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Liquid Crystal (LC) topological defects have been shown to trap nanoparticles (NPs) in
the defect cores. The LC topological defects may thus be used as a matrix for new kinds
of NP organizations templated by the defect geometry. We here study composites of
LC smectic dislocations and gold NPs. Straight NP chains parallel to the dislocations
are obtained leading to highly anisotropic optical absorption of the NPs controlled by
light polarization. Combining Grazing Incidence Small Angle X-ray scattering (GISAXS),
Rutherford Back Scattering (RBS), Spectrophotometry and the development of a model
of interacting NPs, we explore the role of the Np size regarding the dislocation core
size. We use NPs of diameter D = 6 nm embedded in an array of different kinds of
dislocations. For dislocation core larger than the NP size, stable long chains are obtained
but made of poorly interacting NPs. For dislocation core smaller than the NP size, the
disorder is induced outside the dislocation cores and the NP chains are not equilibrium
structures. However we show that at least half of these small dislocations can be filled,
leading to chains with strongly enhanced electromagnetic coupling between the NPs.
These chains are more probably stabilized by the elastic distortions around the defect
cores, the distortion being enhanced by the presence of the grain boundary where the
dislocations are embedded.

Keywords: liquid crystals, nanoparticles, topological defects, smectic dislocations, gold, LSP resonance

1. INTRODUCTION

Composites made of liquid crystals (LCs) and nanoparticles (NPs) are studied a lot nowadays
[1-5]. One idea is to allow for controlled modification of the LC properties, which can be photonic
properties but also elasticity, conductivity, magnetic properties or phase transition of LC [6-10].
The other idea is to take advantage of the anisotropy of the LC matrix or of its easy activation under
external parameters (temperature, electric field) to build original anisotropic NP organizations
[11, 12] or/and activable NP organizations [13]. Controlled NP organizations can allow for a control
of plasmonic resonance when metallic NPs are concerned through the control of the nanorod
orientation [14] or of the electromagnetic coupling between NPs for nanospheres and nanorods
[11, 15]. In such a context LCs with topological defects have attracted attention because they might
serve as templates for specific nanoparticle (NP) assemblies. Trapping of NPs within topological
defect cores indeed allows for the release of the defect energy and the stabilization of the composite
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systems [16-20]. As a result LC topological defects may be
used for new kinds of NP organizations templated by the defect
geometry [21-24]. In return the study of composites made of a LC
matrix with topological defects and NPs can bring information
on the topological defects themselves, in particular on the size,
structure and energy of the defect core [3, 25], still mainly
unknown [26].

In this article, we focus on smectic dislocations. Oriented
arrays of smectic dislocations are formed in the so-called smectic
oily streaks [27]. Composites made of smectic oily streaks and
gold NPs have been shown to lead to the formation of NP
chains, for gold nanospheres [11, 21] and end-to-end oriented
gold nanorods [15], trapped in the linear and oriented dislocation
cores. NP chains are interesting specific assemblies because of
their anisotropy but are not easy to obtain since under Van
der Waals interactions nanospheres form hexagonal networks,
whereas nanorods form side by side assemblies. In the case of
metallic NP chains, Localized Surface Plasmon (LSP) resonance
becomes highly anisotropic and controlled by light polarization
[11, 15, 21]. The trapping process by topological defect cores can
be not only generalized to different NP shapes (from NP spheres
to NP rods) but also to different NP natures. It has been shown
that semiconducting nanorods also are oriented along a single
direction in smectic oily streaks. The release of disorder core
energy does not depend on the shape and on the NP nature. It
thus allowed for the control of the polarization of semiconducting
single-photon emitters [12]. We now explore the role of the
NP size. The trapping efficiency by defect cores is expected to
decrease when the NP size becomes larger than the defect core
[28]. We study composites made of gold NPs of diameter D =
6 nm in smectic oily streaks composed of an array of different
kinds of dislocations in order to confront the respective roles
of NP size and dislocation core size. Using combined Grazing
Incidence Small Angle X-ray scattering (GISAXS), Rutherford
Back Scattering (RBS), Spectrophotometry and the development
of a model of interacting NPs, we compare the structure and
stability of NP chains formed in dislocations of different core
sizes. Different features are revealed depending on the respective
sizes of NPs and dislocation cores. For large dislocations, larger
than the NP size, long and stable NP chains are formed
but with poorly interacting NPs. For small dislocations, a
strong electromagnetic coupling between NPs occurs due to
the disorder induced outside the dislocation core. However
the NP chains maybe not an equilibrium state but instead a
metastable state stabilized by the large elastic distortion around
the dislocation core.

2. MATERIALS AND METHODS

2.1. NP 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. For

the NPs of diameter D = 6 nm the synthesis is based on reference
[29]. Fifty mg of HauCl4 are mixed in a three neck flask with
5mL of oleyalmine and 5mL 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 the 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. Sonication
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 5mL of
ethanol and then centrifuged. The formed pellet is redispersed
in toluene. NPs of diameter D = 6 nm and polydispersity 9%
were obtained as shown by SAXS measurements performed on
synchrotron Soleil.

2.2. Composite Film Preparation

The samples were created by depositing a droplet of a
mixture of 8CB (4-n-octyl-4'-cyanobiphenyl, smectic LC at room
temperature, ¢ = 0.02 M) and gold NPs in toluene (concentration
varying from 5.5 x 101 NPs uL™! to 1.6 x 10! NPs pL~!) onto
a polyvinyl alcohol (PVA) polymer film, initially spin-coated and
rubbed on a glass substrate (1.8 cm?).

2.3. Optical Microscopy and

Micro-Spectroscopy Techniques

We measure the extinction properties of the samples using
a Maya 2000 pro spectrometer coupled to an upright optical
microscope (Leica DMRX) to probe 40 x 40 um? areas. The
signal was collected through an air objective (x50, NA = 0.85).
The composite films were excited with linearly polarized light
either along or perpendicular to the oily streaks. To extract the
wavelength associated with the LSPR, the normalized spectra
were fitted with a gaussian curve.

2.4. Dipole Coupling Model
The distance between the nanoparticles associated with a given
LSP resonance wavelength, A was calculated using a dipole
coupling model in the quasistatic approximation (NPs diameter
D « 1) [30]. In this approximation the multipolar interactions
between the nanoparticles as well as the retardance effect are not
considered, this latter assumption being obviously correct due to
the small size of the NPs. In this case the resonance condition is
characterized by [30]:

+1)°

. > +8(
Ty (S )

with € the Au NP dielectric function, €, the dielectric function of
an homogeneous surrounding medium. § is the lattice sum of the
NPs assembly, the NPs being associated with punctual dipoles. S
depends on the geometry of the assembly and accounts for the
electromagnetic coupling between the NPs [31]. For an infinite
chain of NPs with a polarization parallel to the chains, the sum in
equation (1) is S & 4.8. For monolayers associated with an infinite
hexagonal network, the sum Sis S ~ 5.5 [31, 32].

(1)

Tlo [l
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The Au NP dielectric function was recalculated based on
Johnson and Christy data [33] to take into account the small
size effect and the influence of the chemical interface, leading to
broadening and blue-shifted LSPR of the isolated NPs in toluene
(Figure S1) [21, 34].

2.5. Finite Element Calculations

For the calculations based on finite elements we have used the
commercial software HFSS by ANSYS. Different chains of N
nanoparticles with a diameter D = 6 nm and separated by a gap
s were modeled. The number of particles was varied between
2 and 10 and the gap between 1 and 6 nm. The nanoparticles
were modeled as spheres with the optical constants of gold and
placed in the centre of a 400 x 400 x 400 nm? box filled with
a medium with a constant refractive index of 1.51. Radiating
boundaries were applied to the box and a plane wave polarized
along the chain of nanoparticles was used as illumination. The
optical response was calculated between 460 and 660 nm then the
ohmic losses integrated over all the nanoparticles were computed
to determine the position of the plasmon resonance.

2.6. X-Ray Diffraction

X-ray diffraction measurements were carried out at the SIXS
beamline on the SOLEIL synchrotron facility. On SIXS beamline,
the photon energy was fixed to 18 keV and the X-ray beam size
to 300 x 300 wm?. The measurements were performed with the
substrate almost parallel to the X-ray beam, in GISAXS (Grazing
Incidence Small Angle X-ray Scattering) configuration [11].

2.7. Rutherford Backscattering

Spectroscopy

The Rutherford Backscattering Spectrometry measurements
were performed with the 2.2 MV Van de Graaff accelerator of
the SAFIR platform of Sorbonne Université. RBS measurements
were performed by positioning the samples perpendicularly
to a beam of alpha particles with an energy of 1,800 keV, a
diameter of 0.5 mm, a current of 40 nA and a charge of 4 uC.
The measurements were performed with the ion beam incident
normal to the sample surface and the backscattered ions were
detected by a surface-barrier detector placed at a scattering angle
of 165°. The energy calibration and solid angle of the detector are
deduced from the measurement of a reference sample of 5.64 x
10 bismuth atoms cm~2 implanted into silicon.

3. SMECTIC OILY STREAKS

We have used arrays of oriented defects of 8CB (4’-octyl-4-
biphenylcarbonitrile) thin films deposited on rubbed poly(vinyl
alcohol) (PVA) surfaces, the so-called smectic oily streaks.
Due to hybrid anchoring at the two interfaces (air/8CB and
8CB/PVA, respectively), the smectic layers become curved in
flattened hemicylinders perpendicular to the anchoring on the
substrate, itself defined by the rubbing of the PVA substrate
(Figure 1) [35-37]. These flattened hemicylinders, with a typical
periodicity of several hundreds of nanometers, can be detected by
polarized optical microscopy between crossed polarizers, leading
to the observation of parallel stripes (Figure 1A). Their internal
structure has been determined using combined X-ray diffraction

and ellipsometry measurements [27]. It is characterized by the
presence of two rotating grain boundaries per hemicylinder,
buried within the smectic film, which profile has been precisely
established by X-ray diffraction (in red in Figure 1B) [27]. Along
each rotating grain boundary, three edge dislocations parallel to
the hemicylinder axis (i.e., oriented along the Ox direction—
Figure 1B) are expected (blue points in Figure 1B). This is due
to a different number of rotating and flat smectic layers from
each part of the grain boundary. They are of different Burgers
vector depending on their localization along the rotating grain
boundary. A first dislocation of Burgers vector, b with b/d = 2
(d is the intra-smectic layer spacing) is located in the first half of
the rotating grain boundary, the nearest to the substrate. The two
other dislocations lie close to the summit of the rotating grain
boundary (b/s ~6). They are separated from each other by a
distance of ~50 nm and it has been shown that the rotating grain
boundary profile does not depend on the thickness of the smectic
film [27].

4. CHAIN FORMATION

Gold NPs of diameter D = 6 nm, covered by dodecanethiol
ligands, have been first deposited on rubbed PVA. As shown by
GISAXS measurements obtained on Soleil synchrotron facility
(SIXS beamline - see the section Materials and Methods) and in
agreement with electron microscopy measurements (Figure 2),
the NPs form an hexagonal network on the substrate. Three pairs
of rods are observed, (10), (10), (11), (11) and (20), (20), being in
the ratio 1, /3 and 2. They are the signature of the hexagonal
network. The position of the (10) rod at 0.92 nm~! leads to
an inter-NP gap s = 1.93 &+ 0.05 nm, in perfect agreement
with other measurements from the literature [38-40]. s is slightly
larger than the length of the straight dodecanethiol, 1.8 nm,
showing that within the NP network the ligands could be not
too distorted but at least they are strongly interdigitated. The
light extinction curve (Figure 2B) displays the LSP resonance of
the NPs organized in an hexagonal network at A = 558 nm.
In comparison with the LSP resonance of gold NPs dispersed
in toluene (A, = 516 nm, Figure S1), a red-shift is evidenced,
in relation with the electromagnetic coupling between the NPs
in the hexagonal network. It can be used to extract the inter-
NP gap value in the dipolar approximation considering that the
hexagonal networks are large enough to be considered as infinite
for the LSP properties (see Materials and Methods) [41-43]. The
1.9 nm value consistent with X-ray results is recovered by using
an optical index of n = 1.51 indeed close to the one of disordered
dodecanethiol (n = 1.46). This is in agreement with an optical
index dominated by the grafted dodecanethiol ligands around the
NPs [11, 44].

In contrast with NPs deposited on rubbed PVA without
LC, when NPs are inserted in 8CB smectic oily streaks (see
section Materials and Methods), the light extinction becomes
anisotropic. Figure3A shows a typical extinction spectrum
(probed area of 40 x 40 um?). For a polarization of the incident
light perpendicular to the oily streaks (black spectrum), the
extinction maximum is slightly shifted to a lower wavelength
compared to the one of NPs dispersed in toluene (1, = 516 nm,
Figure S1), with LSP resonance at A, ~ 500 nm. In contrast,
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FIGURE 1 | (A) Polarized optical microscopy image of oily streaks observed from the top of a 150 nm-thick sample. Each stripe along OX corresponds to one
hemicylinder and two hemicylinders in perspective are represented (B) Detail in side-view [in the (Y, Z) plane] of the smectic layers stacked in one given flattened
hemicylinder for a typical thickness of 230 nm. Two rotating grain boundaries are shown in red, including dispersed edge dislocations (blue spots). A central grain
boundary is underlined in green [27].
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FIGURE 2 | (A) GISAXS signal of the NPs without LC, revealing the rods associated with the NP hexagonal network. (B) Light extinction of a network of NPs
deposited on rubbed PVA substrate without LC. The LSP intensity varies depending on the measured area but not the wavelength resonance value (A = 558 nm)
except for the smallest intensity associated with the smallest NP domains. This demonstrates that, for A = 558 nm, the hexagonal networks are large enough to be
considered as infinite for the LSP properties. In inset is shown a Scanning Electron Microscopy (SEM) picture obtained with the same NPs when they were deposited
on a Si substrate covered by rubbed PVA, also showing formation of an hexagonal network of NPs.
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a clear red-shift of the LSP resonance is observed for a parallel
polarization, with A ~ 550 nm. This indicates that a significant
coupling between NPs occurs only in the direction parallel to
the oily streaks, in relation with the formation of chains all
parallel from each other and parallel to the dislocations [11, 21].
The spectral positions of extinction maxima taken from different
zones of two samples are represented in red in the graph of A as
a function of 1| (Figure 3B). It appears that while A | varies only
little from one area to another, A changes substantially, with a
maximum for A equal to 562 nm. This value for the chains is
larger than the value obtained for the 2D monolayer without LC,
A = A1 = 558 nm. However for the same inter-NP gap and
the same optical index, we would expect a higher LSP resonance
wavelength for infinite NP hexagonal networks with respect to
infinite NP chains. This latter wavelength is itself higher than for
finite NP chains. The assumption of a same optical index in LC
and without LC is very likely to be valid for two reasons: firstly it is
known that the optical index is dominated by the grafted ligands
with respect to the environment beyond the ligands [11, 44].
Secondly the optical index n = 1.51 should not be modified by
the surrounding 8CB because the optical index expected in LC
for a parallel polarization is close to the ordinary index of 8CB,
n, = 1.52, itself close to n = 1.51. The inter-NP gap in the NP
chains formed in oily streaks is consequently in average smaller
than without LC. There is a LC-induced shortening of the inter-
NP gap in the NP chains. This result is in contrast with the same
measurements made with smaller NPs of diameter D = 4 nm
[11]. Either an equal or a larger inter-NP gap, depending on the
preparation conditions, was obtained in the LC with respect to
the network formed on rubbed PVA without LC [11].

5. CHAIN MODEL

In order to interpret these results, we consider that NP chain
formation corresponds to a trapping of NPs in dislocations. The
strength and efficiency of the linear trapping by dislocation cores
has been previously highlighted by the fact that nanorods are

aligned parallel to 8CB oily streaks. They are thus perpendicular
to the nematic director but parallel to the defect cores, which
is a strong indication of trapping by the linear defect cores
[12, 15]. This is confirmed by the formation of NP chains,
either made of nanorods [15] or of nanospheres of diameter
D = 4 nm [11, 21]. We now observe the same phenomenon
with larger NPs of diameter D = 6 nm but with a LC-induced
shortening between NPs in contrast with NPs of diameter D =
4 nm. Trapping of NPs by dislocation cores may be kinetically
favored by the known gradient of elastic distortion that attracts
the NPs within the topological defect core [3, 19, 45]. However
are the NP chains formed in the dislocation cores stable? In order
to understand the structure and stability of NP chains, being
trapped in dislocations, in particular the induced inter-NP gap
that drives the electromagnetic coupling between the NPs, we
have built a simple model that considers interacting NPs in LC.
This model specifically takes into account the role of the LC
in presence of topological defects. It is a model that has been
built in order to understand the key parameters at the origin of
the observed phenomena: NP chain formation and LC-induced
shortening of the inter-NP gap. However since the interpretation
of the details of the observed phenomena is not required, we have
decided to only crudely consider the interaction of the NP chains
with the surrounding LC, considering only two components: the
favorable expulsion of disordered matter in the dislocation core;
the unfavorable disorder induced by the NPs in LC if the NP size
is larger than the dislocation core. We neglect in particular the
details of the LC order variation and of the LC distortion around
the defect core.

The energy of a NP chain made of N NPs separated by an
inter-NP gap s, each NP being covered by a monolayer of ligands
of length I (Figure 4A) can be estimated as follows: In a network
of NPs, the equilibrium distance between the NPs is primarily
controlled by the usual Van der Waals attraction between two
NPs, balanced by the steric repulsion, both being mostly managed
by the ligands around the NPs [46, 47]. We also have to take
into account the mixing between the ligands leading to a model

Sl ol i
S R o0 O
e T
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[l 1 1 1 1 1 1 ]
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FIGURE 3 | (A) Normalized light extinction spectrum obtained in 8CB oily streaks containing gold NPs of diameter D = 6 nm. Superimposed gaussian fits are shown
for the determination of the resonance wavelength. In black is the extinction for light polarization perpendicular to the 8CB oily streak stripes, in red for parallel
polarization. (B) The different obtained extinction resonance measurements for NP chains represented by the (i, ;) values, obtained for NPs with diameter D = 6
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FIGURE 4 | (A) Model of the NPs with dodecanethiol ligands of length / and model of the NP chain with the disordered zone along the length § shown beyond the
ligands, of surface S shown in green. The dislocation core is schematically shown in blue. (B) Comparison of the surfaces of NP chains and NP FCC cube facets.

:
=

of interacting soft spheres [48]. In the case of ligands swollen
by the solvent during the growth of the NP network, the usual
parabolic curve of the energy of two interacting NPs is obtained
as a function of s, the inter-NP gap [48]. If we consider toluene
as solvent and gold NPs of diameter D = 6 nm covered by
dodecanethiol, this leads to a well-marked equilibrium at s = 1.9
nm [38], in agreement with our combined X-ray and optical
absorption measurements (Figure 2). In the presence of LC, two
additional terms must be considered.

Firstly the energy related to the localization of the NP chain
within the dislocation core, Ep,f. This localization is favorable for
the NPs since it allows the release of the disordered LC molecules
of the core [16-18, 20]. As a result we expect the NPs to occupy
the largest space as possible in the dislocation core to save the
maximum of the dislocation core energy per unit of length, Epc
[11]. The length of the NP chain is (N — 1)(s + D) + D + 2I)
(Figure 4A). If the NP chain is embedded in the dislocation core
of radius r,, the volume of disordered matter, Vpc expelled by the
presence of the NP chain is:

Vbe
_ | (N =1(s+ D)+ D+2D)m(D/2+ D% if(D+2]) <27,
| (N = 1)(s+ D)+ D+ 2D)rr?, if(D 4+ 21) > 2r,

We can write:

EDef

_ : ~((N = 1)(s+ D) + D+ 2D B Epc, if(D+2) < 2rc

(2r0)?
—((N — 1)(s + D) + D+ 2))Epc, if(D+21) > 2r,

Secondly, the energy term related to the disorder induced by the
NP within LC, Epj. It has already been shown that gold NPs
of diameter D = 4 nm, covered by dodecanethiol ligands, may
induce some disorder in a LC without topological defects. This
disorder in return leads to a shortening of the inter-NP gap, in
order to decrease in average the size of the LC disordered zone
[49]. This disorder may be at the origin of the easy aggregation
of NPs in LC, depending obviously on the nature of the ligands
around the NPs [3, 50-52]. When the NP chains are embedded
in the dislocation core, if the NP size (D + 2I) is strictly larger
than the defect core diameter 2r., we expect that some disorder
may be created in the LC around the dislocation core. The
volume of the disordered zone created in the LC, beyond the
NP ligands is schematized on Figure 4A. The disorder may
extend along a distance § in the LC beyond the ligands. The
disordered volume is thus equal to § X Sggin> With Sggin, the
surface of the disorder zone (see Figure 4A). If we neglect the
surfaces at the extremities of the disordered cylinder since it
may mainly correspond to the surface of the dislocation core,
Sehain = 7D + 2)(N — 1)(D + s) + m(D + 21)%. There is
an energy to pay for the creation of this disordered volume:
Egis = & X egis X Schain> With eg;s the disorder energy per unit
of volume. Consequently:

Egie = 8 X egis X ((D+ 2D(N = 1)(D + 5) + 7 (D + 21)?). (2)

If (D + 2l) < 2r, there is no disorder induced in LC in
relation with NPs of size smaller or equal to the dislocation
core, Egzi; = 0. We only have to consider the overall energy
E(s) = (N — L)e(s) + Epes, with e(s) the energy corresponding
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to the soft sphere model for a given inter-NP gap, s [38, 48].

dE/ds = 0 and dEp,s/ds = —(N — 1)(?;[2)12)2 Epc < 0 leading to
a decrease of de(s)/ds with respect to the equilibrium at s = 1.9
nm without LC. As a result, we expect an increase of s, the inter-
NP gap, the NPs occupying the largest possible space within the
dislocation core. This is the case of gold nanospheres covered by

dodecanethiol of diameter D = 4 nm [11].

(D 4+ 2D)dezis — Epc < Segis

Srcc being the surface of a FCC cube made of N3 NPs. This
suggests that:

N?((n — 1)(s + D) + D + 2)Epc > (N*(x(D
+2D)(N — 1)(D + 5) + (D + 21)*) — Srcc)esd (5)

The calculation of the surface of a FCC cube thus leads to:

N2(D + $)*(3/2 + 2+/3) + N((v/3 + 1)(s + D) (D + 2I) — 2(D + 5)2(3/2 + 2/3))

N3(s + D) + N2(2l —s) + 2(s + D)

(6)

(D +92(3/2 +2/3) — (V3 + 1)(s + D) (D + 2I) + 27 (D + 21)?

+ Segis

If (D + 2I) > 2r., the NP size is larger than the dislocation
core size, disorder is induced outside the core. The equilibrium
established without NPs becomes differently modified in LC.
If d/ds(Epes + Egis) = (N — 1)(@(D + 2Ddegs — Epc)
< 0, s is increased; if 7w(D + 20)deg; — Epc > 0, s is
decreased. With NPs of diameter D = 6 nm, we find a
decrease of s with respect to NP networks formed without LC
in contrast with NPs pf diameter D = 4 nm. This brings
two conclusions:

- In smectic oily streaks there are dislocations of core size
intermediate between the NP sizes associated with gold
diameters D =4 nm and D = 6 nm.

- The corresponding dislocation core energy per unit of length,
Epc < m(D + 21)8ey;, with D = 6 nm and [ the length of the
dodecanethiol in LC.

A second issue is: Are the NP chains equilibrium structures?

If (D + 2) < 2r, they are obviously equilibrium
structures. The energy of N NPs potentially inducing
disorder in LC is reduced when they are embedded in the
dislocation core.

If (D + 2l) > 2r, this is not obvious. As shown by
Figure 4B, the surface of the disordered zone induced by a
FCC cube of edge made of N NPs is clearly smaller than
the one of N? chains made of N NPs. This should favor
aggregation of NPs instead of formation of NP chains trapped
in dislocation cores, except if the dislocation core energy per
unit of length, Epc is large enough to compensate the disorder
induced by a chain outside the defect core. To obtain formation
of stable chains, we expect for N? chains made of N NPs,
neglecting the variation of entropy between N? chains and a
single FCC cube:

N2(Schain % egis x8—((N—1)(s+D)+D+21) x Epc) < Spcc X egis X8.

(3)

In other words:

N2((7w(D + 2)(N = 1)(D + 5) 4+ 7 (D + 21)*)e ;58
—((N = 1)(s+ D)+ D+ 2))Epc) < Srcc X egjs X 8
(4)

N3(s+ D) 4+ N2(2l —s) + 2(s + D)

If N is large enough this transforms into:

(D +5)(3/24 2v/3)
N
(V3 + DD+ 21) — 3(D + 5)(3/2 + 24/3)
+ N

(D + 2D)Segis — Epc < Segis(

) ()
With the other inequality obtained above, we finally have:

(D +5)(3/242+/3)
N
(V34 1) (D +2I) — 3(D +5)(3/2 + 24/3)
+ -

0 < (D +2D)degis — Epc < Segjs(

) (®)

This result shows that it is not possible to create very long chains
(N close to infinity) being equilibrium structures. The decreasing
of the inter-NP gap in the NP chains observed in the smectic oily
streaks is indeed driven by the value of w (D + 2[)dey;s — Epc
that can not be strictly zero. To create equilibrium long chains (N
large), the dislocation core energy per unit of length, Epc must
be close to ey;s67 (D + 21). In order to satisfy both inequalities e,
and Epc must be large enough.

6. DISCUSSION

Smectic oily streaks are composed of 2 similar dislocations at the
summit of the rotating grain boundary (Burgers vector b, b/d ~
6, with d the inter-smectic layer spacing, d = 3.16 nm in 8CB),
coexisting with another dislocation, of smaller Burgers vector
(Burgers vector b, b/d & 2) nearer to the substrate (Figure 1B).
The diameter of the dislocation cores, 27, is generally expected
to be close to the dislocation Burgers vector [53, 54]. With a
Burgers vector b/d = 1, 2r, has indeed been shown to be very
close to d for smectic C edge dislocations [55] and for smectic A
screw dislocations [56]. If the NPs would induce disorder outside
the defect core for the three dislocations of the oily streaks, this
would imply that all the dislocation core radii would be smaller
than the half of the NP size D + 2I with [ the dodecanethiol
length in 8CB. The dodecanethiol length in 8CB is not known but
can be considered as ranging between 1 nm, its highly stretched
value [46] and 1.8 nm its extended value. (D + 2]) ~ 8-10 nm
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is not more than 3 times d, the 8CB inter-smectic layer spacing.
This is largely too small to account for two times the core radius
of a dislocation of Burgers vector b such that b/d ~ 6. This
demonstrates that the hypothesis of only one kind of dislocation
inducing disorder outside the core is highly more probable. It
must be the smallest one, the dislocation of Burgers vector b, with
b/d ~ 2 and we finally obtain an estimation of the corresponding
dislocation core radius, .. 2r, may range between the NP size
associated with the gold diameter D = 4 nm and the NP size with
the diameter D = 6 nm. Considering the dodecanethiol length as
ranging between 1 and 1.8 nm, this leads to 6 nm < 2r, < 9.6 nm.
The fact that similar LC-induced decrease in the inter-NP gap has
been observed for NP diameters D = 5 nm (see Figure S2) even
allows to decrease the inequality to 6 nm < 2r. < 8.6 nm. This is
in very good agreement with the presence of dislocations of core
radius, r. such that 2r, ~ 2d = 6.3 nm, in smectic oily streaks,
associated with a Burgers vector b, with b/d = 2.

As a result, the preferred dislocations for NP trapping are
the largest dislocations where the largest amount of disorder
energy is saved in the presence of NPs and no disorder is induced
outside the defect core. They are equilibrium structures for
NPs of diameter D = 6 nm. The smallest dislocations may be
filled by NPs at high NP concentration only when the largest
dislocations may be already significantly filled. A large number
of NPs is thus required to explain the observed decrease of
inter-NP gap revealed by the A measurements of the NP chains
shown in Figure 3B. We have used Rutherford Backscattering
Spectroscopy (RBS) experiments (see Materials and Methods)
to obtain the average number of gold atoms in the smectic oily
streaks. We have found in average 1300 NPs um~2 for one of
the two samples presented in Figure 3B. Assuming an inter-
NP distance of D + 1.4 = 7.4 nm, 1.4 nm being the average
inter-NP gap in the chains (see below), it can be calculated that
a linear defect of length 1 um contains up to approximately
140 NPs. As a result, for the LC thickness of 170 nm found
for the corresponding composite oily streak sample, the period
of oily streaks being of the order of 550 nm [27], the critical
concentration necessary to entirely fill the 6 dislocations of
one hemicylinder (Figure 1B) is 1530 NPs um~2. 1300 NPs
um~2 corresponds to 85% of the 6 linear dislocations shown
in Figure 1B being fully filled by NPs confirming a significant
filling of the small dislocations in addition to the large ones. If we
consider the large dislocations as being almost fully filled by NPs,
this leads to a half filling on average for the small dislocations.

Despite the larger NP filling in large dislocations, the average
LSP measurements of highest A presented in Figure3 are
expected to be dominated by the NP chains in the small
dislocations. These latter chains are the only ones subjected to
strong electromagnetic coupling between NPs. A = 550 nm is
the LSP resonance value calculated in the dipolar approximation
with infinite chains of inter-NP gap s = 1.9 nm and with a dipolar
index n = 1.51, 1.9 nm corresponding to the equilibrium inter-
NP gap without LC. The expected increase of the inter-NP gap in
the large dislocations without induced disorder outside the defect
core should lead to A significantly smaller than A = 550 nm.
In agreement with coexisting NP chains of large inter-NP gaps in
large dislocations together with NP chains of small inter-NP gaps

in small dislocations, all extinction data are enlarged toward the
low wavelength values (Figure 3A), the low wavelength values
being associated with the NP chains in the large dislocations.
In contrast the maximum A shown in Figure 3B, || = 562
nm may be dominated by the NP chains trapped in the small
dislocations. || ranging between 540 and 562 nm as shown on
Figure 3B may be associated with different local concentrations
of NPs in the small dislocations. This may be associated with
different lengths of NP chains in the small dislocations for a same
sample of average filling of the dislocations of 85%.

The average length of the NP chains in the small dislocations
is not known. In order to use the maximum X of 562 nm to
extract an inter-NP gap value and use it for an estimation of
the energy per unit of length of the small dislocations, Epc,
with the assumption that they form equilibrium structures, we
have considered different possible average lengths for the NP
chains. If the chains are long enough to be considered as infinite
for LSP properties [41-43], the dipolar approximation with a
dipolar index n = 1.51 leads to s = 1.4 nm. For numbers of
NPs in the chains, N, which can not be considered as infinite,
the wavelengths of the LSP resonances of chains of gold NPs
were calculated with finite element methods (see Materials and
Methods). The variations A of the position of the LSP resonance
of the NP chains with respect to the position for isolated NPs %,
were then fitted to a plasmon ruler [57]:

koﬁe_i(@) ©)

AM

where the decay rate T = 0.324 the exponent v = 0.55 and
the scaling parameter § = 0.16 were adjustable parameters.
Figure S3 gives the variations of the calculated AX in nm as a
function of ﬁ together with the plasmon ruler.

We obtain s = 1.3 nm for N = 10. It is hard to account
for an inter-NP gap smaller than s = 0.6 nm, the value that
has been found without topological defects in cholesteric films
with NPs of diameter D = 4 nm. This latter case, s = 0.6 nm,
corresponds to N = 5. We can then use the previously calculated
energy curve of interacting NPs without LC, e(s), as a function
of the inter-NP gap, s, for gold NPs of diameter D = 6 nm with
grafted dodecanethiol in toluene [38]. It leads to the observed
equilibrium inter-NP gap of s = 1.9 nm without LC but also
gives the evolution of e(s) in case of departure of s with respect
tos = 1.9 nm. Using in LC the fact that:

de(s)) _
ds

(7 (D + 2D)degis — Epc) (10)

allows to obtain:

If N =10 and s = 1.3 nm [38], 7(D + 2l)deg;s — Epc =
16kTnm™1
IfN =5and s =0.6 nm [38], 7 (D+2))8ey;s—Epc = 42kTnm ™!

If the NP chains in the small dislocations are equilibrium
structures they must also respect inequality (8), leading (with
| = 1.8 nm) to:

(D + 2D)8egs > 145kTnm ™, Epc > 129kTnm™!, if N = 10
(D + 2D8egs > 160kTnm ™, Epc > 118kTnm™", if N = 5.
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egis and Epc necessary to obtain equilibrium NP chains
consistent with the measured optical absorption in the
composites oily streaks/gold NPs, A = 562 nm, finally
only poorly depend on the NP chain length. They appear
very large. With the rough assumption that the zone around the
dislocation core is transformed into a nematic zone, in agreement
with recent results obtained with a screw dislocation [56] and
neglecting the elastic nematic distortion within this zone, ey
is the Landau-de Gennes penalty: ey = 0.73 kT nm~3, for 8CB
at 25°C [58]. Taking [ as 1.8 nm, we need § ~ 6nm to reach
7 (D + 2D)8egs > 145kT nm~! which is two times the intra-layer
spacing. Measurements of the core energy of dislocations are
still scarce. The total energy of dislocations, including the core
energy, has been measured as a function of the Burgers vector in
8CB free standing films. It confirmed that it is proportional to
the Burgers vector [59]. For a Burgers vector b/d = 1 the energy
per unit of length is 5 kT nm~! [59]. Here we find Epc at least
16 times larger for a Burgers vector only two times larger. Such
a large value may be due to the complex structure of oily streak
dislocations associated with a large disorientation of the smectic
layers from each part of the dislocation (Figure1). Another
assumption is that the NP chains in the small dislocations are not
an equilibrium structure in relation with the induced disorder
outside the core. They could be only kinetically favored by the
attraction toward the defect core occurring due to the elastic
distortion around the dislocations [3, 19, 45]. The fact that the
dislocations are embedded in rotating grain boundaries may
strongly enhance this phenomenon, through the presence of
additional elastic distortion.

7. CONCLUSION

Combining GISAXS, spectrophotometry, RBS measurements
and the development of a model of interacting NPs, we present
a comprehensive description of composites made of gold NPs
with a given diameter D = 6 nm in an array of different kinds
of smectic dislocations (with different Burgers vectors). If the
NP concentration is small, only the large dislocations are filled
and long chains may be formed. They are favorable equilibrium
structures because no disorder is induced outside the defect
core but they consist of only poorly interacting NPs. If the NP
concentration is large enough, the small dislocations can also be
filled and we demonstrate up to 85 % of the dislocations being
filled without any aggregation outside the core. We demonstrate
that such high filling of the dislocations by the NPs leads to the
coexistence of different NP chains in the smectic film, long NP
chains with large inter-NP gap coexisting with smaller chains
with a shortened inter-NP gap that can become as small as
1.4 nm. As a result the plasmonic properties of the composite
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