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SYNOPSIS 

Poly(viny1 acetate) and vinyl acetate-ethylene (VAE) copolymers compose one of the more 
important polymeric materials, widely employed in coating and adhesive applications. A 
new class of miscible polymer blends involving poly(viny1 acetate) and VAE with styrene- 
acrylic acid and acrylate-acrylic acid copolymers has been found. Experimental windows 
of miscibility as a function of the ethylene content for VAE copolymers and the acrylic 
acid content of the acrylate-acrylic acid copolymers are observed (acrylate = methyl acrylate, 
ethyl acrylate, n-butyl acrylate, and 2-ethylhexyl acrylate). Employing well-established 
analog heat of mixing measurements, predicted windows of miscibility were compared with 
experimental results. Fair qualitative agreement was observed and supported the hypothesis 
that specific rejection arguments can be employed to explain the observed miscibility. Failure 
to quantitatively predict miscibility based on the analog heat of mixing measurements may 
be due to the higher association tendencies of the model compounds relative to acrylic acid 
units in the high molecular weight polymers. No miscible combinations were found for 
methyl methacrylate-acrylic acid copolymers or acrylate-methacrylic acid copolymers in 
admixture with poly(viny1 acetate) or the VAE copolymers, thus indicating the sensitivity 
of phase behavior to minor structural changes. VAE (30 wt % ethylene) copolymers were 
also noted to be miscible with several polymers previously noted to be miscible with 
poly(viny1 acetate), namely, poly(viny1idene fluoride), poly(ethy1ene oxide), and nitrocel- 
lulose. 0 1995 John Wiley & Sons, Inc. 

I NTRO D UCTl ON 

Poly (vinyl acetate) and vinyl acetate copolymers 
are among the more important commodity polymers 
utilized in the large coating and adhesive markets. 
As such, polymer blends comprising vinyl acetate- 
based polymers are of significant interest. As vinyl 
acetate-based polymers have been available for over 
60 years, a large number of blend combinations have 
been reported in the open and patent literature. The 
study presented here discusses a new class of poly- 
mer blends miscible with poly (vinyl acetate) 
( PVAc) and vinyl acetate-ethylene (VAE) (270 wt 
% VAc ) copolymers, namely, acrylate-acrylic acid 
and styrene-acrylic acid copolymers. 
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A review of PVAc and vinyl acetate (VA) 
copolymers' published in 1979 listed only a few 
polymers noted to be miscible. These included PVAc 
miscibility with poly (vinyl nitrate) ,* nitro~ellulose,~ 
poly (methyl acrylate) , 4  and poly (vinylidene fluo- 
ride).5,6 VAE (65-70% VAc) was also noted to be 
miscible with poly (vinyl chloride) .7 Additional ref- 
erences involving PVAc or VAE blends will be briefly 
discussed. 

Poly (methyl acrylate) blends with PVAc have 
been the subject of several papers. Kern and Slo- 
combe reported this blend to be miscible.' Hughes 
and Britt4 studied the PVAc-poly (methyl acrylate) 
blend prepared via three different mixing techniques: 
( 1) mixing preformed emulsions, ( 2 )  solution 
blending followed by solvent devolatilization, and 
( 3 )  emulsion polymerization of one polymer in the 
presence of the other preformed polymer. Only the 
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solution-cast film was noted to be miscible. Nandi 
e t  al.' noted that PVAc and poly (methyl acrylate) 
were miscible a t  all combinations. They noted that 
(based on inverse gas chromatography studies) no 
specific interactions were present. Depending on the 
solvents utilized, it was noted that cast films could 
yield two-phase behavior. Fuchs" noted phase sep- 
aration of this blend when cast from toluene. Li e t  
a1.l' noted that interpenetrating polymer networks 
of PVAc and poly( methyl acrylate) are phase-sep- 
arated a t  low crosslink density but yield a single Tg 
as the crosslink density of the IPN constituents is 
increased. 

Hsieh and Wong12 studied the effect of charged 
groups in polystyrene and PVAc ionomeric blends. 
PVAc and polystyrene were noted to  be immiscible. 
Styrene-vinylpyridine copolymers were noted to  be 
miscible with vinyl acetate-acrylic acid copolymers. 
I t  is interesting to  note that this article did not in- 
vestigate blends of styrene-acrylic acid (SAA) with 
PVAc and thus failed to recognize the miscibility of 
PVAc with SAA (218 wt % AA) as noted in our 
studies reported later in this article. 

The miscibility of PVAc with poly (ethylene ox- 
ide) (PEO) was noted by Cimmino et al.,13 resulting 
in a depression in the spherulitic growth rate for 
PEO with addition of PVAc. The melt rheology of 
PEO / PVAc blends was reported by Martuscelli e t  
al.I4 Jinghua et al.15 also noted the miscibility of 
PEO and PVAc, with heat of mixing results showing 
molecular weight dependence with negative values 
observed a t  < 45,400 M,, for PVAc. 

Poly ( vinyl propionate ) and poly ( ethyl acrylate ) 
blends were noted by Bhattacharyya et  a1.16 to  ex- 
hibit miscibility. Poly ( vinyl propionate ) was noted 
to be immiscible with poly ( methyl acrylate) . Note 
that PVAc is miscible with poly ( methyl acrylate) 
and immiscible with poly (ethyl acrylate) . 

Pearce et  al.17 observed single T i s  for blends of 
PVAc and a modified polystyrene containing vinyl- 
phenyl hexafluorodimethylcarbinol groups. Poly- 
styrene was noted to be immiscible with PVAc. Hy- 
drogen bonding was shown to be the reason for mis- 
cibility for the modified polystyrene as the 
hexafluorodimethylcarbinol groups (proton donor) 
interact with the carbonyl (proton acceptor) of the 
PVAc. 

Coleman et al.ls7'' noted poly (4-vinylphenol) to  
be miscible with PVAc and VAE (70 wt % VAc) 
over the entire composition range. Hydrogen bond- 
ing of the phenol hydroxyl with acetate carbonyl 
was shown to be the specific interaction responsible 
for miscibility. 

Greco and Martuscelli noted that poly [ D ( - ) -3- 
hydroxybutyrate] (PHB ) was miscible with PVAC.~' 
PHB-PVAc blends exhibit a single Tg along with a 
significant depression of the melting point for PHB. 
PHB has been introduced commercially as  a bio- 
degradable packaging material. 

Coleman et a1.21 reported that the hydrolyzed co- 
polymer (essentially equimolar ) of tetrafluoroeth- 
ylene (TFE)  and VA (thus a TFE-vinyl alcohol al- 
ternating copolymer [ FVOH ] ) is miscible with 
PVAc a t  all concentrations. Miscibility for VAE a t  
all concentrations of the blend is limited to 20% 
ethylene. A t  30% ethylene, miscibility is limited to 
less than 55 wt % FVOH. The association model 
developed by Coleman and co-workers 22 adequately 
predicted the miscibility window for FVOH with 
VAE copolymers. 

Poly (vinyl methyl ether) was shown by Dutta et 
a1.23 to be miscible with poly (vinyl propionate) and 
poly (vinyl butyrate) but immiscible with PVAc. In- 
verse gas chromatography data using hydrogenated 
monomers as probes correctly predicted the observed 
miscibility results. 

Miscibility of PVAc and poly ( ethylene-o-phthal- 
a te)  has been noted.24 A lower critical solution tem- 
perature a t  130°C was noted a t  the 50/50 compo- 
sition. The interaction of the PVAc carbonyl with 
the poly (ethylene-o-phthalate ) phenylene moiety 
was hypothesized as the specific interaction yielding 
miscibility for this polymer blend. 

PVAc is not miscible with poly(viny1 chloride) 
(PVC) ; however, VAE copolymers exhibit misci- 
bility in the range of 60-85 wt % VA. The miscibility 
of VAE with PVC has been widely s t ~ d i e d . ~ , ~ ~ - ~ ~  A 
review of this blend by Cruz-Ramos and noted 
miscibility in the range of 60-85 wt % VA for the 
copolymer based on literature data and interaction 
energy densities determined from heat of mixing 
analog compound studies. While the VAE copolymer 
in the composition range of miscibility with PVC 
offers a potential low-cost permanent plasticizer for 
PVC, the low Tg VAE "gumstock" material is not 
amenable to typical PVC compounding procedures 
and thus has not been successfully commercialized 
except in a few specific cases. The resolution of this 
problem has been addressed commercially by 
DuPont with the introduction in the mid 1970s of 
an ethylene/vinyl acetate/carbon monoxide (E/  
VA/ CO ) terpolymer under the tradename Elvaloy. 

The miscibility of the E/VA/CO terpolymers as 
well as E/EA/CO (EA = ethyl acrylate) terpoly- 
mers with PVC was described by Robeson and 
McGrath.*' The incorporation of CO in the terpoly- 
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mer allows for much higher ethylene contents than 
does EVA while still retaining miscibility with PVC. 
At ethylene contents > 65 wt %, low levels of poly- 
ethylene sequence crystallization results, leading to  
a "solid" permanent plasticizer for PVC, thus elim- 
inating the "gumstock" problems of VAE. 

As noted, a significant number of studies have 
been reported showing a broad range of miscible 
polymer blends comprising PVAc or VAE as one of 
the components. This article describes a new series 
of miscible blends involving PVAc and VAE with 
AA-containing copolymers (namely, SAA and ac- 
rylate-AA copolymers ) . 

EXPERIMENTAL 

The polymers employed in this study involved VAE 
copolymers, acrylate-AA copolymers, and SAA co- 
polymers. The VAE copolymers as  well as PVAc 
employed in this study are listed in Table I. The 
VAE copolymers noted as experimental were pre- 
pared via solution polymerization in t-butanol under 
pressure (with ethylene) required to  incorporate 
various levels of ethylene in the copolymer. The  ac- 
rylate-AA copolymers were synthesized by solution 
polymerization in methanol ( a t  30% solids) via 
conventional free-radical polymerization employing 
Trigonox 23-C-75. The resultant polymers were iso- 
lated via precipitating in water and drying in a vac- 
uum (60°C/1 Torr) .  After drying, the inherent 
viscosity ( a t  25°C using a 0.2 wt % solution in 

Table I 
Acetate-Ethylene (VAE) Copolymers 

Property Characterization of Vinyl 

IV T g  
Composition" ( " 0 '  Sourced 

PVAc 0.87 35 SP2 
VAE (94% VAc) 0.50 19 APCI 
VAE (88% VAc) 0.32 7 APCI 
VAE (75% VAc) 0.54 -3 APCI 
VAE (75% VAc) 0.55 -4 APCI 

VAE (65% VAc) 0.62 -17 APCI 
VAE (65% VAc) 0.51 - 18 APCI 

VAE (70% VAc) 1.24 -9 SP2 

VAE (50% VAc) 1.08 -26 SP2 

a Composition determined via NMR. 
Determined on a 0.2 wt 96 solution in THF a t  25°C. 
Glass transition temperatures from DSC (second heating 

SPz = Scientific Polymer Products; APCI = Air Products and 
cycle). 

Chemicals, Inc. (experimental). 

tetrahydrofuran [ T H F ]  ) , the glass transition tem- 
perature (DSC ) , and composition (employing 13C- 

NMR) were determined. The compositions and 
results are listed in Table 11. Several acrylate-AA 
copolymers prepared via reaction extrusion poly- 
merization were also utilized in the blend studies. 
Homopolymers of polyacrylates were obtained from 
commercial sources as noted in Table 11. 

SAA copolymers a t  8, 14, 18,20,22, and 31 wt % 
AA were prepared via reaction extrusion polymer- 
ization (8, 14, 18, and 20 wt % AA), and solution 
polymerization in t-butanol (30 wt % solids) (2.0 
mmol benzoyl peroxide/mol monomer), a t  80°C (22  
and 31 wt %).  The inherent viscosity (25°C; 0.2 wt 
% solution in T H F )  , the glass transition tempera- 
ture (DSC) ,  and the composition ('%-NMR) for 
these copolymers are listed in Table 111. 

The polymers utilized in these studies were pre- 
pared a t  high conversion in order to obtain sufficient 
examples for several melt-blending experiments. 
With acrylate/AA copolymers, the reactivity ratios 
are quite close; thus, compositional drift during the 
reaction should not be a problem. This is not the 
case with SAA copolymers, and although lower con- 
versions were generally employed, compositional 
drift undoubtedly occurred. All polymers utilized 
including the SAA copolymers were transparent and 
exhibited sharp, single glass transition temperatures. 

In addition to the polymers noted above, 
poly( vinylidene fluoride) ( PVFz),  PEO, and nitro- 
cellulose ( obtained from Scientific Polymer Prod- 
ucts) were utilized in blends with VAE ( 70% VAc). 
These polymers have been well documented in the 
literature as  yielding miscible blends with PVAc; 
however, no studies with VAE copolymers have been 
reported to our knowledge. 

Blend samples were prepared via melt mixing in 
a Brabender or by solution in a common solvent 
followed by devolatilization. The blends were then 
compression-molded for dynamic mechanical prop- 
erty determination utilizing a Rheometrics RSA-I1 
at  a frequency of 1 Hz. Glass transition temperatures 
were determined using a Perkin-Elmer DSC-2C by 
rapidly heating above the Tg , cooling at 320"C/min, 
and reheating from -50°C at 10"C/min to  deter- 
mine the Tg. This procedure was followed to  elim- 
inate molded-in stress. 

The heat of mixing measurements were deter- 
mined utilizing an  adiabatic calorimeter similar to  
that previously reported by investigators a t  the 
University of T e ~ a s . ~ "  The glass calorimeter was di- 
vided into two chambers which contain the respec- 
tive organic liquids prior to  mixing. Mercury was 
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Table I1 
Acid Copolymers 

Property Characterization of Poly(meth)acrylates and (Meth)acrylate-Acrylic 

Composition" IVb T g  
Polymer (wt %) dL/g ("CY Sourced 

PMA n.d. 6 SP2 
PEA 0.39 -16 SP* 
PBA 0.33 n.d. SP2 
PMMA 0.35 110 SP2 
MA/AA' 90/10 0.64 28 APCI 
MA/AA 60/40 1.01 58 APCI 
MA/AA 48/52 0.87 81 APCI 
EA/AA' 90/10 0.66 2 APCI 
EA/AA 77/23 0.81 28 APCI 
EA/AA 55/45 0.89 42 APCI 
BA/AA 97/03 0.27 n.d. APCI 
BA/AA" 87/13 0.60 -15 APCI 
BA/AA 77/23 0.80 10 APCI 
BA/AA 50/50 0.92 67 APCI 
2-EHAIAA 85/15 0.51 n.d. APCI 
2-EHA/AA 77/23 0.58 11 APCI 
2-EHA/AA 67/33 0.80 42 APCI 
MMA/AA 92/08 0.42 117 APCI 
MMA/AA 76/24 0.45 121 APCI 

MA = methyl acrylate; EA = ethyl acrylate; BA = n-butyl acrylate; 2-EHA = 2-ethylhexyl acrylate; MMA = methyl methacrylate; 
AA = acrylic acid. 
a Compositions determined via 13C-NMR. 

Determined on a 0.2 wt % solution in T H F  a t  25'C. 
Glass transition temperatures determined on second heating cycle. 
SP2 = Scientific Polymer Products; APCI = Air Products and Chemicals, Inc. (experimental). 
Bulk-polymerized. 

utilized to  displace the lower chamber liquid and is 
separated from the lower chamber by a glass plunger. 
The chambers were surrounded by an evacuated 
shell in order to  minimize the heat transfer during 
mixing. The cell was placed in a water bath a t  33OC. 
After equilibrium was established (3-4 h )  , the 

Table I11 
Acrylic Acid Copolymers 

Property Characterization of Styrene/ 

plunger was lifted, allowing the lower chamber liquid 
to be displaced by mercury and to mix with the upper 
chamber liquid. The change in temperature was de- 
termined by a platinum resistance thermometer lo- 
cated in the center of the upper chamber. The model 
compounds selected for this investigation are noted 
in Table IV. Heat capacities were determined using 
a DuPont Model 910 DSC with a Model 2100 con- 
troller. The heat of mixing was computed from the 
expression 

Composition" 
(by wt) IV TB 

S/AA (dL/db ("C)' 

9218 - 125 
86/14 - 137 
82/18 
80/20 - 142 
78/22 0.48 130 
69/31 0.34 144 

- - 

a Determined by 13C-NMR. 

'Determined by DSC. 
Determined on a 0.2 wt % solution in T H F  a t  25OC. 

where m and cp represent the mass and the heat 
capacity, LC and UC represent lower chamber fluid 
and upper chamber fluid, AT is the experimentally 
observed temperature change, and K represents the 
calorimeter cell constant determined separately 
employing known mixtures. A Setaram C-80 calo- 
rimeter was also employed to  independently deter- 
mine cell constants as well as to check specific values 
of the experimental mixtures investigated. 
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Table IV 
Employed for the Polymers in This Study 

Low Molecular Weight Analogs 

Polymer Analog 

Poly(viny1 acetate) 
Polyethylene 
Poly(acry1ic acid) 
Poly(acry1ic acid) 
VAE (60 wt % VAc) 
VAE (85 wt % VAc) 
VAE (75 wt % VAc) 
Poly(methy1 acetate) 
Poly(ethy1 acrylate) 
Poly(n-butyl acrylate) 
Poly(2-ethylhexyl acrylate) 
Poly(methy1 methacrylate) 

Ethyl acetate 
Hexane 
Acetic Acid 
Propionic Acid 
Hexyl acetate 
iso-Propyl acetate 
see-Butyl acetate 
Methyl propionate 
Ethyl propionate 
Butyl propionate 
2-Ethylhexyl propionate 
Methyl isobutyrate 

t 4 

RESULTS 

The comparison of VAE copolymers with known 
PVAc miscible blends was conducted with PVF2, 
PEO, and nitrocellulose. The dynamic mechanical 
data are illustrated in Figure 1 for a 50/50 VAE (30 
wt % ethylene)/PVF2 blend showing a single T, and 
the disappearance of the low temperature peak ( T,) 
at -40°C for PVF2. The dynamic mechanical data 
for a 50/50 VAE (30% ethylene) /PEO blend are 
illustrated in Figure 2 showing a single Tg for the 

TPC) 

Figure 2 Dynamic mechanical data for a VAE (30 wt 
% ethylene)/PEO 50/50 (by wt) blend compared with un- 
blended PEO. 

blend and a disappearance of the PEO Tg (-55°C). 
Blends of nitrocellulose with PVAc and VAE (30% 
ethylene) are compared in Figure 3, showing dy- 
namic mechanical results. Both blends exhibit single 
Tgfs, although the nitrocellulose/VAE appears 
broader, thus indicating the onset of microhetero- 
geneity. Thus, VAE (30% ethylene) displays similar 

NITROCELLULOSEIPVAC 50150 
NITROCELLULOSE1 VAE 50150 --- 

Figure 1 Dynamic mechanical data for VAE (30 wt % 
ethylene)/PVF2 50/50 (by wt) blend compared with un- 
blended PVF2. 

-150 -100 -50 0 50 I 0 0  

TPC 1 
Figure 3 Dynamic mechanical data for nitrocellulose 
blends with PVAc and VAE (30% ethylene) 50/50 (by wt). 
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Table V Calorimetry Data 

Polymer 

PVAc 
VAE (70 wt  76 VAc) 

50% VAE (70 wt  % VAc)/50% PVF, 
PVF2 
50% PVAc/50% PEO 
50% VAE (70 wt  % VAc)/5O% PEO 
PEO 

50% PVAe/50% PVFZ 

- 35 
-1 
21 148 
-8 156 
- 161 
36 66 

-10 66 
69 

- 
- 
- 
5.1 
5.8 

12.3 
19.2 
18.8 
36.6 

- 
- 

115 
129 
131 
16 
39 
39 

- 
- 
-6.1 
-7.0 

-11.3 
13.8 
16.9 
33.0 

miscibility with several polymers known to be mis- 
cible with PVAc. The calorimetry results on PVF, 
and PEO blends with PVAc and VAE are compared 
in Table V. The data indicate a higher melting point 
depression for PVF, and PEO in blends with PVAc 
as compared with VAE ( 30% ethylene). This implies 
a higher degree of interaction, as  would be predicted 
by a calculation of the Flory-Huggins interaction 
parameter employing melting point depression data. 
It must be noted that equilibrium melting point data 
would be required to reach a rigorous comparison 
employing this approach. 

The data in Table V indicate minor differences 
in the Tg for the VAE (30% ethylene) blends with 
PEO or PVFp compared to  unblended VAE. This is 
due to the high degree of crystallinity of PEO or 
PVF,, leaving an amorphous phase predominately 
composed of VAE. Additionally, the crystalline re- 
gions have the result of ''pseudo"-crosslinking of the 
residual amorphous phase, thus increasing the Tg. 
This combination yields a Tg value quite similar to 
unblended VAE. As no residual Tg is observed for 
PEO or PVFP, these blends have been judged as 
miscible. 

Polystyrene is immiscible with both PVAc and 
VAE (30% ethylene). With PVAc, it was found that 
a window of miscibility exists with SAA copolymers 
in the range of 18 to > 31 wt % AA. AA levels higher 
than 31 wt % AA were not investigated. Lower AA 
content SAA copolymers (8 and 14 wt % AA) were 
phase-separated in blends with PVAc. Dynamic 
mechanical results on PVAc blends with SAA (22 
and 31 wt % AA) are illustrated in Figure 4, showing 
intermediate Tg's for the blends. The phase behavior 
(T,) using DSC analysis confirmed the dynamic 
mechanical results noted above. 

Utilizing the same SAA copolymers, VAE (30% 
ethylene ) blends were prepared and subjected to dy- 
namic mechanical and calorimetry analysis. With 
VAE, the window of miscibility was shifted to lower 
AA levels (8-22 wt % AA) (Fig. 5). At 31 wt 7% AA, 
phase separation was starting to appear, yielding a 
partially miscible system as illustrated in Figure 6. 
A styrene/ 2-ethylhexyl acrylate /acrylic acid (60/ 
15 / 25) terpolymer exhibited partial miscibility with 

1 o ' O  

I o9 

1 o8 

10.00 

6 

1 .oo 

0.10 

-100 -50 0 50 100 150 

TEMPERATURE eC) 

Figure 4 Dynamic mechanical data for PVAc blends 
with SAA copolymers (22 and 31 wt  % AA) 50/50 (by wt) 
blends. 
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POLYSTYRENE / VAE (50150) 

S:AA 92:WVAE (50I50) 
S:AA 86:14/VAE (50/50) 

- - - _ -  
-.-._, 

0.01 I I I I I J I I  \ \ I  I I,d 
-150 -100 -50 0 50 100 

TYC) 

Figure 5 Dynamic mechanical data for VAE (30 wt % 
ethylene) blends with SAA copolymers (0,8,14 wt % AA) 
50/50 (by wt) blends. 

1 0 ' 0  

1 og 

108 

10.00 

6 

1 .oo 

0.10 

TEMPERATURE eC) 

Figure 6 Dynamic mechanical data for VAE (30 wt % 
ethylene) blends with SAA copolymers (22 and 31 wt % 
AA); 50/50 (by wt) blends. 

VAE (30% ethylene). A small transition exists at  
the Tg of VAE for the blend, indicating that the bulk 
of VAE is phase-mixed with the styrene terpolymer. 

The primary subject of this article involves VAE 
copolymer blends with acrylate-AA copolymers as 
a function of ethylene content and AA level. Ex- 
amples of miscible blends include PVAc and an EA- 
AA (86 / 14 ) copolymer and PVAc and a methyl ac- 
rylate-acrylic acid ( MA-AA ) ( 75 / 25 ) copolymer as 
illustrated in Figures 7 and 8, showing dynamic me- 
chanical results. The VAE (see Table I )  blends with 
the acrylate-AA copolymers (see Table 11) were ex- 
perimentally investigated employing calorimetry 
results to ascertain miscibility. In certain cases, dy- 
namic mechanical results were obtained to confirm 
calorimetry results. There were several cases where 
the Tis  of the VAE copolymer and the acrylate-AA 
copolymer were too close to unambiguously deter- 
mine the phase behavior. Transparency of the sam- 
ples and orientation (to observe stress whitening [if 
phase-separated] ) were employed to estimate phase 
behavior. The results are tabulated in Table VI. 

To analyze the miscibility range that experimen- 
tally exists in the VAE copolymers with acrylate- 
AA copolymers, the following analysis was em- 
ployed: The heat of mixing results were obtained on 
low molecular weight analogs for VAE copolymers 
and ( meth) acrylate-AA copolymers yielding binary 
interaction energy densities ( B  ) tabulated in Table 

ETHYL ACRYLATE-ACRYLIC ACID (8644) 

POLY (VINYL ACETATE) 
- I - . -  EA-AAIPVAc W/50 BLEND _ _ _ -  

tan 

TYC)  

Figure 7 
(86/14 by wt) copolymer blend (50/50 by wt). 

Dynamic mechanical data on PVAc-EA/AA 
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PVAc 

t I I I I I I 

VII. Values of B were obtained from a Van Laar- 
type expression for the heat of mixing: 

PVAdMA-AA(25’LAA) [60/40] - - -_- 

8 
a 
6 

0 1 0 ’ O  
(0 

z 

(0 10s 3 
n 3 
0 
2 
U 

I m 

loB 

-150 -100 -50 0 5 0  100 

TEMPERATURE eC) 

10.00 

6 

1 .oo 

0.10 

B A B  is the binary interaction energy density for 
components A and B ;  V ,  the total volume of the 
mixture; and 4A and 4B, the volume fractions of 
components A and B .  I t  is interesting to note that 
all values except for ethyl acetate-methyl propionate 
are positive. Ethyl acetate-methyl propionate is the 
low molecular analog for the PVAc-poly (methyl 
acrylate) blend, which is known to be miscible. A 
comparison of various binary interaction energy 
densities determined in this study are compared in 
Table VIII with literature values, generally showing 
excellent agreement. The AA analogs (acetic acid 
and propionic acid) showed only qualitative agree- 
ment overall; thus, both values will be compared in 
the ensuing analysis. 

The data in Table VII were utilized for prediction 
Figure 8 
(75/25 by wt) copolymer blend (60/40 by wt). 

Dynamic mechanical data on PVAc-MA/AA of the window of miscibility for VAE copolymer 
blends with acrylate-AA copolymers as a function 

Table VI Miscibility Results on VAE Copolymers with Acrylate-Acrylic Acid Copolymers 

Wt % AA Wt % AA 
VAE Copolymers 

(Wt % VAc) 0 10 40 52 0 10 23 45 

Ethyl acrylate-acrylic acid (EA-AA) 
copolymers Methyl acrylate-acrylic acid (MA-AA) copolymers 

100 
94 
88 
75 
70 
65 
50 

M M I I I M M I 
M I I I I M M I 
M I I I I M M I 
I I I I I M I I 
I I I I I I I I 
I I I I I I I I 
I I I I I I I I 

Wt % AA Wt % AA 

0 13 23 50 0 15 23 33 

2-Ethylhexyl acrylate-acrylic acid 
(2EHA-AA) copolymers n-Butyl acrylate-acrylic acid (BA-AA) copolymers 

100 
94 
88 
75 
70 
65 
50 

I I I I I I I I 
I I M I I I M I 
I I M I I I M I 
I I M I I I M I 
I M I I I I I I 
I I I I I I I I 
I I I I I I I I 

I = immiscible; M = miscible. 
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Table VII 
Between Low Molecular Weight Analogs for VAEs and Meth(acry1ate)-Acrylic Acid Copolymers 

Binary Interaction Energy Densities (B) Determined from Heat of Mixing Measurements 

Values of B in cal/cc 

EA Hexane MP E P  BP 2-EHP MIB 

Hexane 
MP 
E P  
BP 

MIB 
AA 
P A  

2-EHP 

12.21 f 0.32 
-0.21 f 0.03 

0.26 f 0.06 
1.41 f 0.08 
3.12 f 0.19 
0.25 f 0.07 
0.13 f 0.05 
2.27 f 0.16 

- - 

12.15 t 0.29 - 
8.52 k 0.13 
5.29 t 0.25 
2.53 f 0.13 
8.12 f 0.25 

6.50 f 0.25 

0.06 f 0.00 
0.86 f 0.02 
2.53 k 0.02 
0.25 f 0.09 

10.95 * 0.28 1.61 t 0.04 
3.26 f 0.13 

- 
0.22 f 0.05 

1.34 
0.04 f 0.03 
1.75 k 0.13 
2.20 f 0.08 

- 
- 

0.17 
0.32 f 0.07 
2.32 f 0.05 
1.48 f 0.15 

- 
1.38 k 0.02 
3.54 f 0.13 

1.65 

- 
1.83 f 0.17 
2.29 f 0.07 

EA = ethyl acetate; M P  = methyl propionate; E P  = ethyl propionate; B P  = butyl propionate; 2-EHP = 2-ethylhexyl propionate; 
MIB = methyl isobutyrate; AA = acetic acid; PA = propionic acid. 

of ethylene and AA content. The acrylates chosen 
for this comparison were MA, EA, n-butyl acrylate 
(BA)  , and 2-ethylhexyl acrylate (2EHA).  For the 
condition of blends of two random copolymers 
[ ( A x B l - ~ ) m / ( C J l - y ) n ] ,  six independent BAB values 
were determined. The effective interaction energy 
density parameter for the blend, B ,  can be deter- 
mined from a mean field approach: 

B =  

where x and y represent variation in copolymer 

composition based on the volume fraction. The ef- 
fective B values were determined for the various co- 
polymer-copolymer blends and 2-D plots were gen- 
erated displaying the variation of B with copolymer 
composition. For simplicity, only the contour line 
where B = 0 is displayed. Values inside the contour 
are negative, thus predicting the region of miscibil- 
ity. This represents the minimum criteria for mis: 
cibility at high (infinite) molecular weight. The 
predictions described above are illustrated in Figures 
9-12 for VAE with MA-AA, EA-AA, BA-AA, and 
2EHA-AA copolymers, respectively. Note that these 
figures are for copolymer compositions based on 
volume fraction. Table VI lists the copolymer com- 
position in wt  %. For MA-AA copolymers, the pro- 
pionic acid analog for AA yields slightly better 

Table VIII 
Literature Values 

Comparison of Binary Interaction Energy Densities (B) with 

B Literature Value B 
(cal/cc) (cal/cc) (Ref.) 

Methyl propionate-toluene 
Methyl propionate-ethylbenzene 
Ethyl propionate-toluene 
Ethyl propionate-ethylbenzene 
Toluene-propionic acid 
Ethylbenzene-propionic acid 
Ethylbenzene-acetic acid 
Ethyl acetate-heptane 
Acetic acid-hexane 

Acetic acid-heptane 

0.76 
1.81 

-0.64 
0.13 

-0.20 
0.25 
2.66 

11.43 
10.95 

9.30 

0.72 (31) 
1.74 (31) 

-0.60 (31) 
0.12 (31) 

-0.24 (31) 
0.57 (31) 
3.19 (31) 
11.8 (28) 
6.73 (32) 

10.38 (33) 
9.40 (32) 

11.34 (33) 
9.21 (34) 
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“ I  5 MISCIBLE 

0 - INCREASINGEWMENECOMEM ------) 1 

VAE COPOLYMER 

Figure 9 Miscibility prediction for blends of VAE co- 
polymers with MA-AA copolymers based on heat of mix- 
ing data. Predicted miscible compositions enclosed by 
(-) were obtained when AA analog = acetic acid. Pre- 
dicted miscible compositions enclosed by (- - -) were ob- 
tained when AA analog = propionic acid. Copolymer com- 
positions are in volume fraction. 
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VAE COPOLYMER 

Figure 10 Miscibility prediction for blends of VAE co- 
polymers with EA-AA copolymers based on heat of mixing 
data. Predicted miscible compositions enclosed by (-) 
were obtained when AA analog = acetic acid. Predicted 
miscible compositions enclosed by (- - -) were obtained 
when AA analog = propionic acid. Copolymer composi- 
tions are in volume fraction. 
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VAE COPOLYMER 

Figure 11 Miscibility prediction for blends of VAE co- 
polymers with BA-AA copolymers based on heat of mixing 
data. Predicted miscible compositions enclosed by (-) 
were obtained when AA analog = acetic acid. Predicted 
miscible compositions enclosed by (- - -) were obtained 
when AA analog = propionic acid. Copolymer composi- 
tions are in volume fraction. 
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Figure 12 Miscibility prediction for blends of VAE co- 
polymers with SEHA-AA copolymers based on heat of 
mixing data. Predicted miscible compositions enclosed by 
(-) were obtained when AA analog = acetic acid. Pre- 
dicted miscible compositions enclosed by (- - -) were ob- 
tained when AA analog = propionic acid. Copolymer com- 
positions are in volume fraction. 
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agreement of prediction with experimental results. 
For EA-AA copolymers, both analogs yield only a 
qualitative agreement with experimental results, 
with acetic acid overpredicting the size of the mis- 
cibility window. For BA-AA, propionic acid predicts 
the size of the window, but it is displaced from the 
observed experimental window. For 2EHA-AA co- 
polymers, the poorest agreement of prediction with 
experimental results is observed. Overall, the pre- 
dicted results give only qualitative agreement with 
experimental results, predicting a window of mis- 
cibility in roughly the small area as experimentally 
observed miscibility. However, the shape and overall 
size of the predicted window does not show quan- 
titative agreement. Propionic acid yields a better 
overall prediction of miscibility than does acetic acid 
as an AA analog. 

It is not unexpected that the heat of mixing pre- 
dictions based on the Van Laar expression presented 
earlier, results in problems with prediction of mis- 
cibility for AA-containing  copolymer^.^^ In both the 
low molecular weight model compounds and the 
polymeric blends, the association of acid groups 
through dimerization or other secondary structures 
results in a significant enthalpy of mixing which is 
insufficiently accounted for in the calculation of the 
binary interaction ( B )  values. It is not possible, 
through this analysis, to separate the relative con- 
tributions of these various inter- and intramolecular 
associations. In this work, the heat of mixing mea- 
surements were used as a guide to the compositional 
variables which were then sampled experimentally 
by the synthesis of appropriate copolymers and the 
preparation of representative blends. The utility of 
the analysis is apparent from its prediction of the 
existence of miscibility windows and the proximity, 
although not quantitative, of those predictions to 
experimentally observed miscible compositions. 

In the comparison of the binary interaction en- 
ergy densities (B)  for the model compounds, the high 
positive value of ethyl acetate (VA analog) and hex- 
ane (ethylene analog) yields the large value of BAH 
[eq. (3)] required to yield an overall negative B. Ad- 
ditionally, the values of Bcu are favorable for yielding 
an additional contribution leading to a negative 
value for B. This analysis indicates that the window 
of miscibility is due to specific rejecxions involving 
unfavorable interactions between the constituent 
comonomer units of the blend copolymers. 

To determine if any specific carbonyl/carboxylic 
acid interactions existed in these blends, infrared 
spectra were obtained on representative acrylate- 
AA copolymer blends with VAE. Inspection of the 
resultant spectra revealed no separate peaks due to 

complex formation between the two components. 
The acetate carbonyl region was then inspected for 
shifts relative to the unblended VAE copolymer. 
Again, no significant shifts were observed. Some 
small changes in the absorption maximum, less than 
2 cm-', were noted, but these were within the res- 
olution of the collected spectra and could not there- 
fore be used to quantify any complex formation. Al- 
though it is expected that some specific interaction 
between the ester and carboxylic acid exists in these 
blends, the low concentration of the acid function- 
ality in the materials makes spectroscopic identifi- 
cation of the complexes difficult. 

In the case where only homopolymers of 
(meth)acrylates are considered [e.g., (1 - y )  = 01, 
eq. (3) reduces to three terms. The predicted values 
for B as a function of ethylene content in VAE 
copolymers for blends with poly(meth)acrylates 
are illustrated in Figure 13. These results agree 
with experimental data in that PVAc is predicted 
to be miscible with only poly(methy1 acrylate). 
VAE is predicted to be immiscible with the 
poly( meth)acrylates, except for poly(methy1 meth- 
acrylate) (PMMA) around 15 wt % ethylene in VAE; 
however, no experimental sample exhibited misci- 
bility. The transition from miscibility to phase sep- 
aration for poly( methyl acry1ate)-VAE occurs above 
12% ethylene in VAE, thus showing good agreement 
of predicted vs. experimental results. 

Other blends investigated in this study involved 
MMA-AA copolymers. Somewhat surprisingly, no 
MMA-AA copolymer blends with VAE or PVAc 
were observed. As poly(ethy1 acrylate) and PMMA 
are isomeric, the comparison of their respective 
compound heat of mixing results (ethyl propionate 
and methyl isobutyrate) was made. Comparison of 
the binary interaction energy densities (see Table 
VII) for binary mixtures employing ethyl propionate 
or methyl isobutyrate with the remaining members 
of the database revealed similar results. Subse- 
quently, the miscibility predictions of VAE/EA-AA 
and VAE/MMA-AA are quite similar, although the 
experimental observations are quite different. This 
indicates that structural features are quite important 
and not capable of being adequately treated by the 
analog heat of mixing approach. 

Although not exhaustively studied, substitution 
of methacrylic acid for AA did not reveal any mis- 
cible blend combinations. Styrene/maleic anhydride 
(maleic acid) (maleic anhydride content 25 and 50 
wt %) blends were found to be miscible with PVAc. 
Styrene/allyl alcohol (6 and 8% ally1 alcohol) gave 
phase-separated blends. In addition, PVAc blends 
with VAE (30% ethylene) were phase-separated. A 
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Figure 13 
based on heat of mixing data. 

Miscibility predictions for blends of VAE copolymers with poly(meth) acrylates 

styrenela-methyl styrene/AA copolymer (1/1/1) 
blend with PVAc was phase-separated. 

CON CLUS 10 N S  

The miscibility profile of VAE copolymers up to 30 
wt % ethylene is quite similar to PVAc. PVF2, PEO, 
and nitrocellulose previously noted to be miscible 
with PVAc maintain miscibility with VAE (30 wt 
% ethylene); however, the degree of interaction ap- 
pears reduced. 

PVAc is immiscible with polystyrene and various 
homopolymer polyacrylates with the exception of 
poly (methyl acrylate) . Addition of AA to polysty- 
rene and polyacrylates results in ranges of miscibility 
at low AA content. VAE copolymers also exhibit 
windows of miscibility with styrene and acrylate co- 
polymers containing AA. Heat of mixing results uti- 
lizing analog heat of mixing procedures yield only 
qualitative agreement with the observed experi- 
mental phase behavior. This is believed partially due 
to the differences between the low molecular weight 
analog compound acid dimerization compared to 
their high molecular weight structures. Based on the 
heat of mixing studies, only VA-MA mer units ex- 
hibit negative interaction energy densities for the 
model compounds, thus implying specific interac- 

tion. The miscibility of acrylate-AA copolymers with 
VAE copolymers is thus proposed to be due to spe- 
cific rejections involving more unfavorable inter- 
actions (positive B) between the comonomer units 
of the respective copolymer than the interactions 
between these units and comonomer units of 
the blended polymer. Miscibility of PVAc and 
poly (methyl acrylate) , however, can be explained 
via a weak specific interaction. 
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