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rethane and urea bond activation
in polyurethane foam acidolysis
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Polyurethane (PU), the sixthmost produced plastic globally, is widely used as flexible foam synthesized from

polyol, isocyanate, and water to form a thermoset polymer containing urethane and urea bonds. Chemical

recycling of PU foams (PUFs), such as acidolysis by carboxylic acids, offers a sustainable route to recover

polyol, the predominant mass component. Although PUFs contain both urea and urethane linkages,

previous studies have not distinguished their relative acidolysis rates. Here, we use benzoic acid and its

electronic analogues to distinguish urea and urethane acidolysis rates by tracking depolymerization via

gas evolution, GPC, and NMR. Results reveal biphasic kinetic behavior characterized by rapid urethane

bond cleavage and slower urea acidolysis. We find that urethane rates are insensitive to electronic

modifications to benzoic acid, while urea bond depolymerization rates correlate with acid electronic

structure, as shown by a Hammett reaction constant of (r = 3.00 ± 0.01). Density functional theory

calculations reveal that the sensitivity of urea rates to acid electronic structure arises from bond

elongation and charge delocalization in the transition state that is minimized in urethane acidolysis.

These findings on urea and urethane reactivity in PU acidolysis inform more efficient chemical recycling

strategies and guide the design of recyclable PU foam materials.
Introduction

Polyurethane (PU) is the sixth most used polymer globally, with
a market size of 49.5 billion USD in 2023 and an annual
production of approximately 26 million metric tons in 2022.1,2

In the synthesis of PU foams (PUFs), the most common appli-
cation of PU, polyols react with isocyanate groups to form
urethane bonds, while added water promotes the formation of
urea bonds, resulting in a polymer containing both urethane
and urea linkages. The relative amount of urea and urethane
linkages is tailored for desired polymer properties; however,
there are constraints to the ratio of urethane/urea linkages to
ensure that PUF's desirable properties are maintained. Despite
its widespread use, PU's end-of-life management remains
a signicant challenge. Currently, most post-consumer PUF is
either landlled or incinerated, with only 30% downcycled into
lower-quality materials.3
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The limitations of mechanical recycling and environmental
pressures to reduce landlling highlight the need for efficient
chemical recycling processes for PU waste.4–6 Chemical recy-
cling not only reduces the environmental impact of PU disposal
but also enables the recovery of high-value polyols—key
components that account for the majority of a foam's mass—for
use in the synthesis of new PU materials. Among known
chemical recycling methods, including acidolysis, hydrolysis,
aminolysis, glycolysis and other methods, acidolysis has shown
particular promise for efficiently recovering high-purity
polyols.7–12

Previous studies have explored PU acidolysis with organic
dicarboxylic acids (DCAs) and methods for polyol recovery to
replace virgin polyol in new PUF products.13–15 However, the rate
of acidolysis, particularly the interplay between urethane and
urea bond depolymerization and the inuence of acid electronic
structure, remains poorly understood. Recent work, including
our own, suggests that the structural properties of DCAs, such
as the distance between acid groups, can inuence PU acid-
olysis rates.16 Yet, investigation into the rate of urethane versus
urea bond cleavage and their dependence on acid electronics is
lacking. Further, no previous studies have differentiated the
rates of urea and urethane bond acidolysis, which is surprising
given their chemically distinct nature.

Here, we report the rate of PU acidolysis as a function of
reaction time with a set of monocarboxylic acids (MCAs): benzoic
Chem. Sci., 2026, 17, 2685–2693 | 2685
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acid (BA) and its electronic analogues (3-nitrobenzoic acid (3-
NBA), 2-uorobenzoic acid (2-FBA), 3-uorobenzoic acid (3-FBA),
4-methylbenzoic acid (4-MBA), and 4-methoxybenzoic acid (4-
MOBA)). Using quantitative CO2 measurements (∼1-second
resolution), gel permeation chromatography (GPC), and nuclear
magnetic resonance (NMR) spectroscopy, we identify biphasic
kinetic behavior comprising two distinct regimes: (1) a rapid
urethane bond cleavage step and (2) a slower urea bond acid-
olysis step. Notably, while urethane bond depolymerization rate
is largely unaffected by acid electronics, the rate of urea bond
scission is highly dependent on the electronic properties of BA
derivatives. This is reected in a Hammett plot with a positive
reaction constant (r = 3) for urea bond acidolysis. Through
computational analysis of transition states, we uncover the
chemical origin of this difference, revealing distinct electronic
sensitivities that govern the acidolysis of urea versus urethane
bonds. We rationalize these results in the context of previous
measurements of PUF acidolysis rates via DCAs and provide
a mechanistic framework that accounts for the biphasic kinetic
behavior in the case of BA and its derivatives, and the single-
phase kinetic behavior seen with DCAs. These ndings provide
novel insights into the differential reactivity of urethane and urea
bonds in PUFs, advancing our understanding of acidolysis
mechanisms and informing the development of more effective
chemical recycling strategies. Additionally, by enabling the
deconvolution of urethane and urea bond decomposition rates,
this information could be used to select reaction conditions that
facilitate cleavage of predominantly urethane bonds, enabling
rapid and efficient isolation of the high-value polyol product.
Results and discussion
Model system

The model PUF (M-PUF) used in this study was synthesized by
The Dow Chemical Company using toluene diisocyanate (TDI)
and VORANOL™ 8136 Polyol, a heteropolymer triol typical of
exible foam formulations. The resulting M-PUF is a represen-
tative foam for what is used in commercial applications. The
reaction stoichiometry for M-PUF acidolysis with BA is shown in
Scheme 1: urethane bond cleavage yields an amide, polyol, and
CO2, while urea bond scission produces an amide, CO2, and an
Scheme 1 Reaction scheme for acidolysis of urethane bonds (top) and
urea bonds (bottom) with BA in model polyurethane foam (PUF).
Decomposition of a urethane bond produces polyol, amide and CO2,
while decomposition of a urea bond produces amides, CO2 and H2O.
The model foam was made using TDI (R1) and a polyether polyol (R2).

2686 | Chem. Sci., 2026, 17, 2685–2693
amine intermediate that further reacts with BA to form an
additional amide and H2O.

Based on the foam formulation, the theoretical CO2 release
during acidolysis is 34 mL CO2 per g M-PUF from urea bonds
and 16 mL CO2 per g M-PUF from urethane bonds (Tables S1–
S3). We have previously reported on the use of CO2 evolution to
measure the rate of polyurethane depolymerization with
DCAs.16 GPC and 1H NMR spectroscopy were used to analyze the
polyol (from urethane acidolysis) and amide products (from
both urethane and urea acidolysis), respectively.

As shown in Table 1, we used BA and ve of its derivatives (3-
NBA, 2-FBA, 3-FBA, 4-MOBA, and 4-MBA) to study the inuence of
acid electronics on M-PUF acidolysis rates and compared the
results to those from pimelic acid (PiA), a representative DCA that
we previously studied.16 Reactions were conducted at 195 °C,
below the M-PUF thermal degradation temperature (>210 °C) but
above the melting points of all acids.17 A 6 : 1 mass ratio of acid :
M-PUF (23 : 1 molar ratio, signifying moles of acid to total moles
of urethane and urea bonds) was used to ensure efficient wetting
of the foam by the acids, minimize mass transport limitations,
and enable measurement of intrinsic acidolysis reaction rates.16

The calculations for these ratios can be found in Tables S2–S4.
Biphasic kinetic regimes of acidolysis with MCAs

Previous mechanistic and kinetic studies of PUF acidolysis have
focused on DCAs, leaving MCAs largely unexplored. This is
a signicant knowledge gap, as MCAs may follow distinct
mechanisms or reveal reactivity trends not observed with DCAs.
For example, CO2 evolution from M-PUF acidolysis with BA and
PiA exhibit distinct kinetic behavior (Fig. 1(a)). We note that
both urea and urethane bond acidolysis stoichiometrically
produce CO2. PiA shows a single kinetic regime, consistent with
prior observations for other DCAs, implying that both urea and
urethane acidolysis rates can be described by a single-phase
kinetic expression.16 In contrast, BA exhibits biphasic kinetic
behavior: an initial regime of faster CO2 evolution followed by
a slower regime, which has not been reported in previous
studies.

To investigate the origin of the biphasic kinetic behavior for
PUF acidolysis by BA, we monitored the reaction products using
GPC and NMR. Since polyol is released exclusively through
urethane bond cleavage, GPC provides a direct measure of
urethane bond scission. Fig. 1(b) shows GPC chromatograms of
polyol released from BA acidolysis as a function of time. The
main peak at 3100 g mol−1 corresponds to the desired mono-
meric polyol product (VORANOL™ 8136 Polyol), while the
larger molecular weight shoulder indicates polyol oligomers.
We dene the completion of urethane bond acidolysis as the
time at which the oligomeric tail fully disappears and the
chromatogram matches that of authentic virgin polyol,
VORANOL™ 8136 (Fig. S11). Based on this criterion, urethane
bond acidolysis with BA is complete in 120minutes. However, at
this time (marked by the black dot in Fig. 1(a)), only ∼65% of
the expected CO2 has been produced. This indicates that
although urethane decomposition is complete, full depoly-
merization of the M-PUF is not yet achieved at 120 minutes
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Substrate scope for kinetic study of PUF acidolysis with associated physical properties

Acid Hammett constant pKa (at 25 °C) Melting point Structure Abbrev

3-Nitro benzoic acid 0.71 3.49 140 °C 3-NBA

2-Fluoro benzoic acid NA 3.27 124 °C 2-FBA

3-Fluoro benzoic acid 0.34 3.87 124 °C 3-FBA

Benzoic acid 0.00 4.19 120 °C BA

4-Methyl benzoic acid −0.17 4.37 180 °C 4-MBA

4-Methoxy benzoic acid −0.27 4.48 185 °C 4-MOBA

Pimelic acid NA 4.48 104 °C PiA
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(Fig. 1(a)). This deviates from previous reports for acidolysis by
DCAs, including PiA, which show full CO2 evolution at the same
time as complete polyol release (Fig. S12).

We complemented the GPC analysis with 1H NMR analyses
of the acidolysis products. Throughout acidolysis, as
Fig. 1 (a) CO2 evolution (presented in fraction of total amount observed)
identifies the time when polyol release is complete, as measured by GP
acidolysis with benzoic acid at 195 °C at varying reactions times as measu
195 °C under an inert (Ar) atmosphere for both data sets.

© 2026 The Author(s). Published by the Royal Society of Chemistry
polyurethane bonds are chemically cleaved, products of
a variety of molecular weights and reactive end groups are
produced. Due to this heterogeneous intermediate product
mixture, the 1H NMR spectra of reaction samples during acid-
olysis contain many overlapping signals. As a result, 1H NMR is
duringM-PUF acidolysis with BA and PiA. The black circle on the BA plot
C. (b) Molecular weight distribution of recovered polyol from M-PUF
red by GPC. Reaction conditions: 0.5 g M-PUF, 1.5 g PiA and 3.0 g BA,

Chem. Sci., 2026, 17, 2685–2693 | 2687
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most accurately applied to determine when all acidolysis is
complete, since the reaction mixture at that point is homoge-
neous and of a known composition. NMR spectra were taken of
reaction aliquots starting when the reaction mixture was fully
solubilized and ending when gas evolution ceased. Small
molecule models of urethane and urea bonds (Fig. S2), in
addition to previous literature reports, were used to guide peak
assignments. Amide signals (d = 9.5–10.5 ppm) and oligomeric
urea signals (d = 8.3–9.3 ppm) help inform the extent of
urethane and urea bond acidolysis (Fig. 2).13,14,18–20 Following
completion of urethane bond acidolysis (as indicated by full
polyol release in the GPC at 120 minutes), the NMR spectra
continue to evolve as a function of time; amide product signals
increase, and oligomeric urea signals persist until 300 minutes.
Beyond this time, the 1H NMR spectra remain unchanged with
only the amide signals expected from the products in this
region. Fig. 2 assigns these peaks to amide products from the
2,4- and 2,6-TDI used in the M-PUF formulation. Peak integrals
can be found in Fig. S3. This NMR analysis further supports the
gas evolution data (Fig. 1(a)), which indicates that full acidolysis
of both urethane and urea bonds is complete at 300 minutes.

To test the robustness of this proposed kinetic phenomenon,
we ran additional experiments with added catalysts and
different foam formulations. In the PUF synthesis process,
catalysts such as Dabco T-9 and Dabco 33 LV are used and not
removed. Even when adding double the amount used during
PUF synthesis, the acidolysis kinetics, including the biphasic
behavior, do not change (Fig. S14). This indicates that residual
additives do not impact the biphasic kinetic behavior, likely
because they are too dilute. Moreover, we carried out these
reactions with two additional PUF formulations of varying
amounts of urethane and urea bonds as well as an end-of-life
(EOL) PUF. Once again, we observe biphasic gas evolution
Fig. 2 1H NMR spectra of reaction products from M-PUF acidolysis
with BA at 195 °C at several time points (solvent: DMSO-d6). Shaded
region highlights signals assigned to oligomeric urea content. Reaction
conditions: 0.5 g M-PUF, 3.0 g BA, 195 °C under an inert (Ar)
atmosphere.

2688 | Chem. Sci., 2026, 17, 2685–2693
kinetic behavior, signifying that our observations and conclu-
sions are robust to a wide range of commercially relevant foam
formulations/mixtures (Fig. S15 and S16).

These results provide strong evidence that during M-PUF
acidolysis by BA, urethane bond decomposition predomi-
nantly occurs during the initial, faster kinetic regime while urea
bond decomposition predominantly occurs in the slower
kinetic regime. GPC analysis conrms that polyol release is
complete at 120 minutes, and the amount of CO2 evolved at this
time corresponds to full stoichiometric release from urethane
bonds (with a small additional amount from the onset of urea
acidolysis). From 120 to 300 minutes, CO2 continues to evolve.
Since urethane decomposition is complete, this gas evolution
must be due to urea bond acidolysis. Finally, 1H NMR further
conrms that acidolysis of both urethane and urea bonds is
complete at this time. In summary, urethane cleavage occurs
during the initial gas evolution regime while urea decomposi-
tion primarily occurs during the slower kinetic regime. This is
not proposing that all urethane acidolysis uniquely occurs rst,
while all urea acidolysis occurs subsequently, but instead that
the rate constant for urethane acidolysis is much faster than
that for urea acidolysis. These analysis methods and conclu-
sions are outlined in Table S5.

To determine whether this biphasic behavior is specic to BA
or broadly applicable to MCAs, we compared the time required
for urethane and urea bond decomposition across all MCAs
studied, using the time of complete polyol and CO2 release,
respectively (Fig. 3(a)). Due to experimental limitations with the
slowest acids (4-MBA and 4-MOBA), we extrapolated the time of
complete CO2 release from the initial slow regime behavior.
More details on the tting can be found in the SI. In all cases,
except for 3-NBA which will be discussed in more detail below,
we observe polyol release consistently preceding full CO2

evolution. Interestingly, the time required for complete
decomposition of urea bonds varied signicantly, from 1 h for
3-NBA to 9 h for 4-MOBA (Fig. S5–S9). Conversely, the time for
urethane acidolysis only slightly varies with different acids
tested and does not strongly trend with the acid electronics as
discussed further in sections below. The CO2 plots for these
acids also displayed biphasic behavior, as seen in Fig. 3(b), with
3-FBA as a representative electron withdrawing substituted acid
and 4-MOBA as an example of electron donating substituted
acid (see Fig. S13 for full gas evolution plots). To our knowledge,
this is the rst study to resolve the distinct kinetic regimes of
urethane and urea bond decomposition in PUF
depolymerization.

To extend this analysis, we compared the initial rates of CO2

release during M-PUF acidolysis, corresponding to the
predominantly urethane regime, with the fastest MCAs (3-NBA,
2-FBA, and 3-FBA) to PiA, a representative DCA (Fig. 3(c)). Rates
of urethane bond depolymerization were comparable across all
MCAs and PiA, implying that urethane bond acidolysis is largely
unaffected by electronic effects. In contrast, urea bond decom-
position, represented by the second regime, was consistently
slower for all MCAs relative to PiA.

To understand the kinetic implications of this behavior, we
can compare the results of acidolysis with MCAs to those
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Time (h) for urethane bond decomposition to complete according to GPC and for urea bond decomposition to complete according to
CO2 evolution for the studied MCAs. (b) CO2 evolution during M-PUF acidolysis with 3-FBA, BA and 4-MOBA, showing the biphasic kinetics (c)
CO2 evolution during M-PUF acidolysis with the three fastest MCAs studied, 3-NBA, 2-FBA, 3-FBA, and PiA, zoomed in to show their initial
regimes. Reaction conditions: 0.5 g M-PUF, 1.5 g PiA and 3.0 g 3-NBA/2-FBA/3-FBA, 195 °C under an inert (Ar) atmosphere.
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previously obtained by our group with DCAs. We hypothesize
that in all PUF acidolysis reactions, not just those reported here
for MCAs, urethane groups must be decomposed rst to reveal
urea linkages due to the structure of the material. Due to the
polar nature of the urea linkages, these domains form strongly
hydrogen bonded segments inside of soer, and more acces-
sible, urethane domains.21,22 This phase-separation, in addition
to the inherent reactivity differences of MCAs with urethane and
urea bonds, is likely contributing to this observed behavior.

In MCA-mediated reactions, urea bond decomposition is
slower than urethane bond decomposition, occurring in the
second regime. Urethane bonds are cleaved primarily in the
faster regime, exposing less-reactive urea bonds, leading to the
observed biphasic kinetics. We can contrast DCA-mediated
acidolysis. We can say denitively that urea bond decomposi-
tion is no longer rate limiting, since mono-phasic instead of
biphasic kinetics is observed. Instead, we hypothesize that
urethane bond acidolysis is rate-limiting. Once the urea bonds
are exposed, they decompose with faster intrinsic rates than
© 2026 The Author(s). Published by the Royal Society of Chemistry
urethane bonds. As a result, CO2 from both urea and urethane
bonds is released concurrently with polyol, resulting in a single
kinetic regime. This mechanistic distinction emphasizes the
importance of studying acidolysis with MCAs to develop a fuller
understanding of bond-specic (urea vs. urethane) reactivity and
kinetic behavior in PUF depolymerization. This also implies that
urea bond acidolysis must be particularly sensitive to the nature
of the acid, as this step must be much slower for BA than
previously studied DCAs for this mechanistic picture to be true.
Conformational and electronic effects on urethane and urea
acidolysis

As shown in Fig. 3(a), the time required for complete urethane
bond acidolysis is largely independent of acid electronic struc-
ture, while that for urea bond acidolysis varies signicantly with
electronic substituents. To further support this observation, we
t the CO2 evolution data to a biexponential model and used the
rate constants to construct a Hammett correlation. This
Chem. Sci., 2026, 17, 2685–2693 | 2689
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assumes that urethane and urea acidolysis are t by rst order
kinetics with distinct rate constants, where the faster process is
urethane acidolysis. Details of the tting procedure are
provided in the SI. Note that 2-FBA is excluded from the Ham-
mett correlations (Fig. 4(b) and (d)) because it is difficult to
quantify a Hammett constant that captures only electronic
effects, not steric effects, for an ortho substituent.23

As hypothesized, the rates of the initial urethane regime are
larger than that of the urea regime for all acids (Fig. 4(a) and (c)).
Additionally, as shown in Fig. 4(b) and (d), the urethane acidolysis
rate is mostly independent of acid electronics, while the urea rate
shows a strong dependence on acid electronics, as demonstrated
by a Hammett plot with a strong positive slope (r = 3.00 ± 0.01).

Notably, 3-NBA, the most electron withdrawing acid tested,
appeared to display a near single kinetic regime. However,
quantitative tting showed that a biexponential model is
necessary to provide a better t than a single exponential model
(Fig. S19). We hypothesize that the electronically accelerated
urea bond acidolysis rate shis the rate-limiting step closer to
urethane bond acidolysis in 3-NBA, similar to DCA acidolysis.
This comparison underscores the pronounced electronic
sensitivity of urea bond acidolysis, in contrast to the electronic
insensitivity of urethane bond cleavage.
Fig. 4 (a) Apparent first-order rate constants for the first kinetic regime (u
(kurethane). Error bars represent the standard error of the rate constants, ac
procedure. (b) Hammet plot for urethane acidolysis, showing the relatio
normalized kurethane values (each acid normalized by kurethane for BA). (c) App
acidolysis) derived from CO2 evolution over time at 195 °C (kurea). Error b
variability from both experimental replicates and the fitting procedure. N
Hammet plot for urea acidolysis, showing the relationship between the a
(each acid normalized by kurea for BA). The dashed line represents the linea

2690 | Chem. Sci., 2026, 17, 2685–2693
While here we show that urethane bond acidolysis rate is
largely insensitive to acid electronic effects, we have observed
previously that urethane bond decomposition is sensitive to the
chain length of the DCA acidolysis reagent.16,24 For example,
urethane bond acidolysis is accelerated with acids with fewer
carbons between the two acid groups. At longer chain lengths in
DCAs, such as in PiA, this cooperative effect diminishes, and the
urethane rate approaches that of MCAs.

In contrast, urea bond decomposition is now observed to be
sensitive to both conformational and electronic inuences.
Although BA and PiA have similar acid strengths (pKa = 4.20
and 4.48, respectively), urea bond decomposition is consistently
slower with BA and all MCAs than with DCAs. This suggests that
the presence of only one acid group limits both the cooperative
conformational and the electronic stabilization inuences in
urea bond acidolysis. Thus, urea bond acidolysis rates seem to
be sensitive to both acid electronic and conformational effects,
whereas urethane bond acidolysis is only sensitive to confor-
mational effects observed as a function of DCA carbon chain
length. The exact nature of the proposed conformational effect
will be the subject of future studies.

To understand the molecular origin of this differential
sensitivity to electronic effects in urea and urethane bonds, we
rethane bond acidolysis) derived from CO2 evolution over time at 195 °C
counting for variability from both experimental replicates and the fitting
nship between the acid Hammett constant and the logarithm of the
arent first-order rate constants for the second kinetic regime (urea bond
ars represent the standard error of the rate constants, accounting for
ote the different y-axis scale from (a) to better compare urea rates. (d)
cid Hammett constant and the logarithm of the normalized kurea values
r fit, constrained to pass through the origin, with the slope (r) indicated.

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05599g


Fig. 5 Urea acidolysis DFT-calculated bond lengths in transition state with different acids, normalized by the bond length in BA (a) and transition
state structure (b). Urethane acidolysis DFT-calculated bond lengths in transition state with different acids, normalized by the bond length in BA
(c) and transition state structure (d). Theory information: Gaussian-16, M06-2X, cc-pVTZ, GD3, T = 448 K, in vacuum.
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conducted a computational analysis of the urethane and urea
acidolysis reaction pathways using DFT [M06-2X/cc-pVTZ] with
Gaussian-16.25 Through this analysis, we found that the activa-
tion barriers for urethane acidolysis were largely consistent
regardless of acid reagent while urea barriers varied greatly
(Fig. S21(a) and S21(b)). These barriers were used to replicate the
experimentally observed Hammett correlations (Fig. S21(c) and
S21(d)). Additionally, both urethane and urea bond decomposi-
tion proceed through six-centered transition states (see SI for
more details). For urea, DFT-optimized geometries of the
transition-states show that more electron withdrawing acids yield
a later, more delocalized TS, as evidenced by elongation of the
C6–N5 bond by ∼0.05 Å and the O3–H4 bond by 0.1 Å (Fig. 5(a)).
Consistent with these geometric trends, we propose that the
acceleration in urea acidolysis rates with electron withdrawing
groups can be attributed to these groups stabilizing charge in the
transition state, leading to the observed geometric elongation.
Conversely, the urethane acidolysis transition state structure
does not change with electronic substitutions, consistent with
experimental observations (Fig. 5(c)). We hypothesize that this is
due to the inherently higher electronegativity of the urethane
oxygen acceptor (atom 5, Fig. 5(d)), which stabilizes the transition
state and reduces dependence on acid electronics. This provides
a structural basis for the experimentally observed electronic
insensitivity of urethane acidolysis and the enhanced reactivity of
urea bonds, further supporting the mechanistic regimes identi-
ed in our kinetic studies.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Conclusions

This work provides new insights into the kinetics of PU depo-
lymerization, revealing unique reactivities and stabilizing
inuences for urethane versus urea bond acidolysis. Through
acidolysis with BA and other MCAs, we identied biphasic
kinetics and successfully deconvoluted the regimes into rapid
urethane bond decomposition followed by slower urea bond
cleavage.

Urethane bond acidolysis was found to be directed exclu-
sively by conformational factors; acidolysis rates increase with
proximal carboxyl groups, as seen with short-chain DCAs, and
are independent of the acid electronic structure or pKa. In
contrast, urea bond cleavage is inuenced by both conforma-
tional and electronic inuences. Electron-withdrawing acids
accelerate the urea acidolysis rate, as demonstrated by a Ham-
mett plot with r = 3.00 ± 0.01. However, even the most electron
withdrawing MCAs are slower than DCAs, emphasizing the
additional conformational stabilization provided by a second
acid group. Transition state analyses support this distinction;
electron withdrawing groups stabilize the urea transition state
through charge delocalization and bond elongation, while the
urethane transition state remains structurally invariant with
respect to acid electronics.

We further propose that DCA- and MCA-mediated acidolysis
have a different rate-limiting step. For DCAs, we only observe
one kinetic regime that correlates with acid chain length, but
Chem. Sci., 2026, 17, 2685–2693 | 2691
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not pKa, indicating that urethane bond acidolysis is rate-
limiting and conceals any electronic variations in the urea
rate. In MCA systems, urethane bond decomposition occurs
rapidly, exposing the less-reactive, rate-limiting urea bonds, and
giving rise to the observed biphasic kinetics.

This study provides the rst molecular-level understanding
of the distinct reactivity of urethane and urea bonds during PU
acidolysis with carboxylic acids, linking these differences to
conformational, electronic and transition state (computational)
insights. These insights deepen our understanding of PUF
acidolysis mechanisms, providing valuable guidance for opti-
mizing chemical recycling strategies for polyurethane waste.
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