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We have previously reported that small quantities of self-assembling molecules known as dendron rodcoils (DRCs) can be used
as supramolecular additives to modify the properties of polystyrene (PS). These molecules spontaneously assemble into supra-
molecular nanoribbons that can be incorporated into bulk PS in such a way that the orientation of the polymer is significantly
enhanced when mechanically drawn above the glass-transition temperature. In the current study, we more closely evaluate the
structural role of the DRC nanoribbons in PS by investigating the mechanical properties and deformation microstructures of
polymers modified by self-assembly. In comparision to PS homopolymer, PS containing small amounts (<1.0 wt.-%) of
self-assembling DRC molecules exhibit greater Charpy impact strengths in double-notch four-point bending and significantly
greater elongations to failure in uniaxial tension at 250 % prestrain. Although the DRC-modified polymer shows significantly
smaller elongations to failure at 1000 % prestrain, both low- and high-prestrain specimens maintain tensile strengths that are
comparable to those of the homopolymer. The improved toughness and ductility of DRC-modified PS appears to be related to
the increased stress whitening and craze density that was observed near fracture surfaces. However, the mechanism by which
the self-assembling DRC molecules toughen PS is different from that of conventional additives. These molecules assemble into
supramolecular nanoribbons that enhance polymer orientation, which in turn modifies crazing patterns and improves impact

strength and ductility.

1. Introduction

The use of glassy polymers such as polystyrene (PS) has tra-
ditionally been limited by their tendency to undergo brittle
fracture.'” Over the past several decades, significant efforts
have been directed towards the development of additives that
improve the toughness of PS and similar polymers.!**! Many of
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these additive-based approaches to polymer toughening focus
on the alteration of craze microstructure. Although crazes are
usually precursors to fracture, their formation and extension
under certain conditions can dissipate significant amounts of
strain energy. Proper control over the nucleation and/or growth
of crazes via elastomeric second-phase inclusions,*"! low-mo-
lecular-weight plasticization,[g’m or alterations in chain orien-
tation!> 1 can create “craze plasticity” in glassy polymers that
significantly reduces brittleness.

We previously reported that small quantities of self-assem-
bling molecules known as dendron rodcoils (DRCs) can be
used as supramolecular additives to modify the properties of
PS.1%17l When added to monomeric styrene in amounts as low
as 0.2 wt.-%, DRCs spontaneously assemble into gel-forming
networks of ribbon-like structures that are ~10 nm wide,
~2 nm thick, and up to 10 um long.!"¥ After thermal polymer-
ization of the styrene gels, the nanoribbons remain dispersed in
small bundles throughout the polymeric solid. The presence of
the nanoribbon scaffold significantly enhances the chain orien-
tation of the polymer when it is mechanically drawn above the
glass-transition temperature (Tg)[16’17] and its presence was also
found to alter fracture mechanics and improve impact
strengths by as much as 70 %.1' These modifications appear to
be at least partially attributable to the influence of the nanorib-
bons on the craze microstructures of the polymers. In the cur-
rent study, we attempt to better understand the structural role
of the DRC nanoribbons in PS by examining the mechanical
properties and deformation microstructures of the nanoribbon-
modified polymers when they are deformed in double-notch
four-point bending Charpy impact (DN-4PB-CI) tests and also
under uniaxial tension.
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2. Results and Discussion

Results from DN-4PB-CI measurements are consistent with
previous data from single-notch Charpy impact tests,'*! indicat-
ing that the incorporation of small amounts of DRC nanorib-
bons in PS results in considerable toughening. In these mea-
surements, PS/0.5 wt.-% DRC produced a Charpy impact
strength of 121.8 Jm™, compared to 89.3 Jm™ for PS homo-
polymer. An analysis of subcritically grown cracks in these
specimens supports previous claims that the toughening effect
of DRC nanoribbons is related to enhanced polymer-chain ori-
entation. In PS/0.5 wt.-% DRC, the crack was short and grew
in a direction perpendicular to the starter crack, but parallel to
the prestrain axis and polymer-chain orientation (Fig. 1a). On
the other hand, the subcritical PS homopolymer crack was sub-
stantially longer and propagated at an orientation of appro-
ximately 10° to the prestrain axis (Fig. 1b). These observations
are consistent with DN-4PB-CI measurements and indicate
there was greater resistance to crack propagation in
PS/0.5 wt.-% DRC, especially normal to the direction of poly-
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Figure 1. Subcritically grown cracks in DN-4PB-Cl specimens: a) PS/
0.5 wt.-% DRC and b) PS homopolymer.

mer-chain orientation. While the magnitude of the DRC tough-
ening effect was slightly less in DN-4PB-CI tests than in the
previous single-notch experiments!'®! (36 % increase vs. 70 %,
respectively), it is likely this disparity can be attributed to dif-
ferences in prestraining conditions and testing geometry.

The toughening effect of DRC nanoribbons is supported by
uniaxial tension experiments that highlight structural differ-
ences between DRC-scaffolded PS and the PS homopolymer.
In samples prestrained to 250 % and tested in uniaxial tension
at 1.5 mmmin™, a significant contrast in fracture topography
was observed (Fig. 2). Specimens modified by the DRC nano-
ribbons exhibited highly textured, yet largely homogenous,
fracture surfaces that showed no clear regions of initiation or
differences in propagation speed or mechanism. Although the
DRC specimens are transparent in their undeformed state,
these fracture surfaces were only faintly translucent due to
light scattering by surface roughness and sub-surface defects.
In contrast, fracture surfaces of PS homopolymer specimens
exhibited classical PS fracture characteristics with central mir-
ror-like initiation zones that transitioned to regions of planar
island-like features. The island regions sometimes gave way to
rougher sections on the peripheries of specimens, but these
rough regions made up only small portions of the total fracture
areas. Unlike DRC fractures, these regular, planar features al-

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.afm-journal.de

Figure 2. Optical micrographs of 250 %-prestrained tensile fracture sur-
faces: a) PS homopolymer, b) PS/0.5 wt.-% DRC, and c)PS/1.0 wt.-
% DRC.

lowed the homopolymers to maintain transparency after frac-
ture. In general, the surfaces of DRC specimens had consider-
ably greater roughness than those of PS homopolymers.

This contrast in surface topography is also revealed by atom-
ic force microscopy (AFM) images of fracture surfaces of
PS homopolymer (mirror region) and PS containing 1.0 wt.-%
DRC (Fig. 3). Root-mean-square (RMS) roughness values
of 123428 nm for PS and 102.7+23.4nm for PS/
1.0 wt.-% DRC were measured from these images, indicating

Figure 3. AFM images of 250 %-prestrained tensile specimen fracture sur-
faces: a) PS homopolymer and b) PS/1.0 wt.-% DRC.
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that the PS/1.0 wt.-% DRC fracture surface had almost ten
times greater relief than the mirror region of the PS homopoly-
mer surface. The increased surface area in DRC specimens
suggests crack paths were highly bifurcated and likely influ-
enced by stress concentrations at numerous cavitations and
multiplanar crazes that formed ahead of crack fronts, both
before crack initiation and during crack propagation.'”! In con-
trast, the chiefly planar features in PS homopolymer specimens
indicate that most crack propagation occurred along very few
large, coplanar crazes that were probably formed prior to crack
initiation."” The mirror regions indicate that cracks initially
propagated through craze layers by fibril tearing. As the cracks
gained speed, they shifted to weaker material along the craze—
bulk interfaces and produced the island morphologies by alter-
nating along opposing craze wedge surfaces. These planar fea-
tures in PS homopolymer suggest less plastic deformation prior
to fracture than in PS/DRC specimens, and are therefore asso-
ciated with higher velocity, more brittle fractures.*"!

The greater surface texture in 250 %-prestrained PS/DRC
specimens was accompanied by extensive stress whitening in
the sub-fracture regions, especially in 1.0 wt.-% DRC speci-
mens (Fig. 4). Transmission optical microscopy (TOM) images
of fractured cross-sections indicate that this whitening is at
least partially due to the scattering of light by numerous, lim-
ited-size crazes, many of which were nucleated internally and
confined to the interiors of the specimens (Fig. 5a). In contrast
to the high-density crazing in DRC specimens, sub-fracture

PS/
1.0%DRC

0.5%DRC

5 mm

Figure 4. 250 %-prestrained tensile specimens after testing to failure at
1.5 mm min™ in uniaxial tension.
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Figure 5. TOM images of craze microstructure of 250 %-prestrained speci-
mens just below fracture surfaces: a) PS/0.5 wt.-% DRC and b) PS homo-
polymer.
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regions in PS specimens were transparent, with significantly
larger, more widely spaced crazes, some of which spanned the
entire width of gauge regions (Fig. 5b). Nearly all of these
crazes were associated with the exteriors of specimens and ap-
pear to have been initiated at external sites.

The smaller, higher-density crazes in DRC specimens are
typical of those that form in more highly oriented polymers
when stressed in tension along their axes of orientation. Al-
though chain orientation generally tends to increase craze-initi-
ation stresses in polymers, it eventually leads to crazes that are
smaller and more numerous once the crazing threshold has
been surpassed.’>" Ultimately, the smaller crazes in PS/DRC
are desirable because they have greater stability and are less
likely to initiate catastrophic failure cracks. By nucleating sig-
nificantly greater numbers of crazes and producing greater to-
tal craze areas, the PS/DRC specimens should be able to dissi-
pate larger strain energies before fracture.

Increased strain-energy dissipation via crazing is likely to be
at least partially responsible for the large failure strains (&)
that were observed in 250 %-prestrained PS/1.0 wt.-% DRC
specimens (Fig. 6). In contrast to the large increases in &,
DRC-modified materials exhibited ultimate tensile strengths
ous that were only slightly, but not significantly greater than

a
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DRC Content
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DRC Content

Figure 6. Average &¢ and o0y, for 250 %-prestrained PS specimens contain-
ing 0 wt.-%, 0.5 wt.-%, and 1.0 wt.-% DRC tested at 1.5 mm min~" in uni-
axial tension.

those of PS homopolymer (Fig. 6). Considering DRC’s influ-
ence on molecular orientation, it is fairly surprising that DRC-
modified polymers were not at least moderately stronger than
the less-oriented homopolymers. Multiple studies indicate that
molecular orientation in polymers increases both & and oy
along the axis of orientation,” ! although it has also been
reported that strengths are generally less sensitive to changes
in orientation than failure strains.”!! Ultimately, the true signif-
icance of this result is that most other polymer modifications
intended to increase ductility also reduce strengths substan-
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tially.[g’zsl Additives that increase ductility and maintain

strength may be especially useful.

In contrast to the 250 %-prestrained fractures, completely
different morphologies were observed in specimens pre-
strained to 1000% and tested in uniaxial tension at
1.5 mmmin~'. Instead of producing macroscopically flat frac-
tures similar to those that occurred at 250 % prestrain, the
1000 %-prestrained specimens exhibited necking and signifi-
cant fibrillation (Fig. 7). Fibers in DRC-scaffolded PS were
markedly thinner and more numerous than those in PS homo-
polymers. The intense fibrillation in DRC-scaffolded speci-

PS!/
1.0%DRC

Figure 7. 1000 %-prestrained tensile specimens after testing to failure at
1.5 mmmin~' in uniaxial tension.

mens is consistent with expectations for a material with greater
molecular orientation, since fibrous fracture is a hallmark of
oriented polymers.*!?*?! In similar fashion to the 250 %-pre-
strained samples, the 1000 %-prestrained PS/DRC specimens
exhibited significantly more sub-surface stress whitening than
PS specimens. However, this whitening appears to be largely
due to voiding between fibrils, rather than crazing, which was
nearly absent from all specimens. Most specimens also dis-
played numerous microscopic, superficial crack-like defects,
but these features did not appear to be crazes due to their wide
apertures and shallow depths. Although the fibrillation and
lack of crazing is dramatically different than what was observed
at 250 % prestrain, it is consistent with previous reports of PS
drawn to strains of greater than 1000 %.' It is likely that the
high degree of orientation in 1000 %-prestrained specimens re-
duced craze nucleation sites by elongating defects and also
may have elevated craze-initiation stresses beyond the failure
stress of the materials. At such a high degree of prestrain, the
polymer chains may no longer have been able to undergo the
stretching and disentanglement that is necessary to form
crazes.
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As a group, the 1000 %-prestrained specimens had signifi-
cantly greater & and oy than any of the 250 %-prestrained
specimens (Fig. 8). This result was anticipated because higher
prestrain produces greater molecular orientation and tends to
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Figure 8. Average & and o for 1000 %-prestrained PS specimens con-
taining 0 wt.-%, 0.5 wt.-%, and 1.0 wt.-% DRC tested at 1.5 mm min~ in
uniaxial tension.

reduce defects.”!! However, the behavior of specimens contain-
ing DRC nanoribbons, relative to that of PS homopolymers,
was substantially different in the 1000 %-prestrained group. In
contrast to what was observed at 250 % prestrain, the 1000 %-
prestrained specimens containing 0.5 wt.-% and 1.0 wt.-%
DRC had significantly lower & than PS homopolymers. Al-
though 1000 %-prestrained DRC specimens exhibited oy
values that were similar to those of the homopolymers, their
ability to deform plastically at this high level of prestrain was
significantly diminished.

In order to better understand the strain-rate sensitivity of the
PS/DRC polymers, 1000 %-prestrained specimens were also
tested in uniaxial tension at 20 mmmin~'. The 20 mm min™'
specimens exhibited even more intense fibrillation than
1000 %-prestrained specimens tested at 1.5 mmmin™, but col-
lectively failed at slightly lower strengths and extensions
(Fig. 9). Overall, however, relative results between DRC and
homopolymer specimens within the two testing speed groups
were similar. At 20 mm min~!, DRC specimens exhibited oy
that were similar to those of the PS homopolymers, but again
had significantly lower &

On first examination, it may seem counterintuitive that the
more highly oriented DRC specimens have larger & than their
homopolymer counterparts at 250 % prestrain, but significantly
smaller & at 1000 %. However, it has previously been reported
that there is a limit at which additional orientation in polymers
actually begins to decrease .22 In the case of the 1000 %-pre-
strained DRC specimens, it is likely that this orientation limit

Adv. Funct. Mater. 2005, 15, No. 3, March



J. C. Stendahl et al./Modifying Polystyrene with Self-Assembling Molecules

) 4] T
0.3 L
&
0.2
T
0.1 L
0
0 Wt-% 0.5 Wt-% 1.0 wt-%
DRC Content
b) 110
100 - '|'
90 -
O-uts 80 | J‘ I
[MPa] 70 4
60 |
50
0 wt-% 0.5 wt-% 1.0 wt-%

DRC Content

Figure 9. Average & and 0y for 1000 %-prestrained PS specimens con-
taining 0 wt.-%, 0.5 wt.-%, and 1.0 wt.-% DRC tested at 20 mm min™' in
uniaxial tension.

has been surpassed. This decrease in & may be related to the
disappearance of crazing at similar drawing strains, a phenome-
non that occurs when craze-initiation stresses become greater
than the bond-rupture stress.?!! Without the additional plastici-
ty afforded by crazing, materials may become more brittle.

In order to better understand the orientation—property cor-
relation in DRC-nanoribbon-scaffolded PS, specimens were
also tested in their as-polymerized states without prestraining.
In this case, specimens containing 1.0 wt.-% DRC actually had
slightly lower os and & than PS homopolymers (Fig. 10). Pre-
dictably, average oy values for the entire 0 %-prestrained
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b) 45
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Figure 10. Average & and oy, for 0 %-prestrained PS specimens contain-

ing 0 wt.-%, 0.5 wt.-%, and 1.0 wt.-% DRC tested at 1.5 mm min~" in uni-
axial tension.
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group were lower than those of the more highly oriented
250 % and 1000 % specimens. Although average ¢ for the en-
tire 0 % group were also small, they were actually similar to
those for 250 %-prestrained PS and PS/0.5 wt.-% DRC. This
similarity is somewhat surprising, but it is important to consider
that failures in 0 %-prestrained samples occurred at consider-
ably shorter extensions due to their smaller gauge lengths. In
general, fractures in 0 %-prestrained specimens were flatter
and smoother than those at larger prestrains. The
1.0 wt.-% DRC specimens exhibited more fracture surface
whitening than the PS homopolymers at 0% prestrain
(Fig. 11), but did not show any of the sub-surface whitening
that was observed at greater prestrains. All 0 %-prestrained
specimens had extensive superficial microcracking in their

Figure 11. Low-magnification optical microscope images of fracture
surfaces of 0%-prestrained specimens: a) PS homopolymer and b) PS/
1.0 wt.-% DRC.

gauge regions, but only the PS specimens exhibited any sort of
macroscopic crazing, which was only at very low levels.

Collectively, the modifications to impact strength, fracture
microstructure, and ductility that were observed in PS contain-
ing self-assembling DRC molecules suggest that the supramo-
lecular scaffold of nanoribbons has a significant structural in-
fluence on the bulk material. One important feature is the high
sensitivity to degree of prestrain. DRC nanoribbons substan-
tially increase ductility in PS at moderate prestrains, but have a
negative effect without prestrain or with excessive prestrain. It
is particularly interesting that oriented PS/DRC specimens
exhibited both greater and lesser ¢ than PS homopolymers,
depending on degree of prestrain, but generally maintained oy
values that were comparable to the homopolymers. Another
notable feature of the PS/DRC materials is that significant in-
creases in strength were observed only in high-strain-rate Char-
py impact tests and not in lower-strain-rate tensile tests. While
differences in stress conditions between the two types of tests
make it difficult to assert that DRC has a definite strain-rate
dependence, it is clear that the incorporation of DRC provides
an active strengthening mechanism in high-strain-rate Charpy
impact conditions. Although these observations only provide
indirect evidence of the deformation mechanisms of the DRC
nanoribbons and their interactions with the bulk polymer, their
relevance becomes more evident in comparisons with other
types of additives used to modify PS.

Some of the most common forms of modified PS are high-
impact-strength blends and copolymers in which rubbery sec-
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ond phases are incorporated into the PS matrix to nucleate
crazes and improve toughness.[4'7] Although this technique is
also especially effective at high strain rates, it does not appear
to operate by a similar mechanism to the DRC nanoribbons
because it generally reduces tensile strengths by 20-40 %
below that of the PS homopolymer.”*”! Moreover, these high-
impact blends usually rely on elastomer contents that are five
to thirty times greater’®” than the content of the DRC nano-
phases described here, and thus the materials become opaque.
Although these blends show increased crazing that is similar to
that observed in PS/DRC, their phase-separated microstruc-
tures are sufficiently different from the disperse DRC nanorib-
bon bundles!"” that it is unlikely that a common craze-initia-
tion mechanism is shared.

Another PS-modification strategy that provides a useful
comparison is the addition of low-molecular-weight diluents,
such as polybutadiene, in small fractions similar to those used
here with DRC.®'? This low-molecular-weight addition re-
duces craze-flow stresses and produces significant increases in
ductility. Unlike DRC, however, the diluents substantially re-
duce tensile strengths and are not effective at high strain
rates.”’ Although the DRC molecule is of the order of molecu-
lar weight that may be expected to produce a similar plasticiza-
tion effect, it appears that its assembly into supramolecular
nanoribbons prevents this from occurring.

3. Conclusions

The mechanism by which self-assembling dendron rodcoil
molecules toughen PS is different from that of conventional ad-
ditives. These molecules assemble into supramolecular nano-
ribbons that enhance polymer orientation, which in turn modi-
fies crazing patterns and improves impact strength and
ductility.

4. Experimental

DRC molecules were synthesized as described previously [18]. Sty-
rene (Aldrich Chemical Company) inhibited with 10-15 ppm 4-tert-
butylcatechol was added to glass vials containing premeasured amounts
of DRC (homopolymer vials were without DRC). Sealed vials were
ultrasonicated for two minutes and then warmed with a heat gun while
undergoing gentle shaking. Once the DRC had dissolved, samples were
heated for an additional minute to promote supramolecular self-assem-
bly. After 10 min of ambient cooling to allow for the dissipation of ex-
cess heat, vials were transferred to a 100 °C oven for polymerization.
Although vials were sealed, a nitrogen atmosphere was maintained in
the oven to prevent oxidation. After 72 h, the caps were removed and
vials containing the solid polymer were returned to the oven under vac-
uum to evaporate residual monomer. One day after removal of the
caps, the vials were broken and the solid polymer cylinders were re-
turned to the oven under vacuum. The cylinders were heated for an ad-
ditional 24 h after the vials were broken and then removed from the
oven and cooled to room temperature. The resulting polymers were
atactic, and gel-permeation chromatography indicated the PS homo-
polymers and those containing DRC were of similar molecular weight.

For tensile tests, the solid PS cylinders were machined into tensile
specimens with gauge dimensions 6.35 mm x 6.35 mm x 10.2 mm by a
Bridgeport milling machine connected to a South Western Industries

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ProtoTrack MX2 numerical controller and polished with SiO, micro-
particle slurries. Prestrained specimens were drawn in uniaxial tension
at 40 mmmin™ with an MTS Sintech mechanical testing machine
equipped with a heating chamber. The chamber was heated to 108 °C
(slightly higher than T, for PS) to promote molecular orientation with-
out chain scission or cracking. When desired lengths had been
achieved, specimens were quenched with a water mist and removed
from the heated chamber to preserve orientation. Undrawn specimens
(0 % prestrain) were tested in their as-polished states. Specimens were
tested at room temperature in uniaxial tension at strain rates of 1.5 or
20 mmmin~". Error bars in all tensile strength and failure strain bar
graphs represent ¢ distribution confidence intervals at 90 %.

For DN-4PB-ClI tests, PS cylinders were machined into larger tensile
specimens with gauge dimensions 20.0 mm x 8.0 mm x 27.0 mm. Ten-
sile specimens were then prestrained at 20 mmmin™' in a 112 °C cham-
ber and quenched in water when they had reached 270 % strain. The
prestrained specimens were machined into bars with dimensions
3.0 mm x 8.8 mm x 110 mm. Using a 250 um tip radius notching cutter,
two 3.18 mm deep notches were cut 11.2 mm apart into the narrow
face of each bar to ensure cracks propagate independently. Sharp
cracks were generated at the notch tips by tapping a liquid-nitrogen-
chilled razor blade. The ratio of final crack length to specimen width
was held between 0.4 and 0.5. The DN-4PB-CI tests were performed
on a pendulum impact tester (Model TMI-43-02) with a modified dou-
ble-head striker. While a single notch is usually used in Charpy tests,
previous work indicates that DN-4PB also provides an accurate mea-
sure of Charpy impact strength as long as the two cracks do not inter-
fere [28].

AFM samples were mounted on aluminum disks with double-sided
carbon tape and images (400 um?) were collected with a ThermoMicro-
scopes Autoprobe CP Research AFM operating in noncontact mode.
RMS roughness parameters were calculated by taking the RMS of the
difference between surface height and mean surface height integrated
over the sample space and divided by its area. Values were averaged
for three images and presented with uncertainties of plus/minus one
standard deviation.

Specimens for TOM were obtained from sub-fracture regions of
250 %-prestrained tensile bars by cutting along the tensile direction.
Following the procedure described by Sue et al. [29], thin sections were
obtained by polishing the specimens down to approximate thicknesses
of 50 um. The thin sections were then examined using an Olympus
BX60 optical microscope under bright-field setting. Images of 0 %-pre-
strained tensile specimen fracture surfaces were obtained with a Diag-
nostics Instruments Spot Insight Camera connected to a Wild M3Z
stereomicroscope.
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