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Self-assembly is a useful technique for improving the func-
tionality of colloidal nanomaterials."® For example, when
nanoparticles such as gold and silver, which exhibit localized
surface plasmon resonance, form self-assembled nano-
structures, the plasmon resonance will be further enhanced.*”
In recent years, nanostructures in which gold nanorods (AuNRs)
are vertically aligned on a substrate have attracted particular
attention.*™ In such nanostructures, strong plasmon reso-
nance appears uniformly in the gaps between the particles.
Therefore, they can be applied to photoluminescence
enhancement™ and reproducible surface-enhanced Raman
scattering (SERS) sensing.*>*®

However, strict fabrication conditions make it difficult to put
the vertically aligned AuNRs into practical use. For preparation
of vertically aligned AuNRs on a substrate, it is basically
necessary to slowly evaporate a droplet of the dispersion of
colloidal AuNRs for about a day while keeping the droplet under
high humidity conditions.® While effective, the fabrication
process is very time-consuming. Although rapid fabrication is
possible by using AuNRs dispersed in an organic solvent,
a complicated process of ligand exchange is required.”® In
addition, when drying a large-sized droplet on a substrate, it is
difficult to precisely control the position where the structure will
be formed. Thus, for practical use, a technique that enables
rapid fabrication of vertically aligned AuNRs in any pattern at
any positions on a substrate is absolutely necessary. One
promising method is using inkjet printing technology
(Fig. 1(a)), which has been used to make self-assemblies of
nanomaterials such as polystyrene nanoparticles.”®
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employed as an ink. It was observed that the content of EG in water suppressed rapid drying and
convection in the droplets, which is favorable for the formation of the nanostructures.

Inkjet printing has received a great deal of attention in recent
years because it can accurately deposit materials at any location.
It allows the printing pattern to be changed without the use of
printing plates or photomasks, which leads to lower costs and
lower material consumption. Therefore, it is widely used in the
manufacture of electronic circuits, sensors,** thin film tran-
sistors,* solar cells** and light emitting diodes.* If vertically
aligned AuNRs can be rapidly prepared by using inkjet printing,
a facile construction of chip-based platforms for biosensing and
SERS sensing will be enabled. However, in the inkjet printing
process, the solvent of the ink dries at a high speed, which is the
opposite of the conditions for the formation of the vertically
aligned AuNRs. This may be the reason why the inkjet printing
has not been employed previously. Here, we attempted to
fabricate vertically aligned AuNRs by inkjet printing using an
aqueous dispersion of AuNRs mixed with a low-volatility solvent
as an ink.

Much research is still being done to elucidate the formation
mechanism of vertically aligned AuNRs. It is known that van der
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Fig. 1 (a) Schematic illustrations of the vertically aligned AuNRs
fabricated by inkjet printing. (b) The formation of the vertically aligned
AuNRs in the droplet of the water/ethylene glycol (EG) mixture during
evaporation.
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Waals attraction, electrostatic repulsion, and depletion forces
between the AuNRs affect the formation of the structure. It has
also been confirmed that slow evaporation of the droplet is
a particularly important factor.®*® Recently, Jung et al. have
reported favorable conditions for the formation of vertically
aligned nanorods by numerically solving the Smoluchowski
coagulation equation under moving boundary conditions.””
According to the report, the condition where the evaporation
rate is slow at a sufficiently high concentration of nanorods in
the droplet promotes the formation of the nanostructure. This
finding suggests that the droplets do not need to evaporate
slowly during the entire drying process. Since the concentration
of nanorods increases as the droplets evaporate, the evapora-
tion rate needs to be slow just before the droplets are completely
evaporated. If this condition is satisfied, the formation of
vertically aligned AuNRs can be expected even by using inkjet
printing, in which the ejected fine droplets are quickly dried.
Therefore, we proposed to use an aqueous dispersion of AuUNRs
containing a small amount of a low-volatility solvent. It was
expected that the formation of the vertically aligned AuNRs
would be assisted by the slow evaporation of the low-volatile
solvent after the rapid evaporation of water (Fig. 1(b)).

We used ethylene glycol (EG) as the low-volatility solvent.
First, we observed the drying behavior of droplets of the mixed
solution with an optical microscope. 0.4 M EG aq. was prepared
and 0.5 pL of the solution was dropped onto a cleaned silicon
substrate ((100) surface). The surface of the silicon substrate
was cleaned by a UV ozone cleaner. The temperature was
around 25 °C and the relative humidity was around 30%.

(a) 0 6 min 66 min
(b) Y 3 6 min
(c) o 180 min 360 min
///\ /)

d
()'éso

Eas

320

® 1.5 “EG

g : «EG / water mixture (0.4 M)

$ 1.0 % .water

S0.5 \\

o

o.o 1 1 1 1

0 60 120 180 240 300 360
Time / min

Fig. 2 Microscopic images of the drying behavior of (a) EG/water
mixture, (b) water, and (c) EG. The scale bars are 500 um. (d) The
changes in the projected area during the evaporation for each droplet
of EG/water mixture, water, and EG.
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Fig. 2(a) shows how the size of the droplet decreases due to the
evaporation. The diameter of the droplets decreases rapidly in
the first 6 minutes. Then, the decrease rate clearly slowed down.
The drying behaviors of the EG/water mixture, pure water and
pure EG droplets are shown in Movies S1, S2 and S3 (see ESI{),
respectively. Fig. 2(d) shows the change in the projected area of
each droplet. The droplets of the EG/water mixture evaporated
in the same way as pure water for the first 6 minutes (Fig. 2(b)).
After that, the evaporation became very slow, similar to the
evaporation behavior of pure EG (Fig. 2(c)). This suggests that in
the evaporation of the EG/water mixture, the remaining EG
slowly evaporates after the rapid evaporation of water. This
behavior is expected to be a favorable condition for the forma-
tion of vertically aligned AuNRs.

In the process of evaporation, convection is driven in the
droplet.® It has been reported that suppression of this
convection facilitates the formation of vertically aligned
AuNRs."® Thus, we performed particle image velocimetry (PIV)
analysis to observe the flow driven in the droplets on the
substrate. Fig. 3(a) shows the vector field of the average flow
velocity of tracer particles (fluorescent pigment, particle size 3-5
pm, JUJO Chemical Co., Ltd.) in a droplet of pure water. The
frame rate was 50 fps and the measurement time was 110
seconds. The convection due to evaporation was driven from the
edge to the center of the droplet. The motions of the tracer
particles can also be observed in Movie S4.F

Fig. 3(b) shows the vector field of the average flow in the
droplet of 0.4 M EG aqueous solution. Although a flow appeared
at the edge of the droplet, there was no clear flow near the
center. As one can observe in Movie S5, convection initially
carries particles throughout the droplet. However, once the
contact line begins to retract due to evaporation the convection
velocities approach zero. The particles showed chaotic move-
ment around the center, which was not recognized as a flow in
a specific direction detected by PIV. Faster evaporation of water
at the air-liquid interface would be expected to cause local
increase in the EG concentration, resulting in the suppression
of the motion of the particles from the edge to the center. From
these results, it was found that the EG in the droplet suppressed
the convection, which is a favorable condition for the formation
of vertically aligned AuNRs.

With evidence to suggest its potential, we attempted to
fabricate vertically aligned AuNRs by using inkjet printing. The
AuNRs were synthesized and concentrated to about 3 nM by
centrifugation.”**° The average length and width of AuNRs were
about 76 £ 9.2 nm and 29 £ 4.1 nm, respectively. The average
aspect ratio was about 2.6. The detailed synthetic procedure is
described in ESL7 The AuNRs were protected by cetyl-
trimethylammonium bromide (CTAB) and dispersed in water.
The CTAB concentration was fixed at 3 mM for all AuNR
dispersions used in this experiment. The EG concentration of
each dispersion was adjusted to 0 M, 0.1 M, 0.4 M, and 1.0 M.
We used electrostatic inkjet printing (Microjet FemtoJet-
2000HB, MICROJET Corp., Fig. S1, see ESIT), which is suitable
for the fabrication of micropatterns. Line patterns (~100 um
width, ~200 pm interval) as shown in Fig. 4(a) were successfully
prepared.
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Fig. 3 The convections driven in the droplets for (a) water and (b) EG/water mixture during evaporation. The arrows show the average velocity of
flow at each point analyzed by particle image velocimetry (PIV). The color bar indicates the magnitude of the velocity. The scale bars are 100 pm.

Fig. 4(b) shows the nanostructures fabricated by inkjet
printing of AuNR dispersions at each EG concentration
observed by using scanning electron microscope (SEM). The
zoomed-out images are shown in Fig. S2(a)-(d).f For 0 M EG
dispersion, random aggregation was formed. Vertically aligned
AuNRs were observed for 0.1 M and 0.4 M EG dispersion. As
shown in Fig. 4(c), when the sample is tilted, AuNRs standing
perpendicular to the substrate are observed. This revealed that
the addition of low concentration of EG can dramatically facil-
itate the formation of vertically aligned AuNRs. These results
support our hypothesis based on the previous reports.””
Furthermore, it was also confirmed that the vertically aligned
AuNRs were formed when 10 pL droplets (0.1 M EG or 0.4 M EG)
were cast and dried on a silicon substrate under atmospheric
conditions (Fig. S3(a) and (b)t). We have achieved the fabrica-
tion of vertically aligned AuNRs in a very simple method. In the
case of 1.0 M EG dispersion, it should be noted that AuNRs were

assembled parallel to the substrate. Similarly, vertically aligned
AuNRs could not be observed in the case of 1.78 M EG disper-
sion (10 vol%) (Fig. S4t). Further showing that when the EG
concentration is too high, it becomes difficult to form vertically
aligned structures.

We investigated surface-enhanced Raman scattering (SERS)
for vertically aligned AuNRs fabricated by using 0.4 M EG
dispersion. The substrate was immersed in 1 nM benzyl butyl
phthalate (BBP) ethanol solution for several seconds, then
allowing it to dry completely in an ambient condition. BBP is
a type of environmental pollutant. As shown in Fig. S5, a peak
appeared at 1005 ecm ™", which is attributed to a B (CC) loop in-
plane deformation mode.** Although we have succeeded in
detecting the trace amount of BBP, the sensitivity is lower than
the previously reported BBP detection using vertically aligned
AuNRs." It is considered that this is because the number of the
domains where the AuNRs are vertically aligned is not enough

Fig. 4

(a) An SEM image of line patterns of AUNRs assembly fabricated by inkjet printing on a silicon substrate. The scale bar is 200 um. (b) The

nanostructures of AuNRs resulting from varied EG concentration in the printing inks, 0 M, 0.1 M, 0.4 M, and 1.0 M. The scale bars are 200 nm. (c)
Vertically aligned AuNRs fabricated by using 0.1 M EG and 0.4 M EG inks observed at an angle of 65°. The scale bars are 200 nm.
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for the printed area. It is expected that the sensitivity will be
improved by drawing the pattern multiple times using inkjet
printing.

EG is known to have the effect of increasing the critical
micelle concentration (CMC) of CTAB.** Therefore, one would
expect the addition of EG to the dispersion to destabilize the
CTAB bilayers surrounding AuNRs, resulting in random aggre-
gation. The peak wavelength of the absorbance of the disper-
sion changes significantly according to the aggregation of
AuNRs.**** Thus, the degree of aggregation can be estimated
from the spectral shape. For AuNRs dispersions with different
EG concentrations, absorbance spectra were measured by using
a UV-Vis spectrometer (V-670, JASCO Corp.). Fig. 5(a) shows the
absorbance spectra of the AuNRs dispersions with EG concen-
tration of 0 to 1.0 M. There was almost no change in the spectral
shape, suggesting that the AuNRs in the dispersions were
stable.

However, in this experiment, the concentration of EG grad-
ually increases as the water in the droplet evaporates at high
speed. We also measured the absorbance of the AuNRs
dispersions with high EG concentrations. As shown in
Fig. 5(b), vol%. The peak wavelength was slightly redshifted
(Fig. 5(b) inset). This is because the addition of EG increased the
refractive index of the mixture solution. In principle, the peak
wavelength of absorbance of AuNRs is redshifted almost line-
arly according to the refractive index of the dispersion.”® For the
dispersion used in this experiment, the peak wavelength of
absorbance and the refractive index have an almost linear
relationship in the range of EG concentration from 0 to 50 vol%
(Fig. s6t).

On the other hand, for 75 vol% EG dispersion, the peak was
blue-shifted, suggesting that AuNRs were slightly aggregated
(Fig. 5(b) inset). As shown in Fig. 5(b), for 90 vol% EG disper-
sion, the spectral shape changed significantly, resulting in the
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Fig. 5 (a) Absorbance spectrum of AuNRs dispersion for each EG
concentration, 0, 0.1, 0.4, and 1.0 M. (b) Spectral changes in absor-
bance with increasing EG concentration, 0, 10, 25, 50,75, 90 vol%. The
inset shows the peak wavelength corresponding to each EG
concentration. (c) Decrease in the zeta potential value caused by
increased EG concentration.
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loss of a clear peak. This indicates that the increase in EG
concentration caused aggregation of AuNRs.

Next, we investigated the changes in the zeta potentials of
AuNRs due to the addition of EG to the dispersions by using
electrophoretic light scattering measurement (Zetasizer ZS,
Malvern Panalytical Co., Ltd.). As shown in Fig. 5(c), the zeta
potential of AuNRs decreased as the EG concentration
increased, which indicates that the AuNR dispersion became
unstable. This result is consistent with the result of the absor-
bance measurement. Note that for 90 vol% EG aqueous mixture,
it was impossible to measure the zeta potential because the
dispersion did not contain enough particles due to the
aggregation.

From these results, it was found that the addition of a small
amount of EG did not affect the stability of AuNRs in the
dispersion, but aggregation occurred at a high concentration of
EG. Sufficiently high concentration of AuNRs in the droplet is
required for the formation of vertical structures,'®*® which
means that the AuNRs concentration relative to the amount of
EG is important.

When the concentration of AuNRs in the droplet is high,
AuNRs are close to each other, while being electrostatically
repelled by CTAB. This reduces orientational degrees of
freedom of the AuNRs and their alignment is facilitated.®** As
the volume of the droplet decreases due to evaporation, the
aggregation will be caused by the further increase in AuNRs
concentration, resulting in the formation of vertically aligned
AuNRs. At this time, the slow evaporation rate of the droplets
allows the AuNRs to assemble slowly. The slow evaporation rate
of EG further facilitates the formation of vertically aligned
AuNRs.

On the other hand, as shown in Fig. 5(b) and (c), when the
concentration of EG is too high, the aggregation of AuNRs occur
due to the decrease in electrostatic repulsion. In a droplet of
a mixture of EG and water, the concentration of EG will grad-
ually increase because the water evaporates more quickly.
Therefore, when the EG concentration increases to around
90 vol%, the aggregation of AuNRs occurs regardless of the
AuNRs concentration. In the droplet with low concentration of
AuNRs at this point, the AuNRs are far apart from each other.
Thus, AuNRs can be oriented freely, resulting in randomly
oriented aggregation.

In the process of droplet evaporation, both EG concentration
and AuNRs concentration increase. Since the initial concen-
tration of AuNRs is fixed in this experiment, the AuNRs
concentration relative to the amount of EG becomes low when
the initial concentration of EG is high. Therefore, it is probable
that for EG concentrations of 1.0 M and 1.78 M, the AuNRs
concentrations at the start of the aggregation were not high
enough for the formation of vertically aligned AuNRs. For EG
concentrations of 0.1 M and 0.4 M, the AuNRs concentrations
were sufficiently high relative to the amount of EG. In addition,
the EG causes slow evaporation when AuNRs start to aggregate.
These two conditions, high AuNRs concentration and slow
evaporation rate, are critical factors that facilitate the formation
of vertically aligned AuNRs. In other words, there should be an
optimum value of EG concentration for AuNRs alignment.
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Optimization of the initial AuNRs concentration will be
required to precisely control the formation of vertically aligned
AuNRs by using inkjet printing. In addition, in the future work,
it is important to enable the fabrication of vertically aligned
AuNRs with various aspect ratios because the aspect ratio can
affect sensing performances.*®

Conclusions

In summary, by using an aqueous AuNR dispersion containing
a small amount of EG as an ink, we have realized the fabrication
of vertically aligned AuNRs based on inkjet printing technology.
In this method, the self-assembly process of AuNRs was
controlled by utilizing the difference in evaporation rate
between EG and water. Therefore, it is expected that it can be
applied to the self-assembly of nanoparticles of various shapes
such as nanospheres, nanoprisms, and nanocubes. Since an
arbitrary pattern can be printed at an arbitrary position on
a substrate by using inkjet printing, this work is expected to
greatly contribute to the development and practical application
of optoelectronic devices and sensors based on self-assembled
nanostructures.
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