
3092 Macromolecules 1990,23, 3092-3103 

The relative acceptor and donor emission intensity is then 
given by 

Fa 9, (12, + k,E) (1 + R,")(e2""" - R,'')fA 
(A71 

where f A  and f D  are given by eqs 2b and Za, respectively. 
The acceptors excited by absorbing the donor fluores- 

cence can reemit fluorescence to return to  their ground 
states. In the absence of scattering and absorption of 
the reemitted fluorescence, the contribution to the observed 
acceptor fluorescence due to  this radiative energy trans- 
fer in layer dx is 

= 
h d ( l  - E )  (1 + R_! ) (e26"S"L  - R-"2)fD 

Using eqs 1 and A1 and integrating over the thickness 
L ,  we found 

P, = I,q,k'a(l - E ) ( 1  + R,) x 

where CY is given by eq 2c. Equation A7 is thus modified 
to  give eq 2. 
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ABSTRACT: Elongational flow techniques are applied to the examination of flow-induced chain scission 
of macromolecules in solution. An opposed-jets apparatus is used both to produce mechanical scission and 
to monitor the molecular weight distribution of the scission products. We have explored the combined 
effects of elongational flow and elevated temperatures upon degradation of almost monodisperse atactic 
polystyrene solutions. Between 25 and ,150 " C  degradation occurs as closely central scission of the mole- 
cules beyond a critical strain rate (cf) .  cf is found to be a decreasing function of temperature. At 150 O C  

we present also results for thermal degradation alone. These results correlate well with predictions based 
upon a thermally activated barrier to scission (TABS) model. We also present results on the strain-rate 
dependence of the scission rate beyond cy at room temperature. These results clearly indicate that in dilute 
solution only those molecules that are virtually fully stretched can undergo central scission. Degradation 
in real flow situations (for instance, flow through GPC columns) seems to parallel our idealized experi- 
ments. Our results have serious implications for the latest theories of polymer dynamics. Finally, we 
speculate that, contrary to common belief, simple laminar shear flows may be almost incapable of degrad- 
ing polymer solutions and that degradation is only encountered when the flow contains an appreciable 
elongational component, commonly arising as a result of flow instabilities or turbulence. 

1. Introduction 

Stress-induced scission of polymers in solution is a sub- 
ject of major theoretical and technological interest. The 
thermochemical nature of mechanically induced scission 
of polymers has attracted the attention of many theo- 
rists since the pioneering works of Kuhn and Frenkel.lP2 
These authors over 40 years ago pointed out that  long- 
chain molecules can be stretched out and broken if the 
stress applied exceeds the breaking stress of the funda- 
mental chemical bonds. Technologically, the use of poly- 
mer solutions for flow modifications (in drag reduction 
or viscosity enhancement for example) is limited mostly 
by mechanically and/or thermally induced scission of the 
chains. 

The breakage of chains in dilute solution can be stud- 
ied by elongational flow.3-* Stagnation-point exten- 
sional flow fields can effectively apply a controlled stress 

0024-9297/9012223-3092$02.50 j o  

to the isolated molecule. Simultaneously, the conforma- 
tion of the molecule can be monitored by a variety of 
optical techniques. Using elongational flow techniques, 
one can vary both the stress and the temperature applied 
to the molecules in order to study their vital influence 
in the flow-induced scission process. 

In an  elongational flow field an  isolated flexible-chain 
molecule is expected to .undergo a coil-stretch transition 
a t  a critical strain rate, cc. This is a prediction from the- 
oretical considerations,+ll being due to  the hysteresis of 
molecular relaxation time with chain extension. The crit- 
ical strain rate is related to  the longest relaxation time 
of the molecule (7) as 

Extensional flow fields have been realized experimen- 
tally by a number of devices, cross slots, opposed jets, 
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sion products. 
1.1. Previous Results. As the strain rate is increased 

beyond &, along the horizontal plateau in Figure l a  (solid 
line), the already stretched out chains become increas- 
ingly stressed until they rupture. It is then possible to 
stop the experiment and start again from t = 0, remea- 
sure the new Z vs t curve, and derive the resultant molec- 
ular weight distribution. Thus the method can both break 
the chains and characterize the fracture products of the 
scission. It must be remembered that only a small frac- 
tion of the molecules present passes through the local- 
ized zone (i.e,, birefringent line) where the chains are 
extended. From these chains, only a fraction are broken 
in a single pass; therefore, the number of unfractured 
molecules left diminishes gradually with the number of 
runs. 

Ode11 and Keller5 found that the fracture behavior of 
dilute solutions of PEO and aPS was very similar. As t 
is increased beyond tc, no appreciable fracture occurs until 
a critical fracture strain rate q is reached. Figure 1 shows 
degradation results obtained by circulating the polymer 
solution (a closely monodisperse PEO) a t  t > tf through 
a cross-slot apparatus. Figure l a  shows the raw data, 
and Figure l b  the derived molecular weight distribu- 
tion. The latter shows the development of fracture for 
progressively longer times above ef. I t  is very clear how 
the initial single peak of the 1.4 X lo6 M, is gradually 
replaced by a second peak at  0.7 X lo6 M,. 

The molecules are breaking almost precisely in half. 
This result has been predicted by a number of authors2J3 
and might be anticipated from the centrosymmetric nature 
of the flow field with respect to the molecule, resulting 
in a maximum stress a t  the chain center. These results 
were qualitatively explained by applying Stokq '  law to 
a simple stretched out string of beads.5 The predicted 
molecular weight dependence of the critical fracture (tf) 
based upon such a simple model is 

if 0: 1/M2 (3) 

When the experiments described were repeated with 
a series of aPS fractions, the validity of eq 3 was strik- 
ingly 

Equation 3 has a further important consequence. The 
critical strain rates for stretching and fracture both decrease 
with molecular weight; however, tf decreases faster (pro- 
portional to than tc (proportional to M-1.5). There 
will be a value of M a t  which tf = &, indicating that at a 
sufficiently large M, the molecules cannot be stretched 
out without breaking. For aPS this value was estimated 
to be M ,  = 30 X lo6 and again it was corroborated exper- 
imentally (see Figure 13 in ref 5 ) .  

Stokes' law can also be used to estimate the value of 
the actual fracture force required to break the chains. 
This calculation yields values that, within experimental 
accuracy and the known precision of the parameters 
involved, correspond to the force needed to break carbon- 
carbon bonds. One experimental result that remains unex- 
plained by Stokes' law is the precision of chain halving 
with a very narrow distribution as opposed to the antic- 
ipated parabolic distribution. This result was only ratio- 
nalized when the process of chain breakage was consid- 
ered to be thermally activated. 

1.2. The TABS Theory and Polymer Dynamics. 
The thermally activated barrier to scission (TABS) model 
is based on the assumption that the scission of backbone 
bonds of a linear polymer is a thermally activated p r o c e ~ s . ~ . ~  
A brief description of the model is presented below. 

a 

T 
Intens~ty 

b 

Figure 1. (a) Progressive change with time of the birefringent 
intensity vs strain rate curve of a PEO solution that is subject 
to overstretching at 5 x 106 s-1 in the cross-slot apparatus (ini- 
tially, a 0.1% solution of 1.4 x lo6 M ,  PEO in water). (b) The 
molecular weight distribution curves derived from (a) as the 
polymer molecules are progressively degraded. 

and four-roll mills.4 Such devices produce almost pure 
extensional flow fields and incorporate a stagnation point 
a t  their center of symmetry. The extension of molecules 
can be assessed from optical retardation in the solution. 
As strain rate is increased a narrow birefringent line is 
observed around the stagnation point. This localization 
of extension is a consequence of the large strain required 
to highly extend high molecular weight flexible mole- 
cules: such large strains are only attainable for long res- 
idence times in the flow field, and this corresponds to 
stream lines that pass close to the stagnation point.4 The 
presence of a stagnation point provides a region of qua- 
si-steady-state flow (QSSF) where steady-state molecu- 
lar conformations can be achieved.12 

The optical retardation vs strain rate for a closely mon- 
odisperse poly(ethy1ene oxide) solution is shown in Fig- 
ure l a  (solid line). ,A critical coil-stretch transition is indeed 
observed beyond E,. For flexible molecules T is found to 
depend, almost universally, upon molecular weight (M) 
as 

where tlS is the solvent viscosity. 
The residual width of the coil-stretch transition can 

be ascribed to the polydispersity of the dilute solution. 
Indeed utilizing eq 2 we have demonstrated how it is pos- 
sible to use our technique to derive the molecular weight 
distribution from the retardation vs strain rate curves.4 

In this paper we describe the use of such techniques 
to create controlled mechanical and thermal scission and 
to simultaneously assess the molecular weight of the scis- 
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Figure 3. Total scission rate (solid line) and the width of the 
distribution of scission (broken line) around the chain center 
vs strain rate as predicted by the TABS theory for aPS (1 x 
107 M,J. 
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Figure 2. (a) Morse function for a covalent C-C bond. (b) 
Interatomic force derived from the Morse function. 

First, the required force to break a C-C bond needs to 
be considered. The potential energy U is described as a 
function of the distance between two covalently bonded 
carbon atoms by the well-known Morse function curve 
of Figurg 2a: 

U = Uo(exp[-2d(r - r e ) ]  - 2 expj-d(r - r e ) ] )  (4) 
where re is the distance corresponding to the minimum 
in the potential energy, d the parameter defining the width 
of the minimum, and Uo the dissociation energy. 

Second, the breakage of bonds is assumed to be a ther- 
mally activated process where the rate is determined by 
an Arrhenius type equation. The activation energy is a 
function of the force applied to the individual C-C bond. 
The force can be derived as a function of extension from 
the Morse function and is illustrated schematically in 
Figure 2b. The shaded area corresponds to the activa- 
tion energy for breakage if the bond supports a force F1. 

It  is assumed that bond scission occurs when thermal 
fluctuations overcome the energy barrier for bond disso- 
ciation and that the only role of the elongational flow- 
induced stress in the chain is to reduce this energy bar- 
rier from its equilibrium value. This represents the basis 
of the TABS model. 

The relation between the rate of scission (KO) and the 
temperature (7‘) according to this model is given by 

(5) 
where is proportional to strain rate, N is the number 
of monomers, a is the stretched bond length, and 1 is the 
monomer length. 

The TABS model can predict rather successfully the 
precision of chain halving (for details of the calcula- 
tions, see ref 6). Furthermore, the total scission rate can 
also be predicted as illustrated in Figure 3, where the 
width of the distribution of scission around the chain 
center is also shown. The total scission rate is zero below 
tf (as expected) and takes off very sharply beyond tf. It  
should be noted that the model did not take into account 

KO a exp[-Uo/(kTl + (a/l)PN2/81 

the effect of the polydisperity of the polymer. The crit- 
icality observed in Figure 3 would be reduced (i.e., a 
broader range in tf during the increase in scission rate) 
if the polydispersity is taken into account. 

1.3. Objectives. Thermal stability of chains is, of 
course, a basic limitation to the use of polymers in gen- 
eral, an issue compounded with their mechanical stabil- 
ity in flow. Our first objective will be to examine the 
two effects in combination. Specifically, how far does 
temperature affect the breakability of the chains under 
flow as assessed ,by the single parameter of critical frac- 
ture strain rate q. This serves as a test of our theoreti- 
cal understanding (TABS theory) and as an assessment 
of the practical temperature limitations of elongational 
flow applications of polymeric additives. As part of this 
objective we investigate thermal degradation under static 
conditions, with the aid of our flow-based molecular weight 
characterization method. 

Measuring the rate of scission (at a given tempera- 
ture) as a function of strain rate ( t )  greatly widens the 
single parameter approach adopted so far and is our sec- 
ond objective. 

There exist no data on scission rates for QSSF exper- 
iments. This information is useful because it deter- 
mines the lifetime of flow-modification polymers. There 
is, however, another reason for looking a t  isolated chain 
scission, particularly a t  high strain rates. This has arisen 
from interest in the dynamics of chain stretching. 

Many real flows are not QSSF but fast transient flows 
(FTF) and do not possess a stagnation point (e.g., capil- 
lary entrance flows); hence, complete chain extension does 
not occur. FTF produces partial chain extension and there- 
fore one would ask what the partially extended molecule 
looks like, what are its flow modifying effects, and per- 
haps most pertinently, can it break? The issue has pro- 
found conceptual implications on the mode of chain exten- 
sion itself, hence on the fundamentals of chain dynam- 
ics. 

Our third objective is to apply our knowledge of chain 
behavior in idealized elongational flow fields to chain deg- 
radation in practically occurring flow systems. As an exam- 
ple we have chosen to investigate the mechanism involved 
in the process of pore flow. 

Extension of our work to more concentrated systems, 
where chains are entangled, is our final objective. Here 
some initial experiments will be reported with forward- 
looking implications. 
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Figure 4. Schematic diagram showing the opposed-jets appa- 
ratus, associated optical train, and strain rate and viscometry 
control equipment. 

2. Experimental Procedures 
The experimentation followed the same principles as adopted 

in our preceding elongational-flow work in general and those 
on chain scission in particular. The opposed jet was adopted 
as a flow cell throughout, rather than the cross-slot flow cell in 
the previous scission works1-3 in view of certain distinctive advan- 
tages. The jets are easier to align and to construct, and shear 
components are minimized by the absence of walls. 

As described previously5 the opposed-jets apparatus (Figure 
4) is composed of two narrow capillary jets that face each other, 
immersed in polymer solution. As solution is sucked simulta- 
neously into both jets, a strong pseudouniaxial flow field is cre- 
ated, with a stagnation point at  the center of symmetry. The 
average strain rate is obtained on the assumption that the fluid 
elements entering the jets experience a longitudinal velocity gra- 
dient along the jets' symmetry axis in the form of uniaxial exten- 
sion. t is calculated from the knowledge of the volumetric flow 
rate Q as follows: 

= Q/(=r2s/2) 

where s is the jets' separation and r the radius. Q is usually 
calibrated against either the pressure drop across a capillary 
(shown in Figure 4 and explained in detail in ref 14; see section 
2.1) or the output voltage from the flow sensor (shown in Fig- 
ure 5 ;  see section 2.2). In either case, Q can be increased mono- 
tonically from zero by applying a controlled pressure in the flow 
system.14 

2.1. Intensity Measurements. The optical train used to 
perform quantitative measurements of intensity vs strain rate 
has been described previouslysJ4 and is shown in Figure 4. The 
linear detection methodl5 was used to maximize the signal and 
reduce the background noise. Therefore, the intensity is lin- 
early proportional to the retardation and is expressed as such 
in the raw data curves (for example, Figure 6). 

It was very difficult to obtained reproducible traces of I vs 
without introducing all the refinements of Figure 4. This was 
due to intensity fluctuations in the output signal. One prob- 
lem was fluctuation of the output of the He-Ne laser. This 
was corrected by using a laser monitor device as shown in Fig- 
ure 4. Furthermore, some lasers tested showed fluctuations in 
light polarization; this problem can be corrected if the laser mon- 
itor is placed between the polarizer and analyzer. 

Another source of fluctuation was due to changes in the ambi- 
ent temperature affecting several components of the optical train. 
This produced stringent requirements on the thermostability 
of the room housing the instrumentation. Even so certain spe- 
cific measures proved helpful. Thus the X/4 plates in particu- 
lar can be very sensitive to temperature fluctuation: the use of 
special temperature-compensated zero-order type was advanta- 
geous. The lenses (especially the condenser lens, Figure 4) could 
also give rise to spurious background fluctuations. The diam- 

Double Walled 1 1 1  
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Figure 5. Modified flow cell used for high-temperature elon- 
gational flow. 

eter of the focused beam should be large enough to enclose all 
of the birefringent line within the peak of the Gaussian distri- 
bution of the laser beam intensity. The alignment of the jets 
with respect to the beam is crucial in this respect. Microposi- 
tioning equipment was used in practically all the components 
of Figure 4, which allowed a precision of alignment of 1 5  pm. 

2.2. Temperature-Controlled Jets. Determination of cf 
as a Function of Temperature. The temperature-controlled 
apparatus, shown in Figure 5 is based on the opposed-jets setup, 
first used by Mackley.16 This replaces the flow cell in Figure 
4; the optical train remains unaltered. The jets consist of two 
prebored glass capillaries of 0.5-mm diameter joined to two 
20-mm-diameter glass tubes that act as reservoirs. The flow 
rate is determined from a capacitative level sensor in the res- 
ervoir. Flow into the jets is generated by applying a vacuum 
to the reservoir; reverse flow is achieved by applying excess pres- 
sure of nitrogen as indicated in Figure 5. The apparatus is con- 
tained in a double-walled glass vessel with optical windows to 
allow the birefringence to be viewed between crossed polars. 
The required scission temperature (Tf) can be maintained con- 
stant by refluxing a liquid of appropriate boiling point in the 
outer jacket of the double-walled vessel. 

The critical strain rate for chain scission at temperature T 
(&(T)) was obtained by repeated passing of the solution through 
the jets at constant strain rates beyond e,. Only those chains 
that pass close to the stagnation point will be fully stretched 
and eventually break. Therefore a large number of runs are 
required to produce observable scission. After a series of tests 
250 passes were found to be adequate. After degradation the 
retardation vs strain-rate scan was again repeated, at room tem- 
perature, to check for any indication of fracture. The latter is 
shown on the retardation vs strain-rate curve by a double step, 
or a sudden transition to a lower slope, resulting in a double 
peak in the derived molecular weight distribution curve. This 
process was repeated at progressively higher t until scission prod- 
ucts could be observed. We estimate that we could detect deg- 
radation of 10% of the original material by this test, correspond- 
ing to 0:04% degradation per pass. This serves as our defini- 
tion of cf. 

In order to minimize the effects of thermal degradation, antiox- 
idant was added to all solutions exposed to high temperatures. 

2.3. Determination of Scission Rate as a Function of 
Strain Rate (at Room Temperature). The kinetics of deg- 
radation at  a particular overstretching strain rate (Le., at  e > 
cf) can be followed by measuring how the peak height in the 



3096 Ode11 et al. Macromolecules, Vol. 23, No. 12, 2990 

Figure 6. (a )  Optical retardation vs. strain rate plots for undegraded polymer at 25 "C (continuous line) and the material degraded 
at 7 5  "C (broken line). (b) Derived molecular weight distributions corresponding to (a). 

Table I 
Comparison of the Molecular Weights and Polydispersities 

Supplied by Polymer Laboratories Ltd. and the Values 
Obtained with the Opposed-Jets Technique 

manufacturer's data elongational flow 

sample MD M w i M n  M D  MWIM, 
1 8 x 106 1.06 csa 
2 8 x 106 1.07 8 X  lo6 1.07 
3 7.75 x 106 c1.1 7.9 x 106 1.08 
4 8.5 x 106 <1.1 8.1 X lo6 1.07 
5 10.5 X lo6 <1.2 10.7 x 106 1.25 
6 12.25 X lo6 <1.3 10.7 x 106 1.2 

a cs: sample used as calibration standard. 

molecular weight distribution changes as a function of the num- 
ber of degrading runs.17 This information is contained in the 
retardation vs c curve, which is the raw data. Therefore, the 
variation in the retardation value at a constant strain rate was 
measured as a function of the number of runs. 

The strain rate chosen to measure the retardation value was 
cC. This was thought to be the most appropriate single param- 
eter because it corresponds to the peak of the derived molecu- 
lar weight distribution curve, while the amount of material present 
at twice this molecular weight or greater was usually very small 
(the actual value depended on the polydispersity of the sample 
but was always < lo% for the polymers used here). The retar- 
dation is therefore proportional to the amount of remaining mate- 
rial of molecular weight greater than the original M,. 

In this way an absolute value of the rate of scission (Le., the 
fraction of molecules passing through the jets that suffer cen- 
tral scission) can be obtained as a function of the strain rate. A 
fresh (undegraded) solution was used for each overstretching 
strain rate applied; then after the degrading runs, the retarda- 
tion vs c curve was measured at least 5 times to check for con- 
sistent results. 

It is an important condition for the presently adopted eval- 
uation of scission rate data that each chain can only be cut once 
even on repeated cycling. As the required tf for the fracture 
product is never reached within the c range used, this condi- 
tion is always fulfilled in our experiment. 

3. Results and Discussion 
3.1. Characterization of the Samples Used and 

Determination of Molecular Weights by Elonga- 
tional Flow. Narrow fractions of aPS were used in the 
scission-rate determination. Before attempting to mea- 
sure molecular weights, it is necessary to  calibrate the 
instrument in order to  know the numerical correspon- 
dence between molecular weight (M) and e. 

Six different samples were used as listed in Table I. 
Columns 2 and 3 give peak (M,) and polydispersity data 
(M,/M,,) as provided by the suppliers. Samples 1-4 were 
close to  8 X lo6 Mp while samples 5 and 6 had higher 
M,'s. We examined all six samples by our elongational 
flow technique as introduced previously (e.g., ref 4) and 

chose concentrations for each M ,  satisfying previously 
established criteria for dilute solution.ls 

We took sample 1, which had the lowest M,/M,, Val- 
ues as specified by the supplier, as a standard and deter- 
mined the M ,  and M,/M, values of the other five sam- 
ples with respect to it. Columns 4 and 5 in the table 
show the result. The overall agreement with the sup- 
plier is satisfactory, particularly for the samples in the 8 
X lo6 range, although some differences start appearing 
for samples 3 and 4. For the two higher molecular weight 
samples (samples 5 and 6) these differences become pro- 
gressively larger. Throughout this work we have used 
our elongational flow determined values to ensure inter- 
nal consistency. 

At this point a comment on the potential of the elon- 
gation flow method for measuring molecular weights and 
their distribution is appropriate. Conventionally, GPC 
is used for this purpose and our suppliers' specifications 
were obtained in this way. However, a t  such high molec- 
ular weights we are a t  the limit of resolution of the GPC 
columns used, and the values quoted were obtained from 
the nonlinear portion of their calibration curve (Poly- 
mer Laboratories, technical booklet information). It is 
reasonable to assume that 8 X lo6 M ,  may be the upper 
buund for accurate GPC measurements, if low pumping 
rates are used (see section 3.4). 

On the other hand, the elongational flow method used 
here does not present such problems. It is very sensitive 
to high molecular weights and its upper limit is deter- 
mined by the molecular weight at which ec = t f  ( 23  X lo7 
M ,  aPS; see ref 5 ) .  It has, however, a lower limit that is 
determined by the maximum achievable strain rate (for 
aPS/Decalin solutions, i t  corresponds to ;=2 X lo6 Mp 
using the present apparatus). In this lower range other 
methods to determine molecular weights are available, 
including GPC. 

3.2. Temperature Dependence of Chain Scission. 
3.2.1. Flow-Induced Scission at High Tempera- 
tures. Figure 6 illustrates the flow-induced degrada- 
tion results a t  high temperatures. The solid line of Fig- 
ure 6a shows the retardation ( R )  vs t curve for an unde- 
graded 8 X lo6 M ,  aPS; the curve corresponds to a typical 
coil-stretch process (similar to PEO in Figure l), where 
the width of the transition is due to the residual poly- 
dispersity of the sample. The derived molecular weight 
distribution is shown in Figure 6b and is broadly consis- 
tent with GPC, subject to the restrictions of that tech- 
nique (see section 3.4). After running until degradation 
is detected (in this example, the degradation tempera- 
ture was 75 "C), the retardation vs strain-rate curves appear 
as shown in Figure 6a, with a clear shift to higher strain 
rates and a second slope in the retardation profile. 
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Figure 7. Critical strain rate for chain scission (q) as a func- 
tion of temperature, uncorrected (0) and corrected (x) for sol- 
vent viscosity. Also shown is the variation of critical strain rate 
for the coil-stretch transition ( e c )  as a function of temperature 
(0). Continuous line is the "best fit" for the TABS model. 

The derived molecular weight distribution (Figure 6b), 
shows a narrow degraded peak arising a t  4 X 106 Mp; 
that is, the chains are almost exactly halved (similar to 
Figure l b  for PEO). It is interesting to note that the 
position of the peak of the remaining original material 
is shifted toward a lower molecular weight (ca. 7.7 X 106). 
This arises from preferential degradation of the highest 
molecular weight species within the original distribu- 
tion. 

Figure 7 shows the variation in critical strain rate for 
fracture over the temperature range 25-150 "C, obtained 
from curves such as Figure 6. Within experimental uncer- 
tainty tf as directly determined (squares in Figure 7) is 
independent of temperature. However, the viscosity of 
the solvent (Decalin) drops by more than 80% (0.0024 
Pes to 0.00042 Pa.s) over this temperature range. The 
stress transferred to the molecule is proportional to the 
solvent viscosity, predicting a value of tf that should be 
inversely proportional to solvent v i s c o ~ i t y . ~ ~  Therefore, 
we have normalized our results to a constant effective 
viscosity (0.0024 Pa.s). The effect of the correction is to 
multiply i f b y  a r / q ~ ,  where VT is the solvent viscosity a t  
temperature T and is the viscosity a t  room tempera- 
ture (25 "C). The corrected results are represented by 
crosses in Figure 7. 

Also shown in Fi,gure 7 (circles) is the critical coil- 
stretch strain rate (ec) as a function of temperature and 
corrected for changes in solvent viscosity. The solvent 
viscosity corrected critical strain rate for fracture now 
decreases markedly with temperature, approaching the 
critical strain rate for the coil-stretch transition a t  higher 
temperatures (Figure 7). The solid line in Figure 7 shows 
the prediction for tf from the TABS theory, in excellent 
agreement with our results. This f i t  is achieved with, 
essentially, only one adjustable parameter UO, the disso- 
ciation energy. The value corresponding to our best fit 
is 172 kJ.mol-', broadly in line with values of Uo deter- 
mined from kinetics of weak-link theory of thermal deg- 
radation; for further discussion the reader is referred to 
ref 21 and 27. 

Many useful rheological phenomena in polymer solu- 
tions, such as drag reduction, viscosity enhancement, or 
non-Newtonian properties, are thought to be related to 
the coil-stretch phenomenon occurring in extensional com- 
ponents of the flow field.14*20 The utility of such appli- 
cations requires that the molecules can withstand stretch- 
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Figure 8. (a) Retardation vs strain rate plots for storage at 
150 "C without flow. (b) Derived molecular weight distribu- 
tions. The numbers on the curves are the storage times given 
in hours. 

ing without significant scission. Thus the region of flow 
between tc and tf is the useful "window" for coil-stretch- 
related phenomena. I t  is clear from our results that  as 
the temperature approaches 125 "C, this window is clos- 
ing, so that tf and t, are converging, setting a limit upon 
the useful application of polymers for flow modification 
a t  high temperatures. 

3.2.2. Pure Thermal Degradation. As the setup of 
Figure 5 is well suited for investigating this aspect of molec- 
ular degradation, we carried out some measurements on 
the same aPS/Decalin system a t  150 "C in order to ascer- 
tain the extent to which thermal degradation alone, under 
static conditions, might affect our results. For this pur- 
pose a fresh solution containing antioxidant was stored 
a t  150 "C without flow for up to 72 h. During the stor- 
age period the solution was cooled to room temperature 
a t  six hourly intervals to monitor the variation in retar- 
dation with strain rate. 

The results show a progressive drop in the retardation 
vs strain rate curve as the solution is thermally degraded 
(Figure 8a). The derived molecular weight curve shows 
a corresponding reduction of the peak height, the peak 
position along the molecular weight axis gradually shift- 
ing toward the lower end of the scale (Figure 8b). 

I t  is a well-known phenomenon that above a "ceiling" 
temperature polystyrene (and many other polymers) is 
unstable and degradation can lead to chain "unzipping", 
to leave only low molecular weight oligomers and rings.21 
In our experiments such degradation products would be 
far too low in molecular weight to register; they would 
effectively disappear from our molecular weight distri- 
bution. The consequence of this is that the maximum 
value of retardation oberved would be reduced. This we 
certainly observe. Figure 8a shows that the maximum 
retardation is drastically reduced by prolonged thermal 
degradation a t  150 "C; this may be contrasted with Fig- 
ure 6a, where the degradation is principally mechanical 
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Figure 9. Maximum retardation from Figure 8 as a function 
of storage time at 150 "C. 
and almost no reduction in maximum retardation is 
observed. While the ceiling temperature for aPS melts 
is ca. 395 "C, there is evidence that unzipping can occur 
a t  temperatures as low as 150 O C  in solution.5* 

Figure 9 shows the maximum retardation a t  150 "C as 
a function of time. After 25 h it appears that the rate of 
unzipping accelerates; it may be that the antioxidant is 
becoming exhausted. 

The results of Figure 8 show that the thermal degra- 
dation, without any mechanical fracture, does not yield 
the central scission that typifies flow-induced degrada- 
tion. Instead each curve displays typical random scis- 
sion behavior with concomitant broadening of the molec- 
ular weight distribution. The initial degradation half- 
life of 24 h is broadly consistent with predictions of TABS 
theory, which predicts a half-life of 34 h. 

Gel permeation chromatography is an appropriate tech- 
nique for examining the lowest molecular weight scis- 
sion products. Results obtained are broadly consistent 
with the degradation results based on extensional flow 
and confirm the existence of substantial material of <2  
X lo6 molecular weight a t  long degradation times. 

3.2.3. Combined Flow-Induced and Thermal 
Degradation. Figure 10 shows the combined effect of 
flow-induced and thermal degradation. In this case, the 
polymer solution was first mechanically degraded, as before, 
for only 250 passes (6 h) a t  150 "C and then stored at 
this temperature, and the changes in optical retardation 
with strain rate were monitored a t  six hourly intervals 
(Figure loa). 

The derived molecular weight distributions shown in 
Figure 10b again reveal all the effects associated with 
both types of degradation. First, the double peaks indi- 
cate (as in Figure 6b) midchain scission associated with 
flow-induced degradation. Second, we see the drop in 
retardation and the broadening of the molecular weight 
distribution, which by the previous section (Figure 8) we 
can now attribute to thermal degradation. Finally, the 
shifting of the peaks toward the lower end of the molec- 
ular weight scale, as explained previously, arises from pref- 
erential degradation of the highest molecular weight spe- 
cies. 

3.3. Scission Kinetics and Implications for the 
Dynamics of Chain Stretching. As indicated under 
objectives (section 1.3) the kinetics of chain scission have 
important implications for chain dynamics. We shall now 
discuss this subject in more detail. 

3.3.1. Models of Chain Dynamics. One attractive 
model for the dynamics of chain stretching is the so-called 

STRAIN RATE x 1C ' I1 I S ]  
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Figure 10. Combined effects of flow for 250 passes at 150 "C 
followed by storage at 150 "C. (a) Retardation vs strain rate. 
(b) Derived molecular weight distributions. 
"yo-yo" model due to Ryskin.22 The Ryskin model was 
motivated by the description of the terminal equilib- 
rium configuration of a macromolecule stretched by a 
strong flow, first given by Frenkel.2 Frenkel envisaged 
the central portion of such a molecule as being straight- 
ened out along the direction of the flow, while the two 
end portions remained curled. 

Ryskin's yo-yo model considers that if h > iC ,  the elon- 
gation of the chain in an extensional flow reflects the 
elongation of the fluid element. The macromolecule does 
not, however, deform affinely with the fluid, but unrav- 
els, whereby the central portion of the molecule is straight- 
ened out first and then remains taut and grows in length 
a t  the expense of the two coiled end portions. These end 
portions move apart under the influence of the flow while 
a t  the same time getting smaller. The reason for such 
behavior, according to Ryskin, is the nonuniform distri- 
bution of the stretching force along the hydrodynami- 
cally effective length of the molecule. The stretching force 
is zero a t  the ends and maximum in the middle with a 
roughly parabolic distribution. If the chain enters a region 
of weak flow, the chain will curl back into a coil; hence 
each half of the chain behaves as a yo-yo. 

RabinI2 has calculated the response of such a mole- 
cule to a transient extensional flow, specifically address- 
ing the question of whether the stress in the central por- 
tion of the chain could be sufficient for scission before 
the chain is predominantly extended. This he has claimed 
can occur if the strain rate is high enough; he predicts a 
scaling law of critical strain rate 

k f  0: M" ( 7 )  
This was roughly in agreement with some results on 

but is in con- 

; E M 2  (8) 

observed for QSSF (stagnation point) flow in this 

degradation in transient capillary 
trast to the scaling law 
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Figure 11. Schematic representation of the yo-yo model in 
the opposed jets. The density of dots is inversely proportional 
to the residence time in the flow field. The uodotted central 
region corresponds to QSSF, and the dotted region that sur- 
rounds it corresponds to FTF. See text. 

l a b ~ r a t o r y ~ . ~  and expected for highly stretched mole- 
cules. Rabin predicted that FTF scission would occur 
mostly a t  much higher strain rates than QSSF scission, 
that the strains of the molecules would be modest (zSX), 
that the scission rates would be high, and that the scis- 
sion would be somewhat less precisely central. 
33.2. FTF Degradation Results. Nguyen and Kausch 

have performed a series of experiments using transient 
elongational flow. Their apparatus is essentially similar 
to the device described by Merrill and L e ~ p a i r a t . ~ ~  The 
FTF is created by forcing the fluid through a steep con- 
traction with a piston.z5 They first obtained the molec- 
ular weight dependence of e r  using bisphenol A 
polycarbonatez6 and then aPS.z' Their first,two works 
reported a molecular weight dependence of f r  in agree- 
ment with the QSSF result (Le., er - M-2). They later 
reconsidered their strain-rate calculations and obtained 
a different scaling law, er 0: M-0.95.2s These new results 
were in agreement with Merrill's unpublished results on 
FTF (er = M-'.' z3) and were rationalized in terms of the 
Rabin model, with which it thus seemed to agree except 
for the very precise halving of the chain, a feature still 
displayed by these experiments. 

Recently, Nguyen and Kausch have investigated the 
effect of solvent viscosity,on their FTF results.z9 Sur- 
prisingly, they found that er is almost independent of sol- 
vent viscosity. A small reduction in er was found only 
for very viscous solvents. This result goes against the 
fundamental predictions of any molecular model of poly- 
mer dynamics. A viscous solvent will increase the stress 
on the molecules and it will increase the molecular relax- 
ation time by a factor proportional to the solvent viscos- 
ity. Such a fundamental consideration is independent 
of the mechanism of chain unraveling and fracture. 
3.3.3. Scission-Rate Resul ts  a n d  The i r  Interpre-  

tation in  QSSF. One of the problems of the Rabin model 
is that it would predict that  below a certain molecular 
weight, scission would occur in a FTF earlier than in a 
QSSF of the same strain rate (because of the reduced 
power dependence of upon M a s  compared to QSSF). 
This is clearly not a satisfactory situation, since a QSSF 
necessarily incorporates a FTF a t  its inception and a t  all 
points surrounding the stagnation point. Figure 11 pre- 
sents a schematic diagram of the opposed jets showing 

S T I 1 " I W  l " T E r l s  -=<us, 
Figure 12. Scission rate vs overstretching strain rate for dilute 
solutions of aPS in Decalin at room temperature: (a) M = 
10.7 X 106, MJM, = 1.2,0.01%. (h) M p  = 8.1 X 108, M , f k  
= 1.07, 0.02%. 

the regions of FTF and QSSF and also a sketch of how 
the molecules would deform in these regimes according 
to the yo-yo model. 

Our experiments on scission rate vs strain rate can also 
probe the region of strain rates where "transient" scis- 
sion should dominate. The flow field of Figure 11 con- 
sists of a very restricted region of QSSF (long residence 
time) around the stagnation point. This is surrounded 
by a region of FTF (lower strain, short residence time; 
dotted regions in Figure 11). Normally, the observed bire- 
fringence corresponds to highly stretched chains only in 
the QSSF region, i.e., localization. On the prediction of 
the Rabin theory and Nguyen and Kausch experiments, 
a t  high strain rates transient chain scission in the 'yo- 
yo" configuration should produce a massive increase in 
scission rate. This arises because the yo-yo model only 
requires low strains for scission, such that almost every 
molecule passing through the jets would break. The results 
obtained here show clearly this is not the case. 

Figure 12a shows the results of scission rate as a func- 
tion of overstretching strain rate for 10.7 X 106 Mp nar- 
row aPS fraction. I t  is important to note that in order 
to break the chains, the polymer solution must be over- 
stretched a t  strain rates that  are much higher than e=. At  
these strain rates the birefringent line width has already 
achieve its maximum value. For instance, for the 10.7 X 
lo6 Mp aPS the maximum line width was observed at 
~ 5 2 0 0  s-l. 

In order to compare the results presented here with 
those obtained by FTF, the corresponding fracture or 
overstretching strain rates must be used. Nguyen and 
Kausch have produced such results for four different M, 
aF'S fractions; unfortunately, their maximum M, was lower 
than ours (2.86 X lo6). Nevertheless, their curve of log 
er vs log M (Figure 7 in ref 28) can be extrapolated to 
10.7 X 106 M,,. yielding a value of 7000 s-1. At  this strain 
rate there is virtually no degradation in the opposed jets 
(Figure Ea). As the strain rate is increased in Figure 
12a, the scission rate gradually increases, but there is sat- 
uration beyond ea. 30 000 s-l, the scission rate still cor- 
responding to only ~ 1 0 %  of the molecules passing through 
the jets. This is equivalent to the proportion of mole- 
cules that are highly stretched, as judged by the width 
of the birefringent line and the known flow field. The 
maximum width of the birefringent line was 100 * 10 
pm, to be compared with the jets' diameter, 350 pm. Allow- 
ing for this we arrive a t  the important conclusion that 
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at the saturation strain rate all the chains that pass through 
the active portion of the flow field (as represented by 
the birefringent line) break. I t  follows that only highly 
stretched out chains can suffer scission. This is in direct 
contradiction with the prediction of scission of partially 
stretched chains envisaged by the Rabin theory as applied 
to the Ryskin model and supported by the Nguyen and 
Kausch experiment. 

The molecular weight dependence of scission provides 
further support for the above conclusion. While our test 
for this in the present scission-rate determination is only 
fragmentary, it suffices for the point to be made. 

Figure 12b shows a corresponding curve for 8.1 x 106 
M ,  aPS. The curve is shifted to higher strain rates; even 
though it does not saturate within the range of strain 
rates used, the maximum rate of scission (4.2%) is far 
less than would be expected for transient scission. 

If the curves of Figure 1 2  are compared with the TABS 
prediction of Figure 3, a qualitative agreement is observed 
although a substantial broadening of the experimental 
scission-rate curve is evident. The spread of scission strain 
rates (i.e., beyond the spread intrinsic to a monodisperse 
polymer (Figure 3)) reflects the polydispersity of the poly- 
mer samples. In analogy, with our previous practice in 
defining tc, we shall take tf as corresponding to the peak 
of the molecular weight distribution. Therefore, tf (used 
as a single parameter so far) should correspond to the 
strain rate a t  the steepest part of the curve and not the 
first c a t  which fracture is observed (which should corre- 
spond to the strain rate needed to break the longest mol- 
ecules of the molecular weight distribution). 

in terms of fracture strain rates, we 
are in a position to extract the molecular weight depen- 
dence of scission rates. If such scission rate values are 
extracted from Figure 12 for the two aPS fractions used 
(tf  = 16 000 s-l for the 10.7 X lo6 Mp aPS and tf = 28 000 
s-l for the 8.1 X lo6 Mp aPS),  a scaling law of tf a M-2.01 
is obtained, in agreement with previous results on the 
cross-slot a p p a r a t u ~ . ~  It should be noted that this crite- 
rion for cf is distinct from the working definition used 
for thermal studies (section 2.2), where the detailed depen- 
dence of scission rate upon strain rate has not been deter- 
mined, and is also distinct from that in our earlier works 
on sci~sion.~ Thus we see that the molecular weight depen- 
dence of scission, while corroborating our previous find- 
ings, is a t  variance with predictions from the yo-yo model 
and the Nguyen-Kausch experiments that appear to have 
supported it. 

I t  is a prediction of the Ryskin model that  when a mol- 
ecule is unraveling, the taut central portion generates a 
large additional stress via a dissipative mechanism. The 
yo-yo model thus predicts a very large viscosity increase 
during the transient stretching as opposed to any other 
model of polymer dynamics. The classical models of 
Peterling and de Gennesll predict that  a large stress is 
only produced when the macromolecule is stretched to 
ca. 90% of its contour length. 

Previous results of extensional viscosity measure- 
ments generally support the classical theories and not 
the yo-yo model.18 According to Ryskin, an effective vis- 
cosity increase of 2 orders of magnitude may be expected 
during FTF. However, the increase in effective exten- 
sional viscosity observed previously18 correlated very well 
with the appearance of the coil-stretch transition. There 
was no viscosity effect below tc, and above tc the magni- 
tude of the effect could only be accounted for by the clas- 
sical type models applied only to those molecules that 

Having defined 

could be seen to be highly stretched (Le., the birefrin- 
gent line). 

In summary, the results of this section, namely the sat- 
uration of the scission rate, the observed molecular weight 
dependence of the scission, and the qualitative trend in 
viscosity invoked from our previous works, all indicate 
that unless the molecules are fully stretched out by the 
flow field, chain scission will not occur. We consider this 
conclusion of significance not only for our understand- 
ing of the scission process but also for that  of the under- 
lying dynamics of chain stretching. There remains to 
account for the apparent conflict with existing FTF results. 

3.3.4. Possible Origin of Conflict with Results in 
FTF. The FTF results quoted in section 3.3.1 leave no 
doubt that  the chains break very precisely in the center. 
The problem is very complex and there is no definite 
solution yet; nevertheless two possible ways of explain- 
ing the results are presented below. 

One possible mechanism that can explain the central 
scission observed by Merrill and Nguyen and Kausch in 
FTF is based upon flow modification. It is well-known 
that even minute quantities of polymer additives can mod- 
ify the Newtonian flow field in capillary entrance flows 
or flow through contractions.20 In the FTF experiments 
of Merrill and Nguyen and Kausch, it is argued that the 
molecules accelerate toward the orifice in a very short 
distance (of the order of the diameter of the orifice), and 
therefore the chains do not have time to accumulate the 
strain required to unravel. However, if the flow field is 
modified by the addition of the polymer, the point from 
which the molecules accelerate can be pushed further away 
from the entrance of the orifice, and the chains would 
have more time to experience the high c. Flow visualiza- 
tion experiments have shown that such flow-modifying 
effects persist to very small concentrations in poly- 
acrylamide/water solutions.30 The total strain available 
in FTF is nevertheless limited by the geometry of the 
contraction. The strain rate required to break the high- 
est molecular weight fractions will be higher if the strain 
is limited than if the strain is infinite (QSSF) because 
the molecules do not deform affinely with the fluid. There- 
fore, for a limited constant strain, the value of the power 
law exponent will be reduced. Such a power law in a 
FTF experiment should be a function of the total avail- 
able strain. This problem does not arise in QSSF because 
of the presence of the stagnation point, which offers very 
high strains to the molecules that pass close to it. 

An alternative explanation for the FTF results can be 
given if the flow field produced after the fluid has left 
the orifice is turbulent. In the experiments of Nguyen 
and Kausch, the fluid is pushed through a 0.5-mm ori- 
fice from a cylindrical reservoir of 21.3-mm diameter into 
a conical cavity. With a maximum pressure of 200 atm 
to push the fluid through, it would not be surprising if 
turbulent flow is generated in the exit cavity. It is well- 
known that turbulent flow induces chain halving in dilute 
polymer solutions,31 but it also has been recognized that 
high molecular weight polymeric additives reduce turbu- 
lence. This reduction in turbulence a t  high molecular 
weights may also imply that higher strain rates will be 
required to produce turbulence (and hence fracture) for 
high molecular weight fractions. In this way, the reduc- 
tion in the power law exponent could again be explained. 
Furthermore,.turbulence might also account for the inde- 
pendence of cf on solvent viscosity. An increase in sol- 
vent viscosity would increase the viscous pull on the mol- 
ecules and therefore decrease tf. The use of higher vis- 
cosity solvents will, however, tend to delay the onset of 
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Figure 13. Molecular weight distribution curves of a 0.02% 
aPS solution in Decalin degraded during flow through (a) a GPC 
precolumn frit (solid line) and (b) a GPC column (dashed line). 

turbulence, Le., increase the apparent value of &. There- 
fore the two factors, stress on the molecules and turbu- 
lence, have opposite effects on tf and may possibly can- 
cel out. 

3.4. Degradation of Dilute Solutions in Porous 
Media. The opposed-jets system offers the advantage 
of a well-defined idealized elongational flow field. This 
has been used as a basic step toward understanding more 
complex flows, for instance, pore flow. Pore flows arise 
in a wide range of practical flow situations. These include 
filtration and tertiary oil recovery in porous rocks. Here 
we chose flow in the GPC apparatus as this, being asso- 
ciated with molecular weight determination, has arisen 
naturally in the course of the present work. Initially GPC 
precolumn frits were used on their own and then the entire 
GPC columns. 

Figure 13a shows the molecular weight distribution curve 
measured by our elongational flow method in a dilute 
aPS solution (0.02% aPS/Decalin, 8.1 X lo6 M,, origi- 
nally similar to that shown in Figure 6) after is was pumped 
through a precolumn frit. Precolumn frits are com- 
posed of sintered stainless steel beads used to filter the 
solution before it enters the column and sometimes also 
to hold the gel beads tightly packed inside the column. 
A t  the flow rate used to pump the solution through the 
frit, 1.5 mL/min, chain halving occurred as evidenced 
by the double peak in Figure 13a. The solution suffered 
~ 4 8 %  degradation in just one pass. 

Furthermore, if another virgin solution is pumped 
through a GPC column (lo' A, supplied by Polymer Lab- 
oratories Ltd.) a t  the same flow rate of 1.5 mL/min, almost 
all of the original 8.1 X lo6 M ,  material was fractured 
with the peak of the distribution now centered around 4 
x 106. 

Poly isob~ty lene ,~~ p ~ l y b u t a d i e n e , ~ ~  and aPS34v35 have 
also been reported to degrade during GPC runs. The 
latter also showed a twofold factor decrease in M,, but 
this was attributed to shear degradation by these authors. 
I t  is proposed that the highly elongational character of 
the pore flow is responsible for stretching and breaking 
the molecules in half, in a very similar process to the 
idealized elongational flow experiments. 

In view of the results presented here, the use of GPC 
of determining molecular weights above an upper limit, 
or when there is a high molecular weight tail in the dis- 
tribution curve, may be invalid for conventionally pre- 
scribed flow rates. The upper molecular weight limit will 
be determined by the column (precolumn frits, bead and 
pore size, packing characteristics, etc.) and the flow rate 
used. The influence of these variables is presently being 
studied. 
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Figure 14. Molecular weight distribution curves of aPS/ 
Decalin solutions degraded during flow through the jets at (a) 
0.30% (solid line) and (b) 0.35% (dashed line). See text. 

3.5. Degradation of Semidilute Solutions: Some 
Initial Experiments. While as far as the present authors 
are aware there are no data on the concentration depen- 
dence of scission rate in idealized elongational flow exper- 
iments, one would reasonably anticipate marked differ- 
ences in the degradation behavior of stretched interact- 
ing molecules. The most obvious expectation would be 
the disappearance of preferential breaking near the ten- 
ter  of t he  molecule as higher concentrations are  
approached. 

In the idealized elongational flow experiments con- 
ducted so far, we found no concentration dependence in 
dilute solutions of 8.1 X 106 Mp aPS in Decalin in the 
concentration range 0.0075-0.025%. This was antici- 
pated on the basis of negligible entanglement effects. At 
higher concentrations the scission rate was found to 
increase with concentration. Such a positive concentra- 
tion dependence can be rationalized in terms of the 
increased entanglement effects and molecular stresses evi- 
denced by elongational viscometry.18 

Two results will be presented here in the semidilute 
range of 8.1 X lo6 Mp aPS. They correspond to the max- 
imum concentrations explored so far, 0.3% and 0.35%. 
Both solutions were degraded by repeated running through 
the jets a t  6 = 18 000 s-l. Then both solutions were diluted 
to 0.02% in order to determined their molecular weight 
distribution after degradation. Figure 14 presents the 
molecular weight distribution of the degraded solutions, 
which should be compared with the undegraded solu- 
tion shown in Figure 6b. 

As can be seen in Figure 14 both solutions still show 
central scission, contrary to the expectations mentioned 
above. Nevertheless, Figure 14b (the more concen- 
trated solution) shows a less pronounced dip between the 
two main peaks which might indicate a more random- 
ized scission than in the 0.3% solution (solid line in Fig- 
ure 14) or in the dilute case (Figure 6b). Clearly, the 
concentration differences are too small for any conclu- 
sion to be drawn; nevertheless they may be pointers in 
the anticipated direction which are being followed up pres- 
ently. 

The scission rate for both semidilute solutions was found 
to be much higher than that for the corresponding dilute 
solution. The scission rate was l . l % / r u n  for the 0.3% 
solution and 1.5%/run for the 0.35% solution, which are 
almost 3 and 4 times higher, respectively, than the scis- 
sion rate of the dilute solution at  the same overstretch- 
ing strain rate (0.4% /run; see Figure 12 (curve b) a t  18 000 
s-l). This result corroborates the previous but more qual- 
itative findings of increasing scission rate with concen- 
tration in PEO,S6 HPAA,14 and aPS.18 Furthermore, the 
solution concentration in both solutions was high enough 
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to show entanglement formation together with strong non- 
Newtonian effects as  evidenced by flow-resistance 
measurements.18 On the other hand, it has been found 
that in the case of monodisperse aPS the entanglements 
that evolve with increasing t induce a breakdown of the 
flow field, annihilating the stagnation point.l8 The ini- 
tially QSSF flow field thus becomes transient (FTF), which 
should be less effective in breaking molecules. This being 
so, it might not be possible to obtain a randomized scis- 
sion as expected, unless the number of entanglements 
per chain is greatly increased. Experiments with such 
highly concentrated solutions of monodisperse aPS are 
in progress. 

3.6. Chain Scission in Simple Shear Flow. Most 
past studies on flow degradation (other than those reviewed 
in section 3.3.2) have been carried out in simple shear 
flows. Even in simple shear flow there is not conclusive 
evidence regarding the concentration dependence of deg- 
radation. Conflicting data exist in the literature; some 
authors suggest that the scission rate increases with increas- 
ing polymer ~oncentration,~'-3~ while others suggest that 
it is independent of con~ent ra t ion .~O-~~ A negative con- 
centration dependence (i.e., decrease in scission rate with 
increasing concentration) is also often found in the 
l i t e r a t ~ r e ~ ~ - ~ ~  as  well as complex functions of the  
~oncentration.~9-5' This is partly due to the nature of 
shear degradation experiments, where often complex flow 
fields and ill-defined experimental conditions are used. 

The majority of the works that claimed to have found 
shear flow degradation used high-speed stirring, capil- 
lary flow a t  very high flow rates, or high-shear concen- 
tric cylinder viscometers. These experiments most prob- 
ably involve turbulent flow with its concomitant high elon- 
gational component. In most experiments the authors 
claimed to have worked under laminar conditions on the 
basis of low Reynolds number calculations but without 
taking into account the effect of the polymers on the flow 
field, which have been seen to induce or suppress flow 
instabilities and turbulence.*a 

Simple shear flow is composed of pure shear and 
r0tation.5~ Therefore, in shear flow, before the chain is 
greatly extended it has rotated into a position in which 
the flow is reversing that extension.52 Although some 
birefringence can be observed in simple shear flow (con- 
ventional flow birefringence experiments), it is always 
small even at high shear rates. 

In dilute solution there appear to be no theoretical rea- 
sons to expect degradation in simple shear flows. CerP3 
has calculated the molecular shape of a randomly coiled 
molecule in a shear flow field based on the dumbbell the- 
ory. The molecular shape reaches a steady state repre- 
sented by an ellipse with the principal axes of deforma- 
tion rotated away. from the direction of elongational rate 
by an angle 6' = y7 that  approaches lr/4 for higher Val- 
ues of shear rate. LumleP4 has calculated that the expan- 
sion of the coil diameter in a two-dimensional shear flow 
is restricted and therefore, bond scission should not occur. 
Other factors that  could prevent the coil from being 
stretched, such as internal viscosity, steric shielding, and 
decreasing frictional contact with the solvent, will fur- 
ther hinder the degradation effect. 

In view of these theoretical considerations, it is diffi- 
cult to envisage how a simple laminar shear flow can cause 
chain scission in dilute solutions. Indeed experiments 
that have been performed with due attention to the onset 
of turbulence in capillary flow have confirmed that no 
shear degradation can be observed in unentangled solu- 
tions (dilute) before turbulent flow sets in.55 
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In shear flows, a negative concentration dependence 
has been found in many high-speed-stirring experi- 
ments. If turbulence is causing the chain fracture observed, 
increasing the polymer concentration can reduce or delay 
the onset of turbulence, and a negative concentration 
dependence may be expected. Some authors39 have argued 
that the true concentration dependence of scission rate 
should be positive in shear flows, also on the basis of 
intramolecular entanglements being increased with increas- 
ing concentration. However, the common theoretical argu- 
ment that is used to explain such positive concentration 
dependence in shear flows is based on the stress concen- 
tration buildup a t  the points of physical junction, often 
invoked in rubber elasticity theory.56 This treatment, 
however, may be inadequate to described the entangle- 
ments present in semidilute solutions where the overlap 
density is not as high as in a rubber and where the entan- 
glements are transient in nature. Ballauff and WolfP9 
claimed that their high-shear concentric cylinder viscom- 
eter produces a laminar flow field, because the maxi- 
mum Reynolds number used was 10 and the maximum 
Taylor number 1.6 (the Taylor number should be less 
than 41 in order to avoid Taylor vortices between the 
cylinders). They did not, however, visualize the flow field 
or perform any checks on the stability of the flow. Other 
results have shown the development of flow instabilities 
a t  very low Reynolds number (Re = 0.07).57 

In summary, it is difficult to form a unified picture of 
chain degradtion in simple shear flow, the prevalent mate- 
rial on the subject of flow-induced scission in the litera- 
ture. From our own background it appears that when- 
ever scission is reported, turbulence or entanglements are 
likely to be involved. 

4. Conclusions 
We have presented results of the combined effects of 

flow and temperature upon macromolecular degrada- 
tion in solution. We examined scission of atactic poly- 
styrene in elongational flow fields a t  temperatures up to 
150 "C. The scission occurs beyond a critical strain rate 
( t f ) .  predominantly a t  the chain center. I t  is clear that  
mechanical scission plays the dominant role up to 150 
"C. After correction for changes in solvent viscosity cf 
is, however, found to be a decreasing function of temper- 
ature and is well modeled by the TABS theory. In the 
absence of flow we confirm random scission of the mol- 
ecules, with a scission rate in line with expectations from 
theory. 

The results obtained on scission rates (performed a t  
ambient temperature) indicate that central scission in 
an extensional flow field occurs only for highly stretched 
chains (up to the maximum strain rates explored). This 
information has implications for the modeling of chain- 
stretching dynamics. I t  is also of potential practical impor- 
tance. Nearly all flows where polymers are added for 
hydrodynamic effect are partly elongational in charac- 
ter. The performance of such polymers in providing 
enhanced flow resistance in porous media, antimisting 
effects, or drag reduction relies on the stability of the 
highest molecular weight components. The technique used 
here provides a new approach to assess this stability in 
a molecular weight range not easily accessible to conven- 
tional techniques. Chain scission of similar nature to that 
occurring in idealized extensional flows can occur in tran- 
sient flows such as porous media and even GPC col- 
umns. 

The scission rate in elongational flow was found to be 
independent of concentration in dilute solutions. For semi- 
dilute solutions the scission rate was found to increase 
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with concentration. These findings were compared with 
results obtained in shear flows where the experimental 
conditions used could produce high elongational compo- 
nents. I t  is speculated that simple laminar shear flows 
may not be capable of degrading polymer solutions and 
that degradation is only encountered when the flow con- 
tains an appreciable elongational component. 
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