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of the concentration of chiral groups by Raman mapping in relation
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Cholesteric liquid crystals (CLC) selectively reflect light when the helical pitch is of the order of the
wavelength of the incident beam propagating along the helix axis. The wavelength bandwidth, related to the
optical anisotropy, is typically limited to a few tens of nanometers in the visible part of the spectrum, which is
insufficient for applications such as white-or-black polarizer-free reflective displays and smart windows for the
control of the solar light and heat. A way to make cholesteric films reflecting in a broad wavelength band
consists in associating various cholesteric pitches in the same film. In this work, it is shown how a study by
confocal micro Raman spectrometry mapping makes it possible to have access to information accounting for
the local organization of CLCs in the case of graded pitch materials. These investigations will be correlated to
the optical response and the transverse microstructure of the CLC material as investigated by transmission
electron microscopy. An accurate analysis of the vibrational behavior evolution of the C=0 can be correlated
to the evolution of the populations of the chiral and achiral groups in the case of the interdiffusion of two CLC
substances with various stoechiometries. Besides an easy measurement of the Raman spectrum gives the
opportunity to quantify the relative ratio of the mesogenic species and thus to go up by a simple way to the

pitch of the helical structure.

DOI: 10.1103/PhysRevE.74.051704

I. INTRODUCTION
A. The selective light reflection in cholesteric liquid crystals

Due to their helical structure, cholesteric liquid crystals
(CLCs) selectively reflect the light [1,2]. When the incident
light propagates essentially along the helical axis (i.e., when
the CLC slab exhibits a planar Grandjean texture), a selec-
tive reflection occurs if the wavelength A\ is of the order of
the pitch p of the helix such that (at normal incidence):

No=np,

where n is the average refractive index, (ny+n,)/2 (n; and
n, are locally parallel and perpendicular to the molecular
director). The reflection occurs within a bandwidth AN
=Anp, where An=n;—n, is the birefringence. Inside this
band an incident beam which propagates parallel to the he-
lical axis is split into two circularly polarized components:
one of which is simply transmitted whereas the other is to-
tally reflected; the rotation of the reflected circularly polar-
ized light agrees with the screw sense of the structure. Out-
side this band, a CLC affects neither the amplitude nor the
state of polarization of the transmitted light.

B. The broadening of the reflection bandwidth in cholesteric
polysiloxane materials

However huge the choice for pitch amplitude is, An is
typically limited to values below 0.4 for colorless organic
materials. Consequently, AN is commonly less than 100 nm
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in the visible spectrum and is more often equal to 50 nm.
The selectivity 1is desired for several families of
applications—optical filters, thermal imaging, laser or paint
technologies—, but a drawback lies in the fact that the
known CLC filters have a reflection bandwidth that is too
limited for specific purposes, like full-color or white-or-black
reflective displays, broadband circular polarizers, or smart
windows in buildings for which a control over the solar spec-
trum is desirable. The choice of polymer-stabilized CLCs
elaborated under specific ways has offered the opportunity to
increase the wavelength reflection bandwidth [3-7]. An ear-
lier solution has consisted in the elaboration of a cholesteric
layer with a pitch gradient; for producing such a structure, a
UV-absorbing dye was used to create an intensity gradient of
the UV-light through the thickness of a solid cholesteric
polymer network [8] or a switchable CLC gel [9].

In an earlier work devoted to cholesteric liquid crystalline
films in the glassy state, we described the elaboration proce-
dure to obtain a material exhibiting a broadband pass for the
light reflection in the visible spectrum [10]. Cholesteric
polysiloxane oligomers were used [11]. These compounds
are studied since a few years already and the various prop-
erties observed, in particular the selective reflection, are
closely related to the pitch of the helical structure; it was
established that the pitch, and consequently the reflection
properties, may be adjusted according to the relative propor-
tion between the chiral side chains (bearing the cholesterol
group) and the achiral ones (bearing the nematogen group).
By contrast to previous studies, the process we described
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depends on a thermal diffusion between two CLC oligomer
films with different chiralities and the pitch gradient is the
consequence of a concentration gradient which is then frozen
by quenching [12]. Neither polymerization reaction nor
photoinduced phase separation is involved. Besides, the re-
flector is a single-layer CLC film in the glassy state. AN may
simply be tuned by varying the annealing time and different
optical properties (such as tunable bandwidths) are available.
The pitch gradient was demonstrated and evaluated by trans-
mission electron microscopy (TEM) investigations of cross
sections [13,14]. Indeed, because the TEM technique pro-
duces reproducible and well contrasted images it is consid-
ered as one of the most suitable methods to explore the pe-
riodic structure of the studied material with a satisfactory
accuracy. The origin of the contrast of the cholesteric sub-
stance, made of alternated bright and dark lines, is attributed
to the change of orientation of the cholesteric molecules
[15]. The optical behavior of these films has recently been
related to theoretical studies [16]: it corresponds to the aver-
aged contribution of a number of stochastic pitch variation
profiles, due to transversal and longitudinal nonuniformities
that develop in the helical structure.

When two CLC layers are associated in an appropriate
manner, the environment of each molecule is changed and an
apparent new pitch is obtained. Therefore, it is interesting to
follow such a phenomenon from considerations taken into
account the molecular vibrations.

C. The scope of the present study

Recent Raman analysis on CLCs mainly focused on the
C=0 stretching mode behavior as a preferential witness of
structural organization for various cholesteryl alkanoates
[17], the molecular modeling of the constitutive molecules
[18], or the diffraction characteristics of cholesteric gratings
[19,20]. In this context, confocal Raman microspectrometry
shows a huge potential to investigate the variation of the
material composition within this original context of a choles-
teric material with a structure gradient in the frozen state. In
addition, Raman spectrometry experiments are highly sensi-
tive to slight variations in chemical composition and/or crys-
tallographic structure. It is also a noncontact and nondestruc-
tive technique which does not need any sample preparation.
In many cases, therefore this allows the preservation of small
traces of evidence for further analysis of the same specimen.
Besides, only minimal quantities of material are required to
perform a complete analysis resulting from the high spatial
resolution of the confocal system. In this work, we will show
how a study by confocal micro Raman spectrometry map-
ping makes it possible to have access to information account-
ing for the local organization of CLCs. These investigations
will be correlated to the optical response and the transverse
microstructure of the CLC material as investigated by trans-
mission electron microscopy. In an original way, the three
sets of investigations are made on the one and only sample.

II. EXPERIMENTAL
A. Materials

Cyclic siloxanes substituted with mesogenic groups,
which are connected to the backbone by aliphatic spacers,
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FIG. 1. General formula of a cholesteric polysiloxane oligomer.
n and m are respectively the number of achiral and chiral side
chains in the oligomer molecule (n+m=5 to 7).

exhibit liquid crystalline phases as the classic calamitic lig-
uid crystals [11]. Such side chain cyclic siloxane oligomers
were used in the present study. The side chains were of two
types—chiral (bearing the cholesterol group) and achiral
(with a nematogenic group)—and connected to the cyclic
siloxane via a (CH,);0 spacer (Fig. 1). Typically a siloxane
cycle contains n+m=5 to 7 monomers where n and m are the
number of achiral and chiral moieties, respectively.

On a glass or plastic plate, the compound shows typical
iridescent colors ranging from blue to red simply tuned by
the molar percentage of chiral mesogens in the oligomer
molecule, which varies from 50 to 31%. The cholesteric
phase appears by annealing in the range defined by the glass
transition temperature (40-50 °C) and the isotropic transi-
tion temperature (180-210 °C). These materials are mutually
miscible and can be very easily quenched at room tempera-
ture so that the cholesteric order is permanently frozen
within a solid film.

In a first step we will study by Raman spectrometry two
different films, one reflecting in the blue range — named SB,
with 50% chiral side chains (n=m) and one reflecting in the
red range — named SR — with 31% of chiral side chains
[0.31=m/(n+m)]. The pitch value of these materials was
previously reported [16]: it is about 475-480 nm for SR and
290-295 nm for SB.

B. Broadband reflector design

The material design is based on an anisotropic diffusion
between CLCs with different chiralities. The basic idea con-
sists in making jointly forward in the cholesteric phase a blue
film (SB) and a red film (SR) what will involve their inter-
diffusion and the formation of a film (named SR-SB) with a
variable pitch in a direction perpendicular to the film sur-
faces. The experimental procedure is summarized below into
four steps.

051704-2
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FIG. 2. Variation of the transmitted light as a function of the
wavelength of the broadband cholesteric reflector used in the
present study (the annealing time of the pristine bilayer film was
equal to 25 min).

Step 1: 40 um thick films of blue and red compounds are
spread with a handcoater onto two distinct 1 mm thick glass
plates without any alignment layer. Semifree films are thus
fabricated.

Step 2: 19 um calibrated spacers are disposed between
the plates but not in contact with the semifree films. In such
a way a sandwich-cell is made and the layers are in contact.
The cell is sealed with glue.

Step 3: The cell is kept at 85 °C. This temperature corre-
sponds to a stable cholesteric phase for which the materials
are viscous. Consequently, a diffusion process between the
red and blue compounds—and therefore a concentration
gradient—may occur in a direction perpendicular to the
plane of films. Since these materials belong to the same mol-
ecule family, high miscibility is reached.

Step 4: After such an annealing process, the cell is swiftly
put on a metallic substrate at room temperature. The macro-
scopic characteristics of the film evolve from a viscous to a
glassy state. Such a cooling prevents crystallization and pre-
serves the cholesteric structure. The quenching procedure is
not affected by the fact that the cholesteric compounds have
slightly different glassy transitions (due to the different num-
ber of cholesterol-containing side chains), since room tem-
perature (20-25 °C) is well below their transition tempera-
tures and the quenching time is sufficiently quick.

C. Spectrophotometry

The spectral characteristics of materials are obtained at
room temperature by unpolarized UV-visible light spectros-
copy (UV-3100 Shimadzu spectrophotometer). Figure 2
shows the variation of the transmitted light with the wave-
length in the case of the sample of the present study for
which the annealing time is equal to 25 min (the spectra of
individual films appear in Refs. [12] to [14] which the topic
is to investigate the progressive variation of the reflection
properties from the individual films to the monolayer film
corresponding to a long annealing time). Nearly 50% trans-
mission comes from polarization selectivity. The sudden de-
crease of the transmittance below 400 nm is due to the cut-
off wavelength for the glass. A broadband reflector is
obtained: the light is reflected all over the visible spectrum
and from about 435 to 720 nm, which are the extreme values
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for the slightly tilted plateau. This is an expected conse-
quence of the construction of a pitch gradient in the choles-
teric superstructure. The tilt of the plateau may have different
origins: the film may exhibit some wavelength-dependent
light scattering (due to scattering losses between the domain
walls), the number of helix turns per length unit is not the
same from the blue part of the film to the red one (it may
modify as a consequence the reflected light intensity), and
the cut-off wavelength for the glass—close to the smaller
wavelengths—affects the shape of the cell spectrum. To the
naked eye, the film is colourless with a metallic aspect since
it reflects 50% of the light over the visible spectrum. The
forthcoming investigations (transmission electron micros-
copy and Raman spectrometry) will be carried out on this
one and only sample.

D. Transmission electron microscopy (TEM) investigations

For the TEM experiments, the SR-SB film is embedded in
an epoxy resin cured at 40 °C. 90 nm thin slices were ob-
tained with an ultramicrotome (Reichert Ultracut) in a direc-
tion crossing the sandwich film perpendicularly to the sur-
face (cross sections) and retrieved on carbon-coated grids.
The observations are carried out at room temperature by us-
ing a Philips CM12 electron microscope and in normal con-
ditions; this means that the share of electrons received by the
specimen is well higher than the critical share deleting the
diffraction contrast, and that the images are produced by a
thickness diffusion contrast subsequent to irradiation [15].
The contrast was enhanced by a slight defocus.

E. Raman spectrometry

The spectra were obtained with a DILOR (XY) 800 Ra-
man spectrophotometer. We used an excitation wavelength of
514.5 nm and the beam was focused on the samples by using
a microscope. The signal was collected through a premono-
chromator and a CCD detector was used. With this experi-
mental configuration, a spectral resolution of the order of
2 cm™! is obtained and the density of power was in the order
of a few mW to avoid the destruction of the samples.

III. RESULTS AND DISCUSSION

Due to the fact that the SR-SB film is obtained from a SR
and a SB film, we present on Fig. 3 the Raman spectra ob-
tained for both individual films.

At first sight, the two spectra are of similar pace and do
not seem to present significant differences. This result was
expected since the two samples differ only by the relative
proportion of the chiral and achiral groups characterized by
m and n.

On the vibrational behavior of the chiral and achiral
groups we can notice that each one has specificities being
able to be highlighted by vibrational spectrometry.

Differences between the SB and the SR spectra are per-
ceivable in many spectral ranges and especially in the 1500-
1800 cm™! one (insert Fig. 3) corresponding to stretching
modes. The signal at 1600 cm™' corresponds to the phenyl
ring quadrant stretching modes and the little one at
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FIG. 3. Raman spectra of a pure “silicone blue” sample (SB)
and a pure “silicone red” sample (SB) (A=514.5 nm). Note the
insert evidencing the existence of two stretching modes for the
C=0 double bond at 1730 cm™! and 1708 cm™' respectively
assigned to the achiral and the chiral groups.

1667 cm™! is ascribable to the double bond C=C stretching
mode. Carbonyl groups that differ in their chemical environ-
ment give modes appearing at 1730 cm™! for carbonyl in the
achiral group and at a lower frequency, 1708 cm™' for car-
bonyl in the chiral group. The reason for this is that the
C=0 double bond in the achiral group competes with the
biphenyl in withdrawing electrons. On the other hand, in the
chiral group the cholesteric moiety is an electron-donating
group.

It is interesting to focus our attention on the relative in-
tensity variation of the 1600 cm™' band, due to the number
of achiral chains in the SR sample. In fact, the number of
achiral chains increases from the SB compound to the SR
one and also the phenyls. This can be verified by the
1667 cm™! peak intensity behavior which is different for SB
and SR compounds. From the point of view of the present
study, of peculiar interest is the behavior related to the
stretching vibrations C=0 double bonds. Assuming that the
frequency varies in relation with the number of achiral or
chiral side chains, we deduce that the relative ratio between

the 1708 em" and the 1730 cm™ (=220
Lachirai(1730)

is in fact a measurement for n and m. In the case of our pure
SB and SR samples we obtained respectively 0.80 and 0.60
(Lorentzian fitting).

By associating two cholesteric siloxane films (in agree-
ment with the procedure described in Sec. Il B we manufac-
tured the SR-SB film (with an annealing time equal to
25 min), and we obtained the TEM micrograph presented in
Fig. 4.

The two components of the sandwich are clearly visible,
the blue film and the red film, due to the different values of
the periodicity (the distance between two dark or bright
lines). This periodicity (p/2) is constant at the extremities of
the cross section and the value is the one of the initial SB
(left part) and SR (right part) films. The original ordered
structure was preserved with a soft transition between the
two parts. Figure 7 reports the diagram of the evolution of
the pitch versus its distance from the film surface. It exhibits

) mode intensity
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FIG. 4. TEM micrograph of the cross-section of a SB-SR film
after annealing (25 min) and inter diffusion of SB and SR.

three regions corresponding, from the left to the right, to a
linear behavior, a transition region (about 10 wm thick) and a
linear behavior again.

To see the distribution of the stoechiometries through the
sample, we gradually acquire Raman spectra according to a
trajectory going from the SB side towards the SR side
through the zone of diffusion (interface) on the one and only
material cut.

Like in the case of SB and SR phases (the extreme situa-
tions in our sample), which were characterized previously,
this step will be used to follow at the same time the evolution
of the various modes in terms of frequency and intensity.

We took a trajectory following the axis Z in Fig. 4 and in
the same experimental conditions than previously described.

Figure 5 exhibits a variation of the modes intensity for the
carbonyls stretching through the sample. To analyze these
spectra, we used adjustment of the peaks, centered roughly
on 1740 cm™! and 1710 ecm™!. For that, we tried out three
adjustment functions: Lorentzian, Gaussian, and Lorentzian/
Gaussian functions. Finally, we chose to work with the
Lorentzian functions because this adjustment gives us the
best estimate of mean square deviation. From there and with-
out any constraint over neither the position nor the width
with midheight of the modes, we obtained a data file corre-
sponding to the position, the width at midheight, the intensity
and the surface of the peaks. The midheight widths as well as
the wave number were no relevant parameters and are invari-
ant in the case of our material, so we planned to study the
variation of the intensity and/or the surface of the peaks.
Finally, the signal-to-noise ratio of the obtained spectra led
us to estimate that the intensity is the most relevant param-
eter to compare the various phases.

From Fig. 6, the evolution of the relative intensities of the
C=0 bands can be observed versus various points of the
trajectory. First, we remark that the profile is divided into

Color version
at the end

1700
Raman Shift (cm-1)

FIG. 5. Raman spectrometry map along the Z axis defined in the
carbonyl stretching range.
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modes at 1708 cm™! (chiral side chain) and 1730 cm™' (achiral side
chain). The SB and the SR sides of the SR-SB film give a ratio
nearby constant with respective values of 0.8 and 0.6. In the middle
of the sample we observe a linear behavior corresponding to the
inter-diffusion interface.

three parts. The left and the right parts present a constant
intensity ratio of about 0.8 and 0.6 a.u. which respectively
correspond to the SB and SR films. On the other hand, the
ratio varies slightly and continuously in the intermediate re-
gion from about (.78 a.u. to about 0.57 a.u. by presenting a
linear distribution of the intermediate ratios.

Thus, it proves that the chiral side chains fraction gradu-
ally changes from the silicone blue to the silicone red film
and this involves a gradual change of the cholesteric pitch,
which depends on the amount of the cholesteric moiety in
the siloxane molecule. This agrees with the TEM investiga-
tions for which the profile of the pitch along the Z axis (de-
fined in Fig. 4) shows the same trend (Figs, 6 and 7); how-
ever, a correlation between the pitch and the intensity ratios
can be established and so, as we detail below, a quasi-direct
measurement of the helical pitch by Raman spectroscopy can
be made.
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FIG. 7. Comparison of the pitch values obtained by TEM and
Raman spectrometry. Both curves demonstrate the ability of Raman
spectrometry to be a user-friendly tool to measure the cholesteric
pitch. The interface is of the order of 10 um.
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It is shown that the reflection wavelength Np,(4,)] 1S in-

versely proportional to the molar percentage of the chiral
compound C,;,,; and is given by [11,21]

const
Nontmim] =~ - (1)
Cchiral
In the diffusion region, in which the concentration occurs,
the concentration in chiral mesogens is given as a function of
the respective concentration in the SB (Cj) and SR (Cp) as
follows:

Cchiml - CR (2)

Copiraa=xCp+ (1 —x)Cr=>x= ,
= XCy+ (1 =X)Cp = x = =2

where x is the chiral mesogens fraction in the diffusion re-
gion.
From Egs. (1) and (2) we obtain

1 1
a+xb CJconst+x(Cz— C,)/const’

)\[m/(m+n)] (3)
The a and b coefficients are determined from experimental
data for SB (x=1) and SR (x=0) which are respectively
)\[,,1,(,%”):0'5]:450 nm and )\[m,(,,1+n)=0_31]=745 nm. The ex-
tracted values are: a=1.38 107> nm™! and »=0.9 107> nm™'.
Under the hypothesis that the mean refraction index is 1.55
for our samples we can deduce the pitch p by

1
" n(a+xb)

p (nm). 4)

Considering that all the involved C=0O double bonds be-

have similarly, the intensity of the Raman diffusion is, in a

first approximation, linearly dependent on the concentration

in diffusing species, so we will be able to deduce x from the

Raman intensity. From the experimental data we define D by
m Ichiral(C — O)

- m+n - Ichiral(c — O) + Iachiral(c — O)

_ Ichiral(1708) (5)
- Ichirul(1708) + Iuchiml(1730)

and thus, by analogy with de concentration equation we de-
duce
Dchiral = xDB + (1 - x)DR = X= Dchzml DR . (6)
D~ Dg

In Fig. 7 we present the results obtained for the pitch
values by comparison with the ones issued from TEM inves-
tigations. We notice that we have a remarkable agreement
between the results of both techniques and that these results
validate our experimental procedure.

In the continuity of our work, we plan to continue our
research on these systems by using the polarizability proper-
ties of the CLCs and the polarization of the vibrational
modes. The use of polarized Raman spectrometry will give
us access to the local order of the molecules what will give
us important information as for the relative positioning of the
chiral and achiral side chains. The access to these data will
enable us to understand the intermolecular interactions and
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thus the mechanisms of diffusion in our materials.

On the potential to investigate the material properties, be-
cause the Raman mapping offers the opportunity to probe the
concentration in chiral mesogens very locally, it opens the
way to novel investigations to go into details about the dif-
fusion mechanism between the individual films. As an ex-
ample, the choice of the thickness of the blue and red films is
of paramount importance for the existence and the propaga-
tion of the pitch gradient. Besides, the blue and red films
have different viscosities. So it means that we could think to
elaborate sandwich films from individual films with thinner
thicknesses—or to choose different thicknesses from one
film to the other one (case of asymmetric films)—to fabricate
photonic bandgaps with different and tuneable filtering pro-
files. Then the origin of these optical properties could be
elucidated from the investigation of the local concentration
of chiral mesogens, and the time-resolved monitoring of the
concentration variation during the annealing process may
also be foreseen.

IV. CONCLUSION

Broadening the light reflection bandwidth can be obtained
by a simple thermal treatment of a cholesteric glassy film,

PHYSICAL REVIEW E 74, 051704 (2006)

with a reduced number of independent driving parameters.
The helical pitches of these films were determinate by Ra-
man microscopy and were found in excellent agreement with
those estimated by the TEM. The procedure is easy to imple-
ment since the only condition is to be able to have two
samples for calibrating and determining the couple (a, b).
Then the intensity measurements of the modes of vibration
characteristic of the involved chemical groups (here chiral
and achiral) leads to the determination of x and the relative
proportion of achiral and chiral side chains by the determi-
nation of the ratio ﬁ As a consequence, we can calculate

the pitch of the cholesteric phase such as:p:@. It has to

be remark that this kind of measurement can easily be gen-
eralized to any kind of system for which the periodicity var-
ies (structure-gradient materials) and is correlated to varia-
tions of relative chemical species concentration which have
specific vibrational behaviors.
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