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Network Polymer Properties Engineered Through Polymer

Backbone Dispersity and Structure

Ibrahim O. Raji, Obed J. Dodo, Nirob K. Saha, Mary Eisenhart, Kevin M. Miller,
Richard Whitfield, Athina Anastasaki, and Dominik Konkolewicz*

Abstract: Dispersity (P or M,/M,) is an important
parameter in material design and as such can signifi-
cantly impact the properties of polymers. Here, polymer
networks with independent control over the molecular
weight and dispersity of the linear chains that form the
material are developed. Using a RAFT polymerization
approach, a library of polymers with dispersity ranging
from 1.2—1.9 for backbone chain-length (DP) 100, and
1.4—3.1 for backbone chain-length 200 were developed
and transformed to networks through post-polymer-
ization crosslinking to form disulfide linkers. The tensile,
swelling, and adhesive properties were explored, finding
that both at DP 100 and DP 200 the swelling ratio,
tensile strength, and extensibility were superior at
intermediate dispersity (1.3—1.5 for DP 100 and 1.6—
2.1 for DP 200) compared to materials with either
substantially higher or lower dispersity. Furthermore,
adhesive properties for materials with chains of inter-
mediate dispersity at DP 200 revealed enhanced per-
formance compared to the very low or high dispersity
chains.
J

Introduction

The molecular structure of a macromolecule is intimately
tied to the performance of the polymeric material in a given
application.'=*! Changes in branching and molecular weight
can alter the properties and applications of polymers. For
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instance, the properties of polyethylene change substantially
with polymer structure. Higher branching leads to low-
density polyethylene with low crystallinity which is suitable
for applications that require more stretchability and flexi-
bility, while low branching and high crystallinity lead to
high-density polyethylene, which makes it a better option
for more rigorous heavy-duty applications where higher
chemical resistance and stiffness are required. Thus, high-
density polyethylene utilizes the higher rigidity imparted by
crystallinity.**) Recent advances in controlled and reversible
deactivation polymerization methods have allowed unprece-
dented control over primary polymer structure.'"~™ In
particular, reversible deactivation radical polymerization
(RDRP) methods are among the most effective polymer-
ization techniques for controlling the primary polymer
structure. The desirability of RDRP methods arises from
their ability to control the molecular weight of polymers
with various functional groups, and to form complex
polymers such as stars, block copolymers, and branched
materials."*'*~"] Recently, the ability to control primary
chain dispersity has emerged as an active area of research
focus, with techniques that control the polymer’s uniformity
through catalyst control, reagent design, reaction engineer-
ing, or blending of polymers.”~?! One of the simplest
approaches to control the primary chain dispersity is to use
reversible addition-fragmentation chain transfer polymer-
ization (RAFT) with chain transfer agents of different
activities.*?! In RAFT, the chain transfer agent (CTA) is
typically a thiocarbonylthio compound that mediates the
polymerization by reacting with the propagating radical to
generate the RAFT intermediate radical."®**" This can
subsequently fragment, leading to the exchange of the
polymer chain capped with the CTA and the propagating
polymer radical. Dispersity of the previously linear polymer,
or primary chain, can be modulated in RAFT by choosing
combinations of more and less active CTAs.['**"! The more
active CTA leads to shorter transient radical lifetimes before
degenerate exchange, resulting in narrower distributions,
while a less active CTA causes longer transient radical
lifetimes and thereby forms broader distributions.***%!
Combinations of more and less active CTAs, lead to
intermediate dispersities.”'*

The wealth of polymerization methods that can control
dispersity, introduces the opportunity for materials proper-
ties to be engineered. Important results highlight perturba-
tions of block copolymer self-assembly tuned by dispersity
of the linear chains. This has been predicted by theoretical
approaches,™* and realized through a series of detailed

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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block copolymer self-assembly studies,” " before being
translated to thermoplastic elastomers after block copolymer
assembly.***! However, the effect of primary chain disper-
sity on covalently crosslinked networks has received limited
attention, despite the fact that covalent crosslinked polymers
comprise the largest fraction of thermosetting and elasto-
meric materials.*! This implies that controlling backbone
chain dispersity is an untapped resource to control bulk
material properties. In the past decades, the Macosko group
has done extensive theoretical and experimental studies to
investigate the effects of polymer molecular weight on the
behavior of polymer networks."~*! These studies were
primarily done on poly(dimethyl siloxane) but generally
established the fundamentals to understanding the relation-
ship between polymer molecular weight and network
properties."' =% Also, studies in the past decade have
established the significant influence of molecular weight
distribution on the properties of rubber and plastic poly-
mers. Roland and colleagues investigated the role of
molecular weight distribution on the network formation and
rheology in monodisperse and polydisperse  1,4-
polybutadienes.! Their study revealed that molecular
weight distribution affects polymer gelation, with the
gelation point observed for lower crosslinking degrees as
MWD increases. They also showed that the effect of
formation of polymer networks on the mechanical proper-
ties largely hinges on the molecular weight distribution.
Needless to say, the importance of MWD on mechanical
properties cannot be overemphasized."*! Recently, Weems
and co-workers®™ developed a ring-opening polymerization
approach to control primary backbone dispersity, with
subsequent functionalization to create cross-linkable mono-
mers. Although demonstrating changes in mechanical prop-
erties with different backbone dispersity, the materials
synthesized also had substantial differences in number
averaged molecular weight coupled with the changes in
dispersity, making separation of the chain length and
dispersity effects challenging. Similarly, Sumerlin and co-
workersP! highlighted how blending polymers leading to
complex molecular weight distributions with distinct disper-
sity and skew, lead to control over creep rates and activation
energies in dynamic materials. However, the exploration of
bulk mechanical properties as a function of primary chain
dispersity was not performed in this study. Here, the primary
chain dispersity is systematically varied using a RAFT
approach, and the impact of these primary chain effects on
bulk materials’ mechanical properties is investigated. Addi-
tionally, taking advantage of facile processing, adhesive
properties of these materials was explored. Combined, these
studies highlight how systematic control over primary chain
dispersity could be used in future applications that focus on
polymers for structural, elastic, or adhesive applications.

Results and Discussion

Poly (hydroxyethyl acrylate) (Poly-HEA) networks were
synthesized with tunable primary chain length and backbone
dispersity using a modification of the mixed chain transfer
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agent (CTA) RAFT polymerization approach developed in
the literature.”** A more active trithiocarbonate (TTC)
CTA and a less active Xanthate (Xan) CTA were combined
in different ratios to give polymers of tunable dispersity.
Scheme 1A displays the synthesis of polymer networks, and
Scheme 1B highlights how mixtures of more active TTC and
less active Xan CTAs can give polymers of tunable
dispersity. Four ratios of CTAs were used, TTC:Xan=
100:0, 67:33, 33:67 and 0:100. In each system a constant
ratio of HEA to the protected thiol crosslinker EXEA
(Scheme 1) of HEA:EXEA =100:6, or equivalently 200:12
was used. This is anticipated to give a consistent spacing of
crosslinkers along the backbone and similar mesh sizes for
each system.

The mixed CTA in RAFT polymerization not only gave
polymers with predictable number averaged molecular
weights close to the ratio of monomer to total CTA, but also
provided tunable dispersity. In all cases monomer conver-
sion was over 95% (Figure S2). Figure 1 illustrates the
molecular weight distributions for polymers targeting two
distinct chain lengths: 100 (depicted in Figure 1A) and 200
(represented in Figure 1B). As indicated in Table 1 and
Table S1, the primary chain molecular weight, determined
by NMR analysis closely aligns with the primary chain
molecular weight predicted by the ratio of monomers to
total CTA, and with the targeted ratio of HEA:EXEA.
When employing 100 % TTC, the polymers exhibit lower
dispersity, ranging from 1.2 to 1.4, depending on the chain
length. As the xanthate concentration increases, the disper-
sity gradually rises, eventually reaching ~2-3 for 100 % Xan.
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Scheme 1. A) Synthesis of poly(HEA) disulfide crosslinked networks
with mixed RAFT agents. B) Tuning the primary polymer dispersity
using mixtures of trithiocarbonate (TTC) and xanthate (Xan) CTAs.
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Figure 1. SEC traces of poly(HEA-EXEA) synthesized with ratios of
TTC:Xan CTAs of 100:0, 67:33, 33:67 and 0:100 at a target DP of 100
(A) or 200 (B).

There are evidence of branching from SEC, especially at the
higher primary chain length (Figure 1B), presumably due to
the ethylene glycol diacrylate impurity that is common in
HEA. P! Deconvolution of the peaks®™ shown in Figure S2
suggests that the primary chain length is essentially constant
in molecular weight. Although the primary chain’s distribu-
tion (at lowset molecular weight by deconvolution) typically
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broadens as the ratio of TTC:Xan decreases, the higher
molecular weight peaks in the deconvolution are consistent
with branched and multiply coupled chains from the
presence of the ethylene glycol diacrylate impurity common
in HEA. Therefore, despite the branching, the primary
chain dispersity increases as would be expected for the ratios
of TTC: Xan.

Having established that the primary chain dispersity can
be varied by mixing CTAs, the thiol groups were liberated
by an amine-based deprotection, and the material was
crosslinked by taking advantage of the spontaneous trans-
formation of thiols to disulfides in the presence of oxygen,
resulting in elastomeric network materials. Infrared spectra
of the generated networks are given in Figure S4, and they
indicate essentially no evidence of free thiol peaks which
typically appear at ~2600 cm ™.

Glass transition temperatures (7,) were measured by
differential scanning calorimetry, and determined as the
inflection point of the heat flow curve as outlined in the
Supporting Information.”® Table 1 and also Table S1 show
that the materials have 7, at or below room temperature,
consistent with soft elastomeric structures, with no statisti-
cally significant difference in T, in the chain length 100 (one
way ANOVA P-value~0.1) or chain length 200 systems (one
way ANOVA P-value~0.3). The T, measured by DSC shows
sample to sample variability in the range of 2-6°C, which is
perhaps in part due to the fact that HEA polymers can
absorb some water from the atmosphere, leading to a small
extent of plasticization. Nevertheless, the elastomeric nature
of the materials at ambient temperature is reflected in the
plateau modulus (E’) data reported in Table S1 and Fig-
ure S4. However, neither the 7, nor the plateau rubbery
modulus had any systematic trend with respect to the
primary chain dispersity, with the largest variations being
sample to sample.

The equilibrium swelling ratio (Q) was evaluated for
each of the polymers synthesized and is shown in Figure 2.
Interestingly, the swelling ratio reaches a peak at intermedi-
ate primary chain dispersity. Systems with either 100 % TTC
or 100% Xan CTA had measurably lower swelling ratios
than those with intermediate dispersity, generated using
either 67 % TTC and 33 % Xan or 33 % TTC and 67 % Xan
(P~1.3-1.5 for DP 100 and 1.6-2.1 for DP 200). Single factor
ANOVA was performed for each chain length. At primary
chain length of 100 units, the P-value was 6x107°, and at

Table 1: Molecular weight, dispersity, thermal and tensile stress—strain data for the various synthesized poly(HEA-EXEA). ¥ Young’s modulus was

determined from the Ogden model applied to tensile stress-strain data.

TTC:Xan Target M, 1 M, nmr D Te.psc
DpP (Da) (Da) (OC )
100:0 100 1.31x10* 1.37x10* 117 —343
67:33 100 1.31x10* 1.22x10* 1.29 —8+4
33:67 100 1.31x10* 1.27x10* 1.53 —442
0:100 100 1.31x10* 1.39x10* 1.91 5+6
100:0 200 2.61x10* 2.45x10* 1.40 —346
67:33 200 2.61x10* 2.47x10* 1.59 444
33:67 200 2.61x10* 2.48x10* 2.09 —4+2
0:100 200 2.61x10* 2.39x10* 3.05 342

Q cpeak Epreak Y

(=) (MPa) (mm/mm) (MPa)
0.9+0.1 0.29+0.06 0.5+0.1 0.8+0.2
1.31+0.02 0.41£0.09 0.63£0.09 1.0+0.2
1.45+£0.02 0.4+0.1 0.7+0.1 0.9+0.1
1.06+0.04 0.3£0.1 0.3+£0.1 1.5+0.3
1.3+0.2 0.51£0.07 0.6£0.1 1.3+0.1
1.79+0.06 0.7+0.1 0.6+0.1 1.7£0.1
1.84+0.1 0.8+0.1 0.9+0.1 1.48+0.06
1.28+0.03 0.6£0.1 0.5+£0.1 1.52+0.04
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Figure 2. Swelling ratio of poly(HEA) based networks synthesized with
ratios of TTC:Xan CTAs of 100:0, 67:33, 33:67 and 0:100 at a target
DP of 100 (A) or 200 (B).

primary chain length of 200 units, the P-value was 1x107%,
for the null hypothesis that all combinations of TTC and
Xan CTAs had the same swelling ratios. This statistical
analysis provides very strong evidence that control over the
primary chain dispersity changes the bulk material’s swelling
properties.

The mechanical properties of elastomeric materials was
evaluated for each chain length and backbone dispersity
using tensile testing. As seen in Figure 3, the median
material’s stress-strain properties depend not only on the
primary chain length, but also on the backbone dispersity.
Intermediate dispersity (P~1.3-1.5 for DP 100 and 1.6-2.1
for DP 200) led to superior mechanical properties, especially
in the peak stress (o,.) compared to either low or high
dispersity. Primary chain dispersity had a major impact on
the 6, and to a smaller extent the strain at break (eyreax)-
In both the target chain length 100 and 200 systems, the 6,
values were substantially higher at intermediate dispersity,
formed by using either 67 % of TTC with 33 % Xan or 33 %
TTC with 67% Xan than for either the high or low
dispersity materials. A similar albeit less pronounced trend
was observed in gy.,x. ANOVA indicates that both the 6
and &, are statistically significant at the 1 % level for both
the chain length 100 and 200 series. The P-values for equal
Gpeak Values across all dispersities are 9x107* and 3x10~* for
the primary chain length 100 and 200 series respectively.

Angew. Chem. Int. Ed. 2024, 202315200 (4 of 7)
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Figure 3. Mechanical properties of poly(HEA) based networks synthe-
sized with ratios of TTC:Xan CTAs of 100:0, 67:33, 33:67 and 0:100.
Median stress-strain curves at a target DP of 100 (A) or 200 (B). Mean
peak stress (G,e,) C and Mean strain at break (€y,) D. In Cand D,
light-shaded bars correspond to target DP of 100, and solid bars
correspond to target DP of 200.

Similarly, the P-values for equal ¢, for all primary chain
dispersities are 6x10~° and 3x10~* for the primary chain
length 100 and 200 series, respectively. In general, the

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Young’s modulus only showed a relatively minor change in
properties as the primary chain dispersity was varied
(Table 1). There was a systematic increase in modulus going
from target chain length of 100 to 200, consistent with the
theory of rubber elasticity as highlighted in the Supporting
Information.’”! Beyond that however, the slope of the stress-
strain curve was weakly affected by the primary chain
dispersity.

Surprisingly, a network comprised of highly uniform
chains does not lead to the best mechanical properties
(Figure 3), nor the highest swelling (Figure 2), but instead,
materials based on intermediate dispersity lead to the best
network properties. This can be defined as strongest
materials or materials most capable of swelling with solvent,
which has been connected to overall network
uniformity."**® Indeed, this is an unusual result, because in
general RDRP methods lead to more uniform networks
than their FRP counterparts due to the control over the
primary chain structure.'**®! This highlights the impor-
tance of control over the primary chain dispersity when
designing polymer materials. A possible reason for the
enhanced material properties at intermediate primary chain
dispersity when compared to either high or low dispersity
systems is given in Scheme 2. Intermediate dispersity
systems have some longer chains, which can better connect
distinct parts of the network together, enhancing network
percolation. In contrast, lower dispersity systems have fewer
opportunities for one polymer to link to several adjacent
chains. In contrast, the high dispersity system has a mixture
of effective long chains, but also many shorter chains that
are bonded to the network, but not able to entangle or form
crosslinks that percolate the network.

Finally, the various primary chain dispersity networks
were tested in adhesive applications as given in Figure 4,
measured by lap shear analysis using pine substrates. When
considering the target chain length of 100, the adhesive

Scheme 2. Schematic illustration of how the network structure changes
as the primary chain dispersity (D) increases.

Angew. Chem. Int. Ed. 2024, 202315200 (5 of 7)
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Figure 4. Adhesive strength of poly(HEA) based networks synthesized
with ratios of TTC:Xan CTAs of 100:0, 67:33, 33:67 and 0:100. A)
Target DP =100, B) Target DP=200.

strength to pine substrates was relatively low (typically
below 60 kPa), and ANOVA tests showed little variation
between the polymer compositions, with a P-value of 0.32.
With target chain length of 200, the adhesive strength was
higher (~100 kPa) for all the samples and this resulted in
greater consistency in measurement. Significantly, the mod-
erate dispersity sample with 67 % TTC had a substantially
higher adhesive strength to the pine substrate, compared to
all the other network structures. ANOVA testing gave a P-
value of 0.056, which is close to statistically significant, and
could be due to the relatively small number of replicates
(triplicate for each sample). The adhesive strengths of the
DP =200 polymers are broadly consistent with the tensile
analysis.

The overall results indicate that both chain length and
dispersity play pivotal roles in the material properties. This
is even in systems with otherwise the same crosslink density.
Although chain length effects have been well reported in the
literature,'”**! this work provides a clear indication of how
primary chain dispersity can be used to increase a material’s
swelling, strength, extensibility and adhesive properties.

Conclusions

In conclusion, disulfide-crosslinked poly(HEA-EXEA) elas-
tomers were synthesized, and the dispersity of polymer
materials were tuned by mixing a more active trithiocarbon-
ate (TTC) CTA and a less active Xanthate (Xan) CTA in

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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different ratios. This resulted in polymers with low, inter-
mediate and high dispersity values. The intermediate
dispersity polymers showed improved mechanical proper-
ties, swelling behavior and adhesive strength compared to
the low and high primary chain dispersity polymers. The
polymers showed no significant differences in terms of
thermal properties. Overall, this work highlights how
systematic control of polymer dispersity is integral to the
performance of the material in a variety of applications
targeting structural, elastomeric or hydrogel type applica-
tions. Careful design of polymers with intermediate disper-
sity can lead to enhanced strength, swelling, and potentially
tunable adhesion, superior to the extremely low or high
dispersity materials.
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Polymer networks using chains of dis-
tinct backbone length variability were
developed with control over both length
and dispersity. The impact of primary
chain length dispersity on material prop-
erties including strength, swelling, adhe-
sion and extensibility were evaluated.
Materials with intermediate primary
chain dispersity showed superior materi-
als properties.
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