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We present a structural study of the mesophases of three achiral bent-core compounds with azo and
azoxy bonds. The study is based on textures observation and small-angle X-ray diffraction. It is found
that the materials exhibit columnar and tilted smectic mesophases. Optical second-harmonic generation
measurements are performed on aligned samples of one of the compounds, and the whole second-order
susceptibility tensor is determined. Finally, some simple aspects of the photoisomerization of the materials
are examined.

Introduction
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In the past few years, the discovery of achiral bent-core DON °=C>:N

mesogens (also known as banana-shaped liquid crystals) has
given rise to an increase of the research activity in the field
of ferroelectric liquid crystal.* This growth in interest is /N_Q— hv N
. . . (b) 4 ~

due essentially to the peculiar properties of these new @—N

: . . . hv, T
materials regarding the chirality and polarity. It has also been
pointed out that these compounds have some potentialities TRANS- CIS-
for applications in the field of nonlinear opti€s’ Most of Figure 1. Simple models to explain the optical responses of the bent-core

these studies have been carried out ianeSme) phase molecules considered in this work. (a) The optical nonlinearities of the lateral
’ cores of the molecule are schematized in terms of a delocalized electronic

which usually displays antiferroelectric switching. In contrast, charge distribution between donor (D) and acceptor (A) groups at both sides
other mesophases such as Bighase have been much less of the z system of an azo (or azoxy) -benzene structure. (b) The azo (or

studied. Even the name of the phase itself is object of someazoxy) bonds undergo isomerization cycles between the trans and the cis
controversy. In principle, the designati@ responds to a states by illumination.

special type of optical textures under the polarizing micro-
scope? The structure of the phase responsible of the textures
is not totally clarified, and it even seems that different
structures are classified under the same nae. The
information about this point is scarce, and in this sense, it
seems of interest to perform new structural studies on this
phase

It is well-known in the liquid-crystal field that the chemical
structure is one of the key points that determines the
supramolecular packing and, hence, the properties of the
mesomorphic material. Thus, a proper molecular design could
allow achieving not only an aimed mesophase but also a
multifunctional material. In this work we will explore new
bent-core structures containing azo or azoxy linkages. The
. ) — interest of the azobenzene or azoxybenzene structures is
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azoxybenzene structures seem to be good candidates to be "
incorporated in the lateral cores of the bent-shaped molecules: ¢

An additional attractive feature of the azo and the azoxy
groups is the transformation between their trans and cis
configurations by light absorption (photoisomerighigigure @ 0
1b). In the field of liquid crystals this property gives rise to : o)@
a new added value to the materials, which can be used for /@io NN
photoalignment? In this respect not much work has been Nan c1 @\o
published with bent-core mesogens, though some photoin- CMHZQO/@
duced effects in a few electric or optical properties have been
observed# 18

In this work we present a characterization study of three o
bent-core liquid crystals with azo- and azoxybenzene struc- o o)‘\©\ 0
tures. Basically it is a structural study based on textures 9 ©)LO @ N
observation and small-angle X-ray scattering. In addition, Ny c2 \©Loo,ng
we have also carried out SHG measurements on monodomain . O@ . .
samples and have characterized the whole tensor for the oy o a o Usmop o o Cryotal

second-order nonlinear susceptibility in one of the materials.
Finally we analyze qualitatively some simple aspects of the

photoisomerism within the mesophases. @ ]
o} @ o)@ o
jon 0,
o c3

C14H29

Crystal 139.1 °C Col,, 165.3°C Iso
Iso 160.9 °C Col,, 127.8 °C Crystal

Experimental Section
. ) C14H29
The chemical structures and phase sequences of the studied CraHogO
materials are shown in Figure 2. The synthetic procedures for the Crystal 116.4°C SmC,P, 163.1°C Iso
. . Iso 159.6 °C SmCaP, 101.4 °C Crystal
different bent-core compounds are shown in Scheme 1. In all cases, ) i ]
synthetic methods reported in the literature for the same compoundsF'gure 2. Chemical structures and phase sequences on heating and cooling
dapted to the aimed h b foll d E h t Iof the studied materials. In the figure Ggiakes reference to a columnar
or a. apted to the a!me ones have egn 9 owed. xperlmen a oblique phase, USmGRndicates an undulated smectic C antiferroelectric
details as well as their structural characterization have been |nC|Udedp0|ar phase, and Sm@x corresponds to an anticlinic smectic C phase
as Supporting Information. with antiferroelectric polar order.
The phase assignment will be discussed below. As can be seen,

compounds C1 and C2 have one azo or one azoxy group in botha frequency of 5 Hz. A square-wave electric field synchronized to
lateral structures of the molecule, respectively. Compound C3 the laser pulse was applied to the sample, and it was always checked
presents only one azo group. In the three cases the photoactivghat the field was strong enough for the saturation of the SHG signal.

bond connects a donor (the alkyloxy terminal tail) and an acceptor

moiety (carboxyl group) both, in the para position of theystem. Results Obtained for the Material C1
For the electrooptic study, samples were prepared in com- ) o o
mercially available cells (Linkam) of nominal thickness ofif. A first characterization of the liquid crystal phase of

X-ray measurements on nonoriented samples were performed usingcompound C1 was performed through the analysis of the
a small-angle goniometer equipped with a high-temperature attach-optical textures and electrooptic behavior. Figure 3a shows
ment, a linear position-sensitive detector dfef angular range,  the texture observed between crossed polarizers when the
and an angular resolution better than 0.0donochromatic Cu l& sample was cooled from the isotropic phase. The general
radiatioh was .used. The matgria!s were iqtroduced in the isotropic aspect is characteristic of a columnBi fype) phase: long-
phase into Lindemann capillaries of diameter 0.5 mm. SHG shaped domains (banana leaves), which are pinkish colored

measurements were carried out in homemade cells with in-plane. - . .
: in this case, together with broken focal conics and small fan-
electrodes, using gaps of 1@@n. We employed glass spheres as

spacers, and the resulting thicknesses were aboytrdOThe shaped domains. The stability of this phase ranges from 139
measurements were performed with a standard experimental setup C 10 165°C. On the other hand, the material displays a
described elsewhe? The fundamental light is a Q-switched Nd: ~ relatively high birefringence (a value afn = 0.36 was

YAG laser (wavelength 1064 nm) with a pulse width of 6 ns and Mmeasured at the banana leaves and other oriented domains),
suggesting either a nontilted or a synclinic structure, where
(12) (a) Eich, M.; Wendorff, J. H.; Beck, B.; Ringsdorf, Makromol. the molecular dipoles are perpendicular to the glass plates.

Chem., Rapid Commufi987, 8, 59. (b) Sie, S.; Natasohn, A; Rochon,  Sych high values foAn are normal in materials based on
P. Chem. Mater1993 5, 403. (c) Natasohn, A.; Rochon, Bhem.

Rev. 2002 102, 4139. (d) Chanishvili, A.; Chilaya, G.; Petriashvili, ~aZ0 molecules?
G.; Collings, P. JPhys. Re. E 2003 71, 051705. Further information concerning the molecular orientation

13) Hagen, R.; Bieringer, TAdv. Mater. 2001, 13, 1805. .
§14§ Nai?, G. G; Prasgd, S. K.; Hiremath U. S.: Yelamaggad, cJ.v.  at the banana leaves can be deduced from Figure 3. It can

(15) Qppl-ﬁh{S_ZOOTl EO, gﬁ, S T Lee C. K. Araoka. E.- Ofuil M be seen that the upper and lower halves of the leaves in
Im, A.; Lim, |. K.} In, S. 1.; Lee, C. K., Araoka, r.; uji, M. . .
Takanishi, Y.: Takezoe, HPhys. Re. E 2004 69, 061701. F|g.ure.3a have the same color anq show almost simultaneous
(16) Prasad, V.; Kang, S. W.; Qi, X.; Kumar, $. Mater. Chem2005 extinction when the central defect line make$ Wa&h respect
14, 1495.
(17) Prasad V.; Jakli, ALig. Cryst.2004 31, 473.
(18) Jakli, A.; Prasad, V.; Rao, D. S. S.; Liao, G.; Janossihys. Re. (19) Pereda, N.; Folcia, C. L.; Etxebarria, J.; Ortega, J.; Ros, M.i®.

E 2005 71, 021709. Cryst 199§ 24, 451.
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Scheme 1. Synthesis of the Compounds C1, C2, and C3
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to the polarizing directions (see Figure 3b). On the other the electric field, a different texture was obtained (see Figure
hand, the rapid and slow axes were identified at both halves4a) with large focal conic domains, characteristic of a smectic
of a given leave with a Berek compensator. We found that phase. The extinction brushes made an angle of abdut 45
the optical indicatrix on one half is rotated 9@ith respect with respect to the polarizing directions, and the material
to the one of the other half. There is a unique conclusion switched between both ferroelectric states with the field
compatible with these observations: the molecular directors polarity (clockwise and counterclockwise rotations of the
on both halves of the leaves make an angle of Wih extinction brushes occurred under low-frequency triangular
respect to the defect line at the center of the leave. voltage). This behavior indicates unambiguously that the
Next, a low frequency electric field was applied perpen- structure under field is synclinic with a tilt close to “45t
dicularly to the glass plates to study the electrooptic behavior can, therefore, be concluded that, in the present conditions,
of this material. No change was detected for weak fields. the mesophase is homogeneously chiral smectic (SmCP
However, when the field was higher than a threshold value type). Accordingly, Figure 4b shows the texture observed
of about 10 V4m, the texture broke down into very small when the electric field is removed. The extinction brushes
domains and showed a nondefined response to the fieldare now parallel to the polarizing directions (the structure is
variation. Therefore, it seems that a phase transition wasanticlinic), and the gray color is due to the nearly orthoconic
induced by the electric field, but no characterization of the situation corresponding to a Sk, structure with a tilt
new phase was possible from simple texture observation.angle close to 45 which provokes an important decrease
When the sample was cooled from the isotropic phase underof the birefringence. In summary, taking into account the

C14H200



4620 Chem. Mater., Vol. 18, No. 19, 2006 Folcia et al.

L [ S s Pl phase induced by an electric field. (a) On cooling from the isotropic phase
Figure 3. Photomicrographs of the textures of compound C1 in thedCol unc_ier a field of 14 V/Am,_the material displays circular domains with the
phase. (a) The banana leaves present the same color in both halves, whic/gXtinction brushes making an angle of abouf 4@th respect to the
indicates that at both sides, the indicatrix makes the same angle with respecolarizers (black arrows). (b) Under no field the birefringence decreases,
to the polarizers (black arrows). (b) When the central defect of the banana and the_ extinction brushes are parallel to the'polarlzers. This behaVI(_)r is
leaves makes an angle of 4®ith respect to the polarizers both halves —compatible with a SmgPa ground state. The width of the photographs is
present extinction simultaneously. This fact indicates that the molecular about 600um.
directors make an angle of #%vith respect to the central defect at both
sides. The width of the photographs is about GO0.

texture change commented on above, it seems that an
irreversible phase transition from a columnBi fype) to a
smectic (Sm&Pa type) phase occurs when a strong enough
electric field is applied. This material can be added to the
few examples of bent-core liquid crystals that exhibit similar
field-induced phase transformatiofts?!

A structural characterization of the C1 material was
performed by means of small-angle X-ray measurements, 0 sevess
which were carried out at various temperatures within the 0.125 0.135 0.145 0.155
mesophase. Figure 5 represents the small-angle X-ray wave vector (1/A)
diagram obtained at 158C on cooling. Two clear peaks Figure 5. X-ray diffraction intensity as a function of the wave vectpr
(numbered 3 and 4 in Figure 5) whose positions differ in 4x/4 sin 6, where/ is the X-ray wavelength anés is the Bragg angle,
0.07 are clearly distinguished, and a pair of small reflections for compound C1. Five peaks are observedfor< 2°, which were indexed
(numbered 1 and 2) is also visible. A smaller peak appearsZﬁ%ﬁ'gﬁ,f;héguowmg set of Miller indices: 1, (01); 2, (20); 3, (11)
at a larger Bragg angle (peak number 5). Although the ) ]
number of independent reflections is similar to that usually o of them (peaks 1 and 2) are scarcely defined. In this
expected for nonoriented liquid crystals samples, the pos-e€SPect, measurements perfqrmgd on or_lented samples,_ where
sibility of performing an unambiguous indexing is limited, the C(_Jmple'Fe reciprocal lattice is obtalned_ at once with a
not only because the reflections are mainly concentrated tWo-dimensional (2D) detector would permit a much more

within a narrow angular intervar0.4°) but also because  direct interpretation. A conclusion is, however, clear: the
X-ray diagram of Figure 5 cannot be indexed on the basis

(20) Ortega, J.; de la Fuente, M. R.; Etxebarria, J.; Folcia, C. L.; Diez, S.; Of a rectangular lattice. This fact discards the possibility of

Intensity (arb. units)

Sallaétgggwééé gallr%ego N.; Ros, M. B.;1iee-Jubindo, M. APhys. a nontilted structure, which was one of the alternatives
a. X . . . . .
(21) Amaranatha Reddy, R.. Sadashiva, B. K.. Raghunathan, Zham. suggested from the optical analysis. Thus, the indexing of

Mater. 2004 16, 4050. the diagram was carried out on the basis of an oblique 2D
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lattice (see Figure 5). According to the selected indexing
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with a suitable choice of the cell origin. For exampley(it,2)

strategy, the intensity difference between the peak (11) and= p(—x,—2) for a given origin of the unit cell, then the

the peak (1) and the absence of al(Breflection are in
agreement with a synclinic structure (peaks of practically
the same intensity forh{) and fl) reflections would result
for an anticlinic arrangement in a nearly rectangular latfite).

structure factor is reakly, is equal to 0 orr) and, therefore,
F(hl) = F(hl). This occurs when the layer groiipf the
system contains inversion centers or two-fold axes perpen-
dicular to the lattice plane, as is the case of practically the

The resulting parameters aae= 92.0 A,c = 48.0 A, and whole set of structural models proposed up to 8 Thus,
= 87.5°, and no appreciable variation of these parameters the problem of the phase reduces to the problem of the sign
was detected within the temperature range of the mesophaseof F(hl), and the electron density is expressed as
The c parameter, together with the molecular length (63.5
A), deduced theoretically by molecular modeling, assuming
a bending angle of 120and an all-trans conformation for
the aliphatic chains, is compatible with a molecular tilt of
about 45. This means that the layer regions of the columnar . o .
structure are either perpendicular or parallel to the defect The correct sign combination is now decided by the
line of the banana leaves in Figure 3. Analogous conclusionsPhysical merit of the obtained electron density map, with
were drawn by Takanishi et & from the textures observed ~ the aid of complementary knowledge of the system, such as
in liquid crystals composed by nontilted bent-shaped dimers. packlng conditions, molecular size, optimization of steric

Next, a structural model for the mesophase will be interactions, and so forth.
proposed through the analysis of the different electron density As shown in Figure 5, the reflections 3 and 4 are much
distributions that account for the observed X-ray diagram. more intense than the others. Consequently, every electron
This is one of the standard methods used in the crystal- density distribution will depend almost exclusively on these
lography of solids and was employed in the study of bilayer reflections. On the other hand, the weak anomaly indexed
smectic liquid crystal phas®sand also in three-dimensional as (01) in Figure 5 did not appear in some of the cooling or
liguid-crystal structure®! In our case, despite some possible heating runs. Therefore, we assumed that this peak is not
controversy in the indexing of the X-ray diagram (with the intrinsic to the high temperature mesophase. On the contrary,
consequent influence on the resulting structure), we considertaking into account the field-induced transition to a lamellar
it useful to extend this method to 2D liquid crystal phases. phase in this material, it can be assumed that this anomaly
The method is as follows: a give reflection is due to the  is due to coexistence of a small volumeRy phase in the
hl Fourier component of the periodic electron dengity;z) bulk. The fact that the (01) peak can be incorporated to the
of the structure. The amplitude and phase of this componentindexing scheme of the 2D structure can be explained
are given by the complex structure fackghl). Accordingly, because the layer spacing of the field-induced phase calcu-
we have lated from the tilt deduced from Figure 4a and the molecular
length is equal to the parameter of the 2D structure. In
view of this, we calculated(x,2) from eq 3 considering only
peaks 2, 3, 4, and 5. The symmetry of the electron density
map is given, in principle, by the oblique plane grauh
This plane group imposes no relations betwé&éhl) and
F(hl) or F(hl), as well as no systematic extinction rules for
the indicesh andl. However, we have chosen a nonstandard
oblique basis for the X-ray diagram indexing, according to
which (leaving aside the (01) anomaly) thd)(reflections
satisfyh + | = 2n, that is, the systematic extinction rule for
a centered lattice. Therefore, in our case the symmetry of
p(x,2) is given by the oblique planar groug2.

The relative integrated intensities of these peaks were
) . . , obtained from the X-ray diagram after background subtrac-
This term is the average electron density of the unl't cell, tion and were corrected for the Lorentz and the polarization
and ¢y, are the phases of the structure factB(hl). In this factors L and p, respectively, that correspond to our

equation we can §ee the nub_of the problem of dete_rmining experimental geometry. Finally, to obtain the proper intensity
crystal structures: The amplitudés(hl)| are determined I(hl) = |F(hI)|? for the hl reflection, the intensity of each

from Fhe measured Intensities, but th(_a phamg_are not peak must be divided by its corresponding multiplicity, that
experimentally accessible. However, this essential difficulty is, the number ofl reflections with the same Bragg angle

may be in SOme cases worked out on the_ t?as's of theIn our case the multiplicity equals dl(andhl) for all the
symmetry relations that the structure factor satisfies, togetherpeaks in Figure 5

—F(OO) ! ] 2r(hx+ | 3
P = =+ () cosler(ct ) (3

p(x,2 = i; F(hl) exp[—27i(hx + 12)] Q)
wherex andz are in units of the lattice parameteasandc
respectively, and\ is the area of the unit celk(hl) is, in
turn, related to the intensity of thi reflection asl(hl) =
|F(hl)|2. Becausep(x,2) is real, F(hl) = F*(hl), and the
following expression results:

F@O0) 1
p(x,2) = A + ;; IF(hD)| cos[2z(hx +12) — ¢ ] (2)

where theh = 0, | = 0 term was separated from the sum.

(22) Takanishi, Y.; lzumi, T.; Watanabe, J.; Ishikawa, K.; Takezoe, H.;

lida, A. J. Mater. Chem1999 9, 2771.

(23) Francescangeli, O.; Rinaldi, D.; Laus, M.; Galli, G.; GallotJBPhys.
Il France 1996 6, 77.

(24) Zeng, X.; Ungar, G.; Imper-Clerc, M.Nat. Mater.2005 4, 562.

(25) Kopsky, V., Litvin, D. B., Eds.International Tables for Crystal-
lography, Subperiodic GroupKluwer Academic Publishers: Norwell,
MA, 2002; Vol. E.

(26) Tschierske, C.; Dantlgraber, Bramana2003 61, 455.
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Figure 7. Structural model proposed for the Ggobf compound C1. The
molecular packing is in agreement with the electron density shown in Figure
6a. For simplicity, a rectangular ceff (= 90°) has been considered. The
structure is synclinic and antiferroelectric, but the precise ordering of the
chirality of the columns (indicated in red and blue colors) cannot be defined
by standard X-ray measurements. With the combination of colors used in
the figure the structure is a generalization of Big,, phase.

As a consequence of this, the cores tend to order themselves
to form ribbons where the electron density is higher. It is
evident that the pattern appearing in Figure 6b cannot support
the existence of these ribbons and must be discarded. On
the other hand, this packing model is clearly in agreement

) L with the pattern of Figure 6a, where the molecular cores are
Figure 6. Electron density distributions of compound C1 calculated from . . . . . .
expression 3. The brighter areas represent the regions of higher electrond'St”bl"tec.j along the h'gher dens_'ty §tr|pe§. A pOSSIble
density. The signs for the (20), (11),101 and (31) coefficients ineq 3 are  structure is shown in Figure 7, which is similar to tBe
chosen as-+ + + —) for part a and ¢ + + +) for part b. The values of rever il h W fin revi  How-
|[F(hI)| for the different(hl) Miller indices were obtained from the peak eve S.ed tilted phase, 6.18 as defined pre OH.SW 0

4 ever, in our case the ribbons are bent at their extremes to

intensities of the X-ray diagram in Figure 5 (see text). The horizontal an ) . ar i
vertical scales are in units of the lattice parametessidc, respectively. permit suitable molecular packing in those regions and form

The relatioq between andc was taken as/c = 2. The obliques angle a nearly rectangular lattices (= 87.5).
was approximated to 9dn both schemes. .7 .
It is important to note that the structure represented in

Figure 6 represents the electron density distributipgz) Figure 7 is only one of the possible structural models that
obtained from expression 3 for two different sets of signs are in agreement with our experimental results. This can be
for the (20), (11), (1), and (31) terms. In particular this set easily understood as follows: The diffraction diagram of a
was selected as(+ + —) for Figure 6a. The same pattern, columnar 2D structure with lattice parametersind c is
except for a translation on thezplane, results for the sets reduced to thé0l reciprocal plane. Then, for nonresonant
(++—+),(+—+-),and & — — +). Onthe other hand,  X-ray diffraction, the contribution to the structure factor of
the map of Figure 6b corresponds to the sign combination an atom with form factof positioned ar = xa + yb + zc
(+ + + +), although equivalent patterns are obtained for with respect to a given origin isexp[27i(hx + 12)]; that is,
(—+—-), (——++), and & — — —). The set of the it does not depend on thecoordinate. This means that our
additional eight combinations obtained from those above, diffraction experiment only detects a periodic distribution
by means of a general inversion of signs, give similar electron of bent-core molecules projected on the lattice plane. In other
density maps. A comment is in order regarding the (01) peak. words, we cannot get information about the chirality of the
Even when its exclusion was justified above, it was found ribbons, and any combination of the colors is possible in
that the consideration of this reflection in the calculation does Figure 7. In our case, the compound C1 is not SHG active
not affect significantly the main features @(f,z) apart from if no electric field is applied to the sample. This fact discards
a very slight deviation from a centered structure. Summariz- a ferroelectric arrangement of the columnar phase, and,
ing, the patterns in Figure 6 represent the essential alternatherefore, red and blue ribbons must be present in equal
tives in electron density distributions that are compatible with number because the structure is synclinic. The precise order
the X-ray diagram. A difference is obvious between the maps of the colors is, however, undefined.
in Figure 6. In Figure 6a the regions with higher electron
density (white regions) tend to form stripes whose length is Results Obtained for the Material C2
about half the cell parametar Furthermore, each stripe joins
its adjacent stripes in such a way that almost continuous
zigzags of high density parallel to the (11) lattice line are
formed. On the other hand, in Figure 6b the highest electron
density is practlcglly concentrated ”f‘ .qu.lte small reglons.. (27) Szydlowska, J.; Mieczkowski, J.; Matraszek, J.; Bruce, D. W.; Gorecka,

Now, we consider the two possibilities represented in E.. Pociecha, D.; Guillon, DPhys. Re. E 2003 67, 031702.

Figure 6 for the real structure. The bent-core molecules (28) g’“eéZkov‘fki'EJj;ﬁomm% KK;()Sggklag Jé:lg’(ZJCieCha, D.; Szydlowska,
. . [ ., Gorecka, . Mater. em s .
presumably pack in such a way that their central cores join (29) Pelz, K.; Weissflog, W.; Baumeister, U.; Diele, 1Sq. Cryst. 2003

together with their lateral structures parallel to each other. 30, 1151.

0.5 1 1.5 2

On slow cooling from the isotropic phase the mesophase
grows within the isotropic liquid as telephone-wire structures
that are shown in Figure 8. On further cooling, the material
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Figure 8. Telephone wires structures that the compound C2 exhibits when
cooling from the isotropic phase. Photograph width about 400

Figure 9. Fan-shaped texture of compound C2 under an electric field of
12 V/um. The same extinctions are observed under field reversal, which
indicates a racemic SmE, ground state. The width of the photograph is
about 250um.

enters completely the mesophase showing, under the polar

ization microscope, textures formed by small domains with
fringes characteristic of the Sra€x phase. In some regions

of the sample, small circular domains appear with concentric
fringes, being the brushes directed along the polarizer

directions. Under an electric field of 12 dh the material
presents ferroelectric switching. Under field the textures
exhibit fan-shaped domains without fringes that remain

unaltered under field reversal (see Figure 9). On the other
hand, the birefringence of this phase with and without electric

field was similar, aboutAn = 0.04, which reinforces the
hypothesis that the material presents a racemic structure.
In light of the above experimental evidences, it would be
reasonable to assume the phase to present a Bns€ucture
under field and a Sméa structure in the absence of field.

However, the growth of the mesophase in telephone-wire
structures has been widely related to the existence of smecti

undulated phasé®:3°The X-ray diagram of these phases is

characterized by strong commensurate reflections (indicating
a layer structure) together with incommensurate satellites (as

(30) Shreenivasa Murthy, H. N.; Sadashiva, B.L{g. Cryst. 2003 30,
1051.
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Figure 10. X-ray diffraction diagram for compound C2. Three peaks are
observed for Bragg angle®s < 2°. The resulting Miller indices are 1,
(01); 2, (11); and 3, (22).

a consequence of a one-dimensional undulation of the
smectic layersy23°Thus, to check the possibility of a similar
structural model for material C2, small-angle X-ray diffrac-
tion experiments were carried out. The measurements were
performed at different temperatures within the mesophase.
Figure 10 shows a typical intensity profile for Bragg angles
0g < 2°, corresponding to the temperature= 163°C. The
diagram shows only two clear peaks within this angular
range, indicating, in principle, a normal smectic mesophase.
However, if the shapes of both peaks are compared to each
other, it seems that the highest peak may be considered a
superposition of two reflections (1 and 2 in Figure 10), peak
3 being the second harmonic of peak 2. Peaks 2 and 3 show
slight temperature dependence in such a way that the angular
position of peak 3 is always double that of peak 2. On the
contrary, peak 1 remains steady in the whole range of
temperatures, and the periodicity distance associated to this
reflection is compatible with the smectic spacing. Therefore,
we consider a 2D orthogonal lattice as the simplest indexing
scheme (see Figure 10) where the cell parameters obtained
at 163°C area = 255.57 A andc = 49.76 A. Thea
parameter increases slightly as the temperature decreases,

its values ranging between 255 and 263 A in the whole

interval of measured temperatures.

In addition, it should be pointed out that assuming a
molecular length of 63.5 A, in the most stable conformation
of the core and an all-trans conformation for the aliphatic
chains, the tilt angle obtained from thgparameter is 38%
This value of the tilt and the anticlinic molecular arrangement
are in agreement with the small birefringence that the
material exhibits. In fact, the birefringence valtyea = 0.04
can be considered small for a material formed by molecules
with azoxy linkages in their cor&.

Following the strategy carried out with compound C1, the
main features of the 2D structure can be obtained for C2.
The X-ray diffraction diagram of compound C2 presents
three peaks, the intensities of which are denoted,a,
andls. In this case, the rectangular symmetry of the electron
density map imposes the following restrictions to the
structure factor: On one hangk(hl)| = |F(hl)|, that is, in
our case the intensity of the (11) andlfTeflections is the
same. On the other hand, the existence of the (01) reflection

(31) Brunet-Germain, MMol. Cryst. Lig. Cryst197Q 11, 289.
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unfavorable packing of the molecules. On the contrary,
Figure 11b shows an electron density that basically represents
a smectic undulated structure, the modulation of which seems
to be close to a sinusoidal one. In that sense, it resembles
the structure proposed by Coleman et &r the B; phase
of the banana-shaped compound named MHOBOW in ref
9. However, some differences between both structures can
be pointed out. On one hand, in Figure 11b it can be clearly
seen that the contour lines of the electron density inside the
layer are not parallel to the smectic layers everywhere. In
fact, there are regions along the layer in which the contour
= : lines are almost perpendicular. This means that the structure
0 0.5 1 1.5 2 is not a perfect undulated smectic but that the electron density
Figure 11. Electron density distributions of compound C2 calculated from is slightly modulated inside the layers. In addition, even if
expression 3. The brighter areas represent the regions of higher electronthjs electron density modulation is neglected, the smectic
density. The signs for the (01), (1.1)101 (22), and (2) terms In eq 3 are layer undulation cannot be assumed to be simply sinusoidal.
chosen as{ — — +) for part a and { — + +) for_part b (in both cases
the fourth sign corresponds to that of the (22) an2) @efficients). The In fact, in the case of a perfect sinusoidal undulation, the

values of|F(hl)| for the different(hl) Miller indices were obtained from intensity of the different X-ray diffraction peaks for a given
the peak intensities of the X-ray diagram in Figure 10 (see text). The . d luel hold the followi latioR?
horizontal and vertical scales are in units of the lattice paramatensic, Index valuel must hold the following relatior:

respectively. The relation betweanandc was taken as/c = 5.

(=1
o u o= un

o U = U N

of 5|
restricts the possible plane groups of the electron density I(hyl) I, (ZﬂEB)
map topmZm and pn2g, in which case~(hl) = F(hl) and I(h,l) T (5)
F(hl) = (—1)"F(hl), respectively. The main contribution to Iy, (Z”EB)

the electron density map is due to the double peak. Therefore,
we will start neglecting thé; contribution. As the structure  whereJy, is thehith Bessel function of the first kindy, and
is rectangular, the Fourier coefficients of the electron density h, are the indices associated to the reciprocal veatarf
must hold the following relations: two different peaks, anB is the amplitude of the sinusoidal
B modulation of the smectic layer. From Figure 11b it could
|F(01) = JITZ |[F(11) = |F(11)| = J/1,/4 4) be assumed for a perfect sinusoidal undulation an amplitude
valueB ~ ¢/3, and, therefore, the ratio of intensities for, for
There are 8= 22 different sets of sign combinations for nstance, peaks (01) and (11) should be according to eq 5
those coefficients. However, four of them represent a phase|(01)1(11) = 0.088. Therefore, taking into account the
shift of 7 in the whole set of Fourier coefficients of the multiplicities of both reflectionsl/I, = 0.044. However, in
electron density function and will be considered later. The Figure 10 both peaks are similar. This result supposes a clear

four remaining sign combinations can be taken-as<+), disagreement with the assumption of a simply sinusoidal
(——+1), (+—-),and & — —). It can be shown that the  yndulation.

first and second possibilities lead to the same electron density A final comment could be raised regarding the phase
structure and are related by a shift in the coordinate origin. structure of this Compound after having app“ed an electric
The same situation occurs between the third and fourth Slgnf|e|d With our experimenta| equipment' it has not been
sets. Therefore, only two independent density maps must bepossible to clarify if the material undergoes an irreversible
considered, that is# — +) and (- — —). phase transition to a SmEa phase after field application,

If now we include the contribution d§, the choice ofthe  or on the contrary, its ground state always presents undulated
sign for the coefficient§(22) andF(22) only duplicates the  smectic layers. The clarification of this point would require
number of density structures considered above beda@®  X-ray diffraction experiments under an electric field, which
= F(22). On the other hand, the maps with different signs s beyond the limits of our experimental facilities.
only for that coefficient do not represent changes qualitatively
significant in the structural models, given the small size of Results Obtained for the Material C3

the peak 3. Figure 11a,b is representative of the density maps ) ]
for the two main possibilities and correspond to the sign sets F19Ure 12 shows the optical textures in the mesophase of
(+ — —+) and & — + +), respectively (the fourth sign compound C3 on cooling from the isotropic liquid. There is
corresponds to thE(22) coefficient). In this figure, one can & thermal gradient in the photographs from left to rigfiree
also appreciate that the electron densities corresponding td€9i0ns with two types of textures can be appreciated, one
a general sign inversion of the Fourier coefficients do not &t the middle of the photographs and the second one at the
give rise to qualitatively new structures. Thus, we do not left and right extremes. The different textures were obtained
need to consider additional possibilities for the sign sets. uSing different cooling rates, fasslow—fast on going from
Regarding now the two alternatives of Figure 11, the one left to right. In other words, small-grain chirality domains
presented in Figure 11a must be discarded because it would : _ _ :
imply the existence of stripes of low electron density along (32) Folcia, C. L.; Ortega, J.; Etxebarria, J. Presented at the 20th

. . 8 International Liquid Crystal Conference, Ljubljana, Slovenia, 2004;
the lattice vectorc, which energetically represents a very Poster STR-PO76.
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observe the optical rotation, the birefringence should be very
small. This is accomplished in the present case for two
reasons. First, a tilt angle close to°4fk an anticlinic
structure gives rise to a small birefringence. Second, there
is an averaging effect of the (already small) birefringence
because of the random domain distribution and small domain
size in the rapidly cooled samples. In contrast, the gyrotropy
does not average to zero, but a gyration effect remains. The
effective gyrotropy is equal to one-third of the trace of the
gyrotropic tensor of one doma#Estimates of the gyrotropy

of a B, phase are in agreement with the order of magnitude
of the observed rotation {imm)33.34

SHG Measurements

Figure 12. Textures of the SmgPa phase exhibited by compound C3. In Detailed SHG measurements were carried out on the
the figure, three different regions can be appreciated that correspond to mesophase of compound C1 under field (W because
different cooling rates form the isotropic phase (fasbw—fast starting it has two azo groups, so its efficiency was expected to be
from the left). On fast cooling (extreme parts) the textures present no . ’ . ]
birefringence, and gyrotropic domains can be observed under slighty On€ of the highest of the three studied materials. The
uncrossed polarizers (white arrows). Photograph width about 8600 contracted susceptibility of th&ttensor, which describes the
SHG process in the homochiral states, can be approximated

as follows®:3°

d =
0 0 0 Dsinfcos® Dcofo 0
0 0 0 Dsirf9 Dsinfcosé 0
Dcof6 Dsirfg d 0 0 D sin 6 cos6é

(6)

wheref is the tilt angleD = NSz, andd = Nz Here,

N is the density of molecules arfds a local field factor.
Beze and Bz are the hyperpolarizability components refer-
enced to the coordinate frame of Figure 2. The tensor is
4 _ i) ey : referenced to axf/2 frame in whichx is perpendicular to

i i i the smectic layers and is parallel to the polar axis.
L E : {8 et According to a previous work the material is aligned

Figll{re 1f3- Oprt]ical textures Ir? th@, (ngB p?asg Oi,c%mr}oug;il gﬁ on  homeotropically in the cell gap on applying an electric field
cooling from the Isotropic phase under an electric field o & e parallel to the cell glasses.

structure is SmEPs with a tilt angle close to 45 Black arrows indicate e . .
the polarizer directions. The width of the photograph is about 680 In this situation thel tensor can be obtained by means of

SHG measurements at normal incidence. Two different
are formed for rapid cooling whereas the more conventional input—output configurations were used=—p, with both the
B, textures result for slow cooling. TH&, (SmCP) assign-  polarizer and the analyzer parallel to the polar axis, angl s
ment is confirmed by X-ray measurements. Only two sharp with the first polarizer rotated 90At both sides of the gap
peaks are detected at small angles, which correspond to thghere was an unaligned region in the sample which responded
first and second orders of a given periodicity, and a diffuse to the field but had no effect on the SHG signal, a point
peak is found at wide angles. The smectic spacing deducedyerified later by covering the edges of the gap with aluminum
from the X-ray diagram is 42.0 A, which corresponds to a gpeets.
tilt @ = 48° for a theoretical molecular length of 63.5 A. Neglecting the absorption at 532 nm (we measured an

Figure 13 shows the texture obtained at a low cooling rate gptical density of 0.17 for a thickness ofén at the isotropic
and under a direct current (dc) field. As can be seen, the phase), the SHG powd?? is given by

extinction directions are approximately at°4fom the
polarizers directions. This is consistent with the tilt value ir? 2725nL
deduced from the X-ray data. The phase should correspond » 5 ( 2 )
to a SmGP: structure under field. Without field the structure P™ 0 deg T 2aonl\2
is SMG\Pa. (T)

It is interesting to comment on the textures obtained on

rapid cooling. Two regions almost isotropic but with opposite (33) ortega, J.: Folcia, C. L.; Etxebarria, J.; Gimeno N.; Ros, VPBys.

optical rotations are observed. Similar textures with even Rev. E 2003 68, 011707.

L . (34) Hough, L. E.; Clark, N. APhys. Re. Lett 2005 95, 107802.
smaller grain size have been previously observed and also(35) Ortega, J.. Pereda, N.: Folcia, C. L; Etxebarria, J.. Ros, NPIs.

interpreted successfully as due to a StRCstructure® To Rev. E 2001, 63, 011702.

()
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wheredes = d for the p—p anddes = D sir? 6 for the enters back into the mesophase forming unaligned small
s—p configurations, respectivelyjn = > — n® is the domains. This behavior agrees with the results reported in
difference of refractive indices between the second harmonicthe literature’® 8 The effect is interpreted as a consequence
and the fundamental waves for that configuratidns the of the trans-cis photoisomerization of theeN=N— bond:
fundamental wavelength; aids the sample thickness. The under suitable light irradiation, the cis population increases,
constant of proportionality is determined after the calibration so the molecules lose their original bent shape, and the

of the setup using &-cut quartz platedy; = 0.4 pm/V). material becomes isotropic. Once the light is off, the cis
The Fresnel transmission coefficients were also incorporatedpopulation diminishes as theN=N— linkages return to the
into the calculations. more stable trans configuration. The -etsans conversion

We used the same method as that in ref 7, employing cellstakes place in short times (less than 1 s) in these relatively
of different thicknesses. In this way, we first found out the high temperatures, where thermal isomerization is important.
values ofdn for each configuration and then determined the
parametersD and d. The final results, together with the Conclusions

estimated errors, were the following: . L
: Three bent-core mesogens possessing photoactive linkages

on°P=n2" — n,” = 0.027+ 0.003 have been studied. The structures of the different mesophases
have been analyzed, finding columnar and smectic phases.
o P = nZZw —n® =0.035+ 0.003 The structural models have been deduced from the analysis
of the electron density distributions, using data both from
d=3.3+0.2 pm/V the positions (Bragg angles) and intensities of the X-ray
diffraction peaks. This approach contrasts with that used in
D=6.1+£0.7 pm/\V standard X-ray studies, where the reflection intensities are

The magnitude of the SHG susceptibility is similar to that S€/dom used to get any structural information.
found in the classical family of banana-shaped compounds R€garding the nonlinear optical properties, we have shown
named P-n-O-PIMB in ref 7a. This behavior is logical that the azo moieties maintain the SHG efficiency and the

because in that family the charge-transfer process at theresultingd tensor is similar to that found in imine-derivative
lateral cores due to the imine group is expected to be similar ©@mPounds; thus, both groups lead to high mobility of the

to that of the compound containing the azo group. electron density. Finally, and as a last point, we would like
to remark that the presence of the azo- or azoxybenzene
Photoinduced Effects structures adds a new dimension to these materials because

it permits photocontrol to be gained in some of their physical
As a final point we discuss briefly the photoactivity of properties.

the materials. Planar samples were illuminated with polarized
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Upon illumination within the mesophase an initial decrease ~ Supporting Information Available: Detailed experimental
of the birefringence takes place and, after a few seconds,seCtion and char_acterization data (PDF). This material is available
the samples undergo an isothermal transition to the isotropic €€ ©f charge via the Intemet at http://pubs.acs.org.
phase. As soon as the light is removed, the illuminated zoneCM060256P



