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Abstract: A green, simple and efficient room temperature aqueous synthetic route for the
fabrication of novel porous coordination polymer nanoparticles (NPs) composed of Cu?* and
imidazolate was developed. Colloidal stability, morphology changes and structural and chemical
integrity of the developed NPs, in several solvents having different polarity, were investigated.
Basics physicochemical properties of selected NPs (i.e., NP1, NP2 and NP3), such as size, optical
and magnetic activity, porosity, thermal stability, structure, ageing and catalytic activity, were
determined. Data indicate that the addition of the surfactant hexadecyltrimethylammonium
bromide (CTAB) and the final solvent determine the size, morphology and structure of the
different NPs.
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INTRODUCTION

Coordination polymers (CPs) are one-, two-, or three dimensional (1D, 2D, or 3D) polymeric
compounds formed by repeating coordination entities (i.e., inorganic, organic or hybrids
inorganic-organic). There are several subclasses of CPs, including amorphous CPs, porous
coordination polymers (PCPs), metal organic materials (MOMs), metal-organic frameworks
(MOFs), coordination networks (CNs), and so forth. Definitions (nomenclature) in this
supramolecular chemistry area seem to have become entangled with the arrival of the term
MOF, which has revolutionized this field and its applications. Here, we adopt the following
definition of MOF: “a class of CPs comprising organic linkers wherein metal-ligand
interaction/bonding leads to 2D or 3D crystalline network structures” as proposed by S. Seth
and A. J. Matzger.! The initial research interest of PCPs was mainly driven by their structure-
dependent network of voids, which makes them ideal materials for storage and separation of
different molecules and macromolecules, and for catalysis. PCPs are formed by cation centers,
or clusters, interconnected by polydentate organic ligands through strong ionocovalent bonds,*
4 and may be highly porous, having very low density (in the range of 0.2 g-cm). Recently,
nonporous high-density MOFs have been proposed as next generation functional materials in
diverse fields.>® The vast diversity of reported PCPs (over 20,000 structures) in terms of crystal
size, porosity, geometry and functionality is due to the multiple possible combinations of
metallic centers and organic ligands.”® Since the late 1990s, CP chemistry and related
applications have greatly evolved from the pioneering contributions on reticular synthesis
involving metal centers and organic linkers,® mostly by the groups of O. M. Yagui, ! G. Férey,*?
R. Robson, and S. Kitakawa.*

Initial efforts on PCP chemistry were put on building crystalline new porous bulk three-
dimensional structures, in which synthetic control over crystal size, shape and dispersity was not
the key objective. This was so because large single crystals usually facilitate the faster structural
resolution of new crystalline phases, as well as because pore size and physicochemical stability
were the most useful characteristics in applications such as storage and catalysis. Besides this
conventional research aim, recent efforts are also focused on the precise control and
modulation of the crystal size and shape and their integration in applicable devices.

In contrast to pure inorganic materials, in which the nanoscale dimension brings new, highly
useful, physicochemical properties (e.g., nanomagnetism, nanoplasmonics, quantum-dots),
PCPs, independently of their size, porosity or structure, exhibit localized electronic states rather
than delocalized ones.”® As a result, nanoscale PCPs (i.e. nanoPCPs) offer a large surface area
and ordered tunable porosity that is of great interest for relevant applications such as drug-
delivery and device-material nanotechnology.'®® Composite nanomaterials composed of
nanoPCPs and inorganic NPs have been proposed to produce multifunctional nanomaterials
(e.g., surface enhanced Raman scattering nanoprobes,*® therapeutics,?® theranostic agents?'??)
for bioapplications and enhanced catalysis.?*** Notice that here amorphous or 1D nanoscale
colloids made of organic ligands and metal centers (as in crystalline MOFs) will be referred to as
nanoscale CPs (i.e., nanoCPs),%> whereas nanoPCPs will be here referred to as PCP crystals having
all of their lateral dimensions within the size range of 1-500 nm, although any PCP may be
considered nanostructured due to the network of nanometric voids.

Overall, rather few protocols exist to prepare monodisperse nanoPCPs compared with those to
fabricate bulk PCPs; some exceptions are Zeolitic Imidazolate Framework 8 (ZIF-8),1%2%?7 diverse



MIL (MIL-53, MIL-88A, MIL-88Bt, MIL-89, MIL-100 and MIL-101_NH;; MIL = Materials of Institut
Lavoisier),®?° diverse UiO (Ui0-66, UiO-66—NH,, UiO-67, UiO-68—NH,; UiO = Universiteteti
0sl0),3%32 M-TCPP (M = Zn, Cu, Cd or Co, TCPP = tetrakis(4-carboxyphenyl)porphyrin)
nanosheets,® Prusian Blue,>* HKUST-1 (HKUST = Hong Kong University of Science and
Technology),®>3® porphyrinic-Zr MOF,?” NU-1000 (NU = Northwestern University),*® and others

(cf. recent review articles 1639).

To attain the fine control of both size and morphology of nanoPCPs, many chemical and
microfabrication synthetic strategies have been proposed, including modified solvothermal
routes (e.g. modulator agents, ligand modification), microwaves- and ultrasound-assisted
methods, microemulsion, mechanochemistry or fluidics.*® However, many of these approaches
suffer from poor control of the particle size distribution and morphology, as well as low reaction
yields. More recently, the use of surfactant under soft conditions (i.e., water, low temperatures,
atmospheric pressure) has revealed to be an asset compatible with large-scale production to
control both the size and morphology of the zinc imidazolate ZIF-8.%* With regards to Cu*?-based
nanoPCPs, and despite their industrial interest (e.g., natural abundance, low cost, catalytic and
conductive properties),*? only few examples can be found in the literature, being mostly based
on the HKUST-1 structure.”** Within these works, the use of surfactants, such as
hexadecyltrimethylammonium bromide (CTAB) or polyacrylic acid (PAA), has been also
proposed as PCPs growth controlling additives 4

Taking everything into account, the development of straightforward high-yield bottom-up
methods to fabricate nanosized Cu-based nanoPCPs is desired to enhance their capabilities in
catalytic applications. Herein, a straightforward aqueous synthetic route to produce highly
monodisperse Cu-based nanoPCPs with different shape is described. Morphology and size of the
crystallites, structure, colloidal stability, optical and magnetic activity, and catalytic properties
of the NPs produced were investigated.

RESULTS AND DISCUSSION

Previous works have proposed a handful of chemical methods (bottom-up) for the fabrication
of Cu-based CPs based on mixing Cu*? salts (mostly Cu(NOs),) and organic ligands containing
several carboxylates, such as 2,5-dihydroxyterephthalic acid,*® 2-hydroxyterephthalic acid,*”
3,3',5,5'- tetrakis(3,5-dicarboxyphenyl)-2,2',4,4',6,6'-hexamethylbiphenyl*® and 1,3,5-
benzenetricarboxylate.”® Also, a few examples of Cu-based CPs built from imidazolates linker

have been reported so far.>%>2

Herein, NPs were fabricated by simply mixing aqueous solutions of CuCl, and 2-methylimidazole
(2M1), which is the linker used together with Zn?* salts for the fabrication of the ZIF-8 solids.>® As
growth-arresting surfactant, CTAB was added using a molar ratio 2MI:CTAB of 10, cf. Table 1
and Materials and Methods section. CTAB has been previously used to arrest ZIF-8 growing,
thereby resulting in highly monodisperse ZIF-8 nanoMOFs and nanocomposites based on ZIF-8
and Au NPs.?%% In the present work, concentration and molar ratios of the reactants were
optimized to produce monodisperse NPs (i.e., sample Cu50 in Table 1), cf. Figure SI-I in the
Supporting Information (Sl). Sample Cu50 with molar ratio 2MI:Cu?* of 20 (and 2MI:CTAB of 10°)
showed best monodispersity among all samples and thus, it is the focus of this work. Briefly,
the aqueous solution containing copper, 2MI and CTAB was gently stirred for 1 min, in which the
color of the solutions rapidly changed from bluish to brownish, cf. inset in Figure 1la. Our



hypothesis is that this change of color indicates the formation of the Cu**-imidazolate network,
which growth is arrested by the presence of CTAB to yield monodisperse NPs. Then, the solution
was left undisturbed for 45 min at room temperature (RT). The resulting compounds were then
purified by centrifugation (7000 rcf, 15 min; unless otherwise specified, centrifugation
parameters were fixed to these values), the colorless supernatant was discarded and the
precipitate was redispersed and stored in 3 mL acetone. SEM inspection of the redispersed
precipitate revealed the presence of NPs (in the following referred to as NP1), which show
spherical morphology with an average diameter (d) of 330 + 27 (0.5%) nm. The nanospheres NP1
(i.e., Cu50 in Table 1) resembled an entangled network of nanosheets (thickness of less than 10
nm), cf. Figure 1a.

Table 1. CuCl2-2H20 concentrations and molar ratios used to produce different nanocomposites.

Sample!? CuCl2:2H20 [mM] Cu? :2MI: CTAB [mol] 2MI:Cu?* [mol] Cu?:CTAB [mol]

Cu2s 25 1:40:0.040 40 25
Cu50 (NP1) 50 1:20:0.020 20 50
Cu67 67 1:15:0.015 15 67
Cu100 100 1:10:0.010 10 100
Cu200 200 1:5:0.020 5 200

1 SEM images of all these samples can be found in the SI-1.

The influence of reaction time was investigated by letting the reaction progress at RT,
undisturbed during 72 h (or longer; we checked up to 6 months with no significant visual
colloidal stability differences, instead of 45 min employed for NP1). The brownish solution
appearance remained similar (45 min vs. 72 h, or months) without the presence of apparent
precipitates. After the 72 h, the nanocomposites were purified by centrifugation, the colorless
supernatant was discarded and the precipitate was redispersed and stored in 3 mL acetone. SEM
revealed the formation of thin nanosheets having an average edge length (L) of 334 £ 111 (33%)
nm, cf. Figure 1b, which in the following will be referred to as NP2. We hypothesize that the thin
entangled nanosheets of NP1 thermodynamically evolve to larger nanosheets (i.e., NP2).



Figure 1. SEM micrographs of different species of Cu-imidazole nanocomposites after drop casting on Si
substrates: a,b) NP1 with an average diameter of 330 + 27 (0.5%) nm; d,e) NP2 with an average edge
length of 334 £ 111 (33%) nm; (g,h) NP3 with an average tip-to-tip length of 447 + 65 (15%) nm. c,f,i) Size
histograms for NP1, NP2 and NP3, respectively. Equivalent transmission electron microscopy (TEM)
micrographs can be found in the S, cf. section SI-VIII.

The influence of the solvent was also evaluated. After 45 min of reaction, followed by
purification as described for NP1, the precipitate was redispersed in solvents having increasing
polarity, that is, ethyl acetate, acetone (i.e., NP1), N,N-dimethylformamide (DMF), acetonitrile,
methanol, and ultrapure water (milliQ water). After redispersion in DMF, acetonitrile or
methanol, followed by purification by centrifugation, sample color (brownish) and morphology
resembled that of NP1 (i.e., acetone), cf. Figure SI-II1 in SI, suggesting the material stability. In
contrast, ethyl acetate triggered an immediate color (brownish to greenish) and morphology
change (microstructures). If initially, samples redispersed in DMF, acetonitrile or methanol
retained color and morphology similar to NP1, these samples experienced a change in color
(brownish to violetish) and morphology over time, as shown by SEM inspection, cf. evolution of
the samples redispersed in methanol over 72 h in Sl (cf., Figure SI-112). Dispersion of NP1 or NP2
in MilliQ water produced a color (brownish to grayish) and morphology change, which evolved
over time. If initially MilliQ water samples appeared as fibers in SEM, cf. Figure SI-II3, after 72 h
in MilliQ water, the morphology of the complexes after purification resembles nanospikes (in
the following referred to as NP3) with an average tip-to-tip length (L) of 447 + 65 (15%) nm, cf.
Figure 1(c), which remains colloidally stable (with no apparent color or morphology change by
SEM inspection) over long periods of time (so far, up to months). This morphological aspect is
comparable with that one of CuO nanowire/microflower recently reported.>®

NP1, NP2 and NP3 exhibit a crystalline state characterized by long range order, with two types
of Powder X-Ray Diffraction (PXRD) patterns, cf., Figure 2. First, despite a slight difference in the



full width at half maximum (FWHM), NP1 and NP2 share an identical new structure, having main
diffraction peaks at ca. 14.1, 14.5, 29.5, 33.1 and 48° 26. Structural resolution was however not
possible due to the weak diffraction power as well as a small crystallite size. The different FWHM
(see section SI-VII in SI) might be related with the larger crystal size of NP2, cf. Figure 1. The
nanosheets of NP2 seem to be the ones detangled from the NP1 nanospheres as result of the
thermodynamic crystallization.

In the second type of PXRD patterns, corresponding to NP3, coexists two crystalline phases: i)
Bragg reflections at 14.4 and 29.7°, corresponding to the NP1/NP2 phase; and ii) diffraction
peaks at 32.3, 35.5, 38.5 and 49° 20 that can be assigned to the 110, 111, 200 and 202 Miller
indices of the tenorite form of copper (1) oxide (cf., Figure SI-VIl),>> coming probably from the
partial transformation of NP1 into CuO due to the presence of Milli-Q water. This result is in total
agreement with previous SEM observations.
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Figure 2. PXRD patters of NP1 (grey), NP2 (red), NP3 (blue).

Electron paramagnetic resonance (EPR) spectroscopy is a powerful technique to characterize
the electronic structure of paramagnetic metal centers, such as Cu®* in metalloproteins,®®
MOFs,>” and molecules.®® In an EPR experiment, the unpaired electron spin of the Cu?* interacts
with the magnetic field and the surrounding nuclear spins, thereby providing a spectrum with a
characteristic pattern that resembles coordination ligands and geometry of the Cu* complex.
EPR spectroscopy is very sensitive to changes in the electronic configuration of a Cu?* center and
thus, highly useful to inspect the species Cu*’.-2MI investigated here. Figure 3 shows the EPR
spectra of NP1, NP2 and NP3 in frozen solutions (120 K), which include all possible orientations
of an analogous single crystal with respect to the magnetic field. The three solids show the
typical features of Cu?**—imidazole complexes,*® therefore demonstrating the formation of Cu-N
bond in the three NPs. Due to the interaction of the unpaired electron spin of the Cu?* and its
nuclear spin (3/2), the hyperfine pattern of each species exhibits three of the four hyperfine
transitions in the parallel region of the spectra (low-field range, i.e., four-arrow pattern in Figure
3) while the fourth component is masked by overlap with the hyperfine transitions in the
perpendicular region and with “extra absorption” features towards the high-field end of the



60 ¢f. Figure 3. In Cu?* complexes, nitrogen ligands can interact with the unpaired

spectra,
electron of the Cu?* and give rise to further splitting of the hyperfine pattern, c.f. Figure 3d,
referred to as superhyperfine pattern, which accounts for the number of nitrogen ligands.
Remarkably, the nine-line superhyperfine splitting (1.5 mT) is consistent with four strongly
coordinating and largely equivalent nitrogen ligands in square planar coordination, as previously
reported in Cu(ll)-metalloproteins and tetrakisimidazolecopper(ll) sulfate.’®%%®1 e
speculatively associate better resolution of the superhyperfine splitting of NP2/NP3 in
comparison with NP1 as indication of a more equivalent nitrogen-copper interaction (i.e., similar
bond distances and tetragonal distortion), resulting of the longer crystallization time and
refinement of the structure after thermodynamic growth compared to kinetic growth of
NP1/NP3.

In addition, these spectra present varying degrees of distortion due to Cu*2--Cu* dipolar coupling,
particularly dominant in NP3, which is apparent in EPR powder (RT) of the three species, cf., full-
width spectra in section S9 of the SI. Table 1 gives numerical values of the four-arrow patterns
depicted in Figure 3. EPR spectra of NP2 and NP3 are very similar, both regarding parameters
listed in Table 2 and superhyperfine splitting (1.5 mT) towards the high-field end of the spectra.
It is important to notice that copper (ll) oxide, major component of NP3 as determined by PXRD,
is EPR-silent due to extensive spin-spin among neighboring Cu(ll) ions, which result in a
diamagnetic ground state.®? Therefore, the EPR signal observed in NP3 is in agreement with the
presence of the Cu-N bonds related to Cu?*complexes (likely as NP2), as previously discussed
with the PXRD data.

Table 2. EPR parameters of X-band spectra of frozen solutions (120 K) of the three compounds.

Sample gl A (mT)
NP1 2.28 16.7
NP2 2.26 17.2

NP3 2.26 17.2
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Figure 3. Frozen solution (120 K) EPR spectra of the species: a) NP1 (grey; acetone); b) NP2 (red; acetone);
c) NP3 (blue; water); d) Hyperfine transitions in the perpendicular region of the three species having “extra
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Fourier-transform infrared spectroscopy (FTIR) also provides information of the structure of the
Cu-2MI coordination polymers. FTIR spectra corroborate the presence of 2Ml in NP1, NP2 and
NP3, as shown by the characteristic 2MI bands, cf. asterisks in Figure 4. Most notably, the three
NPs share bands of the 2Ml linker at 1438 cm™ and 1296 cm™ due to C-N stretching, and at 1115
cm™ and between 900-700 cm™ due to C-H stretching. FTIR spectrum of the 3 solids are almost
identical, with the exception of NP3, as it exhibits a broad bands around 3300 cm™ due to water
absorption (-OH stretching), and at frequencies 610 and 515 cm?, which are ascribable to metal-
oxygen vibrations, thereby confirming the presence of copper(ll) oxide. The FTIR features of
these three compounds match that of the ZIF-8,%” as expected due to the use of the same linker
2MI. CTAB bands at 2915 and 2847 cm™ are caused by the C-H stretching vibration of methyl
and methylene groups. In the case of the three NPs, the band at 2847 cm™ seems to vanish,
while the band at 2915 cm™, characteristic of C-H stretching of methyl groups in ZIF-8 solids,
remains. Although we cannot rule out the presence of CTAB, it is unlikely due to the low CTAB
concentration used during the synthesis (i.e., below critical micelle concentration; 2MI:CTAB
molar ratio of 1000:1) and centrifugal purifications with MilliQ water and acetone.
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Figure 4. FTIR spectra of the starting reactants and the three NPs obtained. Asterisks point at 2MI bands
(pink) that are observed in NP1 (grey), NP2 (red) and NP3 (blue). Blue arrows point at metal-oxygen
vibrations in NP3.

In order to investigate the thermal behavior of NP1, both thermogravimetric analysis (TGA) and
temperature dependent PXRD experiments were performed under air atmosphere. TGA curve
(Figure 5) shows two weight losses: a first sharp mass loss (~20 wt%) at around 220 °C, and then,
a progressive weight loss (~50 wt%) between 250 and 700 °C, associated with the total
combustion of 2MI and the final formation of CuO (~30 wt%). Note here that the first weight
loss is assigned to the departure of 2Ml ligand considering that free ligand is removed from 150
to 200 °C (see Figure SI-VI). The higher departure temperature of the ligand within the solid is in
agreement with the formation of interactions with Cu (as previously proved by EPR), observing
two types of ligand fractions (departure at 220 and >250 °C) which might be interacting in a
different manner. Further, as observed by temperature dependent PXRD (Figure 5), the initial
ligand departure leads to the collapse and amorphization of the crystalline framework, being
the NP1 solid thermally stable up to around 200 °C. Previous thermo-diffraction analysis done
to ZIF-8 under air reveal that its structure remains stable up to 300 °C, while NP1 only withstand
200 °C.%% Nevertheless, similar experiments carried out with HKUST-1 revealed similar thermal
stability compared to NP1, as the structure starts degradation after 150 °C and becomes
completely amorphous after 200 °C under air.%*

TGA curves of NP2 show a similar behavior than NP1 with however a lower weight loss at 220
°C (20 vs. 25 wt%,; cf., Figure 5). From TGA and elemental analysis, the chemical formula
Cu(C4HsN3)2 (theo: C=42.5, N=24.8, H=4.5 and Cu=28.2 %) is proposed for NP1 or NP2 (exp: C =
41.5,N=24.2,H=4.4,Cu=24% for NP1 and C=42.3, N=25.53, H=4.3, Cu=29 % for NP2). The
better correlation with the proposed formula of NP2 might be a result of its better
crystallization. Finally, TGA of NP3 sample exhibits a similar profile with a higher content of
remaining CuQ, in agreement with the presence of this oxide because of the partial degradation
of NP1 in water.
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Figure 5. TGA of the NPs: a) NP1 in N2 (grey); b) NP1 in air (grey); c) NP2 in N2 (red); d) NP3 in N2 (blue).
Violet lines correspond to the first derivative of the TGA curves (a, ¢ and d) and the orange line
corresponds to the DSC of sample NP1 (air) (b), indicating the rate of temperature degradation. d)
Temperature dependent PXRD experiment carried out with NP1.

N, sorption measurements at 77K of NP1, NP2 and NP3 show type | isotherms (cf., Figure 6),
characteristic of microporous materials, with a Brunauer, Emmett & Teller(BET; P/P,<0.15)



specific surface areas of 144, 86 and 53 m2-g’, respectively. Although exhibiting a N, accessible
microporosity, BET surface is quite low with respect to other imidazolate-based (ZIF-8(Zn):Sger=
1800 m?-g?)* or Cu-based MOFs (Cu trimesate HKUST-1: Sger = 1100 m2-g2).%%%> The higher
surface of NP1 with respect to NP2 could be related with the presence of defects, in consonance
with the better crystallization of the solid after 72 h of reaction, and agrees with the results of
PXRD and EPR. Further, the additional continuous N, adsorption at higher relative pressures
(P/P,>0.2) might correspond to the adsorption on the outer surface of the NPs, being more
important in the smaller entangled-nanosheets of NP1 than in NP2, with larger crystal size. In
both samples, the porosity is associated to a pore size distribution of around 1 nm-diameter
(estimated by the Horvath-Kawazoe -HK method). Finally, NP3 possesses the lowest surface
area, Seer = 53 m?2-g’L, and might be explained by the partial degradation of the NP1 to the dense

CuO phase (Sger = 4 m2-g1).%¢
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Figure 6. N2 sorption isotherms (a) and HK pore volume distribution (b) of NP1 (grey), NP2 (red) and NP3
(blue)

Basic physicochemical properties of NP1 (acetone), NP2 (acetone) and NP3 (MilliQ water) in
solution were investigated, including UV-Vis and fluorescence spectroscopy, and dynamic light
scattering (DLS). Upon storage at 4 °C, the NPs were colloidally stable over extended periods of
time (months), with no apparent change of color or morphology, cf. insets in Figure 1. UV-Vis-
NIR spectrum of NP2 shows a narrow absorption band centered at 380 nm, which broadens in
NP1, and even further in NP3, in which a broad absorption in the range 300 — 900 nm dominates,
cf. Figure 7(a). The spectra of NP1 and NP2 (i.e., band at 380 nm) show no clear similarities with
those of the precursors (cf. Figure SI-Ill) or other Cu-NMOFs, Cu,0 or CuO nanostructures®®” or
Cu(Il)-histidine complexes.®® In contrast, the spectrum of NP3 resembles that of CuO nanosheets
previously reported.®® Fluorescence spectroscopy of NP1, NP2 and NP3 shows no significant
fluorescence emission, cf. Figure SI-IV. The hydrodynamic size of the NPs was evaluated by DLS,
which show the same trend as SEM inspection, cf. Figure 7(b). DLS raw data are given in the SI
(cf. section SI-V). In addition, low polydispersity indexes (PDI) were found for NP1 (0.04), which
in the case of NP2 and NP3 were larger (0.46 and 0.36, respectively), cf. Figure 7(b), as expected
from SEM analysis.



a) 10 b)15°° 02;
- E
g £.1000 |
=05 E ot
< & 0.04  g4s
2 © s00f . a
00| ] O N I I
1 1 | NP1 NP2 NP3

400 650 900
A nml compound

Figure 7. Colloidal characterization of the species: (a) UV-Vis spectra of NP1 (grey; in acetone), NP2 (red;
in acetone) and NP3 (blue; in MilliQ water); (b) Mean average hydrodynamic diameter obtained from the
DLS number distribution of NP1 (grey; in acetone), NP2 (red; in acetone) and NP3 (blue; in MilliQ water).
Colored values above the hollow squares correspond to PDI values.

In agreement with the results presented above, the main outcomes of this green bottom-up
synthesis of the three NPs are briefed: i) a new crystalline structure of a copper imidazolate has
been synthesized, ii) the formation of a strong interactions between the Cu?* inorganic building
units and the 2-Ml ligands has been demonstrated by EPR, iii) the synthesized NPs possess high
monodispersity and colloidal stability in acetone and water with a tuned morphology, iv) the
NPs exhibit thermal stability up to 200 °C and iv) they exhibit a moderate microporosity
associated to 1 nm-diameter pores. Thus, one can conclude that these properties are in
correspondence with those attributed to the previous definition of nanoPCPs.

As a proof of concept, catalytic activity of the three NPs was assayed towards their capability to
trigger the reduction of methylene blue (MB, blue) into leucomethylene blue (LB, colorless) in
MeOH in the presence of NaBH,. In order to make a fair comparison among NPs, reactions were
performed keeping the copper mass constant (i.e., 1.9 ng). The concentration of stock solutions
of the three solids was determined by a classic colorimetric method (i.e., production of the blue
compound Cu(NHs);*) and confirmed by inductively coupled plasma mass spectrometry (ICP-
MS), cf. Section SI-X in SI. The reduction of MB into LB was followed by collecting the absorbance
at 664 nm (A) during 100 s (one measurement per s),”° cf. Figure 8. The catalytic properties of
the three solids were calculated by kinetics (k, Ln (A/Ao)), taking into account the initial 22 s of
reaction, cf. Table 3. That is, k [s}] is obtained from the slope of the curves Ln (A/Ao) vs time. The
blank absorption (ctrl) was measured using the same parameters but in presence of MeOH
instead of the sample (NP1, NP2 and NP3) solution.

As expected, the species NP1 and NP2 present significantly higher catalytic properties (i.e., high
k) than the low-porosity NP3 or the control sample. The obtained k values are in the order of
previous reports using equivalent catalytic reactions.”%”> However, these values are not fully
comparable due to different experimental conditions, including the solvent used (water or
methanol), and the amount of NaBH. used, in our case ca. 12 times lower than previous
reports.”>’2 Remarkably and despite those experimental differences, it is worth mentioning that
in our case, the amount of material used per experiment is in the ng order, while in the
previously discussed works, it is in the pg range. This fact points out the high catalytic activity of
our systems under these conditions.



Table 3. Summary of the kinetic constant values k [s!] for the selected samples (equal Cu mass — 1.9 ng)
and control (without Cu). A first-order catalytic behavior was considered, i.e., Ln(A/Ao) = -k-t, during the
initial 22 s of the reaction.

Sample k(s?)

NP1 53.7-10%+1.2-10°3
NP2 67.6-103+0.3-10°3
NP3 2.6:103+1.6-10°
ctrl 2.6:103+1.7-10°

ctrd
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NP2
NP1
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Figure 8. Absorbance at 664 nm (A) versus time for equal mass of copper, i.e., NP1 (grey), NP2 (red) and
NP3 (blue), and control sample (ctrl, black). Ao is the absorption at 664 nm at time 0 s. Data considered
for the kinetic fitting (first order) are colored (initial 22 s). Insets show zoom areas of the fitting regions
for selected samples and control.

CONCLUSIONS

A bottom-up green chemical method for the preparation of a new nanometric microporous
coordination polymer (i.e., NP1/NP2) has been described. A molar ratio 2MI:Cu?* of 20 (and
2MI:CTAB of 10%) was found as optimum for the production of highly monodisperse nanospheres
(NP1; 330 £ 27 (0.5%) nm), which resemble an entangled network of very thin nanosheets (< 10
nm). NP1 was produced within 45 min of reaction. However, if the reaction is left to proceed for
72 h or longer (instead of 45 min), a morphology change occurs, and larger nanosheets (NP2;
edge length of 334 + 111 (33%) nm) were produced instead. The colloidal stability of these solids
in different solvent was evaluated, being acetone the most suitable one because it does not
affect the colloidal, chemical and structural integrity of the solids over extensive periods of time
(months). The redispersion of NP1 in aqueous solution triggered a morphology change, initiated
with the formation of nanofibers, which evolved into nanospikes (NP3; average length of 447 +
65 (15%) nm) in the course of 72 h.

The physicochemical, structural and catalytic properties of these three solids were evaluated.
NP1 and NP2, although morphologically different, present similar properties with regards to
crystalline structure, porosity and catalytic activity, highlighting here a remarkable catalytic
activity in the reduction of methylene blue. In contrast, NP3 seems to be a degradation product
of NP1, mainly composed of copper oxide, although it also contains a Cu**-2MI porous phase.



EXPERIMENTAL SECTION

Chemicals: Copper(ll) chloride dihydrate (CuCl,-2H,0 99.999%, molecular weight MW= 170.48
g-mol?) was purchased from Stream Chemicals; hexadecyltrimethylammonium bromide (CTAB,
98%, MW = 364.45 g-mol?) and 2-methylimidazole (2MI, 99%, MW = 82.10 g-mol?) were
purchased from Sigma-Aldrich. All materials were used as received without further purification.
Milli-Q water (18.2 MQ c¢cm) was used in all the experiments.

Characterization: Optical characterization in solution was performed using a Biochrom Libra S60
UV-visible spectrophotometer. Fluorescence characterization in solution was performed using
a Horiba FluoroMax-3 spectrometer. Thermogravimetric analysis (TGA) of powder samples was
performed using a TA Instruments Inc. Q5000 operating in nitrogen with sample purge gas flow
of 25 mL-min’%, or air, and samples scanned at a heating rate of 10 °C-min’* from 30 to 800 °C.
Elemental analysis was carried out in a Flash 2000 analyser from Thermo Scientific. Fourier-
transform infrared spectroscopy (FTIR) of powder samples was performed using a Perkin-Elmer
Two equipped with ATR; samples were scanned from 550-3500 cm™. A X-ray diffractometer
Philips was used to study the crystalline powder of samples; the samples were examined in the
range of 20 between 2° and 75°, with a passage of 0.02° and a time by step of 2s. X-ray
thermodiffraction experiment was performed using a D8 Advance Bruker AXS 6-20
diffractometer equipped with a LYNXEYE XE detector with a copper radiation source (Cu Ka, A
=1.5406 A), and an Anton Paar XRK 900 high-temperature chamber. Data were collected under
synthetic air atmosphere (10 mL-min?) in the 26 range 4-60° and in the temperature range of
30-800°C at 10°C intervals. NP hydrodynamic size and polydispersity index (PDI) were
determined by dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZSP. TEM images
were acquired with a HRTEM Libra 200 FE OMEGA operated at 200 kV. SEM images were
acquired with a FESEM Zeiss Ultra Plus operated at 3 kV. Inductively coupled plasma mass
spectrometry (ICP-MS) was performed using an ICP-MS cuadrupolar Agilent 7700x. Electron
paramagnetic resonance (EPR) spectroscopy was performed using a CW X-band EPR Bruker EMX
spectrometer. N, sorption isotherms (77 K) were done in an AUTO-SORB system (Quantachrome
Instruments). Prior to the measurement, the sample was evacuated at 50 °C for 16 h. Specific
surface was determined applying BET equation (Brunauer, Emmett & Teller) in the pressure
interval P/Po =0.02-0.15 (being P, the saturation pressure). Pore size distribution was calculated
by the HK method (Horvath-Kawazoe).

Synthesis of nanocomposites: Typically, 1 mL of an aqueous solution of 2MI (1 M) and 1 mL of
an aqueous solution of CTAB (1 mM) were added simultaneously to 1 mL of an aqueous solution
of CuCl,-2H,0 (different concentrations, cf. Table 1). The reaction may be scaled at least up to
30 mL (i.e., 10 mL instead of 1 mL of each reactant) with equivalent results.

The solution was gently stirred for 1 min in which the color of the solutions changed from bluish
to brownish (cf. Figure 1). Then, the solution was left undisturbed for 45 min at room
temperature (RT). The resulting nanocomposites were purified by centrifugation (7000 rcf, 15
min), the supernatant was discarded and the precipitate was redispersed either in 3 mL of water
or 3 mL of acetone (other solvents such as methanol, acetonitrile, ethyl acetate and
dimethylformamide were tested, cf. SI). Unless otherwise specified, all the characterization data
presented in this manuscript refers to sample Cu50, which showed best monodispersity among
all samples.



Reduction of methylene blue (MB, blue) into leucomethylene blue (LB, colorless) in MeOH: 970
uL of MeOH were mixed with 15 pL of MB from a stock solution (9.37-10* M, MeOH). Then, 5 uL
of freshly prepared solution of NaBH4(130 mM, MeOH) and 5 uL of sample (1.9ng Cu, MeOH) or
MeOH (control) were added.
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