHz, allowing resolution of various signals as assigned in
the figure. The reason for this behavior is the dominating
influence of homonuclear "H-'H dipole-dipole coupling in
the proton-rich 2D COF materials at lower sample spinning
rates. This homogeneous line broadening mechanism causes a
spinning-rate-dependent residual linewidth of MAS NMR sig-
nals, Av}/5®, described by eqn (1) below.*"*>

2
1 (Ay
Ayllv;/zxs = ( VH) (1)
T

Here, Av; denotes the homonuclear contribution to the static
linewidth (i.e., without MAS), which can be determined from
the second moment contribution due to homonuclear "H-'"H
dipole-dipole coupling. The parameter A depends on the spin
system geometry."** The residual linewidth Ai}}3° measured
in frequency units is independent of the external magnetic
field. Hence, the spectral resolution increases at the ppm scale
with increasing the external field strength. Furthermore, an
increasing sample spinning rate is accompanied by a decreas-
ing residual linewidth, i.e., further increasing the resolution as
long as the homonuclear contribution described by eqn (1) is
not sufficiently averaged out. These effects are demonstrated in
Fig. 2. At sufficiently high sample spinning rates; however,
other line broadening effects dominate. For highly anisotropic
materials like 2D COFs, we anticipated significant magnetic
susceptibility anisotropies and that the MAS NMR signals of
such samples would exhibit a residual line broadening even at
very high sample spinning rates.*>** Note that the commonly
measured >C CP MAS NMR spectra behave differently because
the homonuclear *C-**C dipole-dipole interaction is rather
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weak due to the low gyromagnetic ratio of ">C and its low
natural abundance of only 1.1%. The resulting very weak
homogeneous *C-'*C dipole-dipole interaction is averaged
out even at relatively low sample spinning rates provided that
the routinely used 'H decoupling is applied during signal
acquisition to decouple the carbon spins from the strongly
coupling proton spin bath. The residual linewidth is then also
independent from B, at the ppm scale (Fig. S10, ESIt). That
means, the detection of the optimum resolved *C CP MAS
NMR spectra is already possible at relatively low field strengths
and sample spinning rates.*’

Based on chemical shift prediction using the software ACD
Labs,® an assignment of the signals resolved at 800 MHz and
sample spinning rates of 50 kHz or beyond could be suggested,
as indicated in Fig. 2 and as described in full detail in the EST{
(Fig. S12 and Table S2). The relatively broad and asymmetric
main signal centered at around ca. 6.6 ppm represented aro-
matic CH groups and resulted from the various aromatic
protons found in the structure. This could be decomposed into
at least five lines, as shown in Fig. S12 (ESIT). The additional
signals at low chemical shifts, i.e., at ca. 3.4, 2.3, and 1.0 ppm,
could be explained by CH, and CH; groups. Adsorbed solvent
molecules were efficiently removed after the synthesis proce-
dure as described in the Experimental section by solvent
exchange with ethanol and subsequent critical point drying.
This means, the latter signals were indicative of edge sites and/
or defects that may have been formed during the synthesis
procedure, e.g., by side-reactions with solvent molecules.
Furthermore, three relatively weak signals at 10.8, 11.5, and
12.4 ppm were resolved at high sample spinning rates and a
fourth signal occurred as a weak shoulder at an even higher
chemical shift (¢f the signal decomposition shown in ESL ¥
Fig. S12). The origin of these signals will be discussed in detail
below. In conclusion, '"H MAS NMR experiments on 2D COFs,
like the samples studied here, should be performed at high
magnetic fields and sample spinning rates of at least 50 kHz or
beyond.

Comparison of the four different 2D COFs

Fig. 3 displays the "H MAS NMR spectra of TAB-TA, TAB-TA-OH,
TAB-TA-OMe, and TAB-TA-OHex measured at 800 MHz reso-
nance frequency and a 50 kHz sample spinning rate. The signal
of the aromatic "H occurred as broad and poorly resolved line
centered at 6.4---7.1 ppm for all the samples. In most cases,
this line was not symmetric and/or exhibited shoulders indicat-
ing the presence of different aromatic sites that were, however,
not fully resolved. This signal (denoted as line 1 in the follow-
ing) was thus decomposed into different lines for the quanti-
tative evaluation of the spectra (¢f ESLT Fig. S11-S14).
Comparison of the '"H MAS NMR spectra also revealed char-
acteristic differences due to the different side groups R (c¢f.
Fig. 1) as well as edge sites/defects.

TAB-TA. For the perfect and infinitely large 2D layers of TAB-
TA, only aromatic 'H sites (signal 1) were expected. The
corresponding broad and intense signal (line 1) was found at
7.1 ppm. In addition, the spectrum clearly revealed signals at
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Fig. 3 'H MAS NMR spectra of TAB-TA, TAB-TA-OH, TAB-TA-OMe, and
TAB-TA-OHex measured at 800 MHz resonance frequency and a 50 kHz

sample spinning rate.

3.4 ppm (line 2), 2.4 ppm (line 3), and 1.0 ppm (line 4, Fig. S11,
ESIt), which together represented ca. 9% of the total 'H
intensity (Table S1, ESIt). These observations pose the question
about which edge sites and/or defects would be possible for real
2D COFs of limited size. Incompletely cross-linked TAB mole-
cules at the edges of the 2D layers would exhibit non-bonded
NH, groups possibly overlapping with the broad and intense
signal at ca. 7 ppm due to the aromatic 'H. However, NH,
groups are rather reactive, and thus it was likely that NH,
reacted either with TA or with acetic acid, which was the
catalyst for the imine bond formation and was present in excess
within the synthesis mixture. The latter would result in
covalently bound N-CO-CH; moieties as edge sites. The
chemical shift of this CH; group would be expected around
ca. 2 ppm. If TA molecules were not completely interconnected
with TAB, they could exhibit unreacted CHO groups. Their 'H
chemical shift would be expected around 10 ppm. If their
number was relatively low, the corresponding signal may well
be covered by the broad main signal due to the aromatic "H
sites. In this scenario, *C CP MAS NMR spectroscopy was used
(Fig. 4) in order to obtain further information about the
possible edge/defect sites. Unreacted CHO moieties should give
rise to a characteristic signal at ca. 192 ppm, which would be
well separated from the dominating aromatic *C signals.
However, the spectrum of TAB-TA did not reveal a corres-
ponding signal at this chemical shift. Together with the obser-
vations made by 'H MAS NMR spectroscopy, it could be
concluded that the number of unreacted CHO moieties was
low in TAB-TA. However, the observed signals at 3.4 and
1.0 ppm in TAB-TA were indicative of O-CH, and C-CH;
groups. Such edge sites may form from initially unreacted
CHO groups of TA molecules by a subsequent reaction with
ethanol during solvent exchange (hemiacetal/acetal formation).
In any case, it was concluded that the edge sites and/or other
defects in TAB-TA were mainly aliphatic CH, and CH; groups.
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Fig. 4 C CP MAS NMR spectra of TAB-TA, TAB-TA-OH, TAB-TA-OMe,
and TAB-TA-OHex measured at 800 MHz resonance frequency and a
50 kHz sample spinning rate. (The signals that were not expected for a
perfect and infinitely large 2D structure are highlighted in grey.)

This conclusion was supported by the presence of weak but
detectable '*C signals in the aliphatic region for TAB-TA (cf,
Fig. 4).

Note that the *C CP MAS NMR spectrum of TAB-TA had a
higher resolution than the other samples. Given the fact that all
the samples exhibited high crystallinity (¢f ESI,T Fig. S5), the
larger linewidth observed for the other samples could be
explained by a lower degree of static and/or dynamic disorder
in TAB-TA. Indeed, the number of defect and edge site protons
observed for TAB-TA was relatively low compared to the other
samples (cf. Table 1).

TAB-TA-OH. The center of gravity of the broad signal of the
aromatic "H sites (line 1) in TAB-TA-OH occurred at 6.8 ppm. In
addition to this signal, lines at 10.8, 11.5, and 12.4 ppm were

Table 1 Quantitative evaluation of the 'H MAS NMR spectra of the
different samples based on the signal decomposition shown in the ESI
(Fig. S11-S14)

Line 1¢ Line 2¢ Line 3¢ Line 4

'H*/TAB? 'H/TAB? 'H/TAB?  'H/TAB?

Compound Expected  Meas./expected Measured Meas./expected
TAB-TA 24 0.5/— 0.5 1.8/—
TAB-TA-OH 21 1.9/— — 4.0/—
TAB-TA-OMe 21 10.7/9 3.1 9.8/—
TAB-TA-OHex 21 6.5/6 34.3/33

“ Signal assignment: line 1: aromatic 'H at 6.4-7.1 ppm. Note that the
signal intensity of line 1 was set to the number of aromatic protons
expected for the perfect structure; line 2: O-CH,- or O-CH; at 3.4-
4.0 ppm; line 3: C-CH,- at 2.2-2.4 ppmy; line 4: -C-CHj; at 1.0-1.3 ppm.
Aromatic protons of both structural units gave rise to overlapping
signals (line 1) and their intensities were thus integrated. ” In this
table, the numbers of 'H atoms are given per TAB building unit.
One TAB unit encompasses one TAB plus 1.5 TA-R molecules in
perfect structures because each TA-R molecules is connected to two
TABs (cf. Fig. 1).
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observed, which together represented 7% of the total 'H
intensity (c¢f Fig. S12 and Table S2, ESIT). These signals may,
on the one hand, be explained by the aromatic hydroxy groups
on 2,5-dihydroxyterephthalaldehyde molecules, since these sig-
nals solely occurred in TAB-TA-OH, while, on the other hand,
the CHO groups of unreacted TA molecules may also contribute
to these signals because the 'H chemical shift of CHO was
predicted to occur at ca. 10 ppm. The latter was supported by
the observation of a '>C signal at ca. 192 ppm solely for TAB-TA-
OH (¢f Fig. 4). Given the relatively high 'H chemical shift
beyond 10 ppm, it is tempting to speculate that these protons
may be involved in hydrogen bonding with nitrogen atoms,
thus forming OH--N moieties. In addition to these 'H signals,
TAB-TA-OH also exhibited relatively intense signals at 1.2 ppm
and 3.6 ppm. A plausible explanation for the latter observation
may be that the hydroxy groups at least partly reacted with
ethanol during solvent exchange, thus forming O-CH,-CHj;
moieties with predicted 'H chemical shifts of 3.6 and
1.2 ppm, respectively. In addition, CO-CH; moieties may also
occur as already discussed for TAB-TA (see above). The presence
of aliphatic edge and/or defect sites was confirmed by the '*C
CP MAS NMR spectra (cf. Fig. 4) showing signals in the aliphatic
region, which were even more pronounced than for TAB-TA.
Note that the presence of significant amounts of remaining
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solvent molecules adsorbed in the pores was excluded because
the samples were rigorously solvent-extracted by the super-
critical CO,-based drying procedure described in the Experi-
mental section.

TAB-TA-OMe. For the TAB-TA-OMe sample, O-CH; groups
were expected as side groups R (¢f. Fig. 1). Indeed, the "H MAS
NMR spectrum (¢f Fig. S13, ESIt) showed a signal at the
expected chemical shift of 3.6 ppm (line 2) in addition to the
broad signal at 6.8 ppm (line 1) due to aromatic "H. Note-
worthy, the O-CH; group "H signal intensity was about 20%
higher than expected for the perfect structure (¢f. Table 1). This
could be explained by superimposition with the signal contri-
butions due to edge sites/defects as discussed above. The
presence of '*C signals in the aliphatic region of TAB-TA-OMe
was also in line with this idea (¢f. Fig. 4). Note the intense two
previously observed signals at 53.7 and 56 ppm due to O-CHj;
groups, which could be explained by the presence of the two
different stacking modes: AA and AB (cf. Fig. 1). Both stacking
types were found to be almost equally abundant for the poly-
crystalline synthesis products,®* as confirmed by our spectra (cf.
Fig. 4).

TAB-TA-OHex. In TAB-TA-OHex (cf: also ESL T Fig. S14), two
intense signals occurred at 3.9 ppm (line 2) and 1.9 ppm
(lines 3 + 4) in addition to the dominating signal of the

®C-'"H HETCOR R .
o o o o
0 " @gi@ii’ . s
p
i Oo | 74 72 70 68 66 3 3 25 20 15
NN

75

6
AA-Stacking
6

70 5

150

100

13C 50 0 [ppm]

Fig. 5 *C CP MAS NMR spectrum (blue) with predicted signal positions (black) and sections of the 2D *H-*C HETCOR spectrum (inserts, top right) for
TAB-TA-OHex (structure: top middle and left). The full *H-*C HETCOR spectrum is provided in the ESI, (Fig. S15). Experimental data were acquired at

800 MHz resonance frequency and a 50 kHz sample spinning rate.
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aromatic 'H centered at ca. 6.4 ppm (line 1). The first two
signals were assigned to O-CH,- groups and -C-(CH,),~CHj;
groups of the hexane side chains, respectively. Note that lines 3
and 4 were not resolved in the "H MAS NMR spectrum of TAB-
TA-OHex (cf also the insert in Fig. 5 top right) showing the
"H-">C HETCOR spectrum of the OHex side chains. Also, a
difference in chemical shift for the overlapping hexane side
chain C-CH,- and C-CHj; groups (lines 3 and 4) was revealed.
The measured relative intensities of lines 2 and (3 + 4) slightly
exceeded the values expected for a perfect stoichiometric struc-
ture (¢f. Table 1). This could again be explained by super-
imposition with the signal contributions arising from edge
sites/defects (see above). The "*C CP MAS NMR spectrum of
TAB-TA-OHex exhibited intense signals of the OHex sidechains
in the aliphatic region (see Fig. 4 and 5). The expected six *C
signals of the OHex side chain could be well resolved and their
assignment to the individual carbon positions is given in Fig. 5.
The middle insert in Fig. 5 shows the enlarged -O-CH,- group
signal of TAB-TA-OHex. As mentioned above, this signal was
previously found to be stacking-sensitive for the related com-
pound TAB-TA-OMe (¢f. Fig. 4). For AA stacking, the chemical
shifts were about 2.5 ppm lower than for the non-AA stacked
structures.>” For TAB-TA-OHex, however, only an asymmetric
-O-CH,- signal was observed instead of two resolved lines.
This signal could be decomposed into a more intense narrow
signal at 67.6 ppm and a less intense ‘‘shoulder” at about 69—
70 ppm (see insert in Fig. 5). "H-">C HETCOR experiments were
performed on this sample (Fig. S15, ESIT). The inserted "H-"*C
HETCOR section (Fig. 5, top middle) clearly demonstrated the
presence of two signals at the expected positions, which justi-
fied the decomposition of the 1D *C CP MAS NMR spectrum.
The higher intensity of the narrow signal at 67.6 ppm indicated
that AA stacking was preferred in TAB-TA-OHex. Note, however,
that the intensities of CP spectra are usually not quantitative
because the 'H-"?C polarization transfer efficiencies may differ
for different signals.’® We were thus hesitant to provide per-
centages for the two stacking modes. Given the fact that the two
signals were due to carbons in similar environments, we could,
however, assume comparable cross-polarization efficiencies.
This justifies at least the semi-quantitative statement of a
significantly higher intensity for the signal at 67.6 ppm. The
AA stacking type was here preferred, probably because the long
hexoxy side chains were spatially more demanding than the
methyl groups of TAB-TA-OMe. For comparison, the "H-"*C
HETCOR spectrum of TAB-TA-OMe is also provided in ESI{
(Fig. S16). The cross-peak due to O-Me was clearly split into the
two expected signals due to AA and AB stacking.

As mentioned above, the relative intensity of lines 2 and (3 +
4) centered around 3.9 and 1.9 ppm was slightly higher than
expected for a perfect structure. This implied a contribution of
edge sites/defects to these two signals as already described for
the other compounds. Their presence could, however, not be
confirmed by "*C CP MAS NMR spectroscopy for TAB-TA-OHex
because the >C signals of the OHex sidechains dominate the
aliphatic region and may cover the minor signals due to edge
sites/defects in contrast to the other compounds studied here.
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However, ">C-"H HETCOR spectroscopy (see the right insert in
Fig. 5) revealed the presence of at least one additional cross-
peak at 0.5 ppm 'H and 21.9 ppm *C chemical shift as
indicated. Two explanations are possible: (i) this cross-peak
may be due to the smaller sample fraction with AB stacking; (ii)
it could also indicate edge sites/defects. The "H chemical shift
of less than 1 ppm, however, rather pointed toward edge sites
or defects.

4. Conclusions

In summary, high-field and fast-spinning 'H MAS NMR
spectroscopy allowed the detection and quantification of var-
ious 'H sites present in 2D COF materials. In addition to the
expected signals of aromatic groups and side chain 'H, several
'H signals at chemical shifts between ca. 1 and 4 ppm could be
resolved and assigned to edge sites and/or defects (¢f. Fig. 3 and
Table 1). Signals in this range were indicative of OCH,, CH,,
and CH; groups, which may have been formed at the edges of
2D layers or on defects within the layers, e.g., by side-reactions
with solvent constituents. To date, solid-state NMR spectro-
meters operating at field strengths corresponding to 1.2 GHz
'H resonance frequency®’ as well as MAS probes with max-
imum sample spinning rates well beyond 100 kHz'**° are
available. This may in the future even allow resolving over-
lapping signals of the different aromatic "H groups contribut-
ing to line 1 at about 7 ppm. It is thus likely that the *H MAS
NMR spectroscopy of 2D COFs will become an important tool
for their structure characterization. Moreover, these develop-
ments will increasingly enable the application of various 'H-
detected 2D correlation experiments, like 'H-'H, 'H-"*C, and
others as described®®™* and reviewed®* in the recent literature,
thus paving the way to the future in-depth structural character-
ization of 2D COFs.
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