This article was downloaded by: [Siauliu University Library]

On: 17 February 2013, At: 04:41

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl20

Raman Imaging of Nematic and
Smectic Liquid Crystals

Ebru A. Buyiiktanir ® , Ke Zhang ® , Arne Gericke ° &
John L. West ?

o) i/ # Liquid Crystal Institute, Kent State University,
Kent, Ohio, USA

b Department of Chemistry, Kent State University,
Kent, Ohio, USA
Version of record first published: 31 Aug 2012.

To cite this article: Ebru A. Biyiktanir , Ke Zhang , Arne Gericke & John L. West
(2008): Raman Imaging of Nematic and Smectic Liquid Crystals, Molecular Crystals and
Liquid Crystals, 487:1, 39-51

To link to this article: http://dx.doi.org/10.1080/15421400802198540

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages



http://www.tandfonline.com/loi/gmcl20
http://dx.doi.org/10.1080/15421400802198540
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Siauliu University Library] at 04:41 17 February 2013

whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [Siauliu University Library] at 04:41 17 February 2013

Mol. Cryst. Lig. Cryst., Vol. 487, pp. 39-51, 2008 .
Copyright © Taylor & Francis Group, LLC I)?Jo)r/ l?;gciﬁnas

ISSN: 1542-1406 print/1563-5287 online
DOI: 10.1080/15421400802198540

Raman Imaging of Nematic and Smectic Liquid Crystals

Ebru A. Biyiiktanir'!, Ke Zhang', Arne Gericke?, and
John L. West!

iquid Crystal Institute, Kent State University, Kent, Ohio, USA
2Department of Chemistry, Kent State University, Kent, Ohio, USA

In this article, we demonstrate that confocal Raman microscopy can be utilized to
image the director fields of liquid crystal molecules, revealing the spatial patterns
of the molecular orientational order both in lateral and axial directions. Here we
report on the polarized confocal Raman imaging of the electric field-aligned uniax-
ial nematic liquid crystal and the in-depth director profiling of the focal conic
domains of smectic A liquid crystal. The C=N stretching vibrational band
[V(CN) = 2228cm™!] and the C—C stretch of aromatic rings [V(CC) = 1606 em™]
are used to probe the spatial director orientations of 4-pentyl-4'-cyanobiphenyl
(56CB) and 4-octyl-4'-cyanobiphenyl (8CB).

Keywords: confocal Raman microscopy; cyanobiphenyl liquid crystals; focal conic
domains; orientational order; smectic A

INTRODUCTION

Liquid crystals (LCs) are soft-matter systems in which molecules
possess long-range orientational order [1,2] and form a variety of intri-
cate three-dimensional (3D) molecular arrangements, such as focal
conic domains in the smectic A (SmA) mesophase. Since the orien-
tation of LCs can be changed by electric or magnetic fields, LCs have
been extensively utilized in display applications. Therefore, the
analysis of local LC orientation with micron resolution is of prime
importance in understanding the structure of LC phases for the opti-
mization of electro-optical devices. In order to visualize the complex
spatial orientations of LC systems, non-destructive and non-invasive
imaging techniques are necessary. The molecular orientational order
of LCs has been studied by a number of techniques. More recent
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experiments, such as fluorescence confocal polarizing microscopy [3],
scanning probe microscopy [4], nuclear magnetic resonance (NMR)
[5], x-ray diffraction [6], and Fourier transform infrared (FTIR) ima-
ging spectroscopy [7], have enhanced imaging capabilities and furth-
ered our understanding of LC structures and morphology. However,
these techniques are not capable of characterizing chemical compo-
sition and orientational order for different sample depths.

Compared to other imaging techniques, non-invasive and non-
destructive confocal Raman microscopy (CRM) provides a powerful
way of studying the LC director field n both in the horizontal plane
(XY-plane) and along the vertical direction (Z-axis) at a microscopic
level. CRM is a vibrational spectroscopic technique that probes
vibrational modes associated with specific chemical groups, and there-
fore presents a detailed insight into the chemical composition of the
sample without requiring any molecular additives. In addition, quan-
titative imaging of Raman intensities can reveal information about the
spatial organization of the molecules and its local environment with
comprehensive 3D analysis [8].

As a micro-spectroscopic imaging technique, focal plane array FTIR
(FPA-FTIR) microscopy also does not need any molecular additives
and offers very high chemical selectivity. The advantage of FPA-FTIR
over CRM is that it is possible to obtain a 250 x 250 pm image in “one
shot,” which means that no mapping is necessary. Conversely, the spa-
tial resolution of FTIR microscopy is wavelength limited, resulting in
lower spatial resolution (~4—12 um) than that of CRM (<1 um). More
importantly, FPA-FTIR does not provide in-depth characterization,
as does CRM. In this article, we demonstrate the polarized CRM
imaging of the LC director fields by mapping the characteristic
vibrational bands of cyanobiphenyl LCs in the horizontal plane and
along the vertical direction.

EXPERIMENTAL

The Raman measurements were carried out using a Jobin Yvon HR
800 Raman Spectrometer attached to a Olympus IX71 inverted micro-
scope. This instrument is equipped with a notch filter to prevent Ray-
leigh scattered light from reaching the detector. The backscattered
Raman light (180°) is dispersed by a holographic transmission grating
(spectral resolution ~4cm™) and detected by a liquid nitrogen cooled
charge-coupled device (CCD) detector (1024 x 256 pixels). Resolution
in the Z-direction of the Raman scattering was obtained by setting
the confocal pinhole to 100 um and by focusing the laser beam with a
40X microscope objective (Olympus UPlan FL, numerical aperture
0.5). The Raman signal was integrated over 2 seconds.
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The spectra of LC samples were recorded using 632.8nm He-Ne
laser in the spectral range 0 to 3000 cm ! at room temperature. The
power of the laser was decreased from 20mW to 5mW at the source
by using a neutral filter to prevent possible local temperature increase
due to strong light absorption. The Raman spectrometer wavelength
range was calibrated prior to the experiment by using the silicon
phonon line at 520 cm ™. The He-Ne laser beam was modified by means
of a linear polarizer P, which was placed parallel to the partially
polarized excitation beam.

All the Raman images were obtained through mapping, a technique
based on point-by-point scanning of the selected area of the sample
using the motorized X-Y microscope stage (stepwidth 1.4 pm). The
color-coded images (i.e., plots of spectral parameter versus the X-Y

| | «— glass substrate

16um Q 5CB or 8C spacer
cover slip

FIGURE 1 (a) The LC cell configuration used to perform Raman experiments.
(b) The illustration of the top view of the interdigitated ITO electrodes and
(c) the side view of the applied E-field direction between interdigitated ITO
electrodes. (d) The LC director field in an interdigitated nematic LC cell with
homeotropic alignment at a zero applied E-field (e) and at an applied E-field.
P stands for the polarization direction of the laser beam.



Downloaded by [Siauliu University Library] at 04:41 17 February 2013

42 E. A. Buyuktanir et al.

coordinates of the respective sampling point) were produced with
LabSpec 4.02 (HORIBA Jobin Yvon, Inc.) and further analyzed with
Isys40 Chemical Imaging Software (MathWorks, Inc.), providing the
spatial intensity distribution of the »(CN) or ©(CC) Raman bands of
a chosen area on the LC sample.

To perform the Raman experiments, we prepared typical LC cells as
shown in Fig. 1(a). An indium-tin-oxide (ITO) coated glass substrate
(Corning, 1.1mm thick) and a cover slip (Fisher Scientific, 0.1 mm
thick) were used as cell substrates. The cell thickness d was controlled
by using 16 um spacers. The interdigitated electrodes on the ITO-
coated glass substrate (Fig. 1(b)) were etched by standard photolith-
ography. For homeotropic alignment of the LC director, both of the
substrates were spin-coated with PI7511 (Nissan). Next, 5CB (EMD
Chemicals, Inc.) was capillary-filled into the preassembled empty cell
at 60°C. Afterwards, in-plane switching of the LC molecules in the cell
was achieved by applying an AC electric field (E-field) of 1kHz. The
E-field lines in between the two interdigitated electrodes are sketched
in Fig. 1(c). The electric fields point in opposite directions near the
edges of the electrodes. This type of cell design has been used as an
in-plane switching mode for LC displays. To minimize the spherical
aberrations during imaging, the cover slip side of the cell was placed
above the microscope objective. 8CB (Aldrich) and 5CB were used
without further purification.

RESULTS AND DISCUSSION
The Raman Mapping of Field-Aligned Nematic Liquid Crystals

Here we studied the electric field-induced orientation of 5CB mole-
cules. Uniaxial cyanobiphenyl LCs (Fig. 2) are very strong Raman
scatterers; therefore, a good signal-to-noise spectrum can easily be
obtained. The average orientation of cyanobiphenyl LC molecules
can be determined by probing the Raman active C=C double and
C=N triple bond vibrational modes with a linearly polarized laser
beam. If the electric field vector of an incident plane polarized light
P lies along the long axis of cyanobiphenyl compounds, a higher
Raman intensity is obtained [9].

Initially, the LC director “n” is parallel to the Z-axis (ny, = 0, n, = 0,
n, = 1), which is due to the homeotropic boundary condition (Fig. 1(d)).
The reorientation of LCs in the presence of an external field is known
as Freedericksz transition [10]. If LC molecules posses a positive
dielectric anisotropy (Ae > 0), the director n tends to align parallel
to the applied field. Since 5CB molecules possess a positive Ag, the
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CaHap41 C=N
n=35,5CB
n=_§,8CB

5CB, Mol. Wt. 249, C,; H,o N
8CB, Mol. Wt. 291, C,, H,s N

FIGURE 2 The chemical structure of 5CB (4-pentyl-4’-cyanobiphenyl) LC
and 8CB (4-octyl-4'-cyanobiphenyl) LC.

applied AC electric (E) field above the Freedericksz threshold [10] dis-
torts the director field. The reoriented director field along the E-field
lines between the two interdigitated electrodes is shown in Fig. 1(e).
Later, we recorded the Raman scattering signals from the planar
(n||Y-axis) and homeotropic (n||Z-axis) regions of the interdigitated
5CB cell in the spectral range from 0 to 3000 cm ' during the appli-
cation of the E-field. During this measurement, the polarization direc-
tion of the incident laser light P was set along the Y-axis. Typical
Raman spectra for planar and homeotropic orientations of 5CB LC
are shown in Fig. 3(a). The different band intensities were observed
because 5CB molecules possess an anisotropic Raman tensor giving
rise to Raman intensity variations for different orientations. This dif-
ference is more pronounced for the C=C band in the aromatic ring and
the C=N group, which are both located along the long axis of the mol-
ecule. Besides the C=N stretch (2228 cm ™) and the C—C stretch of the
aromatic ring (1606 cm ') vibrational bands, the C—C stretch of the
biphenyl link (1286 em ) and C—H in-plane deformation (1180 cm ™)
vibrational bands of 5CB molecules can also be used for orientational
order analysis (Fig. 3). However, in order to achieve Raman images
with high resolution and contrast, we selected either v(CC) or
v(C=N) bands.

The next step in this study was to use this model system to show the
capabilities of CRM mapping. In order to visualize the molecular orien-
tations of the field-aligned 5CB cell, we recorded the C=N stretching
vibrational band in the range of 2200-2250 cm ™! (Fig. 3(b)). The optical
microscopy and the two-dimensional (2D) Raman image (integrated
C=N stretching band intensity) of the X-Y mapped area are depicted
in Figs. 4(a) and (b), respectively. From this Raman image, we can eas-
ily extract and confirm the field-oriented LC spatial profile shown in
Fig. 1(e) on the XY-plane. In this configuration, the LC molecules align
homeotropically in the field-off state (E = 0V), while in the field-on
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FIGURE 3 (a) Raman spectra of a field-aligned 5CB cell and (b) the C=N
stretching vibrational band spectrum at planar and homeotropic regions of
the cell. Measurements were performed at room temperature.

state the fringing field pattern occurs and the LC director distortion
develops in between the interdigitated electrodes. The electric fields
point in opposite directions near the edges of the electrodes. The
maximum intensity of the Raman C=N stretching band intensity is
located in the regions where n||P, and the minimum intensity is located

§ v(C=N)

\d
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60 7000
707 6000
80 4

5000

T T T T T T
80 90 100
(a) X (b) Length X (pm) (C)
H: Homeotropic region

PL: Planar region Y,P

FIGURE 4 (a) Optical microscopy image and (b) 2D Raman image of the
interdigitated 5CB LC cell upon application of the E-field. (¢) The color bar
represents the relative Raman intensity of the ©(C=N) stretching band of
the mapped area. The polarization direction of the laser beam, or P, is along
the Y-axis.
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in the regions where n | P. LC molecules in the middle of the electrodes
stay parallel to the cell normal (n||z and n L P), giving rise to a low
Raman intensity region, as seen in Fig. 4(b). The color scale on the
Raman images shows the change in the orientation of the v(C=N)
stretching band (Fig. 4(c)) in the mapped area. As a result, we concluded
that polarized confocal Raman microscopy is very sensitive to the orien-
tation of the LC molecule and can be utilized to study the LC director
orientation explicitly.

The Raman mapping of focal conic domains

Smectic A liquid crystals are one-dimensional (1D) periodic condensed
matter structures. Like nematic LCs, smectics exhibit long-range
orientational order. SmA LCs form layered structures with 1D trans-
lational order where the centers of mass of the molecules are arranged
in a direction normal to the layers. They exhibit 1D quasi-long range
order rather than true long-range positional order, as in crystals.
This phase is considered a 2D liquid, which possesses the freedom of
molecular motion within the layer, but is hindered from translation
from one layer to the next [1].

SmA layers usually form topological defects to satisfy the boundary
conditions at a low cost of energy. The most common type of structural
defects in layered or lamellar LC phases are so-called focal conic
domains (FCDs), which were first observed by G. Friedel and F.
Grandjean [11]. The vertical cross-section of a typical FCD is schema-
tically depicted in Fig. 5, which shows an FCD of the first species, or
FCD-I. In FCD-I, the smectic layers bend in such a way that layers
preserve the thickness while adopting the shape of Dupin cyclides,
i.e., surfaces whose lines of curvature are circles. A family of Dupin
cyclides consists of singular lines as a pair of one branch of a hyperbola
H and an ellipse E located in two orthogonal planes where the apices
of any of H and E are at the foci of the other [2,11-16].

The formation of FCDs can be induced when the SmA material is
contained in a bound volume or exposed to the external fields. In both
cases, the constant layer thickness is preserved as a result of the
layers relaxing during the formation of the one-dimensional FCD
structure. Additionally, the thickness of smectic layers is very sensi-
tive to temperature changes. Thus, static layer distortions—such as
layer undulations and FCDs—can occur as the result of significant
temperature variations or bulk/surface irregularities in the cell [17].
In order to visualize FCDs by CRM, we prepared 8CB LC cells without
using any alignment layer on the glass substrate and the cover slip.
The cell was filled at 60°C (well above the isotropic phase transition
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FIGURE 5 The schematic representation of the vertical cross-section of FCD
of the first species (FCD-I) along the Z-axis. The SmA layers curve around the
confocal ellipse (E) and the hyperbola (H).

temperature Tyy = 40.5°C) and subsequently fast-cooled to room
temperature, at which the 8CB is in the SmA phase (Tya = 33.5°C).
Finally, the cell was sealed with epoxy glue.

After assembling a 16 um thick 8CB cell, the FCD-I was first imaged
by using optical microscopy with crossed polarizers as presented in
Fig. 6(a). Later, the X-Y coordinates on the visible image of the sample
(Fig. 6(b)) were selected for Raman imaging. Figure 6(c) shows the
polarized CRM image of the FCD-I defect, where P was along the
Y-axis. As shown in the 2D Raman image (obtained by integrating
the intensity of the C=N stretching vibration band) of the FCD-I
defect, the maximum Raman intensity was registered in the regions
where the LC director was parallel to the polarization direction of a
laser beam (P||n). As n deviates from P, the intensity decreases. The
director field n of the horizontal cross-section of FCD-I is shown in
Fig. 6(d). The dashed lines represent the director field n.

In the second set of experiments, the polarization direction of the
light P was set along the X-axis (Fig. 7(a)). This was achieved by
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FIGURE 6 (a) The optical microscopy image of FCD-I with crossed polarizer
(P) and analyzer (A); (b) the visible image of the defect; (c) 2D Raman image of
(b) when polarizer P is set along the Y-axis. (d) The director field n of the
horizontal cross-section of FCD-I is reconstructed from the 2D Raman image.
The dashed lines represent the director field n.

rotating the LC sample by 90°. Figure 7(b) shows the mapped 2D
Raman image (the aromatic ©(CC) stretching band intensity) of the
FCD-I as the P||X-axis. The eccentricity and the size of the FCD-I in
Fig. 7 were very similar to those of the FCD-I seen in Fig. 6. Note that
the combination of Fig. 7 (P||X-axis) and Fig. 6 (P||Y-axis) completes
the director fields of the FCD-I defect structure on the horizontal plane
(Fig. 6(d)). In order to prove the in-depth capability of the CRM, we
visualized the FCD-I along the Z-axis. Therefore, the microscope objec-
tive was focused at different depths of the cell by moving the focal
plane down the Z-direction. The Raman spectra of this FCD-I (see vis-
ible image in Fig. 7(a)) were collected with a 1.4 um step size in X and
Y directions and a 5 um step size along the Z-axis, which was labeled
as Z1 to Z16 on the graphs. Since the signal-to-noise ratio and the
Raman intensity ratio of planar to homeotropic alignment for the aro-
matic v(CC) stretching vibrations are larger than those of the »(C=N)
(see Fig. 3), in this configuration (P | X-axis) both the 2D Raman
mapping and in-depth profiling of FCD-I were carried out by using
the ©(CC) symmetrical stretching mode of the benzene rings in the
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FIGURE 7 (a) The optical microscopy and (b) 2D Raman image of the FCD-I
on the XY plane, where the P was set along the X-axis. The director field
(dashed lines) is drawn on the Raman image. The color bar in (b) represents
the relative Raman intensity of the (CC) stretching band of the mapped area.
The diameter of the FCD-I is ~20 pum.

biphenyl group at 1606 cm™'. The collected Raman spectra from each

of the X-Y segments between Z1 and Z16 were reprocessed by Isys40
Imaging Software. This allowed us to plot all 2D Raman images in
3D graphical representation in the same color scale as shown in
Fig. 8(a), where the vertical axis on the plots represents the collected
Raman intensity at each point. Once we analyzed all these data, which
contain molecular orientational information of FCD-I, we were able
to rebuild the director fields in the vertical direction. Figure 8(b)
illustrates the reconstructed director field of FCD-I along the Z-axis.
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FIGURE 8 (a) The Raman images of the FCD-I in 3D graphical representa-
tions at different depths (along the Z-axis) of the cell, where z1 is closer to
the cover slip side of the cell. (b) The illustration of the corresponding director
field n constructed along the vertical (XZ) plane, which contains half of the
hyperbola H and the ellipse E. (¢) The optical microscopy image of the defect.
The base of the defect is located on the surface of the cell. The color bar in (a)
represents the relative Raman intensity of the ©(CC) stretching band of the
mapped area.
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Here we can clearly observe the ellipse, the tip of the hyperbola and
the director pattern change from Z1 to Z16. The Raman images of
FCD-I indicate that the ellipse is located on the bottom substrate.
These results are in very good agreement with theoretical studies
and computer simulations of FCDs reported earlier in the literature
[12-16].

In this study, the main factor that limits the Z-resolution is the
birefringence of the liquid crystal materials. This birefringence-
induced defocusing gives rise to distorted images of the selected
volume. This aspect of a confocal imaging system has been discussed
in detail in reference [18]. According to this reference, the spatial defo-
cusing of the anisotropic media is estimated roughly as gAnz/n,ye,
where g is a geometrical term (g = 1), An is the birefringence, z is
the depth of the scanning, and n,,. is the average refractive index of
the medium. Even though 5CB and 8CB are relatively high birefrin-
gent LCs, we kept the cell thickness very thin to reduce the defocusing
effect to a minimum. For example, the axial resolution (in-depth resol-
ution) at the LC cell thickness of z ~10um is only ~1pum for 8CB
(An ~0.16, and ngy.~ 1.6).

CONCLUSION

We have successfully demonstrated that CRM imaging can be utilized
to study the molecular orientation of LLC molecules. We showed that
Raman chemical imaging of different layers of smectic LC materials
in the interior of a sample provides a “fingerprint” of the sample’s
molecular orientation and composition. Our results demonstrated that
confocal Raman microscopy is a remarkable, simple, and very sensi-
tive optical technique to study LC director fields in confined geome-
tries. This method can be applied to not only thermotropic liquid
crystals, but also lyotropic liquid crystals. Finally, CRM imaging
technology opens up new possibilities in material research because
depth profiling gives researchers the capability to work in the third
dimension.
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