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ABSTRACT In this paper we follow up the dependence of the mesomorphic temperature range as a function 
of the degree of polymerization through simple thermodynamic considerations. In particular, we consider 
the dependence between the free energies of the crystalline (CL), liquid crystalline (Gd, and isotropic (Ci) 
phases on the temperature for different polymerization degrees and three different thermodynamic situations. 
These dependences were converted into phase-transition temperature-degree of polymerization relationships. 
The slope of the isotropization temperature (Ti)-polymerization degree dependence is steeper than that of 
the corresponding dependence of the melting temperature (T,). It is shown that this has the consequence 
of promoting or enhancing the mesophase, the exact nature of the effect being determined by the relative 
positions of the two curves, namely Ti versus molecular weight (M) and T, versus M. In particular, it explains 
the enlargement of an enantiotropic mesophase of a monomeric structural unit, and the transformation of 
a virtual or monotropic monomeric unit mesophase into a monotropic or enantiotropic mesophase upon 
increasing its degree of polymerization. It shows further why and how the virtual mesophase of the monomeric 
structural unit is narrowed upon increasing its degree of polymerization. All these predictions are supported 
by experimental data available in the literature on the phase-transition temperature-molecular weight 
dependence of both main-chain and side-chain liquid-crystal polymers. 

Introduction 
This paper will demonstrate that conditions for the 

realization of mesomorphic states in polymers are readily 
expressed in terms of the relative thermodynamic stabilities 
of the crystalline (k), mesomorphic (IC), and liquid (i.e., 
isotropic, i) phases. The same thermodynamic principles 
will be used to explain the dependence between phase- 
transition temperatures and the molecular weight of both 
main-chain and side-chain liquid-crystalline polymers. For 
the sake of simplicity within this paper we will refer to 
the equilibrium state as to be qualified below. Existing 
experimental data from the literature will be compared 
with thermodynamically derived relationships. I t  will be 
shown that most of the existing experimental data from 
the literature readily fall within the scheme. 

Definit ions.  For convenience we shall retain the 
existing nomenclature used in the literature on liquid 
crystals. First, however, we need to specify each term to 
maintain consistency. 

E n a n t i o t r o p i c  Mesophase .  This  mesophase is 
observed as reversible both on heating and on cooling. I t  
thus appears as thermodynamically stable with respect to 
the prevailing crystalline phase regardless of whether the 
latter is in its own form of highest stability or in a less stable 
state. 

Vir tual  Mesophase. This refers to a mesophase that 
is potentially possible, however, is thermodynamically less 
stable than the crystalline phase a t  the same temperature. 
I t  is unrealizable both on heating and on cooling regardless 
of whether the crystalline and isotropic phases are in their 
stablest forms. 

Monotropic Mesophase. This refers to a mesophase 
that is thermodynamically metastable with respect to  the 
crystalline phase. This is a particular case of a virtual meso- 
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phase, which under certain kinetic conditions can be 
observed, however, only on cooling. 

Discussion 

Let us briefly recapitulate some basic thermodynamic 
principles. The thermodynamic equation required for this 
discussion is 

d G =  V d p - S d T  
where G is the free energy, S is the entropy, V is the 
volume, p is the pressure, and T is the temperature. 
Throughout the entire paper, we will consider phase 
transitions a t  constant pressure (dp = 0). Therefore, the 
free energies of the crystal (Gk), liquid crystal (GI,), and 
liquid or isotropic (Gi) phases decrease with increasing 
temperature. The decrease of Gi is steeper than GI, and 
Gk, since 

For the present purpose we take as a starting point the 
G-T relations for a system having a reversible realizable 
liquid-crystal temperature regime. This by the definition 
quoted is enantiotropic and is represented by Figure la.  
Starting from such an enantiotropic mesophase, we can 
pass on into a virtual mesophase by decreasing either Gi 
or Gk. Gi is decreased by increasing the disorder or 
flexibility of the polymer in the isotropic phase, thereby 
increasing Si (Figure lb). Gk is decreased by an increase 
of the perfection of the crystal and with a consequent 
increase of Tm (Figure IC). The monotropic mesophase 
arises if in a potentially virtual situation as in Figure lb ,  
we will follow the GI, path on cooling below Ti, with the 
pathway dropping to Gk a t  some stage. This case will be 
illustrated explicitly in another publication.' The meaning 
of the phase-transition temperatures from parts a-c of 
Figure 1 is explained in the figure caption. 

Let us discuss the relationship between phase-transition 
temperatures and polymer molecular weight for three 
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Figure 1. (a) Schematic representation for the dependence 
between the free energies of the crystalline (Gk), liquid- 
crystalline (GIc), and isotropic (Gi) phases and temperature for 
a system displaying an enantiotropic mesophase. The heaviest 
lines containing an arrow correspond as in parts b and c of Figure 
1 to the lowest free energy pathway (on heating for the particular 
arrow direction), Le., the stablest state at a given temperature. 
T, = Tk+ is the melting of the crystalline phase into a liquid- 
crystalline phase. Ti = T1-i is the transition from the liquid- 
crystalline to the isotropic phase, i.e., isotropization temperature. 
(b) Schematic representation of the dependence between the free 
energies of the crystalline (GL), liquid-crystalline (Glc), and 
isotropic (GJ phases and temperature for a system displaying a 
virtual mesophase. This situation was realized by lowering Gi 
(i.e., by decreasing the rigidity of the system and therefore, by 
increasing the entropy of the isotropic phase Si) from the level 
outlined in Figure l a  [see the translation of (Gi) - Gi!. T, = 
Tki is the melting of the crystalline phase into the isotropic phase. 
Ti = T1-i is the transition from the liquid-crystalline to the 
isotropic phase, i.e., isotropization temperature. (c) Schematic 
representation of the dependence between the free energies of 
the crystalline (Gk), liquid-crystalline (&), and isotropic (GJ 
phases and temperature for a system displaying a virtual meso- 
phase. This situation was realized by lowering Gk (i.e., by 
increasing the crystal perfection with the consequent increase of 
the melting temperature of the crystalline phase and therefore, 
by decreasing c k )  from the value outlined in Figure l a  [see the 
translation of (Gk) - Gk]. T, = Tk-i  is the melting of the 
crystalline phase into the isotropic phase. Ti - TlC-i is the 
transition from the liquid crystalline to the isotropic phase, i.e., 
isotropization temperature. T, in Figure IC is higher than T, 
in parts a and c of Figure 1. 

different situations. Upon increasing the molecular weight 
from monomer to polymer, the entropy of the liquid phase 
(Si) decreases. The decrease of the entropies of meso- 
morphic and crystalline phases is lower than that  of the 
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Figure 2. Br dening of the temperature range of an enantio- 
tropic mesophase of the monomeric structural unit (Mo) by 
increasing the degree of polymerization. The upper part (a) 
describes the influence of molecular weight on the dependence 
between the free energies of the crystallice (Gk), liquid- 
crystalline (GI&, and isotropic (Gi) phases and transition 
temperatures. The translation of this dependence into the 
dependence of phase-transition temperature-molecular weight 
is presented in the lower part (b). The monomeric structural unit 
having the molecular weight MO displays an enantiotropic me- 
sophase. In (a) Gk is taken as molecular weight independent. Gk 
and Gi refer to the monomeric structural unit (Mo). Glcl to GI,, 
and Gil to Gi, refer to the increased GI, and Gi values according 
to the increase in molecular weight from MI to M,. T, and Ti 
values calculated froq the upper part of the figure were 
transferred into temperature transition-molecular weight 
dependence in the lower part of this figure (best when followed 
by rotating this figure 90° to the left). 

isotropic phase. For simplicity, the decrease of the entropy 
of the crystalline phase will be neglected. With the 
decrease in Si, Slc tends asymptotically to zero with 
increasing molecular weight. It follows that Gi and GI, 
increase with the increase of the polymer molecular weight 
again asymptotically; above a certain molecular weight, 
we may consider both parameters as remaining constant. 

Case I. Both Monomeric Structural Unit and 
Polymer Displaying an Enantiotropic Mesophase. The 
first situation we will consider refers to  the case in which 
the monomeric structural unit displays an enantiotropic 
mesophase. Upon increasing its molecular weight to  dimer, 
trimer, etc., Si decreases and, therefore, Gi increases. 
Beyond a certain molecular weight, Gi remains, for all 
practical considerations, constant. Figure 2 transforms the 
free energy (G) versus transit ion temperature  (T) 
dependence, into a transition temperature (T) versus 
molecular weight (M) dependence. The T versus M plot 
in Figure 2 demonstrates that  both melting (Tk-lc) and 
isotropization (Tlc-i) t empera tu res  increase with 
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increasing molecular weight up to a certain range of M 
values, beyond which Tk-lc and Tlei remain approximately 
constant, with the Ti line lying above the line for Tm for 
all molecular weights. However, the slope of the increase 
of Tbi is steeper than that of Tk-lc. The difference between 
these two slopes determines the relative thermodynamic 
stability of the mesomorphic phase versus that  of the 
crystalline phase a t  different polymer molecular weights. 

For this particular case, the higher slope of the T1,i-M 
versus that of the Tk-lc-M dependence leads to a widening 
of the temperature range between the two curves with 
increasing molecular weights of the polymer. This 
widening of the liquid-crystal temperature regime with 
molecular weight agrees with experimental data reported 
for the case of both main-chain24 and side-chain5t6 liquid- 
crystal polymers. This effect has been repeatedly labeled 
the "polymer effect", especially in the case of side-chain 
liquid-crystal  polymer^.^ 

Case 2. Monomeric Structural Unit Displaying a 
Virtual or a Monotropic Mesophase; the Polymer 
Displaying a Monotropic or an Enantiotropic Meso- 
phase. The steeper slope of the Tl,k(i)-M dependence 
versus tha t  of the Tk-i(lc) dependence has even more 
important implications on the molecular weight-phase 
transition temperature dependence for the situation when 
the monomer structural unit displays only a monotropic 
or a virtual mesophase (Figure 3). 

As seen the two lines Ti versus A4 and T, versus M 
intersect. This arises from the fact that Ti < T, for low 
molecular weights with a steeper slope for Ti. Specifically 
(for the illustration in Figure 3) the Ti (Le., TI&) values 
are below the corresponding T m  (Le., Tk-i) values for MO 
to M4; hence, in the range Mo to M4, the monomer together 
with its low oligomers up to 4 displays only a virtual meso- 
phase. Beyond M4 the mesophase becomes stable; hence, 
the system is enantiotropic. In addition to the ther- 
modynamic criterion, kinetics also influences the phase 
transitions. A certain amount of supercooling of the 
isotropic-mesomorphic transition and especially much 
more so of the mesomorphic-crystalline transition is 
possible, which can lead to  monotropic behavior for 
molecular weights slightly below and a t  the intersection 
point (Le., at  MJ. In view of the fact that  Ti and T, are 
expected to be continuous functions of molecular weight, 
the intersection point can be arbitrarily closely approached 
(from below); hence, realization of a metastable liquid- 
crystal phase and consequent monotropic behavior is to 
be expected for appropriate molecular weights in cases to 
which Figure 3 pertains. This effect has been observed 
experimentally both in the cases of main-chainSl0 and side- 
chainl1J2 liquid-crystalline polymers and was labeled 
"transformation of a monotropic mesophase into an enan- 
tiotropic mesophase by increasing the molecular weight 
of the polymer". 

Case 3. Monomeric Structural Unit Displaying a 
Virtual Mesophase; the Polymer Displaying a Virtual 
Mesophase. The third situation is illustrated in Figure 
4 and also refers to a different case in which the monomeric 
unit displays only a virtual mesophase. Here as before, 
the slope of the Ti-M (Le., fl,k-M) dependence is higher 
than that of the Tm-M (Le., Tk-i-M) dependence. The 
latter lies above the former throughout; hence, the two 
curves do not intercept each other. Therefore, the resulting 
polymer displays also only a virtual mesophase. This 
thermodynamic situation was recently applied to the 
synthesis of virtual liquid-crystal polyethers containing 
both flexible mesogens and flexible spacers. The most 
thoroughly investigated example so far refers to poly- 
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Figure 3. Transformation of a virtual or monotropic meso- 
phase of the monomeric structural unit (Mo) into an enantio- 
tropic mesophase by increasing the degr'ee of polymerization. The 
upper part (a) describes the influence of molecular weight on the 
dependence between the free energies of the crystalline (Gk), 
liquid-crystalline (GI,), and isotropic (Gi) phases and transition 
temperatures. The translation of this dependence into the 
dependence of phase-transition temperature-molecular weight 
is shown in the lower part (b). The monomeric structural unit 
having the molecular weight (Mo) displays a virtual mesophase. 
The upper part displays the relationship between Gk, GI,, and 
Gi versus temperature for different polymer molecular weights 
Mo to M.. Gk is molecular weight independent. GI, and Gi refer 
to monomeric structural unit (Mo). Glcl to GI,. and Gil to G i m  
refer to the GI, and Gi values corresponding to the increase in 
molecular weight from M1 to Mm. T, and Ti values determined 
from the upper part of this figure were transplanted into 
temperature transition-molecular weight dependence in the lower 
part (best when followed by rotating the figure 90° to the left). 

ethers based on 1 - (4-hydroxyphenyl) -2- (2-methyl-4- 
hydroxypheny1)ethane and cu,w-dibr~moalkanes.~~-~~ In 
this last class of polymers, the transformation of the virtual 
mesophase of the homopolymer into a monotropic or enan- 
tiotropic mesophase was accomplished by increasing the 
free energy of the crystalline phase (Gk).  Theoretically 
this situation can be envisioned by inspecting parts a and 
c of Figure 1. Experimentally, the increase of G k  has been 
accomplished by two different techniques so far. The first 
involved the copolymerization of 1-(4-hydroxypheny1)-2- 
(2-methyl-4-hydroxypheny1)ethane with two13J4 or more 
than two15 flexible spacers of different length or the 
copolymerization of two dissimilar flexible mesogenic 
bisphenols with one flexible spacer.le The  resulting 
copolymers exhibit an increased Gk in comparison to that 
of their parent homopolymers since their melting tem- 
peratures are lower. The second technique is based on 
blends of two or more homopolymers that display virtual 
mesophases. When the virtual mesophases of the ho- 
mopolymers are isomorphic and their crystalline phases 
are not, the resulting blends display either a monotropic 
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containing flexible spacers and displaying a single meso- 
phase, the nature of the mesophase displayed by the 
polymer is most frequently identical with that  of its 
monomeric unit. Primarily the molecular weight-phase 
transition dependences are determined by the relationship 
between the free energies of the crystalline, liquid- 
crystalline, and isotropic phases of t h e  monomeric 
structural unit yet influenced by the molecular weight of 
the main-chain backbone through its effect on the melt 
entropy as in case 1 above. Combinations of more than 
one mesomorphic phases of different thermodynamic 
stabilities in a monomericstructural unit will follow the 
same molecular weight dependence as those described by 
the monomers displaying a single mesophase.12.20-22 
However, there are few examples where the nature of the 
mesophase displayed by the main-chain18J9 and side- 
chain22 liquid-crystalline polymers is molecular weight 
dependent. Both in the case of the main-chain18J9 and 
side-chain liquid-crystalline polymers, i t  has been 
demonstrated that this change in the mesophase represents 
a continuous dependence of molecular weight. The  
interpretation of this dependence based on a similar 
thermodynamic scheme will represent the subject of further 
publications. 
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Figure 4. Narrowing of the temperature range of a virtual meso- 
phase of the monomeric structural unit (Mo) by increasing the 
degree of polymerization. The upper part (a) describes the 
influence of molecular weight on the dependence between the 
free energies of the crystalline liquid-crystalline (GI,), and 
isotropic (Gi) phases and transition temperatures. The translation 
of this dependence into the dependence phase-transition 
temperature-molecular weight is presented in the lower part (b). 
The monomeric structural unit (having the molecular weight Mo) 
displays a virtual mesophase. The upper part (a) displays the 
relationship between GL, GI,, and Gi versus temperature for 
different polymer molecular weights (Mo to  M-). is molecular 
weight independent. Gk and Gi refer to the monomeric structural 
unit (Mo). GI ,~  to  GI,, and Gil to Gi- refer to the GI, and Gi values 
corresponding to the increase in molecular weight from MI to M,. 
T, and Ti from the upper part (a) of the figure were transplanted 
into temperature transition-molecular weight dependence in the 
lower part (b) (best when followed by rotating the figure 90° to 
the left). 

or an enantiotropic mesophase.” 
In conclusion, the steeper slope of the isotropization 

temperature-molecular weight dependence versus that of 
the melting temperature-molecular weight dependence 
should have the following effects on going from monomer 
to polymer. When the monomeric structural unit displays 
an enantiotropic mesophase, the resulting polymer will 
display a broader enantiotropic mesophase, i.e., anisotro- 
pic temperature interval. When the monomeric unit 
displays a monotropic mesophase, the resulting polymer 
will, most probably, display an enantiotropic mesophase. 
When the monomeric unit displays a virtual mesophase, 
the resulting polymer may display either an enantiotro- 
pic, monotropic, or virtual mesophase. For the case of side- 
chainl1J2 and m a i n - ~ h a i n ~ * ~ J ~  liquid-crystalline polymers 
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