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Structure of the nematic mesophase with cybotactic groups
in liquid-crystalline poly „urethane-ester…s
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The results of a structural analysis by x-ray diffraction on fiber samples of the nematic mesophase with
cybotactic groups of poly~urethane-ester! TDI-C2C6, TDI-C6C4, TDI-C6C6, TDI-C6C8, and TDI-C6C10 as
prepared from various mesogenic alkylene di@4-~v-hydroxyalkyloxy-4-oxybenzoyl!oxybenzoate#s ~CmCn ;
m52 or 6 andn54, 6, 8, or 10! and 2,4-toluenediisocyanate~TDI! are reported. Evidence is provided for the
existence of two different molecular orderings within the nematic phases with cybotactic groups, to which
different internal degrees of correlation correspond. The average dimension of the cybotactic clusters along the
director is comprised between;260 and;560 Å, whereas the average dimension perpendicular to the director
ranges from;130 to;270 Å. Accordingly, the cybotactic clusters present an asymmetrical ellipsoidal-like
shape. On the other hand, the correlation length within the nematic liquid crystal surrounding the cybotactic
clusters and along the director is between 38 and 45 Å. These values are of the order of the molecular length.
These findings highlight the multidomain nature of the mesophase consisting of large and asymmetric clusters
surrounded by a conventional nematic endowed with a very low correlation degree.@S1063-651X~97!02801-8#

PACS number~s!: 61.30.Eb, 61.10.Eq, 61.10.Ht

I. INTRODUCTION

In recent papers@1,2# we have reported on the synthesis and mesomorphic behavior of poly~urethane-ester! TDI-CmCn of
the following structure:
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~where TDI denotes 2,4-toluenediisocyanate!. All
poly~urethane-ester!s TDI-CmCn were amorphous. Sample
TDI-C2C6, TDI-C6C4, and TDI-C6C10 displayed one me-
sophase, whereas two mesophases were detected for sa
TDI-C4C6, TDI-C6C6, and TDI-C6C8. The diffraction pat-
terns obtained on stretched oriented fibers of TDI-C2C6,
TDI-C6C4, and TDI-C6C10, drawn at a temperature withi
the mesophasic range, and for TDI-C4C6, TDI-C6C6, and
TDI-C6C8, at temperatures inside the lower temperature m
sophase, showed the formation of a nematic mesophase
cybotactic groups. In contrast, diffraction spectra typical o
conventional nematic mesophase were recorded for fi
drawn at temperatures inside the higher-temperature
sophase of the latter set of poly~urethane-ester!s. These find-
ings indicated the formation of one nematic mesophase w
cybotactic groups in polymers TDI-C2C6, TDI-C6C4, and
551063-651X/97/55~1!/481~7!/$10.00
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TDI-C6C10 and two sequential nematic mesophases in po
mers TDI-C4C6, TDI-C6C6, and TDI-C6C8, namely, nematic
with cybotactic groups at low temperature and conventio
nematic at high temperature, connected by a first-order t
sition. Accordingly, these poly~urethane-ester!s offer an ex-
ample of a class of evenly spaced main chain polymers
hibiting different nematic phases in a sequence. In addit
the analysis of the diffraction patterns of the nematic m
sophase with cybotactic groups indicated that two structu
arrangements, a smectic-C-like and a conventional nemati
structure, coexist. In the following, the nematic mesoph
with cybotactic groups will be referred to as ‘‘cybotact
nematic’’ mesophase for short.

To provide a detailed description of the macromolecu
organization in the cybotactic nematic mesophase, in
present paper we report an x-ray-diffraction study
481 © 1997 The American Physical Society
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482 55O. FRANCESCANGELI, M. LAUS, AND G. GALLI
poly~urethane-ester!s TDI-C2C6, TDI-C6C4, TDI-C6C6,
TDI-C6C8, and TDI-C6C10 samples oriented by stretchin
fibers at a temperature within the cybotactic mesoph
range. The correlation lengths and average dimensions o
cybotactic clusters as well as the correlation lengths in
nematic surrounding them are evaluated.

II. EXPERIMENT

A. Materials

Poly~urethane-ester!s TDI-CmCn were obtained by a step
wise polyaddition reaction of mesogenic diols CmCn , con-
sisting of twop-oxybenzoyl diads interconnected by a pol
methylene segment containingn ~n54, 6, 8, or 10!
methylene groups and flanked by two line
v-hydroxyalkylene segments containingm ~m52, 4, or 6!
methylene groups, with commercial 2,4-toluenediisocyan
in chloroform solution at 90 °C for 48 h, as described
detail elsewhere@2#.

B. Characterization

X-ray-diffraction photographs on oriented samples w
obtained by means of a conventional x-ray powder diffr
tometer equipped with a pinhole flat-plate camera with
temperature controlled cell~60.1 °C!. Ni-filtered CuKa ra-
diation ~l51.54 Å! was used. Fibers were oriented by pu
ing up with tweezers the viscous liquid-crystalline melt
different temperatures throughout the entire mesoph
range, or the isotropic melt at 440 K, and cooling them in
at room temperature. For all the samples x-ray-diffract
patterns of the oriented mesophases were taken at room
perature and at temperatures in the 360–370 K range. In
sity contour maps and intensity profiles along specified
rections in the reciprocal space were obtained by digitaliz
the x-ray-diffraction patterns, using the Kodak photo
compact disc system, and elaborating the digitalized num
cal signal by NIH Image~version 1.55, public domain! and
Spyglass Transform image processing programs. The
merical calculations from the x-ray spectra were perform
after background subtraction, correction for the usual tech
cal factors such as the Lorentz factor, and deconvolution
the instrumental resolution function.

III. RESULTS AND DISCUSSION

The thermal behavior of poly~urethane-ester!s TDI-C2C6,
TDI-C6C4, TDI-C6C6, TDI-C6C8, and TDI-C6C10 has been
reported previously@1,2#. At room temperature, all the
samples are amorphous and the liquid-crystalline beha
extends from the glass transition to the nematic-isotro
transition. TDI-C2C6, TDI-C6C4, and TDI-C6C10 show the
glass transition at 362, 337, and 328 K, respectively, and
endothermic peak centered at 424 K~DSi58.7 J mol21 K21!,
431 K ~DSi525.5 J mol21 K21!, and 394 K ~DSi536.0
J mol21 K21!, respectively, attributed to the isotropizatio
TDI-C6C6 and TDI-C6C8 show the glass transition at 333 an
322 K, respectively. In addition, both samples exhibit tw
endothermic peaks at 412 K~DSN-N8510.7 J mol21 K 21!
and 415 K ~DSi515.9 J mol21 K21! for TDI-C6C6 and at
390 K ~DSN-N856.4 J mol21 K21! and 395 K ~DSi515.7
J mol21 K21! for TDI-C6C8. The lower-temperature trans
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tion is attributed to a transition between two nematic m
sophases and the higher-temperature transition to the is
pization.

For each sample the fiber diffraction pattern taken a
temperature within the range 360–370 K was found to
very similar to the room-temperature fiber diffraction pa
tern, thus indicating that in the fiber samples at room te
perature the cybotactic nematic molecular organization
frozen in below the glass transition. In addition, the x-ra
diffraction spectra of the oriented mesophases of sam
TDI-C2C6, TDI-C6C4, and TDI-C6C10 and the diffraction
spectra of fibers of TDI-C6C6 and TDI-C6C8 oriented at a
temperature corresponding to the existence range of
lower-temperature nematic mesophase are very similar. A
typical example, the x-ray-diffraction pattern of samp
TDI-C6C4 at T5360 K is shown in Fig. 1 together with th
schematic representation of the contour map. The diffrac
pattern consists of two symmetrically placed wide-an
broad crescents centered on the equator, associated wit

FIG. 1. ~a! X-ray-diffraction pattern of the oriented mesopha
of polymer TDI-C6C4 atT5360 K and~b! schematic representatio
of its intensity contour map.~Vertical fiber axis; sample to film
distance 75 mm.! A very similar pattern was recorded at roo
temperature.



ase.

55 483STRUCTURE OF THE NEMATIC MESOPHASE WITH . . .
FIG. 2. Schematic representation of the structural arrangements of the polymer chains in the cybotactic nematic mesoph
er
-
a

rly
r

ff

at
it
l,
ra
a

n
th

te
er
nt
c-
es
al
e

in
a
a
tic
e

a
in
o

o
h

in
hs
ex

n

for
ain
of
ain
ac-
ne,
.
the
the
he

of
of

-

the
he

r

by

tra
en-
liquidlike short-range ordering, corresponding to an int
chain average distance ofD'4.7 Å, and four sharp small
angle spots symmetrically placed about the direct beam
forming pairs on a straight line at an angleb with respect to
the meridional line~i.e., the fiber axis!. In addition, a small
fraction of the scattered intensity is localized on regula
spaced diffuse lines situated in the direction perpendicula
the fiber axis. No correlation exists between the spacing
these diffuse lines and the position of the strong o
meridional maxima.

The above x-ray-diffraction spectra were previously
tributed @1# to the presence of a nematic mesophase w
local smectic-C-like fluctuations. According to this mode
the small-angle four-spot pattern is the result of the x-
scattering from tilted planar groupings of parallel vertic
macromolecules in a smectic-C-like arrangement@3,4#. The
regularly spaced diffuse lines perpendicular to the meridio
direction and symmetrically placed above and below
equatorial line were attributed@1# to the coherent diffuse
intermolecular scattering associated with the uncorrela
longitudinal positional disorder of the chains. These exp
mental findings indicate that two structural arrangeme
namely, a smectic-C-like and a conventional nematic stru
ture, coexist within the cybotactic mesophase of th
poly~urethane-ester!s. A schematic model of the structur
arrangements of the polymer chains in the cybotactic m
sophase is reported in Fig. 2. However, as pointed out
previous paper@1#, the analysis of the x-ray-diffraction dat
did not allow us to distinguish whether this is a static situ
tion or rather a dynamic equilibrium where small nema
regions fluctuate to and from the smecticlike arrangem
~order parameter fluctuations!.

Further information concerning the molecular organiz
tion in the nematic cybotactic mesophase can be obta
from the analysis of the low-angle region of the spectra
the oriented samples. The layer spacingd and the tilt angleb
of the layered structures in the cybotactic clusters are
tained from the position of the four-spot pattern. From t
values of the spacingd and the tilt angleb, it is possible to
calculate the length of the repeating unitLexpt in the cybotac-
tic nematic, which can be compared to the correspond
valuesLcalc calculated from standard atomic bond lengt
and angles considering the molecule in the planar fully
-

nd

to
of
-

-
h

y
l

al
e

d
i-
s,

e

-
a

-

nt

-
ed
f

b-
e

g

-

tended conformation~Table I!. Good agreement betwee
Lexpt and Lcalc is observed.Lexpt increases with increasing
length of both the flexible spacers and a value of 2.7 Å
the projection of two C–C bonds in the polymethylene ch
can be estimated, which is very close to the value 2.54 Å
the projection of two carbon bonds in a polymethylene ch
@5#. Therefore, the conformation of the polymethylene sp
ers does not depart considerably from the fully extended o
independently of their position in the polymer repeat unit

The correlation lengths and the average dimensions of
cybotactic clusters can be obtained from the analysis of
intensity profile of the small-angle four-spot pattern in t
directions parallel and normal to the director axisn, respec-
tively. Figure 3 shows the contours of constant intensity
the small-angle region of the diffraction spectrum
TDI-C6C10. We denote byqi andq' the longitudinal~paral-
lel to the directorn! and transversal~orthogonal ton! com-
ponents, respectively, of the scattering vectorq in the recip-
rocal space~whose modulus isq54p sinu/l, 2u being the
scattering angle! and byq0 the scattering vector correspond
ing to the maximum intensity~q054p sinuB/l, uB being the
Bragg angle!. The scattered intensityI as a function ofqi

was measured by performing an optical density scan of
x-ray-diffraction spectrum along the direction parallel to t
fiber axis keepingq' constant atq'5q0'. This condition
was met by performing a scan with the scattering vectoq
moving along the straight line throughq0 and parallel ton
~Fig. 3!. This direction is identified in the reciprocal space
either one of the two vertical straight linesaa8 andbb8. The
corresponding intensity profileI (qi ,q0') was obtained by
measuring the optical density of the x-ray-diffraction spec
along these two straight lines. Similarly, the scattered int

TABLE I. X-ray-diffraction data of polyurethanes TDI-CmCn .

Sample
b

~deg!
d

~Å!
Lexpt
~Å!

Lcalc
~Å!

TDI-C2C6 46.4 32.2 46.7 48.5
TDI-C6C4 49 36.4 55.5 55
TDI-C6C6 46.4 39.4 57.1 58.5
TDI-C6C8 50 38.5 59.9 61
TDI-C6C10 54.2 37.3 63.8 63.5
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sity as a function ofq' was obtained by performing a sca
with the scattering vectorq moving on the straight line pass
ing throughq0 and normal to the directorn. This direction is
identified in the reciprocal space by either one of the t
straight linescc8 an dd8 shown in Fig. 3. As an example
Figs. 4~a! and 4~b! showI (qi ,q0'), measured along the sec
tion aa8, andI (q0i,q'), measured along the section cc8, re-
spectively, of sample TDI-C6C10. Similar curves were ob-
tained by performing the measurement along the sect
bb8 anddd8, respectively. The filled circles in Figs. 5~a! and
5~b! show the experimental intensity profile
I (qi)5I (qi ,q0') and I (q')5I (q0i,q'), respectively, abou
the vectorq0 for the right spot on the upper side of Fig. 3
sample TDI-C6C10. These data were obtained from Fig.
after background subtraction and normalization of the p

FIG. 3. Contours of constant intensity in the small-angle reg
of the diffraction spectrum of TDI-C6C10.

FIG. 4. ~a! Intensity profileI (qi)5I (qi ,q'5q0') and ~b! in-
tensity profile I (q')5I (qi5q0i,q') of sample TDI-C6C10 mea-
sured along the sectionsaa8 andcc8, respectively.
o

ns

k

intensity to one. Very similar profiles were obtained for t
other spots.

The best fits of these intensity profiles for all the samp
were obtained by using a Gaussian function. As an exam
the continuous lines in Figs. 5~a! and 5~b! give the Gaussian
best fits to the experimental data. In any case, the inten
distribution aboutq0 was then written in the form of the
two-dimensional Gaussian function, described by

I ~qi ,q'!5I 0expH 2F ~qi2q0i!
2

2Dqi
2 1

~q'2q0'!2

2Dq'
2 G J . ~1!

Accordingly, the longitudinal and transversal intensity dist
butions I (qi)5I (qi ,q'5q0') and I (q')5I (qi5q0i ,q')
were then fitted as described by

I ~qi!5I 0expF2
~qi2q0i!

2

2Dqi
2 G ~2!

and

I ~q'!5I 0expF2
~q'2q0'!2

2Dq'
2 G . ~3!

The values of the parametersDqi andDq' obtained by fit-
ting Eqs.~2! and~3! to the experimental data are reported
Table II. The correlation lengths in the real space can
estimated once the correlation function in the real spac
determined. The latter was obtained by Fourier inversion
the diffracted intensity distribution after correction for th

n

FIG. 5. ~a! Intensity profileI (qi2q0i) and ~b! intensity profile
I (q'2q0') of sample TDI-C6C10 obtained from the spectra of Fig
4 after background subtraction:q0i50.0985 Å21 andq0'50.1366
Å21. The full circles are the experimental data and the continu
lines give the best fit by a Gaussian function. The dashed li
represent the best fit by a Lorentzian function. The Gaussian do
curves represent the resolution function of the experimental ap
ratus.
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TABLE II. Parameters obtained by fitting the intensity profilesI (qi2q0i)5I (qi2q0i,q'5q0') andI (q'2q0')5I (qi5q0i,q'2q0')
of all the samples by using Eqs.~2! and ~3!, respectively.Dqid andDq'd are the values ofDqi andDq' after deconvolution for the
instrumental resolution function.zi andz' are the longitudinal and transversal correlation length, respectively, in the cybotactic cluster
numbers in parentheses are the errors on the last significant digit.

Sample Dqi ~Å21! Dq' ~Å21! Dqid ~Å21! Dq'd ~Å21! ji ~Å! j' ~Å!

TDI-C2C6 0.0175~4! 0.0340~8! 0.0160~5! 0.0333~9! 88~3! 43~1!

TDI-C6C4 0.0165~4! 0.0176~4! 0.0149~5! 0.0161~5! 95~3! 88~3!

TDI-C6C6 0.0146~4! 0.0172~4! 0.0128~5! 0.0157~5! 110~4! 90~3!

TDI-C6C8 0.0125~4! 0.0172~4! 0.0104~5! 0.0157~5! 136~7! 90~3!

TDI-C6C10 0.0104~3! 0.0172~4! 0.0076~4! 0.0156~5! 186~11! 91~3!
s
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resolution of the experimental apparatus. The dotted line
Fig. 5 show the instrumental resolution function, which
represented by a Gaussian curve of full width at half ma
mum ~FWHM! DqFWHM50.0166~2! Å21 in both the longi-
tudinal and transversal directions.

Then, the intensity distributionsI (qi) andI (q') after de-
convolution for the instrumental resolution function are s
Gaussian functions described by

I ~qi ,'!5I 0expF2
~qi ,'2q0i ,0'!2

2Dqid,'d
2 G , ~4!

where

Dqid,'d5A~Dqi ,'
2 2Dqres

2 ! ~5!
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and the parameterDqres of the resolution function is simply
Dqres5DqFWHM/2&Aln257.07931023 Å21. The values of
Dqid andDq'd are reported in Table II.

The Gaussian profile of the small-angle reflections has
important consequence in connection with the physical pr
lem concerning the static or dynamic nature of the sme
order in the cybotactic clusters. In fact, if the small-ang
four-spot pattern were due to the order parameter fluctuat
of nematic regions from and to the smecticlike arrangem
we should expect an intensity profile, after deconvolution
the experimental data for the instrumental resolution fu
tion, described by an equation having the form
I ~qi ,q'!5
I 0

11j i
2~qi2q0i!

21j'
2 ~q'2q0'!2@11cj'

2 ~q'2q0'!2#
, ~6!
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whereji and j' define the longitudinal and transversal co
relation lengths, respectively, andc is a constant. Equation
~6! with c50 gives the two-dimensional Lorentzian shape
the scattered intensity from the order-parameter fluctuat
as predicted by the Landau theory@6# of the nematic-smectic
phase transition proposed by McMillan@7# and de Gennes
@8#. A value of the parameterc different from zero allows us
to include a fourth-order correction in (q'-q0) to the scat-
tering cross section, as found by Als-Nielsenet al. @9# and
consistent with the Chen-Lubensky theory@10,11#. This
theory, based on the nematic–smectic-A or -C Lipshitz
model, predicts that the scattered intensity due to the o
parameter fluctuations in the nematic–smectic-C pretransi-
tional region is described in the measuring plane by
Lorentzian function in the longitudinal direction and a mod
fied Lorentzian function in the transverse direction accord
to Eq. ~6! ~under the assumption that the variation of t
molecular structure factor over the region of reciprocal sp
investigated could be neglected!.

It should be noted that for all the samples investigate
was impossible to obtain a satisfactory fit of the experimen
data using the Lorentzian-type curve of Eq.~6! @for compara-
tive purposes see the dashed lines in Figs. 5~a! and 5~b!#. On
the other hand, a Gaussian line shape of the diffraction pe
f
s

er

a

g

e

it
l

ks

is often found when the short-range order of the sme
domains originates from the positional disorder of the m
lecular units@12#. Thus order parameter fluctuations appe
not to be the origin of the small-angle four-spot signal for t
smectic-C-like arrangement, which seems to arise from
static situation rather than a dynamic equilibrium involvin
correlation fluctuations driven by the long segmented m
sogenic units@1#.

The Fourier inversion of Eq.~4! gives the shape of the
correlation functions parallel and normal to the director
the real space as described by

Gi~z!5expS 2
z2Dqid

2

2 D 5expS 2
z2

j i
2D ~7!

and

G'~r !5expS 2
r 2Dq'd

2

2 D 5expS 2
r 2

j'
2 D , ~8!

wherez andr are the distances parallel and perpendicula
the director, respectively, andji andj' are the longitudinal
and the transversal correlation lengths, respectively. The
ues of ji and j' obtained for all samples are reported
Table II. Figure 6 shows the trend of the correlation leng
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ji andj' as a function of the overall numberN of methylene
groups in the repeating unit (N52m1n). A regular increase
in the longitudinal correlation lengthji with increasingN is
observed, whereas the transversal correlation lengthj' ini-
tially increases asN increases and then reaches a cons
value of about 90 Å. The increase in the longitudinal cor
lation lengthji with increasing length of the flexible spac
clearly indicates an effective participation of the flexib
spacer in the ordering process in the nematic mesophas

A reliable estimate of the average longitudinalL i and
transversalL' ~Fig. 2! dimensions of the cybotactic cluste
can be obtained by considering the longitudinal and trans
sal distances~in the real space! which correspond to the cor
relation extinction. For a Gaussian function, the correlat
conventionally vanishes after three times the correlat
length. Then, from the definition of the correlation lengt
@see Eqs.~7! and ~8!# it follows that

L i ,'53
&

Dqid,'d
5
6Aln 2

p

l

D~2u! i ,'cosuB

51.59
l

D~2u! i ,'cosuB
, ~9!

wherel is the wavelength of the incident radiation,uB is the
Bragg angle, andD~2u!i andD~20!' are the FWHMs of the
diffraction peak measured in the longitudinal and transve
direction. This equation is formally equal to the Scher
equation@13#:

L i ,'5K
l

D~2u! i ,' cosuB
, ~10!

TABLE III. Longitudinal L i and transversalL' dimensions of
the cybotactic clusters estimated as three times the correspon
correlation length.

Sample L i ~Å! L' ~Å!

TDI-C2C6 264~9! 129~3!

TDI-C6C4 285~10! 264~9!

TDI-C6C6 330~12! 270~9!

TDI-C6C8 408~20! 270~9!

TDI-C6C10 558~32! 273~9!

FIG. 6. Trend of the correlation lengthsji ~full dots! and j'

~open squares! as a function of the numberN of methylene groups
in the repeating unitN52m1n.
nt
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n
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where the coefficientK is 1.59. This value is intermediat
between the values 0.9 and 1.84, as expected for a pe
crystal and a disordered layer lattice@14#, respectively. The
average dimensions of the cybotactic clusters calculated
means of Eq.~9! are summarized in Table III.

Further information about the ordering in the nematic
gion can be obtained from the analysis of the diffuse scat
ing in the small-angle region. The diffuse streaks, orthogo
to the director and located along the meridional line, cor
spond to the intersection with the Ewald sphere of a serie
equidistant diffuse planes representing the Fourier transf
of a linear modulated object oriented along the director@15#.
As an example, Fig. 7 reports the experimentally measu
intensity profiles of TDI-C6C6 along the meridional line, af-
ter background subtraction and correction for the Lore
factor. The same type of diffuse streaks were found in
diffraction patterns of both polymeric smectic phases@16,17#
and polymeric@18# and conventional nematic@19# phases
and indicate that the molecules tend to align themselve
rows over a short range. The diffraction pattern for a ser
of parallel periodic chains with periodicitya but with a dis-
ordered net of chain centers is a series of sheets of scatte
normal to the chains and spaced 1/a apart@20# ~Fig. 8!. The
planar spreading of the intensity in the reciprocal space
sults from the longitudinal disordered arrangement of
chains. The correlation length of this ordered structure m
be estimated from the width of the diffuse streaks along
director. From the measurement of the spacing between
jacent diffuse lines in the reciprocal space, it is possible
estimate the periodLdiff of the corresponding linear lattice i
the real space, which is of the order of the molecular leng
TheLdiff values obtained are significantly lower than the c
respondingLcalc values estimated for the most extended m
lecular conformation. The differenceLcalc2Ldiff is 4.5, 4.0,
6.5, 6.6, and 5.5 Å for TDI-C2C6, TDI-C6C4, TDI-C6C6,
TDI-C6C8, and TDI-C6C10, respectively. Since the diffus
peaks arise from correlations in the molecular arrangem
along the director, the most obvious explanation of this d
ference is in terms of a tilt effect. If we consider the me
projection of the molecular length along the director, i.
d5L^ucoswu&, we can calculate an average anglew of the
molecule from its preferred direction ~w50! by
w5^cos21(d/L)&. The values ofwdiff so obtained are 25°
22°, 24°, 27°, and 27° for TDI-C2C6, TDI-C6C4, TDI-C6C6,
TDI-C6C8, and TDI-C6C10, respectively. These values are

ing

FIG. 7. Intensity of the diffuse reflections along the meridion
line of sample TDI-C6C6. The continuous line gives the best fit t
the experimental data by a superposition of Lorentzian function
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good agreement with the average tilt angle usually repo
in other low molar mass nematic liquid crystals@21#.

From the intensity profile of the diffuse reflections alo
the director it is possible to estimate the longitudinal cor
lation lengthji in the nematic phase by the equation

j i5
2

Dqi
, ~11!

whereDqi is the FWHM of the Lorentzian curves describin
the shape of the diffuse reflections in the reciprocal spa
The values of the longitudinal correlation lengths obtain
after correction for the finite experimental resolution and
eraging over the whole set of diffuse reflections are 38,

FIG. 8. Schematic representation of the structure and diffrac
pattern for a system of uncorrelated rods.
G

,

C

r,
d

-

e.
d
-
,

42, 42, and 45 Å for samples TDI-C2C6, TDI-C6C4,
TDI-C6C6, TDI-C6C8, and TDI-C6C10, respectively.

IV. CONCLUSION

The x-ray-diffraction analysis of the cybotactic nema
mesophase in several samples of main chain liqu
crystalline poly~urethane-ester!s is reported. Evidence is pro
vided of the existence of two different molecular orderin
within the cybotactic nematic phase to which different inte
nal degrees of correlation correspond. The average dim
sion of the cybotactic clusters along the director is compri
between;260 and; 560 Å, whereas the average dimensi
perpendicular to the director ranges from;130 to;270 Å.
Accordingly, the cybotactic clusters present an asymmetr
ellipsoidal-like shape. The longitudinal correlation length i
creases regularly as the length of the flexible spacer
creases, whereas the transversal correlation length reac
constant value, thus clearly indicating that the flexible spa
plays a fundamental role in the ordering process in the n
atic mesophase.

On the other hand, the correlation length within the ne
atic surrounding the cybotactic clusters and along the dir
tor is comprised between 38 and 45 Å. This value is of
order of the molecular length. These findings highlight t
multidomain nature of the cybotactic nematic mesoph
consisting of large and asymmetric clusters even though
correlation degree in the surrounding nematic is very low
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