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Stronger covalent bonds between monomers, relatively more complex
growth processes (polymerization, crystallization, assembly, etc.) and
n—n stacking interactions between adjacent layers make it extremely
difficult to obtain highly ordered crystalline 2D covalent organic
framework (COF) nanosheets. So more effective solutions have to be
developed to push the methods reported so far beyond their inherent
limitations. Herein, we report the first example of growing high-quality
2D COF nanosheets (NS-COF) at the interface of two miscible organic
solvents. The novel approach, which is named as a buffering interlayer
interface (BIl) method, can be achieved by simply adding a low-density
solvent interlayer, as a buffer layer, between the two miscible main
solvents based on the self-propelled directed motion of the interface
driven by the density differences among the solvents involved. The
as-synthesized NS-COF exhibits a super-large size and a relatively
regular shape with a smooth surface, which have not been observed
before. The proposed strategy offers a facile and effective approach
for growing well-structured 2D COF nanosheets and also other
kinds of nanosheets.

Introduction

Two-dimensional covalent organic frameworks (2D COFs) are
one such class of layered crystalline polymeric materials which
have shown great promising applications in gas adsorption,'™
metal ion separation and recovery,®® energy storage,’"
catalysis,”**® chemical sensing,'®® etc. Compared with graphene
or other inorganic 2D nanomaterials, 2D layered COFs possess
some competitive advantages, such as a wide variety of optional
monomers and flexible topological connectivity of monomers,
leading to tunable properties of the 2D materials."*" However,
due to the relatively complicated growth process involving
polymerization, crystallization, assembly, etc., it still remains
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Conceptual insights

A liquid-liquid interface method possesses extensive adaptability and
substantial practical value in the construction of 2D nanosheets.
However, only water-organic solvent systems, so far as we know, have
been employed in the construction of 2D COF nanosheets. But in fact,
almost all the monomers used for the synthesis of 2D COFs are organic
molecules, which are normally soluble in organic solvents. So it inspires
us to envision that growing 2D COF nanosheets at organic-organic
solvent interfaces might be a feasible approach. Unfortunately, although
the organic solvents that could dissolve the selected monomers are easily
available, it is hard to meet the immiscibility requirements of the two
preselected solvents. So we have to make one more choice to grow 2D COF
nanosheets at the interface of the two miscible organic solvents. Herein,
we report the first example of growing high-quality 2D COF nanosheets
(NS-COF) at the interface of two miscible organic solvents. The
applicability of the proposed method was also verified using different
monomers and different solvents. Our strategy offers a new, facile and
effective approach for the growth of 2D well-structured COF nanosheets
and/or other kinds of nanosheets.

a great challenge to prepare highly-ordered and well-structured
2D COF nanosheets so far.

In general, the preparation methods of 2D COF nanosheets
reported so far can be divided into two categories: top-down
and bottom-up. The ‘“‘top-down” strategy refers to the pre-
synthesis of stacked or 3D bulk COFs under certain conditions,
and then exfoliation of the 3D ones into 2D nanosheets by ultra-
sonic stripping,”>* solvent immersion,*> mechanical grinding,>*>°
physical milling,** chemical intercalation,*"*” etc., and it is difficult
to control the proportion, the thickness and the size distribution of
the exfoliated 2D nanosheets because the morphologies of the
stripped nanosheets are closely related to those of their parent bulk
COFs (mostly spherical or irregular in shape). The “bottom-up”
strategy is expected to build 2D COF nanosheets directly from
chosen monomers. To overcome the m-m stacking interactions,
non-planar monomers®*** or charged monomers® were employed
to realize the construction of 2D COF nanosheets. However, this
would actually limit alternative monomers available to researchers.
Another effective method is to prepare a single COF layer on a
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solid surface. But ultra-high vacuum conditions are usually
required and especially it is difficult to separate the COF layer
from the substrate.*®™*® Recently, significant progress has been
achieved in growing 2D COF nanosheets at air-water or water—
organic solvent interfaces.>*™** However, in fact, almost all the
monomers for growth of both 2D and 3D COFs are organic
molecules, and their solubility in water is limited, which could
be the biggest hurdle in popularization of these methods.

Therefore, we tried to find two immiscible organic solvents
with good solubility to the two selected organic monomers,
respectively, and grow 2D COF nanosheets at the liquid-liquid
interface. But unfortunately, although the organic solvents that
could dissolve the selected monomers are easily available, it is
hard to meet the immiscibility requirements of the two pre-
selected solvents. So we have to make one more choice to grow
2D COF nanosheets at the interface of the two miscible organic
solvents. It was conceived that by adding a low-density solvent
as a buffer interlayer between the two miscible solvents to stave
off the mutual dissolution and maintain the interface between
the two main solvents, we could achieve our goal on the basis of
the self-propelled motion of the interface driven by the density
differences of the solvents involved.

For the purpose of verifying this strategy, an aldehyde-amine
condensation reaction is employed to grow salicylideneimine-
functionalized 2D COF nanosheets in this work. Typically,
methylene chloride and methylene chloride-DMF mixed sol-
vents are used to dissolve 1,3,5-triformylphloroglucinol (TFP)
and dihydroxybenzidine (DHBD) respectively. Importantly,
acetic acid is chosen as both a catalyst and a buffer solvent.
The synthesis process is as follows.

A schematic diagram of the growing process of 2D layered
COFs is shown in Scheme 1. Firstly, a certain amount of TFP

DCM DCM + DMF N

i)

J :
acetic acid COF nanosheet o
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was dissolved in 80 mL of methylene chloride (1.325 ¢ mL ™" at
25 °C) to give an aldehyde solution (A); then 20 mL of 12 M
acetic acid solution (buffer C, 1.06 g mL ™" at 25 °C) was added
slowly until the surface of A was completely covered. An amine
solution (B) was prepared by dissolving a certain amount of
DHBD in a mixed solution of 80 mL of dichloromethane and
20 mL of N,N-dimethylformamide (DMF, 0.944 ¢ mL " at
25 °C). Next, solution B was added dropwise to the surface
of buffer C. The preparation process with the above adding
order of the three starting solutions is, for convenience, named
A+ C + B, as shown in Fig. 1. Because the density of B is greater
than that of C, the interface between them will gradually move
down; this means that solution B will permeate down slowly
through the buffer C layer to the surface of solution A. The front
amine monomers (DHBD) in solution B will rapidly react with
the aldehydes (TFP) at the surface of solution A to form COF
nanosheets under the catalysis of acetic acid. The newly generated
nanosheets could also act as a “buffer layer” for retarding the
diffusion of the amines towards solution A (see Fig. 1). As a
consequence, the reaction rate between TFP and DHBD is greatly
postponed, which is more conducive to the orderly self-assembly
of 2D COF nanosheets from the building blocks. In addition, the
permeating rate of solution B into A will be lowered down because
the density of solution B is slightly smaller than that of A. All these
factors would contribute to the growth of 2D COF nanosheets with
high quality and prevention of unbounded layer stacking. After a
period of time, the product was collected and washed thoroughly
with dichloromethane, ethanol, acetone and DMF in turn, and
put aside for further investigation. In the above process, density
differences of the solvents used and addition of acetic acid as a
“buffer layer” are the two critical factors that ensure the growth
of COF nanosheets with high quality at the organic-organic
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Scheme 1 Schematic representation of the preparation process involved in growing NS-COF nanosheets.
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Fig. 1 Digital images of different preparation processes with different adding sequences of the three starting solutions (A — TFP solution, B — DHBD
solution and C — acetic acid solution); the one on the top-right side of the images was taken under UV light, while the others were taken under natural light.

interface. It is noteworthy that if A and B were added in reverse
order the ternary solvent system would be completely homo-
geneous instead of hierarchical (see Fig. 1, B + C + A). In
addition, there is no obvious interface between the two main
solvents (A and B) without the addition of an acetic acid
intermediate layer (see Fig. 1, A + B). Optical images of different
preparation processes with different adding sequences of the
three starting solutions (solutions A, B and/or C) in our experi-
ments are shown in Fig. 1.

oV}

Results and discussion

The formation of COF nanosheets (NS-COF) was assessed by
FT-IR spectroscopy, confocal Raman spectroscopy, >C cross-
polarization magic-angle-spinning solid-state NMR spectro-
scopy, elemental analysis, X-ray photoelectron spectroscopy
(XPS), etc. From the FT-IR spectra shown in Fig. 2a, it can be seen
that the characteristic absorption peaks (-NH, at ~3300 cm™ ",
-CHO at ~2880 cm™ ") of the starting materials disappeared after
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Fig. 2 (a) FT-IR spectra of DHBD, TFP, NS-COF and RC; (b) *C solid-state NMR spectra of TFP, DHBD and NS-COF; (c) typical XPS survey spectra of

NS-COF; and high resolution XPS spectra of Cls (d), N1s (e) and O1s (f).
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the condensation reaction. Simultaneously, the formation of two
new peaks at 1620 and 1270 cm ™" could be attributed to the
vibrations of C—C and C—C-NH in the NS-COF."**”*® In
addition, the FT-IR spectrum of the NS-COF was compared with
that of the reference compound (RC, see the ESL{ Scheme S1
and Fig. S1), 2,4,6-tris[(phenylamino)methylene]cyclohexane-
1,3,5-trione, freshly synthesized in this study. The very similar
spectra suggested that both of them have the same structures.
All these mentioned above could provide preliminary support
for the successful formation of objective frameworks. Further-
more, the stretching vibrations of C—C are also observed at
1609 cm ' in the laser Raman spectra of the NS-COF and RC
(Fig. S2, ESIf),"* and in particular, the laser Raman spectrum of
the NS-COF is observed to be reasonable matching with that of
its reference compound, which is significantly consistent with
the results of FT-IR analysis.

The '*C solid-state NMR spectra of TFP, DHBD and NS-COF
are shown in Fig. 2b. The complete disappearance of the
characteristic peaks at 191.5 and 171.2 ppm reveals the thorough
consumption of TFP. The conspicuous, newly formed signal at
181.7 ppm could be ascribed to the formation of carbonyl carbon
of the keto form in the as-synthesized NS-COF. The absence of
TFP signals and the formation of carbonyl group provided
persuasive evidence of the keto form structures in the NS-COF
derived by tautomerism during the reaction process.'*?”?®
Furthermore, the signal located at ~ 148 ppm could be attributed
to C=C-N, corresponding to the expected structure for the
NS-COF, and the peaks from 100 to 130 ppm are caused mainly
by the resonance absorption of carbons of the phenyl ring.

Elemental analysis (EA, Table S2, ESIf) showed that the
observed contents of C/N/H were close to the calculated value.
It is worth noting that the C (wt%) and N (wt%) are slightly
lower than the theoretical predictions for a perfect target COF
material. The differences may be ascribed to the formation of
non-combustible carbon nitride byproducts during the process
of the elemental analysis or the hygroscopic nature of the NS-
COF."?

The XPS spectra of the NS-COF are shown in Fig. 2c—f. The
C1s signal (Fig. 2d) of the NS-COF has four apparent peaks
which are, respectively, attributed to C—=C or C-C (284.8 V),
C-O and C-N (286.6 eV), C—0 (289.2 eV) and m-excitation
(291.2 eV).*>*® Generally, the m-excitation signal could be
observed in all carbon compounds with double bonds, and it
is usually located at ~7 eV above the basic Cls peak.*>*
Therefore, the peak at 284.8 eV could be ascribed to the C—C
double bonds existing in the structure of the NS-COF. The N1s
(Fig. 2e) signal of the NS-COF has only one peak with a binding
energy of 400.4 eV, which can be attributed to the enamine
nitrogen (C—C-NH-). The results are closely related to the
microstructures of the final extended frameworks after imine—
enamine tautomerism in the synthesis process of the NS-COF.
Moreover, the O1s signal is shown in Fig. 2f. The peaks for
C=O0 and C-OH species appearing at 531.3 eV and 533.2 eV,
respectively, are also in accordance with the structures of the
NS-COF.*>*® Quantitative analysis of the XPS data shows that
the O (24 at%) was larger than its calculated value (17 at%),
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which might be caused by the existence of water molecules,
corresponding to a water peak with a binding energy of
536.3 eV."” All the results obtained from the above spectroscopic
data, combined with CHN elemental analysis, strongly verify the
formation of NS-COF with the desired microstructures.

On the other hand, the stacking modes of the NS-COF were
studied by powder X-ray diffraction (see Fig. S3, ESIt). Interestingly,
the as-synthesized NS-COF does not show any diffraction peak
before 5 degrees (26) (see Fig. S4, ESIf). This means that the
multilayers of the COF sheet are stacked neither with an eclipsed
geometry (AA stacking sequence) nor with a staggered geometry (AB
stacking sequence), which are both routinely reported in the
literature in the field of COF studies.*”*® Thus, we then tried
another unusual model of ABC-stacked multilayers for the COF
sheet and compared the experimentally observed PXRD pattern with
the calculated one by using MS software. As shown in Fig. S3
(ESIT), the simulated PXRD pattern corresponds most closely to
the experimental pattern. Two peaks before 10° could be due to the
(110) and (00—1) reflection planes respectively. And diffraction
peaks at 10.97° (021), 11.65° (220), 15.43° (140) and 26.19° (003)
were also observed in the experimentally observed pattern. In
addition, the n—r distance between the two mono-layers is about
0.33 nm. More details can be found in the Section S7 (ESIt).

Further, the ordered morphologies of the COF sheets were
characterized by SEM, TEM and AFM. As shown in Fig. 3a, b
and Fig. S6 (ESIt), what’s exciting is that the COF sheets grown
via this strategy exhibit almost perfect morphologies with a
super-large size (>200 um?®), smooth surface and regular
shape, which have not been observed to date, and also a clear
layered stacking structure. Fig. 3c and d show TEM images of
the NS-COF after ultrasonic pretreatment. From Fig. 3c, we can
recognize that the thickly stacked layer structures of the COF
nanosheets are formed by layer-by-layer deposition of thinner
ones. Moreover, the clear lamellar structure of the COF
nanosheet can also be observed in Fig. 3b and Fig. S6 and S7
(ESIt). Fig. 3d shows a single-layer or few-layer NS-COF sheet
obtained through full exfoliation by ultrasonic treatment. The
NS-COF thin film looks somewhat like a graphene sheet. The
layer spacing of the NS-COF is found to be ~0.32 nm from
the HR-TEM image shown in Fig. 3e, which is fitted with a n-n
stacking distance of ~0.33 nm given by Materials Studio (MS)
simulation. Moreover, we employ atomic force microscopy
(AFM) to characterize the thickness of the NS-COF layer. The
NS-COF nanosheets were dispersed sufficiently with ultrasound
before AFM measurements. As shown in Fig. 3f, the thickness
of the nanosheet is about 0.35 nm, which is consistent with the
layer spacing obtained from HR-TEM and the result calculated
by MS software.

TGA and DSC curves of the NS-COF are shown in Fig. S8
(ESIY). It can be seen that the pyrolysis process uncovers three
main stages. The first stage (~5% weight loss), evolving from
50 °C to 150 °C, could be attributed to the loss of adsorbed
water or residual solvents;*® the second stage with a weight loss
of about 25% is mainly due to the loss of phenolic hydroxyl
groups; the skeleton structure of the NS-COF begins to degrade
slowly and continuously as the temperature increases up to

This journal is © The Royal Society of Chemistry 2018
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around 400 °C and higher. The results indicate that the NS-COF
is stable within 300 °C.

In addition, the solvent stability of the NS-COF is evaluated
by immersing the solid products in 5 kinds of solvents, respectively,
for 24 h, and the results are shown in Fig. S9 (ESIt). It can be
seen that the NS-COF retained their original structural integrity
in all solvents selected.

On the other hand, uranium is an important energy-related
resource with radiological, chemical and biological toxicity,
so detection and recovery of uranium from various uranium-
containing aqueous solutions are of great significance.’®>* As
predesigned in advance, the existence of huge amounts of
carbonyl groups and salicylideneimine-like structures, which
were reported to have excellent affinity and selectivity towards
uranium, would make the NS-COF a potential candidate for the
efficient separation and recovery of uranium.>” In addition, the
NS-COF can also emit visible fluorescence when induced by UV
light, and the characteristic of photoluminescence (PL) might
promise NS-COF a feasible application for UO,>* sensing. Therefore,
we investigated the fluorescence response and adsorption behavior
of the NS-COF to uranyl ions, and the results are shown in Fig. 4.

As displayed in Fig. 4a, the fluorescence intensities of
NS-COF dispersions decreased gradually upon adding UO,*".
The experimental results show that the NS-COF has a much higher
fluorescence response to UO,”" even at a uranyl concentration as
low as 0.2 ppm. When the concentration of UO,*" increased to
36 uM (8.6 ppm), the fluorescence could be quenched almost
completely (Fig. 4a and b).

Furthermore, we investigated the sorption behavior of the
NS-COF to uranyl ions in a simulated nuclear industry effluent
sample containing 12 coexistent nuclides. As shown in Fig. 4c
and d, the sorbing capacity (g., see the ESL, T Section S11) of the

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Fluorescence titration of the NS-COF dispersed in DMF upon
the gradual addition of UO,** (ie, = 360 nm). (b) Digital image of
fluorescence quenching (UV lamp, dex = 365 nm) of the NS-COF upon
the addition of UO,2*. (c) Effect of pH on the adsorption of UO,%* in a
multi-ion system and (d) effect of pH on the adsorption selectivity of
UO,2* in a multi-ion system (co &~ 1.0 mmol L~ for all cations, t = 120 min,
v=25mL T=298K, and w = 10 mg).

NS-COF for all the metal ions almost linearly increased with an
increase in pH from 2.5 to 4.5. The NS-COF exhibits a much
higher uranium selectivity (Sy, see the ESILj Section S11) of
>60% with a maximum sorbing capacity of 91 mg g~ " over the
whole pH range tested. In particular, the Sy can reach as high
as 83% at pH around 3.5. The results indicated that the
uranium selectivity for the NS-COF is superior to most of the
reported sorbents under similar conditions.”® To understand
the mechanisms of the highly sensitive detection and highly

Nanoscale Horiz., 2018, 3, 205-212 | 209
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Scheme 2 A possible uranium detection and separation mechanism by NS-COF nanosheets.

selective sorption of UO,>" by the NS-COF, we employed XPS to
explore the interaction between the NS-COF and uranyl ions.
The O1s and N1s signals of the NS-COF before and after
uranium loading are shown in Fig. S10 (ESI}) respectively. As
we can see, the binding energies of C=0 (531.32 eV) and C-OH
(533.18 eV) in Fig. S10a (ESIf) shift to higher values (C—=O
531.53 eV and C-OH 533.28 eV; in Fig. S10b (ESIT)) after
sorption. The positive shift testifies to the existence of chemical
bonding between uranyl and the oxygen donor atoms in the
NS-COF.>"** However, the binding energies of the N1s signal
(Fig. S10c and d, ESIT) remains nearly the same before and after
uranium loading, from which we could speculate that the
nitrogen atoms are not involved in the cooperative bonding
to UO,>" during the sensitive detection and selective sorption
processes. This is because when the uranyl ion gets close to the
nitrogen atom, it would be repelled by the hydrogen atom
linked to the nitrogen, while the coordination with the adjacent
two oxygen atoms would not be affected by the repulsive

interactions. The results could also verify the designed structure
of the as-synthesized NS-COF as indirect evidence. A possible
detection and separation mechanism between NS-COF nanosheets
and UO,*" is proposed and shown in Scheme 2.

Besides, the applicability of the proposed method was also
verified by some other different amine monomers and different
combinations of solvents; the preparation and characterization
of the products can be seen in Fig. 5 and 6. It is noteworthy that
the solubility of DHBD is poor in common organic solvents
due to the strong hydrogen bonds between molecules. So the
methylene chloride-DMF mixed solvent was chosen in the
above experiments. In order to show the impact of changes in
solvent combinations more intuitively, an amine monomer
with a similar structure but better solubility was newly chosen
as a substituent. The structure of the COF nanosheets prepared
from other solvent combination systems is shown in Fig. S13
(ESIT). This method does not need to consider whether the
selected solvent is a single organic solvent or a mixed organic

Intensity (cps)
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5 10 15 20 25 30 35 40 4!
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Fig. 5 Preparation and characterization of 2D COF nanosheets with different amines.
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Fig. 6 Digital images of different preparation processes with different
solvent combinations (TFP dissolved in CH,Cl, and CHCls; DMBD dis-
solved in different common organic solvents).

solvent, as long as it can dissolve the selected monomers. The
results of the additional experiments validate that our strategy
is feasible and practicable within a certain range. For more
detailed information about the applicability of the proposed
method, please see the ESI,f Section S13.

Conclusions

In conclusion, based on the self-propelled directed motion of
the interface induced by density differences, a novel buffering
interlayer interface (BII) approach, also called a sandwich-type
organic solvent system (solvent A-buffer C-solvent B), is
designed and employed, for the first time, to achieve the
expected goal of building high quality 2D COF nanosheets at
the interface of two miscible organic solvents. The NS-COF
nanosheets possess a fine morphology: micron-size sheets, a
smooth surface, a relatively regular polygonal shape and a
2D layered structure with an unusual ABC stacking mode.
Moreover, the NS-COF exhibits high thermal stability and good
organic solvent stability and shows great potential applications
in highly sensitive detection and selective sorption of UO,>".
For the practical application of the proposed sandwich-type
organic-organic interface reaction model, only the density
differences among the organic solvents selected and the solubility
of the handpicked monomers need to be considered, regardless of
whether the two main solvents (A and B) are immiscible or not,
which provides a facile approach for design and construction of
highly-quality 2D COF nanosheets. In addition, compared with
most of the other approaches reported to date, the synthesis
process involved in this strategy has the following characteristics:

This journal is © The Royal Society of Chemistry 2018
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(1) a simple procedure; (2) an easy and safe operation; and (3) mild
reactive conditions without additional requirements for high
vacuum or high temperature sealed-tube reactions or even various
stripping approaches unless specifically required. These give our
strategy more extensive adaptability and substantial practical value
superior to the other approaches reported so far.
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