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old nanorods (GNRs) are promising

components for nanosystems dedi-

cated to applications in fields such
as sensing, imaging, and diagnostics.' >
Indeed, they are particularly attractive be-
cause of their unique optical properties and
their ability to self-organize, both features
originating from their shape anisotropy.® ™'
Ordered assemblies of such metal nanopar-
ticles are for instance used for amplification
of optical signals in fluorescence,'® Raman,'*~ 6
and absorption spectroscopies.'””'® Plas-
mon coupling leads to collective surface
plasmon resonances that can be adjusted
over a wide spectral domain by tuning the
objects' shape and size as well as their
interdistance.'®?® Different methods have
been exploited to prepare three-dimensional
(3D) structures made of GNRs,?' by either
association in solution,”?>?*> drying at an
interface,'>?*** or templating.>*® Never-
theless, most of these processes yield col-
loidal crystals having a size limited to a few
micrometers, a poorly defined shape, and
an inhomogeneous thickness. Furthermore,
methods relying on drying generally lack
control with respect to spacing between the
deposited particles.

The present paper describes a novel dry-
ing method where GNR crystallization is
managed in order to obtain a macroscopic
material having both a predetermined crys-
talline structure and a predetermined shape.
As self-assembling is governed by the balance
between van der Waals,?’” depletion,'?%%° and
electrostatic interactions,® finely tuning the
particle chemical coating is of foremost impor-
tance to find a compromise between attractive
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ABSTRACT

We describe a method of controlled evaporation on a textured substrate for self-assembling
and shaping gold-nanorod-based materials. Tridimensional wall features are formed over
areas as large as several square millimeters. Furthermore, analyses by small-angle X-ray
scattering and scanning electron microscopy techniques demonstrate that colloids are locally
ordered as a smectic B phase. Such crystallization is in fact possible because we could finely
adjust the nanoparticle charge, knowledge that additionally enables tuning the lattice
parameters. In the future, the type of ordered self-assemblies of gold nanorods we have
prepared could be used for amplifying optical signals.

KEYWORDS: gold nanorods - self-assembly - 3D crystal - shaping - PEGylated
alkanethiolate - superstructure - controlled drying - PDMS stamp - SAXS - SEM

and repulsive forces. To that effect, we here
exchange the detergent present at the gold
surface after synthesis for a combination of ~ *Address correspondence to
neutral and negative alkanethiolates. Using ~ V@lefie:marchi-artzner@univ-rennes1.fr.
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Figure 1. (a) Chemical structures of the MUDOL and MUDIC ligands. (b) Gel electrophoresis of GNRs grafted with different
MUDIC/MUDOL mixtures. CTAB denotes the “as-synthetized” sample, i.e., before any ligand exchange. (c, d) FTIR spectra of
lyophilized GNRs grafted with either CTAB or MUDOL. Before analysis, the ligand excess was removed by dialysis. Spectra of
the pure capping agents are displayed as references, the curves being shifted for the sake of clarity.

(PDMS) mold sealed on a smooth substrate is used
both to regulate water evaporation and to control the
deposition of the GNRs in given locations thanks to
contact line pinning. Our results demonstrate possibi-
lities for engineering 3D walls made of nanometer rod-
like particles arranged on 3D arrays. The fabricated self-
assembled superstructures are imaged using scanning
electron microscopy (SEM), which reveals the presence
of crystallized domains obeying a smectic B order.
Besides, complementary experiments that include
bulk drying in capillary tubes and small-angle X-ray
scattering (SAXS) analysis permit us to supplement the
previously acquired structural data. In addition, we
succeed in varying the lattice parameter of the colloi-
dal crystal by changing the amount of negatively
charged alkanethiolates contained in the nanoparticle

capping layer.

RESULTS AND DISCUSSION

GNRs are synthesized and subsequently chemically
functionalized in order to modulate their interaction
potential and therefore to facilitate their self-organiza-
tion into a structured material. More precisely, colloids
are first prepared according to an already published
seedless method.>' ~3* Their length and diameter are
estimated to be respectively 22.0 + 5.1 and 7.0 £
2.5 nm, as determined by transmission electron micro-
scopy (TEM; see Figures S1 and S4a) and further
confirmed by measurements using wide-angle X-ray
scattering (WAXS; see Figure S2). When produced
following the above classical synthesis protocol, parti-
cles become stabilized against aggregation because
cetyl trimethyl ammonium bromide (CTAB) is present
in solution. Indeed, this detergent has been dissolved
at 0.2 M in the reactive mixture to generate the
anisotropic growth of the gold crystals'** The
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nanorod surface is in fact coated by a bilayer of
interdigitated CTAB molecules, which results in a
strong positive charge. Hence, one further needs to
cancel the associated repulsive force to achieve a close
packing of the colloids during drying."” In this context,
two main strategies have been developed. On one
hand, itis possible to lower the electrostatic interaction
by adding salts, which helps screening charges;®*>3¢
on the other hand, some attractive potential can be
induced thanks to specific”*° or nonspecific linkers,?*
the latter ones being either negative or neutral.”#*? It
should be noted that ordered structures of CTAB GNRs
have also been evidenced by TEM in the absence of any
additive. Yet, in this case self-assembling required a
detergent concentration around 20 mM, i.e.,, much high-
erthan the critical micelle concentration (CMC) (1 mM).*®
Consequently, the presence of CTAB is synonymous
with restricted modularity and imprecise control over
the interactions between nanorods. This molecule also
exhibits additional drawbacks, such as tendencies to
denaturate sensitive biological products and to electro-
statically adsorb on a broad variety of substrates.
Accordingly, we have selected PEGylated alkanethiolate
ligands to replace CTAB as stabilizing agents attached to
the surface of the metal particles.** The commercially
available (1-mercaptoundec-11-yl)hexa(ethylene glycol),
denoted MUDOL,* is here used pure or mixed with a (1-
mercaptoundec-11-yl)hexa(ethylene glycoyl)carboxylic
acid, denoted MUDIC, and synthesized as described in
the literature.*® Whereas the former molecule is neutral,
the latter bears a negative charge at pH close to neu-
trality (see Figure 1a). The MUDOL ligand appeared
attractive for GNR self-assembling, as the PEG spacer
would introduce enough repulsive steric forces to bal-
ance the attractive dipole—dipole ones during crystal-
lization. Eventually, the addition of an increasing ratio of
negatively charged MUDIC will permit modulating the
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Figure 2. (a) Schematic view of the drying method used to fabricate macroscale GNR self-assemblies. The particle suspension
is first confined between a smooth substrate and a PDMS stamp. After water evaporation and removal of the elastomeric
mold, an array of solid structures is obtained. (b) Scheme of a typical dewetting process at the scale of four posts; capillary
bridges are formed and further dehydrate to yield the colloidal material. (c) Bright field optical micrograph and (d) SEM image

of walls made of nanorods.

repulsive interaction in order to adjust the final inter-
particle spacing.

As already noticed, crude GNRs are obtained as a
suspension in 0.2 M CTAB. Hence, the latter concentra-
tion has to be reduced before proceeding to any ligand
exchange. Purification by several centrifugation/redis-
persion cycles was undertaken, and the detergent titer
was adjusted at ~0.5 mM, i.e., below its CMC value. The
substitution of the capping agent could then be
achieved and investigated by UV—vis absorbance, IR
spectroscopy, electrophoresis, and zetametry. During
the exchange of CTAB for MUDOL, the intensity max-
imum of the longitudinal plasmon band is red-shifted
from 763 to 788 nm (see Figure S3), a phenomenon
that can be attributed to some modifications in the
nanorods' environment. Furthermore, clear alterations
are also visible in Fourier transform infrared (FTIR) data
(see Figure 1c and d). After substitution, two of the
characteristic peaks observed for CTAB GNRs, corre-
sponding to the CHjs stretching vibrations in the tri-
methyl ammonium, antisym at 2956 cm ™' and sym at
2869 cm ', have disappeared. In contrast, the spec-
trum of the MUDOL particles exhibits bands similar to
those of the free MUDOL, particularly in the CH stretch-
ing region, between 945 and 720 cm ™', as well as in the
O—CH, stretching region, at 1100 cm ™~ '. Moreover, the
positions of the CH, stretching bands, antisym at
2924 cm™' and sym at 2854 cm™', are shifted to
2915 and 2848 cm ', respectively. This change is in
agreement with the crystallization of the MUDOL alkyl
chains around GNRs. Indeed, the energy of the CH,
stretching transitions has been reported to be a sensi-
tive indicator of the order in alkyl chains since it
depends on the incidence of the gauche conforma-
tion effects.”” FTIR data thus suggest that CTAB is
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exchanged for MUDOL and that the latter molecules
are densely packed at the gold surface. Next, to control
the electrostatic repulsion between colloids, the posi-
tive CTAB was exchanged for various mixtures of
neutral MUDOL and negative MUDIC. As a conse-
quence, agarose gel electrophoresis appears to be a
pertinent technique to reveal differences in nanorod
surface charge (see Figure 1b). When using only
MUDOL, particles move toward the negatively charged
electrode, which can be attributed to the residual
presence of CTAB molecules at the interface. Notice-
ably, the fact that migration was clearly demonstrated
confirms ligand substitution because CTAB GNRs are
well-known to aggregate in loading pits due to their
low colloidal stability.3%*® Furthermore, by increasing
the ratio of negatively charged MUDIC in the capping
layer, we noticed that the particle charge progressively
vanished and then reversed. Some of these effects
were qualitatively confirmed by measurements of the
GNR surface zeta potential, which varies from +55 mV
in the case of “as-synthesized” CTAB nanorods to
+8 mV for colloids functionalized with pure MUDOL
and purified from excess reagent.

In order to incorporate 3D GNR crystals into devices,
one first has to self-assemble them on a substrate
that enables easy handling and further processing.
Additionally, it would also be beneficial to spatially
direct material growth in any desired macroscopic
shape.**>' As a proof of concept, we here rely on
microtextured surfaces made of polydimethylsiloxane,
similar to the ones that are used to achieve specific
hydrodynamic or wetting effects (e.g., the polygonal
spreading of a drop).>?> More specifically, cylindrical
microposts of height 35 um and diameter 100 um were
arranged on a square array whose lattice parameter is
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175 um (see Figure 2a). A 1 uL droplet of ~10~° M pure
MUDOL GNR suspension is confined between a
smooth surface (silicon wafer, ITO, or gold-coated glass
slide) and the elastomeric stamp before being allowed
to dry at room temperature for 10 h (see Figure 2a). In
addition to the already present 0.5 mM CTAB, the
colloidal solution also contains 0.1 mM Tween 20 so
as to improve the degree to which the substrate is wet
by the liquid. After complete water evaporation, the
PDMS template is removed to yield brown traces over
the whole area previously covered by the liquid.

The features present on the sample are character-
ized at different scales using bright field optical micros-
copy and SEM. Images show regular patterns, as high
as the stamp is deep. They consist of linear walls
connected to rings; the former are reminiscent of
pinned capillary bridges, while the latter correspond
to the column footprints (see Figure 2b—d). When a
drop of the same colloidal suspension is dried without
confinement, i.e., without applying any PDMS mold, we
observe stains made of disordered nanorods, limited in
both height and size to a few micrometers and tens of
micrometers, respectively (see Figure S5); these results
concur with previously published investigations.**>> In
another complementary experiment, the interdistance
between pillars is changed so that the shape of the
contact lines and the final morphology of the depos-
ited solid can be altered. Increasing the square lattice
parameters from 175 to 350 um yields tetrapod fea-
tures in between groups of four adjacent posts instead
of simple walls joining two closest neighbors (compare
Figure 2c and Figure S13a—c). Patterns are also broader
and higher due to the shorter contour length asso-
ciated with the new geometry. Nevertheless, the nano-
scale architecture seems preserved (compare Figure 3a
below and Figure S13d). Finally, itis worth noticing that
in all cases the presence of Tween 20 is critical to
stabilize the liquid bridges between pillars. Indeed in a
control experiment where this neutral detergent was
omitted, almost no wall was formed (see Figure S6).
This research, being mainly dedicated to the control of
colloidal assembly through surface charge tuning, the
physical mechanisms controlling the drying process,
and the subsequent formation of the superstructures,
will be published elsewhere.

High-magnification SEM views show that GNRs are
densely packed within walls (see Figure 3). Indeed,
during the liquid-film thinning colloids are concen-
trated toward the triple contact line, at the junction
between the air, the solution, and the substrate. Seen
along their main axis, nanorods appear to follow a
hexagonal order, with monodomains larger than 1 um?
(see Figure 3a and b). To subsequently investigate the
internal structure of the produced solid, we have
adopted three different approaches: either defects on
the surface were observed (see Figure 3c and d), or
the substrate was cleaved perpendicularly to a wall

HAMON ET AL.

Figure 3. SEM images of the structures obtained from
drying between a silicon substrate and a PDMS mold a
suspension of pure MUDOL GNRs. (a, b) Hexagonal packing
at the wall surface. Fourier analysis was performed on a
~50 x 50 nm? area. (¢, d) Investigation of a concave defect.
The cavity displays several micrometer sized smectic B
domains. (e, f) Lamellar organization at the substrate vici-
nity revealed due to substrate cleaving. The intensity profile
is plotted along a single nanorod layer. (g, h) Unambiguous
smectic B ordering imaged after resection of a part of the
solid with micromanipulators.

(see Figure 3e and f), or a part of the latter super-
structure was removed with a micrometer-size tool
(see Figure 3g and h as well as Figure S7). In all three
cases, lamellae made of GNRs arranged side-by-side
are evidenced. However, only images of fractures
performed with the micromanipulator allow one to
obtain both top and side views, which unambiguously
reveal the smectic B (SmB) nature of the created
colloidal crystal (see Figure 3g and h). Interestingly, in
the vicinity of both the substrate and the former air/
interface, particles are especially well-
organized; they all stand perpendicular to the surface
(see Figure 3e). A quantitative analysis of these images
is next provided. By displaying six peaks perfectly

solution
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Figure 4. SAXS spectra of a MUDOL GNR suspension dried in a capillary. (a) Data acquired on the SWING beamline at SOLEIL
~12 h after the onset of evaporation. Measurements were performed at different positions along the longitudinal axis of the
tube, hence evidencing three different organizations: a columnar hexagonal phase at the bottom, a smectic A one at the
opening, and a smectic B phase in-between (for clarity, scattered intensity plots have been shifted in ordinate, according to
the place where they were collected in the sample). Peaks related to a lamellar order are denoted (00/) and T. Peaks related to
the hexagonal parameters ay,.x and ds,,g are denoted (hk0). The corresponding rod organizations are also sketched. (b, d) Data
for the same sample, obtained on our in-house setup ~5 months latter. (b) Spectrum of the smectic B phase.
(c) Corresponding X-ray diffuse scattering along the 6-fold axis of the smectic B organization. (d) High-resolution SAXS
enlightening the coexistence of lamellar and hexagonal orders. (e) Microfocus SAXS spectrum collected in situ on a wall
produced by drying between a substrate and a PDMS mold. The beam size and its position are indicated by the red circle

drawn in the inset.

arranged on a hexagon, Fourier transform (FT) of views
captured along the GNR main axis confirms the hex-
agonal intralamella order (see the inset in Figure 3b); a
hexagonal lattice parameter, dsy,g = 9.5 + 0.2 nm, can
even be extracted. This value is incidentally verified by
plotting intensity profiles along lamella cross sections
and measuring the curves' periodicity: it yields asyg ~
10 nm (see the inset in Figure 3f). Finally, from the latter
images, a rough estimate of the lamellar order lattice
parameter is easy to determine: we find ds;g ~ 24 nm.

We next study nanorods self-assembling using SAXS
to further unravel the structural properties of the
obtained crystal. These bulk experiments are per-
formed by letting suspensions of functionalized GNRs
dry at room temperature in ~1.5 mm diameter glass
capillaries, the initial particle concentration being
~10"8 M. Our first high-resolution synchrotron SAXS
measurements were achieved on the sample typically
12 h after the drying onset. Powder diffraction patterns
are obtained, indicating crystalline domains smaller
than the 400 x 50 um? beam size. Furthermore, the 500
data sets collected along the tube axis display a con-
tinuous evolution of the scattered intensity plots (see
Figure 4a). More precisely, at the capillary opening a
lamellar structure is characterized by two Bragg peaks
at 0.018 and 0.035 A", No lateral order between GNRs
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can be evidenced, and thus this signature is attributed
to a smectic A arrangement (SmA) with a repetition
distance dsma = 35 = 2 nm. Conversely, at the closed
end of the tube we find a hexagonal lateral packing
(Hex), as indicated by four Bragg peaks at 0.0515,
0.0894, 0.1029, and 0.1375 A", with a respective
distance ratio of 1:4/3:2:4/7. These values correspond
to a mean interdistance between nanorods dpey, =
14.0 + 0.3 nm. In addition, the hexagonal phase
spectrum presents an additional diffuse scattering at
0.0405 A", Although the latter steadily shifts to the
second-order Bragg diffraction of the lamellar phase, it
cannot be indexed here as such because of the ab-
sence of any first-order signature. Nevertheless, since
the discussed peak is associated with a 17 & 0.5 nm
spacing, i.e., ~dsnwa/2, We propose to assign it to a
half-length translation between adjacent GNRs (see
the schemes in Figure 4a). Finally, at the intermediate
part of the tube, a higher order phase exhibits scatter-
ings typical of both hexagonal and lamellar order, in
agreement with a smectic B arrangement.

It is important to remark that the present SAXS
investigations, conducted after only a few hours dry-
ing, are not perfectly consistent with SEM observations.
Consequently, we hypothesized that the sample
was still out-of-equilibrium, and accordingly we have
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reanalyzed it on our custom-made setup after com-
plete water evaporation. The capillary content is now
more homogeneous, and it exhibits signatures typical
of both hexagonal and lamellar order (see Figures 4b
and S8). Oriented domains larger than the beam size,
ie, ~300 x 300 um? can even be evidenced (see
Figure 4b). The 6-fold symmetry is confirmed by the
observation of six peaks associated with the first-order
scattering by a lateral hexagonal packing along the
direction normal to the tube wall (see Figure 4c). Yet, in
this orientation the Bragg peaks corresponding to the
arrangement perpendicular to the nanorods' main
axis cannot be emphasized because the monodomain
is very well aligned. Incidentally, this observation
agrees with the SEM images collected when drying
proceeds between a silicon wafer and a PDMS stamp
(see Figure 3e and f): nanorods tend to stand upright
on interfaces. High-resolution acquisitions on multi-
domain areas were then achieved, and they demon-
strate the coexistence of two first (00/) lamellar peaks
and of the (100) hexagonal one (see Figure 4d); we can
therefore conclude that GNRs are here also organized
according to a smectic B order. For the lattice param-
eters, one computes from the experimental data
Asmg = 11.3 = 0.1 nm and ds,g = 24 £+ 1 nm, both
matching quite well the values extracted from FT
analysis of SEM images. Furthermore, when comparing
the new results with the SAXS measurements con-
ducted on the freshly dried suspension (i.e., apex and
dsma, respectively), we note a clear decrease of the
interdistances. We attribute this observation to the
slow dehydratation of the polyethylene glycol ligands
present at the nanorod surface. To summarize, MUDOL
GNR self-assembling induced by slow water evapora-
tion in a glass capillary first yields a smectic A/hexago-
nal polymorphism, which progressively transforms to
smectic B local order upon complete drying.

In the absence of any kinetic investigation on the
faster drying process involving a thinner film of colloi-
dal suspension confined between a smooth and a
topographically patterned surface, the preceding sce-
nario is established only for bulk crystallization. How-
ever, we are confident that in both cases the system
reaches a similar organization at thermodynamic equi-
librium. Indeed, SEM data acquired on GNR walls and
SAXS ones collected in a capillary provide results in
good agreement. This fact is further confirmed by the
dsmg = 10.3 £ 0.2 nm value measured by microfocused
SAXS on features dried between a nelophan mem-
brane and a PDMS mold (see Figure 4e). Unfortunately,
we could not rely on microfocused WAXS to reinforce
the SEM observations of nanorod alignment perpen-
dicular to the substrate'? because the cubic crystalline
system of the GNR colloids does not exhibit split Bragg
peaks (see Figure S2). Nonetheless, we estimate that
our set of measurements is comprehensive enough to
allow a unified description of the most stable structure,
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i.e., the one obtained after complete dehydratation.
The structure of the colloidal crystal should be unique
whatever the considered formation mechanism, thus
enabling a cross use of SEM and SAXS experiments.
Finally, as Tween 20 is introduced only in GNR suspen-
sions employed for wall formation, to definitely vali-
date our methodological approach, we check this
surfactant innocuousness with respect to self-assem-
bly. As proved by SEM pictures and SAXS spectra
collected on samples with and without the neutral
detergent, no adverse effects could be evidenced
(respectively compare Figures 3e and S11c as well as
the two curves of Figure S9).

To investigate the role of electrostatic interactions in
nanorod organization, various particle coatings, at
different MUDOL/MUDIC ratios, are examined with
respect to the final material morphology. We first used
the PDMS stamp drying method. Similarly to the case
of pure MUDOL, well-ordered assemblies of smectic B
domains are observed by SEM for a 80/20 MUDOL/
MUDIC composition (see Figure 5a and b). In contrast,
disordered aggregates are obtained when the colloids
are functionalized with an equimolar mixture of both
ligands (see Figure 5c and d). We next tried to more
precisely characterize samples by FT analysis of SEM
views. Although many areas of the wall surface exhibit
nearly hexagonal packing when MUDIC is present at
20% (see the arrangement of the six peaks in Figure 5b
inset), it is very difficult to discern any lattice when the
proportions of neutral and negative ligands are equal.
Consequently, image autocorrelation appeared a more
promising method to evaluate the spacing between
nanorods. From the radial profiles issued from circular
integration of the processed data, we estimate the
colloid interdistance to vary from ds,,g(100/0) ~ 8.9 nm
to dsms(80/20) ~ 10.2 nm when MUDIC is added to
MUDOL as to represent one-fifth of the mixture (see
Figure 5e and Figure S12). As far as an ordered area
could be discovered in the 50/50 MUDOL/MUDIC
sample (see Figure S12c), we also could compute
asmp(50/50) &~ 12.1 nm. In parallel with the preceding
experiments, SAXS measurements are done on GNR
suspensions that have been dried in capillaries. Our
custom-made setup yields data that unambiguously
reinforced SEM observations. In the pure MUDOL case,
four peaks are observed, which correspond to a re-
spective distance ratio of 1:4/3:2:/7, which can be
indexed in a hexagonal lattice (see Figure 5f). There-
after, the packing quality decreases when the ratio of
negatively charged MUDIC increases, as demonstrated
by the broadening of the secondary peaks. At the same
time, the first-order peak is shifted to smaller g, in-
dicating that the intercolloid spacing becomes larger; it
gains more than 1 nm when the MUDIC content
reaches 50%. Finally, assemblies of nanorods capped
with various MUDOL/MUDIC mixtures were also ana-
lyzed by TEM. Despite the fact that sample preparation
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Figure 5. Characterization of self-assemblies resulting from drying suspensions of GNRs capped with different mixtures of
neutral and negative alkanethiolates. (a, b) SEM images of the walls produced when evaporation takes place between a silicon
substrate and a PDMS stamp and when the MUDOL/MUDIC ratio is equal to 80/20. The inset shows the FT of the area enclosed
in the white square. (c, d) SEM images of similar features corresponding to a 50/50 MUDOL/MUDIC ratio. (e) Autocorrelation
analysis performed on the SEM views of the structure surface (see Figure S10). Data for three MUDIC percentages are
presented: black 0%, red 20%, and blue 50%. (f) SAXS analysis of the solids obtained upon dehydration of colloidal solutions

contained in glass capillaries.

here implies a third kind of drying protocol, images
evidence already-seen trends: GNRs organize into well-
defined side-to-side aggregates, which include several
tens of particles for pure MUDOL, 10 of them for 80/20
MUDOL/MUDIC, and only pairs for 50/50 MUDOL/
MUDIC (see Figure S4). Therefore, all the experiments
prove that mastering nano-objects' surface potential is
of foremost importance to obtain organized supracrys-
tals. Additionally, over a given distance range electro-
static repulsion can serve to impose a precisely
tuned lattice parameter. However, the strength of this
repulsive potential has to be maintained weak enough
in order not to inhibit self-assembling. As evidenced

HAMON ET AL.

by the control observations performed on the “as-
synthesized” colloids, which are capped by the sole
CTAB, being too strongly charged only results in dis-
ordered aggregates (see Figure S11a and b for SEM,
Figure S10 for SAXS, and Figure S4a for TEM).

CONCLUSION

We introduced a method opening access to the
formation of 3D gold nanorod superstructures having
a local smectic B order. We also discussed the impor-
tance of surface functionalization, which enables tun-
ing repulsive and attractive forces acting on the GNRs
so as to help their self-organization; more precisely,
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particles are coated with the neutral MUDOL ligand,
optionally supplemented with the negative MUDIC
one (up to a few tens of percents). Colloid anisotropy
results in a smectic B condensed phase with a lamellar
parameter around 25 nm and a hexagonal one around
10 nm, depending on the amount of negatively
charged capping agent. We obtain well-defined wall
features when the nanorod solution is dried between a
smooth surface and a topographically patterned PDMS
stamp in the presence of the Tween 20 surfactant. This
textured surface allows us to fix a slow and regulated
evaporation rate and to define at the millimeter scale
the shape of the final nanomaterial. Indeed, our experi-
ments show that the motion of the contact line during
drying is strongly affected by the micrometer-size
features of the mold. Pinning of the meniscus yields
the formation of capillary bridges, which evolve over
time to become an engineered superstructure made of
3D walls of smectic B GNRs. Spatially controlled deposi-
tion of gold nanoparticles has previously been con-
ducted using either passive processes, based on
electrostatic and capillary forces, or active transfer
involving PDMS stamps inked with thiolates. However,
both strategies lead only to 2D-restricted assemblies.>*

METHODS SECTION

Synthesis of Gold Nanorods. Synthesis was achieved relyingona
previously described one-pot procedure.>'*? Particles with an
absorption maximum at 750 nm were obtained 20 min after the
reducing agent addition. Next, starting with 10 mL of crude
reactive mixture, the excess CTAB was removed by two washing
cycles, which included centrifugation at 14000g for 10 min and
pellet dissolution in 10 mL of CTAB prepared at 0.5 mM in Milli-Q
water of resistivity 18.2 MQ. The nanorod concentration was
finally derived from the optical density measured at 750 nm and
the extinction coefficient provided in the literature.>” The titer
of this stock solution of “as-synthesized” GNRs was found to
be ~4 x 107" M.

GNR Grafting. This was accomplished by simply adding 10 uL
of a 10 mM aqueous solution of ligand to 1 mL of the previous
colloidal suspension. The mixture was vortexed briefly and then
stirred at room temperature for 24 h. The exchange was
subsequently controlled by electrophoresis, a 0.5% agarose
gel was used, and migration was performed for 45 min in
20 mM borate buffer, pH 8.5, under a 3.3 V-cm ™" electric field.
After functionalization, all GNR suspensions were employed for
self-assembling experiments without any further purification. In
order to remove the excess ligand, only FTIR samples were
prepared by three dialyses of a 10~° M GNR suspension (1 mL)
against an aqueous solution (1 L) containing TMD 8 mixed bed
resin (10 g; Sigma).

Transmission Electron Microscopy. TEM was conducted on the
JEOL 1400 apparatus of the microscopy platform at Rennes 1
University. Samples were prepared by depositing drops of
colloidal suspension at 10™° M onto grids (Formvar/carbon on
300 mesh copper, Agar Scientific) and letting them dry at room
temperature for 12 h. The mean length and diameter of the
GNRs were determined from the corresponding size histo-
grams, established with the open access ImageJ software.

Small-Angle X-ray Scattering. SAXS measurements were per-
formed on either a custom-made setup®® or the high brilliance
SWING beamline (12 keV) located at the Soleil synchrotron
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Microwires were also generated by evaporation of a
suspension of 20 nm diameter gold colloids in the
interstices of a 2D crystal built of polystyrene latexes.>
Although the latter method provides an alternative
way for shaping self-assemblies of nanoparticles, it
appears to be limited in terms of geometries. In
comparison, our approach offers a low-cost way to
truly order GNRs precisely and reproducibly within 3D
macroscopic configurations (in the present case per-
iodic arrays extending over several square
millimeters). Our findings could then facilitate the
elaboration of functional materials. For example,
interesting developments could emerge in SERS or
plasmonic detection where crystalline ordering
would favor a much higher sensitivity than the one
expected from sensors fabricated by classical drying
techniques on a smooth substrate.>'® Additionally,
the manufacturing protocol presented here could be
extended to any kind of water-soluble anisotropic
colloids provided the optimization of an appropriate
chemical coating. For instance, application to semi-
conductor nanocrystals would be a plus, as they are
attractive candidates for both photocatalytic and
photovoltaic devices.>®

facility.>® Except in Figure 5¢, all samples exhibited powder
diffraction patterns; thus, circular integration allowed one to
plot the scattering intensity as a function of the radial wave
vector g = 4 sin(0)/A. Self-assembled condensed phases were
prepared in 1.3—1.6 mm diameter glass capillaries (Glas-
Technik & Konstruktion Miller & Miller OHG). Typically, the
GNR suspension was at an initial concentration of ~107% M. It
was prepared in 0.5 mM CTAB, and Tween 20 was added only in
the control experiment reported in Figure S9; its titer was then
0.1 mM. The still “wet” sample investigated at Soleil was dried
for 12 h, and the completely dehydrated samples characterized
in Rennes were desiccated for more than 48 h in a box contain-
ing phosphore pentoxide (Aldrich).

3D GNR Self-Assembling onto a Solid Substrate. This was carried
out by controlled drying of colloidal suspensions between a
smooth surface and a topographically patterned one. More
precisely, a microtextured stamp was first manufactured in
PDMS (Sylgard 184, Dow Corning) relying on standard soft
lithography protocols®® and on a 35 um deep master mold
fabricated in negative photoresist (SU8-2025, Microchem). Two
square arrays of 100 um diameter pillars were used, the lattice
parameter being either 175 or 350 um. Meanwhile, “as-synthe-
sized” or chemically modified GNRs were prepared at 10° M in
0.5 mM CTAB supplemented with 0.1 mM Tween 20; the latter
neutral detergent was always present except in some of the
experiments displayed in Figures S6 and S11a and c. A 1 uL
droplet of this solution was next casted between the substrate
and the elastomeric template. Drying took place at room
temperature for about 10 h before the removal of the PDMS
cover.

Scanning Electron Microscopy. Images were recorded on a
Magellan 400 L (FEl) with settings as follows: acceleration
voltage 5 kV, probe current 0.2 nA, working distance 3.9 mm.
Features were here obtained by drying the colloidal solutions
on (100 silicon wafers of resistivity 1—10 Q-cm™"'. Moreover, to
gain insight into the internal structure of GNR self-assemblies,
we depended on two tricks. Either we simply cleaved the
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samples to allow cross sectional observation, or we broke the
walls apart with MM3A-M micromanipulators (Kleindiek
Nanotechnik) mounted on a Leo 1430 microscope (Zeiss).
Fourier transform computation was achieved with ImageJ,
whereas autocorrelation analysis was undertaken relying on
DigitalMicrograph (Gatan).
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