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Aninvestigation was made of the diffraction of light in three-dimensionally ordered BP Iand BP I1
phases and in a macroscopically disordered BP I1I phase of cholesteric liquid crystals. The
experimental results were compared with the various models of disorder. The diffraction in BP III
was found to be similar to that in solid glassy structures. The dimensions of unit cells and the
parameters representing the disorder of structures with different values of the cholesteric helix

pitch were determined.

I.INTRODUCTION

Blue phases of liquid crystals are attracting much atten-
tion."? These phases are exhibited by the majority of chiral
liquid crystals. It has been established that the blue phases
BP1I and BPII have a three-dimensional periodic structure
which is in many respects analogous to crystalline struc-
tures. The sequence of the phase transitions between the blue
phases and their number are determined by the pitch of the
cholesteric helix. The most interesting results are obtained
when the pitch is small and one substance exhibits three blue
phases (BP1,BP1I, BPIII). Ithasbeenshown experimental-
ly and theoretically that BP1 and BPII form the bee and
simple cubic cells with a macroscopic long-range transla-
tional order of the orientations of the molecules and a struc-
ture period 100-400 nm.*~* The nature of molecular ordering
in the BPIII phase (“fog” phase) at distances comparable
with the effective period is not yet clear. The transmission
spectra® and the rotation of the plane of polarization of
light®” in BP1II indicate structural ordering of the chiral
type. The wide-band diffraction of light in BP III reported in
Ref. 8 suggests disorder. However, the available experimen-
tal data on the fog phase are insufficient for a complete de-
scription of its structural features.

We report measurements of the diffraction of visible
and ultraviolet light in mixtures of chiral liquid crystals with
different sizes of the unit cell. We compare the experimental
data with various models of disorder. We demonstrate simi-
larity between the diffraction in the fog phase of liquid crys-
tals and solid-state amorphous structures.

1l.EXPERIMENTAL RESULTS

Measurements were carried out on BPI, BPII, and
BP IIl and on the cholesteric phase of mixtures of cholesteryl
nonanoate (CN) and cholesteryl chloride (CC) in the range
of CC concentrations from zero to 14 wt.%; some measure-
ments were also made on pure CC. The CN and CC mole-
cules have different signs of the chirality, so that by increas-
ing the concentration of one component we could alter the
helix pitch. The diffraction was measured at a fixed scatter-
ing angle (26 = 170°) in the scattered-wavelength range
A = 650-300 nm. Planar liquid crystal samples were in cells
with a gap of 200-500 u and the diffraction was recorded
from a part of a sample of ~0.3 mm transverse size and
temperatures in a thermostat were kept constant to within
~0.01°C.
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Figure 1 shows a typical diffraction pattern of the
phases BP1, BPII,and BP I11. Thediffraction due to different
planes of cubic BPI and BP I structures [for example, the
(110), (200),and (211) planesin BP 1] was determined em-
ploying polydomain samples formed in quartz cells without
any special treatment with surfactants. Preparation of BP1
by heating the cholesteric phase usually produced a poly-
crystalline sample with fairly small domains. Cooling from
the isotropic phase gave rise to single crystals of size in ex-
cess of 20 u. In this case the relative intensities of the reflec-
tions were determined by the distribution of the orientations
of single crystals and could differ from sample to sample.
The pattern of diffraction in BP III depended on the method
used to prepare this phase. The temperature dependences of
the positions of the diffraction lines in the spectrum obtained
for a mixture of the CN:CC = 90:10 composition was of the
type shown in Fig. 2. Similar temperature dependences were
obtained also for other structures. A good agreement was
observed between the experimental positions of the short-
wavelength diffraction lines (at ~400 and ~ 340 nm for BP1
and at 340 nm for BP1II) and the wavelengths of the (200),
(211), and (110) reflections deduced from the positions of
thelong-wavelength diffraction lines ( ~ 570 nm for BP I and
470 nm for BP1II) (Fig. 2). The dependence of the spectral
position A 5 of the diffraction lines (110) and (100) of the
cubic phases BPIand BP Il onthe wavelength of the selective
reflection A in the cholesteric phase had the form shown in
Fig. 3a. In the case of BPI and BPII and for the cholesteric
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FIG. 1. Spectrum of light diffracted by a CN-CC mixture (90:10) in the
phases BPI (T =85.97°C, continuous curve), BPII (T = 86.23°C,
dashed curve), and BPIII (T = 86.33°, chain curve).
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FIG. 2. Temperature dependences of the positions of reflections exhibited
by the phases BPI (O), BP1I (@), and BPIII (A), and by the cholesteric
CN-CC (90:10) phase; O denotes A and X denotes the positions of the
reflections deduced from the long-wavelength diffraction lines:
Z‘ (BZOO) =A (BHO)/zl/Z’ /{ (BZII) — A (8110)/3I/2(BPI); A (BHO) :/1 (HIOO)/ZI/Z
(BPII).

phase we determined the selective reflection wavelengths at
a temperature close to the transition to the higher-tempera-
ture phase. We included in this figure also the corresponding

" data on the position of the maximum of the wide-band dif-
fraction A ; of the fog phase. In samples characterized by A .
> 440 nm we did not observe the fog phase. In the case of
CN, CC, and CN-CC mixtures forming the fog phase we

.determined the wide-band diffraction of BPIII, plotted in
Fig. 4.

11l. DISCUSSION

The investigated structures exhibited a linear depen-
dence of the size of the cubic cell on the pitch of the choles-
teric helix (Fig. 3a). TheratioA 5 /A - (Fig. 3b) amounted to
1.33 for BPI and 1.14 for BPII. The maxima of the wide-
band scattering by the fog phase (Figs. 3a and 4) were locat-
ed in all structures between the diffraction peaks of BP II and
those of the cholesteric phase, and their frequency position
had the same linear dependence as the diffraction in cubic
structures with a long-range translational order. In the case
of the fog phases of the structures based on CN we found that
the ratio in question was A 5 /A~ 1.06 (Fig. 3b).
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FIG. 3. Dependences of the spectral positions of the long-wavelength
reflections A, (a) and A, /A (b) exhibited by the BPI (O), BPII (@),
and BPIII (A) phases of CN-CC on A ¢ of the cholesteric phase: 1) CN;2)
CN-CC (95:5); 3) CN-CC (93:7); 4) CN-CC (90:10); 5) CN-CC
(86:14).
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FIG. 4. Spectra of wide-band diffraction in BP I1I observed for the follow-

ing samples: a) CN; b) CN-CC (95:5); ¢) CN-CC (93:7); d) CN-CC
(90:10); e) CC.

A theory of blue phases"*'° predicts the following rela-

tionship between the positions of the diffraction lines in the
spectrum and the moduli of the Fourier harmonics €X(o)
(0 = n® + k* + P) representing the intensity of diffraction
P.=A./2nsin @and Py, = A, /2n sin 6:

(D

Estimates based on Eq. (1) demonstrated that practically
the whole intensity of diffraction by the fog phase in struc-
tures with the left-handed direction of the twist of the helix
was concentrated in the experimentally observed wide-band
maximum, i.e., the amplitudes of the higher Fourier har-
monics were small, in agreement with the icosahedral model
of the fog phase.'"!? The intensity of diffraction at
A=A5/2""" could not exceed 12% and at
A = A,/3"*it should not be more than 5% of the main max-
imum. The diffraction maximum of the fog phase of CC,
which had a right-hand helix twist, was also located on the
long-wavelength side of the selective reflection of the choles-
teric and was characterized by a large red shift 1, /A¢
~1.14, compared with the shift in the case of structures with
the left-hand helix twist (CN).

The positions of the diffraction maxima in the spectra
(Fig. 4) were characterized by a period which agreed with
the short-range order in the fog phase Py and the half-width
of the diffraction for a given value of P, agreed with the
correlation length. The large long-wavelength shift of the
diffraction in a series of related compounds such as CN and
CN-CC mixtures (Fig. 4) made it possible to find the
changes in the parameters of disorder associated with an
increase in the period of the structure from the experimental
data. An analysis of the data was made employing two mod-
els of disorder in the fog phase.

1) Discrete polycrystalline model. In this model it is as-
sumed that there is translational order in small arbitrarily
oriented crystals. The scattering by neighboring crystallites
is assumed to be noncoherent. The diffraction from a liquid
crystallite of spherical shape was calculated by Belyakov et
al’:

PC/P,,=Z, a"e?(a)/oe*(0).

R~a~* (1+a*D*¢s*/2—cos aDxe—aDn, sin aDx,),  (2)
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where a = [7% + 2(x,7)1/2x%4%, D is the diameter of the
crystallite, 7 is the reciprocal lattice vector, and x, is the
wave vector of the incident wave.

2) Paracrystalline model with a continuous loss of corre-
lation of the translational order. In this model a disordered
structure is postulated and this structure is characterized by
a Gaussian H,, distribution of the neighboring planes at dis-
tances mP, + x:

H,(mPatz)=(20m)~"A exp (—z%/2A,2). 3)

The interference function of such a structure is of the
form'*

Z(X)=(1=|F[*)/ (1=2|F|cos y+|F|*),
where |F(X)| = exp( — 277X *A?), Y? =27XPy,
X =2nsinf /1. A measure of disorder is the dispersion
(scatter) A of the distribution function H(x). In the case of
the polycrystalline model a measure of disorder is the diame-
ter of a crystal D.

The values of D and A were determined by comparing
the experimental curves of Fig. 4 with the results of calcula-
tions based on Egs. (2) and (3) (Fig. 5). The fitting was
carried out using the half-width of the diffraction maxima
(Fig. 5).

The polycrytalline model indicated that the diameter of
crystallites was 0.7-1 y, increasing along the series CN, CC,
and CN-CC as the diffraction band of the fog phase shifted
toward longer wavelengths. Therefore, the effective distance
in which the order was retained in the fog phase increased on
increase in the period of the structure. The ratio D /P, was
far too small (~6) to regard BPIII as an ordinary poly-
crystalline sample consisting of a three-dimensionally or-
dered blue phase. Such a value of the ratio D /Py was more
typical of clusters in an amorphous sample. Rapid cooling of
aliquid crystal CE4 (Ref. 15), which was in blue phase, was
reported to cause vitrification of a sample. Cooling from the
fog phase in the vitrified (glassy) state produced longish
objects of 0.1-1 u size observed with an electron micro-
scope.'’ Clearly, these objects were associated with the pres-
ence of regions of correlated distributions of molecules, of
size 0.7-1 u, observed in the fog phase.

Estimates based on the polycrystalline model predicted
a large number of unit cells on the surface of a crystallite
(~70% of their number in the crystallite), i.e., a large part
of the volume of the fog phase could be subject to structural
distortions. The imperfect translational periodicity of the

350 X, nm

FIG. 5. Diffraction line predicted by the polycrystalline model (dashed
curve) and by the paracrystalline model (dots). The actual profile of the
wide-band reflection exhibited by the BPIII phase of CN-CC (95:5) is
represented by the contiriuous curve.
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FIG. 6. Neutron'® (curve 1) and x-ray'’ diffraction by the amorphous
phase of MBBA (Q = 47sin 6 /A4). Curves 3 and 4 represent, respectively,
the diffraction of light by the BPIII phase of CN (curve 3) and CN-CC
(90:10)"(curve 4); Q = Qp Py /d (see text). Curve 5 represents x-ray dif-
fraction by metallic glass Nig, Nb,, (Ref. 18).

sample was described well by the paracrystalline model. The
spread A of the distribution function H(x) of the fog phase
was 20-24 nm, which represented 15-18% of Py i.e., the
short-range order was distorted strongly in just one period of
the structure of Pg. The radius of the ordering L, within
which a short-range correlation was observed [broadening
of H(x) did not exceed the periodicity], deduced from the
diffraction measurements, was limited to 0.8-1.2 u. The pa-
rameters of the disorder A and Py, as well as the effective
distances in which the order was maintained (D in the poly-
crystalline model and L in the paracrystalline model) were
comparable with the corresponding characteristics of glassy
samples.

Figure 6 shows the neutron'® and x-ray'’ diffraction
patterns of MBBA frozen rapidly to form the glassy state.
The diffraction peak was associated with a short-range mo-
lecular ordering of the orientations of the long axes of the
molecules (d ~0.42-0.43 nm). In the fog phase the supramo-
lecular order in the orientation of the liquid-crystal director
was characterized by a parameter Py ~ 120-150 nm, which
was 280-350 times greater than the intermolecular distances
in MBBA. A comparison of the neutron and x-ray diffrac-
tion patterns in the solid amorphous state with the optical
data for BPIII was made in Fig. 6 plotting the results of
diffraction in the fog phase on a scale enlarged along the
horizontal axis (Q = Qz Py /d). We also plotted in the same
figure the structure factor of the main diffraction peak
Q = 29.45 nm ~ ! of metallic glass Ni,, Nb,, deduced from x-
ray diffraction.'® The data for this metallic glass'® were plot-
ted in Fig. 6 on a scale reduced along the Q axis in order to
equalize the periods of the short-range order in the metallic
glass, in MBBA, and in PB I11. It is clear from Fig. 6 that the
half-widths of the diffraction peaks of the fog phase, MBBA,
and metallic glass were practically identical. The similarity
of the diffraction in BPIII, MBBA, and Ni¢, Nb,, led us to
the conclusion that a glassy-type disorder was characteristic
of the fog phase. In solids such a disorder was observed in
nonequilibrium phases (glass, amorphous state), whereas
BPI1l1 is a phase in thermodynamic equilibrium.

There is an analogy in the possible method of descrip-
tion of the structure of solid-state glasses and of the cubic

Demikhov et al. 1000




BP1 and BP1I phases': in glasses the short-range order in
the distribution of atoms may be incompatible with the crys-
talline order and the contact between ordered regions is via
structure defects. In the cubic liquid crystal phases the dou-
ble twist of the director field means that a fairly large volume
cannot be filled without formation of singularities (disclina-
tions).?%>2 The distribution of defects in BPI and BP1I are
ordered, forming a cubic structure of a disclination lattice.
The phase transition from the cubic to the fog phase may
involve disordering of defects (disclinations). The relative
volume of defects in BPI (Ref. 22) is V. = 67r*/d? where
r~0.04d (d ~250 nm is the cell parameter and 7 is the radius
of a disclination core). If we assume that in the fog phase
these defects are located on the surfaces of disordered re-
gions, the relative volume of disclinations and their cross
sections can be used to estimate the size of ordered regions in
BPIII. This gives the radius of the ordered regions
R=3r/V,_,.~1 p, which is close to the size of crystallites
deduced by us from the experimental data (D~1 u, 2L ~2
). The increase in energy because of the presence of defects
is compensated by the reduction due to the ordering inside
the cluster, which is the reason for the thermodynamic sta-
bility of BPIII.

The optical diffraction studies show that the fog phase
is qualitatively different from other liquid crystal phases
whose structure is at present well understood. In the case of
nematics, cholesterics, smectics 4, C, C *, D etc., the order of
astructure (orientational or translational) is conserved over
macroscopic distances. In the fog phase the ordered regions
are comparable with the effective period. A similar situation
occurs in liquid crystals in the pretransition region, for ex-
ample, in the nematic phase, when at temperatures 10 °C
before the transition to the smectic 4 phase the correlation
length & of the translational smectic ordering with a period d
is comparable with d (£ ~5d). However, in this case the
local ordering is of fluctuation nature and appears in a less
ordered phase without a phase transition, whereas ordering
in the fog phase is of structural nature and occurs as a result
of a phase transition. The numerous investigations of liquid
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crystals proceeding at present will soon allow us to deter-
mine whether there are any other liquid crystal phases with
finite (like that in BPIII) ordered regions.

The authors are grateful to V. A. Belyakov, V. E. Dmi-
trienko, and D. E. Khmel’nitskii for valuable discussions.
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