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Bent-core dopant in a liquid crystal having a reentrant synclinic phase
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Small quantities of the bent-core mesogen P-7PIMB were dissolved in an anticlinic liquid crystal consisting
of a mixture of left- and right-handed TFMHPOBC, with enantiomer exc¢és§.2. The bent-core dopant
promotes anticlinic order at higher temperatures, but becomes less effective in suppressing the synclinic phase
at the reentrant synclinic transition due to an orientational transition of the dopant within the calamitic TFM-
HPOBC matrix. Measurements of the anticlinic-synclinic electric-field switching threshold as a function of
temperature and dopant concentration facilitate a determination of the component of the anticlinic interaction
coefficientU that is due to the bent-core dopant. It is found that the valu¢ pér bent-core molecule is much
larger than the corresponding value for a pair of TFMHPOBC molecules in adjacent smectic layers.
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Several recent studies have examined the effect of benphase occurs on cooling for sufficiently large electric fields
core dopant molecules—these are sometimes known as “b§t0]. A simple phenomenological theory that accounts for
nana” or “bowshaped’—that are dissolved in a calamitic lig-layer-layer interactions was developed, such that the electric-
uid crystal matrix{1-6]. In particular, Goreckat al. studied field-induced transition to the synclinic phase is facilitated
the behavior of a mixture of bent-core molecul*es dissol*ved irby a percolation mechanism, which then propagates via soli-
a liquid crystal that has a synclinic smec@c-(Sm-C')  tary waves.
phas€5]. Here the asterisk denotes that the molecule is chi_— In this paper we report on experiments that combine these
ral. The bent-core mesogens were found to promote antiyo phenomena, viz., the effects of a bent-core dopant on the
clinic smecticC, (Sm-C,) order, as the bent-core symmetry pehavior of an enantiomeric mixture of calamitic molecules
axis lies parallel to the interface between adjacent smectighat exhibits a reentrant synclinic phase. Several notable fea-
layers, and the bent-core plane lies parallel to the tilt plane ofyres were observed: The dopant stabilizes the anticlinic
the anticlinic phase. For a sufficiently large bent-core conphase against electric-field-induced switching into the syn-
centration, the synclinic phase disappears and a dire@inic phase, similar to the behavior noted by Goreekal.
isotropic-to-anticlinic phase transition was observed. Morgs); the behavior of the temperatuf® vs electric fieldE
recenty we demonstrated a combined orientationalphase transition curves varies regularly w@hat the higher
positional tra}nsition of the bent-core mesogen in the anti‘temperature SmG*—Sm—C; phase transition; the tempera-
clinic Sm-C, phase when its concentratio@=3 wt%:  tyre T, at whichdT/dE— % on theT—E phase diagram in-
Above this concentration the bent-core mesogen resides apreases with increasing dopant concentraGp@and theT vs
proximately within a single smectic layer with its symmetry g curves for the lower temperature reentrant transition ex-
axis parallel to the local calamitic tilt axis in that layj]. hibit anomalous behavior for dopant concentratioBs

Concomitant with this work have been investigations of=3 wt%. A detailed analysis of the data facilitates a deter-
reentrant behavior in enantiomeric mixtures of liquid crystalsmination of the component of the anticlinic interaction coef-
that exhibit an anticlinic phase. Pociecka al. examined  ficient U that is associated with the bent-core dopant dis-
homologs of an anticlinic compound and observed &solved in the TFMHPOBC. Her®) is the polar-tilt-angle-
Sm-C" —Sm-C,—reentrant SmE" phase sequence with de- (¢)-dependent coefficient of the free energy terfy
creasing temperature above a certain homolog nurfiier =y /2[cog¢;_;-¢;)+co ¢~ ¢i,,)] that promotes anticlinic
This phase sequence also has been observed on cooling thifjer relative to synclinic ordefl1], where ¢; is the azi-

films that are subjected to an applied electric fig#l9].  mythal angle of the average molecular orientation in smectic
More recently we examined the electric-field—temperaturggyer ;.

phase diagram for mixtures of right- and left-handed enanti- “riye Jiquid crystal mixtures were formulated. First, a

omers of TFMHPOBC(Fig. 1). We found that for small  gingle batch of TFMHPOBC having enantiomer excéss
enantiomer excesX, where X=([R]-[S])/([R]+[S])) and =02 was prepared. From this initial batch, five samples were

where[R] and[S] denote the mole fractions of right- and made by dissolving the bent-core molecule P-7PI\#&). 2)
left-handed enantiomers, respectively, a reentrant Sm—

CeHﬂOCOO—@COO—*CH(CFS)CsHm

* Author to whom for correspondence should be addressed. Email
address: rosenblatt@case.edu FIG. 1. Structure of TFMHPOBC.
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cate that the threshold fielt&, for switching from the
o/©\o Sm—C:\ to the Sm-C" phase is not sensitive to cell thickness
[11]. Cells were then filled aT=130°C, corresponding to
the isotropic phase of the liquid crystal mixtures, and cooled
N slowly to ensure good alignment through the smeétiand
/©/ N\©\ synclinic Sm-C" phases, and then into the anticlinic sm};—
HysC7 CrHhg phase.
Let us briefly address the issue of helicity. Ordinarily, the
FIG. 2. Structure of bent-core molecule P-7PIMB. anticlinic phase is twisted into a double helix, with the azi-
muthal orientation in each layer approximately 180° out of

into the TFMHPOBC matrix. The final mixtures had Phase with its neighboring lay¢d2]. The helical pitch for
P-7PIMB concentration§=0,1,2,3, and 4 wt %gach with ~ optically pure (X=1) TFMHPOBC varies from approxi-
an uncertainty of 0.1 wt %. The temperature-concentrationnately 0.6 to 1.Qum over the temperature range of interest
phase diagram in the absence of an applied voltage was mell3]- Thus, for an enantiomeric exce¥s=0.2, we would
sured by differential scanning calorimeti§]; the results for ~€XPect a pitch ranging betweeryan at lower temperatures
T>100°C are shown in Fig. 3. Cells were prepared usin nd 5um at higher temperatures. This pitch is sufficiently

R ; ; ong that the helices are likely to be unwound, i.e., in a
gﬁoanlenddlgrr:j tlt?] (;)r)1( Ii;e)irf?c%teel?ed g\:ﬁtsﬁ thsgldloe()sl,yar\:]vir::lc;lCi(;/v gﬁ_surface-stabilized state. Although it has been shown that the

. . . . addition of an achiral bent-core dopant to a chiral calamitic
1175(Nissan Chemical IndustrigsThe slides were baked at .~ " . .
250°C for 1 h and then rubbed with a cotton cloth affixed toIIqlJId crystal candecreasehe pitch of the mixturg14], the

X i . 0
a rubbing machine. The slides were placed together, Sepfr_actlonal pitch change tends to be relatively snial20%)

rated by strips of Mylar of nominal spacing/&m, and ce- or the relevant concentrations. The apparent absence of

mented.(An exception was made for the cell containing the pitch lines for our mixturgs and the near temperature inde-
highest concentratio©=4 because of the very large fields pendence of the absorption spectrum for each concentration

required to switch the sample into the synclinic phase. In thisC_Ref' [10] shows theC=0 absorption spectrum—also in-

case 2um Mylar strips were usegiThe cells were placed in dicate that our sample is unwound for all concentrations and

a temperature-controlled hot stage, which in turn was placeﬁerwr?irlztl\]/gg\?viﬁseg]'enCtgl'ls uenxdpeer”;nez%rizin microscope. a
on a rotation stage, and the thicknesof each cell was 9 P 9 Pe,

determined by an interference technique. The thicknesses %fHZ monppolar square wave _voltage was applied to the
the five cells were found to bel=8.2,7.0,6.9,6.0, and sample, with the voltage switching between 0 anevery

3.4 um for the C=0,1,2,3, and 4 wt %samples, respec- half cycle. The amplitud® of the square wave was ramped

tively: the uncertainty ind was +0.1um. Observations of slowly upward until fingerlike solitary waves of synclinic

I o2 . ._phase invading the anticlinic were observed, and the thresh-
optical interference patterns indicate that cell thickness varias | voltageV,, was recorded; the threshold fielich =V, /d.

tions with temperature were negligible from room tempera- easurements at each concentraiwere made as a func-
ture up to the highest temperature used in the experimen?./I

Additionally, previous measurements on TFMHPOBC indi- fon of temperature on coqling, and the fes“'tif‘g phas_e dia-
' gramT vs E is shown in Fig. 4. We note that, in principle,

our C=0 wt% data and the data foX=0.2 in Ref.[10]

H

W1 should be identical. The threshold fields presented in Fig. 4,
Isotropic | however, are approximately 20% larger than those in Ref.
125 y [10]. The reasons for this discrepancy lie principally in varia-
tions of the thickness of the alignment layers, as well as the
120 |+ - accuracy ofX when formulating the enantiomeric mixtures
Smectic-A ] of TFMHPOBC: Although the nominal enantiomer excess
115 for both starting mixtures iX=0.2, a small difference iX

would result in a large shift if,, [10]. A small contribution
also may have come from the fact that different polyimides
were used for alignment in the two experiments. Neverthe-
less, in no way do these issues alter our discussion below.
Additionally, we remark that the theoretical approach
adopted in Ref[10] is based on a second order percolation
of synclinic molecular pairs in adjacent smectic layers. The
appearance of solitary waves with a positive velocity above a
threshold fieldgy, is due to kinetic effects associated with the

FIG. 3. Concentration-temperature phase diagram forXan Percolated synclinic regions, and is analogous to the coales-
=0.2 enantiomeric mixture of TFMHPOBC as a function of bent- cence of ferromagnetic domains through domain wall propa-
core concentratiorC at zero applied fieldl corresponds to the gation on quenching a ferromagnet material below its transi-
isotropic to smectidA transition line,® to the Sm-A—Sm-C" tran-  tion temperature. Thus the measured threshold fields
sition line, andA to the transition into the SmG, phase. Lines are  correspond to a positive solitary wave velocity, which must
drawn as a guide to the eye. occur above the percolation threshold.

Temperature (°C)

100 1 L 1 L 1 L 1 1 1
0 1 2 3 4

Concentration C of Bent-Core (wt.-%)

o

031702-2



BENT-CORE DOPANT IN A LIQUID CRYSTAL HAVING... PHYSICAL REVIEW E 70, 031702(2004

T
Hor T 30 & + s & & 2 4
i . s,
100 - 4% i _ e
~ 5
| . g 2| |3 -
—_ N — | 4
o 9or A & *
*u-; L ;\ e L] [ ]
é 80 | o - 26 > A .
E | e D
g " E .
£ °r T < 24f . * _
= I E .
60 | ] - d
I E 22 - * i
50 |- ]
L 1 L 1 I 1 " » ‘
0 500 1000 1500 2000 20 I U S U S BRI |
E (statvolts cm'*) 50 60 70 80 20 100 110

Temperature (°C)

FIG. 4. Electric field-temperature phase diagram at different
concentration€. For a given concentratio@, the anticlinic phase FIG. 6. Polar tilt angled vs temperature for five bent-core con-
is to the left of the curve, the synclinic phase is to the right of thecentrations. See Fig. 4 caption for symbols.
curve, andrT,, is the point at whicltEy, is maximum.B corresponds
to C=0 wt% bent-core dopan® to C=1, A to C=2, ¢ to C  C=0, which is shown in Fig. 5. We then measure the polar
=3, and» to C=4 wt %. The broad bent-core orientational transi- tjlt angle ¢ as a function of temperature for each bent-core
tion, Whose differential scanning calorimetry peak i§gtoccursin - ~gncentratiorC. To do s0, a dc voltage was applied to switch
the re%'on 56-T<60°C forC=3 wt% and 66-T<70°C forC e gl from anticlinic to synclinic, and the microscope stage
:;)/\QVtLi/;ensm:ruerZ?é\;lv—rk:ea: gcelzti?jlgtf ;,%énetr;e threshold field is \yas rotated to minimize the transmitted light intensity. This
- 9 ye. rotation angle corresponds to the polar tilt angleand is

shown in Fig. 6. Note thatd apparently saturates at

Our next task is to obtain the interaction coefficiéht  (30+0.5° for all concentrations. Finally, from thé vs T
which is equal to ¥ 2PEy, whereP* is the spontaneous po- data(Fig. 6) and from theP vs ¢ data(Fig. 5), we obtainP
larization associated with the SrG@—phase{11]. In our cal- a5 a function of temperatuffer each dopant concentration
culations below, we assume thatis a function of the polar ¢ \Wwe then use these valuesRfalong with the data in Fig.
tilt angle 6 and enantiomer exces$ only, and that correc- 4, to determineU=1/2PE,, as a function of temperature
tions to P due to the presence of small concentrations ofand dopant concentration; the results are shown in Fig. 7.
bent-core dopant, which do not contribute to the polarizationFrom Figs. 6 and 7 we can plat vs. 6, which is shown in
[5], are small. We obtaif? by assuming thalP=XP,, where  Fig. 8.
X=0.2 in our experiment an®, is the polarization of the  geveral features are immediately apparent. In Fig. 4 we
optically pure(X=1) material.P vs temperature is available note that at a given temperatufe>T.. the field needed to

in the literature[15], and can be parametrized Bg(6) from  switch the liquid crystal from théhigher temperatupeanti-
our previously published data for the polar tilt angle vs tem-

perature for an optically pure sample of TFMHPOBGS]. —— T
Thus we obtain the polarizatid®(6) = XPy(6) for X=0.2 and 110 -
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20 22 24 26 28 30 FIG. 7. Temperature vs interaction coefficidhtSee Fig.4 cap-
Polar Tilt Angle 6 (Degrees) tion for symbols. The uncertaintyu derives from uncertainties in
Ey, and in P, and is approximately +10%. Lines are drawn as a
FIG. 5. Calculated polarizatioR vs polar tilt angleé. guide to the eye.
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Tilt Angle 8 (deg.) FIG. 9. Schematic representation of molecutes.and(b) rep-

resent the orientation above the bent-core orientational transition
FIG. 8. Interaction coefficient) vs polar tilt angle. The solid  temperatureT, for all concentration€. In (a) the light lines repre-
and dashed lines are linear extrapolations of @0 and 1 wWt%  sent TFMHPOBC and the heavy lines the bent-core P-7PIMB mol-
data, respectively. See Fig. 4 caption for symbols. ecules. In(b) the open figures represent TFMHPOBC and the solid
. . . o figures the bent-core P-7PIMB moleculéls) shows the side view,
clinic to the synclinic phase increases with increaslg s if (a) were viewed from the right. The wider parts of the mol-
Moreover, this field grows faster-than-linearly @ consis-  ecules indicate that those parts are tilted toward the vieiwpand
tent with the results in Ref{5]. Additionally, for a fixed  (d) show the bent-core orientations beldwfor C=3 and 4 wt%.
applied field, e.g., 750 statvolt ¢y not only does the In (c) the light lines represent TFMHPOBC and the heavy lines the
Sm-C'-Sm-C, phase transition temperature increase withpent-core P-7PIMB molecules. Id) the open figures represent
increasingC—this also was noted in Reff5]—but the lower TFMHPOBC and the solid figures the bent-core P-7PIMB
temperature Srﬁ:—;—reentrantSmC* transition temperature molecules.
decreasesvith increasingC for C<2 wt %. Clearly, the an-
ticlinic Sm—C,, phase is becoming more stable with increas-a higher temperature f@€=4 than forC=3 wt %. Interest-
ing C relative to both the high temperature and reentraningly, with decreasing temperature fdr<60°C, the slope
Sm-C" phases. Another feature to note is that f6r dT/dEis larger than it is at higher temperatures, and in fact
=3 wt %, and even much more so 64 wt %, the thresh- the T vs E curves forC=3 and 4 wt % appear to approach
old field Ey, decreases sharply with temperature Tox T..  the curve forC=0. This would indicate that bf ~50°C the
(that is, at the reentrant transitipriThis trend is so strong bent-core transition is nearly complete statistically, and the
that for a given low temperature, e.g., 50°E&;(C  system behaves as if it were(aearly) pure enantiomeric
=4)<Ey(C=3)<Ey(C=1). The origin of this effect is a mixture of TFMHPOBC without the bent-core dopant.
thermally broad transition around temperatdieinvolving  Qualitatively the same behavior is also seen in Fig. 7 inlthe
orientational and positional changes of the bent-core dopamnts U curves. It is worth noting that other such transitions
for concentrationsC= 3 wt %, which was observed using have been predicted: Numerical simulations of a photoactive
differential scanning calorimetry and infrared absorp{i6h ~ solute in a smectié host indicate that the dopant is driven
Above this concentration-dependent bent-core orientationato locations between the layers upon photoisomerization
positional transition temperaturg,, the plane of the bent- from transto cis [17].
core molecule lies parallel to the tilt plane of the anticlinic  Let us now turn to Figs. 6 and 8, where we see that the
matrix, with the bent-core symmetry axis parallel to thepolar tilt angle 6 in the anticlinic phaseright at the
smectic layergFigs. 9a) and 9b)]. For T<T, the bent-core Sm—C*—Sm—CL transition temperature is largest f@=0
molecule reorients and repositions itself so that it lies apand decreases with increasing dopant concentration. This can
proximately within a single smectic layer, with the polar tilt be understood from Fig. 3, which shows that the temperature
of its symmetry axis approximately equal to the polar tilt of range of the SmE” phase is widest aE=0 and decreases
the TFMHPOBC molecule and the vector that connects thavith increasingC, finally vanishing at approximatelC
two ends of the bent-core molecule lying approximately per=3 wt %. As the Sm—A—-SmG’ transition is second order,
pendicular to the anticlinic tilt plangFigs. 9¢c) and 9d)].  the molecular tiltd at lower bent-core concentratio@shas a
With the symmetry axis of the bent-core dopant adopting aarger temperature region over which to grow before the on-
orientation parallel to the calamitic molecules within eachset of the Sm€, phase. More significantly, we note from
layer for T<T,, one would expect that the switching thresh- Fig. 8 that for each concentratidd, the interaction coeffi-
old would decrease, which is observed experimentally. Ad<ient U is approximately linear over the limited range 6f
ditionally, as observed in Ref6], T, increases with increas- until saturation occurs ai= 30°, with the slopesiU/d# all
ing concentratiorC; this is consistent with the data in Fig. 4, approximately equal. Consider a linear extrapolation of the
where the sharp change B, can be associated with the C=0 data toU=0 at = 23.5°(solid line in Fig. 8. A van-
bent-core orientational-positional transition, which occurs afshing interaction coefficient) corresponds to an infinite
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susceptibility for Sm€” fluctuations within the SmE, tion coefficient of the bulk system per bent-core molecule
phase, i.e., the optic mode becomes infinitely s@ftthough  up_7p;g=7.2X 10716 erg. To be sureyp_-p;ys is NOt the de-

a nonzero polar tilt and the associated dipolar interactiongormation energy of the bent-core molecule, but rather it rep-
between pairs of TFMHPOBC molecules in adjacent layersesents an energy associated with the anticlinic-to-synclinic
tend to promote large values bf, there exists a competing transition of the bulk mixture when an additional bent-core
effect: Reduced steric hinderance associated Witand S molecule is added. We now compare this bent-core molecu-
pairs inhibits anticlinic order and tends to reduce the effeciar interaction coefficientip_p;yg With the interaction coef-
tive value ofU [10].) Relatively noninvasive measurements ficient Uremnposc for a pair of TFMHPOBC molecules. Be-

of U performeq by probing the optic mode response 1o Very.a,sey=0 when we extrapolate the data@t0 (no bent-
small electric fields have been shown to be consistent with, dopantto #=23.5°, we shall estimateryposcat the

the much more highly invasive anticlinic-to-synclinic x * o :
o L Sm-C'-Sm-C, transition temperature instead. Helé
switching method used herejd8]. This indicates that the —1.1x 10" erg cm® (and 6=26.59 for C=0, and we find

interaction potential scales quadratically with the azimuthal /
deviations|£i_1—goi|—7r, evenq out to Iarg)g/e deviations, and Urrmnposc=2.3x 10"Yerg erg. It is clear that the bent-core

that the single Fourier component form 6y is physically molecule adds considerable s_tiffnegs to the mixture._
realistic [18]. Thus, sinceU extrapolates to zero a® The results presented herein indicate a number of interest-

~23.5° for C=0, the nonzero values df at g~ 23.5° for ing phenomena_regarding bent-core—calamitic mixtures and
C>0 can be attributed directly to the presence of the bentleentrant behav_|or, and open the _possibjlity of tailoring .the
core dopant. We find U=0.6,12,22, and 3.7 switching behgwor of anticlinic devices with ;mall qgant[tles
% 10* erg cn® for C=1,2,3, and 4 wt %jfespectively, at of dopants. Finer control also may be obtained with bime-
9~23.5°. The uncertainty for each of these valuedJofs sogenic dopants that are less rigid, although this remains the

approximately +10%. Although) vs C becomes nonlinear Subject of future study.

for large C, for small concentrationsl «C and the presence
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