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ABSTRACT: Inspired by the structure of carbonic anhydrase, we developed a robust ultramicroporous lanthanide metal-organic
framework (MOF) platform (NKMOF-3-Ln), which possess porous pocket to selectively bind with CO, at ambient condition.
Notably, CO, molecules can be precisely observed in the single crystal structure of NKMOF-3-Ln. Highly ordered CO, molecules
can strongly interact with framework via electrostatic interaction of nitrates. We found that the CO, adsorption capacity and binding
energy were gradually enhanced as lanthanide contracting. The strong CO, binding affinity endows NKMOF-3-Ln excellent CO,
separation performance, verified by experimental breakthrough results. Moreover, ascribed to the specific binding affinity of CO,,

NKMOF-3-Eu showed fluorescence response to CO,.

KEYWORD: metal-organic framework, lanthanide, gas separation, CO, capture, fluorescence detection

INTRODUCTION

Host—guest chemistry has been attracting great attention from
diverse perspectives including biology, chemistry and
materials science.! In nature, enzyme molecules can provide a
confined environment (pocket) that specifically interact with
substrates, which can enhance selective recognition and
capture of substrates.>? For example, human carbonic
anhydrase II, a classic metalloprotein, can selectively bind
with CO, molecules via electrostatic interaction or hydrogen
binding from amino acids and Zn-bounded hydroxide group
(-OH), and thereby facilitating the catalytic process.*?
However, precisely determining how substrate molecules
interact and bind to their enzyme host is very challenging, but
also critical for the understanding of enzymes’ structures and
functions. Metal-organic frameworks (MOFs) have emerged as
a new class of host-guest systems with highly ordered
structures,®’ tunable pore sizes,®® high surface areas,'” tailed
functionality and facial post-synthetic modification.!'’-
Ascribed to their clear structures, defined pore environment
and richness of functional groups (e.g. -NH,, -COOH, -OH),"?
MOFs can provide porous pockets to selectively bind with
guest molecules, and also facilitate to precisely determine the
specific binding sites of guest molecules. Moreover, the above
mentioned selective binding capacity towards guest molecules
entitled MOFs to serve for a wide variety of applications,
including catalysis,'*!7 gas separation-'3->* gas storage?>2® and
sensing.”’ For instance, the greenhouse effect caused by the
rapid accumulation of CO, in atmosphere is attracting great
attention.?® Separation of CO, using MOF materials has been
demonstrated as a promising route for mitigating CO,
emissions.??32 However, precise determination of CO, binding
sites in MOF structures is still of great challenge, but crucial
for the rational design of MOFs to better serve for highly
efficient CO, separation and capture. Up to now, most CO,

binding sites were simulated via high-resolution neutron
powder diffraction or computation study.’*-*> However, the
precisely crystallographic determination of CO, molecules in
MOFs via single crystal x-ray diffraction (SCXRD) was still
rarely reported.36-37
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Figure 1. Inspired by the host-guest chemistry in enzyme (carbonic
anhydrase) to design MOFs with porous pockets to trap CO,
molecules.

In this study, inspired from the CO, binding pocket in the
carbonic anhydrase, we introduced strong electrostatic
interactions into MOFs and obtained a three-dimensional (3D)
ultramicroporous Ln-MOFs (NKMOF-3-Ln) platform with
specific CO, binding affinity (Figure 1). Notably, CO,
molecules can be clearly visualized in the structure of
NKMOF-3-Ln, with strong electrostatic interaction from
Ln-bounded nitrate group (NOj"). Ascribed to the new type of
strong CO, binding site and appropriate pore size,
NKMOF-3-Ln demonstrated sieving effect for CO, over N,
and outstanding separation effect for CO,/N,. Moreover, we
systematically studied the influence of lanthanide contraction
effect to the CO, sorption/separation. In addition, we also
found NKMOF-3-Eu demonstrated fluorescence response to
CO, due to its selective binding affinity. This study paves a
new avenue to tune the pore apertures of MOFs in angstrom
magnitude via lanthanide contraction effect and provide new

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

insights into understanding the substrate binding sites in
biological systems.

RESULTS AND DISCUSSION

Synthesis and characterization of NKMOF-3-Ln
platform. (Ln,(INO)4(NO;),, HINO = Isonicotinic acid
N-Oxide, Ln = La, Nd, Eu, Dy, Lu), was prepared via
solvothermal reactions of Ln(NO;); salts and HINO in
DMF/ethanol solvent (Figure S1-S5 and Table S1).3® Single
crystal X-ray diffraction (SCXRD) revealed that there is only
one type of Ln(Ill) atoms which are 9-coordinated with
oxygen atoms from the carboxylates and nitrates in
NKMOF-3-Ln. Two Ln(IIl) atoms are linked by carboxylates
to form a dinuclear secondary building unit (SBU) which can
serve as six-connected nodes to link with INO- ligands,
producing a 3D network of vmv topology (Figure S6 and S7).
NKMOF-3-Ln contains one-dimensional channels along the a
direction that can accommodate guest molecules (Figure 2a).
Interestingly, the Ln-O bond lengths in NKMOF-3-Ln series
MOFs gradually decreases as lanthanide contracting (Figure
S8). As predicted, the lanthanide contraction effect led to the
shrinkage of pore size. As summarized in Figure 2b, the
distance between the symmetric LnlA and LnlB located on
the 1D channel wall (Figure S6 and S9) decreased as the
atomic numbers increases.*® The lanthanide contracting effect
may affect the adsorption capacity of these materials for CO,.
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Figure 2. (a) Shifted ag-axis view of the 3D structure of
NKMOF-3-Ln. (b) Summarization of the distance between Ln1A
and Ln1B in NKMOF-3-Ln.

Characterization of NKMOF-3-Ln MOFs. We found that
due to the high connectivity of Ln-SBUs, NKMOF-3-Ln
displays good stability upon heating or humidity.
Thermogravimetric (TG) analysis showed that NKMOF-3-Nd,
-Eu, -Dy, and -Lu didn’t decompose until >250 °C (Figure
S10-13). Notably, we observed NKMOF-3-La exploded at
350 °C (Figure S14). Powder X-ray diffraction (PXRD) data
confirmed the result of TG, and revealed that NKMOF-3-Ln
can retain their crystallinity upon heating at >250 °C (Figure
S15-19). Moreover, we found that the representative
NKMOF-3-Eu was intact toward 90% humidity for 7 days
without losing its crystallinity and porosity (Figure S20 and
S21). In order to study the porosity of NKMOF-3-Ln,
materials were pre-exchanged with MeOH and activated with
vacuuming under heating at 160 °C. Surprisingly, the activated
NKMOF-3-Ln did not adsorb N, at 77 K, while adsorbing a
relatively large quantity of CO, with typical type I isotherms at
195 K (Figure S22-26), thus indicating a molecular sieving
effect for CO,/N,. Based on the CO, sorption iostherms, we
calculated that the aperture of NKMOF-3-Ln is ~4 A (Figure

S27-31). In order to study if the lanthanide contraction effect
influence the gas adsorption/separation performance, we
further collected the single-component gas adsorption
isotherms for CO, and N, at 298 K and 273 K. Interestingly,
the CO, adsorption isotherms displayed very steep curves in
the low pressure region and the steepness of the adsorption
curves increased with the shrinkage of lanthanides (Figure 3a
and S32), which indicated that the binding affinity between the
framework and CO, gradually increased with the shrinkage of
lanthanides. NKMOF-3-Ln can adsorb 22.5-24.9 cm?/mmol
of CO, at 1 bar and 298 K, while uptake of N, are very low of
2.2-2.6 cm’/mmol most likely from particle surface adsorption.
These results suggest that NKMOF-3-Ln should possess
excellent selectivity towards CO,/N, due to molecular seiving
effect. Notably, with increasing the lanthanide atomic numbers,
CO, uptake exhibits an obvious increasing trend in the entire
pressure region. In order to further study the influence of the
lanthanide contraction effect to the CO, binding affinity, the
isosteric heats of adsorption (Qg) were calculated for
NKMOF-3-Ln using the viral method (Figure S33-37).40 It
was found that as the atomic number increased, the
zero-coverage Qg values for CO, gradually increased from 41
kJ/mol to 58 kJ/mol (Figure 3b). The Qg value is comparable
to that of the benchmark MOFs. These results indicate that the
lanthanide contraction effect plays a significant role toward
influencing the gas uptakes and binding affinity in these
NKMOF-3-Ln materials.
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Figure 3. (a) Adsorption isotherms of CO, and N, at 298 K. (b)
The Q curves of CO, for NKMOF-3-Ln.

Single crystal structure of CO,@NKMOF-3-Ln. The
steep CO, adsorption isotherms in the low pressure region
prompted us to study if CO, can be captured in the material
under ambient conditions. Notably, we found that CO, can be
trapped in the single crystal structure of NKMOF-3-Ln
through a very simple approach without sealing or high
pressure saturation treatment. Activated NKMOF-3-Ln
crystals suitable for SCXRD were placed in a CO,-filled
environment at room temperature with a CO, balloon for 8 h.
The SCXRD data of CO,@NKMOF-3-Ln was then collected
at 120 K controlled by the liquid nitrogen purge (Table S2).
Ascribed to the strong interaction between the structure and
CO,, we clearly observed the CO, molecules without position
disorder that facilitate a detailed study of the binding sites
between the CO, molecules and the framework. Taking
NKMOF-3-Eu as an example, SCXRD measurements
revealed the framework exhibited a unique CO, adsorption
site. The region between the nitrate and carboxylate from INO-
is a highly favorable binding site for the CO, molecules. The
carbon atom in CO, molecule possessed strong static
electricity interaction with O8 (C13-0O8 = 3.07 A) from the
carboxyl group of INO- and the O1 (C13-O1 = 3.05 A) from
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the nitrate ion (Figure 4a). We also utilized FT-IR
spectroscopy conducted in a N, protected glove box to further
verify the presence of CO, in NKMOF-3-Eu. An absorption
band at 2335 cm! can be assigned to the stretching vibration of
C=0 band from the adsorbed CO, molecules. Compared with
the free linear CO, (asym = 2348 cm!), the value is at a lower
frequency, which can be assigned to CO, interaction with the
organic linkers. Due to the strong CO,-framework interaction,
NKMOF-3-Eu can hold CO, in its structure for >5 days
exposed to air atmosphere without any protection, indicated by
the existence of CO, signal from FT-IR spectroscopy (Figure
4b).
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Figure 4. (a) CO, molecules adsorbed in the single crystal
structure of NKMOF-3-Eu with strong interaction with NO5~ and
the INO-, C: grey, N: blue, H: white, O: red, Eu: orange. (b) The
FT-IR spectra of tested materials, from top to bottom, the
activated NKMOF-3-Eu; fresh CO,@NKMOF-3-Eu;
CO,@NKMOF-3-Eu exposed to air for 5 days.

Molecular simulations. In order to confirm the SCXRD
measurements, molecular simulations of CO, adsorption were
performed in NKMOF-3-Eu to identify the CO, binding sites
(Figure S38, more details in the Supporting Information). The
modeling studies revealed that saturation of CO, is achieved at
8 molecules per unit cell (Figure 5b and S39), which is
perfectly consistent with the value measured by experimental
measurements at 195 K (~8 molecules). The CO, molecules
prefer to adsorb onto the NOs; counter ions that are
coordinated to the Eu’* centers in the structure. SCXRD
studies of CO, adsorbed in NKMOF-3-Eu revealed the same
adsorption sites. Here, each positively charged C atom of the
CO, molecule can interact favorably with the electronegative
O atom of the NO; ion. According to the simulated
distribution of states within the channels, the simulated C and
O positions are in good agreement with the corresponding
experimental positions of the CO, molecule and the NO;™ ions
in NKMOF-3-Eu (Figure 5a and S40). The strong
electrostatic interaction between the CO, molecules and NO;~
ions within the narrow channels affords a high CO, Qy in
NKMOF-3-Eu. The theoretical initial Qg values for CO, in
NKMOF-3-Eu calculated to be 47.0 kJ mol!, which is in
excellent agreement with the experimental value for
NKMOF-3-Eu. This supports the experimental finding that
the low-loading CO, Qg in NKMOF-3-Ln is close to 50 kJ
mol™!, indicating strong physisorption interactions between the
CO, molecules and these MOFs.

Figure 5. (a) Molecular illustration of the simulated distribution
of CO, molecule positions. (b) Shifted c-axis view of the modeled
4 x 4 x 4 supercell at CO, saturation. Atom colors: C = cyan, H =
white, N = blue, O = red, Eu = orange.

IAST selectivity and breakthrough experiments. The
high binding affinity to CO, would further benefit materials’
CO, separation performance. Thus, the gas selectivity
calculated via ideal adsorbed solution theory (IAST)* based
on the gas adsorption isotherms revealed high selectivities
(~100-200) for COy/N, (15 : 85, v/v) accompanied by an
obvious increasing trend as lanthanide atomic number
increased in NKMOF-3-Ln (Ln = La, Nd, Eu, Dy, Lu) series
(Figure S41-46). To further study the separation behavior
under a practical application condition, the CO,/N, separation
of NKMOF-3-Ln was investigated via column breakthrough
experiments using binary CO,/N, (15:85, v/v) gas mixtures, a
typical composition of flue gas mixture from power plants.
Notably, all studied NKMOF-3-Ln materials exhibit excellent
separation performance for CO,/N, at room temperature. As
predicted from the single-component adsorption isotherms, N,
was firstly eluted through the bed, while CO, was adsorbed
and retained by NKMOF-3-Ln. After >44 min, CO, was
eluted from the column and quickly reached equilibrium. The
retention time of CO, (purity > 99.997%) is 44, 51, 55, 59, and
61 min for NKMOF-3-La, -Nd, -Eu, -Dy, and -Lu,
respectively (Figure 6a and S47). This increasing trend in the
retention times of NKMOF-3-Ln MOFs agrees with the
increasing trend of the CO, uptake, Qy and IAST selectivity in
the series, which can be attributed to the lanthanide contraction
effect. In order to further investigate the reusability and
structural  stability of materials during breakthrough
experiments, NKMOF-3-Eu was evaluated for binary CO,/N,
separation for eight cycles. It can be observed that the
retention time remained steady after eight cycles (Figure 6b).
Additionally, PXRD data revealed that NKMOF-3-Eu retains
its crystallinity after recycling experiments (Figure S48)
indicative of its excellent regenerability and stability.

—_—
atomic number increase:
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Figure 6. (a) Experimental column breakthrough curves of
COy/N; (15/85) mixtures on NKMOF-3-Ln at 298 K and 1.0 bar.
(b) Eight cycles of breakthrough experiments of NKMOF-3-Eu at
298 K.

Fluorescence sensing of CO,. Ln-MOFs have drawn
intensive attention among the luminescent MOFs due to their
unique luminescent properties and great potential as sensors of
specific guest molecules.*>*6 Thus, we selected NKMOF-3-Eu
as a representative to systematically study the fluorescence
response properties toward various gases. The activated
NKMOF-3-Eu was grounded into powder and then suspended
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in isopropanol before testing. Isopropanol was chosen as the
suspension mediate due to the following advantages: (i)
NKMOF-3-Eu was stable in isopropanol verified by PXRD
(Figure S49). (ii)) Isopropanol cannot enter the pore in
NKMOF-3-Eu verified by '"H NMR due to its large size (4.82
A) (Figure S50). Excitation of NKMOF-3-Eu at 260 nm
produced strong emission peak located at 618 nm, which is
assigned to the *Dy—’F, transition of Eu ions. Four weak
emission peaks located at 580, 591, 653, and 698 nm were also
observed; these peaks are assigned to the following transitions
of europium ions: 5D0—>7F0, 5D0—>7F1, 5D0—> 7F3 and 5DO—> 7F4,
respectively.” NKMOF-3-Eu shows a fluorescence lifetime
of 814 ps with a quantum yield of 24%. Interestingly, when
bubbling CO; to the suspension solution of NKMOF-3-Eu at
room temperature, the intensity of characteristic peaks at 618
nm exhibited a significant change (decreased 74.5% after 1 h).
To verify that the decrease of fluorescence intensity was
ascribed to the adsorption of CO,, the sample was isolated
from isopropanol via centrifugation after bubbling CO, for 0.5
h and 1 h. The FT-IR spectra showed the characteristic
stretching vibration of C=O band of CO, (Figure S51). The
time-dependent fluorescence changing experiments toward
CO, was also performed. The results demonstrate that the
fluorescent intensities of characteristic peaks gradually
decreased with extending bubbling time. For instance, after
bubbling CO, for 6 h, the fluorescent intensities quenched up
to 93.3% (Figure 7a). Under excitation of ultraviolet lamp, we
can distinguish the fluorescence changes by eyes (Figure S52).
Based on the CO, adsorption behavior and SCXRD results, it
can be concluded that the guest—host interaction played a
significant role in the fluorescence responses of CO,. To
further explore if NKMOF-3-Eu has high sensing selectivity
to CO,, other gases including N,, O,, He and Ar were tested as
well (Figure 7b). Not surprisingly, these gases didn’t show
significant change for fluorescence intensity of characteristic
peaks. These results suggest that the high sensitivity toward
CO, can be ascribed to the strong CO, binding affinity. Further
study to improve materials’ sensing performance toward real
applications is ongoing in our lab.
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Figure 7. (a) Relationship between the fluorescence intensity of
activated NKMOF-3-Eu in isopropanol and the bubbling time of
CO,. (b) Fluorescence intensity changes of NKMOF-3-Eu after
bubbling N,, He, O,, Ar, N; and CO, for 6 hours.

CONCLUSION

In summary, we have successfully developed an
ultramicroporous 3D lanthanide MOF platform
(NKMOF-3-Ln), in which the pore aperture can be precisely
tuned via the lanthanide contraction effect. The precisely tuned
pore diameter significantly enhanced the CO,-framework
interaction, as verified by CO, adsorption isotherms and
calculation of the Q. Attributed to the strong CO, binding

affinity, we are able to visualize the CO, molecules in the
single crystal structure through a facial method under ambient
condition and accurately study the binding sites between the
CO, molecule and framework. The location of the binding
sites was further verified by molecular simulations.
NKMOF-3-Ln exhibits interesting molecular sieving effect
for CO,/N, which produced outstanding selectivity for CO,/N,
(15:85) as verified by IAST calculation and experimental
breakthrough results. Moreover, for the first time, we observed
that NKMOF-3-Eu demonstrated selective fluorescence
responses to CO,, due to its specific and strong binding
affinity. Our study provides new insight to design MOFs for
CO, separation and sensing, and will further broaden the
application of MOFs.

EXPERIMENTAL SECTION

Synthesis of NKMOF-3-Ln. In a typical reaction, a mixture
of HINO (0.25 mmol), Ln(NO;);-6H,O (0.33 mmol), DMF
and ethanol were added in a 10 mL glass bottle. Rod like
crystals were generated after heating at 80 °C for 48 h. More
details are in supporting information.

Preparation of CO,@NKMOF-3-Ln. We placed the
activated NKMOF-3-Ln in a 25 mL glass bottle and sealed
with rubber plug, following with vacuuming for 30 minutes.
Then, we used a balloon filled with CO, to fill the bottle of
NKMOF-3-Ln at room temperature. After ~8 h, we chose
suitable crystals to collect the single crystal data at 120 K.

The breakthrough tests: As for breakthrough test, the
samples of NKMOF-3-Ln (NKMOF-3-La, 1.7343 g;
NKMOF-3-Nd, 1.7352 g; NKMOF-3-Eu, 1.7362 g;
NKMOF-3-Dy, 1.7289 g; NKMOF-3-Lu, 1.7296 g) were
exchanged by methanol and activated under He fluxing (20
mL/min) for 500 min at 150 °C in a steel column. Then the
breakthrough experiments for CO,/N, (15/85, v/v) mixtures
were carried out at a flow rate of 2 mL/min (298 K, 1.0 bar).
The samples in the column were compressed under the same
condition and the column voidages are similar for different
samples in order to compare the separation performance. The
vertical reactors were placed in a temperature controlled
environment, maintained at 298 K. The flow rates of all gases
mixtures were regulated by mass flow controllers and the
effluent gas stream from the column is monitored by a mass
spectrum.

The fluorescence tests: The activated NKMOF-3-Eu were
ground and used for sensing experiments. For each
experiment, 5 mg powder of NKMOF-3-Eu and 6.0 mL
isopropyl alcohol were placed into a small beaker (10 mL),
followed by 20 s ultrasonication. The cuvette was then capped
and subjected to emission measurements at the wavelength of
260 nanometers as a blank control, after which we bubbled
with CO,, N,, Ar, He or O, to test the change of fluorescence
under the same condition.
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