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ABSTRACT: Dilute solutions in nematic p-azoxyanisole (PAA) of intrinsically flexible nematic DDAS 
main-chain polyesters of various average lengths are studied by proton and deuterium magnetic resonance, 
using protonated, partially deuterated, and perdeuterated molecules. All polymers are found to be in an extended 
conformation, as in the bulk nematic phase. The order parameters of the solvent PAA molecules and of the 
solute polymers are deduced by methods previously described. The results are compared with the existing 
theories of polymer/low molecular mass nematic mixtures. It is found that very long DDAS polymers tend 
to form ideal solutions with PAA. A model for such solutions is proposed. 

1. Introduction 
Thermot rop ic  nemat i c  polymers,' in particular poly- 

es ters  wi th  flexible spacers (CH,), and mesogens i n  the 
ma in  chain,2 have  received m u c h  attention in the past 
years. Polymers  represented by  
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formed b y  condensa t ion  of 2,2'-dimethyl-4,4'-dihydroxy- 
azoxybenzene (mesogen u9n) wi th  diacid chlorides con- 
ta in ing  a methylene  sequence length  n = 2-14, exhib i t  
rather broad  nemat i c  ranges at moderate temperatures3 
and a strong and regular even-odd effect! DDAS polymers 
corresponding to n = 10 have been extensively studied in 
bulk.  Proton magnet ic  resonance ('H N M R )  line-shape 
analysis shows that i n  the nemat ic  phase the chains are 
stretched wi th  the spacers in a rather ex tended  confor- 
m a t i ~ n , " ~  as expected on general grounds.8 These results 
have been confirmed by  deuterium magnetic resonance (2H 
N M R )  for DDAS polymers  and model compounds  wi th  
deutera ted   spacer^.^^^^^ Mixtures of t h i s  polymer wi th  the 
low molecular mass nematic (LMN) p-azoxyanisole (PAA) 
have  been ~ t u d i e d ~ * ' ~ ' ~  for  polymer cha in  length  f - 10 
repeating units. Both compounds are found to be miscible 
in  all propor t ions  i n  the nemat i c  phase. The phase dia- 
g ram is very similar to that obta ined  wi th  o the r  nemat ic  
polymers under similar conditions.'1v'2 The following 
molecular properties have  been found: (i) for all concen- 
t ra t ions  i n  the nemat i c  phase, polymer chains are i n  an 
extended  conformation, as i n  bulk;6 (ii) the relative order 
of t h e  spacer t o  the mesogen is practically independent of 
concentration and depends only on reduced temperature;6 
(iii) the structure and conformation of the PAA molecules 
are very slightly changed  i n  the mixtures,  these changes 
being continuous functions of concentration;1° (iv) for PAA 
concentrations smaller than 10% b y  weight, P A A  and 
mesogen "9" have  the same orde r  parameter i n  the p u r e  
nematic p h a ~ e ; ~ * ~ , * ~  (v) for PAA concentrations larger than 
50%, the order pa rame te r  of P A A  is always larger than 
that of mesogen "9".13 
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Table I 
S P d  Rb i@=lMn ATP: "C DDAS .fa 

H -44 1.0/1.0 -0.25 f 0.25 0.99 f 0.01 
L2 -11.3 1.5/1.0 1.24 -1.0 f 0.25 0.92 f 0.01 
F8 -6.4 1.10 -3.25 f 0.25 0.86 f 0.01 
Ed20 -7.5 1.0/0.0 -1.1 -3.0 f 0.25 0.88 f 0.01 

O f  = average number of repeating units/chain. * R  = ratio of 
aromatic to aliphatic end groups. ATc = depression of the clear- 
ing-point temperature of the mixtures relative to pure solvent. d ~ C  
= ScDDA9/Scp" (see text for definitions). 

In th i s  paper ,  we present detailed 'H NMR and *H 
NMR results concerning d i lu t e  solutions (5% (w/w)) of 
DDAS polymers in PAA i n  order to gain insight in to  the 
solute-solvent interactions and the statist ical  properties 
of such main-chain nemat ic  polymers i n  a nemat ic  me- 
d ium.  

2. Experimental Section 
Four different DDAS polymers were used. The average number 

of repeating units ( f ) ,  the ratio of-aromatic to aliphatic end groups 
(R),  and polydispersities (M,/M,) are given in Table I (see ref 
14 for details). The H, L2, and F8 polymers are fully protonated 
and Ed20 has a fully deuterated spacer. Mixtures containing 5% 
by weight polymers (corresponding to a polymer amount of 5-10 
mg) were sealed in standard 5-mm-diameter NMR tubes, evac- 
uated during several hours a t  room temperature under primary 
vacuum (-lo-* torr). The H, L2, and F8 polymers were mixed 
with perdeuterated PAAdl4, and the Ed20 polymer was mixed 
with the partially deuterated PAA variety called PAAd6 in ref 
15. PAAd6 is fully deuterated on the methyl groups and partially 
deuterated on the rings near the azoxy moiety for 10% of the 
molecules. The advantage of the Ed20/PAAd6 mixture is that 
polymer and solvent can be simultaneously studied in a single 
2H NMR experiment, as shown below. For the other mixtures, 
successive 'H NMR and 2H NMR experiments are required. 

Clearing-point temperatures were measured by observing all 
samples simultaneously (mixtures and pure PAA samples) in 
heated silicone oil. The samples were equilibrated for several 
hours a t  150-160 "C, well inside the isotropic phase. A very small 
amount of fiie precipitate was observed at the bottom of the tubes, 
possibly representing some cross-linked degradation products. 
The clearing points were observed by slowly lowering the tem- 
perature. No nematic-isotropic (N + I) biphase was observed 
that could not be attributed to  temperature heterogeneities in 
the sample (C1 " C ) .  The differences (AT,) between the clear- 
ing-point temperatures of the mixtures (Tc) and of the pure 
solvent (TC(O)) measured by this method, and confirmed by the 
NMR experiments, are given in Table I (these ATc are plotted 
vs. f in Figure 5a). I t  is seen that the AT, are negative (lowering 
of the clearing-point temperature) but approach 0 as the polymer 
chain length increases. 
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Figure 1. Order parameter vs. temperature of nematic PAA 
containing 5% (w/w) DDAS polymers: (0) PAAdl4 containing 
L2 polymer, deduced from the six quadrupolar splittings as in 
ref 15; (0, 0, A) PAAdG containing Ed20 polymer (0 deduced 
from the largest quadrupolar splitting; 0 and A deduced from 
H-D dipolar splittings) as in ref 15. The vertical lines indicate 
the clearing temperature of the corresponding mixture. The full 
lines were determined by eq 1 with the corresponding values of 
TC. 

The NMR spectra were obtained with two pulsed NMR Bruker 
spectrometers: a WM-250 spectrometer working at 38.4 MHz for 
,H NMR and a CXP-100 spectrometer working at 75 MHz for 
'H NMR. Spectra were taken in the whole nematic range by 
slowly cooling the samples in steps of 1-2 O C ,  after equilibrating 
several hours in the isotropic phase at -150 "C. 

3. NMR Results 
Results Concerning the PAA Molecules: Solvent. 

The 2H NMR of PAAdl4 and PAAd6 molecules in 5% 
(w/w) mixtures are essentially the same as in the pure 
samples (see, for example, Figures 1 and 3 of ref 15). The 
nematic order parameter Sp" was extracted from the 
various splittings of the 2H NMR spectra as explained in 
ref 15. For mixtures with PAAdl4 the six quadrupolar 
splittings Avl-Av6 were used in a single fit. It is found that 
the average structure of the PAA molecules in these 
mixtures can be considered as unchanged by the presence 
of 5% DDAS polymers. For the mixture with PAAd6, the 
two dipolar splittings AvdipA" and AvdipBv" and the single 
quadrupolar splitting Av115 were used independently, as- 
suming as previously that the structure of the PAA mol- 
ecules is the same as in the pure sample. Figure l shows 
typical results for the two mixtures with L2 and Ed20 
polymers. We find that the temperature dependence of 
SPAA for all samples studied can be represented within 
experimental accuracy by the same empirical law as for 
the pure samples15 

(1) 
with T+ = Tc + 1.8 f 0.3 K, where Tc is the actual 
clearing temperature of the corresponding mixture. In 
other words, the order parameter of nematic PAA con- 
taining up to 5% (w/w) DDAS polymers is the same 
universal function of reduced temperature T/Tc (or 
equivalently of T - Tc since ATC is very small (<4 K) as 
for the pure material. 

Results Concerning the DDAS Molecules: Solute. 
Figure 2 shows a typical 'H NMR spectrum of DDAS 
polymer in solution in PAAdl4. It is very similar to that 
obtained in a macroscopically aligned bulk p ~ l y m e r ~ - ~ J ~  
and demonstrates that the molecular conformation is very 
similar in both cases. Two quantities can be extracted 
from this spectrum: (i) the nematic order parameter SDDA9 

SpAA = 1.1237(1 - T/T+)'.ls7 

IOKH? 
Figure 2. Typical proton NMR spectrum of DDAS polymer 
dissolved 5% (w/w) in nematic PAAd14 (DDA9-H polymer at 
122 "c). 26N reflects the order of mesogen "9" and 26, reflects 
the order of the (CH2)10 spacer. The ratio p215 = 6,,,/6N can be 
used to follow the relative order of spacer. 
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Figure 3. Typical deuterium NMR spectrum of Ed20 polymer 
dissolved 5% (w/w) in nematic PAAdG. The spectrum between 
P and Q corresponds to PAAdG (cf. ref 15). Avlm20 and AvqEd20 
correspond to the (CD,) groups of Ed20 polymer. The lines 
indicated by an arrow may correspond to deuterated monomer 
molecules. The ratio p 2 H  NMR = A v ~ ~ ~ ~ ~ / A v ~ ~ ~ ~  can be used to 
follow the relative order of spacer. 

of the polymer, more specifically of mesogen "g", which 
can be deduced from the main doublet 2 6 N  as previously 
de~cr ibed ,~  from the relation 

26~ /kHz  = 24.06SDDA9 (2) 
(this is illustrated in Figure 4, where SDDA9 computed from 
eq 2 is plotted vs. T - Tc for samples with different chain 
lengths); (ii) the relative order of the spacer to the mesogen, 
which can be pictured by the ratio p2i5 = 262,5/26N, where 
28215 is the full width at 2 / 5  of maximum as shown in Figure 
2 (see ref 6 for more details). 

Figure 3 shows a typical 2H NMR spectrum of the 
Ed20fPAAd6 mixture. This spectrum is easily analyzed 
by analogy with the spectrum of bulk Ed20 polymerg (or 
9DDA9-d20, a model compound consisting of a sequence 
mesogen-3pacer-mesogen6), and with the spectrum of bulk 
PAAd6.15 The central part between P and Q corresponds 
to PAAd6 (see Figure 3 in ref 15) and was used to extract 
SpAA as explained in the preceding section. The two 
doublets AvlEdZ0 and AvqEdZo correspond to the methylene 
groups of the spacers of the Ed20 polymers, the former to 
the methylene groups attached to the ester groups and the 
latter to all the other methylene groups. In ref 6 and 9, 
it was found that in model compound 9DDA9-d20 and in 
bulk DDA9Ed20, respectively, Avld20 was practically pro- 
portional to SDDA9. It is possible to estimate rather accu- 
rately the corresponding proportionality coefficient by 
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Figure 4. Order parameter vs. T - TC of DDAS polymer for 
mixtures shown. The full line represents the order parameter 
of the solvent PAA. Note the different temperature dependences. 

means of a detailed comparison of experimental and sim- 
ulated 'H NMR line shapes of DDA9-L polymer5 with 
experimental IH NMR and 2H NMR spectra of polymer 
DDA9-Ed2O6sg and of model compound 9DDA9-d20.6 The 
result is 

(3) 

This relation is expected to be valid for all DDAS polymers 
(or oligomers) deuterated on the spacers. By analogy with 
pZl5, the relative order of the spacers to the mesogens, as 
seen in this 2H NMR experiment, can be characterized by 
the ratio PZH NMR = A v ~ ~ ~ ~ ~ ~ A u ~ ~ ~ ~ ~ .  

Figure 4 shows a plot of SDDAg vs. T - Tc for the four 
mixtures studied, as well as SpAA for comparison. I t  is 
observed that near Tc, SDDm is smaller than Spa but tends 
toward Sp* when the polymer chain length increases. 
This is to be compared with the result concerning the 
depression of the clearing-point temperature AT, (see 
section 2). Far from Tc, SDDAg is definitely smaller than 
SpAA for all samples. Figure 4 shows that the temperature 
dependence of solute orientational order is influenced by 
its chain length and that it is different from that of solvent 
PAA. 

The order parameter SCDDAg of the polymer at the 
clearing point Tc can be estimated by extrapolation from 
a plot of SDDAg vs. the corresponding values of SpAA. The 
results are given in Table I and are shown on Figure 5b, 
where we have plotted ScDDAgfScp" vs. f (Scp* i= 0.41). 
Comparison with Figure 5a is instructive and indicates that 
the relative solute-solvent order parameter a t  the tran- 
sition and the depression of the clearing-point temperature 
are closely related phenomena. This result is discussed 
below. 

The relative order of the spacers, as deduced from a plot 
of p215 vs. T - Tc (see Figure 2 for definition of p2,&, 
decreases with increasing temperature, which shows that 
the spacers disorder faster than the mesogens as the 
clearing point is approached. At  the same reduced tem- 
perature the spacers are relatively more ordered in longer 
solute chains. In contrast, a t  constant chain length pz 
is independent of solute concentration and depends on{y 
on reduced temperature, as pointed out previously.6 This 
last result can also be inferred from the temperature de- 
pendence of p2H w (see Figure 3 for definition of p~ NMR) 
in the case of polymer Ed20 in bulk and in solution (5% 
(wfw) in PAAd6). 

To summarize, for a given molecular length, the relative 
order of the spacers and mesogens appears to be a function 

Avld2'/kHz = (113.3 f 2)SDDAg 
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Figure 6. Proposed structure for dilute solutions of DDAS 
polymers in nematic PAA: (a) very long polymer, perfect 
matching; (b) short polymer or oligomer, imperfect matching. 

uAA are the PAA/mesogen “9” and PAA/PAA nematic 
interaction parameters. From this theory, the finding that 
sc - 1 for ff very large (Figure 5b) means that uAB is a 
function of L such that uAB(L) - UM for very long poly- 
mers. In this limit, the theory also predicts that both the 
mixtures and pure solvent have the same clearing-point 
temperature, as observed (Figure 5a). In short, according 
to the theory developed in ref 21, dilute solutions of very 
long DDAS polymers in PAA are nearly ideal solutions. 

In fact, the conclusions drawn from the two theories 
mentionedmPz1 reflect the same physical property: very long 
DDAS polymers match the nematic medium almost per- 
fectly (at least at temperatures not too far from the clearing 
point). The illustration we propose for such dilute solu- 
tions is sketched in Figure 6. The nematic phase is pic- 
tured as a medium where the local director fluctuates 
mainly due to hydrodynamic modes,22 symbolized by the 
undulation in Figure 6. As a result, the polymer does not 
behave as a usual rigid rod but simply follows the hydro- 
dynamic modes without perturbing the medium. As the 
polymer becomes shorter and shorter, the perturbation 
increases and this is reflected by the decrease of sc. 

At present, we do not know to what extent temperature 
dependence of SDDAg might also be influenced by differ- 
ences in polydispersity and aromatic/aliphatic end-group 
ratio (Table I). 

Finally, it  is worth noting that the present results de- 
pend crucially on the confidence put on the values of the 
order parameters. Extraction of absolute values of order 
parameters from spectroscopic data is indeed a delicate 
question. The methods used here are described in detail 
in ref 15 and 5 for PAA and DDA9, respectively. The 
self-consistency of the present results is a further support 
for these methods. 
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