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4 Gab́or Molnaŕ,§ Azzedine Bousseksou,§ and Daniel Ruiz-Molina*,†

5
†Catalan Institute of Nanoscience and Nanotechnology (ICN2), CSIC and The Barcelona Institute of Science and Technology,

6 Campus UAB, Bellaterra 08193, Barcelona, Spain

7
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11 ABSTRACT: In the present work, AFM-assisted lithog-
12 raphy was used to perform the synthesis of a coordination
13 polymer inside femtoliter droplets deposited on surfaces.
14 For this, solutions of the metal salt and the organic ligand
15 were independently transferred to adjacent tips of the same
16 AFM probe array and were sequentially delivered on the
17 same position of the surface, creating femtoliter-sized
18 reaction vessels where the coordination reaction and
19 particle growth occurred. Alternatively, the two reagents
20 were mixed in the cantilever array by loading an excess of
21 the inks, and transferred to the surface immediately after,
22 before the precipitation of the coordination polymer took
23 place. The in situ synthesis allowed the reproducible obtaining of round-shaped coordination polymer nanostructures with
24 control over their XY positioning on the surface, as characterized by microscopy and spectroscopy techniques.

25 KEYWORDS: nanoparticles, amorphous coordination polymers, synthesis on surfaces, femtoliter volumes, dip-pen nanolithography

26The controlled engineering of metal−organic nanostruc-
27 tures is a challenging area of growing interest. Beyond
28 the design of molecular nanoarchitectures with well-
29 defined and uniform sizes and morphologies, miniaturization is
30 required in a number of novel and emerging application areas
31 such as nanomedicine,1,2 where nanoscale dimensions are
32 necessary for the internalization of functional materials into
33 cells,3 or molecular electronics4 where, if properly scaled down,
34 each structure may represent a bit of information. Miniatur-
35 ization can also improve colloidal dispersion, increase the
36 surface area (and therefore the catalytic, sensing or storage
37 capabilities), or fine-tune the physical properties of the
38 materials.5 One of the most common approaches for achieving
39 a high degree of control over the dimensions of metal−organic
40 materials consists in synthesizing them in nanoscale reac-
41 tors.6−11 Following this approach, synthesis in reverse micro-
42 emulsions has become a widely extended practice12 and a vast
43 amount of Prussian-blue analogues and metal−organic frame-
44 works (MOFs) with different shapes and sizes have been
45 synthesized this way.13−17 Self-enclosed structures have also
46 been employed to obtain stimuli-responsive coordination
47 nanomaterials. In fact, the first reported synthesis of spin-
48 crossover nanoparticles made use of the water-in-oil

49technique,18 and since then, multiple examples of particles
50with molecular switching properties have been described using
51synthesis in microdroplets.19−22 Additionally, lab-on-a-chip
52approaches have also attracted much interest for fabricating
53coordination polymer nanostructures.23

54Of special relevance is the synthesis of functional metal−
55organic nanostructures directly on surfaces,24 due to the
56amount of potential applications that may arise upon their
57integration into functional hybrid devices. For this, the
58implementation of Dip-Pen Nanolithography (DPN, also
59known as direct-write atomic-force microscopy (AFM)-assisted
60lithography) arises as the most judicious choice as it allows to
61precisely position the materials or their precursors on specific
62areas of a surface.25−27 Indeed, the piezoelectric-actuated
63positioning of the AFM can be used to achieve maximum
64control over the location of the functional materials, while the
65tip is used to deliver small volumes (femtoliters) of the
66precursor solutions (inks) to a specific target surface to form
67ultrasmall reactors.28−32 So far DPN has allowed us to carry out
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68 the direct deposition of magnetic coordination complexes on
69 the most sensitive areas of superconducting sensors.33−35 Our
70 group also used DPN to control the growth of polyoxometalate
71 nanostructures and crystals of the metal−organic framework
72 HKUST-1 on precise positions of a surface.36 Carbonell et al.
73 also reported the crystal growth of the same HKUST-1 as well
74 as the only example that, to our knowledge, has been reported
75 so far regarding the synthesis of nanoscale MOFs directly on
76 surface.37,38 In these cases, the authors used a different tip-
77 assisted lithographic technique known as Microfluidic Pen
78 Lithography. Therefore, the in situ synthesis of coordination
79 materials in femtoliter reactors on surfaces assisted by an AFM
80 tip still represents a real scientific challenge.
81 Herein we describe how AFM tips functionalized with
82 solutions containing a ditopic organic ligand and a metal salt
83 can be used to induce a femtoliter-scale coordination
84 polymerization reaction. As a proof-of-concept, we describe
85 the successful site-directed synthesis of nanoscale coordination
86 polymer particles (CPPs) on surfaces.39 A schematic
87 representation of the two approaches used in this work is

f1 88 shown in Figure 1. In Approach 1, two adjacent AFM tips of an
89 array were differently coated with the organic ligand of choice
90 (tip 1) and a metal salt solution (tip 2). Then, the coated tips
91 were used to directly transfer the solutions to the surface in the
92 shape of femtoliter droplets. Thanks to the precise positioning
93 capability of the AFM, the two inks were mixed directly on the
94 surface, creating femtoliter-sized reaction vessels where the
95 coordination reaction occurred. In the second approach
96 (Approach 2), an excess of ink was loaded on both tips during
97 the coating procedure, forcing the reagents to mix on the
98 cantilever array. The reacting mixture was immediately
99 transferred to the surface before the precipitation of the
100 CPPs occurred.

101 RESULTS AND DISCUSSION

102 The reaction of choice for these studies is based on a simplified
103 protocol that employs only two reagents, i.e., two inks. More

104specifically, it consists on the direct reaction of ligand 1, which
105combines a catechol and a pyridine unit, with a cobalt salt (see
106Figure 1). As recently reported by our group,40 this reaction
107yields nice round-shaped nanoscale particles (CPP1) when
108performed in solution using an EtOH/H2O mixture, which
109however is not appropriate for DPN. In this technique, the ink
110solutions must fulfill several requirements: (i) the solutions
111must exhibit an adequate viscosity to ensure an homogeneous
112coating of the tip and a controlled transference of the material
113to the surface,41 (ii) the inks must be in the liquid state
114throughout the whole writing process, (iii) the interplay of
115hydrophobic/hydrophilic interactions between the tip and the
116surface of interest mediated through the solvent of choice
117should be neither too weak nor too strong to guarantee a
118controlled delivery of the ink (according to our previous
119experience, optimal control over the lithographic process is
120achieved for contact angles (CA) of the ink solutions on the
121target surface of ∼80°; smaller CAs lead to a reduced control
122over the process as the spreading of the droplets on the surface
123is favored, whereas higher CAs make the delivery of the inks
124difficult), and (iv) the delivered materials should be highly
125soluble and stable in the solvents. Therefore, the first
126experimental steps were faced with having to reproduce the
127reaction in solution replacing the EtOH/H2O mixture with
128solvents that satisfied the requirements of the lithographic
129technique.
130Solvent Optimization. Initially, a parallel screening of the
131reaction using different solvents was carried out both in
132solution and by drop casting on surfaces using high boiling
133point solvents such as DMF, DMSO, H2O and combinations of
134them. Small percentages of glycerol were added to the solutions
135in order to slow down the solvent evaporation rate while
136increasing the viscosity. Among all the different combinations
137assayed (see Supporting Information, S1 and S2 for details), the
138ink formulation that showed the best performance consisted of
139a mixture of Co(CH3COO)2 in Milli-Q water (100 mM, 1%
140glycerol) and ligand 1 in DMSO (200 mM, 2% glycerol).

Figure 1. Schematic representation of the two experimental approaches followed in this work for the synthesis of a coordination polymer in
femtoliter droplets assisted by an AFM tip. Approach 1: two different AFM tips were functionalized with the ligand (tip 1) and the metal salt
(tip 2); the inks were mixed directly on the surface by sequentially delivering each one of the solutions to form femtoliter-sized reaction
vessels. Approach 2: the two ink solutions were mixed in the cantilever array and the mixture was transferred to the surface where the reaction
took place.
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141 Mixing both solutions in bulk led to the immediate formation
142 of a precipitate that was collected after stirring for 30 min,
143 washed several times, and dried under vacuum. The character-
144 ization of the material by scanning electron microscopy (SEM)

f2 145 (see Figure 2a,b) revealed the formation of spherical particles

146with average mean diameter of 811 ± 27 nm. Simultaneously,
147drop casting experiments were performed using the same
148reagent solutions. For that, microliter volumes of each solution
149were successively deposited on gold surfaces using a micro-
150pipette and left to react at room temperature until the solvent
151evaporated. SEM images of the resulting structures revealed
152also the formation of round-shaped nanoparticles of approx-
153imately 214 ± 14 nm in diameter together with some
154nonstructured material (see Supporting Information, S3). It is
155worth mentioning here that all the attempts to directly deposit
156the nanoparticles synthesized in bulk through an AFM tip were
157unsuccessful. The SEM images of an AFM tip dipped in a
158CPP1 suspension (see Supporting Information, S4) revealed
159the lack of nanoparticles on the probe and consequently on the
160deposited droplets. In fact, some of the larger objects that have
161been patterned using DPN are ferritin proteins with a size of ca.
16212 nm.42

163Approach 1. The first experiments directed to synthesize
164CPP1 particles in femtoliter droplets were carried out following
165 f3the experimental methodology shown in Figure 3. In a typical
166experiment, a 200 mM solution of ligand 1 (4.3 mg) in DMSO
167(98 μL, 2 μL glycerol) and a 100 mM solution of
168Co(CH3COO)2 (3.5 mg) in H2O (198 μL, 2 μL glycerol)
169were prepared and transferred to adjacent channels of a
170microfluidic ink delivery system (Inkwell, NanoInk). Commer-
171cial silicon nitride Type M Probe Arrays (66 μm pitch, also MP
172tips from NanoInk, Inc.) with a spring constant of 0.5 N·m−1

173were afterward dipped in each solution, resulting in two tips
174functionalized differently with the ligand (tip 1) and the metal
175salt (tip 2) located side by side (Figure 3b). The coated tips
176were then brought into contact with a polycrystalline gold

Figure 2. (a) SEM micrograph of CPP1 particles obtained in
solution and the corresponding size distribution diagram (b).

Figure 3. Schematic representation of the reaction of Co(CH3COO)2 with ligand 1 through superimposed lithographies. (a and b) Two
adjacent tips of a pen array were functionalized with ligand 1 (blue color, tip 1) and the metal salt (red color, tip 2). (c) Then, dot-like feature
arrays were obtained over the gold surface with each one of the inks. (d) After a lateral movement of the tips, a second lithography was
performed over the first one, which resulted in the mixture of the two inks and the fabrication of nanoscale reaction vessels (purple color)
where the reaction and growth of the CPPs took place.
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177 surface to fabricate droplet arrays of the two separate solutions
178 (Figure 3c). Finally, a lateral translation of the tips (66 μm)
179 allowed to perform an additional lithography to deliver the
180 second reagent over the first one (Figure 3d). In this way,
181 femtoliter-sized droplets of the reacting mixture were fabricated
182 in situ to act as nanoreactors. No significant effect of the reagent
183 addition order was detected on the final morphology of the
184 nanostructures; nevertheless, since the Co(CH3COO)2 ink
185 demonstrated a higher writing stability, the mixtures were
186 always performed by adding the metal over the ligand droplets.
187 Importantly, the lithographies were carried out under high
188 relative humidity conditions (∼75%), and after the fabrication
189 of the nanoreactors, the substrates were placed in an airtight
190 chamber saturated with DMSO vapors for 48 h in order to
191 avoid the rapid evaporation of the solvents, which usually
192 resulted in the formation of unstructured material. However,
193 this last step had to be carefully optimized since the exposure of

194the substrates to an overly saturated atmosphere led to the
195condensation of DMSO on the surface and the loss of the
196motifs (see Supporting Information, S5).
197After performing several experiments, we observed that often
198the two ink solutions were positioned nearby but not exactly on
199top of each other, due to both the reduced dimensions of the
200motives and the implicit error of our experimental setup. In
201some cases, this led to the formation of nanoparticles only in
202the regions were the droplets overlapped (see Supporting
203Information, S6). To overcome this limitation, we designed a
204slightly modified lithographic pattern in which each reaction
205vessel was obtained by the fusion of four small droplets (a
206 f4schematic representation of the new pattern is shown in Figure
207 f44a). In this way, 3 × 3 dot arrays with each feature composed of
208four closely deposited droplets of each ink solution were
209fabricated. The substrates were then stored under a DMSO
210atmosphere for 2 days and examined by SEM. As shown in

Figure 4. (a) Schematic representation of the 3 × 3 dot array used for the in situ synthesis and growth of CPP1 where each of the nine features
was formed by four closely deposited droplets. After the writing process, each feature contained four droplets of the metal salt and four
droplets of ligand 1. (b) SEM image of the different morphologies observed after exposing a substrate patterned as previously described to a
DMSO atmosphere for 48 h (inset: detail of one of the dendritic-like structures formed at early stages). (c) SEM image of the particles grown
in the same array stored under atmospheric conditions for 48 h after the first examination (inset: detail of the nanoparticle formed in the spot
shown in the inset in panel b).

Figure 5. Schematic representation of the reaction of Co(CH3COO)2 with ligand 1 through the mixture of reagent solutions on the cantilever
array (Approach 2). First, the tips were dipped in the inkwells (a) and were functionalized with each one of the inks (b). The use of an
excessive loading of ink induced the mixture of the reagent solutions on the cantilever array (c), and then the reaction mixture was deposited
on the surface during the early stages of the reaction, before the growth and precipitation of the CPPs took place (d).
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211 Figure 4b, after that time some of the mixed droplets showed
212 the presence of rounded particles (with dimensions ranging
213 from 375 to 485 nm in diameter) though others presented a
214 dendritic-like material. That sample was then stored under
215 atmospheric conditions for two additional days and examined
216 again by SEM. Interestingly, after this time the dendritic-like
217 features had evolved forming single particles with diameters
218 ranging between 375 and 560 nm in each one of the mixed
219 droplets (Figure 4c), with the appearance of some defects in
220 specific experiments (see Supporting Information, S7).
221 For comparison purposes, the evolution of the reaction with
222 time was also studied during the formation of CPP1 in
223 solution; to this end, a mixture of the reagent solutions was
224 stirred for only 2 s and aliquots were collected at 5, 10, 30, and
225 120 s (SEM images of the resulting structures after solvent
226 evaporation are shown in the Supporting Information, S8).
227 Short reaction times led to the formation of wire-like structures
228 formed by small granules growing in a dendritic-like
229 conformation. Afterward, these progressively transformed into
230 larger structures, initially lacking any defined morphology but
231 finally resulting in the formation of round-shaped particles, in a
232 process similar to that observed on surface. This fact may
233 indicate that the formation mechanisms of the nanoparticles are
234 similar in bulk and on surfaces.
235 Approach 2. The second approach designed for the
236 synthesis of CPP1 nanoparticles is schematically represented

f5 237 in Figure 5. First, the same ink solutions used in approach 1
238 were prepared and transferred to adjacent channels of a
239 microfluidic ink delivery system. Afterward, Type M Probe
240 Arrays were functionalized with them (Figure 5a). The inking
241 procedure is always a critical step in DPN; by controlling
242 parameters such as the tip pressure, dipping time, or position of
243 the tips in the microchannels, we can control the ink loading. In
244 this approach, we intentionally loaded large amounts of ink on
245 the probes (Figure 5b) and forced the mixture of the two
246 solutions on the cantilever array (Figure 5c). The coated tips
247 were then used to directly transfer the mixture of inks onto the
248 gold surface while maintaining the environmental relative
249 humidity at ∼75% (Figure 5d). In that way, the lithographic
250 process was performed during the first stages of the reaction,
251 just before the particles started to grow (see Supporting
252 Information, S9).
253 It is worth to mention that, before the lithographic process
254 could be performed, the ink excess had to be removed from the
255 cantilevers by delivering large droplets of ink mixture onto the
256 surface (bleeding step). The SEM images of the material
257 formed in these large features revealed the formation of large
258 amounts of spherical shaped particles with average diameters of
259 233 ± 15 nm (see Supporting Information, S10).
260 Once the ink excess was removed, the tips started writing
261 uniform submicrometer sized droplet arrays. After the litho-
262 graphic process, the substrates were placed in an airtight
263 chamber saturated with DMSO vapors for 48 h in order to
264 decrease the solvent evaporation rate. Alternatively, some
265 samples were placed in an oven at 50 °C immediately after
266 deposition, which led to similar results. Even though these two
267 treatments may seem contradictory (a temperature increase is
268 expected to induce faster evaporation rates), thermal treatment
269 can also accelerate the reaction inside the vessels compensating
270 for the fast evaporation of the solvents. As a representative

f6 271 example, Figure 6 shows the SEM image of one of such arrays
272 composed of 25 features (5 × 5 dot array spaced by 8 μm) that
273 was kept in a DMSO atmosphere after patterning. The image is

274evidence of the growth of a single nanoparticle per dot with an
275average diameter of 445 ± 18 nm. Even though some
276imperfections appeared in specific experiments (see Supporting
277Information S11), the formation of one particle per dot showed
278good reproducibility (see Supporting Information, S12).
279Finally, we observed that the volume of the deposited
280 f7droplets directly influenced the final size of the CPPs. In Figure
281 f77 we show three arrays fabricated in series where the volume of
282the deposited droplets decreased with the successive lithog-
283raphies due to depletion of the ink (optical microscopy image,
284top row). Accordingly, the average size of the particles formed
285in the arrays after placing the sample in the oven at 50 °C
286systematically decreased with the successive lithographies, as
287shown in Figure 7. Particle diameters range from 450 to 630
288nm for the array deposited first, whereas diameters from 280 to
289390 nm and 230 to 330 nm were found for the second and
290third lithographies, respectively (see also Supporting Informa-
291tion, S13 for high resolution images of the complete arrays).
292This observation is consistent with results previously reported
293for the synthesis of coordination polymers into reverse micelles,
294which showed high monodispersion in size.19,20

295Spectroscopic characterization. The nanoparticles syn-
296thesized on surface were characterized using Grazing Angle
297Infrared Spectroscopy (GA-IR) and MicroRaman Spectrosco-
298py. First, the GA-IR spectra of drop-casted samples were
299compared to those of the bulk material showing good
300 f8agreement (Figure 8a). In both cases, we observed the presence
301of a C−O stretching band from the catechol groups (∼1230
302cm−1, doublet), a pyridine band centered at 1485 cm−1

303(υCC/C−N), and the skeletal vibrations of the aromatic rings
304appearing at approximately 1600 cm−1. Further comparison
305with the spectrum of the pure ligand 1 revealed an additional
306shift of the bands, attributed to the coordination to cobalt
307(νC−O doublet separation and increased intensity of the
308νCC/C−N; see Supporting Information, S14). We also
309succeeded in characterizing the material deposited in the
310large droplets generated during the bleeding of the cantilevers
311(after functionalization by approach 2) (Figure 8a). The GA-IR
312spectrum showed the same characteristic peaks as those
313previously found for the bulk CPP1 nanoparticles, confirming
314the formation of the desired material on surface.

Figure 6. SEM image of the CPP1 particles obtained after the
mixture of the inks on the cantilevers and grown on a droplet array
(5 × 5) fabricated by traversing the tip over the surface. The
growth of a single particle inside each deposited droplet was
observed after keeping the patterned substrate under a DMSO
saturated atmosphere for 48 h. The inset shows a magnified view of
one of the obtained particles.
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315 Finally, MicroRaman spectroscopy was used as an additional
316 characterization technique. The spectra were recorded in the
317 1700−500 cm−1 range in bulk samples as well as in droplets
318 generated by DPN. The spectra obtained in the large drops
319 deposited by approach 2 were in good agreement with the
320 spectrum of the material obtained in bulk (Figure 8b). We
321 could distinguish the bands associated with aromatic moieties
322 (1480, 1190 cm−1) and also the band corresponding to the
323 stretching of the Co−O bond (640 cm−1), which confirms the
324 coordination of the metal to the catechol ring. The extremely
325 small amount of material present in the patterned areas
326 fabricated by approaches 1 and 2 (one particle grown inside
327 each droplet) complicated the task of characterizing the CPPs
328 grown in individual nanoreactors due to the large noise-to-
329 signal ratio of the spectrum. However, after subtraction of the
330 baseline, the most intense bands were clearly observed in the
331 spectrum recorded over an area with a high density of particles
332 (100 single particles in a 20 × 20 μm2 area), as shown in Figure
333 8b. These bands were coincident with the bulk material,
334 suggesting the formation of CPP1 particles.

335 CONCLUSIONS
336 In this article, we have reported the in situ synthesis of
337 coordination polymer particles inside femtoliter reactors
338 deposited on surfaces using DPN. This was performed either
339 by direct mixing of femtoliter droplets of the reagents through
340 sequential delivery of the reagents or by premixing them on the

341cantilever array. Beyond achieving precise control over the XY
342positioning of the CPPs, the experimental methodology
343employed allowed us to promote in a reproducible manner
344the growth of a single nanostructure in each droplet with good
345monodispersion and tunable dimensions, which in our view
346represents a real breakthrough at the interface of nano-
347technology and chemistry. Morphological and chemical
348characterization confirmed the reproducibility of the reaction
349at the femtoliter scale. Although there is still much research to
350be developed before this and other similar methodologies can
351be applied to the fabrication of functional devices, our work
352demonstrates the feasibility of our approach for the synthesis of
353coordination materials on surfaces and their integration into
354functional hybrid devices.

355EXPERIMENTAL SECTION
356Materials. Cobalt(II) acetate tetrahydrate (≥98%) and glycerol
357(≥99%) were purchased from Sigma-Aldrich, whereas ethanol absolute
358(EtOH, Sps, >99.8%), dimethyl sulfoxide (DMSO, Sps, >99.9%), and
359dimethylformamide (DMF, Sps, >99.9%) were purchased from Romil
360and acetone (HPLC, >99.9%) from Fischer. All the materials were

Figure 7. Optical microscopy image (top) showing a decrease of the
deposited volume in arrays fabricated successively. Left column:
SEM images of the particles obtained inside each one of the arrays
after the substrate was placed in an oven at 50 °C. Right column:
the particle diameter measurements denote a reduction in size
associated with the decrease in deposited volume.

Figure 8. (a) GA-IR spectra of the CPPs obtained in solution
(blue), in a drop-casting experiment (red), and in large drops
obtained during the bleeding of the cantilevers using approach 2
(black). (b) Raman spectra of the CPPs synthesized in bulk
(black), those obtained inside the cantilever bleeding droplets after
following approach 2 (red), and the ones grown in individual
reactors in patterned areas (blue). It can be observed that the
spectrum obtained in the patterned area has a poor signal-to-noise
ratio, but the high intensity bands can be distinguished.
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361 used as received. Mili-Q water (18.2 mΩ·cm) was used in all cases.
362 Ligand 1 was synthesized as described elsewhere.39

363 Synthesis of CPP1 in Bulk. An aqueous solution (1 mL) of
364 Co(CH3COO)2·4H2O (60.7 mg, 0.25 mmol) was added dropwise to a
365 solution of ligand 1 (108.0 mg, 0.5 mmol) in DMSO (5 mL) under
366 continuous gentle magnetic stirring, and immediately, a black
367 precipitate was formed. After 30 min, the precipitate was centrifuged,
368 washed several times with water and EtOH, and dried under vacuum.
369 The resulting solid product was obtained in 65% yield.
370 Substrate Preparation. Silicon bearing a native oxide layer (Si/
371 SiO2) of substrates (0.5 × 0.5 cm) was washed in an ultrasonic bath
372 for 10 min in acetone, absolute ethanol, and Milli-Q water and dried
373 by blowing nitrogen. The clean Si/SiO2 chips were then used to
374 prepare gold substrates by Physical Vapor Deposition (PVD) of a 10
375 nm-thick adhesion layer (Ti or Cr, 99.99%) and a 40 nm layer of Au
376 (99.99%). An Electron Beam Evaporator (from AJA International,
377 Inc.) operating at an evaporation rate of 1 Å·s−1 and a base pressure of
378 ∼10−7 Torr was used.
379 Drop-Casting Experiments. As a first step of the reaction
380 miniaturization, several drop-casting experiments were performed. In
381 general, the experiments consisted in sequentially adding microliter
382 volumes of metal and ligand solutions onto a gold substrate and
383 allowing the solvents to evaporate. Aqueous Co(CH3COO)2·4H2O
384 solutions (34 mM) and either DMSO or DMF solutions of ligand 1
385 (20 mM) containing 0−2% of glycerol were used, and the volume of
386 each droplet was calculated in order to mix the two reagents in
387 stoichiometric ratios (2:1 ligand/metal ratio). In all cases, the
388 formation of spherical CPPs was observed after examination by FE-
389 SEM.
390 AFM-Assisted Lithography Experiments. These experiments
391 were performed using an Nscriptor DPN System (from NanoInk,
392 Inc.). During all the droplet deposition processes, the relative humidity
393 was kept constant at ∼75% using an environmental chamber
394 integrated in the Nscriptor DPN System. Tips specially designed for
395 writing purposes were used in all the lithographies, specifically,
396 commercial silicon nitride Type M Probe Arrays (also MP tips from
397 NanoInk, Inc.) with a spring constant of 0.5 N·m−1 and a tip radius of
398 ∼15 nm. To coat the tips, a microfluidic ink delivery chip-based
399 system (Inkwell, from NanoInk, Inc.) was used. In our experiments,
400 contiguous channels of the inkwells were filled with the two ink
401 solutions, and the tips were functionalized with them in a way that
402 they either functionalized each tip separately (approach 1) or they
403 mixed in the cantilever during the process (approach 2). After the
404 deposition of the droplets, the substrates were kept in closed vessels
405 saturated with DMSO vapors (a droplet of DMSO was positioned on a
406 piece of filter paper and introduced in the chamber) or placed in an
407 oven at 50 °C in order to control the solvent evaporation rate and the
408 reaction velocity.
409 Characterization Methods. SEM images were obtained in a
410 Quanta 650 FEG from FEI operating at 5 kV or a Magellan 400L also
411 from FEI operating at 2 kV. The particles were measured using ImageJ
412 and the diameter data are given from the Feret diameter. Grazing
413 Angle Reflection IR Spectroscopy (GA-IR) analysis was performed
414 using an Hyperion 2000 FT-IR microscope coupled to a Vertex 80
415 spectrophotometer. The instrument is equipped with an MCT
416 nitrogen-cooled detector with the angle of incidence fixed at 83°.
417 The ATR-IR spectra were recorded in a Tensor 27 (Bruker) combined
418 with an ATR MKII Golden Gate accessory.
419 MicroRaman Spectroscopy. Raman spectra were acquired at
420 room temperature using a Dilor triplemate spectrograph (1800 1 mm
421 grating, 100 Lm entrance slit, 1 cm−1 spectral resolution) coupled to a
422 Princeton Instruments CCD detector. The 647.1 nm line of a Kr+ laser
423 (Coherent Radiation Innova) was used as an excitation source with
424 laser power output of 10 mW. The laser beam was focused on a spot
425 approximately 3 mm in diameter and the Raman signal was collected
426 in a backscattering geometry.
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