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Observation of Hairpin Defects in a Nematic Main-Chain Polyester
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The conformation of a main-chain liquid crystalline polyester in its oriented nematic phase has been
determined by small-angle neutron scattering. The data are fitted by a model of rigid cylinder with
orientational fluctuations. For a low degree of polymerization (~9) the chain is almost completely
elongated in the direction of the nematic field. For a polymer 3 times longer, the existence of two hair-
pins is shown at high temperature; this number decreases with decreasing temperature.

PACS numbers: 61.30.Eb, 61.12.Ex

Liquid crystalline polymers (LCPs) have generated
much interest in the recent years both because of the
challenge of understanding such systems and because of
their important technological applications in high mod-
ulus fibers, nonlinear optics, synthetic membranes, and
electronic devices. A main-chain LCP is a linear link of
repetitive units that may, but often does not, possess in-
trinsic mesogenic character. The liquid crystalline char-
acter of the main-chain LCP is a property of the chain
backbone. For a semiflexible main-chain LCP in its
nematic phase, the tendency to follow long-range orienta-
tional order of the nematic phase enters into competition
with the random conformation necessary to maximize the
polymer entropy. Depending upon the chain molecular
weight M, two possible chain conformations have been
predicted by de Gennes [1]: For low M values the chain
adopts a linear conformation essentially parallel to the
nematic director whereas for high M values it can present
hairpin defects where the chain executes a contour rever-
sal (180°) with respect to the director. The number of
hairpins is an exponential function of the temperature.
Statics and dynamics of hairpins in wormlike chains have
been developed [2] by Warner and co-workers and a pre-
cise temperature dependence of the chain size has been
predicted: The chain size increases with decreasing tem-
perature [3]. From a practical point of view the existence
of hairpins can play an important role in the rheology and
in the nonlinear dielectric and optical properties of main-
chain LCPs. We report, for the first time, on the experi-
mental observation of the hairpin conformation by small-
angle neutron scattering (SANS) associated with wide-
angle x-ray scattering (WAXS). The crucial problem is
to determine the dimensions of one chain in the direction
parallel and perpendicular to the nematic director. It has
been resolved by SANS using for the chain a cylinder
model. WAXS has been used to measure the monomer
length and the monomer orientational order of the poly-
mer in the nematic phase. The existence of the hairpins
is deduced from the comparison of the height of the
cylinder to the total length of the chain.

SANS allows the determination of the conformation of
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one chain from a melt of 50% deuterated (D) chains
dispersed in protonated (H) ones [4]. Here the diffi-
culties lie in finding soluble nematic polymers (in order to
obtain the H and D chain mixture from a solution) with a
nematic phase in a low-temperature range (7 < 200°C).
A rather good candidate is the following mesomorphic
polyester

(0] -——< b N=NO 0,C— (CXy)n—Q0
CH3 CH DP

where DP is the degree of polymerization, X is either H
or D, and n is the spacer length. This polyester was first
synthesized [5] and widely studied by Blumstein and
Blumstein [6]. This group has obtained the first SANS
results [7] and shown that these chains are very extended
in the nematic phase. Nevertheless, quantitative interpre-
tation of their data is difficult since the authors did not
mention anything concerning the transesterification reac-
tion. This reaction occurs during the preparation of a
homogeneous polyester sample by annealing in the isotro-
pic phase. Higgins and co-workers and Weiss and co-
workers have undertaken the conformation study of LCP
by SANS using as a sample another polyester [8,9], in
which the transesterification was a major problem [8].
The transesterification reaction [10] is a random scis-
sion of the carboxyl groups (C=0)—0~ of the polyester
and a recombination of subchains induced by heating.
This leads to a sample made of H chains, D chains, and
partial D chains. Neutron scattering intensities of such
samples are very difficult to interpret in the low scattering
vector range [11] where the size of the chain is obtained.
The conservation of the mean molecular weight of the D
(or H) chains or of the intensity scattered at zero g value
during the SANS experiment is the proof of negligible
effects of transesterification. Evaluation of My can be
achieved from an absolute intensity calibration of the
SANS experiment [12]. This procedure was recently
used by our group to carry out systematic studies [13] of
this chemical reaction with different polyesters (n =8, 10,
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and 11) following the theory of Benoit, Fischer, and
Zach-Mann [14]. As a result, a method has been
developed to prepare and study samples where the effects
of the transesterification reaction are negligible. This
method consists of preparing the homogeneous polyester
sample in the crystalline phase near the crystalline-
nematic transition and keeping the measuring time in the
isotropic phase less than 1 h.

Here we report the results of the conformational study
of the polyester with spacer length » =10 conformation in
the nematic phase for two samples: A sample DP28 is
obtained from a half and half mixture of H chains
(M, =14900; M,/M,=1.16; 99 < Tnc <108°C; 152
< Ty <158°C) and D chains (M, =16100; M, /M,
=1.18; 99<Tnc<108°C; 152<T;y<159°C). M,
and M, are the number and weight average molecular
weights, respectively, Tnc the range of transition temper-
ature from nematic to crystalline phases, and 7Ty that
from isotropic to nematic phases— of course no measure-
ments were made in these biphasic temperature ranges.
The second sample (DP7-11) is prepared from a mixture
of H chains DP=7 (M, =4080; M, /M,=1.36) and D
chains DP=11 (M,, =5920; M, /M,=1.17). Note this
short polymer sample has a bimodal distribution of short
chains. The transition temperatures of this mixture are
(80 < Tne <95°C; 132 < Ty < 145°C).

The polymer (DP28) in the nematic phase was first
studied by wide-angle x-ray scattering in order to deter-
mine the length and the nematic order parameter of the
monomer.

A sample of =5 mg in a capillary glass tube (@=1.5
mm) was aligned by a magnetic field of 1.7 T and studied
in situ in the oven of the x-ray setup. This setup, already
described [15], uses the point focused x-ray beam
(ACuK,=1.541 A) issued from a doubly bent graphite
monochromator.

On the one hand, the x-ray diffraction pattern (Fig. 1)
shows the wide-angle diffuse ring at g ~27/4.5 A ™! (g is
the scattering vector of modulus 47sin6/\ where 20 is the
scattering angle) classically due to lateral interferences

FIG. 1. X-ray diffraction pattern of a magnetically aligned
sample of the long polymer in the nematic phase. H is the mag-
netic field direction (sample film distance 60 mm). (a) Wide-
angle diffuse ring, (b) diffuse lines, and (c) diffuse spots due to
unimportant smectic-C fluctuations (see Ref. [6]) superimposed
on the first diffuse line.
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between mesogenic cores. The intensity distribution
along the ring indicates that the mesogenic cores are
oriented parallel to the magnetic field. More precisely,
this intensity distribution can be exploited to derive the
nematic order parameter S according to published meth-
ods [16,17]. The value S =0.85 % 0.09 was thus obtained
[18] at 140°C. In the whole temperature range of the
nematic phase, the S value only increases by 10% with
decreasing temperature.

On the other hand, the x-ray diffraction patterns also
show 4 orders of diffuse lines perpendicular to the direc-
tor (see Fig. 1). These diffuse lines arise from longitudi-
nal interferences between monomers belonging to the
same polymer chain [19,20]. The resulting distance
d=24.5+0.5 A appears as the length of the monomer.
Comparison of this value to the length (25.2 A) mea-
sured on stereomodels in the most extended configuration
shows that the spacer (CHj)jo is almost completely
elongated. This last result is quite independent of the
temperature. Similar results were obtained with a poly-
mer DP=15. They are extrapolated to the short polymer
DP=7-11.

The SANS measurements were performed on the
PAXY spectrometer at LLB (Orphée Reactor, Saclay).
The wavelength used was 10 A and the distance between
the sample and the multidetector (128 %128 cells of 5x5
mm?) was 3.0 m. The scattering vector range was 7.9
x10 3=¢g=6.7x10"2 A~!. The sample was oriented
in situ in an oven with a magnetic field of 1.4 T. The
scattering was extremely anisotropic. The cells of the
same g modulus were regrouped by rectangular sectors of
eleven cells in the direction parallel and eight cells in the
direction perpendicular to the magnetic field. This gives
us the primary scattering intensities /,(q) and I, (g), re-
spectively.

The data treatment is carried out using the classical
procedure. The background is determined from the
weighted sum of the incoherent intensity delivered by a
sample of H polymers and of D polymers. Absolute cali-
bration is obtained from the direct determination of the
number of neutrons in the incident beam [12]. This al-
lows us to obtain the scattering cross section S(g) in
cm .

The data of S, (g) are easy to interpret as a function
of the radius of gyration Rg, using the Zimm representa-
tion [21]

ST =S1"0)U+g?Rg2/3), qRg.<1. (1)

The S '(0) values are very close to the corresponding
ones measured in the isotropic phase which give the
correct molecular weights. For example, we have ob-
tained the radius of gyration Rg, =23+ 1 A for the sam-
ple DP28 at T=135°C and Rg,=13.5%0.5 A for the
sample DP7-11 at T=124°C. For S,(g) a similar rela-
tion

Sn—‘(q) =S||_](O)[|+q2Rg||2/3], qRg1 <1 )
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is used. But Sy '(0) which should be equal to S '(0) is
found to be much lower. This result, already obtained by
d’Allest et al. (see Fig. 3 in Ref. [7(a)]) means that the
condition (gRgy < 1) necessary to use Eq. (2) is not
fulfilled experimentally. Thus, in this direction, it is not
possible to determine Rg) using the Zimm approximation
without data in a smaller g range. This indicates a very
elongated conformation. Unfortunately, the correspond-
ing low scattering intensity does not allow us to work in a
smaller g range.

The best way to obtain the parallel dimension of the
chain is to try a fit of the data of the two directions with a
model. The simple model adopted here for the chain is
that of a cylinder of length 2H and of radius R; its form
factor is [22]

sin(gH cosp) 2J1(gRsinp) ’ )

Fpy = qH cosp gRsinp ’

where J(x) is the Bessel function and B the angle be-
tween the scattering vector and the axis of the cylinder.
There is a certain orientational distribution for this
cylinder, i.e., the angular distribution of B in the nematic
phase. The distribution chosen for B is assumed to be the
Maier-Saupe distribution [23] (without real reasons but
for simplicity):

P(a,ﬂ) =AeaCOS2ﬂ L]
4)

1 /2 25 .
A =47tj; e Psinpdp .

Finally the scattering data were fitted with the following
functions:

/2
S =s© [ Pa.p)F(B)singdp. (5)

7 8
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FIG. 2. Absolute scattering intensity recorded in the direc-
tions parallel (II) and perpendicular (1) to the magnetic field
as a function of the scattering vector q. The data are the
response of a main chain of 28 monomers. The solid lines are
simulated curves of a cylinder of 280 A in length and 12 A in
radius (see text). This result shows the existence of two hair-
pins in the chain conformation.

_ fﬂ/Z T .
S, (g)=5(0) o P(a,B)F ?—[3 sinfdp, (6)

where S(0) =S,(0) is an experimental datum. The ad-
justable parameters are 2H, R, and a; a priori, they inter-
vene in both directions because of the orientational fluc-
tuations. Fortunately, the chains are very elongated in
the Il direction; thus a precise value of 2H can be deduced
from S;(g) alone. This value of 2H is introduced in the
fit of S, (g) but a difficulty lies in the correlations of the
a and R values. However, this problem is not relevant to
the hairpin existence which is derived mainly from the
2H value.

Figure 2 shows the fits of experimental data to Egs. (5)
and (6) for the long polymer at 135°C, the higher tem-
perature in the nematic phase. The fits are quite good
and lead to 2H=280+10 A, R=12%2 A, and a =50,
corresponding to a very high value of the nematic order
parameter P of the cylinder P,=0.97. Since the total
length L of the polymer is 28x24.5=686 A the chain
presents (686/280) 2.45 hairpins on the average.
[Rigorously, the hairpin number is n=(L/2H)—1, and
L/2H represents the arm number of hairpins. L/2H is
used here because it has been shown to be a crucial pa-
rameter in the theoretical discussion [1].] A schematic
representation of the chain conformation is given in Fig.
3. At the lower temperature in the nematic phase
T=116°C these values become 2H=320%+10 A,
R=8+3 A, and a=87 (P,=0.98). Thus the mean
hairpin number (686/320=2.1) decreases with decreasing
temperature. As regards the correlations of the R and a
values, a complementary measurement of R has been
made in the unoriented nematic phase at T=135°C
where the scattering cross section [22]

_ ¢’R?
4

S(g)~ , QH) 'xg=R™!

2qH €xp [

yields R directly. The corresponding value of 11.530.5
A is in very good agreement with that of 12 A deduced
from the fits and gives us confidence in our results. The
absence of oscillations in the experimental curve S;(q)
can be explained by a distribution of cylinder length due
to the distribution of hairpin’s positions along the chain.
For the short polymer (DP7-11) at 124°C the fits give
2H=180%+10 A, R=5%3 A, and a=50 (P,=0.97).
Thus this polymer is almost completely elongated along
the director. Here also the experimental curve S;(q)

F%\/\/‘:\/
Wm
FIG. 3. Schematic representation of a main chain with 2.5

hairpins on the average. The cylinder is the model used to fit
the experimental data.
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does not present oscillations but in this case it is a conse-
quence of the bimodal distribution of H and D polymers.

The orientational fluctuations of the whole polymer are
very weak relative to those of the monomers. This strik-
ing result is obtained comparing the nematic order pa-
rameter of the monomer S =0.85 measured by x-ray
diffraction to P, =0.97 obtained for the cylinder from the
fit.

In conclusion, we can say that the conformation of the
short polymer corresponds to a totally elongated polymer
with very little orientational fluctuations. The conforma-
tion of the long polymer is explained with two hairpins
but their arms are extremely elongated and closely
packed in a cylinder of about 20 A in diameter (see Fig.
3). The mean number of hairpins is a decreasing func-
tion of temperature, but the variation observed in the
present experiment is too weak to test the theoretical
models [1,2], in which an exponentially decreasing func-
tion of temperature for the hairpin number is predicted.

A main question concerns the possibility of a drastic
change in local conformation required by a hairpin.
Since, in the isotropic phase, the polyester (n=10) shows
[18] the characteristic behavior, S(g) ~g ~2, in the wide
g range (0.016 to 0.16 A '), of a Gaussian coil and not
that of a wormlike chain [S(g) ~g ~'l, this striking re-
sult can be explained by a Gaussian conformation of the
chain due to the high flexibility of its spacers. As a
consequence, the energy penalty paid by the spacer parti-
cipating in the hairpin structure is perhaps not too high.

We would like to acknowledge H. Benoit for fruitful
discussions about the hairpin existence. We are very
grateful to L. T. Lee for her helpful suggestions concern-
ing the manuscript and we are indebted to D. Petermann
for his assistance in the treatment of the x-ray results.

[1]1 P. G. de Gennes, in Polymer Liquid Crystals, edited by
A. Ciferri, W. R. Krigbaum, and R. B. Meyer (Academ-
ic, New York, 1982), Chap. 5.

[2] D. R. M. Williams and M. Warner, J. Phys. (Paris) 51,
317 (1990), and references therein.

[31 M. Warner, J. M. F. Gunn, and A. B. Baumgartner, J.
Phys. A 18, 3007 (1985); X. J. Wang and M. Warner, J.

2300

Phys. A 19, 2215 (1986).

[4] J. P. Cotton, D. Decker, H. Benoit, B. Farnoux, G. Jan-
nink, R. Ober, C. Picot, and J. des Cloizeaux, Macro-
molecules 7, 863 (1974).

[5]1 A. Blumstein and S. Vilasagar, Mol. Cryst. Lig. Cryst.
(Lett.) 72,1 (1981).

[6] R. B. Blumstein and A. Blumstein, Mol. Cryst. Liq.
Cryst. 165, 361 (1988).

[71 J. F. d’Allest, P. Sixou, A. Blumstein, R. B. Blumstein, J.
Teixeira, and L. Noirez, Mol. Cryst. Liq. Cryst. 155, 581
(1988); J. F. d’Allest, P. Maissa, A. ten Bosch, P. Sixou,
A. Blumstein, R. B. Blumstein, J. Teixeira, and L.
Noirez, Phys. Rev. Lett. 61, 2562 (1988).

[8]1 V. Arrighi, J. S. Higgins, R. A. Weiss, and L. Cime-
cioglu, Macromolecules 25, 5297 (1992).

[9] J. Abis, V. Arrighi, A. L. Cimecioglu, J. S. Higgins, and
R. A. Weiss, Eur. Polym. J. 29, 175 (1993).

[10] W. A. MacDonald, A. D. W. Mc Lenaghan, G. Mc Lean,
R. W. Richards, and S. M. King, Macromolecules 24,
6164 (1991), and references therein.

[11] L. Leibler and H. Benoit, Polymer 22, 195 (1981).

[12] J. P. Cotton, in Neutron, X-Ray, and Light Scattering,
edited by P. Linder and T. Zemb (Elsevier, New York,
1991), p. 19.

[131 M. H. Li, A. Brilet, P. Keller, C. Strazielle, and J. P.
Cotton, Macromolecules 26, 119 (1993).

[14] H. Benoit, E. W. Fischer, and H. G. Zachmann, Polymer
30, 379 (1989).

[15]1 P. Davidson, P. Keller, and A. M. Levelut, J. Phys.
(Paris) 46, 939 (1985).

[16] A. J. Leadbetter and P. G. Wrighton, J. Phys. (Paris),
Collog. 40, C3-234 (1979).

[17] M. Deutsch, Phys. Rev. A 44, 8264 (1991).

[18] M. H. Li, Ph.D thesis, University Paris VI, 1993 (unpub-
lished).

[19]1 G. R. Mitchell and A. H. Windle, Polymer 24, 1513
(1983).

[20] L. Liebert, L. Strzelecki, D. van Luyen, and A. M.
Levelut, Eur. Polym. J. 17, 71 (1981).

[21] A large discussion concerning the derivation of the Zimm
relation and its extension to mixtures of polymers will be
found in H. C. Benoit, and J. S. Higgins, “Neutron
Scattering by Polymers” (Oxford Univ. Press, Oxford, to
be published), Chap. 7.

[22] A. Guinier and G. Fournet, Small Angle Scattering of
X-Rays (Wiley, New York, 1955), p. 19.

[231 W. Maier and A. Saupe, Z. Naturforsch. 14A, 882
(1959); 15A, 287 (1960).



FIG. 1. X-ray diffraction pattern of a magnetically aligned
sample of the long polymer in the nematic phase. H is the mag-
netic field direction (sample film distance 60 mm). (a) Wide-
angle diffuse ring, (b) diffuse lines, and (¢) diffuse spots due to
unimportant smectic-C fluctuations (see Ref. [6]) superimposed
on the first diffuse line.



