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Invited Article 
Spectroscopic investigation of local molecular dynamics 

in liquid crystals 

11. Polymers 

by L. MONNERIE, F. LAUPRBTRE and C. NOEL 
Laboratoire de Physicochimie Structurale et Macromoltculaire, associe au CNRS, 

Ecole Superieure de Physique et de Chimie Industrielles de la Ville de Paris, 
10 rue Vauquelin, 75231 Paris Cedex 05, France 

(Received 16 January 1988) 

In the analysis of spectroscopic data from liquid crystals consisting of either 
small molecules or polymer chains, it is essential that account be taken of some 
particular features due to the oriented nature of the phases investigated. For liquid 
crystal polymers some specific additional problems arise, such as the difficulties in 
orienting main-chain liquid crystal polymers, the occurrence of the glass-liquid 
transition and secondary transitions. These questions are first discussed, then the 
studies performed using *H and I3C N.M.R., E.S.R. and dielectric relaxation on 
both side-chain and main-chain liquid crystal polymers are presented. 

1. Introduction 
In an earlier article [l]  we have reviewed various spectroscopic techniques 'H,  I3C 

and 'H N.M.R., E.S.R. and dielectric relaxation. Particular attention was paid to the 
frequency range of the molecular motions which can be investigated with each 
technique. The particular features related to the oriented nature of liquid crystal 
phases were developed and examples of studies on small molecular liquid crystals were 
presented. 

This article deals with the spectroscopic analysis of the local motions of liquid 
crystal polymers with mesogenic units either in the main chain or in the side chains. 
Due to the polymeric nature of the systems considered, some specific problems arise 
concerning the orientation of these materials and the occurrence of a glass-liquid 
transition. These features are discussed first, then the main results obtained on local 
dynamics in side-chain and main-chain liquid crystal polymers are described in 
successive sections. 

2. Orientation of liquid crystal polymers 
Ordinary bulk polymers in the melt exhibit a flow viscosity which increases as the 

3.5 power of their molecular weight, Although the exponent is not yet known for 
liquid crystal polymers, there is clear evidence that there is a high molecular weight 
dependence of the mean flow viscosity. This point is very important when looking at 
the orientational behaviour of different polymers or samples. Unfortunately, very few 
molecular weights of such polymers have been determined and the inherent viscosity, 
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1014 L. Monnerie et al. 

qinh, is frequently the only information available. In principle liquid crystal polymers 
could be oriented and organized in single-domain samples by the same procedures as 
for low molar mass liquid crystals, i.e. by applying magnetic or electric fields. In 
practice, however, problems arise due to the high viscosity of these materials, in 
particular when main chain liquid crystal polymers are considered. For a review, see [2]. 

Orientation in a magnetic field at a temperature close to the clearing point has 
been obtained for nematic main-chain liquid crystal polymers. For example, a polyester 
having the repeat unit 

has been oriented parallel to a 0.3 T field [3]. A director order parameter s d  = 0.64 
has been achieved after 24 hours for a sample having qinh = 0.29 dl/g but a sample 
with qinh = 0.54dl/g only reached S, = 0.54. Similarly, a copolyester synthesized 
from terephthalic acid and an equimolar mixture of methylhydroquinone and pyro- 
catechol has been oriented in a field larger than 0.6 T, the orientation time being less 
than 2min for a sample of molecular weight 200000 [4]. Very large values of &, 
ranging from 0.72 to 0.88, have been achieved in a 1 T field [5]  with a polymer having 
the repeat unit 

0 

dH3 

At the other extreme, no orientation was obtained in a field as high as 16T for a 
polymer with the structure [6] 

It seems easier to orient the mesomorphic units of side-chain liquid crystal polymers, 
as has been done [7] with a siloxane polymer of repeat unit 

-3- Si (CH3)-0 -I ( C H Z ) ~  I - 0 a  COO e o c H 3  

However, it should be noted that the observed relaxation time is longer for the 
polymer than for the model compound, in spite of the high flexibility of the siloxane 
linkage. 

Similar behaviour is encountered for orientation in electric fields. However, 
depending on their chemical structure, the mesogenic units can have a positive or 
negative dielectric anisotropy. In the latter case, this leads to a two dimensional 
distribution of the director axes perpendicular to the applied electric field. Such a 
situation is found with ester groups, and, for example with the polyester having the 
repeat unit 

CI 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
0
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



Invited Article: Local molecular dynamics 1015 

an order parameter S d  = -0.5 is achieved in an electric field ( E  = 50kV/cm, 
v = 50 kHz) whereas a 7.OT magnetic field yields S d  = 1.0 [8]. Combined effects of 
perpendicular electric and magnetic fields have been used to orient an ester side-chain 
liquid crystal polymer with positive diamagnetic and negative dielectric anisotropy [9]. 

3. Glass-liquid transition and secondary transitions 
If polymers do not possess sufficiently high chemical and stereochemical regularity, 

they are not able to crystallize and on decreasing the temperature they undergo a 
transition from a highly viscous liquid to a solid glass, called the glass transition. 
Even for polymers with a high chemical regularity, as for example high density poly- 
ethylene, the material never achieves a fully crystalline state and amorphous regions 
coexist with crystalline regions (semi-crystalline polymers). These amorphous parts 
of the bulk polymer undergo a glass transition. 

The same situation is encountered with liquid crystal polymers. Depending on 
their chemical structure semi-crystalline states may be obtained or not. However, due 
to the occurrence for these polymers of nematic and/or smectic phases, either the 
whole material or only the non-crystalline parts of the material will yield an ordered 
glassy state which is characterized by a glass transition temperature, T, (ordered). 
Such a situation is achieved by cooling the polymer slowly from the high temperature 
isotropic state. Of course, if no orientation procedure has been applied, a multi- 
domain sample is obtained. The resulting structures in the two cases of non-crystalline 
and semi-crystalline polymers are shown schematically in figure 1. If it is assumed that 
a nematic phase and one smectic phase occur, the observed transitions would be for 
the non-crystalline case 

T, I isotropic , glass I smectic , nematic 

Tg (ordered) TsN TN I 

for the semi-crystalline case 
semi-crystalline smectic nematic isotropic 

+ T. I I I I 
Tg (ordered) T, TS N TN 1 

When a very rapid quenching is applied from the isotropic phase, some regions may 
retain in the rigid solid the disordered structure of the isotropic state, whereas other 
regions undergo the mesophase transitions leading to an ordered glassy state. As 
polymer segments are less constrained in the disordered glass than in the ordered one, 
samples prepared under such conditions exhibit two glass transition temperatures, the 
transition occurring at the lower temperature corresponding to the regions where the 
isotropic structure has been preserved. 

Before considering the effect of the occurrence of a glass transition on the assign- 
ment of all the transitions observed by spectroscopic techniques, it is worthwhile 

Figure 1 .  Schematic representation of a multi-domain sample for (a) a glassy nematic polymer, 
(b)  a semi-crystalline nematic polymer. Only the mesogenic groups are represented. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
0
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



1016 L. Monnerie ef al. 

recalling that mesophase transitions are thermodynamic transitions, and as such the 
temperatures at which they are observed do not depend on the frequency of the 
technique used for their investigation (calorimetry techniques correspond to fre- 
quencies around 1 Hz, spectroscopic techniques cover various frequency ranges as 
mentioned in [I] 5 3). Conversely the glass transition observed experimentally is 
controlled by the kinetics of the structural changes of the material, thus it has a kinetic 
nature and the temperature at which it is observed depends on the frequency of the 
investigating technique. Typically, the glass transition temperature is shifted upwards 
by 5°C to 10°C when the measurement frequency is increased by a factor of 10. A 
commonly used relationship to account quantitatively for the glass transition tem- 
perature shift is the so-called W.L.F. equation [lo] 

log(.f,lf,) = -A[T, ( . f , )  - T,(f,)l/[B + (T , ( f , )  - Tg(h))I3 
where T,( f , ) ,  T , (h)  are the glass transition temperatures observed at frequenciesf, 
and fi, respectively, and A and B are constants which depend slightly on the polymer 
but can be assumed as universal, to a first approximation. This relationship can be 
derived from the free volume theory. It describes a non-arrhenian behaviour of the 
molecular phenomena responsible for the glass transition. It is worth noting that the 
W.L.F. equation is equivalent to the empirical Vogel, Fulcher, Tamman equation 

f = A’exp(-C/(T - Tm)), 
where T, is a characteristic temperature of the material. 

In addition to the glass transition (a), most polymers in the solid state exhibit 
secondary transitions (b, y, etc.) which correspond to the motions of groups in the 
side chain or the main chain, such as for example the f i  transition observed in 
polyacrylates (R = H) or methacrylates (R = CH,) 

which is assigned to rotational motion of the ester group around its linkage to the 
main chain. These secondary transitions are characterized by a frequency dependence 
which corresponds to an arrhenian activated process. The various transitions under- 
gone by a bulk polymer are usually represented in a relaxation map, as shown in 
figure 2 (a), where log f is plotted against 1/Tfor each transition. At high temperature 
and high frequencies, the glass transition and 

For a liquid crystal polymer, in addition to the secondary and glass transitions, 
mesophase transitions occur which correspond to temperatures independent of fre- 
quency, as represented in figure 2 (6) for a non-crystalline system with a nematic and 
a smectic phase. Thus, for low frequency measurements, on increasing temperature 
the following transitions appear: y, f i ,  glass transition, smectic-nematic and nematic- 
isotropic. At higher frequencies, but lower than the frequency, f,, where T,(f,) is 
equal to T S N ,  the same behaviour is observed and, in particular, the glass transition 
associated with the ordered glassy state (in figure 2 it would be a smectic glassy state) 
can be detected. At frequencies higher thanf, (for examplef, in figure 2 (b))  molecular 
motions in the isotropic, nematic, smectic liquid phases or solid state can be investi- 
gated, but the high frequency glass transition of the smectic glassy state no longer 
exists because the smectic-nematic transition will change the original smectic structural 

transition may merge. 
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(a) 
Figure 2. Schematic relaxation maps for (a) an ordinary amorphous polymer and (b)  a 

non-crystalline liquid crystal polymer with smectic and nematic phases. 

arrangement of the polymer segments. These features are very important for assigning 
the various transitions observed using spectroscopic techniques. In particular, a 
transition occurring at high frequency in a temperature range where the glass tran- 
sition is observed by calorimetry experiments does not correspond to the glass 
transition process but to secondary relaxations (/I, y, etc.). 

Finally, it is clear from these considerations that to study the molecular processes 
involved in the glass transition of the ordered, glassy state using a spectroscopic 
technique operating at a frequency, f ,  it is essential that the mesophase found in the 
glassy state remains till a temperature higher than T,( f ) .  Typically, to perform such 
a study at lo5 Hz, it is necessary that the polymer does not undergo any mesophase 
transition at  a temperature lower than T, (calorimetry) + 50°C (at 108Hz, it would 
become T, (calorimetry) + 80°C). 

4. Local dynamics in side-chain liquid crystal polymers 
Dielectric relaxation experiments have been performed on various side-chain liquid 

crystal polymers. Thus, investigations of the dynamic behaviour in the mesophase and 
the isotropic phase have been carried out [ I  1-14] on polymers with the repeat units 

later samples with R = H, CH, will be referred to as PACB and PMACB, respectively. 
The phase transitions determined from calorimetry experiments are 

~ ~ ~ ~ : g i a s s  2% N 2% I, 

333 K 397 K PMACB:glass - S - 1. 
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lo3 K I T  

(after [12]). 
Figure 3. Logf  versus 1/T for PACB and PMACB in mesomorphic and isotropic states 

Measurements on multi-domain samples yield the temperature dependence of the 
frequency at the maximum of E" shown in figure 3. For PACB a small increase in 
frequency occurs at the nematic-isotropic transition whereas it is three times larger 
at the smectic-isotropic transition of PMACB. A decrease in the apparent activation 
energy is observed in both cases between the mesophase and the isotropic state. For 
PACB, a partially oriented sample was obtained by applying an electric field and 
relaxation measurements were then performed with the oscillating electric field 
parallel or perpendicular to the director. In addition to the low frequency absorption, 
in both cases a high frequency relaxation exists. For example, at 321.9K, the fre- 
quency values are 4,1 = 1.7 Hz, 4,2 % 200 Hz and F,, = 2.5 Hz, F,, x 200 Hz but 
the relaxation amplitude is only half as large for the perpendicular as for the parallel 
arrangement. From the data reported in table 1 it is clear that the reorientation of the 
mesogenic group around the main chain, corresponding to the parallel relaxation, is 
about 100 times slower than the rotational motion of the side chain around its long 
axis. The relaxation frequency measured on a multi-domain sample mainly reflects 
the reorientation motion of the mesogenic group. It is interesting to compare these 
results with the correlation times observed on the low molar mass liquid crystal 
4-n-heptyl-4-cyano biphenyl (7 CB) and shown in figure 13 of [l]. It appears that the 
chain backbone slows down the motions of the cyanobiphenyl group considerably, for 

Table 1 .  Relaxation frequencies for partially oriented (4,, , F,?) and isotropic multi-domain 
samples [ 131. 

TK 321.9 33 1 342.2 353.7 

4,, Hz I .7 28 290 2100 
F,2 Hz 200 2000 20 000 N 150 000 
FHz 7 110 800 5000 
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Invited Article: Local molecular dynamics 1019 

reorientational motion about an axis perpendicular to the biphenyl axis as well as for 
rotational motion about the molecular long axis. 

A series of side-chain polymers has recently been studied by dielectric relaxation 
in the frequency range 102-107Hz for both solid and liquid states [15,16]. The general 
formula of the repeating unit is 

€(- 8‘ 

where R, = H or CH,, n = 2 or 6 and R2 = CN, OCH, or O(CH,),CH,. The 
samples were not oriented. Depending on the chemical structure, several transitions 
have been observed in the solid state; they are represented schematically in the 
relaxation map shown in figure 4. The 8’ transition is observed at the same position 
regardless of the nature of R, and R, and of the length of the spacer; its apparent 
activation energy is 50 kJmol-’ . Such behaviour suggests that this transition should 
be assigned to an internal motion of the mesogenic group. However, when compared 
to the fl relaxations of polymethacrylate (PMAD) and polyacrylate derivatives (PAD) 
which are attributed to a rotational motion of the ester group relative to the chain 
backbone, this B’ relaxation appears very different for several reasons [17]; first at a 
given frequency, the B transition of PAD occurs a t  much lower temperatures than that 
of PMAD (the temperature shift is about 120 K) and secondly the apparent activation 
energy of the B transition is about 84 kJ mol-’ for PMAD and 42 kJ mol-‘ for PAD. 
The fact that the relaxation associated with the rotation of the ester group next to the 
chain backbone is not found in these side-chain liquid crystal polymers could origin- 
ate from the large decrease in the amplitude of the @ relaxation observed in PMAD 

8 I 

* 
3 I 5 6 1 

lo3 K /T 

Figure 4 Typical dielectric relaxations in the solid state. 
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1020 L. Monnerie et al. 

04 . - .  w 
2.0 2.5 3.0 

lo3 K/T 

Figure 5. Dielectric relaxations in the liquid state. Logfversus 1/T. relaxation corresponds 
to solid lines and 6 relaxation to dotted lines. Polymer samples: 0, R ,  = H, n = 2, 
R, = OCH,; 0, R ,  = H, n = 6, R, = CN; v, R ,  = CH,, n = 6, R2 = OCH, (filled 
symbols: nematic or smectic phase, pen symbols: isotropic phase) (after [16]). 

when the size of the substituent is increased. The y, transition is only observed for the 
longer spacer (n = 6) and does not depend on R,  and R,; its apparent activation 
energy is 35 10 kJmol I .  It has been assigned to motions initiated by the (CH,), 
sequence of the side chain becoming dielectrically active because of coupling to the 
adjacent dipole moments. The y, transition only occurs in polymers with R, = 
OC,H,, and consequently corresponds to a motion localized in this sequence. The 
dielectric relaxations (denoted a) shown in figure 5 for a few compounds are 
accurately extrapolated to the corresponding calorimetric glass transition tempera- 
tures; furthermore some of them exhibit a non-arrhenian behaviour and the frequency 
depends sensitively on temperature (the mean slope yields typical apparent activation 
energies in the range 150-350 kJ mol-I). The main chain motions involved in the glass 
transition are observed in dielectric relaxation since they cause a reorientation of the 
adjacent ester dipole. Finally, at higher temperature, for polyacrylate compounds 
( R ,  = H), another dielectric relaxation (denoted S) is observed both in mesomorphic 
and isotropic liquid states (see figure 5). Its amplitude is much higher for the CN end 
group than for OCH, or OC,H,, indicating that it is related to a motion involving 
some reorientation of the mesogenic unit. Furthermore, comparison with the results 
reported in table 1 shows that the S relaxation frequency lies in the same range, so the 
same molecular mechanism could be responsible for it. It should be noted first that 
the S relaxation is very weak for the polyacrylates with a short spacer and secondly 
is not found for polymethacrylates where only one transition, related to the glass 
transition, is observed except in the case of n = 6 and R, = OC,H, where a S 
transition occurs. These remarks could support an interpretation of the S relax- 
ation as a reorientational motion of the mesogenic group perpendicular to the local 
chain backbone axis which would be facilitated by a more flexible chain backbone (i.e. 
R ,  = H instead of R ,  = CH,) or a longer spacer. Such a reorientational motion 
would be similar to that observed in low molar mass liquid crystals, except that in the 
case of side-chain liquid crystal polymers its frequency is considerably reduced. It 
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Figure 6. *H N.M.R. spectra of an oriented smectic phase at 335 K and 290 K with the 
director n parallel (left) and perpendicular (right) to the magnetic field for the polymer 
sample with R, = H, n = 6 and R, = OCH3 (after [19]). 

does not seem that the frequency of this motion undergoes any discontinuity either 
at the mesophase transitions or a t  the clearing temperature. 

Recent dielectric relaxation studies on the same series of side-chain liquid crystal 
polymers [ 181 have confirmed the assignments of 6 and a relaxations of the polymer 
with R, = H, n = 6 and R2 = CN. For the polymer with R, = H and n = 2 a 
slowing down of about one order of magnitude is observed for the 6 process, due to 
the decrease of flexibility of the mesogenic side group with this short spacer. Such 
behaviour supports the assignment of the 6 relaxation to a reorientational motion of 
the mesogenic group perpendicular to the local chain backbone axis. 

'H N.M.R. studies have been performed on one member of this series, i.e. 
R, = H, n = 6 and R2 = OCH, [19,20]. The terminal phenyl ring was fully 
deuteriated. The sample was oriented in its nematic phase by the magnetic field (8.5 T) 
of the N.M.R. spectrometer and an oriented smectic phase was reached by cooling 
slowly. The phase transition temperatures are 

glass - S - N - I .  

Typical *H N.M.R. spectra of the smectic phase above T, (at 335 K) and below T, (at 
290K) are shown in figure 6, with the director n parallel or perpendicular to the 
magnetic field. In the liquid smectic phase, at 335 K, the rotational motion of the 
phenyl ring about the direction of order is rapid enough to yield partial averaging of 
the quadrupolar coupling. On the other hand, below T,, in the glassy smectic phase, 
there is an appreciable change in the molecular motion of the mesogenic group, 
reflected in the substantial broadening of the spectra. For n parallel to the magnetic 
field, however, a single quadrupolar splitting is observed, in spite of the fact that the 
investigated phenyl ring contains two inequivalent deuterons in the rigid case. This is 
an indication that restricted motion of the mesogenic group occurs. From a lineshape 
analysis, it appears that the terminal phenyl ring undergoes 180" rotational jumps in 
the glassy state with a slight gaussian distribution of rotation angle with a variance 
of 8". At 290K, the jump correlation time is approximately 3 x IO--'s with an 
activation energy of 12 kJmol- ' .  This 180" phenyl ring jump should be associated 
with a secondary relaxation. 

305 K 365 K 383 K 
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1022 L. Monnerie et al. 

Dielectric relaxation measurements have recently been performed [21-261 on 
side-chain liquid crystal polymers with a similar mesogenic group but a siloxane 
backbone instead of the polyacrylate or polymethacrylate backbone considered 
previously. The chemical structure was 

Me 

with n = 5, 6 and 8. The phase transition temperatures are 

n = 5 glass - N - I 215 K 325-7 K 

275 K 319K n = 6 glass - N - I 
214 K 363 K n = 8 glass - S - I. 

In the three compounds ci and 6 relaxation processes were observed both in unoriented 
and aligned samples. However, the relative strength of the ci and 6 relaxations depends 
strongly on the degree of alignment. Such a behaviour has been accounted for [23] by 
considering four relaxation processes which are all active in the case of unoriented 
samples, but which split into two groups for aligned samples, each group being 
responsible for the specific relaxation observed with the electric field either parallel or 
perpendicular to the sample director. The detailed analysis of the experimental data 
shows that the 6 relaxation corresponds to a process involving only the motions of the 
longitudinal component of the dipole moment of the mesogenic head group. In 
contrast, the ci relaxation involves both the longitudinal and the transverse com- 
ponents of the dipole moment of the mesogenic head group (in spite of the major 
contribution of the transverse component). The theory predicts also that for a planary- 
aligned sample only the ci relaxation should exist as has been observed [25]. It has to 
be pointed out that the frequency of the dielectric loss maxima and the width of the 
relaxations are independent of the degree of alignment of the sample. The temperature 
dependence of the ci and 6 relaxation frequencies clearly show that both have contri- 
butions resulting from the glass transition of the material, as revealed by their 
non-arrhenian behaviour and the high values of their apparent activation energies 
which lie in the range 130-180kJmol-'. Such a statement is supported by dielectric 
studies performed under pressure [27] on two 4-cyano-phenyl benzoate polyacrylates. 
Finally, it is worth noting that for the compound with n = 8, the orientation of the 
smectic phase is maintained without any ageing at temperatures above the glass 
transition, showing that the micro-brownian motions of the main chains and the 
flexible spacers are not able to destroy the previously achieved alignment. 

More recent data obtained on side-chain liquid crystal polyacrylates [28] lead to 
the same conclusions about the contributions of the motions of longitudinal and 
transverse components of the dipole moment of the mesogenic unit to the 6 and ci 

relaxation processes. The assignments of the various dielectric relaxation processes 
observed in the side-chain liquid crystal polymers have been confirmed on a large 
series of polyacrylate compounds [29] in which the length of the spacer and the 
chemical structure of the mesogenic head-groups, have been varied. 
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Table 2. Acronyms and formulae of the nitroxide probes discussed in the text. 

Acronym Formulae 

1 
CSL 

h 
/ -  - 

In the field of side-chain liquid crystal polymers, an E.S.R. study has been 
performed [9,30] on compounds with the structure 

+cH -a+,+ 

loo-~cH,~.-o +coo +ocH3 

with two spacer lengths (n = 2 for P2 and n = 6 for P6). The samples had molecular 
weights in the range 4500-21 000 for P2 and 2500-14000 for P6. The corresponding 
phase transitions are 

334K 388 K P 2a(MSI, = 21 000) glass - N - I, 
302 K 361 K 393 K P 6a(Mn = 14000) glass - SA - N - I. 

Oriented samples were obtained by the combined effects of perpendicular magnetic 
and electric fields. The pitroxide used was the CSL probe (cf. table 2) which is 
rigid and appears to be located exclusively in the side-chain region, as indicated by 
the measured order parameter. For both polymers the anisotropy coefficients 
( N  = tRI/tRII, where tRI and tRll are the correlation times for motions around the 
molecular long and short axes, respectively) are identical and equal to 7 in the 
isotropic phase and 10 in the nematic and smectic phases. No significant effect due to 
molecular weight is observed, the temperature dependence of tRl, is plotted against 1/T 
in figure 7. It first appears that increasing the spacer length from n = 2 to n = 6 
decreases the correlation times by about one order of magnitude for the isotropic and 
nematic phases, whereas there is no effect in the glassy state, as we should expect. Only 
the smectic-nematic transition shows an abrupt change in correlation times. The 
break in slope observed at a temperature around the calorimetric glass transition 
should not be assigned to the glass transition phenomena, as has been proposed in 
[9] since the high frequency E.S.R. measurements should yield a much higher glass 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
0
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



1024 L. Monnerie et al. 

1000 

100 

m = 10 * 
K 
t- 

1 .o 

0.1 

3'5 ro3K/T 2.5 3.0 

Figure 7. rR,, versus l /T for CSL in P2a (full circles) and P6a (open circles) (after [9]). 

transition temperature, as previously discussed. More probably such discontinuities 
reflect the occurrence of a local motion in the E.S.R. frequency range which could be 
related to a /3 process. In the absence of complementary experiments (dynamic 
mechanical studies, dielectric relaxation, N.M.R.) it is not possible to assign this local 
motion. 

5. Local dynamics in main-chain liquid crystal polymers 
A 'H N.M.R. study has been performed on a main-chain liquid crystal polymer 

[31], with the repeat unit 

The corresponding transition temperatures are 
553 K Tg = 303K; T, = 433K; N c----, I. 

The T,  and T2 relaxation times have been measured at various temperatures on a 
sample oriented in the magnetic field (7 T). The analysis includes (i) the intramolecular 
motion of the CD, group due to t c1 g' jumps and characterized by a correlation time 
z, and (ii) the intermolecular motion of the repeat unit considered as axially symmetric 
and rigid, undergoing continuous anisotropic diffusion, within an orienting potential, 
characterized by correlation times zR,, and zRI for rotation about the molecular long 
and short axis, respectively. The temperature dependence of these correlation times 
is plotted in figure 8. Below the melting point, T,, the sample is partially crystallized 
at a rate of about 60 f 5 per cent, as estimated from the ratio of the rigid to mobile 
components of the spectra. At the melting point, the t e* g' isomerization exhibits 
two different behaviours. In the crystalline phase (rigid component), the isomerization 
is reduced by more than two orders of magnitude and the corresponding activation 
energy is approximately 6.7 kJ mol ~ I ,  which is comparable to the values observed in 
crystalline paraffins. In the amorphous phase, the isomerization process is gradually 
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Figure 8. Logarithmic plot of the correlation times tj, 7Rll and 7RL versus 1/T (after [31]). 

slowed with an activation energy of 15.9 kJ molp' .  This higher value could indicate 
that the t ++ g jumps undergone by the CD, groups in the amorphous phase are 
connected with motions of larger chain units, possibly involving the nearest neigh- 
bouring phenyl ring, whereas in the crystalline phase only local jumps of the adjacent 
CH, groups would be involved. It is worth noting that the activation energy in the 
amorphous phase is comparable to that observed for f CH, - CH, - 0 j units in a 
polyaromatic ester with a similar structure, as described later. 

The correlation times of the intermolecular motions of the repeat unit (rRll and z R I )  
in the anisotropic melt, are of the order of lop8 s and lop's, respectively. Below the 
melting point these motions still occur in the amorphous phase and the observed 
slowing down when reaching the glass transition has the typical feature of non- 
arrhenian processes encountered in ordinary amorphous polymers, i.e. a temperature 
dependence of the correlation time which can be described by the W.L.F. equation. 
The same polymer has been deuteriated in different positions (the central phenyl ring 
and the four central methylene groups) but the results on the observed dynamics have 
not yet been published. 

Dielectric, I3C N.M.R. [32,33] and E.S.R. [34] measurements have been carried 
out on a main-chain liquid crystal polymer with the repeat unit 

In the solid state, the investigated samples contain a few isolated regions of disordered 
(amorphous isotropic) material, dispersed in a semi-crystalline continuum. The various 
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Figure 9. The dielectric loss factor E" as a function of frequency for a selection of 
temperatures (after [33]). 

calorimetric transitions are: 

233 K 293 K 393 K 523 K glass,,, - glass(,, - C - S, - I. 

It has not been possible to orient the samples in a 1 T magnetic field and all the 
experiments have used mesomorphic multi-domain samples. Dielectric relaxation 
measurements have been performed in the low temperature range and the behaviour 
of E" as a function of logfis plotted in figure 9. At 193 K a relaxation process occurs 
with a small amplitude indicating a limited freedom for the electric dipoles. The 
absorption peak, with a maximum around 5 x lo3 Hz, is very broad, which suggests 
that there is a wide range of local environments for the dipoles and that the environ- 
ment places great constraints on the motion. A given dipole group can move only in 
cooperation with that environment, this being a slow process overall. As the tem- 
perature is increased, the whole system cooperatively moves faster, narrowing the 
overall loss of peak. As a consequence, at high enough temperatures a reference group 
moves in an average environment. From the shift of the maximum of E" with tem- 
perature, an apparent activation energy of 16 kJ mol-' is deduced. It is worth noting 
that in the same frequency-temperature range a similar relaxation is observea in poly 
aliphatic ethers which has been assigned to a local twisting motion. 

The motions involved in this relaxation process have been analysed by I3C solid 
state high resolution N.M.R. at  298 K. It appears that at the frequency involved in 
the relaxation methods used, i.e. 105Hz, the carbonyl group and the nearest CH, 
group have a rigid behaviour whereas the next-nearest CH, group undergoes oscil- 
lations on the valence cone of approximately 20" about one equilibrium conformation. 
The following CH, group performs oscillations of large amplitude or more likely 
jumps between two equilibrium conformations. Several nitroxide probes of different 
sizes have been studied and it has been shown that in the very slow motional regime 
(z 2 lO-'s) small probes such as Tempo1 (cf. table 2) undergo jump diffusion 
motions whereas large probes have a brownian rotational diffusion. Characteristic 
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Figure 10. E.S.R. spectra of the Tempol probe for a variety of temperatures (after [33]). 

E.S.R. spectra obtained for Tempol in the temperature range 113 K-423 K are shown 
in figure 10. At 203 K the separation of the outer hyperfine extrema decreases slightly 
with increasing temperature, indicating the onset of slow motion of the spin probe due 
to local main chain motions. These motions are the same as those observed by 
dielectric and I3C relaxation and assigned previously to conformational jumps of the 
bonds of the central part of the aliphatic ether sequences in the liquid crystal polymer 
chain. In order to obtain information on the correlation times of motions performed 
by the nitroxide probes over the whole temperature range investigated, E.S.R. spectra 
have been treated assuming an isotropic reorientation. Resulting isotropic correlation 
times, zlso, for Tempol are plotted against 1/T in figure 11. It can readily be seen that 
z,,, does not fit an arrhenian type expression over the whole temperature range. From 
203 K to 273 K the Tempol probe reflects the conformational jumps of the aliphatic 
ether sequences, proving that the probe molecules would be preferentially localized in 
the interlayer regions of the smectic C phase. A change in the slope of the arrhenian 
plot for z,,, is observed around 273K, corresponding to an increase in the probe 
mobility. Furthermore complex E.S.R. spectra are observed (see figure lo), which can 
be resolved into a mobile component and a solid state component. The same behav- 
iour is found for a similar polyester with 10 ethylene oxide units instead of 4. 
Furthermore, heat capacity measurements and dynamic mechanical experiments 
performed on samples submitted to different cooling cycles allow assignment of the 
transition observed with these techniques around 233 K and corresponding in E.S.R. 
studies to the appearance of a mobile component at  273K, to a few isolated dis- 
ordered regions of the material. As the same E.S.R. behaviour is found for nitroxide 
doped PEO samples [35], this suggests that this transition is due to the diffusional 
segmental motion of the flexible aliphatic ether sequences of the polymer chain which 
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Figure 1 1 .  Isotropic rotational correlation time z,,, versus 1/T for the Tempol probe 
(after [34]). 

may correspond to the glass transition of the disordered glassy state. At higher 
temperatures, a marked increase in heat capacity is evidenced between 293 K and 
323 K which is associated with the glass transition of the smectic C glassy regions of 
the material. In this temperature range, the solid state component of the Tempol 
E.S.R. spectra shifts gradually towards the mobile component and finally both 
components coalesce around 318 K. At still higher temperature, the slope of the 
arrhenian plot of z,,, is changed, but the E.S.R. spectra show the characteristic features 
of a spin probe undergoing anisotropic rotational reorientation. The corresponding 
anisotropy parameter of Tempol, N = zRI /zR, ,  , is about 7, whereas it should be 1.35 
from the molecular geometry. The temperature dependences of zRI and zR,, are plotted 
in figure 12. About 20K below the crystal-smectic C transition (393 K), a premelting 
effect occurs, yielding a decrease in the degree of anisotropy with increasing tempera- 
ture. Finally at the crystal-smectic C transition, the rotation of Tempol is temporarily 
isotropic. A further increase in temperature results in a marked change of the E.S.R. 
spectral shape: above 400 K the low-field line is sharper than the centre field line. This 
unusual behaviour can be interpreted by considering that the orientation of the 
anisotropic diffusion axis with respect to the nitroxide radical magnetic axes changes 
upon passing through the crystal-smectic C transition. This means that the fastest 
rotational motion of the Tempol probe does not occur about the same axis, that may 
be due to the lower constraints in the smectic C phase compared to the crystal state. 
Finally, it is worth noting that I3C solid state N.M.R. studies [32] have shown that at 
the crystal-smectic C transition, the width of the aromatic carbon line decreases 
sharply and the associated chemical shift anisotropy change indicates a rotation of the 
phenyl rings around the C, -C, axis in the mesophasic state. However, such a motion 
does not alter the mean orientation of the mesogenic groups. 

In spite of the partial experimental investigations performed on the dynamic 
behaviour of this main chain polymer, this example clearly illustrates the improved 
understanding on a molecular level which arises from a combination of different 
spectroscopic techniques. 
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Figure 12. Correlation times T ~ , , ,  zRI and sj,, versus l / T  for the Tempo1 probe (after [34]). 

6. Conclusion 
We have discussed in this article the specific problems encountered with liquid 

crystal polymers, i.e. the difficulty in orientating the samples, in particular with 
main-chain polymers, and the occurrence of a glass-liquid transition. From the results 
obtained both on side-chain and main-chain liquid crystal polymers, it clearly appears 
that spectroscopic techniques such as 'H and I3C N.M.R., E.S.R. and dielectric 
relaxation can provide information on molecular motions occurring in these ordered 
phases. However, it is worth noting that a deep analysis of the results on a molecular 
scale requires oriented samples. In spite of the experimental difficulty in realising such 
an orientation of the material, the benefit which is obtained fully justifies the effort. 
Furthermore, the combined experiments using different techniques are the only way 
to achieve a molecular description of the dynamics of the system studied. Though I3C 
and 2H N.M.R. appear to be the most attractive methods, yielding information on the 
dynamic behaviour of the different groups in the molecule, complementary data 
obtained from other techniques are required to analyse the N.M.R. relaxation measure- 
ments when taking into account the different types of rotational motions which can 
participate to the observed relaxation (intramolecular motions, diffusional motions, 
orientation director fluctuations or slow relaxations of local structures). 

Although in the field of liquid crystal polymers, only a few partial investigations 
have been performed so far, they appear very promising and a deeper insight into the 
dynamics of these materials should be reached in the near future. 

References 
[ I ]  MONNERIE, L., LAUPRETRE, F., and NOEL, C., 1988, Liq. Crystals, 3, 1. 
[2] KRIGBAUM, W. R., 1982, Polymer Liquid Crystals, edited by A. Ciferri, W. R. Krigbaum 

[3] LIEBERT, L., STRZELECKI, L., VAN LUYEN, D., and LEVELUT, A. M., 1981, Eur. Polym. J . ,  

[4] NOEL, C., MONNERIE, L., ACHARD, M. F., HARDOUIN, F., SIGAUD, G., and GASPAROUX, 

and R. B. Meyer (Academic Press), p. 275. 

17, 71. 

H., 1981, Polymer, 22, 578. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
0
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



1030 L. Monnerie et al. 

[5] VOLINO, F., MARTINS, A. F., BLUMSTEIN, R. B., and BLUMSTEIN, A., 1981, C .  r. hebd. 

[6] MARET, G., BLUMSTEIN, A,, ~ ~ ~ V I L A S A C A R ,  S., 1981, Polym. Prepr. Am. chem. SOC. Div. 

[7] CASAGRANDE, C., VEYSSIE, M., WEILL, C., and FINKELMANN, H., 1983, Molec. Crystals liq. 

[8] MULLER, K., WASSMER, K.-H., LENZ, R. W., and KOTHE, G., 1983, J. Polym. Sci. Polym. 

[9] WASSMER, K.-H., OHMES, E., PORTUGALL, M., RINGSDORF, H., and KOTHE, G., 1985, 

SPanc. Acad. Sci., Paris, 292, 829. 

Polym. Chem., 22, 246. 

Crystals Lett., 92, 49. 

Lett. Ed., 21, 785. 

J .  Am. chem. Soc., 107, 151 1. 
[lo] FERRY, J. D., 1980, Viscoelastic Properties of Polymers, 3rd edition (Wiley). 
[ l l ]  KRESSE, H., and TALROSE, R. V., 1981, Makromolek. Chem. rap. Commun., 2, 369. 
[12] KRESSE, H., KOSTROMIN, S., and SHIBAEV, V. P., 1982, Makromolek. Chem. rap. 

[13] KRESSE, H., and SHIBAEV, V. P., 1983, Z. phys. Chem., 264, 161. 
[14] KRESSE, H., and SHIBAEV, V. P., 1984, Makromolek. Chem. rap. Commun., 5, 63. 
[15] ZENTEL, R., STROBL, G. R., and RINGSDORF, H., 1985, Recent Advances in Liquid Crystal 

[16] ZENTEL, R., STROBL, G. R., and RINGSDORF, H., 1985, Macromolecules, 18, 960. 
[I71 MCCRUM, N. G., READ, B. E., and WILLIAMS, G., 1967, Anelastic and Dielectric Effects in 

[18] KRESSE, H., TENNSTEDT, E., and ZENTEL, R., 1985, Makromolek. Chem. rap. Commun., 6, 

[I91 GEIB, H., HISGEN, B., PSCHORN, U., RINGSDORF, H., and SPIESS, H. W., 1982, J. Am. 

[20] BOEFFEL, CH., HISGEN, B., PSCHORN, U., RINGSDORF, H., and SPIESS, H. W., 1983, Israel 

[21] ATTARD, G. S., WILLIAMS, G., GRAY, G. W., LACEY, D., and GEMMEL, P. A., 1986, 

[22] ATTARD, G. S., and WILLIAMS, G., 1986, Polymer Comm., 27, 2. 
[23] ATTARD, G. S., 1986, Molec. Phys., 58, 1087. 
[24] ATTARD, G. S., and WILLIAMS, G., 1986, Liq. Crystals, 1, 253. 
[25] ARAKI, K., and ATTARD, G. S., 1986, Liq. Crystals, 1, 301. 
[26] ARAKI, K., and ATTARD, G. S., 1988, Molec. Crystals liq. Crystals (in the press). 
[27] HEINRICH, W., and STOLL, B., 1985, Colloid. Polym. Sci., 263, 895. 
[28] HAASE, W., PRANOTO, H., and BORMUTH, F. J., 1987, Ber. Bunsenges. phys. Chem., 89, 

[29] PARNEIX, J. P., NJEUMO, R., LEGRAND, C., LE BARNY, P., and DUBOIS, J. C., 1987, Liq. 

[30] WASSMER, H. K., OHMES, E., KOTHE, G., PORTUGALL, M., and RINSDORF, H., 1982, 

[31] MULLER, K., MEIER, D., and KOTHE, G., 1985, Progr. N.M.R.  Spectrosc., 17, 211. 
[32] SERGOT, PH., LAUPR~TRE, F., LOUIS, C., and VIRLET, J., 1981, Polymer, 22, 1150. 
[33] LAUPR~~TRE, F., NOEL, C., JENKINS, W. N.,, and WILLIAMS, G., 1985, Faraday Discuss. 

[34] MEURISSE, P., FRIEDRICH, C., DVOLAITZKY, M., LAUPR~TRE, F., NOEL, C., and 

[35] LANG, M. C., NOEL, C., and LEGRAND, A. P., 1977, J. Polym. Sci. Polym. Phys. Ed., 15, 

Commun., 3, 509. 

Polymers, edited by L. L. Chapoy (Elsevier), p. 261. 

Polymeric Solids (Wiley). 

261. 

chem. Soc., 104, 917. 

J.  Chem., 23, 388. 

Polymer, 27, 185. 

1229. 

Crystals, 2, 167. 

Makromolek. Chem. rap. Commun., 3, 281. 

chem. SOC., 79, 191. 

MONNERIE, L., 1984, Macromolecules, 17, 72. 

1329. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
0
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1


