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Ambient pressure synthesis of MIL-100(Fe) MOF
from homogeneous solution using a redox pathway

Felix Jeremias,® Stefan K. Henninger*® and Christoph Janiak*®

Micro- to mesoporous iron(in) trimesate MIL-100(Fe) is a MOF of high interest for numerous applications.

With regard to large-scale synthesis, e.g., by continuous flow or the in situ deposition of coatings, a repla-

cement for the conventional, hydrothermal low-yield fluoride-containing synthesis is desirable. In this
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Introduction

Metal-organic frameworks (MOFs) are the subject of ongoing
attention™” due to their high porosity which promises appli-
cations in, e.g., gas storage,® gas™® and pollutant® separation
processes, drug delivery,” heterogeneous catalysis,®® heat
transformation'®"'™** ezc."*

Among the about 20 000 MOFs known to date, the class of
MIL compounds (MIL = Materials of Institute Lavoisier), which
was pioneered by Férey and his group,™'® sticks out due to
their higher hydrothermal stability compared to many of the
other MOFs."”

Further, among the abundancy of known MIL-MOF struc-
tures, mesoporous MIL-100 has received special attention in
the literature with respect e.g. to its catalytic, gas separation,
gas storage, drug delivery’ and water sorption
properties.>'*¥2° MIL-100(M) compounds are three-dimen-
sional chromium(m), iron(m) or aluminium(u) benzene-1,3,5-
tricarboxylates of formula 3D-[M;(p-O)(X)(H,0),(btc),-nH,0],,
M = Cr,>"?* Fe,'"®* Mn,** V* or Al*® X = OH, F, btc =
benzene-1,3,5-tricarboxylate, trimesate). The porosity of
MIL-100 originates from both 25 A and 29 A mesopores acces-
sible via 5.5 A and 8.6 A windows, respectively (Fig. 1).'°
MIL-100(Cr, Fe) have been proven to be hydrothermally very
stable MOFs, even with regard to repeated adsorption/desorp-
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contribution, we present a method to synthesize crystalline fluoride-free MIL-100(Fe) from iron(in) nitrate
and trimesic acid in zeotropic DMSO/water solution at normal ambient pressure involving a DMSO-
nitrate redox pathway. Yields of 72%, surface areas of Sger = 1791 m? g~* and pore volumes of Vpore =

Fig.1 Small S cage (left) and large L cage (right) in MIL-100(Fe).
Objects are not drawn to scale. Hydrogen atoms and solvent molecules
of crystallization are not shown. Graphics produced by Diamond®® from
cif-file for MIL-100(Fe) (CSD-Refcode CIGXIA, CCDC no. 640536).

tion cycles using water vapor.'"** In particular, MIL-100(Fe)
can be prepared from toxicologically and environmentally
benign building blocks,?” - except for the use of HF required
by the original synthesis procedure'® — with cost-efficient com-
ponents. Despite these advantages, crystalline MIL-100(Fe) is
still not commercially available. This can be attributed to the
fact that its syntheses must be carried out in water, mostly at
T > 100 °C, starting from a heterogeneous reaction mixture
containing iron(m) chloride and trimesic acid or its trimethyl
ester.'®?%?%3% The original synthesis procedure for MIL-100(Fe)
was developed by Férey et al'® In this original procedure,
hydrofluoric acid, HF was used in strongly acidic solution
(pH < 1, HNO3;). The use of HF (a classified chemical toxicant)
or acidic fluoride solutions is not desirable for large-scale or
commercial syntheses.’’ More important, overpressure and/or
heterogeneous reaction mixtures render reaction control
difficult and require expensive equipment, especially when it
comes to scale-up. Continuous-flow synthesis has successfully
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been implemented for several MOFs as a promising method
to their economic production.*® It can be expected that the
space-time yield of a continuous process will exceed that of
any batch process by far. However, in the case of MIL-100(Fe),
the present demand for hydrothermal reaction condi-
tions increases the technical complexity. Sub-hydrothermal
reaction conditions, on the other hand, are known to lead to
clogging.®® In situ procedures, e.g., for the fabrication of
coatings'*'?® are also much more complicated to realize
with the present hydrothermal procedures for MIL-100(Fe),
be it with the addition of HF or without. Part of the com-
mercial success of MOFs depends on the development
of improved synthesis procedures.’® Recently, we reported
a high-yield, fluoride-free and large-scale synthesis of related
MIL-101(Cr).*®

This contribution investigates the approach to overcome
the overpressure and HF issue in replacing part of the water
in the reaction mixture by a high-boiling, polar solvent
forming a zeotropic mixture. This mixture should dissolve all
starting materials and keep liquid water in the reaction-
mixture even at 7 > 100 °C. Dimethyl sulfoxide, DMSO,
(CH3),S=O0 is an environmentally benign, aprotic and highly
polar solvent forming zeotropic mixtures with water.*® In this
contribution, we demonstrate the successful fabrication of
MIL-100(Fe) from a homogeneous, fluoride-free solution at
ambient pressure from a solvent where unreacted trimesic
acid remains in solution.
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Experimental section
Note on DMSO

Dimethyl sulfoxide is less harmful than any other highly polar,
aprotic, organic solvent. DMSO is a solvent with a median
lethal dose higher than ethanol. DMSO is not listed as toxic or
especially harmful. At high temperatures, it is flammable, and
when brought into contact with skin, irritations may occur.
DMSO is even used as an ingredient for pharmaceutical formu-
lations (ointments). In medicine, DMSO is predominantly
used as a topical analgesic, a vehicle for topical application of
pharmaceuticals, as an anti-inflammatory, and an antioxidant
substance.

General synthesis

In a 250 mL three-necked round bottom flask equipped with a
magnetic stirring bar, a reflux condenser and an internal
thermometer, 1.12 g (5.3 mmol) of trimesic acid (>98%, TCI)
were dissolved in 40 mL of dimethyl sulfoxide. Solutions of
8 mmol (referred to Fe*") of iron(im) nitrate, chloride, mesylate,
hydrogen sulfate or sulfate in 8 mL of deionized water were
prepared as described in the ESL{ The pH value was set
according to Scheme 1 using the corresponding acids.

Before merging the metal salt solution and the trimesic
acid solution, the latter was heated to a temperature of 90 °C
in order to avoid precipitation of [Fe(DMSO)](NO3); (see ESI
with Fig. S17), upon addition of iron(m) nitrate into the DMSO
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Scheme 1 Experimental scheme for the synthesis of MIL-100(Fe) from DMSO/H,O under reflux employing different metal salts and pH values.
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solution of trimesic acid. Solid [Fe(DMSO)s|(NO3); is a poten-
tial explosive but can be handled in the solution state.’” After
merging, the clear, yellow mixture was heated further to its
boiling point of 130 °C with gentle stirring. Within 30 min, the
yellow-green, clear solution turned amber and then turbid
when iron(m) nitrate was used. The solid product was separ-
ated by centrifugation of the still warm solution (80 °C)
after 24 h.

Influence of reaction time

The synthesis was performed as stated above. The precipitate
was retrieved at set times (see Table 1) by centrifugation of the
hot solution and the clear solution was continued to reflux.

Influence of HNO; addition

The influence of additional HNO; on the synthesis was investi-
gated by adding 0, 0.5, 1 or 2 HNO; equivalents with respect to
Fe (8 mmol).

Activation

Activation was performed by stirring the solid, as synthesized
MIL-100(Fe) product thrice in 25 mL each of a mixture of
DMSO/H,0 = 4:1 (v/v) for 1 h, 1 h and 24 h. Then, the solid
product was stirred thrice in 25 mL each of ethanol for 1 h, 1 h
and 24 h, and air-dried for 12 h at 80 °C. The washing solu-
tions were separated by centrifugation and discarded. Yield:
1.25 g for the 24 h reflux synthesis using iron(m) nitrate (72%).
Other yields are given in Tables 1 and 2.

Analytical methods

Powder X-ray diffractograms were acquired on a Bruker® D8
Advance with DaVinci® design using Cu-Ka radiation, a
Lynxeye detector, 0.02° and 1 s per step. Diffractograms were
obtained on flat layer sample holders which led to the low rela-
tive intensities measured at low 2-theta angles (<5°) compared
to the simulated pattern. Nitrogen adsorption isotherms were
obtained at 77 K on a Quantachrome® Nova, after degassing
for 24 h in fine vacuum at 120 °C.

Table 1 Time-dependent product yields and porosity data for activated
MIL-100(Fe) samples synthesized from iron(in) nitrate and trimesic acid in
the DMSO water system

b

Retrieved Yield, activated Sper” Vpore
Sample after (mg) (m>g™) (em?® g™)
1 24 h 1250 1215 0.61
2a 2h 115 1024 0.62
2b 4h 109 1405 0.71
2¢ 8h 147 1513 0.73
2d 24 h 286 1507 0.72
2e 48 h No further precipitation observed

“Calculated in the pressure range 0.05 < p/p, < 0.2 from N, sorption
isotherm at 77 K with an estimated standard deviation of +50 m* g™".
b Calculated from N, sorption isotherm at 77 K (p/p, = 0.95) for pores
<20 nm.

This journal is © The Royal Society of Chemistry 2016
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Table 2 Surface area and pore volume for MIL-100(Fe) with various
equivalents of HNOs as additive

d

HNO; equivalents Initial HNO; conc.” Sper© Vpore
to Fe” (mol L™ (m>g™) (em® g™
0 0 1412 0.71
0.5 0.083 1539 0.73
1 0.17 1791 0.82
2 0.33 1058 0.49

“Molar ratio HNO; to Fe. The Fe:Hbtc ratio is always 3:2.
b Calculated from the amount of added HNO; and the volume of the
reaction solution. ¢ Calculated in the pressure range 0.05 < p/p, < 0.2
from N, sorption isotherm at 77 K with an estimated standard devi-
ation of +50 m?> g~'. ¥ Calculated from N, sorption isotherm at 77 K
(p/po = 0.95) for pores <20 nm.

Results and discussion

Synthesis of MIL-100(Fe) under reflux conditions in DMSO/
water solution using different metal salts

A mixture of DMSO:water = 4:1 (v:v) was selected as the
solvent due to its ability to dissolve the starting materials
already at room temperature, and because of the possible high
water content. Furthermore, this mixture has an ambient
pressure (101.3 kPa) boiling point of 130 °C (Fig. S2, ESIT).
This boiling point matches the temperature given in a
common hydrothermal procedure yielding highly porous
MIL-100(Fe) without addition of HF.”®° Iron(m) nitrate,
chloride, mesylate and a sulfate/hydrogen sulfate system
(pKa(HSO,™) = 1.9) were examined as Fe(m) sources with
different anions. Metal salt precursors were selected according
to the criteria of solubility in water/DMSO mixtures, the fact
that MOFs have been successfully prepared using chloride,
nitrate, sulfate anions and low (nitrate, sulfate, mesylate)
anion coordination strength towards Fe*". In order to find the
optimal synthesis conditions for MIL-100(Fe) at ambient
pressure, not only the iron salt, but also the pH was varied sys-
tematically (see Scheme 1 for an overview): first, all the metal
salt solutions were used as prepared. In a second run, the pH
of the Fe hydrogen sulfate, chloride and mesylate solutions
was set to pH = 0, which is the initial, direct pH value of the
1 mol L™ iron(m) nitrate solution (without acid addition).

Regardless of the pH, a color change of the solution (yellow
to red), followed by the precipitation of MIL-100(Fe) could be
observed only when using the nitrate salt (see Scheme 1). This
indicates the generation of the Fes(u;-O) cluster forming the
secondary building unit of MIL-100(Fe).>® At the same time,
NO, fumes were observed inside the reflux condenser.

The fluoride-free synthesis of MIL-100(Fe) in DMSO/water
under ambient pressure yielded a product in good yield (72%)
with a BET surface area of Sggr = 1215 m”> ¢~ " and pore volume
Vpore = 0.61 cm® g™, This has to be compared with literature
data for MIL-100(Fe) from hydrothermal synthesis with the
addition of HF and Sger = 1917 m® g7, Vpore = 1.00 cm® g™*
(ref. 11) or Spangmuir > 2800(100) m* g~".** Under hydrothermal
conditions but without the addition of HF, Sggr = 1800 m* g™,

Dalton Trans., 2016, 45, 8637-8644 | 8639
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and Vpore = 1.15 em® g~' were achieved.”” From a reaction
slurry containing trimesic acid, iron(m) nitrate and water,
MIL-100 with Sger = 1836 m” g~ and Vpore = 1.1 cm® g~" was
said to be obtained at 95 °C.*° The slightly lower porosity of
MIL-100(Fe) produced by the DMSO/water approach can be
attributed to the possible presence of an amorphous phase, as
well as the overall slightly lower crystallinity of the product.
Furthermore, the presence of hardly soluble dimethyl sulfone
(DMSO,) in the pores cannot be ruled out.

The successful action of HF in terms of improved crystalli-
nity and porosity has been documented,***° still its poisonous
nature renders its replacement highly desirable even at the
expense of slightly less surface area or pore volume.*”

No solid products were obtained from the iron chloride,
mesylate or hydrogen sulfate starting materials. From the
hydrogen sulfate/sulfate system, only amorphous precipitates
were formed, which we ascribe to the fact that the sulfate salt

View Article Online
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is the most basic among the investigated precursors, resulting
in fast, non-crystalline precipitation.

Time-dependent MIL-100 formation

In order to investigate the influence of reaction time on the
product formation, the precipitate was centrifuged off after
fixed amounts of time, and the clear, red centrifugate was con-
tinued to reflux. The separated solids 2a to 2d were activated
separately and it is apparent that both the crystallinity (Fig. 2)
and the microporosity of the product increase with reaction
time (although the formation rate does not). The sorption iso-
therms for 1 and 2a-2d exhibit a very similar curvature with
the typical inflection point at p/p, = 0.1, which is assigned to
the two different cages (¢f. Fig. 1). Surprisingly, the samples
2b, 2¢ and 2d separated after 4 h, 8 h and 24 h reaction time,
respectively, yield a significantly increased BET surface area
and porosity compared to the 24 h direct-sample 1. We explain

N\NM.__,_AAM.MM NN YA . 1

A 2a
A 2b
JU\_N«MWJJL/\_MA A\ 2¢
j\/\w\M‘_AA)\*A.JL_NM am . Mt 2d
)ULKA_J\‘ Ml simulation
T T T T T T T d T T T d T 1
5 10 15 20 25 30 35
-’V: ]
]
50 =
J p/po J
0 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 2 Powder X-ray diffractograms (top) and nitrogen adsorption isotherms (77 K, bottom) of activated MIL-100(Fe) prepared by the DMSO/water
route using iron(in) nitrate in a single batch with 24 h reaction time (1), and of products removed from the reaction solution by centrifugation after
different reaction times (2a—2d): 1 — 24 h without interruption (l), 2a — 2 h (@), 2b — 4 h (A); 2c — 8 h (V¥), 2d — 24 h (@). Filled symbols = adsorption,

empty symbols = desorption; see also Table 1).
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the improved sample characteristics of 2b to 2d by a seeding
effect of residual nano-MIL particles remaining in the “solu-
tion” after centrifugation. MIL nanoparticles of less than
0.2 um can only be separated by high-speed ultracentrifuga-
tion.” These nano-seeds can then lead to improved crystalliza-
tion from a solution which has become more dilute compared
to the rapidly formed crystallites of 2a from a more concen-
trated homogeneous solution. Sample 1 then presents an aver-
aged BET surface area and porosity from rapidly precipitated
low-quality product (c¢f. 2a) and slower formed high-quality
products (¢f. 2b to 2d) when the solution has become more
dilute - a drawback of this otherwise attractive fractionated
crystallization or synthesis of MIL-100(Fe).

Influence of HNO; addition

1t was recently shown in the fluoride-free synthesis of MIL-101(Cr)
that an increased HNO; content (up to one equivalent
versus Cr) in the reaction mixture could substantially improve
the yield, BET surface area and pore volume.** In order to
verify whether a higher initial content of nitric acid also
improves the crystallization of MIL-100(Fe) syntheses 0, 0.5, 1
and 2 equivalents of nitric acid were added to the reaction
mixture of iron(m) nitrate and trimesic acid in DMSO/water.
The HNO; addition is based on the perception that acidifica-
tion should shift the equilibrium away from the formation of
MIL-100(Fe) as nitric acid is released during the process. All
products are of good crystallinity (Fig. 3) but improvement of
product quality, judged by porosity, could be reached com-
pared to experiments without addition of nitric acid (Table 2).
The concentration of HNO; determines the ligand deprotona-
tion equilibrium in the reaction mixture and is therefore prob-
ably the key value rather than the ratio of HNO; to Fe. Yet, it is
likely that the most efficient HNO;3; concentration will lie
within the same order of magnitude as the Fe concentration,
therefore, we gave and worked here with more illustrative
HNO; to Fe equivalents. At 1 eq. of HNO; the highest BET
surface area and pore volume was obtained (approaching the
literature data from fluoride-containing syntheses, vide supra)
which decreases considerably with higher amounts of HNO;.
This finding matches the recent observation on the HNO;
effect in the synthesis of MIL-101(Cr). There, also the addition
of 1.0 equivalent of nitric acid in synthesis produced the best
porosity of MIL-101(Cr).

Mechanism of MIL-100 formation

To the best of our knowledge, MIL-100(Fe) has been syn-
thesized up to date only using water as the solvent or disper-
sant. Under these conditions, formation of MIL-100(Fe) occurs
most likely according to the general hydrothermal MOF for-
mation mechanism: deprotonation of the linker due to
increased temperature (Le Chatelier’s principle) and with-
drawal of the deprotonated linker from the equilibrium by pre-
cipitation, resulting in further deprotonation of the linker
acid. Using the DMSO/water system, the formation mechanism
appears to be fundamentally different:

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Powder diffractograms (top) and nitrogen adsorption isotherms
(77 K, bottom) of MIL-100(Fe) prepared from iron nitrate and trimesic
acid using a DMSO water solution with different equivalents of nitric
acid (relative to Fe) added. Cu-Ka radiation. @ — 0 eq., ® — 05eq., A —1eq,
V — 2 eq. Filled symbols = adsorption, empty symbols = desorption; see
also Table 2).

From the fact that MIL-100(Fe) is formed only when iron (i)
nitrate is used as the Fe source, we deduce that there is a
specific mechanism involved in the formation of MIL-100(Fe)
in the DMSO/water solvent system. In DMSO/water there is an
initial complexation of Fe’" with formation of DMSO com-
plexes [Fe(DMSO)s_,(H,O/OH),J** instead of only aqua-hydro-
xido complexes, such as [Fe(H,0)s(OH)]**. Dimethyl sulfoxide
is known to form strong complexes with Fe®" cations.
[Fe(DMSO)4](NO;);, where DMSO coordinates octahedrally to Fe®**
via the oxygen atom (Fig. S3, ESI{), precipitates from solutions
of iron(m) nitrate in DMSO (see ESI{).>”*° This has also been
observed during our work when the solutions were allowed to
sit at room temperature for longer than 5 min with no or too
little water added, and the precipitate was hardly soluble in
water. This insolubility is explained by the DMSO methyl
groups forming the surface of the [Fe(DMSO)]>" cation and
rendering it hydrophobic (Fig. S3, ESIf). Formation of Fe-
DMSO complexes will occur with all iron salts used in
Scheme 1 in DMSO solution. The special property of the

Dalton Trans., 2016, 45, 8637-8644 | 8641
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nitrate anion among the used iron salts (Scheme 1) is its redox
property. DMSO is known to decompose partially under experi-
mental conditions generating e.g. formaldehyde and dimethyl
sulfide (DMS).*® The distinct smell of DMS could be clearly
noticed during all experiments. Especially DMS, but also
DMSO reduces nitrate in an acidic environment converting it
to nitrite (eqn (1) and (2)).*"

NO; ™ + DMS — NO,~ + DMSO (1)
NO;~ + DMSO — NO,~ + DMSO, (2)

Nitrite in acidic solution (nitric acid) decomposes easily
under disproportionation (eqn (3)).

3NO,” +2H" — NO;~ + 2NO + H,0 (3)

Also formation of nitric oxide can occur either by a similar
reductive pathway (eqn (4)) or by comproportionation of
nitrate and nitrite (eqn (5)).**> NO, fumes were observed inside
the reflux condenser.

2NO; ™ + DMS + 2H" — 2NO, + DMSO + H,0 (4)
NO;~ +NO,” + 2H" — 2NO, + H,0 (5)

Reactions (3)-(5) all consume protons thereby slowly
increasing the pH, as required for the formation of the trinuc-
lear {Fe;(us-0)(H,0),(OH)} secondary building unit with its
oxido and hydroxido anions and for the deprotonation of tri-
mesic acid. Thus, for the formation of MIL-100(Fe) upon
heating of iron(m) nitrate (with trimesic acid) in DMSO/water a
special chemoreductive pathway is involved.

Dinca et al. recently showed that the reduction of nitrate is
also key to the formation of MOF-5 using an electroreductive
synthesis.*?

Conclusions and outlook

The investigations presented in this contribution provide a
method to produce highly porous and crystalline MIL-100(Fe)
from iron(m) nitrate and trimesic acid in a homogeneous
DMSO/water solution at ambient pressure as the main advan-
tage over existing MIL-100(Fe) preparations. This facilitates
potential industrial production as more expensive pressure
vessels and concomitant precautions are not necessary.
Further, the MIL product can be collected by simple solid/
liquid separation, e.g., by filtration or centrifugation as
unreacted trimesic acid remains in solution. Mechanistically, a
specific redox pathway is claimed, based on the reaction of
DMSO and its decomposition products with redox-active
nitrate anions. This claim is strengthened by the negative
results of comparative reaction systems using non-redox-active
chloride, mesylate or sulfate anions. The overall procedure is
especially promising not only for the deposition of coatings,
but also for to the industrial production of this MOF, where
heterogeneous, hydrothermal (pressure) reaction conditions
should be avoided.
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Further research should be focused on increasing the reac-
tion yield, solvent regeneration and product extraction. Further
research could also be directed to combine the ambient
pressure process with in situ coating procedures, e.g., the sub-
strate heating method,"” or the cathodic electrodeposition
method.***
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