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Comparison of bulk and thin ® lm structures of the liquid crystal

28OBC: measurements and simulations
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Freely-suspended liquid crystalline ® lms of ethyl 4 ¾ -n-octyloxybiphenyl-4-carboxylate (28OBC)
were prepared and transferred onto di� erent substrates which enable detailed structural
characterization. The structures of these thin ® lm assemblies, which are only accessible in this
way, were determined and compared with the crystal and molecular structure of 28OBC as
formed by crystallization from toluene solution. The compound crystallizes in the monoclinic
space group P21 /c, a= 11.168 (1 ) AÊ , b= 7.595 (2 ) AÊ , c= 49.106 (1 ) AÊ , b= 94.01 (1 ) ß , Z = 8. The
two symmetrically independent molecules of the asymmetric unit have been used as starting
geometries for semi-empirical MO calculations. The di� erence between the experimentally
observed and the optimized molecular structures is interpreted as the in¯ uence of the crystal
® eld. The structures of the crystalline and E ® lm phases have been investigated by SAXR and
TED and the former has been found to be di� erent from the bulk structure. The structural
relationships between the di� erent phases are discussed and a suggestion for the crystalline
® lm structure is given as deduced from simulations of electron di� raction patterns.

1 . Introduction A simple way to stabilize freely-suspended ® lms is by
their transfer to solid supports [11, 12]. The resultingFreely-suspended (FS) ® lms are ultrathin multilayered

® lms with two ® lm/air interfaces. The technique for transferred freely-suspended (TFS) ® lms retain many of
the structural and morphological features of the originalpreparing planar freely-suspended ® lms of low molecular

mass smectic liquid crystals was developed in the late FS ® lms. In the case of ethyl 4 ¾ -n-octyloxybiphenyl-
4-carboxylate (28OBC), TFS ® lms have been studied1970s [1] and since this time such ® lms have been used
intensively by optical microscopy and small angle X-rayto study the properties of quasi two-dimensional systems
re¯ ection (SAXR). The phase sequence of these TFS ® lms[2]. Recently FS ® lms of liquid crystalline side group
appeared to be similar to that of the correspondingpolymers have been introduced [3] and photocross-
bulk material ( ® gure 1 ). Notably, their temperaturelinked [4]. Due to self organization, FS ® lms are macro-
stability was ~30 ß C higher as compared with Langmuir±scopically oriented (all molecules orient in smectic layers
Blodgett (LB) ® lms of the same compound. A di� erentparallel to the ® lm interfaces) and therefore attractive
type of defect was considered to be responsible for thissystems for structural investigations. Many of these
observation [13]. Later, the di� erent types of defects inwere performed by X-ray scattering for studies of tilt
both kinds of multilayer assemblies were investigated byand layer ¯ uctuation pro® les [5 ± 7], as well as phase
atomic force microscopy (AFM) [14].characterizations and transitions [8]. However, some

In continuation of our work on thin ® lms of 28OBC,in-plane structural details of ultrathin hexatic FS-® lms
we presently report on structural investigations andhave only been accessible by investigating single ® lm
comparisons of di� erent crystalline and E phases ofdomains by transmission electron di� raction (TED)
28OBC in bulk and thin ® lms. These phases are listed[9, 10]. Unfortunately this technique is limited by the
in the phase sequences shown in ® gure 1 (Cr phases andlow stability of FS ® lms in vacuum.
E phase).

Structural information was obtained using small angle
X-ray re¯ ection (SAXR, all phases), single crystal X-ray*Author for correspondence. Present address: Institut Charles

Sadron, 6, rue Boussingault, F-67083 Strasbourg Cedex, France. di� raction (SCXRD, Cr1 phase) and transmission electron
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644 J. Reibel et al.

by a scintillation counter and each data point represented
the integrated counts of 5 seconds. The step width
was 0.1 ß in 2h. The temperature of the sample holder
was measured by a Pt-100 sensor and a closed-loop
temperature control regulated the temperature of the
® lm and powder supports with an accuracy of Ô 1 ß C.

The crystal structure analysis was performed using an
Enraf-Nonius CAD-4 di� ractometer with CuK a radiation
after passing a graphite monochromator (l= 1.5405 AÊ ).
Lattice parameters were obtained by a least squares
analysis of the scattering angles of 25 re¯ ections with
h> 20 ß . Intensities were recorded with an v/2h scan
mode (0<h< 55 ß ). Of the 5896 re¯ ections, 2260 unique
re¯ ections were considered observed (I> 3s( I) ). The
structure was solved using direct methods (SIR) and
re® ned by full matrix least squares analysis. The C
and O atoms were assigned anisotropic temperatureFigure 1. Structural formula of 28OBC and its phase
factors and the H atoms were re® ned in the riding modesequences in bulk (® rst heating run A , later heating runs

B, TFS ® lms C and LB ® lms D . In the assignment of the with ® xed isotropic temperature factors. An empirical
di� erent crystalline phases of the TFS ® lms the respective absorption correction was applied. Final R indices were
substrate is considered (i.e. Cr4C for a carbon substrate

R = 0.076 and Rw= 0.067 (w = 1/s
2(F) ).and Cr4O for an OTS coated substrate). In the case of the

Transmission electron di� raction (TED) experimentsLB ® lms (D ) the transfer-induced crystalline Cr5 phase
were performed using a Philips EM 300 electron trans-rearranges at ambient temperature into the crystalline

Cr6 phase. When heated the ® lm is destroyed before mission microscope with a tungsten hairpin cathode
reaching the bulk clearing temperature. Cr=crystalline, operating at 80 kV and a Philips EM 420 with a LaB6
Sm=smectic, I= isotropic. cathode (Denki Kagaku) operating at 100 kV. The

electron beam was parallel to the normal to the planes
of the TFS ® lms. The beam had a diameter of 10 ± 20 mm.di� raction (TED, Cr4C and E phases). The in¯ uence of

the crystal ® eld on the molecular geometries in the Cr1 For the determination of real space distances from the
di� raction patterns, TlCl calibration di� ractograms werephase was deduced from semi-empirical MO calculations

starting with the experimentally known molecular recorded.
Molecular geometry optimization calculations werestructures. In order to improve the structural comparison

between the crystalline bulk and ® lm phases and to performed using semi-empirical MO calculations
(MOPAC 6.0, PM 3 hamiltonian) [17].investigate possible ® lm structures, packing energies and

electron di� raction patterns of various structures were The calculation of the packing energy and the
simulations of the electron di� raction patterns werecalculated.
carried out using the modules CRYSTAL PACKER
and DIFFRACTION 1 of the program CERIUS 3.22 . Experimental

The synthesis and the preparation of transferred freely- [18]. The creation of unit cells for the simulation of
electron di� raction patterns was performed accordingsuspended (TFS) ® lms of ethyl 4 ¾ -n-octyloxybiphenyl-

4-carboxylate (28OBC), as well as the supports used for to the following procedure: all possible unit cells with
the experimental lattice parameters (a, b and c) werethe SAXR measurements, have been described previously

[13, 15, 16]. For the TED experiments carbon coated created and the required number of planarized trans-
like molecules were oriented in these cells with theircopper electron microscope grids were used as supports

for the TFS ® lms. Powder samples of 28OBC were long axes approximately parallel to the c-direction of
the cells, considering the symmetry conditions of theprepared by slow solvent evaporation from toluene and

ethanol solutions. Single crystals with a size in the mm respective space group. The length of the c-axis and the
value of the angle b in the monoclinic cells were initiallyrange could be obtained only from the toluene solutions.

h/2h X-ray powder di� ractograms were obtained and set equal to the d00l and b values of Cr1 . Close van der
Waals contacts were eliminated using symmetry-allowedsmall angle X-ray re¯ ection (SAXR) measurements of

the TFS ® lms were made with a D-500 di� ractometer molecular rotations and translations and varying the
monoclinic angle and the length of the c-axis. Generally,(copper K a -radiation with a wavelength of l= 1.5418 AÊ ).

The K b line and ¯ uorescence were suppressed by a the reduction of the crystal packing energy required only
minute changes compared with the starting parameters.secondary monochromator. The re¯ ectivity was detected
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645Bulk and thin ® lm structures of L C 28OBC

Varying intentionally the molecular orientations in the
cells shows that molecular rotations of more than Ô 3 ß
or comparably small translational changes are usually
not possible without increasing the packing energy
remarkably.

The unit cells created in this way and possessing
acceptable packing energies were used to calculate their
electron di� raction patterns along the [0 0 1] zone axis.
These patterns were then optimized towards the experi-
mental di� raction pattern by slightly changing the
orientation of the molecules. Changes which improved
the calculated di� raction pattern with a slight increase
of the packing energy were accepted and used for further
optimization. While translational movements usually do
not strongly a� ect the simulated pattern, this is very
sensitive with respect to rotational changes. In most
cases, rotations of only Ô 1 ß around the x- or y-axes
strongly change the density projection onto the (0 0 1 )
plane and correspondingly dramatically change the
calculated pattern. On the other hand rotations up to
10 ß around the projection axis z do not change the
pattern remarkably.

The di� raction patterns have been calculated for
di� raction angles 2h between 0 ß and 1.7 ß , l= 0.0387 AÊ ,
setting the temperature factor equal to zero. The calcu-
lated patterns were displayed on the screen using a ® lm
scale factor of 1.1 and an intensity factor of 6.

3 . Results and discussion

3.1. Structure of the crystalline bulk phases:
single crystal X-ray di� raction and molecular

geometry calculations
The LC phases of 28OBC were ® rst investigated in

the 1970s [19]. Later additional crystalline bulk phases
were detected by DSC and X-ray powder di� raction
(Cr1 , Cr2 and Cr3 in ® gure 1 [13, 15 )]. Since the Cr2

and the Cr3 phases form only after the respective material
has been heated into the LC phases and recooled, single
crystals of these phases cannot be obtained. Fortunately,
according to X-ray powder di� raction, the same crystal- Figure 2. Projection of the unit cell of the Cr1 bulk phase of
line Cr1 bulk phase directly forms by crystallization 28OBC along the b direction with the a-axis oriented
from toluene or ethanol. Single crystals of the Cr1 phase horizontally and the c-axis oriented vertically.
have been obtained from toluene and its structure was
determined by single crystal X-ray structural analysis. The
unit cell belongs to the monoclinic space group P21 /c which the aromatic and aliphatic parts of the molecules

are arranged in an alternating fashion. The long axeswith the cell parameters a = 11.168(1 ) AÊ , b = 7.595 (2 ) AÊ ,
c= 49.106 (1 ) AÊ , b = 94.01 (1 ) ß , with Z = 4 Ö 2 molecules of the molecules are oriented approximately in the

c-direction with the plane of the phenyl rings parallel toper unit cell and a density dX= 1.133 g cm Õ 3 . The asym-
metric unit contains two symmetrically independent the ac-plane. In each individual layer the octyloxy chains

of neighbouring molecules point alternatingly in di� erentmolecules, whose fractional coordinates and isotropic
thermal factors are given in table 1. directions along the c-axis. This allows compensation

of the molecular dipole moments parallel to the longA projection of the single crystal unit cell is shown in
® gure 2. The crystal structure can be described as a layer axis of the mesogenic units. A very similar crystal

structure (monoclinic, space group P21 , layer structurestructure with the layers parallel to the (1 0 0 ) plane in
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646 J. Reibel et al.

Table 1 (a). Final atomic parameters: fractional coordinates and isotropic temperature factors of the Cr1 phase of 28OBC. E.s.d.s
are given in parentheses. Labels as shown in ® gures 3 (a) and 3 (b).

Molecule 1

Atom x/a y/b z/c U ( iso) Atom x/a y/b z/c U ( iso)

O1 Õ 0.0643 (7 ) 0.226 (1 ) 0.3400 (2 ) 0.0478 C2 0.411 (1 ) 0.278 (3 ) 0.4887 (3 ) 0.1038
O2 Õ 0.1485 (9 ) 0.330 (1 ) 0.1232 (2 ) 0.0785 H21 0.479 (1 ) 0.250 (3 ) 0.4790 (3 ) 0.1690
O3 Õ 0.3261 (8 ) 0.212 (1 ) 0.1293 (2 ) 0.0601 H22 0.402 (1 ) 0.402 (3 ) 0.4897 (3 ) 0.1690
C9 Õ 0.077 (1 ) 0.233 (2 ) 0.3120 (3 ) 0.0398 C3 0.296 (1 ) 0.226 (2 ) 0.4734 (3 ) 0.0863
C12 Õ 0.120 (1 ) 0.238 (2 ) 0.2551 (2 ) 0.0272 H31 0.229 (1 ) 0.257 (2 ) 0.4832 (3 ) 0.1010
C15 Õ 0.147 (1 ) 0.234 (1 ) 0.2253 (2 ) 0.0281 H32 0.305 (1 ) 0.102 (2 ) 0.4731 (3 ) 0.1010
C18 Õ 0.195 (1 ) 0.252 (2 ) 0.1677 (2 ) 0.0376 C4 0.286 (1 ) 0.283 (2 ) 0.4438 (3 ) 0.0699
C21 Õ 0.219 (1 ) 0.268 (2 ) 0.1377 (2 ) 0.0482 H41 0.176 (1 ) 0.132 (2 ) 0.2124 (3 ) 0.0580
C10 0.005 (1 ) 0.310 (2 ) 0.2958 (2 ) 0.0483 H42 0.282 (1 ) 0.408 (2 ) 0.4446 (3 ) 0.0960
H10 0.077 (1 ) 0.359 (2 ) 0.3040 (2 ) 0.0540 C5 0.159 (1 ) 0.297 (2 ) 0.3994 (3 ) 0.0550
C11 Õ 0.017 (1 ) 0.306 (2 ) 0.2677 (3 ) 0.0497 H51 0.098 (1 ) 0.265 (2 ) 0.4387 (3 ) 0.0790
H11 0.035 (1 ) 0.373 (2 ) 0.2572 (3 ) 0.0670 H52 0.167 (1 ) 0.100 (2 ) 0.4296 (3 ) 0.0790
C13 Õ 0.203 (1 ) 0.161 (2 ) 0.2722 (2 ) 0.0414 C6 0.167 (1 ) 0.235 (2 ) 0.4287 (2 ) 0.0616
H13 Õ 0.278 (1 ) 0.119 (2 ) 0.2645 (2 ) 0.0550 H61 0.226 (1 ) 0.264 (2 ) 0.3891 (2 ) 0.0610
C14 Õ 0.182 (1 ) 0.161 (2 ) 0.3003 (3 ) 0.0484 H62 0.162 (1 ) 0.433 (2 ) 0.3985 (2 ) 0.0610
H14 Õ 0.238 (1 ) 0.109 (2 ) 0.3116 (3 ) 0.0550 C7 0.044 (1 ) 0.245 (2 ) 0.3833 (2 ) 0.0523
C16 Õ 0.071 (1 ) 0.322 (2 ) 0.2082 (3 ) 0.0446 H71 Õ 0.021 (1 ) 0.303 (2 ) 0.3907 (2 ) 0.0740
H16 0.001 (1 ) 0.377 (2 ) 0.2154 (3 ) 0.0560 H72 0.035 (1 ) 0.121 (2 ) 0.3852 (2 ) 0.0740
C17 Õ 0.097 (1 ) 0.331 (2 ) 0.1802 (3 ) 0.0426 C8 0.046 (1 ) 0.285 (2 ) 0.3538 (2 ) 0.0545
H17 Õ 0.044 (1 ) 0.389 (2 ) 0.1689 (3 ) 0.0600 H81 0.053 (1 ) 0.409 (2 ) 0.3517 (2 ) 0.1200
C19 Õ 0.270 (1 ) 0.162 (2 ) 0.1844 (2 ) 0.0458 H82 0.113 (1 ) 0.229 (2 ) 0.3463 (2 ) 0.1200
H19 Õ 0.341 (1 ) 0.110 (2 ) 0.1762 (2 ) 0.0470 C22 Õ 0.359 (2 ) 0.222 (3 ) 0.1000 (3 ) 0.0900
C20 Õ 0.245 (1 ) 0.153 (2 ) 0.2123 (3 ) 0.0397 H221 Õ 0.350 (2 ) 0.112 (3 ) 0.0910 (3 ) 0.1290
H20 Õ 0.297 (1 ) 0.085 (2 ) 0.2227 (3 ) 0.0480 H222 Õ 0.305 (2 ) 0.306 (3 ) 0.0932 (3 ) 0.1290
C1 0.420 (2 ) 0.224 (2 ) 0.5182 (3 ) 0.1315 C23 Õ 0.441 (2 ) 0.348 (3 ) 0.0945 (3 ) 0.1497
H101 0.489 (2 ) 0.270 (2 ) 0.5280 (3 ) 0.1380 H231 Õ 0.459 (2 ) 0.363 (3 ) 0.0755 (3 ) 0.1650
H102 0.351 (2 ) 0.252 (2 ) 0.5276 (3 ) 0.1380 H232 Õ 0.494 (2 ) 0.264 (3 ) 0.1013 (3 ) 0.1650
H103 0.427 (2 ) 0.100 (2 ) 0.5168 (3 ) 0.1380 H233 Õ 0.449 (2 ) 0.457 (3 ) 0.1036 (3 ) 0.1650

with layers parallel to the (1 0 0 ) plane, coplanar phenyl 3.2. Structure of T FS ® lms: electron di� raction
Whereas the structure of ® lms along the ® lm normalrings) is already known for 4-[ (S)-2-methylbutyl]phenyl

4 ¾ -n-heptyloxybiphenyl-4-carboxylate [20]. is obtained from SAXR ( ® lms on smooth surfaces),
in-plane ® lm structures are assessed by transmissionThe two molecules of the asymmetric unit of 28OBC

have similar conformations ( ® gure 3 ) but exhibit opposite electron di� raction (TED). However, this method requires
samples and substrates that are su� ciently transparentorientations of the terminal octyloxy chains. Pertinent

parameters characterizing their slight di� erences are for electrons and su� ciently stable. Transferred freely-
suspended ® lms on carbon coated electron microscopegiven in table 2.

The two molecules have been used to de® ne starting grids ful® ll both criteria and consequently such ® lms of
28OBC in their Cr4C and E phases have been investigatedgeometries for the calculation of minimized molecular

geometries on the semi-empirical level. Interestingly, both by this method.
starting geometries were considered rather unfavourable
and have been optimized into the same ® nal structure, 3.2.1. Electron di� raction on the Cr4C crystal phase

Transmission electron di� ractograms of TFS ® lms of® gure 3 (c). The di� erences in the heat of formation
between the starting and end geometries were 466.6 28OBC in the Cr4C phase at ambient temperature show

up to six orders of di� raction maxima in the beamand 484.4 kcal mol Õ 1 for molecule 1 and molecule 2,
respectively. In the calculated molecule all carbon and geometry parallel to the layer normal. In order to deter-

mine the corresponding zone axis we use the followingoxygen atoms lie within a common plane with the
exception of the two ester oxygen atoms and the ethyl arguments. From earlier experiments it is known that in

TFS ® lms the smectic layers are oriented parallel to thegroup. The latter is rotated by about 65 ß out of this plane.
Besides slight changes in bond lengths and angles arising substrate interface [12]. Therefore in ® lms consisting of

phases without molecular tilt and with the beam geo-from the parametrization, we attribute the di� erent
out-of-plane angles to the in¯ uence of the crystal ® eld. metry described above, the electron beam is incident

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



647Bulk and thin ® lm structures of L C 28OBC

Table 1 (b).

Molecule 2

Atom x/a y/b z/c U ( iso) Atom x/a y/b z/c U ( iso)

O11 0.2793 (8 ) 0.260 (1 ) 0.1307 (2 ) 0.0525 C32 Õ 0.217 (2 ) 0.217 (3 ) Õ 0.0147 (3 ) 0.1149
O12 0.374 (1 ) 0.148 (1 ) 0.3475 (2 ) 0.0782 H321 Õ 0.230 (2 ) 0.095 (3 ) Õ 0.0114 (3 ) 0.1300
O13 0.5317 (9 ) 0.307 (2 ) 0.3413 (2 ) 0.0774 H322 Õ 0.273 (2 ) 0.285 (3 ) Õ 0.0054 (3 ) 0.1300
C39 0.297 (1 ) 0.249 (2 ) 0.1585 (3 ) 0.0450 C33 Õ 0.100 (1 ) 0.258 (2 ) Õ 0.0008 (3 ) 0.0888
C42 0.345 (1 ) 0.233 (3 ) 0.2155 (3 ) 0.0342 H331 Õ 0.084 (1 ) 0.380 (2 ) Õ 0.0023 (3 ) 0.1390
C45 0.368 (1 ) 0.232 (2 ) 0.2453 (2 ) 0.0303 H332 Õ 0.040 (1 ) 0.193 (2 ) Õ 0.0093 (3 ) 0.1390
C48 0.414 (1 ) 0.229 (2 ) 0.3026 (3 ) 0.0378 C34 Õ 0.085 (1 ) 0.224 (2 ) 0.0291 (3 ) 0.0802
C51 0.436 (1 ) 0.226 (2 ) 0.3323 (3 ) 0.0539 H341 Õ 0.102 (1 ) 0.101 (2 ) 0.0306 (3 ) 0.1050
C40 0.212 (1 ) 0.177 (2 ) 0.1746 (2 ) 0.0555 H342 Õ 0.144 (1 ) 0.289 (2 ) 0.0376 (3 ) 0.1050
H40 0.139 (1 ) 0.128 (2 ) 0.1667 (2 ) 0.0690 C35 0.033 (1 ) 0.261 (2 ) 0.0439 (3 ) 0.0794
C41 0.239 (1 ) 0.175 (2 ) 0.2020 (3 ) 0.0521 H351 0.052 (1 ) 0.381 (2 ) 0.0406 (3 ) 0.0920
H41 0.177 (1 ) 0.140 (2 ) 0.2128 (3 ) 0.0580 H352 0.090 (1 ) 0.187 (2 ) 0.0363 (3 ) 0.0920
C43 0.426 (1 ) 0.296 (2 ) 0.1979 (2 ) 0.0488 C36 0.045 (1 ) 0.225 (2 ) 0.0737 (3 ) 0.0698
H43 0.497 (1 ) 0.352 (2 ) 0.2055 (2 ) 0.0660 H361 0.024 (1 ) 0.106 (2 ) 0.0769 (3 ) 0.0900
C44 0.405 (1 ) 0.302 (2 ) 0.1702 (3 ) 0.0520 H362 Õ 0.012 (1 ) 0.301 (2 ) 0.0812 (3 ) 0.0900
H44 0.465 (1 ) 0.338 (2 ) 0.1588 (3 ) 0.0600 C37 0.163 (1 ) 0.260 (2 ) 0.0885 (2 ) 0.0711
C46 0.293 (1 ) 0.145 (2 ) 0.2629 (3 ) 0.0403 H372 0.182 (1 ) 0.380 (2 ) 0.0854 (2 ) 0.1000
H46 0.220 (1 ) 0.097 (2 ) 0.2550 (3 ) 0.0540 H372 0.219 (1 ) 0.186 (2 ) 0.0803 (2 ) 0.1000
C47 0.314 (1 ) 0.143 (2 ) 0.2901 (2 ) 0.0381 C38 0.163 (1 ) 0.226 (2 ) 0.1183 (2 ) 0.0625
H47 0.263 (1 ) 0.072 (2 ) 0.3003 (2 ) 0.0420 H381 0.104 (1 ) 0.294 (2 ) 0.1266 (2 ) 0.1070
C49 0.492 (1 ) 0.314 (2 ) 0.2859 (3 ) 0.0441 H382 0.149 (1 ) 0.105 (2 ) 0.1215 (2 ) 0.1071
H49 0.563 (1 ) 0.372 (2 ) 0.2932 (3 ) 0.0590 C52 0.563 (2 ) 0.324 (3 ) 0.3710 (3 ) 0.1083
C50 0.467 (1 ) 0.31202 ) 0.2582 (3 ) 0.0502 H521 0.511 (2 ) 0.251 (3 ) 0.3805 (3 ) 0.1110
H50 0.522 (1 ) 0.367 (2 ) 0.2470 (3 ) 0.0480 H522 0.563 (2 ) 0.439 (3 ) 0.3787 (3 ) 0.1110
C31 Õ 0.232 (2 ) 0.245 (3 ) Õ 0.0439 (3 ) 0.1223 C53 0.672 (2 ) 0.254 (3 ) 0.3768 (3 ) 0.1210
H311 Õ 0.312 (2 ) 0.211 (3 ) Õ 0.0488 (3 ) 0.1140 H531 0.702 (2 ) 0.246 (3 ) 0.3954 (3 ) 0.1160
H312 Õ 0.222 (2 ) 0.366 (3 ) Õ 0.0480 (3 ) 0.1140 H532 0.670 (2 ) 0.140 (3 ) 0.3689 (3 ) 0.1160
H313 Õ 0.179 (2 ) 0.177 (3 ) Õ 0.0540 (3 ) 0.1140 H533 0.723 (2 ) 0.328 (3 ) 0.4671 (3 ) 0.1160

Table 2. Some parameters characterizing the conformations of the two molecules of the asymmetric unit of the Cr1 phase of
28OBC.

Angle/ ß

Angle between: Molecule 1 Molecule 2

Octyloxy chain and adjacent phenyl ring 11.3 7.4
The phenyl rings 5.8 9.3
Ester group and adjacent phenyl ring 10.0 3.0
Torsion angle of the ethyl group Õ 108.7 122.7

parallel to the long axes of the molecules. Since the layer structure of the smectic layers can be assigned to the
(h k 0 ) plane. A complete structural determination ofspacings of both phases are equal (table 3 ), for TFS

® lms of 28OBC the condition of zero tilt is not only the Cr4C phase was not possible by this method since
the di� ractograms obtained from oblique beam incidenceful® lled in the E phase, but also in the crystalline

Cr4C phase. could not be indexed.
The TFS ® lms investigated by electron di� raction hadIn many crystalline phases of liquid crystalline com-

pounds the molecular long axes are oriented more or been transferred without annealing of the original FS
® lms. Therefore they are composed of di� erent islandsless parallel to the c-direction of the respective unit cells

[20 ± 22]. This is also the case in the Cr1 phase. Therefore with lateral dimensions up to 0.1 mm and with di� erent
thicknesses. From the di� erent interference colours, thewe assume the zone axis for the investigations of the

TFS ® lms with parallel beam geometry to be approxi- thicknesses of the thinnest islands investigated were
determined to be 200 AÊ . In this thickness range themately the [0 0 1]-axis. In this case the observed in-plane
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From domains with lateral dimensions larger than
the electron beam, single crystal electron di� ractograms
of TFS ® lms of 28OBC in the Cr4C phase at ambient
temperature have been obtained. Independent of the
respective domain thickness, all these di� ractograms
showed the same pattern. A typical example is shown in
® gure 6 (a). The large number of sharp (h k 0 ) re¯ ections
corresponds to a crystalline two-dimensional lattice.
The equal intensity of each set of four re¯ ections (h k 0 )
with h = Ô h, k = Ô k further indicates that it is of a
rectangular type and excludes triclinic plane groups. The
lattice parameters are a = 5.6 Ô 0.1 AÊ , b = 7.8 Ô 0.2 AÊ and
c = 90 ß as given in table 3.

These parameters show remarkable similarities to the
corresponding parameters of the Cr1 phase. The b and
c values of both phases are equal within experimental
error and the a value of Cr1 is exactly twice as large as
the corresponding value for Cr4C . This allows us to
assume that the Cr4C phase is a crystalline high temper-
ature phase compared to Cr1 , gaining symmetry by
reducing the number of molecules per unit cell and
also supports the assumption of the [0 0 1] zone axis
made above. The ratio of the a values of Cr4C and Cr1

suggests a unit cell in the ® lms with half (Z = 4 ) or a
quarter (Z = 2 ) of the cell volume of the bulk phase.
This argument will be important for the reduction of
reasonable space groups for the Cr4C phase (see § 3.2.3 ).

Interestingly, the intensities of the (0 k 0 ) re¯ ections
with k = 2n + 1 are comparatively weak. This can beFigure 3. Molecular structures of 28OBC in the projections
interpreted in two ways. Firstly, these re¯ ections areto the plane of the phenyl rings: (a) and (b) ORTEP plots
considered as r̀eal’ but weak. In this case no extinctionsof the two independent molecules of the asymmetric unit

of the Cr1 phase showing the atomic labelling scale; can be observed, which reduces the possible two-
(c) molecular structure after optimizing the two molecules dimensional plane groups of the density projection on
(a and b) by semi-empirical MO calculations; (d ) trans-

the [0 0 1] zone to pm and pmm . However, the weaknessand (e) cis-like planarized molecules derived from molecule
of these re¯ ections suggests that here the deviation from1 and used for the simulation of electron di� ractograms.
a more symmetric structure, exhibiting a 21-screw axis
or glide plane, is only gradual. The second possibility
results from the thickness of the ® lms. Since all TFS
® lms were thicker than #200 AÊ , weak di� raction spotsaccuracy of this method is Ô 1 layer (corresponding to
may arise at positions of systematic absences due toÔ 25 AÊ ). By cooling the ® lms to ambient temperature
dynamical scattering [23]. Assuming the absences of(into the Cr4C phase) each island splits into many
the (0 k 0 ) re¯ ections with k = 2n + 1 in ® gure 6 (a), thecrystalline domains. Due to the average area of these
possible plane groups of the density projection to thedomains being in the mm-range [14] and within the
[0 0 1] zone are pg and pmg.diameter of the electron beam, often more than one

The plane groups pmm and pmg require four moleculesdomain is irradiated simultaneously. The corresponding
at general positions. To build up a unit cell containingdi� raction picture therefore results from all simul-
two molecules, the molecules must be positioned attaneously measured domains and shows several similar
special equivalent positions of the unit cell and thedi� raction patterns rotated against each other. The
molecule itself must exhibit a mirror plane. Although arotation angle between two respective patterns corre-
mirror plane in the molecular geometry of 28OBC is asponds to the di� erent directions of the two-dimensional
special case (and for instance not observed in the singlecrystallographic axes in the two domains. The observed
crystal structure), it is possible and therefore the planeangles were di� erent in all cases. A relation between

them was not found. groups pmm and pmg need to be considered for the
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649Bulk and thin ® lm structures of L C 28OBC

derivation of symmetry-allowed space groups from the with molecular geometries, SAXR results and packing
energies, a structural model for the Cr4C phase is pro-projection to their ab plane (§ 3.2.3 ).
posed. Secondly, the calculated pattern of the single
crystalline Cr1 phase, known from X-ray analysis, is3.2.2. Electron di� raction on the E phase

When heating the TFS ® lms to temperatures above compared with experimental di� ractograms of the Cr4C

® lm phase.73 ß C, a di� raction pattern similar to the pattern
already observed from FS ® lms in an E phase [10] As already mentioned, a complete structure deter-

mination of the Cr4C phase could not be carried outappears ( ® gure 4 ). In this pattern only some of the low
order re¯ ections, i.e. the (1 1 0 ) , (1 2 0 ), (1 3 0 ) and because information from other zone axes could not be

obtained. In order to propose a structure for this phase(0 2 0 ) re¯ ections, remain visible. The loss of the higher
order re¯ ections is due to a larger molecular mobility from simulations of electron di� raction patterns, the

number of potential space groups has to be reduced.in the less ordered E phase compared with the crystalline
phase. This increase in molecular mobility has two more Following the argument about cell volume given

in § 3.2.1 [a (TED)= 0.5*a (SCXRD)] and consideringconsequences. Firstly, it leads to an increase of the
symmetry of the density projection, visible by the absence the observation of all (0 0 l ) re¯ ections up to l= 6 in

SAXR di� ractograms (see § 3.3 ) of the Cr4C phaseof the (1 0 0 ) and (0 1 0 ) re¯ ections in the pattern.
Secondly, it leads to an increase of the two-dimensional [c (SAXR)=0.5*c (SCXRD)], only space groups containing

two molecules are possible. Therefore only the ® ve mono-unit cell area. The unit cell dimensions of the E phase
are a = 5.6 Ô 0.1 AÊ , b = 8.2 Ô 0.1 AÊ and c= 90 ß (table 3 ). clinic groups P2 ( pm projection), P21 ( pg projection),

Pm ( pm projection), P2/m ( pmm projection) and P21 /mTherefore the increase of the unit cell area interestingly
results from an increase of one lattice parameter only. ( pmg projection) and the two orthorhombic groups

Pmm2 ( pmm projection) and Pma2 ( pmg projection)The change of the unit cell volume by cooling TFS ® lms
from the E phase to the crystalline phase has already remain.

The geometry of the single molecules in the C4C phasebeen observed macroscopically by the development of
cracks [13, 14]. and therefore the asymmetric unit for the simulations is

also unknown. As expected from packing considerations,
non-planar molecular geometries were planarized when3.2.3. Simulation of electron di� raction pattern

The simulation of transmission electron di� raction either the single crystal or the MOPAC geometry was
packed in unit cells with desired dimensions. For thispatterns has been used for two purposes. Firstly, using

data from the experimental di� ractograms combined reason and in order to consider the special case of
asymmetric units containing a mirror plane, planarized
geometries with cis-like and trans-like orientations of
the ethyl group with respect to the octyloxy chain were
derived from molecule 1 of the Cr1 crystal structure,
® gures 3 (d ) and 3 (e). The cis-like form was still quite
di� cult to pack into the unit cells and therefore only
the trans-like form was used for extensive simulations of
electron di� raction patterns.

In the case of the space groups P21 /m , Pma2, P2/m

and Pmm2, the two molecules of the unit cell need to be
positioned at a mirror plane. In the latter two cases
( pmm projections) the molecules must be packed in rows
which is not possible in unit cells with the experimental
a and b values. The overlap of molecules by this kind of
packing is exemplarily shown in the case of a Pmm2

unit cell in ® gure 5 (top). Therefore these two space
groups can be excluded. The packing of two molecules
at special equivalent positions for the space groups
P21 /m and Pma2 with acceptable minimum packing
energies is possible ( ® gure 5, bottom), but in these cases
the simulated electron patterns are clearly di� erent from
the measured di� ractogram. However, the restrictionFigure 4. Typical di� raction pattern of TFS ® lms of 28OBC
of symmetry-allowed molecular translations to twoin the E phase at 73 ß C. The halo arises from the carbon

substrate. and of molecular rotations to one direction, does not
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650 J. Reibel et al.

The simulation of electron di� raction patterns for the
three remaining cells, as also described in the experi-
mental section, was used to judge the various structural
suggestions. In the case of the space groups Pm and P2

no simulated patterns similar to the experimental patterns
could be obtained. Indeed these patterns displayed weak
(0 k 0 ) re¯ ections with k = 2n + 1, but the intensity ratios
of the other re¯ ections were clearly wrong in comparison
with the experimental di� raction pattern. The simulations
with P21 structures resulted in the closest simulated
patterns as compared with the measured di� ractogram,
but exhibit systematic absences at the positions mentioned
above. One of the best calculated patterns is shown
in ® gure 6 (b). This pattern directly corresponds to a
structure with minimum packing energy (Õ 51 kcal mol Õ 1).
Its unit cell has a c axis of c = 24.6 AÊ , a monoclinic angle
b = 94.0 ß and a desnity dx= 1.10 g cm Õ 3 , ® gures 6 (c)
and 6 (d ). In this structure the molecules are oriented in
layers and the octyloxy chains of neighbouring molecules
point in opposite directions, similar to the Cr1 phase.

Figure 5. Symmetry considerations by packing two 28OBC Both pattern and packing energy deteriorate signi® cantly
molecules containing mirror planes in unit cells of space by changing the orientation of the molecules more than
groups with pmm or pmg symmetry in their respective 2 ß with respect to the x- or y-axes and more than 5 ß
rectangular projection to the ab-plane. Displayed are

with respect to the z-axis of the unit cell.the projections of the symmetry elements ( left hand side)
In order to compare the structure obtained for theand schematically one respective possibility of molecular

packing (right hand side) for the representative examples Cr4C phase with the structure of the Cr1 crystal phase,
of the Pmm2 (top) and Pma2 ( bottom) space groups. The the di� raction pattern of the latter phase along the
light grey ovals in the packing drawings (right hand side) [0 0 1] zone axis was calculated from the single crystal
represent the projection of the single molecules on to the

X-ray data (the crystals of the Cr1 phase were too thickab-plane with a mirror plane parallel to their length axes.
for transmission electron di� raction). In this pattern,The arrows inside these ovals indicate the absence of a

second mirror plane perpendicular to the ® rst. The dimen- ® gure 6 (e) , the re¯ ections along the a*-direction have
sions of the molecule and unit cell projections are arbitrary exactly half the periodicity of the corresponding set
and do not correspond to experimental data. In both of re¯ ections in the di� ractogram of the Cr4C phase,
cases ( pmm and pmg projection), the molecular mirror

® gure 6 (a). This shows again the doubling of the latticeplanes must coincide with the unit cell mirror planes,
parameter as already mentioned in § 3.2.1. In order towhich strongly reduces the number of allowed molecular

orientations in the cells. generate the Cr4C di� raction pattern based on the Cr1

structure, one of the symmetrically independent molecules
was cancelled and the a-axis was divided by two. By
this method again, a P21 /c unit cell results. Due to the

allow re® nement of the simulated di� raction pattern glide plane of this symmetry, the resulting simulated
and therefore these two space groups can also be di� raction pattern, ® gure 6 ( f ) , also has the extinctions
excluded. shown in ® gure 6 (b). However, the space group P21 /c

Unit cells of the remaining three monoclinic space of the Cr1 phase contains the simulated space group P21

groups P2, Pm and P21 can be built up containing two of the Cr4C phase as a sub-group. Therefore it was
molecules at general equivalent positions. These molecules possible to generate a P21 unit cell from the Cr1 phase.
do not need mirror planes or other symmetry elements The resulting structure and its corresponding simulated
(except of the identity) and in contrast to the four space electron di� raction pattern are given in ® gures 6 ( g ) and
groups discussed above their orientations within the unit 6 (h), respectively.
cells are not limited by symmetry arguments (except of The comparison of the structure obtained from pure
the orientation in relation to each other). As a result simulation with the structure obtained from reducing
using the P2, Pm and P21 space group, unit cells with the symmetry of the SCXRD structure gives only small
di� erent molecular orientations and satisfying packing di� erences. In the case of the simulated structure the con-
energies could be simulated, respectively, according to formation of the molecule was ® xed to be planar, which

leads to slightly di� erent orientations of the moleculesthe procedure described in § 2.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



651Bulk and thin ® lm structures of L C 28OBC

(a) (b)

(d)(c)

Figure 6. Measured and simulated transmission electron di� raction patterns of TFS ® lms of 28OBC. All patterns correspond to
the [0 0 1] zone axis with the b*-axis oriented vertically and the a*-axis oriented horizontally. (a) Typical measured di� raction
pattern of the crystalline Cr4C phase at ambient temperature; (b) simulated pattern of the calculated P21 structure; (c) view of
the P21 structure along the c-axis (2 Ö 3 unit cells) and (d ) along the b-axis (4 unit cells); (e) calculated pattern of the Cr1

phase; ( f ) calculated pattern of P21 /c structure obtained from the Cr1 phase; ( g ) calculated pattern of a monoclinic P21

structure obtained from the Cr1 phase; (h) 2 Ö 3 unit cells of the Cr1 phase after symmetry reduction from P21 /c (Z = 8 ) to
P21 (Z = 2 ).
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652 J. Reibel et al.

(e)

(g) (h)

(f )

Figure 6. (continued ).

in the cell. However, a screwed molecule can be packed di� raction patterns of both structures are comparable,
although the di� erences in orientation and conformationbetter and therefore the structure obtained from SCXRD

exhibits a better packing energy of Õ 73 kcal mol Õ 1 . The of the molecules cause slight shifts of the intensities.
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3.3. Structural comparison of the phases in thin ® lms rearrangement process may be the change of the enforced
parallel arrangement into the more favourable, bulk-likeand bulk

In this and previous papers [13, 15] we have investi- dipole arrangement of neighbouring molecules.
Comparison of the s̀mectic’ layer spacings d00l showsgated the structures of di� erent phases of 28OBC in bulk,

Langmuir± Blodgett and transferred freely-suspended that, dependent on the respective substrate, in TFS ® lms
of 28OBC crystalline phases with di� erent structures® lms. In order to discuss the structural relationships

between these phases, parameters of the respective exist (table 3, ® gure 1 ). Obviously these phases di� er
not only in their layer spacings, but also in their in-planeelementary cells are listed in table 3.

Even in bulk, 28OBC exhibits more than one crystal- structures (table 3 ). However, it has to be mentioned
that the a, b and c values of the Cr4O phase wereline phase (Cr1 , Cr2 and Cr3 ) . These phases cannot be

distinguished by X-ray powder di� raction. Particularly, obtained by AFM measurements and therefore arise
from the surface layer of the ® lm [14]. These values aretheir s̀mectic’ layer spacings are identical in all cases

(d = 24.6 Ô 0.2 AÊ ). Therefore it is concluded that the unit not necessarily also valid for the inner ® lm structure
and also may not correspond to the given c value.cell dimensions of the phases must be similar and the

structures probably di� er slightly in their molecular Nevertheless, from the layer spacing alone, it is obvious
that the structure of Cr4O must be di� erent from that ofconformations. Another hint as to the similarity of

Cr1 and Cr3 is their common transition temperature to the crystalline bulk phases. In the case of the Cr4C phase,
the layer spacing is identical to that of the crystallinethe LC phases. Presently, more conclusions about the

relationship of the bulk phases are not possible. bulk phases (d = 24.5 Ô 0.2 AÊ ), but the di� erence between
the Cr4C and the Cr1 phases has been shown by theIn the discussion of the structure of the Cr1 phase, we

have already pointed out that the dipole moments of simulation of the electron di� raction pattern of the
latter. An in¯ uence of the substrate on the structureneighbouring molecules in the layers point in opposite

directions. This leads to an understanding of our of ultra-thin organic ® lms has also been reported
for Langmuir± Blodgett monolayers on di� erent solidrecently observed rearrangement process taking place

in Langmuir± Blodgett ® lms of 28OBC [15]. By the supports [24, 25].
deposition conditions of the Langmuir± Blodgett method,
the formation of a bilayer structure (assigned as Cr5 , 4 . Summary and conclusion

The crystal and molecular structure of one of the® gure 1 ) with a layer spacing of 43.7 AÊ ( table 3 ) is
enforced. This structure rearranges at ambient temper- crystalline phases (assigned as Cr1 ) of ethyl 4 ¾ -n-octyloxy-

biphenyl-4-carboxylate (28OBC) was determined by singleature within hours into a monolayer structure (assigned
as Cr6 , ® gure 1 ) with a layer spacing of 24.2 AÊ (table 3 ) . crystal X-ray di� raction. In this structure the molecules

are oriented in layers parallel to the (0 0 1 ) plane, similarEven though many di� erent forces are responsible for
structure formation, one of the driving forces of this to a known structure of another 4 ¾ -substituted biphenyl-

Table 3. Structural data of di� erent phases of 28OBC as obtained by single crystal X-ray di� raction (SCXRD), small angle X-ray
re¯ ection (SAXR), transmission electron di� raction (TED) and atomic force microscopy (AFM). Substrates: C= carbon
coated substrate; Q/O=quartz coated with octadecyltrichlorosilane (OTS); Si/O=silicon coated with octadecyltrichlorosilane
(OTS).

in-plane structure

Phase T / ß C Substrate Method a/AÊ b/AÊ c/ ß A
a
/AÊ 2

d
b
00l /AÊ

Cr1 25 Ð SCXRD 11.2 7.6 90 21.3 24.5c Ô 0.2
Cr2 25 Ð Ð d d d d 24.5 Ô 0.2
Cr3 25 Ð Ð d d d d 24.5 Ô 0.2
Cr4O 25 Q/O AFM 5.8 Ô 0.3 7.3 Ô 0.4 71 19.0 23.6 Ô 0.2
Cr4C 25 C TED 5.6 Ô 0.1 7.8 Ô 0.2 90 21.8 24.5 Ô 0.2
Cr5 25 Si/O Ð d d d d 43.7 Ô 0.2
Cr6 25 Si/O Ð d d d d 24.2 Ô 0.2
E 91 C TED 5.6 Ô 0.1 8.2 Ô 0.1 90 23.0 24.5 Ô 0.2

a Area A per molecule of the projection on the ab-plane.
b All layer spacings d00l were obtained by SAXR.
c In the case of the Cr1 phase the observed d00l spacing is only half of the actual c lattice parameter of the unit cell (c= 49.1 AÊ )

caused by the P21 /c symmetry.
d Not investigated.
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