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Chiral liquid crystal colloids
Ye Yuan'’, Angel Martinez'’, Bohdan Senyuk', Mykola Tasinkevych?3* and Ivan I. Smalyukh™>¢*

Colloidal particles disturb the alighment of rod-like molecules of liquid crystals, giving rise to long-range interactions that
minimize the free energy of distorted regions. Particle shape and topology are known to guide this self-assembly process.
However, how chirality of colloidal inclusions affects these long-range interactions is unclear. Here we study the effects
of distortions caused by chiral springs and helices on the colloidal self-organization in a nematic liquid crystal using laser
tweezers, particle tracking and optical imaging. We show that chirality of colloidal particles interacts with the nematic elasticity
to predefine chiral or racemic colloidal superstructures in nematic colloids. These findings are consistent with numerical
modelling based on the minimization of Landau-de Gennes free energy. Our study uncovers the role of chirality in defining
the mesoscopic order of liquid crystal colloids, suggesting that this feature may be a potential tool to modulate the global

orientated self-organization of these systems.

beyond'”, albeit understanding how the chiral symmetry
breaking on the scale of individual building blocks of matter
can potentially alter the physical behaviour of materials"® remains
a challenge. For example, a well-known effect of adding chiral
molecules into a non-chiral liquid crystal (LC) is that they induce
chirality of the ensuing mesomorphic phase, even at vanishingly low
concentrations', although these effects cannot be explored down
to individual molecules due to the limited experimental sensitivity.
The effects of adding chiral colloidal particles into a nematic LC
also remain unexplored, even though they are additionally of
interest from the standpoint of the colloidal paradigm® that reveals
unprecedented richness of novel physical behaviour and promises a
host of technological applications'*". When embedded within the
LG, colloidal particles induce distortions of the molecular alignment
field that resemble the electric field configurations around various
electrostatic charge distributions®"’. Understanding and control
of self-assembly of colloidal dipoles, quadrupoles and hexade-
capoles®™® benefit from the framework of multipole expansions,'
which has been extended to nematic colloids®*'®. Although geo-
metric shape and genus of particles”>* allow for controlling elastic
multipoles and guiding self-assembly, the role of chirality of colloidal
inclusions in controlling these interactions remains unknown.
Here we develop chiral colloidal particles in the forms of left-
and right-handed springs and helices suspended in a nematic LC.
Using a combination of experiments and computer simulations
based on the minimization of Landau-de Gennes free energy, we
uncover how individual colloidal objects with well-defined chirality
impart the symmetry breaking to the nematic host and how the
ensuing distortions in the molecular alignment mediate chirality-
dependent, elastic colloidal interactions. We explore pair interac-
tions between like- and opposite-handed particles with different
geometric parameters, revealing unique chirality-controlled effects,
which guide colloidal self-assembly. In nematic hosts with a uniform
far-field alignment, the like-handed particles self-assemble into chi-
ral colloidal structures, differently from the racemic dispersions of

C hirality plays important roles in condensed matter and

opposite-handed particles. These assemblies preserve the uniform
far-field alignment of the nematic host imposed by strong bound-
ary conditions, resembling frustrated unwound chiral nematics at
low concentrations of molecular chiral dopants"*. Similar to how
fundamental insights into the elastic interactions at the scale of in-
dividual non-chiral particles®’ recently led to realization of photon-
upconverting triclinic pinacoidal colloidal crystals’®”, our findings
may enable enantiomorphic colloidal crystals with properties pre-
engineered by controlling chiral interactions at the mesoscale.

Individual chiral colloidal particles in a nematic host

Using two-photon-absorption-based polymerization (Supplemen-
tary Figs 1 and 2)*’, we fabricate colloidal particles shaped as
right- and left-handed microsprings (Fig. 1a,b). These particles set
tangential boundary conditions for the director n(r), resulting in
particle-induced director distortions in the LC. To minimize the
energetic costs of elastic distortions, these particles align with their
helical axes either (roughly) along or perpendicular to the far-
field LC director n, while undergoing Brownian motion (Fig. 1c,d).
Colloidal diffusion is strongly anisotropic when helical axes ori-
ent roughly along n, (Fig. 1c) and only weakly anisotropic when
they are roughly orthogonal to n, (Fig. 1d). This behaviour arises
from the superposition of effects due to particles’ geometric shape,
the LC’s viscosity and particle-induced defects™*, which exhibit
orientation-dependent anisotropies that are synergistic in the for-
mer case (Fig. 1c) but compete and self-compensate in the latter
case (Fig. 1d). These findings demonstrate how anisotropies of diffu-
sion due to particle shape**, LC medium’s viscous properties****!
and director distortions with satellite defects ™, previously stud-
ied only as separate phenomena®™ >, can all interplay to enrich
the colloidal behaviour. Optical microscopy (Fig. le-k) and three-
dimensional nonlinear optical imaging (Fig. 11-n) reveal that the
particle-induced director distortions mimic the chiral nature of the
colloidal inclusions, as is evident from the birefringent patterns
with twisting dark and bright coloured brushes in the polarizing
micrographs (Fig. 1f,g,1,j,k) and textures in three-photon excitation
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Figure 1| Microsprings in a nematic liquid crystal. a,b, Right- and left-handed colloidal springs, respectively, imaged with the help of 3PEF-PM while
surrounded by an isotropic medium (immersion oil). ¢,d, Self-diffusion of the particles oriented with the spring axis roughly parallel (¢) or perpendicular (d)
to ng. The insets show optical bright-field micrographs at the corresponding orientations with respect to ng. Solid lines are Gaussian fits to experimental

data allowing one to calculate diffusion coefficients'? along and normal to ng (Dy=29x 1073 umz s7!,D; =093x%x1073 um

257 "incand

Dy=3.0x10"3um?s™", D] =2.7x 10~ 3um? s7" in d). ej, Optical micrographs of right- (e-g) and left-handed (h-j) colloidal microsprings in 5CB
imaged using bright-field (e,h) and polarizing microscopy without (f,i) and with (g,j) an additional phase retardation plate (with the slow axis marked by
the yellow double arrow) inserted between the crossed polarizers (white double arrows). k-n, Detailed analysis of n(r)-distortions induced in the LC by
colloidal springs probed for the same particle using polarizing microscopy (k) and 3PEF-PM (I-n), with I and n showing details of two individual in-plane
3PEF-PM optical slices obtained for two different linear 3PEF-PM polarizations (marked by the green and red double arrows, respectively) and m showing
the corresponding 3D perspective view of the particle reconstructed on the basis of superposition of many such slices. Scale bars are 5 um.

fluorescence polarizing microscopy (3PEF-PM) images (Fig. 11-n).
These experiments are consistent with the results of computational
modelling based on the minimization of Landau-de Gennes free
energy, Fys, of the LC hosting colloidal inclusions (Fig. 2). The
experimental finding that the spring axes are more frequently nearly
orthogonal to n, (Fig. 1d,k-n) is consistent with the lower F4q
of this configuration (Fig. 2a). Moreover, both the modelling and
experiments reveal that particles equilibrate at orientations where
their helical axes tilt slightly away from n, (Figs 1c,e—j and 2a,f) or
the plane orthogonal to it (Figs 1d,k-n and 2a,h), with the tilt angles
<10°. A detailed analysis of both experimental and theoretical
configurations (Figs 1 and 2) shows that this relative tilting emerges
from the surface boundary conditions on the end faces of finite-
length colloidal springs.

Similar to spheres, springs have Euler characteristic y = 2.
Following topological theorems,” they induce surface topological
defects called ‘boojums, with the total strength > s, = x =2, where
s; is the number of times the surface-projected director, n,(r), rotates
by 27 as one circumnavigates the defect core once. The theorems
prescribe only the net strength of all defects but not their number.
Minimization of the elastic free energy often dictates the presence of
additional pairs of self-compensating defects”. This explains why
Fp4 versus the angle 6 between the spring’s axis and n, (Fig. 2a)
has two branches. The small-6 branch (bottom left inset of Fig. 2a)
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corresponds to the configurations with two s =1 boojums located at
the edges of the spring’s two end faces (Fig. 2g inset and Fig. 2k-m).
There are four localized regions with reduced scalar order param-
eter altogether, although two of them are topologically trivial with
s=0 (Fig. 2j-m and Supplementary Fig. 3). These boojums have
core structures shaped as small half-integer semi-loops (handles)™.
The large-6 branch (top-right inset of Fig. 2a) corresponds to several
additional pairs of boojums at different locations on the particle sur-
face (Fig. 2h,i,n-t). Despite these extra self-compensating defects,
this branch of the angular dependence contains the ground state at
0~ 90°. The defect pairs (Fig. 2h,i,n-t) efficiently ease the energet-
ically ‘expensive’ distortions of n(r) present in the configurations of
the small-6 branch, thereby reducing the overall F,4; (Fig. 2a). The
energetic cost of the nucleation of defect pairs stabilizes the 6 ~ 0°
metastable state against realignment into the 6 &~ 90° ground state.
F4c(0) is sensitive to the tilt direction of the helical axis, which
is due to the finite length of chiral particles. For an infinitely long
spring, the free energy would be degenerate with respect to the
tilt direction of the helical axis, but the presence of the particle
ends lifts this degeneracy, further enriching the behaviour of our
colloidal particles. To better visualize the particle orientations, we
rigidly attach a right-handed orthonormal reference frame (e, €, ,
e,) to each particle, as depicted in Fig. 2b—e and Supplementary
Fig. 1. The axes €| and e, are parallel and perpendicular to the
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Figure 2 | Chirality-dictated alignment of microsprings in a nematic liquid crystal. a, Orientation-dependent free energy cost of particle-induced elastic
distortions versus the angle between the spring axis é” (see b-e and Supplementary Fig. 1for the definition of the orthonormal reference frame attached to
the particle) and ng for different tilt directions of é”, and for the right- (circles) and left-handed (squares) particles. Open (solid) symbols correspond to the
anticlockwise rotation of é” about é3(éL), as shown in b-e. The insets depict free energy variations near the stable and metastable orientation states.

f-i, Director structures around right-handed springs (f h) at energy-minimizing orientations with  =4° (f) (blue solid circles in a) and with # =86° (h)
(blue solid circles in a), and left-handed springs (g,i) with 8 =0° (g) (red open squares in @) and with § =90° (i) (red open squares in a) for the
metastable (f,g) and stable (h,i) particle orientations. j-m, Detailed director structures and defects corresponding to a colloidal spring shown in g. n-t,
Detailed director structures and defects corresponding to a spring shown in i. Director structures are shown with rods depicting local orientations of n(r)
both at LC-particle interfaces and in the bulk, as well as with colour-coded patterns of azimuthal orientations of n(r) when projected from particle surfaces
to the plane orthogonal to ng, according to the colour scheme in the insets of g and t, as viewed from different perspectives.

helical axis of the particle, respectively, with e, chosen so that the rotates about e; (Fig. 2b,c), the end faces remain roughly parallel to
plane spanned by ¢, and el roughly contains the spring’s two end  n, for all 6, and in this case numerical calculations predict (almost)
faces. We then define e, = e” x e,. The dependence of F 4 on identical Fi4s(0) for particles of right or left handedness (open
the tilting directions is well pronounced, especially for the large-0  symbols in Fig. 2a). However, when e tilts about e, (Fig. 2d.e), the
branches (compare open and solid symbols in Fig. 2a). When €;  end faces form an angle of approximately 6 with n,. Since the faces

NATURE MATERIALS | VOL17 | JANUARY 2018 | www.nature.com/naturematerials 73

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://dx.doi.org/10.1038/nmat5032
www.nature.com/naturematerials

NATURE MATERIALS po!: 10.1038/NMAT5032

o-o R. conf. as in Fig. 2b
o--o L. asin Fig. 2¢
e--e R.asin Fig. 2d
=-u L. asinFig.2e

P A . -
[ e p i e
. o | - o
N E i -
B = e ! g, gee®®
[ 008 eke® | l,t'lr»ﬂ.’.'.'l—-lll-(\
S Peeq-d a ¥ b
. . . . . H b NNy »Ao‘o/n\ﬂqg\,
-10 0 10

80 90 100

RN - a &
- e a9

L J/.,tt.:; N

oo ey

B

B
P8a o4
=2eeepo” |

g h 1200
© Normal to n, © Normal to n,
900 4 o Alongng o Along ng

900 -
12 12
£ 600 4 =

3 5 600 A
o 5}
(9] (9]

300 4 300 -

01 0

-0.06 0.00 0.06 -0.06 0.00

Displacement (um)

Displacement (um)

0.06

Figure 3 | Chirality-dictated alignment of single helices in a nematic liquid crystal. a-f, Optical micrographs of left-handed microhelices obtained using
bright-field (a,d) and polarizing microscopy without (b,e) and with (c,f) a phase retardation plate. g h, Self-diffusion of particles oriented with é” roughly
orthogonal (g) and parallel (h) to ng. The insets show optical bright-field micrographs at the corresponding orientations with respect to ng
(Dy~Dy~22x 1073 umz slingand Dy~27x 1073 umz s7!,D| ~0.68x1073 um2 s7in h). i, Orientation-dependent free energy cost of elastic
distortions induced by particles versus the angle between €| and no for different orientations of the tilt direction of ey, for left- (squares) and right-handed
(circles) helices. Open (solid) symbols correspond to anticlockwise rotation of éH about e5(e | ), as shown in Fig. 2b-e. The insets depict free energy
variations near the stable and metastable orientation states. j-m, Director structures around right-handed helices at § = 8° (j) (blue solid circles in i) and
at §=282° (I) (blue solid circles in i) and left-handed helices at # =0° (k) (red open squares in i) and at § =90° (m) (red open squares in i), which are
stable (j,k) and metastable (I, m) particle orientations. The director field is shown with the help of rods and colour-coded azimuthal orientations of n(r) on
particle surfaces relative to ng according to the colour scheme shown in the inset of k. Scale bars are 5um.

impose tangential anchoring on n(r), their misalignment with n, is
penalized by additional elastic free energy costs, yielding the Fy 45(6)
dependence shown with solid symbols in Fig. 2a.

We also fabricate more slender left- and right-handed colloidal
objects that we call ‘helices’ (Fig. 3). Their behaviour in the LC
is qualitatively similar to that of the colloidal springs discussed
above, including the chiral nature of particle-induced distortions
and defects, the diffusion anisotropy and the presence of two
branches of F;4;(f). However, these particles preferentially align
with their axes nearly parallel to n, (Fig. 3d-f,h), which corresponds
to the global minimum of F4;(0) for them (Fig. 3i), whereas the
nearly orthogonal orientations (Fig. 3a-c,g) now correspond to
metastable states. These helices exhibit an even stronger dependence
of diffusion anisotropy on the particle orientation than their
colloidal spring counterparts (Fig. 3g,h). The small-0 branch of
the free energy corresponds to n(r)-configurations with two s=1
boojums located at the edges of the end faces, whereas the large-0
branch features several additional self-compensating s = &1 defects
located at the lateral (side) surface of the helix. However, due to
the slenderness of the helices, contrary to the case of the springs,
the defect nucleation does not promote a strong reduction of the
distortions of n(r), reversing the locations of global and local
minima of F;4;(6). The dependence of F,4;(f) on the direction of
tilting is more pronounced for helices (upper left inset in Fig. 3i)
than for springs (lower left inset in Fig. 2a), which is caused by the
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increased ratio of the areas of the end faces to the lateral surface. For
tilting of ¢ about e, (as in Fig. 2d,e), the large-0 branches of F4(6)
reveal no local minima (Fig. 3i) because the misalignment of the
end faces with respect to n, is energetically costly. The comparison
of particle-induced director distortions by the colloidal springs and
helices shows how this qualitative change of equilibrium orientation
emerges from the minimization of distortions (Figs 2f-i and 3j-m),
with the experimentally observed equilibrium orientations well
explained by the minimization of F4(6).

Elastic interactions between chiral particles

Using laser tweezers and video microscopy, we probe elastic pair
interactions between chiral springs, elastically aligned with their ¢,
axes nearly parallel to n,, when starting from well-defined initial
conditions (Fig. 4 and Supplementary Fig. 4). The like-handed
colloidal springs attract when their centre-to-centre separation
vector d || ny, but repel when d L n, (Fig. 4a-c). However, the
elastic colloidal forces reverse directions as we flip the handedness
of one of the two particles undergoing pair interactions (Fig. 4d-f).
In addition to these initial conditions (d || n, and d L n,; Fig. 4),
colloidal pair interactions at d tilted with respect to n, also exhibit
a different character of force directionality for like-handed and
opposite-handed springs (Supplementary Fig. 4). The angular
dependencies of interaction forces and the time dependencies of
d (Fig. 4b,e), as well as the interaction forces (insets of Fig. 4b,e),
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Figure 4 | Chirality-dependent pair interactions of colloidal springs. a, Time-colour-coded trajectory of attraction of like-handed microsprings initially
separated along ng. The bottom inset shows colour scale of elapsed time counted from the moment of releasing particles from laser traps (tyin) until the
moment when they approach each other at tax (tmax — tmin =27'5), as shown in the bright-field micrographs in the inset. The final self-assembled colloidal
structure for the same particles at t=35s > t;ax is also shown in the inset in a slightly enlarged micrograph and emerges as a result of additional rotation

of the colloidal springs around their axes. b, Separation distance d versus time corresponding to a, with the distance dependence of the corresponding
interaction force shown in the inset. ¢, Time-colour-coded trajectory of repulsion of like-handed microsprings initially separated so that the separation
vector is orthogonal to ng. d, Time-colour-coded trajectory of repulsion of opposite-handed microsprings initially separated along ng. The insets show the
corresponding optical micrographs of the interacting particles. e, Separation distance versus time corresponding to d; the distance dependence of the
corresponding interaction force is shown in the inset. f, Time-coded trajectory of attraction of opposite-handed microsprings initially separated so that the
separation vector is orthogonal to ng. The red curves in b,e, are the best fits of the experimental data with d(t) = (d} — nat)/" where n=5 for
dipole-dipole interaction?'; the fitting coefficients are dg =25um, « =1.3 X 10° meS s 'inband dy =29 um, ¢ =—0.46 x 10° ums s~ 'ine. Solid red lines
in the insets of b and e are the best linear fits with?' InF = —(n —1) Ind + const. Scale bars are 5um.

are consistent with what is expected for chiral elastic dipoles
recently introduced within the approach of nematostatics', where
left- and right-handed springs have opposite orientations of the
dipole moments. Numerical modelling reproduces details of the
experimentally observed colloidal behaviour (Fig. 5 and Supple-
mentary Fig. 5), providing additional insights into the physical
underpinnings. Thus, in Fig. 5a,b we plot F 4 as a function of the
angle ¥ between d and n, for like- and opposite-handed springs,
respectively, and at a fixed centre-to-centre distance d. The particles’
e, axes are aligned along n, and different curves correspond to
different orientations of d relative to particle frames. In agreement
with the experiments and nematostatics'’, the like-handed pair of
particles tends to align d along n, with F4;(¥) having minima at
¥ A 0° and 180° (Fig. 5a), while the opposite-handed ones align
d orthogonal to n,, with F,;;(¥) minimized at ¥ ~ 90° (Fig. 5b).
The behaviour of the free energy versus d at ¥ = 0°, depicted in
Fig. 5¢,d for pair interactions of like- and opposite-handed springs,
respectively, also agrees with the experiments and nematostatics:
the like-handed springs attract (Fig. 5¢) while opposite-handed ones
repel (Fig. 5d) along n,. At relatively large inter-particle distances
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(see experimental data in Fig. 4b,e and numerically computed
dependencies in Fig. 5c,d), colloidal interaction potentials
and forces scale with distance as oxd ™ and oxd™*, respectively,
consistent with the dipolar nature of interactions. At small distances,
the departures from these power-law dependencies are caused by
the influence of the higher-order elastic multipoles and nonlinear
near-field effects that cannot be captured within the multipole
expansion analysis, but are revealed by numerical modelling. For
example, Fy 45 exhibits a local minimum at small distances (Fig. 5d),
which is related to boojum sharing between proximal end faces.
Both experimental and computational studies of pair interactions
reveal the well-defined role of chirality in controlling colloidal elastic
pair interactions, which can be generalized to other chiral colloids
in LCs and used in conjunction with particle shape to predefine
self-assembly. To provide an example of how the interplay of shape
and chirality can further enrich colloidal behaviour, we probe pair
interactions between colloidal helices (Supplementary Fig. 6) and
elucidate many subtle effects. The colloidal helices are found to
attract starting from initial conditions with all possible orienta-
tions of d relative to n, and for both like- and opposite-handed
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Figure 5 | Chirality-dependent pair interactions of microsprings. a-d, Numerically calculated Landau-de Gennes free energy F4g of a pair of like- (a,c)
and opposite-handed (b,d) microsprings as a function of the angle ¥ between the centre-to-centre vector d and ng at d=1.65R (see Methods for the
definition of R) (a,b), and a function of the centre-to-centre distance d at ¥ =0° (¢,d). The particles’ own reference frames are fixed in all cases. Open
circles (squares) in a,b correspond to the case when ¥ varies in the plane spanned by the vectors é” ande| (éH and e3). Red curves in ¢,d at large d/R are
the fits of numerical data with the ocd ™3 power law expected for the colloidal interaction potential due to dipolar interactions. e-h, Bulk equilibrium
assemblies of like-handed (e) and opposite-handed (g) helices, and like-handed (f) and opposite-handed (h) springs.

pairs of colloidal helices. Videomicroscopy reveals that particles
rotate around their e; axes while undergoing these interactions.
The combination of rotational and translational motion yields col-
loidal assemblies different from the assemblies of colloidal springs
(compare Fig. 4 and Supplementary Fig. 6). The nematic colloidal
behaviour of both colloidal springs and helices can be understood
on the basis of nematostatics'’, where one can think about the chiral
elastic dipoles being accompanied by additional non-chiral dipole
moments arising from the finite dimensions of particles (and the
boundary conditions for the director at their end faces)"’, which, in
general, can be along n, or orthogonal to it. Nematostatics distin-
guishes four ‘pure’ elastic dipole types: isotropic, anisotropic, chiral
and longitudinal (along n,) ones, each characterized by the corre-
sponding strength parameter (see Supplementary Information for
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a brief description'’). Depending on the symmetry of the particle-
induced n(r), its dipolar component can be of a mixed type when
more than one dipole strength parameter is non-zero. Since 180°-
rotation around e, transforms the finite-length colloidal springs
and helices (with director distortions) into themselves (Figs 1 and 3),
these nematic colloidal particles can be classified as general dipoles
with C, point group symmetry, which allows all four pure dipole
types, with their strength parameters depending on the details of
shape'”. Both springs and helices have strongly pronounced chiral
dipoles, but the overall colloidal behaviour is further altered by
details of their geometric shape that could be modelled as a super-
position of effects due to all different types of allowed nematostatic
dipoles'. For example, unusual attractive interactions between pairs
of colloidal helices arise from rotations of these particles around n,,
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Figure 6 | Twisting of chiral particles relative to each other. a, Numerically calculated Landau-de Gennes free energy as a function of the angle 2|

between the axes of like-handed springs, for the case when these spring axes

rotate about the particles’ éJ_ vectors in opposite directions and by equal

amounts, as is shown schematically in e. The spring centre-to-centre vector d is fixed with d=1.625R and with the angle ¥ between d and ng at 90°.

b, Free energy as a function of d at £2; =180°, all the other parameters are the same as in a. The insets in a,b show the director configurations around the
springs with the help of rods and colour-coded azimuthal orientations, with respect to ng, of n(r) on particle surfaces. ¢,d, The case of like- (circles) and
opposite-handed (squares) springs, depicting the free energy variations with 2| (particles’ axes rotate about € | ) or £2)| (particles’ axes rotate about e;)

at d=1.625R and ¥ =90°, near the stable (d) and metastable (c) orientation

states. Open (solid) symbols correspond to the case when the spring axes é”

rotate about particles’ aligned éL vectors, see e (3.3 vectors, see f) in opposite directions by equal amounts.

which lead to the mutual alignment of non-chiral dipole moments
orthogonal to n, of two chiral helices so that the interactions are
attractive. Computational modelling of nematic colloids with differ-
ent geometry (Supplementary Figs 7-9) supports this observation
and provides additional insights into this behaviour. Supplementary
Fig. 7 presents the free energy cost Fy 4 of elastic distortions at fixed
d and for d L n,, which are induced by the rotation of the springs
about their axis e in opposite directions by equal amounts. The free
energy versus the relative angle ¢,—¢; between the particles e, axes
has two minima of equal potential depths at ¢,-¢, =0° and 360°,
which are separated by a large barrier. To minimize free energy,
particles tend to align their e, axes parallel to each other. The func-
tional form of F4;(¢,-¢,) is approximated well by the expression
A + Bcos(¢,-¢,), as expected for particles whose elastic dipole is
a mixture of the chiral and the longitudinal types'"; parameters A
and B are related to the corresponding dipolar strengths. The barrier
separating two minima of Fj4; for like-handed springs is much
higher than for the opposite-handed ones (Supplementary Fig. 7).
This analysis, along with the insights provided by nematostatics"/,
supports the notion that the effects of chirality and geometric shapes
can be effectively coupled to achieve better control of colloidal
self-assembly, as also evident from the comparison of alignment
and self-assembly of colloidal springs and helices (Figs 1-5 and
Supplementary Figs 4-7).

Colloidal superstructures
Our analysis of pair and many-body interactions shows that the
equilibrium assembly of like-handed helices with the axes e roughly
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along n, is also chiral in nature, with the equilibrium orientation of
d within the assembly along n, (Fig. 5e). In contrast, like-handed
springs form chains of particles with d || ¢, and both orthogonal to
n, (Fig. 5f). This differs from the racemic dispersions of opposite-
handed helices and springs, which both form equilibrium assemblies
in the form of chains with d L n, (Fig. 5g,h). The ¢ axes of helices
are, on average, roughly parallel to n, (Fig. 5g), although their
slight tilting direction alternates between opposite-handed particles
within the chain. The e axes of springs are roughly orthogonal to n,
(Fig. 5h), albeit their tilt direction also alternates within the chains.
The main mechanism of the synclinic particle tilting (Fig. 5e,f) is due
to the single particle’s tendency to equilibrate its axes at some small
angle with respect to n, (Figs 1c,e—j, 2a,f and 3d-fh) or the plane
orthogonal to n, (Figs 1d,k-n, 2a,h and 3a-c,g). In assemblies of
particles with opposite handedness (Fig. 5g,h), the anticlinic tilting
of ¢, away from n, arises from the pairwise LC-induced torques
(Fig. 6 and Supplementary Figs 8a and 9). Although these self-
assembled configurations exhaust all possible energy-minimizing
colloidal structures in the bulk of LC, confinement can further en-
rich colloidal interactions between chiral particles. For example, cell
or capillary confinement can preclude bulk-type ordering of like-
handed springs and helices (Fig. 5¢) by enforcing d to be orthogonal
to n,. At high number densities of particles, this confinement can
lead to chiral colloidal configurations emerging from repulsive-only
interactions between particles (Supplementary Fig. 9b).

We compute Fjy; versus the relative alignment of two like-
handed springs and d at d L n, (Fig. 6a,b). When e; axes rotate
about e, (Fig. 6e), the free energy as a function of the angle 2,
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between the e axes has a local minimum at £2, & 16° (open circles
in Fig. 6¢) and a global minimum at §2, & 176° (open circles
in Fig. 6d), indicating the intrinsic tendency of springs to twist
when they are placed side-by-side, with d L n,. Supplementary
Fig. 8a illustrates the twisting tendency of like-handed helices:
Fi46(82,) shows only a global minimum at £2, = 12°. Contrary
to the case of the springs, this configuration for helices is stable
relative to the variation of d (Supplementary Fig. 8c), resulting in
helicoidal assemblies of particles. Opposite-handed springs aligned
along n, also exhibit the twisting tendency when placed side-by-
side (see the data presented by squares in Fig. 6c,d). However,
the twisting direction is sensitive to the placement of springs
relative to each other (compare the open and the solid squares in
Fig. 6¢,d and Supplementary Fig. 9a). Racemic dispersions of left-
and right-handed chiral particles do not possess helicoidal ordering
(Fig. 5g,h), showing that opposite-handed chiral particles cannot
form chiral superstructures.

Conclusions

We have demonstrated that chirality of colloidal particles inter-
plays with the nematic elasticity to predefine chiral or racemic
superstructures. Chirality induced by dilute colloidal dispersions
competes with the boundary conditions on confining surfaces to
yield unwound configurations in which the LC host has a uniform
far-field director prescribed by boundary conditions on confining
substrates, but the colloidal superstructures can be either chiral heli-
coidal or racemic, depending on the relative chirality (same or oppo-
site) of the suspended particles. Our findings demonstrate a means
of pre-determining self-assembly by controlling the handedness of
individual colloidal constituents, which interplays with the particle’s
geometric shape’®*' to provide a rich framework for designing and
realizing complex chiral nematic colloidal composites. These find-
ings may lead to the realization of enantiomorphic colloidal crystals
and chiral molecular-colloidal hybrid LC fluids with properties
controlled through self-assembly at the mesoscale. The competition
between the chiral nature of the colloidal superstructures and the
uniform far-field background defined by the strong surface bound-
ary conditions can result in a host of localized field configurations,
such as solitons, which were recently extensively studied* in frus-
trated chiral nematic LCs with molecular chiral additives.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.

Received 6 May 2017; accepted 13 October 2017;
published online 27 November 2017

References

1. Chaikin, P. M. & Lubensky, T. C. Principles of Condensed Matter Physics
(Cambridge Univ. Press, 2000).

2. Rofler, U. K., Bogdanov, A. N. & Pfleiderer, C. Spontaneous skyrmion ground
states in magnetic metals. Nature 442, 797-801 (2006).

3. Wagniére, G. H. On Chirality and the Universal Asymmetry (John Wiley, 2008).

4. Zerrouki, D., Baudry, J., Pine, D., Chaikin, P. & Bibette, J. Chiral colloidal
clusters. Nature 455, 380-382 (2008).

5. Janoschek, R. Chirality: From Weak Bosons to the a-Helix (Springer, 2012).

6. Martinez, A. et al. Mutually tangled colloidal knots and induced defect loops in
nematic fields. Nat. Mater. 13, 258-263 (2014).

7. Martinez, A., Hermosillo, L., Tasinkevych, M. & Smalyukh, I. I. Linked
topological colloids in a nematic host. Proc. Natl Acad. Sci. USA 112,
4546-4551 (2015).

8. Poulin, P, Holger, S., Lubensky, T. C. & Weitz, D. A. Novel colloidal
interactions in anisotropic fluids. Science 275, 1770-1773 (1997).

9. Stark, H. Physics of colloidal dispersions in nematic liquid crystals. Phys. Rep.
351, 387-474 (2001).

78

10. Koenig, G. M. Jr, Lin, I.-H. & Abbott, N. L. Chemoresponsive assemblies of
microparticles at liquid crystalline interfaces. Proc. Natl Acad. Sci. USA 107,
3998-4003 (2010).

. Blanc, C,, Coursault, D. & Lacaze, E. Ordering nano- and microparticles
assemblies with liquid crystals. Lig. Cryst. Rev. 1, 83-109 (2013).

12. Musevic, 1. Liquid Crystal Colloids (Springer, 2017).

13. Lagerwall, J. P. F. & Scalia, G. Liquid Crystals with Nano and Microparticles

(World Scientific Publishing , 2017).

14. Lubensky, T. C., Pettey, D., Currier, N. & Stark, H. Topological defects and
interactions in nematic emulsions. Phys. Rev. E 57, 610-625 (1998).

15. Ruhwandl, R. W. & Terentjev, E. M. Monte Carlo simulation of topological
defects in the nematic liquid crystal matrix around a spherical colloid particle.
Phys. Rev. E 56, 5561-5565 (1997).

16. Senyuk, B., Puls, O., Tovkach, O., Chernyshuk, S. & Smalyukh, I. I.
Hexadecapolar nematic colloids. Nat. Commun. 7, 10659 (2016).

17. Pergamenshchik, V. M. & Uzunova, V. A. Dipolar colloids in nematostatics:
tensorial structure, symmetry, different types, and their interaction.

Phys. Rev. E 83,021701 (2011).

18. Ognysta, U. M. et al. Square colloidal lattices and pair interaction in a binary
system of quadrupolar nematic colloids. Phys. Rev. E 83, 041709 (2011).

19. Jackson, J. D. Classical Electrodynamics (John Wiley, 1962).

20. Senyuk, B. et al. Topological colloids. Nature 493, 200-205 (2013).

21. Lapointe, C. P, Mason, T. G. & Smalyukh, I. I. Shape-controlled colloidal
interactions in nematic liquid crystals. Science 326, 1083-1086 (2009).

22. Liu, Q,, Senyuk, B., Tasinkevych, M. & Smalyukh, I. I. Nematic liquid crystal
boojums with handles on colloidal handlebodies. Proc. Natl Acad. Sci. USA
110, 9231-9236 (2013).

23. Hashemi, S. M. et al. Fractal nematic colloids. Nat. Commun. 8, 14026 (2017).

24. Cavallaro, M. Jr et al. Ring around the colloid. Soft Matter 9, 9099-9102 (2013).

25. de Gennes, P. G. & Prost, J. The Physics of Liquid Crystals 2nd edn (Oxford
Univ. Press, 1993).

26. Mundoor, H. & Smalyukh, I. I. Mesostructured composite materials with
electrically tunable upconverting properties. Small 11, 5572-5580 (2015).

27. Mundoor, H., Senyuk, B. & Smalyukh, L. I. Triclinic nematic colloidal crystals
from competing elastic and electrostatic interactions. Science 352,

69-73 (2016).

28. Han, Y. et al. Brownian motion of an ellipsoid. Science 314, 626-630 (2006).

29. Han, Y., Alsayed, A., Nobili, M. & Yodh, A. G. Quasi-two-dimensional
diffusion of single ellipsoids: aspect ratio and confinement effects. Phys. Rev. E
80, 011403 (2009).

30. Loudet, J. C., Hanusse, P. & Poulin, P. Stokes drag on a sphere in a nematic

liquid crystal. Science 306, 1525 (2004).

. Stark, H. & Ventzki, D. Stokes drag of spherical particles in a nematic
environment at low Ericksen numbers. Phys. Rev. E 64, 031711 (2001).

32. Turiv, T. et al. Effect of collective molecular reorientations on Brownian motion

of colloids in nematic liquid crystal. Science 342, 1351-1354 (2013).

33. Musevic, I. Optical manipulation and self-assembly of nematic colloids:
colloidal crystals and superstructures. Liq. Cryst. Today 9, 2-12 (2010).

34. Ackerman, P. J. & Smalyukh, I. I. Diversity of knot solitons in liquid crystals
manifested by linking of preimages in torons and hopfions. Phys. Rev. X 7,
011006 (2017).

—
—

3

—_

Acknowledgements

We thank P. Davidson and T. Lubensky for discussions. We acknowledge support of the
US Department of Energy, Office of Basic Energy Sciences, Division of Materials Sciences
and Engineering, under Award ER46921, contract DE-SC0010305 with the University of
Colorado Boulder, as well as partial support of the American Chemical Society
Petroleum Research Fund Grant PRF 54095-ND?7 (development of the instrument for
particle fabrication).

Author contributions

Y.Y,, A M, B.S. and LLS. conducted experimental work and analysed data. M. T.
performed numerical modelling. M. T. and LLS. wrote the manuscript, with the input
from all authors. L.IS. conceived and designed the project.

Additional information

Supplementary information is available in the online version of the paper. Reprints and
permissions information is available online at www.nature.com/reprints. Publisher’s note:
Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations. Correspondence and requests for materials should be
addressed to LLS.

Competing financial interests
The authors declare no competing financial interests.

NATURE MATERIALS | VOL 17 | JANUARY 2018 | www.nature.com/naturematerials

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://dx.doi.org/10.1038/nmat5032
http://dx.doi.org/10.1038/nmat5032
http://dx.doi.org/10.1038/nmat5032
http://www.nature.com/reprints
www.nature.com/naturematerials

NATURE MATERIALS 001: 10.1038/NMAT5032 ARTICLES

Methods

Preparation of chiral nematic colloids. Colloidal microparticles in the form of
springs and helices of different handedness were fabricated using a home-built
two-photon photopolymerization set-up shown in Supplementary Fig. 2. Each
particle was obtained by advancing the focus of a femtosecond laser beam along a
computer-programmed three-dimensional trajectory mimicking the desired shape
of a chiral particle. When this laser beam’s focus was moved within the bulk of the
photoinitiator-containing commercial monomeric mixture IP-L (obtained from
NanoScribe GmbH), this resulted in the photopolymerization of a solid tube
forming a chiral particle with predefined geometric parameters. By prescribing a
spring trajectory with different parameters, we generate surface-attached
polymerized microstructures shaped as a spring or a helix. The chiral particle’s tube
diameter was varied from 0.3 to 3 um while the overall size of particles was
controlled within the range from 3 to 15 um (Fig. 1 and Supplementary Figs 1,2).
Once detached from surfaces of substrates using mechanical agitation, these
colloidal particles were re-dispersed in an isotropic solvent (isopropanol).
Following this, the chiral colloidal objects were transferred into either a
single-compound nematic LC pentylcyanobiphenyl (5CB) or into a
room-temperature ZLI-2806 nematic mixture (both obtained from EM
Chemicals). Colloidal springs and helices induced strong tangentially degenerate
surface boundary conditions without further surface treatment or chemical
functionalization. Using capillary forces, nematic colloidal dispersions of springs
and helices were infiltrated into glass cells with the gap thickness ranging within
20-60 pm, which were made of two parallel glass plates with inner surfaces treated
to induce strong planar or perpendicular surface boundary conditions for the LC
director field n(r)*”**. To obtain monodomain nematic cells with perpendicular
surface boundary conditions for n(r), the inner surfaces of the glass substrates were
treated with a commercially available surfactant
dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium chloride (purchased
from Acros Organics). To achieve unidirectional planar boundary conditions for
n(r), the confining cell substrates were coated with 1 wt% aqueous polyvinyl
alcohol (Sigma Aldrich) and then unidirectionally rubbed.

Three-dimensional optical imaging and laser trapping. In our study, we utilize
an integrated multi-functional optical set-up capable of simultaneous 3PEF-PM
imaging, holographic optical trapping (HOT, operating at 1,064 nm), and also
conventional optical bright-field imaging and transmission-mode polarizing
microscopy. This multi-modal imaging and manipulation set-up was built around
an inverted optical microscope IX81 (purchased from Olympus)’. For the
3PEF-PM imaging, we have employed a tunable (within the spectral range of
680-1,080 nm) Ti-Sapphire femtosecond oscillator (Chameleon Ultra II, Coherent)
as the laser excitation source, which is emitting 140 fs pulses at a repetition rate of
80 MHz. The chiral colloidal particles and the chiral director structures in the
nematic LC host around them were imaged by utilizing the polarization-dependent
fluorescence signals arising due to nonlinear optical processes involving
multi-photon absorption of LC molecules within the dispersion of chiral colloids in
a nematic host**”. To optimize the imaging conditions, the excitation wavelength
of the femtosecond laser source was tuned to 870 nm, yielding strong
three-photon-absorption-based polarized excitation of the 5CB molecules. The
ensuing 3PEF-PM signals were collected in the epi-detection mode. A
commercially available photomultiplier tube (H5784-20, Hamamatsu) was used as
a detector. An Olympus 100X oil-immersion objective was used for both optical
imaging and laser trapping®**, where its high numerical aperture of 1.4 allowed us
to obtain good optical resolution™ .

This type of imaging enabled the visualization of particle orientation within the
LC on the basis of the contrast of fluorescence intensity. Moreover, unlike in the
case of the (isotropic) IP-L polymer inside particles, the fluorescence intensity that
arises from the nematic host 5CB molecules depends on the orientation of the
linear polarization direction set by a polarizer within the set-up’s excitation channel
(Fig. 11-n and Supplementary Fig. 2). The three-dimensional images containing
fluorescence intensity data dependent on the spatial coordinates within the sample
and on the polarization states of the excitation light are stored in a computer and
then used to experimentally reconstruct the director field configurations. The
analysis of such polarization-dependent 3PEF-PM image stacks composed of
individual optical ‘slices; such as the ones presented in Fig. 11-n, reveals the
dependence of the particle-induced n(r) and topological defects on the geometric
shape of our chiral colloidal particles in the nematic fluid host.

Optical video microscopy and particle tracking. Photopolymerized individual
chiral colloidal particles stay suspended in the bulk of a nematic LC host fluid. This
colloidal stability is facilitated by their Brownian motion due to thermal
fluctuations. Furthermore, elastic repulsions of the chiral particles from the
confining substrates of the glass cells also balance the gravitational forces and help
in precluding their sedimentation. To gain insights into the diffusion of particles in
the nematic fluid, we used bright-field optical microscopy and video tracking. We
determine the lateral position of a particle within each frame of a video using freely
available software (Image] and its plugins, from the National Institute of Health).

NATURE MATERIALS | www.nature.com/naturematerials

‘We then analyse the translational displacements of chiral colloidal particles with
regular time steps corresponding to the frame rates of the video. This allows us to
build the histograms of particle displacements, such as the ones shown in Figs 1¢c,d
and 3g,h. We fit the obtained experimental histograms with Gaussian distributions
and experimentally determine two independent diffusion coefficients'**', D and
D, , which characterize the diffusion of particles along and perpendicular to n,,
respectively. The Stokes—Einstein relation then also allows us to determine the
corresponding direction-dependent friction coefficients on the basis of
experiments. Subsequently, the estimated friction coefficients are used for
determining the anisotropic colloidal interaction forces between our chiral
particles*'**'. In the video microscopy experiments, we use a charge-coupled
device (CCD) camera (Flea, from PointGrey) to record videos of motion of
colloidal particles at a frame rate of 15 frames per second. The lateral positions of
chiral particles versus time are determined from captured video sequences with a
spatial precision® in the range of 7-10 nm.

Methods and procedures of numerical modelling. The interplay of chirality of the
colloidal particles and the particle-induced distortions of n(r) is also explored by a
numerical modelling approach. Our numerical procedure is based on
minimization of the Landau-de Gennes free energy"”. The free energy functional
of the LC, expressed in terms of the order parameter tensor Q, combines the
nematic elasticity, the variable nematic degree of order, and the surface anchoring
terms"*. The numerical minimization of the total free energy yields both the
theoretical characterization of n(r) orientation and the local changes in the nematic
degree of order that correspond to global or local minima of the free energy™. The
colloidal particle surfaces are defined as described below, with the parameters
tuned to match the geometric features of the corresponding experimental
counterparts. Minimization of the total free energy is performed numerically for
the tangentially degenerate surface boundary conditions using a variable
three-dimensional grid”**. This minimization yields stable or metastable n(r)
structures around particles, which are then directly compared to the
experimentally reconstructed counterparts™.

Nematic director configurations around colloidal helices and springs are
obtained via numerical minimization of the phenomenological Landau-de Gennes
free energy functional®

) N2 L L,
Fuo= | (uQ,j —bQ,QuQu+e (@) +-0.0,0Q,+ ;a,o,,akoik> dv

+W/fg(o,y)ds 1)

where Q;=Q; (i,j=1,...,3) is a traceless tensor order parameter and
summation over repeated indices is assumed. In equation (1), the parameter a
(unlike the constants b and ¢) is assumed to depend linearly on temperature T':
a(T)=a,(T-T"), where a, is a material dependent constant, and T* is the
supercooling temperature of the isotropic phase. Phenomenological parameters L,
and L, are related (via an uniaxial Ansatz for Q;) to the Frank-Oseen elastic
constants. We describe planar degenerate anchoring, with the strength coefficient
W, of colloidal particles by using

£@)=(2-a) +(@-3¢2)

with

QU:QU‘FQ;;%’ Qj:(arl —vvp) Qi (519_1/1("])
where §; is the Kronecker delta symbol, and v is the unit outward vector normal to
the confining surface®’; Q, = b/8¢ (u +4/1—64ac/ (3b2)) is the value of the scalar
order parameter in the nematic phase, which is thermodynamically favoured for
24ac/b* < 1. Colloidal particle surfaces are defined to match the geometry of the
corresponding experiments. Minimization of the free energy equation (1) is then
performed numerically by employing the adaptive mesh finite elements method, as
described in more detail in ref. 41. This minimization yields stable or metastable
n(r) configurations around particles. In our calculations, we use
4,=0.044 X 10°Jm™>, b=0.816 X 10°Jm~>, ¢ =0.45 x 10° Jm~?,
L=6x10""]m™",and L, =12 x 10" Jm™"', which are typical values for 5CB
(ref. 42) at T* =307 K. For these values of the model parameters, the bulk
correlation length £ =24/2¢ (3L, +2L,) /b~ 15 nm at the isotropic-nematic
coexistence®, 24ac/b* =1.

Geometry of colloidal helices and springs . To define colloidal helices and springs
using two-photon photopolymerization, we exploit the following parametrization
in Cartesian coordinates:

x (1) Rcost
r(t)= | y(v) | = [ £Rsint 7 €(0,4x] (2)
z (1) ht/4xn

which defines circular right-handed (+) or left-handed (—) helices and springs of
radius R and helical pitch /2. In our two-photon photopolymerization
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experiments, we set =12 um and use R=6 pum for springs and R=3 um for
helices. In the theoretical modelling, we exploit the Open Source Gmsh library* to
triangulate the surface of a helix. We set h=1.25 um, and R=0.5pm and
R=0.1pm for the spring and single helix colloids, respectively. In both cases
particles have a circular cross-section of radius r =0.1 um. Then the centre of mass
r. of a colloidal particle generated by equation (2) is defined as r. =(0,0,h/2)",
where “T” stands for ‘transpose’ To describe configurations of chiral colloidal
particles relative to the far-field director n, or with respect to each other, we rigidly
attach a right-handed orthonormal reference frame (@H , €., ;) to each particle as
follows (Supplementary Fig. 1): the first unit vector ¢; is parallel to the particle’s
long axis and is oriented in the direction of increasing 7, the second unit vector &,
is perpendicular to the particle axis and is oriented towards the spring/helix start
point (corresponding to T =0); the third vector is &; =¢; X €. For example, in the
coordinate system corresponding to equation (2), we have @H =e,e, =e, e = éy.

Code availability. All codes used in this work are freely available from the
corresponding author upon a request.

Data availability. The data that support the findings of this study are available
from the corresponding author on reasonable request.
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