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Abstract
Poly(2-cyano-p-phenylene terephthalamide) (CY-PPTA) has garnered significant interest as a promising precursor for super 
p-aramid fibers because of its organosolubility in N,N-dimethyl acetamide/lithium chloride (DMAc/LiCl) while conserving 
the superior properties of the resultant fibers. However, CY-PPTA has been reported to exhibit abnormal phase behavior 
owing to the strong dipole–dipole interactions induced by the cyano groups. Herein, we rheologically study the isotropic 
phases of CY-PPTA/DMAc solutions with respect to the concentration and temperature and compare them with those of 
CY-PPTA/sulfuric acid  (H2SO4) solutions. In the isotropic region, the CY-PPTA solutions yield a higher power-law expo-
nent of the dynamic viscosity (η') versus concentration of 6.0 (ηʹ ~ c6.0) in the DMAc system than that in  H2SO4 (ηʹ ~ c3.2). 
Moreover, the CY-PPTA/DMAc solutions exhibit a lower critical solution temperature (LCST) behavior with increasing 
temperature, in contrast with the upper critical solution temperature in  H2SO4. Consequently, the viscosity and exponent of 
the CY-PPTA/DMAc solutions increase at elevated temperatures. As shown by the Cole–Cole plot, the heterogeneity in the 
DMAc system becomes worse. The LCST of the CY-PPTA solution is ascribed to the intermolecular interactions between 
the highly polar cyano groups, which are negligible in  H2SO4.
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1 Introduction

The lyotropic phase behavior of liquid crystalline (LC) poly-
mers has been conventionally studied using optics because it 
is one of the easiest and fastest methods to estimate the onset 
of molecular orientation and sometimes to characterize the 
type of molecular ordering pattern [1–3]. However, optical 
methods have clear drawbacks. Only molecular aggregation 
that is large enough to cause scattering of visible light can 
be observed. This, in turn, means that micro- or nano-sized 
associates of polymer molecules smaller than 100 nm are 

undetectable in optical analysis. Nevertheless, numerous 
scientists and engineers regard the critical concentration 
(c*) that yields the first appearance of an LC texture as the 
concentration at which molecular aggregation begins [4–7]. 
The c* is, in fact, the concentration at which the domain size 
of the internal associates becomes larger than the wavelength 
of visible light.

In the solution of polar polymers in polar solvents, poly-
mer molecules frequently make preferred associates in the 
form of a group of polar functional groups or micro-sized 
aggregation of the molecules, but the solution remains trans-
parent [8, 9]. These types of microaggregates would also be 
present in the isotropic phase of lyotropic LC polymers, even 
before generating LC domains beyond c*. When character-
izing the microheterogeneity of a system invisible in optics, 
rheology provides more valuable information than optics 
because the presence of heterogeneous structures leads to 
changes in the rheological properties. For instance, Aharoni 
[10] carried out a systematic work tracing the plot shape of 
viscosity versus concentration, the so-called c* curve, and 
found that, in some LC systems of polydisperse polymers, a 
shoulder peak was observed on the low-concentration side 
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of the c* curve. This shoulder behavior is not observed when 
the optically isotropic solution is completely homogeneous 
over the entire concentration range below c*. Aharoni attrib-
uted the reduced slope at the shoulder zone to the earlier 
formation of LC domains by high-molecular-weight polymer 
molecules. In other words, shoulder behavior was ascribed 
solely to the effects of polydispersity. It is worth mention-
ing, however, that the theoretical prediction of Doi showed 
that the viscosity of rod-like polymers increased linearly up 
to c* with a constant slope of three without giving a shoul-
der peak [11]. In deriving this equation, Doi assumed no 
specific intermolecular interactions. Thus, intermolecular 
interactions are related to the shoulder behavior in polar 
polymer solutions. Unfortunately, the effects of intermo-
lecular interactions on the shoulder behavior have received 
little attention.

In this study, the solution behavior of organosoluble 
poly(2-cyano-p-phenylene terephthalamide) (CY-PPTA) 
was investigated based on dynamic rheology. We found that 
the organosoluble p-aramid, including polar cyano groups, 
exhibited shoulder behavior below the c* curve, similar to 
Aharoni’s observation. Furthermore, shoulder behavior was 
observed only in the organic solvent system, N,N'-dimethyl 
acetamide/lithium chloride (DMAc/LiCl), and was negli-
gible in sulfuric acid  (H2SO4), suggesting the dependence 
of shoulder behavior on the solvent system. In addition, 
although CY-PPTA exhibited upper critical solution tem-
perature (UCST) behavior in  H2SO4, it exhibited lower 
critical solution temperature (LCST) behavior in DMAc/
LiCl. A previous study by our group reported that the strong 
dipole–dipole interaction between cyano groups results in 
unusual liquid crystalline behavior by producing cholesteric 
ordering [12, 13]. In this regard, the unusual LCST behavior 

of CY-PPTA in the DMAc/LiCl system can be ascribed to 
the intermolecular interactions induced by the cyano groups. 
Thus, this study aims to elucidate the origin of the abnormal 
LCST behavior of CY-PPTA solutions in the isotropic phase 
below c*.

2  Experimental

2.1  Materials

Extrapure DMAc and LiCl were purchased from Daejung 
Co. (South Korea) and Sigma-Aldrich Co. (USA), respec-
tively. 100%  H2SO4 was purchased from Merck Milli-
pore (Germany) and used as received. LiCl was activated 
at 300 °C for 30 min before preparing a mixed solvent of 
DMAc and LiCl, which had a LiCl content of 5 wt%. CY-
PPTA was synthesized by the polycondensation of terephth-
aloyl dichloride (TPC) and 2-cyano-1,4-phenylenediamine 
(CY-PPD). CY-PPD was dissolved in DMAc at room tem-
perature and cooled down to 10 ℃, followed by the addition 
of TPC to the solution with vigorous stirring under nitrogen 
purging. Equimolar amounts of  Li2CO3 were titrated to neu-
tralize the polymerized solution, and HCl was generated as 
a by-product after polymerization was completed. Washing 
with water and acetone was repeated several times to obtain 
CY-PPTA, whose intrinsic viscosity was 5.2 g/dl in 100% 
 H2SO4. CY-PPTA solutions in DMAc/LiCl were prepared 
by vigorous stirring at 60 ℃ for 48 h and the 1 − 15 wt% 
CY-PPTA solutions were prepared by diluting the 15 wt% 
solution.

Fig. 1  a Critical concentration (c*) curves of the CY-PPTA solutions in DMAc/LiCl and  H2SO4 at a shear rate of 0.05  s−1 at 30 °C (inset Figs: 
polarized optical micrographs at a certain concentration) and b their normalized graphs focusing on the isotropic region below the c*



91Rheological study on lower critical solution temperature behavior of organo‑soluble…

2.2  Characterization

The liquid-crystalline texture was observed using a polar-
ized optical microscope (BX51, Olympus, Japan) equipped 
with a CCD camera (HFX-11A, Nikon, Japan). The CY-
PPTA solution was loaded onto a glass slide, covered with 
a cover glass, and pressed to form a thin layer. To minimize 
the evaporation of the solvent during the increase in tem-
perature, the edge of the cover glass was coated with heavy 
mineral oil.

The rheological properties of CY-PPTA solutions were 
measured using an Advanced Rheometer 550 (AR-550, TA 
Instruments, USA). A quartz parallel-plate geometry was 
used to prevent corrosion by  H2SO4. The diameter of the 
upper plate and gap between the plates were 50 and 0.8 mm, 
respectively. A 5% strain level was used. To ensure the 
reproducibility of the data, all specimens were pre-sheared 
prior to the measurement for 1 min at a shear rate of 1  s−1 
and stabilized for 1 h at a given temperature to eliminate the 
residual stresses exerted during the gap setting. The edge 

Fig. 2  Variations of the slope on Cole–Cole plots for the CY-PPTA 
solutions in DMAc/LiCl and  H2SO4 with increasing solution concen-
trations

Scheme 1  The proposed solvation process of CY-PPTA molecules in  H2SO4 and DMAc/LiCl
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of the plate was coated with heavy mineral oil to prevent 
solvent evaporation during the measurements.

3  Results and discussion

Figure 1a shows the variations of the dynamic viscosity (ηʹ) 
with concentration for the CY-PPTA solutions in two differ-
ent solvent systems at 30 ℃. The c* curves yield peaks of ηʹ 
in DMAc/LiCl and  H2SO4 at 9 and 7 wt%, respectively. In 
the optical observations (inset Figs of Fig. 1a), while both 
solution systems exhibit a negligible texture at each c*, the 
phase transition occurs beyond the peak, which is attributed 
to the evolution of the LC domains. Hence, the two solution 
systems exhibited a similar and typical trend of lyotropic 
LC phase behavior with increasing CY-PPTA concentration. 
In the isotropic region below the c*, however, the concen-
tration dependency of the ηʹ exhibits a different tendency 
depending on the solvent systems. To further analyze the 
viscosity–concentration relationship in the isotropic phase, 

the normalized curves are plotted in Fig. 1b. In  H2SO4, the 
ηʹ increases linearly with a constant slope of 3.2 in the iso-
tropic phase before reaching c*. In DMAc/LiCl, the power-
law exponent of the ηʹ changes drastically from 3.1 to 6.0 in 
the middle of the isotropic phase at ca. 6 wt%. This inflec-
tion reveals the evolution of the pseudostructure composed 
of intermolecular-interacting CY-PPTA molecules, even in 
the isotropic phase.

Although a similar shoulder behavior below c* was 
observed by Aharoni [10, 14], there were some differences 
between the CY-PPTA system and Aharoni’s work. Unlike 
the reduced slope in the shoulder zone observed by Aharoni, 
the CY-PPTA solutions in DMAc/LiCl showed the opposite 
trend; that is, the slope increased. In addition, in the case 
of Aharoni, small birefringent droplets of the LC domains 
were observed from the lower end of the shoulder, but the 
CY-PPTA solutions remained transparent, with negligible 
development of the LC domains before c*. Aharoni ascribed 
this shoulder behavior to the polydispersity of polymers. 
More specifically, the reduced viscosity slope and presence 

Scheme 2  Schematic of proposed structural ordering behavior of CY-PPTA molecules in  H2SO4 and DMAc/LiCl with respect to polymer con-
centration
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of LC domains over the shoulder zone were attributed to the 
earlier molecular orientation of the high-molecular-weight 
polymers. In the case of CY-PPTA, the exponent change 
cannot be fully explained by the polydispersity effect alone, 
because it is affected by the solvent system. This means that 
the polymer–solvent interactions also play a crucial role in 
determining the appearance of the shoulder behavior.

Doi et al. calculated that the shear viscosity of rod-like 
polymers capable of generating a nematic LC phase above 
c* changed according to the following equation [11, 15, 16]:

in which η and η* represent the shear viscosity and viscos-
ity at c*, and S is the orientation parameter. Below c* where 
no preferred molecular orientation is present in the solution 
(S = 0), the equation is reduced to the linear dependence of 
η ~ c3. Although the theoretical estimation shows good agree-
ment with the slope of 3.2 in  H2SO4 within a reasonable 
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Fig. 3  Temperature dependence of the c* curves for the CY-PPTA solutions in a DMAc/LiCl and b  H2SO4

Fig. 4  Arrhenius-type plot of a viscosity versus reciprocal temperature and b Arrhenius flow activation energy (Ea) as a function of concentra-
tion for the CY-PPTA/DMAc/LiCl solutions



94 H. J. Kim et al.

experimental error range, the slope of 6.0 in the DMAc/
LiCl system above 6 wt% deviates significantly from the 
theoretical value. In theory, it was assumed that there was 
no specific interaction between the polymer molecules when 
deriving the equation [17]. However, in real polymeric sys-
tems, specific types of intermolecular interactions, such as 
hydrogen bonding and dipole–dipole interactions, are quite 
common. Hence, an unrealistic assumption could cause a 
discrepancy between the experimental and theoretical results 
for this highly polar polymer solution [8]. In other words, in 
addition to the polydispersity effect, intermolecular inter-
actions between the CY-PPTA molecules would affect the 
slope of the viscosity curve in the isotropic phase.

The homogeneity of the CY-PPTA solutions in the two 
solvent systems was compared with respect to the solution 
concentration in the isotropic phase. Although the CY-
PPTA/DMAc solutions are optically homogeneous below c*, 
the deviation of the power-law exponent of the ηʹ curves sug-
gests the presence of the heterogeneous structure. In the plot 
of the storage modulus (Gʹ) versus the loss modulus (Gʹʹ), 
the so-called Cole–Cole plot, the initial slope in the termi-
nal zone yields the value of two if the system is absolutely 
isotropic and homogeneous [18, 19]. Otherwise, the initial 
slope decreases with increasing heterogeneity because the 
shear-induced breakup of the internal structures dissipates 
energy, which is regarded as the loss term. In Fig. 2, the 
concentration-dependent variations in the initial Cole–Cole 
slopes are compared for the two solvent systems. The CY-
PPTA solutions exhibited better homogeneity (i.e., a higher 
slope) in the  H2SO4 system than that in DMAc/LiCl because 
of their higher solubility in the former solvent [12]. Remark-
ably, the CY-PPTA/DMAc solutions exhibited a sharp 
reduction in the slope with increasing concentration, while 
the CY-PPTA/  H2SO4 solutions retained relatively high 
Cole–Cole slopes above 1.9 at the elevated concentration. 

That is, the homogeneity of the CY-PPTA solutions was pre-
dominantly dependent on the polymer concentration in the 
isotropic phase owing to the formation of intermolecular 
interactions.

At the molecular level, the rheological heterogeneity in 
the DMAc/LiCl system can be ascertained by predicting the 
solvation process of CY-PPTA in DMAc/LiCl. A previous 
study showed that the cyano groups of CY-PPTA molecules 
generate strong intermolecular dipole–dipole interactions in 
DMAc/LiCl [13]. Thus, the solvation states of CY-PPTA 
were quite different in the two solvents, as illustrated in 
Scheme 1. In  H2SO4, it is expected that the entire CY-PPTA 
molecule would be completely solvated because the pro-
tonation of  H2SO4 to every carbonyl group in the amide 
linkage of CY-PPTA creates a net electrostatic charge on 
the polymer molecules; thus, they are effectively separated 
from one another. However, in DMAc/LiCl, the pendant 
cyano groups generate strong dipole–dipole interactions in 
the support of highly polar DMAc solvent molecules. These 
preferred molecular associates would lead to the formation 
of a physical structure, even in the isotropic phase, which 
eventually leads to high rheological heterogeneity. However, 
they are undetectable in optical observations because the 
size of the associates of the polar groups is much smaller 
than the wavelength of visible light.

Scheme 2 illustrates the expected molecular behavior 
of CY-PPTA in two different solvent systems at increasing 
concentrations. In  H2SO4, the molecular aggregation of CY-
PPTA molecules begins at c* in the form of LC domains, 
and this optical transition is predominantly driven by an 
entropic factor, that is, the anisotropic shape of the mol-
ecules, because of the little involvement of the polymer–pol-
ymer interactions. However, in DMAc/LiCl, pre-existing 
microaggregation induced by the dipole–dipole interactions 
occurs below c*. That is, enthalpic effects can contribute to 

Fig. 5  a Modified Cole–Cole plots of the 8 wt% CY-PPTA solution in DMAc/LiCl at various temperatures, b temperature-dependent change of 
initial slopes in the Cole–Cole plot, and c the shift of the c* of the two solution systems with increasing temperature
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pseudostructure formation, even in the isotropic phase of 
CY-PPTA.

Along with the abnormal transition of the CY-PPTA/
DMAc solutions in the isotropic phase, they experienced 
LCST behavior with increasing temperature. Figure 3a 
and b compares the temperature-dependent changes in the 
c* curves in the two solvent systems (in this case, the con-
centration is expressed in the volume concentration (g/dL) 
instead of the weight concentration (wt%) to rule out the 
influence of the solvent density and to conform with the 
theoretical expression). Figure 3a shows the c* curves in 
the DMAc system, in which the slope change of the ηʹ in 
the middle of the isotropic region becomes more notice-
able with increasing temperature. In contrast, in  H2SO4, 
the slope remained almost unchanged irrespective of the 

temperature. Furthermore, unlike the monotonous decrease 
in the ηʹ in  H2SO4 over the entire concentration range, a 
more complicated change is observed in DMAc/LiCl. With 
increasing temperature, while the ηʹ decreases at low con-
centrations, it increases between the concentrations of 6 wt% 
and c*, demonstrating the typical LCST trend [20]. To trace 
the temperature dependence of the CY-PPTA/DMAc solu-
tions more clearly, it is replotted into the Arrhenius-type 
plot in Fig. 4a. The slope of the Arrhenius plot indicates 
the flow activation energy (Ea) [21, 22]. Figure 4b shows 
that Ea becomes negative above 6 wt%. The negative sign of 
Ea suggests spontaneous orientation of the molecules upon 
flow. Hence, the negative Ea is attributable to the presence 
of pre-organized molecular associates at lower temperatures 
because the boundary concentration of the sign inversion at 

Scheme 3  Schematic of proposed ordering behavior of CY-PPTA molecules with increasing temperature in  H2SO4 and DMAc/LiCl
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6 wt% agrees well with the concentration showing the slope 
change at ca. 6 wt% (Fig. 1b). Hence, it can be inferred that 
the presence of a pre-organized molecular orientation brings 
about spontaneous flow upon increasing the temperature.

The spontaneous molecular orientation in terms of the 
temperature in the DMAc/LiCl system is closely corre-
lated with the aforementioned rheological heterogeneity. A 
Cole–Cole plot of the 8 wt% CY-PPTA solution in DMAc/
LiCl immediately below c* was obtained to analyze the 
variation in the heterogeneity with temperature (Fig. 5a). 
According to the temperature-dependent variation of the 
Cole–Cole slope (Fig. 5b), the decreased slope clearly con-
firms the degraded homogeneity of the CY-PPTA solutions 
with increasing temperature. In other words, the intermolec-
ular interactions induced by the polar cyano groups become 
stronger as the temperature increases, and accordingly, the 
pseudo-structure becomes extensive, resulting in LCST 
behavior. Consequently, as the temperature increased, while 
c* shifted to a higher concentration in the  H2SO4 system, it 
exhibited a downward shift in the DMAc system, indicating 
the accelerated formation of LC domains (Fig. 5c).

The overall expected molecular behavior with increas-
ing temperature is summarized in Scheme 3 for the two 
different solvent systems. The monotonous decrease in the 
ηʹ and the upward shift of the c* in  H2SO4 are both attrib-
utable to the enhanced molecular mobility at an elevated 
temperature. The resultant reduced aspect ratio (x) of the 
CY-PPTA molecules at higher temperatures led to a delay 
in the transition, following the theoretical equation of the 
inverse proportionality of c* and x. In DMAc/LiCl, a similar 
trend was observed at low concentrations. With increasing 
concentration, however, physical aggregation intensifies at 
high concentrations. At very high concentrations close to 
c*, the physical aggregations induce an enlargement of the 
domain size of the molecular orientation and finally leads to 
the emergence of LC domains.

4  Conclusions

This study revealed that the transparency of the isotropic 
phase of LC polymers only guarantees the absence of a 
molecular aggregation larger than the wavelength of vis-
ible light. As a supplementary and alternative tool of optics, 
rheological analysis proved to be efficient in characteriz-
ing micro-heterogeneity, which is highly probable in the 
isotropic phase. The shoulder behavior in the c* curve was 
indicative of the preliminary aggregation of LC polymers 
below c* in an infinitesimally small size, which is transparent 
but rheologically heterogeneous. The microheterogeneity of 
the isotropic phase is closely coupled with the LCST phase 
behavior. Thus, it is risky to consider an optically isotropic 
phase as absolutely homogeneous.
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