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Abstract: Single molecule (SM) methods are able to resolve structure related dynamics
of guest molecules in liquid crystals (LC). Highly diluted small dye molecules on the one
hand explore structure formation and LC dynamics, on the other hand they report about a
distortion caused by the guest molecules. The anisotropic structure of LC materials is used
to retrieve specific conformation related properties of larger guest molecules like conjugated
polymers. This in particular sheds light on organization mechanisms within biological cells,
where large molecules are found in nematic LC surroundings. This review gives a short
overview related to the application of highly sensitive SM detection schemes in LC.
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1. Introduction

Liquid crystals (LC) had been discovered for the first time in cholesterol found in carrots by F.
Reinitzer [1]. More than 100 years later, investigation of biological LC materials is still of interest [2–4].
However, the focus has shifted from the study of general LC features to more sophisticated subjects such
as their impact on molecular organization relevant for biological processes [2–5]. Living cells contain
liquid crystalline environments e.g., cell membranes and stabilized analogues of liquid crystals [2].
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These environments one the one hand impose a specific molecular organization on other solvated
molecules and aggregations [5]. On the other hand, the morphogenesis of the environments itself is of
interest. For example, collagens, major macromolecules of biological tissues, are known to form liquid
crystalline phases at high concentrations in vitro [4]. Although, their morphogenesis in vivo is guided
by enzymes, the liquid crystalline order prior to fibril assembly obviously is related to the final outcome
of structure formation [2,4]. Besides resolving biological processes, investigations of biological liquid
crystal environments are related to biomimetics, as they are expected to contribute extended insight for
tissue engineering [6].

The most perceived applications of liquid crystals are LC displays [7]. However, their electrooptical
and electromechanical properties have led to further important applications, like organic solar cells [8,9]
and light polarizing devices [9,10]. Electrocative liquid crystalline polymers also find applications as
actuators and sensors [9,11]. Extensive research on new LC materials [12,13] as well as on LC structure
formation, electrooptical properties [14] and interactions with other materials is aimed to improve and
extend LC based devices and other applications [15,16].

Many LC properties have been found from ensemble methods, such as light polarization microscopy
and nuclear magnetic resonance (NMR, see for example [17]). However, the power of ensemble methods
to retrieve information on local structure and interactions is restricted in respect to heterogeneous
materials and dynamics. Here, single molecule (SM) methods can fill the gap, because investigation
of the dynamics of single fluorescent molecules provides insight into local interactions between the
medium and the single chromophore [18,19]. This, on the one hand, yields information on the local
structure of the environment. On the other hand, the anisotropic LC structure has been used to
study specific properties of the guest molecules themselves [20]. The very low concentration of dye
molecules used within SM methods avoids contributions form dye-dye interactions, which otherwise
might be present in optical probe based ensemble studies due to the need for higher dye concentrations.
Typical dye concentrations for SM studies are in the nanomolar to micromolar range. This renders
nonlinear optical effects negligible which otherwise have been observed for dye concentrations of 1%
in liquid crystal [21]. Since their implementation, SM methods have been used in a broad field of soft
matter materials [18,19] including dynamics in ultrathin films [22–27] or nanopores [28,29] and on
surfaces [30,31]. Corresponding investigations in the field of LC are rare.

Up to now, SM studies have contributed to the investigation of physical properties (diffusion and
conformational properties of guest molecules, local structure) of several LC materials. Here we
first concentrate on the investigation of LC cells containing the nematic mixture E7 (a blend of a
cyanoterphenyl and three cyanobiphenyls [11]) [32,33], the nematic 4-n-pentyl-4-cyanobiphenyl (5CB),
as well as the smectic A 4-n-octyl-4-cyanobiphenyl (8CB) [34] via small tracer molecules. Small
tracers were also used to investigate structure and dynamics of thin frustrated 8CB films on silicon
substrates [35,36]. These SM studies were conducted at room temperature without the employment of
temperature controlled sample stages. The self-diffusion coefficients of the used LC-materials show a
considerable temperature dependence [17]. Nevertheless, a tabular comparison including results from
ensemble experiments is given.

The anisotropic alignment of nematic 5CB and nematic/smectic 8CB was further used to investigate
interactions with the conjugated polymer poly(2-methoxy-5-(2’-ethyl-hexyloxy)-p-phenylene vinylene
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(MEH-PPV) [20]. On the one hand, this contributed information about ordering properties and
anisotropic diffusion of MEH-PPV [20]. On the other hand, the particular alignment of MEH-PPV in
5CB was used to retrieve local LC ordering across a 12.7 µm thick 5CB cell with and without application
of an electric field [37].

Single molecule methods have also been applied to biological LC materials, which will be the topic
of the last section. Dogic et al. used single molecule tracking (SMT) to study the diffusion behavior of
fd viruses in aqueous solution, a lyotropic nematic LC [38], as well as the behavior of large biopolymers
therein [41].

2. Single Molecule Investigation of LC Cells Using Small Dye Molecules

To our knowledge, the first application of single molecule (SM) methods to liquid crystals was
the investigation of structure related dynamics of small dye molecules in nematic LC cells by
Kawai et al. [32], which will be described in the following together with a more recent study of SM
in nematic and smectic LC cells. Experiments using large conjugate polymer molecules within LC cells
will be described in a later section.

2.1. Diffusion Anisotropy of Small Solute Molecules from SM in Nematic LC Cells

Kawai et al. were the first to report SM studies on thermotropic liquid crystals. They investigated
the diffusion of a fluorescent perylene dye in a parallel aligned nematic LC cell using the liquid
crystal mixture E7 by employing fluorescence correlation spectroscopy (FCS) [32,33]. Without the
external electric field, the LC director was aligned in the laboratory x-direction, which was confirmed
by polarized microscopy. The cell thickness of about 1 µm matched the focal depth of the confocal
beam. For this reason, a 2-dimensional (2D) correlation function could be used for retrieving diffusion
coefficients from experimental autocorrelations of the fluorescence intensity. The in-plane radius w0 of
the Gaussian focus was determined from the wavelength �, the refractive index n and the numerical
aperture AN of the objective using

w0 =
2�

�nAN

(1)

Because of the optical anisotropy of the LC with refractive index n? = 1:52 perpendicular to the
LC director (laboratory y-direction) and nk = 1:75 parallel to the LC director (laboratory x-direction),
different focal half-widths wx and wy were retrieved from Equation (1). The optical anisotropy led to a
2D-correlation function employing different terms for the x- and y-directions [32]
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withN the average number of molecules in the focus, and diffusion coefficientsDx (Dk) andDy (D?) in
x- and y-direction, respectively. Fitting autocorrelation curves obtained from the LC cell without external
electric field led to average diffusion coefficients Dx = 18 µm2/s and Dy = 3:0 µm2/s. The average
diffusion anisotropy was obtained as Dk=D? = 4, with a maximum value of 6.7, see also Table 1. The
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average fitting error was given as 20%. The obtained diffusion anisotropy is much larger as Dk=D? �
1:2 from ensemble measurements employing fluorescence recovery after photobleaching (FRAP) [42]
(see Table 1). One explanation of the results from the SM study was that this difference might be due
to the structure of the employed perylene diimide, which has long alkyl chains, and therefore might
enhance the anisotropy in the translational diffusion in the nematic LC.

Table 1. Diffusion coefficients in µm2/s and diffusion anisotropy of small tracer molecules
and of liquid crystal (LC) self-diffusion derived from different SM and ensemble methods at
room temperature.

LC Method Used molecule Sample Dk D? Dk=D?

E7 [32] FCS perylene diimide 1 µm cell 18 3.0 4
E7 [33] FCS antraquinones 2 µm cell 5
E7 [42] FRAP cyanine 100 µm cell 1:2� 0:1

5CB [34] SMT perylene diimide 1 µm cell 8:47� 0:2 5:75� 0:2 1:5� 0:2

5CB [34] FRAP perylene diimide �D = 2:6� 0:8

5CB [17] NMR LC self-diffusion bulk 50 20 2.5
5CB [43] FRS methyl red 100 µm cell 20 13 1:5

8CB [34] SMT perylene diimide 0.5 µm cell, area 1 4:5� 0:2 2:9� 0:2 1:5� 0:2

8CB [34] SMT perylene diimide 0.5 µm cell, area 2 4:3� 0:2 2:8� 0:2 1:5� 0:2

8CB [36] SMT perylene diimide 0.2 µm film 1;2 3:8� 0:6 2:4� 0:3 1.6
8CB [35] FCS perylene diimide (no) 0.2 µm film 1;3 110� 30 0:3� 0:1 360
8CB [35] FCS perylene diimide (o) 0.2 µm film 1;3 36� 11 0:4� 0:3 90
8CB [35] FCS terrylene 0.2 µm film 1;3 13� 7 0:4� 0:1 30
8CB [34] FRAP perylene diimide �D = 3:2� 0:6

8CB [17] NMR LC self-diffusion bulk 25 14 1.7
8CB [43] FRS methyl red 100 µm cell 13 9 1:5

1 Here the LC alignment is not known, Dk and D? denote the obtained fast and slow diffusion
coefficients, respectively; 2 The diffusivity analysis of SMT yielded also a rare third, even faster, component
D = 105� 30 µm2/s; 3 The diffusion components were derived from two-component 2D-fits to the FCS curves.
See text for further comments.

For this reason, Kawai et al. in a second study concentrated on the possible influence from
dye structure on the diffusion anisotropy [33]. The used three antraquinone derivates had similar
chromophores but different alkyl chain lengths. All three dye molecules showed a similar diffusion
anisotropy Dk=D? with averages of about 5 (see Table 1). The broad distribution of the anisotropy
ranged from 1.7 to 100 for all three dyes. This shows that the diffusion anisotropy does not depend on the
alkyl chain length. The value roughly coincides with the value obtained in the previous study employing
a perylene diimide and the same E7 medium. The difference between the diffusion anisotropy obtained
by fluorescence recovery and by FCS is suggested to result from averaging over a larger sample area
and a longer measurement time in the former as compared to the latter [32,33]. This demonstrates the
potential of the SM method to directly explore the local environment of dye tracer molecules.
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Kawai et al. in their first study also determined diffusion coefficients Dx and Dy for the cell under
application of an external electric field using Equation (2). The average values were 12.0 µm2/s and
10.5 µm2/s, respectively. The weak diffusion anisotropy Dk=D? � 1:1 indicates an almost isotropic
in-plane diffusion of the perylene diimide. Thereby, the interfacial aligned LC layers at the cell walls
contribute to the anisotropy [32]. Further information about the local LC alignment close to the cell walls
of a parallel cell under application of an E-field was obtained from a study employing the conjugated
polymer MEH-PPV in a nematic 5CB cell [37], which will be reported later.

2.2. Locally Resolved Structure Related Dynamics in Nematic 5CB and Smectic 8CB Cells

Recently, Pumpa and Cichos used single molecule tracking (SMT) to study the diffusion of a
perylene diimide in LC cells of the nematic compound 4-n-pentyl-4-cyanobiphenyl (5CB) and its room
temperature smectic A homolog 4-n-octyl-4-cyanobiphenyl (8CB) [34]. The self-diffusion for both LC
materials is reported from NMR studies in a wide temperature range, yielding anisotropy values up to
2.5 for 5CB and 1.7 for 8CB at room temperature [17]. Pumpa and Cichos analyzed their SMT data
via orientationally resolved distributions of single diffusion steps at a fixed time interval given by the
inverse frame rate of the measurement. By this, they derived angle dependent diffusion coefficients for
different regions of the sample. The local LC director in these regions was evaluated by polarization
contrast microscopy. A comparison showed agreement of the dynamical properties reported by the dye
molecules to the structural properties of the liquid crystal [34].

For nematic 5CB the diffusion coefficients were reported to be Dk = 8:47 µm2/s and
D? = 5:75 µm2/s, see also Table 1. For smectic 8CB, two regions (area 1 and area 2, see
Figure 1 left) with different director alignment were studied, yielding comparable diffusion coefficients
Dk = 4:5 � 0:2 µm2/s and D? = 2:9 � 0:2 µm2/s for area 1, and Dk = 4:3 � 0:2 µm2/s and
D? = 2:8� 0:2 µm2/s for area 2, which showed a slightly weaker director alignment than area 1.

Despite the good agreement of the anisotropy values, the absolute values of the diffusion tensors’
principle components deviate strongly from NMR data reported in literature [17], and also from
diffusion coefficients obtained by forced Rayleigh scattering (FRS) using methyl red in 0.1 wt%
concentration [43], see Table 1. According to the Stokes-Einstein relation, a small deviation is expected.
Due to the slightly larger van der Waals radii of the tracer perylene molecules in comparison to
the liquid crystal molecules, diffusion coefficients obtained by SMT should be smaller than those
retrieved from the observation of self-diffusion by NMR. However, the observed deviation by a factor
of about 6 cannot be explained merely by size difference. Pumpa and Cichos also conducted FRAP on
their samples with a higher concentration of the perylene diimide. The average diffusion coefficients
�D(5CB) = 2:6 � 0:8 µm2/s and �D(8CB) = 3:2 � 0:6 µm2/s are of similar range as the values obtained
from SMT analysis [34], see also Table 1. A comparative FRAP experiment employing Rhodamine 6G
in a glycerine/water mixture with a viscosity similar to the mean viscosity of 5CB, yielded a diffusion
coefficient in good agreement with predictions from the Stokes-Einstein relation. This suggests that the
observed slow molecular diffusion of perylene diimide in 5CB and 8CB must be related to the interaction
of the dye molecule with the liquid crystal [34]. Investigations on hydrodynamics of spherical particles
in nematic LC revealed larger effective viscosity due to necessary reorientation of LC director structure
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at the particles’ surface [44,45]. Similar slow diffusion coefficients have been reported by Schulz et al.
using SMT of perylene diimides in thin frustrated smectic 8CB films [35,36], which will be described in
the following.

Figure 1. (Left) 8CB cell with two regions of ordering (bottom left) area 1, and (top right)
area 2. Schematics of LC orientation are given together with the angular diffusion maps
and their fits using a model for anisotropic diffusion (red lines) for each region. Reprinted
with permission from [34], Copyright 2012 by The American Chemical Society. (Right)
Molecular structure of (a) aligning perylene diimide o-PDI; (b) not aligning perylene diimide
no-PDI; (c) terrylene; and (d) columnar LC unit of 8CB.
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3. SM Studies on Diffusion and Structure Related Dynamics in Thin Frustrated 8CB Films

Schulz et al. combined SMT and FCS of two different perylene diimides and terrylene (for molecular
structures see Figure 1 right) to study structure related dynamics in thin frustrated smectic LC films
of 8CB [35,36]. One of the perylene diimides (o-PDI) has been designed to align along the director of
8CB, the other one (no-PDI) did not show any alignment. Order parameters S for alignment in a 5CB cell
were obtained as S = 0:7 and S < 0:1 for o-PDI and no-PDI, respectively [35]. Terrylene was used for
comparison. Due to its comparatively small size, it should not disturb the LC structure to a large extent
and probably also aligns along the director of 8CB. This study is aimed to investigate the influence of the
interface and of self-organized structures on diffusion. Silicon substrates with either native or 100 nm
thermal oxide were used with films of thickness d between 4 and 225 nm. The alignment of 8CB is
known to be random planar at the silicon substrate [46] and homeotropic at the interface with air [47].
For the 4 nm thick 8CB film, the structure consists of a planar monolayer at the substrate covered by a
bilayer of homeotropically aligned 8CB dimers [46,48]. For thicker films, the range and the kind of the
distortions of the smectic layers close to the substrate are not fully understood [49].

Figure 2a shows the distribution of diffusion coefficients D obtained from trajectory analysis of SMT
for no-PDI in a 0.2 µm thick 8CB film on 100 nm SiO2 together with a Gaussian fit for retrieving a mean
diffusion coefficient. In general, by trajectory analysis of SMT distributions of diffusion coefficients are
obtained, which is due to the experimentally limited observation time [22]. In case of the here studied
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tracer diffusion in 8CB films, the diffusion anisotropy leads to further broadening of the distribution.
Schulz et al. additionally analyzed their SMT experiments via probability distributions of diffusivities,
which are scaled square displacements of detected tracers at a fixed time time lang (scaled single
steps) [26,35,36]. Within these probability distributions of diffusivities, deviations from homogeneous
diffusion can be easily seen as deviations from a mono-exponential decay. For no-PDI in 0.2 µm thick
8CB films on 100 nm SiO2, multicomponent fits yielded two diffusion coefficientsD1 = 2:4�0:3 µm2/s
and D2 = 3:8� 0:6 µm2/s and a possible third component D3 = 105� 30 µm2/s [26], see Table 1. The
values for D1;2 are similar to D? = 2:8� 0:2 µm2/s and Dk = 4:3� 0:2 µm2/s obtained by Cichos et al.
via SMT for a perylene diimide in a 0.5 µm thick 8CB cell.

Figure 2. (a) Distribution of diffusion coefficients D calculated from trajectories of no-PDI
within a 0.2 µm thick 8CB film on 100 nm SiO2. The full line shows a Gaussian fit to the
distribution; (b) Normalized average diffusion coefficients as a function of film thickness
d for 8CB on 100 nm SiO2 together with calculations using a hydrodynamic no-slip model.
Image taken from [35], Copyright 2010 by The Royal Society of Chemistry, with permission.

Mean diffusion coefficients obtained from trajectory analysis of SMT using no-PDI and terrylene with
varied 8CB film thickness showed a general agreement with a hydrodynamic model with no-slip (stick)
boundary condition at the substrate [35], see Figure 2b. For the isotropically oriented dye no-PDI, the
mean diffusion coefficient reached the plateau value (considered as bulk diffusion coefficient) already
at d � 40 nm. In contrast, for the aligning perylene diimide o-PDI a notable deviation from the
hydrodynamic model was observed. The diffusion coefficients were significantly reduced up to 100 nm
film thickness [35]. This deviation is suggested to be caused by the sensitivity of o-PDI to the structure
change in the interface region in combination with the elongated shape of the molecule. A crossover
from planar alignment at the substrate to the surface normal alignment of the smectic director might be
accompanied by a decrease in the effective hydrodynamic radius of o-PDI [35]. An additional influence
is expected from reversible adsorption events to the substrate along detected trajectories. Diffusivity
analysis of the SMT experiments [26,35] showed a considerable adsorption probability for terrylene
(72%) and o-PDI (62%) molecules in contrast to no-PDI (17%). Reversible adsorption to the surface
along a dye trajectory will lead to an apparent slow down of diffusion coefficients from trajectory
analysis. The slightly decreased mean diffusion coefficients for terrylene in respect to the hydrodynamic
model for d up to 45 nm point to an influence from adsorption events up to this film thickness. This
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