#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Synthesis through 3D printing: formation of 3D

i") Check for updates‘
coordination polymersfy

Cite this: RSC Adv., 2020, 10, 14812

Oded Halevi,?*° Jingwei Chen,** Gurunathan Thangavelé\b Samuel Alexander Morris,?
Tal Ben Uliel, Yaakov Raphael Tischler,? Pooi See Lee {3 *P¢

and Shlomo Magdassi {2 *¢

Coordination polymers (CPs) and coordination network solids such as metal-organic frameworks (MOFs)
have gained increasing interest during recent years due to their unique properties and potential
applications. Preparing 3D printed structures using CP would provide many advantages towards
utilization in fields such as catalysis and sensing. So far, functional 3D structures were printed mostly by
dispersing pre-synthesized particles of CPs and MOFs within a polymerizable carrier. This resulted in
a CP active material dispersed within a 3D polymeric object, which may obstruct or impede the intrinsic
properties of the CP. Here, we present a new concept for obtaining 3D free-standing objects solely
composed of CP material, starting from coordination metal complexes as the monomeric building

blocks, and utilizing the 3D printer itself as a tool to in situ synthesize a coordination polymer during
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Accepted 3rd April 2020 printing, and to shape it into a 3D object, simultaneously. To demonstrate this, a 3D-shaped nickel tetra-

acrylamide monomeric complex composed solely of the CP without a binder was successfully prepared
using our direct print-and-form approach. We expect that this work will open new directions and
unlimited potential in additive manufacturing and utilization of CPs.
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Introduction

Coordination polymers (CPs) belong to a highly interesting
family of materials, which are 1D, 2D and 3D macro molecules,
comprised of metal ions that are linked by ligands, usually
organic molecules (Fig. 1a). CPs have become popular in the
past twenty years, since the rise of the sub-group of porous CPs,
known as metal-organic frameworks (MOFs)," among other
groups of promising porous functional materials.>® The interest
in CPs started in the early 1950's,* and this group of extended
inorganic-organic assemblies includes many additional porous
and non-porous compounds, which have interesting chemical
properties and applications in a wide variety of fields. Most of
the reports focus on the molecular design, synthetic chemistry
and their applications in heterogeneous catalysis, gas storage
and molecular separation. For example, Soo Seo et al. reported
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the synthesis of a porous coordination polymer for the catalysis
of an enantioselective transesterification reaction;> Du et al
synthesized a silver coordination polymer for highly selective
sensing of Cd*";* and Wang et al. explored coordination poly-
mer particles with antibacterial and anticancer activity.”

With the advent of additive manufacturing that effectuates
the emergence and quick adoption of three-dimensional (3D)
printing, bottom-up fabrication of functional 3D-objects have
been realized rapidly. For example, functional reaction-ware,
shape-customized adsorbing structures, 3D catalysts and
batteries are a few examples that can be achieved through 3D
printing with the layer-by-layer deposition of materials,
according to a predesigned computer 3D model.® 3D printing
enables formation of customized and complex structures with
minimum material waste and high precision.” Initially, the
most commonly printed materials were organic polymers. More
recently, the potential of 3D-printing has pored over to the
discovery of unique materials properties and the development
of new fabrication processes inclusive of metals," ceramics and
hydrogels."** The properties of the resulting 3D objects are
dependent on the printing technology; for example, light initi-
ated printing, such as digital light processing printers (DLP)
(Fig. S1t), is based on localized UV-polymerization of liquid
formulations, layer over layer, to form solid 3D-structures.
Typical inks for this technology are composed of photo-
initiators and monomers, and in some cases dispersed or dis-
solved materials. Two interesting approaches were recently

This journal is © The Royal Society of Chemistry 2020
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reported: Greer et al., used two-photon lithography printing of
monomers with nickel-containing photoresist, resulting in
a structure containing more than 90 wt% Ni-containing archi-
tecture after pyrolysis of the organic materials.”* Hanrath et al.,
modified oxozirconium nanoclusters with methacrylic acid and
printed hierarchical and highly porous architectures.™

In the past two years, there have been several reports of
functional 3D-printed structures that contained coordination
polymers. Thakkar et al. reported the 3D-printing of MOF,
embedded in an organic-inorganic binder for removal of CO,
from air,* as well as the 3D-printing of ZIF-7 embedded within
organic monoliths for ethane/ethylene separation processes.'®
Our group reported the 3D-printing of Cu-BTC MOF for the
adsorption of organic dyes from solutions,"” and Lyu et al. re-
ported a 3D-printed cobalt-based MOF embedded within an
organic binder for energy storage applications.'® More examples
on 3D-printed MOFs were explored by Lawson et al. and Sultan
et al.*>*° Recently, our group, in collaboration with Amo-Ochoa
and Zamora, also published the 3D-printing of a Cu®" coordi-
nation polymer for the colorimetric sensing of humidity and
water.”

In these prior works, the coordination polymers were
synthesized prior to the printing, mostly in the form of parti-
cles, which were later dispersed within matrix forming mate-
rials, since the CP particles could not form a stand-alone 3D
object without binders. Therefore, so far, the resulting printed
objects are composed of CPs embedded within organic or
inorganic binders. A direct print-and-form route to prepare free
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Fig.1 (a) CP formation by reacting metal ions with bridging ligands. (b)
CP formation by polymerization of MCMs. (c) The hypothesized
polymerization reaction of the MCM with polymerizable acryl ligands.
“R" represents any functional group or organic residue attached to the
acryl group.
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standing coordination polymer objects with 3D architecture has
not been realized. Herein we present an approach, in which we
form 3D objects composed solely of a coordination polymer,
while the printing process causes both the synthesis of the
coordination polymer, and the formation of a free standing 3D
object.

Results and discussion

Our approach differs from the traditional pathway to the
synthesis of CPs in which metal ions were reacted with bridging
ligands, which have more than one metal-binding site
(Fig. 1a).® Another possibility, although challenging and not
common, is to bind non-bridging ligands to the metal ions to
form inorganic complexes, and then connect these ligands to
one another (Fig. 1b). Such metal-containing-monomers
(MCMs)*?” have both polymerizable functional groups and
electron donating groups, such as acrylamide and acrylic acid
(Fig. 1c). In these attempts, the polymerization was initiated
mostly by heating.

By proper selection of ligands that can polymerize upon
exposure to ultra-violet (UV) light, we hypothesize that rationally
designed and formulated MCMs can be utilized as 3D inks that
can form free-standing objects without any additional binders
or monomers, by light initiated printing processes. Therefore,
the printing can be utilized both as a tool to synthesize the
coordination polymer, and to directly obtain 3D structures
composed predominantly of the coordination polymer, that can
be tailored according to the required application. To demon-
strate this approach, we have synthesized MCM with a Ni**
metal center and acrylamide ligands, and formulated it as
a photo-polymerizable ink, without any additional monomers.
The ink composition was 3D-printed by a DLP printer, resulting
in a stand-alone complex structure of an amorphous coordi-
nation polymer.

In this work, nickel(u) was selected as the metal for the MCM,
since it demonstrates rich chemistry and is being utilized for
various applications, mostly for catalysis. For example: Cui et al.
synthesized a Ni** CP and demonstrated its photocatalytic
activity in degradation of water pollutants;*® Ghorbani-
Choghamarani et al immobilized Ni** complexes on
boehmite nanoparticles for the heterogeneous catalysis of
sulfides oxidation to sulfoxides, and oxidative coupling of thiols
into disulfides;®® and Malgas et al. synthesized dendritic Ni**
catalysts for ethylene oligomerization.*® Therefore, we have first
synthesized the photo-polymerizable Ni containing monomer,
followed by its conversion into a coordination polymer by 3D-
printing process.

For a proof of concept for the new approach, we synthesized
a MCM based on nickel and acrylamide ligands, [Ni(AAm),(-
H,0),](NO3), (Ni complex).** The MCM was obtained as a wet
powder, which was then recrystallized into a single crystal from
ethanol, and its structure was determined for the first time
(Fig. 2a, b and Table S1%). As shown, the complex has inter-
esting features: the octahedral complex comprises four acryl-
amide ligands bonded to the Ni** center via the carbonyl
oxygen, and two water molecules in axial positions. The

RSC Adv, 2020, 10, 14812-14817 | 14813
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Fig. 2 (a) Crystal structure of the [Ni(AAmM)4(H-0),]>* complex, hydrogen atoms and the nitrate anions were removed for clarity. (b) PXRD
prediction, based on the single crystal structure, and the measured diffractograms for Ni complex and the polyNiComplex.

presence of the coordinative water molecules has high signifi-
cance for future utilizations of the MCM polymerization
product, as it may provide two available positions on the poly-
meric Ni** ion, and its potential binding to other electron-
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donating molecules. Powder X-ray diffraction measurement
(PXRD) (Fig. 2b) confirmed that the crystal structure of the wet
powder was identical to the single crystal. Further investigation
of the structure by Fourier Transform Infra-Red (FTIR)
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(a) FTIR spectra of the free acrylamide, Ni complex, and polyNiComplex. (b) Raman spectra of the polyNiComplex, Ni complex, and

polyacrylamide. (c) Solid-state *3C NMR of Ni complex. (d) Solid-state *C NMR of polyNiComplex.
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spectroscopy (Fig. 3a) shows a spectrum similar to one of the
free acrylamide. Following complexation, an expected redshift
and splitting of the bands at 1670 cm ' and 1613 cm ™' is
observed; this corresponds well with the previously reported
FTIR spectra of other acrylamide metal complexes.”® The char-
acteristic peak of the non-coordinative nitrate ion, around
1400 cm ™, can be identified as a shoulder at 1443 cm™* in the
Ni complex spectrum.

3D objects of the coordination polymer (polyNiComplex)
were printed successfully by the DLP printer (Fig. 4a), while
using the MCM as the single monomer in the solution, without
any additional monomers. Since the synthesized MCM has four
acrylamide ligands, it could function as a built-in cross-linker.
The MCM was dissolved in absolute ethanol at a weight ratio
of 1:2 respectively, and a photo-initiator, diphenyl
(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) was added at
a low concentration (2 %wt). It should be noted that the printed
object remained covered by the ethanol solution throughout the
whole printing process, thus avoiding problems arising from
the hygroscopic nature of the CP. Once the printing was
complete, the 3D-CP object was exposed to UV light for addi-
tional five minutes, in order to react any unpolymerized
monomers on the surface, followed by a thorough washing with
ethanol and drying under vacuum.

An interesting feature of the printed CP, which was revealed
by scanning electron microscopy (SEM), is its macroporous
structure (Fig. 4b). As shown, the whole 3D object is composed
of connected spherical particles, which as will be proven in the
following section, are composed of the coordination polymer.
This is of high importance in view of future applications in
which surface area is essential, such as in diagnostics, catalysis
and separation processes. The measured surface area of the
grinded sample revealed that the printed material has a surface
area of 53.32 + 23.00 m> g~ . The measured isotherm (Fig. S27),
combined with the calculated pores size of 35.90 + 24.80 A,
suggests a mesoporous structure. Currently, further investiga-
tion of the porosity and its tuning, as well as the influence of the
macro structure of the 3D-printed objects on the total accessible

Fig. 4 (a) Various 3D-printed structures of polyNiComplex. (b) SEM of
the printed polyNiComplex cross-section.
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surface area of the CP is underway, and will be the focus of
a future report.

A major challenge following the 3D-printing process, was to
identify whether the Ni-O bond of the nickel-acrylamide
remained intact during the radical polymerization reaction;
and whether the printed object was indeed a coordination
polymer. PXRD of the printed polymer was performed (Fig. 2b)
and it was found that it is non-crystalline. FTIR measurements
(Fig. 3a) indicated that the polymerization reaction indeed
occurred, as the peaks for C=CH and C=CH, at 986 cm " and
964 cm ! disappeared in the polymer spectrum.?® However, the
Ni-O bond could not be identified, as it was predicted to be
around 400-500 cm ™~ '.3>* As in the Ni complex salt, the nitrate
ion was also present in the polymerized product, as indicated by
the shoulder at 1447 cm™ ', Furthermore, Raman spectroscopy
(Fig. 3b) revealed the presence of the nitrate ions in the printed
polymer, with their Raman shift appearing at 1056 cm %
Nuclear magnetic resonance (NMR) was considered in order to
extract more information on the nickel environment. ®'Ni NMR
was not practical due to the paramagnetism of Ni**, however
solid "*C NMR revealed more information (Fig. 3¢ and d). For
the monomer NMR, the peak at 56.28-34.93 ppm, indicates
saturated CH,, as well as CH carbons, revealing that during the
drying process, that is following the synthesis and washing
steps, partial polymerization took place. Therefore, the mono-
mer was used without drying, immediately after the synthesis
and washings. For the polymer, the decrease of the '*C NMR
peak at 140-126 ppm revealed that the C=C bond decreased
and a C-C bond was formed instead.***” So far, the organic part
of the hypothesized CP was well characterized, however there
was no direct indication regarding the Ni** species and its
immediate chemical environment in the polymer.

Focusing on the nickel, there were three questions to be
addressed: first, was the distribution of the nickel in the poly-
mer uniform, or was there a phase-separation between the Ni**
and the polyacrylamide? Second, has there been any loss of
nickel ions during the printing or the washings? Third, was the
nickel still bonded to the carbonyl oxygen of the acrylamide?
The first question was addressed by energy-dispersive X-ray
spectroscopy measurements (EDX), which showed a uniform
distribution of the nickel throughout the whole printed struc-
ture (Fig. S37); thus it was concluded that no phase-separation
occurred. For the second question, inductively coupled
plasma optical emission spectrometry (ICP-OES) measurements
were conducted. The results in Table 1 show that the amount of
nickel in the object after the washing step remained the same as
that at the beginning of the process, within the error range.

To verify the existence of Ni-O bonds, we compared the
binding energies of the Ni*" before and after polymerization, by
X-ray photoelectron spectroscopy (XPS) (Fig. S4t). The binding
energies of MCM Ni 2p,,, and Ni 2p;,, are located at 873.8 eV
and 856.3 eV respectively, indicative of the presence of Ni**
(typical Ni-O=C binding energy) in the MCM (Table 1).** After
the printing/polymerization process, there were no shifts of the
binding energies of Ni 2p,, and Ni 2p;/, in polyNiComplex,
indicating no change in chemical environment of Ni*" before
and after polymerization. To further investigate the Ni-O bond

RSC Adv, 2020, 10, 14812-14817 | 14815
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Table 1 Nickel weight percentage and binding energies in the Ni complex and polyNiComplex, as measured by ICP-OES and XPS, respectively

Sample Ni wt% by ICP-OES Ni 2p3, [eV] Ni 2py, [eV] O 1s [eV]
Ni complex 6.4 £ 1.6 856.3 873.8 533.1, 532.5
PolyNiComplex 7.4 +0.3 856.3 873.8 532.4

after polymerization, the oxygen bonding energies before and 56.28-34.93 (-CH,, -CH), 145.93-126.61 (-CH=CH,),

after polymerization were analysed by XPS as well (Fig. S5,
Table 1). Before polymerization, two peaks, located at binding
energies of 533.1 and 532.5 eV were deconvoluted. The minor
peak located at 533.1 eV is assigned to the water molecules
present in the complex.** The other major peak at 532.5 eV is
assigned to the Ni(OCNH,) bond.*® After polymerization, the
O1s spectra is deconvoluted to one peak located at 532.4 eV,
which is also ascribed to the Ni(OCNH,) bond. The slight
downshift of the binding energy of this peak after polymeriza-
tion was tentatively attributed to the polymerization induced
stretching of H,N-C=O0-Ni. These results, combined with *C
NMR and Raman spectroscopy, indicated that the Ni** ions
remained bonded to the carbonyl oxygen, forming a positively
charged coordination polymer stabilized with nitrate ions.
Thus, it could be concluded that a coordination polymer was
indeed successfully synthesized by 3D-printing.

Conclusions

In summary, this paper presents a synthetic print-and-form
strategy through the utilization of light-based 3D-printing as
a synthesis tool for coordination polymers. This work has two
interesting aspects; first, synthesis-wise, for the first time
a transition-metal complex was used as a monomer for
synthesis of pure CP by using a 3D printer as a synthesis tool.
The second important aspect of this work is the ability to form
complex structures of stand-alone CPs, thus opening the path-
ways for their utilization for various applications that require
complex architectures, such as reactive flow reactors, separation
columns, and reaction-ware with built-in catalysts. Although the
current work focused on Ni-acrylamide complexes, we expect
that the variety of metal ions and polymerizable ligands will
enable the synthesis through printing of many other amor-
phous or crystalline CPs, with tailored functionality that takes
advantage of free standing complex 3D objects.

Experimental
Synthesis of [Ni(AAm),(H,0),](NO3), (Ni complex)

Ni(NO;),-6H,O (Sigma) (2.5 g) and acrylamide (AAm)
(Sigma)(3.0 g) were mixed and grinded together with a mortar
and pestle for several minutes. As the reaction progressed, water
was released and the reaction mixture turned from dark to light
green. Following this, the product was washed three times with
chloroform (VWR) and three times with diethyl ether (Sigma).
Single crystals were obtained by recrystallization from ethanol.
Solid-state *C NMR [Ni(AAm),(H,0),](NOs),: (600 MHz, 6)

14816 | RSC Adv, 2020, 10, 14812-14817

186.60-178.51 (-C==0), *: spinning sideband.

3D-printing of polyNiComplex

Ni complex was dissolved in absolute ethanol (VWR),ina 1:2
weight ratio, respectively. The photoinitiator, Irgacure TPO
(BASF) (2 wt%), was added to the solution. The 3D-structures
were printed with the DLP 3D-printer (Asiga Pico 2, 405 nm).
The printing parameters are shown in Table S2. Following the
printing, the structures were exposed to UV-light for 5 minutes,
washed with absolute ethanol three times and placed under
vacuum at room temperature overnight.

Solid-state ">*C NMR of poly[Ni(acrylamide),(H,0),](NO3),

(600 MHz, 6) 56.88-32.67 (-CH,, -CH), 140.75-126.09 (-CH=
CH,, -CH,-CH,-), 188.32-173.94 (-C=0), *: spinning sideband.

Characterization methods

The characterization of the Ni complex and polyNiComplex was
done with Powder X-ray Diffraction (Shimadzu, XRD-6000),
Single-crystal X-ray Diffraction (Bruker, SMART APEX II) CCDC
1979541, Fourier Transform Infra-Red (PerkinElmer, Frontier),
Home built micro-Raman Spectroscopy setup (Olympus, BXFM
combined with Ondax, THz-Raman filter coupled to Princeton
Instruments, SP-2500i), Surface area measurements (Micro-
meritics, ASAP-2020) - the surface area was calculated according
to the Brunauer-Emmett-Teller (BET) model. Prior to the
surface area measurement, the 3D-printed structures were
gently grinded with a mortar and pestle, and degassed for 12 h
at 50 °C. The following tools were also used for characterization:
Inductively Coupled Plasma Optical Emission Spectrometry
(PerkinElmer, Optima 8300), Scanning Electron Microscopy
(Carl Zeiss, SUPRA 55), Energy-Dispersive X-ray Spectroscopy
(JEOL, FESEM 7600F), X-ray Photoelectron Spectroscopy (Kratos
Analytical, Axis Ultra), and solid-state *C NMR (Bruker, Avance
III HD 600 MHz,14.1 T, wide-bore MAS solid-state NMR
spectrometer).
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