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Chirality is a key aspect in the evolution of life and plays an
important role in structure–function relationships and recog-
nition in biological systems. Interest in this property extends
from fundamental particle physics and optics through organic
and inorganic chemistry to complex biological systems, such
as proteins and nucleic acids. The two mirror images of
a chiral molecule (enantiomers) differ in their interaction
with polarized light, and this difference gives rise to chirop-
tical activity. One of the commonly observed effects in such
molecules is the differential absorption of left and right
circularly polarized light, termed circular dichroism (CD).[1]

Because of the connection between the chirality of molecules
and their chemical function, a great amount of research has
been carried out in the field of organic and inorganic
chemistry with respect to control over chirality (enantiose-
lective chemistry). Chiral symmetry breaking in the crystal-
lization of various organic and inorganic materials[2–4] and
various chiral amplification[5,6] templates are also of vast
scientific interest owing to their relevance to the origin of
homochirality in organisms.[7] In this respect, there is major
interest in the crystallization of chiral inorganic minerals, such
as quartz, and their role in enantioselective catalysis.[7, 8]

Whereas mesoscale and nanoscale homochiral adsorption
and self-assembly patterns of molecules have been produced
on specific chiral surfaces,[9] so far there are no methods for
the enantioselective synthesis of inorganic nanocrystals
(NCs). NCs of intrinsically chiral materials should possess
very strong chiroptical responses owing to their relatively
large size relative to that of molecules, as long as they are of
subwavelength dimensions. All recent studies on chirality in
NCs has focused on controlling the assembly of achiral
building blocks into chiral superstructures or generating
typically weak chiroptical effects through the interaction
chiral molecules with achiral metal and semiconductor NCs.

A relatively new field linking the properties of chirality
and chiroptical activity with inorganic NCs has emerged with
the first demonstration by Schaaff and Whetten of the
induction of chiroptical activity in gold clusters capped with
l-glutathione,[10] whereby CD was measured at electronic
transitions of the inorganic gold core. Many studies on hybrid
systems of chiral molecules and metal nanoparticles fol-
lowed.[11–14] Later, following an initial demonstration by
Gun�ko and co-workers,[15] studies were extended to semi-
conductor NCs of CdS,[16,17] CdSe,[18] and CdTe[19,20] capped
with chiral molecules. It was assumed that the chiroptical
effects arise mostly as a result of several mechanisms that
involve some sort of CD induction by the capping chiral
molecules. The first is the chiral distortion of surface atoms or
the chiral adsorption pattern of the capping molecules on the
surface of NCs.[21, 22] In a recent study by B�rgi and co-
workers,[23] it was demonstrated that the latter can result in
relatively strong chiroptical activity in gold clusters. They
demonstrated the postsynthesis enantiomeric separation of
chiral inorganic clusters, similar to the enantiomeric separa-
tion of chiral macromolecules.

In the second CD-induction mechanism, the surface
structure and the core are achiral, and chiroptical activity
originates in electronic interactions (“dissymmetric field”)
between the capping molecules and the inorganic core.[10,24–26]

This activity can arise, for example, by a simple dipolar
interaction mechanism proposed and demonstrated experi-
mentally by Govorov and co-workers.[27,28] It was also
suggested for chiral-thiolate-protected gold clusters that the
electronic contributions and geometric contributions might
act concurrently.[29] Another possible origin of chiroptical
effects is in strong coupling between achiral plasmonic NCs
arranged in a chiral superstructure. Recent examples include
the studies of Liedl and co-workers on metal nanoparticles
assembled into chiral helices in DNA templates[30] and the
studies of Liz-Marz�n and co-workers on gold-nanorod
assemblies.[31] Other than in the case of small atomic clusters,
in which the core and surface are hard to differentiate, it has
been assumed that chiroptical effects do not arise from the
intrinsic chirality of the inorganic core, owing to the achiral
symmetry of the crystal lattices of all materials studied so far.
An exception was a study of microcrystals of trigonal (chiral)
selenium in a cellulose matrix; these microcrystals exhibited
CD at the absorption lines of the Se atoms.[32] Only one type
of handedness of the crystals could be generated, and light-
scattering effects, which may have been pronounced at the
microscale, were not addressed. The magnitude of the CD
signal observed in that study was relatively small, possibly
because the nature of the electronic excitations in Se atoms.
To the best of our knowledge, there have been no other
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studies of micro- or nanoscale inorganic crystals of intrinsi-
cally chiral materials.

Herein we report the synthesis of a-HgS NCs, which
belong to a chiral symmetry group, with a large enantiomeric
excess. The synthesis makes use of chiral surfactant molecules
(penicillamine), which direct the formation of these chiral
NCs from the achiral phase of mercury sulfide (b-HgS). The
strong chiroptical response of the obtained a-HgS NCs, which
was several orders of magnitude larger than the CD response
of achiral semiconductor NCs (CdS, CdSe, CdTe, ZnSe)
coated with the same (or similar) chiral surfactant molecules,
led to the conclusion that the a-HgS NCs were formed with
high enantiomeric excess.

A variety of inorganic crystals, such as quartz, b-AgSe, a-
HgS, selenium, and tellurium, are known to have intrinsically
chiral crystal structures and have even occasionally been
explored for their chiroptical properties in the form of bulk
single crystals.[33, 34] We suggest that NCs of materials of this
type should exhibit much stronger chiroptical activity than
previously reported for nanoparticle systems, in particular
near wavelengths of spatially extended electronic transitions.
The main idea was to use colloidal chemistry in an environ-
ment of a relatively large concentration of chiral molecules
that could bind strongly to the surface of the forming crystals
and induce symmetry breaking in the process. For this study,
a-HgS (cinnabar) was chosen as a natural extension from
type II–VI semiconductor materials previously stud-
ied,[16–21,26, 35] with the advantage that a-HgS exhibits visible
absorption lines (bulk band gap� 2 eV) far away from the
molecular UV absorption to enable the comfortable mea-
surement of inorganic-core CD spectra.

HgS NCs were synthesized by a simple colloidal precip-
itation reaction in the presence of chiral molecules with
thiolate groups, which were expected to bind strongly to Hg
ions in the forming crystal (specifically, the molecule penicill-
amine was used; see the Experimental Section for details).
The addition of S2� ions to an aqueous solution of Hg2+ ions
and penicillamine molecules was accompanied by the imme-
diate appearance of a strong black color corresponding to
achiral b-HgS NCs with a cubic zincblende structure. These
NCs did not exhibit any CD in the visible range. The solution
color gradually changed from black to orange in a matter of
a few hours. The gradual change of color indicates that the
achiral b phase was transformed into the thermodynamically
favorable a phase. The stages of the transformation were
monitored by transmission electron microscopy (TEM) and
visible CD (see the Supporting Information). TEM images of
the final orange-colored product showed the single-crystalline
structure of these NCs (Figure 1). Image analysis indicated
that the NCs had an average length of (15� 4) nm and an
average width of (10� 3) nm.

The a-HgS phase was verified by powder XRD measure-
ments, which are presented in Figure 1c with reference
literature XRD data for bulk cinnabar.[36] In the a-HgS
phase, the NCs exhibited a very strong CD band that was in
good correlation with the band-edge absorption feature
(Figure 2a,b). The dissymmetry factor (De/e = DA/A) is
a measure of the strength of the CD relative to the total
absorption and normalizes out concentration dependence. In

the case of the a-HgS NCs, the dissymmetry values were over
0.012 for the first band-edge peak position and significantly
larger than 0.001 throughout the rest of the spectrum
(Figure 2c).

For comparison with the HgS NCs, we studied l-gluta-
thione-capped ZnSe NCs as another type of type II–VI
semiconductor NCs. These ZnSe NCs belong to an achiral

Figure 1. a) TEM image of HgS NCs. Scale bar is 100 nm. b) A high-
resolution TEM image with the corresponding Fourier transform
depicting the single-crystalline nature of these NCs. Scale bar is 5 nm.
c) Powder XRD spectrum of this sample, presented with a reference
bulk-phase diffraction pattern as thin vertical lines (Ref. [36]).

Figure 2. a) Absorption spectrum of the HgS NCs with the threshold
range of 450–600 nm magnified for clarity in the inset. b) Correspond-
ing CD spectrum; the dashed arrow marks the correlation between the
first CD line and the absorption threshold. c) Corresponding dissym-
metry spectrum. d) Dissymmetry factor at the first absorption/CD
peak of various samples of NCs of different materials and sizes as
a function of surface-to-volume ratio (1/r ; r = NC radius).
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crystal-symmetry group (see the Supporting Information).
The dissymmetry values for ZnSe in our study and other
compounds investigated in previous studies[26, 35] were found
to decrease rapidly as the size of the NCs increased. This
decrease in the dissymmetry values is due to the decay of the
electronic CD induction at the electron–hole transitions by
the chiral capping molecules. In fact, in CdS, CdSe, and ZnSe
NCs, the ligand-induced CD completely vanishes for NCs of
sizes over 3–4 nm, and at the smallest sizes, the dissymmetry
factor is less than 0.001 (Figure 2d).

Thus, it is clear that the a-HgS NCs with sizes over 10 nm
are completely off the scale with respect to all other studied
semiconductor quantum dots in which the CD was induced by
chiral surface molecules. Indeed, we can expect that the
“bulk” chirality of an NC can be stronger than that induced by
surface molecules, since the bulk CD effect is derived from all
atoms in an NC, whereas the other effect originates only from
a thin surface layer of atoms. Dissymmetry values of the order
of 10�2 were so far only found in metal NCs assembled in
chiral configurations with very strong interparticle plasmonic
coupling.[30, 31] For individual NCs, the present dissymmetry
values are the highest values reported to date by a significant
margin.

The XRD pattern obtained for the NCs is identical to the
bulk crystal structure of cinnabar. This material crystallizes in
two different enantiomorphic space groups, P3121 and P3221,
which correspond to mirror images of the crystal. The two
space groups exhibit exactly the same diffraction pattern and
cannot be distinguished without chiroptical spectroscopy. The
crystal is comprised of long helices of alternating mercury and
sulfur atoms that spiral around the c axis of the hexagonal unit
cell.[37] Bonds between adjacent atoms within the helix are
much stronger than those formed between adjacent helices,
which probably accounts for the elongation observed along
the c axis of the NCs in high-resolution TEM images of single
NCs (Figure 3 a,b). The Fourier transform of the images
(Figure 3a,b) shows that the long axis of the crystal is
perpendicular to the (003) plane of the crystal and thus
indicates that it is the c axis. The long axis of the NC
correlated well with the c axis for all the NCs studied by TEM
at high resolution. Figure 3c depicts single helices of opposite
chirality, with one section enlarged inside the frame of the
hexagonal unit cell. As all of the NCs appear to be single
crystals, it is clear that each of them has to have a well-defined
uniform handedness.

The use of opposite enantiomers of the capping chiral
molecule penicillamine led to the formation of opposite
enantiomers of the NCs, as indicated by the CD spectra
(Figure 4). No apparent change in absorption was observed
between the two samples. A mixture of both enantiomers
resulted in a CD signal with an amplitude proportional to the
molar excess of one enantiomer. This result probably
indicates that both enantiomorphic NCs were formed statisti-
cally, whereby one enantiomer was formed in excess with
respect to the other in proportion to the amounts of the two
ligands present. The shape and size of the NCs did not depend
on the ligand ratio.

Several considerations lead to the conclusion that the
strong chiroptical activity stems from the formation of a large

enantiomeric excess of one of the enantiomorphs of cinnabar
NCs. The strength of the effect in comparison with that of
other semiconductors with achiral crystal structures excludes
an electronic induction mechanism as well as surface-dis-
tortion effects. The larger size of the a-HgS NCs relative to
that of semiconductor and metal clusters previously studied in
the field of chiroptically active NCs also excludes a surface-
related mechanism, since the surface-to-volume ratio is much
smaller in the a-HgS NCs than in previously studied NCs and
in the ZnSe NCs in the present study. Third, the crystal phase
has been proven to be the intrinsically chiral phase of HgS. All
these findings lead us to conclude that the mechanism for the

Figure 4. CD spectra of samples obtained at different molar ratios of
l- and d-penicillamine with the same total concentrations of Hg and
penicillamine. The use of 100% of one enantiomer resulted in the
strongest CD response: the l and d enantiomers promoted the
formation of opposite mirror images of the NCs. Mixed compositions
of l- and d-penicillamine resulted in samples with a CD response that
was proportional to the excess amount of one enantiomer in solution.
The absorption spectra of all samples were identical.

Figure 3. a,b) High-resolution TEM images of individual NCs; blue
arrows mark the c-axis direction of the NC. Scale bars are 5 nm. In (a),
a sketch of a single Hg–S helix (not to scale) has been placed on the
image to correlate the direction of the Hg–S spirals with the crystal
c axis. c) Schematic illustration of the opposite spirals of atoms with
a fraction of one spiral reconstructed inside the frame of the hexagonal
unit cell (based on the data from Ref. [36]).
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observed immensely strong chiroptical activity is directly
related to the crystal core, and that the large excess of one
enantiomer in solution is enabled by the chemistry developed
in this study.

A simple theory of a chiral NC can be developed on the
basis of the continuous-medium approach by using the local
properties of a crystal, such as a local dielectric function e(r)
and a local chiral parameter x(r). This approach, which
ignores the spatial quantitation of carriers, is justified for our
relatively large NCs. A convenient, analytically solvable
model presented by Govorov and Fan is a chiral absorbing
sphere.[38] The CD cross-section of such a physical object has
two terms: CDx, the CD due to the intrinsic chirality of the
NC as screened dynamically in terms of the dielectric
response of the NC, and CDe, the CD due to the near-field
interaction between the absorptive and chiral properties of an
object (for details, see the Supporting Information):

CDx ¼ AR3
NCIm xNC½ �Re 2e0 þ eNC½ �

2e0 þ eNCj j2
,

CDe ¼ �AR3
NC

Re xNC½ �Im eNC½ �
2e0 þ eNCj j2

ð1Þ

In Equation (1), the parameter eNC is the dielectric
function of the HgS NCs, xNC is a parameter describing the
intrinsic chiral response of the HgS crystal, e0 = ewater, and RNC

is the NC radius. The second mechanism [i.e. the CDe term in
Eq. (1)] is relatively weak for the HgS NC, but it was found to
be very important for metal NCs conjugated with chiral
biomolecules.[27, 28] To the best of our knowledge, the CD of
bulk HgS has not been reported so far. In this study, we had
the chance to estimate this property of a-HgS by comparing
the simple theory [Eq. (1)] with the experiment on HgS NCs.
Our analysis (see the Supporting Information) led to the
following values for the molar CD per HgS molecule, the
chiral parameter xHgS, and the specific rotation of HgS:
DeCD,molecule� 0.61m�1 cm�1 (535 nm); xHgS: (0.61 + 3.6i) � 10�4;
adeg� 125 degmm�1. These values are physically reasonable
and comparable with the parameters of some other chiral
crystals and materials (see the Supporting Information). The
earlier measurement[39] and theoretical treatment[40] of the
optical rotation of bulk HgS yielded values of specific rotation
which are slightly higher (by a factor of 3–5) than those
calculated by us for the red edge of the spectrum at 600–
650 nm. In contrast to the present case, bulk measurements
could not be extended beyond the absorption threshold to
higher energies owing to total absorption of the incident light.
The difference in specific rotation between the bulk material
and nanocrystals is expected for two reasons. First, the local
crystal parameters of a relatively small NC (eNC and xNC) can
be somewhat different to those in the bulk because of the
surface effects. A second pronounced effect is the orientation
of the crystal relative to the light-propagation direction. The
bulk measurements were executed on single crystals oriented
with the c axis of the crystal parallel to the light-propagation
direction. Since HgS is optically highly anisotropic and in the
study presented herein the sample consists of randomly
oriented NCs, only a fraction of the nanocrystals would be
oriented parallel to the light-wave vector. Consequently,

averaging over the different orientations in the colloidal NC
sample would result in weaker effects.

In summary, a new concept of enantioselective chemistry
of inorganic NCs on the basis of chiral crystal symmetry
groups is proposed, with a first proof of concept for a-HgS
NCs. This approach is very different from previous ideas on
the induction of chiroptical activity in achiral NCs and will
probably lead to very intriguing effects in a wide range of
materials. The generation of truly chiral NCs of tailored size
and shape is expected to be useful for many applications, such
as enantioselective catalysis and sensing. Furthermore, these
systems are intriguing for studies in more fundamental fields,
such as nanoscale photophysics and electronic theory, as
a result of the combination of chirality with quantum
confinement effects. It is expected that this concept should
be applicable to the enantioselective synthesis of nanostruc-
tures of other chiral inorganic crystals.

Experimental Section
Synthesis of HgS NCs: An aqueous solution of Hg(NO3)2 (100 mm,
0.9 mL) was added to water (3 mL), and then an aqueous solution of
penicillamine (0.9 mL) with a particular enantiomeric composition
(total concentration of the two enantiomers: 100 mm) was added. The
resulting mixture was stirred vigorously, and its pH value was
increased slowly to approximately 11.5 by the addition of aqueous
NaOH. An aqueous thioacetamide solution (100 mm, 0.9 mL) was
then quickly added, whereupon the solution immediately turned
black. The reaction mixture was stirred in the dark at room
temperature for 24 h. Isopropyl alcohol was then added to precipitate
the product from the solution. The resulting orange-colored HgS NCs
were collected after centrifugation, washed several times with a 9:1
isopropanol–water mixture, and finally redispersed in water.

Detailed procedures for the synthesis of CdS and CdSe samples
corresponding to the data in Figure 2d appear in Ref. [35], and details
of the synthesis of glutathione-coated ZnSe NCs appear in the
Supporting Information.

TEM images were recorded with an FEI Tecnai F20 FEG-TEM
instrument. All samples were placed on carbon-coated 300-mesh Cu
grids. X-ray diffraction data was collected with CuKa radiation on a
V-V Scintag powder diffractometer equipped with a Ge solid-state
detector cooled with liquid nitrogen. CD measurements were
performed on an Applied Photophysics Chirascan CD spectrometer.
Absorption measurements were performed on a Varian Carry 5000
spectrophotometer. Samples were diluted with water to concentra-
tions at which the absorbance value was around 0.1 at about 500 nm.
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