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Imine-based semiconducting polymers based on thiophene-flanked diketopyrrolopyrrole (TDPP) are
widely used to realize naturally disposable electronic devices. However, TDPP easily decomposes under
mildly acidic conditions, limiting its potential for use in recyclable systems. Herein, we designed and syn-
thesized two chemically recyclable thienoisoindigo (Tll)-based polymers bearing an imine bond. These
polymers were prepared from polycondensation reactions of the dialdehyde-functionalized monomer
TI-(CHO), with p-phenylenediamine (PD) to produce p(TII-PD) and with 2,6-naphthalenediamine
(2,6ND) to produce p(Tll-2,6ND), respectively. Using ultraviolet-visible-near infrared spectroscopy,
nuclear magnetic resonance, and mass spectroscopy, we examined the recyclability of both polymers.
Under mildly acidic conditions, the imine-based polymers fully degrade into the original TII-(CHO), in as
little as one day. Moreover, the recovered TII-(CHO), monomer is chemically stable for up to 6 months
under acidic conditions, allowing us to isolate the monomer in high yield (>90%). Using the recovered TII-
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(CHO), monomer, we prepared recycled polymers, re-p(TII-PD) and re-p(Tll-2,6ND). The recycled poly-
mers displayed nearly the same electrical properties as the pristine polymers, with field-effect transistor
mobilities in the order of 1072-10"° cm? V! s71. These results demonstrate the versatility of the Tll-based

rsc.li/rscapplpolym monomer unit for developing fully recyclable semiconducting polymers.

The synthetic strategy for designing chemically recyclable
polymers can be adopted to electron-conducting organic poly-

Introduction

The chemical recycling of polymers into high quality mono-
mers is a key step towards a circular economy.'” To achieve
recyclability in polymeric systems, emphasis is placed on the
molecular design of the polymers, where dynamic chemical
motifs are utilized to enable controlled depolymerization into
defined by-products that can be repolymerized. By this
process, degradation by-products can be isolated, purified, and
used once again for repolymerization. Examples of dynamic
chemistries that allow for recyclability in polymeric systems
include diketoenamines,™* acetals,®® and cyanurate’ motifs.
These linkages have well-understood degradation mecha-
nisms, allowing for the isolation of stable monomeric com-
pounds that can be used to re-synthesize pristine polymers.
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mers, where conjugation along the backbone must be con-
sidered. Semiconducting polymers are a promising class of
electron-conducting materials for next-generation electronic
devices due to their advantageous properties that make them
flexible,'*"*  stretchable,"**®  biocompatible,"”*®  or
degradable®** for applications in organic photovoltaics,?***
biological sensing,” and bioelectronics.”*° Significant
efforts have gone into synthesizing new degradable semicon-
ducting polymers for applications in transient electronics®'~?
using cleavable moieties such as imines,*® imidazoles,
alkynes® or oxadiazoles.*” However, limited reports on the
chemical recyclability of semiconducting polymers exist
because it remains a challenge to design m-conjugated poly-
mers that can degrade into stable by-products.

The imine bond is regarded as a highly desirable chemical
linkage because it maintains n-conjugation along the polymer
backbone while also providing a specific cleavage site.
However, most degradable imine-based semiconducting poly-
mers (i.e., poly(azomethine)s) yield degradation by-products
that are not easily recoverable. This is attributed to the mole-
cular design of the polymeric system, where often the by-pro-
ducts are unstable under the degradation conditions, contri-
buting to the inability to recover intact monomers. For
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example, poly(azomethine)s based on thiophene-flanked dike-
topyrrolopyrrole (TDPP)*"*? are degradable upon hydrolysis of
the imine bond, but the TDPP units are not recoverable
because the diketopyrrolopyrrole (DPP) moiety undergoes a
lactam ring hydrolysis in the presence of acid.'” This has
prompted efforts to design monomers that are chemically
stable under acidic conditions.** For example, Collier and co-
workers** recently reported dihydropyrrolo[3,2-b]pyrrole-con-
taining poly(azomethine)s, which produce stable by-products
upon acid hydrolysis. Son and coworkers® developed a
n-conjugated polymeric system based on N1,N4-bis(thiophen-
2-ylmethylene)benzene-1,4-diamine that degrades into a stable
dialdehyde monomer upon acid hydrolysis, allowing for iso-
lation and utilization of the monomer to prepare new poly-
mers via imine condensation. Although both examples are
positive steps towards developing recyclable semiconducting
polymers, there is yet to be an example that illustrates closed-
loop recycling of a n-conjugated monomer that can be recov-
ered to prepare a pristine semiconducting polymer.

Building upon previously reported imine-based semicon-
ducting polymers, we designed new chemically recyclable
semiconducting polymers with stable degradation by-products
that can be recovered for repolymerization. In this content, we
focused on thienoisoindigo (TII),***” a thiophene-based ana-
logue of isoindigo (I1G),*®*° as the recoverable monomer. Both
TII and IIG monomers have been extensively used to syn-
thesize semiconducting polymers for organic electronics,>*™>*
with a TII-based copolymer reported to have a hole-transport-
ing field-effect transistor (FET) mobility of 10 cm”> V™' s7.>° In
contrast to TDPP monomers, we found that TII monomers do
not decompose in the presence of neat trifluoroacetic acid
(TFA), a desirable characteristic for imine-based polymers that
degrade under acidic conditions (Fig. 1). Building upon the
chemical stability of TII under acidic conditions, we designed
and synthesized two chemically recyclable TII-based semicon-
ducting polymers, p(TII-PD) and p(TII-2,6ND), via an imine-
based polycondensation reaction. We report the chemical,
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thermal, and photophysical properties of these polymers.
Additionally, we investigate the charge carrier transport of
each polymer through FET device fabrication and study their
degradation lifetimes under acidic conditions. Upon acid
hydrolysis, both polymers produce the original dialdehyde TII
monomer (TII-(CHO),), allowing us to recover the building
block in high yields (>90%). Remarkably, the recycled poly-
mers have comparable properties to the pristine polymers,
implying that the recovered TII-(CHO), monomer is ideal for
preparing high-quality recycled polymers. Regarding charge
transport performance, the recycled polymers performed on
par with pristine polymers, indicating no loss in electronic
properties. This study demonstrates the versatility of the TII-
based unit for constructing recyclable semiconducting poly-
mers, contributes to our understanding of how by-products
will form upon cleavage of a degradable polymer, and high-
lights the importance of designing degradable semiconducting
polymers with chemically stable monomeric units. Broadly,
this work further contributes to our understanding of design-
ing degradable semiconducting polymers with known degra-
dation by-products.

Results and discussion

Synthesis and polymer characterization

The synthesis of TII-(CHO), and two TII imine-based polymers
is described in Fig. 2a, and the experimental details including
nuclear magnetic resonance (NMR) data are provided in the
ESI (Fig. S1-S57). For incorporation of the TII unit into an
imine-based polymer system, we selectively functionalized the
a-positions of the thiophene rings on the TII core with dialde-
hydes, producing TII-(CHO), (Fig. 2a). The dialdehyde-modi-
fied monomer TII-(CHO), was prepared via deprotonation with
lithium diisopropylamide (LDA) and subsequently quenched
with dimethylformamide (DMF)."”***° To increase solubility
for thin-film processability,***® TII-(CHO), was synthesized

a) previous work: degradable + not recyclable

+  H,N—( Ar NH,
opp R
— b) this work: degradable + recyclable
+  HoN Ar NH

Fig. 1 Schematic scheme of (a) non-recyclable TDPP-based polymers and (b) recyclable TlI-based polymers.
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Fig. 2 (a) Synthetic scheme of TII-(CHO), and TlI polymers; (b) UV-vis-NIR

with branched alkyl side chains. We selected p-phenylene-
diamine (PD) and 2,6-naphthalenediamine (2,6ND) as the
diamine compounds because PD is commercially available
and 2,6ND is easily prepared. The polymers were synthesized
via polycondensation reactions using a catalytic amount of
p-toluenesulfonic acid (PTSA) and an excess amount of
calcium chloride (CaCl,) as the drying agent (Fig. 2a).
Considering the solubility of diamines in polycondensation
reactions, we used toluene for p(TII-PD) and chlorobenzene for
p(TII-2,6ND), respectively. The polymers were purified by preci-
pitating the crude polymer solutions into methanol (MeOH),
followed by Soxhlet extractions to remove impurities and low
molecular weight oligomers. Owing to the slight and unclear
"H-NMR peak of the terminal formyl group, coming from low
solubility of both polymers, molecular weight could not be
obtained through end-group analysis.*®°” Therefore, the mole-
cular weights and dispersities (P) of the polymers were deter-
mined by high-temperature gel permeation chromatography
(HT-GPC) using 1,2,4-trichlorobenzene at 135 °C against poly-
styrene standards (Table 1, Fig. S6, and Table S17), a method
that is commonly used to determine the molecular weight of
many acid-degradable polymers.***”*' The M, values for
p(TI-PD) and p(TII-2,6ND) were 22.3 kDa and 19.2 kDa,
respectively, with dispersity values in the typical range for poly
(azomethine)s synthesized via imine polycondensation reac-
tions.>® Thermogravimetric analysis (TGA) results shown in
Fig. S7at and Table 1 indicate that these polymers exhibit
reliable thermal stability with a thermal decomposition temp-
erature (5% weight loss) above 330 °C, which is ideal for the
organization of the polymer into thin film microstructures
upon annealing. However, no noticeable thermal transitions

Table 1 Summary of polymer characterization

M, (kba) M, (kDa) P DP*  T4%(°C)
p(TTI-PD) 22.3 154 6.91 20 356
p(TII-2,6ND)  19.2 85.8 448 17 332

“The degree of polymerization (DP) was calculated from M, results
from high-temperature gel permeation chromatography (HT-GPC). *
was determined from 5 wt% loss temperature in the TG curve.

© 2024 The Author(s). Published by the Royal Society of Chemistry

wavelength (nm)

spectra of polymer solutions (in chlorobenzene) and thin films.

were observed for both polymers (Fig. S7b and S7ct) in the
differential scanning calorimetry (DSC) profiles.

Optical and electrochemical properties

The optical energy gaps in solution and thin films along with
Enowmo and Erymo levels estimated by cyclic voltammetry (CV)
and the absorption maxima for each polymer are summarized
in Table 2. First, we examined the UV-vis-NIR absorption
spectra of p(TII-PD) and p(TII-2,6ND) in chlorobenzene solu-
tions and their thin films (Fig. 2b). In solution, p(TII-PD) and
p(TII-2,6ND) showed similar absorption profiles, including a
weak absorption band ranging from 300 nm to 500 nm and a
strong energy absorption band ranging from 500 nm to
900 nm continuously. The red-shifted absorption profiles in
thin films can be ascribed to the planarized polymer backbone
in the solid state, leading to enhanced intermolecular inter-
actions. The optical energy gaps of p(TII-PD) and p(TII-2,6ND)
thin films determined from the onset of absorption were
found to be 1.32 eV and 1.31 eV, respectively (Table 2). In the
CV curves, both polymers exhibited an irreversible oxidation
step, and a small irreversible reduction step was observed
(Fig. S87). Hence, the Eyomo values of both polymers were esti-
mated from the onset of the oxidation step in the CV curves,
and Erymo values were calculated using the difference between
the Egomo and the optical energy gaps for each polymer thin
film. From the oxidation onset potentials referenced to the Fc/
Fc' couple, Egomo and Epymo were estimated to be —5.21 eV
and —3.89 eV for p(TII-PD) and —5.22 eV and —3.91 eV for
p(TII-2,6ND), respectively (Table 2). Compared with previously
reported TII copolymers,*®*® these results indicate that the
imine-bond inserted between TII and aromatic units lowers
both HOMO and LUMO levels.

Degradation and recyclability studies

To quantitatively study the degradation of p(TI-PD) and
p(TII-2,6ND) (Fig. 3a), we used UV-vis-NIR absorption spec-
troscopy. At first, we monitored the time-dependent UV-vis-
NIR absorption profiles during polymer depolymerization in
chlorobenzene at room temperature (Fig. 3c-e). Both TII-based
polymers exhibited nearly the same degradation behaviour,
regardless of the benzene and naphthalene diamine mono-
mers, with the polymers undergoing complete depolymeriza-

RSC Appl. Polym., 2024, 2,163-171 | 165
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Table 2 Summary of optical and electrochemical properties of polymers p(TII-PD) and p(Tll-2,6ND)

Solution Film
ilm b d
Ao (nm) AL (nm)  EXTU(eV)  AMRT™A (nm)  ADW (nm) A0, (nm)  EQ™ (V) Euomo© (€V)  Erumo (€V)
p(TH-PD) 770 865 1.43 880 770 938 1.32 —-5.21 -3.89
p(TH-Z,ﬁND) 762 841 1.47 915 779 947 1.31 —5.22 —-3.91

“ B was calculated from AL . bEf‘““ was calculated from Afilm .

using Erymo = Enomo t+ Eg film,
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Fig. 3 Degradation studies: (a) synthetic scheme of polymer degradation; (b) pictures taken before and after polymerization of p(TII-PD); (c) pictures
taken before and after depolymerization of p(TII-PD) with TFA solution; UV-vis-NIR spectra during polymer degradation of (d) p(TlI-PD) and (e)
p(TlI-2,6ND); the protonated aromatic-quinoidal transition for (f) p(TlI-PD) and (g) p(T1l-2,6ND), leading to red-shifted UV-vis-NIR spectra.

tion in one day. In the experiment, 250 pL of 1 M TFA(,q) was
added to each polymer solution (0.5 mg of polymers in 50 mL
of chlorobenzene). As the polymer degraded, the absorption
peaks of p(TI-PD) and p(TII-2,6ND) solutions rapidly red-
shifted after the addition of TFA, and these red-shifted peaks
gradually decreased over time (approximately 4 hours until the
peaks completely diminished). It is interesting to note the
largely red-shifted peak profiles of both polymers by ca.
100-150 nm after the immediate addition of TFA. These red-
shifted behaviours are hypothesized to be from the protona-
tion of the nitrogen atom in the imine bond. This hypothesis
is further supported by other protonated poly(azomethine)s in

166 | RSC Appl. Polym., 2024, 2,163-171

the literature,® %2

which undergo a structural polymer back-
bone alternation from an aromatic to quinoidal structure upon
acidification (Fig. 3f and g).

After one day, the blue-shifted absorption containing three
main peaks corresponding to the absorption profiles of the TII
unit appeared, indicating that the polymer chains were com-
pletely degraded, and the TII-(CHO), monomer was recovered
(Fig. 4a and b). Notably, the solution used for the degradation
studies displayed the same absorption profiles even after
6 months (Fig. 4a). This indicates that TII-(CHO), is chemically
stable under acidic hydrolysis conditions, originating from the
unique chemical character of the TII unit.’®>> We hypothesize

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of the pure and recycled TII-(CHO),: UV-vis-NIR absorption spectra of decomposed (a) p(TII-PD) and (b) p(Tll-2,6ND) solutions
after adding TFA solution, (c) the chemical structure and exact mass of TII-(CHO),, (d) *H-NMR assignment of recycled TlI-(CHO), from p(TlI-PD)
and p(TII-2,6ND), and (e) ESI-HRMS spectra of recycled TII-(CHO), from p(TII-PD) and p(TII-2,6ND).

that the TII framework adopts a planar and rigid structure due
to intramolecular sulfur-oxygen short contacts between the
annulated thiophene and the lactam core, contributing to its
overall chemical stability in the presence of acid. To recover a
large quantity of the TII-(CHO), monomer, we increased the
scale of polymer degradation to ca. 50 mg. p(TII-PD) and
p(TII-2,6ND) were dissolved in chloroform and 5 mL of 1 M
TFA(.q) was added. After 2 days of stirring at 45 °C to accelerate
imine hydrolysis, the crude mixture was poured into water and
extracted with dichloromethane. The TII-(CHO), extracted
from the organic layer was purified using silica gel chromato-
graphy, and we retrieved the pure TII-(CHO), from p(TII-PD) in
95% yield and p(TI-2,6ND) in 91% yield, respectively. The
recovered TII-(CHO), was fully characterized via "H-NMR and
ESI-MS (Fig. 4c-e and S91). Diamine monomers, PD and
2,6ND, were also isolated from the aqueous layer by NaOH
treatment followed by extraction with dichloromethane, and
finally both were characterized via "H-NMR (Fig. S1071) without
further purification. These results indicate that the TII-(CHO),
is a promising monomer unit for polymer recyclability in
organic electronics.

Following the recovery of TII-(CHO),, we synthesized
recycled polymers, re-p(TII-PD) and re-p(TII-2,6ND), using the
recovered TII-(CHO), monomer (Fig. 3b) under the same
polymerization conditions as for the pristine polymers. The
M, values of the recycled polymers were 28.8 kDa and

© 2024 The Author(s). Published by the Royal Society of Chemistry

21.6 kDa with dispersities of 6.9 and 4.0, respectively (Fig. S6
and Table S1t). We attribute the differences in M,, values of
the recycled polymers compared to those of the pristine poly-
mers to batch-to-batch variations. From the 'H-NMR results,
both recycled polymers show the same spectra as the pristine
polymers (Fig. S117).

Charge carrier transport properties

To evaluate the charge carrier transport properties of the pris-
tine and recycled polymers, we fabricated FET devices with a
bottom-gate, top-contact configuration with Au source and
drain electrodes. The active layer was spin-coated on n-doped
Si substrates treated with octadecyltrimethoxysilane (OTMS)
on the surface (300 nm SiO, layer),%® and the as-spun films
were heat-annealed at 250 °C for 15 minutes in a glovebox.
Finally, Au source/drain electrodes were deposited onto the
active layer under vacuum, with 50 pm channel length and
1000 pm channel width. All measurements were conducted
under vacuum, and the extracted FET parameters are summar-
ized in Table 3, wherein we estimated the mobilities from the
saturation regions. Thin films of freshly prepared p(TII-PD)
and p(TII-2,6ND) exhibited typical p-channel behaviours, as
anticipated from the HOMO and LUMO levels calculated from
the redox and the optical properties (Fig. 5a, b, S8, S12,1 and
Table 2). The average hole mobilities of both pristine polymers
are in the order of 107 ecm?® V™' s7!, whereas thin films of

RSC Appl. Polym., 2024, 2,163-171 | 167
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Table 3 Summary of extracted FET parameters

avea max I

—3 241 1 h —3 241 -1 on

(107 em*V s (1077 em*VisT) Vi (V) Toge

Pristine p(TII-PD) 4.4+0.7 5.8 -4.5+4.7 10°

Pristine p(TII-2,6ND) 6.9 + 4.5 16.2 -18.9+7.9 10°

Recycled re-p(TII-PD) 9.1 +3.7 18.3 -11.4 +4.6 10°

Recycled re-p 14.1 + 3.0 19.6 -1.9+7.0 10*
(T1I-2,6ND)

“ ™€ was calculated from at least 10 devices.

a) pristine p(TII-PD) b)

pristine p(TIl-2,6ND)
4

0
-100 -50 0
Vg V)

c) recycled p(TlI-PD) d) recycled p(TlI-2,6ND)

10

Fig. 5 Typical transfer curves of pristine polymers (a) pristine p(TIl-PD)
and (b) pristine p(TlI-2,6ND) and recycled polymers (c) re-p(TlI-PD) and
(d) re-p(TlI-2,6ND). AFM height images of thin films of (e) p(TII-PD) and
(f) p(T11-2,6ND) with 500 nm scale bar.

p(TI-2,6ND) exhibited better FET performance with the
maximum mobility of 0.016 cm® V™' s7' than those of
p(TL-PD). Additionally, we evaluated charge carrier transport
properties of the thin films of the recycled polymers, re-p
(TI-PD) and re-p(TII-2,6ND) (Fig. 5¢, d, and S137), and the
extracted data are summarized in Table 3. Both recycled poly-
mers showed typical p-channel gate moderation with mobili-
ties in the order of 107>-107% em® V™' s, similar to the pris-
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tine polymers, confirming the chemical recyclability of TII-
based polymers without a loss in performance. Differences in
performance between the pristine and recycled polymers are
attributed to the increase in molecular weight of recycled poly-
mers compared to pristine polymers (Fig. S6 and Table S17).
We note that there is room for improving FET mobilities by
changing the molecular design to adopt these materials for
various applications.

Thin film morphology

To examine the interchain packing and orientations of the
polymer thin films annealed at 250 °C, grazing incidence
wide-angle X-ray scattering (GIWAXS) and atomic force
microscopy (AFM) measurements were performed (Fig. 5e, f,
and S14f) and the results are summarized in Table 4.
According to GIWAXS patterns (Fig. S147), thin films of both
p(TI-PD) and p(TII-2,6ND) adopt similar microstructures,
wherein both thin films display an edge-on and face-on mixed
bimodal orientation with intense (100) lamellar scattering up
to (200) order diffraction in both out-of-plane and in-plane
directions. The corresponding out-of-plane and in-plane lamel-
lar distances were 27.94 A and 26.48 A for p(TI-PD) and
25.47 A and 25.06 A for p(TII-2,6ND), respectively. Both poly-
mers displayed out-of-plane (010) diffraction peaks corres-
ponding to m-n stacking distances of approximately 3.5 A,
which further supports the presence of bimodal polymer orien-
tations. To gain further insight for examining thin film micro-
structures, we estimated the crystal coherence length (CCL)
from out-of-plane (010) and in-plane (100) peaks.’®>> The
larger CCL values of p(TII-PD) than those of p(TII-2,6ND) indi-
cate that densely packed intermolecular aggregates are formed
in thin films, which is desirable for charge carrier transport.
However, the resulting FET characterizations do not agree with
this trend; p(TII-2,6ND) showed slightly improved charge
carrier mobility compared to p(TII-PD).

To study the origin of different FET performances, we exam-
ined the thin film morphology by atomic force microscopy
(AFM). We note that the AFM images represent the top of the
thin films and are a proxy for the morphology in the channel,
as AFM of the bottom interface was difficult to obtain without
surface damage due to repetitive transfers. We observed quite
different morphologies in the AFM height images. Thin films
of p(TI-PD) showed continuous nanofibril networks with
many void-like structures, whereas thin films of p(TII-2,6ND)
showed larger bundle-like aggregates connecting each domain
(Fig. 5e and f). RMS roughness was 5.2 nm for p(TII-PD) and
7.5 nm for p(TII-2,6ND), and these results support the bundle-
like large crystalline morphology in p(TII-2,6ND). When con-
sidering lamellar distances, p(TII-2,6ND) exhibited shorter dis-
tances by around 2 A in both out-of-plane and in-plane direc-
tions than p(TI-PD), implying closer intermolecular inter-
actions. This compact interchain packing would be associated
with different thin film morphologies when observed by AFM.
We hypothesize that the large bundle-like assembly made of
p(TII-2,6ND) would contribute to the higher FET performance
observed than that of p(TII-PD).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Morphological properties of polymer thin films

Out-of-plane In-plane

Lamellar spacing® (A) ccL’ (A) n-n stacking “(A) ccL (A) Lamellar spacing® (A) ccL? (A)
p(TII-PD) 27.94 N/A 3.56 37.2 26.48 308.1
p(TII-2,6ND) 25.47 N/A 3.54 18.6 25.06 67.5

“Estimated from the primal (200) peak. ?It was impossible to calculate due to the X-ray leakage. “n-n stacking was estimated from the (010)
peak. ¢ The CCL was calculated using the Scherrer equation. ¢ Estimated from the primal (100) peak.

Conclusions

Incorporation of acid-stable monomeric units allows for recycl-
ability in imine-based semiconducting polymers. In this study,
we synthesized and characterized the chemical recyclability of
two TII-based copolymers bearing imine bonds, p(TII-PD) and
p(TII-2,6ND). Both polymers were synthesized by a polycon-
densation reaction using TII-(CHO), with PD and 2,6ND mono-
mers, respectively. The two polymers exhibited similar optical
and redox properties, and incorporation of the imine bond
along the polymer backbone was found to lower both HOMO
and LUMO levels. In the degradation studies, both polymers
showed good degradability through rapid proton-doping
before imine bond cleavage. The TII-(CHO), monomer showed
high chemical stability under acidic conditions, allowing for
isolation of the monomer in over 90% yield from depolymer-
ized products. The recovered monomer can subsequently be
used to prepare the recycled polymers of p(TII-PD) and
p(TII-2,6ND). Remarkably, the electrical properties of the
recycled polymers showed FET mobilities comparable to those
of the pristine ones. Overall, we demonstrated the closed-loop
chemical recycling of two semiconducting polymers based on
TII monomers. The results obtained from this study suggest
that the TII building block is a promising unit for constructing
chemically recyclable semi-conducting polymers for organic
electronics. We hope that the design parameters discussed
herein will guide future design of degradable semiconducting
polymers, with careful consideration placed on ensuring that
the by-products are stable and ideally non-toxic at the quan-
tities used in future applications.
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