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ABSTRACT: Application of shear to a solution of macromolecules undergoing dielectric measurements can cause a 
variation in the measured polarization of the solute. The theories of Saito and Kat0 and of Peterlin and Reinhold 
treat this phenomenon for rigid and flexible macromolecules, respectively, where both the velocity gradients and 
electric fields applied to the solutions are small. In this study the former model has been extended to apply to the 
case of large velocity gradients and time-independent electric and shear fields. The ratio of the polarization ob- 
served at a velocity gradient g to the polarization at zero velocity gradient is calculated and tabulated for various 
axial ratios of prolate and oblate ellipsoids and for values of g ranging from 0 to ZOOD where D is the rotary diffu- 
sion constant of the particle. For all axial ratios of ellipsoids a decrease in this ratio with increasing shear is predict- 
ed. The results are compared with a closed form expression derivable for the case of a sphere. 

The effect of shearing laminar flow on the measured di- 
electric constant of dilute solutions of macromolecules has 
been the subject of a t  least two theoretical studies. Saito 
and KatoZa considered rigid ellipsoids of rotation possess- 
ing a permanent dipole moment along the symmetry axis. 
When the direction of fluid flow was taken perpendicular 
to the applied electric field, a decrease in dielectric polar- 
ization with the square of the velocity gradient was predict- 
ed. Peterlin and ReinholdZb have examined the case of a 
necklace of beads joined by perfectly elastic links. Where 
monomer dipoles are directed parallel to  the chain, no 
shear dependence of the polarization is predicted, while for 
monomer dipoles perpendicular to the chain, the polariza- 
tion increases with the square of velocity gradient. Experi- 
mental verification of these models has been limited. A 
study by Wendisch3 of randomly coiled cellulose nitrate 
supports the predictions of Peterlin and Reinhold for flexi- 
ble polymers. Similarly experiments on DNA4 and on heli- 
cal poly(?-benzyl L-glutamate) (PBLG)5s6 have shown that 
the orientation polarization of these polymers decreases 
when shearing stresses sufficient to cause non-Newtonian 
viscosity effects are applied to these solutions in a direction 
perpendicular to the electric field. Since no model was 
available to predict quantitatively these effects a t  large ve- 
locity gradients, the theory of Saito and Kat0 was reexam- 
ined with a view to extending its application to these exper- 
imental situations. 

Three major modifications were made in their treatment 
of the problem so that it might relate more directly to ex- 
perimental data. First, the distribution function of Saito 
and Kat0 is based on a power series in the velocity gradient 
and electric field. As will be shown later, the expression for 
dielectric polarization based on this series does not con- 

Further, dielectric measurements are frequently extrapo- 
lated to zero frequency. Thus the model may be greatly 
simplified by assuming time-independent values of both 
applied fields. Third, electric fields employed in dielectric 
measurements are rarely sufficient to cause electric satura- 
tion of the sample. Thus the polarization may be calculated 
by retaining only first-order effects of the electric field on 
the distribution function determined by hydrodynamic 
forces. 

Thus modified the treatment of Saito and Kat0 has been 
developed to yield values of the ratio of the polarization ob- 
served a t  a velocity gradient g to the polarization a t  zero 
velocity gradient for values of g ranging from zero to lOOD 
where D is the rotary diffusion constant of the particle. For 
all shapes of ellipsoids of revolution, a decrease in this 
ratio with increasing shear is predicted. This agrees with a 
trivial closed form solution which obtains for a spherical 
particle. 

Theory 
The reader is referred to the work of Saito and Kato2a for 

a detailed description of the model employed. The electric 
field E is in the x direction while the fluid flow is along the 
y axis with velocity gradient g along the x axis. The distri- 
bution function F is given by the diffusion equation 

where D is the rotary diffusion constant of the particle and 
w is its angular velocity due to hydrodynamic and electric 
forces. Setting y = g / 2 D  and t = hE/kT and expanding w, 
one obtains 

where p = ( r2  - I)/(+ + 1) is a function of the axial ratio r 
of the particle. Consideration can generally be restricted to 
the case where both the shear and electric fields are time 
invariant. It is possible to write F as a power series in y and 

verge for large values of the velocity gradient. A different 
approach iS necessary to calculate the polarization a t  realis- 
tically large values of applied shear. Second, these workers 
assumed sinusoidal oscillation of the applied fields and 
considerable complexity in calculation resulted. Dielectric 
measurements on a solution undergoing shear are most eas- 
ily performed using a Couette-type apparatus and such in- 

F = X ? ' E ' F , ,  (3 1 
i J  

struments customarily operate a t  constant angular velocity. where each F,, is a sum of spherical harmonics. 
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Table I 
( ~ ) ~ / ( p ) ~  as a Function of g / 2 D  and Axial Ratio 

~~ - 

Axial ratio 
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0 . 4  
0 . 5  
0 . 7  
1 .o 
1 . 4  
2 
3 
5 
7 

10 
14 
20 
30 
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1.000 
0.998 
0.997 
0.994 
0.986 
0.976 
0.963 
0.932 
0.875 
0.793 
0.683 
0.547 
0.396 
0.316 
0.247 
0.195 
0.152 
0.119 
0.082 

1 ,000 
0.9913 
0.99'7 
0 ,994 
0.986 
0.976 
0 ,963 
0.93:: 
0 ,875 
0 ,793 
0 ,683 
0 ,547 
0.395 
0.315 
0.246 
0,196 
0.151 
0,118 
0.081 

1.000 
0.998 
0.997 
0.994 
0.986 
0.976 
0.963 
0.931 
0.874 
0.793 
0.681 
0.545 
0.393 
0.313 
0.243 
0,192 
0.148 
0.114 
0.077 

1.000 
0.998 
0.997 
0.994 
0.986 
0.976 
0.963 
0.931 
0.873 
0.790 
0.678 
0.540 
0.386 
0.304 
0.234 
0.181 
0.137 
0.102 
0.066 

1,000 
0.998 
0.997 
0.993 
0.985 
0.975 
0.961 
0.928 
0.868 
0,782 
0.664 
0.519 
0.358 
0,272 
0.200 
0.147 
0,103 
0.068 
0.037 

1.000 
0.998 
0.996 
0.992 
0.983 
0.970 
0.954 
0.914 
0.842 
0.737 
0.594 
0.420 
0.237 
0.152 
0.090 
0.052 
0.028 
0.013 
0.005 

,,/I," s i n i i z d ]  ( 4 )  

The induced dipole moment at shear rate g, ( P ) ~ ,  is sim- 
ply the component of t,he dipole moment along the electric 
field direction averaged with respect to this distribution 
function. 

( p ) g  = i . J J F  sin' 8 cos o dedd  ( 5  1 

If only the terms first order in the electric field are retained 

where the explicit values of Olall  and ~ l a l l  anticipate the 
results of further calculation. Only the coefficients i l a  1 
need thus be evaluated. I t  is clear, however, from Peterlin's 
discussion7 that this series for ( P ) ~  diverges for values of y 
greater than 2, i e . ,  g greater than 4 0 .  Thus the behavior of 
particles under high shear gradients cannot be calculated 
from this series, though as will be shown later, a closed 
form solution for a spherical particle may be obtained from 
this approach. 

The practical solution of the diffusion equation is based 
on analogy to Peterlin's treatment7 of the hydrodynamic 
distribution function. Expanding F in powers of p and 6 

F = cf9i€j@ij (7  1 
i J  

where @ i j  is similar to F i j  in eq 4,  with the coefficients i;anm 
and jjbnm replaced by ijanm and i;pnm, respectively. Equat- 
ing coefficients for like powers of p and e 

Ll@i,.i = A 2 a i - i . j  h @ i ,  j -1 (8) 
where 

1.000 
0.998 
0.995 
0.990 
0.978 
0.962 
0.941 
0.891 
0.800 
0.671 
0.500 
0.308 
0.138 
0.075 
0.038 
0.020 
0,010 
0.004 
0.002 

1.000 
0.997 
0.994 
0.988 
0.974 
0.955 
0.931 
0.873 
0.770 
0.630 
0.456 
0.275 
0,128 
0.073 
0.039 
0.021 
0.011 
0.005 
0.002 

1.000 
0.997 
0.994 
0.987 
0.972 
0.951 
0.926 
0.865 
0.759 
0.619 
0.451 
0.286 
0.151 
0.097 
0.060 
0.038 
0.022 
0.012 
0.005 

1.000 
0.997 
0.994 
0.987 
0.972 
0.951 
0.925 
0.864 
0.757 
0.618 
0.452 
0.289 
0,157 
0.104 
0.067 
0.044 
0.028 
0.016 
0.008 

1.000 
0.997 
0.994 
0.987 
0.972 
0.951 
0.925 
0.863 
0.757 
0.617 
0.452 
0.291 
0.159 
0.106 
0.069 
0.046 
0.029 
0.018 
0.010 

1,000 
0.997 
0.994 
0.987 
0.972 
0.951 
0.925 
0.863 
0.757 
0.617 
0.452 
0.291 
0.159 
0.107 
0.069 
0.046 
0.030 
0.018 
0.010 

1.000 
0.997 
0.994 
0.987 
0.972 
0.951 
0.925 
0.863 
0.757 
0.617 
0.452 
0.291 
0.160 
0.107 
0.070 
0.046 
0.030 
0.018 
0.010 

The effects of the above operators on a spherical harmonic 

(9) 
- s in  / / id 
cos 1 7 7 6  

> /i/ P"m (cos e )  

7 / 0 1  -+ 3 )  s in  (n7 + 216 -c - 
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Figure 1. Plots of ( ~ ) ~ / ( p ) o  as a function of g / 2 D  for spheres 
(---), rods (. e), and disks (- - -). 

From these expressions, recurrence relations may be de- 
rived which yield the various coefficients i,a,m and ;jpnm. 
The expressions for i O c y n m  and agree with those of 
Peterlin. In analogy with eq 6, eq 5 and 7 yield 

(de = - 

The only coefficients actually required for calculation of 
the polarization are thus i 1 a1 l. 

Expansion of the distribution function in powers of y 
and e permits a closed form solution to be derived for a 
spherical particle. Moreover, the electric field can in this 
case be allowed to vary sinusoidally with time. 

E = Eoc iWt  ( 1 3 )  

Consideration of the analog of eq 8 for expansion in powers 
of y and 6 gives the recurrence relations 

The instantaneous induced polarization f igw may then be 
calculated from a time-dependent analog of eq 6, as 

The observed polarization is the real part of the above ex- 
pression or 

X 
1 + (u/2D)’ A (g/4D)2 

[ I  + ( w / 2 D ) 2  - ( ~ / 4 D ) ~ ] 2  - 4(~ /20)2 (g /40 )2  
cos w /  (18) 

which, at zero shear, is identical with the Debye formula. 

Results and Discussion 
Coefficients were evaluated on an IBM 7094-7040 Direct 

Coupled System using calculational methods similar to 
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Figure 2. Plot of ( f i ) E u / ( f i ) ~  for a spherical particle as a function 
of w/D for various rates of shear. 

those developed by Sheraga, et ~ l . , ~  for studies concerning 
double refraction of flow. A Fortran IV program calculated 
the distribution function for the zeroth and first power of 
the electric field up to the 22nd power of p for values of g /  
2 0  ranging from 0 to 50. Only values of i l c y l l  were re- . 
tained. The results of this calculation are expressed as the 
ratio of the mean dipole moment measured at  finite shear 
to that measured a t  zero shear 

Since 0lq1 = -1, this expression becomes 

11QllP - 2iQiiP2 - 3 1 Q l i p 3 .  . . 

which converges for all IpJ =< 1. 
Table I shows the ratio ( p ) g / ( p ) o  as a function of g / 2 D  

for spheres and for prolate and oblate ellipsoids of various 
axial ratios. Figure 1 shows these data for spheres and for 
infinitely thin rods and disks plotted us. g / 2 D  on a loga- 
rithmic scale. For all shapes of ellipsoids, the static polar- 
ization decreases with increasing shear. All values in Table 
I for y < 2, Le., g < 40 ,  agree with those calculated from 
expansion of the distribution function in powers of y and c 
(eq 6). Further, the results shown for the sphere coincide 
with those obtained from eq 18. Figure 2 shows the fre- 
quency dependence of the polarization of a spherical parti- 
cle calculated from eq 18 for a variety of shear rates. Of 
special interest is the maximum in the observed polariza; 
tion occurring for large shear rates, Le., g 2 40,  a t  an elec- 
tric field frequency w of approximately g/2.  

Figure 1 shows that the effect of shearing force on the in- 
duced dipole moment due to permanent dipole orientation 
is, a t  least for ellipsoids, quite insensitive to molecular 
shape. The corollary is that measurements of this effect can 
yield little structural information other than the rotary dif- 
fusion constant of the particle in question. 

Only for rod-shaped particles are there experimental 
data which may be compared with theory. In these cases 
the quantitative agreement of the model with the very lim- 
ited available data seems quite satisfactory. The clearest 
demonstration of this agreement comes from an earlier ex- 
perimental study of the author on the effect of shearing 
force on the orientation polarization of helical PBLG in an 
Arochlor 124210-tetrachloroethylene mixture. Rotary diffu- 
sion constants for the polymers were determined by viscos- 
ity measurements, and dielectric data were extrapolated to  
zero concentration and frequency. Figure 3 shows the data 
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Figure 3. Plot of ( ~ ) ~ l ( ~ ) o  as a function of shear rate for 100,000 
molecular weight PBLGI in Arochlor 1242-tetrachlorethylene (80: 
20 v/v). The smooth curve represents results of Table I for a rigid 
rod of rotary diffusion constant equal to that measured for the 
PBLG. 

for 100,000 molecular weight PBLG plotted together with 
the calculated curve for a rigid rod of equivalent rotary dif- 
fusion constant (400 sec-l). PBLG. undergoes end-to-end 
aggregation in this solvent system and hence the observed 
rotary diffusion constant does not agree with that predict- 
ed from the molecular weight and a-helical geometry. I t  is 
also clear that  these aggregated polymers are not rigid rods 
in solution. The sample polarization is nonetheless satisfac- 
torily predicted from the observed rotary diffusion con- 

stant in spite of the indeterminate conformation of the 
polymer; this is perhaps explained by the predicted insens- 
itivity of the effect to molecular shape. 

No spherical molecules have as yet been examined for 
the effect, predicted by eq 18, of shearing force on the fre- 
quency dependence of their observed polarization. Experi- 
mental data for PBLG5 indicate, however, that rod-shaped 
particles exhibit the qualitative features of the effect pre- 
dicted for spheres. When dielectric constants of PBLG so- 
lutions are plotted us. frequency, the resulting curves show, 
for sufficiently large shear rates, distinct maxima highly 
reminiscent of Figure 3. 
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Abstract: By means of nir spectroscopy, direct chemical bonding between model silane compounds and finely di- 
vided silica particles has been demonstrated. Addition of the silane molecules to silica, catalyzed by n -propylamine, 
is inferred to take place uia interchange reactions with silanol groups on the silica surface. A maximum addition of 
about one silane group per 100 A2 of silica surface was attained. When silica treated with vinyl silane in this way 
was dispersed in poly(ethy1ene-co -propylene) and a free-radical intermolecular cross-linking reaction was carried 
out, from 35 to 50% of the vinyl groups disappeared, presumably as a result of radical combinations with polymer 
molecules. Thus, covalent bonding is deduced to take place between silica and polymer uia surface silane groups, at 
a density in the present case of about 0.4 bonds per 100 A2 of interfacial area. 

Organofunctional silane coupling agents have been suc- 
cessfully used to  improve the adhesion of organic polymers 
to  They usually have the following structure 

\ 

/ 

X 
X-Si-R 

X 

where X denotes alkoxy (usually methoxy or ethoxy) or 
halogen (usually chlorine). The X groups hydrolyze in the 
presence of water to  form silanols which in turn can con- 
dense with OH groups present on the surface of glass to 
form direct siloxane bonds. The groups denoted R are usu- 
ally chosen to be compatible or chemically reactive with the 
polymers to be bonded. 

Theoretically, only one hydrolyzable group is required 

per silane molecule. However, it is common to employ cou- 
pling agents having two or three per molecule, probably to 
increase their solubility in water and thus make their appli- 
cation to glass easier, and also to increase their rate of reac- 
tion with glass. On the other hand, polyfunctional hydrox- 
ysilane molecules can condense with each other to yield lin- 
ear or branched polysiloxanes, in place of the desired reac- 
tion with glass. It seems likely that  both of these reactions 
go on simultaneously, in practice, although firm evidence is 
lacking. Indeed, although it is generally thought that cova- 
lent bonding takes place between glass and coupling agent, 
and between coupling agent and polymer, no unequivocal 
proof of these reactions is known to the present authors. A 
number of observations including infrared transmission 
and reflection spec t ro~copy ,~ -~  Raman spectroscopy,s and 
e l l i p ~ o m e t r y ~ ~ ~  have indicated that chemical bonding to 


