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ABSTRACT: The depolymerization of bottlebrush (BB)
polymers with varying lengths of polycyclopentene (PCP)
backbone and polystyrene (PS) grafts is investigated. In all
cases, ring closing metathesis (RCM) depolymerization of the
PCP BB backbone appears to occur through an end-to-end
depolymerization mechanism as evidenced by size exclusion
chromatography. Investigation on the RCM depolymerization
of linear PCP reveals a more random chain degradation
process. Quantitative depolymerization occurs under thermo-
dynamic conditions (higher temperature and dilution) that
drives RCM into cyclopentenes (CPs), each bearing one of
the original PS grafts from the BB. Catalyst screening reveals
Grubbs’ third (G3) and second (G2) generation catalyst

[Ru] [ > . (%
—_—
Ny

quantitative
ring closing metathesis depolymerization
metamorphosns%
polypentenamer bottlebrush thiol-ene 3-arm stars
coupling

f(k

ring closing me mﬂu esis ||near Or dlb|00k

YA

depolymerize BBs significantly faster than Grubbs’ first generation (G1) and Hoveyda—Grubbs’ second generation (HG2)
catalyst under identical conditions while solvent (toluene versus CHCl;) plays a less significant role. The length of the BB
backbone and PS side chains also play a minor role in depolymerization kinetics, which is discussed. The ability to completely
deconstruct these BB architectures into linear grafts provides definitive insights toward the ATRP “grafting-from” mechanism
originally used to construct the BBs. Core—shell BB block copolymers (BBCPs) are shown to quantitatively depolymerize into
linear diblock polymer grafts. Finally, the complete depolymerization of BBs into a-cyclopentenyl-PS allows further
transformation to other architectures, such as 3-arm stars, through thiol—ene coupling onto the CP end group. These unique
materials open the door to stimuli-responsive reassembly of BBs and BBCPs into new morphologies driven by macromolecular

metamorphosis.

B INTRODUCTION

Self-immolative polymers (SIPs)' ™ are a subset of end-to-end
depolymerizable polymers and stimuli-responsive materials’®
gaining considerable attention for a variety of potential
applications including signal amplification,”™” cargo delivery/
release,' "7 protein labeling,18 antimicrobials,"”*° microfluidic
pumps,”’ and recyclable materials.”> Unlike traditional
degradation of polymers, which occurs through random
chain cleavage events, an end-to-end depolymerization occurs
through an unzipping process that is often triggered by an
external stimulus.' > These materials are typically prepared
through the end-capping of a polymer chain with a specific
chemistry that stabilizes the polymer under ambient con-
ditions. The term “self-immolative” suggests self-sacrifice
following an external stimulus, which can be irradiative,
thermal, or chemical, and has been successfully shown to
trigger the depolymerization event on a variety of end-groups
and backbone chemistries to date.” >” While many SIPs have
been limited to linear and dendritic based topologies, a few
have expanded to more complex architectures, such as grafted
polymers.”*>*® Recently, the first bottlebrush (BB) SIP was
reported by Zhang et al.>’ which consists of a poly(benzyl
ether) backbone with alkyne pendants and an end group with a
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tert-butyldimethylsiloxy (TBDMS) or allyl chloroformate
(ACF) capping. Azide terminated poly(ethylene glycol)
(PEG) or polystyrene (PS) side chains (2—4 kg mol™") were
“grafted-to” the alkyne backbone pendants to produce the BBs.
Upon the addition of tetrabutylammonium fluoride (TBAF) or
Pd(0), uncapping of TBDMS or ACF end groups, respectively,
promoted backbone unzipping. While this work was the first
example of an end-to-end depolymerization of a BB, full
depolymerization of these materials was shown to be hampered
by rigid side chains (PS) which are proposed to limit optimal
backbone conformation for unzipping.”

Polycyclopentenes (PCP)s, also termed polypentenamers,
are derived from ring-opening metathesis polymerization
(ROMP) of cyclopentene (CP) and are a unique class of
elastomers that can depolymerize through ring-closing meta-
thesis (RCM) to reform their low strain CP monomers."’
While their ability to depolymerize was first determined in
1972,*" these materials have remained largely underutilized
due to long-standing challenges in synthesizing these
polymers.* Unlike highly strained cycloalkene derivatives,

Received: May 23, 2019
Published: August 12, 2019

DOI: 10.1021/jacs.9b05560
J. Am. Chem. Soc. 2019, 141, 14220—-14229


pubs.acs.org/JACS
http://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.9b05560
http://dx.doi.org/10.1021/jacs.9b05560

Journal of the American Chemical Society

which are the typical monomers of choice for ROMP, the low
ring strain of CP significantly reduces the ceiling temperature
(T.) and results in a polymerization—depolymerization
equilibrium that is highly sensitized to reaction temperature
and monomer concentration.*’ Recent reports have begun to
rekindle interest in utilizing the low T, of polypentenamers
advantageously. Tuba et al. showed that silicon-functionalized
polypentenamers could be depolymerized quantitatively,
leading to their possible use in recyclable tires."” Liu et al.
utilized the dynamic equilibrium of multifunctional poly-
pentenamers to produce covalently adaptable networks
(CANs) that assemble and disassemble at low and high
temperature, respectwely

Badamshina et al. produced the only discovered report that
investigates the mechanism of PCP depolymerization, and it
was determined that degradation occurs randomly through
metathesis events along the polymer chains.** The catalyst, in
this case tungsten,"* coordinates at one of many accessible
internal olefins of PCP and cleaves it into two smaller chains;
one bears the active catalyst, and the other is stable. The active
chain then rapidly unzips through RCM, generating a CP
monomer and eventually a new active catalyst methylidene
species. The new catalyst can subsequently coordinate to other
chains, repeating the process until quantitative depolymeriza-
tion has been achieved."* This degradation is not an end-to-
end depolymerization but rather mirrors the depolymerization
process (i.e., random chain cleavage) of most polymers.

We envisioned that a BB polymer with a backbone
comprised of a polypentenamer may also depolymerize
quantitatively to produce linear grafts with a CP end group
functionality. Herein we explore this hypothesis and discover
that the depolymerization of the BB architecture appears to
occur in an end-to-end fashion, releasing linear grafts
quantitatively under thermodynamically favorable conditions.
Investigations on the effects of side chain degree of
polymerization (N,.), backbone degree of polymerization
(Nu,), and catalyst activity are discussed. Although the
deconstruction of the BBs provides definitive insight on the
original BB material, we have elevated these investigations to
provide evidence for the complete deconstruction and facile
metamorphosis of complex BBs into new macromolecular
architectures for the first time.

B RESULTS AND DISCUSSION

We recently reported the ability to polymerize CP and
derivatives with suitable ring strain to high conversion, targeted
molar mass, and low dispersity (D) through a method we
termed variable temperature ROMP (VT-ROMP).* Soon
after, we extended the VT-ROMP method to a CP monomer
functionalized with a bromoisobutyryl group (CPBIB),
allowing the synthesis of well-defined macroinitiators suitable
for “grafting-from” by atom transfer radical polymerization
(ATRP) (Scheme 1).*® The resulting materials introduced a
new type of BB system consisting of a polypentenamer
backbone and a variety of possible graft chemistries; in the case
of Scheme 1, polystyrene (PS) is used. Characterization of
these BBs concluded a high degree of control over Ny, and N,
in addition to near-quantitative grafting efficiency and low D. i
Full Depolymerization and Insight on the Grafting-
from Technique. Full depolymerization of the polypente-
namer backbone would allow additional insight into the
“grafting-from” methodology to confirm the number-average
molar mass (M,) and D of the grafts. To explore this, we first
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Scheme 1. Synthesis*® and Depolymerization of Bottlebrush
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synthesized four new BB samples (Table 1), using our
previously reported strategy’® as outlined in Scheme 1.
Subscript numbers within the BB sample IDs in Table 1
represent Ny, and N, respectively. Prior to grafting-from,
PCPBIB macroinitiators were characterized through size
exclusion chromatography (SEC) to determine Ny, (Figures
S1 and S3) and their microstructures were also confirmed
through 'H NMR spectroscopy (Figures S2 and S4). It is
worth noting that P(CPBIB,g,) has the largest Ny, (181)
reported to date for these systems and the ability to achieve
such high molar mass is largely due to an extensive triple
distillation method to remove linear olefin contaminants from
the monomer."” After ATRP of styrene (S), comparative
integration of the backbone olefin signals with the aryl proton
signals of the PS graft repeating units by '"H NMR provides N,
(Figures SS—S8). Integration of the end group signals at ~4.5
ppm, which represent an overlap of the backbone methine
proton and the @w-bromo-methine proton at the end of the PS
grafts, are also in excellent agreement with the N;. analysis
(Figures SS—S8).

For initial depolymerization studies, P(CPBIB 4;-g-S;5) and
P(CPBIBy;-g-S;5) were chosen since these BBs have identical
N, yet the former has a backbone that is nearly double in
length. Both BBs were subjected to depolymerization in
toluene (5% w/v BB) at 70 °C for 24 h using Hoveyda—
Grubbs’ second generation catalyst (HG2, Scheme 1) at a
concentration of 10 mol % relative to the initial concentration
of olefins, [olefin],. Figure 1 displays the SEC traces of the BBs
before and after depolymerization while Table 1 displays
numerical characterization values. As seen in Figure 1,
quantitative depolymerization of both BBs (solid traces) into
narrow PS grafts (dash-dot traces) has occurred under these
conditions. More specifically, the a-cyclopentenyl-PS products,
CP-PS,; and CP-PS,;, produced from depolymerization of
P(CPBIB 4,-g-S;5) and P(CPBIBy,-g-S;s), respectively, have
nearly identical elution times and both products have a
monomodal refractive index (RI) signal and narrow D (1.10 +
0.06). A complete depolymerization of P(CPBIBy,-g-S,,) and
P(CPBIB,4,-g-S,5) was also successful under similar con-
ditions, producing CP-PS,; (M, = 4.6 kg mol™', D = 1.12) and
CP-PS,, (M, = 3.2 kg mol™!, D = 1.02), respectively (Figures
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Table 1. Characterization Data for Synthesized Bottlebrushes and Their Grafts Following Quantitative Depolymerization®

BB ID N’ Ni© p°
P(CPBIBy;-g-S;5) 18 97 1.18
P(CPBIBy,-g-S,,) 44 97 127
P(CPBIBg,-4-S5) 18 181 1.35
P(CPBIBg;-4-S5) 28 181 135

Graft ID N PS,SECC N, PS,NMRb b*

CP-PS,, 18 20 1.16
CP-PS,; 44 43 1.12
CP-PS,,; 20 21 1.0
CP-PS,, 31 27 1.02

“All depolymerizations were conducted at 10 mol % HG2 relative to [olefin], and a BB dilution of 5% (w/v) in toluene at 70 °C for 24 h.
*Determined by 'H NMR analysis (CDCl,, 25 °C). “Determined by SEC-MALS.

P(CPBIB,,-g-S,,) P(CPBIB,,-g-S,;) CP-PS, CP-PS,

"
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;
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RI, normalized
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Figure 1. SEC traces of bottlebrushes P(CPBIBg,-g-S;5) (blue solid
trace, M, = 248.6 kg mol™!, D = 1.35) and P(CPBIBy,-g-S;5) (red
solid trace, M, = 231.1 kg mol™', D = 1.18) and their quantitative
depolymerization to a-cyclopentenyl polystyrene grafts CP-PS,, (blue
dash-dot trace, M, = 2.1 kg mol™', B = 1.05) and CP-PS,, (red dash-
dot trace, M, = 19 kg mol™!, D = 1.16), respectively. Both
depolymerizations were performed in toluene ([olefin], = 24 mM
(5% (w/v)), [cat.]y = 2.4 mM) at 70 °C for 24 h using HG2 catalyst.

S9 and S10). Figure 2 displays stacked '"H NMR (25 °C,
CDCl,) spectra illustrating the changes in chemical shifts
associated with the protons of CPBIB monomer, PCPBIB g,
macroinitiator, the P(CPBIB,4,-g-S,5) BB, and CP-PS,, grafts
after depolymerization. As guided visually by the dashed line,
each transformation produces unique chemical shifts asso-
ciated with the olefin proton signals. The a-cyclopentenyl
olefin proton signal (5.67 ppm, annotated as 8) of the CP-PS
products were comparatively integrated to the aryl protons of
the PS repeating units to determine Npg g for each sample in
Table 1 (Figures S11, S16, S21, and S26). Subscript numbers
of the CP-PS graft IDs in Table 1 represent the number-
average degree of polymerization determined by 'H NMR.
Differential scanning calorimetry (DSC) analysis of each CP-
PS sample is also consistent with the transformation to linear
PS. The P(CPBIB-g-S) BBs have been previously shown to
reach a glass transition temperature (T,) of >90 °C with only
an N, ~ 18."° Once the BBs are depolymerized into linear
grafts, the CP-PS,,, CP-PS,,, CP-PS,;, and CP-PS,; samples
adopt a midpoint T, of 75, 77, 85, and 90 =+ 3 °C, respectively
(Figures S14, S19, S24, and S29).

The ability to quantitatively depolymerize the BB backbone
permits insight into the molecular properties of the grafts that
are not possible while the material exists in the BB state.
Although ATRP is now a well-established technique that is
known to provide a hi§h degree of control over the solution
polymerization of S,*® questions may still arise regarding
uniformity and chain end fidelity when the grafts are grown
within a densely populated space, such as the backbone of a BB
system. The SEC traces of the depolymerized BBs and the data
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Figure 2. Stacked 'H NMR spectra (CDCl;, 25 °C) of CPBIB
monomer (top), PCPBIBy; macroinitiator (second from top),
P(CPBIB,4,-¢-S;5) bottlebrush (second from bottom), and the CP-
PS,, grafts (bottom) following backbone depolymerization. Each
transformation has unique olefin and methine proton signals that are

annotated numerically in the spectra and further visually guided by
the dashed line.

in Table 1 allow for the following conclusions. The narrow D
(1.02—1.16) of all CP-PS samples indicate that control is
maintained and that all of the grafts are successfully
polymerized in a unified fashion. Additionally, N. determined
by 'H NMR characterization of the intact BB assumes that
every PCP repeating unit successfully produced a graft.
Disparity between N, and Npg after depolymerization is a
good indication of nonquantitative grafting efliciency. When
N, to Npg sgc and Npg npr in Table 1 are compared, they are in
excellent agreement. This supports our prior claim, based on
3C NMR analysis of the BB, that grafting efficiency is near-
quantitative.* Lastly, the @-bromo-methine proton signals
(annotated as 10 in Figure 2) were also comparatively
integrated (Figures S11, S16, S21, and S26) and are in
excellent agreement with the CP end group analysis indicating
high fidelity of the bromine end group throughout the grafting-
from, workup, and depolymerization process. The latter is
important to note since Ru-based catalysts have been shown to
have activity for ATRP.*

Ru Catalyst Effects and Evidence of End-to-End
Depolymerization. To monitor and gain further mechanistic
insight into BB depolymerization, a series of experiments were
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Figure 3. Normalized SEC traces over time during depolymerization of P(CPBIB,,-g-S,,) using (a) HG2 in toluene, (b) G1 in toluene, (c) G1 in
CHC,, (d) G2 in toluene, and (e) G3 in toluene. Each depolymerization was performed at 25 °C using [olefin], = 10 mM and [cat.], = 0.5 mM.
Varying timestamps are annotated in each plot as a guide to the eye. Plot (f) displays kinetic analysis of depolymerization as a function of time for
each study (a—e) and reveals an equilibrium at ~92% depolymerization under these conditions.

performed on P(CPBIBy;-g-S,4), [olefin], = 10 mM, at 25 °C
in toluene using a variety of readily available Ru catalysts,
[cat.], = 0.5 mM (S mol %), displayed in Scheme 1. Aliquots
were taken at known time intervals and immediately quenched
in a large excess of ethyl vinyl ether to deactivate the catalyst.
Figure 3 displays the resulting SEC traces of the terminated
aliquots at varying depolymerization times using Grubbs’ first
generation (G1), second generation (G2), third generation
(G3), and HG2 catalyst at time intervals up to 90 min. For
information about solvent effects, G1 was also investigated in
CHCl;, a medium polarity solvent, under identical conditions
(Figure 3c). The SEC traces in Figure 3 are normalized by the
overall integration ratios to provide clarity. The specific
integration ratios of each RI signal for the BB and the CP-
PS peaks allow for determination of the % depolymerization of
the BBs and are plotted as a function of time for each
experiment in Figure 3f.

As discussed, CP has a low ring strain (—AH, = 23.4 k]
mol™!)*” which promotes a low T. (32 + 3 °C at 1 M) and
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allows RCM of PCP to occur readily under conditions that
thermodynamically favor depolymerization (i.e., diluted and/
or higher temperatures).*’ Tuba et al. reported that linear PCP
will completely depolymerize within 4 min at ambient
temperatures at a dilution of 5 w/v% PCP in toluene using
HG2 catalyst (0.4 mol %).*” While the exact mechanism for
the depolymerization was undetermined, previous literature ™
suggests that it occurs through random chain cleavage of
internal olefins within the PCP backbone as shown on the left
side of Scheme 2. When depolymerization occurs in this
manner, a gradual reduction and broadening of the molar mass
distribution occurs over time (due to the production of smaller
dormant chains) until quantitative depolymerization has
occurred.™ Using SEC and 'H NMR, we monitored the
depolymerization of a linear PCP sample (M, = 30.7 kg mol ",
D = 1.2) with GI in CDCl, at 25 °C over the course of 4 min
(Figures S31 and S32). Indeed, when compared to the BB
system in Figure 3c and 3f, PCP depolymerized much faster
with ~85% PCP depolymerization in 4 min. While "H NMR
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Scheme 2. Depolymerization Outcomes Depending on the Type of Initial Olefin Coordination (Internal versus Terminal) for

HG2 or G2 Catalyst on a Polypentenamer Backbone
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confirms the disappearance of the PCP olefin proton signals
and the appearance of CP olefin signals over time, SEC analysis
displays a gradual reduction in PCP molar mass and slight
broadening of the RI signal. Combined, these indicate that
PCP depolymerization is likely occurring through random
metathesis events along the chain. The ring strain of CPBIB,
—AH, = 22.6 k] mol™,* is less than CP and therefore has a
slightly higher propensity to undergo RCM under similar
conditions (T. ~ 30 °C at 1 M)."” When observing the
depolymerization of our BBs under similar dilution (5% w/v),
solvent, and temperature (25 °C) in addition to using HG2 (S
mol %), only 1% of P(CPBIBy;-g-S,,) depolymerized after 30
min (Figure 3a,f).

Depolymerization of P(CPBIBy,-g-S,,) under identical
conditions was performed using G1, G2, and G3 to gain
insight into the effect that the catalyst has on the rate of
depolymerization. Interestingly, G1 showed a >10-fold increase
in depolymerization rate versus HG2 even though GI is
generally accepted as less active for RCM (Figure 3b). With
G2 (Figure 3d) and G3 (Figure 3e), an even more rapid
depolymerization occurred with a >100- and >300-fold rate
increase versus HG2, respectively. Although depolymerization
is fast at 25 °C using G2 and G3, both reached an equilibrium
around 92% depolymerization after 30 min (Figure 3f). As
shown in Figure S9, complete depolymerization of P(CPBIB,,-
g-S44) can be achieved at higher temperature. The fact that an
equilibrium can be seen and adjusted with temperature and/or
concentration is exciting and suggests that reversibility of the
depolymerization—repolymerization of the BB is possible;
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however, it will not be the focus of this work. An additional
experiment was conducted with CHCl; and G1 (Figure 3c)
which displayed a slight increase in the rate of depolymeriza-
tion versus toluene (Figure 3f) but was still much slower than
PCP using G1 in CDCl; (Figure S31). Hence, solvent effects
appear minor compared to the choice of catalyst for BB
depolymerization kinetics.

One of the most notable observations for each BB
depolymerization, regardless of catalyst choice, is that no
polymer is observed by SEC at elution times in-between the
extremities of the original BB and CP-PS peaks. The absence of
chains with molar masses at intermediate values suggests that
internal olefin coordination and chain cleavage is not occurring
(Scheme 2, left side) and that depolymerization is likely
occurring in an end-to-end fashion through initial catalyst
coordination with the terminal olefin on one end of the BB
(Scheme 2, right side) followed by complete RCM of the BB
to the other chain end and installation of a phenyl alkylidene
onto the Ru catalyst. We believe this to be the most plausible
explanation for these observations currently. For depolymeri-
zations using G2 and G3, a slight shifting of the BB peak is
observed once the depolymerization approaches equilibrium
(Figure S33) even though dispersity remains consistent and we
believe this to be an artifact of the reversible polymerization—
depolymerization mechanism occurring at this stage.

The depolymerization of the BBs can also be monitored by
"H NMR by observing the loss of PCP olefin signal and the
increase in CP olefin signal over time. To illustrate this, we
performed a depolymerization on P(CPBIB,,-g-S;5) in CDCl,
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Figure 4. Normalized SEC traces over time during depolymerization of (a) P(CPBIBy;-g-S,,), (b) P(CPBIBy,-g-S;3), and (c) P(CPBIB,g,-g-S;5)
using Gl in toluene at 25 °C; [olefin], = 10 mM and [cat.], = 0.5 mM. Varying timestamps are annotated in each plot as a guide to the eye. Plot
(d) displays depolymerization as a function of time for each study (a—c) showing minor effects of brush length and backbone length on

depolymerization kinetics under these conditions.

([olefin], = 24 mM, [G1], = 1.2 mM) at 25 °C and monitored
the depolymerization at known timestamps (Figure S34 and
Table S1). The rate of depolymerization appears slightly faster
under these conditions versus Figure 3c, likely due to the
slightly increased [olefin],. Table S1 also illustrates that the -
bromo-methine signal integration remains relatively constant
throughout the depolymerization while the CP olefin signal
increases and the PCP olefin signal decreases, as expected.
While '"H NMR provides this information, it does not provide
insight on how the molar mass and P of the BB are changing
with time whereas SEC allows observation of the relative
kinetics and mechanism simultaneously.

Another Case for the Boomerang Mechanism? While
HG2 appears to be a highly effective catalyst for RCM of linear
PCP at 25 °C,” it is a surprisingly poor choice for the
depolymerization of the BBs. One possible explanation for the
significantly reduced depolymerization rate of HG2 is the long-
debated release—return or boomerang mechanism that recently
received compelling evidence by Fogg and co-workers.”" In the
specific case where HG2 first binds to a terminal olefin, such as
the proposed end-to-end depolymerization mechanism, the
release of o-isopropoxystyrene occurs and the catalyst achieves
an active 14 ¢~ state that is indiscernible from G2 in the active
state (Scheme 2 middle, right). The reuptake (return) of o-
isopropoxystyrene to the active Ru species detaches it from the
chain end and produces the original HG2 catalyst-free in
solution, thereby impeding a rapid unzipping event. This
release—return mechanism has been shown to be a highly
competitive process, effectively occurring even within a large
excess of substrate and allows for extremely low HG2 catalyst
loadings for metathesis reactions.” In our case, the release of
HG2 back into the depolymerization solution and the potential
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difficulties associated with the catalyst returning to find the
terminal chain end could be a viable reason for the greatly
reduced kinetics of HG2. To further test this hypothesis we
performed a depolymerization on P(CPBIB,4-g-S;5) using
HG2 at higher temperature (70 °C) to increase the
depolymerization rate and allow for the observation of how
the BB molar mass changes over time by SEC (Figure S35 and
Table S2). We observed a gradual increase of the BB peak
elution time (shifting to lower molar mass) during the course
of depolymerization with only a slight increase to the peak’s
dispersity (~1.3—1.4). Although this experiment helps support
our hypothesis that HG2 is gradually depolymerizing the BBs
through the release—return mechanism, it cannot be ruled out
that cross-metathesis is absent at such elevated temperatures
due to the slight increase in D.

Effect of Graft and Backbone Length on Depolyme-
rization. To determine the effect of N,. and N, on the
depolymerization kinetics, another series of experiments were
performed using G1 in toluene, [olefin], = 10 mM and [cat.],
0.5 mM), on P(CPBIBy,-g-S,), P(CPBIBs,g-S;), and
P(CPBIB 4,-g-S;5) and monitored at known time intervals by
SEC for up to 90 min (Figure 4). Here again the rate of
depolymerization can be monitored by comparative integration
of the BB and CP-PS RI signals and is provided for the initial
30 min of depolymerization in Figure 4d.

Two BBs, P(CPBIBy;-g-S,;) and P(CPBIBy-g-S;5), with
identical Ny, and different N, were depolymerized separately
under the same conditions and at the same concentration of
polymer chains (0.1 uM) (Figure 4a and 4b, respectively). In
other words, these solutions have the same concentration of
terminal olefins and any difference associated with depolyme-
rization can be attributed to the length of the grafts. As seen in
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Figure S. Examples of macromolecular metamorphosis. (a) Normalized SEC traces displaying the depolymerization of previously synthesized

P(CPBIBg,-g-(S,,-b-MMA ) (black trace) to produce linear PS-b-PMMA diblock polymer (M, = 39.7 kg mol ™!, D

= 1.14) and PS homopolymer

(red trace). The latter provides insight on the number of PS grafts that did not successfully initiate an MMA block. Soxhlet extraction to remove the
PS grafts produced only the diblock polymer (blue trace). (b) Normalized SEC traces of CP-PS,, produced from depolymerization of a
P(CPBIBg,-g-Sy5) (red trace) and their transformation into a 3-arm star, TMP-(PS,,);, (green trace) following photoinitiated thiol—ene coupling
with trimethylolpropane tris(3-mercaptopropionate) and DMPA photoinitiator. (c) An overall cartoon rendition and normalized SEC traces of the
varying forms of architectural metamorphosis possible from [1] a linear PCPBIB, 5, backbone (black trace) to [2] P(CPBIB g,-¢-S;5) bottlebrush
(red trace) to [3] linear CP-PS,; grafts (blue trace) to [4] 3-arm stars (TMP-(PS,,);) (green trace).

Figure 4d, these two BBs depolymerized at very similar rates
(blue triangles versus red squares, respectively), although
P(CPBIBy;-g-S44) does appear a little slower after 30 min.
Comparison of the depolymerization rates between P-
(CPBIBy;-g-S;5) and P(CPBIB,g-g-S;5) were performed at
identical olefin and catalyst concentrations ([olefin], = 10 mM,
[cat.] = 0.5 mM). The fact that P(CPBIBy,-g-S;5) has a
backbone nearly half the length of P(CPBIB,4-g-S;5) means
that the initial concentration of terminal olefins (i.e., polymer
chains) is 0.10 uM and 0.06 uM, respectively. Our initial
hypothesis was that the rate would be controlled by the catalyst
finding a terminal olefin on the BB system, and it was expected
that the rate of depolymerization is first order with regards to
the concentration of terminal olefins. However, the depolyme-
rization rates of these experiments were again very similar
(Figure 4d, red squares and black circles). This suggests that
the depolymerization rate is zero order with respect to terminal
olefins, a particularly intriguing result. While G1 has been
shown to have an initiation rate that is dependent on olefin
concentration, the rate of PCy; dissociation/reassociation over
olefin metathesis is extremely high.> Therefore, the governing
kinetics of these depolymerizations, specifically for G1, may be
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independent of initiation and olefin concentration and more
dependent on the dissociative mechanism of phosphine.
Further investigations are underway to better understand the
governing factors of N,. and catalyst on depolymerization
behavior.

Macromolecular Metamorphosis. The concept of
macromolecular metamorphosis was recently introduced by
Sumerlin and co-workers, and it emphasizes that the topology
of a polymer system, and its potential transformation, is equally
as important as macromolecular size when designing smart
materials.”> BBs have gained notoriety for the fact that their
specific architecture leads to unique properties and self-
assemblies.”**° The densely grafted side chains occupy the
pervaded volume near the backbone causing it to extend into
worm-like architectures with significantly decreased entangle-
ments. Therefore, the ability for a single material to transform
from a BB architecture into a linear or different advanced
architecture is predicted to introduce an entirely new class of
stimuli-responsive materials.

The polypentenamer based BBs and their transformation to
linear CP-PS, as described earlier, is one example of such a
metamorphosis that, in theory, would allow the system to

DOI: 10.1021/jacs.9b05560
J. Am. Chem. Soc. 2019, 141, 14220—-14229


http://dx.doi.org/10.1021/jacs.9b05560

Journal of the American Chemical Society

become more robust as the molecules get smaller (i.e., viscosity
increases after depolymerization due to the onset of more
entanglements by the linear grafts). However, we also
envisioned that judicious design might elevate such behavior
to other transformative possibilities. In our recent report, we
described the ability to produce bottlebrushes with side chains
consisting of linear diblock copolymers of PS and poly(methyl
methacrylate) (PMMA).*® The core—shell bottlebrush block
copolymer (BBCP), P(CPBIBg,-g-[S,;-b-MMA, (,]), which has
a total M, = 1220 kg mol™" and D = 1.33, was quantitatively
depolymerized using the G2 catalyst within 1 h at 80 °C
([olefin]y = 1 mM in toluene, [G2], = 10 mol %) even with
extremely large side chains. Figure Sa shows the SEC results of
the BBCP (black solid trace) and the crude product after
depolymerization (red dashed trace). Two peaks at lower
elution times appear after depolymerization. The major peak at
shorter elution time is the CP-(PS-b-PMMA) linear diblock
copolymer (M, = 35.2 kg mol™" and D = 1.15) while the minor
peak at longer elution time is consistent with CP-PS (M, = 3.5
kg mol™' and D = 1.10). To confirm this, the crude material
was Soxhlet extracted with n-heptane to remove the CP-PS
homopolymer leaving only the CP(PS-b-PMMA) (blue dashed
trace, Figure Sa). Such transformations were also confirmed by
"H NMR (Figures S36 and $37). Therefore, the depolymeriza-
tion of these BBCPs also provides direct insight into the
efficiency of ATRP to initiate and grow the PMMA from the
PS grafts. It reveals that not all grafts were initiated and, more
importantly, that the existing PMMA segments were three
times longer (N yma = 293, Figure S36) than originally
determined by characterization of the BBCP via 'H NMR
(Neppma = 100 whlch required the assumption that all PS
chains were initiated).*® Complications with ATRP of PMMA
using a PS macroinitiator is to be expected due to the lower
reactivity of styrenes versus methacrylates.’’ Halogen exchange
is a technique likely to im prove the grafting efficiency for this
system going forward,’~** and the full depolymerization of
the BBCPs will help to quantify these improvements.
Nevertheless, this experiment confirms that transformation
from BBCP to linear diblock copolymers is another possible
metamorphosis for this system and opens the door for future
investigations of solution or potentially bulk reassembly from
BBCP to BCP architecture.

Another unique feature of the depolymerization process is
the formation of an a-cyclopentenyl end group on each graft
that can serve as a reactive site for further transformations. To
illustrate this, CP-PS,;, the product of depolymerized
P(CPBIB,4,-g-S;5) in Table 1, was reacted with trimethylol-
propane tris(3-mercaptopropionate) (TMP), a readily avail-
able trithiol used for thiol—ene coupling with olefins (Figure
Sb). The thiol—ene reaction was promoted by the use of a
photoinitiator, 2,2-dimethoxy-2-phenylacetophenone
(DMPA), under UV light (Supporting Information). The
transformation from CP-PS,, (red trace) to TMP-(PS,;),
(green trace) is shown by SEC analysis in Figure Sb and 'H
NMR analysis in Figure S42. DSC analysis of the product
shows a slight increase in T, from 77 to 82 °C for CP-PS,, to
TMP-(PS,,),, respectively (Flgures S24 and S45). Here we
note CP-PS,; coupling under these conditions was not
quantitative and residual grafts were removed by extraction
prior to SEC shown in Figure Sb. Nevertheless, this exciting
result displays proof-of-concept where further development to
increase the efficiency of the thiol—ene reaction will allow
facile transformation from graft to star architectures.

Figure Sc shows a totality of macromolecular metamorphosis
possible and reported in this work through various stages
starting from the original linear polypentenamer, to BB, to
linear graft, and finally to 3-arm stars. Representative SEC
traces for each transformation are also shown. Seemingly
limitless possibilities for new stimuli-responsive materials are
predicted as the chemistries and architectures of the grafts on a
polypentenamer backbone are diversified.

B CONCLUSIONS

The depolymerization of polypentenamer BBs was investigated
for the first time. SEC data suggests that depolymerization
occurs through an end-to-end mechanism starting from the
terminal olefin and subsequent RCM to fully deconstruct the
backbone. This is in direct contrast to linear PCPs that are
shown to depolymerize in a random fashion. Quantitative
depolymerization of the BBs can be performed at varying N
and Ny, using widely available Ru catalysts. Catalyst screening
showed that G2 and G3 depolymerized the BBs up to 300
times faster than HG2 under similar conditions. The decreased
depolymerization rate of HG2 is potentially a result of the
boomerang mechanism, which also supports the claim that
depolymerization begins on the terminal olefin end of the BB.
The Ny, and N of the BB had little effect on the
depolymerization kinetics, requiring continued investigations
regarding the rate orders that govern this process. Diblock
copolymer side chains as long as 40 kg mol™" were found to
still enable quantitative depolymerization of the PCP backbone
of BBCPs. Deconstruction of the BB architecture provides
opportunities for macromolecular metamorphosis into linear
homopolymers, block polymers, and a seemingly limitless
selection of other graft designs not yet explored. The a-
cyclopentenyl end group produced on each graft following BB
depolymerization also serves as a reactive site to enable the
transformation to other architectures, such as 3-arm star
polymers. Further studies are ongoing to fully elucidate the
governing factors and mechanistic details of the proposed end-
to-end depolymerization mechanism.
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