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In a previous paper (H. Kim et al., Polymer, 1996, 37, 2573), the solubility limit of n-alkanes in blends of n- 
alkane/polyazomethine having flexible (n-alkyloxy)methyl side chains was reported as a function of side chain 
lengths of the polymer and chain lengths of n-alkanes. This paper proposes a theoretical model for estimating the 
solubility limit of n-alkanes. The model assumes that n-alkanes solubilize only into the layered side chain domain 
and that the side chain has a hyperbolic tangent function profile due to very high grafting density and density 
uniformity. The calculated solubility limit of n-alkane increases and decreases with increasing chain length of the 
side chain and chain.length of the n-alkane, respectively. The model predictions are in qualitative agreement with 
experimental results (H. Kim et al., Polymer, 1996, 37, 2573) although the former are much lower than the latter. 
© 1998 Elsevier Science Ltd. All rights reserved. 
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INTRODUCTION 

Recent literature 2-8 contains a number of reports on rigid- 
rod polymers with flexible side chains. Increasing the 
amount of substitution or the length of the side chains results 
in a lower melting point and a better solubility. Furthermore, 
flexible side chains lead to the formation of novel layered 
structures in the crystalline phase and mesophase. In the 
layered structures, stiff main chains form backbone layers 
and flexible side chains emanating from the layers fill the 
space between the layers. The phase behaviour of these 
rigid-rod polymers is mainly governed by the strong 
segregation of aromatic main chains from aliphatic side 
chains, being analogous to microphase separation in block 
copolymers. 

In a previous paper ~, the solubilization behaviour of n- 
alkanes (Ck, k = ! 5, 20, 32, 40 and 50) into polyazomethines 
(Cm-PAM) with flexible (n-alkyloxy)methyl side chains 
( C H 2 O C m H z m + I  , m = 4, 6, 9, 12) was studied by measuring 
layer spacings of the layered structures by means of wide- 
angle X-ray scattering (WAXS) and the solubility limit of the 
n-alkanes were evaluated as a function of side chain lengths 
of the polymers and the chain lengths of the n-alkanes. With 
increasing side chain length of Cm-PAM and chain length of 
Ck, the solubility limit of n-alkane increased and decreased, 
respectively. Similar phenomena have been investigated 
in many binary blends of A homopolymer/AB block 
copolymer 9-1.. Contrary to the case of block copolymers, 
however, the grafting density of the side chains of Cm-PAM 
is very high (0.33) and is not changed by addition of n- 
alkane. Hence, theories developed for block copolymers 
need a modification in order to be applied to this system. 

In this paper, we use Meier's confined-chain model 9 for 
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estimating the solubility limit of mobile molecules, e.g. 
n-alkanes, in blends of mobile molecules and rigid-rod 
polymers having flexible side chains, e.g. the polyazo- 
methine. We believe that Meier's model, although approxi- 
mate, makes the contributions to the free energy change by 
various physical factors more intuitively. Since the density 
profile of the side chain is different from that of the block 
copolymer due to the very high grafting density of the side 
chain, we assume the hyperbolic tangent density profile for 
the side chain, which is suggested for a polymer brush by 
Shul114'15. The results obtained from this model are 
compared with those of the experimental investigations ~. 

MODEL AND ASSUMPTIONS 

Figure la shows schematic diagram of the layered 
mesophase of a rigid-rod polymer with flexible side 
chains. The main chains form the backbone layer and 
molten side chains fill the space between the backbone 
layers. The side chains are regularly grafted to the backbone 
layer and the grafting density of the side chain is very high. 
Due to the fixed grafting density, there is a linear 
relationship between the layer spacing and the side chain 
length. Figure lb shows a schematic diagram of the layered 
structure on mixing of the mobile chain and rigid-rod 
polymer with flexible side chains. Mobile chains having a 
chemically similar structure to the side chains are miscible 
with the side chains and solubilize into side chain domains, 
thereby increasing the layer spacing between backbone 
layers. The grafting density of the side chain is not changed 
on mixing. 

Before the calculation of the free energy change on 
mixing, the density profile of the side chain should be 
determined since the free energy change greatly depends on 

POLYMER Volume 39 Number 13 1998 2977 



Solubilization of n-alkanes into polyazomethines. 2: H. Kim et al. 

(a) 

backbone 
layer ~ 

side chain 
domain layer 

~ ~spacingj 

-,M 

-......j 

Figure 1 Schematic diagram for mixing of mobile chain and rigid-rod 
polymer having flexible side chains in the layered mesophase. (a) Pure 
rigid-rod polymer having flexible side chains; (b) blend of mobile chain and 
rigid-rod polymer having flexible side chains. Mobile chains are indicated 
by the dotted lines 

the density profile of the side chain. The side chain grafted 
to the backbone layer is analogous to the polymer brush j4-18 
which is grafted to an inert flat surface. According to the 
studies on polymer brushes, they have density profiles close 
to a step function in the case of very high grafting densities. 
Furthermore, in the case of two interacting brushes grafted 
to opposite surfaces, the total density which is the sum of the 
density of each brush density should be uniform. Consider- 
ing the high grafting density of the side chain and the 
density uniformity, we are led to assume a hyperbolic 
tangent function profile for the side chain, which is 
suggested for polymer brushes by Shull ~4"15. 

Density profile of the side chain in a pure state 
Figure 2a shows the density profile of the side chain in 

the side chain domain, where d is the layer spacing and ds0 is 
the thickness of the domain to which the side chain is 
confined and dM is the thickness of the main chain domain. 
The horizontal axis denoted by x indicates the distance 
across the domains and the vertical one denoted by 
Os(X) = PsL(x) + PsR(X). The two components are given by 

1 1 1 h px 
PSL(X)=~(~ - -~ t an  (ds0 ; ) )  (1) 

1 1 ~t(-2- 1 , f p(d s - x )  ~tann ~ ~ P ) )  (2) P s R ( X )  = 
\ 

where, p is a variable which determines the density profile 
and PdS L(X), the reduced density of the left side chain defined 
as S0S°PsL(X)dx = (fs)/2 where fs is the volume fraction of 
the side chain in a rigid-rod polymer with flexible side 
chains, and PsR(x), the reduced density of the right side 
chain, is defined similarly. The side chain will have a maxi- 
mum entropy when it has a step function profile. Therefore, 
the side chain at pure state is assumed to have a profile very 
close to a step function as shown in Figure 2a. 
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Figure 2 Schematic diagram for the density profile on mixing of mobile 
chains and side chains. A, SL and SR denote mobile chain, left side chain 
and right side chain, respectively, d is the layer spacing, ds0 is the thickness 
of the domain to which the side chain is confined, d M is the thickness of the 
main chain domain, and d s is the thickness of the domain which contains 
both the side chain and the mobile chain: (a) pure side chain; (b) mobile 
chain + side chain. As an example of the change in the density profile of the 
side chain on mixing, three forms of density profiles denoted by numbers 1, 
2, and 3 are given. In the sequence of increasing numbers, p increases; 
(c) mobile chain + side chain. On further addition of mobile chain, pure 
mobile phase is formed 

Density profile of side chain in a mixed state 
Figure 2b and c show the density profile for a side chain 

mixed with a mobile chain where ds indicates the 
thickness of the domain which contains both the side 
chain and the mobile chain. The total density, pt(x), is 
composed of the side chain and mobile chain densities as 
shown in Figure 2b and c: at(x)= ps(x)+ PA(X). Since the 
grafting density which is very high is not changed on 
mixing, the density profile of the side chain in the mixed 
state will also have a hyperbolic tangent form. Hence, the 
thickness to which the side chain is confined will not be 
changed on mixing. 

The free energy change on mixing of the mobile chain 
and side chain is estimated by the model including the 
localized solubilization of added mobile chains, where the 
mobile chains are not distributed uniformly throughout 
the microdomain space but are localized in the central part 
of it. Figure 2b and c show the localization of the added 
mobile chain in the central part of the side chain domain and 
also show the variation of the density profile in the side 
chain domain which is a function ofp.  When mobile chains 
are mixed with side chains, the density profile of the side 
chain may be changed and therefore p can have a different 
value at a given volume fraction of mobile chain as marked 
by 1, 2, 3. Hence the equilibrium density profile which gives 
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the lowest free energy change on mixing should always be 
determined at a given volume fraction of mobile chains. 

Free energy change on mixing 
The free energy change associated with adding a mobile 

chain to the side chain is given by 

AGmi x = z~r-/mix - -  T(ASconf s + ASconfA + AStrans + z21Selas) 

(3) 

The first term on the right-hand side in equation (3), A/-/mix, 
indicates the enthalpy change of mixing. Since the mobile 
chains are chemically similar to the side chains, the enthalpy 
change will be negligible and can be assumed to be zero. 
The first term in parentheses is the conformational entropy 
change of the side chain associated with the addition of 
mobile chain. The second term is the conformational 
entropy losses due to the compression of the mobile chain 
in the side chain domain. The third term is the translational 
entropy change of the mobile chain on mixing the mobile 
chain and side chain. The last term is the elastic entropy 
change of the side chain, which comes from the variation of 
its end-to-end distance compared to that of the pure side 
chain. 

MATHEMATICAL FORMULATION 

On the basis of the density profile as shown in Figure 2, the 
contribution of each of four terms to the free energy change 
(equation (3)) can be formulated. 

Conformation entropy change of the side chain 
The conformational entropy change per unit volume of 

the side chain confined within the layers of thickness of dso 
is given by 9A9 

= R~s I 
ASco.fS ---~-s lnPs(ds0;dl)- R~SlnP~(ds0;d[) (4) 

Vs 

P~(dso;dl)=4ds°~2./ /"- ~-" ~-~1( 1 -  c°s -d~-so ;mrdl'~ 
t*l n=  1,3 .... 

(5) 

× exp [ n27r2Nsb216--~s02 ] 

where R is the gas constant, Vs the molar volume of the side 
chain, ~s the volume fraction of the side chain satisfying the 
condition ~s + ~M + ~K = 1 where 'I'M is the volume frac- 
tion of the main chain and ¢I, K is the volume fraction of 
mobile chain, P~s the probability of the pure side chain 
that the grafted end point is anywhere within the interface 
between the main chain and side chain and the free end point 
is anywhere within the layers of thickness dso, P~ the similar 
probability of the side chain in the mixed state, dl the inter- 
facial thickness between the main chain and the side chain, 
N s the number of statistical elements (monomer units) of the 
side chain, and bs the length of statistical elements (mono- 
mer units) of the side chain. Since the probabilities are 
independent of the change in the density profile, that is, 

1 O the change in p value, Ps is equal to Ps, and hence this 
entropic contribution is equal to zero. 

Conformational entropy change of the mobile chain 
The conformational entropy change per unit volume of 

the mobile chain confined within the layers of thickness of 

d s is given by 9't9 

R ~ K l n ( 8  ~ 1 [ n2~r2NKb~l ~ 
ASc°nfA = ~ \ 7r ,= , ,3 , .  ~ exp -- 6ds2 j ) 

(6) 
where VK is the molar volume of the mobile chain, and N K is 
the number of statistical elements (or monomer units) of 
length bK. 

Since the added mobile chain is to be dissolved only into 
the side chain domain, the increment of layer spacing due to 
volume chan~e can be calculated from a geometrical 
consideration . The thickness of the side chain domain 
increased by addition of mobile chain is given by 

ds = (1 - CbK)fs ~ (7) 
(1 - CbK)(1 - - f s )  M 

Translational entropy change of mobile chain 
Since the layered structure in the mesophase can be 

thought of as a kind of network, the translational entropy 
change on mixing for the rigid-rod polymer with flexible 
side chains seems to be negligible, and hence in our study 
the entropy change for only the mobile chain is considered. 

The translational entropy change per unit volume for the 
mobile chain can be obtained by integration 

R fds " "lnPK(X) +pS(x)dx 
AStrans VK PK(X) = - -  J0 PKtX) (8) 

where PK(X) is the reduced den-sity of the mobile chain 
ds defined as J'0 pK(x)dx= 4~K and ps(x),~the reduced den- 

~S 0 sity of the side chain, is defined as ~0 ps(x)dx=~bs. 

Elastic entropy change of the side chain 
The density profile of the side chain is variable as shown 
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Figure 3 The free energy change of C 15/Cs-PAM blend as a function of 
the volume fraction of C ~5, calculated at 180°C. Curve l - the total energy 
change. Curve 2 - the energy change by the conformational entropy change 
ofC ns. Curve 4 - the energy change by the elastic entropy change of the side 
chain 
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in Figure 2b and c, which brings about the change in the 
end-to-end distance of the side chain. The elastic entropy 
change of the side chains per unit volume can be formulated 
as follows 19'21 (for 1-dimension) 

ASelas = -- 1R ~ S ( w ~ -  1 -  21nWl) 
2 Vs 

(9) 
I n ( I ' s  . . . .  2 

÷ ~K ~-s L w0 - 1 - 21nW0) 

W o =  V~Xs i d~-~e (10) 

~/[X2re-""~ 

where, W 0 is the ratio of the end-to-end distance of the side 
chain to that of the free chain which has the same chemical 
structure with the side chain in the pure state, and W l is 

defined similarly in the mixed y,t~ae. The value of the free 
chain s end-to-end distance (X/X~ree) can be obtained from 
the characteristic ratio of the flee chain which has the same 
chemical structure as the side chain. The side chain's end- 
to-end distance was approximated by 

l fdS"x2 x OpsL(x)d~ 
~ =  (11) 30 

fds° x C3ps L (X)dx 
J0 c3x 

COMPARISON OF SOLUBILITY LIMIT WITH 
EXPERIMENT 

For the calculation of the free energy change on mixing of n- 
alkanes and C,,-PAM, ds0 andfs values in equation (1) and 
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Figure 4 (a) Comparison of solubility limit between experimental (denoted as bar) and theoretical values (denoted as open circle) in Ck/C8-PAM blend as a 
function of the number of carbon atoms in the n-alkane. (b) Comparison of the solubility limit between experimental and theoretical values in C20/Cm-PAM 
blend as a function of the number of backbone atoms in the side chain 
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Figure 5 Schematic diagram for the actual density profile for C,0/CI2- 
PAM blend at its theoretical solubility limit. The notations have the same 
meaning as those in Figure 2 

equation (2), and the bE value in equation (6), and the 

x~f~ree value in equation (10) should be determined. As 
mentioned in the previous paper l, dM is about 4.8 ,~ and 
may be assumed not to change with side chain length of C,,- 
PAM or on blending n-alkane. With this dM value, ds0 andfs 
values were obtained using layer spacing (d value) from the 
previous experiment 1. Although the characteristic ratio is a 
function of chain length and temperature 22, for simplicity, 

the approximate values of bK and ee values were 
obtained assuming that the characteristic ratio is fixed to 2, 
irrespective of the chain length or the temperature for all C j  
Cm-PAM blends. As a representative example of the free 
energy change on mixing, the free energy change for C 15/ 
C8-PAM blend was obtained as shown in Figure 3 as a 
function of volume fraction of C ~5 calculated at 180°C. The 
individual contributions were calculated using equation (6), 
equation (8), and equation (9), respectively. As seen from 
Figure 3, the translational entropy change of the n-alkane 
tends to make mixing favourable, whereas the confor- 
mational entropy change of the n-alkane and the elastic 
entropy change of the side chain tend to make it 
unfavourable. The solubility limit is determined by the 
volume fraction of n-alkane whose chemical potential is 
equal to that of the pure n-alkane. 

Figure 4a and b show comparisons of the solubility limit 
between the current model predictions and the experimental 
results for Ck/Cm-PAM blend as a function of the length of 
Ck and the side chain length, respectively. The current 
model predicts that the solubility limit increases and 
decreases with increasing side chain length and chain 
length of n-alkane, respectively. These predictions, 

however, are only in qualitative agreement with experi- 
mental results. 

It is interesting to examine the equilibrium density profile 
of the side chain and mobile chain on mixing. As an 
example, Figure 5 shows the actual density profile for C20/ 
C ~2-PAM blend at its theoretical solubility limit. It is found 
that the system does not incorporate sufficient mobile phase 
to form a separate pure mobile phase region at its theoretical 
solubility limit. 

This model can be applied to such general layered 
mesophases having very high grafting densities as other 
rigid-rod polymers having flexible side chains or rod-coil 
polymers which have a layered mesophase. It is hoped that 
our results will stimulate more rigorous analysis of this 
interesting problem. 
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