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The room temperature sorption properties of the biological gas nitric oxide (NO)
have been investigated on the highly porous and rigid iron or chromium carboxylate
based metal-organic frameworks Material Institut Lavoisier (MIL)-100(Fe or Cr) and
MIL-127(Fe). In all cases, a significant amount of NO is chemisorbed at 298 K with
a loading capacity that depends both on the nature of the metal cation, the structure
and the presence of additional iron(Il) Lewis acid sites. In a second step, the release
of NO triggered by wet nitrogen gas has been studied by chemiluminescence and
indicates that only a partial release of NO occurs as well as a prolonged delivery at the
biological level. Finally, an in situ infrared spectroscopy study confirms not only the
coordination of NO over the Lewis acid sites and the stronger binding of NO on the
additional iron(Il) sites, providing further insights over the partial release of NO only
in the presence of water at room temperature. © 2014 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4904069]

In the field of functional materials, metal-organic frameworks (MOFs) have emerged as interest-
ing candidates due to practically limitless combinations of organic ligands and inorganic components
(single-metal ions, clusters, chains, sheets, etc.), which provides a plethora of inherent functionalities,
as well as important porosity, relatively high thermal stability, often mild synthesis conditions, and
comprehensive design strategies.! The ability to readily design MOFs with particular inbuilt prop-
erties or functions has increased scientific interest for their use in targeted applications, and great
progress has been made in the areas of gas storage,” carbon capture,’ and fluid separation.* In addition,
the biocompatibility of some MOFs has fostered a burgeoning interest in biological applications,’
such as the controlled release of drug molecules.® Due to the renowned gas storage abilities of MOFs,
attention has also been recently given to the delivery of biologically active gas molecules, especially
therapeutics like nitric oxide (NO).”

Some of us have recently reported the low toxicity of iron(III) polycarboxylate nanoparticles.®
In addition, a priori biocompatible MOFs, derived from endogenous cations (i.e., iron and calcium)
and/or therapeutic active ligands, have also been synthesized.> Some of them have been denoted as
BioMILs (Bioactive Materials from Institut Lavoisier),'? with the ability of the porous nontoxic MOFs
to adsorb and release in a controlled manner as demonstrated for a wide range of active molecules.>
In addition, some of us also reported the ability of porous MOFs that bear Lewis acid sites to uptake
and release therapeutic gas molecules, including NO or hydrogen sulfide.” The well-known porous
metal(II) dihydroxyterepthalates, denoted CPO-27, are archetype porous MOFs for such biological

4Present address: Department of Chemistry and Physics, Florida Southern College, Lakeland, FL. 33801, USA.
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FIG. 1. Representation of the assembly of the rigid, porous, 3-periodic MIL-100(Fe) (top), MIL-127(Fe) (bottom), and
MOFs from the inorganic trinuclear iron cluster and tricarboxylate or tetracarboxylate ligands.

gases and their controlled release leading to anti-bacterial and anti-platelet aggregation properties.’
More recently, the series of iron(IIl) dicarboxylates MOFs with MIL-88 architecture (MIL stands for
Material Institut Lavoisier),!' composed of linear dicarboxylate organic ligands (e.g., terephthalate)
and trinuclear metal clusters (M30(-0,CR)sA3, (M = Fe, Cr; A = solvent molecules or counter-
anions) bearing Lewis acid sites, has shown great promise for NO adsorption and delivery,”® albeit
to a lesser extent than the CPO-27 MOFs,”®-7© due to the lower toxicity (LDso = 30 g - kg™!)® and
pharmaceutical acceptability of iron based structures.'?

Though the MIL-88 series offers fine examples of biocompatible and biodegradable iron MOFs
suitable for biologically active gas applications, sorption capacities have been shown to be limited due
to the flexibility of the frameworks, which lead to relatively narrow pore sizes upon solvent molecules
removal.'! To address this issue, we focused our attention to other iron(III)-carboxylate based MOFs
(Figure 1) that not only possess the same building units as the MIL-88 series, and thus large amounts of
Lewis acid sites, but also rigid frameworks with larger windows/pores, namely, MIL-100(Cr, Fe)' and
MIL-127(Fe)'* (analogous to see-MOF(In)'). MIL-100 possesses two types of mesoporous cages
(d~24and29 A, respectively), accessible through microporous pentagonal and hexagonal windows,
while MIL-127(Fe) exhibits a 3D microporous system (d ~ 5-7 A) with both hydrophobic and hydro-
philic features' (Figure 1). It has previously been shown that these particular MOFs easily adsorb or
separate various types of gas molecules and their ability to coordinate polar or quadrupolar molecules
(water, alcohols, C3, etc.) has been demonstrated.'®!7 Such materials have accordingly been evaluated
for several applications related to gas sorption, separation,'® water sorption, @18 catalysis,'*®"1% and
drug delivery,>®? among others. Thus, it was expected that these MOFs would more easily adsorb
NO molecules on their active metal sites than their MIL-88 counterparts.'®

Here, we report the NO sorption and release properties of a series of porous iron(IIl) or chro-
mium(III) polycarboxylate MOFs of the MIL-100(Fe or Cr) or M30X[CgH3-(CO,)3]2.xH,0 (M = Fe
or Cr) and MIL-127(Fe) or FecO,X5[C1,N,Hsg-(CO,)4]3.yH,0 structure types (X = anion (F, OH, Cl,
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FIG. 2. NO adsorption/desorption isotherms at 298 K of MIL-100(Cr) (top) and MIL-100(Fe) (bottom), respectively),
activated at ~423 K (adsorption: open symbols; desorption: closed symbols).

etc.); X ~ 14, y ~ 20). The impact of the thermal activation on the removal of the free water and the
coordinated water molecules, particularly for the reducible iron(III) MOFs, whose ability to exhibit
additional Fe(II) sites upon partial reduction of iron(II) upon high temperature vacuum treatment
has also been assessed.'® Finally, to gain understanding on the microscopic behavior of these MOFs
upon loading or release of NO, in situ infrared (IR) spectroscopy experiments have also been carried
out.

All of the MOF materials [MIL-100(Cr), MIL-100(Fe), and MIL-127(Fe)] were synthesized
according to published procedures.'>!* See supplementary material.”!

In a first step, the NO loading capacity of each of our MOFs of interest, MIL-100(Cr), MIL-
100(Fe), and MIL-127(Fe), was assessed through a series of NO sorption experiments (Figure 2, Fig-
ure S1, Table I). The samples were heated under primary vacuum at 423 K to remove guest and coordi-
nated solvent molecules. Upon activation, dry NO was introduced, and the adsorption/desorption was
monitored over several trials for each material. The adsorption/desorption isotherms of MIL-100(Cr
or Fe) are first displayed in Figure 2. As expected from rigid porous MOFs, the isotherms display a
type I adsorption, characteristic of microporous materials with a maximum uptake, at 1 bar, within
the 2.7-3.2 mmol g~! range, close to the theoretical amount of Lewis acid sites for MIL-100(Fe or
Cr) (~3.6 mmol g’l). In the case of MIL-127 (Figure S1), the amount of adsorbed NO at 1 bar is
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TABLE I. Summary of NO adsorption and residual capacity at 298 K for MIL-100(Cr), MIL-100(Fe), and MIL-127(Fe)
activated at ~523 K (M=Fe).

Solid Average adsorption capacity (mmol g~") Residual capacity upon desorption (mmol g~
MIL-100(Cr) 3.3(2) 2.5(2)

MIL-100(Fe!h 2.7(2) 2.02)

MIL-100(Fe!'/1) 4.5(3) 3.2(2)

MIL-127(Fe'™) 1.2(2) 0.75(10)

MIL-127(Fell/1y 2.2(2) 1.4(2)

much smaller, close to 1.2(2) mmol g~!, less than half of the theoretical value (~2.7 mmol g™!). In
the case of the MIL-88A and MIL-88B flexible materials, a slightly lower amount of experimental
adsorbed NO was previously obtained (range of 1-2.5 mmol g~!) compared to the theoretical values
(2.5-4 mmol g~1), which was attributed to the presence of the very narrow pores of their dried forms,
limiting thus the accessibility of the metal sites to NO. In the case of MIL-127, one can assume that
the narrow pores (~5-7 A) are here not fully accessible to NO due to the presence of a significant
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FIG. 3. Comparison of the NO adsorption/desorption isotherms at 298 K of MIL-100(Fe) after activation at ~423 K (top)
and 523 K (bottom), respectively. (adsorption: open symbols; desorption: closed symbols).
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FIG. 4. IR spectra of MIL-100(Fe) (upper part) and MIL-127(Fe) (lower part) activated at 423 K (left) or 523 K (right)
(spectra (a)). IR spectra of NO (Pno = 25 millibars) adsorbed at 298 K (b), at 220 K (c), and then after outgassing at 298 K
(spectra (d), dotted line).

amount of remaining coordinated water molecules after activation at 423 K only, as observed previ-
ously for MIL-100(Fe or Cr), preventing from the full accessibility of the open metal sites within the
micropores. For MIL-100, the impact is less pronounced due to the much larger pore size. As in the
case of other rigid MOFs (CPO-27s, HKUST-1, etc.),/®a pronounced hysteresis is observed in each
case for the desorption branch, in agreement with part of the NO being retained on the Lewis acid
sites at very low pressure.

In a second step, keeping in mind that upon activation at higher temperatures under vacuum
(~523 K), it was previously shown that the iron(IlI)-carboxylate MOFs based on the oxo-centered
trimeric sub-units (MIL-100, MIL-88s) could undergo a partial reduction of iron(IIl) into
iron(II),”@-16().20 Jeading to additional accessible Fe(II) sites thus available for a stronger interaction
through back donating effect with unsaturated guest molecules. We decided to study the impact of
the temperature of activation of the iron MOFs on NO sorption.

After activation of MIL-100(Fe) or MIL-127(Fe) at 523 K, we observe, in both cases, a signif-
icant increase in the total amount of adsorbed NO (Figure 3, Figure S1), up to 4.5(3) mmol g~! in
MIL-100(Fe), with nearly of 3.2(2) mmol g~! remaining upon desorption. In the case of MIL-127(Fe),
the same effect occurs (Figure S1) with the uptake going from 1.2(2) to 2.2(2) mmol g~'. These results
confirm that both NO sorption capacity and affinity increase upon the occurrence of additional Fe(II)
metal sites forming upon under vacuum during the activation process.

Such an increase of the NO capacity and affinity is, on the whole, supported by in sifu IR data. The
infrared spectra of MIL-100(Fe) and MIL-127(Fe) recorded after NO adsorption (Figure 4) display a
strong doublet of bands around 1800 cm™!, assigned to NO adsorbed on Fe(II) coordinatively unsat-
urated sites (CUS).?% These bands are much stronger after activation at 523 K, whereas the band
of NO adsorbed on Fe(ITT) metal sites, observed at 1895-1900 cm™!, remains almost constant for
MIL-100(Fe), and only slightly increases for MIL-127(Fe). This confirms that, upon higher activation
temperatures, supplementary Fe(II) metal sites become able to interact with NO in both cases. In fact,
these Fe'-NO sites appear to be more stable at higher temperatures (e.g., room temperature (298 K),
Figs. 4(b) and 4(d)), due to the back donation effect,'®®-2° which partly explains why the affinity of
these iron-carboxylate based MOFs toward NO increases upon thermal treatment.
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FIG. 5. Example of NO desorption from MIL-100(Cr), MIL-100(Fe), and MIL-127(Fe) activated at 423 K overnight,
respectively. Insets are in parts per billion range.

In order to probe the interest of the NO loaded samples, we performed a series of NO release
experiments. The release of NO was triggered from MIL-100(Cr), MIL-100(Fe), and MIL-127(Fe) by
passing humid nitrogen gas (11% relative humidity and 200 ml min~! R.H.) over the NO-loaded sam-
ples and quantified by chemiluminescence. The results are shown in Figure 5 (and Figures S2—-S6) and
summarized in Table II. MIL-100(Cr) released the largest amount of NO, as well as the largest relative
amount of NO compared to MIL-100(Fe) followed by MIL-127(Fe). In the case of MIL-127(Fe)
activated at higher temperatures, the impact of the presence of additional Fe(II) sites was confirmed,
as evidenced by an increase in the amount of desorbed NO from ~0.18 to ~0.49 mmol g~!, due
to the stronger ability of Fe(II) sites to retain NO upon desorption under vacuum. The same effect
is on the whole observed for MIL-100(Fe) whose partial reduction also increases by ca. 50% the
overall amount of desorbed NO (see supplementary material). This is in agreement with the stronger
interaction strength of Fe(II) sites compared with the Fe(II) ones.

Once again, whatever the nature of the cation (Cr or Fe) or the structure, as previously reported
for the iron-dicarboxylate MIL-88 solids,”® only part of the adsorbed NO is released in the presence
of moisture, i.e., around 20% of the initial chemisorbed NO. As reported previously, this might be
due to a partial release of NO over the weakest metal sites (i.e., Fe(IIl)) between the loading and
release tests.”® This value is, however, except for the pure iron(III) MIL-127, slightly larger than in

TABLE II. Summary of NO adsorption capacity and released NO.

Adsorbent Residual desorption capacity (mmol g~') Released NO (mmol g~ % NO released”
MIL-100(Cr) 2.52) 0.65 26
MIL-100(Fe'™") 2.0(2) 0.35 15
MIL-100(Fell/1Ly 3.2(2) 0.55 17
MIL-127(Fe'™) 0.75(10) 0.2 27
MIL-127(Fe!l/1) 1.4(1) 0.5 36

“Percentage calculated from the initial amount adsorbed at 1 bar.
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at 298 K (b), and a subsequent introduction of an equilibrium pressure of water vapor into the cell (~12 millibars) (spectra
(c) and (d) are recorded after 1 min and 7 h of water exposure, respectively). Inset: gas phase spectrum recorded after 7 h
(contribution of water to the spectrum has been subtracted).

the case of the flexible solid analogues (<0.3 mmol g~!), but still far the initial adsorbed amounts
(2-4 mmol g~!). Upon partial reduction, we observe a significant increase in the overall release of
NO probably due to the presence of the Fe(Il) sites able to interact strongly with NO trough back
donation effect.2’ As for the MIL-88 materials, the rather low amount of released NO might here be
partially due to a significant desorption of NO under vacuum prior to the release tests.

The benefits of NO as a biological gas are numerous, and the encapsulation with porous materials
is of scientific interest. The NO-loaded MOFs are of interest due to their high content of chemisorbed
NO which could be used either as (i) an antibacterial agent that can be released during the first step
of the moisture-triggered release or (ii) an antithrombogenic agent when released slowly at the bio-
logical level (threshold of ~10 ppb of released NO per minute).” If in the present case, as for the
flexible MIL-88 solids,”® the interest of the porous iron MOFs might not be that significant for the
antibacterial effect due to the rather low released amounts, the situation is different for the slow release
at the biological level. If the best MOF seems here at first sight, the MIL-100(Cr) solid with a rather
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long release up to 40 h, as expected from its higher Lewis acidic character,?? the chromium toxicity
might hamper its practical use. In contrast, the biocompatible MIL-100(Fe) exhibits, on the whole, a
controlled release at the biological level of ~7 h (non reduced) (Figure 5) or ~20 h (partially reduced)
(Figure S4). The MIL-127(Fe) MOFs exhibits a better release at the biological level than MIL-100 of
atleast 25 h, the released value at 25 h being still higher than the biological threshold. This makes these
iron based MOFs potential candidates for NO release. Note here the positive impact of the additional
iron(II) sites that strongly enhances for both MIL-100 and MIL-127 the release times at the biological
level. Concerning the porous rigid iron carboxylate MOFs of the present study, the kinetics of release
is on the whole superior, in terms of prolonged release at the biological level, to the one observed
previously for the flexible MIL-88s’® and that of the porous bioactive calcium-tetracarboxylate MOF,
BioMIL-4.!0@

To better understand the mechanism of NO release in presence of moisture, we have introduced
water vapor on MIL-100(Fe)sy3 k (i.e., activated at 523 K) that was first exposed to NO at 298 K
and then outgassed under secondary vacuum. As mentioned above, upon exposure to NO at room
temperature, peaks appear at 1822 cm~! and 1807 cm™! (Figure 6(b)), due to Fe'' (NO) formation.

The presence of two bands reveals the presence of two different Fe! sites. Introduction of water
into the cell immediately downward shifts the 1807 cm™' v(NO) component to 1770 cm™! whereas
the 1821 cm™! component is much less affected: it shifts to 1811 cm™! without any significant change
in intensity (Fig. 4(c)). Spectra recorded after 7 h under water pressure show that the 1770 cm™! band
intensity strongly decreases whereas the intensity of the 1811 cm™' component slightly decreases.
The presence of NO in the gas phase (v NO band at 1875 cm™!, Fig. 4 inset) and the decrease of the
intensity of the adsorbed nitrosyl band in presence of water reveals a competitive adsorption process
of H,0 and NO mainly on Fe'' sites, characterized by the band at 1807 cm™! (dry sample) or 1770 cm™"
(hydrated sample). It is also noted the presence of a small amount of N,O in the gas phase, probably
resulting from a slight NO reactivity in presence of water. In this sense, some of us reported very
recently that at room temperature, the unexpected ability of porous iron carboxylate MIL-100(Fe)
or MIL-127(Fe) to catalytically dissociate NO,.?* This could have additional reasons to explain the
lower release of NO from these porous iron-carboxylate MOFs compared to the CPO-27 metal(II)
based MOFs.

The biologically active NO gas sorption and release on the porous rigid iron(Il, IIT)- or
chromium(III)-polycarboxylates based MOFs, MIL-100(Fe, Cr) and MIL-127(Fe), have been eval-
vated through a combination of adsorption/desorption experiments, chemiluminescence release
tests, and in situ infra-red spectroscopic analysis. In all cases, it appears that the Lewis acid sites
of these MOFs are able to chemisorb a few mmol g=!' of NO at 298 K, with an impact of both the
Lewis acidic characters (Cr'™ > Fe) or the reducibility of the metal sites (Fe" > Fe'™ upon higher
temperature activation. It has also been evidenced that only part of the initially chemisorbed NO
is released during the chemiluminescence experiments, typically 20%, with an increase of the total
amount when Fe! sites are introduced in the MOF. In all cases, an interesting slow release at the
biologically antithrombogenic level over a prolonged period of time is observed particularly when
iron(Il) sites are available. IR spectroscopy confirmed the chemisorption of NO over the iron(II and
II) sites with a much better stability of the Fe':NO interactions at room temperature. It also showed
that among the two different Fe':NO sites detected from IR experiments, only one of them was
clearly sensitive to the presence of water at 298 K leading to a partial release of the NO coordinated
to the Fe!l sites. Further spectroscopic experiments are under progress in order to understand the
complex behavior of NO-loaded (reducible) iron MOFs.
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