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loops slowly drift away from the poles [Fig. 1A (a to d) and movie S1] 
and, upon reaching the equator, combine to form a single half-integer 
bulk defect loop called “Saturn ring,” as well as the corresponding 
quadrupolar n(r)-configuration with l = 2 and m = −1 (Fig. 1A, e) 
(16, 31). Then, the Saturn ring starts moving toward one of the 
poles of the droplet (Fig. 1A, f and g), eventually transforming into 
a bulk point defect of elementary hedgehog charge; the correspond-
ing dipolar n(r)-configuration (Fig. 1A, h) has l = 1 and m = +1. 
Polarizing and bright-field microscopy textures (Fig.  1,  A  and  B, 
respectively) reveal details of these transformations, with the corre-
sponding schematics and numerical visualizations of elastic multi-
poles shown in Fig. 1 (C and D). Note that, during the first phase of 
the transformations (Fig. 1A, b to d), when two quarter-integer sur-
face defect loops are moving toward the equator, the polarizing micro-
graphs feature eight bright lobes around the droplet (fig. S2A), as in 
the elastic hexadecapoles with conically degenerate surface anchor-
ing (fig. S2E) studied recently (17–19). These experimentally ob-
served topological transformations of elastic multipoles are caused 
by tangential-to-homeotropic changes of patchy surface anchoring 

boundary conditions at the LC-glycerol interface (Fig. 2, A to C). 
SDS molecules are initially evenly dispersed within the volume of 
the glycerol droplet (Fig. 2A), but with time, they diffuse to and self- 
organize at the LC-glycerol interface and cause the surface anchoring 
transition. Nucleation of surfactant monolayer islands with homeo-
tropic anchoring typically starts at the poles of the droplet (Fig. 2B) 
because the ensuing local change of boundary conditions minimizes 
the corresponding elastic energy. Self-assembled surfactant islands 
with homeotropic boundary conditions at the poles open the boo-
jums into quarter-integer surface defect loops and, with time, trans-
form elastic quadrupoles into hexadecapoles with mixed anchoring 
[Figs. 1B (b) and 2B], different from hexadecapoles studied previ-
ously (17, 18). Increasing the surfactant density leads to the growth 
of these patches with homeotropic boundary conditions, expanding 
dynamics of the surface defect loops that then move toward the 
equator (Fig.  1B, b to d). As the two patches with homeotropic 
boundary conditions meet at the equator and two quarter-integer 
surface disclination loops merge to form a half-integer bulk discli-
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into an elastic quadrupole with a Saturn ring [Figs. 1A (e) and 2C]. 
The transformation from a Saturn ring quadrupole to an elastic di-
pole is nearly twice faster than the transformation from a boojum 
quadrupole to a Saturn ring quadrupole (Fig. 2D). Figure 3 shows 
the corresponding results of numerical computer simulations, where 
boundary conditions are continuously changed from tangential to 
homeotropic starting from the poles, mimicking the experimental 
observations (Materials and Methods). Computer-simulated polar-
izing optical microscopy textures of transformations of the director 
structure around the droplet and corresponding elastic multipoles 
(Fig. 3 and movies S2) are in excellent agreement with the experi-
mental observations.

By controlling the amount of the added surfactant, one can stop 
topological transformations at different desired stages with a specific 
director configuration around the droplet and a resulting elastic multi-
pole. Although topological transformations from a boojum quadru-
pole to an elastic dipole are rather interesting, even more exciting 
are the intermediate states that correspond to the observed elastic 
hexadecapoles [Figs. 3A (b and c) and 4] and octupoles [Figs. 3D (b 
to d) and 5] formed by droplets with mixed patchy tangential- 
homeotropic surface anchoring. The growth of self-assembled sur-
factant islands is an out-of-equilibrium process that enriches accessible 
structures during transformation by prompting the appearance of 
states that cannot be found during conventional switching transi-
tions, say when induced by electric fields (7, 25). As we discuss in 
detail below, the observed transformations of elastic multipoles 
conserve topological charges of the induced defects like boojums, 
hedgehogs, and Saturn rings while they all compensate the effective 

topological charge due to uniform or mixed boundary conditions 
on the spherical droplet’s surface (7, 13, 21, 34).

Elastic hexadecapoles with mixed patchy anchoring
The configuration of n(r) around the droplet intermediate between 
a boojum quadrupole and a Saturn ring quadrupole is hexadecapolar 
[Figs. 3A (b and c) and 4 and fig. S2]. A polarizing optical micro-
graph (Fig. 4A) shows eight bright lobes around the perimeter of 
the droplet separated by narrow dark regions within which n(r) is 
parallel to polarizer or analyzer. Director field deviates away from 
n0 in the regions of bright lobes. In addition, insertion of the phase 
retardation plate into the polarizing microscope’s optical path re-
veals that the tilt of n(r) with respect to n0 is different within adja-
cent bright lobes (Fig. 4B) and switches between clockwise (blue color 
in the texture) and counterclockwise (yellow color in the texture) 
directions eight times along the perimeter. These textural features 
and n(r) are similar to the ones exhibited by an elastic hexadecapole 
(fig. S2, E to H) previously found forming around colloidal particles 
with conically degenerate surface anchoring (17–19). However, the 
n(r)-structure and defects in the hexadecapoles with tilted anchor-
ing are different from that in hexadecapoles with mixed anchoring 
observed here. First, bright-field textures of hexadecapoles with 
mixed anchoring (Fig. 4C) reveal the presence of two quarter-integer 
surface defect loops, which separate areas with tangential and normal 
boundary conditions [Figs. 1A (b and c) and 3A (b and c)], whereas 
hexadecapoles with conically degenerate anchoring have two boo-
jums at the poles and one defect loop at the equator [compare Fig. 4 
(A to D) and fig. S2 (E to G)]. Second, the hexadecapolar structure 
observed in the current study has four bright lobes corresponding 
to the areas with tangential boundary conditions, and four bright 
lobes close to the poles correspond to the areas with homeotropic 
boundary conditions of the droplet. Experimental textures (Fig. 4, A 
to C) reveal the detailed n(r) around the droplet (Fig. 4D), which is in 
good agreement with numerical modeling (Fig. 3A, b or c) (17–19, 31). 
A color map of the projection nx of n(r) onto the x axis orthogonal 
to n0 highlights positive, near-zero, and n8017 Tsj
/T1_1 1 Tf
-0.01601 Tc 0.008 Tw 0.388 0 4+3.2454138 302.8335 Tw (x)Tj
/T1_1 1 Tj
-0.017 Tw 9.5 0 0 9496.42.8391 304.23 [(ons [Figs.� 427.2B 3A (b are )]TJ
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into the pair interaction potential behavior even at distances corre-
sponding to only few particle sizes, although singular defects and 
near-field effects start playing important roles when R is becoming 
comparable to the droplet diameter. The q-dependent elastic pair 
interactions of hexadecapoles have eight zones of attraction sepa-
rated by eight zones of repulsion (17–19), which correlate with eight 
bright lobes in polarizing optical micrographs. Two droplets attract 
if zones of the same color (Fig. 4B) in the polarizing textures with a 
phase retardation plate radially face each other. Pair interactions of 
hexadecapoles with mixed anchoring depend on relative areas of 
patches with dissimilar anchoring, with quadrupolar interactions 
dominating when their size is very different [Fig. 3, A (b) and B (b)]. 
The quadrupolar moment is at minimum and hexadecapole mo-
ment is maximized when the sizes of the bright (Fig. 4A) or blue 
and yellow (Fig. 4B) lobes along the droplet perimeter in polarizing 

textures are comparable [see also Fig. 3 (A and B, c)]. For example, 
the ratio between the hexadecapolar (b4) and quadrupolar (b2) mo-
ments obtained from fitting (Fig. 4F) is b4/b2 ≈ 1.93 at q ≈ 38°. While 
the far-field director structure and interactions of such droplets are 
consistent with their leading-order hexadecapole nature, note that 
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right after the sample preparation (Fig. 6A, a), when strong homeo-
tropic boundary conditions (Fig. 6B, a) are defined by DMOAP 
molecules at the interface. With time, however, this dipolar config-
uration becomes unstable and the hedgehog opens into the half- 
integer disclination loop, the Saturn ring, which then expands and 
moves toward the equator [Fig. 6A (b) and movie S4]. This trans-
formation of the hedgehog into the Saturn ring configuration can 
be explained by weakening of the homeotropic surface anchoring, 
which might be caused by a slow dissociation of DMOAP molecules 
from the interface (37). While full understanding of the nature of 
this anchoring weakening at the interface will require separate de-
tailed studies, a possible reason is that the trace amounts of water 
within glycerol cause DMOAP molecules to dimerize/polymerize 
and be less effective in inducing the homeotropic interfacial bound-
ary conditions for the director and even eventually to dissociate 
from the interface. The change of the surface anchoring strength 
alters the interplay between surface and bulk elastic free energy con-
tribution, causing the out-of-equilibrium structural transforma-
tions that allow the system to reduce the overall free energy via 
transformation to the quadrupolar structure (24, 25, 38). After the 
Saturn ring of a half-integer disclination reaches the equator, it 
splits into two quarter-integer surface disclinations moving toward 
the droplet poles [Fig. 6A (c and d) and movie S4]. The Saturn ring 
splits into two disclinations when boundary conditions at the equa-
tor locally change from homeotropic to tangential, being a reverse 
process of what we described above during the surfactant self- 
assembly causing the growth of homeotropic anchoring patches. 

The two quarter-integer surface disclinations separate regions of 
dissimilar, tangential and homeotropic, boundary conditions and move 
toward poles as an area with tangential boundary conditions con-
tinuously grows out from the near-equator region. The area with 
tangential boundary conditions nucleates at the equator because a 
change of boundary conditions from homeotropic to tangential de-
creases director deformations [n(r) becomes parallel to n0] at the 
equator and corresponding elastic energy. The loops of quarter- 
integer surface disclinations eventually contract into two boojums 
[Fig. 6, A (e) and C, and movie S4] after they reach the poles of the 
droplet. These transformations of elastic multipoles from an elastic 
dipole to a boojum quadrupole undergo with conservation of to-
pological charges and become possible because of the change of 
boundary conditions at the LC-glycerol interface from homeotropic 
to tangential. The patchy surface anchoring transition likely hap-
pens because of hydrolysis of silane groups and polymerization 
of individual DMOAP molecules initially located at the LC-glycerol 
interface but eventually desorbing from it. This patchy out-of- 
equilibrium anchoring transition drives transformation of multi-
polar structures that is remarkably similar (but in opposite direction) 
to that of a boojum quadrupole to a hedgehog dipole transfor-
mation discussed above. Numerical modeling once again reproduc-
es the entire transformation sequence while additionally revealing 
the final stage of transformation when boojums inherit the half-ring 
handle-like geometry (Fig. 6C and movie S5), similar to that pre-
viously studied for solid colloidal particles with different ge-
nus (22, 39).
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Fusion, splitting, and other transformations 
of singular defects
Structures of dipolar and quadrupolar director distortions, with ac-
companying hedgehog, Saturn ring, and boojum defects, are widely 
studied and well understood [Fig. 1C (a, e, and h)] (2, 3, 13, 22, 23). 
In all these cases, the droplet-induced defects appear to match well- 
defined tangential or homeotropic boundary conditions at the LC- 
droplet interface to the uniform far-field alignment. A spherical 
glycerol droplet has a genus equal to zero and Euler characteristic 
cEuler = 2. Consistent with topological theorems (2, 3, 13, 22, 23), the 
hedgehog charge of the three-dimensional topological defects 
p2( 𝕊 2/ℤ2) = ℤ induced in the nematic LC bulk [the hyperbolic hedgehog 
point defect and the equivalent to it Saturn ring of p1( 𝕊 2/ℤ2) = ℤ2 
disclination] that compensates the hedgehog charge of surface bound-
ary conditions at the drop surface is equal ±cEuler/2 = ±1; the sign of 
the induced defect can be determined upon decorating the non-
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from the poles; this behavior arises as a result of interaction and fu-
sion of distinct singular cores of a boojum defect and a disclination 
loop surrounding the island. While the structures of cores of defects 
with locally reduced scalar order parameter look more complex when 
surfactant islands nucleate away from the top/bottom poles (Fig. 7, 
D, E, I, M, N, and inset of O), their net charge in the interfacial di-
rector field still adds to cEuler = 2, with a unity winding number per 
top/bottom hemisphere. Well-defined defect structures are important 
for controlling spatial localization of various nanoparticles and even 
self-assembled molecular structures (13), which makes our finding 
particularly interesting because the observed transformations of defect 
structures could be potentially used for reconfiguration of defect- 
entrapped nanostructures.

DISCUSSION
Our results indicate that self-assembly of surfactant molecules can 
drive transformation of defects and director structures surrounding 
isotropic liquid droplets within LC emulsions formed from both 
single-compound LCs such as 5CB and various nematic mixtures. 
Our study can be extended to explore the differences between such 
transformations in emulsions with single- and multicomponent 
LCs, where various forms of interfacial phase separation could play 
a role in the latter case. Our observations for large droplets of size 
r0≫ K/W are consistent with the regime of strong polar anchoring 
imposed by patches of the droplet surface with or without surfac-
tant monolayers. The polar anchoring surface boundary conditions 
for micrometer-sized drops and K ~ 10−11 N and W ~ 10−5 J/m2 can 
be considered as strong because the minimization of the total free 
energy mainly occurs through relaxation of the director structure 
within the LC bulk while keeping the director at LC-droplet inter-
faces fixed along the spatially varying easy orientation determined 
by the patchy distribution of surfactant molecules at the LC-droplet 
interface. One can envisage even richer behavior occurring as the 
droplet size would be reduced first to the regime of soft boundary 
conditions, where surface and bulk terms could be comparable and 
compete, and then to the regime of small drops when the surface 
energy would be relaxed while keeping bulk director distortions at 
minimum. The latter regime could be analogous to what was already 
observed for LC nanodroplets (42) so that the LC surrounding could 
drive patterning of surfactants within the droplet surfaces without 
elastic director distortions around the droplet. Isotropic fluid droplets, 
surfactant monolayers, and the surrounding LC could all be polym-
erized by fixing respective configurations through cross-linking and 
could be decorated with various nanoparticles, potentially offering 
new routes for hierarchical assembly of structured materials. When 
using microfluidics, droplet dimensions and amounts of accessible 
surfactants could be controlled rather precisely, potentially allowing for 
fabrication of emulsions with monodisperse droplet sizes, surfactant 
coverage, and types of elastic multipoles induced by the droplets within 
the emulsions (13). This could allow for probing elasticity- mediated 
colloidal self-assembly due to high-order elastic multipoles and forma-
tion of various mesostructured composite materials enabled by self- 
assembly of reconfigurable elastic colloidal multipoles. Nematic emulsions 
with out-of-equilibrium structural transformations could be also engi-
neered for various biodetection applications (4, 14, 15), where differ-
ent elastic multipoles and defect structures could potentially serve 
as reporters of biological molecules and microbes at the LC-fluid 
interfaces (note that water could be used instead of glycerol).

MATERIALS AND METHODS
Samples preparation and imaging techniques
Two different LCs were used as hosts for the glycerol (Sigma-Aldrich; 
fig. S1A) droplets: 5CB (from Frinton Laboratories Inc.) and ZLI-
2806 (EMD Performance Materials Corp.). A small amount (<0.1 wt %) 
of surfactant had been mixed with glycerol to alter a surface anchor-
ing for LC molecules at the interface between LC and glycerol drop-
lets. We mixed glycerol with an SDS surfactant (fig. S1B) for 
droplets in ZLI-2806 and an alignment agent DMOAP (fig. S1C) for 
droplets in 5CB. To obtain micrometer-sized spherical droplets in a 
nematic host, the glycerol mixture was added to the LC and then 
kC mo Tj152-1.Two 
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The free energy density, fLdG, is the sum of bulk (describing isotropic/
nematic phase transition) and elastic energies (accounting for penaliz-
ing nematic distortion from the uniform configuration) given by

   f  LdG   =   
 A  0  

 ─ 2   (  1 −   U ─ 3   )  Tr( Q   2  ) −   
 A  0   U

 ─ 3   Tr( Q   3  ) +   
 A  0   U

 ─ 4    (Tr( Q   2  ) )   
2
  +   L ─ 2    (𝛁Q)   2    (10)

The relaxation rate is controlled by the collective rotational dif-
fusion constant G. The phenomenological coefficient A0 sets the 
energy scale, U controls the magnitude of the order parameter, and 
L is the elastic constant in the one-elastic constant approximation. 
At the droplet surface with unit normal , the anchoring condition 
is imposed by adding a surface term to the free energy

   ℱ  surf   =  ∫ 
∂V

      f  surf   dS  (11)

where the integration is performed over the surface of the droplet 
∂V. Note that hybrid types of anchoring of the director field is en-
forced at the droplet surface. In a portion of the droplet with the 
homeotropic anchoring, the Rapini-Papoular–like surface free en-
ergy density of the form

   f  surf   =   1 ─ 2   W  (Q −  Q   0 )   
2
   (12)

is used, which quadratically penalizes the deviation from the surface- 
preferred tensorial order parameter Q0 = Seq( − I/3). The fourth- 
order Fournier-Galatola free energy density is adopted to apply the 
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