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Through a strategic polymer engineering design, this paper shows that self-immolative poly(phthalalde-
hyde) (PPA) can be employed as a responsive debonding-on-demand adhesive for the detection of
fluorides and acids in liquid and solid states. The engineered PPA with dimethyl phthalate plasticizer
blends exhibits mechanical shear strength up to 1100 kPa when bonding smooth glass surfaces, which
represents a significant enhancement compared to the o-phthalaldehyde monomer (12 kPa) and the pris-
tine PPA polymer (up to 400 kPa). Exposure of acetyl-endcapped PPA to 8.0 eq. of trifluoroacetic acid
(TFA) under ambient conditions resulted in a complete degradation of the polymer within 25 minutes via
a backbone cleavage, whereas exposure of fluoride responsive silyl-ether endcapped PPA to 1.0 eq. of
tetrabutylammonium fluoride (TBAF) resulted in a fast and simultaneous decomposition of the polymer
within 2 minutes via end-cap cleavage. This study also illustrates the capability of PPA to undergo solid-
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state depolymerization, promoting on-demand release from adhesion. Overall, this study offers a unique
design strategy for creating on-demand depolymerizable coatings that may find future potential appli-
cations in stimuli-responsive personal protective equipment (PPE) for the chemical detection and on-
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Introduction

Self-immolative polymers (SIPs) represent a class of scission-
able degradable materials that depolymerize end-to-end
through a domino-like fragmentation upon exposure to an
external stimulus.' Originally designed by Katzenellenbogen
and coworkers as a prodrug platform for drug delivery,
modern applications of SIPs encompass chemical sensors,
drug delivery, and lithographic patterning systems.>® The
recent rising interest in SIPs lies in the opportunity to custo-
mize the selectivity of the material towards a particular stimu-
lus through the molecular design of the end caps,”® cross-
linkers,"*™** or polymer backbone.'*'® Depolymerizable SIPs
respond to stimuli by undergoing either a reversible or an irre-
versible transformation.” Irreversible SIPs degrade into pro-
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demand protection against chemical warfare agents (CWAs) in hostile environments.

ducts that differ from the monomers they were prepared from,
rendering their repolymerization challenging to realize. On the
other hand, reversible SIPs, characterized by a low ceiling
temperature (7¢), depolymerize to their initial starting mono-
mers, making their repolymerization reaction possible.'” This
ability to switch between monomeric and polymeric states
through a reversible polymerization reaction gives rise to the
rapid detection of the targeted molecular recognition event
through an autonomous change in property (chemical struc-
ture, color, crystallinity, mechanical adhesion, and tensile
strengths)."®'® While end-capping or cyclizing the polymer
prevents it from self-depolymerizing, any bond -cleavage,
whether through the end-caps or the backbone, triggers a
decomposition of the polymeric molecular structure due to the
low T¢ of un-capped polymers."”*° Despite their unique pro-
perties and ease of synthesis, the transient nature of SIPs
poses several challenges that limit their usage and applica-
bility in a variety of applications. In particular, these materials
are known to have a broad polydispersity index (PDI)
accompanied by a limited degree of polymerization, leading
often to the formation of oligomers during polymerization.>*

This journal is © The Royal Society of Chemistry 2024
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In addition, these materials are known to be hard and brittle,
which limits their mechanical properties and flexibility.>?

Self-immolative poly(phthalaldehyde) (PPA) is unique in
that its mechanical and transient properties can be readily
tuned through the addition of a liquid-based plasticizer that
turns the polymer into a robust, temporary adhesive able of
debonding through a specific molecular recognition event.**>*
The addition of such plasticizer results in a dramatic improve-
ment in the structural flexibility and thermal stability of PPA
via the depression of its glass transition temperature (Tg),
changing its physical state from hard and glassy to soft and
leathery.”® In general, PPA exists in two different structures
(linear and cyclic) based on the polymerization technique
(living anionic or cationic, respectively) employed during its
synthesis.'®*> While both linear and cyclic PPAs are intrinsi-
cally sensitive to acid, heat, and mechanical forces due to the
vulnerable bonds in the hemiacetal units of the polymer
backbone,>* %’ the reactivity of linear PPAs can be altered by
installing an end group that can be selectively cleaved by a pre-
determined stimulus.>*"*® Plenty of studies that demonstrate
site-specific depolymerization of linear end-capped PPA exist
in the literature, with a library of investigated stimuli including
palladium,*® conjugate acids,®® UV light,>” fluorides,*" and
ultrasound.® Given the proven capability to functionally custo-
mize its end groups, in addition to its ability to depolymerize
in the solid-state,>>* linear PPA stands out as a strong candi-
date for adhesive modulation by chemical triggers.

Herein, we report the first use of linear end-capped PPA as
a stimuli-responsive temporary adhesive with on-demand
debonding through a self-immolative depolymerization
mechanism triggered by chemical exposure. The molecular
design of the end cap strategically controls the polymer selecti-
vity towards an incoming chemical species, such that debond-
ing only occurs upon exposure to the specific trigger. We
reasoned that changes in mechanical properties of the
polymer adhesive upon the degradation of the polymer will
disrupt adhesion to the point of debonding and mechanical
failure. Beyond improving the internal strength of PPA, the
addition of a liquid-based dimethyl phthalate (DMP) plasticiz-

Functional adhesive Fluoride exposure

View Article Online

Paper

ing agent allowed the polymer to be melt-bonded without
risking depolymerization by disrupting its intermolecular
packing and suppressing its T,. With the addition of DMP, we
observed that linear PPA is capable of bonding smooth glass
with shear stresses up to 1100 + 282 kPa. We also showed that
PPA depolymerizes in response to acid and fluoride in both
liquid and solid phases resulting in complete delamination of
smooth glass and textile substrates. This work expands the
capabilities of controlling adhesion by reporting a temporary
adhesive material that can offer a response to chemical
stimuli, in particular the ones sharing similarities with chemi-
cal warfare and corrosive agents that release fluoride and
acids, respectively. We believe this material can act as a versa-
tile detection platform for such agents and may have potential
applicability in the design of stimuli-responsive PPE for
chemical detection and on-demand protection in hostile
environments.

Results and discussion
Molecular design

The depolymerization kinetics of SIPs can be strategically
mediated by the nature and concentration of a stimulus.**
Linear PPA has two structural locations from which depolymer-
ization can be initiated: (i) the reactive end caps, and (ii) the
hemiacetal linkages along the backbone. The reactivity of the
end caps and incoming stimulus may encourage PPA to
proceed through a site-specific depolymerization pathway,
which promotes selective control of material properties at a
molecular level. The site-specific depolymerization pathway
enables programmable responses of PPA to chemical stimuli,
which represents an exciting opportunity for realizing multi-
functional temporary adhesives. Other types of stimuli, includ-
ing extended sonication times, heat, or acids, may trigger
depolymerization by cleaving the hemiacetal linkages of the
polymer backbone in a non-specific pathway, resulting in a
slow and unorganized degradation process.***>*¢ A significant
drawback of the non-specific pathway is that cleavage along
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Fig.1 On-demand depolymerization of self-immolative PPA and the resulting delamination of surfaces. Two substrates, either glass slides or tex-
tiles, are joined with linear PPA, which consists of strategically selected end caps. Upon exposure to a specific chemical stimulus, self-immolative
depolymerization rapidly ensues via either site-specific or unspecific pathways, thereby releasing the substrates due to structural changes of the

material.
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the backbone can cause random fragmentation, which sparks
off random side reactions, rendering it difficult to recover
o-phthalaldehyde for repolymerization. Another limitation of
the abovementioned pathway is the lack of chemical selectivity
toward stimuli, which the end-cap triggered polymerization is
able to overcome.?” Our design of a chemically responsive tem-
porary adhesive leverages the reactivity of cleavable end caps of
the self-immolative polymer, PPA, for selective debonding
(Fig. 1). Once the polymeric material strongly joins two sur-
faces, exposure to a stimulus is designed to trigger depolymeri-
zation through a site-specific pathway, as is in the case of flu-
oride, or site non-specific, as in the case of trifluoroacetic acid
(TFA). The instability of the linear polymer without the end
cap predisposes this material towards rapid depolymerization,
regardless of the pathway.?® Strategic removal of the end cap
by a pre-determined stimulus initiates depolymerization,
which leads to release from adhesion due to dramatic differ-
ence in the mechanical properties between the polymer and
newly formed monomer.

Synthetic procedures & properties of PPA

We began our investigations by generating two linear PPA poly-
mers using a living anionic polymerization method under air-
and moisture-free conditions at —78 °C, employing an alcohol
as initiator and an acyl chloride as terminator for the polymer-
ization reaction (Fig. 2). A detailed synthetic route can be
found in Section 1 of the ESI.{ Two distinct sets of functional
groups operating as end caps were chosen to probe adhesion
and triggered debonding of PPA self-immolative systems. The
first polymer consisted of an unreactive isopropyl ether (IPA)
endcap along with a reactive acetyl ester (Ac) end cap and was
denoted as IPA-PPA-Ac (Fig. S1i). The second polymer com-
prised two reactive tert-butyldimethylsilyl (TBS) end caps and
was denoted as TBS-PPA-TBS (Fig. S2}). PPA, in general,
whether cyclic or linear, possesses ether oxygen atoms in its
central moiety. Hence, we reasoned that endcapping linear
PPA with an oxygen-containing functional group, like acetyl
ester would ameliorate the acid-degradation rate of the
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polymer as oxygen atoms tend to get protonated easily in the
presence of an acid. On the other hand, the oxygen-silicon
bond within the TBS end group can undergo a fluoride-
mediated cleavage in the presence of a fluoride source,
forming a much stronger fluoride-silicone bond.*® This trans-
formation is well established in the literature, especially in
protecting alcohol groups during reactions, in addition to
probing degradation kinetics of self-immolative polymer
systems.***!

Following the synthesis of the polymeric materials, our
focus shifted towards purifying the resulting products as the
presence of any undesirable impurities carried over from
polymerization, including unreacted monomer, excess solvent,
or side products, may negatively impact the adhesion perform-
ance of PPA. We followed the purification procedures reported
by Lutz and coworkers, which involved redissolving the crude
polymer material in tetrahydrofuran followed by its slow pre-
cipitation into methanol, filtration, and drying under high
vacuum.*” This purification technique was efficient and
resulted in reaction yields of around 75%, as detailed in
Section 1.3 of the ESL}

We characterized the chemical and thermal properties of
the resulting polymers using a range of techniques. "H-NMR
confirmed the purity of PPA polymers and enabled calcu-
lations of their number average molecular weights (Fig. S3 and
S4%). By comparing the integrations of the peaks corres-
ponding to both the polymer and the monomer (eqn (S1)1), we
demonstrated the high purity of the synthesized PPA relative to
the starting monomer precursor (Table S11). We determined
the degree of polymerization of each polymer, and sub-
sequently the molar mass, through the end-group analysis
method.*® By comparing the integral of a given end-group and
the integral of the repeating chain unit (1,3-dioxyphthalan)
using eqn (S2),1 the molar mass was calculated by multiplying
the number of repeating units by the molecular weight of 1,3-
dioxyphthalan (eqn (S3)}). Both polymers exhibited moderate
molecular weights (14.7 kDa for IPA-PPA-Ac and 12.9 kDa for
TBS-PPA-TBS) and a comparable number of repeating units
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Fig. 2 Synthetic route for the preparation of linear PPA polymers with different functional end groups.
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(109 and 97, respectively). Gel permeation chromatography
(GPC) was utilized as a secondary method to confirm the
purity of synthesized PPA polymers where no signal corres-
ponding to the monomer appeared in the elution curves of
PPA, affirming the purity of the materials (Fig. S5%). Moreover,
the polymers showed relatively low PDI values of 1.46 and 1.54
for IPA-PPA-Ac and TBS-PPA-TBS, respectively, which are com-
parable to each other, and in most cases, lower than what has
been reported in the literature for PPA.'*>%*

X-ray photoelectron spectroscopy (XPS) was used to analyze
the chemical environment and surface composition of both
polymers. Fig. S6aj shows survey spectra of both IPA-PPA-Ac
and TBS-PPA-TBS, giving signals related to carbon (C 1s),
oxygen (O 1s) and silicon (Si 2p). While the binding energies
for the first two species are well matched for both polymers,
an additional peak appears at around 101 eV in the
TBS-PPA-TBS spectrum, which was attributed to the Si-C
(100.5 eV) and Si-O (101.9 eV) binding energies, confirmed the
successful functionalization of the polymer with the TBS
endcap (inset of Fig. S6a}).*> In addition, high resolution XPS
spectra were applied to the C 1s region in both polymers to
explore the interactions between the various carbon containing
groups (Fig. S6bi). Based on the deconvoluted spectra, peaks
with binding energies of 284.4 eV and 287.3 eV were attributed
to C-C/C=C and C-O, respectively."® Furthermore, an
additional peak appearing at 289.9 eV in the IPA-PPA-Ac spec-
trum, which can be attributed to the carbonyl C=0 bond, con-
firmed the functionalization of the polymer with the carbonyl-
based endgroup.?” The thermal stability of PPA was examined
via differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA). The measurements showed that
PPA is highly stable at temperatures up to 160 °C, where no
endothermic peak appears before this temperature based on
the DSC measurements (Fig. S7 and S8%). Interestingly, both
IPA-PPA-Ac and TBS-PPA-TBS depolymerize at a similar temp-
erature, which suggests that the nature of the end groups uti-
lized had a minimal effect on the melting point of PPA. This
observation contrasts with that of the uncapped linear PPA,
which depolymerizes readily at room temperature due to its
low Tc of —40 °C.*® Neither of the two synthesized polymers
exhibited a T, prior to depolymerization, which is consistent
with the precedent literature.>*

Strength of adhesion of PPA

Annealing conditions significantly influence the adhesive
strength of bonded samples.*®*° Given the sensitivity of linear
PPA to sonication and elevated temperatures,”® we chose to
employ a solvent-assisted bonding method to retain the
polymer composition, while also providing the polymer chains
with freedom of motion to form favorable intermolecular inter-
actions with a substrate. We sought to develop a straight-
forward procedure for bonding substrates with linear PPA that
(i) preserved the flexibility and properties of the polymer, (ii)
maximized adhesive strength, and (iii) provided evidence
regarding the structure-property relationships that contribute
to adhesion. While most rigid substrates are compatible with

This journal is © The Royal Society of Chemistry 2024
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lap shear testing, glass substrates were selected because glass
microscope slides are readily available, do not require further
preparation, and their transparency allows visualization of the
bonded sample and the calculation of the adhesive area prior
to testing.”'>® Moreover, polymer chains tend to be more rigid
in a solvent that poorly dissolves them (e.g., methanol or
acetone) compared to a good dissolving solvent (e.g., dichloro-
methane (DCM)). Thus, the polymer may not be as free to
favorably interact with the neighboring functionalities of the
substrate in the case of the former. Our results show that DCM
readily solvates IPA-PPA-Ac (>200 mg mL "), while acetone has
a much lower solubilizing capacity (~3.7 mg mL™"). These
results are consistent with those of White et al. who showed
that cyclic PPA films casted from DCM had a much higher
tensile strength and elastic modulus compared to the same
films casted from dioxane and chloroform.** For these
reasons, we adopted DCM in the solvent-assisted bonding
method.

To demonstrate adhesion, we bonded smooth glass slides
with both IPA-PPA-Ac and TBS-PPA-TBS polymers using a
solvent-assisted bonding method. In brief, a well dispersed
suspension of the purified polymer in methanol was drop-
casted onto a small area at the edge of a clean smooth glass
microscope slide to achieve an even distribution of material
across the intended bonded area. The wet polymeric suspen-
sion exhibited no adhesive character before or immediately
after drop-casting. A small amount of DCM (<0.1 mL) was then
added to saturate the polymer layer, followed by a second
microscope slide. A calibration weight was placed on top to
create the bonded assembly and set the thickness (Fig. S91).
To remove any residual solvent that may disrupt cohesion
within the polymer adhesive, the bonded assemblies were
cured for 24 h under reduced pressure (<200 mTorr) at room
temperature. A detailed procedure for the preparation of these
assemblies can be found in Section 4.1 of the ESL}

The maximum force that the bonded assembly can with-
stand prior to the separation of two glass substrates, known as
the strength of adhesion, was quantified with lap shear testing
under the ASTM D-1002-7 standard and carried out on a single
column tensile tester (Fig. 3a, S10 and 11}). Lap shear testing
revealed comparative adhesive performances for both PPA
polymers bearing distinct end caps, namely IPA-PPA-Ac (411 +
135 kPa) and TBS-PPA-TBS (280 + 96 kPa) (Fig. 3b, S12 and
131). As a control, monomer assemblies were prepared using
the same solvent-bonding method where upon lap shear
testing, an average shear strength value of 12.0 + 5.5 kPa was
attained. This result indicated that the monomer precursor
lacks proper structural robustness needed for adhesion com-
pared to PPA and has a low load-bearing capacity, rendering
its usage impractical in bonding applications. To gain insight
into the relative mechanical strength of the intermolecular
interactions at the interface of these assemblies versus those
within the bulk material, we quantitatively analyzed the
adhesive joint after bond failure between PPA and the glass
substrates. As can be seen in Fig. 3C and S14,f a mixed
mechanical mode of failure was observed, portrayed by a com-
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(a) Schematic illustration of a typical adhesive joint specimen for single-lap shear test along with the two possible types of mechanical fail-

ures (i) adhesive and (ii) cohesive failures. (b) Lap shear strengths of TBS-PPA-TBS and IPA-PPA-Ac assemblies prepared via solvent-assisted and
melt-bonding methods. Error bars represent standard deviation from the mean value of 7-13 independent experiments. (c) Average values of
adhesion vs. cohesion % failure in solvent-bonded IPA-PPA-Ac and TBS-PPA-TBS polymers (n = 16). Inset: a photograph of a lap shear test assembly
after shear test. (d) Average values of adhesion vs. cohesion % failure in melt-bonded IPA-PPA-Ac/DMP and TBS-PPA-TBS/DMP polymers (n = 24).
Inset: a photograph of a lap shear test assembly after shear test (scale bar: 1 cm).

bination of both adhesive and cohesive failures within these
polymeric assemblies. Adhesive failure is an interfacial bond
failure between the polymer, acting as an adhesive and the
adherent substrate, which, in this case is a microscope glass
slide. On the other hand, cohesive failure is the loss of
mechanical strength in the bulk adhesive, which can be
explained by the breakdown of intermolecular bonding forces
within the polymeric chain.>® Quantitative image analysis of
the lap joints after failure demonstrated that the cohesive
failure prevailed over the adhesive failure with 77 + 8% for the
former compared to 23 + 8% for the latter (Fig. 3c). These
results are consistent with a qualitative assessment, where dis-
crete and uneven amounts of PPA adhesives were visually
observed remaining on both substrates after failure (inset of
Fig. 3c). The results suggested that the forces holding both the
polymer and glass substrate together, mostly hydrogen
bonding and electrostatic interactions, are stronger than inter-
molecular forces holding the polymeric chains together.

M6 | Polym. Chem., 2024, 15, 1112-1122

"H-NMR measurements for both polymeric materials, before
and after shearing, confirmed that the shear tests did not
trigger depolymerization, nor resulted in any change in the
chemical structure of PPA, demonstrating the ability of these
materials to withstand large shearing forces without under-
going any decomposition (Fig. S15 and Table S21).

To improve the adhesive performance of PPA and alter the
toughness, flexibility, and processability of the polymeric
chains, we investigated the effect of adding a plasticizer on the
mechanical properties and shear strength of PPA. Inspired by
the study of Moore and coworkers,”” who showed that incor-
porating diethyl phthalate (DEP) plasticizer into cyclic PPA
allowed the material to be processed with hot press molding,
we hypothesized that a plasticizer would increase the adhesive
strength of PPA by depressing its T,, generally known to lie
well above its thermal degradation temperature. This will
result in increasing both the mobility of the chains and the
free volume between the polymeric chains, rendering the

This journal is © The Royal Society of Chemistry 2024
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polymer more flexible.>* Hence, we reasoned that a plasticizer
would both increase the internal strength of PPA and enable
melt-bonding through a glass transition without risking
depolymerization.

Addition of DMP as a plasticizing agent was shown to
depress T, of both polymers. While several plasticizers have
been utilized to tune the mechanical properties of cPPA,>***>7
we settled on DMP due to its compatibility with PPA. It is
soluble in most organic solvents and effectively disrupts the
intermolecular packing of PPA. Thus, a small amount was
sufficient to depress T, well below the decomposition tempera-
ture of the polymers. To accurately determine T,, we per-
formed thermal analysis of DCM-casted films of both PPA
polymers with 20% (w/w) DMP. While the pristine materials
showed no glass transition between 0 °C and the onset of
decomposition at 167 °C, the plasticized materials exhibited a
glass transition at around 60 °C (Fig. S16%). In addition, DSC
thermal cycling experiments on both PPA/DMP blends cycled
five times each from —40 to 80 °C and back to —40 °C at 10 °C
min~" confirmed the stability and robustness of the plasticized
materials where T, remained stable, and the properties of the
materials were retained (Fig. S17%). Based on these obser-
vations, we rationalized that glass substrates may be bonded
with films of the plasticized PPA by heating the assemblies to
a temperature ranging between the glass transition and degra-
dation temperatures with the possibility of re-bonding after
mechanical failure.

Glass bonded assemblies were prepared using the melt-
bonding method described in Section 4.3 of the ESL}{ Upon
shear testing, assemblies bonded with IPA-PPA-Ac/DMP and
TBS-PPA-TBS/DMP withstood substantial loads before failure,
despite a low average adhesive area (1.40 + 0.19 cm® and 1.12 +
0.44 cm®, respectively) (Fig. S18 and 19%). Moreover, the lap
shear strengths of both plasticized polymers with values of
1091 + 282 kPa for IPA-PPA-Ac/DMP and 856 + 239 kPa for
TBS-PPA-TBS/DMP were ~2.5-fold higher than the corres-
ponding pristine polymers, demonstrating the effect of DMP
on the adhesive strengths and bonding performance of PPA
(Fig. 3b). Magnified optical images of the glass substrates after
shear testing revealed a change in the mechanical failure
mode from cohesive obtained for pristine PPA to mostly
adhesive (88% =+ 7%) for the polymer-plasticizer blends
(Fig. 3d and S20%). This result suggested that DMP helped
increase the internal strength of the material by transforming
the polymer from a brittle material that is easy to break, into a
flexible and extensible material able to withstand substantial
shear forces without breaking. Similar to the case of pristine
PPA polymers, the structural integrity of the polymer-plastici-
zer blends was confirmed via '"H-NMR measurements, where
both polymer materials before and after shear tests exhibited
indistinguishable chemical structures (Fig. S21%).

Depolymerization of PPA via backbone cleavage

As part of this work, we aimed to probe the kinetics of the
decomposition of PPA in the presence of several stimuli in
ambient conditions. Starting with a proton-catalyzed degra-

This journal is © The Royal Society of Chemistry 2024
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dation pathway, we found a lack of studies on the effect of the
end cap of PPA on its degradation kinetics, as most previous
research efforts have focused on the decomposition mecha-
nism of cyclic uncapped PPA.'®®

TFA, an organofluorine monocarboxylic acid with a pK, of
0.23, was used as an acidic model trigger. In brief, a 0.5 mM
solution of IPA-PPA-Ac in deuterated DCM was exposed to
different doses of TFA at room temperature. The depolymeriza-
tion reactions were monitored in situ via "H-NMR spectroscopy
wherein the entire reaction was carried out in an NMR sample
tube within the spectrometer. In situ NMR analysis revealed a
decrease in the integration ratios of the polymer peaks
accompanied by a substantial increase of the integration ratios
of the monomer peaks at chemical shifts 7.8, 7.9, and
10.55 ppm with time following TFA addition (Fig. S22%).
Varying the concentration of TFA had a significant impact on
the depolymerization rate of IPA-PPA-Ac. While a complete,
fast degradation was achieved within 35 min of exposure to 8.0
eq. of TFA, less than 9% of the polymer depolymerized within
the same timeframe when exposed to 2.0 eq. of TFA relative to
PPA (Fig. 4a). This result indicated the dominant dependency
of the depolymerization reaction on the concentration of the
specific applied signal. Closely examining the initial rate of
depolymerization (inset of Fig. 4a), we observed a slow degra-
dation of PPA, especially when small amounts of TFA were
added as in the case of 2.0 eq. of TFA where less than 0.04% of
the polymer degraded in the first 25 min compared to 80%
when 8.0 eq. of TFA was added.

To gain insight into the mechanism of degradation of
IPA-PPA-Ac in the presence of TFA, the experimental data
acquired from NMR for both, polymer degradation and
monomer formation, were fitted into the three common inte-
grated rate laws, pseudo zero-order, first-order, and second-
order kinetics, also known as kinetic models (Fig. S23-271). As
shown, the experimental data did not fit any of the abovemen-
tioned models. While the coefficient of determination for both
zero and second orders was poor, indicating that these model-
fitting methods were a poor fit, residual plots were used to
assess whether the observed error in the kinetic models is con-
sistent with the stochastic error, especially for the first-order
polymer degradation models, which displayed correlation
values of around 0.99. Interestingly, pseudo-first order residual
plots for the polymer degradation indicated a cyclical trend as
opposed to the null residual plot obtained in ideal models.
Hence, none of the three linear models were adequate in
describing the mechanism of acid-triggered depolymerization
of PPA.

Based on the reported literature, the proposed
mechanism of the backbone cleavage in PPA polymers in
response to H' starts with oxygen protonation, followed by
bond dissociations through a cascade of intramolecular reac-
tions. We aimed to determine whether the carbonyl oxygen in
the end cap of IPA-PPA-Ac is also undergoing protonation and
hence affecting the depolymerization rate of the polymer. For
this reason, acid-catalyzed depolymerizations of two additional
poly(phthalaldehyde)-based polymers, the previously syn-

35,57,59-61
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Fig. 4 Acid-catalyzed degradation kinetics of (a) IPA-PPA-Ac at different equivalences of TFA in DCM-d,, (b) IPA-PPA-Ac and TBS-PPA-TBS
(0.5 mM each) at 4.0 equivalences of TFA (2.0 mM) in DCM-d,, (c) fluoride-catalyzed degradation kinetics of TBS-PPA-TBS at different equivalences
of TBAF in DMSO-de, and (d) IPA-PPA-Ac and TBS-PPA-TBS at 1.0 equivalence of TBAF (0.25 mM for both PPA and TBAF) in DMSO-dg, displaying the
importance of TBS endcaps in initiating depolymerization. All concentrations are calculated based on *H-NMR integrations. Error bars represent

standard deviation from the mean.

thesized TBS-endcapped linear polymer, having comparable
molar mass and structure to IPA-PPA-Ac, but with distinct
endcaps, in addition to a cyclic PPA (cPPA) generated via a cat-
ionic polymerization mechanism, and fully characterized via
GPC, 'H-NMR, TGA, and DSC (Section 5.4 of the ESI,
Fig. S28-31, and Table S3}) were carried out under indistin-
guishable reaction conditions. Exposure of both polymers to
4.0 equivalences of TFA resulted in a notable decrease in the
depolymerization rate compared to IPA-PPA-Ac. While
IPA-PPA-Ac underwent a complete degradation in 150 min,
more than 350 min was needed for both TBS-PPA-TBS and
cPPA to decompose (Fig. 4b, S32 and 331). This result indicates
that there exist at least three different starting routes for the
decomposition of IPA-PPA-Ac, that is, two in the backbone
(similar to TBS-PPA-TBS and cPPA), and one in the endcap
(Fig. S34%). In fact, Tsuda et al., studied the acid-catalyzed
decomposition mechanism of linear PPA using a semi-empiri-

M8 | Polym. Chem., 2024, 15, T12-1122

cal self-consistent-field (SCF) molecular orbital method.®'
Based on their findings, degradation of PPA is highly depen-
dent on the surrounding medium. For instance, while the pro-
tonation of the carbonyl oxygen is more favorable when PPA is
in solution, both oxygen types in the central part of the
polymer chain can be easily protonated in a rigid matrix,
where it is hard for the protons to reach the end caps. In our
case, depolymerization is taking place in solution, and hence
the degradation rate can be predominantly attributed to the
protonation of the carbonyl oxygen, which explains the con-
siderable difference between the degradation rates of
IPA-PPA-Ac on one side and TBS-PPA-TBS and cPPA on the
other side, upon exposure to the same amount of TFA.

Depolymerization of PPA via end-cap cleavage

After studying the proton-catalyzed degradation pathway of
linear PPA, we shifted our focus to another designed stimulus,

This journal is © The Royal Society of Chemistry 2024
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mainly fluoride ions, known to depolymerize TBS-terminated
SIPs via an end-to-end backbone cleavage mechanism.®*> TBS
derivatives are widely used in the literature for the protection
of hydroxyl groups.®*®® Once the target chemical transform-
ation reaction is carried out, deprotection of TBS can be
achieved using any source of fluoride ions capable of reacting
with TBS to form tert-butyl dimethyl silyl fluoride (TBS-F).
Hence, we reasoned that end-capping PPA with two silyl-ether
endcaps may accelerate the degradation kinetics, as fluoride
ions will be cleaving the endcaps on both ends of the polymer
resulting in a rapid domino-like fragmentation reaction.

Similar depolymerization experiments to the ones we per-
formed using TFA were carried out with fluoride ions (F7).
However, we opted to use dimethyl sulfoxide (DMSO) as a
solvent in this case due to the poor solubility of tetrabutyl-
ammonium fluoride (TBAF), the source of fluoride ions, in
DCM. In addition, several control studies were carried out to
affirm the stability of the polymers in both DCM and DMSO. As
shown in Fig. S35 and S36,} no significant depolymerization
was realized in the "H-NMR spectra after dissolving PPA in both
solvents for 7 days, excluding the possibility of solvent-induced
depolymerization. Following exposure of TBS-PPA-TBS to 1.0
equivalent of TBAF, a near-complete decomposition of the
polymer was noted within the first 2 minutes, as revealed by
"H-NMR (Fig. $37}). This rapid cleavage was attributed to the
sequential fragmentation of PPA into monomers following the
cleavage of both reactive endcaps, which resulted in fast and
orderly unzipping reactions from both sides of the polymer. To
the best of our knowledge, there has not been any self-immola-
tive polymer reported to date that completely depolymerizes
upon exposure to 1.0 eq. of F~ at the reported fast response rate
(Table S4%). Furthermore, lowering TBAF equivalents from 1.0
to 0.8 and 0.4 resulted in a decrease in the depolymerization
extent from around 95% to 72% and 51%, respectively, as illus-
trated in Fig. 4c. A common observation realized in these tests
is that PPA only decomposed during the first couple of minutes
after exposure to fluoride ions, with no change in the concen-
tration of the polymer thereafter (Fig. 4c). We attributed this
observation to the lack of a sufficient amount of F~ available to
cleave TBS endcaps in all polymeric PPA chains, i.e., once the
fluoride ions are consumed, the remaining polymeric chains in
solution are left intact, resulting in a final mixture of PPA,
o-phthalaldehyde, TBS-F, and additional side-products.

As a result of the fast degradation in these cases, we found
it challenging to investigate the depolymerization rates of PPA
using any of the three rate laws (Fig. S38-40%). Therefore, we
modified the NMR measurement procedure to be able to
collect "H-NMR spectra every 10 seconds during the first three
minutes of the depolymerization reaction. Information regard-
ing the experimental procedure can be found in Section 6.4 of
the ESL} Our results suggested that 60% of the polymer
degraded within the first 10 seconds of the addition of 1.0 eq.
of TBAF to the polymeric solution, suggesting a remarkably
fast depolymerization rate (Fig. S41 and 42}). While the degra-
dation kinetics during the first three minutes did not follow
any of the integrated rate laws, as depicted in Fig. S43,i we
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reasoned that PPA might be exhibiting mixed zero-first order
degradation kinetics wherein the depolymerization undergoes
an initial zero-order phase followed by a transition towards a
first-order regime over the course of the decomposition. Such
behavior implies that the concentration of the polymeric
chains will not be altered until a given chain is fully degraded
into its monomeric components according to Scheme 1.%”
Inspired by the studies of Gillies and coworkers,**® which
suggested mixed-mode degradation kinetics unique to linear
self-immolative polymers, we proceeded by fitting our kinetic
data to the modified Avrami equation shown in the ESI (eqn
(S4)1), which ended up providing a good fit and a sound evi-
dence for the proposed mixed zero- and first-order depolymeri-
zation mechanism (Fig. S441).

In order to verify the role of TBS endcaps in the depolymeri-
zation process of PPA, IPA-PPA-Ac was tested for fluoride trig-
gered depolymerization under similar reaction conditions. As
shown in Fig. 4d, the polymer did not respond to fluoride ions
and thereby showed no noticeable degradation behavior when
exposed to 2.0 eq. of F~. We attributed the sudden 16% degra-
dation within the first 2 minutes to be the consequence of the
rapid change in pH in the system from 13.36 to 9.46 upon the
addition of TBAF. Nonetheless, the concentration of PPA
remained mostly constant following the two minutes mark.

To assess the selectivity of TBS-PPA-TBS towards fluoride
ions, we conducted a similar set of experiments with different
tetra-n-butyl ammonium salts. Tetrabutylammonium chloride
(TBACI), tetrabutylammonium bromide (TBABr), and tetra-
butylammonium iodide (TBAI) were employed as sources of
Cl7, Br, and I, respectively. Upon exposing TBS-PPA-TBS to
2.0 equivalences of the aforementioned ions, no tangible
decomposition was observed (Fig. S45 and 46}). Overall, these
experiments provided evidence for (i) the successful incorpor-
ation of TBS endcaps in linear PPA polymer, (ii) the selectivity
of TBS towards fluoride ions, and (iii) the selective endcap
cleavage mechanism, which resulted in a complete depolymer-
ization within a few minutes. Regarding the proposed depoly-
merization mechanism, it begins by a fluoride-mediated clea-
vage of the aliphatic TBS protecting groups on both ends of
the polymer. End-cap cleavage results in the generation of alk-
oxide groups, which render the polymer thermodynamically
unstable due to its low Tc. The degradation mechanism pro-
ceeds by a cascade of irreversible intramolecular fragmentation
reactions that yield different monomeric products including
o-phthalaldehyde (Fig. S47%).>”

Solid-state depolymerization (SSD) of TBS-PPA-TBS

To further highlight the ability of TBS-PPA-TBS to selectively
depolymerize in response to fluoride ions under different con-

-M -M -M -M -M
e P, —P, » P
Ke '™ K @ ™ K, Ke K

P, > M

Scheme 1 Degradation profile of TBS-PPA-TBS via a first-order intra-
molecular cyclization reactions.
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ditions, we elucidated the capability of the polymer to decom-
pose in the solid-state form, in the presence of a minimal
amount of fluoride ions. The first step was to prepare the
TBS-PPA-TBS disks, which was carried out in silicon molds
according to a procedure described in Section 7 of the ESL}
Once the PPA disk was suspended in acetone, one drop of a
2 mM solution of fluoride was added, leading to a fast and
complete depolymerization within 140 seconds, which was
visually confirmed by the change in the color of the solution
to pale yellow (Fig. S48%). Analysis by GPC revealed complete
degradation of the polymer and the formation of o-phthalalde-
hyde and other unidentified by-products (Fig. S49%). We
noticed the retention peak corresponding to the product of the
SSD experiment to be broader and slightly shifted to a higher
value compared to the pure o-phthalaldehyde which supported
the previously mentioned observation of the (i) complete
degradation of PPA, (ii) formation of o-phthalaldehyde, and
(iii) formation of additional by-products with various compo-
sitions and molar weights. We also noticed that the color of
the solution kept getting darker even after complete degra-
dation of PPA (Fig. S50%). Inspecting this solution via "H-NMR
revealed the transformation of the o-phthalaldehyde monomer
into unrecognizable products over time (Fig. S511).

Qualitative assessment of the adhesive strength of NYCO-
bonded textiles with PPA/DMP

In addition to the electrostatic interactions at the adhesive-
adherend structure interface, as in the case of the polymer-
glass adhesion, polymeric materials can form adhesive inter-
actions through chain entanglement to surfaces with the
requisite porosity and mobility conditions.®® This adhesive
diffusion phenomenon is not possible with glass substrates
due to the insurmountable hardness of silicate glass at room
temperature in addition to its low fatigue resistance and high
sensitivity to abrasion during handling.”® Alternatively, textiles
with a high availability of hydrogen bond donors, such as
cotton or nylon-cotton blend (NYCO), offer a significant oppor-
tunity for diffusion and intermolecular interactions with linear
PPA. For this reason, we aimed to qualitatively investigate the
adhesive performance of PPA/DMP blend with NYCO-bonded
textiles and assess their reusability after shearing.

The preparation method of NYCO-bonded textiles with PPA/
DMP blend along with a schematic illustration of the adhesive
joint can be found in Section 8 and Fig. S52 of the ESL} The
adhesion performance was tested by suspending a 0.5 kg stain-
less steel weight from a bonded lap joint. No failure was
observed within a 24-hour period suggesting a strong adhesion
between the polymer and the NYCO textile (Fig. S53a and bi).
After 24 h, the 0.5 kg calibration weight was replaced by a
1.5 kg weight. This increase in load weakened the adhesion
between the polymer and the textile resulting in the drop of
the weight after a few seconds. The joint adhesive area after
the adherents were pulled apart was analyzed, as seen in
Fig. S53c.} The residual PPA/DMP on both textile surfaces was
observed with some areas having no remaining residues, indi-
cating a mixed adhesive/cohesive failure. The results revealed
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strong adhesion forces and interactions between NYCO textiles
and the plasticized polymeric material suggesting a favorable
interaction between these materials.

We then focused on assessing the reversibility of the
adhesive by re-bonding the same NYCO substrates with the
remaining PPA/DMP blend left on them. The textiles were
joined together again following the previously described melt-
bonding method by redissolving the PPA films left on both tex-
tiles with DCM and heating the assembly on a hot plate at
85 °C for a few seconds. After cooling down the material below
its T, the same 0.5 kg weight was suspended from the bonded
lap joint (Fig. S53d-f}). No failure was observed over at least
48 hours demonstrating not only a robust adhesion perform-
ance, but also a sturdy and long-lasting adhesion between the
polymer/plasticizer blend and NYCO textile.

Debonding-on-demand of NYCO-bonded textiles

To further investigate the controlled on-demand debonding
process of PPA/DMP bonded textiles, several adhesion tests
were carried out under different conditions. First, we bonded
textiles with DMP/PPA blends using the melt bonding method
described in Section 4.3 of the ESL} For the first test, a 0.5 kg
stainless steel weight was suspended from the bonding lap
joint followed by the addition of a few drops of water to the
adhesive area. After waiting a few minutes, no debonding was
observed. We then added 2 mL of acetone, which similarly
showed no debonding, demonstrating the stability and
strength of the adhesive area. Finally, upon exposure to a
2 mM solution of fluoride anions, the polymer underwent a
self-immolative disassembly in less than 40 seconds where the
weight dropped and the adhesive layer experienced mechanical
failure (Fig. 5 and Movie S1}). Two additional control experi-
ments were carried out to confirm the robustness of the
bonded textiles in addition to their ability to endure harsh
conditions. In the second control test, and after the 0.5 kg
weight was mounted onto the sample, the textile assembly was
continuously wetted for 24 hours with more than 30 mL of
water, ethanol, methanol, and acetone each. No separation or
displacement of the adhering area was observed, affirming the

1mL 2mL 4 drops

H,0 Acetone TBAF
— — —_—
addition addition addition

Fig. 5 Snapshots showing textiles bonded PPA/DMP before and after
exposure to different stimuli. The 0.5 kg stainless steel weight fell after
2 min of exposure to a diluted solution of TBAF.
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robustness of the bonded assembly (Movie S2}). As for the
third control experiment, the solvent wetting step was omitted
and the textile assembly holding the calibration weight was
immediately subjected to a few drops of a 2 mM solution of
TBAF. This process caused an immediate mechanical failure
within the polymer adhesive where the weight dropped in
approximately two minutes (Movie S31).

Conclusion

This work expands the molecular-scale control over adhesion
by strategically engineering a modular self-immolative polymer
that is capable of bonding a variety of surfaces and releasing
them through a triggered debonding-on-demand process. The
use of DMP plasticizer enabled the tuning of the transient and
mechanical properties of linear PPA by depressing its T, and
enhancing its adhesive properties. Upon shear testing of
smooth glass surfaces, we found that this polymer-plasticizer
blend exhibited remarkable adhesion (up to 1100 kPa) com-
pared to the monomer (12 kPa) and pristine polymer (up to
400 kPa). Also, we demonstrated, for the first time, that engin-
eered PPA adhesive can successfully bond NYCO textile sub-
strates, while withstanding a weight of 0.5 kg, which is a criti-
cal metric for using this adhesive in chemical protective gar-
ments. Exposure of acetyl ester endcapped IPA-PPA-Ac to 8.0
eq. of TFA at ambient conditions resulted in a complete
polymer degradation within 25 minutes via a backbone clea-
vage. Exposure of the fluoride-responsive TBS-PPA-TBS to 1.0
eq. of TBAF resulted in a fast and simultaneous decomposition
within 2 minutes via end-cap cleavage, which is among the
fastest degradation rates reported to date. Integrated rate laws
suggested a mixed zero-first order degradation kinetics of
TBS-PPA-TBS characterized by an initial zero-order regime fol-
lowed by a first order regime with little to no change in depoly-
merization rate. We have additionally expanded the known
PPA thermal processing technique and shown that PPA retains
its adhesive properties and self-immolation capabilities once
processed with a plasticizer. Additional work focusing on
optimization of the polymer-plasticizer blends preparation
and annealing method may further enhance adhesive and
debonding-on-demand performance. By joining surfaces with
a self-immolative polymer, such as PPA, there is immense
potential to develop highly customizable adhesive materials
that exhibit strong adhesion when desirable, yet immediate
debonding when exposed to a specific chemical trigger.
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