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until a translucent solutio
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inset of Fig. 1d, indicating the photon upconversion property.
Fig. 1b shows high magnification transmission electron
microscopy (TEM) image of the side-profile of UCNR1. A repre-
sentative high-resolution TEM (HRTEM) image of the particle
is shown in Fig. 1c. The clear lattice fringes indicate the for-
mation of the single-crystalline structure with good crystalli-
nity and the measured lattice spacing of about 0.3 nm corres-
ponds to the (002) plane determined from the hexagonal
phase of β
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almost 100% polarized changes. The other emission peaks
present relatively weak polarized changes as shown in the
spectra. This polarization dependence is caused mainly by the
expansion of the crystalline lattice of the UCNR and the distor-
tion of the local symmetry.34
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SEM characterization of the orientational ordering

More insights into the nematic and smectic membrane order-
ing of the UCNRs are provided by the direct SEM imaging
(Fig. 4), which we describe here for the case of UCNR2 par-
ticles as an example. This SEM imaging directly reveals the
orientational ordering within the mesostructured composites
obtained by drying the colloidal dispersions. Additionally,
since we monitor the evolution of polarizing microscopy tex-
tures while drying the highly concentrated colloidal disper-
sions, this imaging also reveals nanoscale organization of
nanorods corresponding to different optical textures of col-
loidal dispersions. Fig. 4a shows the unidirectional nematic-
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rods aligned along the local layer normal na, some rods align
along a direction in the plane of rods nb. The schematics of
nematic and smectic ordering provided below the corres-
ponding SEM images (Fig. 4e) qualitatively illustrate these
unusual features of the observed colloidal assembly, which is
preserved upon drying films. Besides, a transition from isotro-
pic, isotropic–nematic intermediate-state to nematic–smectic
coexistence can also be observed when we tune the dextran
concentration, as shown in detail in ESI Fig. S4,† demonstrat-
ing the sequence of structural changes within the diagram.
Depending on the location within the phase diagram, the frac-
tion of UCNRs aligned orthogonally to the membrane can vary
and these in-plane rods can exhibit orientational ordering
along nb (Fig. 4b, c and e). The in-plane ordering of UCNRs in
some of the smectic membranes is consistent with the POM
micrographs, which show weak birefringence even when the
membranes are oriented with their layer normal along the
optical axis of the microscope (Fig. 3g and h). Thermal fluctu-
ations of the birefringent regions within such domains, which
we observed under an optical microscope, indicate that such
assemblies are not just aggregates or sediments, but rather
characteristic LC “fluid” metastable assemblies. Fig. 4c pre-
sents smectic domains with higher ordering, where local
arrangements of the rods are often hexagonal, but where
defects (vacancies or in-plane rods) appear making it short-
ranged.

To our surprise, we also find a two-axis nematic ordering of
the UCNR in some regions of the phase diagrams. In this case,
in addition to the majority of rods orienting their preferred
long axis na, some also orient along another axis nb (Fig. 4d
and e). The SEM images that further illustrate the diversity of
this behavior are shown in ESI Fig. S5.† The importance of the
relative dimensions of colloidal rods and depletants can be
appreciated by comparing these structures to the ones formed
by the UCNR1 rods (Fig. S6†) with relatively larger polydisper-
sity and smaller aspect ratio.

Discussion

For colloidal rods with high aspect ratios and circular cross-
sections, which were studied previously,17,18,41 the role of
depletants and attractive depletion forces is to provide an
effective confinement and expanding the co-existence of the
multi-structure and multi-phase regions. Our study of rela-
tively low aspect-ratio UCNRs with hexagonal cross-sections
reveals a generally similar but more complex behavior. The
overall interactions between UCNRs in the used solvents with
depletants are subjected to steric interactions, van der Waals
forces (important only at short distances), depletion attrac-
tions and electrostatic repulsions, all of which are highly an-
isotropic. However, for simplicity, the short-range van der
Waals forces can be neglected and the relatively short-range
electrostatic repulsions (the Debye screening length in our
system is estimated to be 10 nm, given that the ionic strength
of the solution is <1 mM) can be partially accounted for by

“re-sizing” the effective dimensions of the hexagonal nano-
rods and then considering their electrostatic-modified steric
interactions. The excluded volume of colloidal rods with hex-
agonal cross-sections depends not only on the orientations
of long axes of the rods, but also on the relative orientations
of their hexagons (Fig. 5a). Therefore, the geometry of our
particle can influence both steric–electrostatic repulsive and
depletion attractive interactions. For example, the cumulative
excluded volume for two hexagonal UCNRs is minimized
when their faces are matched as shown in Fig. 5b. This
observation indicates that depletion forces should drive
mutual alignment of UCNRs with the equilibrium configur-
ations containing parallel side faces in a hexagonal ordered
state. However, one can also imagine how geometric shape of
hexagonal and other faceted rods can give rise to metastable
colloidal assemblies. For example, two rods with each of the
two mutually orthogonal pairs of UCNRs shown in their
initial configuration in Fig. 5c cannot reduce the excluded
volume through rotations (because of sliding on their edges)
until almost perfectly aligned. Therefore, a situation can
arise where the combination of electrostatic–steric and
depletion forces is strong enough to drive ordering of some
of the rods but not the others, thus resulting in metastable
colloidal superstructures with multi-axis nematic and
smectic membrane orientational ordering, which we observe
in experiments (Fig. 3 and 4). The formation of these various
colloidal superstructures of the UCNRs, demonstrated by the
combination of optical and SEM characterization, may also
arise in other colloidal systems of faceted nanorods and
other colloidal particles with anisotropic geometrically non-
trivial shapes. Furthermore, the emergence of these different
forms of orientational ordering is of interest for technologi-
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talline lattices of plasmonic nanoparticles, involves colloidal
self-assembly followed by drying of solvents.42–45 In these
approaches, both positional and orientational ordering are
usually retained upon solvent drying, though the drying
process often affects the crystal lattice constants or orienta-
tional order parameters exhibited by nanoparticles such as
gold nanorods. Our findings, presented in this work, show
that the orientationally ordered states of LC colloidal assem-
blies (where no long-range positional order is present before
or after solvent evaporation) can also be retained upon the
preparation of solid mesostructured films through evaporating
the solvent of lyotropic colloidal LC dispersions while starting
at high initial concentrations of particles. Although the order
parameter and other characteristics can be affected by the
evaporation process, even when optimized to minimally affect
the orientational ordering, we have shown that mesostructured
composites obtained with this approach can exhibit rather
high values of the orientational order parameter >0.9, which
makes them interesting for applications whenever there is a
need for forming mesostructured composites that inherit an-
isotropic, polarization-dependent optical properties of nano-
particles. Our findings also indicate that the highest scalar
order parameters of nanorods in the solid dried films are
achieved when using the initial colloidal dispersions starting
from the nematic phase, though partially ordered nematic-like
and smectic-membrane-like configurations of nanorods can
also be obtained when preparing the initial colloidal disper-
sions of nanorods in the coexistence parts of the diagram,
where dextran and ions can be used for a limited control of
orientational ordering while working with varying concen-
trations of UCNRs.

Conclusions

We have demonstrated lyotropic LC self-assembly of
UCNRs, which stems from repulsive steric and electrostatic
colloidal interactions enriched by the geometric shapes of
particles and depletion forces due to non-adsorbed polymer
dextran. These self-assembled colloidal superstructures
exhibit various nematic, bi-phasic and smectic ordering
themes, including stable and long-lived metastable con-
figurations with uniaxial ordering or with multi-axis order-

https://doi.org/10.1039/c7nr06663e


Pu
bl

is
he

d 
on

 1
7 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
ol

or
ad

o 
at

 B
ou

ld
er

 o
n 

11
/5

/2
02

0 
10

:4
7:

31
 P

M
. 

View Article Online

https://doi.org/10.1039/c7nr06663e

	Button 1: 


