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ABSTRACT: In this report, we merge block copolymers with
vitrimers in an effort to realize the prospect of higher-order,
nanoscale control over associative cross-link exchange and
flow. We show the use of controlled polymerization as a vital
tool to understand fundamental structure−property effects
through the precise control of polymer architecture and
molecular weight. Vitrimers derived from self-assembling
block copolymers exhibit superior resistance to macroscopic
deformation in comparison to their analogs generated from
statistical copolymers. Our results suggest that the enhanced
creep resistance achieved by control over chain topology in
block vitrimers can be used to tune viscoelastic properties. The resistance to macroscopic deformation that arises from a
microphase-separated structure in this new class of materials differentiates block vitrimers from their statistical counterparts and
introduces the potential of topology-control over viscoelastic flow.

■ INTRODUCTION

Direct mechanical reprocessing is a promising avenue for
repurposing polymer materials. However, covalently cross-
linked thermosets, often employed due to their enhanced
thermal, mechanical, and chemical resistance, feature a
permanent network structure that complicates most recycling
and reprocessing approaches.1 Recent advances have been
made to impart reprocessability into covalent network
materials through the incorporation of reversible cross-
links.2,3 Such covalent adaptable networks (CANs) rely on
dynamic cross-links that reversibly exchange to permit
reprocessability.4−9 In particular, thermally activated associa-
tive CANs, or vitrimers,10,11 have shown great promise for the
development of recyclable thermosets.12 The associative bond
exchange in vitrimers leads to networks with a constant cross-
link density at all temperatures and combines the pliability of
thermoplastics with the robust thermomechanical and
chemical resistant behavior of thermosets. Exchange chem-
istries such as transesterification,13−17 amine exchange of
vinylogous urethanes,18−22 thiol exchange,23 silyl ether trans-
alkoxylation,24,25 diketoenamine exchange,26 olefin meta-
thesis,27 and dioxaborolane metathesis28,29 have been proposed
for such processable thermosets.
Tuning the thermal response, and consequently the range of

service and processing temperatures of vitrimers, has been
achieved through variation of network components,30,31

catalysts,11 or exchange chemistries.32 However, few examples

have exploited the potential of predesigned, hierarchical
organization of network elements in vitrimers,22,29,33,34 and
very little is known about the effect of this approach on
material properties. In one example, Leibler and co-workers
demonstrated that incompatibility between the various
components in a vitrimer system resulted in higher-order
assemblies through the clustering of dioxaborolane maleimide
cross-links in a polyethylene vitrimer matrix.29 These effects
were hypothesized to yield an increased rate of flow for these
networks; however, a specific comparison of self-assembled
and non-assembled vitrimers has yet to be undertaken.
To understand how controlling polymer architecture and

inducing microphase separation impact viscoelasticity, well-
defined statistical copolymers and block copolymers were
generated and cross-linked with a bis-functional amine to form
vinylogous urethane (VU) vitrimers.20 We hypothesized that
changing the polymer architecture from a linear, statistical
copolymer, with homogeneously dispersed VU cross-links
throughout the network, to a linear, block copolymer, with
locally concentrated and spatially segregated VU moieties,
would lead to dramatically different vitrimer network structures
and confinement of cross-link exchange. Specifically, we
reasoned that microphase separation arising from immiscibility
between polymer blocks comprised of butyl methacrylate
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(BMA) and 2-acetoacetoxyethyl methacrylate (AAEMA) will
alter the diffusion of polymer chains and the exchange of cross-
links to ultimately impart topology-control over vitrimer
material properties (Figure 1).

■ RESULTS AND DISCUSSION
To investigate the impact of polymer architecture on vitrimer
material properties, we employed reversible addition−
fragmentation chain transfer (RAFT) polymerization of BMA

and AAEMA to generate statistical copolymers (P(BMA-co-
AAEMA)) and block copolymers (PBMA-b-PAAEMA) of
similar molecular weight and composition (1:1 molar ratio of
BMA to AAEMA) (Figures 2 and S1−S17). Importantly,
RAFT polymerization enables control over polymer architec-
ture and molecular weight and is an exceptionally well-suited
platform for the synthesis of vinyl-derived vitrimer systems
with topological variations.35,36 AAEMA, the β-ketoester-
bearing repeat units, serve as reactive handles for facile
downstream cross-linking via VU formation with primary
amines, while the BMA repeat units remain inert to the
exchange process.18,19,22,37

The polymerization kinetics for the statistical copolymeriza-
tion were investigated to verify random incorporation of the
monomers. 1H NMR spectroscopy revealed that the molar
ratio of unreacted AAEMA to BMA remained constant
throughout the polymerization, suggesting that the monomers
were incorporated at similar rates and were evenly dispersed
throughout the chain (Figure 2A). Characterization of the
polymers via gel permeation chromatography (GPC) revealed
a uniform shift of molecular weight during the polymerization,
low dispersity polymers, and relative agreement between the
experimental and theoretical molecular weights, all of which
indicated a well-controlled polymerization (Figures 2B and S1
and S2).
For the formation of the block copolymer, a PBMA (7.4 kg/

mol) macro-chain-transfer agent was chain-extended with
AAEMA to yield a block copolymer with the same total
AAEMA incorporation as the statistical copolymer (50 mol %
AAEMA) (Figure 2C). Both the statistical and block
copolymers were subjected to excess azobis(isobutyronitrile)
initiator in the absence of monomer to replace the RAFT
trithiocarbonate end-groups with 2-cyanopropyl moieties,38

thereby preventing the potential for side reactions during
network formation with the amine cross-linker.20,37 Successful

Figure 1. Depiction of statistical and block vitrimers derived from
butyl methacrylate and 2-acetoacetoxyethyl methacrylate (top);
envisioned microphase separation of block vitrimers (bottom).

Figure 2. Statistical and block copolymer synthesis. (A) Ratio of unreacted AAEMA to BMA throughout the polymerization, indicating
proportional and statistical incorporation of each comonomer into the polymer. (B) GPC trace of P(BMA-co-AAEMA) with the number-average
molecular weight (Mn) and dispersity (Đ) after end-group removal. (C) GPC trace of PBMA (orange) and PBMA-b-PAAEMA (blue). (D) GPC
trace of PBMA-b-PAAEMA after end-group removal.
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end-group removal was confirmed during GPC analysis with a
UV−vis detector by the disappearance of the absorption band
at 365 nm, corresponding to the π → π* electronic transition
of the trithiocarbonate (Figure S10, S14, and S15). The
statistical copolymer (Mn = 25.3 kg/mol after end-group
removal) and the block copolymer (Mn = 23.8 kg/mol after
end-group removal) were both shown to retain the β-ketoester
functional group via NMR and Raman spectroscopy (Figures
S3−S7, S16, and S17). Importantly, both the molecular
weights and AAEMA incorporation of the statistical copolymer
and block copolymer were very similar, which suggests any
differences in material properties should arise only from
differences in hierarchical assembly.
With the copolymers in hand, statistical vitrimers and block

vitrimers were formed by solution casting each copolymer with
xylylene diamine cross-linker (0.9 equiv to AAEMA units)
from THF (Figures S18 and S19). After solvent evaporation at
room temperature, the resulting organogels were cured at 80
°C under reduced pressure to produce cross-linked films
(Figure S18A−C and S19A−C). The films were ground and
compression molded into disks or bars at 160 °C under
reduced pressure and analyzed (Figure 3, S18D−F, S19D−F,
and S20−23).

We probed the reprocessability of each system by two
additional destruction-compression cycles (Figure 4). Using
ATR-FTIR spectroscopy, optical microscopy coupled with
Raman spectroscopy, differential scanning calorimetry (DSC),
dynamic mechanical analysis (DMA), and solubility studies,
the retention of chemical and mechanical properties of the
(re)processed vitrimers was assessed (Figures 4and S24−S35).
We detected no change in the IR absorbance or Raman signal
of the VU moiety over all reprocessing cycles (Figures S24−
S30). The constant glass transition temperature (Tg) obtained
from DSC after multiple cycles and an unaltered rubbery
plateau of the storage modulus from DMA after each
destruction-compression sequence indicated retention of the
vitrimer network integrity (Figure S32−S34).39,40

We noted a single Tg around 82 °C for the statistical
vitrimer. The block copolymer demonstrated a clear Tg
transition at 110 °C (Figure 4), which arises from the
AAEMA block, and the first derivative of the DSC thermogram
offered evidence of a second Tg at 34 °C, which we attribute to
the BMA block (Figure S31). The presence of two transitions
can correspond to a microphase-separated structure.41 Addi-
tionally, we found further evidence of microphase separation in
the tan(δ) plots, obtained from DMA, from the pronounced
shoulder at lower temperatures for the block vitrimers that was
not apparent in the statistical specimens (Figure S34). In all
cases, there was no significant change in the Tg values of the
block vitrimers across heating/cooling and (re)processing
cycles.
To verify microphase-separation in the block vitrimers, we

analyzed the bulk and thin film behavior of the polymer
systems. Bulk samples, generated as described in the
Supporting Information, were probed via small-angle X-ray
scattering (SAXS). Data for the uncross-linked block
copolymers showed reflections corresponding to q*, 2q*,
and 3q*, suggesting a lamellar morphology with a domain
spacing of 17−18 nm; no reflections were noted for the
statistical copolymer, suggesting a disordered morphology with
minimal microphase separation (Figure 5A). Importantly, we
observed no order−disorder transition temperature (TODT) for
the block copolymers over the probed temperature range (60−
180 °C), which indicates that microphase separation for the
block copolymer assembly persists over the entire temperature
range considered (Figure S48). The block copolymer was then
infused with xylylene diamine cross-linker and analyzed via
SAXS during a temperature ramp from 60−180 °C. These data
indicated that the self-assembled structure remains intact and
with similar characteristic feature sizes following cross-linking
(Figures 5B and S49). To further demonstrate the versatility
and potential utility of these self-assembling copolymer
vitrimers, the thin film behavior of the materials was assessed
via atomic force microscopy (AFM).
Using flow coating from THF, both statistical and block

copolymers were cast to ∼30−60 nm film thickness.
Microphase separation of the block copolymer was revealed
by AFM, while no microphase separation was found for the
statistical copolymer prior to annealing (Figure S37−S39).
Both thermal and solvent vapor annealing (SVA) of the thin
films resulted in ordered lamellae for the block copolymer
samples and an absence of visual features for statistical
copolymer specimens. To determine the effect of cross-linking
on self-assembly, the thin-films were annealed for 8 h at 80 °C
under xylylene diamine vapor (Figure S40−S46). Notably, the
lamellae persisted in the block vitrimer films, while the
statistical vitrimer films still led to featureless AFM images
(Figure 5C,D). To confirm successful cross-linking of the self-
assembled thin film structures, we washed the vapor-annealed
thin-films with THF, and no dissolution of the materials was
observed, consistent with the films having been cross-linked
(Figure 5E). Finally, the incorporation of the cross-linker was
further confirmed through scanning electron microscopy
(SEM) coupled with an energy dispersive X-ray (EDX)
analyzer, which provides identification of the elemental
composition for the sample, showing distinct signals for
nitrogen stemming from the diamine cross-linker dispersed
throughout the sample (Figures 5F and S47). Additionally, we
determined the total amine content relative to polymer in the
thin films by X-ray photoelectron spectroscopy (XPS), offering

Figure 3. Vitrimer synthesis and processing. (A) P(BMA-co-AAEMA)
before cross-linking. (B) Statistical vitrimer after curing at 80 °C and
before processing in a compression mold. (C) Statistical vitrimer after
processing at 160 °C. (D) PBMA-b-PAAEMA before cross-linking.
(E) Block vitrimer after curing at 80 °C and before processing. (F)
Block vitrimer after processing at 160 °C.
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evidence of approximately one free amine per cross-link,
indicating there were excess amines present in the film to effect
the exchange needed for vitrimeric behavior. (Figures S51 and
S52 and Table S1).20 Lastly, self-assembly of the block
vitrimers via solution casting into thin films resulted in lamellar
structures observed by AFM with domain sizes of 16.0−16.5

nm. These sizes are comparable to those calculated from SAXS
analyses (∼17 nm) of the bulk samples after thermal annealing.
Thus, the microphase separation of the block vitrimers is
suited for both bulk and thin film materials applications.
To investigate the differences in flow behavior between the

statistical and block vitrimers, we carried out stress-relaxation

Figure 4. Reprocessing cycles of statistical and block vitrimers. (A) ATR-FTIR spectra of the statistical vitrimer after (re)processing cycles and the
model VU compound ethyl-3-(benzylamino)-2-butenoate. (B) DSC of the statistical vitrimer after (re)processing cycles (heating, exotherm up).
(C) ATR-FTIR spectra of the block vitrimer after (re)processing cycles and the model VU compound. (D) DSC of the block vitrimer after
(re)processing cycles (heating, exotherm up).

Figure 5. Thin-film studies of vitrimer networks. (A) SAXS profile of bulk statistical (red) and block (blue) copolymers, showing self-assembly and
domain spacing of the block copolymer. (B) SAXS profile of bulk block vitrimer heated to 60 and 180 °C in the SAXS instrument, showing the
retention of self-assembled morphology over the probed temperature range. (C) AFM image of the statistical vitrimer thin-film after annealing and
cross-linking. (D) AFM image of thin films of the block vitrimer after solvent vapor annealing and cross-linking, confirming microphase-separation.
(E) AFM image of thin films of the block vitrimer after washing with THF, confirming no dissolution of the cross-linked network and retention of
the self-assembled morphology. (F) SEM-EDX image of the block vitrimer after solvent vapor annealing (SVA) and cross-linking, verifying
incorporation of amine cross-links from nitrogen signals.
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and creep-recovery experiments for each (Figures 6 and S53−
S63). The stress relaxation of the statistical and the block
vitrimer were very similar at time scales shorter than 100 s
(Figure 6A). However, we found significant deviation at longer
time scales (>100 s). While the statistical vitrimer was able to
fully relax the exerted stress within 1000 s, the block vitrimer
transitioned into much slower modes of stress relaxation, with
a portion of the stress being retained after a similar time. This
deviation in flow behavior at longer time scales also was
reflected in the creep recovery results (Figure 6B), where at
150 °C, the creep of the statistical and the block vitrimer was
very similar up to 100 s and a strain of 0.75%. However, at
longer time scales and strains above 0.75% (i.e., at greater
deformations), the statistical vitrimer crept 37% more than the
block vitrimer. Furthermore, the block vitrimer recovered
strain to a much greater extent (88% more than the statistical
vitrimer at 150 °C), indicating that less permanent
deformation had occurred. We attribute the resistance to
macroscopic deformation in the block vitrimer to the
microphase-separated network structure that results in a higher
local cross-link structure and restricts network strand diffusion.
Finally, we aimed to investigate the temperature-dependent

flow of statistical and block vitrimers by determining the
energy of activation for viscous flow (Ea). Ea can be obtained
from the slope of the Arrhenius plot of the characteristic
relaxation time (τ) versus temperature and can be interpreted
as the sensitivity of viscous flow to temperature. Often, τ is
identified as the time when the normalized stress in stress
relaxation experiments approaches the value of 1/e (Figures
S56A, S57A, and S58−S59).13,42 However, this model is only
valid for stress relaxation following a single Maxwell element,42

which is not the case for these statistical and block vitrimers, as
evidenced by the fact that the stress relaxation curves of neither
vitrimer could be fit to a single Maxwell relaxation mode.
Therefore, a stretched exponential decay, which accounts for
multiple modes of relaxation,16,43 was employed to determine τ
at each temperature (Tables S2−S3 and Figures S56B and
S57B). The Arrhenius plots were linear for both vitrimers over
the probed temperature range, and Ea was found to be 111 ± 7
kJ/mol for the statistical vitrimer and 120 ± 6 kJ/mol for the
block vitrimer (Figure 6C). It is important to note that this
difference in Ea is solely due to the different architectures of
the two networks, as the exchange chemistry, the molecular
weight, and the cross-linker content were equal for both
vitrimers. The higher Ea of the block vitrimer indicates that
viscous flow of this material changed more dramatically with
temperature than the statistical vitrimer with lower Ea.

Investigations about the consequences of network structure
in relation to Ea and long-term viscous flow are a subject of on-
going research efforts.

■ CONCLUSION
Until now, block copolymers have not been employed to
investigate the concept of topology-control and microphase
separation in associatively cross-linked networks. In our report,
vitrimers from statistical and block copolymers were
synthesized and analyzed in terms of chemical, thermal, and
mechanical properties. The precursor polymers were obtained
using RAFT polymerization, which enabled the generation of
copolymers with similar molecular weights and cross-linker
incorporation but different topologies. Both vitrimer systems
exhibited excellent thermal reprocessability, with full retention
of chemical and thermo-mechanical properties. Bulk and thin-
film analysis of the block vitrimer revealed self-assembly into
lamellae, while the statistical vitrimer exhibited a nonphase-
separated morphology. Importantly, the block vitrimer
displayed similar stress-relaxation and creep at short time
scales and small deformations but drastically reduced macro-
scopic flow at longer time scales and larger deformations. We
believe this resistance to macroscopic deformation for the
block vitrimer is due to the microphase-separated network
structure, which imposes additional constraints on network
strand diffusion and a higher local cross-link concentration.
This report is the first comprehensive investigation of
topology-control in associatively cross-linked networks and
introduces block copolymer self-assembly into the nascent field
of vitrimers. On the basis of our findings, we believe that self-
organization effects in vitrimer networks can be leveraged for
further development of creep-resistant reprocessable materials.
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