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ABSTRACT: Chain-end reactivation of polymethacrylates generated by reversible-deactivation radical
polymerization (RDRP) has emerged as a powerful tool for triggering depolymerization at significantly milder
temperatures than traditionally employed. In this study, we demonstrate how the facile depolymerization of
poly(butyl methacrylate) (PBMA) can be leveraged to selectively skew the molecular weight distribution (MWD) and
predictably alter the viscoelastic properties of blended PBMA mixtures. By mixing polymers with thermally active
chain ends with polymers of different molecular weights and inactive chain ends, the MWD of the blends can be
skewed high or low by selective depolymerization. This approach leads to the counterintuitive principle of
“destructive strengthening” of a material. Finally, we demonstrate as a proof of concept the encryption of information
within polymer mixtures by linking Morse code with the MWDs before and after selective depolymerization, allowing
for encoding of data within blends of synthetic macromolecules.

INTRODUCTION

Reversible-deactivation radical polymerization (RDRP)
techniques provide chain-end fidelity and enable control
over chain length, polymer composition, and
architecture.-11 RDRP methods also enable control over
the breadth and skewness of polymer molecular weight
distributions (MWD). In particular, Anastasaki,2-1¢
Fors,17-20 gnd Sumerlin?!22 have demonstrated the
precision engineering of dispersity (D) values and MWD
skewness by approaches that include metered addition of

initiator, tuning ligand concentration or initiator mixtures
in ATRP, deliberate mixing of RAFT agents with disparate
chain-transfer constants, and physical blending of
polymers. These approaches are important because MWD
shape and skewness govern many of the
thermomechanical and viscoelastic properties of
polymeric materials.2023-26 For example, polymer chains
are susceptible to scission during mechanochemical
recycling of thermoplastics, leading to a reduction in
molecular weight.27-22 However, in the particular scenario



where chain degradation leads to molecular weights
below the chain-entanglement molecular weight (M), a
reduction in physical entanglements within the polymer
matrix leads to a dramatic loss of desirable
thermomechanical properties. Chemical recycling by
reversion to monomer is an alternative approach to
overcome these recycling limitations. Recent innovations
have shown that the active chain-ends of polymers
generated by RDRP can be leveraged to initiate efficient
depolymerization.30-32

Initial work on chain-end-initiated depolymerization
relied on metal-catalyzed approaches to drive activation
and depropagation of halogen-terminated polymers.3233
In addition to elevated temperatures, these systems
required dilute conditions to overcome the high ceiling
temperatures (7¢) innate to most vinyl polymers. Catalyst-
free approaches have been employed to depolymerize
thiocarbonylthio-terminated polymers by thermal34-3¢ or
photochemical activation of the dormant end-group at
high temperatures and dilution.37-3° Depolymerization of
RDRP-generated polymers has more recently been
extended to the bulk state, with rapid, solvent-free
depolymerization of poly(methyl methyacrylate) (PMMA)
occurring at temperatures well below those required for
polymers without thermally sensitive chain ends.40-43
Recent work has also demonstrated that phthalimide-
based radical decarboxylations can drive efficient
polymer degradation and depolymerization.#3-46 By
conducting depolymerization under non-equilibrium
conditions in which regenerated monomer is
continuously  removed, bulk depolymerization
approaches may offer promise for large-scale adoption.*3
While these examples of chain-end initiated
depolymerization have demonstrated the promise of
RDRP techniques for generating polymers that are readily
chemically recycled, depolymerization strategies have
also emerged as a novel characterization tool for vinyl
polymers.*’-49 However, there have been no reports of
exploiting depolymerization as a method to reprogram
polymer properties.

Recent work has demonstrated that strategic polymer
deconstruction can counterintuitively improve material
properties and allow skewing of MWDs.50-52 Inspired by
this, we hypothesized that polymer blends containing
depolymerizable low molecular weight chains could be
chemically recycled to skew the overall polymer MWD
higher to generate products with enhanced viscoelastic
properties, a result antithetical to conventional
mechanochemical thermoplastic recycling (vide supra).

Herein, we employ an approach our group previously
termed “skew customization by unzipping layered
polymer traces” (SCULPT) that leverages selective
depolymerization of RDRP-generated polymethacrylate
blends to tune the MWD and viscoelastic properties of the
resultant materials (Figure 1).42 This strategy allows for
the fabrication of thermoplastic materials possessing on-
demand thermomechanical tunability triggered by a
simple thermal stimulus. Furthermore, we explore how

the SCULPT method can be leveraged to store or encode
information within macromolecular materials, an
emerging field within polymer science.1653-5% On this front,
we took inspiration from the Junkers and Meier groups,
who utilized the SEC traces from tailored molecular
weight distributions57.60 or sequence-defined
macromolecules®89 to store data and represent outlines
of images.
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Figure 1. Demonstration of selective depolymerization
which utilizes SCULPT methodology to skew molecular
weight distributions and tune viscoelastic properties of
polymer blends.

RESULTS AND DISCUSSION

Poly(butyl methacrylate) (PBMA) was selected as an
example polymer to demonstrate the utility of the SCULPT
approach. PBMA has aglass transition temperature (Tg) of
~25 °C,%1 which allows for facile compression molding at
temperatures significantly lower than the
trithiocarbonate (TTC)-initiated depolymerization onset
temperature (145 °C).374042 We envisioned polymers with
MWDs distinctly above or below M. would demonstrate
the most dramatic viscoelastic property shifts in blended
materials following the SCULPT method. Thus, low
molecular weight PBMA (PBMA11x, Mn= 10.8 kg/mol, D =
1.28) and high molecular weight PBMA (PBMAs4, Mn =
63.8 kg/mol, b = 1.14) samples were synthesized via
photoiniferter methods.16263 We utilized our previously
reported*? difunctional chain-transfer agent, 1,3-
dioxoisoindolin-2-yl  2-(((dodecylthio) carbonothioyl)
thio)-2-methylpropanoate (Phth-TTC) to enable potential
depolymerization from the a-end phthalimide ester
(Phth) and w-end TTC (Figures S1, S2). Depolymerization
efficiency was quantified through thermogravimetric
analysis (TGA) with PBMA11x and PBMAges resulting in
89% and 81% depolymerization, respectively, following
an isothermal hold at 250 °C for 100 min (Figures S3, 54).

Thermally stable PBMA of identical molecular weights
were generated by removing both the Phth and TTC labile
chain ends via aminolysis from PBMA11x and PBMAesxk to
yield end-group-removed (EGR) PBMAiiker and
PBMAsaxkcr, respectively. Efficient removal of end-groups
was confirmed by UV-vis detection during size exclusion
chromatography (SEC) (Figure S5) and NMR spectroscopy



(Figure S6). A 50:50 wt% blend of depolymerizable
PBMAu11x and stable PBMAgaircr was prepared (Blend 1, Mn
= 33.7 kg/mol, b =1.70) (Figure 2A). We aimed to
formulate Blend 1 to have Mn x Me (Meppuma = 38 kg/mol)6?,
and a monomodal PBMA sample of similar molecular
weight, PBMAsix (Mn = 31.4 kg/mol, P =1.11), was
synthesized for material comparisons (Figure S7). We
then depolymerized Blend 1 by heating the bulk material
under vacuum in a round bottom flask.#? Blend 1 was
heated to 250 °C for 1 h to yield a final polymer product
with a MWD skewed higher and in close agreement with
that of the stable PBMAsakkecr (Skew High, My = 51.7
kg/mol, D = 1.41) (Figure 2B).

Determining depolymerization efficiency by SEC
generally requires the addition of a thermally stable
internal standard.3638 However, since EGR-polymer traces
remained unchanged through the duration of the
experiment, we considered PBMAsaxecr as an internal
standard to compare to decreasing PBMA1i refractive
index (RI) intensity. By SEC RI integration, Skew High
demonstrated 84% depolymerization of depolymerizable
material (Table S2). This correlated well to the 89% mass
loss observed by TGA when the original (i.e., non-blended)
PBMA11x was thermally treated. We also attempted to
calculate a depolymerization efficiency from SEC
deconvolution (Figures S8, S9). However, the Skew High
material only contained trace amounts of PBMA1ix and
lacked a well-defined low molecular weight SEC peak for
integration.

Skewing the MWD to lower molecular weights was
achieved by preparing a similar 50:50 wt% blend with
PBMA:1krcr and depolymerizable PBMAsak (Blend 2, My =
33.9 kg/mol, P = 1.68) (Figure 2C). Blend 2 was treated
with an isothermal hold at 250 °C for 1 h to yield a final
polymer distribution clearly skewed towards the lower
end of the MWD, or PBMA1ikker (Skew Low, My = 17.3
kg/mol, D = 1.99). 76% depolymerization of the PBMA¢ax
being determined by deconvolution of the final SEC trace
(Figure 2D, S10, S11). Interestingly, this efficiency of
depolymerization is consistent with that determined for
PBMAesk alone by TGA (81%) and RI integration (79%)
(Table S2, Equation S2). These results demonstrate a
successful post-polymerization methodology to skew
MWDs above or below the chain entanglement molecular
weight of PBMA (Me = 38 kg/mol),%! suggesting this
approach could be useful to alter the properties of a
polymer blend.
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Figure 2. Size exclusion chromatography (SEC) traces of pre-
and post-depolymerized PBMA blends. A) Blend 1 (50:50
wt% PBMAeax: PBMA11kEGr, Mn = 33.7 kg/mol, D = 1.70). B)
Skew High MWD; Blend 1 after an isothermal hold at 250 °C
for 1 h (Mn=51.7 kg/mol, b = 1.41). C) Blend 2 (50:50 wt%
PBMAG64kEcr: PBMA11k, Mn = 33.9 kg/mol, D = 1.68). D) Skew
Low MWD (i.e., Blend 2 after an isothermal hold at 250 °C for
1h) (Mn=17.3 kg/mol, b = 1.99).

Table 1. Average molecular weights (M.) and
dispersities (D) of polymer molecular weight
distributions in monomodal and blended PBMA
samples.

Sample M, (kg/mol) b
PBMA11k 10.8 1.3
Skew Low 17.3 2.0
PBMA31k 314 1.2
Blend 1 33.7 1.7
PBMAgax 63.8 1.1
Skew High 51.7 1.4

We attempted dynamic mechanical analysis (DMA) for
PBMA11x, PBMA¢s, and Blend 1. Blend 1 expectedly
showed a reduced level of the quasi-rubbery storage
modulus of the material as compared to monomodal
PBMAcsk due to dilution of the entangled polymer
distribution with the lower molecular weight polymer
(Figure S12). PBMA11x specimens were highly sensitive to
brittle fracture and could not be easily mounted on the
DMA instrument, properties consistent with unentangled
polymer materials.

The effect of depolymerization on viscoelastic
properties was also investigated through shear rheology
(Figure 3). Pre- and post-depolymerized blends were
compared to monomodal PBMA samples with similar
molecular weights during frequency sweep and creep-
recovery experiments at 85 °C. Blends 1 and 2 were
prepared on multi-gram scales and depolymerized at 250



°C to generate large batches of Skew High and Skew Low
material, respectively. PBMA11x, PBMAs4k, and Blend 1
were compression molded at 80 °C to yield clear, yellow
disks. Post-depolymerized materials (Skew High and
Skew Low blends) were purified and molded at 80 °C
(Figure S13).

We then investigated the effect of MWD on the frequency
dependence of the blended materials (Figures S14-20).
Our first set of experiments involved frequency sweeps of
Blend 1 being compared to a polymer with a monomodal
MWD and similar Mn (PBMA31k, Mn=31.4 kg/mol, D = 1.06)
(Figure 3B). Given that Mn ~ Me, PBMAs31x approached a
quasi-plateau yet still lacked a clear crossover of G’ and G”.
Interestingly, Blend 1 and PBMAsik showed almost
identical curves, despite Blend 1 possessing 50 wt% of the
polymer distribution significantly above M.. Both samples
functioned as viscoelastic liquids where G’ approached G"
but lacked any crossover into a rubbery plateau regime.
This can be explained by the majority of chains being
largely below M., since a 50:50 wt% blend is still
composed of a vast majority of low MW chains. Frequency
sweeps were then measured for the Skew Low material
and PBMAu11x, both of which had Mi < Me. The Skew Low
material behaved as a viscoelastic liquid with the loss
modulus (G") dominating storage modulus (G') at all

indicates an efficient transformation in viscoelastic
properties despite incomplete (~80%) depolymerization
of the PBMAesk component (Figure 3A). However, the high
MW component had a profound effect on the creep
susceptibility of the material in comparison to the
monomodal counterpart, despite their highly similar
frequency-dependent behavior (vide infra).

As anticipated, the Skew High material behaved as a
viscoelastic solid with a distinct crossover of ¢’ and G" into
a rubbery plateau regime (Figure 3C). This matches the
expected viscoelastic behavior of an entangled polymer
melt, given that My > M. (Table S3, Equation S1). As such,
the viscoelastic skewing was proven to be highly efficient,
with near identical frequency sweep curves as the
monomodal PBMAsak. This supports our hypothesis that
utilizing depolymerization as a recycling strategy can
potentially enable destructive strengthening of a material.
It is also noteworthy that the Skew High material and
PBMAecsk showed greater similarities to one another in
their G’ and G" traces, as compared to those shown from
the Skew Low material and PBMA11k. This phenomenon is
expected given that PBMA11k depolymerizes to a greater
extent (91%) than PBMAs« (82%). These results
demonstrate the ability to predictably shift
macromolecular properties to dramatically alter the flow

frequencies, nearly identical to its monomodal behavior of thermoplastic materials.
counterpart PBMA11k. The similarity in frequency sweeps
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Figure 3. Images of compression molded PBMA specimens (top row) with associated frequency sweeps (middle row) and creep-
recovery experiments (bottom row), comparing skewed or blended material with monomodal PBMA counterparts. Frequency
dependence experiments were run at 85 °C with 0.3% oscillatory strain. Creep-recovery experiments were run at 85 °C with 2.5 kPa
stress and 0.3% strain. (A) Skew Low material and PBMA11k with Mn < Me exhibit the least resistance to creep and no recovery. (B)
Blend 1 and PBMA31k with Mn ® Me show moderate strain with near-linear stress deformation and a low level of recovery. (C) Skew
High and PBMAsax with My > M. exhibit viscoelastic solid behavior with tan(§)min < 1, the greatest resistance to creep, and the highest

recovery.



Creep-recovery experiments were then conducted for
the PBMA11x, PBMA31x, and PBMAss monomodal MWDs as
well as Blend 1, Skew Low, and Skew High samples (Figure
3, S21). Below M., the PBMA11x and Skew Low materials
showed significant viscous creep deformation and no
elastic recovery (< 0.3%) (Figure 3A), which was
consistent with the findings from frequency sweep
measurements that suggested these polymers were
unentangled in the melt. At Mx & Me, PBMA31x and Blend 1
showed significantly decreased creep deformation as
compared to the low MW PBMA samples but maintained
low elastic recovery (Figure 3B). While frequency sweeps
of the PBMA3ik and Blend 1 samples were comparable,
Blend 1 displayed significantly lower viscous deformation
than that of PBMAsik (109% versus 214%), as well as a
slight increase in elastic recovery. The higher recovery
and lower viscous creep observed in Blend 1 is attributed
to the presence of entanglements within the higher
molecular weight chains of the PBMAg4k component.6*

Table 2. Polymer molecular weight distribution and
resulting mechanical properties.

Sample M, vs tan Strain Recovery
M. (6) % %

PBMA11k Mn < Me >1 1940 <0.3
Skew Mn < Me >1 1554 <0.3
Low

PBMA31x M = Me =1 214 2

Blend 1 Mn = M. ~1 109 9

PBMAgax Mn > Me <1 12 25
Skew Mn > Me <1 14 21
High

As expected, the PBMAg4k and Skew High samples with
M:n > M. exhibited the greatest creep resistance (12-14%
viscous deformation) and greatest recovery (21-25%)
(Figure 3C). In both frequency sweep and creep-recovery
studies, the flow properties of Skew High and Skew Low
materials compared well to their virgin, monomodal
counterparts. The resemblance in elastic and viscous
moduli as well as their creep deformation/recovery
indicate that depolymerized materials and virgin
polymers with similar MWDs have similar rheological
properties. These findings suggest that this approach to
thermal depolymerization does not compromise the
macromolecular properties of thermally stable polymers
and offers a viable route towards on-demand selective
skewing of polymer properties.

While it has recently been demonstrated that controlled
depolymerization can lead to a gradual reduction in

polymer molecular weight*8, one noteworthy aspect of the
chain-end-initiated depolymerization process reported
here is the vertical depression of polymer peaks observed
in SEC rather than shifts towards lower molecular
weights. Upon generating a chain-end radical, rapid and
near-complete depolymerization to monomer, small
molecule RAFT agents, or oligomers occurs.®> By avoiding
the generation of partially-depolymerized chains or
coupled products, we circumvent the emergence of new
polymer signals in SEC. We envisioned that this aspect of
RDRP chain-end-initiated depolymerization could be
leveraged to encode messaging via selective
depolymerization in polymer blends.

While binary has been the dominant form of
macromolecular information storages355:56, we
determined that Morse code would be the most
straightforward translation of SCULPTed polymer blends.
As such, we chose a dot (e) to represent an
unfunctionalized PMMA distribution exhibiting no peak
intensity change after depolymerization, while a dash (—
) is signaled by a peak depression (i.e., depolymerized
polymer distribution). We chose to encode the
straightforward message of “PMMA” after
depolymerization, as it requires at most a quaternary
blend. Four polymer blends were prepared with
depolymerizable MWDs to yield final MWDs that revealed
the desired Morse code message (Figure 4). Peak
depressions could be seen in all four samples, thus
allowing for deconvolution of the encoded message. Blend
3 contained two internal, depolymerizable distributions
that underwent depression after an isothermal hold at
250 °C to yield “e——e” (P) (Figure 4, Table S1). Similar
thermal treatment to blends 4, 5, and 6 also resulted in
depressions to reveal “—” (M), “—” (M), and “e—" (A)
(Figures 4, Table S1). To further demonstrate the potential
for encryption (e.g., if incorrect blend sequencing was
used to construct the message), alternative blends were
made that yielded similar SEC traces but revealed
different letters after thermal treatment. For example,
Blend 2 depolymerizes to yield “—se” (N) while Blend 7
contained solely unfunctionalized material, thus resisting
depolymerization to yield “ee” (I) (Figure S22 and Figure
S$23). This demonstrates that effectively indistinguishable
SEC traces can reveal cryptographically distinct polymer
MWDs (e.g. different Morse code lettering from an
“identical” blend) after thermal treatment, allowing for
another degree of message encryption. This preliminary
information storage platform further demonstrates how
bulk depolymerization can have utility beyond chemical
recycling and tuning of macromolecular properties.
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Figure 4. Morse code messaging through selective peak depolymerization in polymer blends. Unfunctionalized distributions
exhibiting no peak intensity change after depolymerization represent a dot (¢), while peak depression during depolymerization
represents a dash (—). Blend 3 depolymerizes to reveal the letter “P” (e——¢). Blends 4 and 5 depolymerize to reveal the letter “M”
(——)- Blend 6 depolymerizes to reveal the letter “A” (¢—). All blends were held at 250 °C for 1 h to selectively depolymerize Phth-
PMMA-TTC distributions. All samples were normalized to the unfunctionalized distributions, except for Blends 4 and 5, which were
normalized to the solvent peak at elution. For blend compositions, see Table S1.

CONCLUSION

This study demonstrates that chain-end
reactivation of polymers prepared by reversible-
deactivation = radical  polymerization = (RDRP)

facilitates the selective depolymerization of polymer
blends. By employing the SCULPT method, we
achieved precise modifications in the polymer blends,
significantly  altering their thermomechanical
properties. Notably, Blend 1, which initially exhibited
viscoelastic liquid characteristics, was converted into
a blend displaying predominantly viscoelastic solid-
like behavior. Additionally, the methodology
effectively reduced the average molecular weight,
resulting in materials with enhanced plasticity. This
strategy could be leveraged to investigate the effect of
destructive skewing on blends comprised of entirely
different polymers rather than identical polymers
with distinct MWDs, potentially enabling translation
to mixed polymer waste streams.

Our approach also introduced a novel concept of
data encryption within polymer blends, utilizing
selective depolymerization to encode and later reveal
messages, thereby offering potential for secure data
transmission.  These  findings deepen our
understanding of the impact of chain-end dynamics
on material properties and enable the development of
responsive polymers with applications in smart
materials and information technology.
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