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’ INTRODUCTION

Nucleating agents are often added to random copolymers
(RCP) of isotactic polypropylene (viz. polypropylenes typically
containing a few weight percent of ethylene comonomer) to
increase their crystallization temperature, thereby reducing pro-
cessing cycle times. Nucleating agents that enhance the transpar-
ency of the semicrystalline polymer matrix are called clarifiers.
Dibenzylidene sorbitol (DBS) derivatives (such as the third
generation product, 1,2,3,4-bis(3,4-dimethylbenzylidene sorbitol),
DMDBS) have been extensively used in the last two decades as
highly efficient clarifiers for isotactic polypropylene (iPP).1 While
sorbitol derivatives show a nucleation efficiency of only about 40%
relative to self-nucleated iPP,2,3 their efficacy as clarifiers is
attributed to their extraordinary dispersibility in iPP. DMDBS
dissolves in iPP melt at high temperatures (above ≈473 K), and
for DMDBS concentrations between about 0.1 and 1.5% by
weight, precipitates out into a network of ≈5-10 nm diameter
fibrils on cooling.4,5 Thus, the DMDBS is finely dispersed and
nucleates iPP crystallization on subsequent cooling to below the
iPP crystallization temperature. Molecular modeling studies
suggest that sorbitol fibrils stabilize iPP chains in a helical
conformation through van der Waal interactions, thereby pro-
moting crystal nucleation.6 However, in recent work,7 it has been
claimed that nucleationmight be effected through graphoepitaxy,
rather than specific chemical interactions or a lattice epitaxial
match between the sorbitol and polymer crystals.

Phase separation from iPP is a function of the DMDBS
concentration and the cooling rate.5 For example, extremely
slow cooling (e.g., 10 K/h) of a disk of iPP containing 1%
DMDBS results in significant reduction in clarity relative to rapid
cooling5 (e.g., 10 K/min), presumably due to differences in the
morphology of the phase separated DMDBS. This has conse-
quences for manufacture and it is still a challenge to produce clear
thick walled products by injection molding clarified iPP.8

Imposition of flow also influences phase separation of DMDBS
from iPP,9,10and results in oriented DMDBS networks (and,
consequently, oriented polymer crystallization) and, in an in-
crease in theDMDBS phase separation temperature. Thus, it is of
interest to understand the factors that control the phase separa-
tion of DMDBS from iPP and, that influence the morphology of
the phase separated DMDBS.

DBS derivatives are organogelators3,11-14 that gel a variety of
organic matrices. Intermolecular hydrogen bonding between the
two hydroxyl groups on the sorbitol andπ interactions that result
in stacking of the bicyclo rings15,16 result in the formation of
dimers (even at DBS concentrations as low as 0.05%) that further
assemble into rope-like twisted fibrillar structures. The chirality
of DBS drives assembly into twisted fibers—the racemate DL-
DBS does not form gels.17 Yamasaki et al. have reported that the
ratio of intermolecular to DBS-solvent hydrogen bonding de-
termines gelation of DBS in organic solvents.17,18 They report
that DBS forms amesh of fibrillar structures in apolar solvents, an
isotropic gel phase in medium polarity solvents and spherulitic
structures in polar solvents.17,18 Thus, while solvent molecules
are not incorporated into the DBS network, matrix polarity
influences the morphology of DBS assembly. DBS derivatives
also gel a variety of polymers apart from PP, including poly-
ethylene terephthalate (PET), polycarbonate (PC),19,20 poly-
styrene (PS),12 polycaprolactone,7 polyethyl methacrylate
(PEMA),21 poly(ethylene oxide) (PEO),22 poly(propylene oxi-
de) (PPO),23-25 and polydimethylsiloxane (PDMS)26 as well as
graft and block copolymers.26,27 Investigations by Spontak
et al.22,26,27 suggest that, as in organic solvents, DBS gelation in
polymers too is influenced by the matrix polarity. Their
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ABSTRACT: We report an unexpected dependence of DMDBS phase separation
temperature on the molecular weight of the matrix isotactic polypropylene (iPP).
DMDBS crystallizes out at lower temperatures for iPP with decreasing molecular
weight (and correspondingly lower tacticity). All the iPPs in our study are reasonably
high molecular weight samples and there is no molecular weight dependence of their
solubility parameter. Therefore, the decrease in DMDBS phase separation tempera-
ture for lower molecular weights cannot be rationalized using thermodynamic
arguments. This molecular weight dependence appears to be unique to isotactic
polypropylene and is not observed for either syndiotactic polypropylene or for
random copolymers of isotactic polypropylene containing ethylene comonomer.
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investigations28 also demonstrate that the morphology of DBS
networks phase separating from PPO block copolymers is influ-
enced by the copolymer chain architecture (viz. PDMS-graft-PPO,
or PDMS with telechelic PPO end-blocks), even for copolymers
with comparable molecular weights and PPO fractions.

The groups of Friedrich24,29 and Spontak24,25 have investi-
gated the influence of molecular weight of PPO on the phase
separation of DBS. For the relatively low molecular weight PPO
that they use in their investigations, there is a significant change
in the polymer solubility parameter with molecular weight (up to
a molecular weight of about 2000 g 3mol-1). Friedrich et al.23,29

suggest that a thermodynamic Flory model (that estimates the
depression in DBS phase separation temperature as a function of
the difference in solubility parameters between the DBS and the
polymeric matrix) can be used to rationalize the PPO molecular
weight dependence on DBS phase separation temperatures.
Recently,30 phase separation of DMDBS from PP was analyzed
using a similar Flory analysis and a thermodynamic phase
separation temperature of 473 K was estimated for 1% DMDBS
in PP. As most previous investigations1,5,10,31,32 of DBS deriva-
tives in iPP have used relatively high molecular weight polymers
(Mw > 150000 g/mol), the sorbitol phase separation tempera-
tures reported have been roughly similar (≈463 K, for 1% DBS
concentrations). Here, we investigate the effect of varying
molecular weight of matrix iPP over a wide range on the phase
separation of DMDBS, and report that, surprisingly, the DMDBS
phase separation temperature decreases for lower viscosity
polymers. We also present data on phase separation of DMDBS
from lowmolecular weight aPP, from random copolymers of iPP
with ethylene, and from sPP of different molecular weights.

’EXPERIMENTAL SECTION

The characteristics of the polymers used in our investigation are listed
in Table 1. We used five homopolymer isotactic polypropylenes (iPP)
and two random copolymers (RCP, containing about 3% ethylene
comonomer) from Reliance Industries, India. We used atactic poly-
propylene (aPP) obtained from Aldrich, and three syndiotactic metal-
locene polypropylenes (sPP) from Fina, USA. iPP and sPP were
received as pellets, while slabs of aPP were cut into small pieces. All
polymers contained antioxidant stabilizers, according to information
from the manufacturer. DMDBS (trade name: Millad 3988i) was

obtained from Milliken and used as received. Millad 3988i contains a
small amount of silica (∼3%, by weight). We have performed control
experiments with the neat sorbitol derivative (viz. the compounds not
containing silica) to confirm that the effects reported in this work are not
an artifact of the presence of silica. Polymer pellets were coated by
thorough mixing with a solution of DMDBS in acetone and were
compounded after solvent evaporation in a DSM corotating twin screw
microcompounder (DSM-5; screw speed =100 rpm, compounding for 5
min at 493 K). Blends were prepared using the highest and lowest
molecular weight iPPs (iPP1 and iPP5), as well as using iPP and aPP.
The characteristics of the blends used in this work are listed in Table 2.
The average tacticity reported in Table 2 is obtained as a weight-average
of the tacticities of the component polymers. Tacticity and average meso
sequence lengths were calculated for iPP1, iPP5, and aPP using high
temperature 13C NMR (experimental description, data and calculations
presented in Supporting Information). We note here that the tacticity
obtained for aPP is reasonably high, indicating that it is more appropriate to
consider the “atactic” polypropylene as a very low isotacticity polypropylene
(see Table 1). Blends were prepared by compounding the appropriate
quantities of DMDBS-coated iPP and/or aPP pellets. RCP was obtained as
a reactor powder andwas compoundedwith an antioxidant andDMDBS in
a twin-screw extruder. For most of the work reported here, we used a
DMDBS concentration of 0.8% by weight.

We investigate phase separation of DMDBS using rheology, DSC and
SAXS. Rheological measurements were performed in a 25 mm diameter

Table 1. Characteristics of the Polymer Samples Used in Our Worka

sample Mw (g mol-1) PDI η*(Pa 3 s) (473 K, 1 rad 3 s
-1) isotacticity (% [mmmm]) Æmæ

iPP1 414700 2.6 6448 93.1 59.19

iPP2 341100 8.1 1090

iPP3 208700 7.97 1039

iPP4 206500 3.7 592

iPP5 172400 4.7 444 89.6 29.20

RCP1 555300 5.9 6014

RCP2 202400 4.6 1385

aPP 14000 3.8 1.3 34.8 3.49

sPP1 160000 4.5 3412

sPP2 115000 3.6 1384

sPP3 87000 3.4 672
aMolecular weights for iPP1-iPP5 and RCP1 and RCP2 were measured using a high temperature GPC with a triple detector (light scattering, viscosity
and refractive index) system. These are therefore reported as absolute molecular weights. Molecular weights for aPP and sPP1-sPP3 were reported by
the suppliers. The complex viscosity at 513 K for each of the samples is presented. We also present the isotacticity for iPP1, iPP5, and aPP based on high
temperature NMR.

Table 2. Characteristics of iPP1/iPP5 Blends as Well as iPP/
aPP Blends

sample composition

η* (Pa 3 s)
(473 K, 1 rad 3 s

-1)

average

tacticity (%)

B1 50%iPP1 þ 50%iPP5 1342 91.35

B2 40%iPP1 þ 60%iPP5 1138 91.00

B3 30%iPP1 þ 70%iPP5 883 90.65

B4 20%iPP1 þ 80%iPP5 629 90.30

C1 90%iPP1 þ 10%aPP 2488 87.27

C2 75%iPP1 þ 25%aPP 1090 78.53

C3 50%iPP1 þ 50%aPP 511 63.95

D1 90%iPP5 þ 10%aPP 484.7 84.12

D2 75%iPP5 þ 25%aPP 309 75.90

D3 50%iPP5 þ 50%aPP 127 62.20
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parallel plate geometry on a controlled strain rheometer (ARES, TA
Instruments), equipped with a forced convection oven. Samples were
heated to 513 K for 5 min to ensure complete melting and were
subsequently cooled at 5 K/minute while performing small amplitude
oscillatory shear (ω = 1 rad/s). Experiments were conducted under
nitrogen to minimize the possibility of sample degradation. All tem-
perature ramps were repeated at least twice to check reproducibility.
Frequency sweeps using small amplitude shear were performed at 513 K
to characterize the samples.
DSC tests were conducted on a Q100 (TA Instruments) on thin

sections (c.a. Five mg) of the samples. Samples were heated to 513 K for
2 min and subsequently cooled at 5 K/min. We present data for the
cooling ramp.
SAXS measurements were made using a Bruker Nanostar (Cu KR

radiation). The Nanostar is equipped with a 18 kW rotating anode
generator and a 2D multiwire detector, with a sample-detector distance
of roughly 1m.The entire X-ray flight path, including the sample chamber
is evacuated tominimize air scattering. Samples were sandwiched between
Kapton films and were mounted on the Bruker heating stage. 2-dimen-
sional SAXSdatawas azimuthally averaged, and 1-Ddata is presented after
background subtraction. Since the scattering from theDMDBSnetwork is
weak, we present data by subtracting the scattering at 513 K (where the
DMDBS is dissolved in the molten polymer) from that at either 428 or
438 K (where the DMDBS has phase separated from the polymer).

’RESULTS AND DISCUSSION

There is an exponential increase in complex viscosity, η*, on
cooling the polypropylenes from 513 K to about 473 K (see, for
example, data for iPP1 in Figure 1a). The temperature depen-
dence of η* is approximately the same for all iPPs (and for the
blends of iPP1 and iPP5) as well as for the RCPs, and
corresponds to an average activation energy (averaged over the
different samples) of 37.8 kJ/mol. η* exhibits a larger thermal
sensitivity for sPP, with an average activation energy (averaged
over sPP1-3) of 56.7 kJ/mol. Our values for the activation
energies match the values reported in the literature,33 and are
independent of molecular weight, as expected. For iPP1
(Figure 1a), we observe that, on cooling below 473 K, there is
an abrupt increase in viscosity, at a temperature that depends on
the concentration of the added DMDBS. For iPP1, η* increases
at about 460, 440, and 430 K for polymer containing 0.8, 0.4 and
0.2% DMDBS respectively (Figure 1a,b). All temperature ramp
experiments reported here have been repeated at least twice for
each sample, and the temperature for the onset of increase inη* is

reproducible to within(1 K. Such an abrupt increase in viscosity
on cooling iPP containing sorbitols has been reported in the
literature32,31 and has been demonstrated to result from crystal-
lization of DMDBS into nanofibrils that form a network in the
iPP matrix. In accord with this explanation, the magnitude of
increase in η* above that for neat iPP1, increases with DMDBS
content. On cooling to lower temperatures, there is a second
abrupt increase in η* at around 410 K that corresponds to the
crystallization of iPP. Addition of the nucleating agent, DMDBS,
increases the polymer crystallization temperature from below
400 K for the neat iPP1 to about 410 K (Figure 1). The increase
in polymer crystallization temperature is not strongly dependent
on the DMDBS concentration, once it is above 0.2% (Figure 1b).
The temperatures for crystallization of DMDBS and the matrix
polymer from our rheology data accord with crystallization peaks
from DSC experiments; and our data is in good quantitative
accord with previous reports30-32 (see Supporting Information,
for similar data on other systems used in our work). In the
subsequent part of this work, we examine data from systems
containing 0.8% DMDBS.

We first examine the effect of iPP molecular weight on the
temperature for crystallization of DMDBS (TD) and the matrix
polymer (TC). We observe that, as the molecular weight of the
matrix iPP decreases (from iPP1 to iPP5), the DMDBS crystal-
lization temperature decreases monotonically (based on rheolo-
gical experiments, Figure 2a; as well as based on DSC experi-
ments, Figure 2d). Addition of DMDBS increases the TC above
that for the neat polymer, but this increase is not molecular
weight dependent (Figure 2c). Interestingly, when we examine
blends of high molecular weight polymer, iPP1, with the lower
molecular weight iPP5, we observe that the crystallization tem-
perature of DMDBS from these blends is intermediate between
that for the constituent iPP1 and iPP5, and is higher with
increasing fraction of iPP1 (Figure 2b,d).

Figure 1. (a) Increase in complex viscosity (low amplitude oscillatory
shear, ω = 1 rad 3 s

-1, strain =0.5%) on cooling iPP1 containing various
concentrations of DMDBS. The experiment was terminated when the
complex viscosity increased rapidly at low temperatures where the
matrix iPP1 started to crystallize. (b) DMDBS concentration depen-
dence of the DMDBS and polymer crystallization temperatures, ob-
tained from rheological data, for iPP1.

Figure 2. Increase in complex viscosity (low amplitude oscillatory
shear, ω = 1 rad 3 s

-1, strain = 0.5%) on cooling (a) iPP1-iPP5 and
(b) B1-B4, from the melt state. DSC cooling curves indicating the
crystallization of (c) the matrix polymer and (d) DMDBS, for iPP1-
iPP5 and B1-B4. Note that the enthalpy associated with crystallization
of DMDBS (present at a low concentration of 0.8% in the polymer) is
significantly smaller than the heat of polymer crystallization, and there-
fore, the DMDBS crystallization is not readily visible in part c.
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TheDMDBS crystallization temperature is also obtained from
rheological and DSC experiments for polypropylene random
copolymers (RCP1 and RCP2; rheological data shown in
Figure 3 a; DSC data in Supporting Information), atactic
polypropylene (aPP, Figure 3a), for blends of iPP1 with aPP
(C1-3) and of iPP5 with aPP (D1-3, Figure 3b) as well as for
three syndiotactic PPs with different molecular weights (sPP1-
3, Figure 3c). For all these polypropylene samples with different
molecular weights and tacticities, crystallization of DMDBS
results in an increase in η* at a well-defined onset temperature,
TD.We combine all this data to examine the influence of polymer
molecular weight and tacticity on TD (Figure 4).

iPP1-5 are commercial isotactic polypropylenes. Therefore,
they have a broad distribution of molar mass (see Table 1, and
GPC in Supporting Information). For ease of comparison
between samples with different MW and PDI, we present data
on TD as a function of the complex viscosity of the polymer
matrix. As the viscosity of the polymer matrix scales nonlinearly
with the polymer molecular weight,34 η* is biased toward higher
moments of the molecular weight distribution. For iPP1-5 and
for blends of iPP1 and iPP5 (viz. B1-4), we observe that there is
a monotonic decrease in TD with decrease in the matrix viscosity

(η* at 200 �C, ω = 1 rad 3 s
-1, Figure 4a). We observe that TD

decreases with decrease in ln(η*) (by about 14 K over a 10-fold
change in η*), for the range of molecular weights considered in
our work (Figure 4a). We observe the same trends for TD from
two independent experimental techniques, viz. rheology and
DSC (Figure 4a). In both rheology and DSC experiments, the
sample was cooled at the same rate, viz. 5 K/min. However, the
value of TD from the onset of increase in η* in our rheology
experiments is typically about 4-5 K higher than the peak
temperature from DSC experiments (as is evident in Figure 4a).
This difference is probably indicative of the different sensitivities of
the two techniques to DMDBS crystallization and network
formation. As two independent experimental techniques, rheol-
ogy and DSC indicate that the decrease in TD correlates with the
viscosity of the matrix polymer, we focus on the trends observed
for TD, rather than specific values, and examine TD from
rheological measurements for the other polymers.

High temperature solution 13C NMR data (see Table 1, and
Supporting Information) indicates that iPP1 (the highest mo-
lecular weight iPP) has a higher average isotacticity compared
with iPP5. iPP1-5 are all produced using the same fluidized bed
reactor (viz. gas phase process) and Ziegler-Natta titanium
catalyst technology, where molecular weight control is achieved
by injection of hydrogen in the reactor, as a chain transfer agent.
The correlation between molecular weight and isotacticity in
such materials is not surprising.35,36 Therefore, it is not clear
whether the change in TD for iPP1-5 and B1-4 is correlated
with the change in η* or the change in isotacticity. To investigate
this, we examine the trends in TD for the other polypropylenes.

DMDBS crystallization from aPP (that has a very low viscosity
compared with iPP1-5, corresponding to a low molecular
weight, see Table 1) is observed to happen at TD ≈ 460 K,
comparable to that for iPP1 (Figure 4b). This is surprising when
compared to our iPP data: aPP, a low molecular weight, very low
isotacticity polypropylene has a relatively high TD. Thus, it
appears that the change in TD cannot be correlated with only
the η* (or molecular weight) or only the isotacticity of the
polypropylenes. To investigate this point in more detail, we now
consider blends of aPP and iPP. aPP and iPP are completely
miscible in all proportions.33 Therefore, we can vary the average
tacticity by blending iPP and aPP. When we examine C1-3
(blends of iPP1 with aPP), and D1-3 (blends of iPP5 with aPP),
we observe a large scatter in the observed TD (Figure 4c). A
comparison of C3 and D1 (approximately similar η*, but widely
different average isotacticities), and of C1 and D1 (approxi-
mately similar average isotacticity, but widely different η*)
reinforces our conclusion that TD does not correlate specifically
with either the average tacticity or the average viscosity (viz.
molecular weight) of the matrix polymer. Furthermore, we also
observe no correlation of TD with polypropylene viscosity (and
therefore, molecular weight) for RCPs (Figure 4b). Both RCP1
and RCP2 exhibit a similar TD, comparable to that for aPP and
iPP1. Finally, we observe that there is no significant dependence
of TD on sPP molecular weight (Figure 4 b). Therefore, the
correlation between TD and polymer viscosity (and therefore
molecular weight) appears to be specific to iPPs, for samples
where most chains in the sample have a reasonably high
isotacticity.

We now examine the effect of molecular weight and tacticity
on the structure of the nanofibers formed by crystallization of
DMDBS on cooling. We examine small angle scattering of X-rays
from selected samples (iPP1, iPP5, aPP, and sPP1) cooled to a

Figure 3. Increase in complex viscosity (low amplitude oscillatory
shear, ω = 1 rad 3 s

-1, strain = 0.5%) on cooling (a) RCP1, RCP2, and
aPP, (b) C1-C3 and D1-D3, and (c) sPP1-sPP3.
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temperature T. < TD, where our rheology and DSC data indicate
that DMDBS has crystallized to form a network (Figure 4). We
initially investigated scattering at 428 K, and observed that the
scattered intensity increases with time over a period of several
hours for iPP1 and iPP5, but not for aPP or sPP. This time-
dependent increase in scattered intensity from iPP-DMDBS
systems has been reported in the literature30 and has been
attributed to growth of the DMDBS nanofibers. However, in
our experiments, we observe that the increase in scattering
intensity for iPP1 and iPP5 with time correlates with the
appearance of a scattering peak around q = 0.04 Å-1

(Supporting Information. The scattering peak at q = 0.04 Å-1

is apparent only when the scattered intensity is plotted on a
logarithmic scale). This peak corresponds to the lamellar long
spacing from iPP crystallization (confirmed by examining room
temperature SAXS from these systems, where the scattering is
dominated by the structure factor peak from the correlations
between crystalline lamellar stacks). Therefore, we believe that
the increase in scattered intensity for iPP1 and iPP5 can be
attributed to crystallization of the matrix iPP on the DMDBS
nanofibers. While crystallization of iPP at such high temperatures
is unexpected, it is not unprecedented—crystallization of iPP on
flow-induced crystallization nuclei has been observed at tem-
peratures as high as 441 K.37 DMDBS nanofibers, however,
appear to be unable to nucleate iPP crystallization at higher
temperatures and we observe no increase in scattering intensity
with time from iPP1 at 438 K (Supporting Information). As TC

for sPP1 is lower than that for the iPPs, and since aPP is not very
crystallizable, we observe no increase in scattering intensity from
these systems at 428 K. Interestingly, for scattering from iPP1 at
428 K, for t = 0 (viz. scattering data collected in the first 20 min
after cooling to 428 K, before iPP1 has crystallized to a significant
extent), the scattered intensity from the DMDBS is similar that at
438 K (see Supporting Information). Therefore, it appears that
the structure formed by the DMDBS as it crystallizes out from
the polymer melt does not change on cooling to lower tempera-
tures. Therefore, here we present data for scattering on cooling to
T = 438 K, where the DMDBS has crystallized out of the polymer
(see Figure 4), but where the matrix polypropylene does not
crystallize.

As DMDBS is present in a small concentration (0.8%, by
weight), we examine the scattering from the DMDBS nanofibers
by subtracting the scattered intensity at 513 K (where the
DMDBS is dissolved in the polypropylene, viz. the “matrix”
scattering intensity) from that at 428 K (<TD), as suggested in
the literature.31 At low q, the (matrix subtracted) scattered

intensity, I, shows a linear region in a Guinier plot of ln(qI)
versus q2, for all the polypropylene samples investigated
(Figure 5), suggesting that the scattering entities, viz. the crystal-
line DMDBS forms one-dimensional nanofibers, as expected
from literature reports. We can obtain the radius of the DMDBS
nanofiber, R = Rg/

√
2, from the slope of the scattered intensity in

the Guinier region, as follows.38

R ¼
ffiffiffiffiffiffiffi
ð4�

p
fslope of lnðqIÞ versus q2g ð1Þ

Our analysis yields a radius for the DMDBS nanofibers of 7.7,
5.3, 7.3, and 9.2 nm in iPP1, iPP5, sPP1, and aPP matrices,
respectively. Since the DMDBS nanofibers scatter only weakly,
we do not believe that the differences in fiber radii obtained are
significant enough to merit detailed discussion. Thus, our SAXS
analysis confirms that the behavior of DMDBS is not qualitatively
different, as it crystallizes out of iPP, aPP and sPP. For all the
polypropylenes (iPP, aPP and sPP) investigated here, the
DMDBS crystallizes into a nanofibrillar morphology, with nano-
fibers of radius approximately between 5 and 10 nm.

Finally, we return to a discussion of the trends in TD. Our data
clearly indicate a correlation between TD and the viscosity for
iPP. An increase in TD with molecular weight has been
reported23-25,29 for relatively lowmolecular weight PPOs. These
are polar polymers, and, for the low molecular weight materials
examined in previous work, there is a significant effect of end

Figure 4. (a) Summary of the DMDBS crystallization temperatures from rheological measurements (filled symbols) and DSC (open symbols) for
iPP1-iPP5 and B1-B5. The line is shown as a guide to the eye and does not represent a fit to the data. (b) Comparison of the DMDBS crystallization
temperatures from aPP, RCP1, RCP2 and from sPP1-sPP3. (c) Comparison of the DMDBS crystallization temperatures for iPP1/iPP5 blends (B1-
B4) and for the iPP/aPP blends (C1-C3 and D1-D3).

Figure 5. Intensity of scattered X-rays from iPP1, iPP5 (both at 438 K),
aPP and sPP1 (both at 428 K) containing 0.8% DMDBS, plotted after
subtracting the scattering at high temperature (513 K), as explained in
the text. Data is presented as a Guinier plot and we show ln(qI) versus q2

for low q. The plots are vertically shifted for ease of viewing.
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groups on the polymer solubility parameter. Thus, the change in
TD has been rationalized using a thermodynamic argument that
considers the molecular weight dependence of the matrix PPO,
on the difference in solubility parameters between the DMDBS
and the PPO. In contrast with previous investigations, the iPPs
used in our experiments are all relatively high molecular weight
apolar polymers, and we do not expect any significant change in
the polymer solubility parameter with molecular weight.39-42

Interestingly, we note that the Flory argument has been used30 to
estimate an equilibrium DMDBS crystallization temperature of
about 473 K (for a DMDBS concentration of 1% in iPP). Thus,
the equilibrium DMDBS crystallization temperature is closer to
the experimental TD values for iPP1, aPP and the RCPs (∼465 K),
as compared to the values for the lower molecular weight
iPPs. As we did not have access to higher molecular weight iPPs,
we could not determine if, as expected, there is a plateau in TD at
high matrix molecular weights. Thus, it appears that it is
specifically the low molecular weight iPPs that demonstrate an
unusual reduction in TD (when compared with the high molec-
ular weight iPPs, where TD accords with the literature reports).
This decrease in TD with decreasing molecular weight is highly
unusual, and cannot be rationalized based on current theories.
Molecular modeling indicates that DMDBS molecules dimerize
in apolar matrices, and that the cleft in the butterfly shaped
DMDBS dimers interact with the helices formed as iPP is cooled.
It is possible that an influence of iPP molecular weight on helix
formation during coolingmight result in the observed decrease in
TD with decreasing iPP molecular weight. Preliminary FTIR
experiments to verify this were inconclusive since it is difficult to
quantitatively compare time-dependent FTIR from crystallizing
iPP samples. Thus, a definitive explanation for the reduction in
TD for the low molecular weight iPPs is currently elusive.

Why is there no matrix molecular weight dependence of TD

for RCPs? We suggest the following speculative argument. For
Ziegler-Natta iPPs, the stereoregularity of the chains is known
to be correlated to the molecular weight.35 Thus, not only do
iPP1-5 have a broad molecular weight distribution, they are also
compositionally heterogeneous with the high molecular weight
chains within the distribution having higher stereoregularity as
compared to the low molecular weight chains. However, for iPPs
produced using titanium catalysts with optimized donor systems,
similar to those used in our work, the isotacticity for even the low
molecular weight chains in the distribution has been shown35 to
be ∼60 to 70% (compare with 33% for aPP, Table 1). Thus, all
the chains in an iPP can be considered to have a reasonably high
isotacticity. In contrast, for RCPs produced using the same
fluidized bed process and the same catalyst chemistry, the meso
sequences in the polymer chains are interrupted by incorporation
of comonomer ethylene. Thus, while RCPs too are expected to
exhibit compositional heterogeneity that is correlated with
molecular weight,36,43 the average meso sequence lengths in
RCPs are smaller than in iPPs.

In preliminary experiments to validate this hypothesis, we
fractionated iPP5 and RCP1 into two fractions based on their
solubility (see Supporting Information for experimental details).
It is reasonable to assume that solubility correlates with crystal-
lizability, and therefore, with the tacticity for iPP (or comonomer
ethylene content for the RCP). For both iPP5 and RCP1, the
dissolved fraction has a lower viscosity (by about 2-fold) as
compared to the undissolved fraction, indicating that the dis-
solved fraction has a lower molecular weight. Thus, fractionation
divides the polymers into a low molecular weight part (that has

lower tacticity and higher comonomer content) and a high
molecular weight part (with higher tacticity and lower comono-
mer content). We adjust the dissolution temperatures such that
the dissolved fraction is about 30-40% of the total, and note that,
as expected, a significantly lower temperature is required to
achieve this for RCP1 (368 K) as compared to iPP5 (383 K).
Both dissolved and undissolved fractions of iPP5 show signifi-
cantly higher heats of fusion (ΔHm = 124 J/g and 133 J/g,
respectively) when compared with the corresponding RCP1
fractions (ΔHm = 93 J/g and 99 J/g, respectively). Interestingly,
we observe that the high molecular weight/higher tacticity
fraction of iPP5 shows a higher TD (=463 K) relative to the
low molecular weight/low tacticity fraction (TD = 458 K).
However, both fractions of RCP1 have roughly the same TD

(≈467 K). Thus, even for the undissolved RCP fraction (viz. the
high molecular weight, lower ethylene content fraction with the
higher heat of fusion), the ethylene incorporation is high enough
to not influence the DMDBS TD. Thus, our experiments suggest
that the correlation between TD and molecular characteristics
(molecular weight and tacticity) holds only for reasonably
isotactic iPPs.

’SUMMARY

We observe that the phase separation temperature of DMDBS
from isotactic polypropylene shows an unusual dependence on
the molecular weight of the matrix polymer. The phase separa-
tion temperature of DMDBS decreases by about 14 K for a 10-
fold decrease in polymer viscosity (corresponding to an approxi-
mately 2-fold reduction in polymer molecular weight). This
molecular weight dependence of the DMDBS phase separation
temperature is observed only for isotactic polypropylene. Atactic
polypropylene, syndiotactic polypropylene and propylene-
ethylene copolymers do not exhibit this effect. The specific
interactions between low molecular weight isotactic polypropylene
and DMDBS that result in the observed decrease in the phase
separation temperature of DMDBS are not yet understood.

’ASSOCIATED CONTENT

bS Supporting Information. Characterization data (GPC,
NMR, DSC) for the polymers used in this work, as well as SAXS
data. This material is available free of charge via the Internet at
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