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LIQUID CRYSTALS, 1994, VOL. 17, No. 2, 235-242 

X-ray study of the highly ordered smectic phases of 
N-penty 1-N’ -(p-pentyloxypheny1)piperazine 

by Z. X. FAN, H. J. MULLER and W. HAASE* 
Institut fiir Physikalische Chemie, Petersenstrasse 20, 

64287 Darmstadt, Germany 

(Received 12 July 1993; accepted 8 February 1994) 

The structures of the highly ordered liquid crystalline smectic phases of 
N-pentyl-N‘-(p-pentyloxypheny1)piperazine are identified using X-ray diffraction 
methods. For this compound a phase sequence hexagonal smectic B (S~)-ortho- 
rhombic crystalline smectic E (CE)-monoclinic crystalline smectic H (CH) is 
observed for the first time. The changes in structural symmetry at the phase 
transitions are discussed. 

1. Introduction 
The structures of rnesophases are usually identified using polarizing microscopy 

[l, 21, miscibility studies [3,4] and X-ray diffraction methods [5, 61. In most cases, the 
last method gives the definitive answers about the structural arrangement in liquid 
crystalline phases [6-81. In addition, nuclear magnetic resonance spectroscopy 
(NMR) [9], dielectric relaxation spectroscopy [ 10,111 and Raman spectroscopy [ 121 
can give information concerning the molecular motion in different liquid crystalline 
phases. 

In order to derive the unequivocal lattice structure and the molecular packing in 
liquid crystalline phases, adequate macroscopic orientation of the liquid crystalline 
microdomains must be obtained for the X-ray measurements; this can be achieved either 
on heating a single crystal [ 13,141 or better on cooling down from a low ordered liquid 
crystalline phase into the desired phases in the presence of an external magnetic or 
electric field [ 15,161. Using unoriented samples, it is in general difficult to identify the 
indices of the reflection spots [17]. 

In the past, the structures of many highly ordered liquid Crystalline smectic phases 
were fundamentally characterized using the flat film X-ray photographic technique. 
Recently, due to the rapid development of higher resolution X-ray diffraction 
techniques, a new possibility for performing structural investigations of the highly 
ordered liquid crystals exists. 

In this paper, an attempt is made to solve the structures of the highly ordered liquid 
crystalline phases for the compound N-pentyl-N’ -(p-pentyloxypheny1)piperazine from 
the higher resolution diffraction data for the unoriented sample. 

2. Experimental 
The sample N-pentyl-N’-(ppentyloxypheny1)piperazine was synthesized by 

Dr Bartulin (Departamento de Qumica, Facultad de Ciencias, Universidad de 

* Author for correspondence. 

0267-8292/94 $104)0 0 1994 Taylor & Francis Ltd. 
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Figure 1.  DSC curve of the first heating process (the sample used had been crystallized from 
a saturated solution in acetone at - 15OC). 

Concepcion, Chile). Its chemical structure and the phase behaviour are given 
below: 

DSC measurements show that the phase transition solid-CH can only be seen using a 
sample crystallized from a saturated solution in acetone at - 15°C. On second heating 
process, the first melting peak for the phase transition so1id-G disappears. A similar 
behaviour was also found by polarizing microscopic observations. This indicates the 
existence of a supercooled CH phase after the first heating. In figure 1, the DSC curve 
of the first heating process is plotted. The exact phase transition temperatures were 
confirmed using polarizing microscopy. 

For the X-ray measurements, the sample was put into a Lindemann capillary with 
a diameter of 1 mm. The capillary was mounted within a self-built oven. The oven 
temperature was controlled by a regulator (Thor-PID) with an accuracy of ? 0.01 K 
in the vicinity of the sample. Within the oven, two permanent magnets were installed 
in a magnetic ring, producing a magnetic field (1  Tesla) through the sample. However, 
after applying the magnetic field for some days to the liquid crystal phases of the sample, 
no orientation effect could be detected. For this reason the X-ray diffraction 
measurements were performed only on the unoriented compound. 

A focusing, horizontal two-circle X-ray diffractometer (STOE STADI 2 )  with a 
long, fine focus X-ray tube SIEMENS FK (line focus of 0.4 X 1 2  mm2) as X-ray source 
was used for the higher resolution X-ray data collection. The CuKcrl radiation 
(A = 1.54056 A) was focused by acurved Ge( 1 1 1) monochromator. The mechanical and 
electrically controlled smallest stepwidth of the diffractometer was 0.001" in 26 and 
w .  For fast diffractometry, a linear position-sensitive detector (STOE Mini PSD) was 
used with a resolution of the stepwidth of 0.01" in 26. The X-ray measurements were 
done using transmission geometry. A detailed description of the experimental set-up 
has been reported in [IS]. 

3. Results and discussion 
As mentioned above, it is impossible to align the compound in a magnetic 

field ( -  1 Tesla), because no nematic or smectic A phases exist above the SB phase. 
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Figure 2. The one-dimensional scattering diagrams in the different liquid crystalline phases; 

the arrow shows the arched background scattering in the SB phase. 

Figure 2 shows the 28-scan for unoriented sample in the different smectic liquid 
crystalline phases. 

The peak positions were extracted from the scattering profiles using the 'STADI 
powder software' [ 191. Using the same program, the primary index characterization was 
made from the four strongest peaks following standard definition for orthorhombic and 
monoclinic systems [20], with the exception of the hexagonal SB phase. The logic 
solution was used in consideration of conditions limited for possible reflections. The 
best fitting results are listed in table 1. 

In order to distinguish the solid phase from the CH phase, a single crystal analysis 
was performed on a suitable flat prism obtained by recrystallization from a saturated 
solution in acetone at - 15°C. The intensity measurements were made at 22°C on an 
automatic four-circle diffractometer (STOE-Siemens AED2) with graphite mono- 
chromated CuK, radiation (A = 1.54178 A). The lattice dimension was determined by 
a least-squares refinement of 16 strong reflections. The crystal data are listed in 
table 2. . 

Unequivocal structural differences can be seen between the unit cells of the solid 
phase and the CH phase (Crystalline smectic H-see table 1). Because of the strong 
thermal fluctuations, it is impossible to fix all geometric positions, but structure 
analysis at low temperatures is at present in process. 

Using a MNDO program [21], we have simulated the favoured configuration of the 
molecule investigated. In figure 3, this is shown viewed in two orthogonal directions. 
It is found that the average distance between the two end methyl groups, including the 
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Table 1. Index identification and the elementary cell for the SB, CE and CH phases. 

h) 
w 00 

281" (exp.) 28/" (calc.) d/A (exp.) d/A (calc.) Adldpercent h k I 1nt.t Cell 

3.920 
7.881 

19.24 

3.930 
7.886 

18.856 
20.463 
25.956 
26.234 

4.238 
8.541 

17.142 
17.193 
18.47 1 
19.780 
21.081 
21,505 
21.895 
25.870 
26.292 
35.633 
36.254 

3.934 
7.867 

3.935 
7.875 

18.875 
20.46 1 
25,985 
26.292 

4.275 
8.555 

17.159 
17.195 
18.45 1 
19.780 
2 1.084 
2 1.494 
21.899 
25.962 
26.350 
35.603 
36.215 

Hexagonal smectic B phase at 59.3"C 
22.522 22.443 0.35 001 
1 1.209 1 1.228 - 0.17 002 
4.608$ 100 

Orthorhombic crystalline smectic E phase at 452°C 
22.464 22.435 0.13 001 
I 1.202 11.218 - 0.14 002 
4.702 4.698 0.09 110 
4.336 4.337 - 0.02 200 
3.430 3.426 0.12 210 
3.394 3.387 0.2 1 211 

Monoclinic crystalline smectic H phase at 34.9"C 
20.832 20.654 0.86 100 
10.344 10-327 0.16 200 
5.168 5.163 0.10 400 
5.153 5.152 0.02 110 
4.799 4.805 - 0.12 102 
4.485 4.485 0.00 002 
4.21 1 4.210 0.02 310 
4.128 4.131 - 0.07 500 
4.056 4.055 0.02 102 
3441 3.429 0.35 012 
3.386 3.379 0.2 1 412 
2.518 2.520 - 0.08 412 
2.476 2.478 - 0.08 8ii 
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t s = strong; m = medium; w = weak; vw = very weak. 
$. for hexagonal system dlw = dolo = doio = dim = dilo = dlio and a = b. 
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Table 2. Crystal data for the solid phase. 

Temp. U b C P Volume Space group 

22.0"C 12.044 8.125 43.01 104'9" 4008.7 P24c 

Figure 3. Molecular configuration calculated using a MNDO program, viewed from two 
orthogonal directions. 

van der Waal's radius, amounts to 22.58 A, which is nearly identical with the layer 
thickness in the Sg, as well as the CE phases (see table 1). 

Looking at the scattering profile for the hexagonal SB phase, one finds two strong 
reflections with maximum positions at 3-920 and 19-24' in 28. The d-value of the inner 
reflection (22.44 A) is approximately equal to the molecular length. This indicates that 
the molecules are arranged perpendicularly to the smectic layers. The single outer 
reflection gives evidence for a hexagonal molecular packing within the smectic layer. 
Because of the lack of three-dimensional scattering reflection for the SB phase, we 
cannot recognize exactly whether it concerns a three-dimensional crystalline smectic 
B phase and conclude temporally that it is a two-dimensional hexagonal smectic B 
structure. 

In contrast to the inner (001)-reflection, the intensity of the (002)-reflection at 7-88 1 O 
is very weak. This convinces us of a fluctuating smectic structure. Moreover, the 
so-called hexagonal packing means only a pseudohexagonal packing with strong 
molecular motion, including molecular rotation around the molecular long axis and 
vibration about an equilibrium position. In this case, an arched background scattering 
is found close to the outer reflection as shown in figure 2-see arrow in figure. 

It must be pointed out here that the length of the c axis in the SB phase (22 .4  A) 
means only that there is an average thickness of the smectic layer. In this case, the 
corresponding cell volume means only a volume of a hexagonal packing with a certain 
thickness. 

In relation to the hexagonal SB phase, the orthorhombic CE phase is realized through 
a freezing of the molecular rotation from a cylinder-like molecular form to a 
elliptically-shaped molecular form (see figure 4), with the simultaneous extension of 
one edge and shortening of another edge at the phase transition SB-CE. In consequence, 
the 6-fold rotation axis in the SB phase disappears, giving a 2-fold rotation axis in the 
CE phase. Because the molecular long axis remains perpendicular to the smectic layers 
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Q I-- -- - 7 ,Q --I ‘ 
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(a) (b)  
Figure 4. The changes of the elementary cell at the phase transitions; (a) the building of the 

orthorhombic CE phase, starting from the hexagonal molecular packing in the S g  phase 
(solid line and a, 6: hexagonal phase; dashed line and a’, b’: orthorhombic phase); (6) the 
change of the elementary cell from orthorhombic CE phase to monoclinic CH phase, 
realized through tilting via angle f i  (the directions of the a- and c-axes arc exchanged one 
for the other). 

in both phases, the change of d-value of the inner (001) reflection is of course very small 
(table 1). 

Further cooling converts the CE phase into the CH phase. This CE-CH phase 
transition is observed for the first time. But in view of the structural symmetry, it is easy 
to understand that this phase transition occurs through the orthorhombic cell inclining 
via the P-angle (figure 4). A CK phase would be built through a tilting of the cell via 
the angle ct, and be distinguished from the CE-CH phase transition. A third possibility, 
at least theoretically, is a tilting through the angle y. However, up to now no report 
concerning the last type of liquid crystalline phase has appeared. It should be pointed 
out that the CK and CH phases are the most crystalline-like liquid crystal phases known. 

According to Diele et al., the CH phase is related to the crystal smectic G phase by 
loss of molecular rotational freedom and loss of the c-centring of the unit cell [ 16l.This 
results in a monoclinic symmetry by the adoption of a ‘herringbone’-packing with a 
tilt angle along the side edge. Leadbetter et al., have pointed out that in so-called 
‘herringbone’ phases, the molecules remains disordered with respect to rotation about 
both the long and short molecular axes [22]. 

As demonstrated in table 1,  the CE and CH phases show crystal-like behaviour with 
crystal analogue net planes (CE: (211); CH: (412), (412) and (8lT)). But at wide angle 
(> 37”) no reflections related to molecular packing can be found. This indicates that 
the strong incommensurable molecular fluctuations which effectively lead to smoothing 
of the scattering planes. Beside this, the scattering intensities associated with the normal 
line of the smectic layers, but with high indices, i.e. the (001) reflections for the SB and 
CE phases and the (100) reflections for the CH phase, are without exception very weak, 
resulting from undulation of the smectic layer. This is the reason why we talk here about 
liquid crystalline smectic phases. 

In figure 5 ,  the changes of the space group at the phase transitions are plotted. The 
S S  phase is defined as a two-dimensional space group, P6m [23 (a)], in agreement with 
the presumption of a two-dimensional SB structure as mentioned above. In the CE phase, 
the c-axis is extended along the molecular long axes and the [hM)]-plane lies along the 
smectic layers. However, after the phase transition CE-CH, the directions of the a- and 
c-axes are exchanged relative to each other in order to follow the standard representation 
for the space group Cz,, (P2Jc) [23 (b)]. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
0
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



X-ray study of highly ordered S phases 

L. 

L. 

24 1 

0 

F 

-7 

0-0 
0- 

( + a )  
-7 

* - 0  

- A  

- 2/3 8 

Figure 5. The changes of structural symmetry at the SB-CE and CE-CH phase transitions. 

According to dielectric investigations, the activation energies for reorientation 
around the molecular long axes in the SB phase are comparable with those in the nematic 
or SA phase [lo], and such reorientations around the molecular long axes are typical 
for all liquid crystalline phases. For instance, it has been found that the reorientation 
of dipole moments around the long axes of a molecule is faster than lo8 Hz [24] in the 
crystalline smectic G phase. This is one of the reasons for the decrease in the scattering 
intensity for reflections with high indices. 

This work is supported by the German Bundesministerium fur Forschung und 
Technologie under Grant No. 4.3-D15. The authors thank Dr E. B. Loginov for helpful 
discussions and Dr H. Paulus for data collection and single crystal structure 
investigation. 
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