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ABSTRACT: We have determined the conformation of side-chain liquid-crystalline polymers in nematic 
solutions by small-angle X-ray scattering. We have shown that the macromolecules are conformationally 
anisotropic. Moreover, the direction of anisotropy has been determined: the macromolecules are prolate 
ellipsoids (R,,A, > RLAo), where ?zo is the mean field nematic director. The form of the anisotropy and its 
magnitude appear to be independent of the coupling strength of the side groups to the backbone for rela- 
tively long spacers (3 < n < 6). The isotropic sizes Ri are large compared to an ordinary polymer with the 
same degree of polymerization. We have also measured the radius of gyration in an ordinary solvent (tol- 
uene) and found that the results are consistent with the nematic case. These results allowed us to point 
out an effect of the polymer concentration of the absolute sizes of polymer chains in ordered solutions but 
not on the form of the anisotropy or ita magnitude. The results are consistent with an independent vis- 
coelastic study reported on these materials and with the Brochard assumption that explains the typical 
nematic rotational viscosity behavior in these systems. We have compared these results with a recent the- 
oretical approach by Warner et  al.; there is a qualitative agreement between our results and the major 
points outlined in this model. Thus the correlation between mesomorphic order and anisotropy of chains 
is meaningful. 

I. Introduction 
The s tudy  of side-chain liquid-crystalline polymers has 

advanced considerably in recent years. The intense inter- 
est motivated b y  industrial  applications has been stim- 
ulated b y  two factors: a wide variety of such materials 
has been designed b y  using advanced chemical reactions 
and new experimental and theoretical physical approaches 
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have been made.'-7 In fact these molecules have two con- 
flicting properties: flexibility of the backbone, an aspect 
of conventional polymers, and nematic constraints due 
to the pendant groups that tend to orient the system 
because of the orientational order of mesomorphic mate- 
rials. 

Many  structural studies of these systems in  the melt 
phase have been reported, i n  either the smectic or the 
nematic state, depending on whether the investigated sys- 
tem shows one or more mes~phases .~- l~  For instance, 
the arrangement  of the side groups and that of the spac- 
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ers between these groups and the  backbone was exam- 
ined by using NMR or X-ray d i f f r a c t i ~ n . ~ ~ ~ ' ~  T h e  behav- 
ior of the skeleton has  also been studied by using small- 
and wide-angle scattering techniques for various 
mesophases.*-ll Other studies such as dielectric 
relaxation,14 storage devices,15 defects approach as for 
conventional liquid crystals,16 and structural investiga- 
tions by infrared spectroscopy" have been reported on 
these materials. 

The study of these systems in solution, mainly in nem- 
atic solvents, is still incomplete. One might be able t o  
draw an analogy with ordinary solutions of flexible poly- 
mers. Mesomorphic solutions have the advantage of being 
able to orient; thus the classic liquid crystal physical 
approaches can be used. Another advantage of solution 
s tudy is that it allows one to gain access to compounds 
that are sometimes impossible to handle in melt  
phase. lS 

We pursued a viscoelastic study of side-chain polysi- 
loxane in a low molecular weight (lmw) liquid crystal sol- 
vent. We measured the typical nematic rotational vis- 
cosity y1 as well as the Frank elastic This 
method is used to check the effect of dissolved macro- 
molecules on the properties of liquid crystals. However, 
i t  has  also provided us with information concerning the  
behavior of solute chains in such a mesophase order. In 
particular, the explanation for the viscosity increase, in 
terms of the hydrodynamic model of F. Brochard," points 
to  a conformational anisotropy of the  macromolecules. 
This  hypothesis is also useful in interpreting other sim- 
ilar studies in melt ~ y s t e m s . ~ , ' ~  However, t he  viscoelas- 
tic s tudy coupled with the anisotropy hypothesis d o  not  
enable us to determine the shape (prolate, oblate, etc.) 
of the  macromolecules. 

We reported in a previous communication" a prelim- 
inary small-angle X-ray scattering s tudy (SAXS) carried 
out  on such macromolecules in a nematic solvent. In the 
present report we present a wide ranging study with more 
detailed results taking into account the different param- 
eters involved in these systems such as the  effect of con- 
centration and the phase state. We also report compli- 
mentary study in an ordinary solvent to  check these results. 
This  has allowed us to make a better correlation with 
the viscoelastic study. T h e  results were interpreted qual- 
itatively in the framework of the phenomenological model 
of Warner et alaz3 
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Table I 
Chemical Formulae and Clearing Temperatures for 
Polymers Pf and lmw Liquid Crystal Solvents Used 

11. Experimental Section 
1. Materials and Sample Preparation. We used the poly- 

(methylsiloxane) side-chain polymers, extensively described in 
previous ~ o r k s . ' ~ * ~ ~  They were synthesized by H. Finkelmann 
(W. Germany), by substitution of phenyl benzoate liquid crys- 
tal groups on a given poly(methylsi1oxane) chain. During the 
chemical reaction, each H atom previously linked to Si is replaced 
by a nematic molecule that is attached to the backbone through 
a methylene chain (CH,),, called the spacer (a) .  The polymers 
are symbolized by Pf, where N and n are the degree of poly- 
merization and the spacer length, respectively. We used sys- 
tems with N values of 95 and 50 and varied n between 3 and 6. 
The nematic solvent (symbolized by M,) was a phenyl ben- 
zoate liquid crystal very similar to the mesomorphic side groups. 
The corresponding clearing temperatures are listed in Table I. 

M, and P t  were determined to be compatible before any 
measurements were made. The close chemical similarity between 
the solvent molecules and the pendant groups does not guar- 
antee miscibility. In fact, recent studies of Casagrande et al. 
and Siguad et aL4 have shown that the phase separation pro- 
cess is sensitive to small modifications in the aliphatic chains 
as well as to the nature of the hard core of the nematic mole- 
cules. 

material T,, K 
~~ 

367.3 
P 356-357.8 

376-376.5 
P: 390.8-392 

C,H,,OPhCOOPhOC,H, M2 
CH3 I ;i: 

CH3 * * e  (-SI-O); ***CH3 

a i  Geometry, ,  ' C  
/f 

M/ 

bJ Geometry ,  

Figure 1. Experimental setup. 
i 

We prepared nematic solutions of about 4-5 wt  % by care- 
fully agitating the P: + M, mixture in vacuum-sealed tubes at 
a temperature slightly above the clearing point. The cells for 
X-ray measurements were flat cylinders with a diameter of 5 
mm, a 1.5 mm optical path, and mica windows 25 f 2 pm thick. 
Only one concentration of each solute was used. In fact, the 
number of samples was limited by the impossibility of recondi- 
tioning used solution and the large volume of material required 
for each cell. [The special conditions in which the samples are 
used (high temperatures, the need for a monocrystal, ... ) made 
it very difficult to retrieve a solution without contaminating it 
or damaging the cell.] In addition, the relatively weak contrast 
of solute macromolecules limited our ability to use smaller con- 
centrations. 

As an ordinary solvent, we used toluene which has the clos- 
est electron density to the phenyl benzoate solvent; it is also a 
good solvent for the polymer. Capillary tubes of 1 mm diame- 
ter were used as sample holders for X-ray measurements. In 
this case, the higher electronic contrast and the possibility of 
reconditioning the solutions allowed us to explore many values 
of polymer concentrations. 

2. Experimental Setup. The experimental setup is shown 
schematically in Figure 1. The distinction between the two geom- 
etries 11 and 1 is made only for mesophase-ordered solutions. 
For isotropic phases and conventional solutions these geome- 
tries were identical. The X-ray generator source was a rotat- 
ing copper anode machine (RIGAKU) operated at 40 kV and 
20 mA. The apparent source irradiates an area of lo-' mm2. 
Because of its property as a total reflector for the copper wave- 
lengths Xkol)Cu and XkB)cu, a vertical mirror, composed of a gold 
deposit on a quartz surface, was used to eliminate the short 
wavelengths and to focus the X-ray beam on the position-sen- 
sitive detector (PSPE) (ELPHYSE). The wavelength XkB)Cu was 
then altered by a nickel filter.24 

The incident beam had a vertical rectangular shape, 3 mm 
x 0.3 mm in dimension. The detector had a 3 mm window, a 
useful length of 50 mm, and 200 pm spatial resolution. The 
distance D was 500 mm. 

The nematic samples were placed in an oven designed to have 
an accurate temperature control (AT < 0.2 "C) and to allow 
the X-ray beam to pass through.ls The samples were sub- 
jected to a permanent magnetic field ( H  N 1.4 kG) to ensure 
homogenous liquid-crystalline order. H could be oriented either 
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Figure 2. Crude spectra: (a) nematic state, geometry 1; (b) isotropic state (Py + M,); (c) nematic state, geometry It. 

horizontally or vertically with respect to the detector. In each 
case a scattered intensity either parallel (qll) or perpendicular 
( q l )  to the nematic direction (it,) was allowed. 

For each system we proceeded in the same way. The scat- 
tered useful intensity was obtained from the difference spec- 
trum between the solution and the reference (pure solvent) after 
making the required correction for the attenuation due to pas- 
sage through the sample and the counting time. 

3. Small-Angle Spectra and Method of Analysis. We 
recall that for the general case, the scattered X-ray intensity 
normalized to the electron scattering intensity Z, may be expressed 
as29 

where c is the concentration (g/cmS), M is the molecular weight 
of the macromolecule, K is the experimental constant depend- 
ing on the electronic contrast (Ap)' and the Avogadro number 
NA [K = (Ap),(l/NA)], S(q) is the single chain contribution or 
form factor, and xT(q) is the interaction contribution or struc- 
ture factor. xT(q) is related to the virial coefficient. 

For the conditions c << 1 and small q values (Guinier limit 
qR < 1) Z(q,c) can be written as 

Ro is the radius of gyration defined by 

(3) 

where the summation is taken over all monomers i and j in the 
chain and rij designates the distance between these monomers; 
N is the degree of polymerization. A,  is the second virial coef- 
ficient. 

For finite and small q and c values, this expression plotted 
in a double diagram c/Z vs (q2 + c) (Zimm plot) provides R, 
and A,, respectively, a t  the limits c = 0 and q = 0. 

For only one finite concentration eq 3 reads 

(4) 

Therefore, a plot of I-' vs q2 can provide us only with an appar- 
ent radius of gyration taking into account interactions between 
chains in the solution. In the present study, we were able to 
extract R, from Zimm plots of ordinary solutions. For the nem- 
atic solutions, however, we extracted only apparent dimen- 
sions. 

For the liquid crystal solutions in the nematic phase, the sys- 
tem possesses a uniaxial symmetry and consequently S(q) does 
also. This may be deduced from the corresponding scattered 
intensity parallel and perpendicular to the nematic it,. 

We define two characteristic dimensions for the 
macromoleculesz2*2e 

where (rij),I and (ri .) I are respectively the projections of P i .  on 
the axis parallel and perpendicular to it,. This definition invohes 
the uniaxial symmetry property and verifies 

(7) 
In the Guinier approximation (qRll,L < 1) the scattered inten- 

Rl12 + 2RL2 = 3Rc2 

sities (eq 4) may be expressed as 

These expressions are equivalent in the isotropic phase and 
read 

Consequently, one can extract the following: two sizes, R,, 
and R,, for the nematic state and the dimension Ri for the iso- 
tropic state from the plots of Z-l,,,L,i(q) vs q2, respectively [all 
three of these parameters are concentration dependent and con- 
sequently are only apparent values; we could not have access 
to A,  in this case since we were not able to scan different con- 
centrations, particularly small values of c (see above)]; R, and 
A ,  for the ordinary solutions, from the Zimm plots. 

We will show subsequently that the two series of measure- 
ments are very consistent and give complimentary informa- 
tion. 

Remark: Although the similarity of chemical structure of the 
two solvents (M2 and toluene), there is a difference in the effec- 
tive chain contrast. On the basis of these considerations, in 
principle one would extract signals due to the backbone from 
nematic solutions. However, the signal will arise from the whole 
chain, including side groups for the case of ordinary solutions. 

111. Results 
1. Scattered Spectra. The crude spectra for ordi- 

nary solutions show ordinary behavior with a large con- 
tribution from the solute chains at the  small scattering 
vector limit and a continum decay t o  zero for high q val- 
ues and consequently do not need to be considered. How- 
ever, a detailed analysis of these spectra is of interest in 
the nematic case. 

Par t s  a-c of Figure 2 show three spectra correspond- 
ing t o  the two geometries for the  nematic phase and the 
isotropic phase. The contribution from the macromole- 
cules is limited t o  low q values in  all cases. Conversely 
for wide angle measurements, t he  shape of t he  spectra 
reflects the characteristics of each case. The intensity 
peaks at wide angles registered for the  sample a n d  the  
reference in t h e  parallel geometry reflect t he  liquid crys- 
tal correlations in the  direction parallel t o  t h e  nematic 
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principal results of these measurements may be split into 
four parts: 

(a) The macromolecules sizes in the directions / I  and 
1 to the mean field director (no) are effectively differ- 
ent. Hence, the hypothesis of conformational anisot- 
ropy in ordered media (N) is useful for understanding 
these systems. Moreover, the present measurements com- 
plete that hypothesis by providing the form of the anisot- 
ropy and its magnitude: 

(11) 
The difference between these two sizes is larger than the 
experimental uncertain tie^.^^ 

(b) The characteristic sizes R,, and R ,  in the phase 
(N) do not evolve in a strong temperature-dependent man- 
ner except within a range close engough to the clearing 

The magnitude of the anisotropy is also very 
weakly dependent on the spacer length, for P: + M, sys- 
tems (Figure 4). 

(c) The chain dimensions in the disordered phase (state 
I), R,, are large compared to conventional chains with a 
similar degree of polymerization. For instance, a poly- 
(dimethylsiloxane) chain (PDMS) Gaussian coil, with N 
= 100 and a statistical element of b = 5.4 A,27a would 
give RG = 18.5 A to be compared to Ri = 45 A for P!5 a t  
c = 5.5% (w/w). The measured dimensions for the nem- 
atic solutions are consistent; they obey the volume con- 
servation condition (eq 7 )  and R ,  < Ri < Rll  (Figure 4). 

(d) For ordinary solutions (in toluene), the values of 
RG(c = 5%) and RG(c = 0) as well as the virial coeffi- 
cients A ,  extracted from Zimm plots are reported in Table 
TI and Figure 5. We effectively determined an apparent 
radius of gyration for finite concentration ( c  # 0), with 
RG(c # 0) < RG(c = 0).  For P!5 and PEO, we have deter- 
mined that RG(Pio) < RG(Pi5) and that the correspond- 
ing ratio is about (95/50)'12. 

IV. Discussion 
1. Comparison between the Two Systems. The mea- 

surements in toluene complement those in the lmw nem- 
atic solvent: For comparable concentration values, the 
dimensions Ri and RG are very close; for example Ri N 

RG N 45 A for Pi5 and a t  c = 5%. For finite c values 
the apparent radius of gyration R,(c) is determined. The 
virial coefficients deduced above (Table 11) are in good 
agreement with theoretical estimations deduced from a 
spheres model ( M  = coil mass):28 

R ,  > R ,  and R , , / R ,  = 1.3 - 1.6 

A,  = 4 / 3 ( r R C 3 / 6 p )  (12) 
This agreement clearly shows the compensation effect 
between the large size measured and the relatively high 
molecular weights of the PMS side groups used:37 for N 
= 100, M(PDMS) = 7000 and M(PMS) = 34 000. 

On the basis of these results, one can explain the fluc- 
tuations in absolute sizes from one compound to another 
in nematic solutions as a concentration effect. In fact 
due to the similar values of Ri and RG for similar con- 
centrations one can assume that A,  is also positive in 
nematic solutions. We have checked that the evolution 
of R,l,,,i is consistent with this assumption as c varies 
from one solution to another: The sizes increase when c 
decreases. 

Another interesting point that comes out of this com- 
parison is that the difference in contrast between the two 
solutions does not affect the overall size determination 
significantly. 

We also tried to deduce a persistence length for these 
systems since the knowledge of this parameter could give 

0025 t pP" 

qz (h2) + ,0008 x c (g/IOOg) 

Figure 3. Z-' vs q2 spectra: (a) typical small-angle difference 
spectrum; (b) typical Zimm plot for solutions in toluene. 

director ?iw In fact, the dimension 1 deduced from this 
position, (q,,)mar = 0.28 A-', is of the order 1 = 
= 22 A, a value typically characteristic of lmw mesomor- 
phic molecules. I t  is also interesting to note that the 
peak intensities are similar for the nematic solutions and 
the pure solvent. This reflects the fact that the peaks 
arise mainly from the liquid crystal part contribution. 
For the perpendicular case the peaks will be shifted to 
higher q values [ (q l ) , ,  >> (qIJmax], since they arise from 
correlations transverse to the nematic direction. The iso- 
tropic case is intermediate between those described above 
(Figure 2b). The absence of order gives a contribution 
intermediate between the ( 1 1 )  and (I) cases. 

Finally, it is important to note the net distinction 
between the two contributions (from macromolecules and 
liquid crystal molecules). This property is crucial since 
our aim is the extraction of signal due to the chains. The 
above distinction ensures that the signal studied at  low 
angles is essentially due to solute chains: q < 0.18 8-l. 

2. Small-Angle Intensity Spectra. Figure 3 shows 
a typical I-' vs q2 plot for a solution P: + M, and a lin- 
ear increase for the small q limit is easily observed. The 
scatter in the experimental data for higher angles is mainly 
due to the poor signal to noise ratio where the difference 
in intensity between the solution and the reference 
approaches zero. Similarly, a typical Zimm plot is shown 
in Figure 3b for P t  in toluene solutions; the set I-' vs q2 
are also linear in this case. We note that the analysis is 
limited to small q values to ensure that the two follow- 
ing requirements are satisfied: being in the Guinier zone 
and avoiding the lmw nematic contribution. 

3. Characteristic Sizes and Conformational 
Anisotropy. Table I1 presents the characteristic dimen- 
sions R,, and R ,  of the nematic state (N) and R, of the 
isotropic phase (I) for the mesomorphic solutions. The 



Macromolecules, Vol. 23, No. 6, 1990 Conformation of Liquid-Crystalline Macromolecules 1813 

Table I1 
Characteristic Dimensions: (a) R,,, R,, $, R,,IR,, and R, at c = 4-5% for P: Components and (b) &(c = 0) and A, for Pf 

Solutions in Toluene 

PY P?5 P!5 Pi5 P? 

... I , 
,., . . '  - .  - , .  ,.. . , .  , 

, . .  . , .  .. : 

I I I I .i I 1 '' I I 

46 
45.5 
53 

~ L ( 8 o  O C j ,  A 34 

R,(85 "C), 8, 35 

R1,/R,(80 "C), 8, 1.56 
R,,(85 "C), 8, 52 

R,,/R,(85 "C) 1.48 
A,, cm3/g-' 1.8 X lo4 
A,(theo) = (4/3)RG3/6v 1.25 X lo4 
R,(c = 01, A 57 

47 
55 

67 
44 
1.52 
1.60 x 10-4 
1.04 X lo4 
55 

It 

Figure 4. Evolution of ( x  = R,,/R,) with reduced tempera- 
ture T,. 

I a C=5% 
A C - 0 %  

70 I ? 

30 I I 301 

% .  * * *  ~ 

1 1 1 .  i uu 
Figure 5. Evolution of the macromolecule dimensions with the 
spacer value: (a) RG(c) for c varying from 5% to 0, for Pfiy; (b) 
R,,, R,, and Ri for different P:. 

a better insight into the understanding of the global chain 
behavior. Figure 6 shows a Kratky plot of q21(q) vs q for 
both solution systems. The two curves are similar with 
a decreasing curve at high q vectors. The large scatter 
in the experimental data, mainly for the (P: + M,) case, 
is due to the low signal to noise ratio in that q range. No 
persistence length could be deduced from these curves 
since they deviate from the classical linearly increasing 
curves for ordinary  polymer^.^' This phenomena can be 
explained by taking into account the side group effects. 
In fact for macromolecules with a transverse extension 
there is a second contribution to the scattered intensity 
arising from the side group correlations which, in the frame- 
work of a cylinder chain of radius R,, would read as 

W q )  = exp(-q2R;/2) (13) 
The total scattered intensity for one'chain will then read 

1 2 3 4 5 6 n  1 2 3 4 5 6 n  

47.5 
58 
75 
53 
1.41 
73 
54 
1.35 
1.70 x 10-4 
1.1 x 10-4 
57.50 

50 43.5 
45 
68 
45 
1.51 
64 
45 
1.42 
2.70 X lo4 
1.85 X lo4 
70 50.5 

2.40 X lo-' 
2.93 X lo4 

I .  

' I  
t 

(a) 

The Kratky curve q2J(q) vs q will decrease at  high angles. 
The larger the cross-sectional radius is, the sharper the 
decrease in that curve for the high q range will be. If we 
assume R, 20 A, for the side group size, the exponen- 
tial term reaches already e-l for q = (2)1/2/20 = 0.07 A-'. 
These observations are consistent with previous neutron 
or X-ray scattering studies of ordinary polymers with par- 
tial side-chain e x t e n s i ~ n . ~ ~ ? ~ ~  

One can summarize the overall effects of mesomor- 
phic pendant groups on the physical properties of these 
systems in two ways: First is the size of the macromol- 
ecules: the presence of nematic groups causes a larger 
radius of gyration compared to conventional chains regard- 
less of the type of solvent used. Similar results have been 
mentioned recently for side-chain polymethacrylate liq- 
uid Second is the anisotropy of conformation 
in an ordered state medium; the effect of the polymer- 
ization index could not be systematically checked. (We 
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that excluded volume effects are only a property of solu- 
tions. A similar example for nematic polymers is worth 
mentioning; it has been observed that starting from a 
negative optical anisotropy, An = ne - no C 0, for very 
short spacers in the melt phase, one can end up with a 
positive value for even a slight dilution in lmw liquid 
crystals (c = 95%).32 

The wide variety of experimental results for these sys- 
tems seem difficult to understand a priori; however, a 
theoretical approach was recently developed by Warner 
et al. This approach provides an insight into the under- 
standing of these problems and qualitative explanation 
for the variety of anisotropic forms. The model was ini- 
tially developed for melt systems, but the principal tools 
might be of use in interpreting the results of the present 
study. 

3. Comparison to the Model of Warner et al. We 
first outline the major tools used in this approach. The 
original idea was developed by Warner et  al.33a for main- 
chain liquid-crystalline polymers. I t  consists of analyz- 
ing the evolution of the unit vector tangent to the tra- 
jectory of a polymer chain. This vector ii = i i ( s ) ,  where 
s is the curvilinear abscissa, defines the local angle 0 
between the trajectory of the chain and the main field 
nematic orientation it,. Two interaction parameters were 
introduced: a bending term t and a mean field liquid crys- 
tal term a (Maier-Saupe interactions, MS).34 The evo- 
lution of ii along the chain is equivalent to a displace- 
ment on the surface of a sphere with a unit radius, while 
keeping perpendicular to that surface. 0 is the angle char- 
acterizing the relative direction of ii compared to the z 
axis (llito). This is similar to the model developed by 
Debye to analyze the orientational diffusion of rigid rods 
in solutions.35 The principal physical parameter derived 
from this model is a potential barrier W (similar to that 
for a flying quantum particle), expressed as 

Table I11 
R,,, R ,  , and R , /R,, for Other Structural Measurements8-'" 

component M ,  N ,  R, , ,A  R,,A R,/RIl Riso 
PMA8 425.000 1020 9 4 f 5  1 1 8 f 6  1.25 108 
PMA' 300.000 660 1 0 2 f 8  112.6f8 1.10 106 
PMA" <<300.000 <<660 45 49.5 1.07 -50 
PMS" 15.000 -35 -33 25 0.75 -29 

could not extract any meaningful results from Pgo + M, 
solutions.) 

2. Comparison with Other Results. First, it is inter- 
esting to compare these results to viscoelastic studies. 
The anisotropy of conformation proves the validity of 
the hypothesis with which we have explained our viscos- 
ity mea~urements."*'~ This study complements that 
hypothesis since it allows us to determine the form of 
the anisotropy in such systems. Another important point 
is that the radius of gyration measured in ordinary solu- 
tions provides us with values of the overlap concentra- 
tion c*. These values coincide well with the crossover 
region for viscosity behav i~ r . ' ~"~  

The comparison with other similar measurements, even 
though it is useful, must still remain partially incom- 
plete, since at  least one major component of the system 
varies in each comparison: mesomorphic state, nature of 
the backbone, phase of the system (melt or solution), and 
chemical properties of the side-chain macromolecules. 

Early work by Dubault et a1.26 using a nematic solu- 
tion of short polystyrene chains reported a very weak 
anisotropy: R,, N 27 A and R ,  N 22 A (M,, = 4 A). 
This result is not surprising when compared to NMR 
results.26 In fact the chains show local order (due to the 
nematic arrangement), but the global anisotropy is sen- 
sitive to the size of the chains and hence is difficult to 
observe for the chosen small molecular weight (PS = 2100). 
Given these reservations, there is, however, a slight ten- 
dency toward a prolate form in this case. 

All other measurements have been made on similar side- 
chain polymers by using small-angle neutron scattering 
on labeled melts. We have summarized these results in 
Table 111: Kirste et  a1.,8 Keller et al.,' and Moussa et 
al.," have used the polymethacrylate side-chain compo- 
nents. The pendant groups vary from one study to another, 
yet the results agree for the direction of the anisotropy 
with oblate chains; however, the magnitude of anisot- 
ropy varies from one component to another depending 
on the molecular weight and the nature of the terminal 
groups in the nematic parts. More, this magnitude is 
strongly dependent on the mesomorphic state if more 
than one phase exist. On the other hand, Moussa et  
a1." and Kunchenko et al." used poly(methylsi1oxane) 
backbones with different degrees of polymerization as well 
as different pendant groups. For relatively short chains 
( N  i= 35), it was found that the chains have a prolate 
form" in both smectic and nematic states. The chains 
have an oblate form in the smectic phase for relatively a 
high polymerization index ( N  = 65) and with strongly 
polar side groups. 

All these results show that many factors influence the 
direction of anisotropy as well as its magnitude: back- 
bone flexibility, the nature of the nematic side groups, 
mesomorphic state, coupling strength between the back- 
bone and liquid crystal groups (spacer length), etc. Com- 
parisons of all these results cannot be conclusive, since 
the authors did not use similar systems in the same phys- 
ical state. On the other hand, comparison with the present 
case is even more difficult since the systems studied are 
basically different. A difference in physical behavior 
between melts and solutions is common. One can recall 

where D is an angular diffusion coefficient on the sphere 
surface, a is the MS interaction parameter, S is the mean 
field order parameter, and is the inverse of the Boltz- 
mann factor. W C 0 corresponds to a vector confined to 
the polar regions of the sphere; there is a repulsion W 
on the equator. This will correspond to a stretched chain 
in the nematic state which seems to be a common fea- 
ture for these systems. The condition R, , /R ,  > 1 is always 
present. The magnitude of the anisotropy depends on 
I WI. 

This idea has been generalized by Wang and Warner 
to comblike polymers.33b To account for the different 
elements in the chain, these authors have introduced sev- 
eral interaction parameters (Figure 7 )  and two order 
parameters, S, (backbone) and SA (nematic groups). This 
model includes the case where there are nematic ele- 
ments in the backbone. In accordance with the same major 
features mentioned above, a new expression depending 
on these parameters is derived for the potential barrier 
W 

W a c  
where 4 denotes the fraction of side groups compared to 
the whole macromolecule, n is the spacer, and 1 is the 
cross section of the backbone. The most striking point 
of this expression is that i t  includes the two conditions 
W > 0 and W < 0. W < 0 corresponds to the previous 
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Figure 7. Schematic representation for interaction parame- 
ters (uA, ug, vc, uf) introduced by Warner et al. 

case, and a prolate chain can exist. At the opposite case, 
the chains are flattened (oblate) for W > 0 and the vec- 
tor 2 is limited to the equatorial region, on the unit sphere 
introduced above. 

Let us discuss some physical aspects of this formula- 
tion with comparison to the different systems studied so 
far. The parameter W is proportional to c. For flexible 
backbones such as PMA or PMS, t is small and hence 
I MI is also small. This produces a three-dimensional con- 
formational extension in both the prolate and oblate cases. 
This feature is quite consistent with the relative values 
for R,, and R ,  for these systems (Table 111). The flexi- 
bility of these backbones might give rise to zero values 
of S, and u,. The expression above turns out to be 

W = - --($uC 3P - vf/n)SA 201 
The form of the anisotropy will depend on the relative 
importance of the terms 4vc and uf/n. For instance, the 
inequality dv, > u,/n corresponds to a prolate chain. This 
might be the case for cumbersome side groups with long 
spacer and the case where these groups are sufficiently 
decoupled from the ba~kbone.~’ The case of relatively 
short nematic portions, frequent pendant groups along 
the backbone, and a strong coupling through the spacer 
elements would correspond to the opposite figure with 
@uC < u,/n. The first case could be suitable for the PMS 
case and the second for the PMA case. 

These considerations remain valid for solutions. The 
change from considering systems in the melt state to solu- 
tion may be accompanied by a relative modification of 
the parameters used. In fact the influence of nematic 
elements is more important even if they are not all directly 
connected to the backbone. This argument could be trans- 
lated into a fairly weak first term in eq 16 (1 - $ = 0), 
as mentioned above, but most likely to a predominance 
of the 6uc term in eq 17. This property could lead to a 
negative potential barrier for solutions, even if we start 
with the positive case in the melt phase. Therefore the 
chains will have more facility to organize in a prolate 
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form. This may be checked if one studies solutions of 
other side-chain polymer systems by neutron scattering, 
for instance. 

Conclusion 
We have reported a conformational study of side- 

chain poly(methylsi1oxane) liquid-crystalline polymers, 
in a lmw mesomorphic and ordinary solvents, by small- 
angle X-ray scattering. The main result presented is that 
the backbone has an anisotropic conformation in ordered 
media. This feature is consistent with the Brochard 
hypothesis used to interpret previous viscoelastic stud- 
ies. Moreover, the present measurements complement 
this hypothesis by giving the relative order of the anisot- 
ropy: R,, > R,. The sizes measured in ordinary solvent 
(toluene) show a concentration effects on the global size, 
but not on the magnitude of anisotropy. This anisot- 
ropy seems to be independent of the spacer value for 3 
I n I 6. These measurements give a correlation between 
the change in the viscosity behavior and the overlap con- 
centration c* deduced from the RG value in toluene. These 
present results may be qualitatively interpreted in the 
framework of a recent model by Warner et al.33 The basic 
feature deduced is that one cannot expect an extreme, 
extended prolate or flattened oblate limit for flexible back- 
bones. This study also suggests that the prolate aniso- 
tropic form could be a property of nematic solutions com- 
pared to the melt case. This can be experimentally ver- 
ified by using PMA systems, for example, in lmw solvents. 
I t  would be interesting to perform similar measure- 
ments on longer chains with different hard-core nematic 
formulae to check the importance of these factors. This 
could help to determine if there is a clear dependence of 
the anisotropy, both sign and magnitude, on the chain 
length. Measurements using partial grafting of side groups 
could provide more experimental evidence for the model 
of Warner et al. 
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ABSTRACT: A simple molecular model has been proposed for rotational motions of simple molecules in 
liquids and for local segmental motions in condensed polymer systems. In order to describe the behavior 
of cooperative segmental motions, we consider a model in which gears are rotating synchronously. The 
gear model predicts that the number of cooperatively moving segments increases with decreasing temper- 
ature and diverges a t  a critical temperature, T,. Thus the relaxation time also diverges at  To as given 
empirically by the Vogel equation. This model as well explains the nonexponential correlation function 
given by the Kohlrausch-Williams-Watts equation and the diluent effect on the relaxation time. 

Introduction 
The primary relaxation process i n  amorphous poly- 

mers  has been investigated b y  many  authors by means 
of dielectric, mechanical, and other methods.' Although 
phenomenological features of the primary process have 
been well established, i ts  molecular mechanism has not 
been explained theoretically. 

A most familiar theory for mobility of polymer seg- 
ments  is the free-volume theory first proposed empiri- 
cally b y  Doolittle.' This theory has been used success- 
fully in an explanation of varieties of dynamic proper- 
t ies of amorphous  polymers such as t h e  tempera ture  
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dependence of viscosity and relaxation t ime or shift  fac- 
t ~ r . ~ ? ~  However, the free-volume theory is phenomeno- 
logical and does not provide us with a detailed molecu- 
lar picture for the segmental motions. 

Molecular theories based on a crankshaft model have 
been developed b y  Monnerie and his co-workers5s6 and 
several other An approach based on an Ising 
model has also been studied theoretically b y  Budimir and 
Skinner." In these models diffusion of a local confor- 
mation of a polymer chain has been described to express 
the correlation function of orientation of the segments. 
However, the effects of intermolecular interactions, which 
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