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Structural Characterization of Various Chiral Smectic-C Phases by Resonant X-Ray Scattering
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We report the results of resonant x-ray diffraction at the sukftedge performed upon free-standing
films of a thiobenzoate liquid-crystal compound. Our data provide the first direct structural evidence of
distinct periodicities in several chiral Sm-C phases, including 2-layer, 3-layer, and 4-layer superlattices
in Sm-C4, SmCp;;, and SmCr,, respectively. In SAC?, periodicity incommensurate with the layer
spacing was detected. The racemic compound version was also studied. The results are consistent with
a “clock model” of the SmC* variant structures. [S0031-9007(98)06747-7]

PACS numbers: 61.30.Eb

The recent discovery of the chiral antiferroelectric Sm-Cy, SmCr;, SmCryy, and SmC: phase series. The
smecticC phase (SnC}) in a liquid-crystal compound results enable us to discriminate among several theoreti-
[1] showed that interlayer antiferroelectric ordering can becal models.
stabilized in a mesophaseéthout long-ranged positional In the smectic phases, the elongated liquid-crystal
order. This surprising and fundamental condensed mattemolecules order to give a layered center-of-mass distribu-
finding prompted intensive research into the structure ofion. Within each molecular layer, the positional order
Sm-Cy. A consequence of this effort has been the idenis liquid-like, but definite orientational order exists. The
tification of several other chiral S&@ (Sm-C*) variants molecules’ long axes align along a common direction,
[2]. These novel phases include the so-called-Gipy  the so-called directon. The director is either along the
and SmCr;,, which exhibit ferrielectric behavior, and the layer normaln (SmA phase), or is inclined with respect
SmC,,. Detailed experimental studies of these phasedp z by some tilt angled (SmC* phases). Within the
followed by development of a theoretical model describ-Sm-C* phases, a projectiore) of the molecular director
ing the relevant intermolecular interactions which driven onto the layer plane can be considered. The situation
the SmC?:-Sm-C*-Sm-Cr»-Sm-Cr;-SmCy transition  is shown in Fig. 1. The angle betweenand thex axis
sequence, remain an important fundamental research goal.
Moreover, the distinct electro-optic responses of the sub-
phases, especially S, are of applied interest, having
already been employed in fast optical switching devices o 4n
with tristable properties [3].

A variety of experimental probes has been used to /
obtain information about Sr@; and associated phases,
including x-ray diffraction [4—6], calorimetric investiga-
tions [7,8], electro-optic response studies [2,7], and opti-
cal measurements [9]. Unfortunately, these studies have
generally not been able to provide detailed information
about the molecular arrangements of most of these phases
[10]. Because many different models have been proposed
for the SmC* variant structures [2,4,11—-14], the ability
to discriminate experimentally the actual molecular ar-
rangements is critically important. Conventional x-ray
diffraction, normally a powerful tool for resolving such
issues, is unable to supply the necessary information, for
reasons discussed below. In this Letter, we report the ap-
plication of resonant x-ray diffraction to studying molecu- X
lar structgres of four SHC. varla_mt phases found in IG. 1. Schematic diagram illustrating the orientation of
(R)-enantlomgr and racemic versions of one COMpPOUNGygiecyles in neighboring Sia* layers. Tilt angled in layers
Our results yleld the first direct structural Observatlonj andj + 1 is the same, while azimuthal ang]ﬁ% and¥
of distinct superlattice periodicities associated with thediffer. z, n, andc¢ are coplanar.
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in the jth layer is denoted a¥;, and the change iW;  the rigid, center portion of the molecule. Conventional
between adjacent layefsand(; + 1) asAW¥;. Itisinthe x-ray diffraction along theQ. reciprocal space direction
detailed progression o¥; and A¥; from layer to layer probes the in-plane-averaged electron density. All of the
where proposed models of the molecular arrangements iIBmC* variants giveQ, peaks only at integral multiples
the SmC* variants differ. Molecular chirality induces a of Qy, = 27 /d, whered is the smectic layer spacing.
further helical rotation o about thez axis. The pitch Therefore, thez-projected electron density is identical
Py of this helix is usually in the optical wavelength range.for all of the variants, and they differ from one another
Py is therefore much greater that the characteriatie;  only by symmetry elements such as glide planes or screw
periodicities which we have observed, as discussed iaxes alongz. By working with x-rays whose energy is
this Letter. at the sulfur's K absorption edge, the structure factor
Many liquid crystals in the smectic phase can be sprealecomes a tensor instead of the conventional scalar [15].
as free-standing films. In the case of these substrate-fréehe scattered x-ray intensity now varies depending on
films, the layer and film normals coincide, and the filmthe molecular orientation, since the off-diagonal tensor
thickness is quantized to a discrete number of layers. leomponents depend on the orientation of the bonds around
practice, uniform films ranging from two to hundreds of the sulfur atom with respect to the polarization of the
layers in thickness are easily prepared. The liquid-crystahcident x-ray beam [16]. Becaus&¥; arrangements
compound in our experiment was studied in such a freeef various SmC* subphases are distinct, under this
standing film geometry, thereby providing a well-defined,circumstance the resonant x-ray diffraction is capable of
uniform orientation of the smectic layers with respect torevealing the structural differences.
the incident x-ray beam without the need for any aligning The x-ray data reported here were obtained at beamline
surface that would attenuate the x-ray intensity. TheX-19A of the National Synchrotron Light Source. Free-
x-rays were incident onto the film in the Bragg geometry.standing films of 100TBBB1M7 material, 1 cm in diame-
The material studied in our experiment is the= 10  ter and approximately 250 layers thick, were prepared
member (hereafter referred to as 100TBBB1M7) of theinside a temperature-controlled oven. Windows above the
homologous series whose molecular structure is givefilm allowed for optical access, enabling us to monitor
in Fig. 2. Physical properties of selected compounddilm thickness and uniformity. Apertures in the side
from this series have been published elsewhere [7]. Thwalls allowed the x-rays to enter and exit the oven.
bulk 100TBBB1M7 enantiomer shows the following The entire x-ray path between beamline vacuum and the
phase sequence: Isotropic (1528 SmA (123.6°C)  x-ray detector was slowly flushed with helium to avoid
SmC% (120.2°C) SmC* (119.2°C) SmCr;, (114°C)  air absorption of the approximately 2.5 keV x-ray beam;
Sm-Cr; (112°C) SmCy (109.7°C) crystal. A critical the choice of beam energy was dictated by the need to
feature of the 100TBBB1M7 material for the purposesmatch the sulfur'sK absorption edge. The FWHM of our
of our experiment is the sulfur atom contained withinsystem resolution function wadQ, = 3.5 X 1073Q,.
Also, the upstream flight path ahead of the oven allowed
for insertion of powder 100TBBB1M7 into the direct

0 ? 9 beam, with a fluorescence detector mounted 4tt8ahe
H<CH2>HO—Q—,&-S‘@‘%’O‘@'C"O—?H*‘CHA’GH x-ray path. As shown in Fig. 2, this enabled us to measure
o, the sulfur K-edge absorption peaks for 100TBBB1M7
~ T ] by monitoring the fluorescence intensity as a function
Q . . . . .
o 8r 5 of incident beam energy. The principal maximufy,
™ 7 occurs at 2475 eV.
a 7 With the x-ray energy tuned tB,, Q./Qo scans were
§ 6 i performed at a sequence of temperatures. Representa-
o | tive diffracted intensity scans for several 100TBBB1M7
”’g 4+ ! phases are displayed in Fig. 3; the top four curves are for
= 7 1 2474.8 eV 1 the (R) enantiomer, while the bottom data set was taken
’é oL | ] from a 100TBBB1M7 racemic film of comparable thick-
g 7 ness [17]. All of the SrC* variants clearly exhibit non-
= | integral peaks of resonant scattering origin, including, for
e eI instance, satellite peaks aba@ and2Q in the SmC,
2440 2460 2480 2500

phase. Attemperatures within the S, phase, shown
Energy (eV) in Fig. 3(b), satellite peaks are located1&25Qy, 1.5Q,
FIG. 2. Fluorescence intensity versus x-ray beam energl'75Q0’ and2.25Q,. These quarter-integer peaks indi-

incident onto bulk 100TBBB1M7 powder sample. Shown¥'\ate a 4—Iayer_ superlattice perioclicity along t_he smectic
above is the homologous series of which 100TBBB1M?7 is thelayer normal direction. In the Sr@x;; phase [Fig. 3(c)],
n = 10 member. one-third integer peaks are evident, implying a three-layer
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105 L i .
T ﬂ ,‘i SmC, 7 here, predict differing\ ¥; sequences [18]. What we call
10 "\MJ il the “bilayer” model [13] proposes a two-layér = 2)
L R W 1 . . . . . .
10 . e e repeating unit, withAW; taking on alternating values of
100 125 150 175 200 225 250 +6W and —6W. Lastly, a structure has been proposed

Qz / Qo [14] which we denote here as “clock” model that allows
for a constanAV; = 27 /v.

FIG. 3. X-ray intensity scans in the indicated phases of A Comparison between the experimenta| data and

(R)-enantiomer (plots:-d) and racemic 100TBBBIMY (plot g ctyre factor calculations similar to those presented

e). The temperatures corresponding to curves ¢) are 119.0, .

115.4, 113.2, 109.3, and 1070, respectively. by Dmitrienko [15] allows us to rule out most of the
proposed models. The calculations give the resonant
scattering component of the structure factor, which is

superlattice periodicity. Within the Sy phase and the only component we measured at satellite positions.

Sm-C, phases [Figs. 3(d) and 3(e)], peaks very close to (oFor instance, the four-layer perio- and E-Ising-like

even at) half-intege@./Q, values correspond to a nearly models [18] predict either no resonant component for

two-layer superlattice. These data represent to our knowhalf-order satellitesT( Ising) or an equal intensity for the
edge the first direct structural observation of characterhalf- and quarter-order peakg (sing). Additionally, the
istic superlattice periodicities associated with the variouslouble layer periodicity of th&a¥; sequence fof" Ising
antiferro- and ferrielectric Sat™* liquid-crystal subphases [18] should actually giveconventionalhalf-order peaks.

[10]. The resonant peaks are approximately resolutionSince Fig. 3(b) shows both quarter-order and half-order

limited, except for the one-third order peaks, which areresonantpeaks, but differing by an order of magnitude

significantly broader, indicating a more disordered strucin intensity, the SnwCy;, results are inconsistent with
ture, or perhaps unresolved subfeatures. The importantkese two Ising-like models [19]. Moreover, the “bilayer”
of performing the measurements at the sulfur absorptiomodel is ruled out by the observation of quarter-order
peak,Ey, is illustrated in Fig. 4, which shows a series of peaks. In fact, if we compare the intensities of the satellite
scans taken in the Sufi;;, phase. Similar scans were peaks within the different phases, it is only the “clock”
made for each of the nonintegral peaks in the variousnodel which could consistently describe the whole range
phases; in all cases, the peaks vanishedfor- Ey)| >  of x-ray signatures we observe for the S variants.

25 eV, confirming their resonant scattering origin. Using this model, we can also advance an explanation

The models which have been proposed to describe thier the suggestive splitting %(0.008Q,) of the peaks

Sm-C* variants can be distinguished based on the valueat Q. = 1.5Q, and 2.5Q, for the SmC} phase of the

of AW, predicted. In addition to the long helical structure enantiomer.  Structure factor calculations based upon

(pitch length of orden wm), all of the models predict a the clock-like evolution ofAW; predict x-ray peaks at

repeating series ak'¥; values with a¥; periodicity of v 0. = 10y + mQ;, with integer/, andm =0, =1, or

layers. Two models are “Ising- like” in that they predict a =2. HereQ, = 2@ (1/vd + 1/Py) and reflects both the

AW, of either 0 orzr exclusively, although theT-Ising”  superlattice and optical pitch periodicities in the molecu-

[2,4,11] and ‘E-Ising” [2,12] models, as we denote them lar arrangements. Inserting the measured-Gmlayer
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spacingd = 38.3 A and the observed), splitting for [2] A. Fukudaet al.,J. Mater. Chem4, 997 (1994).

Fig. 3(d) givesy = 2 as expected ang, = 4800 A [20]. [3] Y. Yamadaet al.,Jpn. J. Appl. Phys29, 1757 (1990).
The SmC, phase of the racemate notably lacks splitting [4] Y. Takanishiet al., Jpn. J. Appl. Phys30, 2023 (1991).
in its half-integer satellite peaks, consistent with there [S] Y. Takanishiet al., Phys. Rev. E51, 400 (1995).
being no optical pitch term in the appropria@ [21]. [6] P. Hamelinet al., J. Rhys. Il (France}, 681 (1993).
Similar analysis of satellite peaks shows incommensurate/] H-T- Nguyenet al., Lig. Cryst. 17, 571 (1994).

eriodicity (nonintegerv), evolving from roughly eight 8] K. Emaet al., Phys. Rev. B47, 1203 (1993).
p y gen), 9 ghly €ig [9] Y. Galerne and L. Liebert, Phys. Rev. Le#6, 2891

to five Iayers with decreasing temperature, in the-Sin (1991); Ch. Bahr and D. Fliegneiid. 70, 1842 (1993).
phase window. A more complete description of thesqig] Careful optical and ellipsometry work was able to confirm
observations will be presented in a future publication. a herringbonelike alternating orientation of molecules in

Summarizing, we have applied resonant x-ray diffrac- Sm-C, layers, with correspondingly antiparallel in-layer
tion to study free-standing films of a liquid-crystal com- polarizations (Ref. [9]).

pound exhibiting a phase sequence of-8fh SmC™, [11] T. Isozakiet al.,Jpn. J. Appl. Phys31, 1435 (1992).
SmC,*m, SmC;,], and SmCZ. Our results provide [12] K. Hiraokaet al.,Jpn. J. Appl. Phys30, L1819 (1991).
the first direct structural evidence for distinct superlat-[13] H. Orihari and Y. Ishibashi, Jpn. J. Appl. Phy29, L115
tice periodicities in these St@* variants. The SACj,, (1990); B. Zeks and M. Cepic, Lig. Cryst4, 445 (1993);
SmCjy,, and SmC} phases are characterized by four- \Ellal,_é Lfé?ﬁ?is%g Bulbitch, and P. Toledano, Phys. Rev.
and three- and two-layer superlattices, respectively, whilj1 4] ! |

s T . . M. Cepic and B. Zeks, Mol. Cryst. Liq. Crys263 61
a periodicity incommensurate with the layer spacing wa (1995); V.L. Lorman, Mol. Cryst. Lig. Cryst262, 437

observed in SAC,. A “clock” model assuming a con- (1995); A. Roy and N. Madhusudana, Europhys. L28.
stant incrementAW; between adjacent layers and a 221 (1996).
corresponding helical'; arrangement agrees with our [15] V.E. Dmitrienko, Acta Crystallogr. Sect. 89, 29 (1983).
experimental observations. We note that extending oufl6] For an example of resonant x-ray diffraction applied
experimental technique to include polarization analysis of ~ to crystalline materials, see D.H. Templeton and
the diffracted beam should provide further insight into the ~ L.K. Templeton, Acta Crystallogr. Sect. A2, 478
molecular structure of the Sii* variants. The tensorial (1986). _
character of the resonant scattering structure factor prél7] 100TBBBIM7 racemate shows the following phase se-
dicts different polarization states for the diffracted x-ray gﬁgggz' isotropic, Sm, SmC, SmCy, and crystal
beam, depending on the mod_el assumed for the molef: 18] The two Ising models were originally proposed for tem-
lar arrangements. In conclusion, the resonant scatteri perature (7") and electric field (E”) induced transitions.
technique clearly shows great promise as a means of ob-  for , > 3, ‘the Ising sequences are explicitly differ-
taining otherwise unavailable information about molecular ent, giving forv = 4 AW, = 7,0,7,0 (T Ising) versus
arrangements in many unique phases of condensed matter. AW; = 7,0,0,7 (E Ising). A fuller discussion, along
We are grateful to H. Baltes and T. Lenhard for exten-  with other examples off; and AW¥; sequences for vari-
sive technical assistance, and to |. Robinson, H. Baltes, ouswv is given in Ref. [2].
T. Lubensky, and B. Pansu for stimulating and critical[19] A molecular form factor explanation (i.e., minimum in
discussions. This work was supported in part by a Na- form fz_actor at half-order peak position) for the intensity
tional Science Foundation grant. One of us (P.M.)would ~ reduction between the quarter- and half-order peaks is
like to acknowledge support from a NSF Fellowship. The unlikely, as the same intensity ratio is observed for all
NSLS s operated by Brookhaven National Laboratory[zo] ?L?gePhag-or:edeesr F\jveealllksv;/ith a previously reported value
under Contract DE-AC02-76CHO00016 with the U.S. De- " /" 30 "0 G 0 il | PhoD. thesis. 1997
partment of Energy, Office of Basic Energy Sciences. V. Laux et al., Lig. Cryst. (to be published).

[21] With our current resolution, we are also unable to
resolve any distinct splitting features in the resonant
peaks characteristic of the S@};; and SmCy,;, phases.

[1] A.D.L. Chandaniet al., Jpn. J. Appl. Phys28, L1265 Absence of resolvable split peaks implies an optical pitch
(1989). of greater than approximately um.
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