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Here we demonstrate the successful preparation of solvent-free inorganic nanoparticle (NP) fluids with
high functionalities that allow mass production. The inorganic NPs (Ag, Au, and quantum dots [QDs])
used in this study were directly synthesized using hydrophobic stabilizers such as palmitic acid, oleic
acid, or tetraoctylammonium bromide in a nonpolar solvent (chloroform or toluene), and these NPs
were directly phase-transferred to solvent-free low molecular weight liquid media (i.e., thiol-containing
imidazolium-type ionic liquid). The NP fluids formed at room temperature showed excellent
functionalities (i.e., long-term dispersion stability, high electrical conductivity, strong optical energy
transfer, and high photoluminescent intensity) without requiring any additional process such as anion
exchange or thermal processing. Furthermore, layer-by-layer deposition of QDs stabilized by the ionic
liquid induced highly fluorescent properties compared to those of layer-by-layer QD multilayers
prepared using conventional ligands such as mercaptoacetic acid or cysteamine, which mainly
originated from the high packing density and the relatively high quantum efficiency of ionic liquid-

stabilized QDs.

Introduction

Solvent-free nanoparticle (NP) fluids’ with liquid-like behavior
at room temperature that are stabilized by ionic liquids (ILs)*® in
the absence of solvent media have recently attracted considerable
attention due to the expected evolution of nanoscience and
nanotechnology through the design of new functional nano-
materials with novel electronic, optical, and biological proper-
ties. These NP fluids have been mainly produced by the
electrostatic grafting of a bulky organic layer onto the surface of
charged NPs (e.g., silica, iron oxide, and titania) to provide
a fluidization medium. It was also reported that metal NP fluids
could be prepared using polymer IL ligands via a five-step
process including anion exchange.’™ The use of bulky organic
(M,, > ~10°) or polymer IL ligands for the preparation of
solvent-free NP fluids can provide the liquid-like behavior
instead of solid form at room temperature. However, solvent-free
NP fluids with bulky ionic groups have a limited ability to
decrease the gap between neighboring NPs, which causes diffi-
culty in the enhancing or controlling of collective functionalities
(particularly electrical conductivity) among NPs within fluids.
For example, most of the metal NP assembly processes reported
by other research groups exhibited relatively high sheet
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resistances >10° Q 0! at room temperature due to the particle—
particle separation distances associated with the stabilizers
having a bulky chain length.®'* As a result, metal NP assembly
requires thermal annealing (>200 °C) to obtain a sheet resistance
<107*Q [O'. Furthermore, most of the inorganic NPs employed
for NP fluids have been mainly synthesized in polar solvents (i.e.,
water or alcohol).™** It is well known that the quality (i.e.,
uniform size, high crystallinity) and production efficiency of
inorganic NPs synthesized in polar solvents are inferior to those
of NPs synthesized in nonpolar solvent media such as toluene or
hexane. Considering that inorganic NPs such as metals or
quantum dots (QDs) have attracted significant attention in
a variety of fields such as electronics and optics due to their size-
dependent physicochemical properties,'? it is critical to develop
a general and facile approach to creating NP fluids with high
functionality and quality as well as mass production ability.
Here we report on highly concentrated and uniform NP fluids
with long-term dispersion stability, high electrical conductivity
(for metal NP fluids), or strong optical tuning properties (for
fluorescent QD NPs) at room temperature that allows for their
mass production. In contrast to most IL ligands used for solvent-
free NPs, which generally have bulky ion groups that are
acquired via complex processes (i.e., synthetic and ion exchange
processes), the IL ligand used in our study has a short chain
length and requires no additional ion exchange steps. For this
investigation, Ag NPs (Agnps), Aunps and QDs (CdSe@ZnS)
were first synthesized using hydrophobic stabilizers such as
palmitic acid,*® tetraoctylammonium bromide (TOABr),"* and
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oleic acid stabilizers'® in a nonpolar solvent (e.g., toluene or
hexane), respectively, to achieve a uniform size dispersion, a high
concentration, and mass production capabilities. After synthesis,
NPs dispersed in toluene were directly phase-transferred to thiol-
functionalized imidazolium-type IL (TFI-IL) media with a short
chain length (M,, = 192.7 g mol™') and liquid behavior at room
temperature. The TFI-IL-Agnps that were stabilized using short-
chain ligands could be highly concentrated to >60 wt%, and
a narrow gap between NPs caused a notably enhanced electrical
conductivity (~40 Q [1°'). This conductivity could be also
decreased to <107* Q [J~! after thermal annealing at >175 °C.
The TFI-IL-QDs exhibited significant optical energy transfer
and high fluorescent intensity with relatively high quantum
efficiency compared to those of conventional QDs dispersed in
aqueous solution. To the best of our knowledge, electrical
properties and optical tuning have not yet been considered in
solvent-free NP fluids based on IL ligands. Furthermore, it has
been demonstrated that TFI-IL-QDs dispersed in aqueous
medium can be electrostatically assembled layer-by-layer
(LbL)'2¢ with other negatively charged materials to achieve
dense surface coverage (>45%) and high photoluminescence (PL)
intensity due to the concentrated deposition solution and unique
chemical properties of the TFI-IL ligands with cationic reso-
nance structures. We believe that solvent-free NP fluids can be
effectively applied to a variety of electronic/optical inks and films
allowing desired functionalities without the need for additional
synthetic processes or thermal treatment.

Experimental section
Materials

TFI-ILs were prepared as follows. 1-Methylimidazole (3.09 g,
37.67 mmol) and 3-chloro-1-propanethiol (5 g, 45.20 mmol) were
refluxed for 72 h at 80 °C under argon-protected conditions.?”®
PA-Agnps,”* TOABr-Aunps, and OA-CdSe@ZnS' were
synthesized as previously reported. These NPs dispersed in
nonpolar solvent were phase-transferred to TFI-IL medium
successively up to desired NP concentration.

Build-up of multilayers

The concentration of the TFI-IL-QD deposition solution was
controlled by the addition of water to solvent-free TFI-IL-QD at
a concentration of 10 wt%. PSS were prepared at a concentration
of 1 mg mL™' by the addition of 0.2 M NaCl. Prior to LbL
assembly, the quartz or silicon substrates were cleaned with RCA
solution (H,O : NH;3 : H,O5 : 5:1:1v/v/v). The substrates were
dipped into the TFI-IL-QD solution for 10 min and washed
twice with DI water. The TFI-IL-QD-coated substrates were
dipped into PSS dispersions for 10 min and washed with DI
water. The resulting substrates were dipped into the TFI-IL-QD
solution for 10 min. The above dipping cycles were repeated until
the desired number of layers had been obtained.

Measurements

TFI-IL-Agnp rheological properties, such as shear stress and
shear viscosity, were measured using an MCR-301 (Anton Paar)
rheometer at 25 °C. TFI-IL-Agnp modulus data, including

elastic and viscous moduli, were obtained using the same
rheometer via a temperature-sweep mode from 25-80 °C with
a 10 °C min! rate under a fixed angular frequency (1 s!) and
strain amplitude (10%). The electrical properties of TFI-IL-
Agnps were measured using a four point probe station (Chang-
min Tech Co., Ltd., CMT-SR2000N). PL spectra were measured
using fluorescence spectroscopy (Perkin Elmer LS 55). The PL
spectra for (TFI-IL-QD/PSS) multilayers were measured at
excitation wavelengths of A, = 300 nm. A QCM device
(QCM200, SRS) was used to examine the mass of the material
deposited after each adsorption step. The resonance frequency of
the QCM electrodes was approximately 5 MHz. The adsorbed
mass of TFI-IL-QD and PSS, Am, was calculated from the
change in QCM frequency, AF, using the Sauerbrey equation:*’
AF (Hz) = —56.6 x Ama, where Amya is the mass change per
quartz crystal unit area in pg cm—2. Although it was reported by
Kasemo and co-workers that the Sauerbrey equation between
adsorbed mass and frequency change has much difficulty in being
applied to the viscoelastic, thicker or hydrogel layers containing
water molecules in a solid-liquid interface,®3* the QCM
measurements in our study were made after sufficiently drying
the adsorbed layer using nitrogen gas. Additionally, the
frequency changes contributed by PSS were measured to be
below 3% compared to those of inorganic nanoparticles (i.e.,
TFI-IL-QD), and furthermore the thickness of PSS is below
1.5 nm per layer. Therefore, PSS/TFI-IL-QD multilayers
adsorbed onto the crystal surface can be regarded as rigid, evenly
distributed, and sufficiently thin films satisfying the Sauerbrey
equation.

Results and discussion

The TFI-ILs used in our study were synthesized from 1-meth-
ylimidazole and 3-chloro-1-propanethiol.?*** The degradation
temperature (7T4) of TFI-IL was approximately 175 °C. Addi-
tionally, the viscous modulus, G/, was much higher than the
elastic modulus, G, over the measured temperature range, sug-
gesting a liquid-like behavior (see ESI, Fig. S17).** This TFI-IL
can be used as a ligand-exchanging stabilizer for the phase
transfer of various inorganic NPs (e.g., Ag, Au, Pt, Pd, or QDs)
from nonpolar solvents to the TFI-IL media due to the high
affinity between the surface of NPs and thiol group of the TFI-IL
(Scheme 1). In contrast, imidazolium-type ILs containing amine
groups instead of thiol moieties do not induce a phase transfer
for inorganic NPs dispersed in toluene. In addition, the imida-
zolium-type ILs containing amine groups only exhibit liquid
behavior at temperatures >60 °C and are thus unusable as ink
pastes at room temperature.

First, the palmitic acid-Agnp (PA-Agnp) ~8 nm in size
dispersed in toluene was exchanged with a TFI-IL ligand,
increasing the transferred amount of Agnp to =63 wt% (Fig. 1a).
This approach can be applied to other metal NPs stabilized by
a hydrocarbon stabilizer such as TOABr-Auyps (see ESI,
Fig. S2t). The Agnp contents in the TFI-IL-Agyp fluids were
obtained using thermogravimetric analysis (TGA) (ESI,
Fig. S37). It should be noted that the G" value of these samples
was still greater than the G’ value in the measured temperature
range (i.e., 25-80 °C) (see ESI, Fig. S4t). As shown in Fig. 1b, the
shear viscosity of TFI-IL-Agyp increased with the Agnp content
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Scheme 1 Schematics for the preparation of TFI-IL and solvent-free
inorganic nanoparticles stabilized by TFI-ILs.
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Fig. 1 (a) Photographic image of the highly concentrated TFI-IL-Agnp
(63 wt%). The inset of (a) displays the TEM image of TFI-IL-Agyp. (b)
Shear viscosity data of TFI-IL-Agnp as a function of shear rate. (c) Shear
viscosity of TFI-IL-Agnp measured at a shear rate of 10 s™'. (d) Shear
stress curves of TFI-IL and 48 wt% TFI-IL-Agnp as a function of
shear rate.

as a function of the shear rate. At a 10 s~! shear rate, the shear
viscosity of TFI-IL-Agyp is proportional to the Agnps content
(Fig. 1c). Fig. 1d shows that the shear stress of TFI-IL increases
linearly as a function of the shear rate, exhibiting rheological
Newtonian behavior. In contrast, the shear stress of 48 wt%
TFI-IL-Agnp initially evolved from yield stress, requiring
a certain stress to initiate the flow in the case of a low shear rate.
These phenomena indicate that TFI-IL-Agyp displays novel
shear thinning behavior with yield stress, a non-Newtonian
characteristic.?*

Based on the fluidic behavior of TFI-IL-Agyps, We investi-
gated electrical properties of TFI-IL-Agnps fluid. Fig. 2 shows
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Fig. 2 The sheet resistance of TFI-IL-Agyp films prepared using the

doctor blade method. The inset shows the TFI-IL-Agyp film containing
AgNPs of 63 wt%.

the sheet resistance of TFI-IL-Agynps as a function of Agynp
quantity. The sheet resistances of 0, 9, 21, and 32 wt% TFI-IL—
Agnps were 6 x 10°, 1288, 501, and 101 Q [, respectively.
However, the sheet resistance approached a saturation value of
40 Q 0" in the 48 wt% TFI-IL-Agnps sample that had not been
thermally treated. The saturated sheet resistance implies that the
minimum interparticle distance between Agnps with liquid-like
behavior (formed by the short-chain TFI-IL) was formed at
48 wt% TFI-IL-Agnps. Both tunneling (by distance between
stabilizers) and close contact between Agyps enable electron flow
in the Agnp films.3%3¢ In the case of using TOABr-Auyp instead
of PA-Agnp, the electrical phenomena of TFI-IL-Auyp fluid
were very similar to those of TFI-IL-Agyp fluid. In contrast, in
the case of Agnps Which were stabilized by oleic acid, palmitic
acid, and polymer, the films displayed a high sheet resistance
of >10° Q@ O~' due to increased particle-particle separation
distances associated with stabilizers with long chain length.
Therefore, most of the Agnp assembly processes reported by
other research groups require thermal annealing (>250 °C),
possibly to decompose their stabilizers to obtain a low sheet
resistance.”*” From this perspective, it should be noted that
TFI-IL-Agnp fluids are very effective for enhancing conductivity
at room temperature because the short chain length of TFI-ILs
enables shorter particle-particle distances and denser Agnps
networks compared to stabilizers with long chain lengths and
high M,, values. In the case of TFI-IL-Agyp fluids with thermal
treatment >175 °C (Ty of TFI-IL, ~175 °C), their sheet
resistance was <10~ Q %

Furthermore, the reduced inter-particle distance induced by
the TFI-IL stabilizers has a significant effect on the optical and
electrical properties of NP assembly. To investigate these prop-
erties, approximately 48 wt% TFI-IL-QDs (i.e., CdSe@ZnS)
with liquid-like behavior were prepared using oleic acid (OA)—
CdSe@ZnS with red (Apax = 614 nm for PL maximum peak and
QD diameter (D) = 5.4 nm), green (Anax = 528 nm and D =
5.0 nm) and blue emissions (Anax = 461 nm for PL maximum
peak and D = 4.5 nm) using ligand exchange (Fig. 3; ESI,
Fig. S5t). In addition, TFI-IL-QD samples prepared by varying
the loading amount of QDs showed the non-Newtonian behavior
like the results of TFI-IL-Agnps (ESIL, Fig. S61). We found that
the PL spectra of TFI-IL-QDs with strong PL intensity were
dramatically red-shifted relative to those of OA-QDs despite

11490 | J. Mater. Chem., 2012, 22, 11488-11493

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2jm30815k

Downloaded by Korea University on 24 May 2012
Published on 15 March 2012 on http://pubs.rsc.org | doi:10.1039/C2IJM 30815K

~|F ---- 0A-QDs
i —— TFLIL-QDs
3|2 TFI-IL-QDs
&5
=

Z <

5 450 500 550 600

E Wavelength (nm)
= 614nm, ™ /M\642nm
| /// I \\
D-( Y | N

S o il TIPS )i SO

540 570 600 630 660 690

Wavelength (nm

= =\

3 ———- 0A-QDs HR ———- OA-QDs
; < —— TFIIL-QDs ; < —— TFI-IL-QDs
3|2 GAH
22 IR
== 7 |l<l s
= 450 500 550 600 = 450 500 550 600
g Wavelength (nm)j §28nm 555nm 3 Wavelength (nm)
= LR = 461nm /T 482nm

v N | A \
= y N /o
St s S A S
480 510 540 570 420 450 480 510

Wavelength (nm) Wavelength (nm)

Fig. 3 (a) Photo images of TFI-IL-QDs with liquid-like behavior
prepared from red, green and blue emitting QDs after UV irradiation.
Comparison of optical properties between OA-QDs and TFI-IL-QDs by
UV-vis and PL spectroscopy of (b) red-QDs, (c) green-QDs and (d) blue-
QDs, respectively.

having the same peak maxima in the UV-vis absorption spectra
(Fig. 3b—d). This notable red-shift of the PL peaks results from
an exciton energy transfer by dipole-dipole interactions among
the closely packed QDs.? In addition, it was found that the more
concentrated samples than 48 wt% TFI-IL-QD could not be
prepared because OA-QDs dispersed in toluene were not phase-
transferred to TFI-IL media any more. Therefore, it is reason-
able to conclude that the concentration of TFI-IL-QDs and the
red-shift of their PL were almost saturated at about 48 wt%. This
finding supports our hypothesis that TFI-IL ligands effectively
reduce the inter-particle distance between NPs, thereby enabling
liquid-like behavior at room temperature. Furthermore, these
results are very significant in that optical properties can be easily
controlled by the QD loading amount within the fluids (Fig. 4).

—————— 0A-QDs
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623nm 632nm
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NN XN

PL Intensity (a.u.)
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Fig. 4 Change in PL spectra of TFI-IL-QD,.q with increasing the
loading amount of TFI-IL-QDq4.

Another advantage of TFI-IL-NPs is that with the use of
cationic imidazolium, these NPs can be electrostatically assem-
bled LbL using anionic materials such as poly(sodium, 4-styrene-
sulfonate) (PSS) in a wide range of different concentrations if
water solvent is added to solvent-free TFI-IL-QDs (Fig. 5a).
Additionally, a 3 wt% TFI-IL-QD solution displayed high
dispersion stability without any NP aggregation for long-term
storage (>2 months). As shown in Fig. 5b, the increase of
TFI-IL-QD concentration enhanced the adsorbed amount of
TFI-IL-QD onto the anionic PSS layer, thereby leading to
typical adsorption isotherm behavior as confirmed by quartz
crystal microgravimetry (QCM). The deposition time of TFI-IL—
QDs with green emission onto QCM electrode was saturated
within 10 min. For the 3 wt% TFI-IL-QD/PSS multilayers, the
average mass change per layer adsorbed from the TFI-IL-QDs
was approximately 2.803 + 0.175 pg cm 2 (Fig. 5¢). Film thick-
ness was measured to be ~50 nm. In this case, the TFI-IL-QDs
solution was LbL-assembled with PSS without the addition of
ionic salts or pH control. Considering that TFI-IL-QDg;een (i.e.,
green emissive QDs) were composed of a 4 nm CdSe core with
a density of 5.81 gem— and a 1 nm thick ZnS shell with a density
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Fig. 5 (a) Photo images of the positively charged TFI-IL-QD solution
prepared for each concentration by adding water. (b) Adsorption
isotherm behavior for positively charged TFI-IL-QD deposited onto
QCM electrodes as functions of adsorption time and concentration. (c)
Investigation of frequency and mass changes for (PSS/3 wt% TFI-IL-
QD), multilayers as a function of bilayer number by QCM measurement.
(d) The adsorption amount of TFI-IL-QDs (1 wt%) as a function of pH
by QCM measurement. (¢) The PL spectra of (PSS/each-colored TFI-1L—
QD);¢ multilayers. The photographic images in (e) show each-colored
multilayers.
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of 3.89 g cm ™, the surface coverage of the TFI-IL-QDygycen per
layer was approximately 45%, corresponding to a density of
approximately 1.0 x 102 cm~2 It is expected that this packing
density will be further enhanced with increasing TFI-IL-QD
concentration. These results are noticeable in that electrostatic
repulsion between NPs of the same charge usually results in a low
packing density for each component layer even at high concen-
tration if there is no appropriate pH or ionic strength control
over NP deposition solution.*>*® Densely adsorbed TFI-IL-QDs
are derived from the distribution of positive charges over the
imidazolium ring’s resonance structures despite strong electro-
lytes.***> The adsorbed amount of TFI-IL-QD was negligibly
influenced by solution pH (e.g., pH 4.0, 5.6, and 7.5), which was
opposed to the strong pH-dependent adsorption behavior shown
in weak electrolytes (Fig. 5d). The distribution of cationic states
between two different nitrogen atoms within the imidazolium
ring can decrease the electrostatic repulsion between adjacent
TFI-IL-QDs without additional ionic salts. In contrast,
quaternized ammonium-based materials, such as poly-
(diallyldimethylammonium chloride), do not distribute charge
through a resonance structure. Therefore, they require the
addition of ionic salts to reduce the electrostatic repulsion
between identically charged components for the formation of
densely adsorbed layers onto oppositely charged materials.** For
example, in the case of TFI-IL-QD/PSS, cysteamine (CA)-QDs/
PSS, and mercaptoacetic acid (MA)-QD/poly(allylamine
hydrochloride) (PAH) multilayer films prepared from the same
QD concentration (i.e., 3 wt%) and solution pH (i.e., pH = 5.6),
the adsorbed amount of TFI-IL-QDs was higher than that of
CA-QDs or MA-QDs (ESI, Fig. S7t). It should also be noted
that the relative quantum yield (~20.4%) of TFI-IL-QDgccn
relative to coumarin 545 was higher than that of MA acid (~9%)
or CA-stabilized QDgreen (~3.6%). Recent studies have also
shown that a high packing density of smaller thiol ligands, such
as MA acid or CA rather than TFI-IL, significantly reduces the
QD quantum yield.***5 Therefore, (TFI-IL-QDs/PSS);, multi-
layers with red, green, and blue emissions showed a strong PL
intensity due to relatively high quantum yield as well as a densely
adsorbed amount (Fig. 5e); furthermore, these films emitted
sufficiently intense white levels that were detectable by the naked
eye through the overlap of blue-, green- and red-emissive
multilayers (see ESI, Fig. S87).

Conclusions

We have demonstrated here for the first time that solvent-free
metal NPs and QDs with notable electrical or optical properties
can be prepared using the successive phase transfer from
a nonpolar solvent medium to a thiol-containing imidazolium-
type IL with a short chain length. Furthermore, these solvent-
free NPs could be used to prepare the functional LbL multilayers
with densely adsorbed NPs, allowing the facile control of NP
concentration. The present strategy shown in our study could
also be extended to a variety of solvent-free NP fluids with size-
selective nanowires as well as spherical shapes due to their high
affinity with the thiol group of TFI-IL. Therefore, we believe that
our approach can be effectively applied to a variety of optical
inks, printable electrodes for electronic devices, and active films
for functional film devices.
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