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Figure 5. Percent ion intensity (MS) w. percent peak area (GC) 
for each cyclic dimethylsiloxane present in two mixtures (0): n 
= 3 (24%), n = 4 (48%), n = 5 (28%); (0): n = 3 (62%), n = 
4 (28%), n = 5 (9%), n = 6 (1%). 

It is interesting to note that the product distribution 
obtained by DP-MS is similar to that observed in flash 
pyrolysis14 and TGA13 experiments. 
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Thermal Degradation of the Blend 
Poly(2,6-dimethyl-l,4-phenylene oxide)-Polystyrene 
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ABSTRACT: Thermal decomposition of blends of poly(2,6-dimethyl-l,4-phenylene oxide) (PPO) with 
polystyrene (PS) and graft copolymers of PS with PPO under vacuum or in an inert atmosphere in the 
temperature range 320-380 OC has been examined. The overall character of the process has been investigated 
by using nonisothermal techniques such as thermogravimetric analysis and thermal volatilization analysis. 
It has been shown that polystyrene is stabilized in the presence of PPO and that the temperature of the maximum 
rate of PS decomposition is shifted toward higher temperatures. More precise analysis of the composition 
of degradation products and the shape of isothermal thermogravimetric curves indicate the following elementary 
steps of PS decomposition in the presence of PPO: initiation bymndom scission, propagation by unzipping 
and intramolecular chain transfer, and f i t -order  termination. Phase structure of the blend and the abundance 
of labile PPO protons eliminate the process of intermolecular chain transfer. It has also been shown that 
the presence of P P O  interferes with the process of intramolecular hydrogen transfer. 

1. Introduction 
Thermal decomposition of a polymer blend is not, in 

general, the superposition of the processes of degradation 
of its pure components. Several publications have been 
devoted to studies of the interactions between degrading 
components of polymer blends, for  example, for  the fol- 
lowing systems: poly(methy1 methacrylate)-poly(viny1 
chloride),' polystyrene-poly(viny1 chloride) ,2 poly- 
styrene-poly(ct-methylstyrene),3 and polystyrene-poly- 
(ethylene g l ~ c o l ) . ~  Blends of poly(2,6-dimethyl-l,4- 
phenylene oxide) with polystyrene are of particular intrest 
due to their complete homogeneity6 and broad commercial 

* Present address: Clairol, Inc., Stamford, CT 06922. 

use. Thermal degradation of this system has not been 
examined so far. The aim of this paper is to investigate 
the observed stahilization effect of polystyrene in mixtures 
with PPO during thermal degradation. 

2. Experimental Section 
2.1. Materials. The two samples of polystyrene used 

throughout this work were prepared in a free radical polymeri- 
zation (sample 1: M, = 172000, M,, = 100000, M,/M,, = 1.72; 
sample 2: M, = 840000, M,, = 450000, M,/M,, = 1.87). M, 
molecular weights were determined by the use of a viscosimetric 
method in toluene (25 "C, K = 1.16 X lo4, a = 0.726). M,, 
molecular weights were determined by membrane osmometry. 
The molecular weight distribution of these samples is, thus, in- 
termediate between 'the most probable" and that resulting from 
termination by recombination. 

0024-929718412217-1315$01.50/0 0 1984 American Chemical Society 
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Figure 2. Differential thermogravimetric cwes :  (1) experimental 
curve for 60% PPO-40% PS; (2) theoretical curve for the same 
blend obtained from the superposition of the thermogravimetric 
curves of pure PPO and PS. 
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Figure 1. Nonisothermal thermogravimetric curves (heating rate 
10 "C/min) of PS, PPO, and PPO-PS blends. 
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PPO was obtained from the Institute of Industrial Chemistry 
(Warsaw, Poland) and had been prepared by oxidative polycon- 
densation of 2,6-xylenol (M,  = 41 500, M,, = 20000). Prior to use 
the polymer was purified by three reprecipitations from benzene 
solution by methanol and dried overnight at 60 "C under vacuum. 

Description of the samples of graft copolymers of PS with PPO 
is in the paper on the phase structure of the system PPO-PS.5 

Foils of the blends were prepared by casting on a hot plate 
PPO-PS solutions of appropriate composition in toluene. For 
pure PPO, the temperature of the plate cannot be lower than 80 
"C, for at lower temperatures, PPO crystallizes. In the case of 
the blends, the temperature of film casting can be lower (60-80 
"C). Degradation studies were performed on thin films of 
thickness 15-20 Fm. The films were extracted with methanol in 
order to remove residual solvent and dried for a few days a t  60 
"C under vacuum. 

2.2. Thermal Decomposition. Nonisothermal degradation 
of the blends and copolymers was investigated by thermogravi- 
metric analysis (TGA) using a Perkin-Elmer thermobdance TGS-1 
in a nitrogen atmosphere in the temperature range 25-500 "C. 
The weight of the samples was 4 mg and the rate of heating 8 
"C/min. Isothermal rates of volatilization were determined by 
using 20-mg samples in a vacuum (lo-' mmHg) and a thermo- 
balance similar to that described by M a d ~ r s k y . ~  Temperatures 
were in the range 300-360 "C. For molecular weight measure- 
ments of the residues, 400-mg samples were pyrolyzed under 
vacuum a t  368 OC. The time scale of the experiment, depending 
upon the temperature of degradation, ran from 1 to 5 h. In the 
region 0-15% conversion the temperature was not constant, since 
the sample was being heated from room temperature to the 
temperature of the experiment, so experimental points taken 
within this region of conversions were not taken into consideration. 

In order to obtain degradation products for gas chromatographic 
and mass spectroscopic analysis, 100-mg homopolymer and blend 
samples were degraded under vacuum ( low3 mmHg) in sealed 
tubes. Volatile degradation products trapped out a t  liquid ni- 
trogen temperature as well as the cold ring fraction were washed 
out with a solvent (methylene chloride or benzene). The solution 
of the degradation products was subsequently subjected to mass 
spectroscopic analysis and gas chromatographic separations. 

2.3. Analytical Techniques. Gas-liquid chromatography 
analysis was carried out with a GCHF 18.7 gas chromatograph 
equipped with a flame ionization detector. For all separations, 
2-m columns packed with 5% SE-30 or 10% OV-101 coated on 
glass beads were used. Programed heating was used from 30 to 
250 "C a t  a heating rate of 8 "C/min. 

Mass spectrometry and gas chromatrography-mass spectrom- 
etry analysis was carried out with a 2091 LKB gas chromato- 
graph/mass spectrometer connected to PDP 11 digital computer. 

3. Results and Discussion 
3.1. Phase Structure of Blends and Graft Co- 

polymers. T h e  analysis of phase structure of t he  blends 

6ot .t 

0 20 40 60 80 100°/oPPO 

Figure 3. Activation energies of decomposition for the PPO-PS 
blends and copolymers calculated from nonisothermal thermo- 
gravimetric curves by the method of Freeman and Carrol (FC/n) 
and Fuoss (F) as a function of composition. 

a n d  graft copolymers on t h e  basis of dilatometric mea- 
surements is given in our preceding paper.5 It was found, 
in accordance with other l i terature data,8 that physical 
mixtures of PPO-PS formed homogeneous systems over 
t h e  whole composition range. In contrast  t o  physical 
blends, graft copolymers of PS with PPO were determined 
t o  be  two-phase systems. 

3.2. Nonisothermal Thermogravimetric Analysis. 
Integral thermogravimetric curves for t h e  blends of dif- 
ferent compositions are shown in Figure 1 ( Wo is the  initial 
weight of t h e  sample and  W is t h e  weight of t he  sample 
at conversion C). It may be concluded from Figure 1 tha t  
PPO is more stable than  PS, and the TGA curves for t he  
blends are si tuated between the  curves obtained for pure  
PPO and PS. T h e  addition of small amounts  of PS t o  
PPO decreases i ts  stability only slightly, while t h e  same 
amount  of PPO added to PS causes an important increase 
of stability of this polymer. T h e  effect of PS stabilization 
by PPO can be  better illustrated by plotting differential 
thermogravimetric curves (DTG). Figure 2 shows t h e  
comparison of t h e  D T G  curve obtained from simple su- 
perposition of t h e  thermogravimetric curves of pure PPO 
and PS with that obtained experimentally for t he  sample 
60% PPO-40% PS. T h e  calculated curve shows two 
distinctly separated maxima while in t h e  case of the  ex- 
perimental  curve, t h e  PS maximum is shifted toward 
higher temperatures  and overlaps t h e  PPO maximum. 
Further support for the  nonlinear effect of PS stabilization 
by  PPO results from t h e  activation energy calculations 
according t o  t h e  methods described by  Fuossg and Free- 
m a n  and Carrol.'O In  Figure 3, calculated activation en- 
ergies for t he  blends and copolymers a re  plotted against 
t he  blend and copolymer composition. It is evident from 
t h e  da t a  shown in Figure 3 that t h e  physical structure of 
PPO-PS mixtures has no  effect on t h e  kinetics of their 
decomposition (no  difference between blends and  co- 
polymers). 
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Chart Ia 
dimer ( 2 , 4 -  diphenyl- I -  butcne) 

m / e  208 (loo), molecular ion 

m/e  130 (78 ) ,  CHz=C-CH=CA '  

I 

I 

I 

C6H5 

m / e  117 (24), C H Z = C - C q '  

C6H5 

m / e  104 (541, C H z = C q I '  

C6H5 

t r i m e r  (2 ,4 ,  6- t r ipheny l -1 -  hexene) 

m / e  312 (13), molecular ion 

m / e  221 (131, CH,=C-CH2-CH - C q '  

I 
C6H5 

m / e  207 (loo), C H ~ = C - C H Z - C ~ H ~  

I 
C6H5 

I lt 
C6H5 

m / e  194 (83). H C = C H - C q '  

I I 

I 

C6H5 C6H5 

m / e  117 (96). C H 2 = C - C q i  

C6H5 

a C,H, = tropylium ion. The values given in 
parentheses are relative intensities. 
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Figure 4. Mass spectra (15 eV) of the degradation products of 
(a) PS (b) 50% PS-50% PPO. 

3.3. Degradation Products. The mass spectrum of 
the degradation products of PS, obtained by injecting the 
mixture of the degradation products directly into the ion 
source evaporator, is shown in Figure 4a. The presence 
of oligomeric species is a result of intramolecular proton 
transfer. On the basis of literature data,"" it can be de- 
duced that the general formula of the formed fragments 
are the following: 

C6H5 C6H5 

dimers: n = 1, M' 196, 208 
trimers: n = 2, M' 300, 312 
tetramers: n = 3, M' 404, 416 
pentamers: 
hexamers: n = 5, M+ 612, 624 

n = 4, M' 508, 520 

The above oligomers cannot be immediately seen in the 
mass spectra shown in Figure 4a as the molecular ions 
undergo strong fragmentation. To facilitate analysis of the 
mass spectrum shown in Figure 4a, the fragmentation 
patterns of the separated dimer (2,4-diphenyl-l-butene) 
and trimer (2,4,6-triphenyl-l-hexene) have to be taken into 
consideration (Chart I). 

By comparing the mass spectrum of degradation prod- 
ucts of PS in the mass range corresponding to dimeric 
products with the mass spectra of the dimer and trimer, 
one can observe that merely the ions at  m/e 180,196, and 
220 (besides the ion a t  m / e  208) indicate the presence of 
appropriate dimers in the mixture. Dimer of molecular 
weight 220 was not detected in gas chromatography (Figure 
5a). Molecular ions M+ 196 and 208 form a dyad of di- 
meric products, while the compound of M+ 182 was not 
identified (according to ref 11 it is diphenylethane). The 
region of the mass spectrum corresponding to trimeric 
products shows the presence of compounds of molecular 

II 

I1 K 
H 

Figure 5. Gas chromatograms of degradation products. (a) PS: 
(A) ethylbenzene; (B) styrene; (C) a-methylstyrene; (D) product 
of molecular weight 182; (E) 1,3-diphenylpropane; (F) 2,4-di- 
phenyl-1-butene; (G) product of molecular weight 208; (H) 
2,4,6-triphenyl-l-hexene. (b) PS-PPO blend (A) ethylbenzene; 
(B) styrene; (C) a-methylstyrene; (D) 2-methylphenol; (E) 2,6- 
dimethylphenol; (F) 2,4-dimethylphenol; (G) 2,4,6-trimethyl- 
phenol; (H) 1,3-diphenylpropane; (I) 2,4-diphenyl-l-butene; (J) 
dimers from PPO decomposition; (K) 2,4,6-triphenyl-l-hexene. 

weights 300,312, and 324. Trimer of molecular weight 312 
was identified in gas chromatography (Figure 5a). Mo- 
lecular ions M+ 300 and 312 form a dyad of trimeric 
products. The dyads of higher molecular weight oligomers 
cannot be identified directly. I t  is plausible, as has been 
shown for alkylbenzenes, that the relative intensity of 
molecular ion in the mass spectra decreases with the in- 
crease of the chain length.12 The scheme of fragmentation 
of higher oligomers is similar to the schemes suggested for 
2,4-diphenyl-l-butene and 2,4,6-triphenyl-l-hexenee 
Analogously to the formation of the ions mle 194,207, and 
221 from the trimer, its higher molecular weight analogues 
are formed m/e 298,402, and 504, mle 311,415, and 519 
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Figure 6. Yields of formation of (a) PS monomer and (b) PS 
dimer and trimer during degradation of the PS-PPO blends as 
a function of the blend composition. 

and mle 325,429, and 533, respectively. These ions also 
appear in the mass spectrum (Figure 4a). Some of the 
compounds identified in the mass spectrum of degree of 
polymerization lower than 3 were detected in gas chro- 
matograms (Figure 5a). 

The gas chromatogram of the products from the deg- 
radation of the mixture 60% PPO-40% PS is shown in 
Figure 5b. A strong increase of the yield of 1,3-di- 
phenylpropane and simultaneous decrease of the yield of 
2,4-diphenyl-l-butene can be noted in comparison with the 
composition of degradation products of pure PS. Com- 
pounds D, E, F, G, and J are monomeric and dimeric 
degradation products of PPO. The analysis of gas chro- 
matograms of degradation products of blends with higher 
PPO content has shown that the composition of the 
products characteristic for PPO is the same as for pure 

The same conclusions can be drawn from the analysis 
of the mass spectrum of degradation products of the blend 
60% PS-40% PPO (degraded with a heating rate of 10 
“C/min under vacuum). It shows an increase of the rel- 
ative intensity of the ions mle 196 and 300 (1,3-di- 
phenylpropane and 1.3,5-triphenylpentane) (Figure 4b). 

~ ~ 0 . 1 3  

0.02 - 

0 0.2 0.4 0.6 0.8 1.00 0.2 0.4 0.6 0.8 10 

Figure 7. Isothermal differential thermogravimetric curves for 
PS (a) and PS degraded in the system 80% PS-20% PPO (b). 

In the higher molecular mass region the molecular ions 
mle 404 (1,3,5,7-tetraphenylheptane) and mle 508 
(1,3,5,7,9-pentaphenyloctane) are observed. The triads 108, 
122, and 136 (monomers), 228,242, and 256 (dimers), 348, 
362, and 376 (trimers), and 468, 482, and 496 (tetramers) 
are characteristic for fragments formed in the thermal 
decomposition of PP0.13 

Quantitative analysis of the yields of the main degra- 
dation products as a function of the blend composition was 
studied by means of gas chromatography. Styrene content 
was measured by using the calibration curve for styrene- 
cyclohexane. Results shown in Figure 6a indicate that the 
addition of PPO to PS, over the whole range of compo- 
sitions, does not influence the depropagation process, as 
the experimental points describing the variation of styrene 
content in degradation products of the blends are placed 
along the straight line. On the other hand, PPO signifi- 
cantly influences the yields of intramolecular transfer 
products of PS (Figure 6b). Strong decrease of the yield 
of 2,4-diphenyl-l-butene is accompanied by the increase 
of the yield of 1,3-diphenylpropane. Decrease of the yield 
of 2,4,6-triphenyl-l-hexene is not so pronounced, which is 
probably due to more favorable steric conditions of trimer 
formation. The yields of formation of four main monom- 
eric products of PPO decomposition (2-methylphenol, 
2,6-dimethylphenol, 2,4-dimethylphenol, and 2,4,6-tri- 
methylphenol) are slightly decreased (as compared with 
theoretical yields calculated by assuming the superposition 
of the compositions). This may result from such changes 
in morphological structure of the blend, as compared to 
pure PPO, which favors the formation of dimers and higher 
oligomers instead of monomers. 

3.4. Ikothermal Thermogravimetric Analysis. Iso- 
thermal thermogravimetric curves for pure PS and PS 
degraded in the blend with PPO are presented as the rate 
of volatilization, dC/dt, vs. conversion C, where 

(1 j 

C C 

c = (W,  - W/W, 
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with Wo the initial weight of the sample and W the weight 
of the sample at  time t (Figure 7). The dC/dt were ob- 
tained by taking the slopes manually from the isothermal 
TG curves at  various conversions (Figure 7a). The curves 
for PS degraded in the blend with PPO were obtained by 
subtracting the PPO part from the TG curve for the blend, 
assuming that the presence of PS does not modify the 
shape of the TG curve for PPO (Figure 7b). This as- 
sumption is supported by the results of nonisothermal 
thermogravimetric analysis, which shows that PPO mod- 
ifies the curves of PS decomposition, while no effect of PS 
on decomposition of PPO was observed (Figure 2). 
Maximum rate of weight loss process for pure PS occurs 
a t  32% conversion, which is in agreement with the earlier 
published results by Madorsky,' Wall,14 and Jellinek.16 
Kinetic description of the decomposition process has been 
formulated by Simha,16 Jellh~ek,'~ Boyd,'I and Cameron?8 
I t  is generally agreed that the decomposition process is 
initiated at  the chain ends, occurring in competition with 
random initiation (the ratio of the rate coefficients for 
random to end initiation has a value 3 X lo4 at  C = 0 for 
polymers prepared in radical polymeri~ation'~). I t  will be 
assumed in this discussion, for simplification, that initia- 
tion in pure PS is uniquely an end activating process. 
Intermolecular transfer and propagation by unzipping and 
intramolecular transfer are evident from earlier w o r k ~ . ~ J ~  
Recently published results by Cameron and co-workers20 
show that termination is first order throughout the de- 
composition reaction, rather than second-order recombi- 
nation. Taking into consideration these five elementary 
steps, similarly to Wall and ~o-workers,'~ the steady-state 
number of radicals is obtained from the following condi- 
tion: 

KtiR(t) = Kl,Q(t) (2) 

Thermal Degradation of PPO-PS Blends 1319 

(3) 

where K,, is the rate coefficient for termination of radicals 
by a fmt-order proceB, Kle is the rate coefficient for active 
radical formation at  chain ends, R(t) is the the sum of all 
radicals in the reacting system, Q(t)  is the the sum of all 
molecules in the reacting system, P,(t) is the number-av- 
erage degree of polymerization at time t ,  V(t) is the volume 
of the system from which volatiles are escaping, do is the 
density of molten polymer, and m is the monomer mo- 
lecular weight. On assumption that all weight loss arises 
from depropagation of macroradicals (by unzipping or 
intramolecular chain transfer) the rate of volatilization is 
obtained: 

where K2 is the rate coefficient for depropagation. The 
changes in degree of polymerization during degradation 
are caused by intermolecular chain transfer (lack of ran- 
dom sci~sion): '~ 

(5) 

R( t )  = R(t)/V(t)  is the stationary concentration of radicals 
and KI is the rate coefficient for intermolecular chain 
transfer. From combination of eq 4 with eq 5 and inte- 
gration, it follows that 

The values of the parameters (K1,&)/Ktl and /3 for cal- 
culations of theoretical differential thermogravimetric 
curves fitting the experimental data were obtained from 
the following conditions: 

(7) 

where C,, is the conversion at  which 
dC/dt = max = (dC/dt),, 

The best fit to experimental points was obtained for the 
values of /3 and (K l&J/Kt l  given in Figure 7a. The overall 
agreement with the experimental data is similar to that 
shown in the paper of Wall and ~o-workers.'~ The value 
of (K1&)/Ktl = 25.5 min-' a t  352 "C is in fair agreement 
with that (41.9 m i d  at  353 "C) mentioned by Cameron.20 

Integral thermogravimetric curves shown in Figure 8 
confirm the result described earlier in the literature that 
polystyrene of high molecular weight ( M ,  = 450000) is 
more stable than lower molecular weight polystyrene (M,  
= 100000). Both polystyrene samples had similar poly- 
dispersity (Mw/Mn = 1.7). This justifies the assumption 
that thermal degradation of PS is initiated at the polymer 
chain ends. On the other hand, TG curves obtained for 
mixtures of PS ( M ,  = 450 000) with PPO (M, = 22 000) 
(80% PS-20% PPO) and PS ( M ,  = 100000) with PPO 
(M, = 22000) (of the same composition) indicate that both 
blends exhibit the same thermal stability. I t  means that 
the influence of molecular weight on thermal stability of 
PS disappears in mixtures with PPO. 

All these experimental data allow one to conclude that 
stabilization of PS in blends with PPO is due to the change 
of the mechanism of PS decomposition. If we assume that 
a "cage effect" plays an important role in the initiation 
process (it explains why the initiation in pure PS takes 
place at the chain ends), then its influence on the effective 
bond scission should be limited in the case of the PS-PPO 
blends due to the high concentration of protons able to 
deactivate the macroradicals formed after scission. That 
is why it seems natural that the end activation (scission 
in the vicinity of polymer ends) transforms into statistical 
scission. Another argument that supports this suggestion 
is the observed decrease of intrinsic viscosity of the de- 
graded sample as a function of conversion. If intermole- 
cular transfer disappears in the blends, which seems rea- 
sonable because of the presence of labile PPO protons, 
then the decrease of molecular weight should be caused 
by random scission. Differential isothermal thermo- 
gravimetric curves for PS degraded in the blend with PPO 
have the maximum rate of weight loss at about 19% con- 
version. In comparison with the TG curves for pure PS, 
they are shifted toward lower conversions. This also seems 
to suggest the disappearance of intermolecular chain 
transfer.17 In formulating the kinetic model of PS deg- 
radation in the presence of PPO, we must take note of the 
following features of this reaction: (1) degradation is in- 
itiated by random chain scission; (2) intermolecular chain 
transfer is not operative (KI = 0); (3) depropagation takes 
place by unzipping and intramolecular chain transfer; (4) 
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inactive product. Reaction I1 is a form of first-order ter- 
mination, as it results in the formation of low molecular 
weight mobile radicals and a deactivated chain end. The 
reaction medium probably determines which of these re- 
actions dominates during degradation. If the process is 
carried out in pure PS, reaction I prevails (high yield of 
alkenes) with a small contribution from reaction I1 (low 
yield of 1,3-diphenylpropane, Figure 6b). This is caused 
by a low probability of mobile radical termination. Al- 
ternatively, in the medium where labile protons able to 
deactivate radicals are abundant, reaction I1 predominates. 
In kinetic equations, depropagation by unzipping and in- 
tramolecular chain transfer is described by one complex 
rate coefficient of depropagation, K,. The considered 
effect of the change of the mechanism of intramolecular 
chain transfer should manifest itself in the decrease of 
depropagation rate constant. 

Conclusions 
It seems that the most interesting feature of this work 

is that it reveals the important role of a cage effect in 
decomposition of polystyrene. This could be proven by 
the analysis of a weakly interacting system such as PPO- 
PS. The cage effect appeared to be decisive whether the 
initiation is a random scission process or whether the 
scissions are privileged at  the ends of the chains. I t  also 
determines the course of intramolecular chain transfer 
which may be a form either of propagation or termination. 

The foregoing analysis of the experimental data is com- 
patible with the previous interpretations of the results of 
thermal decomposition of ultrathin PS films21 and PS- 
poly(viny1 chloride) mixtures.2 Observed stabilization 
effects of PS were thought to be caused by the physical 
structure of the sample, which significantly hinders or 
eliminates the reaction of intermolecular chain transfer. 
The results of the degradation of PS-PPO blend are also 
consistent with the data obtained for the blends PPO- 
poly(cY-methylstyrene) and PPO-“head-to-head” poly- 
styrene.22 Neither poly(a-methylstyrene), which decom- 
poses by “unzipping”, or “head-to-head’’ polystyrene, which 
undergoes statistical scission, interacts with PPO during 
thermal degradation. We believe that this may be due to 
the lack of intermolecular chain-transfer processes in the 
mechanism of degradation of these two polystyrenes. 
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ABSTRACT Fluorescence probe techniques have been employed to monitor interactions between sodium 
dodecyl sulfate (SDS) and two water-soluble polymers, poly(N-vinylpyrrolidone) and poly(ethy1ene oxide). 
The resdta me analogous to those found by conventional methods and lead to the conclusion that SDS micelles 
bind to the polymers. “he fluorescence probe method also provides information on the solubilization mechanism, 
since the site of solubilization of the probe can be inferred. 

Introduction 
Polymer/Surfactant Interactions in  Aqueous So- 

lution. Investigations of the interactions of polymers and 
surfactants in aqueous solution are of interest from the 
fundamental standpoint of obtaining an understanding of 
the structure and dynamics of polymer/surfactant asso- 
ciates and from the practical standpoint of employing 
fundamental understanding to assist in formulations for 
polymer/swfactant system that can be used in the process 
of enhanced oil recovery.’ The ability of surfactants to 
aggregate and form micelles2 adds a particularly intriguing 
dimension to their interactions with polymers. An ex- 
tensive body of evidence has accumulated that supports 
the proposal that anionic surfactants such as sodium do- 
decyl sulfate (SDS) and water-soluble polymers such as 
poly(N-vinylpyrrolidone) or poly(ethy1ene oxide) (PVP and 
PEO, respectively) form associates between surfactant 
aggregates and polymer rather than surfactant monomers 
and p01ymer.~ 

The following picture has emerged to describe the 
polymer/surfactant interactions that occur when SDS is 
added to a dilute aqueous solution of water-soluble PVP 
or PE0.2-4 In the absence of polymer, SDS forms well- 
defined micelles above the critical micelle concentration 
(cmc) of 8 X (termed xo).  When SDS is added to a 
dilute (51%) solution of PVP (or PEO), there is no as- 
sociation between polymer and surfactant until a concen- 
tration x1 is reached. Above x1 (which is a lower concen- 
tration than the cmc, xo) the polymer /surfactant asso- 
ciation process starta abruptly and then saturates abruptly 
at a concentration x2 (which is a higher concentration than 
the cmc, xo).  Thus, three well-defined regions are sug- 
gested by available information: region I, for which [SDS] 
ranges from 0 to x,; region II, for which [SDS] ranges from 
x1 to x2; and region 111, for which [SDS] is greater than 
xa. In region I, there is no significant polymer/surfactant 
interaction. In region 11, clusters of SDS molecules (termed 
premicelles) cooperatively associate with the polymers. In 
region 111, free micelles of SDS form and exist in equilib- 
rium with the polymer/surfactant associates. These sit- 
uations are summarized schematically in Figure 1. 

Pyrene and ll-(3-Hexyl-l-indolyl)undecyl Sulfate 
as Fluorescence Probes of Surfactant  Association. 
Pyrene is a strongly hydrophobic probe with low solubility 
(ca. 3 X M) in water. The fluorescence spectrum of 
pyrene at low concentration (C1 X lo4 M) in homogeneous 
solutions possesses considerable fine structure whose 
relative peak intensities undergo significant perturbation 
upon going from polar to nonpolar  solvent^.^ The ratio 
of the fluorescence intensity of the highest energy vibra- 
tional band (II) to the fluorescence intensity of the third 
highest energy vibrational band (IIII) has been shown to 
correlate with solvent polarity for a range of solvent 
structures. For e ~ a m p l e , ~  in hydrocarbon solvents II/IIII 
is ca. 0.6, in ethanol 11/1111 is ca. 1.1, and in water 11/111 is 
ca. 1.6. 
This distinct dependence of fluorescence vibrational fine 

structure has been utilized to investigate the formation of 
SDS micelles.6 In the presence of SDS micelles, pyrene 
is preferentially solubilized in or near the interior hydro- 
phobic region of the micelle. The value of 11/1111 is ca. 1.1 
when pyrene is solubilized in SDS micelles (Figure 2). 
Since the value of II/IIn for pyrene is a convenient, readily 
measured quantity and since pyrene is poorly water soluble 
and is preferentially solubilized in the hydrophobic regions 
of aqueous systems that are microheterogeneous, it seemed 
apparent that polymer/surfactant associations could be 
investigated by employing the II / I I I I  parameters. 

The functionalized detergent ll-(3-hexyl-l-indoyl)un- 
decyl sulfate (6-1n-11-) possesses a “built-in” fluorophore 
that allows this detergent to serve as a photoluminescence 
probe.7 It has been shown that the fluorescence maximum 
(A,) of 6-In-11- is sensitive to solvent polarity so that XF 
(in a manner similar to 11/1111) may be employed to probe 
the formation of hydrophobic associates in aqueous solu- 
tion. 

Results 
Pyrene as a Fluorescence Probe for Polymer/Sur- 

factant  Interactions for the PVP/SDS and PEO/ 
SDS Systems. The variation of 11/1111 was measured for 
aqueous solutions containing fixed concentrations of 
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