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Unconventional reversible NH,
- adsorption by Sc-N interaction

linker bond rearrangement in metal—organic framework (MOFs)

was revealed by quantum-calculations and DRIFT experiments. As

a showcase, the prototypical MOF-type MFM-300(Sc) was
demonstrated to undergo a substantial Sc-carboxylate bond
dynamics upon ammonia adsorption to enable a strong metal—

guest binding mode, a key feature to ensure a highly efficient

capture of this toxic molecule. Decisively, we evidenced this D
adsorption mechanism to be fully reversible, preserving the Q
ammonia capture performance and structure integrity over
multiple cycles. Such an unconventional mechanism in MOFs

can open up new avenues to design novel materials for an efficient capture of highly corrosive molecules.

ABSTRACT: An unprecedented reversible guest-induced metal- O
©

1. INTRODUCTION carboxylate bonds exist in equilibrium between “tight” and
“loose” states corresponding to short (strong) and long (weak)
range interactions, respectively, where the use of high
temperature favors the loose states."*'°

So far, the perception of metal-linker dynamics has been
almost exclusively evidenced with the use of temperature as the
external stimulus as well as during the SBU cation/ligand
exchanges."' ~'*!>!'® Undoubtedly, a wider range of stimuli are
worth investigating to expand the horizons of this research line
in the field of MOFs. In particular, are guest molecules able to
trigger such bond reorganization in a reversible manner? To
the best of our knowledge, such a guest-assisted phenomenon
has been only revealed by an earlier work reported in 2011 by
Kitawaga et al.'” This group demonstrated a reversible metal—

adaptable, stimuli-responsive, and self-healing bonding,”~” ligand bond rearrangement of a Zn-paddle-wheel MOF upon

has only been recently introduced to explain key phenomena CO, aflsorp tiOI,l a Alow pressure. Indeed, the exploration of
in MOFs from their crystal growth to their phase transitions.™ metal-linker lability is of utmost importance not only to better
Typically, Bennett and Horike have intensively explored the underst:and p ha;e t.ransmo;ll-s b-ut ai:o to unravel uncc})lmmon
concept of metal-linker dynamics to understand the melting adsorption mechanisms. This is a keystone to‘pave the way
mechanisms of ZIF liquids and glasses.ll_13 Very recently, toward the development of MOFs to capture highly corrosive
Brozek et al.'* reported a cornerstone investigation of the
metal-linker dynamics in a set of carboxylate MOFs, for Received:  May 28, 2021 Mo
example, HKUST-1, MOEF-S, and MOEF-74, through variable- Revised:  July 12, 2021
temperature diffuse reflectance infrared Fourier transform Published: July 27, 2021
spectroscopy (VT-DRIFTS) coupled with molecular simu-

lations. These authors challenged the conception of carbox-

ylate MOFs as static structures demonstrating that the metal-

Metal—organic frameworks (MOFs), one of the most
prominent classes of porous materials, initially suffered from
poor chemical stability, a key issue that limited their use in
many applications. Huge efforts have been thus devoted over
the last decade to design highly stable MOFs mostly by
reinforcing the metal-linker coordination bond via the
combination of high-valence metal (III/IV) and highly
complexing ligands (carboxylate, phenolate, and triazole) or
low-valence metal (II) and azolate linkers." ™ Because these
coordination bonds are strong, this generally leads to a
misconception that they are static excluding their potential
flexibility/dynamics up to the point of being labile.*”®
Reversible metal-linker bonding, for example, dynamic,
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contaminants such as H,S, SOy, NOy, and NHj;, which are
known to challenge the robustness of MOFs.”'*~** Specifi-
cally, ammonia capture by MOFs has been intensively explored
over the last decade.

Herein, we report an alternative NH; adsorption mechanism
in the carboxylate MOF MFM-300(Sc) that implies an
unprecedented fully reversible guest-induced metal-linker
bond rearrangement as revealed by periodic density functional
theory (DFT) calculations and further confirmed by DRIFT
experiments. A NH;-triggered Sc—O loose state is first created
that initiates a metal-carboxylate bond lability to promote a
Sc—N(NH;) coordination mode, while the free pending
carboxylate group is stabilized by hydrogen bond with the
neighbor u-OH group. Remarkably, this unconventional
adsorption phenomenon involving strong host/guest inter-
actions was demonstrated to ensure a fully reversible ammonia
capture with only a small hysteresis loop in the adsorption and
desorption isotherms while maintaining the structure integrity
of the MOF framework. MFM-300(Sc),”’ isostructural to the
—Al** and —In, —Fe, -V, and —Cr analogues,25 comprises of
[ScO,(OH),] nodes bridged by 3,3',5,5'-biphenyl-tetracarbox-
ylate (BPTC) linkers to form a wine-track channel of 8.1 A
with u-OH groups pointing toward the pore (Figures 1 and
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Figure 1. View along the c-axis of pore channels of MFM-300(Sc).

S1).° MFM-300(Sc) has demonstrated promising adsorption
performance toward a series of molecules, for example, HZ,B
C0,” CH,” $0,” H,S,” 1,*° H,0,’' and ferulate®
combined with a high stability in diverse media.

2. EXPERIMENTAL METHODS

MFM-300(Sc) was synthesized according to a previously reported
method.”

Scandium triflate (0.030 g, 0.061 mmol) and H,BPTC (0.010 g,
0.030 mmol) were mixed in THF (4.0 mL), DMF (3.0 mL), water
(1.0 mL), and HCl (36.5%, 2 drops). The resultant slurry mixture was
stirred until complete dissolution occurred. The solution was then
placed in a pressure tube and heated in an oil bath to 75 °C for 72 h.
The tube was cooled down to room temperature at a rate of 0.1 °C/
min, and the colorless crystalline product was separated by filtration,
washed with DMF (5.00 mL), and dried in air.

Powder X-ray diffraction (PXRD) patterns were recorded with a
Bruker Advance II diffractometer equipped with a 6/26 Bragg—
Brentano geometry and Ni-filtered Cu Ka radiation (Ka' = 1.5406 A,
Ka? = 1.5444 A, Ka'/Ka? = 0.5). The tube voltage and current were
40 kV and 40 mA, respectively. Samples for PXRD were prepared by
placing a thin layer of the appropriate material on a zero-background
silicon crystal plate.

6187

Nitrogen adsorption isotherms were measured by a volumetric
method using a Micromeritics ASAP 2020 gas sorption analyzer. The
sample mass was 65.0 mg. Free space correction measurements were
performed using ultrahigh purity He gas (UHP grade S, 99.999%
pure). Nitrogen isotherms were measured using UHP grade Nitrogen.
All nitrogen analyses were performed using a liquid nitrogen bath at
77 K. Oil-free vacuum pumps were used to prevent contamination of
the sample or feed gases.

Ammonia adsorption isotherms were measured by a volumetric
method using a Micromeritics ASAP 2020 gas sorption analyzer fitted
with Kalrez seals. An empty tube fitted with a Micromeritics TranSeal
was initially weighed and filled with the unactivated sample. After
activation on the degas port at 160 °C for 18 h, the mass of the tube
and sample was reweighed, and the initial mass was subtracted
resulting in a mass of 65.0 mg of the activated material. Free space
correction measurements were performed using ultrahigh purity He
gas (UHP grade S, 99.999% pure). Ammonia isotherms were
measured using UHP grade ammonia. All ammonia analyses were
performed using water baths held at constant temperature with a
recirculating chiller. Oil-free vacuum pumps were used to prevent
contamination of the sample or feed gases.

DRIFTS spectra were performed using an FTIR Nicolet 6700
spectrophotometer (DTGS detector) with a 4 cm™ resolution
equipped with a diffuse reflectance vacuum chamber with CaF,
windows. The FTIR spectra of the activated samples of MFM-
300(Sc) were collected (8 X 107 bar and 180 °C for 6 h) under an
atmosphere of NH; with an increase of NH; pressure from 0.06 to
0.24 bar, and after NH; adsorption.

Thermal gravimetric analysis (TGA) was performed using a TA
Instruments QSOOHR analyzer, under a N, atmosphere in the high-
resolution mode (dynamic rate TGA) at a scan rate of 2 °C/min,
from room temperature to 640 °C.

3. RESULTS AND DISCUSSION

PXRD and TGA were used to confirm the phase purity of the
synthesized MFM-300(Sc) material (Figures S2—S3). An
acetone-exchanged sample was fully evacuated at 453 K and
1.7 X 107 Torr for 6 h, and its resulting BET area (1365 m®
g™") and pore volume (0.56 cm® g™') (Figure S4) were in
excellent agreement with the theoretical values (1390 m* g™
and 0.58 cm® g™!, respectively).

The NH; adsorption—desorption isotherms were collected
for this activated sample at 298 K up to 1 bar. The resulting
adsorption isotherm exhibits a very steep initial rise followed
by a step change above 0.03 bar with NH; uptake increasing
almost linearly up to 13.1 mmol g~ at 1 bar (Figures 2 and
S5—S6). The strong affinity of MFM-300(Sc) to NH; was
supported by the high isosteric heat of adsorption (Q,)
calculated at a low coverage of ~48.3 kJ mol™" (Figures S7 and
S8). This value is comparable to those of other relevant MOFs,
for example, Co,CL,BTDD,”” MFM-300 (M = V%V and Cr),”!
and CPM-110b** among others (see Table S4). Furthermore,
the desorption branch revealed a hysteretic reversible
adsorption process while PXRD confirmed the structural
integrity of MFM-300(Sc) after exposure to NH; (Figures S9
and S10). Moreover, this adsorption/desorption behavior is
maintained over multiple cycles, strongly supporting a fully
reversible capture/release mechanism (Figures 2 and S11).

Intriguingly, although MFM-300(Sc) shows a similar NH,
uptake capacity at 1 bar to its Al-analogue”* (13.9 mmol g~ at
293 K), the shape of its adsorption isotherm deviates from the
I-type profile exhibited by the former material (Figure $12).**
The presence of an abnormal low-pressure step change with a
loading of ~1 NH; molecule per 4-OH group prompted us to
conduct an in-depth exploration of the adsorption mechanism.
Force field-based Monte Carlo simulations (Supporting
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Figure 2. Experimental NH; adsorption—desorption isotherms
collected for a fully activated MFM-300(Sc) sample (filled blue
circles = adsorption; open blue circles = desorption) at 298 K and up
to 1 bar. Inset: comparison of NH; uptake of MFM-300(Sc) from the
first and fifth adsorption cycles (13.1 and 12.6 mmol g™, respectively.
Corresponding to a decrease of 3.8%) at 298 K and up to 1 bar.

Information and Figure S13 for computational details) first
revealed that the interactions between NH; and the u-OH
groups with a mean separating N(NH;)—H(u-OH) distance of
2.23 A as reported in the corresponding radial distribution plot
(Figure S14) dominate the initial stage of adsorption.
However, the resulting adsorption enthalpy calculated at low
coverage (36 kJ mol™") as well as the DFT-derived adsorption
energy associated with this preferential binding site (40 kJ
mol ") are both significantly lower than the Q value (48.3 kJ
mol™"). Therefore, this standard NH;/u-OH adsorption mode
cannot account entirely for the adsorption behavior of MFM-
300(Sc) in the low-pressure regime. This is also supported by
the deviation between the experimental and the grand
canonical Monte Carlo simulated adsorption isotherms in
both low- and intermediate-pressure ranges (Figure S14).
Periodic DFT calculations were thus performed to envisage
alternative NH; adsorption modes in MFM-300(Sc). To that
purpose, because the interaction energy for NH; was found to

be higher as compared to many other gas molecules (Figure
S1S and Table SS), we deliberately envisaged a possible
reaction path involving a metal-carboxylate bond dynamics
upon NHj; adsorption as illustrated in Figure 3. In this
scenario, this reaction path starts with an initial state (IS),
where NH; is adsorbed to the yu-OH site (Figure S15). Our
climbing image nudged elastic band (CI-NEB) calculations
revealed the existence of an intermediate state (INT), where
the guest molecule relocates from the y-OH site to a neighbor
Sc atom and induces an elongation of one Sc—O bond from
2.14 A (IS) to 222 A (INT) (see Figure 2). This local
structure reorganization occurring throughout a first transition
state (TS1) is reminiscent of the thermal-driven loose state for
a metal-carboxylate bond very recently demonstrated for some
typical MOFs."* Following up, the Sc—O bond completely
breaks, and the resultant dangling O-atom establishes a
hydrogen-bond type interaction (associated O—H distance of
1.88 A) with the neighbor y-OH group as observed in the
second transition state (TS2). Interestingly, this guest-
triggered labile Sc-carboxylate bonding enables the NHj; to
coordinate to the Sc via its N-atom with a corresponding bond
distance of 2.45 A in the final state (FS), which is similar to the
Sc—N bond length observed in a related complex.”> The
associated energy barriers for the two steps (40 and 25 kJ
mol™" for TS1 and TS2, respectively) are relatively moderate,
which makes this uncommon guest-induced dynamic metal-
linker bonding thermodynamically feasible. Ab initio molecular
dynamics (AIMD) simulations performed at 400 K further
confirmed that such resulting Sc-NH; coordinative mode (FS)
remains stable over time, which means that this corresponds to
an energetically favorable configuration (Figure S16).
Interestingly, further AIMD calculations evidenced that once
NH; is removed from the FS configuration, the MOF
framework is self-healed, and its initial crystal structure is
regenerated (Figure S16). Therefore, this NHj-triggered
dynamic metal-linker bonding is demonstrated to be fully
reversible, which accounts for the experimentally observed
adsorption/desorption behavior of MFM-300(Sc). Remark-
ably, the FS — IS process occurs fast in the AIMD simulations
(about 1 ps) in line with the very low energy barriers required
to recover INT and IS states starting from FS (29 and 4 kJ
mol ™" respectively) as shown in Figure 3. This result suggests
an easy regeneration of MFM-300(Sc) after NH; adsorption

Figure 3. DFT-simulated potential energy profile for the NH;-triggered Sc-carboxylate dynamic bonding in MFM-300(Sc) and illustrations of the
initial state (IS), transition states (TS1 and TS2), intermediate state (INT), and final state (FS). Color code: carbon (brown), oxygen (red),
nitrogen (blue), hydrogen (white), and scandium (purple). The distances and potential energies are reported in A and in kJ mol™" respectively. The

key distances (Sc—N and Sc—O) are summarized in Table S6.
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consistent with the small hysteresis exhibited by the desorption
branch. Moreover, such a predicted bond rearrangement
enables the optimization of the MOF/NH; affinity because the
interaction energy associated with the binding mode of NH;
toward the created open-metal site is significantly higher as
compared to the NH;/u-OH adduct (Table SS). This is also
reflected in the charge difference plots reported in Figure 4 for

< ) v
155 SR TR B! P
IS INT FS

Figure 4. DFT-derived charge differences for the adsorption of NH;
in IS, INT, and FS with an isovalue of +0.002 e A™3; yellow and cyan
colors represent the charge accumulation and depletion regions,
respectively. The color code for all atoms is the same as Figure 2.

IS, INT, and FS. We can observe that the charge significantly
accumulates between Sc and NH; molecules in INT and FS,
while both charge accumulation and the depletion region
coexist between p-OH and NHj in IS. This uncommon
reversible dynamics of this soft porous crystal is a key feature
to make it as an optimal candidate for NH; capture.

This mechanistic investigation revealed that the unusual Sc—
NHj; binding mode requires the formation of the INT state. As
a showcase, we further replaced Sc by Al in this INT structure
and a DFT-geometry optimization was performed. The
optimized structure reported in Figure S17 indicates that the
NH; does not remain bound to the metal, Al readopting its
pristine AlO,(OH), octahedral environment. Therefore, this
calculation strongly suggests that MFM-300(Al) cannot exhibit
such NH;-triggered bond dynamics in line with its different
profile for the adsorption isotherm at low pressure as discussed
above.

To confirm this predicted NH; adsorption mechanism, in
situ DRIFT spectroscopy experiments were further carried out
at 298 K, as a qualitative relationship between the intensity of
bands and the ammonia adsorbed into MFM-300(Sc).**~*¢
Figures 5 and S18 and S19 report the corresponding IR
spectra, split into distinct wavelength regions, recorded for the
pristine sample exposed to a gradual increase of NH; pressure
from 0.06 (the allowed detection limit of the instrument) to

0.24 bar. We first observed that the intensity of the two bands
at 1351—1318 cm™' attributed to the symmetric and
degenerate deformation modes of NH;, respectively,*
increases gradually with pressure (Figure S19). This trend is
consistent with a progressive filling of the MOF pores. Figure
Sa shows characteristic bands at 1740 and 1727 cm™'
corresponding to symmetric and asymmetric COO™ stretching
mode, respectively,””’** their intensity increases progres-
sively upon NH; adsorption. This is associated with the
formation of free pending C=0 groups that results from the
metal-linker bond breaking as predicted for FS in Figure 3. A
similar spectroscopic signature was previously evidenced by
Bandosz and Petit for HKUST-1*>*" and MOF-5."* The bands
related to the COO™ stretching mode drastically changed
when these two MOFs exposed to toxic gases, for example,
NH;, H,S, and NO, suffered from a partial or a full metal-
carboxylate bond breaking, leading to the formation of free
C=O0 groups as detected by the bands at 1650—1710 cm™".
The perturbation in symmetric—asymmetric carboxylate
stretching frequency can also be related to a possible transition
from syn—syn (parallel bidentate bridging) to monodentate
carboxylate binding. "’

Figure Sb reveals the presence of two bands at 827 and 840
cm™'. According to the literature, the first band corresponds to
the Sc—O stretching mode.***® Despite the lack of literature
on comprehensive FTIR experimental characterization of the
Sc(II1)—N interactions, we assigned the second band at 840
cm™' to the Sc(III)—N rocking vibrational mode by analogy
with previous FTIR investigations on hexa-coordinated
ammine-trivalent metal complexes including [Rh(NH;)4]Cl;,
[Os(NH;)]Brs, [Ir(NH;)]CL, [CT(NH3)6]3+; and [Co-
(NH,)4]Cl; as reported by Griffith,”” Quagliano,” and
Gupta.” These authors demonstrated that the M(III)—N
rocking vibrational mode appears in the range of 740—860
cm™,

The band assigned to the O—H stretching mode of the -
OH group in the 3800—3600 cm™' range was shown to
undergo a broadening and a reduction in intensity upon NH;
adsorption (Figure Sc). Such evolution of the band indicates
that 4-OH progressively forms hydrogen bonds as reported
previously for ammonia adsorbed in the MFM-300(Al)
analogue and M-PMOFs.”** Tt is well established that the
bands at 950 and 1628 cm™" associated with the symmetric
and asymmetric bending §(N—H,) modes of NHj are shifted
to 1150—1100 and 1630 cm™' when this molecule forms a
hydrogen bond with a OH group.”*' However, Figure S19

a) — Activated (0.0 bar) b) — Activated (0.0 bar) C) — Activated (0.0 bar)
———0.06 bar (.06 bar ———0.06 bar
——0.12 bar ——0.12 bar ———0.12 bar
——0.18 bar —0.18 bar ———0.18 bar

. —0.24
~——0.24 bar ———0.24 bar X

——— Re-activated (0.0 bar)

Absorbance
Absorbance

Re-activated (0.0 bar) Re-activated (0.0 bar)

Absorbance

T T T T T T T
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Wavenumber (cm™")

T T T T T T T T T T T T
855 850 845 840 835 830 825 820 815 810 3800 3750 3700 3650 3600
Wavenumber (cm™)

Wavenumber (cm™)

Figure S. DRIFT spectra of NH; adsorbed at different pressures (from 0 to 0.24 bar) over activated MFM-300(Sc) at 298 K, split into three
wavelength regions: (a) 1790—1710 cm™"; (b) 860—810 cm™, and (c) 3800—3600 cm ™.
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does not show any band in this region. Taking into
consideration that the bands at 1740 and 1727 cm™" (Figure
Sa) did not show any shift to lower frequency as typically
observed for monodentate carboxylate species,”” and we only
observed changes in their intensity, the broadening of the band
at 3683 cm™' (u-OH stretching) was attributed to the
formation of a hydrogen bond between the y-OH group and
the free pending carboxylate group as previously ob-
served.*®+9%% Altogether, these in situ DRIFT data allow a
validation of the predicted NH; adsorption mode (FS) as
reported in Figure 3. Moreover, we evidenced that starting
with the NHj-loaded sample at 0.24 bar and applying a
vacuum of 1.7 X 107 Torr lead to a full recovery of the IR
spectrum collected for the pristine sample. This observation
clearly confirms the reversibility of the adsorption process.

4. CONCLUSIONS

In summary, quantum-calculations supported by DRIFT
experiments demonstrated that MFM-300(Sc) exhibits an
unprecedented fully reversible NH;-induced metal-linker bond
rearrangement. This unconventional adsorption mechanism
enables a strong binding of NH; toward the created Sc open
metal sites while preserving the ammonia capture performance
and crystal structure of the MOF over multiple cycles. This key
finding provides new horizons on the understanding of the
complex adsorption mechanism and paves the way toward
further developments of MOFs for the capture of highly
corrosive molecules.
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