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ABSTRACT:

Organizing nanoparticles in a controlled way allows us to monitor their optical properties, in
particular if it concerns metallic nanoparticles. It is particularly interesting to organize them on top
of liquid crystal films to take advantage, in a second step, of the easy actuation of liquid crystals
with external parameters like temperature, electric fields, etc...We show that despite their fluidity,
nematic and smectic films allow formation of well-ordered hexagonal domains of gold spherical
nanoparticles (AuNPs) at their surface but we also show that both nematic films and AuNP
domains impact each other. Using Optical Microscopy, Atomic Force Microscopy (AFM),
Scanning Electron microscopy (SEM), and Spectrophotometry, we compare nematic, polymer
stabilized nematic and smectic films with AuNP domains made of NPs of diameter 6nm. On The
liquid crystal films depressions are revealed below the AuNP domains whereas the AuNP domains
appear well-organized but with a hexagonal period shortened with respect to AuNP monolayers
formed on hard substrates. We interpret these features by the anchoring tilt imposed by the AuNP
domains on the molecules. The smectic-A layers characteristic of the nematic surface transform
into smectic-C layers which induce formation of depression. The energy penalty associated with
the local smectic-A/smectic-C transition induces the shortening of the AuNP domain period in
order to decrease the AuNP domain surface. The observed large depth of the polymer stabilized
nematic depressions below AuNP domains may be explained either by an increased size of the
polymer stabilized smectic layers close to the surface or by an increased number of polymer
stabilized smectic liquid crystal smectic layers close to the surface with respect to pure nematic

films.



=
=
b3

Extinction (a.u.)

=
b=

PRI

Nematic

(117 Y S S
450 500 550 600 650 700 750 800
) (nm)

KEYWORDS: liquid crystal, gold nanoparticle, nanoparticle control, plasmon extinction,

spectrophotometry, AFM, SEM

Liquid crystals (LCs) are the original nanomaterials: subjugated by surface forces, electromagnetic
fields, and flow they can be organized, actuated, and switched while maintaining sub-micron order.
When combined with nanoparticles (NPs), these composites become of interest for applications™?
either to induce a modification of LC properties in presence of NPs,*” or to allow for controlled
NP organizations mediated by the LC matrix. These last applications rely on the anisotropy of the
LC matrix and its ease of manipulation through external stimuli (temperature, electric field) to
build NP clusters that can be modified on demand by these external stimuli.> Commonly, NPs
aggregate in a LC bulk without a particular ordering.”!° One alternative to engineer ordered NP
structures is using topological defects, regions with mismatching LC molecular orientation, as sites
for adsorbing NPs.!!"!% As a result, topological defects can be used as templates for the formation

of NP clusters with supramolecular order.'®"*°

However, forming NP-LC composites through defect engineering is a challenging task since not
only does it require the formation of well-defined topological defect arrays, but also it is limited
to NP sizes small enough to match the topological defect core sizes and surface chemistries that

stabilize the defect morphology of interest. Efforts to use a LC matrix with a low density of defects



as a substrate for NP self-assembly at the LC surface without the formation of uncontrolled clusters
is therefore another interesting challenge. It has been reported that a cholesteric LC film, with a
molecular pitch of the order of microns, exhibits a fingerprint texture which guides the NPs into
ribbon-like assemblies, revealing the presence of more favourable areas at the surface of these
modulated LC matrix.?>2* However a deep study of the local NP structure that drives the NP
optical properties, in particular the light absorption when plasmonic NPs are concerned, and its

relationship with the LC matrix specificity is still lacking.

In this work, we demonstrate the stabilization of large collections of gold nanospheres (AuNP)
domains on top of defect-free SCB nematic and polymer stabilized 5SCB nematic films. These
domains exhibit hexagonal packing, similar to ordered domains of particles on hard substrates.
The presence of NP domains alters the topography of the free-standing SCB film, while the inter-
AuNP distance between AuNPs is shortened and thus red-shifts the plasmonic wavelength
associated with AuNP light absorption. We show that similar phenomena are induced at the surface
of free-standing 8CB smectic-A films and interpret these mutual modifications as arising from the

AuNP-induced variation of anchoring at the interface.

RESULTS

Optical Microscopy Observations. SCB Nematic films (see "Materials and Methods" - Figure
7a) and polymer stabilized 5CB nematic films (see "Materials and Methods" - Figure 7b-c) on
rubbed polyvinyl alcohol (PVA) substrates were prepared according to "Materials and Methods"
section - Figure 7. We will call in the following the polymer stabilized SCB nematic films by
PSNLC for Polymer Stabilized Nematic Liquid Crystal ("Materials and Methods" - Figure 7c) and
the SCB nematic films by NLC for Nematic Liquid Crystal. The nematic texture of PSNLC and of

NLC, with and without gold spherical nanoparticles (AuNPs - see "Materials and Methods" -



Figure 7d), was first investigated by optical microscopy between crossed polarizers (POM) in
transmission. The textures of the NLC and of the PSNLC appear similar (comparison between
Figure 1a and 1b and between Figure 1b and SI1). For stability purposes, the results presented here

are from PSNLC films unless indicated otherwise (Figure 1).

Profilometer measurements show that the thinnest section of the film is at the border, with a
thickness of 6 um, and the thickest region is at the center, with a thickness of 18 pm. These values
correspond to the color of the optical microscopy pictures between crossed polarizers observed in
Figure la for NLC film, assuming that a hybrid film (planar anchoring on the rubbed PVA
substrate and homeotropic anchoring at air) of LC has an effective birefringence of Anc = nesp —
ny with no, the ordinary LC index and n,yy, the effective extraordinary index determined by the

following equation®.

1 re NoNe

Nefr = ;fo J

dz (1)
nZ cos? 9(z)+n? sin2 6(z)
with e the overall thickness, 6(z) the molecular orientation throughout the LC film (the director

profile), ne and n, the extraordinary and ordinary 5CB indexes.

For homeotropic anchoring at air, using n, = 1.537 and n. = 1.735, it can be calculated that
A7, - is of the order of 0.1.26 It decreased by 0.09 with respect to the nominal 5CB birefringence
(ne —no) = 0.19. The birefringence of monomer RM257 (with n, = 1.508 and n. = 1.687)*” and that
of 5CB are of the same order and we don’t expect the polymer birefringence to significantly modify

the PSNLC one.



On top of NLC, droplets of gold spherical nanoparticles (AuNPs of diameter 6 nm and covered
by dodecanethiol ligands - see "Materials and Methods" - Figure 7d) in toluene have been
deposited. For PSNLC with AuNPs the polymerization occurred after AuNP deposition. Large
filaments or cluster structures are observed as shown in Figure 1b (for AuNP structures on NLC
film, see Figure S1). The difference between figures la and 1b suggests that these domains are
composed of AuNPs and the change in color indicates that their presence modifies the structure of

the LC film underneath.

Figures 1c-d show a magnified area of the PSNLC-AuNP polymerized films, where the areas
with NPs appear blue-shifted. For example, the free nematic in red changes to yellow, and the free
nematic in yellow changes to blue. This blue-shift is systematic but can be more or less visible
depending on the LC thickness and most probably also on the size and density of the NP domains.
We might attribute this blue-shift to two main phenomena: the domains of AuNPs form depressed
regions on the PSNLC film altering its thickness, or the AuNPs impose a change of birefringence
in the film. The observation of a large and well-visible blue shift of POM colors in the presence of
AuNPs would imply non-negligible thickness changes with respect to the overall film thickness
such that the second phenomenon is more likely to occur. In order to study the localization and
organization of AuNPs in the domains identified by POM and understand the origin of the local
birefringence changes, we have studied PSNLC films with AuNPs using Atomic Force

Microscopy (AFM).



Figure 1. POM images in transmission between crossed polarizers where the molecules are

aligned at 45° of the polarizer: (a) NLC film showing a color variation that correspond to a
thickness variation from the edge to the center of the film from 6 to 18 pm. (b) PSNLC film
in the presence of AulNPs forming colored filament-like structures. (¢) Enlarged view of
AulNPs yellow structures on a red nematic area. (d) Enlarged view of AuNPs blue structures

on a yellow nematic area.

AFM Measurements. Figure 2 shows that the macroscopic filament-like shape of the AuNP
domains shown in Figure 1 is recovered on the AFM image through a contrast associated with
variations in height (Figure 2a) and variations in phase (Figure 2b). AFM results reveal that, more
locally, the filaments are divided into islands which are precisely visualized in Figure 2c. The

comparison between POM and AFM pictures allows us to identify the islands as associated with



the AuNP domains. The topography within the AuNP domains and on the free LC film is uniform
as shown in Figure 2c-d. The AFM phase variation between the two regions, see Figure 2b, is
related to different AFM tip/surface interactions. The observation of such an AFM phase variation
demonstrates that the islands are made of AuNP domains localized at the LC surface and not
covered in nematic material. It is however not possible to identify the nature of the AuNP packing
within the domains given the limited AFM resolution. The change in thickness between the two
zones, see Figure 2c-d, shows that the presence of AuNPs organized in domains impacts the

nematic structure through the formation of depressions on the PSNLC film surface.
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Figure 2. (a) AFM topographical and (b) phase data corresponding to the surface of a

PSNLC film in presence of AuNP domains. AuNP regions are visible in the phase data by



the variations of phase contrast associated with variations of AFM tip interactions with the
surface, which coincide with the zones of holes observed in (a). (¢) Enlarged topographical
view on the domains formed by AuNPs, revealing the formation of well-defined depressions
at the nematic surface in presence of AuNPs. (d) Topographical cross-sections according to
the lines drawn on (c). The depth of the hole formed by the AuNP domains is 60 nm with

respect to the nematic surface. The bottom of the depression is flat.

The depth of the islands relative to the PSNLC/Air interface, Aen-au, has been determined through
102 measurements performed on three samples. It varies between 20 and 100 nm with an average
value Aen-av= 82 + 24 nm. This Aen.au value is, indeed, negligible compared to the thickness of
the film (between 6 and 18 pm) which confirms that the color variation in Figure 1b-d is caused
by a change in the birefringence. This birefringence change must be caused by the AuNP domains
replacing air at the nematic surface. A layer of AuNPs of diameter 10nm cannot significantly alter
the birefringence of a nematic film of overall thickness between 6 and 18 um. This increase of
birefringence suggests that the antagonistic boundary conditions of a hybrid film are altered by the
presence of the AuNP domains. It is no more perfectly homeotropic, as it was the case in the

PSNLC/Air interface, but becomes tilted.

The birefringence change can be estimated according to the following formula:
47 = k=2 2)

where An is the variation of birefringence with respect to 4n;, k is the optical order, AA is the
difference in wavelength between the zones with and without AuNPs identified in the POM
pictures and e is the overall thickness. For the region between yellow and blue (Figure 1d), AA of

the order of 100 nm and k = 2. Solving formula (2) for 4n, the change in birefringence should be



about 0.02. We calculate n.sras a function of the molecular orientation throughout the LC film.
Firstly, we assume that the director profile (the average LC molecule orientation) follows the
analytical solution for a hybrid film described in eq. (1). In such a case a numerical solution for
eq. (1) yields an angle 6=17° if 4n is increased by 0.02 with respect to homeotropic anchoring at
the surface. Secondly, if we assume that the texture in the areas with nanoparticles matches the
adjacent texture in the areas without nanoparticles from the PVA (6=90°) up until some tilt angle
6> and then remains at that constant angle all the way to the AuNP interfaces, we find that 6,=39°
for an increase An of 0.02. This appears to be the maximum LC tilt below the AuNP domains
consistent with the observed birefringence. Such tilted anchoring appears consistent with previous
results of the literature, since the dodecanethiol ligands grafted on an Au surface can induce tilted

anchoring for short enough alkyl chains. 28

Figure 3. SEM images of the PSNLC-AuNPs sample prepared in the same conditions as the

one for spectrophotometry measurements and deposited on a conducting ITO substrate
covered by rubbed PVA (a) Large scale picture where AuNP domains appear as large AuNP
filaments (b) Enlarged view of the structure showing associations of several domains which

correspond to alternating areas with and without AuNP, already seen by AFM. (c) Enlarged

10



view inside the AuNP domain revealing an organization of AuNPs into well-ordered

hexagonal monolayers.

Scanning Electron Microscopy (SEM) Investigations. POM and AFM pictures show how
AuNPs impact a nematic film, once deposited at the surface. A change of anchoring is induced
below the AuNP domains that form at the LC surface. A depression is imposed at the nematic
surface for each AuNP domain of depth varying between 20 and 100 nm. We can now ask the
reverse question: if and how the AuNPs themselves are affected by the presence of the nematic
film below. We have thus studied PSNLC films with AuNPs by SEM (Figure 3) on a slightly more
concentrated area than the one studied by AFM. The AuNP domains (in white on Figure 3) are
indeed more interconnected than on Figure 2. In contrast with AFM measurements, a zoom on the
islands (from Figure 3a to Figure 3c¢) easily displays the AuNP structure associated with formation
of hexagonal networks. Surprisingly, we observed a very well-organized monolayer on the nematic
film, characterized by a hexagonal organization similar to the one that can be obtained on a hard
substrate (Supporting Figure S2 for comparison). The strong contrast associated with the AuNPs
1s consistent with the absence of nematic LC above the AuNPs, indeed already suggested by AFM

results.

Localized Surface Plasmon Extinction. In order to understand if the AuNP organization is
similar to that on a hard substrate, we have compared the localized surface plasmon (LSP)
extinction of AuNPs directly deposited on top of the rubbed PV A substrate with that of the AuNPs
organized in domains at the PSNLC surface (Figure 4). Figure 4 shows that for both systems a
large red-shift of the LSP resonance wavelength is observed with respect to isolated AuNPs in
solution (Supporting Figure S3). A similar red-shift is measured with NLC films with AuNPs

(Supporting Figure S4). This shift reflects the electromagnetic coupling between NPs that occurs

11



when they are packed within a hexagonal lattice. We have measured the LSP extinction for incident
light parallel and perpendicular to the rubbing of PVA. Consistent with the symmetry of the

hexagonal packing, we find no difference in the measurements and thus we only show non-

polarized data in Figure 4.
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Figure 4. LSP extinction of AuNPs on a hard

substrate (rubbed PVA) in blue, and on PSNLC

film in red. Maximum of each extinction curve is

denoted by dashed lines. The LSP resonance of a

AuNP toluene solution is indicated in the dashed

black line.

A striking difference between the two data sets in Figure 4 is that the red-shift is significantly
larger on top of the nematic film (69 nm) as compared to the case on hard substrate without the
LC (41 nm). It is known that for these NPs covered by ligands the optical index responsible for
the LSP resonance wavelength is mostly imposed by the ligands. 2>*° Thus the fact that n. = 1.735
is significantly larger than the optical index of PVA (n=1.5) compared to n,=1.537 is not at the

origin of the observed larger red-shift for AuNPs at NLC surface. This is indeed confirmed by the

12



observation that the LSP resonance does not depend on the polarization of the incident light. The
difference of red-shift shown on Figure 4 thus leads to the following conclusion: On top of the
nematic film there is an LC-induced shortening of the inter-NP distance, in other words a
shortening of the period of the hexagonal network shown on Figure 3¢ with respect to that on a

hard substrate without LC (Supporting Figure S2).
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Figure S. Optical microscopy images: (a) in transmission with parallel polarizer revealing
the presence of LC film within the TEM copper grid, (b) with crossed polarizers, revealing
a change of birefringence from homeotropic to tilted below the NPs. (¢) AFM topographical
and (d) phase data for a region with AuNPs domains on a 8CB smectic-A LC. (e)
Corresponding topographical cross-sections according to the lines drawn on (c). AuNP
regions are visible in the phase data by the variations of interaction with AFM tip which
coincide with the hole areas observed in (c). The depth of the hole that the nanoparticles dig

is around 15 nm with respect to the smectic surface at the hole edge.
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DISCUSSION

When the AuNP in toluene solution droplet is deposited on the nematic there is an almost complete
dissolution of the nematic film. As the toluene evaporates, the nematic film reforms, leading to the
AuNP localization at the air interface. This suggests that in absence of topological defects in the
LC film, localization of AuNPs at the LC film surface may be the equilibrium state of the
composite nematic film-AuNPs. Similar observations have been obtained for cholesteric films
formed in the presence of platinum or gold nanoparticles,?'?3 but, in this latter case, competing
with formation of aggregates in the bulk.?? Neither, in the NLC nor in the PSNLC film, aggregate
is formed. This could be related to the preparation of the composites via the deposition of a droplet
at the surface that somehow may favor localization at the air interface. In comparison with the
cholesteric film, there is no modulation on the nematic surface. As a result no stripes of AuNPs
are observed.?!3 Instead the AuNPs organize in a process that looks similar to the one leading to
the well-known organization on top of a solid substrate after solvent evaporation (Supporting
Figure S2). The filaments made of islands of ordered hexagonal AuNP networks revealed by
combined POM, AFM and SEM may be connected to the end of solvent evaporation at the LC
film surface. The islands are the signature of the last solvent droplets that bring AuNPs close to
each other before full solvent evaporation. The observed NP organization is the usual result of
inter-AuNP Van der Waals interactions that favor hexagonal organization of nanospheres.
However spectrophotometric data demonstrate that on PSNLC (Figure 4) and on NLC (Supporting
Figure S4) the period of the hexagonal network is shortened with respect to the one on a hard,
rubbed PVA surface (without a LC). This suggests that an additional interaction takes place
together with the inter-NP Van der Waals interactions. The inter-NP spacing in the hexagonal

network has been measured on rubbed PVA surface (without a LC) by combined
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spectrophotometric measurements and synchrotron Grazing Incidence X-ray Scattering
(GISAXS). It is equal to 1.9 nm?°*%32_ If we analyze the red-shift of the plasmonic absorption of
Figure 4 using the dipolar approximation (see "Materials and methods"), we find that the inter-NP
gap decreases from 1.9 nm without LC?*3*32 to 1.1nm on top of PSNLC, leading to a shortening
of 0.8 nm. The additional interaction thus leads to quite a large shortening of the inter-AuNP
spacing that requires high distortion and interdigitation of the dodecanethiol ligands that have an
extended length of 1.8 nm. The nematic material allows for the formation of a well-organized
AuNP network at the surface, however with a significantly enhanced electromagnetic coupling
between AuNPs, able to significantly modify their optical properties. It is important to understand
the origin of such shortening of lattice spacing. It may be related to the formation of the depression
in the LC film below the AuNP domains. Since the observed shortening of the AuNP lattice
spacing occurs independently of the polymerization in the nematic material (we find a similar red-
shift for plasmonic resonance with and without polymerization), this would imply that
polymerization is not directly responsible for the establishment of the depressions. In order to
check it and to understand the origin of the observed depressions, we have studied AuNP

aggregation on smectic films without polymer.

Whereas it is very difficult to obtain reliable SEM or AFM pictures using nematic films without
polymer, it is nonetheless possible to perform AFM measurements on smectic films.** We prepared
8CB smectic films within TEM copper grids inducing homeotropic texture (see "Materials and
Methods"), thus avoiding distortion and the creation of defects.>* After deposition of the same
AuNP droplets on top of the smectic films, a similar anchoring modification of 8CB induced by
the AuNPs is observed as revealed by POM (Figure 5a-b). Moreover, we observe the same

localization of AuNPs at the 8CB surface, leading to the formation of similar depressions, as
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revealed by AFM measurements (Figure Sc-¢). These results obtained with smectic films without
polymerization confirm that polymerization in PSNLC, even if it impacts the depth of the
depression, is not directly responsible for the formation of these domains at the LC surface nor for
the formation of depression below AuNP domains at the surface of nematic or smectic films. They
also suggest that the domains could correspond to the real equilibrium state of the composite
nematic/smectic film-AuNPs, in agreement with the observations that the smectic films with AuNP
domains at the surface remain unchanged several months after their preparation. Finally the fact
that similar depression features below the AuNPs are observed in smectic and nematic films
suggests that the origin of the depressions below AuNPs is similar in both phases. In the smectic
phase the depressions can be viewed as the result of the tilted anchoring imposed below the AuNP
domains: to allow for tilted anchoring and flat smectic layers, parallel to a flat interface, a (local)
transition from a smectic-A phase to a smectic-C phase is necessary. However, along with the tilt
comes layer compression, as in the smectic-A to smectic-C transition. The accommodation of
compressed smectic-C layers and neighboring non-compressed smectic-A ones thus creates a
depression below the AuNP domains (see scheme of Figure 6). For an anchoring tilt of 6 below
AuNP domains and a depression depth of about # = 15 nm corresponding to the one observed on
Figure 5, the number of smectic layers involved in the smectic-C/smectic-A transition is larger
than N = (h + 6)/(P*(I-cos(8))), 6nm being the NP diameter, P = 3.16 nm being the smectic-A
period of 8CB. This leads to between 29 and 152 smectic layers involved in the smectic-C/smectic-

A transition for an anchoring tilt of 39° and 17° respectively.
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Figure 6. Schematic presentation of the depression occurring below AuNP domains due to a

local smectic-C (below AuNP domain)/smectic-A (below air) transition.

How does this bear on our nematic data for SCB? It has been observed in both experiment and
modelling that nematics can display surface "freezing" and form several layers of smectic phase
near a homeotropic surface.’>-¢ Since merely changing the anchoring condition from homeotropic
to a tilt whose value ranges between 17° and 39° could not modify the nematic density, we
postulate that a surface smectic-A phase forms and that, upon contact with the AuNPs, becomes a
smectic-C. By analogy with the true equilibrium smectic of 8CB, this should lead to the formation
of a depression below AuNP domains. If we postulate that the polymerization has no influence on
the depression feature, then the observed depression depth of 82 nm (the average value associated
with more than 100 measurements) requires that the number of smectic-A/smectic-C layers to be
very large, ranging from around 130 to 670, as shown by the N values obtained for an anchoring
tilt of 39° and 17°, respectively, taking the SCB smectic-A layer size close to the surface to be 2.6
nm. ¥ This number is definitely too large when compared to previous results suggesting that 5CB
has short-range smectic order with at most 3 to 4 layers near the air interface *>3°. This leads us

to conclude that the polymerization must contribute to the observed large depression depth in
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PSNLC with AuNP monolayers. For instance, cybotactic clusters of polymers may co-organize
with 5CB into layers close to the interface, with the polymer orientation being imposed by the SCB
thus inducing an increased layer size. *’ The increased size of the polymer stabilized smectic layers
would induce a large depth of the depressions below the AuNP domains. The polymerization may
also favor the surface "freezing" of the nematic structure into a smectic one as previously shown
in ref 37 leading to a large number of polymer stabilized smectic layers close to the interface. Such
a phenomenon may be enhanced by the directional UV-irradiation leading to the well-known

favored polymerization close to the air-AuNP interface.*

The smectic-C structure induced by the tilted anchoring below AuNP domains incurs an energy
penalty. To decrease this energy as much as possible the area of the AuNP domains will shrink,
leading to the observed shortening of the lattice spacing. We can compare this shortening to prior
work on AuNPs trapped in smectic topological defects. For small AuNPs, of diameter D = 4 nm
with the same dodecanthiol ligands (with a size smaller than the core of the defects) no shortening
is observed®®. The AuNPs used here, of diameter D = 6 nm, have also been embedded in 2D
smectic topological defects?®>?. There, the 2D confinement induces formation of hexagonal
networks similar to the one observed at the SCB surface but instead embedded within the 2D
defects. Shortening is also observed, suggesting that these AuNPs are larger than the defect core
size in contrast with AuNPs of diameter D = 4 nm. The shortening is only 0.6 nm, of the same
order yet smaller than that observed here on SCB (with both PSNLC and NLC film). In the former
case the advantage of being embedded within a topological defect core may be responsible of the
smaller shortening. This however shows that the disorder induced by the AuNPs outside of the
topological defect core has an energy per unit area of the same order of magnitude as the one

associated with the putative smectic-C/smectic-A induced by the AuNPs.
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These results finally show that the LC anchoring modifications induced by the AuNP domains
allow to manipulate the AuNP domain lattice spacing and to enhance the coupling between AuNPs.
For metallic NPs this induces a significant red-shift of the plasmonic resonance known to be
associated with an enhanced exaltation of the electromagnetic field between neighboring NPs
under light irradiation. This will be particularly appropriate to use these composite surfaces as
Surface Enhanced Raman Scattering (SERS) surfaces, for sensing applications. This effect could
even be monitored using different ligands around AuNPs to further modify the LC anchoring
below AuNP domains and thus still enhancing the coupling between NPs. It will be also interesting
to study the possible activation of plasmonic resonance as a function of temperature, the
temperature being increased above the nematic/isotropic transition (35.2°C for 5CB) where the LC
anchoring phenomenon is lost. Increase of temperature above the transition may eliminate the
lattice spacing shortening. Temperature may thus become an external activator for control of the
coupling between NPs in ordered NP networks when they are formed on top of nematic or smectic
surfaces.

CONCLUSION

In conclusion, we have shown that nematic films can serve as substrates for the formation of well-
ordered hexagonal monolayers of gold nanoparticles (AuNPs) of diameter D = 6 nm. This has been
shown by combining Optical Microscopy on Polymerized Stabilized SCB (PSNLC) and pure SCB
(NLC) films, Atomic Force Microscopy (AFM), Scanning Electron microscopy (SEM) on PSNLC
films, and Spectrophotometry on PSNLC films and NLC films. The same features have been
shown on smectic surfaces by combining Optical Microscopy and AFM. However we also show
how both AuNP networks and nematic films are mutually impacted by each other. The AuNP

network period is shortened by the surrounding nematic film and depressions are created at the
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nematic surface, where the AuNP domains are formed. We show that it is related to a tilt of the
nematic anchoring induced below the AuNP monolayers, ranging from 17° to 39°. In the smectic
film the anchoring tilt transforms smectic-A layers into smectic-C layers. Depressions through
layer-shrinkage may then become necessary to accommodate the neighboring smectic-A (without
AuNPs) and smectic-C (with AuNP monolayers) areas. The same phenomenon occurs with
nematic films in relation with the known surface-induced smectic-A structure of the nematic film
at the interface transformed into a smectic-C one. The shortening of the AuNP network period may
be induced by the necessary minimization of the surface of the smectic-C areas in relation to the
energy cost of the local smectic-A/smectic-C transition. We find that when the nematic film is
polymer stabilized the depression depth is increased either in relation with an increased smectic
layer size or with an increased number of polymer stabilized smectic layers close to the surface
with respect to NLC films. These results not only open the route for a control of the coupling
between NPs at LC surface through the use of various ligands around NPs that would modify the
LC anchoring underneath the AuNP domains, but also for activated control through temperature

changes reaching the nematic/smectic transition temperature.

MATERIALS AND METHODS

Solid substrate preparation. PVA was spin-coated onto clean glass slides, baked for at least
one hour at 120°C to polymerize, and rubbed unidirectionally with a commercial rubbing cloth to
promote planar anchoring at the surface. This treatment is used on the silicon (SI) substrate to
visualize the AuNPs without the LC, on glass slides for NLC and PSNLC samples, and on those
coated with a thin transparent layer of Indium Thin Oxide (ITO) to visualize PSNLC samples by

SEM.
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Photopolymerizable Monomer-Nematic LC Mixture. In order to obtain PSNLC films, 4-pentyl-
4’-cyanobiphenyl (5CB, Sigma-Aldrich - Figure 7a) was mixed with RM257 (30 wt%, Synthon
Chemicals GmbH & Co. KG - Figure 7b) and a photo-initiator (1-
Hydroxycyclohexylphenylketone, 1,2 wt%, Sigma-Aldrich). To ensure better miscibility,
dicholoromethane is added. The LC monomer mixture is heated in a closed flask at 60°C for 45
minutes, during which the dicholormethane is in the gaseous phase. Once homogeneous, the flask

is opened and all dichloromethane evaporates.
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(a) 4-pentyl-4-biphenylcarbonitrile:
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Figure 7. Chemical structures of (a) SCB and (b) RM257. (¢) Schematic presentation of the

polymerization by UV irradiation of the reactive monomers RM257 to form PSNLC film.

RM257 are represented in pink; SCB are represented in green. (d) AuNP of diameter 6nm.
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AuNP  Synthesis. 1, 2, 3, 4-tetrahydronaphthalene (tetralin, 99%  Aldrich),
Chlorotriphenylphosphine Au (I) (98%) and tert-butylamine borane (97%) were obtained from
STEM chemicals. Dodecanethiol (DDT), oleylamine, HAuCl4 (98%), hexane, were obtained from
Sigma-Aldrich, Toluene (98%) from Riedel de Haen. Ethanol (99.85%), chloroform (99.2%) from
VWR. All reagents were used as received without further purification. The synthesis is based on
reference.*’ 50 mg of HauCl4 are mixed in a three neck flask with 5 mL of oleylamine and 5 mL
of tetralin and degassed at room temperature. The flask is dipped in an ice bath. The temperature
controller is put in the ice bath rather than in the three neck flask. Meanwhile, 22 mg of
tertbutylborane is mixed with 0.5 mL of oleylamine and 0.5 mL of tetratlin. The mixture is
sonicated until full dissolution of the salt. The three neck flask is put under Ar. The borane solution
is injected promptly. The solution changes color to brown and then to purple. Reaction is continued
for 36 min. 0.5 mL of DDT is added to stop the reaction growth. The content of the flask is mixed
with 5 mL of ethanol and then centrifuged. The formed pellet is redispersed in toluene. NPs of
diameter D = 6 nm surrounded by dodecanethiol ligands (Figure 7d) and polydispersity 9% were

obtained as shown by SAXS measurements performed on synchrotron Soleil.

Nematic LC and PSNLC film preparation with or without AuNPs. Once the PVA-coated
glass is prepared, 10 pl of the nematic material is spin-coated (2000 rpm for 20s) to achieve
uniform thickness throughout the film. This effectively generates a hybrid film, with planar
anchoring on the PVA substrate, and homeotropic anchoring at the nematic-air interface. The
uniformity in thickness is checked by optical microscopy and Profilometer measurements. The
AuNPs solution (with a concentration of 5.6x10!” AuNPs/L) is deposited by drop casting on the
nematic film. Evaporation of the solvent can either induce contraction of the LC film or division

into two or three smaller films, depending on the solvent evaporation. To induce polymerization
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(Figure 7¢), the samples were irradiated in a nitrogen atmosphere with UV light of 0.15 mW.cm

intensity at wavelength 365 nm for 20 min at room temperature. 42

Smectic LC Film Preparation with AuNPs. Homeotropic substrates were prepared by spin-
coating 50 pl of a 0.1 wt% DMOAP solution on clean glass and were baked at 100 °C for 1 hour.
Hexagonal Cu grids were placed on the substrate to ensure uniform thickness and that a uniform
homeotropic smectic film is formed.>* The LC, in this case 8CB, purchased from Sigma-Aldrich,
was heated above its clearing temperature and deposited on the grids. The film cools down and at
room temperature forms a smectic phase. Optical microscopy images were taken to confirm a
homeotropic film was formed. To deposit AuNPs on the smectic film, a 10 pl solution of AuNPs

and toluene is deposited 1 pl at a time, and enough time is given to allow the toluene to evaporate.
Samples Characterization:

POM: The manufactured films are visualized by a LEICA DMRX microscope, surmounted by a
SONY CCD camera. A Xenon lamp illuminates the sample in white light, placed so that the
rubbing direction is oriented at 45° from the polarizer and the analyzer. This position allows us to

have the maximum intensity.

AFM: AFM images were obtained on PSNLC films and on smectic films with and without AuNPs
using a Veeco model Nanoscope Dimension 3100 Atomic Force Microscope and a 500 kHz

cantilever/stylus in tapping mode.

SEM: SEM images were obtained on PSNLC films with AuNPs using a ZEISS scanning electron

microscope.
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Spectrophotometry: The extinction spectra for spherical isolated AuNPs in toluene was measured
using a Cary 5000 UV-Vis-NIR. The experimental data were fitted with a Gaussian curve. Spectra

for the AuNPs of 6 nm in diameter display a plasmon resonance of 516 nm.

A Maya 2000 Pro micro spectrophotometer coupled to the Leica optical microscope through
optical fiber was used to measure the light absorption of PSNLC-AuNP and NLC samples. The
sample was illuminated by a white light source, and areas of 150 um x 150 um are probed with a
50x objective lens. All spectra were taken at room temperature in the 190—1100 nm spectral range.
A reference made of PSNLC (or NLC) of similar thickness but without AuNP was used to extract

the optical absorption of AuNPs only.

The distance between AuNPs was extracted from the extinction spectra using a dipole coupling
model in the quasistatic approximation (NPs diameter D < wavelength A). ** In this approximation
the multipolar interactions between AuNPs as well as the retardance effect are not considered, this
latter assumption being obviously correct due the small size of AuNPs. In this case the resonance
condition can be calculated using the expression of the effective polarizability of an infinite AuNP

hexagonal monolayer:

oet=0/ (1 —aZ/4n (D +5s)’) 3)

with o =4n(D/2)* (¢ - e€m) / (¢ + 2em) is the polarizability of a single AuNP, leading for the

plasmonic resonance to the following equation:
e=em(ZT+8(s/D+1)P)(Z-46/D+1)%)* (4)

that relates € the AuNP dielectric function, e&n the dielectric function of the homogeneous

surrounding, s the inter-AuNP gap in the hexagonal network and D the AuNP diameter (D = 6
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nm). X is the lattice sum associated with the AuNPs assembly, AuNPs being considered as periodic

dipoles. For monolayers considered as an infinite hexagonal network, the sum X is £ = 5.5. 4%

The AuNP dielectric function was recalculated based on Johnson and Christy data* to take into
account the small size effect and the influence of the chemical interface, leading to broadening and
blue-shifted localized surface plasmon resonance of the isolated NPs in toluene. #7 &y is taken as

equal to 2.28, previously shown to be mostly induced by the dodecanethiol ligands for these same

AuNPs.2°
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