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We report that alkanethiol-capped Au nanoparticles can be linearly placed by toluene with its physical
properties as well as its wettability in the presence of the nanoparticles. It is visually confirmed that tol-
uene can be pinned with the aid of the nanoparticles to transport the nanoparticles to pinned contacts
and to form linear placements. Whether the nanoparticles in various solvents can be linearly placed or
not is explained based on the results of evaporating the nanoparticle solutions and the physical proper-
ties of each solvent. Further studies on controlled placement of the nanoparticles by manipulating the
physical properties of organic solvents or by selecting an organic solvent can lead to applications such
as a waveguide and other optoelectronic devices.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Exploring new ways to efficiently assemble nanoparticles into
a placement is quite significant in regard to hopes for realizing
nano-structured devices that can be applied to chemical [1] and
biological [2] sensors, as well as optoelectronic devices such as
data storage tools [3]. Thus far, researchers have developed
assemblies of metal nanoparticles on block copolymers [4,5],
and linear placements of nanoparticles [6-9]. For the linear place-
ment of nanomaterials, solution-based placement is promising for
easy and large-scale processes and for the dense and long one-
dimensional placement of nanoparticles. Single walled carbon
nanotubes (SWNTs) were placed by pinning surfactant-assisted
aqueous dispersion of SWNTs on a polar self-assembled mono-
layer (SAM) [10]. Their pinning mechanism was supported by a
previous simulation work [11]. The placement of nanoparticles
through pinning is very prospective, not in terms of fabricating
randomly filled nanoparticles on a SAM pattern, but as to placing
single-nanoparticle lines in micro widths. If it is possible to re-
duce the number of nanoparticle layers to a single layer, such
work could be utilized for applications such as for nanoparticle
waveguides [12].

The focus of this work differs significantly from the placement
of SWNTs [10] in some aspects. Instead of their aqueous medium
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which needs a surfactant to lower its contact angle, organic sol-
vents can be used. The organic solvents can be evaporated without
leaving debris behind. Nevertheless, the placement of nanoparti-
cles through the pinning of organic solvents has not yet been elu-
cidated. In this paper, we investigate whether various organic
solvents can be utilized to place alkanethiol-capped Au nanoparti-
cles on alternating polar/nonpolar SAMs (microcontact printed
pattern). To this end, the linear placement mechanism will be
associated with the pinning of solutions that are assisted by the
concentration of the nanoparticles, width of the microcontact
printed pattern, and the physical property of solvents.

As illustrated in Fig. 1, the linear placement of the nanoparticles
in organic solvents on microcontact printed surfaces can result
from the pinning effect of the nanoparticle solution. This pinning
is the well-known “coffee stain” phenomenon [11,13-15]. The ini-
tial pinning of a solution containing the nanoparticles can be cre-
ated by surface unevenness in the presence of the nanoparticles
[13]. When a sessile droplet is pinned and the droplet evaporates,
its contact angle decreases and the evaporation flux at the edge of
the droplet is much higher than that at the pinned flow center [16].
Therefore, internal flows to the edge of the droplet keep the pin-
ning line constant, while simultaneously transporting the nanopar-
ticles to the pinned contact lines. The expectation that some
organic solvents containing the nanoparticles could be pinned is
supported by a previous report noting that nanoparticles were able
to suppress dewetting in nanoparticle-filled polymer films [13,17].
The other factor affecting the linear placement of nanoparticles is
the physical property of various organic solvents. Solvents used
here have specific properties such as their contact angle, vapor
pressure, and pinning property.
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Fig. 1. Four steps in the formation of the nanoparticles placement on polar SAM, (a)
a droplet placement of the nanoparticle solution, (b) solvent evaporation at
macroscopic scale, (c) solvent pinning on polar SAM (no pinning in the absence of
the nanoparticles), and (d) nanoparticles placement on the surface.

2. Materials and methods
2.1. Materials

Au nanoparticles were purchased from BBI international (Ted
Pella, Redding, CA). SU8 (Negative tone photoresist) was purchased
from Microchem (Newton, MA). The Sylgard® 184 silicon elastomer
kit for Polydimethylsiloxane (PDMS) stamping was obtained from
Dow Corning (Midland, MI). All other chemicals including 1-dode-
canethiol, 11-mercapto-1-undecanol, and other solvents were pur-
chased from Sigma-Aldrich (St. Louis, MO). All of the materials
were used as they were originally received, without any further
purification.

2.2. Fabrication for microcontact printing (fabrication of SU8 mold)

The substrate was cleaned and dried prior to applying a SU8 re-
sist. The SU8 was used to make a mold for a PDMS stamp before coat-
ing the SU8 on a substrate (4 inch silicon (100) wafer, 500 pwm). The
silicon wafer was subjected to piranha etch/clean (H,SO,4 and H,0,)
for 10 min, and was then rinsed with DI water. To dry the surface, the
substrate was baked at 200 °C for 5 min on a hot plate. After the
cleaning process of the substrate, the SU8 was coated on the silicon
wafer by a spin coater at 1000 rpm for 30 s. The coated resist thick-
ness was ca. 4 um, and was soft-baked to evaporate the solvent at
65 °C for one min and then at 95 °C for 3 min. The resist was exposed
to UV (at 350 nm) on a mask aligner (MAG, Karl Suss America Inc.,
Waterbury, VT) in order to make the patterns. After the exposure, a
post-bake was performed on a hot plate at 65 °C for one min and at
95 °Calso for 1 min. SU8 developer was used to develop the exposed
resist at room temperature for 1 min. The substrate was rinsed with
isopropyl alcohol (IPA), and dried with nitrogen. The PDMS stamp
was made using soft lithography with the fabricated SU8 mold. In or-
der to remove its air bubble, a 10:1 (wt:wt) ratio of Sylgard® silicon
elastomer toits curing agent was mixed and kept in a vacuum cham-
ber for 30 min. This step was followed by pouring the PDMS on the
SU8 mold. For curing, the PDMS and mold were kept in a vacuum
oven at 85 °C for over 5 h. After the PDMS was completely cured,
the PDMS stamp was slowly peeled off from the mold.

2.3. Functionalization of Au nanoparticles

All Au nanoparticles (60 nm in diameter, 7.8 x 10'° particles) in
our experiment were functionalized with 5 mL of 2.5 mM 1-dode-
canethiol in ethanol by overnight incubation. The 1-dodecanethiol-

capped Au nanoparticles were then rinsed by redispersing them
with sonication and by centrifuging to discard the supernatant.
The nanoparticles were then finally ready to be dissolved in vari-
ous organic solvents.

2.4. Microcontact printing

All of the sample surfaces had the same SAM on Au coated Si
wafers treated with the microcontact printing (pn-CP) method
[18]. To form a nonpolar SAM layer on the Au coated Si wafer sur-
face, the fabricated PDMS stamp was inked with 4 mM 1-dode-
canethiol in ethanol for 5 s, and p-CP was carried out by slightly
pressing the PDMS stamp. After p-CP, the Au support was im-
mersed in 12 mM 11-mercapto-1-undecanol in ethanol for 7 s so
as to fill the 1-dodecanthiol-free spaces with the 11-mercapto-1-
undecanol molecules. Next, the sample was removed from the
solution, soaked in pure ethanol for about 10 s, and then dried un-
der nitrogen gas. Finally, alternating polar/nonpolar SAMs on Au
surface were obtained.

2.5. Formation of the linear nanoparticle placement

A small amount (5 pL) of the nanoparticles in each organic
solvent (7.8 x 10'° particles/mL) was placed on a microcontact
printed surface for observation.

2.6. Microscope observation

An upright microscope setup (Carl Zeiss Microlmaging Inc.,
Thornwood, NY) equipped with a camera was used to prove that
the pinning of volatile organic solvents occurred.

2.7. Contact angle measurement

In order to approximate the contact angles on both polar and
nonpolar SAM layered patterns, two surfaces for the polar and
nonpolar SAMs were prepared by dipping Au coated wafers in
ethanol solutions of 11-mercapto-1-undecanol and 1-dodecane-
thiol respectively, for 1 h. The contact angles of the solvents were
measured three times with a contact angle measuring system
(Kruss USA, Palo Alto, CA), and were averaged.

3. Results and discussion

Various organic solvents dissolving 1-dodecanethiol-capped Au
nanoparticles (hereafter, the nanoparticles) were applied in order
to induce the linear placement of the nanoparticles on microcon-
tact printed surfaces. Our nanoparticles functionalized with 1-
dodecanethiol are nonpolar and do not have strong interaction
with each other unless a strong polar solvent like water is used.
The surface for the linear placement was patterned with alternat-
ing layers of polar (11-mercapto-1-undecanoic acid, 4 um in
width) and nonpolar (1-dodecanethiol, 4 pm in width) thiol mole-
cules, both of which are of similar length.

In Fig. 2, the placed nanoparticles using toluene are mainly posi-
tioned along the polar/nonpolar borderlines at 4 um apart on the
microcontact printed surface (alternating polar/nonpolar SAMs).
As noted in the introduction, in order to explain the experimental
result, it should be restated that the pinning of a solution is
significant. When a drop of the nanoparticles in toluene at
15.6 x 10'° particles/mL was placed on the microcontact printed
surface, the SAM layered surface resulted in filling with the nano-
particles. The reason is that a capillary force between the nanopar-
ticles caused the filling of the nanoparticles [19,20]. However, less
concentrated nanoparticles in toluene at 7.8 x 10'° particles/mL
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(a) Darkfield microscopr image

(b) AFM image (3-dimensional)

Fig. 2. Darkfield microscope and AFM images of nanoparticle placement through the pinned flow of toluene after placing the nanoparticles in toluene (at 7.8 x 10'° particles/

mL) on the surface of alternating polar/nonpolar SAMs (scale bar: 20 pum).

produced a linear particle assembly with almost single lines at
4 um apart. One of the reasons that the placement is not perfect
can be existence of flows in the direction parallel to the pinned
contact (polar/nonpolar borderline) as well as the flow to pinned
contact. For better linear placement, a concentration of the nano-
particles that is too low (e.g., 15.6 x 10° particles/mL) should be
avoided.

Because the nanoparticles in toluene at 15.6 x 10° particles/mL
could not be pinned well, the nanoparticles were randomly posi-
tioned. However, when the nanoparticles were dissolved in toluene
at 7.8 x 10'° particles/mL, the nanoparticles were well placed.
These results can be explained in the following manner. In Fig. 3,
the sequential placement mechanism of the nanoparticles in tolu-
ene at the intermediate concentration (7.8 x 10'° particles/mL) is
depicted with microscope images illustrating that the toluene
solution can be pinned in the presence of the nanoparticles. Once
toluene was pinned to form cylindrical droplets on the polar
SAM due to a lower contact angle than that on nonpolar SAM, it flo-
wed internally toward the interface (pinned contact) between po-
lar and nonpolar SAMs, and the nanoparticles in toluene were
transported to the pinned contact lines [13].

The pinning of the nanoparticles in toluene solution appears to
be limited. The area effect on the placement is also noteworthy.
A gradient pattern (alternating nonpolar/gradient polar SAMs with
4 pm in width of nonpolar SAMs and 3-80 pum in width of polar
SAMs) was used in order to see the formation of linear placements
from cylindrical droplets on different width-scaled polar SAMs
(Fig. 4). The linear placement was formed only in narrow pattern
sizes (less than 5 um). This result indicates that the nanoparticles
in a cylindrical droplet with a smaller width are not only trans-
ported toward the pinned contact but also less adsorbed on polar
SAM surface.

In order to investigate the effect of the other solvents on the
placement of the nanoparticles, the same concentration of the
nanoparticles as in Fig. 2 (toluene) was used. The placements with
these solvents were found to be neither existent nor as good as
those with toluene (Fig. 5). Interestingly, amongst the organic sol-
vents used here, only toluene with the nanoparticles shows a pin-
ning and linear placement of the nanoparticles at 7.8 x 10'°
particles/mL (Table 1). Contrary to the pinning of toluene with the
nanoparticles, pure toluene and other pure solvents were not pinned

when placed on the microcontact printed surface. The pinning of sol-
vents in the presence of the nanoparticles at 7.8 x 10° particles/mL
was not observed with N-hexane, dichloromethane, methanol, or
N,N-dimethylformamide (DMF). The pinning properties of all sol-
vents determining the placement of the nanoparticles can be ex-
plained by the contact angle and vapor pressure as follows.

As listed in Table 2, the contact angles of all organic solvents on
polar SAM surfaces are lower than those on nonpolar SAM surfaces,
which is in accordance with a previous report [21]. One require-
ment for pinning of a solution and transporting the nanoparticles
is that the contact angle of a solvent droplet on polar SAM needs
to be small [11,16]. The significance of a low contact angle can
be explained as follows. The internal flow of a sessile droplet on
a flat surface was derived by Hu and Larson [16], and the infinitely
long cylindrical droplets on a flat surface were expressed in an ana-
lytical equation by Burganos and coworker (Eq. (1)) [11]

Rlo

(Vi) == phy(sin 0, — 0, cos 0,)

[sixf1 (Xsin ) — ecx] (1)

where R is the radius of a cylindrical droplet, ], is the constant local
evaporation flux across the surface of the liquid line, p is the liquid
density, 0. is the contact angle of the solution on polar SAM, and h;
is the height of the cylindrical liquid droplet at X, dimensionless x is
% In this equation, vertically-averaged liquid velocity ((V,), inside a
kinetically controlled evaporating line for the pinned droplets lying
on a substrate (0 < 6. < Z)) was expressed under the assumption of
quasistatic flow [11]. It was also explained that a small contact an-
gle is required for a higher vertically-averaged velocity. Therefore, it
is reasoned that a low contact angle for an organic solvent can gen-
erate a high vertically-averaged velocity and consequently occurred
internal flow can keep the pinning of the solution and transport the
nanoparticles to complete the placement. In addition, contact angle
contrast of nonpolar SAM to polar SAM is necessary for the pinning
of the nanoparticle solution. As shown in Table 2, the contact angles
were measured from droplets of organic solvents on polar and non-
polar SAMs, respectively.

Even though low contact angles for organic solvents on the po-
lar SAM in contrast to those on the nonpolar SAM were satisfied, a
certain level of vapor pressure is also necessary to obtain the pin-
ned contacts and internal flow, and to transport the nanoparticles.
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(d)

Fig. 3. Bright field microscope images of sequential nanoparticle placement through the pinned flow of toluene at (a) 7 s, (b) 7.8 s, (c) 8.3 s, and (d) 12 s after placing the
nanoparticles in toluene on the surface of alternating polar/nonpolar SAMs (red: polar, green: nonpolar, and scale bar: 40 pm). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

The initial pinning property created by surface unevenness in the
presence of nanoparticles can be enhanced while transporting
nanoparticles with a certain level of vapor pressure as well as a
low contact angle. It should be noted that citrate-stabilized Au
nanoparticles were linearly placed by water in the presence of
SDS as the 1-dodecanethiol-capped Au nanoparticles were linearly
placed by toluene. To quantitatively compare the vapor pressures
of pure organic solvents, the vertically-averaged liquid velocities
of pure organic solvents were estimated based on the vertically-
averaged liquid velocity of pure DMF (Table 2). It was used

that the vertically-averaged liquid velocity is proportional to
[M]%657 pvap|T. Water which has slightly lower vapor pressure than
toluene supported the significance of the vapor pressure when it
was used with the SDS to lower the contact angle. If the vapor pres-
sure of a solvent is too high, droplets of the organic solvent con-
taining the 1-dodecanethiol-capped nanoparticles cannot be well
pinned since they collapse before transporting particles to the pin-
ned contacts. Because the nanoparticles in highly volatile dichloro-
methane was not able to pin on the polar SAM (Fig. 5a), they
formed various sizes of ring structures similar to such structures
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Fig. 4. Investigation of area effect by applying a gradient pattern (width of nonpolar
SAM: 4 um, and width of polar SAM: 3, 6, 12, 24 um), where the nanoparticles in
toluene at 7.8 x 10'° particles/mL was placed.

reported by Zubarev and coworker [22]. In Zubarev’s report, nano-
rods assembled around water droplets that could condense from
the air when highly volatile dichloromethane evaporated and
cooled its flat surface below the dew point. Some similar ring
shapes were also found in the nanoparticles in N-hexane which
is also highly volatile, but the number of rings was much smaller

(a)

Table 1
Effect of the nanoparticles on the pinning of organic solvents.

Solvent Pinning (without the  Pinning (with the nanoparticles
nanoparticles) at 7.8 x 10'° particles/mL)

N-Hexane No No

Toluene No Yes

Dichloromethane  No No

Methanol No No

DMF No No

than those observed in dichloromethane. In addition to the high
vapor pressures of dichloromethane and N-hexane, incomplete
placements were dominant due to their relatively low contact an-
gle contrasts (Fig. 5a and b). In Fig. 5¢, methanol’s vapor pressure is
relatively high, but the ring shape was not observed after drying
the droplet of the nanoparticles. The entire area on the sample sur-
face was kept wet at the beginning and the wetted line collapsed
quickly instead of pinning the droplets microscopically on the po-
lar SAM. On the other hand, a low vapor pressure for a solvent (low
Jo in (1)) cannot produce an internal flow rate high enough to carry
the nanoparticles to the pinned contacts. This criterion can also be
explained by Eq. (1). According to the vapor pressures listed in

(b)

Fig. 5. Darkfield microscope images of dried nanoparticles after placing the nanoparticles in various solvents (at 7.8 x 10'° particles/mL) on the surface of alternating polar/
nonpolar SAMs (scale bar: 20 um). (a) dichloromethane, (b) N-hexane, (c¢) methanol, and (d) DMF with heating.
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Table 2

Measured contact angles on each SAM and vapor pressures of pure solvents. For the estimated ratio of (V) to that of DMF, h; was assumed to be same since 6. (dichloromethane is

12.3 and all other solvents are 10 for the estimation) is very low on polar SAM.

Solvent Measured contact angle Vapor pressure # atx=05
o X/DMF
11-Mercapto-1-undecanoic 1-Dodecanethiol 2 2 L) 2]
acid (polar SAM) (nonpolar SAM)
N-Hexane <10 9.8 20.2 71.6
Toluene <10 32.7 3.79 10.6
Dichloromethane 123 18.6 58.2 101.8
Methanol <10 36.8 16.9 304
Water <10 with SDS 3.17 2.7
DMF <10 61.6 0.439 1

Table 2, compared to other solvents, DMF has a low vapor pressure.
Therefore, the placement of nanoparticles with DMF was not ob-
served. However, heating to overcome the low vapor pressure of
DMF was not relevant since the fluid was highly convective, conse-
quently making its internal flow mechanism differ from volatile
solvents, which evaporated over a free liquid surface (Fig. 5d). Like-
wise, when toluene was heated up to a temperature below its boil-
ing point, droplet collapse was observed and no nanoparticle was
linearly placed.

4. Conclusion

In summary, we studied an organic solvent based nanoparticle
placement that resulted from the physical property of solvents
and their wettability in the presence of nanoparticles. While tolu-
ene was found to be able to place alkanethiol-capped Au nanopar-
ticles through pinning, the other organic solvents in this study
were not able to do so. The linear placement mechanism was ex-
plained that the pinning of the nanoparticle solution at intermedi-
ate concentration and physical properties of toluene resulted in the
placement of the nanoparticles in toluene on microcontact printed
surfaces. Future efforts will extend our study to the optimization of
thermodynamically controlled placement of nanomaterials, for
example, by varying a vapor pressure or changing contact angles
using different functional groups on surfaces. More studies on con-
trolled placement with various factors are promising and may ob-
tain either more impeccable or various-shaped positioning for
applications such as chemical and biological sensing and nanopar-
ticle waveguides in optoelectronic devices in the future.
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