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ABSTRACT A self-constructed laaer light scattering photometer including a shear cell haa been used to 
investigate the acattering bahpvior of polyetyrene (Mw = 10.3 X 1P) in the Viecoue solvent d i e l  phthalate 
(DOP) in shear flow. Only highly dilute solutions were used (c < 0.8/[01). Changee of the "g intmeity 
were detected, depending on shear rate, detection angle, and polymer concenhtion. The special featwe of 
ow instrument ia ita ability to detect the scattering intensity in the plane of flow M well aa in neverd planea 
perpendicular to the flow plane (Zimm planes). From measurementa in the flow plane, the orienhtion atugle 
can be determined directly. Furthermore, by variation of the wavelength ofthe incident light and detection 
angle, all three main radii of the ellipoidal gyration space of polymer coile in shear flow were detsrmined. 
While the orientation angles obtained Bhow at least qualitative coincidence with the dynamic theories of 
Rouee and Zimm, a large diecrepancy between theoretical and experimental molecular deformation waa 
observed. The maximum deformation ratio of the radiu of gyration compared to quimnt  solution WM 1.5. 
We ale0 noticed a pronounced dependence of the orientation angle d deformation ratio on concentration. 
Additionally, in the polymersolvent system considered, a shear-induced phase separation was encountered. 

Introduction 
The knowledge of the behavior of single polymer 

molecules in flow can give new insighta into polymer 
physics, in addition to the industrial interest in phenomena 
such as drag reduction or high-performance polymer fiber 
spinning from dilute solution. In the last years, some 
interest has been taken in polymers subjected to flow by 
various methods.' Basically, only scattering methods are 
able to give direct information about the dimensions of 
polymer molecules. Due to experimental difficulties 
arising from the combination of a flow cell with light 
scattering optics and the combined rheological and optical 
conditions that must be met, very few investigations in 
this field have been We present measure- 
menta of wide-angle light scattering (LS) from dilute 
polystyrene solutions in shear flow. 

Macromolecules are usually characterized by size mea- 
sures such as the gyration radius (rw2)1/2 which can be 
determined by scattering methods. Theoretical calcula- 
tions of the shape of single macromolecules are not 
available, but it was shown by Monte Carlo simulations 
that a random coil is not a sphere but has an ellipsoidal 
shape characterized by three coil main radii? 

In quiescent solution, no information about the coil radii 
is yielded because, due to the Brownian rotation of the 
coil molecules and comparatively large experimental 
scattering volumes, only the spherical shape of the 
enveloping volume (i.e., the gyration space) of the mol- 
ecules is observed by LS. On application of a shear rate 
of at least the same order of magnitude as the rotatory 
diffusion constant of the particles, nonuniform rotation 
(orientation) and molecular deformation occur simulta- 
neously in the plane of flow.'O Both effects cause a change 
of the spherical gyration space of the molecules into a 
gyration ellipsoid with three main gyration radii. These 
have been measured in the present work. 

Predictions about the orientation and deformation of 
polymer molecules in solution are made by the basic 
dynamic polymer models: Kuhn" (elastic dumbbell 
model), Rouse12 (spring-bead model), and Zim"odels13 
(spring-bead model including hydrodynamic interactions 
of the beads). Theseare widelyaccepted thoughimportant 
properties of polymer solutions such as the shear rate 
dependence of the dilute solution viscosity are not 
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explained. The theories predict that orientation and 
deformation take place if the lon@ relaxtition time of 
the molecules multiplied by the shear rate is m t e r  than 
1. Orientationcausesaviscoeitydrop,whmamolecular 
extension should raise the solution viscosity. The two 
effects are predicted to compensate exactly, in obvious 
contrast to reality. 

However, the theoretical results lead to the formulation 
of the dimensionless shear parameter (or reduced shear 
rate) 8. If B 2 1, shear effecta on polymer molecules in 
dilute solution can be expected. 

q = -dv,/dy is the flow velocity gradient, denotea the 
dynamic viscosity, and vo is the viscoeity of the solvent. 
[J is the intrinsic viscosity, M the molecular maw, and 
c the mass concentration of polymer. R and Tdenote the 
gas constant and absolute temperature, respectively. 

It was recognized by Peterlin, Heller, and N a I ~ a g a i r i ~ ~ ~ ~  
that light scattering should be a w f u l  tool to investigate 
the conformation of macromolecules in shear flow. They 
developed methods to evaluate LS msasurementa of 
sheared polymer solutions. Using these procedures, we 
can determine the orientation angle of polymer molecules 
in ehear flow as well as all three independent main radii 
of the molecular gyration space, as a function of shear 
rate. 

Streaming birefringence is a relatad method with which 
the orientation of macromolecules can ale0 be determined 
directly. However, this method ie restricted to polymer- 
solvent systems that show low depolarization in quieecent 
solution, i.e., systems that have no (or low) eta- 
intensity contrast. For LS of flowing eolutiom, exactly 
the oppoeite condition is required. Additionally, 
birefringenceyieldenoinformationabouttheconformation 
except for an estimation of the change of the mean-quare 
end-Wend distance (Re2)  with flow, baeed on several 
assumptions.18 Compared to that, LS is able to give 
detailed information about each of the main gyration radii 
in flow, with almost no assumptions. 

Elongational flow is expected to caw a much higher 
molecular deformation. Some experimenterslgn uned 
light scattering to investigate polymers in transient 
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Figure 1. Experimental setup. The optical fiber end can be 
moved horizontally and vertically. 

elongational flow, but this is difficult to control, and an 
important open question is whether the molecules spend 
enough time in the stagnation point to be stretched as 
predictdB In contrast, shear flow has advantages. It 
can be controlled easily, and the scattering volume is not 
critical, due to the fact that, for example, in a double 
cylinder shear cell, all molecules of the cell volume are 
subjected to approximately the same shear rate throughout 
the experiment. 

We preaent quantitative measurements of the molecular 
orientation and deformation of single polymer molecules 
in shear flow. We use a 'static" laser light scattering 
apparatus including a shear cell, allowing measurements 
in the flow plane and various "Zimm planes" (i.e., detection 
planes containing the primary beam; see below). The 
determination of orientation angles together with all three 
independent main gyration radii of polymer molecules in 
sheared solution is presented for the first time. 

Experimental Section 
A laser light scattering photometer wae used combined with 

a Searle-type shear cell with a rotating inner cylinder. It allows 
lateral detection of the scattered light not only in one plane ae 
usual but in a hemispherical geometry (Figure 1). 

Therefore, the flow plane, which is defiied by the vectors of 
flow velocity and velocity gradient., is acceseible ae well ae various 
Zimm planes, which contain the primary beam. This is the ma& 
important experimental difference between thie work and all 
comparable publications by other authors (Figure 2). 

The orientation angle x is defiied ae the angle between the 
longest gyration space axis and the flow velocity direction. The 
setup ie attached to a 2-m optical double rail (Spindler & Hoyer, 
Germany), set on a self-constructed vibration-reducing table. 
"he htemity-mtabihed primary laeer beam (Ar ion laeer Model 
202M)S;Spectra-Ph~~SanJoee,CA)~throvghapolarizer 
rotator and ie focueed by an achromatic lens cf = 300 mm) to a 
diameter of approximately 0.5 mm in the scattering cell. The 
irradiated power is approximately 100 mW, the primary beam 
is always vertically polarized in relation to w. The incident light 
peeeea upward through the gap between the cylinders (1.0 mm), 
parallel to the rotor axis. Having paeeed the cell, the transmitted 
light is meaeured by a photodiode. 

The outer cylinder of the shear cell and the bottom and cap 
platea are made of optical g h  (Hemeus, Germany), while the 
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Figure 2. Detection geometry including the detection angles w 
and 8 in the flow plane and Zimm planes, respectively. 

inner cylinder is made of nickel-plated, chromium-blackened 
braee (diameter 58 mm)." The cell is d e d  by Teflon and Viton 
rings. Approximately 20 mL of solution are required. To reduce 
scattering intensity errors due to refractive index differences 
between the cylindrical outer glass wall and the surrounding air, 
a spherical lens is glued onto the outer cylinder.= 

The hemispherical detection geometry ie formed by a horizontal 
rotational stage (Model 410, Huber, Germany) and a self- 
c o n s ~ ~ v e r t i c a l h e m i c ~ g u i d e r a i l w h i c h l ~ ~ t h e o p t i c a l  
fiber (Quartz & Silice, France). The scattering intensity mea- 
surements were done by photo counting (photon counter 5421, 
EG&G Brookdeal). No polarization analyzer was used. The 
resolution of the fiber optica is 37 X 1W sr, ie., the scattering 
volume is approximately 0.3/ein 8 mms. 

Because of the low thermal conductivity of optical glaee, the 
hollow rotating inner cylinder is paeeed by thermoetated water, 
keeping it at constant temperature to within t0.06 O C ,  inde- 
pendent of shear rata and solution viscosity (q = 1-200 mPa e). 
The rotor is driven by a stepper motor with microstep control 
to mure uniform movement (Franke CNC, Germany). The 
maximum shear rate is 2000 8-l. 

Streee data cannot be recorded from the rotor; the viecoeity 
behavior of all solutions wae checked before and after the 
ecattering experimenta by an external viecometer (CV100, Haake, 
Germany). Even in the laminar flow regime, the occurrence of 
eecondary flows such ae Taylor vortices was taken into account. 
Consideration of these effects limita the maximum shear rate of 
the simple laminar flow regime; see the Materiale &ion. 
AU movementa and intensity meaeurementa are monitored by 

a PC. The maximum angular detection range is 30-150O for 
both angles w and 8. In addition to some other criteria, the setup 
wae checked for the Rayleigh scattering of toluene which wae 
found to be correct within t 5% in the ranges of w = 40-140° and 
8 = 3b120°. Reading time wae 100 me; all data pointa shown 
below are averages of 50-100 primary values. The count rate for 
toluene (vertically polarized, 90°/900) is 3650 t 80 with a dark 
count rate of 2. Polymer concentration wae choeen to give at 
leaet 200% of the solvent scattering at 8 = 120O. 

Materiala. Aa flow light scattering combies two experiments, 
the experimental conditions for both must be met. On the one 
hand, high mole" weight polymers and highly viecow eolventa 
am required to reach 6 2 1 (eq l), and stable laminar flow h a  
to be aeeured. On the other hnnd, the moet important condition 
for a light scattering experiment is a sufficient refractive index 
increment. 

Therefore, for all investigations a polystyrene (PS) standard 
of& * 10.3 X l@, Mw/MN = 1.25 (Polymer Laboratories, U.K.) 
WM ueed ("PSlO"). Diethylhexyl phthalate (dioctyl phthalate, 
DOP) wae found to have the desired properties at 25 O C :  dynamic 
viecomity r) = 61 mPa 8, refractive index increment of PS in DOP 
dn/dc (514 nm) = 0.119 mL/g, intrinsic Vircosity [ r l l ~  = 260 
cm*/g, determined by extrapolations c - 0 and q - 0, i.e., the 
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Figure 3. Theoretical estimation of the gyration space radii r~ 
and ~g of coil molecules in increasing shear flow (I-IV). 

Schurz procedure.u In the following, all values of the shear 
parameter 0 were calculated according to eq 1 usingthe previously 
determined viscoeity data. The overlap concentration was 
estimated to be c+ = 1/[qI = 3.8 g/L; the highest concentration 
usedwas0.75c+. Priortoandaftertherheoopticalmeesurements, 
the scattering behavior was checked in a conventional LS 
photometer (Fica 50, France), where the nominal MW was 
confiied to within 10%. 

LS at rest and viscoeity measurements of several PS molecular 
maas standarh clearly revealed that DOP at 25 O C  is a near8 
solvent for P S  A1 = 3.8 X 1od cm3 mol/g2; the Mark-Houwink 
exponent is a = 0.54. The critical shear rate for the appearance 
of Taylor vortices in DOP at 25 O C  can be calculated26 to be 
approximately 14 000 s-l, which is far beyond the shear rates 
used in this study (q- = 2000 8-l). 

SamplePrepsntion. DOP (EL Merck Germany) was fitered 
through 0.2-pin fitera prior to solution preparation. Shaking 
and i n c r e d  temperature (50-55 "C) are nBc888(vy to diseolve 
PSlO in 2-4 weeks. However, since degradation wan observed in 
our f i t  teats, great care was taken in the diesolution process 
later on; e.g., shaking was reduced to low frequencies and was 
applied only twice aday for several minutea. Before the scattering 
measurement, each Solution wm centrifuged at 3000g for 1 hand 
was fiied with a syringe through a Teflon capillary into the 
scattering cell. 

Theory 
As already mentioned above, due to the fast Brownian 

rotation and a comparatively large scattering volume in 
quiescent solution only an averaged size measure, the 
radius of gyration, can be yielded. Under shear reaching 
B > 1, the molecular rotation becomes nonuniform, i.e., 
the enveloping volume of the particle becomes ellipsoidal. 
The longest main radius @A) of the deformed gyration 
apace shows the preferential orientation. The angle 
between the flow velocity vector and the preferential 
direction is the orientation angle x .  The second radius 
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Figure 4. Peterlin scattering function for the elastic dumbbell 
model under shear in the flow plane for various shear parameters 
@.14,16 

(re) in the flow plane should decrease while the third radius 
(rc) should theoretically remain constant, because no 
velocity gradient acts in this directionas (Figure 3). 

Orientation. Peterlin showed the theoreticalscattering 
behavior of a polymer solution submitted to shear.lc16J8 
Numerical evaluation of his scattering fundions based on 
the elastic dumbbell model and the Rouse model rev& 
a change of the scattered light distribution in the flow 
plane: in certain angle regions the scattering intensity is 
increased, and at other angles decreasing intensity is 
predicted with increasing shear rate (Figure 4). 

Later, Nakagaki and Heller" calculated similnr curves 
for rigid ellipsoids in shear flow, plotting the relative 
intensity (compared to rest) versus the detection angle w. 
In both cases one gets sinusoidal curves showing a distinct 
maximum between o = 4 5 O  and 90°. With increasing @ 
the location of the maximum u- movw toward 90° while 
the amplitude increases. This reflecta directly the de- 
creased radius r~ of the gyration space of the molecules 
which results in increased local scattering intensity. 
Therefore the orientation angle can be easily calculated 
after determination of o-: 

x = Q o o - w ,  (2) 
The dynamic models of Kuhn, Rouse, and Zimm predict 

x = (1/2) arctan (mlB) (3) 
with 

n = 1 (Kuhn model)" 

m = 2.5 (Rouse model)12 

m = 4.88 (Zimm 

Deformation. Both rigid particles and random coile 
can be oriented in shear flow, but the latter will also 
show shear-induced deformation, i.e., extension of the 
mean radius of gyration. For LS evaluation, usually the 
Zimm approximation of the Debye scattering function for 
particles of any shape is used: 

P(h) = 1 - h2(S2)  + ... (5) 
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(P) being the mean-square Correlation length 
N N  
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where h = la( = absolute value of the scattering vector = 
(4~/X)sin(e/2),N=numberofchainsegmente,and (rk1p2) 
= mean-square projection of the segment distance vector 
Tk1011 h. 

In quiescent solution, the mean-square radius of gyration 
( rW2) can be determined by the classical Zimm method 
performing angle variation and plotting P1 vs sin2 (W2) 
after ( ran2) = 3( 9) (including extrapolations c - 0 and 
h - 0) because the correlation length (sa) l/2 is constant 
in all observation directions. 

If the molecules are oriented (and eventually deformed) 
in a flow velocity gradient, their gyration space will be 
deformed from a sphere to an ellipsoid. The three main 
radii of this ellipsoid cannot be determined by angle 
variation in a Zimm plane and evaluation as usual, becauee, 
at each detection angle, a different correlation length 
determines the local scattering intensity. This leads to 
strongly curved Zimm plots Kc/R(h) versus h2 (K denotes 
the optical constant and R(h) the reduced scattering 
intensity), and the extrapolated resulting values are 
therefore uncertain. An example will be shown below 
(Figure 10). 

Unfortunately, no analytically applicable scattering 
function for oriented, deformed macromolecules is avail- 
able. For the determination of the radius of gyration in 
shear flow, all three main correlation lengths  SA^)'/^, 
( SB~)  1/2, and ( Sc2)lI2 of the ellipsoidal gyration space must 
be known since the radius of gyration is 

(7) 

After a proposal of Peterlin,” the determination of the 
main correlation lengths can be performed by variation of 
the incident wavelength at a constant detector position, 
using the simple scattering function of Zimm. While the 
detector position remains unchanged, a complete Zimm 
scan can be performed by wavelength variation. In 
addition, this procedure has the advantage of being widely 
independent of assumptions concerning the shape of the 
scattering particles. These data are evaluated corre- 
sponding to eq 5. (P) is then the mean-square, local 
correlation length of the gyration space in the direction 
of the scattering vector. In our case (Figure 21, it can be 
shown that (Sa) can be described as 

(9) = (s,,~)(cw~ ( ~ 2 )  cos2 + 
(s,2)(w2 (812) sin2 u’) + (s,2min2 ~ 2 ) )  (8) 

with w‘ o + x. 
From (9) data of at least three detector positions, the 

three unknown quantities   SA^), (SB~), and (Sc2) can be 
calculated for each value of 8, considering the respective 
orientation angle x.  Hence, ( rW2) can be easily calculated 
from eq 7. 

The theoretical predictiona for the deformation ratio of 
polymers in shear flow are 

(value of m as in eq 3) with (Re2) and (R,.02) being the 
mean-square end-to-end distance in flow and at rest, 
respectively. In the regime of small deformations, the 
coil is eeeumed to still be Gaussian; i.e., the deformation 
ratios of (R.2) and (rW2) are approximately e q u a l . 3 8  
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Figure 1. Scattering intensity of PS10 in DOP, c = 0.113 g/L, 
T = 25 O C ,  measured in the flow plane at w = 120° and = 90°. 
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It should be stressed that the measurement method 
described above can only be performed if the detector 
range allows three-dimensional detection and if the 
orientation angle can be determined. With only one 
accessible detection plane, no more than two independent 
main radii of the gyration space can be determined. 
Without information about the orientation angle, the 
situations of the main gyration axes of the particle are not 
known, and therefore the contributions of  SA^) and ( S B ~ )  
in (sa) cannot be distinguished. In the following we 
present the determination of the orientation angle and all 
three gyration radii of flow-oriented macromolecules. 

Rellulte 
In all measurements the shear rate was increased linearly 

from zero up to the desired value, while the detector 
poeition was maintained. 

Figure 6 shows the course of a typical LS measuring 
cycle in the flow plane beginning with a resting time of 6 
min. From t = 6 min to t = 17 min the shear rate is 
increased linearly. A relaxation phase from t * 17 min to 
the end follows. This cycle was repeated for each 
measuring angle. 

At the detector poeition shown in Figure 6, the scattering 
intensity decreases in the low shear region with increasing 
shear rate until t = 13 min. At other positions in the flow 
plane, scattering increases are also observed in thie region, 
and in intermediate case-s the scattering intensity doee 
not change significantly. Figure 6 illustratas the relative 
scattering intknsity at several positions in the flow plane, 
clearly showing the anisotropy of the scattering intemity 
under shear. 

After ceaation of shear, behavior is similar at all angles, 
but the initial intensity is reached only after a certain 
r h t i o n  time. This is an unexpected finding since the 

the flow plane (e = 900). same sample 88 in Figure 5. 
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Figure 7. Relative intensity changea versus o at differeat 4 for 
PSlO in DOP, c = 0.113 g/L, T = 25 O C .  

molecular relaxation time in the solution is 65 ms, as 
calculated from eq 1. 

This relaxation process can be related to the strong 
scattering increase that begins at 180 8-l ( t  = 13 min). The 
effect is present in the whole detection range. It was 
unequivocally identified as a shear-induced phase separ- 
atioaWu Somecharactaristica of our observations, which 
will be the subject of a separate publication, are mentioned 
here: 

(i) The strong scattering increase occurs at all detedor 
positions. 

(ii) After stop of flow, a relaxation or rediilution time 
is needed to restore the scattering rate of quiescent 
solution. Then, the intensities before and after the 
experiment are equal to within experimental error (1- 
2 !% ) for each solution, even after up to 50 measuring cycles. 

(iii) If the critical shear rate for the onset of phase 
separation is not reached during the experiment, at shear 
stop the scattering intensity returns to the initial value 
within the molecular relaxation time (<lo0 ma). 

(iv) With in& polymer concentration, phase 
separation begins at lower shear r a w  

(v) At  elevated tanperaturea (30-65 OC) the effect seta 
in at high shear rates, and the relaxation time after shear 
stop is shortened. 

(vi) The Zimm extrapolations in the phase-separation 
regime (though dietorted, we above) show rapidly in- 
crea~ing correlation length and molecular 11~888. The 
phase-separation region can therefore be distinguished 
well from the regime where only orientation and defor- 
mation effede occur. 
As light scattering is a method ementially sensitive 

for particle size, the shear-induced phase separation can 
be detected in ita very besiMing and at very low 
coIIoBIltrBti<MB (c- EJ 0.06 g/L = 50 ppm1.W However, 
in the following resulta the phaw-separation regime will 
be disregarded. 

Depolarization of the scattered light is an important 
point since the experimental conditions were similar to 
flowbirefrineence experiments,eventhoughincomparison 
low concentrations and shear rates were used. Each 
investigated aolution was checlred, but a depolarization 
increase induced by shear was never detectable. h, 
t h u g b u t  d investigations no evidence of chain deg- 
radation by shear was found in the shear range used.= 

Orientation. For the oriwtation angle determination 
from primary data like in Figure 6, relative intemity 
changes in the shear phase were plotted against the 
detection angle u (Figure 7). 

Compared to Figure 4, qualitatively the same picture is 
obtained. Each curve shows a maximum, with positions 

X 

F'igure 8. Orientation angle4 of PSlO in DOP, T = 26 O C .  
(Dashed linea denote theoretical values.) 
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Figare 9. Apparent value of m of data in Figure 8 versus the 
shear parameter. 

which move toward o = 90°, while the maximum height 
increases. From eq 2, the orientation angle can be easily 
calculated. 

Interestingly, all curvea meet almost in one point on the 
zero line at o EJ 9 6 O .  Concerningthiepewbity,the resulta 
of Peterlin for the elastic dumbbell m d e P  show a faint 
resemblance, whereas for the spring-bead model16 he 
predicted an exact croespoint of the relative scattering 
intensity curves located at o = 90°. This may ale0 serve 
as a qualitative teet of the dynamic models and will be 
referred to later. 

In Figure 8, orientation angles of a concentration series 
of PSlO in DOP together with the theoretical predictione 
(eq 3) are shown. 

A concentration dependence is clearly revealed: the 
higher the concentration, the lower the orientation anglea, 
i.e., the more complete the orientation proms. At low 
concentrations, Orientation data can be described ap- 
proximately by the b u s e  themy, whereaa with i n c r d n g  
concentration, orientability increases and the orientation 
angles tend toward the Kuhn model. Exact information 
concBRljpg this point ia gained by plotting the apparent 
value of the parameter m from eq 10 for each data point 

(10) 

versus the reduced shear rate (Figure 9). 
Linear dependences of m on comntration and on the 

shear parameter are revealed. The data were extrapolated 
to zero concentration, since none of the models considers 
intermo€ecular interactions. For c - 0 a weak shear rate 
dependence of m results 

m = 2.1 + 0.16 (11) 
Thb can be interpreted as an increase of the particle's 

" e w i t h r i a i n g  shear rate against further orientation, 

m**p = B tan 2x 
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ptrve 10. Zimm plot by variation of B at w = 140° on an 
intermediate CoLIcBlltrBtiOll of PSlO in DOP, c = 1.094 g/L, T = 
26 "C. Curves are polynominah of 2nd degree. 
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ptrve 11. Zimm plot by B variation at = 9S0 of PSlO in DOP, 
c = 1.W g/L, T = 26 O C .  Curves are polynomhh of 2nd degree. 
which ia in contradiction to the prediction of a constant 
m value. The concentration dependence of the reduced 
ateady-state compliance Ja and the parameter m, which 
ia the reciprocal of J a ,  ia h d y  known." This hae been 
established especially by flow birefringence, but no in- 
terpretation has been given yet. At  least one can say that 
the presence of many oriented polymer coils increases the 
overall orientation degree, and the orientation resistance 
rieeg with increasing shear. 

Deformation. Performing LS by angle variation on 
oriented particles, one should get a distorted Zimm plot, 
as is demonstrated in Figure 10. 

For the deformation determination according to Pe- 
k l h ~ , ~ ~ t h r e e d ~  poeitions (@,e) were chosen. Though 
it ahould be irrelevant which (noncoplanar) p i t i o n s  are 
choeen, the ones where the scattering vector pointa 
approximably at the gyration main axes were preferred. 
As a consequence, each of the three poeitions was dom- 
inated by one of the gyration radii. Here, the measurement 
poeitions I(140°,900), II(8So,9Oo), and III(9Oo,12O0) were 
choeen. 

Wavelength variation was performed by meane of the 
Ar ion laser. Unfortunatsly, the X range of the Ar ion 
law ie rather limitad (468-614 nm) which c a w  uncer- 
tainty in the multing Zimm extrapolations. Therefore, 
the zero-angle scattering rata was included in the extrap- 
olations. In quiescent solution, for each solution the zero- 
angle scattaring can be determined by angle variation. If 
the usual osmotic preaure virial expaneion ie limited to 
two d c i e n t a  which "s reasonable in a near4 solvent, 
one can aeeume that 

Kc 1 - = - + 2A#= constant(q) N O )  M w  (12) 

s u p p i n g  K and A2 (=second oemotic virial coefficient) 

2.5 
0.0006 0.0007 0.0008 0.0009 

h2 (l/nm2) 
Figure 12. Zi"plotbywavelengthvariationatpoeitionI(lW, 
90°) for PSI0 in DOP, c = 1.094 g/L, T = 26 O C .  

90 - <s:>l '2  

80 - <Si>"2 

c- <St>"*  2 70 
N 
\ 

60 
h 

N -  
o) 50 
" 

40 

30 
0 1 2 3 4 5 6 7  

reduced shear ra te  p 
Figum 18. Main cormlation lengths of PSlO in DOP depending 
on the &ear parameter 4, c = 1.094 g/L, T = 26 O C .  

to be unaffected by the shear flow. 
The validity of eq 12 was checked by performing 0 

variation under shear in the Zimm plane at w = 9S0, 
because, due to the crosspoint in Figure 7, at w = 9 6 O  
almost undistorted Z i  extrapolations are poeeible. In 
this particular Zi" plane, no information conveming 
the molecular deformation can be expedal, but the value 
of the ordinate intercept Kc/R(O) under shear can be 
determined well since the diagram ia almoet undietorted. 
Kc/R(h=O,q) and A&) were investigated by thie method 
for each solution and found to be constant to within 
experimentalerror (Figure 11; atB= Sthe  pbeepamt ion  
regime ia entered). 

Figure 12 shows a typical Zimm extrapolation by 
wavelength variation. For a fmt-order estimation of the 
deformation rates, linear fib were applied which meet in 
the common ordinate intercept. After evaluation of the 
local correlation lengths, the main correlation lengths of 
the molecular gyration space were calculated from eq 8, 
taking the previously determined orientation angles into 
account. 

The resulting main correlation lengths are shown in 
Figure 13. 
As predicted by theory, the longest correlation length 

((S~2)1/9 expands while the short one in the flow plane 
(( S~2)1/a) decreaeerr. The data for the third correlation 
length (( Sc2) l 4  reflect remarkably well the theoretical 
resulk within experimental errors, it ia not affectad by 
the flow. The same qualitative picture ia yidded from all 
investigated concentrations. (When the pbreparntion 
region ia entered, all radii increase dramatically.) 

Smce also completely undeformable moleculee would 
show a similar behavior for the three main radii (increme/ 
decrsaee/constancy), only the mean radius of gyration 
indicates an actual deformation, that ir, if it  e& ita 
value at rest. For this purpom, in Figure 14 the gyration 



470 Link and Springer 

\ 

h 

. 

N 1 4  

CL. 

0 1 3  

Macromolecules, Vol. 28, No. 3,19Q3 

Houwink law and the Schulz-Zi" molar maee diatri- 
bution.18 In our case, it leads to mo = 3.0 instead of 2.1 
which at least meane that the influence of polydispersity 
is comparatively great and should be considered, but it 
must be stated that a polydupersity correction haa not 
always been applied in other experimental works. 

The deformability of PS in DOP does not correapond 
to the scaling exponent of 2 as predicted by the theoriea 
(eq 13). Qualitatively, Cottrell, Merrill, and Smitha (CMS) 
have reported a similar result from their measurements 
on poly(iaobuty1ene) in decalin. Their data deecribe an 
even lower deformability 

(rm2)/(rgyr,t) = 1 + O.OIB'*~ (14) 

taken from Figure 10 of ref 3. (Sc2) was presumed to 
remain constant because it could not be measured. 

In contrast to the qualitative coincidence with the reeulta 
of CMS, we cannot confirm the finding of Lindner and 
Oberthuer (LO), that the deformation ratio of PS corm 
eponds at least roughly to the theoretical predictions. One 
reason may be the fact that LO USBd orientation angle 
data of CMS, because with the flow SANS apparatus the 
determination of x is not possible. However, the orien- 
tation angle is indispensable to calculate the main radii 
 SA^)'/^ and (SB~)'/~. Certainly, this work and the two 
others mentioned are not completely comparable since 
different polymers (CMS), solvents, and molar massee were 
inveatigated. The low deformability exponent of 1.40 
found here is not affected by the Peterlin polydispersity 
correction; merely the prefador is changed from 0.017 to 
0.010. 

In a recent paper, Menaaveta and Hoagland% have 
reported light scattering from polystyrene in steady 
eloqptional flow. Surprieiily, ale0 in elongational flow 
always a lower deformation was observed than pre- 
dicted.'*% This fact is ascribed to the limited residence 
time of the individual molecules in the center of flow, 
which is a critical point in elongational flow tmh&uea. 
Effwta like this cannot be the reason for the behavior 
okrved here. However, it appeare that p o l y "  gen- 
erally show a much lower deformation than expected in 
any type of fl0~.1Q122 
The low deformations achieved in our measurements 

are probably the reason why no significant depohbation 
increase was observed. 

DOP represents a near-0 solvent for PS. In general, the 
shear rate dependence of the intrinsic viscoeity is leee 
pronounced in poor solvents than in good solvents, as is 
known from viecoeity meaeurementa.a Orientation of 
polymer mol& lowers flow resistance and intrinsic 
viscoeity, whereas deformation can be expected to incnurae 
the intrinsic viecoeity. 
The obeerved orientation anglea reflect an orientability 

ofthesamemagnitudeaspredicted. Hence,themeaMed 
Roudike orientability together with a very low deform- 
ability can be euppoeed to be one reason why highly dilute 
solutions of polymers also in 0-solventa show a ahear rate 
dependenceoftheintriaeicviecoeity. Adirectcompahn 
to viecoeity measurementa is desirable and wil l  be given 
in a later publication. 

F i a a l l y , i t i s ~ l y ~ t h a t L S ~ m ~ p o l y m e r  
solutionsyieldeavarietyofintereetingmullax orientation 
anglesanddeformationratiocanbedetarminsdhdllute 
eolutions. Inaddition,eecondaryfldandehear-induced 
aggregation processes can be investigated very well with 
light mattering. In subsequent papers, we wil l  report 
rheooptical measurements ale0 in good solventa and on 
lower MW polystyrenes. 

d 0 0194 g/l 

0 0569 

A 0 1094 

A 8 1743 8" 1 - 

- 

0 1 2 3 4 5 6  

r e d u c e d  shear r a t e  p 

14. Def~tionmtioofPSlOinDOPund~flowagainut 
the shear pnrameter 8, T = 25 O C .  

radius extension ratio of some solutions of PSlO in DOP 
is plotted versus the reduced shear rate together with the 
theoretical reeulta of Kuhn, Rouse, and Zi". 

In contaut to the orientation anglea, a large diecrepancy 
between theoretical and empirical deformation ratio is 
revealed. A striking feature of the curves is the strong 
dependence on concentration. With c = 2.85 g/L, the Zimm 
deformation ratio region is nearly reached. For the 
deformation ratio of PSlO in DOP, extrapolated to zero 
concentration, we found 

(13) 
It should be s t r d  that the experimental data were 

recorded below the critical phase-eeparation shear rate, 
which was confirmed by the apparent molecular maas 
information from the Zimm plot by angle variation at w 
= 9 6 O  (Figure 11). Figure 14 is surely the most important 
and ala0 the most intereating result of our study. 

Dieeurrion 
The shear-induced orientation a n g h  d e t e " d  from 

dilute solutions of high molar maea PS are in the range 
predicted by the theoriea of Kuhn, Rouse, and Zi". A 
surprisingly strong concentration dependence and a weak 
&dependence of the reeiatance parameter m is observed. 
The polymer concentrations were choeen from the lower 
limitauifable for LS (0.064.1 g/L) uptoc/c* - 0.76. Hence, 
at the higher concentrations, intermolecular interactions 
are certainly not negligible, which means that, in preeence 
of many interacting polymer molecules, the orientation 
effect is augmented. 

At very low concentration (c - 0) and shear (g - 01, 
the orientability is slightly higher than predicted by the 
Rouse model (eq 3). M a t  of the data pointe are situated 
between the models of Kuhn and Row. Moreover, the 
crampoint in Figure 7 compared tothe Peterlin reeUltsl6J6 
confirms that the expertnental data reflect a behavior 
between the Kuhn and the Rwee models. While flow 
b-en# and dynamic viecoeity memurementam of 
dilute polymer solutions UBUBuy ahow a rather Zimm-like 
behavior, it is known that Boger fluidas' as investigated 
here may exhibit Rouse behavior. 

This result may be due to the ultrahigh molar maas 
polymer or the very low concentrations used which is 
usually not the cese in flow bidringonce and dynamic 
viscosity "6nte. Our current inv%afigationa on 
lower moiar meee PS show a marked influence of molar 
mam on the extent of the concentration dependence of x 
and m.98 

Concerning the polydiapemity of the polymer, Peterlin 
suggested a correction factor for B based on the Mark- 

1.4040.06 (rm2)/(rm,t) = 1 + (0.017 h 0.002)B 



Macromolecules, Vol. 26, No. 3, 1993 

Acknowledgment. We are greatly indebted to the 
“Deutache Forschungegemeinschaft” (DFG) for financial 
support aa well aa to Prof. Dr. Kiesewetter from the 
‘Institut ftir Feinwerlttechnik” of the Technical University 
Berlin for cooperation with the photometer construction, 
both within the framework of the “Sonderforschungs- 
bereich 336 hisotrope Fluide”, Berlin. Special thanks to 
A. Walfle and H. Stock, whose works made this study 
possible. 

References and Notes 
(1) Dupuia, D.; Layec, Y.; Wolff, C. Optical Properties of Polymers; 

Meeten, G. H., Ed.; Elsevier: New York, 1986; p 101. 
(2) Heller, W.; Wada, E.; Papazian, L. A. J. Polym. Sei. 1960,47, 

481. 
(3) Cottrell, F. R.; Merrill, E. W.; Smith, K. A. J. Polym. Sci., Polym. 

Phys. Ed. 1969, 7, 1415. 
(4) Champion, J. V.; Davis, I. D. J. Chem. Phys. 1970,62, 381. 
(5)  h a d ,  N.; Heller, W.; Nakagaki, M. J. Colloid Interface Sci. 

1969,31,585. 
(6) Cleachinsky, D.; Stock, H.; Springer, J. Colloid Polym. Sci. 1992, 

269,1250. Stock, H.; Zieenis, M.; Cleachinsky, D.; Springer, J. 
Rheol. Acta 1992, 31, 274. Link, A.; Zisenis, M.; Pr&tzl, B.; 
Springer, J. Makromol. Chem., Mucromol. Symp. 1992,61,358. 

(7) Lindner, P.; Oberthuer, R. C. Rev. Phys. Appl. 1984,19,769. 
(8) Lindner, P.; Oberthuer, R. C. Colloid Polym. Sci. 1988,266, 

886. 
(9) Brim, W. Colloid Polym. Sci. 1976,254, 325. 

(10) Hder ,  W. Kolloid-2. 1932,61,26. 

(12) Row, P. E. J. Chem. Phys. 1953,21,1272. 
(13) Zi”, B. H. J. Chem. Phys. 1956,24,269. 
(14) Peterlin, A. J. Polym. Sci. 1957,23, 189. 
(15) Peterlin, A.; Heller, W.; Nakagaki, M. J. Chem. Phyu. 1958,28, 

(11) Kuhn, W. Kolloid-2. 1934,68,2. 

470. 

Light Scattering from Dilute Polymer Solutione 471 

(16) Peterlin, A,; R e i o l d ,  C. J. Chem. Phys. 1964,40,1029. 
(17) Nabgaki, M.; Heller, W. J. Chem. Phy6. 1976,64,3797. 
(18) Peterlin, A. J. Chem. Phy8. lS63,39,224. 
(19) Smith, K. b, Merrill, E. W.; Peebles, L. H.; Banijamali, S. H. 
(20) Lumley, L. Phys. Fluids 1977,20,664. 
(21) Cathey, Ch.; Fuller, G. G. J. Non-Newtonian Fluid Mech. 1990, 

(22) Menaeveta, M. J.; Hoagland, D. A. Macromolecules 1991,24, 

(23) W&lfle, A.; Springer, J. Colloid Polym. Sci. 1984,262, 876. 
(24) Schurz, J. Introduction to Structure Rheology; Verlag Berliner 

(25) Taylor, G. I. Proc. R. Soc. London 1923, A102,Ml. 
(26) Kuhn, W.; Kuhn, H. Hela Chim. Acta 1943,26,1394. 
(27) C d e s ,  J. J. L.; Garcfa de la Torre, J. Macromolecuks 1990, 

23,809. 
(28) VerStrate, G.; Philipoff, W. J. Polym. Sci., Polym. Lett. Ed. 

1974, 12, 267. 
(29) Wolf, B. A. Macromolecules 1984,17,616. Krber-Lucan, H.; 

Schenck, H.; Wolf, B. A. Makromol. Chem. 1988,189,1613 and 
1627. 

(30) Raugel-Nafaile, C.; Metzner, A. B.; WLbrun, K. F. Macro- 
mokcuks 1984,17,1187. 

(31) Onuki, A. J. Phys. SOC. Jpn. 1990,69,3427. 

1991,24,2834. 
(33) Nakatani, A I.; Waldow, D. A.; Hm, C. C. Polym. Mater. Sci. 

Eng. 1991,65,216. 
(34) Wu, X.-L.; Pine, D. J.; Dixon, P. K. Phys. Rev. Lett. 1991,66, 

2408. 
(36) Odd, J. A.; Muller, A. J.; Narh, K. A.;Keller,A Macmmokcuies 

1990, 23, 3092. Broetow, W.; Ertepinar, H.; Singh, R. P. 
Macromolecules 1990,23,5109. 

(36) Jmahitz-Kriegl, H. Adv. Polym. Sci. 1969,6, 171. 
(37) Bohdanecky, M.; Kovar, J. Viscosity of Polymer Solutions; 

Elsevier: New York, 1982. 
(38) PrBtzl, B.; Link, A.; Springer, J., in preparation. 

Colloq. Znt. CN.R.S. 1975,233,341. 

34,63. 

3427. 

Union GmbH Stuttgart, Germany, 1974. 

(32) Criado-sancho, M.; JOU, D.; Ca~ae-VdZque~, J. M U C ~ O ~ O ~ C U ~ ~  


