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ABSTRACT: The preparation of microporous metal-organic
frameworks (MOFs) at industrial scales requires careful selec-
tion of the metal precursor to ensure the sustainability of the
synthetic process, in terms of both the environmental impact
and cost. The use of earth abundant minerals is attractive for
this purpose, provided that they are sufficiently reactive under
the conditions of MOF formation. In this work, we investigate
the use of copper carbonate and its naturally-occurring coun-
terparts, malachite and azurite, as precursors for the synthesis
of Cuy(btc), (HKUST-1; btc3=1,3,5-benzenetricarboxylate). Us-
ing a water/ethanol solution of copper carbonate and H;btc,
HKUST-1 was obtained at room temperature within 3 hrs, as
confirmed by a suite of characterization techniques. The iden-
tity of the products was determined by the reaction condi-
tions, highlighting the importance of optimizing the synthetic
parameters. When prepared under optimized conditions,
HKUST-1 synthesized here showed analogous performance
characteristics to materials obtained by traditional solvother-
mal methods, thus our results confirm that high-quality sam-
ples of MOFs can be easily derived from mineral precursors.

INTRODUCTION

The high accessible surface areas and chemical tunability of
metal-organic frameworks (MOFs)' has motivated researchers
to explore their potential for application to gas storage,> mo-
lecular separations,3 catalysis,+ drug delivery,5 biotechnology,®
and device fabrication.” As the field of MOF chemistry ma-
tures and they approach commercial implementation,3-'° syn-
thetic pathways for large-scale preparation has come under
great scrutiny.”s Traditional laboratory-scale preparations
involve the reaction of metal salts (typically a metal halide or
nitrate) and an organic ligands in a polar solvent such as DMF.
The waste products from such reactions include harsh acids
and environmentally harmful organic compounds.»*® There-
fore, faster, greener and more economically affordable pro-

cesses that do not require expensive purification steps are at-
tractive, especially given the increasingly stringent regulations
surrounding environmental management and worker health
(i.e. REACH7 and RoHS® directives). These driving forces
have contributed to the development of alternative synthetic
techniques for MOFs, including electrochemical methods"
flow synthesis,42° the use of aqueous media,*?> and solvent-
free mechanochemical synthesis,>324

Following the direction of aqueous or solvent free reactions,
MOFs obtained via the direct conversion of ceramic precur-
sors has garnered significant interest® as an alternative to the
traditional solvothermal approach. A crucial pioneering work
in this field by Furukawa and coworkers showed how periodic
alumina inverse opals can be transformed into Al-based MOF
hierarchical structures. The process, named pseudomorphic
replication, was performed in water with microwave assistance
and proceeded via the dissolution of the ceramic (and libera-
tion of metal ions from the solid-liquid interface) followed by
the rapid crystallization of the MOF at the surface of the par-
ent phase.?® The obtained MOF inverse opal was used for wa-
ter vs. ethanol separation. Another major breakthrough in this
field was reported by Ameloot and coworkers. In this case they
employed a chemical vapor approach to convert zinc oxide
thin films (synthesized using Atomic Layer Deposition) into
zeolitic imidazolate framework 8 (ZIF-8) by exposure of the
ceramic to vapors of 2-methylimidazole; a salient feature of
this solvent-free process is that it is considered to be compat-
ible with current microelectronic fabrication technology.?”
Non-oxide inorganic phases can also be used as a precursor for
MOF synthesis. For example, in collaboration with
Takahashi’s group, we converted a film of aligned copper hy-
droxide nanostructures into oriented Cu,(bdc), (bdc* = 1,4-
benzenedicarboxylate) crystals. The anisotropic properties of
the aligned polycrystalline MOF film was demonstrated via
the fabrication of an optical switch.28

These three examples show how different ceramic precursors
can influence the structure and, as a result, impart unique
functional properties, to the resulting MOF material.>5



Among the different feedstock ceramic materials, metal car-
bonates are found as minerals (e.g. dolomite, calcite, arago-
nite, magnesite), and relevant ores in industry (e.g. siderite,
smithsonite, rhodochrosite). Additionally, the conversion of
carbonates into MOFs is attractive as the primary by-products
are water and carbon dioxide. Nevertheless, the use of car-
bonates to synthesize MOFs is largely unexplored.> The first
carbonate conversion into MOF was performed by Sumida et
al., who uncovered the process by which CaCO; can undergo
coordination replication, to terephthalate or squarate based
MOFs,? using microwave heating with temperatures starting
from 100 °C. To make this process more versatile conversion
at room temperature is desirable as it would be less energy
consuming and allow for the preparation of MOF composites
from temperature-sensitive species (e.g. biomacromole-
cules)3° or substrates (paper, plastic).3"

Copper  carbonate  minerals such as malachite
(Cu,CO5(0OH),)3* and azurite (Cuz(CO;),(OH),)3 are wide-
spread and commonly found within copper ores. Due to their
abundance and bright green and blue colors, respectively,
they have been used as pigments since antiquity.34 Moreover,
malachite is commercially available as the finely powdered
green basic copper carbonate.

Scheme 1. Representation of the conversion from
basic copper carbonate (left) to HKUST-1 MOF (right)
upon reaction with trimesic acid (1,3,5-benzenetricar-
boxylic acid, center) in a solvent mixture of water and
ethanol.

Cu,CO,(OH), HKUST-1

T ‘~’ H,0/EtOH
‘ 24°C

An additional motivation to focus on Cu-based MOFs is that
literature precedent has shown that copper-based substrates
can be promptly converted into HKUST-1. For example, cop-
per metal substrates were at first converted to hydroxides us-
ing a basic oxidizing solution, then directly converted into
HKUST-1 by immersion into an alcohol/water mixture with
trimesic acid.3s Additionally, copper hydroxide based mono-
liths were directly replicated into HKUST-1 by immersion in
an organic solution of trimesic acid.3® Another study showed
that patterns of insoluble copper nitrate hydrate powders
could be converted into MOF powders.3? Finally, a continuous
crack-free membranes could be fabricated by converting CuO
nanosheets into HKUST-1 using a solution of trimesic acid in
ethanol and water, and sodium formate as an additive. 38

Here we show the straightforward conversion of basic copper
carbonate into HKUST-1 (Scheme 1). The process involves ad-
dition of synthetic basic copper carbonate (BCC) powder to a
solution of benzene-1,3,5-tricarboxylic acid (Hsbtc) prepared
in a water/ethanol mixture. By adjusting the amount of BCC
powder, solvent ratio, reaction temperature and time, the
morphology and surface area of the resulting HKUST-1 prod-
ucts can be controlled. Furthermore, the integrity of the car-
bonate-derived HKUST-1 was confirmed by comparing its
Lewis acid catalytic performance to HKUST-1 prepared by
standard solvothermal synthesis.39. Lastly, we also show that
this synthetic strategy can be successfully extended to natural
copper based carbonate minerals such as malachite and azur-
1te.

Experimental Details

Materials and methods. Basic copper carbonate monohy-
drate (BCC, Cu,CO;(OH),-H,O), benzene-1,3,5-tricarboxylic
acid (H;btc), 2-aminobenzophenone (2-ABP), acetylacetone
(Acac), ethyl acetate, dichloromethane, n-hexane and ethanol
were purchased from Sigma Aldrich and used as received. De-
ionized water (18 MQ) was produced from a Millipore Synergy
purification system. Malachite (Cu,CO;(OH).) was obtained
from Cloud River Minerals (Canberra, ACT, Australia). Azur-
ite (Cus(COs5),(OH),) was obtained from Unique Gems and
Minerals (Granville, NSW, Australia).

Unless specified, in the following synthetic protocols, the re-
actants were combined at room temperature (24 °C) and re-
acted for 3 h with gentle stirring at 20 rpm using a tube rotator
(Labnet Inc.® Revolver). The resulting materials were then
washed twice with EtOH and dried at go °C for 2 hours in an
oven.

Synthesis of HKUST-1, Cu,(btc),, from basic copper car-
bonate. In a typical procedure, 200 mg (0.84 mmol) of BCC
was dispersed in a solution of 210 mg (1.00 mmol) of H;btc in
6.5 mL of a EtOH/water 1:1 solvent mixture. Variations in the
carbonate amount (10, 20, 50, 100, 200, 500, 1000, and 2000
mg), temperature (-78, 0, 24, 40, 60, and 8o °C), solvent com-
position (EtOH/water o:100, 25:75, 50:50, 75:25, and 100:0),
and time (20 minutes, 1, 3, 6, and 24 hours) were applied to the
typical procedure to ascertain the effect of the reaction condi-
tions on the resulting products.

Conversion of malachite and azurite minerals into HKUST-
1. Malachite (452.6 mg) or azurite (94.7 mg) minerals were
finely ground and passed through a 40 mesh sieve, then dis-
persed in a solution of H;btc in EtOH/water 1:1 (2.1 g in 65 mL
of solvent mixture). 3.08 mL and 14.7 mL of this solution were
used respectively for malachite or azurite.

Catalytic testing of HKUST-1 samples. Samples were puri-
fied and activated according to the following procedure. The
reaction mixture was centrifuged for 1 min at 1000 rcf, then
EtOH was added (2.5 mL for every 100 mg of solid product)
and the solid was shaken for 10-20 s using a vortex mixer at
3000 rpm (VELP Scientifica® RX3). After a further centrifuga-
tion step, the EtOH treatment was repeated twice and the wet
solid was immersed in about 3 mL of dichloromethane for 24
h. This washing procedure was repeated twice with fresh sol-
vent. After discarding the solvent, the wet solid was dried in
the air, and then placed in an oven at 100 °C overnight (15
hours).
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Figure 1. SEM micrographs of HKUST-1 MOF (Cusbtc,) ob-
tained from basic copper carbonate by conversion using 6.5
mL of H3btc solution with (a-c) different amounts of copper
carbonate (a: 20 mg, b: 200 mg, c: 2000 mg), (d-f) different
temperatures (a: -78 °C, b: 24 °C, ¢: 80 °C), and different
amount of EtOH (g,h,i: 0% EtOH; k,m,n: 50% EtOH; p,q,r:
100% EtOH), with different reaction times (g,k,p: 20 minutes;
h,m,q: 3 hours; i,n,r: 24 hours). For pictures a-f, the reaction
time was three hours. Scalebar: 10 pm (see Supplementary In-
formation Figure S2-S4 for a complete survey).

Friedlander reaction with HKUST-1 as catalyst. The reaction
was performed according to literature methods.4° In a typical
procedure, 50.0 mg (0.0827 mmol, equivalent to 0.248 mmol
Cu(I)) of activated HKUST-1 were mixed with 500 mg (4.99
mmol) of Acac. Under stirring, 197 mg (1.00 mmol) of 2ABP
was added and the reaction mixture heated at 8o °C for three
hours (TLC: EtOAc/n-hexane 1:2 as eluent, Rf = 0.5). After
cooling, EtOH (1 mL) was added and the reaction mixture cen-
trifuged (4000 rcf, 10 min) to remove the catalyst, then the sol-
vent was removed under vacuum. The solid residual was dis-
solved in dichloromethane, (DCM - 5 mL) and filtered twice
over cotton, then dried under vacuum overnight. The conver-
sion was calculated 35 by dissolving the resulting product mix-
tures in deuterated chloroform, CDCl3, and analyzing the by
'H-NMR spectrum of the mixture (using a Bruker Avance III
300 MHz NMR spectrometer). The most suitable integrals
used to evaluate the catalytic activity were calculated from the
signals at =6.7 ppm (proton in position 3 for the 2-aminoben-
zophenone reactant) and =8.4 ppm (proton in position 8 for
the 2-methyl-3-acetyl-4-phenylquinoline product).

Scanning Electron Microscopy (SEM). Sample morphology
was assessed using a field emission scanning electron micro-
scope (FE-SEM; Merlin; Carl Zeiss Germany). Prior to SEM in-
vestigation, samples were sputter coated with iridium.

Powder diffraction (XRD) analysis. High-resolution X-ray
powder diffraction measurements were performed at the Aus-
tralian Synchrotron.# Samples were packed into 0.3 mm di-
ameter capillaries and studied in Debye-Scherrer geometry. A
highly monochromatic beam with a wavelength A = 0.736826
A was used, and data were collected using the Mythen curved
position sensitive detector4? over the range 1.5 to 81.5° 26 (Q =
2.2 to m.3 nm™). Diffraction patterns were collected for 120 s
each, and were analyzed using the Rietveld method,4 as im-
plemented in the Topas software package (Bruker).

Small- and Wide- Angle X-Ray Scattering (SAXS/WAXS)
analysis. Small- and wide- angle X-ray scattering
(SAXS/WAXS) measurements were performed at the Austrian
SAXS beamline of the electron storage ring Elettra (Trieste, It-
aly)+4 using 8 keV branch corresponding to a wavelength of
1.54 A; 15 exposure time was used to collect the diffraction im-
age. Data were analyzed using Igor Pro software Package
(WaveMetrics Inc.).

Fourier transform infrared (FTIR) analysis. The measure-
ments were performed using a Bruker ALPHA FT-IR spec-
trometer (Bruker Optik GmbH) in transmission mode. 128
scans were performed with 2 cm™ intervals.

Surface area and pore size analysis. The N, adsorption iso-
therms were measured using a Micromeritics 3-Flex analyzer
(Micromeritics Instrument Corporation, Norcross, GA, USA)
at 77 K. Brunauer-Emmett-Teller (BET)45 surface areas were
calculated using experimental points at a relative pressure
that follows the Rouquerol criteria.4¢ The pore size distribu-
tion was calculated by the Barrett-Joyner-Halenda (BJH)
method.4” Detailed data are reported in Table S1 of the Sup-
porting Information

Results and Discussion

Investigation of synthetic parameters. Reactant amounts.
To initially evaluate the appropriate copper carbonate/tri-
mesic acid ratio for the conversion to HKUST-1, a set of exper-
iments were conducted using a solution prepared by dissolv-
ing 210 mg of Hsbtc in 6.5 mL of a 1:1 mixture (in volume) of
EtOH and water. The amount of copper carbonate tested was
varied as follows: 10, 20, 50, 100, 200, 500, 1000 and 2000 mg
(Figure S1 and Sz of the Supplementary Information) and the
reaction conditions temperature (24 °C) and Time (3 hours)
were fixed. SEM images (Figure 1a-c) show how the morphol-
ogy is dependent on the amount of carbonate (20, 200, 2000
mg) added to the ligand solution. The fiber-like structures in
Figure 1a were obtained using 20 mg of carbonate (Cu/ligand
ratio = 0.1), whereas discrete crystals in Figure 1b can be pro-
duced using 200 mg of carbonate (Cu/ligand ratio =1). Further
increasing the amount of carbonate, up to 2000 mg, (Cu/lig-
and ratio = 10) did not influence on the morphology of the
HKUST-1 crystals obtained. However, the clusters of crystals
shown in Figure 1c suggests the presence of a BCC unreacted
core, furthermore, visual inspection of these powders revealed
a green color that is distinct from HKUST-1. Together, this
data supports the incomplete conversion from the original
BCC.
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Figure 2. N, isotherms at 77K of the carbonate (BCC) to HKUST-1 conversion (a) with different amount of copper carbonate (a)
and at different temperatures (b). The surface area for the study at different solvent ratio and times is reported in (c). Complete
isotherms and additional data is provided in the Supporting Information Section (Figure S5 and Table 1).

BET surface area measurement of samples prepared from 20
mg of copper carbonate afforded an accessible surface area of
2090+5 m>g. However, further increasing the amount of car-
bonate to 200 and 2000 mg resulted in a decrease of the sur-
face area to 1570+5 and 480.6+5 m? g7, respectively. This re-
duction in N, uptake per g of sample can attributed to the
presence of unconverted, non-porous, copper carbonate (Fig-
ure 2a).

Reaction temperature. Temperature can be employed as a pa-
rameter to control the morphology of MOF crystals.48-5° To
assess the influence of temperature on the morphology of
HKUST-1, we performed conversions from copper carbonates
at -78, o, 24, 40, 60 and 8o °C (Figure S3 of the Supplementary
Information shows the related SEM image) while fixing the
amount of BCC to 200 mg. The morphologies obtained at -78,
24 and 8o °C are reported in Figure 1d-f. The material synthe-
sized at the lowest temperature (Figure 1d) is indeed morpho-
logically different from the one produced at room temperature
(Figure 1e). On the other hand, increasing the temperature
above ambient produced only a slight increase in particle size
(Figure 1f). Room temperature (24 °C) treatment showed the
largest BET surface area (1570+5 m? g* vs. 1080.0+5 m? g™ for
the -78 °C and 1230.0+5 m? g for the 8o °C, Figure 2b). These
data show that a substantial decrease or increase of the con-
version temperature resulted in ca. 30% and 20% loss in the
N, uptake, relative to room temperature (24 °C).

Reaction solvent. It is well known that the solvent plays a sig-
nificant role in the growth of MOF crystals.4®5* For example,
water was found to modulate the stability of different facets in
HKUST-1, thus giving rise to different morphologies.>>-54 Mo-
tivated by this knowledge, we investigated the conversion of
copper carbonates under different solvent mixtures of EtOH
and water. EtOH percentages were varied as follows; 0%, 25%,
50%, 75%, and 100% (Figure 1g-r. The complete table with the
related SEM images is reported in Figure S4 of the Supplemen-
tary Information). Figure 1g,k,p represents the crystal mor-
phology after 20 minutes for o, 50, and 100% EtOH, respec-
tively. Globular clusters are observed and increasing the
amount of ethanol results in a decrease of particle size. How-
ever, it is evident that the reaction time showed a clear trend
irrespective of the solvent used; the longer the reaction time
the larger the crystals (Figure 1p,q,r). In case of pure water

(Figureg,h,i), globular particles with platelet surface evolved
into a rod-like morphology over time. For the 50% EtOH mix-
ture (Figure 1k,m,n) the typical octahedral morphology of
HKUST-1 becomes more evident after 3 hours. We examined
the speed of conversion from BCC into HKUST-1 of samples
produced from different solvent mixtures by 77K N2 isotherm
experiments. BET surface area analysis (Figure 2c) revealed
that MOF formation is slower when using only ethanol as a
solvent (Figure Ssa of the Supplementary Information). A
small increase in the N, uptake is observed as the BET surface
area increases from 255 m? g* after 20 min to 160+5 m? g
after 24 hours. However, the BET surface areas of samples syn-
thesized in a 50:50 mixture of EtOH/water initially increases
from 20 min (1365+5 m? g") to 3 hours (1569+1 m? g*) and then
decreases at 24 hours (9oo+5 m? g*) (see Figure Ssb of the Sup-
plementary Information). When using only water as solvent
(see Figure Ssc of the Supplementary Information), the sur-
face area was initially low (130+5 m? g* after 20 minute con-
version time) and then decreased to 10+1 m? g after 24 hours,
becoming almost non-porous to N,. This significantly reduced
porosity over reaction time is expected as a result of the insta-
bility of the HKUST-1 in water.555¢

From these results, the optimal reaction conditions to pro-
duce small, regular, and relatively monodisperse crystal parti-
cles were found to be the following: addition of 200 mg of
basic copper carbonate to a trimesic acid solution composed
of a 11 EtOH/water mixture at room temperature for 3 hours
(Figure 1m).

Influence of water on HKUST-1 stability. To assess the detri-
mental effect of pure water on HKUST-1, we treated a sample
for 24 hours in water; the MOF was synthesized from 200 mg
of copper carbonate in 6.5 mL of 50:50 EtOH/water mixture
containing the H;BTC ligand at 24 °C for 3 hours The BET sur-
face area significantly dropped from 130+5 m? g to 65+5 m? g
! (see Figure Sé6a of the Supplementary Information), showing
a dramatic 95% reduction and supporting the previous obser-
vations reported in Figure 2c. Additionally, we examined the
XRD patterns of HKUST-1 before and after the 24 hour wash-
ing treatment (see Figure S6b of the Supplementary Infor-
mation). These data show a shift in the diffraction peaks
(smaller unit cell) in the lower angle side of the XRD pattern,
indicating that a topological change occurred.
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Figure 3. a) SAXS/WAXS kinetics in the first 30 minutes of
reaction of the carbonate to HKUST-1. The magnification (red
box) show the disappearance of the carbonate peak at 8.5 nm-
1 during the first minute of reaction, and the appearance of the
intermediate peaks at 8.0 and 8.6 nm™, and the (222) HKUST-
1 peak at 8.2 nm™; b) FTIR kinetics in the first 24 minutes of
conversion, with regions attributable to the metal sites and
the ligands, respectively. The bands indicated with an asterisk
(*) are associated to the residual intermediate material. De-
tailed FTIR spectra are available in Supplementary Figure S13.

Water is essential for HKUST-1 formation, capping the cop-
per-copper paddlewheel in the SBU of HKUST-1.575% However,

continued HKUST-1 formation from copper carbonate mono-
hydrate slowly releases H20 into the reaction mixture, that
has an effect on the topology and porosity of the products, as
observed by the different powder patterns and the decrease in
N, adsorption, when the reaction time is extended to 24 hours.

Conversion from minerals to HKUST-1. We also successfully
converted two naturally occurring minerals, malachite and az-
urite into HKUST-1, using the same procedure described for
commercial copper carbonate (see Figure S7 of the Supple-
mentary Information). The resulting HKUST-1 showed rea-
sonable N, adsorption at 77K and BET surface areas of 340+5
and 740%5 m? g*, for malachite and azurite, respectively (see
Figure S8 and Table S1 of the Supplementary Information).
These values are lower than those for HKUST-1 formed from
the conversion of copper carbonate. We submit that this is
due to unconverted mineral or other mineral inclusions (i.e.
impurities)s? that are not reactive under the tested conditions.
It is noteworthy that the substrates did not undergo any pre-
liminary treatment, other than crushing into powder, before
reaction.

Kinetics of the Conversion Process. In order to assess the
conversion from BCC to HKUST-1, an in situ SAXS/WAXS
analysis was conducted with a recirculation setup (dynamic
conditions, see Figure Sg of the Supporting Information sec-
tion). The initial carbonate precursor (large peak at c.a. 8.5
nm™) disappeared within 60 seconds from the injection of the
Hsbtc ligand solution (as evidenced from the magnification
box in Figure 3a). Surprisingly, an intermediate of reaction
appeared in the first 25 minutes period of reaction, with a
dominant peak at about q = 4.2 nm" (maximum intensity
reached at c.a. 8 min); this peak disappeared completely after
ca. 28 minutes (see Figure 3a and Figure Si10). At the same
time, the evolution of HKUST-1 (monitored using the (222)
peak at q = 8.2 nm™) was found to be slow for the first 8
minutes, after which the intensity rapidly increased to 85% of
the maximum value detected within ca. 20 minutes (see Figure
S11). We believe that this intermediate species was also ob-
served by Stolar and coworkers,% during the synchrotron in-
vestigation of the liquid-assisted mechanosynthesis of
HKUST-1. In that work after grinding Cu(OH), with H;btc in
presence of ethanol, an intermediate with a layered structure
was identified. Comparing the X-ray plots, the peaks at-
tributed to our intermediate (q = 4.3, 6.7, 8.1, and 8.6 nm™)
are found at the same position to Stolar’s intermediate; from
our in-situ investigation, this phase persisted for 25 minutes
before disappearing, a time that is similar to the intermediate
in literature (i.e. 20 minutes).

The in situ XRD analysis conducted in capillary (static condi-
tions see Figure Sg of the Supporting Information section) at
the Powder Diffraction Beamline of the Australian Synchro-
tron showed more evidently the presence of this intermediate,
which peaks disappearing similarly to the SAXS/WAXS exper-
iments, along with the appearance of peaks attributable to
HKUST-1, especially the intense peaks of the (200), (220) and
(222) planes between q = 4.5 and 8.5 nm™ (Figure Si2a). These
HKUST-1 peaks increased in intensity until plateauing after 30
minutes. Rietveld refinements of the last frame of the kinetics
(see Figure S12b in the Supplementary Information) confirmed
that the product matches the diffraction pattern of HKUST-1.

In order to gain further insights into this growth mechanism,
the reaction kinetics was also studied by FTIR experiments.
Data collected in the first 24 minutes of the reaction (Figure



3b and Figure S13 of the Supporting info) showed that, along
with some residual carbonate, HKUST-1 can be detected from
the typical bands observed in the 1350-1750 cm™ region, which
vibrational modes indicated the symmetric bidentate mode of
coordination towards the two Cu sites,® and in the 650-1150
cm™ region with new stretching modes coming from the tri-
mesic ligand.3” After 10 seconds of reaction the first bands
started to appear, confirming the observations taken during
the XRD and SAXS/WAXS experiments of the quick onset of
this conversion. The trend showing the consumption of the
feedstock during the formation of the MOF is in agreement
with our previous studies where we observed the production
of HKUST-1 from copper hydroxide produced on Cu sub-
strates,3 and from copper insoluble complexes.3” We also
noted this conversion process is significantly faster than the
recent process developed from CuO sheets.38

Catalytic activity. HKUST-1 is a well-known catalyst for or-
ganic reactions, due to its Lewis acidity.®>%3 The Friedlander
reaction® has been used to test the performance of this MOF
catalyst in the production of quinolines.#> Here, HKUST-1
MOFs obtained from different sources, classic solvothermal
synthesis (sol _HKUST-1),3 conversion of commercial basic
copper carbonate (BCC_HKUST-1), and conversion from mal-
achite and azurite minerals (mal_HKUST-1 and azu_HKUST-
1, respectively)), were assessed, via proton NMR spectroscopy,
for their capacity to catalyse the condensation between 2-ami-
nobenzophenone (2ABP) and acetylacetone (Acac, reaction in
Figure 4) at 8o °C, to produce 2-methyl-3-acetyl-4-phe-
nylquinoline. The integrals of the proton in position 3 of the
2ABP (©) and in position 8 of the resulting quinoline ({) were
conveniently measured by NMR spectroscopy, thanks to the
shift of its signal from =6.7 ppm to =8.1 ppm (Figure Si4 of the
Supplementary Information). Copper sulphate and H;BTC lig-
and were also evaluated, along with a reaction performed
without catalyst.

The MOF obtained from solvothermal synthesis (blue bar)
performed as expected, with a nearly 92% of conversion from
2ABP to the quinoline. HKUST-1 from the basic copper car-
bonate (teal bar) yielded for ca. 74% of conversion after 3
hours, thus representing a very good performing catalyst com-
parable to HKUST-1 obtained the classic way. The Cu,(btc),
obtained from the mineral sources malachite (green bar) and
azurite (cyan bar) showed a very good activity of 80% conver-
sion, in line with the commercial carbonate and in agreement
with our previous measurements performed on HKUST-1
grown on Cu metal.35 Notably, the original carbonates (com-
mercial or natural) did not show appreciable catalytic activity
(below 7% of conversion, and comparable with the conversion
obtained in absence of any catalyst), confirming Cu(II) Lewis-
acid centers are essential for this reaction®% (using the solu-
ble sulfate salt the reaction was nearly quantitative) and that,
more importantly, the H;btc ligand must be present to permit
the substrate to interact with the copper vacancy coordination
sites, through the pores.
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Figure 4. Catalytic performance in the Friedlander condensa-
tion between 2ABP and Acac (as percentage of quinoline pro-
duced from the aminophenone) of sol_HKUST-1 (blue, from
solvothermal synthesis), BCC_HKUST-1 (teal, from basic cop-
per carbonate), mal_HKUST-1 (green, from malachite),
azu_HKUST-1 (cyan, from azurite), and their carbonate
sources. The reaction was also performed without catalyst (or-
ange), in presence of coppers sulfate (light blue), or the
H3BTC ligand (light yellow). Reaction conditions:
2ABP/Acac/HKUST-1 molar ratio: 5:1:0.083.

This reaction can also be catalyzed by Brgnsted acids, and in
this case 64% conversion was obtained using the tricarboxylic
acid, however, as shown in Figure 4. the Lewis-acid pathway
was more efficient.

Leaching from the catalyst (either metal ions or ligands) was
evaluated by collecting 100 pL of the mother liquor after the
first reaction and adding them into the same reaction mixture
of 2ABP and Acac. The conversions in all cases were below 7%
(see Figure Si5 of the Supplementary Information), with the
obvious exception of the copper sulfate catalyst (24%) due to
the ease of reaction of Cu(Il) with Acac,% and the consequent
increased solubility in the reaction mixture (acetylacetone
also acted as solvent).

Conclusion

Here we have described a facile process to directly convert
copper carbonate into the Cu-based MOF, HKUST-1. This re-
action was performed in a 1:1 mixture of ethanol and water.
Although a typical 3-hour reaction was used to ensure a quan-
titative conversion, synchrotron XRD analysis evidenced the
diffraction peaks of copper carbonate disappears within 25
minutes. The current process circumvents the use of polluting
solvents and complex processes using inexpensive industrially
available precursors. Parameters such as copper car-
bonate/ligand ratio, temperature, and solvent mixture were
optimized and BET analysis on the resulting materials showed



excellent surface area results. The same reaction was success-
fully conducted on mineral sources of copper carbonate like
malachite and azurite, showing a remarkable conversion also
from these substrates. Eventually, HKUST-1 MOFs obtained
from synthetic basic copper carbonate, malachite, and azurite
excellently performed as Lewis acid catalysts for the Friedlan-
der reaction up to 80% of conversion after 3 hours of reaction.
Considering that the minerals underwent no preliminary pu-
rification processes, and were directly converted into MOF,
the obtained results hold promise for the future exploitation
of minerals as cheap and readily available sources for MOF
synthesis, permitting further improvements in the catalytic
activity of this copper-based framework system. In summary,
this present work clearly shows that room temperature con-
version is an efficient way to exploit mineral ores for the pro-
duction of MOFs.
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Table S1. BET data related to Figures 2a, S4, and S5

Surface Area + Error

Fig. Substrate Solvent Temperature | Time (m?g) Note
2a BCC, 20 mg EtOH/water 1:1 24 °C 3h 2089 +2
2a/S5 | BCC, 200 mg " " " 1569 £ 1 *
2a BCC, 2000 mg " " " 4776 0.5
2b BCC, 200 mg " -78 °C " 1076 £ 0.1
2b " " 24 °C " 1569 £ 1 *
2b " " 80 °C " 1230 £ 0.6
2¢/S4a " EtOH 24 °C 20 min 25.32 £ 0.05
2¢/S4a " " " 3h 47.4+0.1
2¢/S4a " " " 24 h 1609 £0.3
2¢/S4b " EtOH/water 1:1 " 20 min 1364.9 £ 0.6
2¢/S4b " " " 3h 1569 £ 1 *
2¢/S4b " " " 24 h 901.1+£0.2
2¢/S4c " Water " 20 min 128.73 £0.08
2¢/S4c " " " 3h 86.72 +0.03
2¢/S4c " " " 24 h 7.65 +£0.03
S5 Malachite EtOH/water 1:1 " 3h 7422 +0.3
S5 Azurite " " " 341.4+04
S5 Solvothermal " " " 1016 +2
S6 BCC, 200 mg " " " 1263.6 £ 0.3
S6 " " " " 63.33 +0.07 ok

*: same sample
*%: previous sample after 24 hours of water treatment



Figure S1. Photographs of BCC conversion into HKUST-1 at different amount of starting material.
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Figure S2. SEM images of HKUST-1 MOFs from basic copper carbonate (BCC) at different amounts of
basic copper carbonate.







Figure S3. SEM images of HKUST-1 MOFs from BCC at different temperatures.




Figure S4. SEM images of HKUST-1 MOFs from BCC at different solvent mixtures and times.
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Figure S5. BET graphs of HKUST-1 MOF from BCC at different solvent mixtures and times.
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Figure S6. A) BET graphs and B) XRD analysis of HKUST-1 MOF from BCC before and after 24 hours
of washing in water.
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Figure S7. Photographs of azurite and malachite minerals before and after HKUST-1 conversion.
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Figure S8. BET graphs of HKUST-1 MOF from BCC, malachite, azurite, and solvothermal reaction.
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Figure S9. Setups used for XRD and SAXS/WAXS experiments

XRD experimental setup with a capillary in static conditions, as performed at the Powder Diffraction
Beamline of the Australian Synchrotron, located in Melbourne. For these measurements, the Cu-based
precursor material (BCC with particles having diameters of tens of micrometres) was filled into the capillary
and the trimesic acid solution in EtOH and water was injected thereafter with a syringe. Due to the logistic
setup and the operational requirements of the beamline, it was not possible to collected the initial 2 minutes
of reaction, and this is reflected in the XRD kinetics in Figure S12, which starts directly showing the
intermediate.

X-RAY
BEAM

SAXS/WAXS experimental setup using a recirculator in dynamic conditions, as performed at the
AustroSAXS Beamline of the Elettra Synchrotron, located in Trieste (Italy). For these measurements, the
Cu-based precursor material (BCC with particles having diameters of tens of micrometres) was suspended
in EtOH and water, and recirculated through a capillary, connected with a peristaltic pump and a reactor.
The trimesic acid solution in EtOH and water was injected at the desired time in the reactor with a remotely
controlled syringe pump. With this setup, it was possible to observe the first moments of reaction and
obtaining information about the quick disappearance of the carbonate, followed by the formation of a
transient intermediate, to the final HKUST-1 conversion.

OUTLET

INLET

‘:0.' X-RAY

DETECTOR L BEAM

13



Figure S10. Full WAXS kinetics (above) and selected frames at different times (below; initial, after 8, 25,
28, and 60 minutes of reaction). The WAXS shows two additional and weak peaks for the intermediate at q
=7.1and 7.6 nm™ (20 = 10.0 and 10.7°), previously unreported by Stolar et al. (ref. 60 of the main text).
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Figure S11. Time evolution of the integrated peaks of the intermediate structure (red), HKUST-1 (black)
and the copper carbonate precursor (blue) at q =8.5 nm™'. Immediately after the addition of Hsbtc, the Cu-
based precursor material (BCC with particles having diameters of tens of micrometres) converts into a
growing intermediate structure and partially into HKUST-1, which starts to from faster by the conversion
of the intermediate. Remark: the increase of the intensity of carbonate is related to the formation of the
intermediate structure occurring at the same peak position.
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Figure S12. a) XRD Kkinetics analysis conducted at the Powder Diffraction Beamline of the Australian
Synchrotron. Remark: the starting time reflects the first acquired frame, however the first 2 minutes of
kinetics were not collected; b) Rietveld refinements of final XRD spectra kinetics at 30 minutes.
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Figure S13. FTIR kinetics data of the carbonate-to-HKUST-1 conversion (200 mg carbonate, 6.5 mL of
trimesic acid solution) in the first 24 minutes of reaction. Residual peaks attributed to the not yet converted
carbonate (@) can be observed along with the peaks of the already obtained HKUST-1 MOF (explicated
wavenumbers). The residual peak at 1705 cm™! appears to be consistent with the presence of intermediate at
this time of reaction, as similarly reported by Stolar et al. (see ref. 60 of the main text).
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Figure S14. "H-NMR spectra of the Friedldnder reaction performed: using HKUST-1 MOF from BCC,
malachite, azurite, and solvothermal reaction; with the related carbonate sources; without catalyst, using
copper sulphate, and H;BTC ligand.
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Figure S15. "H-NMR spectra of the Cu leaching test and relative yields.
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