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have been paid for by the Royal Society
of Chemistry Gold nanoparticles (AuNPs) have been prepared and surface-functionalized with a mixture of 1-hexanethiol
co-ligands and chiral discogen ligands separated from a disulfide function via a flexible spacer. Polarized
optical microscopy together with differential scanning calorimetry showed that the organic corona of
the nanocomposite forms a stable chiral discotic nematic (Nj) phase with a wide thermal range.
Synchrotron X-ray diffraction showed that gold NPs form a superlattice with p2 plane symmetry. Analysis
indicated that the organic corona takes up the shape of a flexible macrodisk. Synchrotron radiation-
based circular dichroism signals of thin films are significantly enhanced on the isotropic-LC transition, in
line with the formation of a chiral nematic phase of the organic corona. At lower temperatures the
appearance of CD signals at longer wavelengths is associated with the chiral organisation of the NPs and
is indicative of the formation of a second helical structure. The decreased volume required and the chiral
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The exploration of chiral nanomaterials is a rapidly evolving
fascinating field with uses ranging from catalysis, chiral
molecular sensing, stereoselective separations to super-
resolution imaging.'” Bottom-up approach design strategies
for nanoparticles (NPs) or nanorods (NRs) as composites in
liquid crystal (LC) matrices have been developed, making use of
progress in synthesis strategies and characterization tech-
niques.*® For optical applications symmetry breaking by
introducing chirality into the systems at the nanoscale is crit-
ical.” So far, efforts to obtain chiroptical NP-LC systems have
relied mainly on NPs doped in LC hosts: either chiral nematic
templates disperse NPs into chiral assemblies® or the NPs
functionalized with chiral ligands are included in achiral
nematic LCs;’ both strategies aim to transfer and amplify chiral
effects.’®™ Beyond the scientific challenge of generating nano-
composites where the interplay of bottom-up structuring
enables plasmonic interactions of the NPs, leading to novel, so
called metamaterials properties, there are new uses ranging
from novel display devices,” to more advanced optical
communications using spin information between LEDs" and in
quantum teleportation for optical computing.**

Precise size control of NPs in LC matrices in combined
systems has been found critical to avoid phase separation or
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the shortest axis of the two dimensional lattice.

precipitation of NPs." For intrinsic liquid crystalline NP-LC
systems, targeting of the LC phase range to be close to
ambient is of utmost importance, as delamination of ligands
occurs at elevated temperatures, even for very stable thiol
functions. Degradation tends to occur above 100 °C." Inclusion
of chiral groups in the organic corona can lead to chiral LC
phase behavior, but there is little evidence that the NPs expe-
rience a chiral distortion in their packing; experimental
evidence indicates that the nanocomposites minimize energy by
packing in non-chiral superlattices and chirality is confined to
the corona."”

Here we show that a combination of small NPs with a care-
fully designed chiral organic coating results in chiral assembly
behaviour of both the NPs and the organic corona. Our
approach is strictly modular. The surface of the gold NPs is
covered and passivated by hexylthiol groups and chiral lipoic
acid derivates bearing via a spacer the mesogenic groups. We

Chart 1 Sketch of the functionalized gold nanoparticle system
AuDLC*.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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note that lipoic acid, a naturally occurring chiral antioxidant
explored elsewhere for the treatment of several diseases, is
bound with a dithiolate bridge via two atoms to the Au surface
(see Chart 1).*® This places the chiral moiety rigidly in position
onto the NPs, making thus a chiral surface.” A pentaalky-
nylbenzene (PA) derivative was selected as mesogenic group, as
this structural motif is known to promote reliably discotic
nematic phase (Np) behaviour.?® The much larger volume of the
PA group, when compared to typical rod shaped mesogens,
whilst also delivering LC behaviour close to ambient, is antici-
pated to impact more strongly on the spatial organization of
neighbouring NPs when compared to calamitic functionalized
NP systems.” The formation of helically ordered superstruc-
tures is studied by a combination of dedicated thin film optical
polarizing microscopy, X-ray diffraction and synchrotron
radiation-based circular dichroism (SRCD). A structural model
is proposed based on a chiral nematic phase made up of AuNPs
coated with chiral shells forming flexible macrodisks which in
turn assemble in a superlattice.***

The design, synthesis and chemical characterization of the
chiral discogen is described in the ESI.{ The precursor disk-like
mesogen which forms exclusively a N, phase above 100 °C
consists of six aromatic rings flanked by flexible pentyloxy
chains and an undecyloxy chain bearing a terminal hydroxy
group (Fig. S1t). The attachment of the flexible (R)-(+)-1,2-
dithiolane-3-pentanoic tail was predicted to promote the
desired Nj, phase. The new target discogen was obtained in
a high yield (93.1%) reaction. For the synthesis and purification
of LC-functionalized AuNPs, denoted as AuDLC*, a synthetic
pathway was developed involving first the preparing and puri-
fying of the alkylthiol coated NPs to which LC groups are linked,
using an exchange reaction (for details see the Scheme 1 in
ESI-i-).Ztl,ZS

The thermal behaviour of the chiral discogen was examined
by differential scanning calorimetry (DSC) and polarized optical
microscopy (POM). The target discogen shows clearly a chiral
nematic phase with the characteristic bundles of oily streaks
(Fig. S21). On heating (Fig. S31), N phase formation was
observed at 49.0 °C from the crystalline state, with the material
turning into an isotropic liquid at 95.7 °C (AH = 0.20 ] g~ or
0.28 k] mol™"). Formation of the mesophase from the isotropic
state on cooling started from 94.5 °C with an enthalpy change of
0.12 J g7* (0.17 kJ mol™ %), followed by a slow crystallisation
occurring at 5.1 °C. In brief, the chiral phase behaviour of the
target ligand is exclusively chiral nematic, enantiotropic and
with a wide thermal range of up to 89.4 °C.

The 'H-NMR spectra of the investigated AuDLC* nano-
composite and the comparison with the spectra of the mono-
mer ligand (Fig. S41) indicate that the chiral discogen with the
disulfide group are chemically attached onto the surface of
AuNPs with high efficiency. A typical feature for such NPs are
the broadened "H-NMR spectra caused by the reduced mobility
of alkyl chains of the ligands when anchored to NPs and addi-
tionally the sharp peaks present in the free ligand have dis-
appeared, typical for such systems.>® The absence of mobile free
discogen using thin layer chromatography (silica, with
dichloromethane as mobile phase) confirms this result. The

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

amount of chiral discogen bounded onto the gold surface
relative to the number of 1-hexanethiol groups was determined
from the "H-NMR spectra of AuDLC*. The ratio of hydrocarbons
to discogens was found to be 2:3. Transmission Electron
Microscopy (TEM) investigations confirm that this sequential
synthesis affords nanoparticles of low polydispersity (Fig. 1a);
the average particle size is ~2.5 £+ 0.5 nm. Thermo-gravimetric
analysis (TGA) was performed (Fig. S61) and gives the weight
fraction of gold in AuDLC* to be 47.8% (wt/wt). The mesogen
density per Au NP was calculated (ESIt Part 7) by combining the
"H-NMR results (Fig. S41) with the model developed by Gelbart
et al.*” On the basis of these data, we obtain that there are on
average 211 Au atoms per particle, and a total number of 53
ligands per particle, of which 32 are chiral discogens and 21 are
hexylthiol groups (Table S1f). This is in accord with a ligand
density of up to ~6.3 ligands per nm>?* Additionally, the
characteristic peaks in the UV-vis spectra of AuDLC* arise from
the combination of gold (~500 nm) and LC ligands (absorption
maxima at 238, 261 and 351 nm with two shoulder peaks at 378
and 421 nm) (Fig. S71).

The mesophase behaviour of the AuDLC* nanocomposite
was first characterized by POM observation. As shown in Fig. 1b
and ¢, upon cooling from the isotropic liquid, the colour in the
POM texture changes from light green to yellow and we
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Fig.1 (a) TEMimage of 2.5 nm AuDLC* nanocomposite (inset: the size
distribution of AuDLC*). POM micrographs of AuDLC* (b) 86.5 °C (90°
crossed polarizer) (x100 pm). (c) 37.8 °C (90° crossed polarizer) (x100
pm). (d) DSC of AuDLC* at heating and cooling rate of 10.0 °C min~ (e)
SAXS diffractograms of AuDLC* on heating from 30 °C to 140 °C. (f)
SRCD spectra of sheared AuDLC*. Recorded in 5 °C steps on cooling
from 100 °C to 30 °C. The enlarged plots in dotted regions A-C are
shown in Fig. S12b—d. The CD intensities at a selected wavelengths in
each region (A, B and C) are plotted as a function of temperature in
Fig. S131 and these plots clearly show the difference in the formation
process between the two helical structures.
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Table 1 Transition temperatures (°C) of free chiral discogen and
AuDLC*, as determined by DSC (second cooling at rate of
10.0 °C min™%)*

Compound Transition temperature/°C (enthalpy)

Monomer Iso
AuDLC* Iso

94.5(0.12]J g tor0.17kJmol ) N 51 Cr
92.2(0.043Jg " or0.12kJmol™) N; 3.8 Ty

?Iso = isotropic, Cr = crystalline, Tg = glass transition, N, = chiral
discotic nematic phase.

associate this with the helical pitch in AuDLC* increasing with
decreasing temperature. In some regions of the POM slides,
a chiral nematic phase with the typical Grandjean texture
(Fig. S8a and b¥) is found. The LC textures in AuDLC* do recover
after gently pressing the microscope coverslip indicating that
the LC-decorated NPs form a stable N;, phase and birefringent
textures remain stable at ambient (Fig. S9t). DSC investigations
(Fig. 1d) confirm that the AuDLC* nanocomposite shows
a thermodynamically stable (enantiotropic) mesophase. In DSC
experiments on cooling a small peak associated with the
isotropic to Ny, phase transition (92.2 °C) can be detected, and at
a low temperature (3.8 °C), the glass transition occurs. The
transition peak for the Nj-iso transition is wider than in the
pure chiral discogen, typical for such systems.* This is associ-
ated with the reduced mobility of the LC groups attached to the
NPs. The thermal transitions determined by DSC for the pure
chiral discogen and AuDLC* are collected in Table 1, showing
the low values typical for iso-Nj, transitions.?® In contrast to the
free chiral ligand, the NPs coated with the chiral ligand and
hexylthiol groups show a small decrease in transition temper-
atures. This could be attributed to both the plastifying effects of
the hexylthiol co-ligands and packing constraints of the LC
groups due to the attachment to the NPs. This view is supported
by the DSC data for the iso-Nj, transition at 0.043 J g~
(0.12 kJ mol™ ", considering the evaluated 32 chiral discogen
ligands per particle).

In synchrotron XRD studies of the AuDLC* nano-
composite, three peaks are obtained in the small angle
regions (Fig. 1e) with values of g: 2.0160, 3.3289 and 4.9015
nm'; equivalent to values of 3.12 nm, 1.89 nm and 1.28 nm
(Table S2t). The peaks could be indexed as (10), (01) and (11)
reflections of a columnar lattice with a p2 plane group
(Fig. 2a). The unit cell parameters are a = 4.17 nm, b =
2.52 nm and vy ~ 48.4°. When comparing the estimated
average volume, the area of the lattice is 10.51 nm?*. On
cooling from the isotropic to room temperature, a slight
increase of the lattice parameters by 2-3% (~0.1 nm) is
noticeable and vy decreases from 48.4° to 46.2° at ambient
(Fig. S107%). The increase of a and b at lower temperatures is
concomitant with shrinking of the NP corona in the third
dimension, considering the volume reduction of organics
with decreasing temperature. The superlattice is stable
beyond the stability of the LC phase, indicating that overall
the shape of the organic corona is maintained over the
chemical stability region of the materials. Using the lattice

1780 | Chem. Sci, 2021, 12, 17778-1782
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Macrodisk
(top view)

Fig. 2 Schematic representation of (a) p2 lattice with parameters a =
4.17 nm, b = 2.52 nm and the angle y ~48.4°; spatial direction ¢ not
defined by the lattice. Red arrow: NB helix axis; purple arrow: plas-
monic interactions. (b) AuDLC* macrodisk. Yellow: gold core; red: PA
unit; green: chiral sheath. (c) N, phase formed by functionalized NPs.
(d) Chiral assembly behaviour of gold NPs along the axis of smallest
lattice parameter b.

area of 10.51 nm” and the calculated average volume of an
AuDLC* particle of 64.30 nm?, the value of 6.12 nm in the
third dimension, likely the main axis of the orientationally
ordered mesogens is needed to account for the total volume.
This value is somewhat shorter than the estimated maximum
possible extension of ~8.70 nm of the overall system. This
indicates that the overall shape of AuDLC* could be best
described as a flat ellipsoid, directed by the packing
requirements of the rigid discogens. AuDLC* can thus be
viewed as a macrodisk (Fig. 2b); this is distinctly different to
the shape of calamitic functionalized NPs which are often
viewed as sphero-cylinders. In other words, for the investi-
gated system the shape of the corona replicates to some
extend the shape of the mesogens.

The formation of the macroscopic Ny, phase of the mesogens
of the column forming AuNPs is due to the long flexible alkyl
spacer, decoupling mesogens from the NP cores. As a result,
even at high levels of surface coverage; no steric crowding
occurs; orientational mobility is maintained. This is different
for shorter spacer lengths of discogen ligands as evidenced in
the results for a non-chiral system where no superstructure was
detected.”® As the lattice parameters change very little with
temperature this supports the view that the Nj helix is
perpendicular to the base of the lattice; characterized by only
orientational ordering of the system; similar to other chiral
materials."”

To characterize the chirality further, series of CD spectra as
a function of temperature for the nanocomposite AuDLC* and
the free chiral discogen in thin films were recorded over a range
of temperatures. For AuDLC* (Fig. S11a and bf), the largest
increase in ellipticity at 460 nm on cooling is between 95 °C and
90 °C. This corresponds to the isotropic-Ny, transition, and for
the free ligand (Fig. S11ct) this occurs at 95 °C. To systemati-
cally exclude the contribution of the birefringence to the signal

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of the LC phase, samples were sheared in the preparation of
a quartz cell before CD experiments. The LC domains were
found to be small and numerous after shearing, thus the
contributions from linear dichroism and birefringence are ex-
pected to cancel out. This hypothesis was confirmed by rotating
the sheared sample in an interval of 90° (Fig. S11df) and
additionally turning the sample over; only small changes in
value but not in the sign of the CD signal occurred.”

The CD bands in the UV region for AuDLC* are linked to the
helical arrangement of ligands attached to AuNPs. On further
cooling to 70 °C (Fig. 1f and S137), an increase of the positive CD
signal in the wavelength region of 355-437 nm occurred as well
as a negative signal in the plasmonic region of the gold core
(Fig. S11b¥) (around 520 nm at 70 °C) appears. This plasmonic
signal fluctuated in value on cooling further. The consistently
negative value of this CD signal is in line with a tangential
dipole of the attached organic corona.>*** On further cooling,
between 60 °C and 55 °C (see Fig. S12b and S13t), an
enhancement of the negative signal at 325 nm was observed. We
associate these processes with an increased twisting of the
mesogenic structures in the chiral nematic. We see funda-
mentally two processes, the first is associated with Ny, phase
formation from the isotropic liquid, associated with the
increased chiral distortions of the organic corona. The second
process, commencing at ~70 °C, is linked to chiral interactions
of the NPs. Here, the packing distance measured by the lattice
parameter b (2.52 nm), similar to the NP diameter (2.5 + 0.5
nm) is the primary candidate. In the p2 lattice, the position of
the gold cores along the axis ¢ perpendicular to the lattice plane
is not defined (see Fig. 2a).

Due to size variation and NPs being out of position (trans-
lated along c¢), some disordering exists and this leads to
formation of a p2 lattice by time and space averaging. On
cooling the system contracts along the third dimension ¢ and
the proximity of the gold cores enveloped by a chiral surface
increases. As the CD signal is small in value, when compared to
theoretical models, this suggests short range ordering is
developed.*

To reconcile XRD, POM, DSC and CD data we propose
a model which is schematically shown in Fig. 2. To minimize
energy and to enhance attractive van der Waals interactions of
the mesogens, the particles form an overall elongated ellipsoid
shape with the mesogens at the periphery and the gold cores at
the centre (Fig. 2b); determined by the volume content of the
NPs, their size and size distribution a columnar superstructure
of the NPs is formed, similar to other systems.** In this model,
the chiral centers at the gold surface form a chiral envelope
(green corona). On entering the Ny, phase a chiral nematic helix
orthogonal to the lattice plane is formed (Fig. 2c). With lowering
the temperature, the CD signal in the plasmonic region of the
NPs; indicative an additional helical structure along the axis of
the smallest lattice parameter, as schematically shown in
Fig. 2d is detected. Small translations of the system parallel to
the main axis of the mesogens and packing requirements
decreasing the overall volume with lower temperature are
responsible for this. This is in accord with results for other
chiral coated surfaces in assemblies.**** The CD signals in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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UV region are associated with the changing chiral environment
of the mesogens. The signals in the plasmonic region are
through the interactions of the gold NPs.

Conclusions

In summary, we have demonstrated that it is possible to obtain
a thermodynamically stable chiral discotic nematic phase from
undiluted NPs coated with a chiral discogen. To pack efficiently
into a superlattice, detected by SXRD, the organic corona of the
NPs takes the shape of a macrodisk. On entering the LC phase
SRCD in thin films shows a chiral signal associated with the
discotic chiral nematic phase, at lower temperatures a second
process linked to a chiral association behaviour of the NPs can
be detected. This approach opens up the route towards plas-
monic high load nanocomposites where plasmonic chirality can
be engineered by addressing the interactions of the organic LC
phase forming corona.
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