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Abstract

Polyurethanes prepared from 1,6-diisocyanate hexane (HDI) and 2,4-tolylene diisocyanate (2,4-TDI) with liquid crystalline chain extender
4,4’ -bis(n-hydroxyalkyloxy)biphenyl (n-PBP, n = 2, 3, 6) were reported. Characterizations of monomers and polymers were performed by
infrared spectroscopy (IR), '"H-NMR, solid-state C'>-NMR, and elemental analysis. The phase transition behaviors of polyurethanes were
investigated by Global TSC, DSC, and polarized microscopy (POM). Our results showed that monomers 4,4’-bis(n-hydroxyalkyloxy)
bipheny! exhibit smectic type mesophase. It was observed that the longer the spacer length of polyurethanes, the higher the chain mobility,
the larger DOD (degree of disorder) value and the lower the relaxation time. Also the phase transition temperature of polyurethanes decreases
with increasing spacer length. DSC measurements and texture observations indicated that H2, H3, H6 and T6 exist in both mesophase and
crystal phase. Quantitative analysis of temperature dependence hydrogen bonding revealed that hydrogen bonded content (X,) of the C=0
group for all samples decreased with increasing temperature. For the H series, both X}, and AH decrease with increasing spacer length of the

mesogenic diol. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Liquid crystalline segmented polyurethane elastomer
containing mesogenic diols as chain extenders is a new
class of thermoplastic elastomers [1-4]. The liquid crystal-
line hard domains are composed of diisocyanate and meso-
genic diol and act as physical cross-links for the network.
Since limura et al. [5] first reported on liquid crystalline
polyurethane (LLCPUs), a few studies regarding synthesis
and phase transition behavior have appeared in the literature
[6-22]. They have shown that LCPUs exhibit both
mesophas and crystal phase [8—10] and have extremely
high crystallinity upon annealing [11,12]. The phase
behavior would also be affected by the formation of
hydrogen bonding [13] and different diisocyanate [14].
Recent studies on liquid crystalline polyurethanes elasto-
mers were concentrated on synthesis, phase transition
behavior, annealing effect and chain—chain interactions
[16-23]. Penczek and coworkers found that 25 mol% of
mesogenic component would be sufficient to impart liquid
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crystalline properties, but LCPUs still exhibit crystalline
behavior [15-17].

For polyurethanes, hydrogen bonding may form between
the NH group of the urethane group and the carbonyl group
and adjacent oxygen atom in the urethane group, as well as
the ester carbonyl or ether oxygen of the soft segment.
Tanaka revealed that more than 85% of NH groups form
hydrogen bonding at room temperature [24]. The absorption
bands of both NH and C=0 groups are composed of two
kinds of vibration, hydrogen bonded and non-hydrogen
bonded, namely bonded and free absorption, respectively.
The frequency of free absorption bands are higher than
those of bonded absorptions for both NH and C=0O vibra-
tions. While treated by heat or deformation, the intermole-
cular interactions of polyurethane may change. So, the
absorption bands shift to higher frequencies and change in
the shape, half-width and integrated intensity [24—29]. The
absorption band would also be affected by the steric factors
associated with packing and the frequency shift has been
accepted as a measure of the strength of hydrogen bonding
[27]. Quantitative analysis of hydrogen bonding and
thermodynamic parameters can be estimated via infrared
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spectroscopy by the following equation [26,27,30,31]:

_(1-X)
Kq= X (1)
—AH AS
Kd :CXp(W‘}- ?> (2)

where X}, represents hydrogen bonding content and can be
obtained from IR measurement under the assumption of
Beer’s law, and K is the equilibrium constant for the dis-
sociation of hydrogen bonded NH group, AH is the disso-
ciation enthalpy of hydrogen bonding.

Thermally stimulated current/relaxation map analysis
(TSC/RMA) is a powerful instrument which is capable of
determining the characteristics of the morphological proper-
ties of polymer materials such as glass transitions, phase
separation and molecular chain relaxation [32—-36]. Further-
more, the RMA spectra obtained from thermal windowing
technique can be used to estimate some thermodynamic
parameters so as to interpret the molecular chain motion.

In this research, the effects of mesogenic chain extenders,
with various spacer lengths, on the properties of polyur-
ethane hard segments were investigated and reported. Poly-
urethane elastomers containing mesogenic chain extender
diols will be reported in an another study.

2. Experimental
2.1. Materials

2-Chloro ethanol and 3-chloro-1-propanol were pur-
chased from Aldrich. 1-Chloro-6-hydroxyhexane was pur-
chased from ACROS. 1,6-Diisocyanate hexane (HDI) and
1,4-butadiol were purchased from TCI and used as received.
4,4'-Biphenol was recrystallized with ethanol before use.
2,4-Tolylene diisocyanate (2,4-TDI) was purchased from

Merck and purified by distillation under vacuum. A mixture
of NMP and CaH2 was stirred overnight, then distilled
under vacuum and stored with a 4-A molecular sieve.

2.2. Polymerization

Monomers, n-PBP (4,4'-bis(n-hydroxyalkyanoxy) biphe-
nyl) were synthesized according to the method described in
the literature [12—14], where n = 2, 3 and 6, respectively.
The synthesis procedures of polyurethanes are in accor-
dance with the method reported by MacKnight et al.
[37,38]. In a four-neck round-bottomed flask equipped
with mechanical stirrer, additional funnel and condenser,
the mixture of 0.02 mol 2-PBP (5.48 g), 0.03 g T-12 and
60 ml NMP was heated to 50°C under nitrogen. Then,
0.02 mol 1,6-diisocyanate hexane (3.36 g) was added
slowly. After stirring for 1h, the temperature was raised
to 80°C and maintained for 24 h. The mixture was poured
into cold methanol and the white product was filtered and
refluxed with methanol for 24 h. After filtering, the product
was dried at 80°C under vacuum for 24 h. The synthetic
scheme is described in Scheme 1. There were two series
of polymers synthesized; codes of the polymers have been
abbreviated to HB, HN and TN, where H represents HDI
and T stands for TDI, while B is 1.,4-butadiol, »n is the
number of n-PBP, i.e. 2 for 2-PBP.

2.3. Measurements

Elemental analyses (EA) were carried out on a Perkin-
Elmer 2400 C, H, N analyzer. 'H-NMR was performed on a
AM-400 NMR instrument with dg-dimethyl sulfoxide (d¢-
DMSO) as the standard. Solid-state C"*-NMR was per-
formed on the same instrument. Thermal analyses were
performed at a heating rate of 10°C/min under nitrogen
atmosphere on a Du Pont 910 DSC/TGA equipped with
LNCA cooling system. The textures of mesomorphic

OCN—R—NCQ +  HO-(CHyn —Oo—(cm1 -OH
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phase were observed on a Leitz Polarized Optical Micro-
scope with a THMS600 heating stage. Inherent viscosities
were measured with Ubbelhode viscosmeter on 0.5 g/dL in
NMP at 30°C.

2.4. Infrared spectroscopy

Typical infrared spectra (IR} were obtained using a Per-
kin-Elmer 842 infrared spectrometer. The characterization
spectra of monomers and polymers were measured by mix-
ing with KBr powder. The investigation of temperature
dependence of hydrogen bonding of polymers was mea-
sured by casting the samples on a NaCl window with a
10% trifluoroacetic acid solution and being dried at 50°C
for 20 min in the oven. With a low boiling temperature,
trifluoroacetic acid was used to avoid the annealing effect
during the dry process. The complete evaporation of tri-
fluoroacetic acid was confirmed by the absence of COOH
group absorption. After evaporating the solvent, another
NaCl window was covered and the windows were put into
a model equipped with a temperature controller. The model
temperature was raised to a set point which is higher than
the melting point of the sample and was maintained for
10 min. The absorption infrared spectrum was taken on
the cooling scan and the evaluated temperature on the
NaCl window’s surface was obtained by a TES 1310 ther-
mometer. The scanning range was 4000~400 cm™', the
scan number was 16 and the resolution was 4 cm™'. The
raw data were processed with graphic software using the
baseline method and Gaussian curve-fitting to calculate
the area of both bonded and free absorption bands [24-29].

2.5. Thermal stimulated current and relaxation map
analysis (TSC/RMA)

A Solomat TSC/RMA 9100 (Solomat Instruments, Stam-
ford, CT) spectrometer was operated at temperatures ran-
ging from — 100 to 120°C under an electric field ranging
from 0 to 500 V/mm. The measurements of Global TSC
were carried out as described in a previous study [32].
RMA investigations were performed by thermal windowing
of TSC with a 5°C thermal window. Some thermodynamic
parameters regarding physical properties such as relaxation
time of compensation (7.), degree of disorder (DOD) were
calculated as follows.

AH
(1) =70, exp ( F) 3)

DOD = 100 — 2 X [In 7, + In T, + 23.76] @)

where 7, is the pre-exponential factor, AH is the activation
enthalpy, and k is the Boltzmann’s constant. DOD of the
structure, defined by a single value via Eq. (4), represents
the dielectric environment of the bonds. DOD is an impor-
tant parameter which can be obtained from the E-E plot
(AS, versus AH,) by the extrapolated value of the entropy of

activation for AH, = 0. It may be considered as the indicator
of the degree of orientation of polymer in the amorphous
region.

3. Results and discussion
3.1. Characterizations of monomers and polymers

Structural characterizations of monomers measured by
IR, EA and "H-NMR agree well with the prediction. Mea-
surements of EA are listed in Table 1. The infrared spectra
of homopolymers are shown in Fig. 1. The N-H absorption
band is found at 3500~3300cm™', methylene group
absorption bands at 2950~2800 cm™! and C=0 at
1780~1640 cm™". Solid state C”-NMR of H series
(includes H2, H3 and H6) are illustrated in Fig. 2. The
chemical shift agrees with the structural diagrams. For the
H2 sample, the absorption peak A represents the four
methylene groups of HDI, peak B is assigned to the end
side methylene group connecting the amide group, peak C
is assigned to the o carbon in the benzene ring, peak D is
assigned to the amide group, and peak E includes other
carbons in the benzene ring. The star symbols ( * ) note
the side bands in solid state NMR spectra. The shoulder of
peak A (28 ppm) grows gradually to peak G (16 ppm) with
the increase of spacer length of mesogen. The distinct sepa-
rated peak is found in Fig. 2(c) when the spacer length is six.
On the other hand, the full width half maximum (FWHM) of
peaks reduced with increasing spacer length, as observed in
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Fig. 1. The infrared spectrums of polyurethanes.



580 T. F. Hsu, Y. D. Lee/Polymer 40 (1999) 577-587

s A ) ¥ C\ /E \
‘ | \g l
E—-w —c—ccm).—C—v:—c—o—c—c—ﬁ_@/_\—@—o
" H
' A
c

00 180 160 140 120 100 80 60 40 10

(»)
B A o Fao ¢ €
g L1 Ng 1 '\ O
C-N=C-(CHY, —C-H=C-0-C~C-C0 @
H H
c
A
F
£
B
o
Ao ¥

100 TR0 kb 1s0 110 100 %0 &0 a0 Tn
(b)
P A D F o c 13
g 11 ve || \ .
g-n—c—-«m,u—c—::«c-o—c—(cu,g—c—o
W '}
Ale
c
N F
]
*
+
D a

- ’ ————p v — -
200 130 160 140 120 (00 20 60 10 20

()
Fig. 2. Solid state C _NMR spectrums of H series polyurethanes: (a) H2,
(b) H3, (c) H6.

Table 1
The properties and characterization of mesogenic diols

T T, Calculated (%) Found (%)
Code Yield °C °C C H O C H 0O

(%)

2PBP 86 158 219
3PBP 82 192 214
6PBP 79 994 174

70.07 6.57 2273 69.90 6.62 23.48
71.52 7.28 21.20 71.31 732 21.37
74.61 8.81 16.58 74.66 878 16.56

Fig. 2. Take peak C (156 ppm) as an example, the FWHM of
trace (c) is clearly narrower than that of trace (a). When all
the parameters of NMR and the sample are identified, the
linewidth (7', spin—spin relaxation time) of solid state NMR
spectra is determined by molecular motion [39,40]. As seen
from Fig. 2, the T, relaxation time (linewidth) decreases
with the increase in spacer length, indicating the dipole
interaction in the long space length is reduced, which also
means an increase in molecular motion in long spacer
length. This result agrees with the general observation that
chain mobility increases and the relaxation time of the car-
bon atom decreases with increasing spacer length [41-43].
It is worth noting that higher chain mobility, i.e. longer
spacer length, encourages the formation of mesophase for
liquid crystalline polymers [32] but it also encourages crys-
tallization for semi-crystalline polymers [41,44—47].
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Fig, 3. The phase transition behavior of monomers measured at a heating or

cooling rate of 10°C/min, respectively.
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Table 2
The properties of polyurethanes hard segments

Code  Yield (%) T, °C) Ty (°C) Tn (°C) T; (°C) AT" iy

HB 88.12 50 18.4 165 - - 0.109
H2 88.76 80 657 1915 2088 13.3 0.154
H3 87.98 75 61.8 161.7 1912 29.5 0.242
H6 96.0 70 540 165 182 17 0.102
T2 88.9 120 115 256 - - 0.163
T3 7943 120 112 160 - - 0.161
T6 9433 105 95 139 154 15 0.213

“Measured by TSC.
" =Ti— T
‘Measured on a 0.5-dL/g NMP solution at 30°C.

3.2. Phase transition behavior

3.2.1. Monomers

The phase transition behaviors of mesogenic mono-
mers investigated by DSC are illustrated in Fig. 3. All
the DSC thermograms of monomers show two endother-
mic peaks on the heating scan and two exothermic peaks
on the cooling scan, which demonstrate enantiotropic
liquid crystalline behavior. Both the melting temperature
(Ty) and the isotroplization temperature (7;) of mono-
mers decrease with increasing spacer length. Monomers
might create an odd—even effect but we cannot show it
here because of the lack of more information. As shown
in Fig. 4, the X-ray diffraction spectra of monomers show
distinctive characteristic peaks at small angles (less than
7°) indicating possible smectic mesophase. The d-spacing
at small angles is 15.22A for 2-PBP (20 = 5.8°), 17.31 A
for 3-PBP (26 = 5.1°) and 23.85 A for 6-PBP (20 = 3.7°).

58
181
2PRP 119 206
51
155
3P 207
37
11.7
6PEP 206
1 i i 2 1 " ] " 1 A 1 4
0 5 10 15 20 S 0
20

Fig. 4. X-ray spectra of monomers measured at room temperature.

It is clear that the d-spacing increases with increasing
length of the spacer. These smectic liquid crystalline
textures of monomers were further verified by polarized
microscope, as shown in Fig. 5.

(b)

(c)

Fig. 5. Liquid crystalline textures of monomers: (a) 2-PBP, 180°C, 200 X ;
(b) 3-PBP, 200°C, 200 X ; (¢) 6-PBP, 170°C, 200 X .
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Fig. 6. DSC thermograms of H and T series measured at a heating rate of 10°C/min.

3.2.2. Polymers

DSC thermograms of polymers H and T series are illu-
strated in Fig. 6 and Table 2. Upon heating, H2, H3 and H6
show two distinct endothermic peaks, evidence of the exis-
tence of mesophase. Owing to the changes of chain mobi-
lity, the phase transition temperature of H series decreases
with increasing spacer length. Besides the spacer length of
mesogen, the phase transition behavior of H series is also
affected by the conformation of six methylene groups of
HDI [28] and the biphenyl moiety [13]. According to the
mechanism of relaxation of a few methylene groups (n = 4)
in amorphous presented by Schaztki, MacKnight proposed
three sequential structures of the methylene sequence [28].
For HDI only, the N-C bond acts as the rotation axis for the
methylene sequence and it is presumed that the NH groups
are fixed by intermolecular hydrogen bonds [28]. In addi-
tion, MacKnight revealed that the six methylene spacer is in
trans conformation and the biphenyl moiety orientates with
its plane at 51° with respect to the all-frans hexamethylene
plane which results in the biphenyl moieties tending to have
a layer structure [13]. Therefore, H6 with longer spacer
length and higher chain mobility has a phase transition
temperature lower than H3 but also shows a narrow meso-
phase temperature range (Table 2). The morphological
observations of the H series performed by POM and X-ray
diffraction spectra indicated the coexistence of nematic
mesophase and crystal phase (Fig. 7).

Phase transition behaviors of T series polyurethanes are
shown in Fig. 6 as well. Upon heating, the DSC thermo-
grams of both T2 and T3 show a single endothermic peak
while the tracer of T6 shows three endothermic peaks. The
Ty of the T series also decrease with increasing spacer
length. Because of the more rigid TDI moiety and intermo-
lecular hydrogen bonding, spacer lengths of 2 and 3 are not
long enough to form mesophase [17,19-21]. A crystal-
crystal transition of T6 is observed at approximately

()

(b)

Fig. 7. Liquid crystalline textures of polyurethanes: (a) H6, 178°C, 200 X
(b) T6, 145°C, 200 X .
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Fig. 8. The X-ray diffraction pattern of T6 quenched from molten state.

129°C followed by two endothermic peaks at 139 and
154°C, corresponding to melting (7,,) and isotropic tem-
perature (T7), respectively. As evidence, in the X-ray dif-
fraction pattern of the quenched sample, shown in Fig. §, T6
exhibits both smectic mesophase and crystal phase.

3.3. Global TSC

The glass transition temperatures (T,) of the H series
which are not distinct in the DSC thermograms can be mea-
sured by global TSC. The polarized temperature (T,) is set
to be about 15~20°C higher than T,. The polarized tempera-
ture (Tp) and T, of the H and T series are given in Table 3.
As shown in Fig. 9, the temperature at the maximum peak
intensity represents the glass transition temperature (7).
The outcomes of TSC show that the glass transition tem-
perature of both H and T series decrease with increasing
spacer length of the mesogen. Comparing the T,s of the H
and T series with similar spacer lengths, the T's of the T
series are higher than those of the H series because TDI is
more rigid than HDI, as shown in Table 2.

3.4. RMA

We have already manifested the fact via C'>-NMR that
longer spacer length with higher chain mobility results in
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Fig. 9. TSC spectra of H series polyurethanes.

less chain order. Such a phenomenon can be further verified
by the RMA measurements and compensation search with a
5°C thermal window. The first freeze temperature (T) of the
thermal windowing method is about 40°C lower than T, and
the final depolarization temperature (7%) is 10°C higher than
T,. Fig. 10 shows the thermal windows of TSC for the H
series. The shapes of TSC thermal windows become more
symmetric as the spacer length increases, as seen in Fig.

Table 3

The Eyring table of H series polyurethanes hard segments

Code T, (°C) log7.(s)  r DOD
HB 216.5 — 7.449 0.9972 7441
H2 177.1 — 3413 0.9971 56.26
H3 149.9 — 5.991 0.9979 68.18
H6 222.8 — 6.814 0.9984 71.63

Table 4
Changes in the degree of hydrogen bonding and equilibrium constant with
temperature
HB H2
Tempera- Ky Tempera- X, Ky
ture (°C) ture (°C)
40 0.931 0.00511 31 0.895 0.0124
50 0.925 0.00608 62 0.836 0.0322
75 0.914 0.00809 95 0.834 0.0329
95 0.874 0.0181 123 0.832 0.0335
127 0.831 0.0343 143 0.828 0.0353
150 0.774 0.0659 165 0.753 0.0807
167 0.685 0.145 185 0.734 0.0906
H3 H6
37 0.653 0.185 30 0.565 0.335
55 0.647 0.200 55 0.503 0.492
75 0.622 0.230 65 0.497 0.509
100 0.592 0.281 80 0.470 0.597
130 0.580 0.304 100 0.441 0.708
150 0.564 0.338 140 0.407 0.862
171 0.563 0.340 165 0.375 1.042
T6
32 0.870 0.0194
38 0.852 0.0257
58 0.842 0.0296
80 0.824 0.0376
111 0.819 0.0400
140 0.812 0.0435
186 0.803 0.0483
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10(b, c). The height of partial polarization TSC peaks of HB
are higher than the others. Following the Arrhenius rela-
tionship shown in Eq. (3), the relaxation map (RMA) of
the H series was obtained from the plots of In ¢ versus 7~
and illustrated in Fig. 11. Each diagram shows a different
shape of the Arrhenius line set which represents the
fingerprint of the polymer. The slope and intercept of
the Arrhenius line are the activation enthalpy and entropy,
respectively.

Owing to the fact that the activation entropy is affected by
the polarized temperature, the DOD value is used as an
indicator of entropy in RMA measurement. The
compensation point (T, 7.) which represents the mutual
coupling characterization among different relaxation
modes is obtained from the results of RMA via
compensation search and is used to calculate the DOD
value. The outcomes of compensation search shown in
Table 3 indicate that the DOD values of H2, H3 and H6
increase with increasing spacer length, but are lower than
that of HB. This suggests that polyurethanes containing a
mesogen unit have higher orientation than polyurethane
without mesogen, while the orientation decreases with
increasing spacer length [32].
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3.5. Temperature dependence of hydrogen bonding

The C=0 absorption band is used to carry out the quan-
titative analysis of hydrogen bonding because the distinct
free absorption band of the C=0O group is easy to be
observed. The variations of the C=0 group’s absorption
band with respect to temperature for H3 and H6 are
shown in Fig. 12. Survey IR spectra did not show any
evidence of solvent. A strong absorption band observed
at 1690 cm ™' is assigned to the hydrogen bonded C=0
group absorption while a shoulder found at 1720 cm™'
corresponds to the free C=0 group absorption. When
the temperature is increased, the intensity of the hydrogen
bonded band decreases. However, the intensity of the
shoulder, i.e. the free absorption band, increases with
increasing temperature.

Prior to the quantitative analysis of hydrogen bonding,
all C=0 absorption bands were fitted by Gaussian
function. The integrated area (A,) and the height of the
hydrogen bonded peaks decrease while the area (A;) and
height of the free absorption bands increase with
increasing temperature. The placements of both free and
bonded peaks shift gradually towards higher frequencies
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Fig. 10. Thermal-windows of H series polyurethanes: (a) HB; (b) H2; (¢) H3; (d) H6.
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and the half-width (W,;,) increases with increasing
temperature. The fraction of the hydrogen bonded C=0
group (X,) can be estimated by the following equation
[30,31]:

Abonded
Xy = ®)
b Abonded +Afree X 1.7

The equilibrium constant of dissociation of hydrogen
bonded C=0 group (K) was obtained via Eq. (1) Eq. (2)
and the calculated values of X, and K are listed in Table 4.
The plots of X}, versus temperature are shown in Fig. 13. For
H6, a nearly linear decreasing relationship was found
between 65 and 165°C. Because the relationship between
Xy, and phase transition temperature is still not clear [26,29-
31], it is suggested that a discontinuous point observed at
55°C might correspond to T’y which is close to both the DSC
and TSC investigations (54°C). Similar transitions were
found in other plots. The X, of H2 and T6 decrease slightly
with temperatures above T, but H2 shows a distinct
decrease at 165°C. For the H series, the longer the spacer
length, the lower the X}, observed. As the spacer length is 6,
the X, of H6 is lower than that of T6.

As shown in Fig. 14, the plots of — In K versus T~
demonstrate that the equilibrium constant K4 increases

45

40+

204+

20F

with increasing temperature and shows similar transitions
to those observed in Fig. 13. It can also be found that K4
increases with increasing spacer length. In Table 4, the dif-
ference in X, between H3 and H6 is smaller than that
between H2 and H3 suggesting that the chain mobility of
H6 is affected by hydrogen bonding.

4, Conclusion

Liquid crystalline polyurethanes containing mesogenic
diols with various spacer lengths were prepared with differ-
ent diisocyanates, i.e. HDI, 2,4-TDI and 4,4'-bis(n-hydro-
xyalkyloxy)biphenyl (n-PBP, n = 2, 3, 6). The mesogenic
diols characterized by DSC, POM and X-ray diffraction
show a smectic enantiotropic mesophase and the phase tran-
sition temperatures decrease with increasing spacer length.
Results from C*-NMR, RMA and DSC analyses indicate
that the chain mobility of H series polyurethanes increase
with increasing spacer length while the T, and T; of poly-
urethanes decreased. According to the results of X-ray dif-
fraction patterns and POM photographs, H2, H3, H6 and T6
exist both in crystal phase and different types of mesophase.
Moreover, the phase transition behavior was affected by

- \ A \ L
a2 AR TR A R

16

. L
38 36 34 32 17 28
10007  (k}

(d)

Fig. 11. Map (RMA) of H series polyurethanes.
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Fig. 12. The temperature dependence of C=0 group absorption: (a); H3 (b)
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Fig. 14. Temperature variation of the hydrogen bonding equilibrium con-
stant of polyurethanes.

hydrogen bonding. Through quantitative analysis of
temperature dependence, hydrogen bonding was obtained
via IR spectroscopy. It shows that hydrogen bonding content
(Xp) decreases with increasing spacer length. Without a
mesogen, HB has a higher X, but lower orientation while
the XB and orientation of H2, H3 and H6 are affected by the
spacer length.
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