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We report the observation of liquid crystals formed by giant graphene oxide flakes (aspect ratio above

10 000) suspended in water. As their concentration increases, the flakes undergo transitions from an

isotropic dispersion to a biphasic system and then to a discotic nematic liquid crystal. The gel-like liquid

crystal displays an unusual defect-free uniform director alignment over hundreds of micrometres. We

characterize the nematic order parameter, optical birefringence and elastic properties of this novel

mesomorphic system.

Colloidal suspensions of anisotropic particles have been the

subject of continued research for over 100 years, owing to their

rich variety of liquid crystalline phases and fascinating phase

transitions.1 Initial studies on the orientational ordering, optical,

and elastic properties of liquid crystals (LCs) were performed

primarily on suspensions of rod-like particles.2–5 Onsager4 noted

that liquid crystallinity is not restricted to only rod-like building

blocks, but should also extend to other anisotropic shapes, like

disks and platelets. Experimental realization of disk and platelet

LC systems, however, was achieved much later6 and has been

a topic of intense research since that time.7,8 In the mid 1960s,

mesophases of disk-like molecules were observed during the high

temperature carbonization of graphitizable substances such as

petroleum and coal tar pitches.9 Their complex, polydisperse

composition, consisting of multi-component polyaromatic

molecules, likely impeded a detailed investigation of this

naturally occurring ‘‘carbonaceous mesophase’’. The first

experimental observation of discotic mesophase in a pure, single-

component organic molecule system was reported in 1977 by

Chandrasekhar et al.6 They prepared a number of benzene-hexa-

n-alkanoates, compounds with rigid aromatic cores and flexible

aliphatic side chains, and used optical and X-ray studies to

unambiguously demonstrate the existence of discotic LCs.

During the last three decades, more than 50 different organic

cores and 3000 derivatives have been shown forming discotic

LCs.8 Most molecules are a single atomic layer thick (thickness

h < 1 nm) and a few nanometres in diameter (D), i.e., of typical

aspect ratios D/h  5. A majority of these aromatic-core based

compounds demonstrate columnar discotic LC phases, where

strong p–p interactions allow the disk-like molecules to assemble

into cylindrical structures which in turn act as mesogens. A

nematic mesophase, which is the prevalent mesophase observed

in calamitic molecules, is not common among discotic organic

molecules.10 Lyotropic LC phases have been observed in

colloidal dispersions of inorganic platelets.11–13 Isotropic to dis-

cotic nematic, and columnar LC phase transitions have been

reported in dispersions of several systems including nickel

hydroxide,14 gibbsite15,16 and layered double hydroxide.17,18 The

mineral platelets are typically larger in size (D  hundreds of

nanometres). However, an accompanying higher thickness often

limits the highest achievable aspect ratio to only D/h  20.

Recently, Behabtu et al.19 reported the liquid crystallinity of

graphene suspensions in chlorosulfonic acid at high graphene

concentration (2 wt%). While the present work was under

preparation and submission, Kim et al.20 and Xu and Gao21

reported discotic nematic fluid behavior in aqueous suspensions

of graphene oxide, qualitatively similar to graphene in strong

acids.19 In this work, we explore the lyotropic phase behavior of

high aspect ratio (D/h 104 and higher) giant graphene oxide

(GGO) flakes in aqueous suspension; discotic building blocks

with the highest aspect ratio and largest lateral dimensions to our

knowledge and an order of magnitude higher than the previous

reports. We demonstrate that higher aspect ratio leads to

a dramatic change in the mesomorphic behavior; GGO disper-

sions form gel-like liquid crystals instead of fully fluid nematics

reported previously for both graphene19 and graphene oxide20,21

and mesomorphic behavior is observed at concentrations an
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order of magnitude lower than what has been achieved for dis-

cotic mesogens. Optical methods are used to reveal the alignment

of GGO flakes in the ordered phase, and measure the birefrin-

gence and order parameter; scaling law provides an estimate for

the Frank elastic constant of this novel discotic LC system.

Controlled confinement and colloidal inclusions are employed to

induce LC defects and elastic distortions in the GGO director

field.

Much like in the case of polymers and single wall carbon

nanotubes (SWNTs), the liquid crystalline phase of graphene

and graphene oxide is an important precursor for fabrication of

high performance multifunctional aligned fibers. Discotic LCs of

graphitic hydrocarbons are also attractive for applications in

advanced electronics.22 Both mechanical and electrical properties

of such graphene based macrostructures are expected to improve

with increasing aspect ratio of individual molecules; similar

scaling has already been demonstrated for the structurally similar

SWNTs.23 Therefore, LC suspensions of high aspect ratio gra-

phene are of strong practical interest. From a fundamental point

of view, these systems could be the closest experimental realiza-

tion of theoretical models based on infinitely thin and high aspect

ratio rigid platelets.24,25

The GGO flakes were prepared by the method of Ref. 26 These

monolayer GGO flakes tend to have a more regular structure and

larger continuous regions of intact basal plane, compared to

graphene oxide produced using other conventional techniques

like Hummer’s method.27 The presence of functional groups such

as epoxy, hydroxyls, carbonyls, and carboxylates render the

flakes hydrophilic. The average size and polydispersity of GGO

flakes was characterized using transmission electron microscopy

(TEM) and scanning electron microscopy (SEM), as shown in

Fig. 1. The GGO flakes had irregular polygonal shapes with

a few ribbon-like structures (additional images in supplementary

information†). They had a number-average equivalent diameter

hdi of 12 mm with relative standard deviation sd ¼ (hd2i#hdi2)1/2/

hdi of 59%. The median aspect ratio of flakes was 104; in

comparison, aspect ratio of graphene and graphene oxide in

previous reports were: Behabtu et al. $ 700, Kim et al. $ 1200

and Xu and Gao $ 2600.

The phase behavior of aqueous suspensions of GGO flakes

was investigated for a concentration range of 0.01–0.14 vol%.

Drops from suspensions with different GGO concentrations

were squeezed between a cover slip and a glass slide whose edges

were sealed with epoxy glue. These samples were examined using

a bright field transmission-mode optical polarizing microscope

(Olympus BX51) with 50x and 100x oil immersion objectives and

between crossed-polarizers. The dilute suspensions (< 0.05 vol%;

assuming density of GGO $ 2000 kg m#3)28 appeared dark and

featureless under crossed-polarizers, as shown in Fig. 2(a). Lack

of visible aggregates indicated a stable suspension. Suspensions

with GGO concentration above $ 0.05 vol% displayed regions

with weak birefringence, indicating onset of ordering and

a biphasic system, Fig. 2(b). The fraction of ordered phase in the

sample, as detected under crossed-polarizers, increased with

GGO concentration. Above $ 0.1 vol%, the entire sample

appeared birefringent at different stages of sample rotation

under crossed-polarizers, indicating a single-phase LC state,

Fig. 2(c). Our observations are consistent with theoretical

predictions for a colloidal system comprised of infinitely thin and

monodisperse disk-like particles, which is expected to transition

from isotropic to nematic at a volume fraction of Fiso ¼ 4 h/D.24

Fiso ¼ 0.04 vol% for GGO flakes, in good agreement with the

experiments (Fig. 2(a-d)). The existence of a rather wide biphasic

region (0.05–0.1 vol%) can be partially attributed to the poly-

dispersity in flake size, although even monodisperse flakes can

exhibit biphasic behavior.

The high-concentration GGO suspensions had a gel-like

consistency (Fig. 2(c)). Gelation has been observed previously in

several other lyotropic discotic LC systems; most notably clay,

whereby upon increasing the concentration, suspensions transi-

tion from an isotropic liquid to an isotropic gel to a birefringent

gel.29–31 Uniformly aligned nematic domains of GGO were

prepared by dipping one end of a rectangular glass capillary tube

(50 mm thick and 0.5 mm wide, inner dimensions, obtained from

Vitrocom) in dilute isotropic GGO suspension ($0.03 vol%),

causing spontaneous filling due to capillary action. Subsequent

slow evaporation of water through the capillary ends led to

Fig. 1 (a) Size distribution of monolayer GGO flakes obtained through

SEM and TEM imaging. (b,c) Representative SEM images of flakes

prepared by spin coating dilute aqueous GGO suspension on silicon

substrates.

Fig. 2 (a–c) Optical microscopy images obtained without analyzer (left)

and between crossed-polarizers (right) of GGO aqueous suspensions,

demonstrating phase behavior vs. concentration: (a) isotropic (0.03 vol

%), (b) biphasic (0.07 vol%) and (c) nematic (0.14 vol%). The scale bar in

(a–c) is 10 mm. (d) Phase behavior vs. concentration. (e,f) Polarizing

microscopy images of GGO nematic phase, inside a capillary, obtained

with and without retardation plate, respectively; uniform birefringence

indicates uniform alignment of director over large length scales. The scale

bar in (e) is 20 mm and ‘‘R’’ in (f) marks the slow axis of phase retardation

plate. (g) Schematic showing the alignment of flakes.
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a continuous increase of concentration of GGO flakes in the

suspension. Upon observation of birefringent textures, the tube

ends were sealed with epoxy glue to prevent further drying. Fig. 2

(e) shows an optical micrograph under crossed polarizers of

a high concentration GGO suspension prepared using this

procedure. Uniform brightness across the entire field of view

indicates a well-aligned director (n) over large length scales

(hundreds of microns or more). Moreover, it indicates that the

GGO flakes are oriented perpendicular to the wide top and

bottom sides of the rectangular capillary (since flakes parallel to

the top and bottom sides of the capillary would not produce

birefringent textures). It is important to note that the observed

flake alignment with respect to the top and bottom sides of

capillary is likely metastable as it is partly driven by the kinetics

of sample preparation procedure. The kinetics of the sample

preparation process likely aids in the uniform director alignment

as well, in addition to the intrinsic elasticity of the sample which

is discussed in further details later.

The direction of in-plane orientation for GGO flakes was

determined by inserting a full wave retardation plate (530 nm),

also called ‘‘red plate’’, between the sample and analyzer, with its

slow axis oriented at 45 with respect to the polarizer. For

a GGO flake, the axis along the basal plane represents slow axis

while the normal to plane is the fast axis. Therefore, the

appearance of bluish-green color (Fig. 2(f)), which in the case of

GGO flakes (with negative birefringence) indicates addition of

phase retardations of the sample and the red plate,32 shows that

the GGO flakes are also oriented normal to the length of the

capillary. The above analysis yields the overall arrangement and

orientation of GGO flakes and the nematic director in the LC

phase shown in Fig. 2(g).

Remarkably, uniform director orientation over !1 mm length

scales was achieved without any surface alignment layer, such as

is typically required for small molecule LCs; this likely indicates

high elastic constant values. Indeed, according to density func-

tional theory based models for nematic discotic systems, the

average Frank elastic constant (K) of a nematogen can be

expressed as:33

K f Q2/3(Q"2 + 2)S2 (1)

where Q ¼ D/h is the aspect ratio of nematogens and S is the

nematic scalar order parameter. For disk-shaped nematogens, Q

[ 1 and the average elastic constant scales as KfQ2/3. Previous

studies on discotic nematics with average aspect ratios of Q ! 5

have reported average elastic constants on the order of 1 pN.34–36

Because the elasticity coefficients of nematogens are mainly

sensitive to the average molecular dimensions,33 the average

elastic constant of GGO (Q ! 104) was estimated to be KGGO !
100 pN, at least one order of magnitude higher than that of most

previously studied discotic nematics.

The highly uniform samples prepared in rectangular capillaries

enabled characterization of the GGO LC parameters, such as the

optical birefringence (Dn) and the order parameter (S). The

optical birefringence was measured by use of a Berek compen-

sator. Measurements were performed at several different loca-

tions, giving an average birefringence of Dn ¼ "0.0017 $ 0.0005

for the GGO LC. For comparison, the absolute values of bire-

fringence of other discotic nematics are much larger, typically,

"0.05 for polyacrylates37 and "0.02 for disodium cromoglycate

and "0.01 for violet-20 chromonic LC.38 The order parameter of

GGO flakes in the nematic phase was estimated using optical

absorption anisotropy, as described in Ref.38. Liquid crystalline

GGO in a 50 mm thick capillary was placed on a microscope stage

between parallel polarizers, and illuminated with monochromatic

green light. The transmittance through the sample was measured

for director orientations of 0 , 45 , and 90 with respect to the

polarizers (referred to as t0, t45 and t90, respectively). Corre-

sponding absorption indices, k0, k45 and k90, were obtained from

the expression

ti ¼ exp("4pkid/l),

where i ¼ 0, 45, 90 is indexed corresponding to director orien-

tations of 0 , 45 , and 90 , respectively, at l¼ 550 nm and d¼ 50

mm. For an ordered phase of disk-like molecules with the

molecular planes oriented perpendicular to the director, if the

shape of absorption spectrum is independent of molecular

orientation and the birefringence is small (both conditions hold

true for GGO), the scalar order parameter can be expressed as:38

S ¼ 1" D

1þ D=2
(2)

where D ¼ k0/k90 is the linear dichroic ratio. The above expres-

sion evaluated at several different locations along the sample

yields an average S ¼ 0.43 $ 0.15, which is lower than what has

been measured for other discotic nematic LCs. In comparison,

typical order parameter values measured in other LCs include !
0.9 for hexa-n-hexyloxytriphenylene,7 0.6–0.85 for 2,3,7,8,12,13-

hexa-n-decanoyloxytruxene (H10TX) and 2,3,6,7,10,11-hexa-n-

pentyloxytriphenylene (H5T),39 and 0.8 for gibbsite particles.40

Optical absorption anisotropy provides an independent esti-

mate of the birefringence. The phase retardation of transmitted

light traversing an anisotropic sample is:38

D4 ¼ cos"1

�

4t45 " ðt0 þ t90Þ
2

ffiffiffiffiffiffiffiffiffi

t0t90
p

!

(3)

The phase retardation is related to optical birefringence as Dn

¼ D4$l/2pd. Calculations using this method yield an optical

birefringence of Dn ¼ "0.0018 $ 0.0009, in good agreement with

the value obtained via Berek compensator measurements.

Dispersion of colloidal particles in various types of LCs has

been widely used for enhancement of LC properties, assembly of

anisotropic structures, and alignment of anisotropic particles

such as rods and discs.41–49 We use anisotropic colloidal inclu-

sions for direct visualization of orientation of GGO flakes in the

nematic phase. Two types of particles were chosen for this

purpose: gold microtriangles, 5 nm in thickness and up to 10 mm

in side length, (Fig. 3(a)) prepared using a biosynthesis tech-

nique,50 and glass micro-rods, 3 mm diameter and 10 mm long

(from Duke Scientific). Gold triangular platelets spontaneously

oriented inside the GGO nematic phase with their large-area

faces perpendicular to n and parallel to GGO flakes, as shown in

Fig. 3(b-c), and consistent with cross-polarized optical images.

Glass micro-rods spontaneously aligned with their long axes

perpendicular to n and parallel to the GGO flakes, as shown in

Fig. 3(d,e,f). The ability of GGO LC to disperse and align

anisotropic colloidal particles is important from an applications

11156 | Soft Matter, 2011, 7, 11154–11159 This journal is ª The Royal Society of Chemistry 2011
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perspective. For example, the large scale ordering and alignment

of anisotropic plasmonic nanoparticles such as gold, silver

and palladium nanorods by means of dispersion in a LC is

a valuable route for development of optoelectronic devices and

metamaterials.49

Given the natural propensity of our GGO flakes to form large

LC domains with uniform n, the samples rarely exhibited defects.

In order to induce defects, drops of dilute GGO suspension with

circular footprints were trapped between a glass slide and cover

slip, separated by 60 mm spacers and evaporated slowly to ach-

ieve a nematic phase. The recession of meniscus from all direc-

tions forces the formation of a defect at the center of drop.

Interestingly, in most cases, the circular drops transformed into

roughly Y-shaped structures as the drop radii became sufficiently

small, likely due to the high elastic constant of GGO nema-

togens. The optical transmission image of an s ¼ !1/2 defect,

observed at the center of such Y-shaped nematic structures, is

shown in Fig. 4(a). The arrangement of GGO flakes and director

field around the defect is shown schematically in Fig. 4(b). Fig. 4

(c-d) show the polarizing optical micrographs of the defect

structure with crossed-polarizers in 0"–90" and at 45"–135"

orientations, respectively; the orientation of two dark brushes

parallel to one of the polarizers is consistent with the schemati-

cally shown model of the defect structure.

Elastic distortions and defects in LCs can be also induced by

inclusion of colloidal particles. Colloidal spheres suspended in

nematics lead to particle-size dependent dipolar and quadrupolar

distortions in the surrounding director field.42–48 Minimization of

the ensuing elastic energy due to distortions induced by these

inclusions often results in spontaneous assembly of colloidal

particles into anisotropic colloidal structures. In our study, we

used melamine resin colloidal microspheres with diameters

ranging from 2 mm to 15 mm. Aqueous microspheres (< 1 vol%)

were mixed in the dilute GGO suspension, followed by capillary

filling and solvent evaporation. Interestingly, small diameter

particles (# 3 mm) did not produce detectable distortions, Fig. 5

(a), while larger particles (4–15 mm) produced distinct distortions

in the director field, Fig. 5(b-d). Optical analysis of these

Fig. 3 Anisotropic colloidal particles and their spontaneous alignment

in GGO nematic LC. (a) TEM image of an anisotropic gold triangular

platelet. (b) Bright-field transmission-mode image showing triangular

platelets with up to 10 mm side length and 5 nm thickness as they spon-

taneously align parallel to GGO flakes of the LC. (c) Schematic diagram

of the GGO flake and gold platelet alignment. (d–e) Polarizing micros-

copy images showing spontaneous alignment of glass micro-rods in the

GGO LC observed under crossed polarizers with (d) and without (e) an

additional retardation plate. (f) Schematic showing the alignment of

micro-rods in the LC. Fig. 4 A half-integer s¼ !1/2 disclination in the director field of GGO

LC observed when the nematic phase was attained by solvent evapora-

tion under the confinement of a glass slide and cover slip. (a) Trans-

mission-mode bright field image. (b) Schematic of the arrangement of

GGO flakes, (c,d) Polarizing microscopy images of the same region

obtained (c) between vertical and horizontal crossed polarizers and (d)

with crossed-polarizers at 45" and 135" with respect to horizontal side of

the image. The scale bar in (a) is 20 mm.

Fig. 5 Quadrupolar distortions in nematic director field around spher-

ical inclusions, demonstrating homeotropic surface anchoring of the

director. (a) Transmission-mode bright field (left) and between crossed

polarizers (right) images of GGO LC. (b–d) Images of sample between

crossed-polarizers (left) and with a retardation plate (right). Scale bars

are 10 mm (a), 5 mm (b), 10 mm (c), 20 mm (d). Particle sizes, and orien-

tations of crossed polarizers and retardation plates marked on the

images. Computer-simulated (e) director field and (f–i) polarizing

microscopy textures for particle sizes 2, 4, 7, and 15 mm, respectively. The

values shown in (f–i) in yellow color are the ratios of maximum trans-

mitted and incident light intensities for the corresponding computer-

simulated images.
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distortions using the ‘‘red plate’’ revealed ‘‘homeotropic’’ surface

anchoring for n, i.e. GGO flakes exhibit tangential alignment to

the melamine resin particles. The orientation of GGO flakes

around melamine resin particles is likely influenced by acid–base

interactions between the –NH2 and ¼N– groups on melamine

resin and acidic hydrophilic functional groups on GGO flakes.

The particle size-dependent distortions observed in GGO LC

provide important insights into the interplay of bulk elastic and

surface anchoring energies, which often determine whether

a colloidal inclusion in a nematic LC will induce defects in the

director field or barely perturb it.41–48 For example, a spherical

colloidal inclusion with homeotropic anchoring induces a pattern

of director equivalent to that around a point defect with charge

+1, known as a ‘‘radial hedgehog’’.42 Therefore, the distortions

around the particle, should be accompanied by a hyperbolic

hedgehog or a half-integer ‘‘Saturn ring’’ disclination loop, (both

having topological charge of !1) in order to conserve the total

topological charge in the sample with a uniform far-field align-

ment.42,47 On the other hand, nanoparticles of size only some-

what larger than that of the LC molecules and microparticles

with weak surface anchoring typically produce either weak or no

elastic distortions of the LC director field.49 In the case of

melamine resin particles suspended in GGO LC, no accompa-

nying bulk or surface topological defects are observed (Fig. 4).

The director distortions have quadrupolar symmetry, reminis-

cent of that formed around microparticles with weak homeo-

tropic surface anchoring, suggesting that K/W>R, where R is

particle radius and W is the polar surface anchoring coeffi-

cient.42,48,49 Equivalently, the nematic director at the LC-colloid

interface deviates from the ‘‘normal’’ orientation (Fig. 5(e)), in

order to minimize elastic distortions and reduce the elastic energy

at the expense of surface anchoring energy cost. The director

distortions become less pronounced as R decreases, being barely

noticeable for the 2 mm particles.

We have simulated the expected nematic director structure

surrounding the particles and corresponding polarizing micros-

copy textures using the ansatz for LC director structure proposed

by Ruhwandl and Terentjev48 (Fig. 5(e)) and the Jones matrix

method.51 In the simulations, we have used estimated values of

the elastic constant K ¼ 10!10 N, an optical anisotropy of Dn ¼

!0.0017 and a polar anchoring coefficient of W ¼ 10!5 J m!2,

typical of lyotropic LCs.49 The LC sample, with a colloidal

inclusion and director distortions around it, was split into a set of

thin slabs with known orientation of the optical axis (h n). In

each pixel of a simulated polarizing microscopy texture (similar

to those in Fig. 5(f-i)), intensity of the light after propagation

through the cell was obtained by successive multiplication of the

Jones matrices corresponding to a polarizer, the thin nematic

slabs, and the analyzer. The computer simulated textures closely

match the experimental results (Fig.5). Interestingly, although

the particle diameters and the lateral GGO flake sizes are

comparable, the director structures around the colloidal inclu-

sions can still be understood based on simple considerations of

the interplay between bulk elastic and surface anchoring energies

originally developed for small-molecule LCs.

The melamine resin microspheres suspended in GGO LC are

practically immobile and show no tendency to self-assemble into

anisotropic structures, even at long time scales (several days), as

has been reported in other nematic systems.42–47 This is

unexpected for anisotropic nematic fluids, given the distortions

induced by the particles and the high elastic constant of GGO.

The lack of particle motion and any noticeable interaction

among the microspheres could be due to chemical interactions

between the microspheres and flakes, a gel-like networked

structure among the flakes and/or an extremely high viscosity at

high GGO concentrations. Future studies are needed to decipher

the nature of the forces responsible for the particle immobility.

In summary, we have shown that, with increasing concentra-

tion, aqueous suspensions of GGO flakes exhibit well-defined

isotropic, biphasic and nematic LC behavior. Preparation of the

nematic phase by slow evaporation of solvent from the isotropic

phase yields large domains with uniform directors and minimal

defects. Such large domains are consistent with estimated Frank

elastic constant that is about one hundred-fold higher than in

low-molecular-weight discotic nematics. Optical characterization

yields a birefringence of Dn " !0.0017 and order parameter

S ¼ 0.43. We show that defects and elastic distortions can be

deliberately induced by means of confinement and by colloidal

inclusions. The studied spherical inclusions induce quadrupolar

distortions of the director field and anisotropic particles self-

align at a well-defined orientation with respect to the director and

reveal the director structures. The liquid crystalline behavior

from this new class of extremely high aspect ratio (" 104 and

larger) disk-like building blocks could broadly impinge on both

fundamental and applied aspects of discotic liquid crystals.
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SEM images of GGO flakes 

  

Figure S1: SEM image of GGO flakes showing their irregular, polygonal shape and presence of few ribbon-like 

structures.  
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