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Introduction

Polyurethane foam acidolysis with carboxylic
acids: acid structure dictates N-containing product
distribution and kinetics¥

Zach Westman,? Manasa Perikala,® Xinyi Wu,? Kelsey Richardson, (2@
Christopher S. Letko, Vojtech Vicek,®® Phillip Christopher {2 *? and
Mahdi M. Abu-Omar () ¥2®

Obtaining circularity will be essential in managing plastic waste and moving towards sustainable materials.
Chemical recycling offers a pathway to obtain valuable molecules from plastic waste, closing the loop on
what is currently a linear economy. Here, we report on the chemical recycling of polyurethane foam
(PUF) via acidolysis with dicarboxylic acids (DCAs) to release value-added molecules. While previous work
has explored recovery of the recycled polyol (repolyol), we focus in this report on elucidating the product
distribution and kinetics of the nitrogen-containing products from the acidolysis reaction. Using Nuclear
Magnetic Resonance (NMR) spectroscopy and Ultra-High Pressure Liquid Chromatography - Mass
Spectroscopy (UPLC-MS), we demonstrate how acid loading and structure influence product distribution
of acidolysis. The use of excess acid can eliminate oligomeric content and aromatic amines from the
product mixture. With DCAs composed of 2 or 3 carbons between the carboxylic acid groups, we
observe the formation of imide products during acidolysis, which has only very recently been reported in
the literature. Furthermore, the kinetics of imide formation were investigated and modeled for glutaric
acid (GA) and succinic acid (SA), which form 6- and 5-membered cyclic imides, respectively. Di-imide for-
mation with SA proceeds without accumulation of intermediates and is an order of magnitude faster than
imide formation with GA, for which an amide-imide intermediate is detected and the rate of reaction is
sensitive to steric hindrance. This report offers fundamental insights into the N-containing products
formed during acidolysis, which will aid scale-up of closed-loop chemical recycling processes.

outpacing waste management strategies; only 10% of plastic
waste is recycled, and an estimated 4900 Mt - a staggering

Polyurethanes (PUs) are versatile condensation polymers pro-
duced from the reaction of isocyanates and polyols. PUs are
the 6™ most produced polymer worldwide and the basis of
many important consumer products, including mattresses,
automotive components, and insulation, among others."?
Global annual PU production reached 25.8 million metric tons
(Mt) in 2022 and is expected to increase to 31.2 Mt by 2030.>
The rapid increase in plastic production and consumption is
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60% of all plastic ever produced - has been discarded and is
accumulating in landfills and the environment.*® 50% of PU
waste is currently landfilled.”

As the world transitions to more sustainable practices, it is
critical to develop circularity in plastic waste management.
Landfilling and incineration result in the loss of the material
and any value associated with it. Recycling offers a route to
recover value from PU waste but is not yet sufficiently devel-
oped. Products of mechanical PU recycling possess inferior
physical properties and reduced recyclability compared to the
virgin plastic.” ' Thus, mechanical recycling alone does not
achieve full circularity, as resins cannot be used past a certain
number of cycles.”'" Reprocessing of PU thermoset materials
using carbamate exchange to partially decompose and re-cross-
link the polymer network has received recent interest in the lit-
erature as an alternative to mechanical recycling."*™"” The
addition of carbamate exchange catalysts such as dibutyl tin
dilaurate (DBTDL) during melt-state processing such as com-
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pression molding and twin-screw extrusion can enable the
reconstruction of covalent adaptable networks (CANs) in PU
thermosets to form new materials with robust mechanical pro-
perties, circumventing some of the limitations of mechanical
recycling. However, carbamate exchange reprocessing is still
underdeveloped and has limitations at present, including the
necessity of a catalyst and difficulty processing PUFs; notably,
foam-to-foam recycling has only very recently been demon-
strated on a laboratory scale.'®

Chemical recycling is an emerging strategy to manage
plastic waste. In contrast to mechanical recycling, chemical re-
cycling uses catalysts and/or reagents (i.e. chemolysis) to cleave
polymer bonds, resulting in valuable monomers that can sub-
sequently be used to make new plastic materials. Unlike poly-
olefins, PU materials contain reactive C-O and C-N bonds that
allow for facile polymer deconstruction with reagents such as
glycols, acids, amines, and water without an additional depoly-
merization catalyst.'® Chemical recycling via depolymerization
with glycols (glycolysis) and carboxylic acids (acidolysis) have
both been explored to a limited extent on an industrial scale
as a method to recover polyol from polyurethane foams (PUFs)
for use in new PU formulations.'®** However, the design
space for both reactions remains underdeveloped, particularly
related to the influence of chemical reagent structure on acido-
lysis rates and product scope, and more work must be done to
advance towards a circular PU economy.

Acidolysis is the reaction of PUF with an acid, typically a
dicarboxylic acid (DCA), to produce polyol, CO,, H,0O, and
nitrogen-containing byproducts that result from reaction of
the isocyanate segment of PUF with the depolymerization
reagent. Because the polyol is the major mass component of
most PUF formulations recovery of polyol has been the focus
of most acidolysis studies. For example, we recently found that
the proximity of a DCA’s two carboxyl groups influences the
rate of polyol release during acidolysis of flexible PUF, provid-
ing insights into DCA selection for optimizing polyol release
kinetics.”> However, isocyanates represent approximately
30-40% of the mass of a typical flexible PUF formulation, and
thus it is important to consider utilizing fractions originally
coming from isocyanate species. Few studies have focused on
recovering and valorizing isocyanates and isocyanate deriva-
tives from PU chemical recycling schemes.

Previous literature analyzing N-containing products from
PUF acidolysis has predominantly reported amide
products,>*° although some studies have reported aromatic
amine formation as well.”” We have previously demonstrated
that amides obtained from PUF acidolysis with maleic
acid (MA) can be separated from the reaction mixture via
liquid-liquid extraction and subsequently hydrolyzed to gene-
rate toluene diamine (TDA), a precursor to toluene diisocya-
nate (TDI).>° A very recent report described the recovery of ani-
lines from a combined acidolysis-hydrolysis process.*®
Isocyanate  recovery from  non-acidolysis  chemical
recycling schemes is gaining traction as well. For example, a
B-chlorocatecholborane-mediated depolymerization = was
recently used to directly regenerate isocyanates (mainly methyl-
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ene diphenyl diisocyanate (MDI)) from PU thermoset and ther-
moplastic materials.”® In addition, tert-amyl alcohol-mediated
solvolysis was shown to produce polyol and aromatic diamines
from a variety of PU materials, including flexible and rigid
foams.*® Nevertheless, the N-containing products from acidoly-
sis have generally received little attention in literature. As a
result, the influence of acid chemical structure and reaction
conditions on the formation kinetics and product distribution
of N-containing products is not well understood. Effective sep-
arations and utilization of N-containing byproducts from
recycled polyol generated during acidolysis is one of the main
limitations preventing commercialization of acidolysis pro-
cesses."® Controlling the product distribution from PUF acido-
lysis may aid the separation and eventual utilization of
N-containing products.

In this study, we examine the influence of dicarboxylic acid
structure on the product distribution and kinetics of
N-containing PUF acidolysis products. Prior literature on PUF
acidolysis used acid loadings either sub-stoichiometric or near
stoichiometric with urethane bond content. By increasing acid
loading, we demonstrate that the N-containing product distri-
bution can be simplified; with at least 2:1 DCA:PUF molar
loadings, aromatic amines and oligomeric content can be elimi-
nated from the product stream. Notably, in addition to the
amine and amide products previously reported in literature, we
observe imide products from PUF acidolysis resulting from ring-
closing reactions of amides. DCA carboxyl proximity is shown to
be relevant to imide formation; performing acidolysis with
diacids that have carboxyl groups separated by fewer carbons
result in imide products, while diacids with more carbons separ-
ating the acid carboxyl groups, as well as monoacids (benzoic
acid), only form amide products. Finally, we probe the kinetics
of imide formation during PUF acidolysis with glutaric acid (GA)
and succinic acid (SA) using Nuclear Magnetic Resonance
(NMR) spectroscopy and provide mechanistic insights into the
formation of imide products with 5- and 6-membered rings.
Thus, this work along with our previous study demonstrates that
DCA carboxyl-to-carboxyl distance influences polyol and
N-containing product release kinetics and N-containing product
distribution during PUF acidolysis.>® This work provides a funda-
mental framework for understanding the mechanism and kine-
tics of N-containing product formation from PUF acidolysis,
which may facilitate the design of PU chemical recycling
schemes for a circular plastic economy.

Experimental section

Materials

The model PUF (M-PUF) sample was synthesized at The Dow
Chemical Company (Dow) following the formulation listed in
Table S11 and provided as a white-colored slab. More detailed
preparation and characterization of the PUF materials used is
provided in our previous publication.?® Succinic acid (>99%),
phthalic acid (PA) (>99.5%), glutaric acid (99%), adipic acid
(AA) (99%), pimelic acid (PiA) (98%), and benzoic acid (BA)

This journal is © The Royal Society of Chemistry 2024
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(>99%) were purchased from Sigma-Aldrich. Ethyl acetate
(EtOAc, ACS reagent >99.5%) was purchased from Sigma-
Aldrich. Hexadeuterated dimethyl sulfoxide (DMSO-dg, 99.9%)
was purchased from Cambridge Isotope Laboratories Inc.
Industrial grade liquid nitrogen (N,) was purchased from
Airgas. Silicone oil for oil baths was purchased from Sigma-
Aldrich. All purchased chemicals were used as received.

Grinding pre-treatment

Before the acidolysis reaction, both model PUF and EOL-PUF
chunks were ground into smaller particles. The chunks of flex-
ible foam were first flash frozen in liquid nitrogen to increase
their brittleness and transferred subsequently into a grinder
equipped with cross blades. After grinding, the particle size of
model PUF was determined by SEM to be between
500-2000 pm, while the EOL-PUF particles were around
155-750 pm.

Characterization of M-PUF

We have previously performed characterization of the starting
M-PUF material via TGA, SEM, and ATR-FTIR.*® It is worth
noting that based on the foam formulation, urethane bonds
make up a relatively small fraction of the total composition of
the foam (33% molar basis). Most of the bonds (~67% molar
basis) are assumed to be urea bonds formed from the reaction
of isocyanate and water. The TGA of the foam was consistent
with these ratios, with approximately 71% of the mass of the
M-PUF being attributed to release of polyol from decompo-
sition of urethane bonds, followed by decomposition of the
polyether ether linkages and volatilization of the resulting
decomposition products.

Acidolysis experiments

PUF acidolysis was carried out using round-bottom flasks in
an oil bath. Briefly, 0.5 g shredded M-PUF and a specified
amount of acid (1.5 g unless otherwise stated) were added to a
25 mL round-bottom flask with a stir bar. The flask was
shaken using a vortex mixer to ensure reactants were initially
well-mixed, then attached to a short-path distillation head to
prevent most of the water, acid, and other volatile species from
escaping the system during reaction. The gas outlet was con-
nected to Tygon® tubing; the outlet of the tubing was placed
in a beaker of water such that atmospheric pressure inside the
system could be maintained without introducing air to the
system. Before reaction, the entire system was purged with
100 cm® min™" N, for at least 5 minutes to prevent oxidative
side reactions. After purging, the flask was lowered into the oil
bath and heated at the reaction temperature for the specified
reaction time. The magnetic stir bar was set to 350 rpm. After
reaction, the flask was removed from the oil bath and
quenched in ice water for ca. 5 minutes. Unless otherwise
specified, the product mixture (which in most cases was a
solid or semisolid due to the large excess of acid) was extracted
directly from the round-bottom flask using a spatula and used
for further analysis.

This journal is © The Royal Society of Chemistry 2024
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Isolation of GA N-containing acidolysis products

For detailed characterization of peaks assigned to amides in
"H NMR, N-containing products from a GA acidolysis reaction
at 185 °C were isolated for 2D NMR analysis. A reaction time of
4 hours was chosen, as "H NMR of GA acidolysis products
showed the highest concentration of amide-imide intermedi-
ates at this time (Fig. S23t). A reaction was run as described
above, with the following changes to the procedure: 3 g M-PUF,
3 g GA, 50 mL round-bottom flask. After thermally quenching
in an ice water bath, 40 mL ethyl acetate (EtOAc) was added to
the reaction flask. The flask was vigorously mixed via vortex
mixer and manual shaking for ca. 5 minutes to solubilize
excess acid and polyol. The contents of the flask were trans-
ferred to a 50 mL centrifuge tube and centrifuged for
10 minutes at 5000 rpm. After centrifugation, the top (EtOAc)
phase was extracted via pipette and discarded; the remaining
dark brown solid was dried overnight under vacuum. The dry
solid was then characterized via NMR (see below).

Nuclear magnetic resonance (NMR) spectroscopy analysis

Samples for NMR were prepared as follows: 150 mg of sample
was extracted from the round-bottom flask after the reaction
was quenched and placed in a 3-dram vial. The sample was
then dissolved in 600 pL DMSO-dg; in kinetic experiments,
25.0 mg of maleic acid (MA) was added as an internal stan-
dard. All NMR samples were run on a Bruker Avance NEO
500 MHz equipped with a 5 mm CryoProbe Prodigy BBO probe
with Z-axis PFG.

Ultra-high-pressure liquid chromatography - mass
spectrometry (UPLC-MS) analysis

UPLC-MS was carried out on a Waters Acquity H-class Ultra
High-Pressure Liquid Chromatography (UPLC) system coupled
with a Waters Xevo G2-XS Time-of-Flight Mass Spectrometer.
The system employs a Waters Acquity H-class Quaternary
Separations Module. Briefly, 1 mg sample was dissolved in
1 mL methanol (MeOH) and placed in the sampler. The injec-
tion volume was 0.5 pL, with a solvent (MeOH) flowrate of
0.5 mL min~". All samples were run on bypass.

Kinetic modeling

Kinetic modeling of amide & imide formation was performed
using NMR integrals obtained from analysis in MestReNova
and fit using MATLAB R2024a. Each 'H NMR spectrum was
baselined using a polynomial fit and phase corrected. NMR
integrals were found with respect to the internal standard
(MA) using MestReNova’s line fitting tool. For PUF acidolysis
kinetics using GA, the amide region (§'H = 10.1-9.1 ppm) was
considered; for PUF acidolysis kinetics using SA, it was more
straightforward to analyze the methyl region (§'H =
2.5-1.5 ppm). Integrals were converted to moles using the
internal standard. Four species were identified for kinetic ana-
lysis for PUF acidolysis with GA (2,4- and 2,6-diamide,
2-amide-4-imide, and 2-amide-6-imide) and two were identi-
fied for PUF acidolysis with SA (2,4- and 2,6-diimide). Kinetic

Polym. Chem., 2024,15, 4741-4752 | 4743
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models were fit using the lsqnonlin function in MATLAB (see
ESIT for details on kinetic models). Arrhenius plot linear
regressions were calculated using Origin 2024.

Results & discussion

To explore the influence of acid loading, acid structure, and
temperature on the N-containing product distribution, PU acido-
lysis studies were carried out using a model flexible poly-
urethane foam (M-PUF). The M-PUF was synthesized using TDI,
which contains an isomeric mixture of 2,4-TDI and 2,6-TDI in a
molar ratio of approximately 4 : 1, respectively, and VORANOL™
8136, a three-arm, glycerine-initiated polyether polyol with
hydroxyl-equivalent molecular weight of 1030 g mol™" (see
Experimental section, M-PUF synthesis & characterization for
details). Experiments were conducted in a 25 mL round-bottom
flask at temperatures between 165-195 °C using pre-shredded
M-PUF to remove the influence of mass and heat transfer limit-
ations (Experimental section, acidolysis experiments). A similar
setup has been demonstrated to be effective for measuring the
kinetics of polyol release from M-PUF acidolysis and details of
the apparatus are provided in the previous report.>

The stoichiometry of M-PUF acidolysis is summarized in
Scheme 1, using GA as an example. Both urethane and urea
bonds undergo acidolysis. Reaction of the urea bond with GA
initially forms an amide, an amine, and CO, (1a). The amine
can subsequently react with GA to produce a second (identical)
amide, as well as H,O (1b). Similarly, a urethane bond can react
with GA to produce an amide product and a polyol (2).
Macroscopic kinetics demonstrate similar rates of acidolysis of

Urea bond acidolysis

View Article Online
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urethane and urea bonds by DCAs, although the microkinetics
of the reaction may be influenced by the complex physical struc-
ture of PUFs. Amides from the decomposition of either bond
may undergo a subsequent ring-closing reaction to form an
imide and H,O, a step which will be discussed in detail below
(3). The polyol -OH groups have been shown to undergo esterifi-
cation with excess acid to produce a polyol ester (Fig. $11).>>*7?
Assuming esterification and reaction of amines with DCAs occur
on a similar timescale to urethane/urea bond cleavage, this stoi-
chiometry suggests that a minimum 2 :1 molar ratio of DCA to
isocyanate -NCO groups in the foam formulation (i.e., to both
urethane and urea bonds) is required to guarantee complete
decomposition of PUF materials.

Concentration dependence of N-containing product
distribution

To investigate the effect of acid loading on nitrogen-containing
product formation, M-PUF acidolysis with SA was run at low
acid loadings. Fig. 1 shows '"H-'°N Heteronuclear Multiple
Bond Correlation (HMBC) NMR spectra of the products from
acidolysis of 500 mg M-PUF with 125 mg SA (appx. 1:1 moles
SA:moles -NCO) versus 375 mg SA (appx. 3:1 moles
SA:moles -NCO) at 175 °C for 1 hour. At 1:1 molar SA
loading, four distinct nitrogen environments were observed,
Fig. 1(a) (see ESIf for detailed assignments). Signals at §'°N ~
60 ppm are attributed to free amines in the reaction mixture.
The cross signals at §'H = 6.70, 6.47 & 2.08 ppm are consistent
with the aromatic -CH and methyl -CH; protons of 2,4-TDA,
respectively. The direct -NH, signal of 2,4-TDA was not
observed in the HMBC NMR spectrum, possibly due to rapid

O p T e 2 N
\g/ | op + | J N /H\ - n + | = + CO, (1a)
H,N ) N
2 I S + Il — N \‘»"'/'4"“'\//'”‘"'[/‘\’ + o (1b)
2 T s ° ° Y,
Urethane bond acidolysis
4 N\
\I(])/ . . — ' I + + co, 2
. J
Amide dehydration to imide
" [2,4] (80 mole %) [2,6](20 mole %)
I —_— R 4\©/
-

Scheme 1 Reaction stoichiometry of acidolysis of a flexible PUF with GA. (1a) Reaction of a urea bond to produce an amide, amine, and CO,; (1b)
reaction of amine intermediate with excess GA to produce an amide and H,O; (2) reaction of a urethane bond to produce an amide, polyol, and
CO;; (3) reaction of an amide product to produce and imide and H,O. Legend: aromatic groups in most flexible PUFs are derived from TDI, which is
synthesized as an isomeric mixture of 2,4-TDI (80 mol%) and 2,6-TDI (20 mol%).
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Fig. 1 'H-'>N HMBC NMR of M-PUF acidolysis with SA using (a) stoichiometric (~1:1 moles SA:moles —NCO) acid loadings and (b) excess

(~3:1 moles SA: moles —NCO) acid loadings. Reaction conditions: 0.5 g

M-PUF, 195 °C, 1 hour under a N, atmosphere. After 1 hour, the reaction

was quenched in ice and a 150 mg sample was extracted and dissolved in DMSO-dg for NMR analysis.

proton exchange with water generated during the reaction.
Signals at §"°N ~ 100-110 ppm and §'H ~ 8.0-10.0 ppm are
attributed to -NH groups of oligomeric ureas, indicating that
the reaction was incomplete at stoichiometric acid loadings.
Signals at §"°N ~ 125-135 ppm and 6'H ~ 9.0-10.5 ppm were
assigned to -NH amide groups. Finally, signals at §"°N =
187-191 ppm were assigned to imide groups; this assignment
will be discussed in detail below. Because imides contain no
direct N-H bonds, only the protons of CH, groups 2-3 bonds
away from imide N atoms are visible in the HMBC NMR.
Aromatic -CH imide groups were observed at §'H =~
6.0-8.0 ppm, aliphatic ~-CH, groups were visible at §'H =
2.6-3.0 ppm, and the peak at §'H = 2.13 ppm was assigned to
the methyl -CH; of the 2,4-diimide (SA-2,4-DI).

In contrast, the "H-">N HMBC NMR spectrum of the reac-
tion run with excess DCA (~3:1 moles SA:moles -NCO)
showed aromatic and aliphatic peaks associated with only
amide and imide products, Fig. 1(b). No urea content was
observed, suggesting that the M-PUF was fully decomposed
after 1 hour reaction time. Polyol release from PUF acidolysis
with SA at 195 °C has been observed via monitoring of CO,
evolution to be complete in ca. 5 minutes, albeit with a larger
excess of SA (~12:1 moles SA: moles -NCO).** Signals corres-
ponding to aromatic amines were also not detected at this acid
loading, consistent with the reaction of all amine intermedi-
ates with excess SA.

Overall, decreasing the complexity of the product distri-
bution from PUF chemical recycling schemes is desirable from
a process standpoint, as it can make post-reaction separations
and treatments easier. In particular, the formation of aromatic
amines during PUF acidolysis is undesirable, as there are
limits to the level allowed in the recycled polyol. The results in

R

This journal is © The Royal Society of Chemistry 2024

Fig. 1 demonstrate that the use of excess acid is crucial to
ensure complete depolymerization during PU acidolysis reac-
tions. It is important to stress that both urethane and urea
bonds must be taken into account when calculating acid
loading, as both bonds react at similar apparent rates during
PUF acidolysis with DCAs,*® and the secondary reactions of
amines and polyols with DCAs occur at similar rates to the
initial urethane/urea cleavage. Previous studies have almost
exclusively used sub-stoichiometric acid loadings.>*>%27:3%34
Using the M-PUF foam formulation studied here as a basis,
the minimum required mass ratios to ensure complete PUF
decomposition for various DCAs are: 1.0:2.1 (SA:M-PUF),
1.0:1.7 (AA: M-PUF), 1.0: 1.5 (PA: M-PUF). Note that these cal-
culations assume that only one carboxyl group per acid mole-
cule reacts; the validity of this assumption will be discussed in
more detail below. As a result, we hypothesize that the pres-
ence of aromatic amines, oligomeric ureas, and TDA/amide-
terminated polyols reported in previous studies are a result of
sub-stoichiometric acid loadings and can be mitigated by the
use of excess acid.

Imide formation during acidolysis

With an understanding of how acid loading influences the
product distribution, we turned next to the case where acid is
in large excess. To study how the product distribution changes
as a function of acid structure, we characterized products of
PUF acidolysis reactions using five DCAs and benzoic acid
(BA), a monocarboxylic acid (Table S1}) with both NMR and
UPLC-MS. Reactions were run for 2 hours at 195 °C using 0.5 g
M-PUF and 1.5 g DCA (BA acidolysis was run for 24 hours due
to the significantly slower rate of PUF decomposition observed
with monocarboxylic acids). Fig. 2 shows the "H NMR spectra

Polym. Chem., 2024,15, 4741-4752 | 4745
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Fig. 2 'H NMR spectra (amide region) of the products of PUF acidolysis with varying acids (structures shown on right). All reactions were run with
0.5 g M-PUF and 1.5 g DCA at 195 °C for 2 hours under an N, atmosphere, excepting BA, which was run for 24 hours. Signals marked with * are con-

taminants and are not believed to be signals resulting from acidolysis.

of the resulting M-PUF acidolysis products for all the acids
tested. Interestingly, the N-containing product distribution
varied with acid structure. When using SA and PA as reagents
no signals appear in the amide region (§'H = 9-11 ppm), indi-
cating transformation of all amide species to imides, while for
acidolysis using AA, PiA, and BA peaks corresponding to their
respective 2,4- and 2,6-diamides were present. Unlike the other
acids, when using GA as an acidolysis reagent five peaks
appeared in the amide region. Peaks at '"H = 9.19 ppm and
9.76 ppm were assigned to GA-2,4-diamide (GA-2,4-DA); the
peak at 6'H = 9.30 ppm was assigned to GA-2,6-diamide
(GA-2,6-DA). Based on the imide formation observed during SA
acidolysis, the other two peaks (5'H = 9.85 and 9.22 ppm) were
assumed to be mixed amide-imide intermediates. To sub-
stantiate these assignments, the N-containing products from
PUF acidolysis with GA were isolated and characterized via
NMR (see Experimental section for details). '"H-*C HMBC
NMR was used to assign the peak at §'H = 9.85 ppm to GA-2-
amide-4-imide (GA-2,4-AI) and the peak at §'H = 9.22 ppm to
GA-2-amide-6-imide (GA-2,6-Al) (Fig. S21). The 2D NMR was
also used to distinguish between the -NH signals of GA-2,4-
DA. The peak at §'H = 9.19 ppm was assigned to the para-
amide, while the peak at 6'"H = 9.76 ppm was assigned to the
ortho-amide (see ESIf for explanation of peak assignments).
The aromatic and aliphatic regions of the "H NMR were con-
sistent with the product assignments for all reactions (Fig. S3-
S71).

To confirm assighments from "H NMR, UPLC-MS was also
used to characterize acidolysis products. Fig. 3 shows represen-
tative UPLC-MS spectra of M-PUF acidolysis reactions that
produce only imides (SA reagent), only amides (PiA reagent),
and a mixture of amide and imide species (GA reagent). The

4746 | Polym. Chem., 2024, 15, 4741-4752

UPLC-MS spectra of products from the reactions using SA and
PA showed species with masses of 309.08 and 383.10 g mol ™,
respectively, consistent with the formation of diimide species
(Fig. 3(a) and Fig. S8, S91). The UPLC-MS spectra of products
from acidolysis reactions using GA had signals corresponding
to not only the diamide species (373.15 g mol™"), but also
amide-imide (355.15 g mol™") and diimide (337.13 g mol™)
species (Fig. 3(b) and Fig. S10%). Finally, the UPLC-MS and
NMR spectra of the products of M-PUF acidolysis with PiA, AA,
and BA showed only the diamide product at 429.21 g mol™,
401.17 g mol™", and 331.14 g mol ™, respectively (Fig. 3(c) and
Fig. S11-S137). It is worth noting that ‘acid-bridged’ amide/
imide dimers were also observed in the UPLC-MS of reactions
with GA, AA, and PiA (Fig. S10-S12}). These species result
from the reaction of both carboxyl groups on a single DCA
molecule with urethane/urea/amine moieties. These species
are low in concentration relative to monomeric amides &
imides, which is expected given the large excess of acid used
in these reactions.

Although 'H NMR and UPLC-MS suggested that amides
and imides were the predominant products, neither method
can directly interrogate the chemical environment of the imide
N. To validate assignment of imide species, "H-""N HMBC
NMR was performed on the products of M-PUF acidolysis reac-
tions (Fig. S14-5197). The "H-">’N HMBC NMR was consistent
with the assignments discussed above for products of acidoly-
sis with all acids; for acidolysis reactions using PA and SA,
cross signals were observed at §'°N > 160 ppm in the aromatic
(6'"H = 6.5-8 ppm) and aliphatic (§'"H = 2-3 ppm) regions of
the 2D NMR consistent with imide species, while spectra of
acidolysis reaction products using AA, PiA, and BA reagents
had cross signals at §'°N = 120-140 ppm in the amide (5'H =

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 UPLC-MS spectra of reaction products from M-PUF acidolysis with (a) SA, (b) GA, and (c) PiA. Reaction conditions: 0.5 g M-PUF, 1.5 g DCA,
195 °C, 2 hours under an N, atmosphere. After 2 hours, the reactions were quenched in ice, and a ca. 1 mg sample was extracted and dissolved in

methanol for UPLC-MS analysis.

9-11 ppm), aromatic, and aliphatic regions of the 2D NMR
consistent with amide species. The "H-'>N HMBC NMR of the
acidolysis reaction products using GA reagents had signals
corresponding to both amide and imide species.

Taken together, the UPLC-MS, "H NMR, and 'H-">N HMBC
NMR all suggest a trend between DCA carboxyl proximity and
their proclivity to form imide species during M-PUF acidolysis.
Performing acidolysis using DCAs with 2 or 3 carbons between
their carboxyl groups (SA, PA, & GA) yielded imide products
with 5- or 6-membered rings, respectively. When using SA & PA
as acidolysis reagents, imide products rapidly formed; by
2 hours at 195 °C, no amide species were detected. On the
other hand, M-PUF acidolysis reactions with GA, which form
imides with 6-membered rings, had a significant quantity of
diamides and amide-imides in the reaction mixture after
2 hours at 195 °C, suggesting that GA imide formation is
much slower than SA or PA imide formation. Acidolysis using
AA and PiA reagents, which would form imides with 7- and
8-membered rings, respectively, yields only amide products. It
is well-established that 7+ membered ring formation reactions
can be limited kinetically, thermodynamically, or both.>® BA
has no second carboxyl group that could participate in a ring-
closing reaction and it is thus not surprising that no imides
were formed during M-PUF acidolysis with BA.

Imide formation during PUF acidolysis has only very
recently been demonstrated in the literature.”® Our findings
agree with the recent report of formation of succinimide and
phthalimide products during PUF acidolysis with SA and PA
reagents. The formation of imides should be carefully con-
sidered when designing acidolysis processes, as their presence
may complicate — or simplify - the valorization of products
from PU acidolysis. As mentioned above, hydrolysis to amines
has been the only method explored for recovery of isocyanate-
based products from PUF acidolysis. Interestingly, higher
yields from both acid and alkaline hydrolysis of imides to TDA
as compared to hydrolysis of AA-based amides was recently
reported. Furthermore, the facile separation of succinimide

This journal is © The Royal Society of Chemistry 2024

products from the repolyol as compared to phthalimides or
the AA-based diamides was observed. While we did not exten-
sively study separation of imides and repolyol here, we found
that isolation of GA-amides/imides from repolyol was also
simple, as the N-containing products were solids with low solu-
bility in ethyl acetate and were therefore easily removed from
the reaction mixture (see Experimental section). On the other
hand, some imide moieties offer direct potential for reuse
without requiring an intermediate hydrolysis treatment. For
example, both PU and non-PU self-healing thermoset
materials have been directly synthesized via the reaction of bis-
maleimides with amine and furan groups.*®*® Imides formed
from the reaction of the M-PUF used in this study with MA
would form 2,4- and 2,6-bismaleimidotoluene, which could be
directly reused in a similar fashion to these studies. Thus, the
choice of acid reagent(s) could facilitate further novel uses of
imide products from PUF acidolysis processes.

It is also worth noting that acids that form imide products
also have faster kinetics for polyol release and therefore consti-
tute more efficient acidolysis reagents.>® Taken together, these
results suggest that reaction pathways that facilitate imide for-
mation are desirable over those that form amides. However,
the observation of diamide and amide-imide intermediates
after 2 hours at 195 °C during M-PUF acidolysis with GA
suggests that imide formation occurs on longer timescales
than polyol release, which occurs in minutes rather than
hours. If elucidated, the difference in timescales between the
completion of polyol release and the completion of imide for-
mation offers the potential to tune the N-containing product
distribution without affecting recovery of the polyol product.
More detailed kinetic studies of PUF acidolysis with DCAs that
result in imide formation to better understand the complex
evolution of various products are therefore merited.

Kinetics of imide formation

The formation of amide-imides mixed intermediates during
M-PUF acidolysis with GA reagents was particularly interesting,
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as the long timescale of reaction revealed mechanistic details
that were not observable during acidolysis using SA and PA
reagents. Notably, the GA-2-imide-4-amide (GA-2,4-IA) inter-
mediate was not observed in the 'H NMR of the product
mixture at any reaction time tested. This suggested that the
reaction of amide groups ortho to the methyl group of TDI-
based molecules is sterically hindered, and thus the reaction
of amide groups in the 4-position (para to the methyl) pro-
ceeds significantly faster. This is further supported by long
M-PUF acidolysis experiments using GA; "H NMR of a reaction
run for 120 hours at 195 °C showed peaks corresponding to
GA-2,6-DA, GA-2,4-Al, and GA-2,6-Al, while the peaks associ-
ated with GA-2,4-DA completely disappeared (Fig. S207).

To evaluate this further and to understand the timescales
of imide formation relative to CO,/polyol release, we investi-
gated the kinetics of imide formation during M-PUF acidolysis
with GA between 165-195 °C. For GA reagents, M-PUF acidoly-
sis reactions were run at time intervals between 30 minutes
and 24 hours. After each reaction, the products were quenched

(a)
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over ice, then extracted with no other post-reaction treatment
and analyzed by 'H NMR (see Experimental section for
details). The aromatic and aliphatic regions of the NMR were
difficult to extract kinetic information from, due to the overlap-
ping signals of many products, although methyl signals from
GA-2,4-DI and GA-2,6-DI (§'H = 1.99 and 1.65 ppm, respect-
ively) were qualitatively observed to increase throughout the
reaction, indicating the formation of GA diimide species.
However, the amide region proved reasonably simple to decon-
volute and was used to perform kinetic studies (Fig. S21-S237).
The concentrations of the four species observable in the
amide region of the "H NMR (GA-2,4-DA, GA-2,6-DA, GA-2,4-Al,
GA-2,6-Al) were calculated for each timepoint at each
temperature.

Scheme 2 depicts the proposed kinetic model used to fit
the time dependent product concentrations from M-PUF acido-
lysis by GA. It is clear from the accumulation of GA-2,4-Al
during the reaction that k; is faster than k,. Because GA-2,4-1A
is not observed during the reaction, a full kinetic model (with

(¢] (@]
OTNjO
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o o} o)
HNMOH O N o]
o] O k2 U
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Scheme 2 Proposed kinetic model for amide/imide formation during M-PUF acidolysis with GA. (a) Shows the reaction pathways of 2,4-isomers,
while (b) shows the reaction pathway of 2,6-isomers. Here we assume that the rate constant for the formation of an imide is dependent on its
location relative to the other groups on the ring but not the chemical identity of the other (non-reacting) N-containing group on the ring (i.e.,
whether it is an amide or an imide), resulting in a reduced model with three rate constants that can all be estimated with reasonable confidence

intervals.
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six rate constants) will not yield meaningful parameters for
reactions involving this species. We overcame this shortcom-
ing by assuming that the reaction rate of an amide on the ring
is independent of whether the other N-containing substituent
on the ring is an amide or an imide, simplifying the kinetic
model to three rate constants. In this model, the predominant
rate-controlling factor is assumed to be the steric environment
rather than electronic effects from the other (non-reacting)
N-containing group on the ring, resulting in rate constants
describing sterically similar imide formation reactions. The
validity of this assumption is vetted next. An alternative model
in which GA-2,4-IA is excluded entirely was also tested
(Scheme S1, Fig. S24 and Table S27).

Fig. 4 shows the concentration of the four measurable
amide species (dots), as well as the kinetic model fit (dashed
lines) for each species from M-PUF acidolysis reactions by GA
run at 165, 175 and 185 °C. We chose to stay well below 200 °C
in these reactions as thermal degradation of M-PUF is kineti-
cally accessible above these temperatures on the reaction time
scales used here and we wanted to focus specifically on acid
mediated reactions. The kinetic model generally provided an
excellent fit to the data, in support of the proposed mecha-
nism. The concentration of GA-2,6-Al was slightly underpre-
dicted by the model, but using an additional rate constant for
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the reaction of GA-2,6-AlI to GA-2,6-DI did not provide a signifi-
cantly better fit. The reaction rate constant k;, representative of
the reaction of the amide in the 4-position, was ca. 5x larger
than k, and ca. 2x larger than k;, which represent reactions of
amides in the 2-position, consistent with this reaction being
less sterically hindered by the methyl group. The kinetic
model excluding reactions involving GA-2,4-1A also provided a
reasonable fit to the data, but the extracted rate constants had
larger uncertainty than the model including GA-2,4-1A
(Fig. S24 and Table S27). This model also slightly overpredicted
the concentration of GA-2,4-Al, suggesting that the formation
of GA-2,4-IA was a minor but prevalent reaction during imide
formation.

The rate constants extracted from the model fits displayed
Arrhenius dependence in this temperature range (Fig. S2571).
The activation energies (E,s) for &y, k,, and k; were 91 + 14 kJ
mol™, 91 = 28 k] mol™, and 82 + 18 k] mol™?, respectively
(Table S37). The similar E, for all three rate constants suggests,
as proposed above, that the other substituents on the ring
(electronics) do not influence the barrier for the ring closure
reaction. The differences in rate constant magnitudes, but
similar E, for imide formation suggest that steric effects pri-
marily influence the apparent activation entropies of these
reactions.
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Fig. 4 Concentrations (dots) and kinetic model fits (dashed lines) during M-PUF acidolysis with GA at 165-185 °C for (a) GA-2,4-DA, (b) GA-2,4-Al,
(c) GA-2,6-DA, and (d) GA-2,6-Al. Data points were obtained via integration of peaks in *H NMR. Reaction conditions: 0.5 g M-PUF, 1.5 g GA under

N, atmosphere.
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Finally, we investigated the kinetics of imide formation
from M-PUF acidolysis with SA, which occurred on a faster
timescale than imide formation during M-PUF acidolysis with
GA. Even at low temperatures, imide formation during M-PUF
acidolysis with SA was complete in 1-3 hours, in contrast to
GA, which took >24 hours. As a result, the amide region of the
"H NMR from SA acidolysis had low signal compared to the
internal standard, making extraction of quantitative kinetics in
this region challenging. On the other hand, the aliphatic
region (8"H = 2.5-1.5 ppm) was uncluttered compared to reac-
tions run with GA reagents due to the lack of amide-imide
intermediates and single -CH, signal from SA moieties, and
thus signals corresponding to the methyl -CH; groups of the
2,4- and 2,6-diimides (SA-2,4-DI & SA-2,6-DI, respectively)
could be extracted (Fig. S26-5S287).

Because of the rapid disappearance of amide and amide-
imide N-containing products during M-PUF acidolysis by SA,
we proposed a pseudo-first order model for imide formation,
which is summarized in Fig. 5(a). Fig. 5(b) and (c) show the
concentration of SA-2,4-DI and SA-2,6-DI with their respective
fits from 165-185 °C. Rate constants k, and k5 were similar at
all temperatures, suggesting that all SA amide bonds react at
approximately the same rate (Table S47). Arrhenius fits of the
data resulted in E,s of 112 + 57 k] mol™" and 74 + 76 k] mol™*
for k, and k;, respectively (Table S4 and Fig. S291), although
the kinetic behavior was somewhat non-Arrhenius, which is
reflected in the high standard errors for the reported E,s.

Here, in contrast to reactions with GA, there was no
observed steric effect from the methyl group, as SA-2,4-DA and
SA-2,6-DA reacted at approximately the same rate, and there
was no accumulation of amide-imide intermediates. While the
uncertainties on the Arrhenius fits for imide formation during
SA acidolysis are high, the fits appeared to appropriately model
the rate of imide formation at all temperatures. While we will
not attempt to draw conclusions from the measured E, and
pre-exponential factors from these reactions, it is clear from the
timescale of the reaction and the low concentrations of dia-
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mides and amide-imides that the formation of 5-membered-
ring imides is significantly faster than the analogous reaction
with GA to form a 6-membered-ring imide. It is worth noting
that SA has a melting point of 186 °C and therefore transports
as a vapor when used as an acidolysis reagent at lower tempera-
tures.*’ The phase of the acid might be expected to influence
the solvation of amides and imides during the reaction (i.e.,
acids that are liquids at reaction temperatures can serve as sol-
vents for amides/imides), although the fast rate of imide for-
mation during M-PUF acidolysis with SA as opposed to GA
suggests that this plays a minor role in dictating reaction kine-
tics. Nevertheless, it seems plausible that vapor-phase transport
of SA at these reaction temperatures imposes diffusion limit-
ations on the rate of amide formation at the start of the reac-
tion, which could in turn influence the rate of imide formation
and result in apparent rate constants for imide formation
which do not follow Arrhenius-like behavior.

Notably, imide formation during acidolysis is much slower
than deconstruction of the polymer; based on CO, evolution,
decomposition of urethane & urea bonds is complete in ca.
20-60 minutes for M-PUF acidolysis with GA and ca.
10-25 minutes for M-PUF acidolysis with SA at the reaction temp-
eratures tested.>® In contrast, diamides took appx. 8-24 hours to
disappear from the reaction mixture during acidolysis with GA,
and amide-imide intermediates were still present in high concen-
trations after >24 hours. Imide formation during M-PUF acidoly-
sis with SA took 2-3 hours. Previous work has demonstrated that
polyol/amide release is the rate-limiting step during urethane/
urea bond decomposition, and therefore CO, evolution is a good
proxy for the release of amides during the reaction.”® As a resul,
upon cessation of CO, evolution it is assumed that amide
species are no longer being generated. While imide formation
likely begins while depolymerization is still occurring, the rate of
these ring-closing reactions is 1-2 orders of magnitude lower
than the rate of the polymer decomposition itself. These results
suggest that both polyol release and imide formation are corre-
lated with acid intramolecular carboxyl proximity.
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Fig. 5 (a) Reduced kinetic model for imide formation during M-PUF acidolysis with SA, (b) concentration of SA-2,4-DI (dots) and pseudo-1%-order
kinetic model fit (dashed lines) during M-PUF acidolysis with SA at 165-185 °C, (c) concentration of SA-2,6-DI and pseudo-1%-order kinetic model
fit during M-PUF acidolysis with SA at 165-185 °C. Data points were obtained via integration of peaks in *H NMR. Reaction conditions: 0.5 g M-PUF,

1.5 g SA under N, atmosphere.
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Conclusions

In this study, we provide a fundamental framework for under-
standing the product distribution and kinetics of N-containing
products from PUF acidolysis as a function of acid loading,
structure, and reaction conditions. We show the use of excess
acid eliminates aromatic amines, TDI-terminated polyols, and
oligomeric ureas from the product mixture, and estimate that
2 moles DCA:1 mole -NCO is a minimum acid loading to
reach full deconstruction of the polyurethane network in the
lab. Furthermore, we demonstrate the formation of imide pro-
ducts during acidolysis and provide a relationship between
DCA carboxylic acid proximity and the likelihood and time-
scales of forming imide products. Kinetics of imide formation
were measured for M-PUF acidolysis with GA and SA, showing
the relative timescales and intermediates during the reaction.
Imide formation during acidolysis reactions occurred 1-2
orders of magnitude slower than CO,/polyol release, depend-
ing on the acidolysis reagent used. Contrary to prior reports,
both polyol release and imide formation occurred at tempera-
tures at least as low as 165 °C, well below temperatures where
thermal degradation pathways are relevant, suggesting a
mechanism in which urethane and urea bonds are directly
cleaved by the DCA. In conjunction with previous work
showing the kinetics of polyol release, this manuscript pro-
vides a full picture of the reactions occurring during the acido-
lysis-mediated depolymerization of PUF, providing a complete
kinetic framework that could enable modelling and reactor
design for scaled-up PUF chemical recycling via acidolysis.
Ultimately, we hope that this work will guide process develop-
ment to create a circular global plastics economy.
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