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RHEOLOGICAL PROPERTIES OF ACETOXYPROPYLCELLULOSE IN 
THE THERMOTROPIC CHIRAL NEMATIC PHASE 

M. T. CIDADE, C. R. LEAL, M. H. GODINHO, and A. F. MARTINS* 
Departamento de Cikncia dos Materiais, Faculdade de Ciencias e Tecnologia, 
Universidade Nova de Lisboa, P-2825 Monte da Caparica, Portugal; 
P. NAVARD 
Centre de Mise en Forme des Materiaux, &ole des Mines de Paris, URA, 
CNRS 1374, BP 207, 06904 Sophia-Antipolis, France. 

Abstract Experimental data for the rheological behavior of two thermotropic 
liquid crystalline (LC) samples of acetoxypropylcellulose (APC) with different 
molecular weights, at 12OoC, and in shear rates between 0.01 and 10 s-',  are 
presented and analyzed in the framework of the continuum theory for LC 
polymers recently proposed by Martins'. The viscosity ~( i , )  shows a strong 
shear thinning in the range of shear rates + studied, with an hesitation at shear 
rates of about 0.1-0.2 s-', depending on the molecular weight, and the first 
normal stress difference Nl(i,) shows only positive values, increasing with 
shear rate +, with an hesitation at shear rates of an order of magnitude higher, 
i.e. about 1-2 s-l, also depending on the molecular weight. The hesitation 
points of the flow functions are displaced towards lower values of the shear 
rate, with increasing molecular weight. For small and intermediate i, the shear 
viscosity of the higher molecular weight sample is greater than the 
corresponding viscosity for the lower molecular weight sample, but this pattern 
is reversed at higher 4, the crossover point being at i,- 1.5 s-'. The molecular 
weight dependence of the first normal stress difference follows a similar 
pattern. All these observations can be interpreted by Martins' theory. The 
expressions for v(+) and N,(i,) derived from this theory fit very well to the 
experimental data, therefore allowing for some fundamental viscoelastic 
parameters to be estimated. 

INTRODUCTlON 

Liquid crystalline polymers (LCP's) have been the subject of increasing interest 

because of their exceptional mechanical properties. Rheological studies of these 

polymers are of major technological importance and have attracted the attention of 
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many researchers in recent years. Despite this interest, a clear understanding of the 

rheological behavior of LCP's is still missing. Experiments gave results that are, in 

some cases, controversial. Some researchers have found a viscosity curve r ] ( j . )  

composed of threk different  region^^‘^, as proposed by Onogi and Asada6, for 

lyotropics, others have found one single shear thinning r e g i ~ n ~ - ~ .  For the first normal- 

stress difference N,(j.) some researchers have found a region of n e g a t i ~ e ~ ? ~ , ' ~ . '  '-14 N l y  

others have found only values of N,. The theoretical explanations so far 

proposed for such phenomena, namely a molecular approach of Marrucci and 

Maffettone16 based on Doi's theory17 and latter developed by Larson and co- 

workers1*, and a continuum approach by Fahroudi and Rey", give only qualitative 

agreement with experiments. 

In this work we present experimental data for the rheological behavior of two 

thermotropic liquid crystalline samples of acetoxypropylcellulose (APC) with different 

molecular weights, at 12OoC, and in shear rates between 0.01 and 10 s-l. To interpret 

the experimental data, we use a continuum theory recently proposed by Martins' which 

modifies the Leslie-Ericksen theory for low molecular weight nematic liquid crystals 

in order to account for the viscoelasticity of liquid crystalline polymers. 

EXPERIMENTAL 

For the experiments described here, two batches of APC were prepared through the 

reaction of hydroxypropylcellulose (HPC) of two different molecular weights (Klucel 

E, nominal molecular weight of 60000 g/mol and Klucel L, nominal molecular weight 

of 1OOOOO g/mol) with acethylchloride (Merck), following a (slightly modified) well 

known method20. 

The structures of the end products were confirmed by infrared spectroscopy 

(IR) (using a Buck Scientific 500 spect.) and by nuclear magnetic resonance (NMR) 

(Bruker CXP, operating at 300 MHz). Their weight-average molecular weights were 

94000 and 129000 g/mol, as determined from measurements of the viscosity limiting 

number (Schot Gerate AVS 400 visc.) at 25 OC and Mark Houwink constants extracted 
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from2'. Hereafter the two batches will be called APC 94000 and APC 129000 
respectively. The mean molar substitution MS and mean degree of substitution DS, as 

determined by proton NMR2', were, respectively, 3.67 and 1.65 for APC 94000, and 

3.49 and 1.71 for APC 129000. The samples were chiral nematic (cholesteric) at rest, 

with isotropization temperatures of 170 OC for both molecular weights, as determined 

by differential scanning calorimetry (DSC) (Setaram DSC92), with a heating rate of 

2 "C/min. 

The samples used in the rheological measurements were premolded in the form 

of discs with appropriate diameter and thickness, at 100 OC, after being dried under 

vacuum (< 1 mm Hg) at 60 OC for several hours, and kept in a desiccator until use. 

The rheological measurements were carried out on the Rheometrics Mechanical 

Spectrometer RMS-800, using a cone and plate geometry (cone angles of 0.04 and 0.1 

rad, and plate diameters of 50 mm and 25 mm, with APC 94000 and APC 129000, 

respectively) in the steady-shear/step shear-rate mode, at shear rates ranging from ca 

0.01 to 10 s-', under nitrogen atmosphere. The zero values of the normal force and 
torque were set, for each testing temperature, before introducing the sample. 

Thereafter, the sample was compressed between the cone and plate, the excess 

material removed, and a pre-shearing of 1 s-' during 180 s was applied. The normal 

force was allowed to decrease back to its true zero value before the test took place. 

Thirty minutes time was typically allowed for thermal equilibration. 

Different measurements carried out with two polymer samples showed good 

reproducibility. The material has shown to be very stable, allowing experiments for 

several hours. 

THEORY 

For nematic polymers in steady simple shear flow with constant shear rate 9,  with the 

director lying in the shear plane, Martins' derived the following expressions for the 
viscosity, ~ ( y ) ,  the first normal-stress difference, Nl(+), and the second normal-stress 

difference, N2(j.), as functions of the shear rate: 
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6204 12601 M.T. CIDADE ET AL. 

~( i , )  = 7, exp(-T0 i,) + [+ (7 i,)2+bo~+co]*[1+(1-~)?~]-1 (1) 

Nl(-i) = uI1 - u2, = Nlo + i, [a1(~i,)2+b1~i,+c1]~[1+(1--62)?~]-1 (2a) 

= N,, + i, [a1?(i,-r2) (+-r3)].[1+(1-~2)2i,2]-1 (2b) 

where a,, bi, ci (i = 0, l )  and fl are known functions' of the "Leslie's viscosity 

 coefficient^"^^ ai, N,, and N2, represent Ericksen stresses that may exist at i, = 0, 7 

is the relaxation time of the polymer memory function, ro is related to texture 

relaxation modes and E (-1 I E I 1) is a measure of the non-affine character of the 

motion. 

. 

RESULTS AND DISCUSSION 

The observed shear rate dependencies of q(+) and N,(?), for the two samples 

described above, are displayed in Figures 1 and 2, along with the theoretical curves 

as computer fitted to the experimental data with the MINUIT r0utin2~. In both cases, 

the experimental data shown corresponds to the first running with a virgin sample. 

Note also that the polymer analyzed here is cholesteric at rest and equations 

(1)-(3) have been derived for nematics, which is not an impediment since the 

cholesteric helix is known to unwound by the shear forces, giving rise to a nematic 

structure, at shear rates below the lowest values considered in our experiments. 
Table I displays the parameters obtained from the fitting of expressions (1) and 

(2a) to the experimental data for both samples of APC, at 120 "C. We can see that, 

for a given molecular weight, the parameters 7 and E obtained from independent fits 

of ~( i , )  and Nl(i,) are in rather good agreement. The value of 7 increases with 

increasing molecular weight, as expected, and E is nearly molecular weight 

independent. 
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Figure 1 Shear viscosity vs shear rate for APC 94000 and APC 129000, at 
120OC. Symbols: experimental data; dotted lines: theory'. 
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The characteristic time ro is an order of magnitude greater than r,  which means that 

the texture relaxation process is much slower than the viscoelastic process. 

NlW 7 

€ 

TABLE I Most important fitting parameters of l(+) and Nl(+) for two samples of 
APC with different molecular weights, at 120 "C (SI units). 

1.9 3.3 

0.9 0.9 

Fitting parameter APC 94000 

1.8 

20.0 

0.8 

1969.0 

APC 129000 

3.5 

25.0 

0.8 

2848.0 

The relaxation time 7 is undoubtly the most important parameter in the theory since 

expressions (1) to (3) show that the basic quantity characterizing the shear flow 

behavior of q(+) and N,(+) is the dimensionless number r+ , which we may identify 

with the Weissenberg (or Deborah) number. The values of 7 extracted from the fits 

are fairly confident in spite of the rather monotonous character of the curves, which 

renders more difficult to fix with equal confidence some other parameters in 

expressions (1) and (2a). 

Figure 1 shows, for each molecular weight, that the shear viscosity decreases 

with increasing shear rate over roughly the whole range of + values probed 

experimentally. A deviation from this trend is, however, observed at shear rates about 

0.1-0.2 s- l ,  depending on the molecular weight, the curves ~ ( 9 )  tending to get 

constant in a narrow region above these points. This is similar to the typical behavior 

of anisotropic hydroxypropylcellulose solutions. This "hesitation" region is followed 

by a level off of v(+), which is controlled by the parameter r. The sharp decrease of 

l(+) observed just below the hesitation region is controlled by the parameter 70. The 

shear viscosity is higher for the higher molecular weight, at small and intermediate 

shear rates, and becomes smaller at higher +, with a crossover at = 1.5 s-'. This 
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crossover may be explained as the effect of the simultaneous increase of the "zero- 
shear" viscosity (vo+co) and the relaxation time 7 with the polymer molecular weight, 

as predicted by expression (1). 

Figure 2 shows that N,(+) is an increasing function of + over the whole range 

of shear rates probed, and also shows an hesitation slightly above the point i, = 117 

(about the crossover point for the viscosities). The function N,(+) increases with 

molecular weight at small and intermediate shear rates and decreases with molecular 

weight at high shear rates. In fact the experimental data available in the region of high 

i, is not sufficient to unambiguously support this last statement; it is, however, 

suggested by the fitting curves extrapolating from the data and is indeed observed in 

the case of lyotropic  system^'^.'^. 
The hesitation points of both flow functions are.displaced towards lower values 

of the shear rate as the polymer molecular weight increases, in agreement with their 

dependence on 7 and the expected increase of this parameter with the polymer 

molecular weight. 

In contrast to the behavior of N,(i,) for PBLG and other lyotropic 

a double sign inversion of this function is not observed for our 

(thermotropic) system. This can be understood from expression (2a). The numerator 

of the second term in the r.h.s. of this expression is a cubic polynomial with one real 

root at i, = 0 and two other roots (r2 and r3 in expression (2b)) which may be either 

real (therefore giving rise to a double sign inversion of N,(j.)) or complex conjugate, 

depending on the value of the discriminant A = b12 - 3a,c,. In the present case we 

have A C 0 and therefore N , ( j )  is an always increasing function of i, (for al > 0 in 

order that N, > 0 for + + 00). The hesitation of N,(+) around the value i, = 1.4 s-l 

is due to the influence of the denominator [l + (1 -2)2VJ of the second term in the 

r.h.s. of expression (2), which significantly departs from one above that value of the 

shear rate. 
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CONCLUSION 

In conclusion, we observed that the shear rate and molecular weight dependencies of 

the viscosity ?,I($) and first normal stress difference N,(j.) in the thermotropic liquid 

crystalline phase of acetoxypropylcellulose show several new interesting features. ?,I($) 

shows an "hesitation" in the shear thinning region (previously reported for different 

materials by several authors) and N,(.jl) shows another one in the high shear rate 

region. A crossover of the viscosity (and N,(.jl)) curves for two APC samples with 

different molecular weights is also observed for the first time, which means that, for 

a given polymer, the shear thinning effect is more pronounced for the higher 

molecular weight samples. These peculiarities, together with the general behavior of 

the flow functions, are well accounted for by the continuum theory for nematic liquid 

crystalline polymers recently proposed by Martins'. This theory has been shown13314 

to accurately model, as well, the more striking behavior of v(.jl) and N,(.jl) in lyotropic 

systems . 

Acknowledeements: M.T. Cidade is indebted to Calouste Gulbenkian Foundation 
(Portugal) for financial support during her staying in Sophia-Antipolis. This work was 
partially supported by JNICT (Portugal) under research contracts 
PMCT/C/CEN/662/90, PMCT/C/MPF/542/90 and PBIC/CTM/1400/92, and by 
Programa CIgNCIA under research grant BD-2573/93 to C.R. Leal. 

REFERENCES 

1. 

2. 
3. 
4. 
5 .  
6. 

7. 
8. 
9. 
10. 

A.F. Martins, in Liauid Crystalline Polymers, edited by C. Carfagna 
(Pergamon Press, Oxford 1994), p. 153. 
G. Kiss and R.S. Porter, J. Polym. Sci.: Polym. Symp., 65, 193 (1978). 
P. Moldenaers and J. Mewis, J., J. Rheol., 30, 567 (1986). 
B. Ernst and P. Navard, Macromolecules, 22, 1419 (1989). 
F. Cocchini, M.R. Nobile and D. Acierno, J. Rheol., 3, 1171 (1991). 
S. Onogi and T. Asada, in Rheology, 1, edited by G. Astarita, G. M m c c i  
and L. Nicolais (Plenum Press, N.York, 1980), p. 127. 
S. Suto, J.L. White and J.F. Fellers, Rheol. Acta, 21, 62 (1982). 
D.S. Kalika, L. Nuel and M.M. Denn, J. Rheol., 3, 1059 (1989). 
D.E. Turek, G.P. Simon and C. Tiu, J. Rheol., 36, 1057 (1992). 
A. Gotsis and D.G. Baird, J. Rheol., 29, 539 (1985). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
13

 1
8 

Fe
br

ua
ry

 2
01

3 



RHEOLOGICAL PROPERTIES OF APC [ 1265]/625 

11. 
12. 

13. 

14. 

15. 
16. 
17. 
18. 
19. 
20. 
21. 

22. 
23. 
24. 

N. Grizzuti, S. Cavella and P. Cicarelli, J. Rheol., 3, 1293 (1990). 
J.J. Magda, S-G. Baek, K.L. DeVries and R.G. Larson, Macromol., 24, 4460 
(1991). 
C.R. Leal, L.N. Gonqalves and A.F. Martins, in Liauid Crvstalline Polymers, 
edited by C. Carfagna, (Pergamon Press, Oxford, 1994) p. 143. 
C.R. Leal, F. Fried, M.H. Godinho and A.F. Martins, work presented at the 
2nd Int. Symp. Polymers for Advanced Technologies, and submitted to 
Polvmers for Advanced Technologies (in press). 
T. De’Nkve, P. Navard and M. KlCman, J. Rheol., 3, 515 (1993). 
G. Marrucci and P.L. Maffettone, Macromolecules, 22, 4076 (1989). 
M. Doi, J. Polvm. Sci.: Polvm. Phys. Ed., 19, 229 (1981). 
R.G. Larson, Macromolecules, 2, 3983 (1990). 
Y. Farhoudi and A.D. Rey, J. Rheol., 2, 37 (1993). 
S.N. Bhadani and D.G. Gray, Mol. Cryst. Liq. Cryst., 99, 29 (1983). 
G.V. Laivins, P. Sixou and D.G. Gray, J. Polvm. Sci.: Polvm. Phys. Ed., 24, 
2779 (1986). 
I. Rusig, PhD thesis, Universitt-5 de Bordeaux I (1990). 
F.M. Leslie, Arch. Rat. Mech, Anal., 2, 265 (1968). 
F. James, M. ROOS, in MINUIT - Program for Function Minimization and 
Analysis of the Parameter Errors and Correlations (CERN, Gen&e, 1975). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
13

 1
8 

Fe
br

ua
ry

 2
01

3 


