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Inkjet technology is a compelling method for the flexible and cost-effective

printing of functional inks. We show that nanocomposite solutions based on

polystyrene and differently sized core/shell-type nanocrystals (NCs) formed by

a CdSe core coated with a shell of ZnS (CdSe@ZnS) in a single solvent,

chloroform, can be reliably dispensed into luminescent, multicolor pixel arrays.

This study demonstrates the relevance of parameters like polymer concen-

tration and nozzle diameter, highlighting how the optimal conditions to print

NCs embedded in 5 wt% polystyrene nanocomposite are given by a 70-mm-

diameter nozzle. The obtained structures show that the bright size-dependent

emission of the NCs in the nanocomposite is retained in the printed pixels.
1. Introduction

The ability to pattern functional materials is of paramount

importance in the fabrication of integrated micro-/nanosys-

tems such as miniaturized sensors or actuators, as well as

photonic, electronic, microfluidic, bioanalytical, and biome-

dical devices. Conventional vacuum depositions and photo-

lithographic patterning methods involve heat treatment and

full substrate surface exposure to photoresist and thus do not

allow the processing of fragile and sensitive substrates. In

addition, such techniques are not the most suitable for the

fabrication of complex structures, requiring fabrication of

multiscale and multilevel features on nonplanar or even

curved surfaces. Currently, such limitations can be overcome
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by means of the most recent direct-writing techniques,[1] such

as local dispensing[2] and contact-free direct inkjet printing.[3]

Such emerging patterning methods, across multiple length

scales, rely on the direct, local, and accurate deposition of

minute quantities of solutions, dispersions, and melts from an

inkjet print-head or nozzle on substrates ranging from silicon,

glass, quartz, and polymer to ‘‘paper-like’’ flexible materials.

Microscale patterns can be simply designed and fabricated in

relatively arbitrary 2D and (quasi-)3D shapes, without

requiring any vacuum process, spin-coating, removal step,

or expensive lithographic masks and equipment. Moreover,

direct writing techniques enable a convenient ‘‘add-on’’

placement of microscale features, even onto prepatterned

substrates. In addition, a low material consumption is granted,

thus avoiding wasting, which represents a crucial issue when

high value and expensive materials are used. In addition, high-

throughput capability and high cost-effectiveness can be

achieved when automated equipment, like commercial inkjet

printers, are used. Directly written microstructures have

recently been integrated into innovative transistor architec-

tures by using polymers,[4] or used as catalysts for carbon

nanotube (CNT) growth,[5] in light-emitting devices

(LEDs),[6] solar cells,[7] and biosensors, and in cell printing

for tissue engineering.[8] Material libraries and multicompo-

nent systems such as 2D multicolor polymer LEDs have even

been fabricated by means of combinatorial material printing

strategies by using multi-nozzle or, alternatively, sequential

printing approaches.[9]

Recent advances in material science have further extended

the potential of inkjet printing technology, by designing and
H & Co. KGaA, Weinheim 1
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Figure 1. Steady state UV–Vis absorption and PL emission spectra of

a) the 2.7-, 3.4-, and 4.6-nm diameter CdSe@ZnS NCs in CHCl3 at the

excitation wavelength of 400 nm (inset: photograph of CdSe@ZnS NCs

in CHCl3 under an UV lamp), and b) 3� 10�7
M CdSe@ZnS NCs (3.4-nm-

diameter) in CHCl3 and CdSe@ZnS NCs embedded in 3 and 5 wt% PS

nanocomposites in CHCl3 at the excitation wavelength of 500 nm.
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synthesizing colloidal nanoparticles (NPs) and nanocrystals

(NCs) characterized by unique size- and shape-dependent

properties, and by an exceptionally convenient processing

capability. Thus NCs can be considered excellent candidates

for developing original functional inks and are formidable

candidates for innovative inkjet deposition routes and a

variety of applications. NPs and NCs can be synthesized by

colloidal chemistry approaches[10] to properly tune electronic,

magnetic, or photocatalytic properties by simply tailoring size

and geometry. In addition, this synthetic method provides NCs

with an ideal interface with their external environment since

the layer of organic molecules coordinated at the NC surface

allows them to be treated as macromolecules. This character-

istic enables their dispersion and positioning in any chemical

environment and consequently their integration in 2D or 3D

assembled structures and composites. In particular, resists and

thermoplastic nanocomposites incorporating NCs have been

recently achieved, allowing the fabrication of a new generation

of purposefully designed microcomponents based on NPs with

tailored properties and defined functions.[11]

In recent years, different papers have shown that the

accurate study of inkjet printing conditions in an appropriate

experimental setup allows the fabrication of inks based on

complex functional NP composites in which the outstanding

properties of the nano-objects are transferred to the final

microstructures. As an example, metal NPs have been

deposited and their size dependent decrease in melting

temperature has allowed the fabrication of microelectronic

components at low temperature, such as metal lines and

microcontacts onto polymeric substrates,[12] as well as the

fabrication of organic field effect transistors (OFETs).[13]

Moreover, functionalized CdTe NC–poly(vinyl alcohol)

(PVA) composites have been dispensed in microstructures

in which the size tunable emission of NCs has been exploited

for the generation of combinatorial libraries.[14]

Exploitation of the great potential of II–VI semiconductor

NC-based inks is currently hindered by the limited choice of a

carrier medium, which should simultaneously be convenient

for homogeneously disperse NCs and suited for inkjet printing.

For this class of materials, the common solvent should

preserve the optical characteristics of both the NCs and the

polymeric matrix, as well as their prompt processability by

providing uniform nanocomposites. At the same time, the

carrier must preserve suitable properties, namely viscosity,

surface tension, boiling point, and volumetric homogeneity in

the final material, which are key parameters for reliable

droplet formation in drop-on-demand dispensing.

Here nanocomposite inks based on polystyrene (PS) and

highly luminescent NCs formed by a CdSe core coated with a

shell of ZnS (CdSe@ZnS) have been prepared and deposited

as single- and multicolor microscale arrays. PS with a

molecular weight of 5200 g mol�1 was selected for its

attractive properties of flexibility, good processing capability,

and high optical transparency, which render it a good

candidate for containers, packaging, and light diffusion

elements.[15] Green-, orange-, and red-emitting organic

soluble CdSe@ZnS NCs, in size ranging from 2.7 to 4.6 nm

and coated by trioctylphosphine oxide (TOPO) surfac-

tant molecules, were synthesized. According to the procedure
www.small-journal.com � 2009 Wiley-VCH Verlag Gm
reported in the experimental section, their size-dependent

emission characteristics were conveyed to the PS-based inks.

Nanocomposite preparation was carried out by exploiting

the characteristic solubility of these colloidal NCs in an apolar

solvent and by selecting a single-component common medium

that is able to safely disperse presynthesized organic-capped

NCs in the host polymer matrix. A common solvent was

selected in order to preserve the distinctive properties of the

functional NCs (i.e., to prevent aggregation and quenching

phenomena) and to remain simultaneously compatible with the

typical inkjet printing conditions. A low boiling point (61.5 8C)
solvent, CHCl3, was used to locally dispense nanocomposite

solutions based on differently sized CdSe@ZnS NCs and

different PS concentrations with a stable and reproducible

droplet generation.

2. Results and Discussion

In Figure 1 the steady state absorption and photolumines-

cence (PL) emission spectra of the differently sized TOPO

capped CdSe@ZnS NCs in CHCl3 and in PS-based nano-

composites are reported. The spectroscopic characteristic

absorption spectra of the colloidal CdSe@ZnS NCs show a

main excitation peak attributed to the first optically allowed

transition, blue-shifted with respect to the bulk CdSe. Average

NC diameters are typically obtained from the wavelength

position of the absorption edge.[16] The CdSe@ZnS NC PL

emission spectra are characterized by a strong and narrow

band edge emission as expected from the low size dispersion of

the NCs in solution. The relative PL quantum yields of
bH & Co. KGaA, Weinheim small 2009, x, No. x, 1–7
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2.7-, 3.4-, and 4.6-nm-diameter CdSe@ZnSNCs are 54%, 34%,

and 50%, respectively. The steady state absorption and PL

emission spectra of the nanocomposites formed of CdSe@ZnS

NCs and 3 and 5 wt% of PS in CHCl3 are compared with those

of the bare NCs in the same solvent. The characteristic NC

optical properties upon their incorporation in PS are retained

without any shift of the absorption spectra towards longer

absorption wavelength, thus indicating that no NC coalesced

aggregates or ripening phenomena have occurred. Remark-

ably, the NC PL emission intensity increases once incorpo-

rated in PS, and this PL enhancement appears proportional to

the weight percentage of PS in the composite. The relative PL

quantum yield value of the 3.4-nm CdSe@ZnS NCs increases

up to 43.5% and to 51% in the nanocomposites containing

3 and 5 wt% of PS, respectively, and the same behavior has

been observed for NCs of different sizes. This enhancement

can be reasonably accounted for by a variation of the dielectric

confinement effect in PS with respect to CHCl3. Indeed, a

decrease of the dielectric constant and refractive index values

takes place passing from the CHCl3 to the PS solutions.
[17] This

hypothesis is confirmed by the observed increase of the effect

at higher PS content in the composite.

Inkjet printing was performed by using a piezo-actuated

inkjet printer from Microdrop Technologies (Scheme 1). The

nozzle was actuated in squeeze mode. Two nozzles having

diameters of 70 and 100mm, respectively, were used to print

pixels of single- or multidrops. The generation of drops was

observed with a stroboscopic system when tuning the

generating signal amplitude and pulse length of the piezo-

actuator. The pressure in the inkjet nozzle was controlled to

optimize the liquid flow, the wetting of the nozzle, and the

ejection properties. The substrate was positioned relatively to
Scheme 1. Schematic representation of the inkjet setup. A glass

capillary is actuated in squeeze mode by a piezoactuator. A pressure

wave is generated that leads to the generation of microdrops. A

computer-controlled motorized x-y-u stage precisely positions the

substrate under the printing head. NC-doped PS solutions are depos-

ited in continuous and DOD modes. The inkjet printing performances of

PS solutions in toluene and CHCl3 with concentrations ranging from 1 to

5 wt% were investigated to determine the suitable polymer solution for

inkjet printing. The inset is the stroboscopic image of the drops,

generated by inkjet printing. This picture shows a Newtonian fluid

behavior.
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the printing nozzle with a motorized high-precision x-y-u stage

(Scheme 1). For the multiprinting process, three different

nozzles having same diameter were mounted side-by-side

above the moving substrate stage. Each nozzle was optimized

individually to match the appropriate parameters to generate

stable drops. The inkjet printing performances of CHCl3
solutions of PS with concentrations of the polymer ranging

from 1 to 5 wt% were investigated to determine the suitable

polymer solution for inkjet printing. To deposit the prepared

inks, both continuous and drop-on-demand (DOD) inkjet

modes and different diameter nozzles were used in order to

determine the most suitable printing conditions by using the

setup reported in Scheme 1 and described in the experimental

section.

The followingphenomena canaffect negatively a stable and

reliablemicropatterning: i) clogging of the nozzle, ii) formation

of satellitedropsandfilaments, and iii) alterationof the shapeof

the surface structures by accumulation of the ink at the feature

edges[3] due to the so-called ‘‘coffee-staining effect’’. These

effects are conditioned by the combined characteristics of ink,

nozzle, and surface. For instance, nozzle clogging typically

occurs when the ink used is composed of suspensions or when

the fluid characteristics, such as viscosity, change during the

deposition. Satellites and filaments form when the fluid has a

high viscosity and a very low surface tension, or when the liquid

is heterogeneous on a spatial scale on the order of the sizes of

the fluid jet diameter. In addition, this occurrence can be a

consequence of rapid and inhomogeneous solvent evapora-

tion.[3] To limit such phenomena, themain approaches adopted

so far relay on i) filtering the fluid or operating in a particle-

controlled environment, ii) using a single solvent-based ink

formed of water and alcoholic solutions or high boiling point

solvents (i.e., anisole, dioxane, xylene, ethylacetate, acetophe-

none, etc.), iii) dispensing two solvent-based ink solutions, in

which one solvent has a high boiling point,[3,9] iv) substrate

heating,[14] and v) depositing inside spatially confined hydro-

phobic barriers, that is, barriers made by plasma surface

treatment. Isopropyl acetate/acetophenone solutions have

been used as solvents in the inkjet printing of Ru- and Ir-

based complexes in premade patterned features,[9] and

thioglycolic acid and 3-mercaptopropionic acid have been

employed as additives in composite inks of CdTe NCs and

PVA to limit the coffee-staining ring effect.[14] n-Tetradecane

has been selected as a solvent to dispense 33–70 wt% AgNP

solutions filtered with a 0.20mm filter, and alpha-terpinol has

been used to dispense 10wt% AuNP solutions.[12,13]

In this work, several parameters were found to affect the

stability, reproducibility, and final dimension of the printed

microstructures, namely i) number of drops, ii) size of NCs,

and iii) concentration of PS. Indeed, the inkjet printing

conditions were systematically adjusted based on stroboscopic

observation while monitoring in real-time the dynamics of

drop generation. Pixels of 25 or 50 droplets were deposited by

using a dedicated computer-controlled protocol that carefully

counts the number of droplets per pixel by synchronizing the

inkjet nozzles with the x- and y-stage parameters. The

deposited microstructures were morphologically character-

ized by means of optical and fluorescence microscopy,

scanning electron microscopy (SEM), optical profilometry,
H & Co. KGaA, Weinheim www.small-journal.com 3
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Figure 2. a) Optical microscopic images of inkjet-printed 25-drop-pixels. b) Different num-

bers of drops per lines. c) SEM and d) optical profiler 3D images of 25-drop-pixels inkjet-

printed using 3.4-nm-diameter NCs embedded 5 wt% PS nanocomposite in CHCl3.

e) Schematic cross sectional view of the droplet surface during solvent evaporation.
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and atomic force microscopy (AFM).

These investigations show that self-stand-

ing pixels were dispensed in reproducible

concave disk-like microstructures with an

almost negligible coffee-staining effect.

These promising results attest that original

NC-based inks, formed of a single low

boiling point solvent, in our case CHCl3,

provide reliable inkjet processing even onto

glass, which is known to cause spreading of

organic solvents without any control over

environmental conditions (i.e., tempera-

ture, pressure, and humidity), filtering,

pretreatment of the substrate, or occur-

rence of nozzle clogging.

The inkjet printing behavior of PS

solutions in CHCl3 was tested in continuous

and DOD modes with nozzles with differ-
ent sizes (70- and 100-mm diameters, respectively). Contin-

uous mode here means that the droplets are ejected at high

frequency (2–3 kHz) without interruption, providing the

possibility for stroboscopic investigation and stable drop

generation by minimizing solvent evaporation. On the

contrary, DOD mode signifies that the ejection of individual

droplets can be controlled at any desired time and position.

The latter configuration obviously offers higher flexibility but

is more demanding in terms of inkjet printing parameters. Our

study was mainly concentrated towards DOD mode. To this

end, the stability and reproducibility of drop formation and

ejection under different experimental conditions were mon-

itored and the results are summarized in Table 1.

The 100-mm-diameter nozzle generated unstable drops

with CHCl3, probably due to the high evaporation rate of the

solvent, which induces a rapid local changing in ink properties

and consequently hinders efficient nozzle control. Hence the

70-mm-diameter nozzle was preferred in DOD mode. More

stable and reproducible drops were obtained at higher PS

concentration due to the optimized solvent evaporation rate at

the nozzle to prevent the incrustation of PS nanocomposites.

The molecular weight and concentration of the polymeric

composite was found to play an important role in the
Table 1. Summary of the stability and reproducibility of inkjet printing
with various concentrations of PS in CHCl3 using two nozzle diameters
(70 and 100mm).

Nozzle

100 mm 70 mm

Print

mode

Continuous

mode

DOD

mode

Continuous

mode

DOD

mode

PS-concentration 1 wt% [a] [a] [c] [b]

2 wt% [a] [a] [c] [b]

3 wt% [a] [a] [c] [c]

4 wt% [a] [a] [c] [c]

5 wt% [a] [a] [c] [d]

[a] No stable drop generated. [b] Stable drops generated but not repro-

ducible. [c] Reproducible stable drops generated. [d] Reproducible

stable drops generated, but the generation is very sensitive to the

evaporation of the solvent and the pressure.

www.small-journal.com � 2009 Wiley-VCH Verlag Gm
formation of filaments during the inkjet printing process, on

which the stability of the generated drops depends.[18]

One important parameter for polymer inkjet printing is the

viscoelastic property when passing through the nozzle where

the shear rate can be as high as 1� 105 s�1.[18a] In fact,

polymeric inks with high molecular weights or high polymer

concentrations show a non-Newtonian behavior characterized

by the fluid viscosity dependence on the applied strain rate,

resulting in a noticeable presence of long filaments and

satellite drops. [18a] We investigated the inkjet-ability of PS

concentration ranging from 1 to 5 wt% at a molecular weight

of 5200 g mol�1 and no pronounced long filament and satellite

formation were observed. In view of optimizing the polymer

concentration, we therefore selected the two PS concentration

values of 3 and 5 wt% for further investigation. In Figure 2

optical microscope images of inkjet-printed pixels (25 drops per

pixel) of 3.4-nm CdSe@ZnS NCs in 5wt% PS, show a regular

shapewithout any satellite with a pixel diameter around 600mm,

which is indicative of stable inkjet printing conditions. In

particular, it was noticed that when pixels are formed of less than

20 drops, the surface geometry is less reproducible (Figure 2b), a

setback known as the ‘‘first-drop-issue’’.[19] Furthermore, by

analyzing the pixel morphology, no pronounced coffee-

staining effect was observed (Figure 2c), in spite of the fact

that the pixels were printed by using a single-solvent ink.

Optical microscopy and SEM allow the analysis of the 3D

topography of the inkjet-printed pixels (Figure 2d), indicating

only a slight concavity in the central region of the droplets, as

inferred by the slight change in shading in both the optical and

SEM images. Figure 2e displays an illustration of droplet

profile evolution as function of time during solvent evapora-

tion. A non-uniform speed of solvent evaporation, which

decreases in passing from the center of the droplet to the edges

(red arrows), could be ascribed to a solute redistribution and

substrate–solute interactions (white arrows).[20]

The inkjet printing of CdSe@ZnS NC nanocomposites was

performed by systematically varying the experimental para-

meters (Table 2). The droplet diameter is shown to slightly

enlarge when the polymer concentration is increased. Indeed,

when the polymer concentration increases a higher voltage

and pulse length are required to obtain a stable ejection,
bH & Co. KGaA, Weinheim small 2009, x, No. x, 1–7
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Table 2. Summary of inkjet printing parameters of CdSe@ZnS NC-
embedded PS nanocomposites in CHCl3.

3 wt% 5 wt%

Sizes of the NCs [nm]

Inkjet parameters 2.7 3.4 4.6 2.7 3.4 4.6

Voltage [V] 112 135

Pulse length [ms] 51 124

Frequency [Hz] 2097 3111

Pixel Diameter [mm] 25[a] �400–480 �550–620

50[b] �590–610 �700–800

[a] 25 drops per pixel. [b] 50 drops per pixel.

Figure 3. a) Single-nozzle system. Optical microscopy images of part of

a 9�9 single-color array. Fluorescent nanocomposite arrays indivi-

dually inkjet printed on a glass substrate with differently sized

CdSe@ZnS NC-embedded 5 wt% PS nanocomposites with a �550–

620mm range of pixel size. b) Multi-nozzle system. Fluorescent

photograph of inkjet-printed multicolor pixels with differently sized

CdSe@ZnS NC-embedded 3 wt% PS nanocomposites excited by an UV

lamp at 366 nm. CdSe@ZnS NCs sized 2.7, 3.4, and 4.6 nm correspond

to green, orange, and red emissions, respectively, and each pixel has

25 drops with 1 mm pitches.
resulting in a larger droplet volume to be ejected. The

optimized settings were then used to print single- and

multicolor arrays formed of 25 and 50 drop pixels of

CdSe@ZnS NC nanocomposites based on 5 wt% PS. The

fluorescence optical microscope images of single-color arrays

are shown in Figure 3.

Once the single-nozzle printing conditions were optimized,

experiments were extended towards parallel printing by using

multiple nozzles, each one loaded with a different ink, in view

of truly multi-material flexible inkjet printing. To this end, one

print-head per color was used and the printing parameters

were adjusted once for each. A vertically installed microscope

allowed the determination of the impact position of the

droplets on the substrate. The alignment was done by defining

the droplet impact position with respect to a reference point

and subsequently correcting the x-y position in order to

precisely locate the target under the nozzle. In the multi-

nozzle system, the alignment steps were carried out for one

print-head and, based on the distance between the drop

impact-point of each head with respect to the first head, an

offset value per head was determined and used for aligned

multicolor printing with higher accuracy. In addition, when

appropriately programmed, this multi-nozzle inkjet printing

system can be operated both time and cost effectively for a

large variety of pattern configurations in view of large-scale

applications (up to several tens of centimeters). Using this

system, three-color arrays were successfully printed by using a

three-nozzle system, one nozzle per color, with high position

and alignment accuracy between the three colors coming from

the three different nozzles (Figure 3). Here, NCs embedded in

3 wt% PS nanocomposites in CHCl3 (1� 10�5
M) were used

and the droplets were generated by using an appropriate

voltage, pulse length, and frequency, depending on the

different nozzle/material system (Table 2). During the inkjet

printing process, the substrate positioned under the multi-

nozzle system was then moved in computer controlled

x,y-directions to the next position.

The morphology of the inkjet-printed CdSe@ZnS NC

nanocomposite pixels was then investigated in order to

evaluate the surface quality of the microstructures. In

Figure 4 the 2D views of the topographic AFM images of

the pixels formed of bare PS and ink nanocomposites

containing differently sized NCs are compared. These results

show that pure PS-based pixels present a rather smooth

surface (<1 nm root mean square (rms) roughness), whereas a

significant change (1–3 nm rms roughness) is observed for the
small 2009, x, No. x, 1–7 � 2009 Wiley-VCH Verlag Gmb
nanocomposites. In the latter case, the topography is mainly

characterized by irregular nanometer-sized features protrud-

ing from the surface. The height of such structures enhances

with increasingNC diameter, but almost no change is observed

with an increase in the number of inkjet-printed droplets. The

dimensions of such features significantly exceed the

CdSe@ZnS NC size, being likely due to NC aggregation or

inhomogeneous assembling induced by interdigitation of the

ligand alkyl chains at the NC surfaces.[11] Figure 4d shows the

change of the pixel rms roughness with the NC size compared

to the bare PS pixels. Indeed, irrespective of the number of the

dispensed droplets, this value increases significantly with

respect to the bare PSmicrostructures. In particular, the pixels

based on nanocomposites containing larger NCs (4.6-nm
H & Co. KGaA, Weinheim www.small-journal.com 5
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Figure 4. a–c) 2D AFM images (5mm�5mm) of inkjet-printed 25-drop-pixels with 5 wt% PS

nanocomposites with 2.7-, 3.4-, and 4.6-nm-diameter CdSe@ZnS NCs. d) rms roughness value

of inkjet-printed pixels with CdSe@ZnS NCs embedded in 5 wt% PS nanocomposites. The

value corresponding to 0 nm refers to the bare PS pixel.

6

diameter) show a higher rms roughness, while only a small

increase is observed for those containing 3.4-nm-diameter

NCs, which is even smaller than the value recorded for the

pixels containing the smallest NCs. A trend is also reflected in

the roughness values measured on nanocomposite films spin-

coated onto glass. This behavior could probably be ascribed to

the effect of the NC size and curvature, which modifies the

extent to which the capping ligand surface coverage forms

aggregates, whose dimensions are NC-size-dependent.[21]

3. Conclusions

The reported results highlight the effectiveness of inkjet

printing in fabricating microstructures formed of functional

nanocomposites. The unconventional deposition technique

reveals great potential for generating reproducible pixels with

careful control over the shape once the suitable deposition

parameters are defined. The excellent dispersibility of the

highly luminescent NCs in an apolar solvent is a result crucial

for the preparation of highly processable inks with no need for

multiple-solvent mixtures or post-preparative processing.

Luminescent polymeric microstructure arrays were obtained

by using both a single- and a multi-nozzle approach. The

results allow the manufacture of highly luminescent, non-

bleachable, and conveniently structured processable nano-

composites by inkjet printing, which are useful for mono- and

multicolor polymer displays and colored wall papers. In

addition, the same approach can be extended to functionalize

a variety of polymers not only with luminescent NCs, but also

with magnetic or conducting NCs in order to fabricate

polymer-based micro- and nanoelectronic components drop-

by-drop, where the combination of the approach with

conductive polymers would allow the realization of novel
www.small-journal.com � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinhei
displays based on polymeric light-emitting

diodes (PLEDs). Finally, inkjet printing is

technique that allows the local and precise

addition of material without any further

processing steps, and that saves time and

precious material, thus resulting in an

exceptionally versatile surface printing

technique for costly functional polymers.
4. Experimental Section

Materials: All chemicals were of the

highest purity available and used as received

without further purification. CdO (powder,

99.5%), Se (powder, 99.99%), TOPO (99%

and technical grade), tetrabutylphosphinic

acid (TBPA, 97%), hexadecylamine (HDA,

90%), tributylphosphine (TBP, 99%), diethyl-

zinc (C4H10Zn, 1.0 M solution in heptane),

hexamethyldisilathiane (C6H18Si2S, synth-

esis grade), nonanoic acid (C9H18O2, 96%),

CHCl3 (>99.8%), and toluene (99%) were
purchased from Aldrich. PS (MW 5200 g molS1) and hexane

(99%) were purchased from Alfa Aesar and Fluka, respectively.

Synthesis of CdSe@ZnS NCs: CdSe NCs were synthesized by

injecting a TBP solution of Se in a hot mixture of HDA, TOPO, TBPA,

and CdO. Typically this reaction leads to the formation of NCs

having diameters of 2.7, 3.4, and 4.6 nm, respectively. CdSe@ZnS

colloidal NCs were synthesized by means of drop-wise injection of

a ZnS precursor stock solution into the mixture. The ZnS shell was

grown on the presynthesized CdSe NC core surface. To stop the

reaction, the flask was cooled and nonanoic acid was added to

avoid the formation of a gel. The prepared NCs were then

precipitated by adding a small amount of methanol and

repeatedly washed before their redispersion in the selected

solvents, namely, CHCl3 and toluene.

Preparation of nanocomposites based on CdSe@ZnS NCs and

PS: Fixed amounts of the 1T10S5
M CdSe@ZnS NCs in CHCl3

were added to PS in order to prepare nanocomposite solutions

with 3 and 5 wt% polymer. The mixtures were gently stirred and

then sonicated in a megasonic bath (1 MHz) until the complete

dispersion of the CHCl3 solution of NCs in PS and left to rest for a

few minutes in order to remove the bubbles formed in solution.

Characterization: The spectroscopic properties of CdSe@ZnS

NCs were investigated by UV–Vis absorption and emission

spectroscopy using a Varian Cary 5 spectrophotometer and a

Varian Eclipse spectrofluorometer, respectively. Relative PL

quantum yield of the 2.7-, 3.4-, and 4.7-nm-diameter NC-based

solutions were estimated by using fluorescein, rhodamine 101,

and rhodamine 6G solutions as reference dyes, respectively, by

comparing the integrated fluorescence intensity of the NC

solutions with that of the corresponding reference dye, both

recorded using excitation solutions of the same absorbance (<0.1

a.u.) in order to minimize possible re-absorption effects.

Optical microscope images of inkjet-printed pixels were

recorded with a Nikon Eclipse L200. Fluorescence optical
m small 2009, x, No. x, 1–7
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micrographs were recorded with a Carl Zeiss Axio Vision Product

Suite CD25 equipped with an AxioCam MRc 5, where the samples

were irradiated with a blue light filter. A Veeco Wyko NT1100

optical profiler was used to observe the surface morphology of the

pixels. A Zeiss LEO 1550 SEM was used to observe the pixels and

estimate their diameters. Topographic AFM measurements were

performed using a PSIA XE-100 SPM System operating in

noncontact mode in air using a silicon nitride tip (MLCT-AUHW,

Park Scientific) with a cantilever with a spring constant of 0.01 N mS1.

Micrographs were collected in height mode by sampling the

surface at a scan rate of 0.7 Hz and at a resolution of 512T
512 pixels. Image were analyzed and processed by using XEI

software.
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