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ABSTRACT: One-dimensional coordination polymer na-
nostructures are an emerging class of nanoscale materials
with many potential applications. Here, we report the first
case of coordination polymer nanofibers assembled using
microfluidic technologies. Unlike common synthetic proce-
dures, this approach enables parallel synthesis with an
unprecedented level of control over the coordination path-
way and facilitates the formation of 1D coordination poly-
mer assemblies at the nanometer length scale. Finally, these
nanostructures, which are not easily constructed with tradi-
tional methods, can be used for various applications, for
example as templates to grow and organize functional
inorganic nanoparticles.

In the past decade, huge efforts have been focused on devel-
oping new methods for the controlled formation of one-
dimensional (1D) nanoscale structures, such as wires, rods,
tubes, and fibers, because they play important roles in many
applications, including electronics, optics, magnetic devices, drug
delivery, and sensors." Nanoscale coordination polymers are an
important emerging class of 1D nanomaterials with the intriguing
prospect to obtain tailorable morphologies and properties by
careful selection of both metal ions and organic ligands.z_7 Thus,
the design of 1D nanoscale materials containing organic—
inorganic components can be particularly interesting for fabricat-
ing a new generation of technologically important functional
nanomaterials,” > and for creating novel synthetic biomimetic
approaches® and functional gels.” To date, the most common
approach for the synthesis of these structures is based on the self-
assembly of metal ions and multitopic organic ligands in solution
under certain conditions (solvents, temperature, etc.)” or
employing advanced fabrication methods, such as electrospin-
ning and ultrasound.*® However, although these approaches are
very powerful strategies, more general methods for controlling
and guiding the assembly of metal ions and organic molecules to
novel 1D coordination polymer structures at the nanometer
length scale remain challenging.”

In this regard, lab-on-a-chip approaches have recently at-
tracted tremendous interest for fabricating 1D nanostructures.”
Compared to conventional methods, excellent and unique
properties appear when scaling-down dimensions inside a micro-
reactor. In particular, the presence of laminar flow makes
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Scheme 1. Fabrication of 1D Coordination Polymer Nano-
structures Using Laminar Flow in a Microfluidic Platform
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microfluidic technologies ideal synthetic and assembly tools
due to the superior control over the reaction zone.” Under laminar
flow conditions, a stable interface between two reactive streams
can be established, while mixing happens exclusively through
diffusion. The diffusion and hence the reaction area of different
species can be predicted as well as the residence time of species in
the microreactor. Therefore the reaction time can be modulated by
varying flow rates.'"” While the laminar flow in a microfluidic
reactor has been exploited to induce redox and polymerization
reactions at the interface of two co-flowing reactant streams to
create fibers and wires in the microscale range, we herein
demonstrate that microfluidics is as well a straightforward route
for controlling the assembly of metal ions and organic building
blocks to form 1D coordination polymer nanostructures
(Scheme 1). The formation of coordination polymer nanofibers
is presented for various compounds: Cu(II) ions and the amino
acid aspartate (Asp), Ag(I) ions and the amino acid cysteine
(Cys), and Zn(II) ions and the ditopic 4,4'-bipyridine (4,4'-bipy)
ligand. The formation of long Cu-Asp nanofibers has recently been
shown in a time-consuming bulk reaction,'’ which can be mas-
sively accelerated in the microdevice to occur within microseconds
(~280 us), where the reaction occurs through the entire length of
the microchannel (9 mm) at predefined locations and with a
preferred orientation. Moreover, Ag(I)-Cys and Zn(Il)-4,4'-bipy
are novel types of 1D metal-containing nanofibers that cannot be
formed in bulk synthetic approaches. Hence, microfluidic-based
fabrication can yield nanoscale coordination polymers with
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Figure 1. (a) Photograph of the microreactor used in the fabrication of
nanoscale coordination polymer fibers. The microreactor contains four
inlets channels for supplying the reactants solutions ((ii) and (iii)) and
the sheath aqueous flows ((i) and (iv)). (b—f) Optical microscope images
of bundles of Cu(II)-Asp nanofibers (yellow arrows) generated inside the
chip. (b) Low-magnification optical image of a synthesis performed at
[100; 100; 100; 100] (note the broadening of the reaction zone due to
diffusion). (c,d) Optical microscope images demonstrating the centered
assembly along the main channel length. (e,f) Optical microscope images
showing guided assembly when changing the flow rate configuration to
[20; 20; 200; 200] and [200; 200; 20; 20], respectively. The scale bar in
(b) is 250 um, and in (c—f) the scale bar is 100 ym.

morphologies and therefore properties that are unequivocally
different from those offered by standard synthetic methods.

In a typical synthetic procedure, Cu(II)-Asp nanofibers were
initially prepared by injecting two aqueous solutions, one con-
taining Cu(NO3),-3H,0 (1.5 mM) and the second containing
L-Asp (1.0 mM) and NaOH (2.5 mM), into a microfluidic
platform with four input channels via a syringe pump system at
a flow rate of 100 4L/min (Figure 1a). Both Asp and Cu(II)
solutions were injected in the central channels (channels (ii) and
(iii) in Figure 1a, respectively), and the formation of Cu(II)-Asp
nanofibers through the entire length (9 mm) of the main channel
(Figure 1b—d) was accomplished by flowing two aqueous
auxiliary streams operating at same flow rate of 100 #L/min
(channels (i) and (iv) in Figure 1a). We define the flow rates (all
uL/min) in the different channels by using the following
abbreviation: flow (i), Q;; flow (ii), Qy; flow (iii), Qy; and flow
(iv), Qi Unlike in bulk methods, this methodology enables
precisely control of the interface position. Therefore, one can
guide the position of the assembly of metal ions and organic
ligands along the main channel length by varying the flow rates.
When all flow rates are fixed at 100 #L/min, i.e., [ 100; 100; 100;
100], Cu(II)-Asp nanofibers are assembled in the center of the
main channel (Figure 1b—d). However, the formation of these
fibers is directed to positions close to the channel walls by
changing two flow rates, either Q; and Q;; or Q;; and Qjy, from 100
4L/min to 20 L/min.

Figure 2 shows typical scanning (SEM) and transmission
(TEM) electron microscopy images of these structures fabricated

Figure 2. Cu(II)-Asp nanofibers fabricated in the microreactor. (a,b)
SEM images of nanofiber bundles synthesized at different concentra-
tions of precursors: (a) 150 mM and (b) 15 mM Cu(NO;), -3H,0. (c)
TEM image of these fibers synthesized using a Cu(NOs3),3H,0
concentration of 150 mM. The inset is a high-magnification image of
a single nanofiber. (d) SEM images of a Cu(II)-Asp-based xerogel
produced in the microreactor and synthesized at a concentration of 1.5
M Cu(NOj3),3H,0. The inset is a high-magnification image, showing
the well-aligned nanofibers.

using laminar flow and collected at the end of the main channel.
The formation of bundles of well-aligned nanofibers with dia-
meters ranging from 50 to 200 nm can be found. In addition,
further characterization by powder X-ray diffraction (PXRD),
infrared (IR) spectroscopy, and elemental analysis confirmed the
formation of Cu(II)-Asp coordination chains identical to those
previously reported."" The formation of these fibers was also
studied by systematically varying the concentrations of both
precursor solutions from 1.5 M to 1.5 mM. Under the studied
conditions, the formation of fibers was verified, and no significant
differences concerning morphology were evidenced (Supporting
Information [SI], Figure S2). However, when the microfluidic
synthesis was conducted at flow rates [100; 100; 100; 100] and
concentrations higher than 1 M, a Cu(II)-Asp based gel was
directly eluted from the chip (Figure 2d). A SEM image of the
Cu(Il)-Asp xerogel directly synthesized in the microreactor
shows the good alignment of Cu(II)-Asp nanofibers (inset in
Figure 2d; SI, Figure S3). This result confirms that microfluidics
is an excellent fabrication technique to control not only the
position but also the orientation of metal—organic nanofibers,
thus making it possible to envisage the future fabrication of
nanofibers with superior performance in comparison with those
showing non-oriented geometries, as well as their integration
in devices.'>"?

The generality and efficacy of the nanofabrication of 1D
metal—organic structures using laminar flow in microfluidic
devices were studied by generating a second and third type of
coordination polymer nanofibers. In the first case, aqueous
solutions of Ag(NO3) (1 mM) and Cys (1 mM) were separately
injected in channels (ii) and (iii) at a flow rate of 100 #L/min.
Again, two aqueous auxiliary streams were injected in channels
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Figure 3. (a) Optical microscope image showing the guided assembly
of 1D nanostructure bundles created at the interface between aqueous
Ag(I) metal ions and Cys solutions. (b,c) TEM images of the resulting
bundles of Ag(I)-Cys (b) and Zn(II)-4,4'-bipy (c) nanofibers just after
their elution from the chip. The inset is a high-magnification image of a
single Zn(II)-4,4’-bipy nanofiber.

(i) and (iv) at the same flow rate of 100 #L/min. Figure 3a shows
the microfluidic guided assembly of 1D Ag(I)-Cys structures at
the interface of both reactant flows along the entire length of the
main channel. Detailed inspection by TEM of the eluted
structures demonstrated them to be constituted of bundles of
Ag(1)-Cys nanofibers (Figure 3b; SI, Figure S4). These fibers
have diameters between 10 and 50 nm. Similar 1D nanostruc-
tures were also obtained when an aqueous solution of Zn-
(NO3),+6H,0 (100 mM) and another solution containing
4,4'-bipy (100 mM) in ethanol were injected in the microfluidic
platform. As shown in Figure 3c, the resulting Zn(II)-4,4’-bipy
nanofibers have diameters between 10 and 75 nm (SI, Figure SS).
In both cases, the coordinative polymerization of Ag(I) and
Zn(1I) metal ions through Cys and 4,4’ -bipy ligands, respectively,
was studied by energy dispersive X-ray (EDX) and IR spectros-
copy. First, the EDX spectrum of Ag(I)-Cys fibers corroborates
the presence of silver, nitrogen, carbon, and sulfur, whereas zinc,
nitrogen, and carbon are observed for the Zn(II)-4,4’-bipy fibers
(SI, Figures S6 and S7). The IR spectrum of Ag(I)-Cys fibers
confirms the coordination of Cys ligands to the Ag(I) metal
ions, as evidenced by the absence of the bands for the S—H
group stretching vibration (2546 cm '), the O—H bending
vibration (1419 cm '), the C—O stretching vibration
(1295 cm™ '), and the C—O—H combining vibration
(1344 cm ;S Figure S8). Interestingly, this IR spectrum
is similar to that recently reported for Ag(I)-Cys small
particles, in which a 1D metal—organic structure resulting
from the coordination of Ag(I) metal ions through the sulfur
atom and weak bonding through the carboxylic group was
proposed.'* Similarly, the IR spectrum of Zn(II)-4,4’-bipy nano-
fibers includes bands in the range 1639—1333 cm ™' associated with
the pyridine ring stretching vibrations and bands at 1302 and
812 cm ', which are attributed to the presence of coordinated
nitrate groups (SI, Figure S9).15

Unlike Cu(II)-Asp nanofibers, the use of conventional meth-
ods based on fast mixing of precursor solutions under conditions
identical to those used in microfluidic synthesis but with

Figure 4. (a) Illustration and (b) optical microscope image of the
parallel synthesis of Cu(II)-Asp nanofibers. The scale bar is 100 mm. (c,d)
TEM images of the synthesized chain-like superstructures composed of
Ag,S nanoparticles using Ag(I)-Cys nanofibers as templates.

continuous stirring did not lead to the formation of long Ag-
(I)-Cys and Zn(II)-4,4'-bipy nanofibers. For the Ag(I)-Cys
system, the bulk synthesis leads to the formation of mem-
brane-like structures, whereas wider 1D needle-like crystals are
formed for the Zn(11)-4,4’-bipy system (SI, Figures S10 and
S11). Based on these results, formation of metal—organic poly-
mers using laminar flow in microfluidic platforms seems an
effective way for constraining reaction environments and favor-
ing the supramolecular assembly in the form of long 1D
nanoscale structures.

An exciting possibility of this fabrication approach using
laminar flow is the potential to use the additional channels (i)
and (iv) of the microfluidic platform (Figure la) to inject
reactants and test the capacity of microfluidics to be used as a
parallel synthetic methodology for fabricating such 1D metal-
containing structures at different pathways inside the main
channel. To explore this approach, two aqueous Cu(II) solutions
were injected in channels (ii) and (iv), whereas the aqueous Asp
solutions were injected in channels (i) and (iii) (Figure 4a).
Immediately, as shown in Figure 4b, bundles of Cu(Il)-Asp
nanofibers were generated at the three interfaces between the
four alternating reactant flows. This parallel fabrication should be
particularly useful for scaling-up the production and shows
promise for synthesizing different types of metal —organic nano-
structures at once and even producing metal—organic gels
composed of different types of fibers.

All of the data presented thus far point to the ability to form
coordination polymer nanofibers and gels using microfluidic
synthesis, a capability that could become important for synthe-
sizing unique metal-containing nanostructures with novel func-
tionalities. For example, to test whether these coordination
polymer nanofibers can be used as templates for controlling
the growth of inorganic nanoparticles, we exposed the Ag(I)-Cys
nanofibers collected from the main channel of the microfluidic
platform to electron radiation in TEM. Under these conditions, a
typical TEM image reveals the formation and organization of
semiconductor silver sulfide nanoparticles following the shape of
these templates."® The resulting nanoparticle superstructures
appear in chains composed of individual Ag,S nanoparticles in
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the acanthite phase with diameters between 4 and 9 nm
(Figure 4c,d), as confirmed by PXRD'” and electron diffractions
performed via high-resolution TEM and EDX microanalysis (SI,
Figures S12—14). Considering that the Ag(I)-Cys nanofibers
cannot be easily constructed by traditional techniques or bulk
synthetic methods, microfluidic synthesis can be particularly
interesting toward the synthesis of new functional 1D inorganic
assemblies with important applications in the areas of nanoscale
electronics and molecular sensing.'®

In summary, we have presented a new route for a straightfor-
ward production of metal-containing nanofibers using micro-
fluidic technologies as a method for guided assembly. We have
demonstrated that this methodology enables a fast, better-
controlled synthesis and possesses the ability to dictate the
formation pathway of the assembled structures simply by varying
flow-rate conditions. Considering that many researchers are
focused on developing new methods for synthesizing nanoscale
coordination polymers,”® we believe that microfluidics will
certainly expand the tools for the fabrication of functional
molecular nanoassemblies that are not easily constructed by
traditional techniques. Therefore, we believe that this study
opens up new opportunities in the design and alignment of
(bio) organic—inorganic structures. Ongoing research focuses on
the integration of these nanoscale metal—organic materials to
other microfabricated structures (e.g., electrodes) for further
electrical characterization and applications in the field of nano-
sensing devices, where anisotropic nanostructures would serve as
a convenient building block.
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