Article
pubs.acs.org/Macromolecules

Mechanical and Thermomechanical Characterization of Glassy
Thermoplastics with Intrachain Cross-Links
Or Galant,† Suwon Bae,‡ Feng Wang,† Avishai Levy,† Meredith N. Silberstein,*,‡
and Charles E. Diesendruck*,†,§
†

Schulich Faculty of Chemistry, Technion − Israel Institute of Technology, Haifa 3200008, Israel
Department of Mechanical and Aerospace Engineering, Cornell University, Ithaca, New York 14853, United States
§
Russell Berrie Nanotechnology Institute, Technion − Israel Institute of Technology, Haifa 3200003, Israel
‡

S Supporting Information
*

ABSTRACT: The mechanical properties of an amorphous
polymer are a consequence of the inter- and intramolecular
interactions which are typically similar. Yet, polymers can be
made with covalent intramolecular cross-links, leading to
stronger intramolecular interactions. Here, a study on the
eﬀect of this intramolecular cross-linking on the mechanical
properties of a glassy polymer is shown. A linear poly(methyl
methacrylate) with deﬁned size was cross-linked at diﬀerent
ratios and assembled into solid samples by solvent casting.
Mechanical testing indicates that intramolecular cross-linking
does not aﬀect the mechanical properties at the elastic region but does inﬂuence these properties at the plastic region.
Interestingly, intramolecular cross-linking leads to diﬀerent eﬀects than “regular” interchain cross-linking. The results are
consistent with a reduction in chain entanglement, reducing toughness and to a lesser extent strength.

■

INTRODUCTION
Polymers are either thermoplastics or thermosets1 according to
their thermal response, which are a direct consequence of the
polymer chain architecture. Unlike thermosets, thermoplastics
are materials in which the chains are not cross-linked to each
other. Consequently, thermoplastics are thermoformable, and
this formability is repeatable. Thermosets, conversely, are not
meltable or soluble and therefore cannot be thermally
processed or dissolved. Thermoplastics present both a glass
transition temperature (Tg) and a melting point (Tm), whereas
thermosets are linked between the chains by chemical bonds;
therefore, they present only a Tg above which there is a relative
movement between the chains. However, these movements are
restricted by the cross-links, and therefore they do not melt.
Classical thermoplastics have linear polymer chain architectures and present properties that depend on the molecular
weight and monomer chemistry.2 The development of new
polymer architectures allows tailoring of polymer properties
without changing the monomer chemistry. A signiﬁcant
example is the development of hyperbranched polymers,3
which can be characterized as ‘‘thermoplastics”, but diﬀer
signiﬁcantly in properties from linear polymers of the same
chemical composition due to disruption of intermolecular
forces and changes in shape.
Likewise, SCPNs (single chain polymer nanoparticles) are
thermoplastic polymers that present similar chemical composition to linear polymers but have a diﬀerent architecture.4
SCPNs are prepared by intramolecular chemical cross-linking
© XXXX American Chemical Society

of various positions along linear polymer chains. The original
idea of collapsing a polymer chain with chemical bonds was
proposed and studied theoretically by Kuhn in 1956,5 who also
fulﬁlled the ﬁrst experimental example in 1962.6 This polymer
architecture became important as a synthetic approach to
produce tiny organic nanoparticles (from 1.5 to 20 nm) that
could not be obtained by emulsion polymerizations.7−11 The
eﬀect of cross-link density on properties of the individual
particles such as shape,12,13 size,13−19 rigidity,8,12,20 and intrinsic
viscosity14,16,21 have been largely studied. We recently
published a molecular dynamics study of the thermomechanical
properties of individual SCPNs as a function of cross-link
density.20 For individual SCPNs, increasing cross-link density
does not aﬀect glassy state stiﬀness, mildly increases strength,
and decreases subchain mobility. Yet, to our knowledge,
experimental investigations on the mechanics of SCPNs have
been limited to blends with linear polymers or as rheology
modiﬁers in solution.22,23 While nanoparticles have long been
used as ﬁllers to improve bulk mechanical properties,24,25
investigation of bulk materials prepared from pure assemblies of
SCPNs has not yet been studied. Here, we exploit synthetic
control over individual SCPN properties and study how those
changes aﬀect interparticle interactions, leading to the ability to
tune some mechanical and thermomechanical properties in a
Received: July 11, 2017
Revised: August 14, 2017

A

DOI: 10.1021/acs.macromol.7b01472
Macromolecules XXXX, XXX, XXX−XXX

Article

Macromolecules
Scheme 1. Synthesis of Linear Polymer and SCPNs (CPDB = 2-Cyanopropan-2-yl Benzothioate; AIBN =
Azobisisobutyronitrile)

three diﬀerent locations along the gauge length and averaged. The
specimens for DMA were laser cut into rectangles 4.5−5 mm in width,
20 mm in length, and 0.25−0.5 mm in thickness.
Characterization. GPC analyses were done in a Thermo LC
system equipped with TSKgel Guard Column HHR-L and 4 TSKgel
G4000HHR columns in sequence. Detection was obtained with a
pentadetector system including Dionex DAD-3000 PDI UV−vis
Detector, Wyatt Viscostar II, Wyatt OPTILAB T-rEX, Wyatt MALS
DAWN HELEOS II 8+TR, and WyattQELS DLS. GPC data analysis
was done using Wyatt’s Astra 6 software. Dynamic mechanical analyses
were done in a DMA Q800 (TA Instruments) using 4 mm single
cantilever conﬁguration. DMA data were analyzed by the TA Universal
Analyzer Program. Tensile tests were done using a “Zwick” Z010, and
strain was calculated by digital image correlation (DIC) using VIC-2D.
From initial testing, we found a signiﬁcant disparity between the strain
rate calculated from the gauge length given by the ASTM standard.
The eﬀective gauge length of 20.1 mm was therefore estimated by a
ﬁnite element simulation (Abaqus) of the specimen under uniaxial
deformation assuming linear elastic behavior. The experimentally
realized strain rate observed by DIC was 70−90% of the target strain
rate. DSC analyses were done in a Mettler Toledo DSC-1 and
analyzed by STARe software. All 1H and 13C NMR spectra were
recorded using an AVANCE II 200, 300, or 400 MHz (CDCl3, δ)
Bruker spectrometer at the Technion NMR facilities.

bulk glassy polymer. More speciﬁcally, we use polymers having
the same degree of polymerization (DP), vary the cross-link
density, and characterize the mechanical and thermomechanical
properties of the bulk assembly thermoplastic.

■

EXPERIMENTAL SECTION

Materials. All chemicals, unless otherwise stated, were purchased
from commercial sources and utilized without further puriﬁcation.
MMA was ﬁltered through basic alumina to separate from inhibitor
MEHQ. The ﬁltered MMA was bubbled with argon for 15 min.
Synthesis of Polymer and SCPNs. The polymers were prepared
following previously described procedures.26,27 The synthetic strategy
involves a two-step approach as can be seen in Scheme 1. First, RAFT
(reversible addition−fragmentation chain transfer) polymerization was
used to prepare a linear random copolymer containing a mixture of
methyl methacrylate (MMA) and (2-acetoacetoxy)ethyl methacrylate
(AEMA). This polymer was characterized and used as the linear
precursor in our study. A small peak in low retention shoulder is
observed presenting twice the Mw of the main peak, representing a
small amount of radical coupling termination (Figure 1). Parts of this

■

RESULTS AND DISCUSSION
SCPNs Synthesis and Characterization. For this
research, we decided to prepare a series of materials based on
glassy PMMA with 0−15 mol % degree of cross-linking. The
method developed by Pomposo et al.,27 which uses Michael
addition for cross-linking was chosen. This method presents the
advantage of having similar and compatible chemistry between
the monomers and cross-linkers. In addition, since the
polymerization rate of the two monomersAEMA and
MMAare similar, a random copolymer distribution is
obtained. As a result, the amount of intramolecular crosslinking can be controlled, but their positions are random. The
use of RAFT polymerization provides a linear copolymer
precursor with low dispersity,28 leading to SCPNs that diﬀer in
the degree of cross-linking but present similar DP. The crosslink density described in this article assumes 100% conversion
from the addition of TMT, but more realistic values were
measured by NMR for the samples with higher cross-link
densities (see Supporting Information).
All synthesized polymers, linear and intramolecularly
collapsed, were initially characterized and compared by tripledetector GPC (Figure 1 and Table 1). As the chain cross-link
density is increased, the polymer peak moves to higher
retention times, indicating a decrease in size. The average

Figure 1. Change in the GPC as a function of intramolecular cross-link
density (refractive index detector shown).
polymer underwent intramolecular cross-linking by Michael addition
using diﬀerent amounts of trimethylolpropane triacrylate (TMT) as
the Michael acceptor to form polymers with diﬀerent cross-link density
but all containing the same DP.
Film Preparation. Films were prepared by ﬁlm casting on a
Teﬂon-coated Petri dish with 50 mm diameter. The dissolved polymer
(800 mg) in 1,4-dioxane (8 mL) was left overnight in the Petri dish for
slow evaporation inside a hood. The ﬁlms were cut to the desired
shape using an “Epilog Zing” 24 laser cutter. The specimens for tensile
tests were laser cut according to ASTM D638-14 dimensions. The
specimens were then dried under high vacuum overnight. Specimens’
dimensions were measured using a digital calliper and a micrometer at
B
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Supporting Information), and no areas of crystallinity were
observed, indicating that the polymers remain amorphous even
with large intramolecular cross-link density. Engineering stress
was calculated using force data with the average area measured
at three points along the gauge section. Engineering strain was
calculated from the gauge length extension determined by
digital image correlation. The results are summarized in Figure
2; however, for the 15 mol % intrachain cross-link density, the
specimens were too brittle and therefore not enough data were
collected to obtain suitable results. The linear to 10 mol %
intrachain cross-link density specimens all exhibit some
plasticity with some specimens breaking just at the yield peak
and others softening before fracture.
The elastic response (Figure 2b) does not change as a
consequence of intramolecular cross-linking. Commercial
PMMA has an elastic modulus of 1.8−3.1 GPa.29 Our housemade polymers presented elastic moduli varying between 1.41
and 1.79 GPa, but the apparent diﬀerences fall within the error
and therefore are not statistically diﬀerent; i.e., the addition of
covalent intramolecular bonds has no signiﬁcant eﬀect on this
property in glassy materials. Since the linear polymers in the
glassy state present strong supramolecular interactions between
chains, changing a few of these interactions from supramolecular to covalent does not signiﬁcantly aﬀect the structure
or dynamics of the chains in the elastic region. Although the
amount of entanglement between chains should diﬀer between
SCPNs and linear polymers, this diﬀerence is not reﬂected at
small deformation.

Table 1. Polymers Used in This Study and Their Properties
from Triple-Detector GPC
cross-link densitya
[mol %]

Mnb
[kDa]

Đb

Rhb
[nm]

[η]0b
[mL g−1]

0
0.5
1
3
5
10
15

102.4
105.6
105.7
117.1
116.4
117.8
117.0

1.08
1.09
1.10
1.12
1.11
1.08
1.13

7.8
7.8
7.8
7.7
7.3
7.1
6.5

30.3
28.4
28.7
24.8
22.1
19.7
15.1

a

Calculated from relative amount of TMT added. bCalculated from
triple-detector GPC.

molecular weight increases slightly because of the use of an
external cross-linker that adds to the weight of the polymer
chain. The reductions in intrinsic viscosity and hydrodynamic
radius (Rh) are characteristic of intramolecular collapse. It can
be seen from Table 1 that for slightly collapsed chains the
change in hydrodynamic radius and intrinsic viscosity is not
signiﬁcant, but as the chain is more heavily cross-linked there is
a great decrease in these properties.
Tensile Tests. Mechanical testing of all the materials was
carried out using tensile testing. The tests were conducted on
dogbone specimens at room temperature at a nominal strain
rate of 0.001 s−1. All tested polymers present Tg well above
room temperature (see below) and are therefore in the glassy
state during these tests. Linear polymer and 15 mol % crosslinked SCPNs were characterized by SAXS and WAXS (see

Figure 2. Engineering stress−strain curves (a). Change in elastic modulus (b) in peak stress (c) and in toughness (d) as a function of intramolecular
cross-link density. Average values from 3 to 5 measurements and their standard divisions are shown.
C
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this minimum force was reached, the force was kept constant
and the strain was increased.
Representative storage modulus and tan δ for linear
copolymer and 5 mol % intrachain cross-linked samples are
shown in Figure 3a. The test started below Tg, ran until it

Conversely, the intramolecular collapse does aﬀect properties
in the plastic region. For example, the peak stress (Figure 2c),
which reﬂects the strength of the material, decreases from 32.39
± 1.85 MPa for the linear polymer to 25.49 ± 0.61 and 24.63 ±
0.70 MPa for 0.5 and 1 mol % cross-link density polymers,
respectively, a ca. 28% decrease. At 3 and 5 mol %, there is an
additional 25% reduction in peak stress. Samples made from
SCPNs with 10 mol % cross-link density polymer are not
statistically diﬀerent despite the small increase in peak stress.
Specimen toughness was calculated from the area under the
engineering stress−strain curves (Figure 2d). Small amounts of
cross-linking (0.5 and 1 mol %) did not statistically aﬀect
toughness, but further cross-linking led to a signiﬁcant
reduction in toughness. The diﬀerence between samples was
very clear even when handling samples manuallysamples
made from SCPN with high cross-link density were quite
brittle, much more than the linear polymer and the slightly
intrachain cross-linked samples. The toughness for the linear
copolymer, 0.5 and 1 mol % intrachain cross-linked samples,
ranged between 0.59 and 0.92 MPa with values that are not
statistically diﬀerent. On the other hand, the toughness
measurements for samples made from 3, 5, and 10 mol %
cross-linked polymers are much lower, ranging from 0.22 to
0.34 MPa, approximately 1/3 of the linear precursor toughness.
For linear thermoplastic polymers, the noncovalent interactions between chains provide stiﬀness, while disorganized
entanglements among chains provide toughness. Therefore,
chain entanglements aﬀect the mechanical properties of the
bulk polymer in the plastic region, whereas in the elastic region
they do not have any signiﬁcant eﬀect. When deformation
occurs under uniaxial stress, entanglements resist chain stretch
and movement. Increasing the cross-link ratio for a polymer
with similar DP collapses the chains into smaller particles with
increased intramolecular interactions, and therefore there are
less potential for interchain entanglements, as well as the
interactions between chains. As a result, when stress is applied,
chains detach from each other more easily. Therefore, the
stiﬀness of the polymer is not aﬀected by intramolecular crosslinking in the glassy state; however, the polymer becomes less
strong and drastically more brittle. The slight decrease in
strength is likely a competition between the increase in
individual SCPN strength and the decrease in entanglements
between SCPN.
Interestingly, it has been shown that intermolecular crosslinking of PMMA also does not aﬀect the elastic modulus.
However, contrary to intramolecular cross-linking, intermolecular cross-linking increases the toughness, as deformation
before failure increases.30 Therefore, the architectural change of
connecting monomers from the same polymer chain causes an
opposite trend in the plastic region as compared to traditional
cross-linking.
Dynamic Mechanical Analysis. In addition to tensile
testing, thermomechanical measurements were carried out in
dynamic mechanical analysis using a single-cantilever conﬁguration. A monotonic strain test with the linear copolymer was
run at room temperature to deﬁne an appropriate strain ratio in
the elastic region. From this test, 0.05% was chosen as
appropriate strain for temperature sweep measurements. DMA
temperature sweeps were conducted at 1 Hz and 0.05% strain.
The specimen was held at 50 °C for 10 min, and then the
temperature was raised at 2 °C min−1 up to 150 °C.
Additionally, we deﬁned a minimum force 0.005 N; i.e., when

Figure 3. DMA curves of linear copolymer and 5 mol % intrachain CL
density (a). Change in maximum tan δ temperature as a function of
intrachain cross-link density (b). Average values from 3 to 5
measurements and their standard divisions are shown.

reached a rubbery region, and was stopped before the melting
point. An initial temperature of 50 °C was chosen to facilitate
the measurements of samples from higher cross-linked chains,
which were very brittle. Again, specimens made from the 15
mol % cross-link density polymer failed even at these
conditions, and therefore not enough reliable data were
collected.
It can be seen that the storage modulus behavior is somewhat
diﬀerent between the linear and 5 mol % cross-link density
polymers. Decline in storage modulus starts at 50−70 °C for
the linear copolymer, while the samples made from intrachain
cross-linked polymers remain constant. Decrease in storage
modulus for these samples start only above 70 °C. At 50 °C the
linear polymer already begins to “soften” while the intrachain
cross-linked polymers are still glassy. This behavior is an
indication of the glass transition to the rubbery region
diﬀerence between the linear and 5 mol % cross-linked
polymers which is better expressed by the maximum of tan δ.
For example, in Figure 3a, the linear copolymer presents this
transition at 79.43 ± 1.22 °C compared to 91.18 ± 1.16 °C for
the 5 mol % cross-link density polymer. This observation
indicates that intramolecular cross-linking can be beneﬁcial in
maintaining mechanical properties at higher temperatures.
D
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the materials made from SCPNs with diﬀerent cross-link
densities but the same DP as well as the linear polymer
precursor.

As temperature increases and force is applied to induce
movement of the chains, these cross-links increase the
intramolecular friction, requiring additional energy to achieve
mobility; i.e., higher temperatures are needed in order to reach
the rubbery region. Figure 3b summarizes the maximum tan δ
temperature for all samples studied. The glass transition
temperature increases as a function of cross-link density, from
79.43 ± 1.22 °C for the linear copolymer and up to 98.50 ±
5.92 °C for the 10 mol % intrachain cross-link density.
Intramolecular chain collapse increases the density of organic
matter, reducing the “empty” space among polymer chains, and
therefore chain mobility and free volume are reduced,
explaining the increase in Tg.
Diﬀerential Scanning Calorimetry. While previous DSC
studies have shown that intramolecular cross-linking increases
the glass transition temperature,13,31,32 we repeated these
measurements to support the results seen in DMA (Figure
4). Measurements were carried out at 10 °C min−1 from room

■

CONCLUSION
We have cast bulk samples made from assemblies of polymer
chains with similar DPs but containing diﬀerent ratios of
intramolecular cross-links. Contrary to thermosets that contain
intermolecular cross-links, the material obtained is thermoplastic and can be easily dissolved and solvent cast to diﬀerent
shapes. Similar to thermosets, below Tg the elastic modulus was
not aﬀected by cross-linking, since the chains are “frozen” and
only the chemistry of the chain, not its architecture, aﬀects the
elastic properties of the bulk material. However, as the material
begins to deform and reaches the plastic region, intramolecular
cross-links play a role, leading to a change in parameters such as
peak stress and toughness. In addition, thermomechanical
properties are also signiﬁcantly aﬀected by these intramolecular
cross-links. Even a slight amount of covalent intramolecular
chain collapse aﬀects the motion of the polymer. At high crosslink densities, the polymer chains resemble organic nanoparticles with low entanglements, in which the thermal motion
is more restricted than the motion of a linear chain.
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Table 2. Mechanical and Thermomechanical Characterization of P(MMA-co-AEMA) at Diﬀerent Intrachain Cross-Link Density
cross-link density [mol %]a
0
0.5
1
3
5
10
15
a

elastic modulus [GPa]a
1.61
1.61
1.79
1.65
1.41
1.47
-

±
±
±
±
±
±

0.12
0.17
0.06
0.18
0.22
0.21

peak stress [MPa]a
32.39
25.49
24.63
19.86
20.55
23.29
-

±
±
±
±
±
±

1.85
0.61
0.70
0.95
2.46
0.83

toughness [MPa]a
0.86
0.92
0.59
0.22
0.29
0.34
-

±
±
±
±
±
±

0.19
0.23
0.10
0.05
0.07
0.05

max tan δ temp [°C]b
79.43
90.71
91.80
90.86
91.18
98.50
-

±
±
±
±
±
±

1.22
1.43
0.72
3.33
1.16
5.92

Tg from DSC [°C]c
86.29
95.56
96.59
103.43
106.21
112.45
113.74

±
±
±
±
±
±
±

0.88
0.94
1.16
0.39
0.13
0.35
0.18

Calculated from stress−strain curves. bReceived from DMA. cReceived from DSC.
E
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