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MAGNETIC MATERIALS

Chiromagnetic nanoparticles and gels

Jihyeon Yeom,"? Uallisson S. Santos,> Mahshid Chekini,>* Minjeong Cha,>°
André F. de Moura,>* Nicholas A. Kotov"2%%6

Chiral inorganic nanostructures have high circular dichroism, but real-time control of their
optical activity has so far been achieved only by irreversible chemical changes. Field
modulation is a far more desirable path to chiroptical devices. We hypothesized that
magnetic field modulation can be attained for chiral nanostructures with large
contributions of the magnetic transition dipole moments to polarization rotation. We found
that dispersions and gels of paramagnetic Co304 nanoparticles with chiral distortions

of the crystal lattices exhibited chiroptical activity in the visible range that was 10 times as
strong as that of nonparamagnetic nanoparticles of comparable size. Transparency of

the nanoparticle gels to circularly polarized light beams in the ultraviolet range was
reversibly modulated by magnetic fields. These phenomena were also observed for other
nanoscale metal oxides with lattice distortions from imprinted amino acids and other
chiral ligands. The large family of chiral ceramic nanostructures and gels can be pivotal for
new technologies and knowledge at the nexus of chirality and magnetism.

ptical materials that combine chirality and
magnetism are essential for spintronics,
magneto-optics, magnetochemistry, and
chiral catalysts (I, 2) because they allow
modulation of light beams, excited states,
and chemical processes by means of a magnetic
field. The junction of chirality and magnetism is
central to skyrmions, spin catalysis, and the origin
of homochirality in life on Earth (3-5), represent-
ing some of the newly emerged and long-standing
problems of physics, chemistry, and biology. For
all of these physicochemical phenomena, it is es-
sential to increase the coupling of the photon’s
magnetic field with magnetic moments of elec-
trons in chiral matter, which is expected to mark-
edly enhance the chiroptical activity and first- and
second-order magneto-optical phenomena, such
as the Faraday effect, magnetic circular dichro-
ism, and magneto-chiral dichroism (6-12). How-
ever, optical materials that combine a large
magnetic moment and chiral asymmetry are rare
(13). The common examples of such materials that
can be dubbed chiromagnetic are typically based
on complexes of transition metals (14, 15). But
even for optical centers with rare-earth f orbitals
accommodating multiple unpaired spins, the long-
distance spin coupling enhancing the magnetic
field effect on electronic transitions requires low
temperatures of 7= 5 to 7 K (14, 15).
Chiral inorganic nanoparticles (NPs) (16-19)
and their assemblies (72, 20) provide a new toolbox
for the design of materials combining chirality
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and magnetism. Whereas the optical transitions
in rare-earth coordination compounds involve
localized molecular orbitals, the optical tran-
sitions in NPs may engage orbitals involving thou-
sands of atoms, and so does their chirality (21).
Unlike coordination compounds, the optical “center”
responsible for chiroptical properties in inorganic
NPs becomes orders of magnitude greater in vol-
ume compared with coordination compounds from
f metals; magnetic coupling between atomic spins
is also facilitated by shorter distances between
magnetic atoms. Importantly, the chiral NPs may
also show distorted crystal lattices (22, 23) and ex-
hibit (super)paramagnetism (12, 24-26). This set
of NP characteristics enables enhancement and
spectral tuning of multiple chiroptical properties.
(27, 28) In this study, we focus on the first-order
effects of magnetic field on light absorption and
circular dichroism (CD). The importance of mag-
netic properties of NPs for absorption of circularly
polarized photons can be easily inferred from the
quantum mechanical parameter known as rota-
tional strength, R,,, which can be calculated as

Roa=Tm[(¥o[it['¥a) - (‘Ya|m[Fo)]

= Im[p,, - My)

(Eq. D
where W, and ¥, are the wave functions for the
ground state (0) and excited state (a), i and m are
the corresponding electric and magnetic moment
operators, and po, and m,, are the electric and
magnetic transition dipole moments, respectively
(6, 9). Equation 1 holds true for any and all quan-
tum systems, whether chiral or not, whether bear-
ing unpaired electrons or not, and whether in the
presence of an external magnetic field or not
(8, 29). As applied to chiral materials, Eq. 1 is
usually simplified at the expense of the magnet-
ic term (6-9, 30). For instance, in the case of
plasmonic NPs, the magnetic moment term is
reduced to a small constant, whereas the electric
moment term is considered to be most essential
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(6). However, in NPs with a large number of un-
paired electrons and a chiral crystal lattice, the
magnetic moment term (¥, |m|¥,) should have
a contribution comparable to that of the elec-
tric moment term (Wo|j1|'V,), which should lead
to enhanced R, and potentially to practical real-
izations of NP chirality in magneto-optical devices
operating at low fields and ambient temperatures.

Equally importantly, the large CD observed,
for instance, for chiroplasmonic assemblies was
difficult to translate to chiroptical devices, because
all known approaches for real-time modulation
of their optical activity are associated with ir-
reversible chemical changes in the NP systems
(81-37). At the same time, the helical assemblies
of magnetic NPs are not known in the enantio-
selective form (38).

To address this set of fundamental and tech-
nological questions, we synthesized ~5-nm Co50,
NPs using the .- and p-enantiomers of cysteine
(Cys) as surface ligands. These NPs serve as the
primary experimental model in this study and
will be referred to as p-, -, and pr-Cys Coz0,
when the corresponding Cys enantiomers or their
equimolar mixture were used for NP synthesis.
The choice of cobalt oxide as the inorganic core
of the NPs was governed by its known magnet-
ism and structural versatility, as well as the envi-
ronmental robustness of cobalt-based ceramics.
The chemical structure and atomic composition
of the NPs was established by x-ray photoelectron
spectroscopy (fig. S1, A to C) and atomic mapping
(fig. S2) (39). Transmission electron microscopy
(TEM) and scanning transmission electron micros-
copy (STEM) indicated the frequent presence of
NPs with a seemingly amorphous inorganic phase
(fig. S1, D to F). When the crystal structure was
observed, the lattice plane distances could be
adequately described by those in the cubic spinel
phase. The crystalline domains are confined to
the central part of the NPs, indicating that the
seemingly amorphous shells originate from the
crystal lattice distortions in the vicinity of the NP
surface caused by molecular imprinting from at-
tached enantiomers of amino acids. Instead of
the typical antiferromagnetic behavior of Coz0,
nanostructures (40, 4I) owing to exchange inter-
actions in the spinel lattice, these NPs exhibit
paramagnetic behavior even below the Néel tem-
perature expected for Cos0, (fig. S1, G to J); this
observation confirms that crystal lattice distor-
tions are characteristic of the vast majority of the
NPs in the ensemble formed in this synthesis.

The brown transparent dispersions of these
NPs yield CD spectra of high intensity, with up to
eight positive and negative peaks in the ultraviolet
(UV) and visible range (Fig. 1, A and C) cor-
responding to various transitions [intraparticle
Co(IT)—Co(III) (230, 280, and 350 nm) and sur-
face states (including ligands)—Co(III) (450, 550,
and 600 nm)], as demonstrated by the simplified
time-dependent density functional theory (42, 43)
calculation of a model NP (fig. S7 and table S1).
The CD spectra for p- and 1-Cys Cos0, showed a
nearly perfect mirror symmetry, whereas Co50,
NPs made with equal amounts of p- and 1-Cys
were chiroptically silent (Fig. 1A). The spectral
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positions of the CD peaks were nearly perfectly
aligned with those in absorption (Fig. 1C). Chirop-
tical anisotropy g-factors as high as 0.02 were
obtained (Fig. 1B), which is ~10 times those ob-
tained for other NPs of similar size, including
plasmonic ones with known strong chiroptical
activity (44, 45). The high value of the g-factor in
the visible range can also be appreciated by the
naked eye as the appearance of a distinct color
when light passes through the NP-polyacrylamide
gel and between crossed polarizers (Fig. 1D and
scheme S1) (31); the green color corresponds to
the 550-nm peak in the g-factor spectra in Fig. 1B.

The strong chiroptical activity was also ob-
served for Coz0,4 NPs synthesized and capped by
- and p-penicillamine, but CD peaks were at
different positions (fig. S11) than those for Cys,
especially for the visible range. Importantly, little
change in the CD spectra was observed when Cys
ligands were exchanged for penicillamine after
the formation of NPs (fig. S12), indicating that
chiroptical activity in the range of ~400 to 700 nm
is associated with the inorganic core of NPs. Con-
servation of NP chirality after the ligand exchange
is consistent with observations of chiral memory
(46) and the high activation barrier for recon-
struction of the Co;0, lattice once NPs are formed.
The Kinetic stability of the chiral distortions also
provides a pathway to other chiral nanostruc-
tures from Co;0, by means of self-assembly using
ligand-depleted NPs (9).

Raman scattering spectra further validated the
chirality of the inorganic cores in the NPs. Char-
acteristic bands at 380, 475, 516, 613, and 680 cm ™"
observed for p- and 1-Cys Cos;0, NPs are associated
with Raman-active vibration modes of Co30,
(Fig. 2C) (7). Raman optical activity spectra show
peaks of opposite polarity at 377, 465, 531, and
719 ecm™ for the NPs carrying opposite enan-
tiomers of Cys (Fig. 2D). Of particular importance
is the strong peak at 380 cm ! that corresponds to
lattice phonons of Co30,. It occurs at frequencies
higher than expected for Co;0, with the cubic
spinel crystal lattice (47) and shows a distinct
antisymmetric relation of these vibrations in
Co30, carrying r- and p-Cys (48). Both facts
indicate the chirality transfer from amino acids
to the crystal lattice of the inorganic core of the
NPs, manifesting as crystal lattice distortions (49)
propagating from the surface of the NPs into the
core, which can also be seen in STEM images
(fig. S1, E and F).

Computational study of atomic-scale dynam-
ics in Co30, NPs having either 1- or p-Cys on the
surface were carried out to better understand the
nature of the chirality transfer and distortions in
the NP core. Relatively small NPs with Cys residues
that were coordinated identically with experi-
mental NPs were used in the simulations (fig. S6).
In the course of full structural optimization, em-
blematic chiral geometries with mirror-image
symmetries independently evolved for - and
p-Cys-bearing NPs. Specifically, three ligands on
each corner of the tetrahedral model NP formed
ringlike structures with either a clockwise or a
counterclockwise sense of rotation with respect
to the C; axis (Fig. 2, A and B). Using the Cahn-
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Ingold-Prelog system, they can be classified as
M (clockwise) and P (counterclockwise) enan-
tiomers. Taking into account the hierarchical
chirality in these structures that arises from
superposition of the molecular chirality of the
amino acids and their orientation on the surface,
they can be denoted as M-p-Cys and P-L-Cys
Co30,4 NPs.

The normal-mode analysis of the model NP
indicated that peaks at 505, 529, 601, and 693 cm™
correspond to the Raman active breathing mode
of the inorganic core and ligand-core coupling
(fig. S14). The experimental peaks in Fig. 2C
match calculations for the M-p-Cys and P-1-Cys
NPs well, with many of the bands representing
the coupled vibrations of the surface atoms and
ligands (movies S1 to S4).

In the ab initio molecular dynamics (AIMD)
simulations, both enantiomers evolved indepen-
dently, as demonstrated by the energy fluctua-
tions of each model (fig. S19). Concomitantly, the
degree of chirality increased by fourfold as
determined by the Hausdorff chirality measure
(50) for both the M-p- and P-1-Cys NPs (Fig. 2E),
indicating that thermal fluctuations increase the
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degree of distortion of the NPs. Notably, even
when subjected to all of these vibrational dis-
tortions and bond reorganizations, the two model
NPs followed nearly mirrored paths during the
entire course of the AIMD simulations (Fig. 2F
and movie S5).

MD simulations make it possible to follow the
distortions being caused by the surface ligands in
the ceramic crystal lattice. The NPs cores carrying
L and b surface ligands present a pair of nearly
mirrored structures after 2000 fs of structural
relaxation (Fig. 3, B and C, and fig. S20, A and B).
It is possible to analyze selected dihedral angles
in these structures with respect to the value for
the ideal crystallographic packing of Cos0, cubic
spinel (Fig. 3A). The three dihedral angles that
we chose—035.15.818, P351211.22, ANA O3513.14-27—
share O atom number 35, located at the center
of one of the faces of the NP model (Fig. 3, A
to C, and fig. S21, C and D), and have values
035-15-8-18 = 035-12-11-22 = 035.13-14-27 = O in the
undistorted cubic spinel of Co30,. The binding
of the surface ligands led to noncoplanarity of
these atoms that was already evident in the energy-
minimization step, and these distortions increased
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Fig. 1. Synthesized chiral Co304 NPs. (A) Circular dichroism (CD), (B) g-factor, defined as the
ratio between the molar circular dichroism Ae and the molar extinction coefficient e(g = Ae/¢),

and (C) UV-visible absorption spectra of Co304 NPs stabilized by p-Cys, -Cys, and pL-Cys.

(D) Photographs of light transmitting through the NPs, with the rotation of the linear analyzer
counterclockwise (=10°), and clockwise (+10°). (E) TEM image of .-Cys—capped Co304 NPs. mdeg,

millidegrees; a.u., arbitrary units.
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during MD simulation. The mutual correlation of
these angles stemming from the concerted move-
ment of all the atoms in the nanoscale structures
can be determined using Ramachandran-like plots.
Similarly to proteins and other biomolecules, the
pairwise probabilities of 035.15.818, 935.12-11-02,
and 035.13.14.27 acquiring specific values display
unmistakable cross-correlation in the MD trajec-
tories (Fig. 3, D to I). Importantly, the pattern of
distortion is mirrored for p- and r-Cys NPs.
These plots and MD simulations show the
mechanism of chirality transfer in Co;O4 NPs
that occurs during the growth of the NPs.
Chiral distortion of the original cubic spinel
lattice changes the local magnetic fields within
Co30,4 NPs because the overlap between atomic
orbitals of Co®" and 0%~ and lattice symmetry are
changed (51). Instantiating this point, the spin
population of two Co(IIT) atoms changed from near
zero to about two (tables S8 and S11) upon geom-
etry optimization, owing to the distortions. The
large spin and orbital angular momenta with cor-
responding operators S and L contribute to the
chiroptical activity of NPs, according to Eq. 1, via
magnetic transition dipole moments with the cor-
responding operator taking the form

N —eh
m-= ——

- L+gsS
2mc( +8s5)

(Eq. 2)
where gg is the gyromagnetic ratio for spin angular
momentum, 7 is electron mass, ¢ is the speed of
light, and # is the reduced Planck constant. Un-
usually high g-factors can only result from large
|m| (m-allowed) and small |p| (u-forbidden) and
either parallel (6 = 0°) or antiparallel (6 = 180°)
orientations of the transient electrical and dipole
moments (52). This is indeed the case for bands
at 500, 550, and 650 nm (Fig. 1B) associated with
the surface states of NPs, which provides direct
experimental evidence for a strong contribution
of magnetic transition dipole moments and para-
magnetic enhancement of the optical activity of
Co30, NPs. Naked-eye visualization of the large
g-factors characteristic of Co30, NPs for an opti-
cal system with crossed polarizers indicates their
importance for information technologies and
photonics (Fig. 1D).

The Kkey role of magnetically coupled un-
paired electrons of Co atoms for the chiroptical
activity of NPs was further confirmed by synthe-
sizing mixed-metal NPs that included Cu®* ions.
Because the number of unpaired electrons in the
NPs with Cu>* was smaller than in those with
neat Co;0,4, magnetic transition dipole moments
should be lower according to Eq. 2. Indeed, the
g-values gradually decreased as the amount of Cu**
increased (fig. S22).

In addition to Co-Cu mixed oxides, the gen-
erality of the magnetic effects on the chiroptical
activity of NPs was confirmed for chiral nickel(II)
oxide NPs that also showed strong optical ac-
tivity with g-factors up to 0.01 (fig. S23). These
NPs were similar in size, shape, and magnetic
properties (figs. S24 to S26) to the Coz0, NPs in
Fig. 1.

As one would expect from Egs. 1 and 2, the
rotatory optical activity of p- and -Cys NPs

Yeom et al., Science 359, 309-314 (2018)

could be altered by the external magnetic field.
To test magnetic field effects, the Co;0, NPs were
encapsulated in the transparent polyacrylamide
gel (Fig. 4C) to avoid variation of optical proper-
ties owing to translational movement of the
NPs. The NP gels showed the same optical and
chiroptical bands at the same wavelengths in
zero field as the NP dispersion (Fig. 4 and fig.
S27). The magnetic field effect manifested as
(i) a dramatic increase in UV transparency for
circularly polarized light and (ii) its disappear-
ance for racemic p1L-Cys NPs (fig. S28), which is
fundamentally different than the magnetic cir-
cular dichroism (MCD) that has been found for

Au, Ag, or Fe;0, NPs (53-56). Importantly, the
field-on/field-off ratios for 280-nm NP absorp-
tion peaks of left and right circularly polarized
beams and their sum (Fig. 4, A and B) markedly
exceed the ratios for even the giant Faraday
rotation found in nanoscale plasmonic systems
(19, 20, 57) and giant Zeeman splitting (58, 59).
Also, the chiroptical effects of this magnitude
were observed for p- and 1-Cys NPs at room
temperature, as opposed to the liquid helium
temperatures often used for experimental obser-
vations of chiroptical effects in magnetic nano-
materials (74, 15) and the magnetooptical effects
mentioned above.
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Fig. 2. Rotations of crystalline structures. (A and B) p-Cys (A) and -Cys (B) Co304 NPs. Sulfur
atoms are the larger red spheres forming one corner of the tetrahedra, and the remaining atoms
depicted in red are C-C-C-0 from the Cys ligands. (C and D) Raman (C) and Raman optical activity
(ROA) (D) backscattering spectra with 532-nm excitation of p-Cys and -Cys Cosz04 NPs in scattered
circular polarization ROA mode. These spectra are courtesy of BioTools. (E) Hausdorff chirality measure
(HCM) for the NP cores. (F) Dihedral angles between atoms 18, 7, 9, and 22 [O-Co(lll)-Co(lIl)-0] of
-Cys and p-Cys Co304 NPs.
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Fig. 3. Computed atomic geometry of chiral nanoparticles. (A to C) Graphical representation of
the dihedral angles formed by four atoms: ¢35.12.11-22 (red), 63517818 (blue), and ¢35.13-14-27 (green).
A detailed description of the atomic types and numbering of each dihedral angle may be found

in fig. S21. (A) NP with ideal crystallographic structure. (B) NP with M-p-Cys after 2000 fs of

MD simulation. (C) NP with P-.-Cys after 2000 fs of MD simulation. The direction from the

S atom to the carbonyl atom in the Cys molecules is taken as the basis for the geometry
classification according to the Cahn-Ingold-Prelog rules. Ligands have been omitted for clarity.

(D to 1) Ramachadran plots for chiral NPs: two-dimensional probability maps for the relative
orientation of adjoining octahedra pairs sharing the O atom number 35. Average probabilities were
computed along the 2000-fs MD simulation for the NP functionalized with either M-p-Cys (left)
or P-.-Cys (right). The isovalues depicted in the plots are probabilities of 0.0002 (blue), 0.0003
(green), 0.0004 (yellow), 0.0005 (orange), and 0.001 (red).

Although these experiments contain compo-
nents of light-matter interactions from “natural”
CD, the Faraday effect, and MCD (29), magneto-
optical Kerr effects are unlikely to have a substantive

Yeom et al., Science 359, 309-314 (2018)

contribution (39). Magnetic field-induced trans-
parency for circularly polarized light originates
in the decrease of the absorption cross section of
the NPs when the magnetic field is applied in non-

19 January 2018

cubic crystal lattices (60), and not from plasmonic
effects; the latter have a different mechanism and
smaller magnitude (563-55, 61). The chiral distor-
tions caused by the - and p-Cys attachment to the
surface of Co;0, NPs make the dielectric permit-
tivity and magnetic susceptibility tensors strongly
anisotropic. The external magnetic field polarizes
the paramagnetic NPs so that the spin and orbital
magnetic moments become preferentially oriented
in the direction of the field. The effect would be
small for NPs with crystal lattices of high symmetry
(e.g., cubic), and their experimental observation
would require low temperatures to mitigate ther-
mal broadening of the chiroptical peaks, because
dielectric permittivity and magnetic susceptibil-
ity tensors are less anisotropic. In our observa-
tions, the transparency increase was minimal in
pr-Cys NPs where chiral distortions were being
partially compensated (Fig. 1A and fig. S28). The
effect was also minimal for optical transitions
involving surface states because the near-spherical
symmetry of NPs averages the effect of external
polarization on all the terms in Eq. 1. Consequently,
the visible part of the CD spectra (>450 nm) of both
p- and 1-Cys NPs experiences little influence of
the magnetic field, despite the high g-factor
(Fig. 1B). However, the spectral region associated
with Co(I)—Co(III) electronic transitions displays
very strong effects because the external magnetic
field forces both donor and acceptor states to
become polarized simultaneously, and that is not
averaged in the individual NPs or their ensembles.
A simplified reason behind the reduced absorp-
tion cross section for the circularly polarized light
could be the alignment of the transient magnetic
moment for the Co(II)—Co(III) transition along
the external magnetic field, which makes it or-
thogonal to the magnetic moment of incident
photons, leading to a markedly reduced ampli-
tude of the (W,|m|¥,) term.

The strong absorbance drop enables real-time
optical modulation using a magnetic field, which
was observed with excellent fidelity for 60 cycles
(Fig. 4E); no agglomeration of NPs was observed.
Cyclic switching of the gel transparency in the
UV absorption band of NPs can also be converted
into the modulation of photons in the visible
range by using fluorescent targets (Fig. 4, D and
F, and scheme S2).

Structural design of chiral NPs aimed at the
maximization of the transient magnetic moment
contribution to the NPs’ circular dichroism re-
sulted in a large increase of the g-factor in the
visible range of wavelengths and intense mag-
netic field-induced light modulation in the UV
range. Data obtained in this study indicate that
ceramic NPs with structural chirality and mag-
netism can be expanded to a large family of nano-
scale materials with tunable chiroptical, magnetic,
and other properties, enabled by the well-known
tolerance of metal oxides to partial metal substi-
tution. In addition to their technological relevance
to magneto- and opto-electronic devices, the cera-
mic chiromagnetic NPs based on metal oxides offer
a versatile experimental system for different fields
of science and fundamental problems unified by
chiral properties of nanoscale matter.
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Fig. 4. Optical modulation. (A and B) CD and MCD (A) and corresponding absorbance spectra (B) of
-Cys and p-Cys Co304 NPs. (C) Photograph of the optically transparent gel made from 1-Cys Co304
NPs. (D) Emission intensities of fluorescent paper plus the NP gel in front, with a magnetic field applied
to the NP gel (red and blue) and without a magnetic field (green) (excitation, 280 nm). (E) Cycling
performance of the NP gel's absorbance at 280 nm with and without magnetic fields. (F) Cycling profile
of emission intensity at 415 nm with and without magnetic fields and corresponding photographs of
blue-emitting light from the fluorescent paper.
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Boosting chiral nanoparticle responses

Optical nanomaterials that combine chirality and magnetism are useful for magneto-optics and as chiral catalysts.
Although chiral inorganic nanostructures can exhibit high circular dichroism, modulating this optical activity has usually
required irreversible chemical changes. Yeom et al. synthesized paramagnetic cobalt oxide (Co30,4) nanoparticles with |-
and d-cysteine surface ligands. These ligands created chiral distortions of the crystal lattices, and this anisotropy led to
much stronger chiroptical activity. The circular dichroism in the ultraviolet of nanoparticle gels could be modulated with
magnetic fields of [1.5 tesla.
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