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ABSTRACT: Linear high molecular weight polymers undergo central scission in strong flows due to
buildup of stress from fluid drag. An alternative to linear architecture is the star branched polymer that
shows higher shear stability against such scission. We consider two six-arm star polymers differing in
the connectivity of the arms at the core. The first is a fused-core star PMMA, where the arms are
interconnected at a triphenylene core, with the multiple bonds therein supporting one another against
possible tensile fracture. The second is a linear-core star PMMA, containing linearly linked single bonds
within the core as potential fracture sites under tensile stress. Their stress-induced scission tendency is
analyzed during planar elongational flow of their dilute solutions in dibutyl phthalate in a cross-slot
flow cell. We find that scission of the star PMMA at the arms dominates their degradation behavior, and
both the linear-core and fused-core star PMMASs show similar flow-induced scission. These results are
analyzed first in terms of the critical-stress-to-fracture (CSF) and then in terms of scission kinetics as
described by the thermally activated barrier to scission (TABS). The experimentally observed scission
kinetics of the arms can be represented by the TABS model, but a description of the core scission appears

to demand consideration of several possible conformations of the branched polymers.

Introduction

Long chain flexible polymers in quiescent solutions
exist as random coils that behave as rigid spheres of
dimensions much larger than those predicted by their
bulk density.! Therefore, even small concentration (c)
of high molecular weight polymers can significantly en-
hance the viscosity of a solution () as compared to the
viscosity of the solvent (7). Externally imposed strong
flows result in changes in chain conformations, such as
the coil—stretch transition from a randomly coiled state
to stretched state at a critical strain rate ¢ O 0.5771,
where 7 is the longest relaxation time of the polymer.!?
Such conformational changes further introduce interest-
ing behavior such as flow rate dependent viscosity
(shear thinning and extensional thickening), elasticity,
and normal stresses. Therefore, high molecular weight
polymers are used for rheology modification applications,
for example as lubricant additives® in automobiles, and
for turbulent drag reduction* during oil transport. As
these polymeric additives undergo stretching under the
strong elongational flows encountered,’~8 tensile stresses
build up from chain ends toward chain center to an
extent that the chains can undergo breakage at the
center®15 and lose their rheology modification efficiency.

In a steady strong elongational flow (strain rate ¢ > &)
of a dilute solution, a linear chain of 2N beads can be con-
sidered to be completely extended (Figure 1). The drag
forces (F; = £V;, V; = éx;) on the individual beads ( = 1,
..., N, at positions x; = ib) add up, from the chain ends
(bead number : = N) toward the chain center (bead num-
ber i = 0), to the tensile stresses in the ith segments as

o, = ;Fi = Ebe(N? — i%)/2 6))
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Figure 1. Parabolic distribution of tensile stresses (horizontal,
but indicated in magnitude by the vertical arrows in the upper
figure) in segments of a dissolved linear polymer chain fully
extended due to fluid flow drag (shown as horizontal arrows
in the lower figure) on the beads.

Here, b is the stretched segment length and & is the
hydrodynamic drag coefficient of the beads. This cumu-
lative stress has a maximum at the chain center:®

0, = 0,_y = EbeN?/2 2)
which scales with the square of the chain length. In an
approach called critical stress to fracture (CSF), chain
scission is considered to take place if the tensile stress
(0) in a segment exceeds the C—C single bond strength
(of ~ 2.5—13.4 nN),? i.e., if ¢ is greater than a critical
value which decreases with increasing chain molecular
weight:

éf'\’ N_z (3)

High molecular weight, however, is often desired for
high efficiency of rheology modification. Therefore,
alternative macromolecular architectures are desired for
reducing chain scission while retaining their high
efficiency as rheology modifiers. Though several differ-
ent polymeric topologies have been explored for their
chain scission resistance characteristics, such effort
largely appears to have been directed by availability of
the architectures.’6-23 For example, branching or graft-
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Figure 2. Elongational flow drag on the beads (shown as
horizontal arrows) resulting in tensile stresses (magnitude
indicated by the vertical arrows) in the segments of fully
stretched six-arm star polymers with a linear core (A) and a
fused core (B).

ing side chains to polymeric backbones is considered to
enhance shear stability during turbulent flows and is
attributed to sacrificial scission of the branches leading
to only a small decrease in molecular weight.17-19.22
However, our reanalysis shows that grafting on poly-
meric backbones may enhance the tensile stresses due
to the additional drag on the grafts and thus reduce
shear stability.2*

An interesting class of branched polymers is star
polymers because these have an elementary branching
topology, with multiple linear chains linked to a single
core. Kim et al.1” found that a star polymer of structure
A (Figure 2) was equally effective but more shear stable
than a linear polymer (Figure 1) of the same molecular
weight. Extending the CSF arguments of tensile stresses
in fully stretched polymers (eq 2, o. ~ N2, for linear
polymers?), we attribute this to a smaller o, ~ N%/3, in
the star polymer A with a linear core (Figure 2) where
the stresses (~(IN/3)2) in each of the three sets of arms
add up to (~N?/3) in the C—C single-bond linkages at
the linear core. This has lead us to design a six-arm star
polymer B (Figure 2) that is similar to structure A, but
with the scission prone central single-bond linkages
replaced by a fused core where the added up stress (~N?/
3) can be shared by several parallel linkages. In the
event of an equivalent of three parallel linkages in the
fused core (Figure 2, B), the tensile stress in each of
the three parallel links would scale as (0. ~N?/9),
making the structure B more stable than the structure
A. Alternatively speaking, CSF thus predicts that for
star polymers with structures A and B of identical
molecular weight, with critical strain rates ¢ ~ 3N 2
and ¢® ~ 9N ~2 respectively, there would exist strain
rates ¢A7B intermediate between ¢4 ~ 3N ~ 2 and ¢®
~ 3¢/ where the star polymer A would undergo flow-
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Figure 3. Chemical structures of the six-arm star PMMAs
with a linear core (A) and a fused core (B), synthesized as
described in ref 25.

Table 1. Weight-Average Molecular Weight (M) and
Polydispersity Index (PDI) of Star PMMAs and Their

Cleaved Arms
M/108 M/106 PDI
(SEC-LS) (SEC) (SEC)
sample star arm star arm star arm

linear-core star PMMA 2.10 0.37
fused-core star PMMA 2.35 0.36

1.19 034 126 1.18
1.32 034 1.30 1.16

induced scission at its linear core but the star polymer
B with fused-core would be shear stable. The CSF
further predicts scission at the arms for both the star
polymers A and B at strain rates higher than ¢® and
no scission in either of the star polymers at strain rates
lower than &,

We recently reported the design and synthesis of two
six-arm star PMMAs with their core structures differing
in the linking arrangement of the arms (Figure 3).25
Here we examine if the consideration based on steady-
state complete extension and CSF criteria indeed rule
the flow-induced scission behavior of the star branched
polymers. Chain scission behavior of these star polymers
in dilute solution is studied experimentally during
planar elongational flow in a cross-slot flow cell. The
experimental results are compared with the theoretical
predictions based not only on the CSF but also with the
chain scission kinetics described by the thermally
activated barrier to scission (TABS).

Experimental Section

Materials. Dibutyl phthalate (DBP, Aldrich, 99%) and ace-
tone (Merck, AR) were used as received. Very high molecular
weight linear-core star PMMA and fused-core star PMMA,
with chemical structure A and B, respectively, as shown in
Figure 3, were synthesized by core-first atom transfer radical
polymerization as described in our previous report.?’ The
molecular characteristics of the two star PMMASs, as determin-
ed by size exclusion chromatography (SEC) and by SEC coup-
led with light-scattering (SEC-LS), are reported in Table 1.

Preparation of Star PMMA Solution. Star PMMA (20
mg) was dissolved in acetone (4 mL). DBP (200 mL) was added



Macromolecules, Vol. 38, No. 21, 2005

Stainless steel E
plate 1

Central
stainless

Pressure (a) (b)
Regulator Cross-slot
Pressure Flow Cell
Relief Valve
NZ
High
Pressure
Reservoir
On/Off
Switch H |:|
Cross-slot Peristaltic
Flow Cell Pump
Collection Reservoir
Reservoir

() (d)
Figure 4. Schematic of (a) the construction of the cross-slot
flow cell, and (b) the top view of the central block, and the
flow arrangements for (c) high strain rate and (d) low strain
rate experiments.

via a dropping funnel while stirring. Argon was bubbled
through the solution for 1 h to remove acetone and yield a 100
ppm (w/v) solution of the star PMMA.

Cross-Slot Flow Cell. As shown in Figure 4a, the cross-
slot flow cell was constructed from a central stainless steel
block, with two round PTFE plates (2 mm thick) held in place
with two rigid stainless steel plates (2.5 mm thick) clamped
with four screws at the corners. Figure 4b shows the top view
of the central block with a cross-slot of width d = 0.3 mm and
depth [ = 2.5 mm. The approach length to the slot was 4 mm.
Each of the slots was connected to the external tubing (i.d. 4
mm) through a vertical cylindrical section (i.d. 3 mm) and a
horizontal cylindrical section (i.d. 2 mm) as shown in Figure
4b.

Flow-Induced Scission Experiments. The high-pressure
flow arrangement used for high strain rate (¢ > 25 000 s™1)
experiments is shown in Figure 4c. The star PMMA solution
(200 mL) was filled into the high-pressure reservoir. For a
desired volumetric flow rate (@), a regulated nitrogen gas
pressure (1—5 bar) was applied to the reservoir. The solution
was lead through two opposing slots into the cross-slot flow
cell, and then out through the other two opposing slots, to the
collection reservoir. @ was determined from the measured flow
time. The solution was returned to the upstream reservoir.
The entire process was repeated for the desired number of
passes.

The flow loop used for the low strain rate (¢ < 25 000 s™1)
experiments is shown in Figure 4d. A peristaltic pump
downstream the cross-slot flow cell was used to continuously
suck the solution from the reservoir, through the cross-slot
flow cell, and returned to the reservoir. @ was determined by
leading the solution flowing out of the peristaltic pump to an
empty vessel and measuring the time required for flow of 50
mL solution.
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Samples (20 mL each) were withdrawn from the reservoir
after desired number of passes. To these samples, deionized
water (0.1 mL) and n-heptane (30 mL) were added to precipi-
tate the polymer which was recovered by centrifuging at 2500
rpm for 10 min. The polymer samples were then dissolved in
tetrahydrofuran at a concentration of 0.5 mg mL™! for SEC
analysis.

Size Exclusion Chromatography (SEC). Polymer mo-
lecular weight and polydispersity were measured by SEC using
a Waters GPC equipped with a Waters 510 pump, a Waters
410 differential refractometer (40 °C), a Waters WISP 712
autoinjector (50 L injection volume), a PLgel (5 um particle
size) 50 mm x 7.5 mm guard column, and two PLgel mixed-C
(5 um particle size, for 200—2 x 108 g/mol) 300 mm x 7.5 mm
columns (40 °C). Data acquisition and processing were per-
formed using Waters Millennium 32 (v3.2) software. Tetrahy-
drofuran (THF, Biosolve, stabilized with BHT) was used as
eluent at a flow rate of 1.0 mL/min. Calibration was done using
polystyrene (PS) standards (Polymer Laboratories, 580 to 7.1
x 108 g mol™1), and molecular weights were recalculated using
the universal calibration principle and the Mark—Houwink
parameters (PS: K=1.14 x 107*dL g1, a = 0.716; PMMA:
K=0944 x 10*dL g', a = 0.719).26

Results and Discussion

Experimental Evaluation of the Scission Behav-
ior. We are interested in evaluating the flow-induced
scission tendency of the two six-arm star PMMAs: with
a linear-core structure A containing linearly linked
single bonds as the core and a fused-core structure B
where the arms are connected to a triphenylene core
(Figure 3). As seen from the My, and PDI values of star
PMMAs and their arms (Table 1), the two star PMMA
samples have comparable average arm lengths and
narrow molecular weight distributions. Solutions of each
of the two polymers in DBP are prepared at a concen-
tration of 100 ppm, about 2 orders of magnitude below
the overlap concentration.?” At the desired flow rate @,
a fresh solution is repeatedly flown through a cross-slot
flow cell (Figure 4a). The solution undergoes first
compression and then extension along perpendicular
directions in the cross-slots (Figure 4b). The so-produced
planar elongation flow has a stagnation region at the
center of the cross-slots due to the symmetric geometry
of the flow cell, and the nominal extensional strain rate
is estimated as®

=% @

Parts a and b of Figure 5 show the SEC traces of the
samples withdrawn during scission experiments at ¢ =
46 800 s~! for the star PMMAs with structures A and
B, respectively. Curve a represents the zero sample
taken before the scission experiments, and curves b—f
represent samples withdrawn after 10, 20, 40, 80, and
120 passes. Arrow g represents the peak positions of
the original star PMMA (curve a). Arrow h represents
the peak position of the complete arms obtained by
chemical cleavage (transesterification of the ester link-
ages connecting the arms to the core) of the arms.2> We
notice from Figure 5a,b that with increasing number of
passes the molecular weight distribution of the scission
product become bimodal. The area under the high
molecular weight peak at arrow g corresponding to the
original star PMMA decreases, with the appearance of
a lower molecular weight peak. The emerging low
molecular weight peaks in SEC curves b and ¢ for 10
and 20 passes are located at arrow %, which represents
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Figure 5. SEC traces of samples withdrawn during the
scission analysis at ¢ = 46 800 s™! for star PMMA with (a)
linear core and (b) fused core, through a cross-slot flow cell
after different number of passes: a, 0; b, 10; ¢, 20; d, 40; e, 80;
f, 120. Arrows g and & represent the peak positions of the
original star molecules and the complete arms, respectively.

the SEC peak position of the complete arms. This
suggests that detectable flow-induced scission of both
the fused-core and the linear-core star PMMASs into
arms takes place within first 10 passes at this strain
rate. Even though the position of the high molecular
weight peak remains unchanged near arrow g for the
samples after 10 and 20 passes, increasing width of this
peak with number of passes is clearly seen. This is
because of the scission of a fraction of the original star
PMMAS resulting in lower molecular weight star PM-
MAs, with fewer or shorter arms. Since the SEC
measurements are based on universal calibration for
linear polymers, these do not represent the true molec-
ular weight of the star polymers. However, theoretical
predictions of macromolecular volumes based on their
conformations allow us to estimate the molecular weight
of a star polymer (M) of known architecture (f arms)
from the apparent molecular weight (M)) in SEC cali-
brated with linear polymer:2829

M, £
M, (@(f— 1) —f+2

S
where a (=0.719 for PMMA in THF?6) is the Mark—
Houwink constant. This suggests that if the star poly-
mer A of six arms were to break at its linear core into
two star polymers of three arms each, the corresponding
shift in the SEC peak would be A log M = 0.17. We see
absence of such a shift in the position of the high
molecular weight peak even in the curves d at 40 passes
where a large fraction (~40 wt %) of the original
polymer has been converted into arms, suggesting that

3/(1+a)

(5)
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Figure 6. (a) Peak molecular weight and (b) the concentration
of the partly degraded star molecules (A and +) and arms (O
and x) of linear-core star PMMA (A and 0) and fused-core star
PMMA (+ and x) samples during scission analysis at ¢ =
46 800 s71. The dashed line in (a) represents the peak position
of the complete arms.

scission at the linear core, if at all present, is not the
prominent mode of flow-induced scission during the
applied flow of ¢ = 46 800 s~1. Further, the SEC curves
of the scission products of linear-core and fused-core star
PMMAs in Figure 5a,b are very similar, implying their
similar flow-induced scission characteristics. The ap-
parent lack of influence of the core structure favors the
conclusion that chain scission is primarily located at the
arms for both the star PMMAs.

With increasing number of passes beyond 40 passes,
we find that the low molecular weight peak shifts to
molecular weights lower than that corresponding to
complete arms (shown by arrow A). This indicates the
possible secondary scission of the once broken arms or
scission of the arms at locations away from their
linkages to the cores.

The SEC traces in Figure 5a,b were then resolved into
two Gaussian peaks (by fitting with the multipeaks
feature in the graphics software Origin 6.0): a high
molecular weight peak near arrow g corresponding to
the original star polymer peak and a low molecular
weight peak near arrow & corresponding to the scission
product peak. The area under each of the two resolved
peaks represents the concentration of the corresponding
polymer species, allowing us to calculate the extent of
conversion (weight fraction) of the star PMMA into
arms. The SEC molecular weight of the peak corre-
sponding to the original six-arm star polymers decreases
only marginally with number of passes (Figure 6a) due
to the relatively small dependence of the star molecular
size on the number of arms.? However, the increasing
conversion of the original star molecules into linear
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Figure 7. SEC traces of starting star samples (dashed lines)
and samples withdrawn after 60 passes (solid lines) during

the scission analysis at ¢ = 27 800 s~ ! for star PMMA with (a)
linear core and (b) fused core.

arms with increasing number of passes is clearly seen
from the trends of the corresponding weight fractions
in Figure 6b. For the low molecular weight peak
corresponding to cleaved arms, the peak molecular
weight decreases with increasing number of passes
(Figure 6a). This is related either to the aforementioned
secondary scission of the once cleaved long arms or to
the slower scission of the shorter arms among the
distribution of the arm lengths present in the original
sample.

If the linear-core star PMMA were to undergo scission
at the single-bond linkages in its core so as to generate
three-arm star molecules, a higher rate of overall flow-
induced scission will be expected for the linear-core star
PMMA as compared to the fused-core star PMMA. But
Figure 6 suggests that the overall rates of conversion
of the two original star PMMAs into scission products
are very similar.

As discussed in the Introduction, it is possible that
the applied strain rate ¢ = 46 800 s~ ! is so high (>¢(®)
that arm scission dominates the flow-induced degrada-
tion of both the linear-core and the fused-core star
molecules. Since CSF predicts only core scission, and
that only in linear-core star polymer A, at strain rates
¢ B intermediate between /4 ~ 3N~2 and ¢B ~ 3¢,
we carried out flow-induced scission experiments at a
lower strain rate: ¢ =27 800 s~L. Figure 7a,b shows that
even after 60 passes there is again no discernible
difference in the scission tendency between these two
core structures. The shifts in the high molecular weight
peak, as well as the fraction of the emerging low
molecular weight peak, are both similar for the two star
PMMASs. To further examine the possibility of only the
core scission in the linear-core star PMMA, its flow-
induced scission experiments were carried out at even
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Figure 8. SEC traces of linear-core star PMMA during chain
scission analysis at different strain rates and number of
passes. Zero sample (dashed line a); at ¢ = 13 300 s™! after
11 800 passes (solid line b); at ¢ = 27 800 s~! after 20 passes
(dash—dotted line ¢). Arrows d and e represent the peak
positions of the original star polymer and the complete arms,
respectively.

lower strain rate: ¢ = 13 300 s™L. Figure 8 shows that
the SEC curve of the sample after 11 800 passes at ¢ =
13 300 s~! overlaps closely with the SEC curve of the
sample after 20 passes at ¢ = 27 800 s~1. Thus, the
apparent nature of scission (arm scission vs core scis-
sion) remains the same even at ¢ = 13 300 s~1, where
the scission rate is very low, requiring 11 800 passes
for only ~4 wt % scission into arms. Considering that
this experiment required over 7 days of continuous
pumping of the polymer solution with the peristaltic
pump, and an experiment for similar time at ¢ = 9800
s~ failed to show any detectable scission, we concluded
inability to carry out meaningful scission experiments
at this and lower strain rates with our cross-slot flow
cell. Clearly, arm scission seems to dominate the flow-
induced scission behavior of both the linear-core and
fused-core star PMMAs in the experimentally accessible
range of strain rates.

It is important to ensure that we are examining the
polymer scission behavior at center of the cross-slot, and
not elsewhere in the flow/cell system, such as at the
entry to the cross-slot. For this purpose, the PTFE plates
(Figure 4a) were temporarily replaced with similar
plates but with central holes of id 4 mm that allowed
the flowing solution to bypass the stagnation zone of
the cross-slot. Curve b in Figure 9 shows the SEC of
the sample after 10 passes at (¢ = 46 800 s~ 1), and its
close overlap with the SEC curve a of the original
sample suggests negligible chain scission, in contrast
to the obvious scission into arms seen in SEC curve ¢
after similar flow through the stagnation zone region.
Thus, the chain scission observed in our experiments
can indeed be attributed to the planar elongation flow
in the central region of the cross-slots.

The initial rate of scission into arms at different strain
rates was estimated from the SEC determined weight
fraction (w) of the arms in the withdrawn sample and
the corresponding number of passes (n):

_ wQ
arm n dgl (6)
Since only a small fraction of the molecules passing
through the flow cell experience the elongational flow
of sufficient strength at the stagnation point,!2 and there
is even a concern about the location of the site of scission



8830 Xue et al.

25

20 |

dwt/d(logM)

0.5 -

0.0 |- :
e

L 1 n n L 1 " 1 L ]

7.0 6.5 6.0 5.5 5.0 45 4.0

Slice Log MW

Figure 9. SEC traces of samples withdrawn during the
scission analysis at ¢ = 46 800 s~! for fused-core star PMMA:
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mental data (eq 6). Solid line represents the fit to exponential
dependence (eq 7).

Table 2. Rates of Arm and Core Scission of the
Linear-Core Star PMMA at Different Strain Rates

Rarm/ g arms Rlinearfcore/
strain rate/s!  n/passes w (g star)~1s71 Rarm®
13 300 11808 0.034 3.86 x 1072 0.057
15 500 11340 0.056 7.6 x 1072 0.110
27 800 20 0.036 50 3.88
40 200 20 0.126  253.3 126
46 800 10 0.127 5944 775

@ Predicted from eq 11.

within the cross of the cross-slot,* the scission rate as
calculated above is only representative. Several mea-
sured weight fractions of the scission product and the
corresponding number of passes for the linear-core star
PMMA are presented in Table 2. When the initial arm
scission rate R,y is plotted in Figure 10 as a function
of the strain rate, we notice that it increases rapidly
with strain rate, and we represent it by the following
exponential function:

R, = C; exp(Cy¢) (7

obtaining the fitted parameters (corresponding to the
shown as solid line in Figure 10) as C; = 1.22 g arms (g
star)™' s7land Co = 1.33 x 107%s.
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Thermally Activated Barrier to Scission (TABS)
Approach. This access to the flow-induced scission rate
Ram and the exponential dependence of R, on the
strain rate prompted us to analyze our observations in
terms of the TABS description of the kinetics of scission
of polymer chains in steady elongational flows. In the
original form of this description, the scission rate of the
ith backbone bond (Figure 1) of a linear polymer was
considered as an Arrhenius type thermally activated
process,31%2 with the flow-induced stress (o;, eq 1)
reducing the thermal activation energy barrier from its
equilibrium value (Uy):

k; = vy expl—Uy/(kgT) + ao/(kgT)] ~ v,
exp[—Uy/(kpT) + (@/b)BN* — i*)/2] (8)

where 1 is a characteristic vibrational frequency of a
bond, kg is the Boltzmann’s constant, T is the temper-
ature, a is the stretched bond length scale, the dimen-
sionless strain rate is 8 = Cysb3¢/kgT, and C = 2x/In i.
It thus predicts that the chain scission is not precisely
central, but the chain scission probability distribution
is Gaussian with a maximum at the chain center. The
total scission rate in the three pairs of the fully extended
star polymer arms, each of N, monomers, can be
obtained as

Narm

1=

vy 3(b/2aP)"® expl—Uy/ksT] expl(a/b)BN,,. 221 (9)

R

arm

where (' is the effective bond frequency which is lower
than the unperturbed value vy and has a small depen-
dence on the stress.’! The experimental exponential
factor C2 = 1.33 x 107* s is in order of magnitude
agreement with the calculated value (~3.6 x 107* s) of
(a/b)BN am®/2¢. This indicates that the shear stability of
the star architecture is arm length dependent.

When all arms are extended in linear-core star
polymer, the scission rate of the ¢ = 7 single-bond
linkages under stress 0 = 30,m can be obtained as

R linear—core ~

qv, expl—Uy/ksT) expl(a/b)3pN,,, /2] (10)

Then the ratio of the total scission rates of the linear-
core to arms is predicted as

R linearfcore/ R arm
(q/3)(2apB/7b)’? expl(a/b)fN

arm

%] (11)

i.e., preference for the linear-core scission over the arm
scission at the high strain rates and long arm lengths.
Neglecting the small strain rate dependence of the
preexponential factor of eq 7 and then comparing it with
eq 9 results in

C, = (a/b)(BleN,,, /2 (12)
and substitution into eq 11 yields
Riiear—cord Rarm = ¥(q/3)(2a/7b)°° exp(2C,¢)  (13)

where we have introduced a factor i to account for the
probability that when all six arms are stretched from
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Figure 11. Schematic of some probable stretching conforma-
tions of the six-arm star polymers, with the two arms (dotted
arms) (a) stretched so as not to favor core scission (as compared
to Figure 2, A), (b) with interarm entanglements, and (c¢) with
only one arm (dotted arm) stretched during the transient
process.

the core, they may not be necessarily oriented so as to
result in adding up of the stresses at the single-bond
linkages in the linear core. For example, Figure 11a
shows one such possible conformation. In fact, among
fully stretched six-arm star conformations, the prob-
ability of the linear-core scission assisting conformation
can be calculated as y = 1/10. The so computed value
of Riinear—core/Rarm for our experiments are shown in
Table 2, and these suggest a preference for the linear-
core scission over the arm scission at high strain rates.
Thus, the TABS predictions are in line with the CSF
predictions, but we did not observe this phenomenon
in our experiments. Further, we observed similar scis-
sion tendency of the linear-core and fused-core star
PMMAs. This may due to the oversimplified assumption
that arm scission in a star molecule can occur only after
complete extension of all its six arms. For example,
interarm entanglements, such as the one shown in
Figure 11b, would result in the stress in the linear-core
bonds no higher than the stress in the arm bonds. If it
were possible to account for the probability of the
extended conformations free from such entanglements,
we would have additional reduction in the predicted
values of Riinear—core/Rarm, perhaps by orders of magni-
tude. Rabin,?? and Nguyen and Kausch?* argued that
the chain extension may not be complete, and the
critical strain rate to fracture in the polymer chains may
not decrease as &~ N2 (eq 3) but only as ¢~ N-1. Even
in the case of cross-slot flows, Mohammad et al.!2 found
a ¢r ~ N1 scaling at Reynold’s number exceeding 1000.
However, the corresponding theory is still in the stage
of early development.!*34 In addition, direct visualiza-
tion of DNA molecules in flows having stagnation point
have shown that formation of folds during strong
extensional flows hinder the complete extension of the
chain molecules.?>3¢ Similar behavior has been detected
during molecular simulations.®37740 In their simulations
of star polymers in elongational flows, Cifre et al.
noticed that the arms undergo “coil —stretch” transition
at different times.?* Before the six-arm star polymer
molecule experiences sufficient strain for stretching of
all its arms, extension of fewer arms of the six-arm star
polymer would result in a smaller stress at the core, a
smaller value of Rjinear—core/Rarm, and thus a reduced
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preference for the scission of linear core. For example,
the stretching of a single arm before extension of the
rest of the arms (Figure 11c) can make it vulnerable to
flow-induced arm scission, without inducing similar
scission of the linear core. Thus, there are several
additional features that need to be accounted for before
the TABS theory can possibly enable prediction of the
flow-induced scission behavior of branched polymers.

Conclusions

We have evaluated the flow-induced scission behavior
of six-arm star PMMAs during planar elongational flow
of their dilute solutions in DBP in a cross-slot flow cell.
We find that the bond scission is located primarily in
the arms, even when the core of the star PMMA consists
of single-bond linkages. This is in disagreement with
the CSF prediction that the accumulation of stress from
the three pairs of arms would make the core vulnerable.
Qualitative arguments based on several possible highly
extended conformations, as well as incomplete stretch-
ing of all arms, are presented to explain the experimen-
tal observations. From the kinetics point of view, the ex-
perimental scission behavior of arms can be represented
by the TABS model, but similar prediction of the core
scission seems to demand additional developments to
account for the several possible topological conformations.
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