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This study investigates the locations and interactions of adsorbed water molecules within a porous COF material,
TpPa-1. The TpPa-1 samples include the as-synthesized powder samples and the samples first subjected to
compression at high pressure and then ground into a powder form. The investigation applies a variety of
advanced solid-state NMR techniques. The results indicate that the adsorbed water molecules in the assynthesized and compressed samples can exist in different locations and bonding states. Here, the adsorbed
water molecules in the as-synthesized samples are found to be mainly located in the pore spaces and interact only
loosely with the chemical groups of the material. In contrast, a proportion of the water molecules in the com
pressed samples enter into the interstices between the layers and interact with the amino groups and the carbonyl
groups of the material. The relocation of the water molecules in the compressed samples provides a plausible
explanation for the molecular origin of the water adsorption capability of TpPa-1. In addition, the revealed weak
interactions between the water molecules and the chemical groups of TpPa-1 are correlated with the molecular
origin of the high water permeance.

1. Introduction
Covalent organic framework (COF) materials are characterized by
ordered pore structures with nanoscale diameters [1]. These charac
teristic pore structures generate very large surface areas that make COF
materials highly promising for applications involving ion separation
[2–4], adsorption [5–7], and catalysis [8,9]. In addition, COF materials
with varying functionality have been developed by introducing func
tional groups on the pore surfaces, and these materials have demon
strated greater efficiency and specificity for adsorbing targeted
molecules than conventional COFs [10–12]. However, the pore surfaces
of COFs often absorb non-targeted molecules, like many other porous
materials [12], and this can lead to unpredictable changes in the surface
properties [13]. For example, a recent work by Wang et al. [14] pre
sented COF films exhibiting rapid color change on their surfaces owing
to the adsorption of a wide variety of small organic molecules.
Past research suggests that water molecules are probably the most
common unintended adsorbate of COF materials [15]. This is because
many COFs contain hydrophilic chemical structures such as amino

groups, hydroxyl groups, and carbonyl groups [1,16,17], which are
prone to form hydrogen bonds with water molecules, and thereby
facilitate their absorption. For example, Biswal et al. [18] applied sur
face engineering to develop a class of COFs with high water adsorption
capacities. Interestingly, these results also demonstrated that the water
adsorption capacities of the COFs materials were clearly dependent on
the pressure. The observed pressure-induced water adsorption capacity
was tentatively attributed to hydrogen bonding between the water
molecules and the chemical structures of the COFs. In addition, we note
that the water adsorption capacity of COF materials is strongly related to
the transport of water molecules through the pore spaces (i.e., water
permeance). As such, the mechanisms affecting the water adsorption
capacity of COF materials are also operative with respect to water per
meance. For example, Zhou et al. [4] investigated the molecular pro
cesses related to water transport in COF materials based on theoretical
calculations. The results indicated that both hydrogen bonding and the
interactions between oxygen and nitrogen atoms on the pore walls and
water molecules affected the transport behavior of water molecules
through a multilayered COF material. However, despite the wide range
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of research focused on water adsorption and ion separation in COFs,
some fundamental questions related to the effect of water molecule
adsorption and transport in COFs on the water adsorption capacity
remain unclear. In particular, it remains unclear how pressure affects the
location of adsorbed water molecules in COF materials and how it affects
the interactions between water molecules and the chemical structures of
COFs.
This is addressed in the present study by investigating the state of
water molecules absorbed on the surface of a standard COF material
synthesized from the Schiff base reaction of 2,4,6-trihydroxybenzene1,3,5-tricarbaldehyde (Tp) with para-phenylenediamine (Pa-1) [16],
which is commonly denoted as TpPa-1. The TpPa-1 samples include
as-synthesized powder samples and powder samples first subjected to
compression at high pressure and then ground into a powder form. The
investigation applies various advanced solid-state nuclear magnetic
resonance (NMR) techniques, such as two-dimensional (2D) proton (1H)
double quantum-single quantum (DQ-SQ) correlation spectroscopy, 13C
cross-polarization/total sideband suppression (CP/TOSS) and
CP/magic-angle spinning (CP/MAS) techniques, and 2D 1H–13C MAS
heteronuclear correlation (HETCOR) spectroscopy, to study the in
teractions between water molecules and the different chemical groups
on the surfaces of the materials. The effect of compression on the water
adsorption states of the sample is evaluated by comparing the results
obtained for the as-synthesized samples and the compressed samples.
The results indicate that the water molecules in the as-synthesized
samples interact only loosely with the chemical structures on the ma
terial surface, whereas a proportion of the water molecules in the
compressed samples enter into the interstices between the TpPa-1 layers
and interact with the amino groups and the carbonyl groups. The mo
lecular origin of the water adsorption capability of the material is then
discussed in terms of the relocation of the water molecules within the
compressed samples. The discovered weak interactions between the
water molecules and the chemical groups of TpPa-1 are correlated to the
molecular origin of the rapid water molecule transport of the material,
and thus its high water permeance.

2.3. Preparation of compressed TpPa-1
Compressed samples were obtained by pressing 50 mg of TpPa-1
powder into sheets with a 15 mm diameter and ~120 nm thickness
using a uniaxial hydraulic press operated at a pressure of 10 MPa. The
compressed samples show the colors different to the original powder
sample (see Fig. S3 in Supplementary Information). The procedure was
repeated to obtain a total of 2 sheets, which were then ground to obtain
compressed TpPa-1 powder samples. After the compress process, the
water content in the sample was 22.6% (see Fig. S2 in Supplementary
Information).
2.4. Sample characterization
The 1H and 13C solid-state NMR experiments were performed on a
Bruker AVANCE III 600 WB spectrometer operating at 600.44 MHz and
150.98 MHz for 1H and 13C respectively. A 4 mm triple resonance MAS
probe was used for the experiments. In 1H–13C cross polarization under
magic angle spinning (CP/MAS) NMR experiments, the cross polariza
tion time was set to 1 ms and the spinning rate was set to 5 kHz. 13C
cross-polarization/total sideband suppression (CP/TOSS) was applied in
order to suppress the spin side band. In 2D 1H–13C HETCOR experi
ments, FSLG decoupling was applied during the 1H dimension and the
RF field was set to 100 kHz. In 2D 1H–13C HETCOR experiments, the CP
contact time was set to 200 μs and the MAS spinning rate was set to 10
kHz. In the 1H–1H double quantum (DQ)-single quantum (SQ) correla
tion experiments, the back-to-back (BABA) recoupling sequence was
used for the excitation and reconversion of DQ coherences. The used
recoupling sequence consists of a two-rotor-period: (π/2)x-τ-(π/2)x(π/2)y-τ-(π/2)y-(π/2)x-τ-(π/2)x-(π/2)y-τ-(π/2)y [19], where τ is tR/2
minus the pulse durations (tR: rotor period). A “z-filter” was used before
the final 90� reading pulse, with the duration equal to two rotor periods.
In the 2D experiments, signals in the F1 dimension were restored by the
TPPI [20] scheme of increasing the phase of the excitation pulses by 45� .
In the 2D 1H–1H DQ-SQ NMR experiments, a 3.2 mm double resonance
MAS probe was used and the MAS spinning rate was set to 20 kHz. The
1
H pulse width was 2.5 μs and the recycle delay was 4 s. The 1H and 13C
chemical shifts were calibrated using adamantane (δ ¼ 1.85 ppm [21]
for 1H and δ ¼ 38.5 ppm for 13C respectively).
X-ray Diffraction Measurements were performed on Rigaku, Ultima
IV using Cu-Kα (1.5406 Å) radiation (30 kV, 25 mA). All samples were
mounted on the same sample holder and scanned from 2θ ¼ 5� –35� at a
speed of 5� /min. The experimental temperature is room temperature.
The specific surface area and pore size distribution were determined
by the nitrogen adsorption-desorption measurements (ASAP 2020
physisorption analyzer) based on the Brunauer-Emmett-Teller (BET)
multipoint method and Quenched-Solid Density Functional Theory
(QSDFT) calculations. For the as-synthesized TpPa-1, total pore volume
¼ 0.208 cc/g with an average pore diameter of 10.07 Å and BET surface
area is 203.615 m2/g. For the compressed TpPa-1, total pore volume ¼
0.357 cc/g with an average pore diameter of 10.51 Å and BET surface
area is 310.159 m2/g. The increased BET surface area in the compressed
sample can be attributed to the interstices between the grains which may
become some pore-like structures after compression and in turn have the
contribution in the nitrogen adsorption-desorption measurements. The
N2 sorption isotherm curves and the porosity plots of the samples are
referred to Fig. S4 in Supporting Information.

2. Experimental
2.1. Materials
Tp (95%) was purchased from Shanghai Bidepharm Tech Co. Ltd,
and 1,3,5-trimethylbenzene (98%), 1,4-dioxane (�99.5%), and deute
rium oxide (99.9% D atoms) were purchased from Aladdin Shanghai Co.
Ltd. N, N-dimethylformamide (DMF; 99.8%), ethanol (�99.5%), and Pa1 (�99%) were purchased from Sigma Aldrich.
2.2. Synthesis of TpPa-1
The TpPa-1 synthesis process was conducted according to the work
of Kandambeth et al. [16] with slight modifications. Here, Tp (126 mg,
0.6 mmol) and Pa-1 (96 mg, 0.9 mmol) were thoroughly mixed in a
solvent composed of 3 M acetic acid (0.5 mL) and trimethylbenzene/
dioxane (3 mL; 1:1 v/v), and the mixture was added to a Schlenk flask
for conducting the Schiff reaction. The Schlenk flask was then filled with
nitrogen gas, sealed, and held at 90 � C for 24 h. The resulting dark red
powder was collected after solvent exchange with DMF and ethanol.
Then the powder was put into a vacuum oven for 24 h to get rid of the
residual solvents (see Fig. S1). Afterwards, in order to uptake the water,
the sample was put into an oven having a constant humidity of 80% for
48 h. The humidity in the oven was controlled by putting a beaker of
water inside and setting the temperature of oven to 298 K. The hy
grometer showed that the relative humidity in the oven was 80% after
the evaporation of the water in the beaker reached equilibrium. After
this procedure, the water content in the sample was 22.3% (see Fig. S2 in
Supplementary Information). Powder samples (100 mg) were exclu
sively employed for all testing.

3. Results and discussion
As presented elsewhere [16], TpPa-1 forms 2D nanosheets with
uniformly ordered sub-5 nm pores penetrating through their 2D planes.
The individual sheets are packed together via van der Waals forces to
form a laminar structure. Fig. 1a presents a schematic illustrating the
packing structure and chemical structure of TpPa-1. Fig. 1b presents
wide-angle XRD (WAXD) patterns for representative as-synthesized and
2
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compressed powder samples. The diffraction peaks at 2θ ¼ 4.51� , 7.83� ,
11.97� , and 26.19� can be attributed to (100), (210), {(310), (320)}, and
{(001), (101)} planes, respectively [16]. The very similar diffraction
peaks observed for the as-synthesized and compressed samples in Fig. 1b
indicate that the compression process induces no significant changes in
the crystal structure of TpPa-1. Fig. 1c presents the 13C CP/MAS NMR
spectra of the as-synthesized and compressed samples. The 13C spectra of
the samples plotted in the full range (-15 - 285 ppm) can be found in
Fig. S5 in Supplementary Information. The peaks in the range between
180 and 188 ppm are assigned to carbonyl groups (C1), while the peaks
at 146.0 ppm, 135.7 ppm, 120.9 ppm, 114.8 ppm, and 106.8 ppm are
assigned to C2, C3, C4, C5, and C6, respectively, according to the
schematic presented at the bottom of Fig. 1a [16]. The very similar 13C
CP/MAS NMR spectra obtained for the as-synthesized and compressed
samples indicate that the chemical structures of TpPa-1 remain consis
tent after applying the compression process.
Fig. 2a presents the solid state 1H MAS NMR spectra of the assynthesized and compressed samples, which were acquired using sin
gle pulse excitation. The observed peaks in the two spectra are quite
similar and pertain to the components of the TpPa-1 molecule illustrated
schematically on the left side of Fig. 2a. The peak centered at ~2.0 ppm
(Ha) is assigned to the protons of the aromatic rings. The peak centered
at ~2.5 ppm (Hb) is assigned to the protons of the vinyl groups. The
strong peak centered at ~4.5 ppm (Hc) is assigned to water molecules
(see Fig. S6 in Supplementary Information). Finally, the very wide signal
centered at ~8.0 ppm is assigned to the protons of the amino groups.
The relatively large chemical shifts and chemical shift distribution
observed in the 1H MAS NMR spectra indicate that the amino groups and
the neighboring carbonyl groups are likely to form strong intra
molecular hydrogen bonds [22–24] and the mutual shielding created by
the aromatic rings [25,26].
Fig. 2b presents the 2D 1H homonuclear DQ-SQ correlation spectrum
of the as-synthesized TaPa-1 powder sample. Here, the cross peaks in a
2D 1H DQ-SQ spectrum indicate a close through-space contact between
two 1H spins, and DQ peaks between identical 1H spins (i.e., having the
same chemical shift) appear on the diagonal of the 2D spectrum. This is
the case in the spectrum in Fig. 2b, where the DQ peaks are centered at
2.0 ppm on the horizontal F2 axis and 4.0 ppm on the vertical F1 axis for
the protons of the aromatic rings (Ha - Ha and Hb - Hb), and at 8.0 ppm
(F2) and 16.0 ppm (F1) for the protons of the amino groups (Hd - Hd).
Interestingly, no cross peaks from the water molecules are observable in

Fig. 2. a) 1H MAS solid state NMR spectra of representative as-synthesized and
compressed TpPa-1 samples. 1H–1H DQ-SQ NMR spectra of b) an as-synthesized
TpPa-1 sample and c) a compressed TpPa-1 sample. All experiments were
conducted at 293 K.

the spectrum, indicating that the water molecules in the as-synthesized
sample only loosely interact with the chemical groups of TaPa-1. For the
origin of the correlation peak (Ha - Ha), according to the chemical
structure of TpPa-1, it can be attributed to the dipolar interaction of the
protons of an individual aromatic ring. For the correlation peak (Hb Hb), it’s origin seem to be different. From the chemical structure of
TpPa-1, the vinyl group has only one proton that is not possible to have
the dipolar interaction by itself. Moreover, there are six bonds between
the nearest two vinyl groups in an individual TpPa-1 molecular plane,
which is too far to have a strong enough dipolar interaction to give rise
to the correlation peak in the spectrum. Therefore, the origin of the
correlation peak (Hb - Hb) most likely can be attributed to the dipolar
interaction between the vinyl groups from the two neighbored layers.
Similarly, the origin of the correlation peak (Hd - Hd) can also be
attributed to the dipolar interaction between the amino groups from the
two neighbored layers.
Fig. 2c presents the DQ-SQ spectrum of the compressed TaPa-1
powder sample, which was acquired under the same experimental
conditions as that given in Fig. 2b. In contrast to Fig. 2b, many DQ peaks
are observed in the spectrum. Here, the diagonal signals at (F2, F1)
values of (2.0 ppm, 4.0 ppm), (2.5 ppm, 5.0 ppm), (4.7 ppm, 9.4 ppm),
and (7.7 ppm, 15.4 ppm) can be assigned to the correlation peaks
derived from the protons of the aromatic rings (Ha - Ha), the vinyl groups
(Hb - Hb), the water molecules (Hc - Hc), and the amino groups (Hd - Hd),
respectively. In addition, correlation peaks are also observed between
the protons of the water molecules and the aromatic rings at (4.7 ppm,
6.7 ppm) (Hc - Ha), between those of the amino groups and the aromatic
rings at (7.7 ppm, 9.7 ppm) (Hd - Ha) and (2.0 ppm, 9.7 ppm) (Ha - Hd),
and between those of the water molecules and the amino groups (4.7
ppm, 12.4 ppm) (Hc - Hd). The presence of these correlation peaks in
dicates that the water molecules in the compressed TpPa-1 powder
sample are interacting with the chemical groups of TpPa-1.
Further insight into how the water molecules interact with the
chemical groups of TaPa-1 can be obtained from the results of 2D 1H–13C
HETCOR experiments presented in Fig. 3a and b for the as-synthesized
and compressed samples, respectively. In these spectra, the F1 axis
corresponds to the 1H chemical shift range of 4 to 10 ppm, which is
vertical in the figure, and the F2 axis corresponds to the 13C chemical
shift range of 90–190 ppm, which is horizontal in the figure. Contours in
the spectrum result from individual 1H–13C spin pairs correlated by the

Fig. 1. a) Schematic illustrating the 2D laminar packing structure and chemical
structure of TpPa-1. b) WAXD patterns of representative as-synthesized and
compressed TpPa-1 powder samples. c) Solid-state 13C CP/MAS NMR spectra of
representative as-synthesized and compressed TpPa-1 samples. All experiments
were conducted at room temperature (293 K).
3
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protons of the aromatic rings and the carbonyl groups to provide the
weak but clear Ha - C1 cross peak shown in Fig. 3a. A detailed investi
gation of the stereo geometry of the different chemical groups in TpPa-1
is an on-going work in our laboratory.
Fig. 3b shows the 2D 1H–13C HETCOR spectrum of the compressed
TpPa-1 sample. The remarkable difference between the spectra in
Fig. 3b and a is the appearance of cross peaks between the water mol
ecules and the chemical groups of TpPa-1. These cross peaks indicate
that the water molecules interact with the chemical groups of TpPa-1 in
the compressed sample. A comparison of the 1D slice spectra associated
with the lines F1 ¼ 2.0 ppm and F1 ¼ 4.5 ppm presented on the right side
of the 2D spectrum indicates that the C4 and C5 signals are not as strong
along the line F1 ¼ 4.5 ppm as those observed along the line F1 ¼ 2.0
ppm. This suggests that the water molecules are not prone to interact
with the C4 and C5 carbon atoms, which can be attributed to the hy
drophobicity of the aromatic ring. It is interesting to note that the cor
relation peaks observed between the carbonyl group C1 signals and the
Hc signal of the water molecules are different than those observed be
tween C1 and the aromatic ring Ha signal. This difference suggests that
the water molecules selectively interact with a proportion of the
carbonyl groups in the sample. As such, this can be considered to be an
indication that the water molecules are inhomogeneously distributed in
the compressed TpPa-1 sample.
The NMR observations in this work have clearly demonstrated that
the water molecules in the as-synthesized samples are likely present only
inside the pore spaces, which is in agreement with the findings of pre
vious studies [4,24]. A clear absence of strong interactions between the
water molecules and the chemical groups of TpPa-1 has been observed,
even though the COF contains hydrophilic groups such as carbonyl and
amino groups. This can be attributed to the formation of strong intra
molecular hydrogen bonding between the amino groups and neigh
boring carbonyl groups, which hinders the formation of hydrogen bonds
between the water molecules and the amino/carbonyl groups. In
contrast, the NMR results for the compressed samples indicate that the
water molecules interact with the chemical groups of TpPa-1. This is
very likely due to the relocation of the water molecules, caused by the
transport of water molecules into the interstices between the TpPa-1
layers [16]. However, the nearly constant signals in the 1H NMR
spectra (Fig. 1c) and the 13C NMR spectra (Fig. 2a) before and after
compression indicate that the presence of these interstitial water mol
ecules fails to disturb the intramolecular hydrogen bonding between the
carbonyl and amino groups. Nonetheless, the clear interactions between
the water molecules and the chemical groups of TpPa-1, as reflected by
all of the Hc - Ci (i ¼ 1–6) correlation peaks in the 2D HETCOR spectrum
in Fig. 3b verify the presence of water molecules in these interstitial
spaces. Note that the correlation peaks between the water signal and
those of C4 and C5 are relatively weak, indicating that the water mol
ecules are not in proximity to the aromatic rings. This can be associated
with the hydrophobic property of aromatic rings. In the literatures, the
formation of hydrogen bonding always causes a low-field shift of the 1H
signal [23,24]. However, in this work although the water molecules
have clear interaction with the chemical groups of TpPa-1, the chemical
shift of the water signal remains unchanged. This strongly indicates that
there is no strong hydrogen bonding between the water molecules and
the chemical groups of TpPa-1. Accordingly, the observed interaction
signals can be attributed to electrostatic interactions between water
molecules and hydrophilic atoms (i.e., the oxygen atoms of the carbonyl
groups and the nitrogen atoms of the amino groups) [27]. As a result, the
signals of the carbon atoms in proximity to the carbonyl groups (C1 and
C6) and the amino groups (C2 and C3) are selectively enhanced in the
extracted spectra shown in the right side of Fig. 3b. Naturally, the hy
drophobicity of the aromatic rings and their relatively large spatial
separation from the hydrophilic groups in the TpPa-1 structure greatly
limits interactions between water molecules and aromatic rings.
The above-discussed interactions between water molecules and the
chemical groups of TpPa-1 can be employed to achieve a deeper

Fig. 3. 1H–13C MAS/HETCOR spectra of a) an as-synthesized TpPa-1 sample
and b) a compressed TpPa-1 sample. To demonstrate the signal correlation, two
1D slice spectra were extracted from each 2D spectrum and shown in the right
side of the 2D spectrum. The CP contact time in the experiments was 200 μs The
1
H–13C MAS/HETCOR spectrum of the as-synthesized TpPa-1 acquired using a
CP contact time of 100 μs can be found in Fig. S7 in Supporting Information. All
experiments were conducted at 293 K.

through-space 1H–13C dipolar interaction.
The results given in Fig. 3a for the as-synthesized TpPa-1 sample
present two 1H resonances corresponding to the Ha and Hb peaks that are
clearly observable along the F1 axis centered at 2.0 ppm and 2.5 ppm,
respectively. In addition, seven cross peaks are observed in the 2D
spectrum for this sample. The most intense cross peaks are observed at
(2.0 ppm, 120.9 ppm), (2.0 ppm, 114.8 ppm), and (2.5 ppm, 146.0
ppm), which can be assigned to cross peaks between Ha and C4, Ha and
C5, and Hb and C2, respectively. However, the cross peaks between Ha
and C3 (2.0 ppm, 146.0 ppm), Hb and C6 (2.5 ppm, 106.8 ppm), and Ha
and C1 (2.0 ppm, 187.5/182.0 ppm) are relatively weak because these
carbon positions have no directly bonded protons, which makes the
1
H–13C dipole coupling relatively weak. Interestingly, no cross peaks
associated with water molecules are observed, as indicated by the line
F1 ¼ 4.5 ppm on the left side of Fig. 3a and its one-dimensional (1D)
slice spectrum plotted on the right side. This indicates that interactions
between water molecules and the chemical groups of TpPa-1 are very
weak, which agrees well with the observations made with respect to the
1
H DQ-SQ correlation spectrum of this sample. Besides, in Fig. 3a no
cross peak associated with the amino groups is observed, indicating that
no carbon groups are in proximity to the amino groups.
It is worthy of note that, while the cross peak between Ha and C1 is
weak, as discussed above, the cross peak is clearly observable. The
presence of this cross peak indicates that the aromatic rings are in close
proximity to the carbonyl groups. However, an analysis of the chemical
structure of TaPa-1 indicates that the protons of an aromatic ring are five
bonds away from the corresponding carbonyl group. This conflicts with
the short contact time used in the experiments, which can only correlate
1
H–13C spin pairs with a short distance between the spins [23]. There
fore, the cross peaks are most likely not from the correlation of intra
molecular 1H–13C spin pairs, but rather from the correlation of the
intermolecular 1H–13C spin pairs from neighboring layers. Accordingly,
we propose that the planes of the aromatic rings are most likely tilted
with respect to the planes of the cyclohexane trione rings. Such a stereo
geometry could lead to a sufficient spatial proximity between the
4
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understanding of the factors affecting the water permeance of this ma
terial. As discussed, it is known that water molecules are likely present in
the pore spaces of TpPa-1. Accordingly, the water permeance of this
material thus result primarily from the transport of water molecules
through the pores spaces of TpPa-1. Yet, the experimental observations
in this work also demonstrate that the water molecules can enter into the
interstices between the layers of the compressed TpPa-1 sample. As
such, this additional transport route for water molecules may decrease
the water permeance of this material by increasing its interior resistance
[28]. This provides a plausible explanation for why the water permeance
of a single layer of TpPa-1 is always much greater than that of multi
layered TpPa-1 [29,30]. However, our results indicate that water mol
ecules will not spontaneously enter into the interstices between the
layers of TpPa-1 in the absence of compression, but that this entering
process is facilitated within the compressed TpPa-1 samples. After
entering the interstices, the water molecules are prone to surround the
hydrophilic groups, such as the carbonyl and amino groups, but reside
relatively far from the aromatic rings. This process then results in an
inhomogeneous distribution of water molecules within the interstices
between the TpPa-1 layers.
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