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Writing chemical patterns using electrospun fibers
as nanoscale inkpots for directed assembly of
colloidal nanocrystals¥

N. Burak Kiremitler,® Ilker Torun,®® Yemliha Altintas, Javier Patarroyo, ¢
Hilmi Volkan Demir, @ *¢* Victor F. Puntes, © *#9 Evren Mutlugun @ **" and
M. Serdar Onses (2 x2P-e

Applications that range from electronics to biotechnology will greatly benefit from low-cost, scalable and
multiplex fabrication of spatially defined arrays of colloidal inorganic nanocrystals. In this work, we present
a novel additive patterning approach based on the use of electrospun nanofibers (NFs) as inkpots for end-
functional polymers. The localized grafting of end-functional polymers from spatially defined nanofibers
results in covalently bound chemical patterns. The main factors that determine the width of the nanopat-
terns are the diameter of the NF and the extent of spreading during the thermal annealing process.
Lowering the surface energy of the substrates via silanization and a proper choice of the grafting con-
ditions enable the fabrication of nanoscale patterns over centimeter length scales. The fabricated patterns
of end-grafted polymers serve as the templates for spatially defined assembly of colloidal metal and metal
oxide nanocrystals of varying sizes (15 to 100 nm), shapes (spherical, cube, rod), and compositions
(Au, Ag, Pt, TiO,), as well as semiconductor quantum dots, including the assembly of semiconductor

rsc.li/nanoscale nanoplatelets.

Introduction

Colloidal nanocrystals (NCs), nanoscopic inorganic particles
that are dispersed in a solvent, have been extensively studied
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over the past three decades due to their size and shape
dependent fascinating properties that are distinct from bulk
materials."” These intrinsic properties make them promising
materials as fundamental building blocks for a broad range
of emerging applications in photonics,>* plasmonics,*”
electronics,” ' and catalysis."''® Nowadays, synthesis tech-
niques of NCs (metal, metal oxide, semiconductor) are robust
and well known to prepare NCs with the desired composition,
shape and size.'”™'® Most applications of inorganic NCs in
devices require a spatially defined assembly of these nano-
materials rather than their colloidal counterparts. Indeed,
materials built with nanocrystals are of special significance
due to their potential diversity in composition, structure and
properties, with access to multiple length scales.>® For
example, layers of assembled NCs termed the “nanocrystal
solid” exhibit superior properties compared with thin films
and bulk materials®' or the combination of different magnetic
NCs in the same solid leads to new magnetic behavior.*>
Spatially defined assembly of NCs on solid substrates is a
fascinating process that allows for tuning the collective pro-
perties of NCs and their integration into functional devices.”?
Typically, chemical and topographic patterns have been used
for the directed assembly of NCs.?°> The assembly of these
NCs on patterned surfaces can be realized via various inter-
actions such as electrostatic, magnetic, chemical, capillary
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force, and Watson-Crick base pairing.*>**> Among these,
chemical patterning, in particular, shows great promise with
robust and controllable substrate-particle interaction, and
applicability to a range of different sizes and types of particles.
To fabricate the patterns, a variety of techniques based on elec-
tron-beams,’**® scanning probes,**™**> nanoimprinting, self-
assembly of block copolymer films,***® laser induced
patterning®”*® and electrohydrodynamic jet printing®®~> have
been used to date. These techniques have drawbacks in terms
of throughput, cost, the need for specialized equipment, and
the requirement of multi-step processing. These limitations
strongly motivate the development of new fabrication
approaches to direct the self-assembly of NCs.

As a low-cost, versatile and practical technique, electro-
spinning is a highly attractive approach to fabricate nano-
structures. Previous studies have shown promise in the use of
electrospun nanofibers (NFs) as templates for the directed
assembly of nanostructures: intrinsically random NFs could be
aligned and positioned to defined locations through near field
electrospinning (NFES) aided by the rapid movement of the
substrates.>® These efforts either relied on the direct use®>®
of NFs for decoration with nanostructures or employed NFs as
masks®®®* for selective material removal. The presence of NFs
in the former approach can lead to issues in terms of the
chemical and physical instability of the patterned arrays of
NCs, whereas the latter subtractive approach challenges the
fabrication of multiplex patterns and preservation of the
intrinsic properties of the underlying substrate. An ideal
approach should allow for the additive fabrication of co-
valently bound and ultrathin interfaces patterned within areas
spatially defined by the NFs.

Here, we present a purely additive and versatile chemical
patterning approach to directly fabricate nanoscale patterns
with end-functional polymers from reservoirs that are con-
fined within electrospun NFs. In this approach, end-func-
tional polymers serve as inks to generate nanoscale patterns
of end-grafted polymers on the substrate surface. The loca-
lized grafting of polymers in nanoscale dimensions is
achieved via the confinement of the inks (functionalized
polymers) within NFs that act like an inkpot. The width of the
fabricated patterns is not only defined by the diameter of
NFs, but also by the extent of spreading during the thermal
annealing step, which is necessary for grafting polymers onto
the substrate. Through tuning the kinetics of thermal anneal-
ing and by reducing the surface energy of the substrate, we
demonstrate the fabrication of ultrathin (height < 15 nm)
linear nanoribbons of poly(ethylene glycol) and poly(2-vinyl-
pyridine) with sub-100 nm widths. The additive nature of our
approach allows for the fabrication of multiple chemical pat-
terns on the same substrate by sequential writing of different
inks. The high-quality fabrication of nanoscale chemical pat-
terns enables the directed assembly of various colloidal NCs
without altering their properties, in a universal approach,
including noble metal nanoparticles (Au, Ag, Pt), metal oxide
nanoparticles (TiO,), and semiconductor quantum dots
(QDs) and 2D nanoplatelets.
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Experimental
Writing patterns of ink-containing nanofibers

Solutions of poly(ethylene oxide) (PEO, 300.0 kg mol ™", Sigma
Aldrich) with hydroxyl-terminated poly(ethylene glycol) (PEG,
35.0 kg mol™" Sigma Aldrich) (PEO/PEG) were prepared in water
at a total concentration of 5% w/w (concentration of PEG is 35%
w/w with respect to PEO). Solutions of 3% w/w poly(2-vinylpyr-
idine) (P2VP, 200-400.0 kg mol™" Poly Science) with 6.25% w/w
hydroxyl-terminated poly(2-vinylpyridine) (P2VP, 22.8 kg mol*,
PDI = 1.09 Polymer Source) and 0.3% w/w/poly(ethylene oxide)
(PEO, 4000.0 kg mol™' Sigma Aldrich), (P2VP-PEO/P2VP-OH)
were prepared in 7/3 v/v N,N-dimethylformamide (DMF, Sigma
Aldrich)/dichloromethane (DCM, Sigma Aldrich). The solutions
were mixed with a magnetic stirrer at 700 rpm for ~6 h to
ensure complete dissolution of the polymers. Electrospun NFs
were directly written on bare, hydrophilic and hydrophobic
silicon substrates ((100) Wafer World Inc.). The bare silicon
substrates were cleaned by washing in isopropanol and ethanol
for 3 min under sonication, respectively. The hydrophilic sub-
strates were prepared by 15 min UV-ozone cleaning treatment.
The hydrophobic substrates were prepared by vapor-phase depo-
sition of tridecafluoro-1,1,2,2-tetrahydrooctyl-trichlorosilane for
15 s. Spatially defined deposition of NFs was performed using
near-field electrospinning assisted with an automated stage (see
Fig. S11 for a schematic and photograph of the experimental
set-up). The solutions were placed in a 2.5 mL syringe fitted
with a blunt end 30 g metallic needle (outer diameter = 310 um,
inner diameter = 160 um). The syringe was placed in a holder
with a horizontal configuration against a programmable x-y
stage (Parker MX80L). The silicon substrates were mounted on
top of the stage with the aid of a vacuum suction. The tip-to-
substrate distance was set as 1 to 2 mm and the feed rate of the
solution varied from 0.5 pL h™" to 2 pL h™'. The potential
between the needle and substrate was set between 500-750
V. The stage moved at a speed of 100 mm s~* for the alignment
of the fibers.

Localized grafting of end-functional polymers

The polymer solutions containing the end-functional polymers
were electrospun onto the silicon substrates followed by
annealing in an argon-filled glove box using a hot-plate. Upon
annealing, the end-functional polymers within the electrospun
NFs were grafted onto the substrates. To graft PEG-OH, anneal-
ing was performed at temperatures of 90 °C, 120 °C, 150 °C,
and 180 °C for 3 min each. In the case of P2VP-OH, annealing
was done at 200 °C for 3 min. The unbound end-functional
polymers and the main NF materials (PEO for PEG and P2VP/
PEO for P2VP-OH) were then removed by sonication in water
for PEG and in DMF for P2VP, respectively. The sonication was
repeated three times for 3 min each. The substrates were then
blow-dried with nitrogen.

Site specific assembly of NCs on patterned nanoribbons

Citrate stabilized spherical gold NCs were immobilized on top
of the patterned nanoribbons by placing a droplet of the sus-
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pension of particles for 1 h, followed by washing in water
under sonication for 2 min and drying with nitrogen. Other
NCs were immobilized on grafted P2VP-OH nanoribbons using
a similar procedure to that described above except with an
immobilization time of 2 h.

Characterization

The surface morphology of the substrates was imaged with
SEM (Zeiss EVO LS10) at 25 kV and focused ion beam SEM
(FEI Nova NanoLab 600i) at 15 kV. The height profiles of the
NFs after electrospinning, annealing, and washing were ana-
lyzed with AFM (Veeco Multimode 8). The freshly synthesized
Ag nanocubes and CdSe/CdZnS semiconductor NCs were
imaged with FEI Tecnai G2 F20 S-TWIN HR(S) TEM at 200 kV.
The water contact angle of the substrate was analyzed using a
contact-angle meter (Attension). The fluorescence microscopy
images were taken using a fluorescence microscope (Olympus
BX43, 488 nm single band) using an exposure time of 100 ms.

Results and discussion

Fig. 1a-f schematically show direct grafting of nanoscale pat-
terns of functional polymers for guided assembly of colloidal
NCs. In this process, end-functional polymers act as inks. NFs
serve as reservoirs of these inks in an analogy with an inkpot.
In this unique approach, inks are written in areas that are
defined by the nanoscale inkpots presented by NFs. The

a)

/4

k)
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process starts with electrospinning of highly aligned NFs in
spatially defined positions. The alignment of NFs is accom-
plished by operating in the near field electrospinning (NFES)
mode where the distance between the tip of the nozzle and
substrate is less than 1 cm. The controlled and rapid move-
ment of the substrate allows for precise control over the posi-
tion of the NFs. In contrast to the previous reports,”** NFs
are employed as nanoscale reservoirs for end-functional poly-
mers. The process of writing is achieved via a brief thermal
annealing, which results in grafting of the end-functional poly-
mers onto the substrate surface whose width is constrained by
the diameter of the NF. The nanoscale chemical patterns that
are defined with this localized grafting process are revealed by
washing of the fiber and excess materials in a good solvent
(water for PEG and DMF for P2VP). The fabricated nanoscale
chemical patterns then serve as a template for directed assem-
bly of a variety of colloidal NCs.

We first demonstrate directed assembly of Au NCs on nano-
scale patterns of PEG. For this purpose, we prepared electro-
spun NFs using PEO that was blended with hydroxyl termi-
nated PEG ink. The choice of PEO as the inkpot stems from
several reasons. First, aqueous solutions of high molecular
weight PEO with concentrations between 2-6% are highly suit-
able for fabricating highly aligned NFs using NFES, thanks to
the viscoelastic characteristics of the polymer.>*°%>%> Second,
having identical chemistry with low molecular weight PEG, the
PEO inkpot is perfectly miscible with the ink. Note that insuffi-
cient levels of chain entanglement for the low molecular

After writing
—— After annealing
After washin

2
Width (um)

Fig. 1 Fabrication of spatially defined arrays of NCs. (a—f) Schematic illustration of the process. (a) Electrospinning of the solution containing end-
functional polymers. (b) NFs as an inkpot containing end-functional polymers. (c—f) Depiction of a single NF after (c) writing, (d) annealing, (e)
washing, and (f) immobilization of colloidal NCs. (g—i) AFM images of the electrospun NFs on the hydrophobized silicon substrate. (g) Pristine PEO/
PEG NF, (h) after annealing, and (i) PEG nanoribbon after washing. (j) Height profiles of the patterns. (k) SEM images of the 60 nm Au NCs assembled

on the grafted PEG nanoribbons with a pitch of ~50 pm.
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weight PEG ink is not suitable for direct writing of NFs. Third,
PEG proved to be highly effective for directing the assembly of
Au NCs.°®”' PEO NF inkpots were written on Si substrates
through the control of the diameter between 100 nm and
550 nm via adjusting NFES parameters, such as voltage bias
(500 to 750 V) and tip-to collector distance (1 to 2 mm). As a
result of the annealing and washing processes (Fig. 1g-i),
nanoribbons of grafted PEG patterns (Fig. 1e and i) were gener-
ated. The annealing of PEG results in the grafting of PEG-OH
onto the Si substrate, through formation of an ester bond (Si-
0O-C) between the hydroxyl end of PEG and surface silanol
group (Si-O-H) of the Si substrate.®® After removing unreacted
inks and the inkpot by washing, we generated PEG patterns
with a height of ~10 nm (Fig. 1j), which is consistent with the
ellipsometric thickness of the grafted PEG on the Si substrate.
We used spatially defined PEG nanoribbon patterns for
selective assembly of citrate stabilized Au NCs (Fig. 1k). The
selective binding of citrate-stabilized Au NCs to end-grafted
PEG results in dense assembly of particles, revealing the
chemical contrast of the patterns.”> We found that three
factors determine the final width of the nanoribbons and the
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density of immobilized NCs: (i) diameter of NF inkpots written
by NFES, (ii) spreading behavior of the NF inkpot during
thermal annealing, and (iii) kinetics of grafting. The spreading
of the NF inkpot strongly depends on the surface energy of the
substrate while the ink grafting ability strongly depends on the
annealing temperature.

To investigate the effect of the aforementioned factors, we
wrote NFs of a range of different diameters on bare, hydropho-
bized and freshly cleaned silicon substrates. To make the
surface hydrophobic, the silicon substrate was treated with
fluoroalkyl silane (FAS), namely tridecafluoro-1,1,2,2-tetrahy-
drooctyl-trichlorosilane via vapor-phase deposition.”> For the
freshly cleaned surface, the substrate was treated in a UV-ozone
chamber to increase the hydrophilicity. We confirmed the
extent of modification by measuring the water contact angles
(see ESI Fig. S2bt) of the bare silicon substrate (50°), FAS de-
posited surface (110°), and the UV-ozone treated surface (20°).

The localized grafting of PEG inks onto the above-men-
tioned surfaces was then achieved via thermal annealing. The
results are summarized in Fig. 2. Overall, there is noticeable
spreading after annealing, resulting in the formation of chemi-
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Diameter of the nanofiber before annealing (nm)

Annealing temperature (°C)

Fig. 2 (a) SEM images of the PEO inkpot, after annealing at 120 °C, and after immobilization of 40 nm Au NCs. (b) SEM image of nanoribbons deco-
rated with 40 nm Au NCs, the dashed green line marks the borderline between the hydrophobic (top) and hydrophilic part (bottom) of the modified
substrate. Also shown is a high magnification SEM image of a single nanoribbon where the boundaries between untreated and hydrophobized
regions of the substrates are seen. (c) The width of the patterns as a function of the diameter of NF after annealing at 120 °C. (d) The effect of the
annealing temperature on the spreading of a NF with a diameter of 200 nm on untreated and hydrophobized substrates.
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cal patterns that are wider than the original NF inkpot. The
selective binding of Au NCs in the fabricated nanoribbons
after washing of excess materials reveals the dimension of the
fabricated chemical patterns. The extent of spreading strongly
depends on the surface of the substrate and annealing temp-
erature, as can be clearly seen from Fig. 2a and Fig. S2 (ESIT).
For example, upon annealing at 120 °C, a 200 nm diameter
NFs spread to 620 nm on the bare substrate while on the FAS
treated surface it is only 290 nm. To clearly demonstrate the
impact of the surface of the substrate on the extent of spread-
ing, we prepared a substrate where a segment was FAS deriva-
tized to be hydrophobic and the remaining part was UV-ozone
treated to be hydrophilic. The contrast of spreading is clearly
visible along the boundary (Fig. 2b).

The diameter of the NF is critically important in determin-
ing the final width of the patterns. Fig. 2¢ presents the width
of the patterns as a function of the diameter of NFs. The width
of the pattern clearly scaled with the diameter of the fiber. For
the entire range of NF diameters, the modification of the sub-
strate with FAS suppressed the spreading, particularly for NFs
with small diameters. The dependence of the spreading on the
fiber diameter is likely a result of the length of the fiber-sub-
strate interface.®'

The grafting of PEG onto the substrate surface requires
annealing which inadvertently causes spreading that must be
minimized. As inferred from Fig. 2c & d, and Fig. S3 &
Table S2,f the NF spreading increases as the annealing temp-
erature increases. The ratios of the width of nanoribbons on a
bare substrate to that of FAS treated hydrophobic surface are
2.08 + 0.2, 2.00 + 0.15, 1.85 + 0.11, and 1.65 + 0.46 for anneal-
ing temperatures of 90 °C, 120 °C, 150 °C and 180 °C, respect-
ively (ESI Table S2t). We postulate that the decreasing ability
of FAS to suppress spreading as temperature increases is likely
due to the fact that the surface tension of liquids generally
decreases as a function of temperature, completely disappear-
ing at the critical temperature of the liquid.

The hydrophobicity of the substrate plays an important role
in fabricating nanoscale patterns using the approach intro-
duced here. The patterns generated on the FAS treated hydro-
phobic surface are not only narrow but also well-defined with
clear boundaries and reduced line edge roughness. On the
other hand, the spreading caused by the necessary annealing
step also results in blurry boundaries that lead to visibly scat-
tered Au NC dots upon immobilization. A comparison of Au
NC immobilization onto PEG on the UV-ozone treated hydro-
philic surface and the FAS treated hydrophobic surface clearly
reveals the spreading and scattering upon annealing (Fig. S27).

The results indicate that by adjusting the annealing temp-
erature and modifying the substrate surface with low surface
energy molecules, patterns at higher resolution can be fabri-
cated. Another important factor that needs to be considered is
the temperature dependent grafting ability of PEG which
enables the immobilization of Au NCs. Even though the
spreading is the least at 90 °C, the grafting density of PEG is
low as indicated by the sparse immobilization of Au NCs
(Fig. S27). At temperatures above 120 °C, the binding of Au

This journal is © The Royal Society of Chemistry 2020
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NCs onto the grafted PEG does not show a noticeable increase
whereas the spreading is significant. Thus, we choose the
annealing temperature as 120 °C for the hydrophobic surface,
considering both the high immobilization density and high
pattern resolution. Under these conditions, the patterns were
highly uniform as derived from image analysis (see ESI,
Fig. S41). The SEM images taken from 40 different locations of
a 1 cm long pattern fabricated using a NF inkpot with a dia-
meter of 200 nm showed that the average width was 292 nm
with a standard deviation of 23 nm. The analysis of an array of
50 lines resulted in the average width of 287 nm with a stan-
dard deviation of 45 nm.

The treatment of Si substrate with FAS to make it hydrophobic
greatly suppresses the spreading which results in the binding
of an increased number of Au NCs upon immobilization. This
gives us great flexibility to tune the generated patterns. Fig. 3
shows the SEM images of the patterns generated by the immo-
bilization of Au NCs on grafted PEG. First, as shown in Fig. 3a,
we immobilized Au NCs of 80 nm diameter on the nano-
ribbons of grafted PEG pattern of varying widths, from
~1100 nm (leftmost) to ~100 nm (rightmost). We found that
the density of surface bound Au NCs increases slightly as the
width of the PEG nanoribbon gets smaller. We further investi-
gated the effect of the diameter of Au NCs on the assembly

Decreasing width ———
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& 2
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°
°
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1100 nm 600nm 200 nm 100 nm
b) ——— Increasing NCs diameter ———»

20 nm

Fig. 3 SEM images of the (a) Au NCs (80 nm) immobilized on the pat-
terns of grafted PEG nanoribbons of various widths (scale bar is
200 nm), and (b) Au NCs with various diameters immobilized on the pat-
terns of grafted PEG nanoribbons of ~400 nm width. The width of
nanoribbons (a) and sizes of Au NCs (b) are indicated at the bottom of
the corresponding images.
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process (Fig. 3b). The immobilization density of small NCs is
large, but NCs as large as 100 nm can be also successfully
immobilized with relatively high density. The density of
surface bound Au NCs is higher on the PEG nanoribbons than
the values reported for the unpatterned substrates that were
modified with a layer of end-grafted PEG.°>°® We believe that
the localized grafting from the nanoscale inkpot, along with
the suppressed spreading achieved by hydrophobic surface
modification, enabled the dense immobilization of Au NCs.
The seed-mediated growth”® of metallic structures over pat-
terned Au NCs of small (<~30 nm) diameter can enable the
fabrication of continuous electrically conductive nanoscale
patterns for transparent electrode applications.

An important aspect of the fabricated patterns is their
robustness. For all the results presented in this study, the pat-
terned substrates were washed under sonication following the
grafting and immobilization of NCs. The high-density assem-
bly of NCs within patterned regions indicates strong substrate—
polymer and NC-polymer interactions. To further probe the
adhesion strength of the patterns, we performed an adhesive
tape test on the patterns following the immobilization of NCs
on both hydrophilic and hydrophobic substrates. The mor-
phology of the patterns and density of the bound NCs
remained mostly the same following the adhesive tape test on
both types of substrates (ESI, Fig. S6T). These results collec-

a) Au 20 nm Au 60 nm

Ag Cube 40 nm
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tively suggest the robust assembly of NCs on patterned
features.

One potential application of the fabricated patterns is in
molecular sensing through surface-enhanced Raman spec-
troscopy (SERS). The assembly of spherical gold NCs into
dense and close-packed structures within linear features
results in a significant enhancement of Raman signals due to
the formation of plasmonic hotspots where electromagnetic
fields are focused in between nanoparticles that are separated
by few nanometres of distance. Fig. S57 shows the SERS
mapping results of a probe molecule on the patterns fabri-
cated by localized grafting of PEG chains.

Assembly of colloidal NCs of varying compositions and
geometries

We have demonstrated that PEG can be grafted at the nano-
scale (as low as 50 nm) with well-defined boundaries resulting
in highly selective and dense assembly of Au NCs. Despite the
versatility of PEG in terms of fabricating nanoscale patterns
and assembly of Au NCs, ink chemistry should be modulated
to enable the assembly of a broad range of colloids on the pat-
terns fabricated in this study. A highly suitable ink material is
poly(2-vinylpyridine) (P2VP) with its reported high affinity to
NCs of various compositions.”*””” Hydroxyl-terminated P2VP
can be grafted on the silicon substrates similar to PEG.”””"”

TiO215 nm

Fig. 4 Capabilities of the presented fabrication approach. (a) SEM images of the arrays of NCs of varying compositions, geometries and sizes on
patterned nanoribbons of P2VP (scale bar is 200 nm), and (b) multiplex patterning. Schematic description and SEM images of the substrates that
were patterned with PEG and P2VP nanoribbons following immobilization of Au and Pt NCs, respectively.
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The relatively higher melting point of P2VP (>200 °C) in com-
parison with PEG (~65 °C) also informs about the impact of
the mobility of the polymer ink on the spreading behavior
during the grafting process.

P2VP inkpots on untreated Si substrates with controlled
widths from 220 nm to 950 nm were achieved via adjusting the
electrospinning parameters. Subsequent annealing at 200 °C
followed by washing off the excess and unbound materials
resulted in end-grafted P2VP nanoribbons with ~6 nm thick-
ness (Fig. S71), which is comparable to the results of previous
studies on homogeneous substrates.”>’® Upon annealing, the
P2VP inkpot also spreads, though less than the PEO inkpot.
For example, a 310 nm wide P2VP inkpot extends to a width of
~650 nm upon annealing at 200 °C while a 295 nm wide PEO
inkpot spreads over ~940 nm upon annealing at 120 °C.

To demonstrate the versatility of the patterned P2VP
nanoribbons, we generalized our findings by immobilizing
NCs of metals, metal oxides, nanoplatelets and QDs. Due to
the lone pair of electrons of the nitrogen in the pyridine
group, it is expected that P2VP can bind to the NCs through
electrostatic interactions and coordination bonds.”* 1t is likely
that long-range electrostatic interactions are important in the
approach of the NCs to the substrate and short-range coordi-
nation bonds contribute to the strong binding, which can
withstand washing under sonication. Commercially available
spherical NCs of varying compositions (Au, Pt, TiO,) could be
directly assembled on the patterns without the need for any
post-functionalization steps. Ag nanocubes were synthesized
by the polyol method (see ESI & Fig. S97). Fig. 4a shows the
SEM images of immobilized NCs of various types and sizes on
the patterned P2VP nanoribbons, clearly demonstrating the
versatility of the P2VP nanoribbons for immobilizing various
NCs.

The fabrication of multiple chemical patterns with different
monotype or heterotype NCs precisely on the exact surface is a
very hard task for even the most advanced nanolithography
methods. To show the advantage of additive nature of our
approach, we fabricated multiple chemical patterns on the
same substrate by sequential writing of PEG and P2VP.
First PEG with Au NCs were fabricated and then on the same
surface P2VP patterns with Pt NCs were prepared as vertically
intersecting the PEG patterns (Fig. 4b). The intersecting area
of the patterns can exhibit multifunctional properties, for
example, catalytic properties of Pt and plasmonic properties of
Au.

To further demonstrate the versatility of our approach, we
have further extended our study utilizing semiconductor col-
loidal quantum dots (QDs) and quantum wells that were
immobilized on P2VP nanoribbons with a high yield (Fig. S8+
and Fig. 5). Colloidal 2D nanocrystals, also named nanoplate-
lets (NPLs) or colloidal quantum wells, have emerged as a new
material system within the quantum confined nanomaterial
family. The NPLs possess dimensions on the order of tens of
nanometers in the lateral direction along with precisely con-
trolled vertical thickness, which would give flexibility in tuning
their optical properties. Their giant absorption cross section

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Absorbance, (b) photoluminescence spectra of CdSe/CdZnS
core/HI shell NPLs before (in hexane) and after ligand exchange (in
water). Inset shows a sample photograph under UV-illumination, (c)
transmission electron microscopy, (d) high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images of
CdSe/CdZnS core/HI shell NPLs, (e) fluorescence microscopy image of
P2VP nanoribbons immobilized with CdSe/CdZnS core/HI shell NPLs,
and (f) SEM image of P2VP nanoribbons following immobilization of
CdSe/CdZnS core/HI shell NPLs.

and high spectral purity make these NPLs important building
blocks for the next generation colloidal optoelectronics.

Here, we synthesized high quality and environmentally
stable CdSe/CdZnS core/shell NPLs by using a hot-injection
(HI) shell growth technique.”® Then, we efficiently used a
ligand-exchange procedure to make NPLs soluble in water (see
the ESIt). Photoluminescence (PL) and absorption spectra of
the NPLs before and after ligand exchange are given in Fig. 5a
and b. The peak emission wavelength, full-width at half-
maximum (FWHM) and quantum yield (QY) of the synthesized
NPLs in the organic phase are 637 nm, 22 nm and 91%
respectively. After ligand exchange, the optical properties of
the NPLs are fully preserved (Fig. 5a and b). No spectral red
shift, broadening of FWHM or a significant decrease in PLQY
is observed in PL spectra and absolute QY measurements as
given in Table S1.f The length, width and thickness of the
NPLs are 36 = 3 nm, 10 + 1 nm and 3.9 + 0.3 nm measured
using TEM images presented in Fig. 5¢ and d. These high-
quality emitters enable us to obtain bright and localized emis-
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sion in the fluorescence microscopy image (Fig. 5e) and also
show dense and selective immobilization of the particles as
shown in Fig. 5f.

We also demonstrate spherical CdSe/ZnS QDs in the water
phase that can be effectively immobilized on P2VP patterns
along with their material characterization results provided in
Fig. S8.f The patterning of these highly emissive QDs and
NPLs on a predefined substrate is critical in order to warrant
the spatial arrangement of the particles that are believed to
open up new possibilities for LEDs and laser applications inte-
grating patterned nanostructures.

Conclusion

This study has presented a unique utilization of electrospun
NFs in fabricating nanoscale patterns for the assembly of
inorganic NCs including colloidal metal, metal oxide nano-
particles, semiconductor QDs and NPLs. The nanoscale con-
finement of covalently bound ultrathin interfaces in areas
defined by NFs offers a universal approach for the patterning
of inorganic nanoscale building blocks in an unprecedented
way. The strength of this approach stems from the additive pat-
terning of NCs over large-areas using an inexpensive, reprodu-
cible, versatile nano-manufacturing based on electrohydrody-
namic processes which could open up new possibilities in the
industrial adoption of the proposed patterning technique. The
resulting patterns offer exciting avenues of research in areas
that range from patterning of the nano-bio assemblies to the
fabrication of invisible nanoscale electrodes for applications in
electronics.
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