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ABSTRACT: This Article describes the design, synthesis, and analysis of a new class of polymer that is capable of depolymerizing
continuously, completely, and cleanly from head to tail when a detection unit on the head of the polymer is exposed to a specific
applied signal. The backbone of this polymer consists of 1,3-disubstituted pyrroles and carboxy linkages similar to polyurethanes.
Diverse side chains or reactive end-groups can be introduced readily, which provides modular design of polymer structure. The
designed depolymerization mechanism proceeds through spontaneous release of carbon dioxide and azafulvene in response to a
single triggering reaction with the detection unit. These poly(carboxypyrrole)s depolymerize readily in nonpolar environments, and
even in the bulk as solid-state plastics.

■ INTRODUCTION

Self-immolative, unzipping, and CDr (continuous depolymer-
ization in response to a reaction-based detection event) all are
terms given to a small class of stimuli-responsive polymers that
have the unique ability to depolymerize continuously and
completely from end-to-end when exposed to one equivalent
of a specific applied stimulus. These polymers typically contain
a detection unit at their head, where the detection unit
stabilizes the polymer backbone and prevents spontaneous
depolymerization.1 Once this detection unit reacts with a
specific applied signal, it is cleaved from the end of the
polymer, which triggers the polymer to depolymerize
completely to either monomers or predetermined small
molecules. The detection unit can be changed easily to alter
the signal to which the polymer responds, which enables
mixing and matching of detection units and applied signals to
provide selective depolymerization to a desired signal under
mild conditions.2

Such triggered depolymerization offers the potential for
causing rapid changes in materials because only a single
reaction is necessary to induce a polymer to depolymerize.
Likewise, self-immolative CDr polymers enable highly sensitive
stimuli-responsive materials, because only a single equivalent of
the applied signal is required to induce large-scale changes in
the physical properties of materials.3 Similarly, a burst of
depolymerization products that are induced by a single
triggering event leads to chemical amplification of defined
products.4

Examples of such polymers include poly(benzyl carbamate)-
s,5 poly(quinone methide)s,6 poly(phthalaldehyde)s,7 poly-
glyoxylates,8 and closely related polyglyoxamides,9 as well as
polycarbamates and polythiocarbonates that depolymerize via

intramolecular cyclization reactions.10 There are also similar
classes of polymers that depolymerize continuously when the
backbone of the polymer is fragmented, either by photolysis,
specific chemical signals, or mechanical force, or by
incorporation of a triggered catalyst, such as a photoacid.11

Self-immolative CDr polymers, in particular, offer a unique
opportunity for designing new generations of soft materials
that are capable of depolymerizing selectively and controllably,
at room temperature, when they are no longer needed. Such
materials could enable rapid, energy-efficient recycling of
plastics and may provide a solution to eliminating the
accumulation of plastic waste in the environment.12

To realize this promise, new classes of self-immolative CDr

polymers are needed that are capable of depolymerizing rapidly
and completely in the solid state, when triggered as
macroscopic materials. Poly(phthalaldehyde) and chlorinated
poly(phthalaldehyde)13 have this capability, but linear poly-
(phthalaldehyde)s are chemically unstable when stored, and
phthalaldehyde-based monomers are known to be toxic. Select
derivatives of poly(quinone methide)s depolymerize as
macroscopic plastics when triggered, albeit slowly at room
temperature, which limits their potential.14

This lack of self-immolative CDr polymers that depolymerize
in the solid state is a deficiency that we aim to correct with this
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report. Herein, we describe the design and synthesis of a new
class of self-immolative polymer (Figure 1a) that is capable of
depolymerizing completely from head to tail in the solid state
when triggered by specific applied signals that react with the
detection units on the polymers. We further demonstrate that
this new polymer class (i.e., poly(carboxypyrrole)) is able to
function as a macroscopic plastic. Given its ability to
depolymerize in the solid state, it offers a starting point
for creating selectively depolymerizable coating materials,
adhesives, elastomers, thermoplastics, thermosets, and foams.15

■ RESULTS AND DISCUSSION

The new self-immolative CDr polyurethane is depicted in
Figure 1a. This polymer is designed to depolymerize through a
mechanism distinct from its polymerization mechanism and
thus releases carbon dioxide and azafulvene from each
repeating unit as the polymer unzips. Formation of carbon
dioxide prevents the reverse reaction, and azafulvene enables
the polymer to convert entirely to a well-defined pyrrole
derivative upon complete depolymerization.
We selected pyrrole as the core for each repeating unit

because elimination of the next repeating unit, once triggered,
should proceed through a mechanism that is similar to the
proposed 1,6-azaquinone methide elimination mechanism for
depolymerization of poly(benzyl carbamate)s (Figure 1b).5

Our early work with poly(benzyl carbamate)s demonstrated
that the formation of azaquinone methide is exceedingly slow
in all contexts except when the polymers are dissolved in highly
polar solvents, such as DMSO or water.16 Using small
molecule model systems, we learned that reducing the
aromaticity of the central ring from benzene to naphthalene
provided a 23% reduction in aromaticity relative to benzene,
and a corresponding 12× increase in the rate of triggered
release of the pendant benzylic group. Because pyrrole is
predicted to be 40% less aromatic than benzene (Table S1),17

we reasoned that a pyrrole-based self-immolative polymer
might enable rapid azaquinone methide-like depolymerization
in nonpolar environments, and even in the solid state.
To test this hypothesis, we prepared functionalized

derivatives of poly(carboxypyrrole)s using two orthogonal
routes (Scheme 1). One route employed the van Leusen
pyrrole synthesis, which uses β-substituted acrylic acids (e.g.,

reagent 1) to introduce functionality on the 4-position of the
pyrrole monomer. The second route incorporates functionality
at the 4-position via an alkylation reaction (e.g., pyrrole 6)
using a lithiated pyrrole. The choice of synthetic route depends
on the compatibility of the desired functional group at the 4-
position with the reactions to be used for its introduction. If
the desired functionality at the 4-position is compatible with
both routes, then the van Leusen pyrrole synthesis is preferred
over the ring substitution route because the former provides
monomer in four steps (35% overall yield for n-butyl derivative
12), while the latter requires six steps (11% overall yield for
12).
The pyrrole monomers are bifunctional, containing a phenyl

carbamate on the N-terminus and an alcohol nucleophile at the
pyrrylic position. Polymerization of monomers at 60 °C using
catalytic quantities of 1,8-diazabicycloundec-7-ene (DBU)
provided access to polymer, which was directly end-capped
by addition of an alcohol before the polymer was isolated
(Scheme 2). These conditions were reasonably efficient
(∼50−60% yields) and provided polymers that contained
>20 repeating units. We noted that stoichiometric quantities of
DBU (relative to the monomer) were ineffective at generating
polymer (only small molecules remained),16 which is not
surprising given the intricacies of organo-catalyzed polymer-
ization reactions.18

The end-capping reaction places the detection unit on the
head of the polymer. Examples of select detection units are
indicated in Scheme 2 as polymers 14−17. Polymers 14 and
17 contain aryl boronate detection units that are designed to
respond selectively to hydrogen peroxide. Polymer 15 contains
an allyl carbonate detection unit for responding to
palladium(0), and polymer 16 is end-capped with an isopropyl
carbonate to serve as a control because it should not react with
either hydrogen peroxide or palladium(0).
Selective depolymerization of the poly(carboxypyrrole)s is

achieved (up to ∼75% completion) by exposing a polymer
containing an appropriate detection unit to its intended signal.
For example, exposure of polymer 14 (aryl boronate detection
unit) dissolved in THF to aqueous hydrogen peroxide at 23 °C
resulted in complete depolymerization, as indicated by gel
permeation chromatography (GPC) and 1H NMR spectros-

Figure 1. Chemical structure and proposed triggered depolymer-
ization mechanism of (a) self-immolative poly(carboxypyrrole)s in
comparison with (b) self-immolative poly(benzyl carbamate)s.5

Scheme 1. Two Synthetic Routes to Functionalized
Monomersa

aReagents and conditions: (a) MeI, KHCO3, DMF (97%); (b)
TosMIC, NaH, THF (85%); (c) PhOCOCl, DIEA, DMAP, MeCN;
(d) DIBAL, THF (43% over two steps); (e) NaH, TIPSCl, THF
(87%); (f) NBS, THF; (g) n-BuLi, iodocompounds (1-iodobutane for
6, 5-iodo-1-pentene for 7), THF; (h) Vilsmeier reagent (8, 17% over
three steps; 9, 18% over three steps); (i) PhOCOCl, DIEA, DMAP,
MeCN; (j) NaBH4, AcOH, benzene (10, 81% over two steps; 11,
71% over two steps).
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copy (Figure 2a). GPC allowed us to qualitatively track the
disappearance of the polymer peak, which has a retention time
of ∼16 min (inset in Figure 2a; Figure S2), and 1H NMR
analysis yielded quantitative measurements of depolymer-
ization by providing the ratio between the methylene
hydrogens on each repeating unit and the aldehyde hydrogen
on N,N-dimethylformamide, which was used as an internal
standard.
NMR analysis of 14 when treated with hydrogen peroxide

showed not only the disappearance of the polymer methylene
peak but also the disappearance of the pyrrole peaks (δ = 7.01
and 7.35 ppm) and concomitant formation of the correspond-
ing small molecule peaks (δ = 6.62 and 7.05 ppm) (Figure S1).
The 1H NMR data also revealed a 10 min induction period
prior to measurable depolymerization (Figure 2a). We
attribute this induction period either to a slow oxidative
cleavage reaction between hydrogen peroxide and the aryl
boronate or to quinone methide-mediated release of the head
of the polymer. Once released, the polymer undergoes rapid
head-to-tail depolymerization, which is complete within 30
min of exposure to hydrogen peroxide.
The desired depolymerization response is critical, but the

absence of undesired, nonspecific degradation is equally
important. When 14 is dissolved in THF and exposed to
triethylamine for 7 d in the absence of hydrogen peroxide, no
depolymerization or degradation is observed by 1H NMR
(Figure S3). Similarly, if control polymer 16 (containing an
isopropyl carbonate end-cap) is exposed to hydrogen peroxide
and triethylamine in THF, no depolymerization is detected,
even after 24 h (GPC analysis, Figure 2b; 1H NMR analysis,
Figure S11).

Altering the detection unit changes the signal to which the
polymer responds, as designed. For example, exposure of
polymer 15 (allyl carbonate detection unit) dissolved in CDCl3
to 2 equiv of Pd(PPh3)4 causes complete depolymerization of
the polymer in approximately 5 min, as measured both by 1H
NMR spectroscopy and by GPC (Figures S8 and S9,
respectively). We note that the fast response time likely is
due to solvent effects.6b,20 In this case, no induction period is
observed, suggesting that the detection event may be faster
than the depolymerization reaction. In the absence of added
palladium(0) (Figure S10), no depolymerization is detected by
1H NMR over the course of 7 d at 23 °C. Likewise, control
polymer 16 shows no depolymerization when exposed to
Pd(PPh3)4 (1H NMR analysis, Figure S12; GPC analysis,
Figure S13).
The polymers are bench stable and only begin to decompose

when heated above 150 °C (Figure S15). All three n-butyl-
substituted polymers (14−16) display nearly identical thermal
gravimetric analysis (TGA) traces between 150 °C and 180
°C, with initial sharp weight losses of 25 wt % over this 30 °C
temperature range. The 25% weight loss is consistent with the
weight fraction of carbon dioxide that would be released from
the polymers upon complete depolymerization. Heating the
samples above 180 °C ultimately results in complete mass loss
of the material.
Polymer 15 provided the opportunity to probe the

mechanism of depolymerization by looking for spectroscopic
indicators of azafulvene 18 (Figure 3a). Triggered depolymer-
ization of 15 is achieved in dry dichloromethane (DCM) by
addition of dry Pd(PPh3)4; no nucleophiles are present to react
with the presumed azafulvene depolymerization product.
Under these conditions, low-resolution mass data (positive
ionization) are consistent with azafulvene 18 (Figure 3b).
Exposure of the depolymerization solution to an excess (5 mL)
of dry methanol for 1 h at room temperature, however, yielded
a mass consistent with the methanol adduct of azafulvene (19)
as well as unreacted azafulvene (Figure 3c). These results
suggest that the depolymerization mechanism proceeds
through the release of azafulvene, which then traps
nucleophiles in the reaction mixture, much like azaquinone
methide reacts with water and other nucleophiles when
poly(phenyl carbamate)s depolymerize.
The ease with which derivatives of poly(carboxypyrrole)s

are generated is a useful feature of these polymers, both for

Scheme 2. Polymerization of Monomersa

a(a) Mn and degree of polymerization (DP) values were estimated by
end-group analysis using 1H NMR data. Data obtained from gel
permeation chromatography (GPC) equipped with a multiangle light
scattering detector are available in the Supporting Information. We
suspect that the short chain lengths of these oligomers may be
manifesting in an overestimate of chain length by GPC. (b) The end-
group was not visible in the 1H NMR spectrum for 16, so the Mn

value is reported from data obtained via the GPC/multiangle light
scattering technique. We are not reporting a DP value for this
oligomer because we could not perform end-group analysis like we
did with the other example oligomers.

Figure 2. Selective triggered head-to-tail depolymerization of polymer
14 in THF-d8 when exposed to aqueous hydrogen peroxide (10 equiv
relative to detection unit) and triethylamine (10 equiv)19 at 23 °C.
(a) The percentage of remaining polymer was calculated from
integrated 1H NMR data relative to an internal standard (DMF). The
inset shows the results of GPC analysis of 14 exposed to hydrogen
peroxide under identical conditions. (b) GPC spectra of control
polymer 16 exposed to hydrogen peroxide and triethylamine for 24 h.
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creating materials and for probing the design strategy that we
employed when designing this new class of depolymerizable
polymers. Given that we originally hypothesized a relationship
between rate of depolymerization and the relative aromaticity
of the repeating unit (i.e., low aromaticity for fast
depolymerization), we prepared an indole variant of the
poly(carboxypyrrole)s (Scheme 3). Indole is predicted to be

approximately 28% less aromatic than benzene but 17% more
aromatic than pyrrole (Table S1). On the basis of our
aromaticity−depolymerization rate hypothesis, poly-
(carboxyindole) should depolymerize more slowly than an
analogous poly(carboxypyrrole).
We prepared the poly(carboxyindole) in three steps,

including attaching the same detection unit present on
poly(carboxypyrrole) 14. Exposure of poly(carboxyindole)
23 to hydrogen peroxide under the same conditions as 14
revealed that 23 depolymerizes 12× slower than 14, as
evidenced by GPC traces (compare Figure 4 with Figures 2a
and S2). This decrease in depolymerization rate for 23 as
compared to 14 is consistent with our proposed relationship
between aromaticity of each repeating unit and depolymer-
ization rate, thus suggesting that even faster rates of
depolymerization may be possible by further decreasing the

aromaticity of the repeating units, within the limits of
structural stability.
Various types of poly(carboxypyrrole)-based polymeric

materials should be readily accessible using the synthetic
routes in Scheme 1. Polymer 14, for example, is easily molded
into a disc shape using a silicon mold, 40 wt % poly(ethylene
glycol) (Mn = 400) as plasticizer, and DCM as solvent.
Evaporation of the solvent yields porous, solid disks (Figure 5).

Exposure of these disks to aqueous hydrogen peroxide (10
mM) and triethylamine (10 mM) in MeCN results in the rapid
formation of bubbles around the disk (Figure 5, inset), which
is consistent with depolymerization and generation of carbon
dioxide gas.21 Within 1 h of exposure, the disk is noticeably
smaller and floats from the bottom of the solution to the air−
acetonitrile interface (Figure 5). By 9 h, the disk has
completely vanished, indicating that triggered depolymer-
ization generated soluble small molecules. A video highlighting
this rapid solid-state depolymerization is available in the
Supporting Information.
This disappearance of the disk is not caused by dissolution

of the polymer in acetonitrile; the polymer is not soluble in this
solvent, as evidenced by two control experiments. First,
another disk made from 14 is exposed to acetonitrile

Figure 3. Investigation of the proposed azafulvene depolymerization
products. (a) The polymer and reaction used to detect azafulvene.
Mass spectra of (b) the depolymerization solution of 15 showing a
mass for azafulvene and (c) the same solution after exposure to
methanol.

Scheme 3. Synthesis of Poly(carboxyindole)

Figure 4. Overlaid GPC chromatograms for poly(carboxyindole) 23
when exposed to 10 equiv of aqueous hydrogen peroxide and
triethylamine in THF at 23 °C. The depolymerization reaction was
monitored for 12 h.

Figure 5. Photographs of solid-state depolymerization of a polymer
disc (diameter, 4 mm; thickness, 2 mm) from 14 in the presence of
triethylamine (10 equiv) and H2O2 (10 equiv) in MeCN (5 mL). The
disc was prepared with polymer 14 and PEG plasticizer (Mn, 400; 40
wt %). The control experiment was performed without H2O2 using
the same sample. A compelling video showing a similar response to
hydrogen peroxide is available in the Supporting Information.
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containing triethylamine but not aqueous hydrogen peroxide
(Figure 5). The second control experiment (Figure S14)
includes a disk made from polymer 15, which contains a
detection unit for palladium(0), immersed in the same
hydrogen peroxide solution as in Figure 5. In both controls,
no bubbles were evident, and the size of the disks did not
change even after 15 h of exposure to the solutions.

■ CONCLUSIONS

In summary, we have designed and synthesized a new class of
self-immolative CDr polymers. These polymers depolymerize
readily in nonpolar solvents and, importantly, depolymerize in
the solid state. This last feature is critical for moving forward
with attempts to design plastics and other soft materials that
can be converted back to small molecules easily and with little
input of energy when the plastics are no longer needed.
Progress toward this goal is further strengthened by the
thermal stability of these poly(carboxypyrrole)s, combined
with the ability to customize detection units and applied
signals to achieve selective depolymerization. Finally, the
synthetic routes to these polymers are straightforward, which
should open access to functional derivatives.
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