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ABSTRACT: High-resolution variable-temperature 13C NMR experiments have been carried out on a series 
of side-chain liquid-crystal polysiloxanes. The 13C chemical shift dependence on temperature observed in 
the mesophases is a clear indication that  the polysiloxanes orient in the magnetic field. Results have been 
interpreted in terms of molecular order and local dynamics of the different parts of the molecule: spacer, 
mesogenic core, and terminal group of the side chain. It has been shown that the spacer and the terminal 
group do not have the same influence on the order parameter associated with the mesogenic core. The 
apparent variations of the order parameter along the side chain reflect the existence of several motional 
processes occurring in the oriented mesophase. Among them are the trans-gauche conformational changes 
in the spacer, the internal rotation of the phenyl rings about their symmetry axis, the motion of the COO 
plane associated with the & transition of polysiloxanes, and the overall rotation of the whole side group 
about its molecular axis. 

Side-chain liquid-crystal polymers are interesting mate- 
rials which combine the properties of polymers and those 
of liquid crystals of low molecular weight. A deeper under- 
s tanding  of the behavior of these compounds requires 
the investigation of molecular order and dynamics in the 
different  phases. Some studies have already been per- 
formed using X-ray,' small-angle neutron ~ c a t t e r i n g ~ . ~  
d i e l e c t r i c  re la~a t ion ,~- ' l  and 2H NMR.12-14 H i g h -  
resolution 13C NMR is  also a powerful technique which 
has proven to be useful in the determinat ion of order 
and dynamics of small liquid-crystal  molecule^.'"^' The 
natural carbon-13 abundance makes i t  unnecessary to do 
a n y  k ind  of labeling, and the selectivity of the technique 
allows the observation of each magnetically inequivalent 
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carbon inde  endently. In th is  paper we report a high- 

a series of side-chain liquid-crystal polysiloxanes. Some 
results concerning the dynamics of these systems will also 
be described. 

Experimental Section 

resolution B C NMR investigation of molecular order of 

The polysiloxanes (Pn,J of the general formula 

CH3 I 

( ~ H ~ ) , - O ~ ~ O ~ O - C ~ * I , , , ,  

- ( S i - O ) r  
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Table I 
Glass Transition Temperatures, T,, Melting Temperatures, 
T,, and Phase Transition Temperatures ("C) of the P,, 

Polysiioxanes' 
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p o 1 y m e r 
n m T,  T, SB+ Sc+ SA+ N-iso index 

3 1 15 119 P3,l 

2 17 113 127 p.42 
4 31 75 141 p4,4 
8 55 133 P4,8 

5 1  4 7 1  122 P6,l 
6 1 -4 109 P6,l 

11 1 24 56 60 134 p11.1 

4 1  7 74 104 '4,l 

were synthesized at CRPP.' The number of monomer units 
per chain is 35. The nature and temperature of the different 
phase transitions are listed in Table I as a function of m and n. 

High-resolution I3C NMR experiments were conducted at 75 
MHz with a BRUKER CXP 300 spectrometer, with quadra- 
ture detection and a single rf coil, which was double-tuned for 
both 13C and 'H NMR. Experiments were performed either 
on static samples or on magic-angle spinning samples. Spin- 
ning experiments were done with A1,03 rotors at spinning speeds 
of 4 kHz. The pulse sequences consisted either of a single car- 
bon pulse followed by proton dipolar decoupling or of a cross- 
polarization proton dipolar decoupling sequence. The matched 
spin-lock cross-polarization transfers were carried out with I3C 
and 'H magnetic field strengths of 64 kHz. Spin-temperature 
inversion techniques allowed the minimization of base-line noise 
and roll.'' Flip-ba~k'~ was also used to shorten the delay between 
two successive cross-polarization sequences. 

Results and Discussion 
Among the polysiloxanes whose characteristics are listed 

in Table I, most of them present only one smectic A meso- 
morphic phase. However, the P4,1 and P4,2 samples have 
both nematic and smectic A phases. We will first focus 
on the results obtained from the smectic A phases only, 
and, as an example, we will describe the behavior of the 
P,,' polymer. Then, we will examine the case of the pol- 
ysiloxanes in their nematic phase. 

I. Smectic A Liquid-Crystal Polysiloxanes. 1.1. 
P5,1. Orientational Effects in the Magnetic Field. 
The proton dipolar decoupled 13C NMR spectrum of a 
static sample of P5,1 a t  high temperature (129 "C) and 
the 13C NMR spectrum a t  62 "C of an unoriented sam- 
ple of P5,1 recorded a t  75 MHz under conditions of magic 
angle spinning, proton dipolar decoupling, and cross-po- 
larization are shown in parts a and b of Figure 1. Both 
spectra present the same number of well-resolved lines 
with very similar chemical shifts. The P, sample at  129 
"C is in its isotropic phase, and the molecular motions 
are fast enough to average the chemical shift anisotro- 
pies. Therefore, only the traces of the 13C chemical shift 
tensors are observed in Figure la. At 62 "C, in the smec- 
tic A phase of P,,', the use of rapid magic angle sample 
spinning and proton dipolar decoupling, which are the 
well-known techniques for high-resolution solid-state 
I3C NMR," allows the observation of the isotropic part 
of the chemical shift tensors in the unoriented powder. 
In the case of the aromatic carbons, the individual line 
assignment is based on empirical substituent additivity 
effects in benzene derivatives.21 Substituent additivity 
effects in linear alkanes2' have been used to assign the 
aliphatic lines. The whole line assignment is summa- 
rized in the spectrum represented in Figure la.  

Proton-decoupled 75-MHz 13C NMR spectra of a static 
sample of P5,1 at  different temperatures, T,  are shown in 
Figure 2. They have been obtained after cooling the P5,' 
polysiloxane slowly from the isotropic state to the smec- 
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Figure 1. (a) 75-MHz proton dipolar decoupled I3C NMR spec- 
trum of a static sample of P5,' at 129 "C. (b) 75-MHz 13C NMR 
spectrum of an unoriented sample of P5,1 at 62 "C obtained by 
using magic angle spinning, proton dipolar decoupling, and cross- 
polarization. 
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Figure 2. 75-MHz proton dipolar decoupled 13C NMR spec- 
trum of a static sample of P5,' recorded at decreasing temper- 
atures. 

tic A (SA) phase in the strong magnetic field (7 T) of the 
NMR spectrometer. The spectrum recorded at  a tem- 
perature of 117 "C, just below the SA-iso transition tem- 
perature, Tiso, has narrow lines that are strongly shifted 
with respect to those observed in the isotropic phase. Aro- 
matic and carboxyl carbon lines are shifted to lower fields 
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Figure 3. Chemical shift dependence of the carbons of a static 
sample of P,, on decreasing temperature. Dots are given only 
as an indication in order to  follow the chemical shift variation 
of each line. 

while methylene carbon lines are shifted to higher fields. 
The lines remain narrow, but the chemical shift varia- 
tions increase on decreasing temperature and then tend 
to limiting values. Only the chemical shift of the meth- 
oxy line is independent of temperature. Complete line 
assignment in the smectic A phase was first obtained both 
by taking into account the line intensities and by assum- 
ing a quasi-continuous chemical shift variation from the 
isotropic phase spectrum. It  was further corroborated 
by calculations of the order parameter reported in the 
following sections. The chemical shifts of the various lines 
are plotted in Figure 3 as a function of (Tiao-T). Chem- 
ical shifts are constant in the isotropic phase, they sud- 
denly vary at the SA-is0 transition, and then they tend 
monotonically to finite values in the SA phase as the tem- 
perature decreases. 

The observation of narrow lines with chemical shifts 
that differ from the isotropic values indicates that the 
polysiloxane molecules in the smectic A phase are ori- 
ented in the magnetic field. Similar orientation phenom- 
ena in a large magnetic field have been reported for a 
number of liquid-crystal polymers such as side-chain liquid- 
crystal polyacrylates12 and main-chain liquid-crystalpoly- 
ester-ethers.22 

Mesogenic Core Carbons. Aromatic Carbons of 
Ring I. In uniaxial phases, the average direction of ori- 
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L 5 , -  
C. 

Figure 4. Geometry of the side chain of P,,,23 and definition 
of the molecular axis D. 

entation of the molecular long axes for the molecules 
defines the director. The reference frame (x4, y4, z4) asso- 
ciated with the mesophase is chosen so that the z4 axis 
lies along the director. If the molecules are taken to be 
rodlike, the degree of parallel order of the individual molec- 
ular long axis, z2, is described by a single orientational 
order parameter Sz2z4. Strictly speaking, liquid-crystal 
molecules are not axially symmetric but have an oblong 
structure leading to a bladelike shape in such a way that 
the two coordinate axes of the molecular frame normal 
to the long axis may have different order parameters with 
respect to the director. The orientational order of the 
molecule must then be described by a tensor with three 
principal values, S,, ,. and S,, As the tensor is 
traceless, the or ientat iz8Lrder  and' its symmetry are 
completely described by the two parameters S.,, and the 
difference S,., - SrZv4. However, as the latter term is 
usually small in uniaxial phases of small-molecule liquid 
crystals, the simplifying assumption of rodlike behavior 
for such compounds is often appropriate. 

In the following, we will consider, as a first approxi- 
mation, that the mesogenic cores in the liquid-crystal poly- 
mers under study are rodlike. The consistency of the 
results will serve as a test for the validity of this assump- 
tion. Therefore, in order to interpret the chemical shift 
variations in terms of polymer orientation, we have used 
the classical description normally employed for small- 

cifically, we assumed that the bond angles of the meso- 
genic group shown in Figure 4 are the same as those deter- 
mined for phenyl benzoate in the crystalline state.23 Then 
a molecular long axis, D, which passes through the cen- 
ters of the two phenyl rings I and I1 (as numbered in 
Figure 4) was defined. The entire side chain-spacer, 
mesogenic group, and terminal part-has been assumed 
to rotate rapidly as a whole about this molecular axis in 
the smectic A phase. Under these conditions of rapid 
rotation, the chemical shift tensors are motionally aver- 
aged and present principal elements, ulI and uL, parallel 
and perpendicular to the rotation axis, D. The observed 
chemical shifts, u, are given by 

(1) 
where ciao is the chemical shift in the isotropic phase and 
S is the order parameter associated with the molecular 
axis D and is defined as 

molecule smectic A or nematic liquid  crystal^.'^"^ S Pe- 

u = uiso + (2/3)S(oIl- QL) 

s =  ( 3 ~ 0 ~ ~ e - i ) p  (2) 
where 8 describes the orientation of the long molecular 
axis D with respect to the applied static magnetic field, 
and ( ) is a thermal average. 

In the simple case of a rapid rotation about the molec- 
ular axis, ul ,  and uL are given by the formulas 

uI1 = sin2 p (cos2 a)ull + sin2 p (sin2 a)uZ2 + (cos2 @)aa3 

01 = (all + u22 + 0 3 3  - 4 / 2  (3) 
are the two first EULER angles taken as where a and 
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Table I1 
Shielding Tensor Elements Used for the Interpretation of 

Data Relative to Aromatic and Carboxyl Carbons of the 
Mesogenic Group 

carbon a1 1 0 2 2  c33 a,, - aL ref 

Cl -230 -162 -74 -108.6 25 
C2,6 -198 -136 -23 -50.4 25 
c3,5 -193 -134 -12 -55.2 25 
C,, -237.7 -166.7 -67.7 -118.15 26 
c, -221.7 -155.7 30.7 -122.3 27 
C Y S  -226 -153 -15 -61.2 26 
C2,,6, -184.7 -131.7 -18.7 -50.8 26 
C=O -250 -122 -122 -80.7 28 
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defined in ref 24. They describe the orientation of the 
rotation axis in the principal axes (oll, a22, system. 

For aromatic carbons, the general features of the prin- 
cipal values of the chemical shift tensor have been deter- 
mined from single-crystal s t ~ d i e s . ~ ~ - ~ ~  The elements of 
the 13C chemical shift tensors for the model compounds 
used in this study are listed in Table 11. For aromatic 
nuclei, the least shielded element is in the aromatic plane 
pointing radially out from the ring, and the most shielded 
one is perpendicular to the plane. Thus, in the case of 
side chains preferentially aligned with their molecular 
director D along the static magnetic field, a downfield 
shift of the aromatic lines is expected, and this shift is, 
in fact, observed, as shown in Figure 2. 

Moreover, in the spectra recorded in the mesophase 
and shown in Figure 2, only one line is observed for each 
pair of aromatic carbons in an ortho position. The mag- 
netic equivalence of such carbon pairs indicates that the 
two phenyl rings of the mesogenic core perform at least 
180' ring flips. Assuming that the two phenyl rings rotate 
rapidly about their para axis, the chemical shifts of the 
aromatic carbons can be written for the para carbons 
as15 

u,, = all cos2 + aZ2 sin2 9 

aI = 1/2(a11 sin2 + a22 cos2 9 + u3J (4) 
and for the ortho and meta carbons 

0, = 1/4(1  + 2 sin2 @)all + 1/4(1  + 2 cos2 @)azz 

UI = 
1/2[1 /4(1  + 2 cos2 @)all + 1/4(1 + 2 sin2 + u33] 

( 5 )  
9 is the angle between the para axis of each phenyl 

ring and the molecular axis D. According to geometri- 
cal data on phenyl benzoate2, reported in Figure 4, 9 is 
equal to 1l0 and 1 2 O  for rings I and 11, respectively. 

From the chemical shift variations of the different aro- 
matic carbons of ring I shown in Figure 3 and reported 
values of chemical shift principal values listed in Table 
11, values of S have been calculated using formulas 1, 4, 
and 5. They are reported in Figure 5. The bar corre- 
sponds to the different values of S calculated from all 
the aromatic carbons of ring I. I t  must be noted that 
the dispersion is very small. 

Carboxyl Carbon and Aromatic Carbons of Ring 
11. The same type of calculation has been carried out 
for the carboxyl carbon of the mesogenic core and for 
the aromatic carbons of ring 11. 

The chemical shift tensor elements of the carboxyl car- 
bon have been taken from a recent poly(ethy1ene tereph- 
thalate) 13C NMR study.28 They are listed in Table 11. 

As discussed above, it has been assumed in the follow- 
ing that the side chain reorients as a whole about the 

i J  

0 s! 

0.6 I /----- 
0 4 1  

5 15 25  35 45 5 5  \T,,'-T 1 
Figure 5. Dependence of the order parameter S of P,,,, calcu- 
lated from the chemical shift variations of the aromatic car- 
bons of ring I, as a function of temperature. 

molecular axis D and that the two phenyl rings are in 
rapid rotation about their symmetry axis. 

With the additional assumption that the COO group 
is in the fixed geometry shown in Figure 4, one observes 
a large dispersion in the values of S calculated from the 
chemical shift variation of the carboxyl and aromatic car- 
bons of ring 11. This result is in contrast with the results 
obtained from the ring I carbons. Moreover, the rela- 
tively small value of S calculated from the carboxyl car- 
bon data can be interpreted in terms of internal motion 
of the COO group about the 0-C,,, bond. Indeed, the 
existence of a specific motion of the carboxyl group in 
liquid-crystal polysiloxanes, as well as in polyacrylates, 
has already been pointed out by dielectric relaxation 
 experiment^.^*'^*'^ It is known to correspond to the p2 
relaxation process. 

In order to account for this specific motion of the COO 
group, it has been assumed that, besides the motional 
processes already considered (side-chain reorientation 
about D and phenyl ring rotations), the COO plane jumps 
rapidly between two positions, a and -a or a and K-a, 
where a is the angle between the rest and jump position 
of the COO plane. Under these conditions, one calcu- 
lates from the carboxyl carbon data a value of S, which 
is equal to those reported in Figure 5 when a is of the 
order of 90°, in the case of fast jumps between a and -a, 
and a value of a in the range 0'-40' for jumps between 
a and P-a. The latter result is in very good agreement 
with the interpretation of 13C chemical shift anisotropy 
of the carboxyl carbon of benzenehexayl hexa-n- 
hexanoate in its phase I reported in ref 29. 

Results obtained for the aromatic carbons of ring I1 
can also be interpreted by taking into account this addi- 
tional motion of the COO plane. As for the carboxyl car- 
bon, good agreement is obtained between the different 
sets of data for large-amplitude jumps of the COO plane. 

Within the above description of local motions of the 
mesogenic cores, values of S deduced from the chemical 
shift variations observed for the carboxyl carbon and aro- 
matic carbons of phenyl ring I1 are equal to those calcu- 
lated from the behavior of the aromatic carbon lines of 
phenyl ring I and reported in Figure 5.  

Aliphatic Carbons of the Spacer and Terminal 
Group. Regarding the terminal group of the side chain, 
the line a t  55.5 ppm, which corresponds to the methoxy 
carbon, does not change from the isotropic state to the 
mesophase. This result indicates that the average angle 
between the 0-CH, axis and the long molecular axis D 
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Table I11 
Shielding Tensor Elements Used for the Interpretation of 

Data Relative to the Aliphatic Carbons of the Spacer 

SI1 - 'TI" 
I3C ref ull uz2 u33 (a) (b) (c) 
C, 26 -91 -78 -38 8.38 0.69 

C, 30 -38 -31 -16 16.52 -7.88 5.88 
Cd 26 -31 -21 -15 10.23 5.17 -4.3 

c b  30 -38 -31 -16 16.52 5.88 -7.18 

"EULER angles (deg) (a$) defining the orientation of the molec- 
ular axis D in the principal axes system of carbons c b ,  C,, and c d :  
(a) (a ,  0) = (90; 17.4) (trans conformation of the spacer); (b) (a ,  8)  
= (68.4; 46.6); (c) (a, 0) = (44.2; 75.4). See Table V for the relation 
between the conformational sequences and the values of the EULER 
angles. 
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Figure 6. Dependence of the order parameter S of P,,,, calcu- 
lated from the chemical shift variations of the aliphatic car- 
bons of the spacer assuming a trans conformation of the side 
chain, as a function of temperature. 

is close to the magic angle. Identical results have been 
found by Pines and Chang15 for the methoxy group of 
the (p-methoxybenzy1idene)-p'-n-butylaniline (MBBA) 
molecule. 

Principal elements of the shielding tensors of methyl- 
ene carbons have been determined by Vanderhart in the 
case of n-eicosane30 and by Hohener for alkoxy deriva- 
tives of p-benzoic acid in an unpublished work cited in 
ref 26. Among the different tensors of methylenic car- 
bons determined by these authors, we have chosen those 
whose trace is the closest to the experimental value deter- 
mined in the isotropic phase of our polysiloxanes. Their 
values are indicated in Table 111. The most shielded vec- 
tor is parallel to the chain axis; the least shielded one is 
parallel to the proton-proton vector.30 The most shielded 
element of the 0-CH, carbon has been taken parallel to 
the 0-C bond according to ref 31. 

Assuming that the ether linkage of the alkyloxy spacer 
is held fixed in the plane of the adjacent aromatic ring I 
and that all the spacer bonds are in a trans conforma- 
tion, calculation of S using formulas l and 3 and data 
obtained on aliphatic carbons and shown in Figure 3 yields 
the results reported in Figure 6. The 0-CH, carbon next 
to the mesogenic core leads to values of S that are iden- 
tical with those deduced from the mesogenic group data. 
For the other spacer carbons, a much weaker order param- 
eter is thus calculated. This result implies that the above 
assumption of a fixed trans conformation of the whole 
spacer is not correct. The apparent decrease of S can be 
assigned to a fast dynamic exchange between trans, 
gauche(+), and gauche(-) conformations, as already 
observed usin 'H NMR on a number of small-molecule 
liquid crystad2 and some main-chain" and side-chain'' 
liquid-crystal polymers. 

Table IV 
Matrix of Statistical Weights for the Spacer Bonds 

4Ji trans gauche(+) gauche(-) 
trans 1 - Pi 1 1 
gauche(+) Pi/2 
gauche(-) Pi/2 

0 0 
0 0 

Table V 
Probabilities of the Conformational Sequences 

Encountered in the Spacer and EULER Angles Defining 
the Orientation of the Molecular Axis D in the Principal 

Axes Systems of Carbons C,, C,, and C, 
EULER angles (a, 0) 

sequence probability c, c, Cd 

tttt 
tttg+ 
tttg- 
ttg+t 
ttg-t 
tg+tt 
tg-tt 
tg+tg+ 
tg+tg- 
tg-tg+ 
tg-tg- 

(1 - P b ) ( l -  Pc)(l- Pd)  90; 17.4 90; 17.4 90; 17.4 
(1 - P b ) ( l  -pc)pd/2 90; 17.4 90; 17.4 68.4; 46.6 
(1 - P b ) ( l  -Pc)Pd/2 90; 17.4 90; 17.4 68.4; 46.6 
(1 - p b ) p c / 2  90; 17.4 44.2; 74.5 44.2; 74.5 
(1 - pb)pc/2 90; 17.4 44.2; 74.5 44.2; 74.5 
P b ( 1  - Pd)/2 68.4; 46.6 68.4; 46.6 68.4; 46.6 
Pb(1 -pd)/2 68.4; 46.6 68.4; 46.6 68.4; 46.6 
(pb/2)(pd/2) 68.4; 46.6 68.4; 46.6 68.4; 46.6 
(pb/ 2) (pd /  2) 68.4; 46.6 68.4; 46.6 90; 17.4 
(Pb/ 2) (pd/  2) 68.4; 46.6 68.4; 46.6 90; 17.4 
(pb/2)(pd/2) 68.4; 46.6 68.4; 46.6 68.4; 46.6 

In order to determine the expression of the matrix of 
the statistical weights a t  the sites of the b, c, and d car- 
bons, we have assumed that the conformational jumps 
occur between trans, gauche(+), and gauche(-) positions 
and that the probability for two successive gauche con- 
formations is very low. This last assumption is in agree- 
ment with the results of conformational energy calcula- 
tions carried out by Samulski and T ~ r i u m i ~ ~  on nemato- 
gen molecules with alkyloxy groups. If we then assume 
that the probability Pi/2 for a trans-gauche(+) sequence 
at the site of the ith carbon is equal to the probability 
for a trans-gauche(-) one, the matrix of statistical weights 
can be expressed as shown in Table IV. 

The probabilities of the different conformational 
sequences that can be encountered in the spacer are given 
in Table V, together with the EULER angles character- 
izing the orientation of the chemical shift tensor axes 
with respect to the molecular axis D, for each carbon Cb, 
C,, and Cd of the spacer. 

The anisotropies of the chemical shift tensors of the 
spacer carbons averaged by the rapid rotation about the 
molecular axis are given in Table 111. 

Assuming a fast exchange between the gauche and trans 
conformations, the values of the probabilities, Pi, are given 
by the equations 

(1 -Pb)16.5 + Pb5.9 = (3(am- qso)/2S)c, 

(1 -Pb)(l -P,)*16.5 + (1 -Pb)Pc*(-7.4) + Pb*5.9 = 
( 3 ( ~ ,  - ujsJ/2S)cc 

[P$d/2 + (1 -Pb)(l -Pc)(l -Pd)]*10.2 + [(I -pb)(l - 
pc)pd + Pb(1 -Pd/2))*5.2 + (1 -Pb)Pc*(4.5) = 

(3(am - ui,)/2S)cd 
where um is the measured value of the chemical shift in 
the smectic phase and uiso is the chemical shift in the 
isotropic phase of the bulk polymer. 

In the case of the P5,1 polysiloxane, the application of 
the above formulas to the experimental results shown in 
Figure 3 leads to 

Pb = 0.6 and P, = 0 
for the limiting values of S at low temperature. The accu- 
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Figure 7. Dependence of the order parameter S, calculated 
from the chemical shift variations of the aromatic carbons of 
ring I. as a function of temperature, in the smectic A phase of 
the Pn,l polysiloxanes. 

racy of the experiments is not sufficient to determine 
P,. The proportions of the different sequences are 

(tttt + tttg' + tttg-) = 0.4 

(ttg+t + ttg-t) = 0 

(tg'tt + tg-tt + tg'tg' + tg'tg- + tg-tg' + tg-tg-) = 0.6 
It must be noticed that the (om - oi,,)/2S ratio is inde- 

pendent of temperature, which implies that these pro- 
portions, which have been evaluated from the low-tem- 
perature experiments, are constant within the whole smec- 
tic phase. The  only variable that  is a function of 
temperature is the value of the order parameter. 

It is of interest to compare our results to the conclu- 
sions of the conformational energy calculations carried 
out by Samulski and T ~ r i u m i ~ ~  on nematogens with alky- 
loxy chains. In these compounds, the calculated proba- 
bilities for txxx, (tttt + tttg), ttgt, and (tgtt + tgtg) states, 
where n is either a trans conformation or a gauche(*) 
one, are loo%, 34%, 670, and 4770, respectively. These 
results are in reasonable agreement with the NMR results 
reported above, taking into account the fact that we have 
neglected the gauche-gauche sequences: the gauche states 
are excluded at  the site of the 0-CH, bond, which min- 
imizes the interactions between the protons of ring I and 
the second CH, of the spacer. The tttt, tgtt, ttgt, and 
tttg conformations have a high probability. They corre- 
spond to a nearly extended geometry of the spacer, which 
should favor the molecular arrangement of the side chains. 

1.11. Other Smectic A Liquid-Crystal Polysilox- 
anes. Influence of the Lengths of the Spacer and 
of the Terminal Group on the Order Parameter. The 
same NMR experiments have been performed on all the 
polysiloxanes listed in Table I. For all these com- 
pounds, orientational effects in the 7-T magnetic field of 
the NMR spectrometer have been observed. 

In Figure 7 the values of S determined from the chem- 
ical shift variations of the aromatic carbons are plotted 
as a function of temperature for some P,,J polymer sys- 
tems in their smectic A phase. They all exhibit similar 
variations as a function of decreasing temperature. The 
order parameter increases only slightly as a function of 
the spacer length, and it reaches a limiting value for n = 
6. 

On the contrary, as shown by values of S in Figure 8 
for the P4,m polymers, the length of the terminal side 
group has a stronger influence on the order parameter. 

A r r=4  

0 m=6 

G 4  t : 0 2  

t 
00"'"'""'" 

0 10 20 30 40 50 60 73 
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Figure 8. Temperature dependence of the order parameter S, 
calculated from the chemical shift variations of the aromatic 
carbons of ring I, in the smectic A phase of the P4,,, polysilox- 
anes. 
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Figure 9. Temperature dependence of the order parameter S, 
calculated from the chemical shift variations of the aromatic 
carbons of ring I, in the nematic and smectic A phases of the 
P4,1 (a) and P4,2 (4) polysiloxanes. 

Table VI 
Probability of a g* State at Each CH, Site in P6,1 and P4,1 

pa Pb pc 
p5.1 0 0.6 0 
P4J 0 0.7 

The maximum values are much higher than those obtained 
on increasing the spacer length. Spacer and terminal 
groups thus do not affect the mesogenic group equiva- 
lently. From the data reported in Figures 7 and 8, it 
appears that the constraints opposed by the polysilox- 
ane main chain a t  the spacer extremity do not favor max- 
imum order. 

The conformational order of the spacer can only be 
determined experimentally in systems having short spac- 
ers and a methoxy terminal group. In the other poly- 
mers, there is an overlap of the numerous aliphatic lines. 
As an example, values obtained for the P4,1 spacer are 
listed in Table VI. They show the same general features 
as those observed in P5,1. 

11. Nematic Liquid-Crystal Polysiloxanes. Among 
the compounds listed in Table I, the P4,1 and P4,2 pol- 
ysiloxanes exhibit a nematic phase. For these polymers 
too, orientational effects are observed in the 7-T mag- 
netic field of the NMR spectrometer when the samples 
are cooled slowly from the isotropic phase as described 
previously. Values of the order parameter calculated from 
the chemical shift variations of the aromatic carbons of 
ring I are shown in Figure 9. They are somewhat lower 
than those obtained in the smectic A phase for a given 
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Tis,, - T difference. However, i n  the case of these pol- 
ysiloxanes, which have both nematic and smectic A phases, 
no discontinuity is observed, within the sensitivity of t h e  
experiments ,  at the nematic-smectic A transi t ion tem-  
perature .  

Conclusion 
T h i s  13C NMR s t u d y  of side-chain liquid-crystal pol- 

ysiloxanes has led to a detai led description of molecular 
order and local motions in  the different parts of the mol- 
ecule: spacer, mesogenic core, and terminal group of the 
side chain. It has shown t h e  different influence of the 
spacer and terminal group on the order parameter asso- 
ciated with the mesogenic core. Moreover, apparent vari- 
a t ions of the order  parameter along the side chain can 
be interpreted quantitatively in  terms of several motional 
processes  occurr ing  s i m u l t a n e o u s l y  i n  the o r i e n t e d  
mesophase. Among them are the trans-gauche confor- 
mat ional  changes i n  the spacer, the internal  rotat ion of 
the phenyl  rings about their  symmetry  axis, the motion 
of the COO plane associated with the & t ransi t ion of 
polysiloxanes, and the overall rotat ion of the whole side 
group about i ts  molecular axis. 
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Diaphragmatic Chemical Polymerization of Pyrrole in the Nafion 
Film 
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ABSTRACT: A diaphragmatic procedure, in which a supporting film (Nafion) was put between pyrrole 
monomer and oxidant solution chambers, gave conducting polypyrrole-Nafion composite films through 
chemical polymerization of pyrrole. Two types of composite films were obtained with respect to the polar- 
ity of the adopted oxidants. One was the asymmetrical conducting composite film in the case of an anionic 
S,O:- oxidant. The anionic oxidant scarcely penetrated into the Nafion owing to the Donnan exclusion 
effect of the fixed negative charge in the Nafion. Pyrrole permeating the Nafion was polymerized only in 
the oxidant side of the Nafion. The oxidant side of the resulting composite film was conducting, while its 
monomer side was insulating. The other showed considerable conductivity a t  both the oxidant side and 
the monomer side, when a cationic Fe3+ oxidant was used. 

Introduction ied widely i n  the field of pure and appl ied mater ia l  sci- 
ence. P P y  has applications i n  such equipment  as elec- 
t ronic   device^,^" electrochromic displays,*" polymer 
batteries,12-15 polymer-modified electrodes,16 functional 

Polypyrrole ( P P Y ) ~ - ~  and i ts  analogues, of grea t  inter- 
est as a new t y p e  of polymer material, have been stud- 
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