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Spindle-shaped nematic droplets (tactoids) form in solutions of rod-like molecules at the onset
of the liquid crystalline phase. Their unique shape and internal structure result from the interplay
of the elastic deformation of the nematic and anisotropic surface forces. The balance of these
forces dictates that tactoids must display a continuous variation in aspect ratio and director-field
configuration. Yet, such continuous transition has eluded observation for decades: tactoids have
displayed either a bipolar configuration with particles aligned parallel to the droplet interface, or a
homogeneous configuration with particles aligned parallel to the long axis of the tactoid. Here, we
report the first observation of the continuous transition in shape and director-field configuration of
tactoids in true solutions of carbon nanotubes in chlorosulfonic acid. This observation is possible
because the exceptional length of carbon nanotubes shifts the transition to a size range that can be
visualized by optical microscopy. Polarization micrographs yield the interfacial and elastic properties
of the system. Absorbance anisotropy measurements provide the highest nematic order parameter (S
= 0.79) measured to date for a nematic phase of carbon nanotubes at coexistence with its isotropic
phase.

PACS numbers: 61.30.Cz, 61.30.-v, 64.70.M-, 82.70.Dd

I. INTRODUCTION

the exception of the recent report of homogeneous tac-

The shape of the interfaces between simple fluids such
as water and oil is solely governed by interfacial tension.
In complex fluids such as liquid crystals, interfacial shape
is controlled by the competition of interfacial tension and
bulk elasticity, which in turn depend on the molecular ori-
entation and alignment. A good example of this compe-
tition is the spindle shape of nematic droplets (tactoids
coexisting with the isotropic phase in liquid crystals ﬂ, |
(Fig. Ih).

Tactoids have been observed for over a hundred years
in fluids containing highly elongated colloids or macro-
molecules [2-d]. So far, the observed tactoids have dis-
played only a bipolar configuration, where the director
field (representative of the local molecular orientation)
is parallel to the interface and converges at two surface
point defects called boojums (Fig.Db) [26, 10, [11], with

* These authors contributed equally to this work
T To whom correspondence and requests for materials should be
addressed. Email address: mp@Qrice.edu

toids (uniform director field, Fig. [Ik) in aqueous carbon
nanotube (CNT) suspensions [9]. Yet, macroscopic the-
ory predicts that tactoids should display a continuous
range of configurations from homogeneous towards bipo-
lar, including intermediate configurations, where the boo-
jums are outside the droplet (virtual boojums, Fig. [Id).
The shape of the tactoids as described by the aspect ratio
R/r varies from almost needle-like in the limit of small
size to spheroidal in the limit of large size, where R and
r are the length of the major and minor axes (Fig. [Ik).
Large and small are relative to a length scale set by the
elastic and surface properties of the nematic and hence
on the dimensions of the molecules (See sec. [I[A]). The
director-field configuration of the tactoid is described by
the bipolarness ratio R/R, where R > R is the distance
between the boojums. Here, we present the first experi-
mental evidence of the gradual transition from a homo-
geneous (R — o0) to a bipolar (R = R) configuration
and from a very elongated towards a spheroidal shape in
tactoids of CNTs in chlorosulfonic acid (CSA). By fitting
macroscopic theory to our experimental data, we extract
information on the elastic and surface properties of the
nematic. We also determine the scalar order parameter
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of nematic phase of CNT's in CSA using absorption mea-
surements.

II. MATERIALS AND TECHNIQUES

We used a solution of double and triple-walled CCNI
CNTs (Continental Carbon Nanotechnologies, Inc.)
(1000 ppm by weight) in CSA (99% purity, purchased
from Sigma Aldrich). The prepared solutions were speed
mixed (DAC 150.1 FV-K, Flack Tek Inc) for 2.5 hrs, fol-
lowed by stir bar mixing for 24 hrs and bath sonication
(Bransonic M1800) for 25 hrs. The CNT length after
sonication was L = 1 ym. The solution was loaded into
rectangular glass capillaries (0.2 mm %2 mm, used as
received), which were flame sealed at the ends to pre-
vent exposure to humidity in air. In order to let our
system reach equilibrium, the sealed capillaries were al-
lowed to rest for 15 days. From the thermodynamic per-
spective, tactoids are structures in local equilibrium that
form at the isotropic-nematic coexistence. Therefore, we
can measure the shape, size, and director field configu-
ration of tactoids any time after they reach local equi-
librium associated with the minimum free energy. Note
that the system is kinetically evolving with tactoids coa-
lescing to form two continuous phases at the global ther-
modynamic equilibrium. The two separated nematic and
isotropic phases may only be achieved after years (two-
year-old capillaries contain a few giant tactoids and few
small tactoids). We measured the major and minor axes
and the director field configuration of more than two hun-
dred tactoids using polarizing optical microscopy (Fig. )
(Zeiss AxioPlan 2 and a 10x(NA = 0.2) dry objective).
Images were recorded with a cooled charge-coupled de-
vice (CCD) camera (AxioCam Zeiss). All the size and
shape determinations were performed using ImageJ soft-
ware package (available from the National Institute of
Health website) by fitting an ellipse that envelopes a
tactoid. Optical absorption spectra of a CNT nematic
were measured through a pinhole of 10 pm (Thorlabs,
Inc.) using a spectrometer USB2000 (OceanOptics) and
a 100x(NA = 1.4) oil objective mounted on an Olympus
inverted microscope X81. Birefringence at A\ = 546 nm
was determined using a Berek compensator (Olympus).

III. RESULTS AND DISCUSSIONS
A. Shape and Director field of tactoids

The director field n(r) configurations were determined
by imaging tactoids at different orientations between
crossed polarizers and classifying the optical textures
based on literature on bipolar [2,[10] and homogenous [9]
tactoids, as well as Jones matrix calculations [12] of
tactoids with representative configurations. Optical tex-
tures were simulated using size (R) and shape (R/r) mea-
surements of the tactoids at 1000 ppm in Figs. [[k-g and
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FIG. 1. (color online) Nematic tactoids of different configu-
rations formed in a solution of carbon nanotubes in chloro-
sulfonic acid at 1000 ppm. (a) Polarized optical micrograph
showing a collection of tactoids of various size and extinction
pattern related to the director-field configuration. Arrows
show the orientation of crossed polarizers. Schematic repre-
sentation of (b) bipolar with boojum surface defects at the
poles, (c) homogenous, and (d) intermediate tactoids charac-
terized by virtual boojums outside of the droplet. R and r
denote the major and minor axes of the tactoid, respectively.
(e) Optical texture of a bipolar tactoid at the brightest trans-
mission at 45° with respect to the polarizers (top), two dark
brushes appearing towards the interface as tactoid is rotated
(middle) and a dark cross at the center with bright lobes close
to the droplet interface when parallel to either of the polariz-
ers (bottom). (f) Optical texture of a homogeneous tactoids
with a uniform change in brightness as it rotates away from
45° (top to bottom). (g) Optical texture of an intermediate
tactoid with a non-uniform brightness change (top to bottom)
and a low-contrast cross at the center (bottom). All the scale
bars are 100 pm.



Bl and birefringence An estimated approximately for this
concentration using the Michel-Levy interference color
chart. Fig. 2 shows experimental and simulated optical
textures of tactoids with R/R of 1 (bipolar), 0 (homoge-
nous), and 0.75 (intermediate), and their major axis ro-
tated clockwise with respect to a polarizer by 0°, 15°,
30° and 45°. Bipolar tactoids show four dark brushes
crossing at the center when either of the crossed polar-
izers is aligned with the major axis of the tactoid. By
rotating the tactoid, the dark cross splits into two dark
curved brushes that move away from each other (Fig.[Ik).
Homogenous tactoids show a uniform change in bright-
ness when the tactoid is rotated from 0° to 45° relative
to either of the polarizers, and are uniformly dark at
0° (Fig. [If). Intermediate tactoids show a non-uniform
optical texture upon rotation, and low-contrast crossed
brushes spread over most of the tactoid area when ei-
ther of the polarizers is aligned along the tactoid axis
(Fig. Ik). Textures of homogeneous tactoids have a mir-
ror symmetry with respect to planes perpendicular to
the field of view and going along a major or minor axis
at any rotation angle with respect to crossed polarizers
(Fig. Bb). Textures of bipolar and intermediate tactoids
have the same mirror symmetry only when at an angle
of 0°, £45°, and +90° to the polarizer; at other orien-
tation they both have inversion symmetry with respect
to the center of the tactoid (Fig. Ph,c). The difference
between the optical texture of a bipolar and intermedi-
ate tactoid is that the ends of the dark brushes along the
major axis appear much sharper in the cusps of bipolar
tactoids because the director field lines converge on the
droplet poles (Fig. [Ib); ends of a brush along the major
axis of the intermediate tactoid do not converge on the
poles but spread across cusps.

Fig. Bh summarizes measurements on size, shape and
configuration of a set of tactoids. Small tactoids (R < 35
pum, green circles) display a homogeneous director field,
intermediate-size tactoids (35 < R < 90 pm, red dia-
monds) display an intermediate director field, and large
tactoids (R > 90 pm, purple squares) are bipolar. These
observations demonstrate that the whole range of tac-
toid morphologies can be observed in a single sample.
As tactoids grow larger, their shape crosses over from
highly elongated with an average aspect ratio of =~ 5 to
spheroidal with smallest observed aspect ratio of ~ 2.
Our largest tactoids are comparable in size to the thick-
ness of the capillary (200 um) and hence we do not expect
to see spherical tactoids in our system.

The equilibrium shape (described by the unit surface
normal q) and director-field configuration (described by
the unit vector n) minimize the sum of elastic and surface
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FIG. 2. (color online) Experimental (at 1000 ppm) and sim-
ulated (at An = 0.0019) polarized micrographs of bipolar,
homogenous, and intermediate tactoids as rotated between
crossed polarizers. (a) In a bipolar tactoid (R/r = 3.0) the
director lines converge on the droplet cusps (R = R), (b)
in a homogenous tactoid (R/r = 5.7) director field lines con-
verge at infinity (R — 00). (c) The intermediate configuration
(R/r = 3.9) is a results of a gradual movement of boojums
toward the droplet cusps. All the scale bars are 100 pm.

free energies [1]
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where V and A are the volume and area of the tactoid,
k11, k33, and koy are the splay, bend, and saddle-splay
Frank elastic constants, 7 is the interfacial tension be-
tween the isotropic phase and the nematic phase when
the molecules are aligned parallel to the interface, and
W is the surface anchoring strength and accounts for the
effect of non-planar molecular orientation on interfacial
tension. Polarizing microscopy textures (Fig.[I) indicate
that CNTs prefer planar anchoring (W > 0) at the in-



terface as expected from theory and simulations M]
The equilibrium shape of a tactoid can be computed by
minimizing the free energy F' at a fixed value of the vol-
ume V. Rather than doing an unconstrained minimiza-
tion, we follow Prinsen and van der Schoot ﬂ] and assume
a bispherical director field and axial symmetry that cap-
ture the shape of our tactoids. The optimization is then
with respect to the aspect ratio and bipolarness of the
director field.

It is convenient to group free energy parameters
into A\ = (ki1 — ku)/tw, w = W/r, and 733 =
k33/(ki1 — koa)—for a symmetric tactoid kos merely
rescales ki, [1]. A scaling analysis of Eq. [l shows that
A is the extrapolation length that controls the crossover
from elasticity-dominated alignment (homogeneous) to
anchoring-dominated alignment (bipolar) ﬂ] The mag-
nitude of w determines the aspect ratio of the tactoids in
the limit of small size corresponding to a homogenous di-
rector field configuration [17]. The influence of 33, which
measures the relative strength of the bend and splay elas-
ticity, is expected to be the greatest for bipolar tactoids
where the competition between splay and bend deforma-
tion energies vs surface energy determines the shape ﬂ]

We obtained A, w, and 33 by a global least-squares fit
to the measured aspect ratio vs size (see Ref ﬂ] for details
of the theory), and compared our experimental results
to theoretical predictions for the director-field configura-
tions. Note that there is scatter in the data related to
experimental accuracy and the slow time evolution of the
tactoids, see Appendix [Al We performed a “bootstrap”
statistical analysis to compute confidence intervals on the
parameters ﬂﬁj The original data set shown in Fig. Bh
was resampled a 1000 times by drawing data points ran-
domly from the set with replacement. Fitting the the-
ory to the resampled data sets generates a probability
distribution for the parameters along with the marginal
histograms (Figs. Bb).

Box plots in Fig. Bb show the median (red line), the
median of the lower and the upper half of the data set
(the lower and the upper quartiles, the blue edges of the
box), and 1.5 times of the distance between the lower
and the upper quartiles (black whiskers). The open cir-
cles in the graphs indicate outliers that are not within
the indicated ranges. For example, the distribution of
dimensionless anchoring strength w confidence interval
(CI), the value must be between 5.5 and 5.7 with the
median of 5.6. Within a 99% CI (presuming a normal
distribution), the value ranges between 5.2 and 6. The
theoretical prediction for the aspect ratio and the director
field configuration are plotted in Fig.[Bh (solid and dashed
lines, respectively) with the median bootstrap values of
the parameters (A ~ 13.9 pym, w ~ 5.6, and 33 ~ 1.3).
The theoretical predictions are consistent with the trend
of the data, including the onset of the crossover from ho-
mogenous towards bipolar (R/R = 0.5) at a major axis
size of 35 um.

We are able to observe this crossover because of
the very large extrapolation length associated with
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FIG. 3. (color online) Tactoid size and shape measurements
and statistical analysis. (a) Aspect ratio and director field
as a function of major axis length of 229 tactoids. The solid
black line shows the theoretical prediction with the median
bootstrap parameters w = 5.6, A = 13.9 pum, and 733 = 1.3.
The dashed line shows the predicted level of bipolarness of the
director field described by the relative length of the tactoids
and the distance between the virtual boojums. The doted
blue lines show the upper and lower 95% confidence inter-
val on the aspect ratio, see Appendix[Al (b) Box plots show
distribution of the bootstrapped parameters w, A\, and 33
with marginal histogram of each parameter. Each box plot is
based on fitting the theory to 1000 random resampling of the
original data set shown in (a). The top and bottom edges of
the boxes denote the upper and the lower quartiles, solid red
lines show the medians, open circles show the outliers, and
whiskers show the most extreme points within 1.5 times of
the interquartile range.

our specific system (A bootstrap median ~ 13.9 pm,
2Rcrossover X A). Theoretically, we can show that for
monodisperse hard rods, we expect A = 13L, see Ap-
pendix Bl The CNTs used in this study have L ~ 1 um,
longer than particles used elsewhere. This explains why
in the literature almost only bipolar tactoids have been
observed @, , , ] However, we note that the elas-
tic and surface properties of the coexisting phases are
sensitive to the type of molecular interactions, flexibility,



and polydispersity; hence this prefactor may change for a
polydisperse system where the nematic phase is enriched
with longer rods.

The only study that showed homogenous tactoids is
that of bile salt-stabilized CNTs in water by Puech et al.
ﬂg] However, their experimental system was 10 — 20 pm
wide and only yielded small tactoids below the crossover
size with homogenous director fields HE] Their reported
value (w = 4) is comparable to our estimate of w ~ 5.6
(bootstrap median, 99% CI = 5.2 to 6, see Fig.Bb). Both
of these values are larger than the theoretical predictions
for the dimensionless anchoring strength 0.5 < w < 1.5
of rod-like particles, allowing for varying bending flexi-
bility ﬂﬁ—lﬁ, 24, ] A plausible candidate for this dis-
crepancy is length polydispersity. In length polydisperse
systems the longer rods accumulate in the nematic phase,
and preferentially lie along the interface ﬂﬂ]

Bipolar tactoids have been observed in variety of sys-
tems E—B, ] In a few cases, the theory is fitted to the
size measurements ﬂ, E, , @] However, because of the
limited number of data points, the absence of a proper
statistical analysis, and a data set that does not cover all
of the director-field configurations, only lower estimates
for w could be obtained ranging from about 10 to infin-
ity @, , , ] For these systems values of wA range
from 1 to 8 pm, which is well below our measured value
of Aw &~ 78 pum explaining once again why the crossover
towards homogenous regime has not been observed so far.
Furthermore, using data sets that fail to cover spherical
shape limit can result in uncertain values of 733 @], im-
plying that the uncertainty in our value (bootstrap ~yss
median ~ 1.3, 99% CI = 0 to 16.3, see Fig. Bb) and the
values obtained in these studies are large. Values of 733
reported in the literature range from 20 to 60 @, .16, ﬁ],
which fall in the outlier region for our measurements (see

Fig. Bb).

B. Order parameter and optical properties of
nematic phase in tactoids

In our system, tactoids are large enough to investi-
gate the average alignment of CNTs in a nematic phase
(described by the scalar order parameter S). CNTs are
optically uniaxial @] and so is the nematic phase; there-
fore, the level of alignment can be determined by mea-
suring the absorption anisotropy m—lﬂ] of the CNT ne-
matic. We measure absorption spectra for light polar-
ized parallel Aj| and perpendicular A to the major axis
(Fig. M) and determine the scalar order parameter via
S =(A—AL)/(A)+2AL) [23,[24]. The absorption spec-
tra are measured in the uniformly aligned central part
(see schematics of n(r) in Fig. [[b-d) of tactoids formed
in 3000 ppm by weight solution of CNTs in CSA in a
200 pm capillary (Fig. @h). Results for the parallel and
the perpendicular orientations are shown in Fig.@b. The
scalar order parameter evaluated at the maximum paral-
lel absorption A at the wavelength of A = 622 nm gives
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FIG. 4. (color online) Order parameter measurement in tac-
toids using absorption anisotropy. (a) Optical textures of a
CNT tactoid at 3000 ppm obtained between parallel polar-
izers ‘P’ and ‘A’ with its major axis oriented parallel (top)
and perpendicular (bottom) to the polarizers. (b) Optical
absorption spectra for nematic phase in solution of CNT in
CSA measured at the center of the tactoid (yellow circle in

(a))-

a value of S = 0.79. Using the integrated absorptions
over the measured absorption band from 450 to 700 nm
results in a similar value of S = 0.74. The scalar order
parameter measured here is slightly larger than the val-
ues measured for other systems of rod-like particles at
coexistence [25128].

The measured value is consistent with predictions
of the Onsager model that yields an order parameter
of about 0.79 for monodisperse hard rods at coexis-
tence @@] However, our system deviates from the
classical Onsager-like hard-rod model in two ways. First,
our CNTs do not interact via a hard-core potential;
the CSA solvent charges the CNTs and stabilizes them
against the van der Waals attractions @] Second, our
system is polydisperse, in particular in length; no reliable
estimate is available for the nematic order parameter in
polydisperse rod-like systems at coexistence. The theo-
retical predictions give values very close to unity @, @],
however, these estimates are based on approximate ori-
entational distribution functions known to vastly overes-
timate the order parameter at coexistence.

We also probe an optical birefringence of a CNT ne-
matic in tactoids, which is a macroscopic property closely
related to the order parameter of the tubes. The opti-
cal birefringence of a well-aligned nematic is defined as
An = n| —ng, where n and n are refractive indices
measured for light polarized respectively parallel and per-
pendicular to the main optical axis of the nematic. The
optical birefringence in the first approximation is propor-
tional to the microscopic order parameter of the nematic
phase as |An| o« S [35] and depends on concentration
of nanotubes [22]. We measured An ~ 0.0044 — 0.0062
for the nematic phase in tactoids formed in CNTs-CSA
solution at slightly higher concentration of 3000 ppm by
weight using a Berek compensator (Olympus) at A = 546
nm. The obtained values are within the range of birefrin-
gence measured previously in water-based suspensions of



CNTs at different concentrations and aligned by a shear
flow ﬂﬂ] The difference of optical birefringence mea-
sured for tactoids of different size was within an error of
measurements by the Berek compensator we used, which
allows us to conclude that it is independent of the size
of tactoids in the measured range of sizes (tens of mi-
crons) and is determined by the CNT concentration and
the order parameter.

IV. CONCLUSION

We have shown that nematic tactoids with high degree
of orientational order emerge in solutions of very long,
CNTs in CSA. We have, to our knowledge, revealed for
the first time the crossover in the director field from ho-
mogenous towards bipolar corresponding to shape tran-
sition from highly elongated towards spheroidal. Direct
comparison of our observations with macroscopic theory
enabled us to estimate the anchoring strength of the di-
rector field to the isotropic-nematic interface, the ratio
of the bend and splay elastic constants, as well as the
so-called extrapolation length that measures the relative
strength of the elastic and surface forces. Optical prob-
ing of the crossover is only possible if the extrapolation
length is large, which requires the rod-like particles to be
sufficiently long, as is the case for our CNTs.

In addition to an intrinsic fundamental interest, CNT
tactoids hold great potential technological relevance. A
high degree of CNT alignment, in conjunction with the
spatial uniformity of such alignment, are crucial for real-
izing the exceptional properties of CNT in macroscopic
materials. For example, wet spinning of CNT liquid
crystalline has proved to be effective in forming highly
aligned, continuous CNT fibers with high strength and
conductivity [36], while biphasic solutions of CNTs in
acids have been shown to yield highly conductive, trans-
parent films ﬂﬁ] Nematic CNT tactoids offer an easily
accessible liquid crystal monodomain for studying and
understanding the morphology of the CNT solutions,
which is key to future improvements of processing and
properties of macroscopic CNT materials.

Appendix A: Sources of Inaccuracy in Tactoid Size
Measurements

There are some sources of uncertainty in our mea-
surements that can be attributed to the following rea-
sons. Deviation from the local equilibrium condition is
observed during the relaxation of a shape of a tactoid
after coalescence. This inaccuracy predominantly con-
tributes to the large size limit due to the slower relax-
ation of large tactoids. The inaccuracy can also be the
result of the susceptibility of the aspect ratio to ther-
mal fluctuations, because of the low interfacial tension
between the coexisting isotropic and nematic phases, of
the order nN/m [3§]. Using Boltzmann probability dis-

tribution for the free energy of the tactoids, the 95% con-
fidence interval on the aspect ratio is plotted in Fig. Bh
using an estimated value of surface tension 0.5 nN/m.
Theoretically, We expect the smaller tactoids to exhibit
a larger spread due to the smaller interfacial areas and
hence lower surface free energies. Even though the esti-
mated value of surface tension might not be exact and
further experiments are required to measure surface ten-
sion, decreasing the surface tension would only widen
the envelope without any change in the trend. There
is a measurement inaccuracy that contributes mostly to
small tactoids (few micron long), where it becomes diffi-
cult to find the exact location of the tips and fit an ellipse
that passes through them. Additionally, if tactoids are
tilted within the capillary (along their minor axis), they
appear symmetric from the top. Here, we tried to avoid
this source of inaccuracy by only measuring tactoids with
both tips in focus. The last source of inaccuracy is due to
small retardation near the edges of the tactoid. When the
tactoids are imaged in their brightest transmission (tac-
toid axis at 45° inclined with respect to the polarizers),
their cusps are darkened resulting in up to 10% underes-
timation in major axis length and hence the aspect ratio.
Note that this underestimation might not be the same
for all the tactoids because of the possible difference in
the level of exposure among the images.

Appendix B: Scaling Analysis on Extrapolation
Length

Using the theoretical expressions for splay elastic con-
stant %y, [39], surface tension 7 [40], and dimensionless
surface anchoring w |, we estimate the dependency
of A on the dimensions of the constitutive molecules of
a monodisperse system. The molecules are assumed to
be cylinders of diameter D and length L. The dimen-
sionless splay elastic constant ki1 D/kpT is estimated
to be 7/(8m)c,, where ¢, is the number density of the
nematic phase scaled with respect to the isotropic ex-
cluded volume, and kp is a Boltzmann constant @]
The nematic phase density ¢, at the coexistence is cal-
culated numerically by Lekkerkerker et al. ] and gives
cq = 4.191. The dimensionless surface tension of the
isotropic-nematic interface for a monodisperse hard-rod
system is TDL/kpT = 0.156 HE] The dimensionless an-
choring for rigid rods are expected to be 0.58 ] Hence,
the ratio k11 /7w is equal to ~ 13L. Therefore, for the
crossover to be observable in an optical microscope (mi-
cron scale resolution) the constitutive molecules should
be few microns long. Note that this prefactor is highly
sensitive to the properties of the coexisting phases in-
cluding flexibility of the molecules, types of interactions,
and polydispersity. For example, in a length polydisperse
system, the longer rods accumulate in the nematic phase
and contribute to the larger anisotropy of the surface
tension.
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