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Abstract. Much of the modern understanding of orientational order in liquid crystals (LCs) is
based on polarizing microscopy (PM). A PM image bears only two-dimensional (2D) information,
integrating the 3D pattern of optical birefringence over the path of light. Recently, we proposed a
technique to image 3D director patterns by fluorescence confocal polarizing microscopy (FCPM).
The technique employs the property of LC to orient the fluorescent dye molecules of anisometric
shape, added in small quantities to the LC. In LC, smooth director deformations do not alter mass
density of the material. Thus the density of dye is also uniform across the sample, except, perhaps,
near the surfaces or at the cores of topological defects. In polarized light, the measured fluorescence
signal is determined by the spatial orientation of the molecules rather than by dye concentration (as
in regular biological samples stained with tissue-specific dyes). The contrast is enhanced when both
excitation and detection of fluorescence light are performed in polarized light. This short review
describes the essence of FCPM technique and illustrates some of its applications, including imag-
ing of Frederiks electric-field induced effect in a nematic LC and defects such as dislocations in
cholesteric LCs.
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‘In my opinion, you cannot say you have thoroughly seen anything until you have a
photograph of it’.

Emile Zola

1. Introduction

Thirty years ago, in the preface to the first edition of The Physics of Ligquid Crystals,
P G de Gennes has written that “...the study of liquid crystals is complicated because
it involves several different scientific disciplines... and also a certain sense of vision in
three-dimensional space in order to visualize complex molecular arrangements” [1]. The
validity of this statement is even greater nowadays, as orientational order pertinent to pure
LC phases is an important feature of other soft-matter materials of physical, chemical and
biological significance. LCs are often used as an ingredient in many composite materials,
such as polymer dispersed and polymer stabilized LCs, colloids with LCs as solvents, etc.
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The simplest tool to substantiate a sense of three-dimensional (3D) ‘molecular arrange-
ments’ in materials such as LCs is polarizing microscopy (PM). PM tests the orientation of
optical axes of the LC specimen. Unfortunately, PM yields only 2D textures in the plane
of observation which is perpendicular to the optical axis of the microscope [2—4]. This 2D
image integrates the true 3D configuration of optical birefringence over the path of light
[4]. The director profile along the direction of observation (‘vertical cross-section’) is hard
to decipher: As illustrated by Bellare e al [4], PM images of such varied objects as spheres
and focal conic domains in flat samples of lamellar LCs are practically indistinguishable.
Of course, a sample can be constructed in such a way that it can be viewed from different
sides (a cylindrical capillary, for example), but this solution is not a universal one, as in
most cases researchers are interested in sandwich-like samples with a thin (tens of microns
or less) LC layer confined between two transparent plates. It is precisely the director con-
figuration in the vertical cross-section of such a cell that is the most valuable and desirable
in studies of electro-optic effects such as the Frederiks effect, defects, surface anchoring,
etc. Note here that not only PM, but also other non-destructive techniques, such as nuclear
magnetic resonance, x-ray diffraction, optical phase retardation, etc., suffer from the same
deficiency: they produce only an integrated image.

Recently, we described a technique that allows one to resolve the compressed dimension
and to obtain truly 3D images of orientational order in LCs, both in the plane of observa-
tion and along the direction of observation [5-12]. The technique is based on the confocal
microscopy of LCs doped with anisometric dyes that are aligned by the LC host. In its
refined mode, called the fluorescence confocal polarizing microscopy (FCPM), the sample
is probed with linearly polarized light which allows one to visnalize regions with different
orientation of the dye which is related to the orientation of the LC director [8-12]. How-
ever, even in the non-polarized [5-7] or circularly polarized light, the technique is still
capable to resolve the z-component of the director (along the optical axis of the micro-
scope) and some average of the two orthogonal x- and y-components. This review gives
a brief account of FCPM and its simplest applications so far. We start with the general
principles of confocal microscopy.

2. Confocal microscopy

The principle of FCPM imaging is different from the traditional PM and is based on the
confocal microscopy (CM). A CM offers a high 3D spatial resolution of about 1 xm or
better, as it is capable of focusing light into a small volume element (a voxel) [13-16]
(figure 1). Besides a special objective with a high numerical aperture (NA) usually in the
range 0.9-1.4, another principal element is a pinhole in front of the detector that functions
as a spatial filter to reduce the signal emerging from outside the selected voxel. Light from
the focal point of the microscope passes through the pinhole, but light from other points
focuses somewhere behind or in front of the screen and thus is effectively blocked by the
disk (only a small fraction of light is transmitted through the pinhole and reaches the de-
tector) (figure 1). The tightly focused light beam scans the sample to obtain a comiplete
image. The scanning is usually implemented by one focused beam traveling in the hori-
zontal plane and then by mechanical or piezo-element refocusing at a different depth in the
sample. The image is saved as a stack of thin (submicron) horizontal optical slices in the
computer memory. The data then can be presented in a variety of forms, as a 3D pattern
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Figure 1. (a) A principal scheme of a confocal microscope with two confocal pinholes
for observations in the transmission mode. (b) A principal scheme of a microscope that
allows one to make observations in a regular transmission (non-confocal) mode, using
the left photodetector, and in the reflection confocal fluorescence microscopy mode.

formed by images of all scanned voxels, or as horizontal or vertical ‘cross-sections’ of the
sample, or in some other form.

Fluorescence CM (FCM) is a version of CM in which the specimen is doped with a
high-quantum-yield fluorescent dye that strongly absorbs at the wavelength of the exciting
beam (figure 1b). The excited dye molecules fluoresce at somewhat longer wavelength.
The difference between the fluorescence and absorption wavelengths is called the Stokes
shift. If the Stokes shift is sufficiently large, the exciting and fluorescence signals can be
efficiently separated by filters so that only the fluorescence light would reach the detector.
If the specimen is heterogeneous, the concentration of the fluorescent probe is coordinate-
dependent, which results in a high-contrast image (see, for example, refs [17-19]). The
FCM technique visualizes features in living cells and tissues; it is successlully applied
in flow cytometry and even for single molecule detection [16]. The advantages of FCM
in condensed matter sciences are also becoming clear, as the technique has been applied
recently to the studies of colloids and polymers [17-25]. The fluorophores can selectively
tag a component of interest in mixtures. For example, Held er al [22] stained a polymer in
a phase separating monomer-LC mixture; the fluorescent polymer network then helped to
understand the orientation of the surrounding LC.

The traditional FCM described above visualizes the concentration (density) distribution
of fluorescence probe in the sample. What is needed in the study of density-homogeneous
materials such as L.Cs, is to capture the spatial pattern of molecular orientations. By adding
two essential features, namely, polarized light observations and a fluorescent dye composed
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Figure 2. Fluorescence confocal polarizing microscope used in the present study (see
text).

of anisometric molecules, one transforms the regular FCM into a FCPM that visualizes 3D
director patterns in media with orientational order (figure 2).

2.1 Basic principles of FCPM

A simple view of how the FCPM in figure 2 visualizes a 3D director field in a nematic
sample is as follows: Imagine a nematic LC doped with a fluorescent dye, such as N,N-
bis(2,5-di-tert-butylphenyl)-3,3,9,10-perylenedicarboximide (BTBP) (figure 3). Let the
nematic and dye molecules be elongated, as in figure 3. The transition dipoles of both
excitation and fluorescence are assumed to be along the long axis of the dye molecule. As
well known from studies of the so-called ‘guest—host’ display modes [26], the anisometric
‘guest’ molecules are aligned by the nematic ‘host’. The incident beam causes fluorescence
of the dye (figure 4). For the linearly polarized beam, the efficiency of light absorption is
determined by the angle between its polarization P and the direction of the absorption tran-
sition dipole of the dye. The probability of a photon absorption scales as o< (cos* &), where
o is the angle between the transition dipole and P (see figure 4¢) and the brackets denote
an average of all orientation of the transition dipole. Similarly, the probability of the emit-
ted photon to reach the detector through the very same polarizer is o< (cos® &'), where o’
is the value of o at the moment of emission. Even when the probing and emitted light
beams are passing through the same polarizer, as in the reflective-mode microscope we
used in our studies, the values o' and @ might be different. The reason is that the time
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Figure 3. Molecular structures of fluorescent probes with anisometric shape (elon-
gated in this case) suitable for FCPM imaging of LCs: BTBP and acridine orange.
Both are solvable in thermotropic LCs. When the LC is of a calamitic type (rod-like
molecules), the (average) transition dipole of the dissolved dye molecules is along the
director.
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Figure 4. Principle of visualizing the director configuration in FCPM. The fluorescent
molecules (ellipsoids) are aligned by the director. Polarized probing beam excites the
dye molecules and cause fluorescence. The efficiency of excitation depends on the
angle between the transition dipole of dye molecule (double-headed arrows) and the
polarization-of the probing beam. The efficiency is minimum in cases (a) and (b),
intermediate in case (¢) and maximum in case (d). The contrast can be enhanced if
the fluorcscent light is also routed through a polarizer before reaching a detector. The
detected signal will be maximum when the polarization of fluorescent light is parallel
to the direction of polarizer.

delay 7, between the acts of adsorption and fuorescence emission (called also the life-
time of the dye excited state) might be longer than the characteristic time 7, of rotational
relaxation of the dye in the liquid crystal matrix. Typically, 7, ~ 10 ns, while 7 is less
than 10 ns; for example, for BTBP molecules in different organic solvents 7, ~ 4 ns [27].
Different scenarios of the relationship between 7; and 7, and thus different relationships
between the intensity of fluorescent light and orientation of the director with respect to the
polarization of probing light are discussed by Shiyanovskii et a/ [9]. In the reflective-mode
FCPM, the fluorescence signal is rooted through the very same polarizer. If 7, < 7, then
o' & o, and the detected fluorescence intensity is related to the angle between the director
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and the polarizer direction P, as < cos* ot [9]. The latter relationship indicates a sharper
contrast offered by the FCPM as compared to the traditional PM: in the PM, the intensity
scales as o< sin® o for a planar liquid crystal cell [28]. Note also that the fluorescence life-
time is sufficiently short to assure that the excited dye molecule remains within the given
voxel. In liquid crystals, the diffusion coefficient for most dye molecules is of the order of
D ~ 1071% m?/s [26]. Therefore, to travel the distance of the order of / ~ 1 um, the dye
molecule would need time Ty ~ [2/D ~ 10 ms, which is much larger than 7;. In other
words, the dye molecule will emit within the same voxel in which it was excited.

At this point, a reader might raise an objection about applying the principles of confocal
microscopy to observations of anisotropic media such as LCs. Really, the whole idea of
the confocal microscopy makes sense only if the probing beam can be focused into a small
micron-size voxel. In optically anisotropic media such as LCs, the task is, strictly speaking,
impossible. As soon as the probing beam enters the LC, it gives rise to two propagating
modes, ordinary and extraordinary waves, propagating with different velocities [28] and
thus converging in different regions of the sample. This birefringence-induced defocusing
will cause blurring of the image.

Although the concern is legitimate, the problem is solvable in practice. The spatial de-
focusing of the ordinary and extraordinary modes is roughly ~ g(An/n,y)d, where d is the
depth of scanning, g the number of the order of unity that depends on the geometry of light
propagation, director field, objective, etc., An the difference in the refractive indices for ex-
traordinary and ordinary waves, and n,, the average refractive index of the LC. For d = 20
pm and An = 0.05, the defocusing is of the order of 1 pm; the lower the birefringence An,
the better [8,9]. Therefore, one can always obtain a suitable resolution of the order of 1
um by working either with relatively thin samples or choosing LC with a relatively small
An.

The following list discusses other important requirements specific to the FCPM imag-
ing of the LC director field [8,9]; of course, the general concerns of regular confocal mi-
croscopy (such as light adsorption and scattering, spherical aberrations introduced by cover
slips, etc.) should also be addressed.

(1) Fluorescent probe. The probe should dissolve, align and fluoresce in the anisotropic
host. Different materials (e.g., thermotropic vs. lyotropic LCs) would require differ-
ent dyes. To study electro-optic phenomena, especially in the DC electric field, one
might wish to avoid dyes of ionic nature as these would redistribute in the electric
field; the intensity pattern might reflect the non-uniform concentration of the ionic
dye rather than the director orientation. The concentration of dye and the inten-
sity of light should also be low enough to avoid light-induced director distortions
in dye-doped LCs, the well-known Janossy effect [29]. Our experiments indicate
that a high-contrast imaging of LCs require a very small quantity of fluorescent dye
(typically 0.01% by weight).

(2) Adiabatic following of polarization. In twisted nematic cells or in chiral LCs such as
cholesterics, polarization of both ordinary and extraordinary waves follows the local
director (the so-called Mauguin regime) [28]. This effect must be taken into account
while interpreting the FCPM images for samples with twist deformations, especially
when the twist scale is supra-micron and light propagates along the twist axis. To
avoid this regime, one should reduce the Mauguin parameter [9]
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preferably down to ~0.1; here p is the cholesteric pitch and A the wavelength of
light. :

(3) Light scattering. Because of director fluctuations, light scattering in LCs is rather
strong and leads to losses of intensity of both exciting and fluorescent light. Using
LCs with small An helps to reduce light scattering.

(4) Concentration gradients. Even in a one-component anisotropic medium, there is a
possibility that the dye concentration would be spatially non-uniform as the director
gradients might cause concentration gradients of the dyes. Fortunately, for soluble
dopants the effect is strong only when the scale of distortions is comparable to the
molecular scale [30]. On the positive side, this feature might be helpful in locating
the cores of topological defects.

The most important advantage of FCPM is that it allows one to collect light from a very
small region of the sample and thus to optically slice the specimen by scanning the focused
beam. Another interesting feature of FCPM is that it is free of 7/2 ambiguity known for
PM observations of the LC textures. In PM observations, the optical phase shift is zero and
thus the texture is dark whenever the director is parallel or perpendicular to the polarization
of probing light. Because of this, the PM image cannot distinguish between two mutually
perpendicular director configurations [28]. In FCPM, this ambiguity is avoided. If the
director (and the transition dipole) is parallel to the polarizer, the intensity of detected light
is maximum. If the director is perpendicular to the polarizer, the intensity is minimum.

Figure 2 shows the scheme in which the very same linear polarizer determines polariza-
tion of both the incident and the detected fluorescent light. We implemented such a scheme
by modifying the commercially available Olympus Fluoview BX-50 confocal microscope,
namely, by adding a rotating linear polarizer appropriately. Depending on the need, one
can design other polarization geometries, including observations in non-polarized light.
In the latter case, confocal observations are still capable of distinguishing some director
components as illustrated in figure 5 for the fingerprint textures of a cholesteric LC. A
cholesteric LC with a helicoidal director configuration is placed between two plates and
oriented in such a way that the cholesteric ‘layers’ are perpendicular to the plates and the
helicoidal axis is in the plane of the sample. Even without a polarizer, the confocal mi-
croscope is still capable of distinguishing the regions in which the director is vertical and
the regions where it is horizontal or tilted. Clearly, the testing beam propagating along the
vertical z-axis cannot excite vertically oriented dye molecules (in the case of figure 5, the
dye is Rhodamine 590) and the corresponding region looks dark, while the regions with a
non-zero horizontal component of the director are bright.

The need for a polarization-sensitive tool such as FCPM becomes evident when one
attempts to visualize a planar cholesteric texture, with the cholesteric layers parallel to the
bounding plates. These layers can be resolved with a linear polarizer that polarizes both
the incident and the fluorescent beams, as in figure 2. If the Mauguin number (eq. (1))
is sufficiently small, then the horizontal cholesteric layers are resolved as alternating dark
and bright stripes. One can clearly visualize dislocations that run parallel to the glass plates
of the cell (figure 6a).

The unigue opportunity to see.what is the director configuration across the LC cell with- _ -

out destroying the sample (as, for example, in scanning electron microscopy) allows one to.
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Figure 5. Fluorescence confocal microscope images of the edge dislocation in a
cholesteric fingerprint texture (a) in the plane of the sample; (b) in the vertical
cross-section, along the line indicated in part (a); the latter image clearly reveals that
the cholesteric layers are missing at the core of the defect, where the director is aligned
vertically. For more details, see [6,7]. Photo courtesy: D Voloschenko.

(b)

Figure 6. FCPM image of the vertical cross-section of cholesteric planar texture with
an edge dislocation gliding towards the top substrate. Polarization of light is perpen-
dicular to the plane of the figure. Mixture of the nematic matrix ZLI3412 and a chiral
agent CB15 with a small addition (0.01% by weight) of the fluorescent dye BTBP.
Photo courtesy: I I Smalyukh;: see [12] for more details.

tackle research problems that are otherwise hardly manageable. For example, one can vi-
sualize and reconstruct the three-dimensional structure of kinks along the dislocation lines;
propagation of kinks allows the dislocation such as the edge dislocation in figure 6a to glide
from one level to another within the layered structure [11,12]. Moreover, FCPM demon-
strates that the edge dislocation in a lamellar medium such as a short-pitch cholesteric in-
teracts differently with the substrates that have different surface anchoring strength. Figure
6 illustrates the case when the dislocation is repelled from the bottom plate and attracted
to the top plate where it disappears [12].

As FCPM is essentially a non-destructive technique (the quantity of dye is small to cause
significant changes in the LC sample), it allows one to study dynamics of many phenom-
ena, for example, the classic Frederiks transition. Figure 7 shows how the director structure
of the nematic planar sample changes when one increases the voltage applied across the
cell. Atsome threshold the director starts to deviate from the horizontal orientation towards
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the vertical orientation along the director field. This reorientation starts in the middle of
the cell, as predicted a long time ago [26], but never directly imaged.

Finally, FCPM can visualize not only orientational order but also positional (concen-
tration) patterns in LC systems. In figure 8, a nematic LC is doped with a fluorescent
surfactant and then placed on glycerol. The lens-like LC domains at the glycerol-air in-
terface are clearly seen as stained by the fluorescent surfactant; the concentration of the
surfactant is high at the nematic—glycerol interface and in the nematic bulk but is practi-
cally zero in the underlying glycerol. Doping a phase-separating LC-polymer mixture with
a fluorescent dye helped Voloschenko ez al [10] to trace both the director configuration and
the density distribution of the polymer: in the homogeneous mixture, the dye is distributed
uniformly and is aligned by the director field, but migrates towards the polymer-rich com-
ponent once the polymerization-induced phase separation begins. In a similar vein, Sma-
lyukh er al [31] recently used two different dyes to study both the shape of meniscus and

d=15um

(a)

d=15um

(b)

Relative Intensity scale:

L T 1.

Figure 7. Frederiks transition imaged by a FCPM in a nematic ZLI3412 doped with
0.01 wt% of BTBA; vertical cross-section of the cell; the black bars correspond to glass
plates. Photo courtesy: IT Smalyukh.

Figure 8. FCPM image of the vertical cross-section of nematic lens-like islands of
5CB doped by a surfactant dye BODIPY Cs (a fluorescent derivative of stearic acid) at
the glycerol—air interface; the fluorescence signal originates from the nematic domains.
The surfactant dye is concentrated mostly in the bulk of the liquid crystal and at its
interfaces with glycerol and air. Photo courtesy: D Termine.
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director distribution in freely suspended films of twist grain boundary phases discovered
by Pramod et al [32]. In these studies, the shape of the meniscus is traced through the
dye that does not align well in the LC matrix, so that even the regions with a homeotropic
director orientation are visible under FCPM.

3. Discussion

In principle, the FCPM is capable of visualizing real-time dynamics of many phenomena,
as the processes associated with fluorescence are fast. Unfortunately, the current schemes
of scanning are relatively slow. In a standard commercially available confocal microscope,
the optical scanning is performed by a single focused beam. The beam is steered by a
system of mirrors. It takes about 1-10 s to construct an image of a single horizontal plane
in a confocal microscope such as Olumpus Fluoroview BX-50 used in our lab. Vertical
refocusing is achieved by piezoelements. Clearly, the rate of 1 frame/s is not sufficient
for many research and teaching projects, as dynamics of director structures is often in the
range between 1 ms and 1 s (or even faster, as in the switching of ferroelectric LCs).

Recently, there has been a development in the field of fast-scanning microscopy that
allows one to increase the rate of imaging by three-to-four orders of magnitude, to 1
frame/ms [33]. It is based on the principle of the rotating Nipkow disk with thousands
of pinholes, a very old (1884) invention, used in early-stages television. The modern ad-
dition [33] is that the Nipkow disc with pinholes is supplemented by a coaxial disk with
micro-lenses. The two discs are mechanically connected and are rotated together by an
electrical motor. The micro-lenses focus light onto the pinholes, so that the sample is
scanned by thousands of beams at once. Another way to speed up the scanning process is
to use non-mechanical beam steering devices based on electrically-controlled liquid crystal
optical phase arrays [34] or diffraction gratings [35]. Note that fast LC cells can be used to
control the polarizer in FCPM.

4. Conclusion

A short characterization of FCPM technique was given by Dierking [36] as the one that
‘..literally adds a new dimension to the studies of liquid crystals and similar media by
revealing how the orientation of molecules changes not only in the plane of observations,
but also along the direction of observation...’. Note here that FCPM can be used not only
in the studies of relatively simple and homogeneous samples, but also in the studies of
heterogeneous systems, such as nematic emulsions and dispersed liquid crystals. Such a
work is in progress.
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