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upper layers are lost, the star would be left with
an O/Ne/Mg envelope (an oxygen-neon white
dwarf), as we observe. For the complete removal
of the H/He/C envelope, a late C-shell flash,
strong mass loss, and/or close binary evolution,
including mergers of white dwarfs, are possible
scenarios. That several different scenarios for the
late evolution might be needed is also suggested
by the discussion of progenitor types and evolu-
tionary paths observed in type Ia supernovae
(26-29).

Distinct from hot pre-white dwarfs with oxygen
lines (4) and cool oxygen line spectra white dwarfs
(10, 11), which have C and He rich atmospheres,
we have found a star with oxygen 25 times more
abundant than any other element, by number,
the only one known among the roughly 32,000
SDSS white dwarf stars (13). Time-series spec-
troscopy of the object will be required to search
for a close binary companion, which could point
toward the evolutionary path of such a rare object.
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COLLOIDAL ORDERING

Triclinic nematic colloidal crystals
from competing elastic and
electrostatic interactions

Haridas Mundoor,' Bohdan Senyuk,’ Ivan I. Smalyukh®23*

The self-assembly of nanoparticles can enable the generation of composites with
predesigned properties, but reproducing the structural diversity of atomic and molecular
crystals remains a challenge. We combined anisotropic elastic and weakly screened
electrostatic interactions to guide both orientational and triclinic positional self-ordering
of inorganic nanocrystals in a nematic fluid host. The lattice periodicity of these
low-symmetry colloidal crystals is more than an order of magnitude larger than the
nanoparticle size. The orientations of the nanocrystals, as well as the crystallographic axes
of the ensuing triclinic colloidal crystals, are coupled to the uniform alighnment direction
of the nematic host, which can be readily controlled on large scales. We examine colloidal
pair and many-body interactions and show how triclinic crystals with orientational ordering
of the semiconductor nanorods emerge from competing long-range elastic and

electrostatic forces.

ince Einstein’s seminal work on Brownian
motion and Perrin’s subsequent experiments
(1), which showed that particles in colloidal
dispersions obey the same statistical thermo-
dynamics as atoms, the colloid-atom anal-
ogy has provided insights into the physics of
atomic systems through its application in studies
exploring the dynamics of colloidal crystals and
glasses (2). This analogy has inspired the devel-
opment of forms of self-assembly that attempt to
reproduce the diversity of atomic crystals (3), al-
though experimental realization of colloidal archi-
tectures with low symmetry, such as triclinic
systems, remains challenging. At the same time,
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the self-assembly of colloids can be designed and
controlled by exploiting aspects of particle shape
(4) and topology (5), the dispersing medium’s an-
isotropy (6) and composition (7), DNA function-
alization and origami-like designs (8), and the
facile response of particles and media to external
fields (9, 10). Long-range interactions are of
special interest, because they can lead to the
sparse but ordered assembly of colloidal com-
posites with unusual physical behavior (9). Long-
range electrostatic repulsions in fluids with low
ionic strength (10-13) have been used to obtain
crystals and plastic crystals with high-symmetry
colloidal lattices. These electrostatic interactions
remain relatively isotropic at large separations,
despite anisotropic particles shapes (Z0). In ne-
matic liquid crystal (NLC) hosts, highly aniso-
tropic long-range colloidal interactions arise from
the minimization of free energy associated with
particle-induced elastic distortions of the NLC
molecular alignment, even when particles are
spherical (6, 14-16), although the ability to con-
trol the shape of particles provides a means of
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guiding self-assembly (17). The diversity of elastic
interactions, which commonly resembles that of
electrostatic dipolar and quadrupolar charge dis-
tributions (6, 14, 17), has enabled colloidal self-
assembly of lamellae and dipolar crystals (18, 19),
although the interparticle spacing in these lamellar
and crystalline assemblies could be controlled only
within a range comparable to the particle sizes.
We demonstrate that competition between
long-range electrostatic and elastic interactions
leads to a highly unusual self-organization of rod-
like nanoparticles that exhibits both long-range
orientational and triclinic positional ordering.
The micrometer-range colloidal crystal lattice pa-
rameters of these assemblies, as revealed by three-
dimensional (3D) optical imaging, are an order
of magnitude larger than the size of the constit-
uent colloidal semiconductor nanorods (30 x
150 nm; fig. S1). We characterized pair inter-
actions between nanorods and the structure and
dynamics of their dispersions at different surface
charges and volume fractions. Although various
dislocations, grain boundaries, vacancies, and
other defects are observed in these “soft” crystals,
the crystallographic axes of triclinic lattices and
colloidal nanorods tend to follow the direction of
the alignment of rod-like molecules of the NLC
host fluid. This preferred orientation of rod-like
molecules is dubbed the “director” m, which can
be controlled on large scales by using approaches
similar to those used to manufacture displays.
The mechanical coupling between the orientations
of the nanorods, the lattice, and the director is due
to elastic free-energy minimization at well-defined
nanorod and triclinic colloidal crystal orientations
relative to a far-field director n, and confining
surfaces; it thus has the potential to enable device-
scale self-assembly of tunable composites.
Semiconductor nanorods with the composition
B-NaYo5Gdo3Ybo1sEro 0oF4, engineered to have rod-
like geometric shapes and polarized up-conversion—
based luminescence properties (Fig. 1 and fig. S1),
were synthesized using a hydrothermal method
(20-23). The dispersion of nanorods in the NLC
host (9, 21) was facilitated by surface functional-
ization of as-synthesized particles (20-23). In a typ-
ical process, 6 mg of initially oleic acid-capped
nanorods in 8 ml of cyclohexane were added to
4 ml of deionized water with a small amount of
hydrochloric acid to yield a pH of ~4, then stirred
for 2 hours. During this process, oleic acid ligands
became protonated and mixed with cyclohexane,
leaving bare uncapped nanorods with positive sur-
face charges (21-23). The nanorods were then
washed with acetone four to five times, redispersed
in water, and subsequently coated with methoxy-
poly(ethylene glycol)silane (Si-PEG) (21). Typical-
ly, 5 mg of Si-PEG dissolved in 1 ml of ethanol was
mixed with 5 ml of nanorod dispersion in deionized
water (pH ~4) and stirred for 2 hours. After the
reaction, particles were precipitated by centrifu-
gation, dispersed in ethanol, and then redis-
persed in a pentylcyanobiphenyl (5CB) NLC host
via mixing and subsequent solvent evaporation
at an elevated temperature of 70°C; the NLC com-
posite was then quenched to room temperature
while vigorously stirring (9, 21). NLC dispersions of
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nanorods were infiltrated into glass cells by means
of capillary action. For planar boundary conditions
for n, inner surfaces of cell substrates were coated
with aqueous polyvinyl alcohol (1 weight %) and
rubbed unidirectionally. The cell gap thickness
within 15 to 60 um was set using Mylar films. The
surface charging of particles was characterized by

probing their electrophoretic mobility within the
aligned NLC cell under an electric field that was
applied to in-plane electrodes (fig. S2). We con-
trolled the effective positive surface charge per
nanorod within Z*e = +(60 to 250)e (22), the
Debye screening length &p, in the nonpolar 5CB
within 0.1 to 1.2 um, and the nanorods’ surface
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Fig. 1. Triclinic crystal self-assembly of nanorods in a NLC host. (A) Dark-field micrograph of a crystal
assembly with lattice parameters a; = 1.30 = 0.05 um and a, = 1.01 + 0.05 um (scale bar, 5 um). (B) 3D
micrograph showing luminescence from a small part of a triclinic colloidal crystal, which was recon-
structed from slow confocal microscopy scanning (obtained within ~3 min). It shows nanorod arrange-
ments as they sense the potential energy landscape near their minimum-energy lattice sites. The
luminescence signals from individual nanorods are shown in red, green, and blue to illustrate the
locations of particles in three consecutive planes parallel to confining glass substrates. The bottom inset
shows center-of-mass positions of building blocks in a triclinic crystal with the same lattice. The lattice
parameters, based on averaging 18 independent local measurements, are as follows: a; = 1.49 £ 0.06 pm,
a,=0.95+0.05um, a3 =120 £ 0.05 um, 0. = 58° £ 2°, B =69° + 2°, and y = 49° * 2° [the angles a, B,
and vy are defined in (H)]. (C) Probability () distribution for finding nanorods at a depth x in the
sample, relative to the center of the first colloidal layer parallel to the substrates (where x = 0). This
distribution was calculated based on 3D luminescence imaging. (D) Luminescence intensity at 552 nm
versus analyzer rotation between 0° and 180°. The inset shows a scanning electron microscopy image
of the nanorods (scale bar, 50 nm). (E) Schematic illustration of director distortions (blue) around a
single nanorod (yellow), with the red hemispheres at the poles depicting two particle-induced
boojums. These quadrupolar elastic distortions are axially symmetric with respect to the nanorod
axis (parallel to np) and have mirror symmetry planes both parallel and orthogonal to ng. (F) 3D micro-
graph showing a primitive unit cell of a triclinic colloidal crystal, which was reconstructed from confocal
scanning. Coloring is as in (B). (G to 1) Schematics (not to scale) of a primitive cell of a triclinic colloidal
crystal, (G) showing local director distortions (blue lines) induced by nanorods, (H) defining the parameters
of a triclinic lattice, and (1) showing the lattice unfolded.
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potential @y = Z*e€p/[ege(Qnr + 4nlndp)] (I3)
within 28 to 129 mV; here, Z* is an effective
number of elementary charges e = 1.6 x 107 C,
and Q,,, I, €, and g, are the nanorod surface
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Fig. 2. Ordering of nanorods in 5CB. (A) Radial
distribution function g(r..) for nanorod disper-
sion in the isotropic phase, consistent with the
presence of long-range, repulsive, weakly screened
electrostatic interactions. The inset shows pair
potentials extracted from these data and fit by
a screened Coulomb interactions potential (kg, the
Boltzmann constant; T, an absolute temperature)
(22). (B and C) g(r¢.) for nanorod dispersion in the
nematic phase at (B) a low py of ~0.35 um™ and
(C) a high pn of ~4.5 um™3, with emergent triclinic
crystal ordering in the latter case. The normalized
g(ree) (red) in (C) was calculated for the (100) plane
of an ideal triclinic lattice with average dimensions
determined from experiments; it serves as a visual
guide for the corresponding experimental peaks.
(D) Probability distribution goio(ree), calculated for
the experimental triclinic lattice along a, by averaging
data for the [010] and [010] directions. Numbers
above the peaks indicate distances corresponding to
integer numbers of lattice parameters a; and a,.
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area, nanorod length, average dielectric constant
of 5CB, and vacuum permittivity, respectively (22).

Dark-field and polarizing optical microscopies
show the positional ordering of nanorods (Fig.
1A) and NLC alignment along n, (fig. S3). The
background-free 3D distribution of confocal lu-
minescence from the nanorods, derived from an
up-conversion process and collected while slow-
ly scanning an infrared excitation laser beam
(22), reveals colloidal crystals (Fig. 1, B, C, and
F). During this 3D imaging, the nanorods sense
the potential landscape and jiggle around their
minimum-energy triclinic lattice sites (Fig. 1B).
To investigate the orientations of nanorods with-

in the lattice, we measured luminescence inten-
sity while rotating the analyzer with respect to n,
(Fig. 1D). At all studied concentrations, the in-
tensity of emission at 552 nm was greatest when
the analyzer was parallel to n,, indicating that
the nanorods align along n, (fig. S1), as sche-
matically depicted in Fig. 1E. This nanorod orien-
tation is consistent with minimization of the total
bulk elastic and surface anchoring free energy of
NLCs around PEG-functionalized nanoparticles
(9). Weak quadrupolar particle-induced elastic
distortions are present in the NLC bulk, and the
director orientation at the nanorod surfaces is
compliant with tangential boundary conditions,
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Fig. 3. Pair interactions between nanorods. (A) A representative DHPSF micrograph showing nanorods
in 5CB at different depths of the cell, corresponding to different orientations of bright-lobe pairs 1 and 2
(marked by red arrows) (25). (B) Schematic of two nanorods with r. tilted with respect to ng and the
substrates, as characterized by angles 6 and ¢. (C) Typical changes in 6 and ¢ over time t. (D) Probability
distribution for measured 6; the red line is a Gaussian fit. (E) 3D positions of two nanorods over time,
characterized with <10-nm precision and depicted by red (nanorod 1) and black (nanorod 2) open
circles. The positions are shown projected onto the zx and zy planes, in which corresponding symbols x
(nanorod 1) and + (nanorod 2) are colored according to the elapsed time. (F) Pair interaction potentials

extracted from experimental data and fit

with the sum of screened electrostatic and elastic

potentials (green line). Dashed lines represent the electrostatic repulsive (red) and elastic attractive
(blue) potentials. The top inset shows a close-up view near the potential well minimum. The bottom inset
shows how the directions of the elastic force Fg (blue arrows) and screened Coulomb electrostatic
repulsion force F¢ (red arrows) depend on the angle between r.. and no.
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except for the small surface point defect regions
of discontinuity in the director field at the particle’s
poles, dubbed “boojums.” By combining the nano-
rod orientation and position data, we experimen-
tally identified a primitive lattice cell, based on
confocal luminescence distributions from eight
representative nanorods (Fig. 1F), and then re-
constructed a triclinic pinacoidal lattice (Fig. 1, G
to I), which allows for only the center inversion
symmetry operation (24).

By examining nanorod displacements over
time with video microscopy in dark-field and up-
conversion luminescence modes, we obtained the
viscous drag coefficients (fig. S4) and the radial
distribution function g(7..) (Where 7. is a center-
to-center separation between nanorods) in both
nematic and elevated-temperature isotropic phases
(Fig. 2). Purely repulsive, direction-independent
interactions are evident in the isotropic phase
of the nematic host at 40°C (Fig. 2A). Once the
host is cooled to the nematic phase at 28°C, g(7..)
reveals attractive forces in both dilute and con-
centrated dispersions (Fig. 2, B and C). To explore
the pair interactions between nanorods, we stud-
ied the trajectories of two particles that were
brought close to each other with optical tweezers
and then released (22). We used double-helix
point spread function (DHPSF) microscopy (Fig. 3)
(22, 25) to find the 3D positions of nanorods with-
in the cell over time with 7- to 10-nm precision
(25), as well as to characterize the corresponding
orientations of their center-to-center separation
vector r, relative to n,. The nanorods equilibrate
at micrometer-scale pair separations and with r..
tilting away from the sample plane while circum-
scribing a cone of 6 = 49° + 4° around ny; this
would be impossible to quantify in 3D without
DHPSF (Fig. 3, A to E). The pair interaction forces
are highly anisotropic and long-ranged, and the
angular distribution of r.. orientations is con-
sistent with the cone of maximum-attraction
angles expected for colloidal elastic quadrupoles
(Fig. 3) (14-16). Particle tracking gives the aniso-
tropic distribution of nanorod displacements with-
in equal intervals of elapsed time and gives the
pair-interaction potential with a well-pronounced
energetic minimum (Fig. 3F). Because the at-
tractive van der Waals forces between nanorods
are negligible at the relevant r.. (2, 22, 26)—
which is consistent with the fact that only repul-
sions persist when the host is heated to the iso-
tropic phase (Fig. 2A)—we attribute this minimum
in pair-interaction energy to the competition of
elastic and electrostatic interactions. Considering
the classical use of multipolar expansions in both
nematic elasticity and electrostatics (7, 2, 14), we
used their leading terms (i.e.,, a monopole for
electrostatics, because of the surface charging of
nanorods, and a quadrupole for nematic elast-
icity, because of the director distortions shown
in Fig. 1E) to model these interactions. The total
potential can be approximately described as a
superposition u = uc + uq of the quadrupolar
elastic (uq) and the electrostatic screened Coulomb
(uc) interaction potentials (2, 22, 27). This yields
U(ree) = (A1/Tec)€XP(~Tee/Ep)+ A (9 — 90 cos? 0

+105 cos* G)rc‘g, where A; and A, are fitting
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parameters that are dependent on the size and
charging of nanorods and on alignment, elastic,
and dielectric properties (22). This expression
fits well the distance dependence of the exper-
imental potential (Fig. 3F) and explains the equi-
librium orientation of r.. at 6 = 49° + 4° to n,.
The Debye screening length &p, = 0.34 um, derived
from A; in u(r..) (22), matches the &, that was
independently obtained from fitting the re-
pulsive electrostatic potential in the isotropic
phase of 5CB, in which elastic forces vanish (inset
of Fig. 2A). The strength of the elastic quadrupole
moment derived from A, and the correspond-
ing material parameters, such as elastic con-
stants and anchoring coefficients, are consistent
with theories of quadrupolar elastic interactions
and independent experimental measurements
(14-16, 22).

As the concentration of nanorods increases,
they exhibit gas-, liquid- and glass-like struc-
tural organizations, and crystalline order (Fig.
1 and figs. S5 to S7) emerges at concentrations
that are roughly consistent with the average
equilibrium separations in colloidal pairs and
lattices (Figs. 1 to 3). Within the (100) crystal-
lographic planes (Figs. 1 and 4A and table S1), r..
tends to align at angles of ~49° to n,, similar

A

1.0

0.8 -

to the orientation of the center-to-center separa-
tion vector of pairs of nanorods. By analyzing
particle displacement distributions associated
with different lattice sites in the triclinic col-
loidal crystal (Fig. 4B), we gained insight into
the corresponding energy landscape (Fig. 4C)
and obtained the average spring constant of
the crystal, k£ = 0.63 pN um ™. Translational or-
der in our triclinic lattices (Fig. 1A) is quantified
by g(r..) (Fig. 2C) and the one-dimensional prob-
ability distribution function gg;o(7.) (Fig. 2D),
which is calculated along the direction of crys-
tallographic axis a, (Fig. 1, H and I). We char-
acterized the two-dimensional mean square
displacement (MSD, <A7‘2)) of the nanorods as a
function of time ¢ (Fig. 4D, inset). We then used it
to estimate the so-called Liqdemann parameter
8L = [3(Ar2(t — 00)) /472 ]2, where 7y, is the
crystal nearest-neighbor equilibrium distance and
(Ar?(t — o)) is the asymptotic value of the time-
dependent MSD (Ar(¢)) used for the estimate.
This parameter is commonly used to characterize
crystallization and melting transitions in terms
of the MSD of particles around their ideal lattice
positions, as compared with their nearest-neighbor
distance. Plotting the Lindemann parameter against
the nanorod number density py (Fig. 4D) shows

MSD (x10-2 um?)

py (um3)

Fig. 4. Characterization of triclinic colloidal crystals. (A) Probability distribution of an angle 6 (inset;
yellow rectangles represent nanorods) measured in the (100) plane of a colloidal crystal. Its Gaussian fit
is shown in red. (B) Probability distributions of positions within four lattice sites in the (100) plane of a
triclinic crystal and (C) the corresponding potential landscape. The inset in (C) shows a dependence of
the relative potential energy experienced by nanorods on local distance A. (D) Lindemann parameter 8L
versus nanorod number density py. The inset shows MSDs of nanorods over time t at py = 1.4 um™

(upright triangles) and 4.5 um™ (inverted triangles).
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that its concentration-dependent behavior and
values correspond to a crystallization transition
that is consistent with that found in other con-
densed matter systems (28). A thermal expansion
of ~0.01°C™* of the lattice (fig. S8) stems from
the decrease of an average NLC elastic constant
K and quadrupolar elastic forces as temperature
increases (K decreases by a factor of ~3 when the
composite is heated from room temperature to
~34°C) (22).

Nanorods can be electrically concentrated and
ordered starting from dilute initial dispersions
(fig. S9), similar to the crystallization of hard
sphere-like colloids when subjected to electro-
phoretic or dielectrophoretic forces (29). The
triclinic crystal order is facilitated by applying
300 to 900 mV to transparent electrodes on in-
ner substrates of the cell, which is lower than
the threshold voltage needed for NLC switching.
In response to these dc fields, the positively
charged nanorods slowly move toward a nega-
tive electrode as a result of electrophoresis and
eventually form a crystal as their concentration
uniformly increases (fig. S9). These low voltages
also facilitate uniform alignment of crystalline
nuclei and healing of defects; in addition, they
induce a giant electrostriction of the triclinic
lattice, with ~25% strain at fields of 0.03 V um™
(fig. S8B). Because NLC is switched at ~1V (9, 21),
colloidal crystal lattice orientations can be re-
configured while following the rotation of the
director, although these processes are slow and
complex. Electric fields, confinement in thin cells
(thicknesses <15 um) that are incompatible with
an integer number of primitive cells in the col-
loidal crystal, variations in nanorod concentra-
tions that exceed the range accommodated by
an equilibrium triclinic lattice, and temperature
changes control the primitive cell parameters
(table S1) and prompt the formation of defects
ranging from edge dislocations (fig. S11) to va-
cancies and grain boundaries (2, 22, 30).

‘We have introduced a highly tunable and re-
configurable colloidal system with competing long-
range elastic and electrostatic interactions that
lead to triclinic pinacoidal lattices of orientation-
ally ordered nanorods. This unexpected triclinic
crystallization of semiconductor particles at pack-
ing factors <<1% shows potential for the self-
assembly of a wide variety of mesostructured
composites on device-relevant scales, which can
be tuned by weak external stimuli such as low-
voltage fields and very small temperature changes.
The control of particle charging allowed for
tuning of the triclinic lattice periodicity between
0.5 and 1.6 um, a range which can be extended by
tuning the strength of electrostatic interactions
through doping or deionizing NLCs (10-13) or
through using nematics with different properties.
Considering that dipolar and other multipolar
elastic colloidal interactions in NLCs can be in-
troduced and guided by controlling the bound-
ary conditions at particle surfaces, and given that
the control of NLC elastic constants may alter the
angular dependencies of these interactions (22),
our study sets the stage for explorations of meso-
scopic colloidal positional and orientational or-
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dering that can enable the engineering of material
properties through spontaneous ordering of
nanoparticles.
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ELECTROCATALYSIS

Tuning the activity of Pt alloy
electrocatalysts by means of the
lanthanide contraction

Maria Escudero-Escribano,”>* Paolo Malacrida,’ Martin H. Hansen,>*
Ulrik G. Vej-Hansen,®> Amado Velazquez-Palenzuela,’ Vladimir Tripkovic,>®
Jakob Schigtz,> Jan Rossmeisl,>* Ifan E. L. Stephens,”%* Ib Chorkendorff'*

The high platinum loadings required to compensate for the slow kinetics of the oxygen
reduction reaction (ORR) impede the widespread uptake of low-temperature fuel cells in
automotive vehicles. We have studied the ORR on eight platinum (Pt)-lanthanide and
Pt-alkaline earth electrodes, PtsM, where M is lanthanum, cerium, samarium, gadolinium,
terbium, dysprosium, thulium, or calcium. The materials are among the most active
polycrystalline Pt-based catalysts reported, presenting activity enhancement by a factor of
3 to 6 over Pt. The active phase consists of a Pt overlayer formed by acid leaching. The ORR
activity versus the bulk lattice parameter follows a high peaked “volcano” relation. We
demonstrate how the lanthanide contraction can be used to control strain effects and tune
the activity, stability, and reactivity of these materials.

o reduce the Pt loading at the cathode of
polymer electrolyte membrane fuel cells
(PEMFCs), researchers have intensively
studied alloys of Pt with late transition me-
tals such as Ni or Co as oxygen reduction
reaction (ORR) electrocatalysts (-6). Catalysts ex-
hibiting even greater activity and stability could

be designed through the identification of the de-
scriptors that control the performance (7-10). One
single descriptor controls ORR activity, the AEq;
binding energy, by way of a Sabatier volcano: An
AEoy ~0.1 eV weaker than Pt(111) yields the op-
timum value (77). Other indirect descriptors related
to AEog include the d-band center (72), the Pt-Pt
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Competing forces drive ordering

The power and beauty of liquid crystals come from their tendency to order loosely over long length scales. This
ordering can be tweaked using external fields, or via tailored boundary conditions, or embedded objects. Mundoor et al.
deposited luminescent nanorods into a liquid crystal solvent (see the Perspective by Blanc). This caused a competition
between local electrostatic interactions and the elastic ordering of the liquid crystal. The nanorods ordered into a triclinic
structure not otherwise attainable. The authors further adjusted the structure using external fields.
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