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ABSTRACT: The development of plasmonic nanomaterials with chiral geometry has
drawn extensive attention owing to their practical implications in chiral catalysis, chiral
metamaterials, or enantioselective biosensing and medicine. However, due to the lack
of effective synthesis methods of hydrophobic nanoparticles (NPs) showing intrinsic,
plasmonic chirality, their applications are currently limited to aqueous systems. In this
work, we resolve the problem of achieving hydrophobic Au NPs with intrinsic chirality
by efficient phase transfer of water-soluble NPs using low molecular weight, liquid
crystal-like ligands. We confirmed that, after the phase transfer, Au NPs preserve
strong, far-field circular dichroism (CD) signals, attesting their chiral geometry. The
universality of the method is exemplified by using different types of NPs and ligands.
We further highlight the potential of the proposed approach to realize chiral
plasmonic, inorganic/organic nanocomposites with block copolymers, liquid crystals,
and compounds forming physical gels. All soft matter composites sustain plasmonic
CD signals with electron microscopies confirming well-dispersed nanoinclusions. The developed methodology allows us to expand
the portfolio of plasmonic NPs with intrinsic structural chirality, thereby broadening the scope of their applications toward soft-
matter based systems.
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B INTRODUCTION

Fascinating developments in the synthesis of plasmonic
nanoparticles (NPs), the building blocks for emerging
technologies of the 21st century,l_4 have recently taken a
sudden twist.” " Inspired by nature, the use of amino acids and
peptides enabled directing NPs growth at the atomic scale,
leading to the bottom-up fabrication of NPs exhibiting chiral
morphologies.””"® The controlled handedness of intrinsically

erties, thereby providing crucial engineering advantages for
future generations of soft matter-based functional devices.**™*

Among the different host materials explored in the context of
chiral plasmonic composite fabrication, polymers, liquid crystals
(LCs) and organic gels are particularly interesting.*""** These
composites can benefit from the synergy of plasmonic properties
of NPs as well as the morphology and soft character of the
template. For example, materials exhibiting stimuli-responsive

chiral plasmonic NPs and their strong light—matter interactions,
allowed to advance the fields of biosensing,'”™** asymmetric
photochemistry,”* asymmetric photophysics,”> biomimetic
catalysis,"* and medicine.”*~*’ These unique innovations were
unlocked by plasmonic circular dichroism (PCD) and chiral
morphology of NPs. However, current applications of chiral
plasmonic NPs are restricted to water-based systems since
biomolecules are required for their synthesis.’*~>* For example,
a nanocomposite based on water-dispersible chiral gold NPs was
used to prepare an ultrasensitive near-infrared circularly
polarized light detection device.”> We propose that the
development of hydrophobic, plasmonic NPs with intrinsic
chirality should enable efficient and large-scale production of
chiral organic—inorganic nanocomposites showing PCD prop-
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PCD properties have been prepared through a directed assembly
of NPs by chiral liquid crystals.””** However, remote control
over the structure of LCs still remains a challenge. For example,
the addition of intrinsically chiral nanoparticles, with chirally
selective photothermal effect, could be used to fabricate devices
exhibiting handedness of light-dependent phototunable dielec-
tric permittivity.”> Composites exhibiting PCD properties,
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Figure 1. Outline of hydrophobic chiral plasmonic NPs fabrication. (a) Scheme of the phase transfer of L-AuHN NPs into the hydrophobic
environment through CTAB to HT1 ligand-exchange reaction. Molecular structures of (b) CTAB and (c) HT 1. Representative SEM, HAADF TEM,
and elemental mapping images of (d) L-AuHN@CTAB NPs and (e) .-AuHN@HT1 NPs after phase transfer to dichloromethane (DCM). (f) Vis—
NIR spectra of L-AuHN (blue) and p-AuHN (red) NPs dispersions in water and dichloromethane (dotted and solid lines, respectively). (g) CD
spectra of L- and D-AuHN@CTAB NPs (blue and red dotted lines, respectively) in water. (h) CD spectra of L- and D-AuHN@HT1 NPs (blue and red

solid lines, respectively) in DCM.

interesting for biosensing applications, were prepared using an
anisotropic polymer matrix and proper stacking of composite
layers,”” while actively tunable PCD structures were prepared by
embedding NPs within gels.46 However, a strong limitation of
this approach is that achieving PCD properties requires the use
of host materials exhibiting chiral or anisotropic morphology, as
all these composites were prepared using achiral NPs.”” Thus, to
further increase the applicability of composite materials
exhibiting PCD and ease their integration into flexible photonic
devices, we propose to fabricate hydrophobic, plasmonic NPs
with chiral morphology that can be interfaced with a broad
spectrum of achiral hosts. It should be noted that recently,
hydrophobic plasmonic NPs covered with chiral ligands were
shown to induce the formation of chiral LC composites;*”**
however, these materials were not reported to exhibit PCD
properties.

The last two decades have been the time of intense research
on anisotropic plasmonic NPs, allowing us to amass in-depth
knowledge of symmetry breaking processes and resulting in an
exquisite control over the morphology of products. Noteworthy,
almost all synthetic methods, including those toward chiral NPs,
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require aqueous media.””’ Although the synthesis of

morphologically chiral Au NPs in hydrophobic media seems
plausible, given the well-developed asymmetric organic syn-
thesis, currently, the only way to resolve the issue of availability
of hydrophobic chiral NPs would be to synthesize chiral NPs in
aqueous media and then perform a phase transfer. Along with
this line, protocols and ligand designs were proposed to transfer
hydrophilic, plasmonic NPs into hydrophobic media.”' >
However, producing colloidal dispersions of NPs larger than
100 nm, the usual size of morphologically chiral Au NPs, has
proven challenging. If considering ligands of nonpolar nano-
particles, usually nonbranched, low molecular weight com-
pounds, or high-molecular weight polymers were used.*”>> In
the case of small particles, these ligands ensure relatively good
colloidal stability; however, in the case of larger particles or
phase transfer, they are not always efficient. Thus, to resolve
these issues, the spectrum of ligands used was recently
broadened to include new designs of organic shell of
nanoparticles, e.g, branched alkyl thiols (called “entropic
ligands”),56 binary organic shell of particles,”” or dendritic
ligands comprising alkyl and aromatic parts.ss_62 Thus,
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Figure 2. Stability of hydrophobic, chiral NPs. (a) Vis—NIR spectra of p- and L-AuHN@HT1 NPs (upper and lower spectra, respectively) dispersed in
THEF at various storage times: 0 h, 72 h without HT1 excess, and 7 days with HT1 excess. (b) CD spectra corresponding to those shown in a. (c) G-
factor calculated at the peak of the main CD band shown in panel b, compared to that of AuHN@CTAB in H,O. (d and e) SEM micrographs and 3D
models of dropcasted L-AuHN@HT1 NPs in THF (0 h) and .L-AuHN@HT1 NPs in THF (72 h); insets present zoom into NPs.

achieving nonpolar, colloidally stable intrinsically chiral,
plasmonic NPs covered with a relatively thin monolayer of
ligands and continuous development of ligands is a challenging
yet rewarding goal.

In this contribution, we aimed at achieving colloidally stable
chiral plasmonic NPs in hydrophobic media for the fabrication
of nanocomposites exhibiting PCD properties. For this purpose,
we synthesized Au NPs with chiral morphologies, following
previously reported, slightly modified protocols (see the
Materials and Methods section).'”®® The use of low-molecular
weight thiols, comprising aromatic rings and alkyl chains,
enabled the efficient transfer of Au NPs to an organic phase.
Chiral properties and stability of the hydrophobic NPs were
evidenced by far-field circular dichroism (CD) spectroscopy and
scanning electron microscopy (SEM). To confirm the universal-
ity of the presented approach, dispersions of two types of chiral
NPs were interfaced with block copolymers: liquid crystals and
physical gels leading to nanocomposites exhibiting plasmonic
chirality.

B RESULTS AND DISCUSSION

Synthesis and Phase Transfer of Intrinsically Chiral
Gold Nanoparticles. To achieve the intended goal, we decided
to develop a two-step protocol relying on the synthesis of water
dispersible chiral Au NPs and their phase transfer (Figure la—c).
We argued that, if successful, the adopted approach should prove
applicable to a wide variety of recently developed synthetic
protocols for chiral plasmonic NPs, providing access to chiral
products with tunable size, shape, and PCD properties. To
develop the planned approach, cetyltrimethylammonium bro-
mide (CTAB) stabilized helicoidal Au NPs were prepared using
a modified literature protocol."" Enantiomeric batches of these
particles were prepared by overgrowing achiral, 50 nm
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cuboctahedron particles in the presence of a symmetry breaking
inducer, either D- or L-cysteine. The shape of the obtained NPs
resembled that of a rhombic dodecahedron of ~110—120 nm as
determined by SEM (Figure 1d and Figure S1 in the Supporting
Information). We named these NPs L.-AuHN@CTAB and p-
AuHN@CTAB, which reflects: the use of L- or D-cysteine for
morphology control, the helicoidal nanoparticle shape (AuHN),
and CTAB coating, respectively.

Au NPs exhibited the localized surface plasmon resonance
(LSPR) centered at ~680 and ~615 nm for L- and p-AuHN@
CTAB, respectively (Figure 1f). CD spectra recorded for both
enantiomeric NPs were almost mirror images, exhibiting Cotton
characteristics, revealing the chiral nature of NPs. The first
Cotton signal was centered at ~560 and ~545 nm and the
second band at ~725 and ~680 nm, for L- and D-enantiomers,
respectively (Figure 1g). The calculated dissymmetry factors
(Note S1), g-factors, were on the order of ~2—3 X 107,

To perform the phase transfer, we functionalized these chiral
NPs with a hydrophobic, liquid crystal thiol 4-((12-((11-
sulfanyloundecanoyl) oxy)dodecyl) oxy)phenyl-4-(octadec-9-
en-1-yloxy)benzoate (HT1, Figure 1c). The molecular
architecture of HT1 broadened interactions with solvents by
benefiting from the presence of both alkyl and aromatic parts,
similar to the strategy used in dendritic ligands design,”®~®*
while, due to a lower molecular weight, not producing a thick
organic shell that could camouflage the chiral features of
nanoparticles. Furthermore, alkyl chain flexibility, and the
nonuniform surface of particles, can lead to mimicking a mixture
of shorter and longer ligands in an organic shell, which was
previously shown to be beneficial for colloidal stability of
nonpolar nanoparticles.”” Thus, designing a HT1 structure
comprising a stiff, aromatic core substituted with two alkyl
chains seemed promising for the stabilization of relatively large
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Figure 3. Universality of phase transfer of chiral nanoparticles via hydrophobic thiol ligands (HT). (a) Structures of HT used for the phase transfer
process. (b and c) Vis—NIR spectra of L- and D-AuNRs dispersions in water (AuNR@CTAC in H,0) and dichloromethane (AuNR@HT2—S in
DCM). (d and e) Circular dichroism spectra of dispersions of hydrophilic and hydrophobic L-AuNR and p-AuNR. (f and g) Representative SEM
micrographs of L-AuNR before (f) and after (g) ligand exchange, samples were dropcasted from water and dichloromethane dispersions, respectively.
(h) Absolute value of g-factor calculated at the maximum of the main CD band for L-AuNR (at the top) and p-AuNR (bottom) coated with different
hydrophobic thiols dispersed in DCM, compared to hydrophilic L- and D-AuNR coated with CTAC dispersed in water.

NPs. Before phase transfer, L- and D-AuHN@CTAB NPs were
concentrated to ~50 mM and the CTAB concentration was kept
between 0.5—1 mM, close to the critical micelle concentration
(CMC). Then, the solution was added dropwise and under
sonication to a tetrahydrofuran (THF) solution containing HT1
ligand in excess (1:1.4 NPs/HT1 molar ratio, Figure 1a). This
methodology leads to a reduction of the surfactant concen-
tration below the CMC, facilitating the diffusion and attachment
of the thiol ligands due to the limitation of steric hindrance by
CTAB molecules, similar to some of previously described ligand
exchange protocols.*”**® After overnight incubation, the
unbound HT1 was removed by centrifugation and the resulting
HT1 functionalized Au NPs (L- and b-AuHN@HT1 NPs) were
dispersed in a nonpolar organic solvent, dichloromethane
(DCM). Successful exchange of ligands was further confirmed
by evidencing the lack of bromine and the presence of sulfur
atoms on the surface of phase transferred NPs using trans-
mission electron microscopy (TEM) elemental mapping
(Figure 1d,e).

L- and p-AuHN@HT1 NPs dispersions conserved colloidal
stability in DCM. For these samples, well-defined LSPR bands
were detected, centered at ~710 and 640 nm for L- and D-
AuHN@HT]1, respectively. LSPR bands were red-shifted by
~25-30 nm in comparison to AuHN@CTAB NPs water
dispersions (Figure 1f) due to the changes in the local refractive
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index produced by the ligand functionalization and solvent
exchange. Importantly, CD spectra of the phase transferred NPs
preserved characteristic Cotton bands, showing only a slight
shift from the starting material. For L- and p-AuHN@HT1
DCM dispersions, main bands were centered at ~570 and ~550
nm, respectively (Figure 1h). Furthermore, no significant
changes in the g-factor values were observed. The values were
ca. —3.2 X 107 and 2.2 X 107 for L- and p-AuHN@HT1 in
DCM versus ca. —3.0 X 107 and 2.0 X 107° for L- and D-
AuHN@CTAB in H,O samples, respectively (Figure S2).
Finally, NPs conserved morphological integrity after ligand-
exchange procedure as confirmed by SEM analysis (Figure 1d,e
and Figure S3).

Colloidal Stability in Hydrophobic Systems. We next
tested the colloidal stability of L- and D-Au@HT1 NPs in various
hydrophobic solvents commonly used for soft-matter compo-
sites fabrication. To evaluate the colloidal stability, the optical
properties of these chiral NPs dispersed in toluene (TOL),
THF, and DCM were monitored with time (0, 1, and 72 h). The
optical properties of AuHN@HT1 NPs in DCM and TOL were
almost identical and remained unaltered throughout 72 h, as
attested by Vis—NIR and CD spectroscopies (Figure S2).
Notably, g-factor values, calculated at the first Cotton band,
varied less than 10%. These results suggest that characteristic
helicoidal morphology and the surface coating of NPs were not

https://doi.org/10.1021/acsami.2c11925
ACS Appl. Mater. Interfaces 2022, 14, 50013—-50023


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c11925/suppl_file/am2c11925_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c11925/suppl_file/am2c11925_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c11925/suppl_file/am2c11925_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c11925?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c11925?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c11925?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c11925?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c11925?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Research Article

ACS Applied Materials & Interfaces

www.acsami.org

a b 20
D-AuNR@HT2
=)
()
©
E 0 -
[m]
®]
Flat substrate i
bent-core liquid i
crystall forming E = in M1 in DCM
\/@/(\)LO/Q\OJCL@\/ helical nanoﬁlamentsi _20 T T T T
/©/N\ /N\©\ : 400 500 600 700 80 900
M1: Hyeco0 0C gHgg —mmmch Wavelength [nm]
d e 3 D-AuHN@HT1 z f
Pt 8 &
2 = T
Tood ol =\
“. —_— -
B o o 1 E z
\'\ 'E © ,0_5 o
a 07
®]
Glass vial ent-core liqui -1 1
c:;st;l\ form[lag Ze\ .

250 nm

OJC\O 2 == in M2 in DCM
T T T T
M2: 0l Do, 400 500 600 700 800 900

"""" Wavelength [nm]

2
g h L-AuUHN@HT1
1 = in M3 in DCM
—~
- - v o))
o 0 o
N~ = A T
\ - - i £
-~ & i a -1
v e - ! @)
|
| -2
Flat substrate block-co-polymer |
forming spherical cap i
-3

| IS

T T T T
400 500 600 700 800 900
Wavelength [nm]

b.
ma: f o,

Figure 4. Compatibility of hydrophobic, chiral NPs with various organic materials serving as matrixes hosting chiral Au NPs. (a) Scheme of heat
annealed D-AuNR@HT?2 in M1 composite, comprising D-AuNR@HT2 NPs (shown in yellow) and M1 matrix (shown in blue), which is a liquid
crystal forming helical nanofilaments in thin films. (b) Circular dichroism spectra of D-AuNR@HT?2 in M1 sample after a heating—cooling cycle (155—
30 °C) and p-AuNR@HT2 NPs dispersed in dichloromethane. (c) SEM micrograph of a heat annealed p-AuNR@HT?2 in M1 sample. (d) Scheme of
p-AuHN@HT1 in M2 gel composite, comprising D-AuHN@HT1 NPs (shown in yellow) and M2 matrix (shown in blue) forming physical gel by
assembling into helical nanofilaments. (e) CD spectrum of 0-AuHN@HT1 in M2 composite after gelation process and D-AuHN@HT1 NPs dispersed
in dichloromethane; insets show optical photographs of the prepared samples in reflected and transmitted light. (f) TEM micrograph of D-AuHN@
HT1 in M2 xerogel. (g) Scheme of L-AuHN@HT1 in M3 composite material comprising L-AuHN@HT1 NPs (yellow) and diblock copolymer
(styrene blocked with polyethylene glycol, M3, bluish color) forming phase-separated spherical and cylindrical structures. (h) CD spectra of v-
AuHN@HT1 in M3 composite dropcasted onto a solid substrate compared to CD spectra of AuHN@HT1 dispersion in DCM. (i) SEM micrograph

of .-AuHN@HT1 in M3 composite.

affected throughout the tested period (Figure 2c and Figures S2
and S3a,b). In a clear contrast, AuHN@HT1 NPs in THF were
much less stable (Figure 2a,b). After 72 h, we noted a significant
decrease, broadening, and blue shift of the LSPR bands, and no
CD bands were evidenced. SEM analysis of the samples directly
after phase transfer and after storing in THF for 72 h concorded
with the optical characterization and showed rounding of the
nanoparticles (Figure 2d,e and Figure S3c,d). The effect of lower
dispersibility and reshaping of NPs in THF could potentially be
caused by higher polarity and water content or some impurities
of THF in comparison to other solvents tested, leading to faster
precipitation and ligand stripping. Moreover, we hypothesize
that the observed effects could also be related to the exposure of

50017

high-Miller-index Au planes, characteristic for intrinsically chiral
Au NPs.'® The presence of high-index facets could affect the
interaction of ligands with the NP surface, lowering surface
coverage and thus compromising the colloidal stability of
intrinsically chiral NPs in comparison to more symmetric ones,
exposing low-index planes. To test this hypothesis, we
performed an analogous stability experiment for spherical NPs
(AuNS) coated with hydrophobic thiol and stored in THF. The
stability of AuNS dispersion was monitored using Vis—NIR
spectroscopy. In agreement with the hypothesis, we observed a
significantly smaller degrading effect of storing AuNS in THF
than in the case of AuNH (Figure S4, Note S2). As the next step,
we decided to experimentally confirm if the colloidal stability of
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the chiral AuHN@HT1 NPs in THF can be improved. We
dispersed NPs in THF containing free HT1 ligands (5:1 Au@
HT1 to free HT1 molar ratio), observing that the samples
maintained their PCD properties almost unaltered for at least 7
days (Figure 2ab). Overall, these results suggest that, for
practical applications, hydrophobic chiral NPs should be stored
in THF without removing HT1 excess; the purification step
should be performed directly before using NP.

Universality of the Phase Transfer Process. To confirm
the universality of our phase transfer methodology, we tested it
against using a different type of intrinsically chiral nanoparticles,
CTAC stabilized gold nanorods (AuNRs@CTAC), and a set of
liquid-crystal like ligands (HT2-HTS, Figure 3a). Toward this
aim, the p- and r-handed chiral AuNRs (~117 nm length, ~80
nm width) dispersed in water (p- and L-AuNR@CTAC in H,O,
respectively) were synthesized following a modified 3previously
reported protocol (Figure 3fand Figures S5 and $6).°° Variation
of the hydrophobic ligands design was planned to enable
assessment the role of molecular parts that may be crucial in the
phase transfer process, namely, alkyl spacer chain length and the
number of aromatic rings. After the phase transfer, the main
LSPR band centered at ~605 and ~595 nm for L- and D-AuNR@
CTAC in H,0, respectively (Figure 3b,c), red-shifted by ~15—
20 nm for both enantiomers, regardless the thiol ligand, which
we ascribe to the surface functionalization and the change in the
refractive index of the solvent (Table S1). Importantly, CD
spectroscopy confirmed the PCD properties of nanoparticles
related to their chiral morphology both in the hydrophilic and
hydrophobic environment (Figure 3d,e). The phase transfer
caused a red shift of the first Cotton band by ~12—20 nm (Table
S2) and less than 10% change of the g-factor values calculated at
the maxima of the first Cotton band for hydrophilic NPs (—0.86
X 1072 and 0.94 x 1072 for L- and p-AuNR@CTAC in H,0,
respectively, Figure 3h, Table S3). To verify the effect of phase
transfer on the morphology, AuNR@HTS, dispersed in THF
and DCM and containing an excess of HT'S, was dropcasted on
solid substrate after 3 days of aging and analyzed by SEM.
Indeed, the chiral shape of NPs was preserved in all tested
samples (Figure 3g and Figures S7—S10). Overall, the optical
spectroscopy and electron microscopy results proved the
successful phase transfer of chiral AuNRs, attesting to the
universality of the method toward different types of gold NPs
with chiral morphology. Moreover, the fact that all tested HT
ligands give similar stability leads to a conclusion that the exact
design of stiff, aromatic core, and alkyl ligands is not the
predominant factor in ensuring colloidal stability of NPs, and
number of aromatic rings (2—3) and alkyl chain length (16—23
atoms in a chain) can be easily varied without affecting it. It also
is worth noting that the methodology proposed here could be
suitable for the transfer of NPs coated with relatively weakly
bound surface ligands.

Chiral Plasmonic Nanocomposites Fabrication. To test
the applicability of hydrophobic chiral gold nanoparticles in soft
matter composites formation, particularly in the context of their
chemical compatibility to matrix and durability, we combined
them with a set of three different hydrophobic, organic materials.

The first was an oleyl-imine-matrix (M1), a liquid crystalline
compound, which upon cooling from an elevated temperature
(isotropic phase) forms an LC phase composed of helical
nanofilaments (Figure 4a).°® Notably, the heat annealing
procedure, required for achieving composites of helical
nanofilaments with nanoinclusions, imposes requirements of
thermal stability of NPs up to 155 °C. Therefore, it is important

to investigate not only the chemical compatibility of AuNRs to
M1 but also their thermal stability. A composite comprising M1
doped with p-AuNR@HT?2 (1:2 Au’/M1 mass ratio), referred
to as D-AuNR@HT?2 in M1, was prepared and dropcasted onto a
glass substrate and subjected to a heating—cooling cycle
(heating to 155 °C and cooling to 30 °C). Vis—NIR analysis
of the composites revealed a broad LSPR band with maxima at
~560 nm, blue-shifted by ~55 nm in comparison to the samples
dispersed in DCM (Figure S11). CD spectra recorded after heat
annealing confirmed the presence of PCD bands blue-shifted in
comparison to a dispersed state (D-AuNR@HT2 in DCM,
Figure 4b). The observed shift and broadening of the LSPR and
PCD bands indicated possible plasmon coupling between NPs
in the film state.

SEM imaging of the obtained p-AuNR@HT2 in Ml
composites revealed the presence of well-dispersed D-AuNR@
HT?2 NPs solely in regions covered by M1, attesting to the
chemical compatibility of p-AuNR@HT2 NPs with the M1
matrix (Figure 4c and Figure S12). Interestingly, SEM images
also show that AuNRs preserve their morphology as well the
presence of AuNR dimers, often with side-to-side geometry
(Figure S12). These observations confirm our hypothesis that
LSPR and PCD shift and broadening may be caused by partial
plasmon coupling.®”*® Overall, the performed analyses of p-
AuNR@HT2 in M1 composite attested that p-AuNR@HT2
NPs meet the requirement of chemical compatibility and high-
temperature stability, needed for composite film preparation.
Therefore, we conclude that embedding chiral, hydrophobic
NPs within an organic matrix is a convenient way to increase
their stability in the thin-film state (Figure S11).

Next, we attempted the formation of chiral composite gels
comprising 1,3-phenylene bis-4-(4'-octadecyloxy)biphenyl)
carboxylate (M2) and hydrophobic NPs. It was previously
reported that M2 molecules form a supramolecular gel made of
filaments, on cooling M2 solution in cyclohexane from 80 °C to
room temperature (Figure 4d).*” Thus, to prepare the
nanocomposite gel, a colloidal dispersion of ~50 mM b-
AuHN@HT1 NPs in DCM was added to 10 mg/mL M2 in
cyclohexane (1:20 Au’/M2 mass ratio). After homogenization
at 80 °C, the sample was left at ambient conditions for cooling.
The resulting gel, named p-AuHN@HT1 in M2, exhibited weak
LSPR and PCD properties, with bands position similar to those
of D-AuHN@HT1 in DCM (Figure 4e and Figure S13). When
observed in reflected or transmitted light, the gel showed the
characteristic colors of D-AuHN NPs dispersion in liquid phase.
TEM images of the sample revealed the presence of individual
NPs in contact M2 gel filaments (Figure 4f and Figure S13).
Overall, optical and structural investigations of -AuHN@HT1
in M2 composite attested that -AuHN@HT1 NPs exhibit
compatibility with the M2 matrix and can be conveniently built
into the supramolecular structure of the gel.

Finally, we tested the compatibility of hydrophobic, chiral
NPs with poly(styrene)-b-poly(ethylene oxide) block copoly-
mer molecules (PS-b-PEO, referred to as matrix M3, Figure 4g).
Favorable interactions between hydrophobic NPs and the
hydrophobic polystyrene component of PS-b-PEO were
previously reported.”” The composite, L-AuHN@HT1 in M3,
was prepared by mixing M3 solution (1 mg/mL) with a colloidal
dispersion of S0 mM L-AuHN@HT1 in DCM NPs (5:1 Au’/
M3 mass ratio). For Vis—NIR absorption and CD measure-
ments, the sample was dropcasted onto a quartz glass and
washed with ethanol. The dropcasted L-AuHN@HT1in M3
showed a very weak LSPR band, at wavelengths similar to those
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observed for - AuHN@HT1 in DCM (Note S3 and Figures S14
and S15). CD spectra revealed the presence of Cotton bands
with maxima positions matching those of L-AuHN@HT1 in
DCM, indicating that NPs are uniformly distributed within the
polymer matrix. SEM analysis further confirmed that NPs
preserved chiral structural features. The composite comprises
mostly well-separated, individual NPs surrounded by spherical
and worm-like structures of organic material, M3 block
copolymer (Figure 4i and Figure S14).

B CONCLUSIONS

In conclusion, we described a simple and versatile method to
resolve the problem of the availability of hydrophobic,
morphologically chiral plasmonic nanoparticles. The developed
approach relies on well-established synthetic methods yielding
morphologically chiral nanoparticles in aqueous dispersions,
followed by a phase transfer process using low-molecular weight
hydrophobic ligands. Notably, the developed protocol yields
morphologically chiral gold nanoparticles that are easily
dispersible in hydrophobic solvents without compromising
their chiral morphology and chiral optical properties (PCD
properties). We highlight the universality and reproducibility of
this method by successful phase transfer of two types of chiral
nanoparticles using five types of ligands. The benefits of
achieving hydrophobic, chiral plasmonic NPs are exemplified by
the fabrication of composites with hydrophobic soft materials.
We show that liquid crystals, physical gels, and block copolymers
can be efficiently combined with chiral nanoparticles leading to
composites exhibiting PCD properties. The efficient and
nondamaging phase transfer of intrinsically chiral NPs described
here unlocks the possibility to construct soft-matter composites
benefiting from chiral properties of nanoinclusions, e.g.,
composites responsive to chiral light, or composites exhibiting
chirality transfer from NPs. This paves the way for the creation
of functional composites interesting for chirality sensing, smart
material, and chiral photonic applications.

B MATERIALS AND METHODS
Materials. Tetrachloroauric acid (HAuCl, > 99%), hexadecyl-

trimethylammonium chloride (CTAC, 25 wt % in water), hexadecyl-
trimethylammonium bromide (CTAB, > 99%), sodium borohydride
(NaBH,), L-ascorbic acid (AA, > 99%), silver nitrate (AgNO; > 99%),
hydrochloric acid 36.5-38%, tetrahydrofuran (THF, anhydrous, >
99.9%), toluene (anhydrous, > 99.8%), and dichloromethane (DCM,
anhydrous, > 99.8%) were purchased from Sigma-Aldrich. L- and p-
Cysteine hydrochloride monohydrate (>99.0%) were purchased from
TCI. Poly(styrene)-b-poly(ethylene oxide) block copolymer (PS-b-
PEO, C192 kg/mol) was purchased from Polymer Source. All
chemicals were used without further purification. Milli-Q water was
used in all experiments.

Synthesis of Cuboctahedral Seeds. The synthesis of cuboctahe-
dral seeds was carried out according to the slightly modified seed-
mediated growth method reported by Nam et al.""’" To obtain the
initial seed solution, 0.25 mL of 10 mM HAuCl, was added to 7.5 mL of
100 mM CTAB. After 5 min of stirring 0.8 mL of freshly prepared and
ice-cold 10 mM NaBH, was added under vigorous stirring, and the
mixture was left undisturbed for 3 h. Subsequently, a growth solution
was prepared by adding 1.6 mL of 100 mM CTAB and 0.2 mL of 10
mM HAuCl, into 8 mL of water. After S min of stirring, 0.95 mL of 50
mM AA was added to the mixture. Finally, 10 uL of the previously
prepared seed solution was added to the growth solution, mixed, and
left undisturbed for 30 min. After incubation, obtained nanoparticles
were washed twice by centrifugation (5000 rpm over 5 min) and
redispersed in 1 mM CTAB solution for further use.

Synthesis of Chiral Gold Helicoidal Nanoparticles (AuHN@
CTABy,0). The synthesis of AuUHN@CTABy o was carried out

according to the seed-mediated growth method reported by Nam et
al,"" scaled up 20 times. Previously prepared cuboctahedral NPs
dispersion was used as a seed solution. The growth solution was
prepared by adding 16 mL of 100 mM CTAB and 2 mL of 10 mM
HAuCl, into 79 mL of water and stirring for 5 min. Then, 9.5 mL of 0.1
M AA, 2 mL of seed solution, and 100 L of 0.1 mM r-Cys/D-Cys were
added, respectively, and the mixture was left undisturbed for 2 h at 30
°C. The final solution was centrifuged twice (5000 rpm over S min) to
remove unreacted reagents and redispersed in a 1 mM CTAB solution
for storage and further characterization. We named the obtained NPs L-
AuHN@CTAB and p-AuHN@CTAB, which correspond to using L- or
D- cysteine for morphology control, the helicoidal shape of nano-
particles, and CTAB coating. The measured dissymmetry factors (g-
factors) were slightly lower than in the original submission, which is not
surprising given the large scale of the synthesis, but it does not
compromising our research aims.””

Synthesis of Gold Rod-Like Shape Seeds. The synthesis of
AuNRs was carried out according to a slightly modified seed-mediated
growth method.”” To obtain the initial seed solution, 9.75 mL of 100
mM CTAB was mixed with 0.25 mL of 10 mM HAuCl,. After S min of
stirring, 0.6 mL of freshly prepared and ice-cold 10 mM NaBH, was
added under vigorous stirring. Then, the mixture was left undisturbed at
27 °C for 2 h. Subsequently, a growth solution was prepared by adding 2
mL of 10 mM HAuCl, into 40 mL of 0.1 M CTAB. Then, after 5 min of
stirring, 290 uL of 10 mM AgNOj3, 320 uL of 0.1 M AA, and 230 uL of
1.0 M HCI were added to the solution. Finally, 6 uL of previously
prepared seed solution was added to the growth solution, mixed, and
left undisturbed at 27 °C for 6 h.

Synthesis of Chiral Gold Nanorods AuNR@CTAC, o. The

synthesis of chiral AuNR@CTACy,q was carried out according to the

seed-mediated growth method reported by Wong et al.*> with slightly
modifications. The solution of AuNRs prepared previously was washed
once and concentrated until a gold concentration of S mM. Then, the
concentrated solution was stored and used as a seed solution. The
growth solution was prepared by adding 10 #L of 10 mM HAuCl, into 4
mL of 40 mM CTAC and stirring for S min. Then, 475 uL of 0.1 M AA,
60 uL of 10 uM L-Cys/D-Cys, and 20 uL of seed solution were added,
respectively, and the mixture was left undisturbed at 40 °C for 90 min.
We named the obtained NPs L-AuNR@CTAC and p-AuNR@CTAC,
which correspond to using L- or b- cysteine for morphology control, the
rod-like shape of nanoparticles, and CTAC coating.

Synthesis of the Organic Compounds—Hydrophobic Thiols
(HT) and Matrixes (M). Hydrophobic thiols HT1, HT2, and HTS (as
well as all intermediate compounds) were obtained following
procedures described in our previous works.****”* Compound HT3
was obtained using a procedure analogous to the synthesis of the
compound HT1 (cetyl alcohol was used in the place of oleyl alcohol in
step VI, Figure S16, Note S4). Compound HT4 was obtained using a
procedure analogous to the synthesis of the compound HT2 (oleyl
alcohol was used in the place of cetyl alcohol in step VI, Figure S16,
Note S4).

Ml and M2 matrixes were obtained according to procedures
described in our previous works.***’

Phase Transfer of Au NPs with Intrinsic Chirality. The obtained
aqueous dispersions of hydrophilic, chiral nanoparticles (AuHN@
CTAByy,0, AuNR@CTAC, ;) were centrifuged at S000 rpm for S min.

The pellet was redispersed in selected HT solution in THF in an
ultrasonic bath. In a typical process, the molar ratio of Au® to HT was
1:4. In the usual procedure, the 1:4 molar ratio corresponds to 0.5 mg
Au’ content and ca. 3 mg of HT1—35. The mixture was left under mild
stirring overnight. Afterward, the excess of HT ligand was removed via
centrifugation (5000 rpm, S min) and NP redispersion in a pure solvent.
Precipitates containing hydrophobic nanoparticles (AuHN@HT1-$
and AuUNR@HT1-5) were dispersed in different solvents (dichloro-
methane, tetrahydrofuran, and toluene) for further measurements. We
note two elements crucial for the successful phase transfer and
maximization of the stability of hydrophobic, chiral NPs: (1) the
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precipitate containing chiral AuHN@CTAB/AuNR@CTAC should
be added to the HT solutions dropwise; (2) after the first
centrifugation, the supernatant should be discarded precisely to
minimize the presence of water. The functionalized nanoparticles
were named AuHN@HT1-S and AuNR@HT1-S, which, as
mentioned above, correspond to the helicoidal or rod-like shape of
nanoparticles, as well as hydrophobic thiol coating.

Preparation of Composites. o-AuUNR@HT2-M1. Ten microliters
of M1 DCM solution (10 mg/mL) was mixed with S L of p-AuNR@
HT2pcy dispersion concentrated to ~50 mM (~0.05 mg Au’).
Subsequently, the mixture was dropcasted onto indium-tin-oxide
(ITO) glass. The composite film was then heated to 155 °C and cooled
to 30 °C at 3 °C/min using a Linkam heating stage.

D-AuUHN@HT1-M2. Ten milligrams of M2 compound was dissolved
in 1 mL of cyclohexane at 80 °C. Fifty microliters of p-AuHN@
HT1pcy dispersion concentrated to ~50 mM (~0.5 mg Au®) was
added immediately to a heated M2 cyclohexane solution and left in
ambient conditions for cooling. For CD and TEM measurements, small
portions (10% of total mass) of the gel were transferred to the quartz
glass and TEM grid, respectively, using a metallic spatula. The sample
prepared for TEM measurements was left to dry to form a xerogel.

t-AuHN@HT1-M3. Twenty microliters of M3 THF solution (1 mg/
mL) was added to 10 uL of .-AuHN@HT 11y dispersion concentrated
to ~50 mM (~0.1 mg Au®). For CD measurements, the mixture was
dropcasted onto a quartz glass and, after drying, washed with a small
portion of ethanol. For SEM imaging, an analogous sample was
prepared on the silica substrate.

B METHODS

Structural analysis of nanomaterials was performed using transmission
electron microscopy: TEM model JEM-1400 (JEOL), available in the
Nencki Institute of Experimental Biology, laboratory of electron
microscopy, TEM model JEM-1011 (JEOL) equipped with a model
EDS INCA analyzer (Oxford, UK), in the Electron Microscopy
Platform, Mossakowski Medical Research Centre Polish Academy of
Science Warsaw. The structural analysis of nanomaterials was
performed also via scanning electron microscopy: ZEISS SIGMA VP
(Zeiss), available at the faculty of geology at the University of Warsaw.
Vis—NIR absorption spectra were collected using a GENESYS 50 UV—
vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA),
available at the University of Warsaw. NPs were redispersed using
ultrasounds each time before measurements as they slowly precipitate
(this applies both to hydrophilic and hydrophobic NPs): Sonic-3
(Polsonic) with power 2 X 160 W for a frequency of 40 kHz. PCD
measurements were performed using a Chirascan circular dichroism
spectrometer by Applied PhotoPhysics, available at the University of
Warsaw. Absorption and CD spectra were smoothed using a Savitzky—
Golay filter.
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