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Abstract: Metal-organic frameworks (MOFs) are traditionally synthesized using formamide solvents that are hazardous to human health and
the environment. In order to alleviate the environmental impact of MOF synthesis in both academic and industrial settings, safer and greener
solvent alternatives are desired. Herein, STEPOSOL® MET-10U (N,N-dimethyl-9-decenamide), a bioderived solvent produced via olefin
metathesis using renewable feedstocks, such as plant oils, is explored as a solvent for the synthesis of a series of structurally diverse MOFs.

Introduction

The development and implementation of green synthetic
procedures is important for minimizing the environmental
impact of industrial and academic research in the chemical
sciences.! Our environment is suffering considerably due to
many global issues including, but not limited to, waste disposal,
natural resource depletion, and air, water and soil pollution.2
The comparatively new field of chemistry, green chemistry,
embraces and implements the notion of developing chemical
products and processes that seek to mitigate and/or eliminate
the wuse/generation of hazardous substances.l2 More
specifically, less hazardous chemical synthesis (principle #3),
safer solvents and auxiliaries (principle #5), and renewable
feedstocks (principle #7) are three principles of green chemistry
that encourage the discovery of greener alternatives in
synthetic chemistry.1c 1d

Metal-organic frameworks (MOFs) are an intriguing class of
porous, and often crystalline, materials that are comprised of
metal nodes bridged by organic linkers, giving rise to network
materials.3 The notable designability of MOFs, coupled with
high surface area and porosity has enabled their study in various
applications such as gas capture and storage,* catalysis,®
chemical sensing,® wastewater remediation,” drug delivery,®
and solar fuels generation,® amongst others. Demonstrating
that these potential applications can become a reality, the first
commercial MOF products were released in 2017.19 MOFs have
shown great promise in the field of green chemistry, from
synthesis!! to application.1?2 Like most fields of chemistry
however, there are still many challenges that lie ahead to
ensure the sustainable synthesis and application of MOFs.11¢
Several MOFs, including those studied for potential green
applications, are still synthesized in, and washed with, high
boiling point and hazardous solvents such as N,N-
dimethylformamide (DMF), meaning that in some cases,
extensive volumes of DMF are used. Risks are therefore twofold
—not only to the environment, but also to human health, where
acute exposure to DMF can cause hepatotoxicity, while chronic

exposure can lead to reproductive issues and cancer in
humans.® As a result, the Registration, Evaluation,
Authorisation and Restriction of Chemicals (REACH) has listed
DMF as a “substance of very high concern”, while the Pfizer
solvent selection guide lists DMF as “undesirable” for use.l4
Although DMF can be used safely with proper personal
protective equipment (PPE) in the laboratory, and can also be
recycled in some instances, finding greener alternatives to DMF
is of interest.

Herein, we explore the use of a plant derived solvent,
STEPOSOL® MET-10U,> otherwise known as N,N-dimethyl-9-
decenamide (Figure 1), for the synthesis of a diverse series of
MOFs. Produced by Stepan® in collaboration with Elevance
Renewable Sciences®, STEPOSOL® MET-10U is synthesized
using a biodegradable C10 methyl ester, generated by the cross
metathesis of plant oils, such as canola, soybean and palm oil,
with olefins.16: 17 The industrial olefin metathesis process is
performed low-pressure low-temperature
conditions, in the presence of a highly selective proprietary
catalyst. The production of this C10 methyl ester by Elevance
Renewable Sciences® is thus in line with several of the 12
principles of green chemistry including: prevention (principle
#1), less hazardous chemical synthesis (principle #3), safer
solvents and auxiliaries (principle #5), design for energy
efficiency (principle #6), use of renewable feedstocks (principle
#7), catalysis (principle #9), and design for degradation
(principle #10). The C10 methyl ester is then converted to N, N-
dimethyl-9-decenamide (STEPOSOL® MET-10U), a disubstituted
amide composed of an unsaturated hydrocarbon chain with a
terminal alkene functionality. STEPOSOL® MET-10U, a solvent
that is also recognized as a powerful surfactant, has a boiling
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Figure 1. Chemical structures of N,N-dimethylformamide (DMF) and N,N-
dimethyl-9-decenamide (STEPOSOL® MET-10U).
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point of 297 °C, and has a biorenewable carbon index (BCl) of
75%.15 In addition, the Hansen solubility parameter space of
STEPOSOL® MET-10U encompasses that of hydrocarbons,
esters, glycol ethers, and alcohols, demonstrating that it can
dissolve materials with a wide range of chemical functionality.1®
Finally, although the thermal decomposition pathway is not well
studied, STEPOSOL® MET-10U is likely to undergo hydrolysis,
leading to the formation of amine species (dimethylamine,
dimethylammonium), and decanoic acid.’® The generation of
low concentrations of dimethylamine is thought to aid in MOF
synthesis by deprotonating the organic linker and facilitating
slow and dynamic coordination between the metal and linker
precursors.2® Furthermore, the generation of a carboxylic acid
(such as decanoic acid, or formic acid in the case of DMF) can
aid in MOF synthesis by acting as a modulator and/or stabilizing
capping ligand.?! Given the high boiling point, broad Hansen
solubility parameter space, potential to generate fruitful
degradation products, and bioderived nature, STEPOSOL® MET-
10U is well-poised to replace DMF as a greener alternative for
the synthesis of MOFs.22

Results and discussion

To assess the viability of using STEPOSOL® MET-10U as a
replacement for DMF in the synthesis of MOFs, we chose a small
series of well-known MOFs with varying structural features,
including MOF-808,23 NU-1000,2* HKUST-1,2> and ZIF-8.26 MOF
808 is a Zrg-based MOF with open metal sites comprised of 6-
connected Zre-cluster nodes bridged by tritopic 1,3,5-
benzetricarboxylic acid (BTC) linkers giving rise to a framework
with spn topology (Figure 2).22 NU-1000 is also a Zrg-based MOF
but is comprised of 8-connected Zrs-cluster nodes bridged by
tetratopic pyrene-based linkers, 1,3,6,8-tetrakis(p-benzoic
acid)pyrene (H,TBAPy), with an overall csq topology (Figure 2).24
HKUST-1 is a Cu,-based MOF comprised of 4-connected Cu,-
cluster nodes bridged by BTC linkers giving a tbo topology
(Figure 2).25 Finally, ZIF-8 is a Zn-based MOF comprised of Zn ion
metal nodes, bridged by 2-methylimidazole (2-mIm) linkers with
sod topology (Figure 2).26 This diverse series of MOFs represents
frameworks with (i) ditopic, tritopic, and tetratopic organic
linkers, (ii) divalent and tetravalent metals, (ii) metal ion and
cluster nodes with varying connectivity, and (iv) structures with
channel-type and cage-type pore architectures. In all cases,
STEPOSOL® MET-10U could be used directly in place of DMF
with reaction conditions nearly identical to those of reported
solvothermal procedures!ib2327  pertaining to reaction
precursors, time, concentration, and temperature, without
optimization.

The bulk crystallinity and the phase purity of the MOFs
synthesized in STEPOSOL® MET-10U was confirmed by powder
X-ray diffraction (PXRD) (Figure 3, Figures S1-S2) showing that
each MOF was successfully synthesized. In the case of ZIF-8,
single crystals suitable for X-ray diffraction were obtained
without any synthetic optimization required, further
highlighting the utility of STEPOSOL® MET-10U for obtaining
high quality samples.

HKUST-1

Figure 2. MOFs successfully synthesized with STEPOSOL® MET-10U, including
MOF-808, NU-1000, HKUST-1, and ZIF-8.

ZIF-8

The surface area and porosity of the MOFs synthesized in
STEPOSOL® MET-10U was determined and compared to values
obtained for materials synthesized using standard solvothermal
procedures in DMF. The MOFs were characterized using N
adsorption-desorption analysis performed at 77 K, where each
activated MOF demonstrates the expected, reversible isotherm.
This includes Type I(b) for MOF-808, Type IV(b) for NU-1000,
and Type I(a) for both HKUST-1 and ZIF-8 (Figure 4). Moreover,
the MOFs exhibit Brunauer-Emmett-Teller (BET) areas that are
comparable to those obtained for the MOFs synthesized with
DMF, in our hands, using identical procedures and reagents 11b.
23, 27b, 28 \ith values of 1090 (1310), 1635 (1865), 1230 (1645),
and 670 (1435) m2 gt for MOF-808, NU-1000, HKUST-1, and ZIF-
8, synthesized in STEPOSOL® MET-10U and (DMF), respectively
(Figures S3-S5). Pore size distribution analysis calculated using
non-local density functional theory (NLDFT) for the MOFs
synthesized with STEPOSOL® MET-10U, show the expected pore
diameters of 18.4 A, 29.5 A, 12.0 A, and 15.2 A, for MOF-808,
NU-1000, HKUST-1, and ZIF-8 respectively (Figure S6). Although
synthetic protocols using STEPOSOL® MET-10U did not need to
be modified, the solvent exchange procedure performed prior
to MOF activation under heat and vacuum required
optimization to obtain surface areas comparable to those
previously reported. An array of organic solvents that are
miscible with STEPOSOL® MET-10U, and more environmentally
friendly than DMF,2® were tested for solvent exchange,
including toluene, methanol, ethanol, ethyl acetate and ethyl
lactate. The highest surface areas were obtained when washing
with toluene for MOF-808, methanol for HKUST-1, and ethanol
95% for ZIF-8 (Figure S4). Therefore, in these examples, DMF
was replaced with a greener alternative in both the synthesis
and solvent exchange processes. Solvent exchange and
activation of NU-1000, however, was most successful using
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Figure 3. Simulated and experimental PXRD patterns of (a) MOF-808 synthesized by STEPOSOL® MET-10U, (bz NU-1000 synthesized by STEPOSOL® MET-10U (simulated
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d) ZIF-8 synthesized by STEPOSOL® MET-10U

DMF (Figure S3b), meaning that the amount of DMF used to
synthesize and activate NU-1000 was minimized, but could not
be eliminated entirely from the process.

In order to evaluate the thermal stability of the activated
MOFs synthesized with STEPOSOL® MET-10U, and compare to
those synthesized in DMF, we performed thermogravimetric
analysis (TGA). In all cases, the thermogram was in excellent
agreement with those obtained for the MOFs synthesized in
DMF (Figure S7). The MOFs were further characterized using
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) to gain information about the infrared active
functional groups in the materials. The DRIFTS data
demonstrates the expected absorption bands corresponding to
carboxylate (MOF-808, NU-1000, and HKUST-1) and
methylimidazolate (ZIF-8) linker stretching (Figure S8), as well
as O-H stretching bands corresponding to the terminal —OH
ligands in the node of MOF-808 and NU-1000 (Figure S8). Proton
nuclear magnetic resonance (!H-NMR) spectroscopy of the
digested MOF samples synthesized in STEPOSOL® MET-10U
shows the linker purity and incorporation into the MOF
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Figure 4. Nitrogen ad50£tlon-desorption isotherms of MOF-808 (Type I(b))
synthesized by STEPOSOL® MET-10U and washed with toluene, NU-1000 (Type
1IV(b)) synthesized by STEPOSOL® MET-10U and washed with DMF, HKUST-1 Type
1(a)) synthesized by STEPOSOL® MET-10U and washed with methanol and ZIF-8
(Type I(a)) synthesized by STEPOSOL® MET-10U and washed with ethanol 95%.




structures, with only trace amounts of STEPOSOL® MET-10U
leftover post-activation (Figures S9-S13). Finally, in order to
further explore the samples synthesized with STEPOSOL® MET-
10U, and compare to those synthesized by DMF, scanning
electron microscopy (SEM) images were captured to confirm
the morphology of the MOF crystallites. In each case the
expected morphology was demonstrated. Specifically,
octahedral microcrystallites for MOF-808 (~1.5 um), hexagonal
rods with rectangular facets for NU-1000 (~100 um), octahedral
microcrystallites for HKUST-1 (~¥1 um), and a mixture of
hexagonal-faceted crystals, cubic crystals, and
dodecahedrons for ZIF-8 (~¥150 um) (Figures S14-S18).

rhombic

Conclusions

The use of green solvent alternatives to DMF for the synthesis
of MOFs, particularly where synthetic conditions do not have to
be optimized significantly from those reported in DMF, is highly
desired and an integral part of the green chemistry toolbox. The
effectiveness of STEPOSOL® MET-10U, a bioderived solvent,
was assessed for the synthesis of four structurally diverse
MOFs, MOF-808, NU-1000, HKUST-1 and ZIF-8, and proved to
be successful in each case. Furthermore, the MOFs synthesized
with STEPOSOL® MET-10U demonstrate crystallinity, surface
area and porosity, morphology, stability
comparable to those synthesized using standard procedures in
DMF. The use of STEPOSOL® MET-10U for MOF synthesis holds
significant promise, and allows for less hazardous chemical
synthesis, as well as the use of renewable feedstocks and safer
solvents, which is of utmost importance in both academic
industry settings where the synthesis and study of MOFs is
flourishing.
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