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Synopsis 
The effect of pigments on the vapor sorption characteristics of a noncrosslinked polymer 

[poly(vinylacetate)] and a highly crosslinked polymer (epoxy type) were investigated. 
The fillers used in this study were a polar surface (titanium dioxide) and a nonpolar 
surface (copper phthalocyanine blue). With both polar and nonpolar fillers, a marked 
decrease in the sorption of organic vapors was noted a t  low relative pressures, even with 
very low filler content. At high vapor pressures, the sorption isotherm of the filled 
polymer approaches that of the unfilled polymer. It was also noted that the shape of 
the sorption isotherm of the filled polymer closely resembles that of the pure polymer 
below its glass transition temperature. The experimental results are discussed in terms 
of the partial immobilization of the polymer segments in the presence of fillers, as a re- 
sult of the reduced number of possible configurations of the polymer chains. 

I. INTRODUCTION 

The effect of filler incorporation on the physical and mechanical proper- 
ties of polymers has been the subject of many investigatins. For example, 
the incorporation of glass beads into polyisobutylene and polyurethane 
leads to increases in the glass transition temperatures (T,) of the polymers.' 
The storage and loss modulus, the small deformation and ultimate tensile 
properties of these filled polymers can be represented by master curves 
along with a WLF-type equation which is a near-universal function of the 
glass temperature.' The increase in T ,  appears to be dependent on the 
volume fraction of the filler in the system and is probably due to the immo- 
bilization by adsorption of t,he polymer segments close to the surface of the 
filler particles. Additional examples of increases in T ,  have been reported 
for polystyrene and poly(methy1 methacrylate) filled with glass powder.2 
The observed changes in T ,  of poly(viny1 chlorideacetate) copolymer upon 
incorporation of titanium, dioxide were also reflected in the changes in the 
temperature coefficients of gas diffusion through the polymer at. T,.3 On 
the other hand, gum r ~ b b e r , ~  polyisobutylene,5 acrylontrile rubber,5 and 
cis-polybutadiene5 filled with carbon black do not exhibit changes in glass 
transition temperatures. 

( I )  Is the immobilization effect 
present in filled polymer systems where increases in T ,  are not observed? 
How can the effect be demonstrated? (2)  Is there any method one can use 
to estimate the degree of immobilization? 

Several quest,ions remain unanswered. 
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I n  this laboratory, we have attempted to study solid-polymer interaction 
by the vapor sorption method. Poly(viny1 acetate), Epon-amine polymer 
(crosslinked) filled wit.h titanium dioxide, and copper phthalocyanine were 
studied. To minimize the complication of higher order particle-particle 
interaction, low filler contents (volume fraction l-lO’%) were used. For 
each system, the To of the filled polymer is within 2OC. of that of the cor- 
responding unfilled polymer; the difference is probably within the range of 
experimental uncertainty. Nevertheless, differences in the vapor sorption 
isotherm of filled and unfilled polymers were observed. 

II. EXPERIMENTAL 

Materials 

Poly(viny1 acetate) (AYAT from Union Carbide and Carbon Corpora- 
tion) was dissolved in toluene. Dispersion of titanium dioxide (Rutile 610, 
Dupont, average size 0 . 2 ~ )  or copper phthalocyanine (Interchemical 
Corporation, average size 0.05~) in poly(viny1 acetate) solution was pre- 
pared by the use of a three-roller mill. Films were drawn on tin foil, al- 
lowed to stand in a desiccator overnight, and then dried at  60OC. for two 
days. 4,4’-Bisglycidylphenyl2,2’-propane (Shell Chemical Company) and 
1,6-hexanediamine (Matheson Coleman and Bell Company) were mixed in 
stoichiometric proportions to prepare the crosslinked epoxy films. The 
detailed procedure was described elsewhere.6 In the preparation of filled 
epoxy films, the filler was dispersed in a solution of 4,4’-bisglycidylphenyl 
2,2’-propane. Reagent grade solvents were used in film preparation and 
vapor sorption experiments without further purification. 

Glass Transition Temperatures 

The glass transition temperatures of the two polymers were determined 
by a dilatometric method. 

Vapor Sorption Experiments 

The vapor sorption of the polymer film was measured by means of a 
quartz helix microbalance described by Prager and Long.’ The final pres- 
sure and the amount of vapor sorption by the sample were recorded when 
the weight gain was less than 0.005 mg. (for a polymer sample of 50-100 
mg.) overnight. 

111. RESULTS AND DISCUSSION 

The glass transition temperatures of poly(viny1 acetate) and the epoxy 
polymer were determined to be 22 and 54OC. respectively. Within the 
range of pigment volume concentration used in the present study (1-12%), 
no change in the T ,  of the polymer was observed. 

Typical sorption isotherms for acetone in poly(viny1 acetate) are shown 
in Figure 1. At temperatures above the To of PVAc, the isotherms appear 
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Fig. 1. Sorption of acetone by poly(viny1 acetate): (1) unfilled, 4OOC.; (2) unfilled, 
2OOC.; (3) filled, 12.1% TiOz, 20°C.; (4) filled, 12.1% TiOz, 3OOC.; (6) filled, 12.1% 
TiO,, 40°C.; ( 6 )  filled, 12.1% TiOz, 50°C. 

to obey the solution theory of Flory and Huggim8 The temperature co- 
efficient of equilibrium sorption is slightly negative.8 In the glassy state, a t  
20°C., poly(viny1 acetate) sorbs practically no acetone a t  low vapor pres- 
sures; in addition, desorption hysteresis is noticed. It is possible that 
within the time scale of our experiments, the system is not at  its equi- 
librium state at low vapor pressures. Sorption of acetone by PVAc at  
20°C. becomes noticeable at  PIP0 = 0.20 and increases sharply thereafter. 
The acetone-PVAc isotherm a t  20°C. bears great resemblance to that of 
chloroethane sorption by poly(viny1 chloride) glass and to that of ethyl- 
benzene sorption by low molecular weight polystyrene compact glass, as 
reported by Kargh9 According to Kargin, the sharp rise in vapor sorption 
by a glassy polymer occurs when the concentration of the sorbed vapor in 
the polymer is sufficient to “melt” or “plasticize” the glass. 

The sorption isotherms of acetone by TiOz-filled PVAc at  30, 40, and 
5OOC. (Fig. 1) resemble the isotherm for acetone sorption by the unfilled 
polymer below its T,. While the amount of acetone sorbed by the unfilled 
polymer was reporteds to decrease very slightly with increasing tempera- 
ture, the sorption by the filled polymer shows a positive temperature co- 
efficient at  low vapor pressures. The difference in the temperature de- 
pendence of acetone sorption may be construed as evidence suggesting 
different mechanisms of sorption. The isotherms for the filled and the 
unfilled PVAc tend to become identical above P/P,  of 0.23, 0.17, and 0.12 
30, 40, and 5OoC., respectively. 

The isotherm for acetone sorption by Tiorfilled PVAc at  2OOC. does not 
differ greatly from the corresponding isotherm for the unfilled polymer. 
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Fig. 2. Sorption of acetone by poly(viny1 acetate): ( 1 )  unfilled, 30°C.; ( 2 )  filled, 19.5% 
copper phthalocyanine, 30°C. 

Figure 2 shows the sorption of acetone by PVAc filled with 19.5% by 
volume of copper phthalocyanine. The general characteristics of the iso- 
therm are similar to those found in the sorption by the TiOz-filled polymer. 

The sorption isotherms of chloroform by the unfilled and the filled epoxy 
polymers are shown in Figures 3 and 4. The isotherm at 50°C., below the 
II', of the polymer, again shows desorption hysteresis in the low vapor 
pressure region. The reduction in sorption is noticeable a t  low vapor pres- 
sures even when the volume fraction of the filler is as low as 1%. In addi- 
tion, the decrease in vapor sorption at  low vapor pressures is proportional 
to the amount of the filler incorporated. 

The application of Bueche's theory1° of filler reinforcement to our experi- 
mental data results in the untenable conclusion that there are 100 times 
more polymer segments attached to the filler than can possibly be accom- 
modated on the filler surface. It may be postulated that the reduction in 
the number of possible configurations of the polymer chains upon absorp- 
tion onto the filler surface imparts effectively glasslike properties to the 
polymer, although the filled polymer may have the same dilatometric T ,  as 
the unfilled polymer. It is conceivable that the theory of rubber elasticity 
may be inapplicable, under the experimental conditions, to the polymer- 
vapor mixture which is in the glassylike, nonequilibrium state at  low vapor 
pressures. The vapor pressure at which the concentrations of acetone 
sorbed by the filled and the unfilled polymer become identical may have 
similar significance as the critical volume concentrationll in a polymer- 
diluent system at which the diffusion of the diluent becomes Fickian. 

For the filled polymer to exhibit glasslike properties, the influence ex- 
erted by the filler particles probably is not limited to the immediate vicinity 
of the particle surface. The mechanism by which the adsorption of poly- 
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Pig. 3. Sorption of chloroform by epoxy polymer: (1) unfilled, 60°C.; (2 )  filled, 1.06%, 
TiOz, 6OOC.; (3) filled, 2.37% TiOz, 60°C.; (4) filled, 4.41% TiOz, 60°C.; (6) unfilled 
50°C. 

mer molecules on the filler surface reduces the number of possible con- 
figurations of the polymer molecules in a substantial portion of the polymer 
sample is admittedly not clear. It may be likened to a mechanical chain 
with two ends anchored on two filler particles, each polymer coil being de- 
picted as a link in the chain. The mobility of such a mechanical chain is 
greatly reduced. It should also be mentioned that recent viscosity studies 
of dilute polymer solutions by ohrn,’2 Takeda,I3 Hugue,I4 and Tuijnam 
and Hermans’s led to  the interpretation that the adsorbed polymer layer 
on glass capillary had an “apparent” thickness of the order of 1000 A 
Stromberg and co-workers] obtained the thickness of adsorbed poly- 
styrene on chrome plate by ellipsometry to be about, 200 A. While the 
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Fig. 4. Sorption of chloroform by epoxy polymer: (1 )  unfilled, 60°C.; (2) filled, 
1.26% copper phthalocyanine, 6OOC.; (3) filled, 3.43% copper phthalocyanine, 60°C. 

physical significance of the thickness of the adsorbed polymer layer on solid 
surfaces is still clouded, it seems reasonable to conclude t.hat the polymer 
molecules at  a distance up to -lo3 A. from a solid surface may possess 
properties different from the unfilled polymer. It is our postulate that 
these polymer molecules near the solid surface have sorptive properties 
analogous to those of glassy polymers. An increase in the number of per- 
missible configurations of the polymer chains appears to occur when a 
critical concentration of the sorbed vapor in the filled polymer is reached. 
The plasticization of the filled polymer by the solvent vapor and the 
weakening of the polymer-filler interaction due to possible competitive 
adsorption of the solvent molecules on the filler surface may both be opera- 
tive in bringing about the increase in the number of possible configurations 
of polymer molecules near the filler surfaces. 
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If the sorptive properties of polymer molecules near filler surface may be 
regarded as analogous to those of glassy polymers, the following method is 
proposed to estimate the extent of immobilization of polymer molecules in 
a filler-polymer mixture. Let A0 be the amount of vapor sorbed by the un- 
filled polymer above its T ,  at  a given vapor pressure P, A ,  be the amount of 
vapor sorbed by the unfilled polymer below its To at  P, and A be the 
amount sorbed by the filler polymer a t  P. The three quantities are related 
by equation:’ 

A = (1 - ~ ) A o  +fAo (1) 
where f is the fraction of the polymer in a filled sample that possessed glass- 
like sorptive properties. At low vapor pressures, A ,  is negligible compared 
to A,; one may write: 

A (1 - f)Ao GZ (1 - a ~ ) A o  (2) 

where x is the weight of the filler particle per unit weight of the polymer in 
the filler sample and a is the weight of the “glasslike” polymer induced by 
a unit weight of the filler. A plot of A / A o  versus z will yield a straight line 
with a slope of -a. The sorption results of chloroform in Ti02-filled 
epoxy polymer agrees with eq. (2) well for data obtained at  P/Po less than 
0.3. The value of a is about 4.1. The a value for copper phthalocyanine 
filled epoxy polymer is about 5. The thickness t of the glasslike layer of 
epoxy polymer near the filler surface may be estimated from a, the den- 
sity, and the particle size of the filler. The values of t are 1500 and 500 A. 
for Ti02 and copper phtha.locyanine, respectively. The magnitude of t is 
of the order of the diameter of the filler particle. 

In principle, a may be used as a measure of the immobilization effect 
caused by the filler particles. It is premature a t  present, however, to assess 
the general validity of our postulate and the relation of a to the physical 
constants of the filler and the polymer. A study of the effect of surface 
area and surface forces of the filler is in progress. 
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RBsumB 
On a Btudit? l’effet des pigments sur les caractBristiques de sorption de vapeur d’un 

polymkre non-rBticul6 (acBtate de polyvinyle) e t  d’un polymkre fortement rBticul6 (type 
Bpoxy). Les charges utilisBes dans cette Btude sont une surface polaire (dioxyde de 
titane) e t  une surface non polaire (bleu de cuivre phthdocyanine). Avec les charges 
polaires e t  non polaires, on note une diminution marquee dans la sorption des vapeurs 
trganiques il pression relativement faible, m6me avec de trks faibles teneurs en charges. 
A pressions de vapeur BlevBes, l’isotherme de sorption des polymkres charges tend vers 
celle d’un polymbre non charg6. On note aussi que la forme de l’isotherme de sorption du 
polymkre chargB ressemble fortement il celui du polymkre pur en-dessous de sa tempbra- 
ture de transition vitreuse. On discute les rBsultats experimentaux sur la base d’une 
immobilisation partielle des segments de polymkre en prBsence de charges, comme rB- 
sultant du nombre rBduit de configurations possibles des chaines de polymkre. 

Zusammenfassung 
Der Einfluss von Pigmenten auf die Dampfsorptionscharakteristika eines nicht ver- 

netzten Polymeren (Polyvinylacetat) und eines hoch vernetzten Polymeren (Epoxytyp) 
wurde untersucht. Die bei dieser Untersuchung beniitzten Fiillstoffe besassen eine 
polare (Titandioxyd) und eine nicht polare (Kupferphthalocyaninblau) Oberflache. 
Sowohl mit dem polaren als auch mit dem nicht polaren Fiillstoff wurde bei niedrigem 
relativen Druck, sogar bei sehr geringem Fiillstoffgehalt, eine deutliche Abnahme der 
Sorption von organischen Diimpfen festgestellt. Bei hohen Dampfdrucken naherte sich 
die Sorptionsisotherme des gefiillten Polymeren derjenigen des ungefullten. Ausserdem 
wurde festgestellt, dass die Gestalt der Sorptionsisotherme des gefiillten Polymeren der 
des reinen Polymeren unter halb seiner Glasumwandlungstemperatur ausserst ahnlich 
ist. Die Versuchsergebnisse werden im Hinblick auf die teilweise Immobilisierung der 
Polymersegmente in Anwesenheit von Fiillstoffen als ein Ergebnis der geringeren Zahl 
von moglichen Konfigurationen der Polymerkette diskutiert. 
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