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Influence of the molecular tilt on the structure of smectic blue phases
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Smectic blue phases (BF are original physical systems of thermotropic liquid crystals, displaying a
double geometrical frustration: the extension of chirality in the three spatial dimensions, such as classical blue
phases, and the competition between smectic order and helical twist, such as twist grain b¢UGdIry
phases. We report experimental evidence of the influence of the underlying, T&B¢) phase on the BR,
structure.
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The effect of chirality on the organization of liquid crys- (Kossel diagram techniguehat is commonly used to find
tals is presently a subject of intense interest. A spontaneoufe symmetry of classical blue phagés. The structures of
twist of the molecular orientation appears for chiral me-smectic blue phases have been investigated angBBp-
sogens. But this local orientational order can induce frustrapears hexagon@r], whereas BE )1 exhibits a cubic sym-
tion and therefore, complex structures sometimes occumetry [8]. These studies have been mainly carried out by
These include the blue phas@P) between the cholesteric x-ray scattering on BR, monodomains, growin situ in the
phase and the isotropic phddd. Two of these blue phases, heating stage. The third smectic blue phase called,BP
BP1 and BP2, exhibit an unusual cubic symmetry in whichhas, like classical BP39], an amorphous structure of
the orientational order is periodic and long range in threghe same macroscopic symmetry as that of the isotropic
dimensions. The blue phase structure involves a twist of thehase [10]. Up to now, all structural investigations of
director (average molecular orientatipextending not only BP,,, have been done on the series of compounds
in one direction, as in the cholesteric phase, but in both diFH/FH/HHNBTMHC [7,8]. Lately, a new molecule, named
rections perpendicular to the director. This is sometimesl6FHFH-BTC1M8, has been synthesized, which exhibits a
called a double twisted structure. This double twisted strucnew phase sequence, TeBP;,Iso, which does not show
ture cannot extend perfectly into three-dimensional spaceany TGB, phase. Three smectic blue phases have also been
Geometrical models of the BP1 and BP2 blue phases consigsbserved in 16FHFH-BTC1M8: BR )1 between 67.3 and
of cubic networks of double twist cylinders separated by de68.2°C, BR,2 between 68.2 and 69.0°C, and BB be-
fect lines. Thus blue phases can also be seen as a periodigeen 69.0 and 70.4 °Q@ipon heating[11]. The main inter-
array of disclination lines. Since smectic layers cannot best of this compound is that the molecules are tilted in the
continuously twisted, Renn and Lubensky predicted twistTGB. phase adjacent to BR, contrary to the FH/FH/HH-
grain boundary(TGB) phaseg2], which represent a second nBTMHC series exhibiting a TGBBP,,, transition. It has
example of a frustrated chiral system. TGB phases have beejeen shown that the presence of smectic order disturbs the
experimentally found by Goodbgt al, in 1989, for TGB,  orientational order of blue phases, but what is the nature of
[3] and by Nguyeret al, in 1992, for TGR: [4]. They con-  the smectic ordefsmecticA or smecticC) in the smectic

sist of blocks of pure smectic materigthich can be either blue phases? Indeed, the nature of, BBmectic order is not
smecticA for TGB, or smecticE for TGB:) separated by

parallel, regularly spaced grain boundaries formed by a pe-

riodic array of screw dislocations. Such a dislocation ar- \Tz

rangement allows helical twist. In TGB phases, as in blue 114/ . P1

phases, the frustration is relieved by the presence of defects. f“° “~ 2
Recently new chiral phases, called smectic blue phases BPSD Lanf)

(BPsy), have been discovered in the following phase se-
quence: TGR-BPsya)1-BPs2-BPs,3-Iso, without any in- L
termediate cholesteric stai®]. Contrary to classical blue ) -
phases, these phases exhibit quasi-long-range smectic order

that can be studied by x-ray scattering. The smectic order is
correlated with the orientational three-dimensional order an

IS thgreforg er‘!hanced.ln some directions. The Smectlg Pe€3Krms were recorded in the same orientation, corresponding roughly
positions give mformatlon_on the symme_try of theBRINIt 1 the maximum intensity of the main smectic p&a& for BP,, 2
cell. Note that the BE, lattice parameter is in the UV range ang p1 for BR,,c1). The parts of the ring with higher intensity are
[5], preventing study by optical scattering of visible light |apeled(1) and the parts with lower intensity are markét). Note
the decrease in the angular spréalbng the ring of smectic peaks
in the BR,c1 phase. Due to their angular spread the T2 and P2
*Corresponding author. peaks are also visible in these patterns.

FIG. 1. Experimental x-ray scattering patterns obtained for
P2 and BR,,c1 monodomains, respectively. These two pat-
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TABLE II. Angles (in degreey between the directions along
which the smectic peaks are observed for the BPmonodomain
(reported in Table)l

T1 T2 T3 T4
T1 0 91 91 89
T2 91 0 121 118
T3 91 121 0 121
T4 89 118 121 0

the capillary by steps of 10° between scans. Let usictiis

_ _ _rotation angle. The intensity( 6, ) along the ring has been
FIG. 2. Schematic representation of the x-ray scatterlnganalyzed as a function of the ange, with the vertical axis
geometry. (Fig. 2. Then, by combining these various profiles we can

. . determine the directions of smectic order enhancement, i.e.,
yet experimentally known or even predicted. Therefore, th§ynere the different smectic peaks are locat€dbles | and

comparison between these two compounds should help us m) and then deduce the angles between these @alkides
determine what the influence of the local smectic order is o gng IV). Note that these x-ray scattering studies do not
the BR, structure. In this Rapid Communication, we report give direct information on the orientational unit cell, which
that the structure of the first smectic plue phase,BP IS s at a much higher lengtf200 nm than the scalélinked to
affected by the nature of the smectic order of adjacenthe smectic orderprobed in these experiments. Neverthe-
phases, in contrast with Bf2, which remains unchanged. |ess, the symmetry of the smectic order certainly reflects that
Indeed, we show that in the case of a T&BPsy transition,  of the three-dimensional orientational order in each, BP
the BRyl structure, called BR,c1, appears hexagonal, thus ppase.
differing from the BR,x1 cubic symmetry exhibited in the ~ The results of the exploration of the reciprocal space of
case of a TGR-BPyp, transition. . . both BR,2 and BR,,c1 monodomains are reported Fig. 3.
Monodomains must be grown to determine the differentpe BR,2 monodomain exhibits four pairs of peal@&ble
BPgy, structures. Contrary to classical blue phases, thg) showing a hexagonal structure: T1 is perpendicular to the
growth of BRy,1 monodomains directly from the BR2  three others peak@2, T3, and T4, which are separated by
phase is possible using a very low cooling rate (0.01°C pegngles of about 1207Table ). Then, a temperature de-
10 min), as previously showfi8]. We have therefore used crease induces the transition from BP to BR,,c1. Only
this nucleation process to obtain a §R1 monodomain in-  gne smectic peak is common to BR and BRcl: P1
duced from a B2 one. Several series of x-ray scattering =T1, However, the three other BPc1 peaks, P2, P3, and
experiments on Bf,c1 monodomains have been per- p4 have rotated by an angle of around 30°, with respect to
formed. The scattering patterns thalne_zd, either \.N'thBPst peaks(Tables Ill and I\, and appear to have been
BPsmcl or BRy,2 monodomains, exhibit pairs of peaks in- «inserted” between those of BR2. The limited accuracy of
dicating that the smectic order is not isotropic, but extends ifhe maximum intensity measurements is due to the weak
certain directions of the three-dimensional unit ¢€lig. 1). modulation of peaks in BR,c1 phase(Tables IV and V.
The modulation of smectic peaks, defined B=(lvac  Note that this rotation proves that the slight smectic order
~ Imin)/(Imaxt I min), is nevertheless weaker in the 81  enhancements are really associated with the,BR phase.
pha_s_e. In the f_oIIOW|r_19, we_W|II characterlze the peaks by therpys the symmetry exhibited by the BR-1 smectic peaks
position of their maximum intensity. The 16FHFH-BTC1IM8 gseems similar to that of BR2, even if the structures of these
compound is contained in a glass capillary tuttemm di- o phases differ in terms of smectic order. Figure 3 sum-
ametey placed vertically inside a hot stage. The sample cafynarizes the evolution in the directions of smectic order en-
be rotated around its main axis to explore the entire reCiPropancement, between BR2 and BR,cl for the new
cal spaceFig. 2. Once the monodomain is grown, different 1gEHEH-BTC1MS compoundwith a TGB--BP,, transi-
scattering patterns are recorded on imaging plates by rotati%n) and between BR2 and BR,,A1 [8] for the already

known FH/FH/HHABTMHC series (with a TGB,-BPg,
TABLE |. Positions of the four smectic peaks T1, T2, T3, and transition.

T4 for a BR»2 monodomainu is the angle with the vertical axis.

0 is the rotation angle around this axisee Fig. 2 The mon- TABLE lIl. Positions of the four smectic peaks P1, P2, P3, and
odomain was grown wittf=0 along the x-ray beam. The angles P4 for the BR,,c1 monodomain grown from the B2 phase. The
are given in degrees. angles are given in degrees.
T1 T2 T3 T4 P1 P2 P3 P4
0 25 65 —42 —68 0 26 -13 -59 —-80
" 113 28 46 100 o 111 27 74 124
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TABLE IV. Angles (in degreey between the directions along

which the smectic peaks are observed on thg,BR monodomain

grown from BR2.
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TABLE V. Features of smectic order for BR2, BPF;c1, and

BPs,a1 monodomainsé represents the correlation lengih nm)

associated with the smectic ordes,is the angular spread of the

peaks, andC is their modulation.

P1 P2 P3 P4
o1 5 59 oL ol Phase BB.2 BPmcl BP,pal
P2 89 0 123 111 &w (main peak 64 55 59
P3 91 123 0 126 &, (between peaks 21 42 28
P4 91 111 126 0 o (°) 33 19 33
Cy (main peak 0.56 0.22 0.34
C, (other peaks 0.52 0.17 0.34

A first theoretical approach for combining smectic order

with three-dimensional orientational order has been proposed
by Kamien[12] v_wth a model of smectic do_ubl_e twist cylin- e 60 nm for the smectic peaks of all BP But ¢ associated
ders. Our experimental results can be easily interpreted fToRih the smectic background of the scattering ring increases

this geomt_etrical model by e}ssuming that the regiqns whergom 21 nmiin BR,2 t0 42 nm in BR,c1, showing that the
the smectic order can easily extend, corresponding to thgmactic order improvesetweerthe cylindergRegion(ll) in

peaks, are the smectic double twist cylinders cores. Indeeg

igs. 1 and 4 This last point is confirmed by the very weak

in the annular_ and concentric dqmains Wrappir_lg around this, o qulation of smectic peaks observed in the,BRL phase
perfect smectic core, the smectic layers are distorted by thﬁ'able V).

twist (Fig. 4). A geometrical model of the structure of smec-
tic blue phases can be sketched by packing these smecli,ejops with an isotropic distribution between locations in
double twist cylinders according to .the observed symmetrieg nich the smectic order is enhancethe slight observed
[12,8]. If the structure of these cylinders, corresponding tobirefringence An estimated to be lower than 0.00& con-

the peaks in the x-ray scattering patterns, is nearly the sa
(in terms of angular spread and of correlation length of t
smectic order for both BR,2 and BR,,1 phases, the
structure is clearly different for BR,c1 phase(Table V).
The angular spread,, of the peaks along the ring is propor-
tional to the radius of smectic double twist cylindess de-
creases from 33° to 19° at the BR-BP;,c1 transition,
suggesting that the outer smectic layers of the smectic double

twist cylinders vanish, and only the inner ones, close to the
core, remainfRegion(l) in Figs. 1 and 4 The correlation
length of the positional ordef, defined asé=2=/FWHM

(full width at half maximum, has been roughly estimated to

FIG. 3. Geometrical views indicating the directions of smectic

order enhancement, corresponding to the smectic peaks fgPBP
BPsmal, and BR,,c1 monodomains. If the BR,a1l third peak,
labeled Pl is the merging of T3 and T4 found in BR [8], the

All these results seem to indicate that thmectic order

Méstent with the suggested structure. Indeed, the,BR
hephase, examined by polarizing microscopy, shows a blue
“platelet” texture [11]. The blue color originates from the
optical activity of BR,c1, that can only be seen in the
absence of high birefringence. Therefore, the, BFL sym-
metry, given by the smectic order enhancements, seems
similar to the BR,2 one, but the structural anisotropy is

()
(i)

FIG. 4. Model of a smectic double twist cylinder giving rise to

the experimental smectic peaksalled region(l)]. These cylinders
can be packed together according to the observed symrtretry
agonal or cubit However, the smectic order persists between cyl-

three peaks P2, P3, and P4 of BR1 phase seem rotated by about inders and gives rise to the continuous smectic fiegion labeled
30° and are “inserted” between those of BR.

(1)
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much lower than in BR2. Indeed, the regions between geometrical models of these new phases. The structural data
smectic peaks are more extended and therefore play an ineported in this paper concerning the influence of the local

portant role in the BR,c1 phase. This is consistent with the smectic order on the structure of smectic blue phases should
fact that twist can occur easily in these regions of Siike  inspire the elaboration of models describing these original

order (with for instance the SnG* structure, whereas de- phases with a double geometrical frustration: twist and smec-
fects must be introduced in regions of smedimrder to tic order in three-dimensional space.

create twist. ) . .

Thus, we have shown that the symmetry of the first smec- We would like to thank P. J. Collings and P. Davidson for
tic blue phase depends on whether or not the molecules afgeir fruitful comments. We very much appreciate the help of
tilted in the smectic layers : hexagonal BR1 for tilted J. Doucet and D. Durand for their tuning of the D43 synchro-
molecules and cubic BR.A1 in the absence of tilt. This tron beam line at LURE where x-ray scattering studies were

work should then stimulate theoretical investigations to findperformed.
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