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It is well known that polymer solutions exhibit non- 
Newtonian viscoelastic behavior. This effect produces 
a rich variety of phenomena. There has been much 
work done to understand their bulk pr~pert ies . l -~ 
Recently, the surface hydrodynamics of polymer solu- 
tions has attracted more a t t e n t i ~ n . ~ - ~  At low polymer 
concentrations, polymer solutions are Newtonian fluids 
and the surface waves are standard capillary waves. 
However, at  high polymer concentrations, polymer 
solutions are viscoelastic fluids and the surface waves 
may be strongly affected by the viscoelastic properties 
of the bulk. Furthermore, the surface waves of polymer 
solutions can cross over from capillary waves to  elastic 
waves when the polymer concentration is increased 
sufficiently for the modulus to  d ~ m i n a t e . ~  Finally, the 
polymer concentration near the interface can be differ- 
ent from the bulk; that is, polymer solutions may have 
depletion layers or adsorption layers, which may further 
modify the surface waves. 

We have chosen poly(brom0styrene) (PBrS)/toluene 
solutions with M, = 90 kg/mol and M, = 900 kg/mol 
as the system to  study the surface waves by the 
technique of surface heterodyne light scattering.6 This 
system has been studied by X-ray scattering7 previously. 
It was found that the behavior of the static structure 
factor and height-height correlation function is capil- 
lary wave-like for solutions well into the semidilute 
regime in a typical X-ray scattering accessible experi- 
mental wavevector range (-lo3- lo8 cm-9. This finding 
indicates that PBrS in toluene exhibits a depletion layer 
near the air/solution interface. In this Note, we mea- 
sured the power spectra of surface waves at  several 
wavevectors, 12 (less than lo3 cm-'), and as a function 
of the bulk polymer concentration and the molecular 
weight in order to investigate their effects on the 
depletion layers. 

Two theoretical models are used to analyze the 
experimental data. The first model uses capillary wave 
theory for a simple liquid in te r fa~e .~  This model treats 
the polymer solution as a Newtonian fluid with a surface 
tension, u, and a viscosity, 7.  We expect this model to 
be inadequate to describe the behavior at high concen- 
trations, where the solution becomes viscoelastic. There- 
fore for high concentrations, we employ a more sophis- 
ticated theory which accounts for the viscoelasticity of 
the bulk,5 which is described by a Maxwell model 
involving three parameters: the surface tension, u, the 
transient modulus, Go, and the relaxation time, 5.  Both 
theoretical models use the assumption that there are 
no gradients of polymer concentration near the inter- 
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Figure 1. Power spectra of 4.0 g/dL concentration PBrS/ 
toluene with M ,  = 900 kg/mol at the diffraction orders 2-4, 
corresponding to k = 97.4, 146.1, and 194.5 cm-l. They are 
rescaled to have the same baseline. The solid lines are the fits 
using the theory for polymer solutions. The symbols correspond 
to (0) n = 2, (+I n = 3, and (A) n = 4. 

face. However, when these two theoretical models are 
applied to polymer solutions with depletion layers, the 
results can give a clear indication of the effect of a 
depletion layer on the surface waves. We compare the 
physical parameters obtained from the surface light 
scattering with those obtained from independent ex- 
perimental measurements using a surface tensiometer 
and viscometry. 

The bulk PBrS concentration ranges from 0.5 to 20.0 
g/dL for 90 kg/mol and from 0.5 to 7.0 g/dL for 900 kgl 
mol. At very high concentration above the experimental 
range, we found that the surface waves are completely 
overdamped so that their power spectra have no well 
defined peaks. The surface tensions were obtained with 
the du Nouy ring method, giving CI = 27.5 & 0.25 d y d  
cm. The shear viscosities were measured with a Couette 
viscometer. From the viscosity measurements, we 
found the chain overlap concentration is 3.4 g/dL for 90 
kg/mol and 0.7 g/dL for 900 kg/mol. 

Figure 1 shows the experimental power spectra for 
4.0 g/dL and M, = 900 kg/mol for diffraction orders n 
= 2-4. For comparison, we also plot the fits to the 
convoluted power spectrum for polymer ~ o l u t i o n s . ~ J ~  
Both t h e o r i e ~ ~ , ~  give very similar fits to the power 
spectra of the polymer solutions within experimental 
error. However, the values of the physical parameters 
obtained from the spectral analysis using these two 
theories are different depending on the polymer con- 
centration and the molecular weight. 

We compare the parameters obtained from the light 
scattering with those obtained from the independent 
measurements. As shown in Figure 2, the values of u 
and r obtained from the spectral fits using both theo- 
r i e ~ ~ , ~  and the independent measurements agree over 
the entire concentration range for the 90 kg/mol solu- 
tions within experimental error. The values of the 
viscosities were calculated using 7 = 70 + Got, where 
vo is the solvent viscosity and the relaxation time, t, is 
about (1-3) x s. Therefore, these surface waves 
are still in the capillary wave regime. 

Figure 3 shows the results of u and 7 obtained from 
the spectral analysis using both t h e ~ r i e s ~ , ~  and inde- 
pendent measurements for the 900 kglmol solutions. 
The values of u and 17 obtained from the spectral 
analysis using these t h e o r i e ~ ~ , ~  are in good agreement, 
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Figure 2. (a) Surface tension, u, us bulk concentration of 
PBrWtoluene with M ,  = 90 kg/mol. The symbols correspond 
to (H) data obtained from the du Nouy ring method, (0) data 
obtained from the spectral fits using the capillary wave theory, 
and (+) data obtained from the spectral fits using the theory 
for polymer solutions. (b) Viscosity, 7, us bulk concentration 
of PBrS/toluene with M ,  = 90 kg/mol. The symbols correspond 
to (H) data obtained from a Couette viscometer, (0) data 
obtained from the spectral fits using the capillary wave theory, 
and (+) data obtained from the spectral fits using the theory 
for polymer solutions. 

but only at concentrations less than 3.0 g/dL. Interest- 
ingly, at higher concentrations, the surface tensions 
obtained from the fits using the capillary wave theoryg 
show large deviations from those measured with the du 
Nouy ring method. Since the capillary wave theory is 
only appropriate for simple Newtonian fluids, we at- 
tribute this large deviation to the viscoelastic properties 
of the polymer solutions. By contrast, the theory for 
viscoelastic polymer solutions5 yields surface tensions 
that are significantly improved, as shown in Figure 3a. 
This is direct evidence that the solutions are viscoelastic 
at the high concentrations, which strongly modifies their 
surface waves. Except for the two highest concentra- 
tions, the values of viscosities obtained from the fits 
using both theories are still in reasonable agreement 
with those measured with the Couette viscometer. The 
low viscosities obtained from the surface light scattering 
a t  high bulk concentrations are also seen for the 
polymer solutions with adsorption 1ayers.ll Therefore, 
the low viscosities may not be due to the depletion layer. 
A possible reason is that a t  high bulk concentrations, 
the relaxation time is long compared to the high 
frequency of surface light scattering, and we can not 
simply calculate the viscosity using 7 = 70 + GOT for a 
shear-thinning case. 
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Figure 3. 3. (a) Surface tension, u, us bulk concentration of 
PBrS/toluene with M ,  = 900 kg/mol. The symbols correspond 
to (H) data obtained from the du Nouy ring method, (0) data 
obtained from the spectral fits using the capillary wave theory, 
and (+I data obtained from the spectral fits using the theory 
for polymer solutions. (b) Viscosity, 7, us bulk concentration 
for PBHtoluene with M ,  = 900 kg/mol. The symbols cor- 
respond to  (W) data obtained from a Couette viscometer, (0) 
data obtained from the spectral fits using the capillary wave 
theory, and (+) data obtained from the spectral fits using the 
theory for polymer solutions. 

We should note that both t h e o r i e ~ ~ , ~  are derived for 
fluids with equal concentrations in the bulk and near 
the surface. Consistent with this assumption, the 
spectral results indicate that the depletion layers of the 
polymer solutions have no significant effect on the 
surface waves at the solution interface. The theory for 
polymer solutions5 gives consistent results for both CJ 
and 9 over the entire concentration range. By contrast, 
the capillary wave theoryg describes the experimental 
data only a t  low molecular weight or low concentrations 
of high molecular weight polymer. This is understand- 
able in terms of the thickness of the depletion layer.4 
We estjmate the thicknesses of the depletion layers to 
be 20 A for the 20.0 g/tL concentration solution with 
M ,  = 90 kg/mol and 80 A for the 7.0 g/dL concentration 
solution with M, = 900 kg/mol, assuming the monomer 
size is 2 A. Since the typical wavelength of the waves 
probed by surface light scattering is of the order of 
microns, these very small depletion layers are probably 
not large enough to affect the hydrodynamic behavior 
at  the interface. Therefore, the bulk viscoelastic proper- 
ties must play the dominant role in determining the 
properties of the surface waves. 

To conclude, the surface waves of the 90 kg/mol 
solutions can be interpreted by both the capillary wave 
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