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Morphologic and thermo-optical properties of liquid crystalline material exhibiting multiple phase transitions were investi-
gated in this work. Investigations were carried out for both the direct (by heating) and the reverse (by cooling) phase transitions. 
Thermo-morphologic properties of the heterophase regions of phase transitions were investigated. Temperature dependences of 
the optical transmission were studied, the mean optical density of crystalline state, smectic C, smectic A and nematic mesophases 
was estimated, temperature widths of the heterophase regions of crystal ↔ smectic C, smectic C ↔ smectic A, smectic A ↔ ne-
matic and nematic ↔ isotropic liquid phase transitions were determined with high accuracy.

Keywords: liquid crystals, texture, multiple phase transitions, optical transmission, heterophase regions

pacs: 42.25.Lc, 42.70.Df, 64.70.M

1. introduction

Due to the physical anisotropic and self-assembling 
nature, liquid crystalline materials hold an important 
place in theoretical and experimental physics, and 
also in various technical devices and technological 
processes [1–5].

In liquid crystalline materials, between the solid 
crystal and isotropic liquid one or more liquid crys-
talline mesophases take place. Between these meso-
phases, in a  definite temperature interval, the  first 
or second order phase transitions can be observed. 
Availability of a series of phase transitions (multiple 
phase transitions) distinguishes the  liquid crystals 
from most other materials, which have only a single 
phase transition [6–11]. In liquid crystals exhibiting 
multiple phase transitions, differences between vari-
ous phases and mesophases are defined by differences 
of the structural organization, spatial symmetry and 
ordering of these phases and mesophases. Therefore, 
such liquid crystalline materials are excellent objects 
for the study of peculiarities for various types of phase 
transition, and investigation of melting processes and 
critical phenomena [12–17].

By heating the  liquid crystals from a  crystalline 
state to an isotropic liquid state and by cooling from 

an isotropic liquid state to a crystalline state they can 
exhibit different mesomorphism degree and display 
various types of thermotropic phase transitions. At 
such phase transitions structural transformations of 
liquid crystalline mesophases, change of space and 
point-like symmetries of mesophases, change of vari-
ous physical parameters and appearance of unusual 
physical properties can be observed. Besides, liquid 
crystalline materials at the  direct and reverse phase 
transitions can display various types of enantiotropic 
and monotropic mesophases [18–21]. Therefore, in-
formation about the temperature behaviour of physi-
cal parameters of liquid crystalline materials at phase 
transitions is important from a fundamental and an 
application point of view.

Scientific literature presents rich information about 
the temperature behaviour of optical parameters of 
monomorphic and dimorphic liquid crystals at the di-
rect phase transitions in the  heating process. Unfor-
tunately, information about the temperature behaviour 
of optical parameters for the reverse phase transitions 
in the  cooling process and in the  circular heating–
cooling cycle is insufficient. Besides, a special interest 
in physics of liquid crystalline materials is shown in 
topics connected with investigations of polymorphic 
liquid crystals exhibiting multiple phase transitions. 
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In polymorphic liquid crystals, unlike monomorphic 
and dimorphic liquid crystals, successive and unre-
mitting transformations from more structurally or-
dered to less structurally ordered mesophases occur.

In this work, the morphologic and thermo-optical 
properties of mesophases were investigated. Peculiar-
ities of the heterophase regions of direct and reverse 
phase transitions in the heating–cooling processes in 
a liquid crystal with multiple phase transitions were 
studied. The optical transmission during the crystal–
smectic C–smectic A–nematic–isotropic liquid–nemat-
ic–smectic A–smectic C–crystal phase transitions was 
studied and a  comparative estimation of the optical 
density in a crystalline state, smectic C, smectic A and 
nematic mesophases was carried out.

2. experiment

In this work, 4-octyloxy-benzoic acid 4ʹ-buthoxy-
phenyl ether (OBABPE) was the object of our inves-
tigations. The  structural formula of this material is 
given in Fig. 1. This liquid crystal was purchased from 
Khimreactive Inc. (Russia). The  purity of OBABPE 
was estimated to be 99.70% by liquid chromatogra-
phy [22]. OBABPE has a calamitic molecular form, is 
a polymorphic liquid crystal, displays enantiotropic 
smectic  C, smectic  A and nematic mesophases, ex-
hibits multiple thermotropic phase transitions, and is 
thermally stable and stable to moisture.

anisotropic properties. The  classic polarizing optical 
microscopy (POM) technique was also used in this 
work. Our POM set-up consists of a trinocular polar-
izing conoscopic/orthoscopic microscope, Berek and 
quartz compensators, optical filters and λ-plates from 
Olympus Optical Co., Ltd., and also a  special heater-
thermostat with a digital temperature control system, 
multimeters and power supply. Registration of micro-
photographs and conoscopic images was carried out by 
the  digital microphotographic system from Olympus 
Optical Co., Ltd.

The thermo-morphologic properties of the  het-
erophase regions of phase transitions were stud-
ied by the method of temperature wedge  [26] which 
was modified by us as a capillary temperature wedge 
(CTW) device  [27, 28]. The  CTW device provides 
observations of all thermal states of liquid crystalline 
materials in a real scale of time and in a wide tempera-
ture range, and also provides the calculation of phase 
transition temperatures and the  temperature widths 
of the biphasic regions with an accuracy not less than 
10–2 K [27–31].

Temperature dependences of the optical transmis-
sion (OT) were measured using the thermo-optical set-
up (Fig. 2). This set-up consists of a polarizer, an ana-
lyzer, a beam splitter, a special thermostat with a digital 
control system, detectors, power supply and multim-
eters. As the  light source, the He–Ne laser was used. 
Temperature dependences of the  OT were recorded 
by a  computer. The  heating and cooling rate during 
the thermo-optical measurements was 0.5 K·min–1.

Fig. 1. The molecular structure of OBABPE.

Fig. 2. Schematic representation of the  experimental 
set-up. 1, He-Ne laser; 2, polarizer; 3, beam splitter; 4, 
analyzers; 5, thermostat; 6, the sandwich-cell; 7, digital 
temperature control system; 8, power supply; 9, detec-
tors; 10, multimeters; 11, computers.

The samples used in this study were the  sand-
wich-cells with a fixed thickness. The reference sur-
faces of the plane capillaries were optical glass slides. 
The thickness of a liquid crystalline layer, which was 
placed between the reference surfaces of the  sand-
wich-cell, was examined by the POM technique and 
a digital micrometer with an accuracy of ±0.1  μm. 
The thickness of the liquid crystalline layer was fixed 
to be 40 μm. OBABPE was filled into the sandwich-
cell by the capillary forces at the isotropic liquid state.

Investigations of the  thermotropic and thermo-
morphologic properties of OBABPE were carried out 
by the  crystallo-optics and crystallo-physics meth-
ods  [23–25]. These methods allow determining 
the number and orientation of optical axes, the value 
and optical sign of birefringence, peculiarities of de-
fects and disclinations, etc. in materials with optically 

3. results and discussion

In OBABPE, the solid crystal (Cr) → smectic C (SmC) 
mesophase → smectic A (SmA) mesophase → nematic 
(N) mesophase → isotropic liquid (I) → N mesophase → 
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SmA mesophase → SmC mesophase → Cr sequence of 
the  direct and reverse phase transitions takes place. 
Temperatures of the phase transitions in OBABPE are 
given in Table 1.

The N mesophase in OBABPE exhibits a marble-
like texture (Fig.  3(a)). This texture is a  modifica-
tion of a mosaic texture. Such texture type has been 
observed by various scientists for the N mesophase 
in different liquid crystals  [32–35]. This texture 
consists of various uniform regions. In these re-
gions the director →n has a strong definite direction. 
The  boundaries between these uniform regions are 
the disclinations. As seen in Fig. 3(a), in this texture 
the thread-like formations, which have no geometric 
form, also take place. These formations are the linear 
disclinations and are typical for the  N mesophase. 
We can say that this texture is classic for the N meso-
phase. We would like to note that the thread-like for-
mations can also arise in the SmC mesophase. But in 
the N mesophase the thread formations divide sepa-

rate uniform regions, which are optically biaxial; in 
the SmA mesophase the abovementioned formations 
divide separate uniform regions, which are optically 
uniaxial.

The SmA mesophase in OBABPE exhibits a confo-
cal texture (Fig. 33(b)). Such type of texture is a classic 
and specific texture of the SmA mesophase, and is a 
characteristic type for the D∞h symmetry  [33, 34, 36, 
37]. As seen in Fig. 3(b), such texture consists of the 
groups of confocal formations. Optical investigations 
showed that these formations have a  positive optical 
sign. The confocal textures are a sufficiently interesting 
type of polycrystalline textures in liquid crystals and 
have a complicated topology. The confocal textures can 
also be displayed as the fan-shaped and polygonal tex-
tures [8, 33, 38, 39].

By heating of OBABPE from a crystalline state or 
by cooling SmA, the  texture of SmA transformed to 
the  texture of SmC (Fig.  3(c)). As seen in Fig.  3(c), 
the  texture of SmC consists of broken polygonal and 

Fig. 3. Microphotographs of the textures in OBABPE (coloured online). Crossed polarizers. Magnification ×100. 
(a) texture of N mesophase, (b) texture of SmA mesophase, (c) texture of SmC mesophase, (d) texture of Cr state.

Table 1. Features of phase transitions in OBABPE.
Temperatures of direct phase transitions, K Temperatures of reverse phase transitions, K

Cr–SmC SmC–SmA SmA–N N–I I–N N–SmA SmA–SmC SmC–Cr
335.4 350.2 355.7 362.1 359.9 354.0 348.1 333.5

(a) (b)

(d)(c)

10 mm

10 mm
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fan-shaped formations. Availability of broken polygo-
nal and fan-shaped formations is a typical display of 
the SmC mesophase [33, 35, 36]. Such type of the tex-
ture was presented in [33, 34, 36, 38, 39], is character-
istic of the C2h symmetry and corresponds to the SmC 
mesophase. The crystalline state of OBABPE exhibits 
the texture which is presented in Fig. 3(d). This tex-
ture has no definite formations and uniform regions, 
and is sufficiently different from the textures of liquid 
crystalline mesophases.

In this work, the thermo-morphologic properties 
of the heterophase regions of direct and reverse phase 
transitions were investigated and the temperature 
widths of these regions were calculated by the CTW 
device. The investigations showed that these regions 
exhibit interesting thermo-morphologic properties 
(Figs.  4, 5). Namely, as seen in Figs.  4 and 5, in all 
observed cases there are no sharp boundaries be-
tween the  neighbouring phases. Besides, as seen in 
these figures, in the definite temperature interval, as 
∆T  =  T**–T*, a  simultaneous coexistence of a  low 
temperature phase and a  high temperature phase is 
observed. At the  T* temperature, the  low tempera-
ture phase is stable, but the high temperature phase 
is metastable; at the T** temperature, the high tem-

perature phase is stable, but the  low temperature 
phase is metastable. This fact indicates an availabil-
ity of the  heterophase regions of direct and reverse 
Cr↔SmC, SmC↔SmA, SmA↔N and N↔I phase 
transitions. In Fig. 6, a schematic presentation of the 
mesophases and positions of heterophase regions in 
OBABPE at the direct and reverse phase transitions 
is presented. Thus, for the  abovementioned phase 
transitions thermal hysteresis takes place. Availability 
of thermal hysteresis and T* and T** temperatures at 
the phase transitions in liquid crystals was theoreti-
cally predicted in [11, 14, 38, 40–46] and was experi-
mentally observed in [47–56].

The investigations showed that the  morphologic 
properties of mesophases at the  direct and reverse 
phase transitions and the appearance of heterophase 
regions are different (Figs. 4, 5). Besides, estimation of 
the temperature widths of heterophase regions, which 
was done by the CTW, showed that these widths are 
different when heating OBAPBE from the  crystal-
line state to isotropic liquid and when cooling this 
liquid crystal from the isotropic liquid to crystalline 
state. Namely, widening of the temperature width 
of heterophase regions in the cooling process of liq-
uid crystal under investigation was observed. Thus, 

Fig. 4. Microphotographs of the heterophase regions of direct Cr–SmC (a), SmC–SmA (b), SmA–N (c) and N–I 
(d) phase transitions (coloured online). Crossed polarizers. Magnification ×100.

10 mm

10 mm

(c) (d)

(b)(a)
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the  investigations showed that for the  temperature 
widths of the  heterophase regions of direct and re-
verse Cr↔SmC, SmC↔SmA, SmA↔N and N↔I 
phase transitions thermal hysteresis takes place. The 
temperature widths of heterophase regions for the 
abovementioned phase transitions are presented in 
Table 2.

The phase transition between SmC and SmA 
mesophases was theoretically investigated in  [8, 16, 

45, 57–67]. Almost in most of these works the SmC–
SmA phase transition appears to be of the second or-
der. But in [8, 16, 57, 64] this transition is presented 
as the first order and in [45, 66, 67] this transition is 
considered as both the first and second order transi-
tion. Availability of the heterophase regions of SmC–
SmA phase transition and availability of thermal hys-
teresis, which were observed in the present work, are 
a typical display of the first order transition [8, 11, 13, 

Fig. 6. Schematic representation of mesophases and heterophase regions at the direct (a) and re-
verse (b) phase transitions in OBABPE.

Fig. 5. Microphotographs of the heterophase regions of reverse I–N (a), N–SmA (b), SmA–SmC (c) and SmC–
Cr (d) phase transitions (coloured online). Crossed polarizers. Magnification ×100.

(b)

(d)

(a)

(c)

10 mm

10 mm

(a)

(b)
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55]. We would like to emphasize that the heterophase 
region and the thermic hysteresis for the SmC–SmA 
phase transition were also observed earlier for com-
pounds with the alkenic terminal group chain in [49].

The phase transition between SmA and N meso-
phases has been theoretically investigated in a  lot of 
works, e. g. [8, 10, 11–14, 55, 68–77]. In these works 
it is suggested that the SmA–N transition could be of 
the  first or the  second order. In an elegant descrip-
tion of the  SmA–N phase transition  [70–72], possi-
bilities for the first order or second order transitions 
have been considered. In  [38, 46, 57, 70–72, 76–78] 
two cases, when TNA <<   TNI and TNA ≈ TNI, have been 
considered. (Here TAN is the  SmA–N phase transi-
tion temperature; TNI is the  N–I phase transition 
temperature.) For the  first case, the  translational or-
der parameter |ψ| unremittingly decreases to zero at 
the  SmA–N phase transition, and the  orientational 
order parameter Q exhibits some fluctuation at this 
transition. This case corresponds to the  abovemen-
tioned second order phase transition. For the second 
case, both the |ψ| and Q parameters sharply decrease 
at the SmA–N phase transition. This case corresponds 
to the  abovementioned first order phase transition. 
In [70–72] the quantitative criterion for the first or-
der and the second order SmA–N phase transitions, 
which is connected with the TAN and TNI temperatures, 
is presented. Namely, for the   correlation 
this transition must be of the  second order, but for 
the   correlation this transition must be of 
the first order.

In accordance with the data, which are presented 
in Table  1, the  βd parameter for the  direct SmA–N 
phase transition was determined as  and 
for the reverse N–SmA phase transition the βr param-
eter was determined also as . These values 
of the β parameter indicate that the SmA↔N phase 
transition in OBABPE is the  first order transition. 
Furthermore, availability of the  thermic hysteresis 
and the heterophase regions for the direct and reverse 
phase transition between SmA and N mesophases 
is an additional fact characterizing the first order of 
the abovementioned transition in OBABPE.

The phase transition between the  N mesophase 
and isotropic liquid, which has the  most common 
peculiarities, was the object of theoretical studies by 

various scientists, e. g. [8, 10, 11, 13, 14, 16, 19, 38, 
76]. In these works it is shown that the N–I phase 
transition is the first order transition. This transition 
is characterized by an existence of the heterophase 
region with temperature limits as T*NI and T**NI. 
The T*NI is a low temperature limit; at this tempera-
ture the low temperature state (i. e. N mesophase) is 
stable, but the high temperature state (i. e. isotropic 
liquid) is metastable. The  T**NI is a  high tempera-
ture limit; at this temperature the high temperature 
state (i. e. isotropic liquid) is stable, but the low tem-
perature state (i. e. N mesophase) is metastable. In 
the ∆T = T*NI–T*NI temperature interval a simulta-
neous coexistence of the N mesophase and isotropic 
liquid takes place.

In this work we are interested in the temperature 
behaviour of the OT of OBABPE in a large tempera-
ture interval for the  heating and cooling processes. 
Investigations showed that such dependences for 
both the heating and cooling processes exhibit a non-
linear character (Fig. 7). As seen in Fig. 7, these de-
pendences can be considered in some stages. Namely, 
by heating of the  sample a  fluent increase of OT in 
the  regions of SmC, SmA and N mesophases was 
found. At the  SmC–SmA, SmA–N and N–I phase 
transition regions abrupt changes of the OT were ob-
served. A  bigger OT was found for the  nonordered 
state of OBABPE, i.  e. for the  isotropic liquid state. 
By cooling of the sample a fluent decrease of OT in 
the  regions of N, SmA and SmC mesophases was 
found. During the  cooling process abrupt changes 
of the OT were observed in the  regions of I–N, N–
SmA and SmA–SmC phase transition regions. By 
comparison of the  temperature dependences of OT 
(Fig. 7) with the character of the heterophase regions 
of the abovementioned phase transitions (Figs. 4, 5) it 
can be concluded that jumps of the OT correspond to 
the regions of texture transformations in the hetero-
phase regions of these transitions.

In this work, estimation of the mean optical den-
sity (OD) of textures in OBABPE was determined. 
The  OD is an important parameter for the  system, 
which can be used in optical devices. As known, 
this parameter is connected with the  OT and opti-
cal absorption. For this estimation, bound values 
for the full brightness Ib (minimum density) and full 
darkness Id (maximum density) were determined. 

Table 2. Temperature widths of the biphasic regions of phase transitions in OBABPE.
Temperature widths of the heterophase regions for 

direct phase transitions, K
Temperature widths of the heterophase regions for 

reverse phase transitions, K
SmC–SmA SmA–N N–I I–N N–SmA SmA–SmC

1.21 0.83 0.74 0.95 1.22 1.39
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The  full brightness was obtained in the  situation of 
the planar aligned sample, which was placed between 
the crossed polarizer and analyzer in the position of 
the  optical axis of the  sample as θ  =  45° to the  po-
larizer and the analyzer (Fig. 8(a)). The full darkness 
was obtained in the situation with a sample of the iso-
tropic liquid state. The sample in this case was placed 
between the crossed polarizer and analyzer in the free 
position (Fig. 8(b)).

The diagram of mean OD for the Cr state and SmC, 
SmA and N mesophases in OBABPE is presented 
in Fig. 9. Non-aligned textures of the Cr state, SmC, 
SmA and N mesophases were used. As seen in Fig. 9, 
the  N mesophase is the  least optical dense state and 
Cr is the  most optical dense state in OBABPE. Be-
sides, the SmC mesophase has a greater OD than that 
in the  SmA mesophase. It is interesting to compare 
the symmetry of the abovementioned states – Cr (G n

m), 

Fig. 7. Dependences of the OT vs temperature. These dependences were obtained without polarizers.

Fig. 8. Schematic representation of the position of the sample for full brightness (a) and full darkness (b).
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SmC (C2h), SmA (D∞h), N (D∞), I (Kh or K) – with their 
OD. A correlation of these states can be presented as 
ODI < ODN < ODSmA < ODSmC < ODCr. Thus it is clear 
that a more uniform and ordered state in OBABPE has 
bigger values of the OD.

4. conclusions

In the  present research, the  thermo-morphologic 
properties of mesophases and peculiarities of the het-
erophase regions of direct and reverse phase transi-
tions in 4-octyloxy-benzoic acid 4ʹ-buthoxy-phenyl 
ether (OBABPE) liquid crystalline material, exhibit-
ing the  multiple phase transitions, were investigated. 
The analysis of the typical textures of SmC, SmA and 
N mesophases and their temperature transforma-
tions is given. The shift of temperatures of the reverse 
I–N, N–SmA, SmA–SmC and SmC–Cr phase transi-
tions to lower temperatures and thermal hysteresis for 
the temperature widths of the heterophase regions of 
direct and reverse Cr↔SmC, SmC↔SmA, SmA↔N 
and N↔I phase transitions were observed. The shifts 
of the abovementioned phase transition temperatures 
were as 1.9  K (for Cr↔SmC transition), 2.1  K (for 
SmC↔SmA transition), 1.7  K (for SmA↔N transi-
tion) and 2.2 K (for N↔I transition).

Temperature widths of the direct and reverse phase 
transitions were determined with high accuracy by an 
original method, i. e. the method of capillary tempera-
ture wedge.

The temperature dependences of the optical trans-
mission (OT) during crystal → smectic C → smectic A → 
nematic → isotropic liquid → nematic → smectic  C → 
smectic A → crystal phase transitions were studied. Flu-
ent changes of the OT with an increase of temperature 
in the regions of SmC, SmA and N mesophases were 

observed. At the SmC–SmA, SmA–N and N–I phase 
transition regions abrupt changes of the  OT were 
found. Bigger OT was observed for the  less ordered 
state of OBABPE, i. e. for the isotropic liquid state, low-
er OT was for the more ordered state of OBABPE, i. e. 
for the SmC mesophase.

The diagram of the  mean optical density (OD) 
for the Cr state and SmC, SmA and N mesophases in 
OBABPE was estimated. The estimation showed that 
ODI < ODN < ODSmA < ODSmC < ODCr correlation took 
place in OBABPE, i.  e. more uniform and ordered 
thermodynamic state in OBABPE had bigger values of 
the OD.
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