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Abstract The peculiar mesophase structure of a series of thermotropic
poly(urethane-ester)s is discussed. The polymers form different nematic phases,
namely a nematic mesophase with cybotactic groups and a conventional nematic
mesophase. The X-ray diffraction analysis suggests that two types of structural
arrangements, namely smectic C-like and conventional nematic structures, coexist
inside the cybotactic nematic mesophases, to which different internal degrees of
correlation correspond. The correlation length parallel to the director of the nematic
mesophase ranges from 38 to 45 A. In the cybotactic groups the correlation lengths
parallel and perpendicular to the director range from 260 to 560 A and 130 to 270
A, respectively.

INTROD N

The detailed analysis of the thermodynamic behavior of nematic polymers and its
correlation with a variety of structural features, including the mesogenic group, flexible
spacer and linking group, has allowed the macroscopic and microscopic ordering of the
macromolecules to be predicted to some extent. Comparatively little information is
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available about the role of hydrogen bonding interactions in affecting the mesophase
behavior of polymers, namely thermoplastic polyurethanes. In these materials, in fact,
the synthetic control of the micro- and macro-architectural parameters is definitely more
difficult than the one for polyesters with analogous structure'>. In addition, they usually
show high melting temperatures and moderate thermal stability.

However, the systematic study of these polymers can help address the fundamental
question whether hydrogen bonding will enhance, or otherwise depress the propensity of
the polymers to give rise to stable mesophases, and how mesophase transition and
ordering will be driven by the formation/destruction of such intermolecular interactions in
condensed states.

Within this general scope, a series of papers6-8 has recently been devoted to the
study of the mesomorphic behavior of semiflexible poly(urethane-ester)s TDI-CmCn
with the following structure:

NH
(6] 0] 0] (0] (0] c
3

O
H

TDI-CmCn
(m=2,4,0r6;
n=4,6,8,or10)

It was found that several of the above poly(urethane-ester)s formed a nematic mesophase
with cybotactic groups followed by a conventional nematic mesophase at higher
temperature’. In the present paper we will reconsider their LC behavior and mesophase
structure with the aim of providing a detailed description of the peculiar macromolecular
organization in the cybotactic nematic mesophase as revealed by X-ray diffraction
analysis of oriented fiber specimens.

EXPERIMENTAL PART

Poly(urethane-ester)s TDI-CmCn were prepared from mesogenic alkylene di[4-(w-
hydroxyalkyloxy-4-oxybenzoyl)oxybenzoate]s (CmCn) and 2,4-toluenediisocyanate
(TDI), as described elsewhereS. X-ray diffraction photographs on oriented samples were
taken by means of a conventional X-ray powder diffractometer equipped with a pin-hole
flat-plate camera with a temperature controtled cell (0.1 °C). Ni-filtered CuKa radiation
(A= 1.54 A) was used. Fibers were oriented by pulling up with tweezers the viscous
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liquid crystal melt at different temperatures throughout the entire mesophase range, or the
isotropic melt. Intensity contour maps were obtained by digitalizing the X-ray diffraction
patterns, using the Kodak photo-CD system, and elaborating by Spyglass Transform
image processing program.

RESULTS AND DISCUSSION

Polymers TDI-C6C4, TDI-C6C10 and TDI-C2C6 form one mesophase, while polymers
TDI-C6C8, TDI-C6C6 and TDI-C4C6 give rise to two sequential mesophases.
However, X-ray diffraction studies on powder samples had previously shown the
mesophase to be nematic throughout the entire mesomorphic range for each polymer?.
More detailed information was obtained from the oriented mesophases produced by
drawing fibers at different temperatures8. The X-ray diffraction spectra of the oriented
samples TDI-C6C4, TDI-C6C10 and TDI-C2C6 were nearly identical to those of TDI-
C6C8, TDI-C6C6 and TDI-C4C6 that had been oriented at temperatures within the
existence range of the lower temperature mesophase. As typical examples, the fiber
patterns of samples TDI-C6C4 and TDI-C6C10 are reported in Figure 1.

(A) (B)

FIGURE 1. X-ray diffraction patterns of the oriented mesophase of
polymer (A) TDI-C6C4 (vertical fiber axis; sample to film distance 75 mm)
and (B) TDI-C6C10 (small-angle region; sample to film distance 145 mm).
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The diffraction pattern consists of two symmetrically placed wide-angle broad crescents
centered on the equator, due to the liquid-like short-range order of the mesogenic groups
(average distance D= 4.7 A), and four sharp small-angle spots symmetrically placed
about the direct beam and forming pairs on a straight line at an angle p with respect to
the meridian, i.e. the fiber axis. The second harmonics of the small-angle spots are also
detected in the diffraction patterns of sample TDI-C6C10. In addition, a small fraction of
the scattered intensity is localized on regularly spaced diffuse lines situated in the
direction perpendicular to the fiber axis. The above X-ray spectra are very similar to
those reported for other liquid crystalline polymers%:10, and point to the presence of a
nematic mesophase with cybotactic smectic C-like groups!!. The relevant X-ray data are
summarized in Table L.

TABLEI X-ray diffraction data of polymers TDI-CmCn.
(B and d are the tilt angle and the layer spacing, respectively).

Sample B (deg) d(A) Lap@A)  LeacA)

TDI-C6C4 49.0 36.4 55.5 55.0
TDI-C6C6 46.4 394 57.1 58.5
TDI-C6C8 50.0 38.5 59.9 61.0
TDI-C6C10 54.2 37.3 63.8 63.5
TDI-C2C6 46.4 322 46.7 48.5
TDI-C4C6 49.8 335 51.9 53.5

From the values of the spacing d and the tilt angle B the length of the repeating unit,
Lexp, in the cybotactic nematic phase was calculated. These values are collected in Table
1. The same Table reports the values of the length of the repeat unit, Lcate, calculated
from standard atomic bond lengths and angles considering the molecule in the planar
fully extended conformation. A good agreement between Lexp and Lcg)c is observed for
all samples. Lexp increases linearly with increasing length of both the flexible spacers.
The value of 2.6 A for the projection of two C-C bonds in the polymethylene chain is in
good agreement with the expected value of 2.54 A in a polymethylene chainl2.
Accordingly, the conformation of the polymethylene spacers does not depart
considerably from the fully extended one, independent of their position in the polymer
repeat unit.

The regularly spaced diffuse lines perpendicular to the meridian and symmetrically
placed above and below the equator are attributed to the coherent diffuse intermolecular
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scattering associated with the uncorrelated longitudinal disorder!3.14. The same type of
diffuse streaks was found in the diffraction patterns of both polymeric smectic
phases!3-16 and polymeric!7 and low molar mass nematic18 phases and indicate that the
molecules tend to align in rows over a short range. The diffraction pattern for a series of
parallel periodic chains with periodicity a but with a disordered net of chain centers is a
series of sheets of scattering normal to the chains and spaced 1/a apart!4. The correlation
length of this ordering process may be estimated from the width of the diffuse streaks
along the director1_3. From the measurement of the spacing between adjacent diffuse lines
in the reciprocal space it is possible to estimate the period, Lgife, of the corresponding
linear lattice in the real space, which is of the order of the molecular length. The Lgjgr
values obtained are significantly lower than the corresponding Leajc values estimated for
the most extended molecular conformation. The difference Lcaic-Ldiff varies from a
minimum of 4 A for TDI-C6C4 to a maximum of 8 A for TDI-C6C8 and can be
explained as a tilt effect. If we consider the mean projection of the molecular length along
the director, i.e. d= L<icos¢[>, we can calculate an average angle ¢ of the molecule from
its preferred direction (p=0°). The values of @ so obtained are 22°, 24°, 25°, 26°, 27° and
29° for TDI-C6C4, TDI-C6C10, TDI-C2C6, TDI-C4C6, TDI-C6C6 and TDI-C6CS8,
respectively. These values are in good agreement with the average tilt angle usually
reported in other low molar mass nematics!9.

The above findings indicate that two structural arrangements, namely smectic C-
like and conventional nematic structures, coexist inside the cybotactic nematic mesophase
of these polyurethanes. A schematic model of the structural arrangements of the polymer
chains in the cybotactic mesophase is reported in Figure 2.

Cybotactic Clusters Nematic Matrix .
- i QT;IS/ 1
y ;
AT
/ , VAR S ¥ 4
f U/ N [ A
7 [ 1
2Bt [ y
/ d
u 3 4 R ) 4
' / \i/

FIGURE 2 Schematic representation of the structural arrangements of the
polymer chains in the cybotactic nematic mesophase.
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The correlation lengths and the average dimensions of the cybotactic clusters were
obtained8 from the analysis of the intensity profile of the small-angle four-spot pattern in
the directions parallel and normal to the director axis n. As an example, Figure 3(A)
shows the contours of constant intensity of the small-angle region of the diffraction
spectrum of TDI-C6C10. The scattered intensity I as a function of the longitudinal, gy,
and transversal, q,, components of the scatiering vector q in the reciprocal space (whose
modulus is q= 47sin6/A, 26 being the scattering angle) was measured by performing
optical density scans through the maxima of the small-angle spots along the directions
parallel and perpendicular to the fiber, respectively, i.e. straight lines aa' and bb' of
Figure 3(A). Figure 3(B) shows the experimental intensity profiles I{q)=I(q),q1=qo,)
and I(q1)=I(qo=qoy, 1) about the vector qg of sample TDI-C6C10 (after background
subtraction). Similar profiles were obtained for the other poly(urethane-ester)s.

& P e
c- -’ E C E
q >t 3
= 3
o r 3
1% : 5:— 3
> I 3
. § EF 3
P i v [ 3
Z =
Wt E
d-3 > > EE..1...1...|...|...1...1...1..
NGNS =5 e 2008 -004 0 004 008
& @) b’ (B) Aq/A-t

FIGURE 3 (A) Contours of constant intensity of the small-angle region of the
diffraction spectrum of sample TDI-C6C10. (B) Longitudinal and transversal
intensity profiles of the small-angle diffraction spot of sample TDI-C6C10
measured along the section aa' (open circles; Aq=qy-qon) and cc' (full circles;

Ag=q,-qoy), respectively, after background subtraction. qgy=0.0985 A-l,
qo2=0.1366 A-1. The continuous lines give the best fit by Gaussian functions.

The best fits of these intensity profiles for all the samples were obtained by using a
Gaussian function described by Equation (1)

/_ (Clu'%l)2 + (QL' %.l)z \

lapq,) = Ioexp 3 >
2Aq, 2Aq, f

ey

The Fourier inversion of these diffracted intensity profiles, after correction for the



Downloaded by [University of California, San Diego] at 22:06 20 August 2012

PECULIAR MACROMOLECULAR ORGANIZATION 413

resolution of the experimental apparatus, allowed to obtain the correlation functions Gy
and G parallel and normal, respectively, to the director in the real space

2 2
Gild = ex -z—z . Gyl = ex r_z
Ei €,

)]

where z and r are the distances in the real space parallel and perpendicular to the
director, respectively, and &y and & are the longitudinal and the transversal correlation
lengths, respectively. The trend of the correlation lengths &) and &_ as a function of the
overall number N of methylene groups in the repeat unit (N=2m-+n) is reported in Figure
4 . A regular increase in £ with increasing N is observed, whereas &, initially increases
with N and then reaches a constant value of about 90 A. The increase in €, with
increasing length of the flexible spacer clearly indicates an effective participation of the
flexible spacer in the ordering process.

[T T~ T T T " 1T 7T "] ]
180 [ .
T 0L ]
— = 4
*T 100L ]
oo b ]
60 [ ]
20040t e 1 1]

8 12 16 20 24
N=2m+n

FIGURE 4 Trend of the correlation lengths & (full circles) and &, (open
squares) as a function of the number N of methylene groups in the repeat unit.

Further information about the ordering in the nematic region can be obtained from the
analysis of the diffuse scattering in the small-angle region associated with the
uncorrelated longitudinal disorder. These diffuse streaks correspond to the intersection
with the Ewald sphere of a series of equidistant diffuse planes representing the Fourier
transform of a linear modulated object oriented along the director!3 (Figure 5).

From the intensity profile of the diffuse reflections along the director it is possible to
estimate the longitudinal correlation length & in the nematic phase by the equation
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Aqy 3)

where Aqy is the full width at half maximum of the Lorentzian curves describing the
shape of the diffuse reflections in the reciprocal space8. The values of &i obtained after
correction for the finite experimental resolution and averaging over the whole set of
diffuse reflections are 38, 40, 42, 42 and 45 A for samples TDI-C2C6, TDI-C6C4, TDI-
C6C6, TDI-C6C8 and TDI-C6C10, respectively.

1 /MD_
S b ]
Yy — 1/a
T R SO R S SRR NR R
2 9/a
— . L]
1/a
Ma 1 anOvYtLtn 0 -
]
n N RSy
v
—— — - - R N R
Real Space Reciprocal Space

FIGURE 5 Schematic representation of the structure and diffraction pattern for a
system of uncorrelated rods (uncorrelated longitudinal disorder).

Finally, an approximate evaluation of the average longitudinal displacement u of the
macromolecular chains was obtained by considering the following expression for the
intensity of the diffuse scattering20

.2
= 230 WMaa/s) (Mq-a/2) sinz(q~u)
sin”{q-a/2) @)

I(q)

where a is the periodicity vector of the chain, f is the form factor of the repeat unit, u is
the displacement of the molecule out of its mean position, and M the number of
molecules in the rows (see Figure 5). Equation (4) is strictly valid only for polymeric
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smectic phases where a real one-dimensional lattice is present. However, its v<alidity has
been extended to the nematic order by replacing the smectic layer period with the
apparent molecular length in the nematic phase, i.e. a=Lgiff. According to Equation (1),
the intensities of the diffuse streaks are proportional to sin2(q-u), so that from the
intensity profile of the diffuse reflections along the meridian it is possible to estimate the
amplitude u of the average longitudinal displacement. Figure 6 shows the intensity
profile of the diffuse reflections along the meridional line of sample TDI-C6C6 after
normalization to the square of the form factor f, i.e. 1(q)/f2, where q is the projection of
the scattering vector along the meridional line. The square sinusoidal modulation
predicted by Equation (1) is clearly visible, as evidenced by the thin continuous line
interpolating the peak intensities. From the position q' of the first zero of the
interpolating function (see Figure 6), the value of u is readily obtained as u=rn/q'. For
sample TDI-C6C6 the value of ¢'=0.75 gives u=4.2 A. Similar values were obtained
within the experimental errors for the other samples.

IIIIIIIIIIIIIIIFTII

I(q) / f* (arb. units)

FIGURE 6 The behavior of the ratio 1(q)/f2 between the intensity of the
diffuse reflections along the meridian of sample TDI-C6C6 and the square
of the structure factor f of the repeat unit. The thin continuous line
interpolates the peak intensities.

NCLUSION

Two different molecular types of order exist within the cybotactic nematic phase to
which different internal degrees of correlation correspond. The average dimension of the
cybotactic groups along the director is comprised between ~ 260 and ~ 560 A, whereas
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the average dimension perpendicular to the director ranges from ~ 130 to ~ 270 A.
Accordingly, the cybotacic groups present an ellipsoidal-like shape.

By contrast, the correlation length within the nematic surrounding the cybotactic
groups and along the director is comprised between 38 and 45 A. This value is of the
order of the molecular length. These findings highlight the multidomain nature of the
cybotactic nematic mesophase consisting of large and asymmetric clusters even though
the correlation in the surrounding nematic is very low.

The peculiar liquid crystalline behavior of the present poly(urethane-ester)s reflects
a stabilizing action promoted by hydrogen bonding interactions between urethane
moieties. This effect is being investigated by FT-IR spectroscopy and dynamic-
mechanical measurements.
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