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ABSTRACT: Metal-organic frameworks (MOFs) are versatile Resonant
materials, but their synthesis often requires harsh conditions, toxic FeCl;6H,0 Acoustic Mixing

precursors, or organic solvents. Recently, MOFs have been é ‘ by &,
produced using resonant acoustic mixing (RAM), a form of . X 4
mechanochemistry that provides a greener alternative to conven- + I olFreat. .
tional methods. In this study, we demonstrate the solvent-free e A
synthesis of fumarate-based MOFs using RAM at room temper- . R - -
ature and atmospheric pressure. Iron fumarate (MIL-88A(Fe))

was successfully produced with a BET surface area of 209 m* gfl, - ’
comparable to mechanochemical grinding. The synthesis was Pisodium fumarate H
scaled up to a 10.5 g yield using RAM for 20 min and without MIL-88A(Fe)
solvent. Aluminum fumarate (MIL-S3(Al)-FA) was also synthe-

sized with a high surface area (790 m* g™'), while attempts to synthesize the calcium fumarate MOF (CaFu) instead resulted in the
non-porous coordination polymer, calcium fumarate trihydrate. These results demonstrate the potential of RAM as a more
sustainable approach to MOF synthesis.

B INTRODUCTION to efficiently blend powders,”® offering improved reproduci-
bility over manual grinding and eliminating solvent waste. In

Metal—organic frameworks (MOFs) are porous materials
this example, a small amount of solvent was added (0.3 uL per

widely studied for their adsorption and molecular separations

in environmental applications.1 However, many synthesis mg of dry starting material). This places the reaction in the
routes rely on toxic solvents, high temperatures, or long category of liquid-assisted grinding (LAG), which is defined by
reaction times, making them less sustainable.” Mechanochem- a liquid-to-solid ratio (#7) between 0 and 1 uL mgil-m In
istry, including ball milling and grinding, uses mechanical force contrast, neat grinding corresponds to # = 0, while solution
to drive chemical reactions and can be a greener alternative for synthesis typically involves > 10 yL mg™".*" Unlike twin-
MOF synthesis, as it requires little to no solvent and shorter screw extrusion, reactions occur in closed vessels, reducing
reaction times.”* exposure risks and direct contact with equipment.”” Since
Beyond synthesis conditions, the choice of metal nodes and RAM operates at room temperature and atmospheric pressure,
linkers plays a key role in MOF environmental viability. Iron, it may offer significant energy savings over solvothermal
aluminum, and calcium are considered lower-toxicity alter- methods, which typically require temperatures of 50—260°C
natives to zinc, copper, and mangamese,5 while fumaric acid, a and long reaction times.”>
biologically occurring molecule,” is among the most biode- In this study, we demonstrate the solvent-free synthesis of
gradable and environment%ally benign linkers.> These compo- low-toxicity fumarate-based MOFs by RAM as a step toward
nents forml OMIIL'SSA(FG); MIL-$3(Al)-FA (BASF A$20),"” their greener production (Figure 1). We show that MIL-
andl Ocl:gf u’ —MOFs Withl 6potential for water purifica- 88A(Fe) can be synthesized rapidly and scaled up efficiently,
tion™™ and gas capture. MIL'88A(1F7€) has previously while RAM also enables the synthesis of MIL-53(Al)-FA.
been synthesized by manual grinding'’ and aluminum Although CaFu did not form as a MOF phase under these

fumarate by twin-screw extrusion.'® However, only limited
reports on CaFu exist, and no mechanochemical route has
been described. -
Recently, Resonant Acoustic Mixing (RAM) has been Rec_e“'ed: Mar_Ch 11, 2025
reported as a novel mechanochemical approach for MOF Revised: Apr¥1 6, 2025
synthesis, allowing solvent-free production under ambient Accepted: Apr}l 14,2025
conditions.”” Zinc-based MOFs such as ZIF-8 and ZIF-L, as Published: April 29, 2025
well as the copper-based HKUST-1, were synthesized in as
little as S min and scaled up to 25 g. RAM uses acoustic waves

conditions, these results highlight RAM’s potential for
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Figure 1. Synthesis of fumarate-based MOFs using RAM with the LabRAM II by Resodyn.

sustainable MOF synthesis, particularly for environmentally
relevant adsorbents.

B RESULTS AND DISCUSSION

Initial attempts at producing MIL-88A(Fe) by RAM were
adapted from the prior mechanochemical synthesis by manual
grinding. In that report, equimolar amounts of iron(III)
chloride hexahydrate and disodium fumarate were ground in a
mortar and pestle, followed by washing with water then
acetone.'” While fumaric acid is typically used in MIL-88A(Fe)
synthesis, disodium fumarate improves deprotonation and
solubility at room temperature in the presence of water, aiding
formation.”*

We combined these same amounts of iron(III) chloride
hexahydrate and disodium fumarate in 20 mL plastic vials and
subjected them to RAM. Acceleration (measured in m s> or g)
and reaction time were varied—the two adjustable parameters
on the RAM instrument. Conditions included a constant
mixing time of 60 min at 45, 60, and 75¢ and a constant
acceleration of 75¢ for 20 and 40 min. These were chosen
based on the prior MOF RAM study'® where acceleration
below 45g resulted in incomplete conversion. Unlike that
report, we performed neat grinding (7 = 0) by omitting the
small amount of liquid (0.3 4L mg™"') they added, anticipating
that the hydration of the metal salt would provide sufficient
water for the reaction. Products were washed in water then
acetone and air dried."” As a control, we also synthesized MIL-
88A(Fe) in water at 60°C for 4 h without RAM following a
previously described method."”

The samples were characterized using powder X-ray
diffraction (PXRD). All samples, except for the 7S¢, 60 min
sample matched the literature diffractogram® and the
simulated pattern for MIL-88A(Fe) (Figure 2a). However,
an additional peak at ~12° 26 was present, along with
broadening or splitting of the peak at 10° 26, forming an
additional reflection at ~10.8° 2. These arise from the
coexistence of open and closed forms of MIL-88A(Fe) due to
the reversible framework swelling.26 By preparing a slurry in
water, the fully wet sample matched the simulated open phase,
with the additional reflections disappearing upon hydration
(Figure S1). While our experimental setup does not allow us to
confirm whether the framework fully closes upon activation,
this should be investigated further in future studies.

Fourier Transform Infrared Spectroscopy (FTIR) was used
to characterize functional groups and bonding in the samples.
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Figure 2. Characterization of MIL-88A(Fe) synthesized under
constant time or acceleration compared to water synthesis. (a)
PXRD patterns, (b) FTIR spectra, (c) TGA profiles, and (d) nitrogen
sorption analysis (symbols: closed = adsorption, open = desorption).

The spectra of all samples were similar regardless of reaction
time or acceleration (Figure 2b and Table S1), matched the
control MIL-88A(Fe) sample synthesized in water, and were
also similar to disodium fumarate, as expected for carboxylate
salt-based MOFs.”” Approximate peak assignments include:
1380 and 1588 cm™' as symmetric and asymmetric vibrations
of the carboxyl group of fumarate, 981 cm™ as out-of-plane
carbon to hydrogen bending and 1217 cm™ as stretching of
carbon to oxygen.”””® A broad band above 3000 cm™!
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Figure 3. SEM images at 30k magnification of MIL-88A(Fe) samples synthesized by RAM at (a) 75g, 20 min, (b) 75g, 40 min, (c) 75g, 60 min, (d)
60g, 60 min, (e) 4Sg, 60 min, or (f) without RAM in water. Scale bar = 200 nm.

corresponds to residual water in the structure, absent in
disodium fumarate (Figure 2b).

Thermogravimetric analysis (TGA) was performed to assess
thermal stability and composition changes upon heating. TGA
plots were nearly identical across all samples and matched
literature reports and the control MIL-88A(Fe) sample (Figure
2c). An initial ~20% mass loss (25—190°C) corresponds to
water loss, followed by a second decrease at 340°C due to
fumaric acid decomposition and framework collapse (Figure
2¢).”*%° To identify defects, the theoretical residual mass-to-
total mass ratio was compared to experimental TGA values.*!
Ligand defects ranged from 3 to 20% across all samples, with
no clear correlation to reaction time or applied acceleration
(Table S2).

Porosity was evaluated using nitrogen adsorption via
Brunauer—Emmett—Teller (BET) surface area analysis (Figure
2d). BET surface areas ranged from 143—209 m” g~ (Table
S3), exceeding the 108 m® g™' reported for MIL-88A(Fe)
synthesized by grinding'” and significantly exceeding some
solution-based methods (~6—30 m? g_l).13’32 All RAM-
synthesized samples, except the 45g, 60 min sample (143 m?
g™') exceeded the control MIL-88A(Fe) (149 m* g™'). This
difference in BET surface area (143—209 m” g™' vs literature
values of 6—30 m?® g~' for solution-based synthesis) could
indicate incomplete closure of the framework following
activation.

Pore size distribution analysis revealed a sharp peak at
approximately 5.3 A (Figure S2), consistent with the
theoretical ~6.6 A pore width estimated from crystallographic
data.”® These results indicate predominantly microporous
material with minor mesoporosity, likely from interparticle
voids. t-plot analysis (Table S4) supports this, showing that the
75g, 20 min sample had the highest BET surface area (209 m*
g™") and largest external surface area (80.5 m” g™!). The trend
follows across the series and may be influenced by smaller and/
or less uniform particles at reduced mixing times.

Scanning electron microscopy (SEM) revealed that MIL-
88A(Fe) synthesized by RAM predominantly formed rod-like
structures (Figure 3), a typical morphology of this MOF.*
However, the rods appeared deformed compared to those
synthesized in water (Figure 3f), likely due to mechanical
effects.” Energy Dispersive X-ray Spectroscopy (EDXS)
confirmed the expected presence of carbon and oxygen from
the fumarate linker, along with iron from the metal node
(Figure 4). Collectively, these results demonstrate the robust

formation of MIL-88A(Fe), showing that its structure is
relatively independent of reaction time and acceleration.

RAM is highly scalable, typically in pursuit of larger yields.
However, to simplify screening for the synthesis of other
MOFs, we aimed to scale down the process. Smaller precursor
amounts in the same vial may not mix optimally, so using a
custom 3D-printed holder (Figure S3), we attempted MIL-
88A(Fe) synthesis with 1/7th the starting material (~0.6 g
total) in 1.5 mL tubes. After 60 min at 4Sg, followed by
washing with the same solvents as before, PXRD confirmed a
match with the simulated MIL-88A(Fe) phase (Figure S4).
This 7-fold downscaling aligns with previous reports of RAM
scalability."

We also scaled up the process, subjecting 13.5 g of iron(III)
chloride and 8 g of disodium fumarate to RAM at 75¢g for 20
min in a 100 mL polypropylene autoclave liner. This again
yielded MIL-88A(Fe), confirmed by PXRD (Figure S4). The
yield (10.5 g) was 8-fold higher than that obtained with S-fold
lower precursor amounts (1.3 g), likely due to improved
mixing efficiency related to vessel geometry rather than
changes in stoichiometry.”> At this scale, the BET surface
area reached 248.1 m* g~ (Figure SS), 1.3 times higher than at
lower scales, with an external surface area of 68.9 m? g_1
(Table SS). The intense peak at ~6 A in the pore size
distribution again aligns with the theoretical pore width of the
open framework (Figure S$6).*° Collectively, these results
demonstrate the scalability and reproducibility of RAM,
highlighting its adaptability across different synthesis scales.

To demonstrate the versatility of the method, we attempted
to produce two related MOFs, MIL-53(Al)-FA and CaFu. The
industrial synthesis of aluminum-based MIL-53(Al)-FA is
conducted at ambient pressure and 60°C for 4 h, using
aluminum sulfate octadecahydrate, water as the solvent and
sodium hydroxide to aid in solubilising the fumaric acid
linker.*” For synthesis by RAM, we kept the ratio of ligand to
metal the same (2:1) and included a small amount of sodium
hydroxide (0.13 uL mg™'). This was not intended for
solubilising the linker or assisting with grinding, as in the
previous RAM synthesis of MOFs (where 0.3 yL mg™' was
used).” Instead it was used due to the internal structure of
MIL-53(Al)-FA, which features a bridging hydroxyl group
between aluminum nodes.”

In contrast, the synthesis of the porous CaFu MOF has not
been as thoroughly investigated as MIL-53(Al)-FA.'">"" The
more facile synthesis of the existing reports combines fumaric
acid and calcium acetate at approximately 0.2 mM in water,
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Figure 4. Elemental composition of MIL-88A(Fe) samples by EDXS synthesized by RAM at (a) 75g, 20 min, (b) 75g, 40 min, (c) 75g, 60 min, (d)

60g, 60 min, (e) 45¢, 60 min, or (f) without RAM in water.

and requires autoclaving for 16 h at 65°C. We kept the ratio of
solids the same and in this case, did not add any liquid. To
maintain a similar scale to MIL-88A(Fe), the total mass of
reactants was fixed at ~0.5—0.6 g in the 1.5 mL vial. Samples
were subjected to RAM for 60 min at an intermediate
acceleration of 60g. Following mixing, the samples were
sequentially washed with water and ethanol, then air-dried
before characterization.

PXRD showed the aluminum RAM sample was a reasonable
match to the simulated MIL-53(Al)-FA phase (Figure 6).
Although poorly crystalline, this is typical of this MOF.’
Synthesis was also attempted without any liquid additive. The

PXRD pattern remained similar, indicating the formation of
MIL-53(Al)-FA (Figure S7), but the yield drastically decreased
from 114 mg to 47 mg. This suggests that some water from the
metal salt (aluminum sulfate octadecahydrate) can provide the
necessary —OH groups for bridge formation, but the reaction
efficiency increases when additional hydroxide is supplied.

A previous report for the CaFu MOF showed it shares the
same crystal structure as calcium fumarate hydrate with slightly
smaller lattice parameters.'’ Comparison of this diffractogram
with the calcium RAM sample demonstrated it was composed
of well crystallized calcium fumarate along with minor
unknown phases (Figure Sa). However, the calcium sample

https://doi.org/10.1021/acsomega.5c02296
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Figure S. Characterization of MIL-53(Al)-FA and CaFu-1D by (a)
PXRD, (b) FTIR, (c) BET surface area analysis (solid line =
adsorption, dotted line = desorption), and (d) TGA synthesized by
RAM at 60g for 60 min.

was non-porous with a BET surface area of 11.1 m* g~* (Figure
Sc). A follow-up attempt at a higher acceleration (75g 60 min)
resulted in the same phase as determined by PXRD (Figure
S8), but the material remained non-porous with a BET surface
area of only 4 m* g~' (Figure S9). Since the CaFu MOF and
calcium fumarate hydrate share the same space group (Pna2;)
it is likely this is the product formed in our synthesis.**” For
clarity, we refer to our product as CaFu-1D in figures and text,
as calcium fumarate hydrate is a 1D coordination polymer,’”
while CaFu is reserved for the porous MOF reported in the
literature.

This is further supported by TGA analysis (Figure Sd),
which shows an initial mass loss of about 26% around 120°C,
close to the theoretical loss of 27% for three water molecules
from calcium fumarate trihydrate (CaC,H,0,-3H,0). Pub-
lished studies on the CaFu MOF did not include TGA in their
characterization, and no data could be found for calcium
fumarate trihydrate. However, the shape and temperature
values of our curve closely matched the decomposition of
calcium oxalate monohydrate which occurs in three steps.’®
The first step is due to loss of water or acetone remaining in
the pores. A second mass loss of 21% from 250 to 600°C was
seen, which corresponds with formation of calcium carbonate.
In the final step, a drop in mass of 18% was observed between
600 and 700°C due to further decomposition into calcium
oxide.

The FTIR spectra for samples MIL-53(Al)-FA and CaFu
were similar to that of MIL-88A(Fe) and shared many of the
same peak assignments (Figure Sb and Table S6). The slight
shifts in peak position for MIL-53(Al)-FA matched literature
reports.””*" Additional peaks in the spectrum for CaFu-1D are

attributed to hydroxyl stretching at 3734 cm™', carboxyl
stretching at 3308 cm ™" and Ca—O vibration at 664 cm™.'>""

The BET surface area for the aluminum sample was 790 m*
g~! (Figure 5c). Literature reports for MIL-53(Al)-FA”*" have
values in the range of ~808—1080 m” g~ which is in a similar
range to our synthesis. An increased acceleration of 75¢ for 60
min did not significantly alter the PXRD pattern (Figure S8)
and resulted in a slightly lower BET surface area of 714 m* g™'
(Figure S9). TGA analysis showed MIL-53(Al)-FA decom-
posing in two steps at ~70°C with a loss of 28% due to solvent
evaporation and 430°C with a reduction of 46% from
framework collapse due to degradation of fumarate (Figure
5d), comparable to previous studies.*”* Defect analysis
indicated that approximately 9% of aluminum metal centres
are missing.

SEM analysis revealed distinct morphologies between the
samples. The MIL-S3(Al)-FA sample consists of large
agglomerations with a rough topology (Figure 6a), like

Figure 6. SEM images at 30k magnification of (a) MIL-53(Al)-FA
and (b) CaFu-1D synthesized by RAM at 75¢ for 60 min. Scale bar =
200 nm.

industrially produced aluminum fumarate (BASF A520).” In
contrast, the CaFu-1D sample possessed a more compact
structure, forming solid blocks (Figure 6b). This differs
significantly from reported SEM images of calcium fumarate
MOFs, which typically show rougher surfaces with clear
gaps.'”"! This discrepancy supports the identification of our
product as the coordination polymer rather than a 3D porous
structure. EDXS analysis confirmed the presence of the
expected elements: carbon and oxygen from the fumarate
linker, along with aluminum for MIL-S3(Al)-FA (Figure 7a)
and calcium for calcium fumarate trihydrate (Figure 7b).
Finally, a preliminary estimation of RAM power con-
sumption as a function of acceleration was conducted using
an energy monitoring plug (Figure S10). Based on this
relationship, the total energy requirement for the 75¢g, 20 min
RAM synthesis of MIL-88A(Fe), using 2.7 g of iron(III)
chloride and 1.6 g of disodium fumarate in a 7 g vial, was
approximately 92 kJ. In contrast, a water-based synthesis over 4
h consumed an estimated 1057 kJ. Comparing the two
methods shows that, for the same amount of starting material,
RAM is approximately 11.5 times more energy-efficient than
conventional laboratory oven synthesis. RAM also produced a
higher yield (1.3 vs 0.48 g), further demonstrating its
efficiency. Additionally, while water was used as the solvent
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Figure 7. Elemental composition of (a) MIL-53(Al) and (b) CaFu-1D by EDXS.

here, RAM could provide even greater sustainability benefits
when applied to MOFs typically synthesized in toxic solvents,
by enabling solvent-free synthesis.

B CONCLUSIONS

This study establishes RAM as a scalable, energy-efficient, and
environmentally friendly method for synthesizing fumarate-
based MOFs. We demonstrate, for the first time, the solvent-
free, room-temperature, and atmospheric-pressure synthesis of
MIL-88A(Fe) and MIL-53(Al)-FA via RAM. However, CaFu
did not form under these conditions, instead yielding the
coordination polymer calcium fumarate trihydrate (CaFu-1D).
Beyond eliminating solvent use, RAM significantly reduced
energy consumption compared to conventional synthesis,
while maintaining high yields and surface areas. The method
proved scalable, achieving a 10.5 g yield in 20 min, and has the
potential for even larger-scale applications given that systems
like the Resodyn RAM SS accommodate up to 420 kg. While
this work focused on fumarate-based MOFs, the addition of
MIL-88A(Fe) and MIL-53(Al)-FA to those previously
synthesized by RAM (ZIE-8, ZIF-L, and HKUST-1)" brings
the total to five distinct frameworks, supporting RAM’s
broader applicability. Future work will focus on further
upscaling and expanding RAM to other MOFs, particularly
those sensitive to degradation in solution, as well as exploring
its potential for biomolecule encapsulation. Although hydrated
metal salts were used, no liquid was added, and the reactions
fall under neat grinding conditions. The contribution of
crystalline water to reaction outcomes remains an open
question and may be explored in future work. This study
highlights RAM’s potential as a sustainable alternative for
MOF synthesis, supporting broader efforts toward greener
material production.

B METHODS

MIL-88A(Fe) Water Synthesis. MIL-88 was synthesized
in water as described previously.'” Iron(III) chloride
hexahydrate (2.7 g, 10 mmol) and disodium fumarate (1.6 g,
10 mmol), both dissolved separately in S0 mL water were
combined in a 500 mL Schott Duran bottle and heated to
60°C in a synthesis oven for 4 h. The precipitate was washed
once with 50 mL of water, once with 50 mL of ethanol, and
once with 50 mL of acetone by centrifuging at 4000g for 10
min and then left to air dry. Pre-activated yield = 480 mg.

MIL-88A(Fe) Synthesis by RAM. Iron(IIl) chloride
hexahydrate (2.7 g, 10 mmol) and disodium fumarate (1.6 g,

10 mmol) were added to 20 mL polypropylene scintillation
vials. The mixture was subjected to RAM for 60 min at
accelerations of 45, 60, and 75g, or at a constant acceleration of
75g for 20 or 40 min. The dark brown product, which had
formed small spheres, was transferred to a 50 mL centrifuge
tube and washed twice with 50 mL of water, followed by two
washes with 50 mL of acetone. Each wash step involved
centrifugation at 4000g for 10 min. The product was then left
to air dry, forming a light brown powder. Pre-activated yield =
1300 mg.

Scale Down of MIL-88A(Fe) Synthesis by RAM. For
scaled down synthesis, iron(III) chloride hexahydrate (385 mg,
1.4 mmol) and disodium fumarate (228 mg, 1.4 mmol) were
combined in a 1.5 mL tube and subjected to RAM 45¢ for 1 h.
The product was washed twice with 1 mL water and twice with
1 mL acetone, each time by centrifuging at 10,000g for 5 min,
then left to air dry. Pre-activated yield = 330 mg.

Scale Up of MIL-88A(Fe) Synthesis by RAM. For scaled-
up synthesis, iron(III) chloride hexahydrate (13.5 g, 50 mmol)
and disodium fumarate (8 g, S0 mmol) were added to a 100
mL polypropylene autoclave liner and subjected to RAM at
75¢ for 20 min. The product was then transferred to three 50
mL centrifuge tubes and washed three times with 40 mL of
water, followed by three washes with 40 mL of acetone. Each
wash step involved centrifugation at 4000g for 10 min. The
product was then left to air dry. Pre-activated yield = 10.5 g.

MIL-53(Al)-FA and CaFu-1D Synthesis by RAM. For
MIL-53(Al)-FA, aluminum sulfate octadecahydrate (358 mg,
0.54 mmol) and disodium fumarate (171 mg, 1.1 mmol) were
combined in a 1.5 mL tube with 70 L of 2 M sodium
hydroxide and subjected to RAM for 60 min at 60g. The white
product was washed twice in 1 mL water and twice in 1 mL
ethanol by centrifuging at 10,000g for S min, then dried at
room temperature under vacuum. Pre-activated yield = 114
mg. For MIL-53(Al) synthesized without NaOH, the same
procedure was followed but without the addition of sodium
hydroxide. Pre-activated yield = 47 mg.

The attempted synthesis of CaFu was identical except
calcium acetate (251 mg 1.4 mmol) was combined with
disodium fumarate (228 mg, 1.4 mmol) then washed four
times with 1 mL water and twice with 1 mL ethanol
Centrifugation and drying remained the same. Pre-activated
yield = 108 mg.

Estimation of Power Consumption. Power consumption
of the LabRAM II was measured using a Wi-Fi-enabled smart
plug (Meross, Model: MSS310) connected to a 240 V, 50 Hz
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wall socket. Measurements were taken at idle (0g, no
acceleration) and at increasing acceleration levels up to 75g
with a load of 186 g (container and contents). The baseline
power (74 W) was first subtracted from each measurement,
and the resulting values were divided by 186 g to yield the
extra power consumption per gram (AP in W g™') then
plotted versus acceleration (Figure S10).

This was fitted with a power-law model using GraphPad
Prism (v10.0.0, GraphPad Software, USA):

AP = B, + B,-a™ (1)

where AP = extra power consumption per gram (W g™'); a =
acceleration (g or m s_z). Initial parameter guesses were set as
follows: By = 0; B, = 0.003 (estimated from the average change
in power per unit increase in acceleration); B, = 2 (reflecting
the quadratic appearance).

After fitting, the extra power consumption was multiplied by
the load mass, and the baseline (74 W) was added back to
yield the total power consumption.

The power consumption for the laboratory oven was
measured using the same device. During the ramp-up phase
(from 17°C), the oven consumed about 109 kJ, as determined
by trapezoidal integration of power readings. A short transition
phase added roughly 1S5 kJ. In the steady-state phase, the
instrument cycled between high (~104 W) and low (~27 W)
power levels, averaging approximately 65 W. Over 4 h, this
steady state accounts for roughly 933 kJ. In total, the 4 h
synthesis consumed an estimated 1057 KkJ.

B ASSOCIATED CONTENT
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