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O
ver the last two decades scientists
and engineers have very elegantly
combined NPs and chiral mole-

cules1 to generate materials that have
unique applications as biological probes
and sensors,2,3 for stereoselective separa-
tions and catalysis,4,5 in liquid crystals
(LCs),6�9 and show great potential in non-
linear optics and metamaterials with nega-
tive index of refraction.10,11 There are two
ways by which chiral optical nanomaterials
can be obtained: (a) by colloidal chemical
synthesis12�15 and (b) by assembly of NPs
to generate 3-D arrangements assisted by
chiral templates.16�18 It is the optical activ-
ity that makes these metamaterials so
unique. Three main mechanisms have been
proposed and explored to understand the

optical activity of chiral ligand capped NPs:
(I) an intrinsically chiral metal core;19 (II) a
dissymmetric field model (i.e., an achiral
core is influenced by the vicinal effect or
electrostatic interactions of the chiral
adsorbate); and (III) a chiral footprint model
in which the core is achiral but the arrange-
ment of the attached ligands generates
optical activity.12,20�22 Recent research has
seen significant attention to well formed
metal clusters and NPs23�26 within a size
regime of 2�10 nm due to their enhanced
optical activity. For the most stable clusters
(Au25), it has been found that in situ pre-
paration of such clusters in the presence of a
chiral ligand enhances the optical activity
compared to clusters formed via ligand
exchange.23,27,28 Recent reviews by Bürgi,12
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ABSTRACT Chirality at the nanoscale, or more precisely, the chirality or

chiroptical effects of chiral ligand-capped metal nanoparticles (NPs) is an

intriguing and rapidly evolving field in nanomaterial research with promising

applications in catalysis, metamaterials, and chiral sensing. The aim of this work

was to seek out a system that not only allows the detection and understanding of

NP chirality but also permits visualization of the extent of chirality transfer to a

surrounding medium. The nematic liquid crystal phase is an ideal candidate,

displaying characteristic defect texture changes upon doping with chiral additives.

To test this, we synthesized chiral cholesterol-capped gold NPs and prepared well-

dispersed mixtures in two nematic liquid crystal hosts. Induced circular dichroism spectropolarimetry and polarized light optical microscopy revealed that

all three gold NPs induce chiral nematic phases, and that those synthesized in the presence of a chiral bias (disulfide) are more powerful chiral inducers than

those where the NP was formed in the absence of a chiral bias (prepared by conjugation of a chiral silane to preformed NPs). Helical pitch data here visually

show a clear dependence on the NP size and the number of chiral ligands bound to the NP surface, thereby supporting earlier experimental and theoretical

data that smaller metal NPs made in the presence of a chiral bias are stronger chiral inducers.
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A
RTIC

LE



SHARMA ET AL. VOL. 8 ’ NO. 12 ’ 11966–11976 ’ 2014

www.acsnano.org

11967

Garzón,20 Liz-Marzán,29 and Tang et al.30 provide useful
overviews on the origin of chirality in both metal
clusters and NPs.
It has been shown that introducing chiral dopants

into achiral liquid crystal hosts can transform them into
chiral condensed phases with unique optical proper-
ties and a wide range of applications.31,32 In search of
an ideal system to sense and quantify chirality of chiral
ligand capped metal NPs, we have verified that chiral,
thiol-functionalized gold NPs can successfully transfer
chirality to achiral nematic (N) LCs.6,7 These NPs were
capped with (S)-naproxen, a chiral nonsteroidal anti-
inflammatory drug known to induce chiral nematic
(N*) phases. While these NPs appeared to outperform
the pure organic (S)-naproxen as a chiral dopant, the
limited miscibility of these gold NPs in N-LC hosts
prohibited a quantification of their chiral induction
strength.
To overcome this limitation, the aim of the current

work was to qualitatively measure and understand
the effectiveness of chirality transfer of in situ capped
gold NPs (presence of chiral bias during NP forma-
tion) compared with those obtained by chiral ligand

conjugation to existing NPs (the chirality is “installed”
after NP formation). We also probed the role of size and
number of chiral ligands (Figure 1). The selection of
a chiral liquid crystalline (mesogenic) ligand, highly
compatible with N-LC hosts, should allow us to quan-
tify the effectiveness of chirality transfer using estab-
lished methods for characterizing N-LCs (i.e., helical
pitch measurements).31,33 Cholesterol was chosen as
the chiral LC ligand not only for its compatibility with
N-LCs but also because of its importance to biological
systems such as bilayer membranes,34 as general
building block for LC applications such as thermal
sensors,35 and as gelator.36 We started with the syn-
thesis of cholesterol-thiolate functionalized gold
NPs (NP1 and NP2), made in the presence of a chi-
ral bias, and cholesterol conjugated NPs (NP3) ob-
tained via silane conjugation to MPS-coated (MPS,
(3-mercaptopropyl)trimethoxysilane) NPs with no chir-
al bias present during NP growth.
We then investigated the chirality transfer from the

well-dispersed NPs (NP1�NP3) in two LC hosts (in the
nematic phase of LC1 and LC2, Scheme 1) first by
induced circular dichroism (ICD) spectropolarimetry
in thin films followed by helical pitch measurements
using the Cano wedge method to calculate the helical
twisting power, HTP (βM, a measure for the ability of a
chiral dopant to twist a nematic LC phase).

βM ¼ 1=p 3 c (1)

where p is the helical pitch and c is the concentration of
the chiral dopant.

RESULTS AND DISCUSSION

Characterization. The synthesis of all intermediates
and chiral ligands was accomplished according to
previously reported methods. The synthetic details,
analytical data, as well as UV�vis and CD spectra can
be found in the Supporting Information (see Figures S1
and S2). The purified gold NPs were first characterized
by UV�vis spectroscopy (Supporting Information
Figure S3) and high-resolution transmission electron
microscopy (HR-TEM in Figure 1). Supporting Informa-
tion Figure S3 shows the visible absorption spectrum
(400�800 nm) in toluene for NP1, NP2 and NP3. NP1
did not show any surface plasmon resonance (SPR)
peak (Supporting Information Figure S3a), which con-
firms that these particles are smaller than 5 nm in
diameter as seen by TEM (Figure 1a).37 A characteristic
SPR band was observed for both NP2 (λmax = 529 nm)
and NP3 (λmax = 531 nm) as shown in Supporting
Information Figure S3, panels b and c, respectively. The
change in wavelength of the SPR band maximum of
NP2 and NP3 is due to increase in size as evident from
TEM images (Figure 1b,c).38

The average size distribution obtained from the
TEM image analysis is presented in Table 1. The purity
and functionalization of the obtained gold NPs was

Figure 1. High-resolution TEM images of (a) NP1 (1.77 (
0.11 nm), (b) NP2 (5.54 ( 1.23 nm), and (c) NP3 (10.09 (
2.72 nm) shown above. (d) Cartoon introducing the concept
of using nematic liquid crystal phases to detect, visualize,
andmeasure the chirality of chiral ligand-capped NPs using
helical pitch measurements.
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confirmed by 1H NMR spectroscopy (see Figures A1 to
A11 for all 1H NMR spectra of intermediates and NPs in
the appendix of the Supporting Information). The 1H
NMR spectra show characteristic broadened resonance
peaks and no indication of free, nonbound thiols for
NP1 and NP2 or free thiols and silanes for NP3.39

Assuming a spherical shape for the NPs (which at
this size provides similar numbers as assuming a poly-
hedral shape), we also calculated the average

molecular weight of each NP according to the model
developed by Gelbart et al.40 The results from these
calculations for all three NPs (NP1�NP3) including
molecular weight, number of gold atoms, and number
of organic ligands on theNP surface are collected in the
Supporting Information (page S10). This allows us to
calculate the average and number of organic ligands
present in a given LC-NP mixtures (see Supporting
Information Table S1). We will use this data later to
compare the effectiveness to induce an N* phase
among the three NPs and between NPs and free chiral
ligands (such as the disulfides DS1 and DS2 used for
the synthesis ofNP1 andNP2, respectively, and ligand
3 used for the synthesis of NP3).

Optical Activity and Circular Dichroism. For an initial
understanding of the optical activity of NP1, NP2,
andNP3, CD spectra weremeasured in CHCl3 solutions
(Supporting Information Figure S4). We also measured
CD spectra of all intermediate compounds (1�5),
both disulfide 1 (DS1) and 2 (DS2), as well as ligand
3 (Supporting Information Figure S2) in solution. All

Scheme 1. Chemical structure of DS1, DS2, ligand 3, and NP1�NP3, as well as structure and phase sequences of LC1 and LC2.

TABLE 1. Average NP Core Diameter (nm), Number of Au

Atoms, Number of Ligands, and Average Molecular

Weight (Mw) of NP1, NP2, and NP3

NP

NP core diameter

(nm)a

number of Au

atoms

number of

ligands

average Mw of

NPsb

NP1 1.77 ( 0.11 170 45 57380
NP2 5.54 ( 1.23 5234 450 1295300
NP3 10.09 ( 2.72 31622 1493 7356700

a TEM image analysis of more then 100 NPs was performed using ImageJ. b Average
molecular weight (Mw) of NPs was calculated assuming a hexagonal close-packed
gold NPs. For detailed calculations see Supporting Information.
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organic compounds showed CD bands with negative
Cotton effect and absorbance in the UV region. The
NPs synthesized or formed in the presence of a chiral
thiol (NP1 and NP2) showed negative CD signals. NP1
(Supporting Information Figure S4a), being the smal-
lest in size and with the shorter hydrocarbon spacer
between the cholesterol core and the NP surface (C6),
showed only a weak CD peak around 343 nm where
the free organic ligand (DS1) does not absorb light
(Supporting Information Figure S2e), and no CD at
longer wavelength (no plasmonic CD). Kim et al. re-
ported the observations of such CD spectra for D- and L-
Pen (penicillamine)-capped gold NPs with similar NP
core diameter (1.99 ( 0.3 nm). A CD response was
found at wavelengths where the free ligands (D-Pen or
L-Pen) do not absorb.2 Hence, these CD responses
could be linked to interbandmetal and ligand-to-metal
charge transfer transitions.41�43 In case of NP2, which
is slightly larger in core diameter compared toNP1, CD
signals at the wavelength of the SPR band (plasmonic
CD) along with additional CD bands at 573 and 649 nm
were observed (Supporting Information Figure S4b). A
possible explanation for this behavior can be given
considering the optical coupling between NPs and
chiral adsorbates due to Coulomb interactions and
possible plasmon field enhancement.44,45 Govorov
et al.46 studied quasi-spherical gold NPs (>20 nm)
conjugated with oligonucleotides to elucidate this
mechanism and compared the CD results with those
for nonplasmonic quantum dots. For the case of gold
NPs, an enhancement of CD band intensity was ob-
served at their SPR wavelength only when the chiral
oligonucleotides were attached. No plasmonic CD
signal was seen when the same experiment was
repeated with a quantum dot in place of the gold
NP.47 Similar data were collected for our synthesized
NPs, which also showed enhanced CD signals at the
SPR band wavelength.

To study the effect of a chiral bias during the
formation of NPs we synthesized NPs coated with the
same cholesterol chiralmoiety but formed in absence of
a chiral bias. NP3 synthesized first via ligand exchange
(surfactant CTAB for MPS) followed by silane conjuga-
tion to MPS-coated NPs showed a broad negative
CD band (see Supporting Information Figure S4c).
Bürgi et al.27,48 and others49,50 performed extensive
studies on ligand exchange reactions of intrinsically
chiral Au25, Au38 and Au40 clusters. Bürgi et al. showed
that ligand exchange forms mixtures of clusters that
are pairs of enantiomers and diastereomers.26 Assum-
ing that place exchange reactions are nondiastereose-
lective and that both enantiomers react at the same
rate, these species will cancel out each other's effect
and will not have any contribution to the net optical
activity. In a case where the ligand exchange reaction
has different rate constants for each enantiomer then
the expected CD spectra would be the sum of optical

activity of four different species. The latter could
explain the observation of broad, undefined CD peaks
in regions of both UV as well plasmonic wavelengths in
NP3. However, it is important to mention here that our
NPs are not well-defined clusters and that several
effects will average out. Nevertheless, the solution CD
data indicate that the presence of chiral ligands during
the formation of NPs critically influences the electronic
structures of the metal NP cores (i.e., chiral gold NP
surface�more pronounced for smaller metal NP1).

To test the effectiveness of chirality transfer of the
synthesized NPs to achiral liquid crystal hosts, we
executed careful thin film ICD experiments for the
LC-NP mixtures. To avoid CD reflection bands, we only
tested the lowest concentration of NPs in the LC hosts.7

Samples were rotated at intervals of 45� to cancel out
contributions of linear dichroism and birefringence.51

Even in very thin film samples it is not trivial to avoid
possible saturation of the absorbance of the CD signal
at the detector. So only results based on the sign, and
not the intensity, of the CD signals are discussed.
As expected, for 0.5 wt % of NP1 (Supporting Informa-
tion Figure S5a) and NP2 (Supporting Information
Figure S5c) in LC1 at 30 �C the sign of the CD bands
is always negative, leading to sum negative CD signals
(Supporting Information Figure S5b,d). These thin films
between quartz substrates were also studied using
polarized light optical microscopy (POM). For LC1
doped with NP1 or NP2 at 0.5 wt %, characteristic
chiral finger textures were observed between crossed
polarizers (see Figure 2, panels b and d, respectively).
However, in the case of NP3, CD spectra collected at
different sample rotation angles showedboth negative
and positive signs leading to a net zero CD signal (sum
of all spectra). Upon observation under POM, this
sample showed marble-type textures typical for
N-LCs. Similar CD results for all three NPs were also
found for mixtures with 0.5 wt % in the N phase of
LC2 at 66 �C (Supporting Information Figure S6),
which shows that these effects are not host specific.
The POM images of LC2 doped with the NPs corrobo-
rate these ICD results, with NP1 and NP2 in LC2 again
showing cholesteric finger textures characteristic
for N* phases (Supporting Information Figure S8j,k)
and LC2 doped with NP3 showing a Schlieren texture
typical for an N-LC phase (Supporting Information
Figure S8i).

Texture Analysis and Chirality Transfer. The texture ob-
servation between untreated quartz discs indicated
that the current NPs disperse well in the N phase of
both LC hosts (no obvious sign of aggregation). They
also show that simple analysis of textures characteristic
for N or N* phases by POM between crossed polarizers
can be used to discriminate between chiral and achiral
mixtures (or “weakly chiral”� i.e. too low concentration
of chiral NPs or inefficient chirality transfer). All mix-
tures of NP1-NP3 in LC1 and LC2 were prepared
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following protocols previously established in our
laboratory.6,52 LC1 was chosen as host to allow us to
compare the results with our previous findings on
chirality transfer to an achiral LC host.6,7 LC2 was used
to see if the same NP would transfer chirality to
structurally dissimilar LC hosts. Earlier studies in our
group have shown that the effective range of NP
doping in LC hosts lies between 0.5 and 5 wt %.53�56

Considering this, we prepared 0.5, 2.5, and 5 wt %NP1,
NP2, and NP3 mixtures in LC1 and LC2. For compar-
ison, we also analyzed neat DS1, DS2 and ligand 3 as
well as mixtures of DS1, DS2 and ligand 3 at the same
concentrations (w/w) in LC1 and LC2. All mixtures were
first observed under POM (crossed polarizers) between
cleaned, untreated glass slides. Neat DS1, DS2 and
ligand 3 on cooling from the isotropic liquid phase

Figure 2. Polarized light optical microscopy (POM) micrographs (90� crossed polarizers) of LC1 doped with (a) NP1 (5 wt %,
untreated glass slides), (b) NP1 (0.5 wt %, quartz cell), (c) NP2 (5 wt %, untreated glass slides), (d) NP2 (0.5 wt %, quartz cell),
(e) NP3 (5 wt %, untreated glass slides), (f) NP3 (0.5 wt %, quartz cell), (g) DS1 (0.03 wt %, untreated glass slides), and (h) DS1
(0.03 wt %, quartz cell).
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showed focal conic fan textures typical for unaligned N*
phases at 122.0 �C (Supporting Information Figure S7a),
107.0 �C (Supporting InformationFigure S7b) and25.8 �C,
respectively (Supporting Information Figure S7g). Mix-
tures with 5 wt % of DS1 (Supporting Information
Figure S7e), DS2 (Supporting Information Figure S7f)
and ligand3 in LC1 (Supporting InformationFigure S7h)
showed rather similar cholesteric finger textures, at
the same temperature on cooling (with a perceivable
slight increase in the distance between birefringent
stripes from DS1 over DS2 to ligand 3, frequently
indicative of an increase in the helical pitch). Consider-
ing the similarity of these three textures and a similar
temperature dependence of the helical pitch, all three
ligands could be considered quite comparable chiral
additives. In homeotropic cells (helix axis parallel to the
substrates), DS1 at 0.5 and 5 wt % (Supporting Infor-
mation Figure S10a,b) in LC1 remained optically black
(the helical pitch is too large to show fingerprint
textures), whereas DS2 at 5 wt % (Supporting Informa-
tion Figure S10d) in LC1 starts showing a typical finger-
print texture. Ligand 3 in LC1 in homeotropic cells both
at 0.5 wt % (Supporting Information Figure S10e) and
5 wt % (Supporting Information Figure S10f) in LC1
showed typical fingerprint textures.

POM textures observed between untreated glass
slides provided the first insights in the mesomorphic
behavior (i.e., effectiveness of chiral induction) of
NP1�NP3 in mixtures with both LC1 and LC2. For
the lowest concentration of 0.5 wt % of NP1 (Sup-
porting Information Figure S8a) and NP2 (Supporting
Information Figure S8b) in LC1 between untreated
glass slides Schlieren textures common for N-LC phases
(or N* phases with large helical pitch of several tens of
microns) were observed. None of the current textures
showed birefringent stripes as textures previously ob-
served by our group for LC-NP mixtures (as a result of
segregation of NPs to the glass-LC interfaces accom-
panied by the formation ofπ-walls),6,53 andwould here
rather indicate that the NPs are well dispersed and do
not aggregate or segregate. Another indication of this
is the sharp phase transition from the isotropic liquid to
the N-LC phase, which is stabilized by about 1�2 �C
rather than destabilized.56

On further increasing the concentration to 5wt%of
NP1 (Figure 2a) and NP2 (Figure 2c) in LC1, we
observed typical fingerprint textures corresponding
to an N* phase of the host LC. Conversely, in the case
of NP3 doped in LC1 or LC2 at both 0.5 wt % (Sup-
porting Information Figure S8c) and 5 wt % (Figure 2e),
Schlieren and marble textures typical for N-LC phases
were found.

Mixtures of NP1 and NP2 at 0.5 and 5 wt % in LC2
also showed fingerprint, cholesteric finger, and focal
conic fan textures characteristic for N* phases (Sup-
porting Information Figure S8d�h). NP3 at 0.5 and
5 wt % in LC2 (Supporting Information Figure S8f,i),

however, showed textures similar to chiral finger tex-
tures indicating a larger helical pitch in comparison to
NP1 or NP2 in LC2. The chiral induction not seen for
LC1 is likely the result of the better miscibility ofNP3 in
LC2 in comparison to the polar LC1 not flanked by two
hydrocarbon tails. These preliminary observations con-
firmed our speculation that gold NPs formed in the
presence of a chiral bias are more efficient chiral
inducers than NPs formed in absence of a chiral bias
in N-LC hosts. For a better comparison of an observable
helical pitch of the induced N* phase in LC1 and LC2, all
LC-NP mixtures were also observed under POM be-
tween glass slides treated to induce homeotropic
boundary conditions. For both NP1 and NP2 at the
lowest concentration of 0.5 wt %, homeotropic tex-
tures were observed (Supporting Information Figure
S9a,b, helical pitch of several tens of micron).

As observed by POM between untreated glass
slides, cholesteric finger or fingerprint textures indica-
tive of an N* phase began to appear at concentrations
as low as 2.5 wt % of NP1 or NP2 in LC1. The thin films
eventually displayed archetypal fingerprint textures on
increasing the concentration ofNP1 andNP2 in LC1 to
5 and 10 wt % (Supporting Information Figure S9c�h).

Helical Twisting Power (HTP). To quantify the efficiency
of chirality transfer from the chiral ligand capped NPs
to the N-LC hosts, we used a well-established method
tomeasure the helical pitch (p) and calculate the helical
twisting power, HTP (βM).

33,57 First, all NP-LC mixtures
were heated to the isotropic liquid phase and then
filled in wedge cells. After slowly cooling the samples
below the Iso/N* phase transition, we observed the test
cells under POM. For comparison, we also tested DS1,
DS2 and ligand 3 at 5 wt % in LC1. The p values for
DS1,DS2 and ligand 3were found to be 4.09, 4.07, and
7.11 μm, respectively, as expected from the prior POM
studies.

The helical pitch values for NP1, NP2, and NP3
depending on the NP concentration in LC1 as well as

TABLE 2. Helical Pitch (p) Values (μm)a of NP1�NP3 and

DS1, DS2, and ligand 3 Depending on the Concentration

(w/w) of the NPs in LC1

wt % of NPs 2.5 5 10

mixture helical pitch (p)/μm

NP1 þ LC1 11.18 ( 0.71 6.23 ( 0.50 2.65 ( 0.15
NP2 þ LC1 6.89 ( 0.06 5.33 ( 0.69 2.45 ( 0.07
NP3 þ LC1 ;

b
;

b
;

c

DS1 þ LC1 ;
d 4.09 ( 0.07 ;

d

DS2 þ LC1 ;
d 4.07 ( 0.04 ;

d

3 þ LC1 ;
d 7.11 ( 0.37 ;

d

a Value ( standard deviation from three independent wedge cell measurements.
b At these concentrations of NP3 in LC1 or LC2, no helical pitch could be measured in
wedge cells (p is too large, see Figure 3d). c The larger NP3 particles did show signs
of aggregation at this high weight % (i.e., volume fraction). d For a comparison
between NPs and organic ligands, only the 5 wt % mixtures were needed and
measured.
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the values for the 5 wt % ofDS1,DS2, and ligand 3 are
summarized in Table 2. The corresponding wedge cell
images are collected in Figures 3 and 4 (larger versions
of more concentrations in Supporting Information
Figure S11). At the same weight concentration (5 wt %)
in LC1, NP1 and NP2 both showed only slightly
larger helical pitch value of 6.23 and 5.33 μm as
compared to DS1 and DS2. These values are compar-
able to previously reported values for chiral binaphtha-
lene derivatives in LC1.58 For 5 wt % of NP3 in LC1 no

defect (Grandjean) lines were detected, indicating that
the helical pitch is very (too) large. For the HTP values
calculated using eq 1, we obtained greatly elevated
values forNP1 andNP2 compared toDS1 andDS2. For
5 wt % of DS1 and DS2 (using mol % to compare the
HTP based on the number of chiral molecules in the
mixture, while neglecting any contributions from
the apparent chirality of the NP), HTP values of 19.70
and 22.31 μm�1 were calculated, respectively. Since
the calculation of the HTP (using mol faction rather

Figure 3. Images of Grandjean-Canowedge cells (crossedpolarizers) showingGrandjean steps (lines) of the inducedN*phase
of LC1 after dopingwith (a) 5 wt% of NP1, (b) 5 wt%of NP2, and (c) 5 wt% of NP3 (showing no evidence for Grandjean steps),
and (d) 10 wt % of NP1. (e) Grandjean-Cano wedge cell method to determine the helical pitch (p) of an N* phase (s = distance
between two disclination lines).
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thenwt%, vide supra) is based on themolecular weight
of the chiral additive (see Table 1), significantly larger
values are obtained for both NPs. For the HTP values of
NP1 andNP2, we calculated 1522.1 and 91801.1 μm�1,
respectively. Chen and co-workers reported a related
comparison of HTP values between chiral LC polymers
and their lowmolar mass counterparts.59 By comparing
the amount of chiral ligand present (i.e., standardizing
the HTP values based on the amount of chiralmolecules
in each mixture), we found that the NP1�LC1 and
DS1�LC1 mixtures had similar helical pitch values,
despite the NP1�LC1 containing two to 3 orders of
magnitude fewer chiral ligand molecules than the
DS1�LC1 mixture at the same wt % (e.g., 0.5 or 5 wt %,
entry 1 and 2 in Supporting Information Table S1).

This indicates that for a meaningful comparison on
the efficiency to induce an N* phase in achiral N-LC
hosts we need to compare mixtures with the same
amount of chiral ligand molecules present at a given
concentration in LC1. To do so, we prepared a mixture
of 0.03 wt % DS1 in LC1 (identical mol % of chiral
ligands as 5 wt % NP1 in LC1, Supporting Information
Table S2), and, as expected, no chiral textures were
observed by POM (Figure 2g,h) since the concentration
of DS1 in LC1 was too low. The concentration with
same number of chiral molecules (ligands) of DS2 in
LC1 as for NP2 in LC1 is again almost 2 orders of
magnitude smaller (9.6� 10�4 wt% ofDS2match 5wt
% of NP2 in LC1). These calculations clearly indicate
that the chiral ligand-capped gold NPs are more
efficient chiral dopants than their free chiral ligand
counterparts. The data also show that NPs made in the
presence of a chiral bias (NP1 and NP2) are more
efficient chiral dopants than NPs made in the absence

of a chiral bias during NP formation (NP3). Comparing
NP1 and NP2 at same pitch value (e.g., 2.70 μm,
obtained from Supporting Information Figure S12) in
the same host LC1 at the same composition (9.53 wt%),
we find that the mixture of NP1 in LC1 contains
1 order of magnitude fewer chiral ligands than NP2
in LC1 (Supporting Information Table S2). Hence, in
order to reveal which NP is the most efficient chiral
dopant we might want to compare mixtures that
contain the same number of chiral ligand molecules
in LC1. What we find is this: To reach the same mole
fraction of chiral ligand as 5 wt % NP1 in LC1 (and the
same helical pitch or HTP), we would need to add and
disperse 69.9 wt % of NP2 in LC1. In the case of NP3,
14.5 wt % of NP1 or 88.55 wt % of NP2 would be
needed to obtain a mixture with samemole fraction of
chiral ligand as 5 wt % of NP3 in LC1.

One might theoretically be able to achieve the
same helical pitch value, but at such high NP weight
fractions the NP would severely aggregate and then
segregate to the interfaces between the N-LC and both
substrates, which would result in homeotropic align-
ment of the N-LC as described in our previous work.6,60

Nevertheless, we cannot entirely ignore in this discus-
sion thatNP2 in LC1 induces a tighter helical pitch than
NP1 in LC1 despite the lower overall number of chiral
ligands. NP2 featuring surface plasmon CD signals
(NP1 does not) could be considered the more efficient
chiral inducer in N-LC phases based on the weight
fraction in LC1 (Table 2). While there are fewer NPs in
the NP2�LC1 mixture in comparison to the NP1�LC1
mixture, the volume fraction of NP2 in LC1 is slightly
higher considering NP core volumes of ∼3 and
∼90 nm3 forNP1 andNP2, respectively (see Supporting

Figure 4. Images of Grandjean-Canowedge cells (crossedpolarizers) showingGrandjean steps (lines) of the inducedN*phase
of LC1 after doping with 5 wt % of (a) DS1, (b) DS2, and (c) ligand 3.
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Information Table S3 for the number of NPs in the 0.5
and 5 wt % mixtures).

CONCLUSIONS

We have demonstrated the important role NP size
and the presence or absence of a chiral bias during NP
formation play in chiroptical activity of chiral ligand-
capped gold NPs. Our findings illustrate that interac-
tions between N-LC phases and chiral ligand-capped
gold NPs can serve as a unique platform to carefully
study, sense, and quantify NP chirality using well-
established methods to detect chirality in N-LCs.
The LC-NP system described here only hints at the
number of possibilities that research in this area could
explore to better understand and apply NP chirality.
Such possibilities include, but are not limited to, chan-
ging the NP shape (e.g., nanorods with more intense
plasmonic CD signals and higher chiral anisotropy
factors, g, defined as g = Δε/ε, with ε as the isotropic
extinction coefficient and Δε the difference in ε of
left and right circularly polarized light) or adjusting the
NP synthesis to get stable, well-defined clusters. A
great opportunity also lies in the use of lyotropic
chromonic LC phases, where hydrated assemblies of
nonamphiphilic molecules (forming stacks) could be
influenced in a chiral environment created by most
of the hydrophilic, chiral ligand-capped metal NPs

described by other groups. Recent data suggest that
chiral interactions between such chromonic LC stacks
can cross a 6 nm separation61 (the size of many metal
NP systems) leading to bulk N* phases with typical
fingerprint textures. A recently discovered LC system
even more sensitive to chirality is the lyotropic chiral
smectic-C* phase described by Giesselmann and co-
workers.62 Here, both the helical pitch of typical finger-
print textures and the occurrence of a measurable spon-
taneous polarization (that is highly sensitive to chirality)
could be used to detect and quantify metal NP chirality.
Though there are still open questions about possible

contributions of NP core or surface chirality, we clearly
demonstrated that the presence of a chiral bias during
the NP formation produces gold NPs that induce more
prominent, stronger chiral effects in condensed N-LC
phases in comparison to NPs synthesized in the ab-
sence of a chiral bias. We also showed that smaller gold
NPs with an overall lower number of chiral ligands
attached to the NP surface in the N-LC mixture outper-
form larger gold NPs. The key finding, however, is that
NP chirality can be transmitted to and sensed by N-LC
phases, which, in turn, permitted us to image and
measure the extent of gold NP chirality transfer. We
believe that these studies have tremendous implica-
tions for the use of metal NPs as chiral catalysts, chiral
discriminators, and chiral metamaterials.

EXPERIMENTAL SECTION

Synthesis. All compounds and NPs were synthesized ac-
cording to Supporting Information Schemes S1 and S2. For
detailed synthetic information and 1H NMR spectra of reaction
intermediates 1�5, the disulfides DS1 and DS2, ligand 3, the
CTAB-capped NPs as well as NP1, NP2 and NP3 see the
Supporting Information. The purified NPs were characterized
by 1HNMR spectroscopy, HR-TEM analysis/imaging, CD spectro-
polarimetry, and UV�vis spectrophotometry. The average size
of the gold NPs as determined by HR-TEM imaging and image
analysis is summarized in Table 1 (for HR-TEM images see
Figure 1).

LC-NP Composites. All NP-LC mixtures were prepared by mix-
ing exactly weighed amounts of solid LC andNPs. From 0.5wt%
up to 10 wt % of NP1, NP2 and NP3 in LC1 or LC2 were then
mixed in chloroform by stirring and sonication. Thereafter, the
solvent was completely evaporated under a stream of dry
nitrogen at a temperature above the N/Iso phase transition
temperature of the LC material, i.e. at 45 �C for LC1 and 70 �C at
LC2 for 24 h. The obtained mixtures were finally subjected to
pulsed sonication using a sonotrode at in the isotropic phase of
LC for several seconds.

Sample Preparation for CD, POM and Pitch Measurements. For the
CD measurements, thin films of the LC-NPs mixtures were
prepared between two precleaned quartz substrates (square,
19� 19� 0.5mm; and disc, 1 in.� 1/16 in.) separated by 10-μm
fiberglass spacers. The cell gaps of these cells were measured
following an established protocol.57 Cells inducing ho-
meotropic alignment63 and wedge cells for helical pitch
measurements57 were made following well-known methods
described previously by Palffy-Muhoray and co-workers.
To validate this method to calculate helical pitch and HTP
prior to applying it to the current NP-LC mixtures, we
tested a known chiral dopant64,65 (R811, 4 wt %) in LC1.

The pitch value was found to be 1.95 μm and an HTP value
of 0.128 μm wt %�1 (as compared to 0.14 μm wt %�1 given
in ref 65).
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