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Scaling Laws in Side-Chain Liquid Crystalline Polymers: Experimental Evidence
of Main-Chain Layer Hopping in the Smectic Phase
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The average dimensions and the anisotropy of the main chain of a side-chain liquid crystalline poly-
mer are determined in the different mesophases on a series of five different molecular weights. From
the comparison of the main-chain dimensions, one deduces that the main chains adopt nearly a self-
avoided walk in the isotropic phase. In the smectic phase, the walk adopted between mesogen layers
tends to a Gaussian walk, whereas a rodlike behavior is found in the direction parallel to the mesogens.
[S0031-9007(97)05212-5]

PACS numbers: 61.30.Jf, 61.12.Ex

In side-chain liquid crystalline polymers, the liquid tering in the intermediate scattering range seem to be in
crystalline properties usually come from the side-chairbetter agreement with a random walk within the smectic
moieties. The main chain is an ordinary polymer suchplane [8].
as a polymethacrylate, a polysiloxane, etc. However, it In this paper, we give the very first experimental in-
has been demonstrated many times [1] that the main chairestigations on the main-chain statistics of side-chain lig-
no longer shows a typical polymer behavior since theuid crystalline polymers. Small-angle neutron scattering
three-dimensional random conformation resulting from its(SSANS) is the only method able to provide information
isotropic entropy is lost. Actually, the main chain is ableon the conformation and anisotropy of oriented chains in
to adopt either a prolate or an oblate conformation dethe bulk. We give a systematic description of the evolu-
pending on the symmetry of the phase and the nature dion of the main-chain conformation as a function of the
the fluctuations which take place [2]. In all cases, themolecular weight (on the basis of five different molecular
main-chain conformation is deeply affected by the liquid-weights). From this evolution, we deduce that the liquid
crystalline field. In other words, the side-chain hingescrystalline field affects strongly the chain statistics. In
act along the main chain over distances less than the peparticular, we demonstrate that the main chain adopts a
sistence length. This also means that a total decouplintandom walk within the smectic planes where it behaves
proceeding from the spacer [3] is not needed to enablas a rod through the layers.
the mesomorphy. In the smectic phase, it has been ex- The LC polymers used here are the same as described
perimentally demonstrated that the main chains occupin [1(a)] and corresponds to the structural formula
preferentially the space between the mesogenic layers [4’ CX,
confirming what was stated by the theoretical models [5] (CX, - 6]

In contrast, there is, until now, no element which confirms™ " 2

that the main-chain crossings are defects [5(c)] or laye CO, - (CH2)6-0@C02@0CH3

hoppings [5(a)] (Fig. 1). As for the main chains which . . . . .
are supposed to remain between the mesogen layers, tWéth e|th_er X =Hor X =D (a1l isotopic mixture
problem to know what sort of walk is adopted by the poly—IS use(_j n order_ to show the appearance of the central
mer main chains remains open. Rieger [5(c)] examinedgcattering associated to the main-chain form factor).
three extreme cases (rodlike, Gaussian, and self-avoided
walk) and showed that, in these cases, the solutions should
provide nearly the same main-chain anisotropy. Differ-
ent experimental attempts have led to opposite interpreta-
tions. Duran and co-workers [6] are in favor of a fully
rigid rodlike main-chain conformation. The main chains
are packed in ribbons parallel to the smectic layers and
the mesogens hang on one side of the polymer main chain
(syndiotactic structure) leading to a rectilinear main-chain
conformation. NMR experiments carried out in a frozen
smectic phase confirm a strong alignment of the main
chains perpendicular to the mesogens [7]. In contrask|G. 1. Hypothetic crossing (defect) of the main chain
other experimental studies carried out by neutron scathrough the smectic layer. The director is vertical.
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Five molecular weight fractions were extracted fromperpendicular component is measured in the multidetector
the initial batch (obtained by radicalar polymerization) for plane).
each H and D species. The polydispersity (determined We used a two-dimensional fit to extra&fj and R ;
by gel permeation chromatography) and the moleculafrom the two-dimensional Lorentzia®(q),q.) [10].
weights (determined by absolute calibration of the neuThis procedure presents the huge advantage of avoiding
tron experiments) are listed below. The same mesophaske systematic error introduced by the traditional use of
sequence was observed on the five fractions, with a regumasks of defined widths, and also increases considerably
lar increase of the transition temperatures as a function ghe statistics. The extra scattering, likely due to catalyst
the molecular weight?, —(25—-35°C)—S4;(smectig—  heterogeneities (Fig. 2), is also fitted extending the
(64-75°C)—N (nematig—(102—-111°C)—I (isotropig. Guinier domain to the lowest angles. After calibration of
The smectic phase has been sometimes misidentifigitie incident neutron beam, the scattered intensigy is
[L(a)] because of a lack of typical smectic texture andnormalized as described in [11]. The molecular weight
of a weak specific heat change at the nematic-smectitf/y, of each HD mixture, deduced (with an accuracy
transition. This transition is much more visible on theof 5%) from the intensity at zerg-value, are the fol-
fractional samples because of the low polydispersity. lowing: My(1) = 76500, My (2) = 142000, My ((3) =
The HD isotopic mixtures were obtained by evapo-270000, My (4) = 382000, My(5) = 870000, with
ration from a solution. The mixed samples were therthe corresponding polydispersityt(1) = 1.66, 1(2) —
molten between two quartz windows spaced by 1 mm. Inl.32, I(3) = 1.29, I(4) = 1.25, I(5) = 1.33. Figure 3
order to proceed to the alignment of the liquid crystallineshows the evolution of the main-chain anisotropy for each
phases and to the simultaneous SANS measurements, eanblecular weight species as a function of the temperature.
sample was placed in an oven itself placed between th&he following features can be deduced.
poles of a magnet of 1.4 T [6]. All samples were submit- (i) In the isotropic phaseR and R, are systematically
ted to the same thermal history. They were heated up toonfused within the error bars; the polymer main chains
the isotropic phase, then the temperature slowly decreasede isotropically distributed.
(5 °C/h) from the isotropic-nematic transition down to the (i) In the nematic phase, a slight main-chain anisotropy
smectic phase while the scattered signal was measurésl observed(R; = R,). The extension of the polymer
as referred in [9]. The resulting transparency indicatesnain chain perpendicular to the direct@® ) shows a
that the alignment process was achieved in the nematiweak increase compared to the isotropic state, whereas the
phase and the presence of a well-defined 001 reflection ptrallel extensioitR)) is significantly reduced. The main
low temperature (easily visible on the fully hydrogenatedchains tend to be mostly perpendicular to the director.
sample since the absence of central scattering) indicates a(iii) As soon as the nematic-smecti transition, the
monolayer smectic phase 2§ A thickness [9]. anisotropic oblate shape is asserted. It results essentially
The scattered beam was collected on the plane dfom a strong reduction of the extensioR, to the
the two-dimensional spectrometer (PAXY of the Labo-director. Actually, the behavior observed in the smectic
ratoire Léon Brillouin) using two settings to cover the phase corresponds to a local microsegregation of the main
small-angle range corresponding to the Guinier domairthains between the layers formed by the side mesogens
(qRg = 1). For low molecular weights, we explored a [4]. Itis interesting to remark on Fig. 3 that the difference
g range (wherg; is the scattering vector defined gy= A = (R — Ris) remains approximately constant. The
(47r/)) sin(6/2), where ) is the wavelength and is the  invariance ofA and its value(=20-25 A) close to the
scattering angle) of 0.008 08 A~!. For high molecu-
lar weights, the wavelength was switched up from 10
to 14 A providing ag range of 0.006 t0.06 A~! (diffrac-
tion measurements have been carried out at 5 A). L 1/1(au)
The data were normalized and the (incoherent and elec- I
tronic) backgrounds removed. - o]
At small angles, the signal obeys the Zimm approxima- [ o ]
tion for which the scattered intensif{q) is proportional [ 1
to the form factorP(q) associated with the main-chain
part of the polymer:

— 2 2 2.2 2.2
S(@)aP(q) = 1/1 + (Ryqy + Ryqy + R:q2),
with R} = R} + R} + RZ.
Let us choos®, as the axis parallel to the magnetic field:

R = Ry and Ry =R, =R, are the components of_the FIG. 2. Zimm representation of the intensity scattered in the
radius of gyratiorr, of the polymer main chain following parallel (¢) and the perpendicular axi©) to the director by
and perpendicular to the director, respectively (only onehe polymer of masa/y, (4) = 382000 at 65°C.
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40 + 4 responds to the unoriented average size in the smectic phase
(dotted line).
, %o ‘0.g. @)
| e o o where vi, =y =v, =054 *0.02 [and Ris, =
"'_’_\Nqﬂ. 09 . o (0.046 = 0.011)M%>5=092] " This exponent is intermedi-
p ate between a Gaussian behavior (in the bulk 0.5)
20 | ! . and a self-avoiding walk (in a good solvent= 0.58).
: Isotropic| The expected value would be= 0.5, since the isotropic
Nematic phase is the “less” mesomorphic phase. However,
only the main-chain behavior is considered and lateral
0 ‘ . . . | 1 mesogens could procure a kind of dilution contributing to
T T e e e excluded volume effects.
20 40 60 TeC 80 100 120 In the smectic phase, the main-chain behavior is deeply

different following the directions parallel and perpendicu-

IFaIrth 3t.heEd\i/:)elg'tg)r(nRo)f tgi é??g?r;orga;%sepgg"? gfﬂd F?g{%?]ng]icumr to the director. Figure 4 represents, in logarithmic
2 z u |

the main chain verlﬁs tempéréture for each mo?gcular ngh%cale the evolution of the extensioRg and R, of the
(continuous lines are only guides for eyes). main chain at 63C versus molecular weight. In the

perpendicular direction (within the smectic planes), we

obtain (R7)/2 = (0.095 = 0.022)M031*002 with v, ~
smectic layer thickness (25 A) could indicate that there i€.51 = 0.02 [with the polydispersity correctionsR ;
no decorrelation between confined main-chain layers. A€0.078 = 0.020)M%31=092] " This law describes the main
last, just on the basis of the evolution of the main-chainchains confined between two successive mesogenic lay-
conformation, three different regimes corresponding to thers. Two antagonistic effects appear in these main-chain
three different phases can be identified. sublayers. The first is a nearness of the main chains since

A convenient way to describe the walk adopted by athe repulsive interactions with the mesogens stacked into
polymer chain is to establish the relation which relies orthe layers decrease. The second effect is a conse-
the chain dimension to its degree of polymerizati®n  quence of the confinement which forces the chains to a
R2 = bIN?" /6, whereby is the statistical unit and is  two-dimensional walk. The reduction of dimensionality
a critical exponent depending on the excluded volumeshould increase excluded volume interactions. The ex-
This relation supposes th&, and N describe the same perimental observation seems to be in favor of the first ar-
average which is realized when the polydisperditys  gument probably because, even confined, the main chains
low [the scattering experiments give the weight averagetill occupy enough place to keep a three-dimensional
molecular weight (My) and the z-average radius of walk. In this case, the main chains separated from their
gyration (<R2) )]. This condition is fulfilled here in first undesirable side parts are stacked close to each other
apprOX|mat|on sincé =~ 1.3. The values corrected from and, thus, show a typical Gaussian behavior. This re-
polydispersity, indicated in brackets, are calculated withsult is in agreement with the very first observations
the formula appropriated to each supposed walk [12] andarried out in the intermediate scattering range [8].
correspond to an equivalent monodisperse weight averagi the direction parallel to the director (we examine
These corrections affect mostly the prefactor. the layer crossings), we obta{R”W2 =(1.1073 + 5 X
In the isotropic phase (Fig. 4), the main-chain walk10~4)p033=0.03 [corrected from polydispersityRy, =

is described by (R%,)/2 = (0.056 = 0.012)M934+002  (1,2.1073 + 5 X 10~*)M283*003] " This behavior is the
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signature of an extreme situation of excluded volumejinear polymers [13] found its analog in smectic side-
main chains are remote from each other. It is a rodlikechain polymers with the main-chain layer hoppings.
behavior. This is the first experimental evidence of theBoth are issued from a reduction of the chain entropy
existence of a rodlike behavior through the smectic layergiesulting from the liquid crystalline field and correspond
The notion of layer defects introduced by the theoreticiango localized and solitary defects. Within the smectic
[5] fits completely with the experimental observation. planes, the main chain shows a nonforeseeable Gaussian
Using the information exposed above, we can investibehavior. This return to a bulk behavior can be explained
gate, in more detail, the statistics of the main chain in thef we consider that the side-chain mesogens are at the
smectic phase by determining the statistical unit lengtlorigin of the excluded volume. This result is also
in both directions as well as the ratio of chain length in-consistent with the behavior noticed in the isotropic phase.
volved in the crossings. Through the layers: However, these measurements have been carried out just
Rﬁ _ bﬁNﬁV”/6 with 2 = 1.66 = 0.08; (la) ;bove the nematic-isotropic transition and the influence of
e neighboring mesophase is perhaps not negligible in
in the layer plane: the self-avoided walk behavior observed in the isotropic
2 2\ — 9p2 _ 32 ; — hase. Finally, since the molecular weight affects much
(Ry + R) =2R, =b1N./6  since2v, =1, Enore the rod%ike behavior than a Ga%ssian one, the
(1b)  extrapolation of these distinct behaviors to the high
where N and N, are, respectively, the number of inde- molecular weights should reveal a change of anisotropy of
pendent steps in the directions parallel and perpendiculajonformation. Such a transition remains to be discussed
to the mesogens, ankl and b, are the corresponding and observed.
statistical units. Since the main-chain crossings behave The authors are very grateful to W. Stocker and V.
as a rod, we can approximatg to the layer thickness Abetz who gave their assistance during the neutron ex-

(25 _A) [5(b)] and deducev), the number of crossings per periments in Saclay in November 1993, and Uta Pawelzik
chain, from the relation (1). We found; =~ 4 for the  for her help in the polymer synthesis.

polymer My (2). This quantity varies by definition lin-
early with N. The ratiop = Nyb/L, whereL is the
total contour length of the chaifL = Nyb + N, b)),
gives an idea of the proportion of the chain length which
is crossings. p is about 6% of the total length. It means
that the microsegregation effect is very efficient. Finally, )

from the knowledge oR ,, b, N, andL, we estimate ggqgnéggglsg (1985); (b) P. Kelleet al., J. Phys. Lett
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