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Micro-scale viscosity measurements of different thermotropic and lyotropic 
classes of liquid crystals by using ferrofluid inclusions 
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A B S T R A C T   

Dispersing micro- and nanoparticles in liquid crystals (LCs) is utilised to tune liquid crystal properties, to add 
functionality or to exploit the self-organization of the liquid crystals to transfer order onto dispersed particles. 
Dispersing ferrofluid droplets in LCs produces a system similar to LC-microparticle dispersions, because the 
ferrofluid droplets behave in first approximation as non-compressible, only slightly deformable particles. Such a 
LC-ferrofluid system adds a magnetic functionality, which can be exploited to measure the viscosity and its 
anisotropy on a microscopic scale when moving the ferrofluid inclusions through various liquid crystals of the 
thermotropic, lyotropic or colloidal kind. Effective viscosities can be determined as a function of changing 
environment, such as temperature or concentration, and for variation of other factors such as the pitch of chiral 
phases for instance. The viscosities are calculated using Stokes’ Law together with the introduction of a boundary 
layer at the liquid crystal – ferrofluid interface. We present results for a variety of different liquid crystalline 
systems; thermotropic nematics, chiral nematics, smectics, lyotropic phases and chromonic systems, as well as 
colloidal LCs such as cellulose nanocrystals (CNC) and graphene oxide (GO) varying the viscosity over more than 
three orders of magnitude. The results are discussed in terms of the structures of respective phases.   

1. Introduction 

Liquid crystals (LCs) [1,2] often referred to as mesophases, are 
partially ordered, anisotropic, self-organized phases, which are ther
modynamically located between the three-dimensional crystalline solid 
and the isotropic liquid [3]. LCs exhibit the fluid properties of conven
tional liquids and at the same time show the anisotropic properties of 
crystalline solids. Although there are various ways of classifying LCs 
depending on molecular features and supramolecular assemblies; the 
most commonly used classification is based on how the LC phases have 
been obtained, namely thermotropic through temperature changes and 
lyotropic through concentration changes of a dispersant in an isotropic 
solvent [4]. 

Thermotropic LCs [2,5] are distinguished by their degree of order, 
showing further phase transitions within the temperature regime of the 
liquid crystalline state [6]. The different phases exhibited in our study 
are isotropic, nematic, cholesteric (also referred to as chiral nematic 
phase) and smectic A. Lyotropic LCs [5,7,8] are observed when changing 
the concentration of a dispersant, such as amphiphilic molecules, in an 
isotropic solvent, often water [9]. At concentrations above the critical 

micelle concentration (cmc), the molecules form micellar aggregates 
which are randomly distributed in the solvent. At even higher concen
trations, these micelles can aggregate to form LC phases. The phase 
transitions between the LC phases depend largely on the concentration 
of the dispersant and on the temperature [10]. 

Some of the most detailed and precise viscosity measurements of LCs 
were performed by Kneppe and Schneider [11,12]. Their apparatus 
consisted of a capillary connected at each end to a closed vessel filled 
with nitrogen and a change of the pressure in one vessel induces a flow 
of the liquid crystal through the capillary. By measuring the pressure 
difference between the vessels as function of time the viscosity co
efficients of the thermotropic LC MBBA (4-methoxy-benzylidene-4′-n- 
butylaniline) were determined [12]. Another example of earlier vis
cosity measurements is the work by Chmielewski [13]. The measure
ment method involved the use of a slot viscosimeter and an 
electromagnet to measure the viscosities of the standard cyano-biphenyl 
LCs 5CB, 8CB, 5OCB and 8OCB. In terms of lyotropic LCs, viscosity 
measurements are less common than those for thermotropic liquid 
crystals. In the work by Liu et al., [14] the viscosities of the cholesteric 
and lamellar phases of the sodium decyl sulfate-decanol-water (SDS/1- 
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decanol/water) ternary system were measured using laser tweezers and 
rotating laser-trapped optically anisotropic microspheres. For graphene 
oxide (GO), Ansón-Casaos et al., [15] used Ubbelohde capillary visco
simeters to measure the effect of nanoparticle shape, concentration, 
degrees of motion and surface chemistry on the viscosity of dilute dis
persions of GO. 

In a classic paper by Poulin et al., [16] LC-water emulsions were 
created by dispersing water droplets in 5CB with the help of the sur
factant sodium dodecyl sulphate. Here, chains of water droplets were 
obtained in the LC and the droplets were held together by dipolar defects 
in the LC. Poulin et al., [17] also employed ferrofluid droplets as a means 
to measure the attractive interactions between colloidal particles sus
pended in a nematic LC. One example of dispersing ferrofluids in lyo
tropic nematic LCs (not for viscosity measurement though) is the work 
done by Neto and Saba, in which they observed a mixture of potassium 
laurate (28.74 wt%)/Decanol (6.64 wt%)/H2O (64.62 wt%) doped with 
different concentrations of ferrofluids under a polarizing microscope to 
determine the minimum concentration of ferrofluid above which the 
liquid-crystalline matrix is oriented by the ferrofluid grains [18]. In this 
study we employ micrometre-sized ferrofluid droplets to determine the 
viscosities of both thermotropic and lyotropic liquid crystalline systems. 
The method has the advantage that it can be applied to very small 
sample volumes and does not need much material. At the same time, 
values are obtained which are very similar to those measured by 
methods using sample volumes which are orders of magnitude larger 
[11–13]. 

Our investigation here is an extension based on our previous work 
[3]. When a ferrofluid is dispersed in a liquid crystal, micrometer sized 
droplets with different diameters are formed which can be moved using 
a permanent magnetic field. With this method we are measuring the 
kinematic viscosities of LCs on a microscopic scale by using Stokes’ law 
for a sphere moving through the LC. For these measurements the mag
netic Fredericks transition [19] needs to be avoided, because this would 
cause the director of the LC to reorient and effectively result in 
measuring the incorrect anisotropic viscosity. Therefore, the magnetic 
field employed needs to be below the magnetic threshold Fredericks 
field. 

2. Materials and methods 

The thermotropic liquid crystals studied include 5CB (4-Cyano-4′- 
pentylbiphenyl), 8CB (4-cyano-4′-octylbiphenyl) and 5CB + chiral 
dopant S811 (S-(+)-2-Octyl 4-(4-hexyloxybenzoyloxy) benzoate). The 
lyotropic liquid crystals investigated include Sunset Yellow (disodium,6- 
oxo-5-[(4-sulfonatophenyl) hydrazinylidene] naphthalene-2-sulfonate) 
as a chromonic lyotropic and CTAB (Hexadecyl trimethyl ammonium 
bromide) as an amphiphilic lyotropic. The colloidal liquid crystals 
studied are graphene oxide (GO) and cellulose nanocrystals (CNCs), 
both in deionized water. 5CB and 8CB were purchased from Fluorochem 
and the chiral dopant S811 was obtained from Xian Hua, China. The 
chromonic dye Sunset Yellow was purchased from Instant-Sunshine, and 
CTAB from Sigma-Aldrich. CNCs were purchased from Nanografi Nano 
Technology and GO flakes were purchased from William Blythe Ltd. The 
respective chemical structures are shown in Fig. 1. The ferrofluids used 
are the water based WHKS1S12, which was obtained from Liquid 
Research Ltd, UK, for the investigations on the thermotropic LCs, and the 
oil based EFH1 which was purchased from Ferrotech, USA for studying 
lyotropic LCs. The reason for using different ferrofluids is that a phase 
separated emulsion is required and the carrier fluid of the ferrofluid 
should not mix with the LC. All materials were used as purchased. 

The motion of the spherical ferrofluid droplets in the LCs and their 
positions are imaged using either a Leica or a Nikon polarized optical 
microscope (POM). Self-constructed sandwich cells of thickness 75–120 
μm are filled with the LC-ferrofluid emulsion and placed under the 
objective of the POM. The motion of the ferrofluid droplets is recorded 
using an IDS camera (uEye COCKPIT) (Fig. 2(a)) and the positions are 

measured using the Trackmate plugin in Fiji (ImageJ). From the linear 
dependence of position as a function of time, the droplet velocity is 
determined (Fig. 2(b)). 

The methodology is illustrated in more detail in Fig. 3. Starting at an 
arbitrary time t = 0 s with the magnetic field applied, the ferrofluid 
droplet moves through the liquid crystal at constant speed, the 
displacement being hperp(t) and hpara(t), with the directions referring to 
perpendicular and parallel direction to the rubbing direction, i.e. 
perpendicular and parallel to the substrate edges. The displacements, h 
(t), are a linear function of time, easily allowing the determination of the 
velocities perpendicular and parallel to the rubbing direction, which is 
also perpendicular and parallel to the long molecular axis in the case of a 
nematic or a smectic A phase. Fig. 3(a) and (b) show a time series of this 
motion for illustration, with the determined data depicted in Fig. 3(c). 

3. Experiments 

To create the LC-ferrofluid emulsion, the ferrofluids WHKS1S12 and 
EFH1 are mixed with thermotropic LCs and lyotropic LCs respectively. 
For WHKS1S12, the ferrofluid is sonicated to remove any aggregates. 
The ferrofluid is selected to ensure that the carrier fluids do not mix with 
the surrounding LC, which would otherwise lead to dissolution of the 
carrier fluid and aggregation of the ferrofluid’s magnetite particles. For 
each emulsion, the ferrofluid is added to the LC in the ratio of ≈ 2:100 
and the mixture is vortexed using an IKA Vortex Genius 3 mixer to 
obtain a homogeneous emulsion. A glass sandwich cell is then prepared 
with each glass plate being coated with PVA and unidirectionally rubbed 
after baking for 20 mins to obtain planar anchoring boundary condi
tions. The LC-ferrofluid emulsion is filled into the sandwich cell and the 
edges of the cell are sealed using an Epoxy glue. The LC is oriented in the 
sandwich cell by the PVA coated on the glass plates of the cell and this 
procedure is done for the different thermotropic and lyotropic LCs 
studied. 

To prepare the thermotropic chiral nematic samples with different 
pitches, 5CB was doped with the chiral dopant S811 in isopropanol. 
After sonicating for 1 h and evaporating the solvent for 12 h, the pitch of 
each chiral nematic was measured using the fingerprint method. Then, 
the ferrofluid WHKS1S12 was dispersed to create the LC-ferrofluid 
emulsions. The LC-ferrofluid emulsions were then filled into the glass 
sandwich cells by capillary action and both parallel and perpendicular 
viscosities were measured. The parallel and perpendicular directions are 
with respect to the direction in which the PVA coated on the glass plates 
was rubbed. 

Following the methodology outlined in reference [3] and the 
description of ferrofluid magnetisation by Li et al., [20] along with the 
usage of Stokes’ law, the viscosity γ of the liquid crystal is inversely 
proportional to the equilibrium velocity veq of the ferrofluid droplet and 
varies as 

γ =
2r2Mvol.∇B

9veq
(1) 

when the droplet is dragged through the liquid crystal by a magnetic 
field. The magnetic colloidal particles in the ferrofluid accumulate at the 
interface between the ferrofluid and the LC and arrange in such a way 
that the boundary layer has a net contribution of zero to the magneti
zation of the ferrofluid droplet (the net magnetization comes from the 
bulk of the ferrofluid droplet). The boundary layer is independent of the 
anchoring conditions and droplet size but does depend on the nature of 
the dispersion [3]. Here, r = rm-b is the effective radius of the droplet 
(the radius of the measured droplet rm minus the boundary layer 
thickness b), ρ is the density of the ferrofluid, μ0 is the permeability of 
vacuum and Mm is the mass magnetization of the ferrofluid from which 
the volume magnetization Mvol = Mmρ is calculated. ∇H is the gradient 
of the applied magnetic field intensity with ∇B≈ μ0∇H. The values of 
Mvol are 9450 A m− 1 for WHKS1S12 and 25,300 A m− 1 for EFH1, as 
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Fig. 1. Chemical structures of the materials investigated: (a) thermotropic nematic 5CB (b) thermotropic nematic and smectic 8CB (c) chiral dopant S811 (d) 
chromonic dye Sunset Yellow, (e) amphiphilic CTAB and schematics of (f) Graphene Oxide and (g) cellulose. 
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obtained from the respective suppliers. The ferrofluid droplets are not in 
contact with the glass plates which can be confirmed qualitatively by 
moving the focal plane. An explanation why particles, and thus also 
droplets as fluid particles, stay in the middle plane between the 
bounding substrates was provided by Lavrentovich [21]. It was shown 
that these are held in the bulk not only by thermal motion, but also by 
elastic repulsion from bounding glass plates. The droplets are repelled 
from the glass as the uniform director field near the glass is incompatible 
with the director distortions around the droplet [21]. 

To estimate the boundary layer thickness of each ferrofluid-LC 
combination, the velocities of different droplets of varying sizes are 
measured. The ratio of the equilibrium velocities v1 and v2 of two fer
rofluid droplets of different sizes r1 and r2 allows the estimation of the 
boundary layer thickness b: 

(r1 − b)2

(r2 − b)2 =
v1

v2
(2)  

4. Results and discussion 

4.1. Thermotropic nematic 5CB 

The perpendicular and parallel viscosities of 5CB, with respect to the 
director, were measured and verified against reported values [3,13] for 
an initial validation. The parallel and perpendicular viscosity values at 
room temperature (≈21◦C) are γ‖ = 45 ± 1 mPa s and γ⊥ = 129 ± 4 
mPa s, respectively. These values agree well with the values reported by 
Chmielewski (γ‖ = 44 mPa s and γ⊥ = 120 mPa s) [13]. The average 
boundary layer thickness for WHKS1S12 in 5CB was determined to be 5 
± 1 μm, which is similar to the value reported previously [3] (4.4 ± 0.2 
μm). From this, it can be concluded that the employed methodology is 
reproducible and can thus be applied to other LC systems as well. 

4.2. Thermotropic nematic-smectic a transition of 8CB 

The viscosities of liquid crystal 8CB (4-cyano-4′-octylbiphenyl) were 
measured, using the WHKS1S12 ferrofluid in the temperature range 

Fig. 2. (a) A micro-droplet of ferrofluid WHKS1S12 in 5CB in a magnetic field gradient, ∇B which is applied parallel to the alignment direction. (b) Displacement vs 
time in direction parallel to the director of nematic 5CB for two droplets of different diameters d. The relationship is linear, so that the equilibrium velocity, veq, is 
given by the slope. 

Fig. 3. (a) A micro-droplet of ferrofluid WHKS1S12 moving in 5CB in the perpendicular direction (b) A micro-droplet of ferrofluid WHKS1S12 moving in 5CB in the 
parallel direction (c) Displacement vs time plot for (a) and (b). 
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34◦C-39◦C, across the nematic to smectic A phase transition at TC =

36 ◦C. To measure the viscosities, the ferrofluid was dispersed in smectic 
8CB at room temperature and the emulsion was then heated to 40◦C and 
filled into a sandwich cell. After placing the system in the POM, the 
viscosities were measured while increasing/decreasing the temperature 
using a hot stage of relative accuracy of 0.1 K. 

The temperature at which all smectic A islands disappear is observed 
to be at 36◦C. At this temperature, the measured parallel and perpen
dicular viscosities are approximately 45 ± 2 mPa s and 130 ± 2 mPa s, 
respectively (Fig. 4(a)). At higher temperatures, the LC is in the nematic 
phase. Using the measured velocities and observing the behaviour of 
ferrofluid droplets with different diameters, the thickness of the 
boundary layer was also determined for 8CB (see Fig. 4(b)). 

The viscosities shown in Fig. 4(a), are in good agreement with the 
reported values by Chmielewski [13]. It is interesting to notice that the 
viscosities do not exhibit any discontinuities at the nematic to smectic A 
transition. The viscosity parallel to the director does not appear to 
change significantly at all, while the perpendicular viscosity increases 
continuously as the temperature is lowered. The formation of smectic 
layers does not have any significant influence on the viscous properties 
of the LC in the vicinity of the transition. A similar behaviour is observed 
for the thickness of the boundary layer, which is independent of the drag 
direction of the ferrofluid droplets within limits of error. Also, the 
nematic to smectic A phase transition does not have any clear impact on 
the boundary layer thickness. In the small temperature regime investi
gated, the latter can thus be averaged to yield a value of approximately 
5.3 ± 0.8 μm. We note that this is practically equivalent to the value 
determined for 5CB, which was to be expected, as the molecular struc
tures of 5CB and 8CB only differ slightly in the length of the flexible 
chain. 

4.3. Thermotropic cholesteric 5CB + S811 

The cholesteric or chiral nematic LC phase exhibits a self-organized 
helical superstructure with the director spiraling as one proceeds in 
the direction perpendicular to the long molecular axes. [22]. The helical 
superstructure is characterized by its pitch p and the helix handedness, 
where p is the distance along which the helix completes a full turn of 
360◦. The helix handedness changes when the molecular chirality of the 
mesogen or the chiral dopant is reversed. For chiral nematics, obtained 
by adding a chiral dopant to an achiral nematic matrix, the pitch p varies 
as p = Mtot/HTP.m, where HTP is the helical twisting power, m is the 
mass of the chiral dopant added and Mtot is the total mass. This relation 

is valid for small dopant concentrations and in the case of dopant S811 in 
liquid crystal 5CB the HTP was found to be HTP ≈ 8.2 μm− 1. 

For long pitch samples, the director configuration is strongly influ
enced by the cell gap, which was chosen here as d = 100 μm. If the pitch 
is clearly shorter than the cell gap, p ≪ d, a full helical structure with a 
large number of 2π-twists can develop, for which one would not expect 
any anisotropy in the plane of the substrate, because all director ori
entations would be present. As the dopant concentration decreases, the 
pitch of the helix would increase, such that the confining boundary 
conditions would distort the helical superstructure, exhibiting an 
increasing anisotropy with increasing pitch p. Once the dopant con
centration is so small that the induced pitch is comparable or larger than 
twice the cell gap, p ≈ 2d, the helical structure will be unwound by the 
boundary conditions of the confinement, and one would obtain a 
nematic director configuration with roughly the same anisotropy as the 
undoped 5CB. 

This is indeed observed for the viscosities of S811 doped 5CB, as 
depicted in Fig. 5(a). For a structure with the pitch much smaller than 
the cell gap, the viscosity measurements in two mutually orthogonal 
directions with respect to the rubbing direction of the PVA on the glass 
plates of cells yield the same values for the parallel and the perpendic
ular direction due to the many 2π twists between the two glass plates. 
This indicates a fully developed helical superstructure with several 2π- 
twists covering the diameter of the ferrofluid droplet. The fact that the 
observed value does not lie in the middle between the perpendicular and 
parallel viscosities of pure 5CB can be attributed to the influence of the 
chiral dopant which has to be added at its greatest concentration in this 
pitch regime. In any case, the viscosity value measured perpendicular to 
the rubbing direction is smaller than that measured for undoped 5CB in 
the nematic state. At an infinite pitch, i.e., the unwound chiral nematic 
structure, the previously measured values of 5CB (45 ± 1 mPa s and 129 
± 4 mPa s) are regained. 

At a pitch value of p = 20 μm, corresponding to the average diameter 
of ferrofluid droplet, the parallel and perpendicular viscosities are 86 ±
6 mPa s and 117 ± 5 mPa s, respectively. This indicates that the helical 
director structure is already considerably distorted, reflected by the 
anisotropy of the viscosities. From this, one can conclude that the ratios 
between pitch and cell gap, as well as pitch and ferrofluid droplet 
diameter are important factors in the determination of the viscosities of 
helical phases. On the other hand, this also opens the possibility to probe 
director field variations if the droplet diameter can be suitably 
controlled, for example, via microfluidics. The boundary layer values for 
the WHKS1S12 droplets in the chiral nematic samples are shown in 

Fig. 4. (a) Measured temperature dependence of the viscosities of 8CB across the nematic to smectic A phase transition. Note that no discontinuous behaviour is 
observed at the transition and the viscosities change smoothly, with the one parallel to the director being uninfluenced. (b) A similar behaviour is observed for the 
boundary layer thickness which does not change across the transition. 
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Fig. 5(b) and do not appear to vary much with increasing pitch. They are 
also similar in magnitude to the boundary layer value of pure 5CB and 
show an average value of approximate 3.8 ± 1 μm, somewhat lower 
than the neat nematic, which is most likely due to the addition of the 
chiral dopant. 

4.4. Lyotropic CTAB 

Cetyltrimethylammonium bromide (CTAB) is a cationic amphiphile 
which, when dissolved in water, can exhibit liquid crystalline phases 
[23,24]. CTAB is one of the standard amphiphilic lyotropic LCs [25]. 
The anisotropic viscosities of aqueous CTAB solutions in the hexagonal 
phase and the isotropic phase are measured using the oil-based ferro
fluid EFH1. At room temperature, CTAB exhibits a hexagonal LC phase 
between 20% and 70% concentration. Below 20% concentration, CTAB 
is in the isotropic phase. The LC phases are oriented using PVA coated 
glass plates and some of the LC phases such as the hexagonal phase are 
indeed very difficult to orient in the sandwich cell. In this case the ori
ented regions are relatively small and the determination of the velocities 
becomes less accurate. This is reflected in the increasing errors on the 

determination of the viscosities in the hexagonal phase as compared to 
the region of the phase diagram where micelle formation is taking place, 
which results in an isotropic phase and a two-phase region at higher 
concentrations. 

At the cmc (0.05%) [26], the parallel and perpendicular viscosity 
values are obviously equal in magnitude (γ⊥ = 230 ± 7 mPa s; γ‖ = 228 
± 7 mPa s). Although the viscosity is isotropic, it is still much larger than 
the viscosity of water (γwater = 0.89 mPa s [3]), suggesting that the 
formation of micelles strongly increases the viscosity (Fig. 6(a)). The 
boundary layer at very small concentrations just at the cmc is compa
rable to that of the solvent, water (~2.8 μm), which shows that the 
aggregation to micelles has proceeded, but that these are quite dispersed 
within the solvent. The value observed is comparable to that of a stan
dard thermotropic nematic liquid crystal or a viscous isotropic fluid like 
silicone oil. In the lyotropic hexagonal phase, which is starting at a 
concentration of approximately 25 wt%, the viscosity becomes aniso
tropic and the difference between the parallel and perpendicular vis
cosity values increases with increasing concentration as depicted in 
Fig. 6(a). The boundary layer thickness also appears to increase with 
increasing concentration due to the lyotropic phase structure of the 

Fig. 5. (a) Viscosity vs pitch for 5CB + S811. For pitch < 20 μm, the average diameter of the ferrofluid droplets, the LC behaves as expected for a chiral nematic, with 
no anisotropy of viscosity in the substrate plane. As the pitch increases and the helical structure is unwound by the confinement and boundary conditions, the 
anisotropic values of the nematic phase are regained. (b) The boundary layer is largely independent of the pitch for 5CB + S811, similar to the value of the pure 
nematic host. 

Fig. 6. (a) Concentration dependence of the viscosity of CTAB in the hexagonal phase. Already at very low concentrations above the cmc the viscosity is much larger 
than that of the solvent (water). (b) The boundary layer roughly increases for increasing CTAB concentration, while the value at very small concentration above the 
cmc is comparable to that of water. 
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hexagonal phase in the CTAB/water mixture. This is expected as with 
increase in viscosity, the boundary layer thickness should increase [27]. 
The uncertainty in the orientation is reflected in the large error bars in 
Fig. 6 (a). 

4.5. Lyotropic chromonic Sunset Yellow (SSY) 

The food coloring dye Sunset Yellow (SSY) is one of the standard 
chromonic LCs that forms chromonic stacks (Fig. 7) and lyotropic LC 
phases in aqueous solutions [28–30]. The concentration dependent 
viscosities and boundary layer thickness of the lyotropic nematic phase 
of aqueous SSY solutions were measured at room temperature using the 
oil-based ferrofluid EFH1. A comparison to the values obtained for the 
isotropic phase just above the cmc is made. 

According to Israelachvili [31], the cmc is determined by 
cmc ≈ exp( − α) where α is the average interaction energy (in units of 
kBT). The value of α has been reported to be 7.25 by Horowitz et al., [32] 
and 11.10 ± 0.18 by Renshaw et al. [33]. This gives a relatively large 
concentration range for the cmc of 0.04–1.58 wt%. Fig. 8(a) depicts the 
concentration dependence of the viscosity. The viscosity is isotropic in 
the regime just around the cmc with a value γ = 403 ± 41 mPa s at a 
concentration of 0.09 wt%. This value is significantly larger than that of 
deionized water by a factor of 400 and also an order of magnitude larger 
than that of a thermotropic nematic liquid crystal. In the chromonic 
nematic phase, which starts at a concentration of about 15 wt%, the 
viscosity is anisotropic and the difference between the perpendicular 
and parallel viscosity values with respect to the director, increases with 
increasing in concentration. 

Interestingly, the boundary layer dependence on concentration 
(Fig. 8(b)) behaves quite differently from the previously observed 
behaviour for lyotropic CTAB. In the isotropic phase above the cmc, the 
boundary layer thickness is approximately ten times larger than that 
observed for a viscous isotropic fluid, which indicates that stacks are 
already formed, while being isotropically distributed in the water. For 
concentrations above the formation of the nematic phase, the boundary 
layer thickness decreases with increasing concentration. This might be 
caused by the plate-like structure of the molecules which may be easier 
to deform than the micellar structures of the amphiphilic lyotropic 
liquid crystals, in the same sense as the lamellar phase is less viscous 
than the hexagonal one. 

4.6. Colloidal graphene oxide (GO) 

GO is the oxygenated form of a monolayer graphene platelet with 
strong mechanical properties, chemical functionalization capability, 
and extremely large surface area [35]. GO readily forms lyotropic 
nematic phases in water and the director field orientation depends on 
the geometry of the cell [8,34–37]. 

For the closed sandwich cell, the same procedure which was used for 
the other LCs was utilized. For the closed cell measurements, the 

measured viscosity in the center is isotropic due to the director field 
aligning in the z-direction and the measurements can only be taken in 
the x-y plane (Fig. 9(a)). All viscosity measurements were taken in the 
central portion of each cell. To measure the anisotropic viscosities of the 
lyotropic nematic phase of aqueous solutions of GO, an uncoated open 
glass channel cell, similar to one used by Al-Zangana et al., [35] was 
employed in addition to the closed sandwich cell. For the open channel, 
two glass coverslips were placed on a glass microscope slide and fixated 
using UV glue, while producing a channel of millimeter width. This 
causes the GO molecules to align parallel to the cover slip edges as 
schematically shown in Fig. 9(b). The LC ferrofluid emulsion was 
deposited in this channel and measurements were taken parallel and 
perpendicular to the director, which can be defined as the cell normal. 
Both cell types are uncoated because the GO flakes strongly lie flat on the 
glass walls. The measurements were obtained using ferrofluid EFH1. 

The concentration dependence of the viscosity for the closed cell, i.e., 
the isotropic viscosity perpendicular to the director, is depicted in 
Fig. 10(a). This viscosity exhibits a sudden increase during the transition 
from the isotropic to the nematic phase which occurs in approximately 
the concentration range of 0.75 − 1 wt% GO in water. After this tran
sition, when the nematic phase is developed, the viscosity remains 
practically constant with change in concentration. The viscosity value 
observed in the isotropic phase of GO/water is clearly larger than that of 
the solvent by about two orders of magnitude, and comparable to that of 
micellar solutions just above the cmc. Similar to the chromonic plate- 
like dye molecules of sunset yellow, the thickness of the boundary 
layer decreases for GO in water with increasing concentration as shown 
in Fig. 10(b). 

For the open cell, the determined viscosities are anisotropic, 
measured parallel and perpendicular to the director which is defined as 
the average GO plate normal. The relation between parallel and 
perpendicular viscosity with concentration is shown in Fig. 11(a). The 
perpendicular viscosity exhibits a sudden increase during the transition 
range from the isotropic to the nematic phase while the increase for the 
parallel viscosity is much less dominant. Within the nematic phase 
range, the two viscosities are constant within limits of error. The 
boundary layer thickness (Fig. 11(b)) exhibits a large variation without 
any clear trend. Given the variation, the errors are most likely under
estimated so that no conclusions may be drawn about any concentration 
dependence. Yet, it is evident that the boundary layer thickness is of the 
same order of magnitude as that of lyotropic sunset yellow, and about a 
factor 5 larger than that of a standard thermotropic nematic (5CB). 

4.7. Colloidal cellulose nanocrystals (CNC) 

Cellulose nanocrystals (CNC) are H2SO4 treated cellulose crystallites 
which adopt a left-handed cholesteric (chiral nematic) liquid crystal 
phase [38] when dissolved in water. The concentration dependent vis
cosities of solutions of CNC and DI water were measured using the fer
rofluid EFH1. 

According to Honorato-Rios et al. [39], the CNC macroscopically 
phase separates in a sandwich cell into a two-phase system with some 
regions being mostly isotropic and others being largely cholesteric. For 
the below discussed measurements, we used ferrofluid droplets which 
were located in the cholesteric region of the cell. With increasing CNC 
concentration, the cholesteric region enlarged as expected and viscosity 
measurements were performed in the concentration range between 3 −
6 wt%. The cholesteric pitch is known to vary inversely with CNC con
centration. It is thus expected that at higher concentrations, the pitch is 
approximately equal to the droplet diameter and so the measured vis
cosity is isotropic, as in the case for the thermotropic cholesteric (5CB +
S811) discussed in Section 4.3. 

As observed in Fig. 12(a), the difference between the parallel and the 
perpendicular viscosities of cellulose nanocrystals in water decreases 
with increasing concentration. This can be understood by the decreasing 
pitch of the cholesteric helical superstructure with increasing CNC 

Fig. 7. Sideview of the structure of the low concentration lyotropic nematic 
phase of SSY. The SSY molecules form columnar stacks which act as cylinders 
and orient along a director. The low concentration phase of the chromonic 
Sunset Yellow is the nematic phase. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 8. (a) Concentration dependence of the viscosity of SSY. The chromonic nematic lyotropic liquid crystal phase is beginning to form at 15%. (b) Concentration 
dependence of the boundary layer thickness of Sunset Yellow. 

Fig. 9. Schematic illustration of the geometries of GO in (a) a closed cell and (b) an open channel.  

Fig. 10. (a) Concentration dependence of the viscosity of a GO/water lyotropic liquid crystal in a closed 100 μm thick cell. At very low concentrations, the system is 
isotropic while the transition to a nematic lyotropic phase occurs at concentrations of approximately 0.75–1 mg/mL. Given that measurements are taken perpen
dicular to the director, the viscosity is independent of direction in the plane of the cell. (b) Concentration dependence of the boundary layer thickness for a closed cell 
of GO/water. 
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concentration as seen in Honorato-Rios et al. [39] and Mu et al., [40]. 
The behaviour is equivalent to that of the thermotropic case discussed in 
section 4.3 where the cholesteric pitch is decreased for increasing con
centration of the chiral dopant. Here, the increasing CNC concentration 
decreases the pitch. While for low concentrations the cell boundary 
conditions deform the helical structure, a short pitch structure is 
accommodated within the cell without deformation. The ferrofluid 
droplet, depending on size of the cell, pitch and droplet diameter, can 
probe this deformation, which is reflected in the measured viscosities. 
This is equivalent to the above reported thermotropic cholesteric 5CB +
S811 (in terms of concentration of S811), as expected. The boundary 
layer thickness values exhibit an increasing trend with increase in con
centration (Fig. 12(b)) and the values are about an order of magnitude 
larger than those observed for a standard thermotropic chiral nematic 
liquid crystal. This is similar to the amphiphilic lyotropic LCs, and it can 
be concluded that the rod-like molecules exhibit the opposite trend to 
the plate like molecules observed for the lyotropic chromonic LCs and 
colloidal GO. 

5. Conclusions 

The viscosities of various types of LC phases; thermotropic, lyotropic, 
chromonic and colloidal, were measured on a microscopic scale using 
dispersed ferrofluid droplet inclusions. The temperature dependent 
values for the anisotropic viscosities which are parallel and 

perpendicular to the director of a thermotropic nematic phase very well 
reproduce previous measurements with other methods. They are also 
very well reproducible, and the methods are thus suitable to carry out 
viscosity probing on a very small scale with minute amounts of sub
stance. No discontinuities in viscosities nor boundary layer thickness 
were observed at the nematic to smectic A transition, which suggests 
that the smectic layer formation represents only a small change to the 
structure of the system, which is in line with the common understanding 
of the smectic A phase from x-ray diffraction as a sinusoidal density 
distribution. For the helical chiral nematic structure, no anisotropy in 
the viscosity was observed for small pitch helices. Only when the pitch 
became comparable to either the cell gap or the ferrofluid droplet 
diameter did this anisotropy arise due to a distortion of the helical 
structure. This suggests that ferrofluid droplets may also be used as 
probes for director field deformations, if the droplet diameter can suit
ably be adjusted, for example via microfluidics. 

Lyotropic phases are in general much more viscous than their ther
motropic counterparts. This was demonstrated for an amphiphilic lyo
tropic liquid crystal, even just above the cmc in the isotropic phase. Once 
the hexagonal phase was formed, the viscosity became anisotropic with 
an increasing anisotropy that rises with increasing concentration. A 
similar behaviour was observed for the lyotropic chromonic LC sunset 
yellow, where the droplet boundary layers also became substantially 
thicker than that observed for pure water or even a thermotropic LC. 
Colloidal lyotropic liquid crystals were investigated on the form of GO/ 

Fig. 11. (a) Concentration dependence of the viscosities of GO/water in the open channel geometry. (b) Concentration dependence of the boundary layer thickness.  

Fig. 12. (a) Concentration dependence of the viscosities for CNC/water. (b) Concentration dependence of the boundary layer thickness.  
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water and CNC/water systems. The graphene oxide system was studied 
in two different geometries and exhibited a substantial viscosity as well 
as anisotropy, yet without any significant concentration variation. The 
cellulose nanocrystal system exhibited a similar behaviour as the ther
motropic chiral nematic system with the difference that the viscosity 
anisotropy vanished for increasing CNC concentration. This is due to the 
decreasing pitch of the helical structure with increasing CNC concen
tration, thus the vanishing of the director field distortions from the he
lical superstructure. 

The method of using dispersed ferrofluid droplets in liquid crystals 
thus opens a wide range of liquid crystal classes, types and phases to be 
studied with respect to their viscosities. For controlled droplet sizes, it 
also offers the possibility to be developed into a probe for locally 
deformed director fields. 
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