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Multicritical behaviors and an induced twist grain boundary phase
in a binary liquid crystalline mixture
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We report here the composition-temperature phase diagram of a mixture betweenn59 andn516 terms of
a chiral tolans series shortly notednF2BTFO1M7. This diagram constitutes an experimental illustration of one
of the three theoretical phase diagrams predicted by the Renn and Lubensky’s model. The pure compounds
n59 and n516 exhibit, respectively, the phase sequences Cry–Sm-C* –Sm-A–TGBA–N* –BP–I and
Cry–Sm-C* –N* –BP–I, where TGB refers to a twist grain boundary phase. Phases identification and transi-
tion temperatures, at atmospheric pressure, have been determined by both optical microscopy and photothermal
methods. The experimental phase diagram shows the disappearance of Sm-A and TGBA mesophases and the
appearance of a TGBC phase when then516 composition increases. Four of the five multicritical points
theoretically anticipated by Renn and Lubensky are pointed out.

PACS number~s!: 61.30.2v, 64.70.Md, 07.60.2j, 07.60.Dq
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I. INTRODUCTION

In 1988, Renn and Lubensky proposed a theoretical st
ture of the twist grain boundary~TGB! phases@1#. They have
predicted three different TGB smectics@2–4#: TGBA ,
TGBC , and TGBC* . Since the discovery of the TGBA phase
by Goodbyet al. @5# in 1989 and the TGBC phase by Nguyen
et al. @6# in 1992, there has been an increasing interest in
physics and chemistry of the TGB phases. Several attem
have been made to predict the phase behavior on the bas
the studies of the relationship between physical proper
and molecular structure in liquid crystal~LC! materials
@6–8#. The result was a success since these phases (TA

and TGBC) have been found in various chiral system
@9–13# and in binary mixtures for some liquid crystallin
systems based on the same nonchiral smectogenic matrix
different chiral dopants@14,15#. In binary mixtures, the be
havior of pure components represents only the behavio
the system at the two extremes of the composition inter
With different compositions, a large number of other pha
transitions may occur owing to the interaction of unlike
like molecules. In many cases, mixtures have propertie
exhibit phenomena which are rarely present in pure com
nent systems. For instance, the observation of a novel t
inversion in a chiral nematic phase@16# and the reentran
TGBA phase@17# have been obtained in a binary liquid cry
talline mixture. Moreover, in temperature-composition pha
diagrams, some phases can appear or disappear; such b
ior leads to triple and/or multicritical points@18–26#. For
twist grain boundary phases, in 1992, Renn@4# calculated
three phase diagrams exhibiting the TGB phases in wh
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several multicritical points were displayed. The phase d
gram with only TGBA and TGBC phases is presented in Fig
1. The multicritical points Sm-A–TGBA–N* @14,16,17#,
Sm-C* –Sm-A–TGBA @4,14#, Sm-C* –TGBC–TGBA @6,24#,
TGBC–TGBA–N* @6#, and Sm-C* –TGBC–N* @25#, noted,
respectively, B1, B2, B3, L, and CEP have been observe
temperature-composition phase diagrams at atmosph
pressure. In pure compounds, apart from our publicati
@26–28#, nothing has been reported about these multicriti
points at elevated pressure. No experimental temperat
composition or pressure-temperature phase diagram ga
more than three of these multicritical points.

We describe an experimentally obtained temperatu
composition phase diagram analogous to a theoretical
predicted by the Renn and Lubensky model.

II. CHOICE OF COMPOUNDS

In the present work, we use several terms of the homo
gous series with chiral molecules: 3-fluoro-4-@~R! or ~S! -
methylheptyloxy# -48-(49- alkoxy- 29,39-difluorobenzoyl-

ic

FIG. 1. Theoretical phase diagram predicted by Renn
Lubensky. Dashed lines and full lines correspond, respectively
first order phase transitions and second order phase transitions.~Re-
produced from Ref.@4#.!
519 ©2000 The American Physical Society
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oxy! tolans (nF2BTFO1M7 for short! whose chemical for-
mula is @6#

The n59 term has the following phase sequenc
Sm-C* –Sm-A–TGBA–N* –BP–I and the n516,
Sm-C* –N* –BP–I. Phases identification and transition te
peratures, at atmospheric pressure, have been determin
both thermal microscopy and differential scanning calori
etry ~DSC! @6#. This series has also been studied using h
resolution calorimetry@29# where more important quantity o
samples and much smaller scan rates were used. The
tained results show the existence of two distinct TGB m
sophases (TGBC

a and TGBC
b) and the appearance of sho

range TGB order in the cholesteric mesophase~chiral line
liquid notedNL* ). In the (T-n) phase diagram shown in Fig
2, n represents the number of carbon atoms in the aliph
chain. The transition lines which correspond to crystall
phase~Cry!, blue phase~BP!, and the one between the tw
TGBC mesophases and the chiral line liquid have not b
considered. One can note that the systematic variation
aliphatic chain length considerably influences the therm
stability of the whole phases. The stability domain of TGBC

phase is very narrow. The phase sequences under a
spheric pressure of homologous series can be presente
the Renn and Lubensky diagram by straight lines as sh
in Fig. 3 for n59 andn516 compounds. Each straight lin
appears as defined in our previous work@26# as axis of tem-
perature. Its positive direction is defined by the transit
from an ordered phase to a disordered one. The straight
perpendicular to the temperature axis defines then or X ~con-
centration or composition! axis. We intend to show that th
part of diagram between the straight lines ofn59 and n
516 is the (T-X) phase diagram of binary mixture for thes
compounds.

FIG. 2. Plots of the transition temperatures of thenF2BTFO1M7

compounds againstn, the number of carbon atoms of the alipha
chain.
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III. PHOTOTHERMAL METHOD
AND SETUP DESCRIPTION

A schematic drawing of the experimental setup is sho
in Fig. 4 and briefly described below: a 5 mW HeNe laser
beam crosses LC cell and is detected by a photodiode.
tating polarizer and analyzer can be added to the setup w
necessary. The cell is built with two microscope slid
coated to achieve a homogeneous alignment of LC. The
plates are stuck with glue to achieve a constant thickn
cell. The thickness of the empty cell is determined by int
ferometry. All cells used in our experiments have thickne
between 9 and 15mm with an accuracy of 1mm. The
empty cell is then sandwiched between two aluminum pla
bored for light crossing and hermetically sealed with sp
cially selected glass. Each aluminum plate is connected
two resistors to achieve homogeneous temperature in
cell. These resistors are related to a temperature contr
which is connected to a thermocouple. So the sample ca
heated at constant heating rates and the temperature is
sured with a thermocouple near the impact point of the la
beam in the cell with an accuracy of 0.1°C. The LC cell
filled in the isotropic phase and cooled slowly to the Sm-C*
mesophase in order to achieve good orientation of
sample. Then the transmitted light intensity~TLI ! through
the sample cell is detected against the temperature. TLI m
surements versus temperature are recorded when heatin
cooling at different scan rates. For all results given in t
present paper the lightening conditions are as follows.

~a! The polarizer direction is fixed in the horizontal dire
tion and the analyzer is set to have a maximum of the TL
the beginning of each experiment. The light beam is perp
dicular to the LC cell. The experimental TLI are given

FIG. 3. Phase sequences positions for 9F2BTFO1M7 and
16F2BTFO1M7 characterized by the straight lines, andT andn ~or
compositionX) axes in the phase diagram of Renn and Lubens
The isotropic phase is not represented.

FIG. 4. Experimental setup for photothermal measurements
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PRE 61 521MULTICRITICAL BEHAVIORS AND AN INDUCED . . .
arbitrary units and the temperature in centigrade degree
~b! Among the whole experiments, only those correspo

ing to a heating rate of 1 °C/min are presented. This cho
allows comparisons between TLI measurements through
ferents samples.

The heating rates used in our experiments are much
than the high resolution calorimetry rates@29#. So the chiral
line liquid NL* has not been observed@29#.

IV. RESULTS AND DISCUSSION

Our results are sorted out in accordance with the obse
phase sequences. The most representative TLI are give
growing order of the mass percentage (X16) of the pure com-
pound (n516) in the mixture.

A. Sm-C* –Sm-A –TGBA –N* –I „X1650% and X16510.3%…

The pure compoundn59 (X1650%) exhibits the well
identified@31# Cry–Sm-C* –Sm-A–TGBA–N* –BP–I phase
sequence. A planar alignment is achieved with usual rubb
technique. For TLI versus temperature variations, the r
bing direction of the LC cell is set parallel to the polariz
direction. Figure 5 shows the TLI data from Sm-C* phase to
isotropic one. At first sight, one can note there is a comp
behavior observed within the temperature range where t
sitions occur. Comparison with the known phase seque
leads to an easy identification of the whole mesophase
the recorded curve. When considering that far from the tr
sition temperatures the TLI is constant for each mesoph
the transitions are then characterized by jumps in the
curve except for Sm-C* –Sm-A transition. That transition is
characterized by a slight increase of the TLI in the Sm-C*
near the transition temperature and the TLI becomes
proximately constant in the Sm-A mesophase. Notice tha
for optical microscopy studies, it is useful to realize
pseudohomeotropic flat drop rather than a cell with pla
alignment. This remark points out the sensitivity of the T
method. In the vicinity of the Sm-A–TGBA firstly and
TGBA–N* afterwards the situation seems to be more co

FIG. 5. Transmitted light intensity for pure compoundn
59 (X1650%).
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plicated at first sight. For the Sm-A mesophase, the TLI de
crease is related to the birefringence fall versus tempera
in the vicinity of the transition. At the Sm-A–TGBA transi-
tion, the helical pitch and the block thickness are very lar
When the TGBA mesophase appears, the size of the s
width and the helical pitch tend towards finite values. T
resulting abrupt increase of the TLI in the TGBA phase is the
signature of the drastic variation of the helical pitch. Near
maximum, at 99 °C, the TLI falls quickly again. This beha
ior is ascribed to the well-known selective reflection of t
laser beam (l5632.8 nm). Indeed, from helical pitch mea
surements~Fig. 6! on the pure compound, the selective r
flection occurs forp'0.42 mm nearby the TGBA–N* tran-
sition. In the N* mesophase, a smooth decrease of the TL
detected followed by a flat part. One can notice that
behavior of the TLI in the TGBA and N* is similar to the
rotatory power variations as a function of the inverse of
wavelength or helical pitch@30#. Just before the last trans
tion N* –I, the TLI shows a small anomaly in the narro
interval of temperature that is consistent with the existe
of the blue phase~BP! in this pure compound. The BP an
Cry phases and related transitions will not be discussed
tention being focused on phase transitions involved in
Renn and Lubensky phase diagram.

To avoid problems of interpretation related to the sel
tive reflection of the laser beam, all the following measu
ments are performed in homeotropic orientation. Optical m
croscopy observations reveal for the mixture (X16510.3%)
the following phases sequence: Sm-C* –Sm-A–
TGBA–N* –I. However, the TGBA–N* transition is not
clearly observed but looks continuous. The TLI variatio
versus temperature for this mixture are given in Fig. 7. In
Sm-C* , because of the alignment and the structure of t
mesophase, the wave at the exit side of the LC cell is el
tically polarized. Only a part of this wave is transmitte
through the analyzer. Approaching the transition tempe
ture, from Sm-C* , the tilt angle decreases and falls to zero
Sm-A phase. The sample is no more birefringent and the T
through the analyzer increases~Fig. 7!. In this mixture, the

FIG. 6. Helical pitch variations according to temperature for t
pure compoundn59. The transition temperature between TGBA

andN* corresponds to a change of the inverse of the pitch slo
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domain of existence of the Sm-A mesophase becomes na
rower than in the pure compoundn59. The Sm-A–TGBA
transition is shown by an abrupt variation of the TLI. How
ever, instead of the behavior shown in Fig. 5, the TLI d
creases rapidly to reach a minimum and remains roug
constant in TGBA mesophase. These intensity variations
closely related to helical pitch variations because th
change in the same way with temperature. Indeed,
sample takes on quickly a twisted structure with its scr
axis in the plane of the cell. For such diffusive texture t
TLI is nearly constant. There is no more decrease of T
corresponding to the selective reflection. In the N* phase, the
twist axis is also parallel to the cell faces and the TLI is a
nearly constant. Since the selective reflection is elimina
by using the homeotropic orientation, the transition betwe
TGBA–N* is marked by a change in intensity level that c
be ascribed to the pitch variations difference in TGBA and
N* mesophases. This pitch difference appears clearly w
drawing 1/p against temperature~as shown in Fig. 6!. As in
the above case, the last jump of the TLI signs the N* –I
transition. Indeed both phases have no influence on
propagation of polarized light but thermal fluctuations a
more important in the Sm-A than in the isotropic~I! phase.
So the TLI is a bit higher in the I phase than in the SmA
phase.

B. Sm-C* –TGBA –N* –I „X16528.3% and X16533.2%…

Figure 8 shows the TLI variations for a mixture with
28.3% of the pure compoundn516. First of all, this curve
reveals the disappearance of the Sm-A mesophase. The TL
through the Sm-C* phase is a bit higher than through th
isotropic one, this is consistent with the analyzer arran
ment to have a maximum of the TLI at the beginning of t
experiment. The first visible fall of intensity occurs at th
Sm-C* –TGBA transition. As in previous experiments, th
TLI exhibits an abrupt decrease. The TGBA–N* transition
can now be felt in a decrease of the TLI while previously
was an increase. Optical microscopy observations show
the TGBA phase exhibits the filament texture and the N*

FIG. 7. Transmitted light intensity versus temperature for
mixture of n59 andn516 (X16510.3%).
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phase the well-known fingerprint one obtained for homeot
pic boundary conditions@32#. For the present mixture, ther
are less filaments in the TGBA phase than in the TGBA phase
of the above studied mixture. So the TLI exhibits the beh
ior described by Fig. 8.

The domain of existence of this phase becomes nar
and will disappear for higher compositionsX16 of the mix-
ture. This shrinkage of the TGBA domain is confirmed by
TLI variations obtained forX16533.2% ~Fig. 9!. Like in the
former case, the TLI is weak in the N* mesophase and th
N* –I transition is expressed by a strong increase of T
Identical behaviors versus temperature are obtained for m
tures up toX16544.2%.

C. Sm-C* –TGBC–N* –I „X16555.4% and X16573.7%…

On the TLI records of these mixtures~Fig. 10!, we ob-
serve a new behavior: the TLI increases when starting fr

e FIG. 8. Transmitted light intensity versus temperature for
mixture of n59 andn516 compounds (X16528.3%).

FIG. 9. Transmitted light intensity according to temperature
the mixture ofn59 andn516 compounds (X16533.2%).
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PRE 61 523MULTICRITICAL BEHAVIORS AND AN INDUCED . . .
the Sm-C* phase, then decreases quickly. This behavior w
observed with the pure compoundn511 of the same chemi
cal series, it corresponds to the Sm-C* –TGBC transition.
The texture of then511 TGBC mesophase has been we
identified with optical microscopy observations@33#. The
corresponding TLI variations with temperature at t
Sm-C* –TGBC transition are given in Fig. 11.

In the TGBC mesophase, as in the TGBA one, the TLI
decreases abruptly and this is consistent with the he
pitch variations versus temperature. In the Sm-C* me-
sophase, towards the transition, the TLI increase can be
plained by a decrease of the helical pitch. This behavio
the helical pitch, versus temperature, exists in the pure c
poundn511 @33#. Again the twist axis of the TGBC phase is
in the cell plane and the TLI becomes nearly constant w
the TGBC texture is well organized. Finally the phase s
quence of the present mixture is Sm-C* –TGBC–N* –I. In

FIG. 10. Transmitted intensity versus temperature for the m
ture of n59 andn516 compounds (X16555.2%).

FIG. 11. Transmitted light intensity versus temperature for
pure compoundn511.
s
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the N* mesophase, the TLI is slightly higher than in th
TGBC one. The two mesophases are separated by a weak
wide peak. This peak is related to the helical pitch discon
nuity at the TGBC–N* transition temperature as observe
with the pure compoundn512. As in previous mixtures, the
N* – I transition turns up by an important increase of the T
When increasing the composition (X16573.7%), similar
variations of the TLI versus temperature are recorded wit
low TLI magnitude in the Sm-C* phase and the shrinkage o
the domain of existence the TGBC . This mesophase will
vanish for higher compositions.

A. Sm-C* –N* –I „X16583.6% and X165100%…

At high compositions inn516 compound~mixtures with
X16 higher than 83.6%), only Sm-C* and N* mesophases
exist ~Fig. 12!. The TLI values in the Sm-C* and isotropic
phases are of the same magnitude and stronger than in
N* mesophase. In the N* , the TLI is approximately constan
for the pure compound and evolves with temperature for
mixtureX16583.6%. This means that the helical pitch vari
tions versus temperature are weaker in pure compound
in mixtures. As a remark on the accuracy of the meth
notice that the transition temperatures of the pure compou
are consistent with those determined by DSC elsewhere@31#.

V. PHASE DIAGRAM AND DISCUSSION

The above results obtained with various mixtures ena
to draw the composition-temperature phase diagram~Fig.
13! between two compounds characterized by the follow
phase sequences Sm-C* –Sm-A–TGBA–N* and
Sm-C* –N* . It is interesting now to discuss this diagram
more details.

The first three mixtures (X1650, 10.3, and 19.3 %! ex-
hibit, as illustrated in the phase diagram, t
Sm-C* –Sm-A–TGBA–N* phase sequence. As one can s
both domains of TGBA and Sm-A mesophases decreas

-

e

FIG. 12. Transmitted light intensity versus temperature for
mixture of n59 andn516 compounds (X16583.56%).
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524 PRE 61ISMAÏLI, ANAKKAR, JOLY, ISAERT, AND NGUYEN
when increasing the compositionX16. Note also that the
Sm-A domain decreases faster than the TGBA one.

The Sm-C* –TGBA–N* phase sequence appears forX16
528.3, 33.2, and 44.2 % mixtures. The Sm-A mesophase
disappears betweenX16519.3 and 28.3 % mixtures. This dis
appearance corresponds to the existence of
Sm-C* –Sm-A–TGBA multicritical point. It represents the
intersection of the Sm-C* –Sm-A, Sm-A–TGBA , and
Sm-C* –TGBA phase boundaries and is denoted B2 in
Renn and Lubensky theoretical phase diagram. Even
seems that the TGBA domain remains constant, the TL
curves confirm that it diminishes more and more as the c
position rises.

The mixtures X16555.4, 67, and 73.7 % exhibi
Sm-C* –TGBC–N* phase sequences. The TGBC mesophase
has appeared in binary mixture even though neither com
nent shows this mesophase. On the other hand, the TA
mesophase has completely disappeared by increasing
composition. That is to say a TGBA–TGBC transition line
has to exist in the diagram somewhere between 44.2
55.4 % values of theX16 composition. This line must inter
sect the Sm-C* –TGBA line and the TGBA–N* one. Conse-
quently, this induces the existence of two multicritic
points. One of them, where the three phase bounda
Sm-C* –TGBC , Sm-C* –TGBA , and TGBC–TGBA meet, is
the Sm-C* –TGBC–TGBA point denoted B3 by Renn an
Lubensky. The other point TGBC–TGBA–N* denoted L is
the only common intersection point of the TGBC–TGBA ,
TGBC2N* , and TGBA–N* phase boundaries. As shown
the experimental phase diagram, the B3 point must be on
left of the L point, since the TGBC mesophase would preced
the TGBA one as the temperature rises. It follows then t
between these two multicritical points, the phase seque
Sm-C* –TGBC–TGBA–N* has to happen.

The last three mixtures (X16583.6, 88.9, and 100 %! dis-

FIG. 13. Temperature-composition (T,X) phase diagram of the
binary systems 9F2BTFO1M7 and 16F2BTFO1M7. HereX16 indi-
cates the mass percentage of the pure compound 16F2BTFO1M7 in
the mixture. The different phases are isotropic~I!, cholesteric~N* !,
twist grain boundary phases (TGBA and TGBC), smectic A (Sm-A)
and smecticC* (Sm-C* ).
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play the Sm-C* –N* phase sequence. The further importa
fact here is the absence of the TGBC mesophase. Its disap
pearance by increasing theX16 composition requires the ex
istence of a Sm-C* –TGBC–N* multicritical point between
X16573.7% andX16583.6% compositions. This point de
noted CEP represents the intersection of Sm-C* –TGBC ,
Sm-C* –N* and TGBC–N* phase boundaries.

We now turn our attention to discuss the connection
tween the (T-X), (T-n), and (r ,-C') phase diagrams. We
can note that the (T-X) and (T-n) phase diagrams have th
same basic topology. So they are similar, which means
the same phases are present and relationships between
are the same. We could even argue that these two diagr
are not only qualitatively but also quantitatively similar in
asmuch as they differ simply by the scale factor relating
carbon number~n! to composition~X! changes. Concerning
the theoretical diagram (r ,-C'), it is qualitatively similar to
the (T-X) experimental one inasmuch as each diagram co
be deduced from another one by appropriate rotation
translation of the phase diagram axes~Fig. 3! . Thus, we
would conclude that the (T-X) and (T-n) phase diagrams ar
the analogs of the (r ,-C') theoretical one predicted by Ren
and Lubensky’s model. To sum up, by using a homologo
series exhibiting the following phase sequences versus
aliphatic chain lengths: Sm-C* –Sm-A–N* , Sm-C* –
Sm-A–TGBA–N* , Sm-A–TGBA–N* , Sm-C* –TGBC–
TGBA–N* , Sm-C* –TGBC–N* and TGBC–N* , the mix-
ture of two compounds which display the first and last ph
sequences will lead to a (T-X) phase diagram with the five
multicritical points of the model.

VI. CONCLUSION

Transmitted light intensity measurements versus temp
ture have been performed on mixtures betweenn59 andn
516 terms of the homologous series of chiral liquid cryst
nF2BTFO1M7. The TLI records enable us to characterize t
phase sequences of the mixtures. For these experiments
better to adopt the homeotropic orientation of the sample
order to overcome interpretation problems related to the
lective reflection. This photothermal technique allowed us
draw quickly the temperature-composition phase diagram
the two compounds. The experimental phase diagram sh
the disappearance of Sm-A and TGBA mesophases and th
appearance of a TGBC one. Four multicritical points
Sm-C* –Sm-A–TGBA , Sm-C* –TGBC–TGBA , TGBC–
TGBA–N* , Sm-C* –TGBC–N* , noted, respectively, B2
B3, L, and CEP have been put in evidence together. T
obtained experimental phase diagram is the analog of a
oretical one predicted by Renn and Lubensky’s model.
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