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Modulating the stacking modes of nanosized
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Modulating different stacking modes of nanoscale metal—organic frameworks (MOFs) introduces different
properties and functionalities but remains a great challenge. Here, we describe a morphology engineering
method to modulate the stacking modes of nanoscale NU-901. The nanoscale NU-901 is stacked through

solvent removal after one-pot solvothermal synthesis, in which different morphologies from nanosheets

(NS) to interpenetrated nanosheets (I-NS) and nanoparticles (NP) were obtained successfully. The
stacked NU-901-NS, NU-901-I-NS, and NU-901-NP exhibited relatively aligned stacking, random
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stacking, and close packing, respectively. The three stacked nanoscale NU-901 exhibited different

separation abilities and all showed better performance than bulk phase NU-901. Our work provides
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Introduction

Nanomaterial stacking has attracted significant research
interest in recent years, providing a new modulation method for
obtaining functional materials with tunable structures and
properties. This led to the discovery of the record-high super-
conduction of stacked graphene multilayers with magic angle
and tunable catalytic properties of MoS,."”> Nano-sized metal-
organic frameworks (MOFs) have been attracting a lot of
attention because nano-MOFs combine the advantages of
nanomaterials and MOFs, such as uniform size and
morphology, high porosity and designable molecular struc-
tures.*® Typically, nano-MOFs consist of nanoscale three-
dimensional (3D) MOF nanoparticles and two-dimensional
(2D) MOF nanosheets. Meanwhile, the stacking of nano-MOFs
is also of great importance, leading to favorable or adverse
properties, which require further modulation. On the one hand,
the close packing of nanoparticles usually results in a reduced
number of exposed active sites, leading to low performance in
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a new morphology engineering route for the modulation of the stacking modes of nano-sized MOFs and
improves the separation abilities of MOFs.

catalysis. On the other hand, aligned 2D MOF nanosheet
stacking exhibits great separation selectivity for isomers.’

However, the modulation of stacking modes of nano-MOFs
remains a big challenge. Controlling the size and morphology
of MOFs is an ongoing challenge, as the rate of nucleation and
growth of MOFs must be well controlled through careful
selection of metal salts, modulators, reagent concentrations,
heating methods, temperature, and time for the synthesis.'**?
Sometimes, even the same synthetic conditions for structurally
related MOFs will result in different crystal sizes and
morphologies of the MOF products.’*** Furthermore, to date,
there is still a lack of operational, repetitive, and robust
methods to modulate the stacking modes of nano-MOFs
because of their extremely small size and the complicated
interactions between nano-MOF particles.*>*® Thus, developing
suitable methods for synthesizing nanoscale MOFs and
modulating their stacking modes is highly important.

Here, a zirconium-based MOF, NU-901, was chosen as
a model since it contains strong coordination bonds between
the Zr clusters and the carboxylic acids of the ligand based on
the hard-soft acid-base theory, leading to a stable MOF struc-
ture.””*® To investigate the stacking modes, nano-NU-901 with
three different morphologies (ultrathin nanosheets (NU-901-
NS), interpenetrated nanosheets (NU-901-I-NS), and nano-
particles (NU-901-NP)) have been successfully synthesized using
water and monotopic acids as modulators (Scheme 1). The
kinetically preferred NU-901-NS and NU-901-I-NS were first re-
ported through the fine-tuning of the ratio of H,O to monotopic
acid by synergistically promoting the partial hydrolysis of Zr*"
and reducing the surface energy of nanosheets.>*** All three

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of NU-901 with different morphologies using AA, BA, HCl, and water as modulators and the different stacking modes of the

three nanoscale NU-901.

morphologies of NU-901 stacked after removing the solvent
molecules. Fluorescence experiments demonstrated that the
stacked NU-901-NS, NU-901-I-NS, and NU-901-NP exhibited
relatively aligned stacking, random stacking, and close packing,
respectively. Meanwhile, N, adsorption demonstrated that the
close packed NU-901-NP minimized inter-particle voids and
displayed more uniform pore size distribution than NU-901-NS
and NU-901-I-NS.

Further applications of the three stacked nano-NU-901
materials as gas chromatographic (GC) stationary phases were
explored and compared with bulk NU-901. Because of the
different pore sizes and distributions from the different stack-
ing modes, the three stacked nano-NU-901 exhibited different
separation abilities, among which NU-901-NP showed the
highest resolution. It was worth noting that all three nano-NU-
901 stacked materials exhibited better separation abilities than
bulk NU-901 due to the reduced diffusion barrier and uniform
coating onto the capillary column.**?** Furthermore, a rare para-
isomer selectivity was observed in the separation of disubsti-
tuted benzene isomers. This morphology engineering approach
provides an opportunity to enhance the performance of MOFs
in separations by modulating the stacking modes of nano-sized
MOFs.

Results and discussion

Synthetic considerations

NU-901 with different morphologies (bulk NU-901, NU-901-NS,
NU-901-I-NS, and NU-901-NP) was prepared by varying the
identity of the monotopic acid modulator and the ratios of the
acid to water (Table S17). For example, NU-901-NS was synthe-
sized by using 120 pL acetic acid (AA) as a modulator with 50 uL
H,O. The 20 mL vial was heated at 120 °C for 24 h after all
reagents were dissolved in 2 mL DMF. The resulting products
were collected by centrifugation and washed with fresh N,N-
dimethylformamide (DMF), and ethanol (EtOH) three times,
respectively. Full details of the synthesis and washing

© 2021 The Author(s). Published by the Royal Society of Chemistry

procedures are provided in the ESL.{ A detailed description of
the characterization techniques, such as powder X-ray diffrac-
tion (PXRD), nitrogen sorption, thermogravimetric analysis
(TGA), transmission electron microscopy (TEM), scanning
electron microscopy (SEM), high-resolution transmission elec-
tron microscopy (HRTEM), atomic force microscopy (AFM) and
high angle annular dark field (HAADF) imaging are also
provided in the ESL

Harnessing acetic acid, benzoic acid, water and HCI as
modulators for the synthesis of nano-NU-901 with different
morphologies

For the synthesis of 2D ultrathin NU-901-NS with high yield,
the “bottom-up” method was chosen to directly employ
molecular building blocks in one-pot solvothermal reactions.>
Usually, surfactants are needed to reduce the high surface
energy in order to avoid the formation of the thermodynami-
cally stable 3D MOFs.?® However, the surfactants are usually
difficult to remove, which leads to reduced active sites on the
nanosheets. Here, we developed a highly robust, bottom-up
method using water and monotopic acids as modulators,
which required no surfactants. This modulation provides both
thermodynamic and kinetic control, simultaneously. Water
was chosen here to achieve supersaturation of the building
blocks in the reaction mixture through promoting the partial
hydrolysis of Zr** and creating more Zrg clusters (Zrg(13-0)4(1s-
OH),).2*** This supersaturation process allows the nucleus of
the crystal to tolerate higher surface energy and thus form
nanosheets rather than bulk 3D crystals. Meanwhile, mono-
topic modulators, including benzoic acid (BA) and AA, were
utilized to cap the surface of nanosheets, reducing their
surface energy. In addition, the molar ratio of building blocks
and each modulator (water and AA/BA) was used to synergis-
tically control the hydrolysis rate of Zr*" and the modulator
capping rates on the nanosheets. Through fine-tuning, fast
precipitation of the kinetically preferred products could be
achieved.

Chem. Sci., 2021, 12, 4104-4110 | 4105
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According to the previous conception, NU-901-NS has been
successfully synthesized. Meanwhile, other morphologies, such
as NU-901-I-NS have also been discovered (Scheme 1). Typically,
with 120 pL AA and 50 pL water as modulators, NU-901-NS with
a dimension of approximately 20 x 60 nm was obtained
(Fig. 1c). With the volume of water (50 pL) fixed, when more AA
(from 120 pL to 600 uL) was added into the reaction mixture, the
morphology of NU-901-NS would change to interpenetrated
nanosheet structures and eventually become MOF particles
(Fig. S17). A similar phenomenon could also be found using BA
as a modulator with 50 pL water (Fig. S27). With 120 mg BA and
50 puL water as modulators, the interpenetrated nanosheet was
successfully obtained as well, named NU-901-I-NS (Fig. 1d). We
supposed that with more monotopic acid (BA or AA) modula-
tors, the hydrolysis of Zr** would be slowed down and more BA-
or AA-capped Zrg clusters would be generated, hampering the
precipitation of the kinetically preferred product nanosheets.
The increased concentration of modulators finally led to ther-
modynamically stable 3D NU-901 particles. When the modu-
lator concentration was in between the two conditions,
interpenetrated nanosheets were produced. The hypothesis
could also be supported by the reverse product sequence

(a)

NU-901-I-NS

—— NU-901-NS
1

Y1)
(—ﬂjsk NU-901 Simulation

5 10 15 20
2 Theta (Degree)
NU-901-NS (d) _

NU-901-I-NS

NU-901-I-NS

Fig. 1 (a) PXRD patterns of NU-901-NS synthesized with 120 pL AA
and 50 pL water as modulators. PXRD patterns of NU-901-1-NS
synthesized with 120 mg BA and 50 pL water as modulators. (b) The
simulated structure of NU-901-NS. HRTEM image of (c) NU-901-NS
and (d) NU-901-I-NS. The HAADF images of (e) NU-901-NS and (f)
NU-901-1-NS with the insertion of FFT images.
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obtained from increasing the water volume with a fixed amount
of AA modulator (Fig. S31). With more water (from 0 pL to 80 uL)
in the synthesis mixture, the material morphology changed
from NU-901 particles to interpenetrated nanosheets and finally
became nanosheet structures (Fig. S31). The HRTEM and SEM
images of all the materials are exhibited in the ESI} (Fig. S4 and
S51). It is worthwhile to note that because of the small size and
thickness of these materials, it is hard to observe the “sheet”
morphologies in SEM images. However in HRTEM images the
different morphologies from nanosheets to interpenetrated
nanosheets can be obviously distinguished (Fig. S47).

PXRD experiments were performed on all synthesized
materials. The first two main peaks are assigned as the (110)
and (111) planes, respectively, which are consistent with the
simulated PXRD pattern of NU-901 (Fig. 1a and S6-5107).”” The
absence of specific PXRD peaks results from preferred orienta-
tions and the obviously broadened peaks result from the small
particle sizes of the obtained materials.”® The average thickness
of NU-901-NS is determined from the AFM images (Fig. S111) to
be 4.33 nm, which indicates that the as-synthesized NU-901-NS
has about 5 layers. To further investigate the structure of the
synthesized materials, the HAADF images of NU-901-NS and
NU-901-I-NS were obtained (Fig. 1 and S121). As shown in Fig. 1e
and f, the adjacent Zr, clusters form reticular architectures with
the edge distances of ~1.59 nm and ~1.64 nm, respectively. The
measured distances are a bit smaller than those of the simu-
lated crystal structures in Fig. 2b (~1.60 nm and ~1.90 nm).
This phenomenon might refer to the framework shrinking
without guest molecules as well as the distortion and homog-
enized distribution of rectangular TBApy"~ ligands.

To obtain uniform NU-901 nanoparticles, the strong acid
modulator HCl was chosen because the low acidity of the
previous monotopic carboxylic acids led to inhomogeneity,
irregularity, and large particle size (Fig. S1-S31). Here, unlike
the monotopic carboxylic acids, the HCl modulator could
protonate the Zrg clusters and accelerate the precipitation of the
thermodynamically stable 3D NU-901.>>*° After tuning the
amount of the added HCI, NU-901-NP was obtained by using
120 uL HCl and 50 pL of water as modulators. The PXRD pattern
in Fig. S61 exhibits three peaks which are assigned to the (110),
(111) and (220) planes respectively (Fig. S81). This is consistent
with the simulated PXRD pattern of bulk NU-901. Similar to NU-
901-NS and NU-901-I-NS, the broadened peaks might result
from the small particle size.”® It is not easy to describe the shape
of NU-901-NP from the TEM image in Fig. S13, because the
particles are much smaller than those of the bulk NU-901 shown
in Fig. S141 and aggregate very easily. We hypothesize that the
aggregation is attributed to possible coordination interactions
or weak intermolecular interactions between nanoparticles
because there are no carboxylic acids as capping molecules.

BET and fluorescence characterization of stacked nano-NU-
901 with different morphologies

Taking advantage of the strong fluorescence and the self-
quenching effect of the TBApy'~ linkers, the stacking of the
framework materials was examined through probing their

© 2021 The Author(s). Published by the Royal Society of Chemistry
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NU-901-1-NS, and NU-901-NP measured at 77 K. (b) Pore size distri-

butions calculated via the NLDFT method for stacked NU-901-NS, NU-901-1-NS, and NU-901-NP. The emission spectra of (c) NU-901-NS, (d)
NU-901-1-NS, and (e) NU-901-NP before and after solvent removal. The corresponding right figures are the scheme of the accumulation of the

three materials after solvent removal and the fluorescence changes.

fluorescence before and after solvent removal.**? As shown in
Fig. 2c, NU-901-NS exhibits strong fluorescence. However,
following solvent removal, the emission intensity of NU-901-NS
decreases significantly (a reduction of ~85.8%), and the emis-
sion peak shifts from 446 nm to 481 nm. This decreased and
redshifted fluorescence from the self-quenching effect of the
TBApy'~ ligand indicates that the layers of NU-901-NS are
stacked close to each other. A similar phenomenon can also be
observed in NU-901-I-NS after solvent removal, which illustrates
the coagulation of NU-901-I-NS. It is worth noting that the
redshift and reduction in the intensity of the fluorescence for NU-
901-I-NS are less than those of NU-901-NS after solvent removal.
This demonstrates that the flat surface of NU-901-NS leads to the
relatively aligned stacking, maximizing the quenching effect of
TBApy*~ linkers (Fig. 1e and 2c). Meanwhile, the interpenetrated
structure of NU-901-I-NS impairs the aligned stacking compared
to NU-901-NS, thus leading to a smaller decrease in intensity and
redshift of the fluorescence. The phenomenon is also supported
by the stacking results obtained from the HRTEM and HAADF
images (Fig. 1c-f and S127).

Interestingly, in contrast to NU-901-NS and NU-901-I-NS, the
emission intensity of NU-901-NP exhibits almost no difference
before and after solvent removal, although the emission peak
redshifts from 446 nm to 470 nm (Fig. 2e). The red-shift of the
fluorescence illustrates that NU-901-NP coagulates much more
significantly after solvent removal. However, even if the nano-
particles stack closely, the emission intensity shows almost no
difference, demonstrating that the TBApy®~ ligands inside NU-
901-NP are isolated by their 3D net-structures, minimizing the
self-quenching effects.*

The N, adsorption isotherms were also recorded to charac-
terize the pores of NU-901-NS, NU-901-I-NS, and NU-901-NP
after the stacking process. As shown in Fig. 2a and b, both the

© 2021 The Author(s). Published by the Royal Society of Chemistry

Brunauer-Emmett-Teller (BET) surface area and pore volume of
NU-901-I-NS (568.60 m*> g~ " and 1.01 m*® g~ ) are much lower
than those of NU-901-NS (1202.09 m® ¢~ ' and 1.86 m® g~ ). The
different BET surface areas and pore volumes result from the
different stacking modes of these two materials after solvent
removal (Fig. 2c and d). The relatively aligned stacking of NU-
901-NS can form more regular pores around 6 A, while the
random stacking of NU-901-I-NS reduces its porosity. The high
N, adsorption at P/P, between 0.9 and 1.0 demonstrates that
there are macropores in both stacked NU-901-NS and NU-901-I-
NS, which belong to the inter-nanosheet voids formed from the
stacking procedure. Moreover, there is a H, type hysteresis loop
in the N, adsorption-desorption isotherms of NU-901-NS,
illustrating that the desorption branch may depend on
network and/or “ink bottle” effects.?®* However, in NU-901-NP,
there is almost no additional N, adsorption at P/P, between
0.9 and 1.0, indicating that the stacked NU-901-NP has mini-
mized inter-particle voids. Furthermore, the BET surface area of
NU-901-NP (726.62 m” g~ ') is lower than that of NU-901-NS but
somewhat higher than that of NU-901-I-NS, which results from
the close packing of the nanoparticles. In addition, the pore size
distribution of NU-901-NP is significantly more uniform than
that of the other two materials. The main pore sizes for NU-901-
NP range between ~5.9 A and 6.7 A, while the main pore sizes
for NU-901-NS and NU-901-I-NS range from ~5.0 A to 15.1 A
(Fig. 2b). This illustrates that the pores of NU-901-NS and NU-
901-I-NS are mainly formed from stacking, while the pores of
NU-901-NP originate from its pristine network structure.

Separation performance of stacked nano-NU-901 with
different morphologies for isomer separation

Because the different stacking modes of the three nano-NU-901
can form different pore environments, we tried to compare their

Chem. Sci., 2021, 12, 4104-4110 | 4107
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separation abilities as GC stationary phases. First, NU-901-NS,
NU-901-I-NS, and NU-901-NP were coated on the inner wall of
capillary GC columns, resulting in the uniform layer(s) of the
three materials, respectively (Fig. 3 and S157). After the coating
process, these capillary columns were aged at 250 °C for
180 min according to their thermal stabilities from the TGA
results (Fig. S16T). For comparison, the bulk NU-901 was also
coated on another capillary column, but with an uneven coating
(Fig. 3a). The loading quantity of NU-901-NS, NU-901-I-NS, NU-
901-NP, and bulk NU-901 on each capillary GC column (15 m)
was calculated to be 1.2, 1.2, 1.1, and 1.2 mg, respectively
(Fig. S17%). Then, the columns coated with the above three
nano-NU-901 materials with different morphologies and bulk
NU-901 were employed to separate octane, nonane, chlor-
otoluene, and ethyltoluene isomers, respectively (Fig. 4). For
most of the isomer pairs, all three nano-NU-901 materials
achieved better separation resolution (Rs) than bulk NU-901
materials (Table S2t). Meanwhile, NU-901-NP exhibited the
best separation ability of the three stacked nanomaterials. This

Bulk NU-901  (b) NU-901-NS

(d) NU-901-NP

Fig.3 The SEM images of stacked (a) bulk NU-901, (b) NU-901-NS, (c)
NU-901-1-NS and (d) NU-901-NP coated capillary column with
a cross-sectional view.
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Fig. 4 Separation resolution for different isomers on the capillary
columns coated with stacked NU-901 with different morphologies.
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phenomenon is due to the nanomaterials containing different
pore sizes and alignments as a consequence of their different
stacking modes. The close packing of NU-901-NP with mini-
mized inter-particle voids and uniform pore size distribution
leads to the highest separation ability. Conversely, the relatively
lower performance of NU-901-NS and NU-901-I-NS compared to
NU-901-NP results from the random pores created by the
stacking procedure. The random stacking of NU-901-I-NS
reduces its porosity and pore volume, which hinders the diffu-
sion of the analytes, leading to the relatively lower separation
ability. Furthermore, the relatively aligned stacking of NU-901-
NS creates higher porosity and more regular micropores (~6
A) than that of NU-901-I-NS, leading to better separation ability.

Although bulk NU-901 has a similar micropore environment
to NU-901-NP, the separation ability is inferior. As shown in
Fig. 4, 5a, and S19,7 the bulk NU-901 shows almost no separa-
tion ability for isomers with very similar boiling points (such as
chlorotoluene and nonane isomers), although linear alkane
homologous compounds can be separated (Fig. S18f). We
believe the poor performance of bulk NU-901 results from the
large particle size. On the one hand, it enhances the molecular
diffusion barrier inside the bulk NU-901 crystals. On the other
hand, the large particle size of bulk NU-901 makes it harder to
uniformly coat the capillary column walls, which also enhances
the diffusion barrier of analytes inside the columns (Fig. 3a),
which enhances the Eddy diffusion (A) term in the Van Deemter
equation as well as reduces the theoretical plate number (N),
leading to the low separation ability (Nnuooine = 1127
plates per m, Ny nu-go1 = 419 plates per m (flow rate = 0.1
mL min ).

para-Isomer selectivity of NU-901 with different morphologies
as the GC stationary phase

In the above research, it was noticed that all para-substituted
aromatics, such as p-chlorotoluene and p-ethyltoluene, had the

(@ Bulk NU-901  (P) NU-901-N:

(c)

Fig. 5 Gas chromatograms using stacked (a) bulk NU-901, (b) NU-
901-NS, (c) NU-901-I-NS, and (d) NU-901-NP coated GC column for
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the separation of chlorotoluene isomers.
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longest elution time compared to the ortho- and meta-isomers
(Fig. 5 and S207). This phenomenon is unique compared to the
commercial HP-5MS and other bulk MOF columns, which
separate isomers following the order of boiling points.>*?*3*
This rare phenomenon results from the subtle size matching
between the para-isomers and the pore size of NU-901. Taking
ethyltoluene as an example, the boiling point of 2-ethyltoluene,
3-ethyltoluene, and 4-ethyltoluene is 165 °C, 161 °C, and 161 °C,
respectively. Counterintuitively, 4-ethyltoluene can be isolated
from the mixture and has the longest elution time (Fig. S167).
The minimum cross diameter of 4-ethyltoluene is ~6.63 A,
which is significantly smaller than those of the other two
isomers (~7.96 A for 2-ethyltoluene and ~7.26 A for 3-ethyl-
toluene), indicating that 4-ethyltoluene can more readily enter
the pores of NU-901 (~6 A for NU-901-NP).* Thus, the para-
isomer has stronger interactions with the MOF stationary pha-
ses, while the ortho- and meta-isomers exhibit mild interactions
with short retention. This para-selectivity of NU-901-NP
provides the opportunity to separate para-isomers from the
mixtures to obtain industrially important raw chemicals.

Conclusions

In summary, we have successfully developed a bottom-up
method for synthesizing NU-901 with different morphologies,
from NU-901-NS to NU-901-I-NS and NU-901-NP, through
tuning the concentrations of water and different monotopic
acids as modulators in one-pot solvothermal reactions.
Different stacking modes have been discovered in the three
nanoscale NU-901 after solvent removal. NU-901-NS, NU-901-I-
NS, and NU-901-NP exhibit relatively aligned stacking,
random stacking, and close packing, respectively. The different
stacking modes introduce different pore size distributions into
these materials, leading to different chromatographic separa-
tion abilities. Furthermore, all three nanoscale NU-901 mate-
rials exhibit better separation ability than bulk NU-901 because
of the reduced diffusion barrier and uniform coating in the GC
column. Meanwhile, all NU-901-coated columns exhibited
a rare para-isomer selectivity, regardless of morphology, which
was attributed to the size matching between para-isomers and
the pores in materials. Such morphology engineering has great
potential to provide new avenues for modulating the stacking
modes of nano-MOFs and designing new MOF separators.
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