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ABSTRACT: Helical symmetry can be found in most
flowers with a rotation of contort petal aestivation. For
micro- and nanoscale analogies, flower mimicking
structures have been reproduced; however, the conceptual
chirality of “nanoflowers” has not yet been defined. Here,
the chirality of the “flower” was defined by its nanosized
chiral structure and consequent optical activity (OA),
opening new horizons for the physical theory and chiral
materials. We report the surfactant-mediated hydrothermal
synthesis of chiral CuO nanoflowers using sodium dodecyl
sulfate (SDS) as a structure-directing agent, an amino
alcohol as a symmetry-breaking agent, and cupric salt as
the inorganic source. Two levels of hierarchical chirality
exist for a CuO nanoflower including primary helically
arranged “nanoflakes” and secondary helical “subnanope-
tals” that form “nanopetals”. The nanoflowers exhibited a
prominent optical response to circularly polarized light
(CPL) at the absorption bands characteristic of CuO.

Although the chiral structures of most open flowers are less
prominent, the flowers are considered intrinsically chiral

because their origins are always pronounced in floral buds.1,2

The chirality in asymmetric floral structures is often defined via
macroscopic observation.1,2 Various macroscopic flowers such
as peony-, chrysanthemum-, rose-, and dandelion-like flowers
with nanorod, nanosheet, nanoflake, and nanoplate petals were
successfully synthesized via microwave heating or a hydro-
thermal reflux method based on the self-assembly of simple
amphiphiles and peptides with various inorganic sources onto
inorganic materials (e.g., semiconductors, metal oxides,
carbonates, and phosphates)3−9 and pure organic materials
(e.g., polymer and DNA aggregations).10,11 Because chirality
begets handedness and handedness begets optical activity
(OA), the OA of the nanoflowers can define their chirality.12−19

Although these nanoflowers are actually chiral, these materials
do not result in OA, and researchers are not interested in their
chirality, probably because either racemic flowers form in the
presence of achiral organics or unit petals form that are too
large even in the chiral molecules of the structure-directing
systems.
In this investigation, the sodium dodecyl sulfate (SDS)

surfactant was chosen as a structure-directing agent for the
cupric ions due to its high amphiphilicity in aqueous solution
and the electrostatic interaction between the negatively charged

sulfate headgroup and the positively charged cupric ions, which
play a significant role in regulating the CuO nanoparticle
morphology.20 From the enormous chiral molecules, antipodal
(S)-(−)- and (R)-(+)-2-amino-3-phenyl-1-propanol ((S)-(−)-
and (R)-(+)-APP) were chosen as symmetry-breaking agents
due to the co-operative assembly effect from their amino
alcohol groups chelating well with the cupric ions and benzene
ring interacting with the hydrophobic tail of the SDS. The
cupric ions serve as an inorganic source and bridge due to the
dual interactions with the negatively charged sulfate SDS
headgroup and the coordination bonding chelation with the
amino alcohol groups of the APP. The copper oxide crystals
with a chiral architecture can be formed through the
cooperative interaction between the structure-directing agent,
the symmetry-breaking agent, and the inorganic source. When
the organics are removed via washing, pure chiral CuO in its
tenorite form can be obtained. This material exhibits character-
istic absorption bands in the UV−visible region due to various
monoclinic CuO transitions (space group C2/c) and induces an
electron transition-based OA (ETOA) under a dissymmetric
electric field.19,21

Figure 1 provides scanning electron microscopy (SEM) and
high-resolution transmission electron microscopy (HRTEM)
images of the samples synthesized using (S)-(−)-APP for 75
and 135 min (see also Figure S1 for purity), respectively. The
samples were composed of uniform flower-like particles with
diameters that range from 1.0 to 2.5 μm (Figure S1). Figure 1a1
and b1 indicate that the well-defined peony-like CuO
nanoflowers present three-dimensional (3D) microstructures
assembled with many densely and randomly arranged nano-
petals grown from the center of the flower. The chiral
arrangement of these nanopetals is not obvious in the open
flower forms, but the flower may be intrinsically chiral because
of its chiral origin.2 As shown in Figure 1a2 and b2, these
nanopetals are composed of several subnanopetals with widths
ranging from 50 to 100 nm. The subnanopetals are stacked in a
single direction and are alternately connected, which clearly
reveals the handedness of the helical structure. When extending
the reaction time, the “flowers” became denser and smoother,
the “petals” thickened, and their chiral arrangement became
clearer. The flower-like CuO nanoparticles formed with the
(R)-(+)-APP exhibited the same structure in the opposite
direction (Figure S2). Consequently, antipodal chiral CuO
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nanoflowers with subnanopetals of the opposite handedness
were synthesized in the presence of antipodal APP molecules.
The nanoflowers with subnanopetals arranged in a counter-
clockwise manner are defined as sinistrorse (or left-handed)
(Figure 1c2), and those with a clockwise arrangement are
defined as dextrorse (or right-handed) (Figure S2c3). The
sinistrorse and dextrorse CuO nanoflowers are denoted as S-
CuO or D-CuO, which were formed with (S)-(−)- and (R)-
(+)-APP, respectively.
As depicted in Figure 1a2−3 and b2−3, SEM and HRTEM

images show that each subnanopetal in the nanoflowers
consists of a dozen anisotropic nanoflakes growing from the
center of the flower. The TEM images of its cross section
(Figure 1a4 and 1b4) indicate that the nanoflake arrangements
are exclusively left-handed for S-CuO (inclination angle below
90°) and right-handed for D-CuO (inclination angle above 90°
as demonstrated in Figure S2a5 and S2b5). These cases of
handedness are consistent with those of the subnanopetals.
When extending the synthesis time from 75 to 135 min, the
nanoflake thickness and width increased from ∼4 to ∼6 nm and
from ∼60 to ∼90 nm, respectively, to form thick subpetals and
thus thick petals. Similar CuO nanoflowers have been achieved
using other amino alcohol chiral molecules that can strongly
chelate with cupric ions and either inorganic or organic cupric
salts (not shown).
The wide-angle powder X-ray diffraction (PXRD) patterns of

the antipodal chiral CuO nanoflowers of varying reaction times

(Figures 2 and S3) present identical reflections indexed as the
monoclinic crystal structure of CuO with a space group of C2/c

[JCPDS cards, No. 45-0937]. The reflections of the sample
synthesized over 135 min are higher and narrower than those
over 75 min, indicating that the crystallinity and particle size of
the samples increase, which is consistent with the SEM and
TEM observation. Additionally, the absence of organics in the
as-prepared sample has been confirmed via Fourier transform
infrared (FTIR) spectroscopy (Figure S4), elemental analysis
(Table S1), and solid-state 13C CP/MAS NMR (Figure S5),
which indicate that the structure-directing agent, SDS, and the
chiral symmetry-breaking agent, APP, can be easily removed by
washing.
The fine crystalline structure of the nanoflakes was observed

via HRTEM as presented in Figure 3. The well-resolved lattice
fringes of the monoclinic CuO and corresponding Fourier
diffractograms (FDs) indicate that each nanoflake is a single
crystal and that all nanoflakes of the subnanopetals exhibit the
same orientation aligned along the [011] zone axis, but with a
rotational relationship along a tiny angle. The angle of the
seven flakes shown in Figure 3a1 changed gradually from −5.1°
to +9.1° relative to the central flake (red in Figure 3a1) from
left to right, indicating a fan-shaped arrangement of the
nanoflakes overlapping in the center of the flowers and
simultaneously rotated clockwise or counterclockwise, as shown
in Figure 1c3. The {1−11} facets of the nanoflakes were
exposed as a dominant facet and the crystal stacked layer-by-
layer on the {1−11} to form the subnanopetals, as indicated by
the model in Figure 3a2−h2.22 From the cross-sectional
HRTEM images (Figure S6), the exposed facets of the flakes
can be confirmed as {1−11}.
The OA is known to be the primary attribute of molecular

and microscopic chiral materials. Therefore, the chiral stacking
of CuO nanoparticles should endow the CuO nanoflowers with
OA, which can be easily detected via diffused reflection circular
dichroism (DRCD). Figure 4a presents the DRCD and diffused
reflection ultraviolet−visible (DRUV−vis) spectra of the
antipodal CuO nanoflower pairs with temperature-maintained
durations of 75 and 135 min.
The UV−vis spectra of the nanoflowers exhibited a broad

absorption band across the entire wavelength range, which was
attributed to the overlap of various CuO characteristic
absorption bands.21 The absorption in the 250−280 nm
range could correspond to the O2−(2p) → Cu2+(3d) ligand-to-
metal charge transfer transition; the bands at 320−440 nm

Figure 1. SEM and HRTEM images of varying magnification and
schematic drawings of sinistrorse CuO nanoflowers (S-CuO)
synthesized with (S)-(−)-APP at synthesis times of 75 min (a) and
135 min (b). (a1−c1) Peony-like CuO nanoflowers with randomly
stacked nanopetals. (a2−c2) Nanopetals with helically arranged
subnanopetals. (a3−c3) Fan-shaped assembly of nanoflakes in
subnanopetals. (a4−c4) Cross section of the helically arranged
nanoflakes. The synthetic molar composition was 1.0 SDS/1.0 (S)-
(−)-APP/60 NaOH/1.0 Cu2+/2000 H2O.

Figure 2. XRD patterns of the S-CuO nanoflowers depicted in Figure
1.
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would indicate the charge transfer transition of Cu2+−O2−−
Cu2+; and the peaks at 600−700 nm could be assigned to the
d−d transitions of Cu2+ with various symmetries.
Experimental mirror-imaged CD spectra were obtained for

these CuO products and indicated that chiral nonracemic CuO
were produced. The CD spectra of the antipodal samples
exhibit a weak peak at ∼240 nm, a strong peak at ∼360 nm, and
shoulders at ∼550 and ∼750 nm, corresponding to the
aforementioned three absorption bands of the CuO crystals and
Cu2+ and not to the chiral organic symmetry breaking agent
(Figure S7). The Kuhn anisotropy factor gλ = Δε/ε = 2(εL −

εR)/(εL + εR) are also plotted in Figure 4b for as-synthesized
CuO nanoflower samples. The maximum value found is as large
as |g360| = 0.08. The CD signals can be attributed to the helical
stacking of the CuO nanoparticles in close proximity.23,24 The
helically aggregated nanoflakes and subnanopetals comprise a
single “chromophore entity” with different levels via a series of
collective excitation modes that can be delocalized to
dimensions comparable to that of the entire aggregate.
Hence, we believed that the Cotton effects centered at ∼240
and ∼750 nm could be recognized as the excitation coupling of
the O2− → Cu2+ charge transfer transition and the d−d
transitions of Cu2+ under a dissymmetric electron field,
respectively, for which a slight blue shift also indicated the
influence of the quantum size effect.25 These overlapped signals
represent the hierarchical chirality, i.e., the excitation coupling
between the nanoflakes and subnanopetals. The CD signal
intensity increased with increasing reaction time due to the
increasing density of the “flakes” in the thick “petals”. After
calcination in air at 550 °C, nanoflakes were no longer
observable in either the SEM or TEM images; however, the CD
signals maintained their shapes and intensity, indicating that the
two levels of chirality were perfectly maintained but that the
flakes in close proximity formed thick petals (Figure S8). One
may believe that the CD signals may be due to surface
imprinting, in which the chiral structure directing agent leaves a
chiral structure of the CuO on its surface,26−29 or due to the
chiral arrangement of Cu atoms.30,31 CD signals originating
from the chiral surface arrangements at atomic scale would be
superimposed with the CD bands attributable to the helical
geometry at nanoscale. However, our experimental data of the

Figure 3. (a1−h1) HRTEM image and the corresponding FDs of the nanoflake taken with the [011] indices of the CuO exhibiting the single
crystallinity of each flake with exposed {1−11} facets and a fan-shaped arrangement. (a2−h2) The structural model of the CuO crystal nanoflakes
with a fan-shaped arrangement. (a3−d3) The crystal structure of the CuO nanoflake illustrates the relationship between the growing direction of the
flake and the unit cell of the monoclinic CuO crystal. The light red rectangle denotes a rectangular flake.

Figure 4. DRUV−vis absorption and DRCD spectra (a) and the Kuhn
anisotropy g value (b) of the antipodal (S- and D-CuO) chiral CuO
nanoflowers presented in Figures 1 and S2 indicate that the UV
absorption and experimental mirror-image CD signals occurred at the
CuO absorption band, confirming that the nanoflower OA arises from
the chiral structure of the CuO.
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man-made destroying flowers process (Figure S9), scrutiny of
the synthesis parameters for the CuO nanoflower (Figure S10−
S12), synthesis of CuO with different (S)-(−)/(R)-(+)-APP
molar ratios (Figure S13), dispersion of commercial CuO
powder in the (S)-(−)-APP solution (Figure S14), and the real-
time tracking experiment of the formation process (see
Supporting Information) exhibit that the CD signals
disappeared with the absence of the chiral arrangement of
nanounits, indicating the OA of the CuO nanoflower arises
from the helical arrangement of nanounits rather than surface
imprinting.32

Consequently, the inorganic flower with electron transition
based OA was first synthesized via the self-assembly of an
amphiphilic molecule, a symmetry-breaking chiral molecule,
and an inorganic source. The chirality of the flower has been
defined through a hierarchical nanosized chiral structure and
has a strong response to the CPL over a large range of
wavelengths of light. Our results provide new conceptual
insights into the relationship between optically active materials
and natural asymmetric structures and morphologies regarding
the functional metamaterials and the physical theory behind
electromagnetic wave−chiral structure interactions. The hydro-
thermal synthesis of such nature mimicked chiral materials
would enable hierarchical structures in size and in morphology
with electronic level OA over a broad range of wavelengths in
the electromagnetic wave spectrum. Therefore, (i) the
electronic asymmetries can arise through the manipulation of
relative quantum phases in molecular systems and may induce
molecular asymmetries of other related molecules, which would
open up a new chiral physics and chemistry research area; (ii) a
hierarchical chirality constructed with different helices from
primary to hierarchical levels, e.g. films with the chiral flowers
and spanning a large range of wavelengths, would make their
application widespread, such as in electronics, photonics,
photocatalysts, biosensors, etc.15,33−35
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