
Macromolecules 1991,24, 4381-4385 4381 

Development of Miscible Blends of Polyamide-6 and Manganese 
Sulfonated Polystyrene Using Specific Interactions 

Xinya Lu and R. A. Weiss' 

Polymer Science Program and Department of Chemical Engineering, University of 
Connecticut, Storrs, Connecticut 06269-3136 

Received January 23, 1991; Revised Manuscript Received April 8, 1991 

ABSTRACT Interpolymer interactions involving manganese sulfonate and amide groups were used to develop 
miscible blends of polyamide-6 and a functionalized polystyrene containing 10.1 mol % manganese sulfonate 
groups. The polymers were miscible over the entire range of composition as evidenced by asingle, composition- 
dependent Tp The Tis for the blends exhibited positive deviation from a weight average of the two component 
polymer Tis. Interaction parameters, x ,  were determined from melting point depression data. The x's were 
large and negative, indicating strong interactions between the component polymers. Infrared spectra confirmed 
that these specific interactions were hydrogen-bonding, ion-dipole, and complexation interactions involving 
the manganese sulfonate and amide groups. 

Introduction 
Polymer blending is a common and potentially versatile 

way to develop new materials with a desirable combination 
of properties. Because of unfavorable thermodynamics, 
however, it is difficult to obtain miscible compositions of 
two high molecular weight polymers. In the absence of 
specific intermolecular interactions, the free energy of 
mixing is usually positive for polymer blends due to a 
small combinatorial entropy of mixing and positive en- 
thalpy of mixing. Over the past decade there has been 
considerable interest in enhancing the miscibility of 
polymer pairs either by adding a third component as a 
compatibilizing agent or by introducing specific functional 
groups into the polymers to promote exothermic inter- 
actions between them. Ionomers are particularly attractive 
materials for the latter approach.lI2 

Polyamide-6 (PA-6) is an important engineering ther- 
moplastic. To improve its impact strength and moisture 
barrier properties, it is often blended with polyethylene 
(PE).3 It is difficult, however, to obtain good dispersion 
in such blends, and, in most practical examples, the PE 
was chemically modified or a third component was added 
to the blend to improve the compatibility. MacKnight et 
ale4 studied the blend of PA-6 and poly(ethy1ene-co-meth- 
acrylic acid) (PEMA) and observed that the size of the 
PEMA domains decreased with increasing methacrylic 
acid content. Research on a similar blend system by Fair- 
ley and Prudhomme6 indicated that PEMA interacted 
weakly with PA-6 and phase separation still occurred. 
Because sulfonic acid is a stronger acid than carboxylic 
acid, one might expect that a sulfonated ionomer will 
interact more strongly with PA-6 and provide better 
miscibility with PA-6. This is especially thought to be 
true when a transition-metal salt, such as manganese, that 
can complex with the amide groups is used. This paper 
describes the phase behavior of PA-6 and the manganese 
salt of lightly sulfonated polystyrene (MnSPS) blends. 
Specific attention is given to the associative interactions 
that occur in these blends. 

Experimental Section 
Sulfonated polystyrene (SPS) and ita manganese salt (MnSPS) 

were prepared by the procedure described by Makowski et al.6 
The starting polystyrene had a number-average molecular weight 
(M,) of 100 OOO and a weight-average molecular weight (M,) of 
280 OOO a8 determined by gel permeation chromatography. The 
sulfonation level was 10.1 mol % as determined by titration of 

the polymer in a toluene/methanol (10 vol % methanol) solution 
with sodium hydroxide in methanol. The salt was prepared by 
adding a 20% excess of manganese acetate in methanol to a 
solution of the SPS. The neutralized polymer was precipitated 
in a large excess of ethanol, filtered, washed several times with 
ethanol, and dried at 70 O C  for 1 week under vacuum. PA-6 with 
a weight-average molecular weight of 24 000 was obtained from 
Polysciences Inc. 

Blends of MnSPS and PA-6 with MnSPS concentration of 10, 
20,30,40,50,60, and 80% by weight were prepared in m-cresol 
by adding a MnSPS solution dropwise into a stirred PA-6 solution. 
Films of the blends were cast from the solution at  140 "C and 
dried under vacuum at 90 O C  for 2 weeks. 

Thermal analysis of the blends was performed by using a Per- 
kin-Elmer DSC-7 with a heating rate of 20 OC/min. The glass 
transition temperature (T,) was defined as the midpoint of the 
change in the specific heat, and the melting point (T,) was taken 
as the maximum of the melting endotherm. Isothermal crys- 
tallization from the melt was also examined by DSC. The samples 
were held at 240 "C for 5 min, quickly quenched to the 
crystallization temperature (TJ, and then kept at T, for a t  least 
30 min. After the isothermal crystallization was completed, the 
samples were cooled to 0 "C and heated to 250 O C  at  20 OC/min 
to measure the melting temperature. 

Infrared spectroscopy was used to assess the specific inter- 
actions that occurred between the two components of the blends. 
Spectra were measured with a Nicolet Model 60SX Fourier 
transform infrared (FTIR) spectrometer with a resolution of 1 
cm-l. The samples were cast on KBr plates from solution and 
dried under vacuum at 120 O C  for at least 1 week. 

Results and Discussion 
Miscibility of the Blends. DSC thermograms of the 

component polymers and the blends are shown in Figure 
1, and the values of T,,, Tm, and AH, are summarized in 
Table I. Since the Tis of the component polymers were 
ca. 80 "C apart, the criterion of a single composition-de- 
pendent Tg could be used to assess miscibility of the blend. 
For all compositions, the blends exhibited only a single T,, 
intermediate between those of the pure constituents. The 
composition dependence of the Tg of the blends indicated 
that the amorphous phases of the two polymers were 
miscible. The blends with a MnSPS mass fraction w1 < 
0.4 exhibited a sharp glass transition, while the transition 
was considerably broadened for the blends with w1> 0.6. 
Broadening of the glass transition is generally an indication 
of local fluctuations in the blend comp~sition.~ One 
possible explanation for this broadening is that the 
concentration of amide/ manganese sulfonate interactions 
decreased with increasing MnSPS content, presumably 
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Figure 1. DSC thermograms of the PA-6/MnSPS blends: (1) 
031 MnSPS; (2) 10 wt 70 MnSPS; (3) 20 wt % MnSPS; (4) 40 
wt % MnSPS; (5) 60 wt % MnSPS; (6) 80 wt % MnSPS; (7) 100 
wt % MnSPS. 
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PA-6, T T m ,  A H m ,  PA-6, T T,, AHm, 
wt % O! "C kJ/mol wt % O! "C kJ/mol 
100 50.5 230.5 11.8 50 98.6 
90 66.0 228.8 7.8 40 106.7 
80 77.8 220.6 5.4 20 122.0 
70 84.2 211.3 2.9 0 131.5 
60 92.6 202.5 1.7 

due to increasing amounts of competing interpolymer 
association of the manganese sulfonate ion pairs. 

In Figure 2, the glass transition temperatures are plotted 
as a function of the composition in the amorphous phase. 
The weight fraction of the amorphous phase of the PA-6 
was determined by calculating the weight fraction of the 
crystalline phase. The latter was calculated from the ratio 
of the heat of melting of the PA-6 in the blend ( A H m )  and 
that of 100% crystalline PA-6 (AH,,) = 18.1 kJ/mol.sThe 
experimentally determined Tis were higher than the value 
of the compositionally weighted linear average given by 
the dotted line in Figure 2. Positive deviation of the Tg 
of miscible blends is usually found in systems with strong 
interpolymer interactions, e.g., polymer-polymer com- 
plexes.@ In the case of PA-6/MnSPS blends, three types 
of interactions are possible: (1) hydrogen bonding between 
sulfonate and amide groups, (2) ion-dipole interaction 
between the ionic species and the polarized N-H bond, 
and (3) coordination of the transition-metal cation, Mn2+, 
with the amide group.1° This will be discussed further 
later in this paper. 

Melting Point of the Blends. The melting behavior 
of a blend with strong interactions is expected to be 
influenced by the miscible amorphous phase.' A signif- 

icant melting point depression was observed for the PA- 
6/MnSPS blends, as shown by the Tm versus composition 
data in Figure 3. Crystallization was also influenced by 
the presence of MnSPS. No crystallinity was detected by 
DSC for the blends with w1>  0.4. The Tm depression of 
a crystallizable polymer in a miscible blend results either 
from a diluent effect or from changes in the crystalline 
morphology. The former effect can be treated by the 
equation of Nishi and Wang.ll 

where the subscripts 1 and 2 refer to the noncrystallizable 
polymer and the crystallizable polymer, respectively. Tm 
and Tmo are the equilibrium melting points of the crys- 
tallizable component in the blend and in the neat polymer, 
respectively. The variables, 9, Vu, and AH,,, are the 
normalized volume fraction, molar volume, and molar en- 
thalpy of fusion of the component indicated. The values 
of AH,,, taken from the literature! Vu, calculated from the 
polymer density, and AC, (the change in heat capacity 
associated with the glass transition), measured by DSC, 
are given in Table 11. x is the interaction parameter that 
measures the strength of the polymer-polymer interac- 
tions. 

The morphological effect arises from the size of crys- 
tallites or the lamellar thickness L, as described by the 
following equation:12 

where -ye and L are respectively the interfacial energy and 
lamellar thickness. T d  is the measured melting point 
corresponding to the lamellar thickness L. The morpho- 
logical effect can be accounted for by the procedure of 
Hoffman and Weeks.12 In this procedure, the lamellar 
thickness is controlled by varying the isothermal crys- 
tallization temperature. Data for different crystallization 
temperatures (TJ are extrapolated to an infinitely large 
L, i.e., when the melting point coincides with the crys- 
tallization temperature, to determine Tm. 

Figure 4 shows the application of the Hoffman-Weeks 
method for the MnSPS/PA-6 blends. The melting point, 
T d ,  increased linearly with the crystallization temper- 
ature (T,) over a wide range of undercoolings, and it can 
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Figure 4. Hoffman-Weeks plots for PA-6/MnSPS blends. Equi- 
librium melting points were obtained by extrapolation of data 
to T, = T, line. 

O O: 
- 0 5 1  

-1 - 1 5 i  0 

-2 0 

1 -2 5 

t 

t 
-3 0 1 

0.0 0 . 2  0 . 4  0 .6  0.6 1.0 

weight fraction of PA6 

Figure 6. Interaction parameters for PA-G/MnSPS blends 
calculated from melting point depression data and eq 1. 

be presented by the following equation9 

(3) 

where @ is a morphological factor that represents the fold 
length in multiples of the primary and homogeneous nuclei. 
The values of the equilibrium melting points for the blends, 
obtained by the extrapolation of the lines in Figure 4 to 
T, = T,, are listed in Table I. 

The compositional dependence of x, as calculated from 
eq 1, is shown in Figure 5. The x of the blend became less 
negative with increasing MnSPS content, which was 
consistent with the observed broadening of the glass 
transition at  the higher MnSPS concentrations. 

Predicted T of the Blends. Several theoretical 
equations, base8 on the assumption of random mixing at  
a segmental level, have been proposed to correlate the Tg 
and composition of miscible blends. Two of the more 
common ones are given in eqs 4 and 5. 

Fox e q ~ a t i o n ' ~  

(4) 

Couchman equation15 
wlACpl In Tgl + w2ACp2 In Tg2 

In Tg = (5 )  
WlAC,l+ W2ACp2 

where wi is the weight fraction of polymer i. Tgi and ACpi 
are the glass transition temperature and the heat capacity 
change at  Tgi for polymer i, respectively. The experimental 
value of ACp for MnSPS was 0.33 J / (g  K). Direct 
measurement of AC,, for the 100% amorphous PA-6 is 
imprecise due to the difficulty in preparing a purely 
amorphous sample and the competing crystallization a t  
the transition which obscures the true change in heat 
capacity in a DSC scan. Boyer16 proposed an empirical 

.' Couchman eqn. 
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Figure 6. Comparison of experimental values and Tis predicted 
by eqs 4,5,  and 7. 
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Figure 7. FTIR spectra in the N-H stretching region of the 
PA-61MnSPS blends. 

rule for amorphous polymers: 

AC,Tg (J/g) = 63 + 0.17Tg (6) 
ACp for PA-6 was estimated from eq 6 to be 0.37 J/(g K), 
and this value was used in eq 5 to calculate Tg of the blends. 
The predictions of the Fox and Couchman equations are 
plotted in Figure 6. The amorphous fraction of the PA-6 
in the blends was determined by measuring the crystalline 
weight fraction as described previously. Both equations 
significantly underestimated the experimental values, 
which was probably due to the inability of these equations 
to take into account strongly exothermic interpolymer 
interactions. To account for the effect of specific inter- 
actions on Tg for a miscible blend, we have proposed the 
following equation:17 

(7) 
Tg = W i  kw2 ACp,(wl + kw2)(w1 + b ~ , ) ~  
where k = ACp2/ACpl and b is the ratio of the amorphous 
densities of polymer 2 and polymer 1. Equation 7 provides 
a relationship between the Tg and the thermodynamic 
interaction parameter x .  The x's for the PA-6/MnSPS 
blends were obtained from the melting point depression 
analysis, and eq 7 was used to predict the T, of the blends. 
The blend Tg's calculated from eq 7 are represented by 
the solid curve in Figure 6, which agrees well with the 
experimental data. 

Interpolymer Interactions. Figure 7 shows the FTIR 
spectra of the PA-6/MnSPS blends in the 3150-3550-cm-l 
region, which corresponds to the N-H stretching vibration 
region. The frequency of the N-H stretching mode is 

WITgl  + kw2Tg2 - xR(Tg2 - Tg1)bw1w2 
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strongly dependent on the strength of the hydrogen- 
bonded N-H groups but essentially independent of the 

For linear aliphatic polyamides, three 
N-H stretching bands occur a t  3300,3310, and 3447 cm-l, 
which correspond to stretching vibrations of hydrogen- 
bonded N-H in the crystalline phase, hydrogen-bonded 
N-H in the amorphous phase, and "free" N-H groups, 
respe~tive1y.l~ The spectrum of PA-6, as shown in Figure 
7, is characterized by an absorption band centered at  3300 
cm-l. This band is believed to be a composite absorption 
consisting of hydrogen-bonded N-H stretching in the 
amorphous phase (at higher frequency) and that in the 
crystalline phase (at lower frequency).20 When MnSPS 
was added to the PA-6, the band at  3300 cm-l broadened, 
and the peak maximum for the completely amorphous 
blend (>60 wt % of MnSPS) was about 10 cm-l lower than 
that of amorphous polyamide. This frequency shift could 
be due to either interpolymer interactions or dispersion 
effects, i.e., variation in refractive index. The latter 
possibility can be eliminated by comparison of the FTIR 
spectra of PA-G/MnSPS and PA-6/LiSPS blends (not 
shown). PA-6/LiSPS blends are also miscible a t  room 
temperature, but the interpolymer interactions in that 
system are weaker than in the PA-G/MnSPS system.21 
Since LiSPS and MnSPS have nearly the same refractive 
index, any frequency shift of hydrogen-bonded N-H due 
to dispersion effects observed in the PA-G/MnSPS system 
should also occur in the PA-6/LiSPS system. This was 
not the case; for the amorphous blends of PA-6 and LiSPS 
W O w t  % of LiSPS), the band for hydrogen-bonded N-H 
shifted to -3309 cm-l. Thus, the shift to lower frequency 
of hydrogen-bonded N-H in the amorphous phase of the 
PA-G/MnSPS blend appears to have been due to stronger 
interactions, presumably hydrogen bonding, between the 
manganese sulfonate and the amide groups. 

The broadening of the N-H stretching region with 
increasing MnSPS concentration probably indicates that 
there was a broad distribution of environments of the NH 
groups. Skrovanek et al.19 suggested that the position of 
the peak maximum for the hydrogen-bonded N-H stretch- 
ing modes provides a measure of the average strength of 
the hydrogen bonds and the breadth of the band reflects 
the distribution of spatial orientation and separation of 
the interacting species. 

Three effects tended to broaden the N-H stretching 
region of the FTIR spectra for the blends as the MnSPS 
concentration increased: (1) The volume fraction of the 
amorphous phase increased with increasing MnSPS con- 
tent, and the distribution of hydrogen-bonded species in 
the amorphous phase is broader than in the crystalline 
phase; (2) the concentration of polyamide-polyamide 
hydrogen bonds decreased due to the competing interaction 
of the manganese sulfonate groups, which shifted the N-H 
stretching vibration to higher frequency; and (3) hydrogen 
bonding between the manganese sulfonate and amide 
groups shifted the N-H stretch to lower frequency. 

Two absorption bands not observed in the neat PA-6 
were found at  3410 and 3520 cm-' in the FTIR spectra of 
the blends (Figure 7). Dunn et a1.22 observed two similar 
bands, a t  3400 and 3500 cm-l, for PA-6 treated with nickel- 
(11) chloride. They attributed these absorptions to non- 
hydrogen-bonded N-H stretching frequencies. On the 
basis of their conclusions, the two high-frequency bands 
observed in the MnSPS/PA-6 blends were assigned as 
follows. The band a t  3410 cm-l was notably lower than 
the free N-H stretching vibration that usually occurs a t  - 3447 cm-'.lg The shift to lower frequency suggests that 
the NH group coordinates with the Mn2+ transition-metal 
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Figure 8. Frequency of the characteristic stretching bands of 
the S03Mn groups as a function of blend composition. 

cation. Similarly, the band at  3520 cm-l is believed to be 
due to delocalization of the lone-pair electrons on the 
nitrogen atom as a result of interaction with the Mn2+ 
cation. 

Confirmation that the sulfonate group was involved in 
the interactions was obtained from changes in the ab- 
sorption bands characteristic of the stretching vibration 
of the manganese sulfonate group. Interactions involving 
the manganese sulfonate groups should shift these vibra- 
tions to lower frequencies.1° Figure 8 shows the frequencies 
of three absorption bands due to manganese sulfonate as 
a function of the blend composition. As the PA-6 content 
increased, the bands at  1130,1047, and 1010 cm-l shifted 
to 1119, 1029, and 1006 cm-I, respectively. These shifts 
to lower frequencies are the consequence of specific in- 
terpolymer interactions involving the manganese sulfonate. 
Similar frequency shifts were observed by Fitzgerald and 
we is^^^ for NaSPS swelled with dimethylformamide. For 
example, the symmetric stretching vibration of the sul- 
fonate group moved from 1048 to 1034 cm-l, due to the 
interactions between the sodium sulfonate and amide 
groups. 

Conclusion 
Hydrogen-bonding, ion-dipole, and transition-metal 

complexation between manganese sulfonate and amide 
groups enhanced the miscibility of polyamide-6 and lightly 
sulfonated polystyrene. Thermal analysis indicated that 
the two polymers were miscible over the entire range of 
composition. The Tg's of the blends exhibited a large 
positive deviation from the weight average of the individual 
component Tis. This was similar to the behavior of in- 
terpolymer complexes and suggested that the interactions 
between the two polymers were strong. The interaction 
parameter, x ,  of the blend was calculated from the melting 
point depression data and had a large negative value. This 
result also indicates that strong interactions occurred 
between the two polymers. FTIR provided further 
evidence of specific interpolymer interactions involving 
the manganese sulfonate and amide groups. 
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