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Linear polyamidoamines (PAAs), synthesized via the polyaddition of «-amino acids with N,N-methyl-
enebisacrylamide, act as effective intumescent flame retardants for cotton. Among the investigated systems, the
glycine-derived PAA (M-GLY) achieved flame extinguishment in horizontal flame spread tests at add-on levels of
5-7%, whereas the arginine-derived analogue (M-ARG) required a significantly higher add-on (19%) to reach the
same performance.

Thermogravimetric analysis (TGA) identified three main thermo-oxidative degradation stages, occurring in the
ranges 50-250 °C, 250-400 °C, and 400-800 °C, corresponding to the onset of decomposition, completion of the
primary mass-loss event, and the intumescence region, respectively. Hyphenated TGA-Fourier transform infrared
spectroscopy (TG-FTIR), performed between 50 and 800 °C under both inert and oxidative atmospheres, enabled
identification of the volatile species evolved within these temperature intervals. The results highlight subtle yet
significant differences in the thermal decomposition pathways of the PAAs, enabling the proposal of a well-
defined gas-phase protective mechanism during cotton combustion. The decomposition pathways involve an
initial depolymerization step, followed by decarboxylation, deamination, and homolytic bond cleavage reactions,
leading to the evolution of gaseous products that contribute to flame inhibition through dilution of oxygen and
flame radicals. The thermal and thermo-oxidative decomposition of M-GLY and M-ARG was compared with those
of M-MEP - deriving from N,N-methylenebisacrylamide and 2-methylpiperazine, a non-self-extinguishing PAA
adopted as a reference material. The proposed decomposition mechanism of M-MEP involves the extensive
release of the volatile and combustible amine monomer 2-methylpiperazine, which accounts for its lack of
protective effectiveness toward cotton during combustion.

1. Introduction

Linear polyamidoamines (PAAs) are multifunctional polymers ob-
tained by the aza-Michael polyaddition of either primary or bis-
secondary-amines with bis-acrylamides [1]. PAAs have attracted inter-
est in various technical applications, for instance as bioactive polymers
[2,3], resins for absorbing heavy-metal-ions for water purification [4],
photostabilizers, [5] sensor coatings [6], and flame retardants (FRs) for
cotton textiles [7].

Over the last decade, PAAs derived from N,N-methyl-
enebisacrylamide (MBA) and a-amino acids have emerged as efficient
intumescent FRs for cotton. Consequently, significant effort has been
devoted to elucidating their mode of action, which is a key prerequisite
for the rational design of more effective and durable formulations [8,9].
The performance of these PAAs has been extensively assessed by
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horizontal (HFSTs) and vertical flame spread tests (VFSTs), enabling the
identification of the minimum add-on levels required to achieve flame
extinguishment [10,11]. Among the investigated systems, PAAs derived
from glycine (M-GLY) and arginine (M-ARG) have drawn particular in-
terest. Cotton treated with M-GLY self-extinguishes in HFSTs at add-ons
>4-7%, while M-ARG is effective at add-ons >19%.

PAAs derived from a-amino acids swell and char upon direct flame
exposure without igniting [10], and PAA-treated cotton forms carbo-
naceous chars above ca. 350 °C [10,11]. These chars are thought to exert
a protective effect by limiting heat, oxygen and mass transfer between
the flame and the underlying substrate. Morphological observations by

scanning  electron microscopy (SEM) and results from
oxygen-consumption cone calorimetry further support this
interpretation.

The intumescent behavior of PAAs is generally attributed to the
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release of gaseous decomposition products, namely water, carbon di-
oxide, and ammonia, during thermal decomposition [7]. These gaseous
species promote char expansion and concurrently dilute flame radicals
and oxygen. Their generation arises from the thermally labile functional
groups present in the PAA repeating units, particularly carboxyl and
amine moieties. Importantly, PAAs undergo thermal decomposition
within a temperature range that substantially overlaps with that of
cotton [10,12], favoring an early interaction between the degradation
pathways of the additive and the cellulosic substrate and thereby
enhancing protective efficiency.

Previous investigations have primarily focused on the solid residues
generated during the controlled thermo-oxidation of PAA-treated cot-
ton. In particular, chars obtained from M-GLY-impregnated cotton at
300, 350 and 420 °C, corresponding to different stages of the charring
process, have been extensively characterized by SEM, XPS, Raman
spectroscopy and solid-state NMR [8]. These studies demonstrated that
M-GLY promotes the formation of aromatic and nanographitic char
structures at lower temperatures than untreated cotton, leading at 420
°C to more extended and condensed aromatic domains.

Complementary electron paramagnetic resonance (EPR) studies on
chars from cotton impregnated with M-GLY, and M-CYSS and M-
GLY50—CYSSso — obtained from the polyaddition of MBA with cystine
and a 1:1 cystine/glycine molar ratio — subjected to identical thermo-
oxidative treatments revealed marked differences in radical concentra-
tion between bulk and surface layers, the latter being representative of
more advanced oxidation stages [9]. These results highlighted a
temperature-dependent protection efficiency and suggested that differ-
ences in aromatization degree and char porosity play a decisive role.
Notably, the absence of surface radicals in samples treated at 350 °C
indicated that the formation of a PAA-derived char layer effectively
shields the cotton substrate from oxygen penetration.

Despite these advances, comparatively little attention has been paid
to the volatile products evolved during thermo-oxidation of PAAs, which
play a central role in intumescence, dilution of combustible gases and
interaction with the degrading cellulose. In this context, hyphenated
thermogravimetric analysis and infrared spectroscopy (TG-FTIR)
represent powerful tools to correlate mass-loss events with the chemical
nature and evolution of gaseous decomposition products in real time
[13,14].

In the present study, TG-FTIR analysis is employed to investigate the
thermal and thermo-oxidative decomposition of M-GLY and M-ARG,
alongside M-MEP, obtained from the reaction of MBA with 2-methylpi-
perazine, which is intentionally selected as a reference system not
derived from an o-amino acid and known to exhibit non-self-
extinguishing behavior.

These polymers display markedly different responses under ignit-
ability tests involving direct flame impingement on powders [10].
Specifically, M-GLY does not ignite; instead, its surface undergoes py-
rolysis, forming a dark-brown, porous carbonaceous crust that effec-
tively protects the underlying material, which remains largely
unaltered, with minimal mass loss (<5%). M-ARG likewise resists igni-
tion but undergoes partial volatilization, leaving off-white residues
corresponding to approximately 45% of the initial mass. In contrast,
M-MEP exhibits pronounced flammability, undergoing nearly complete
combustion and volatilization (>90% mass loss).

Previous interpretations, grounded in the well-established tendency
of f-aminoethylamides such as PAAs to undergo retro-Michael decom-
position into acrylamides and amines upon heating [15], attributed
these differences to the nature of the volatile species generated. In
particular, the flammability of M-MEP was ascribed to the release of
volatile and flammable 2-methylpiperazine (b.p. 155 °C), whereas the
ignition resistance of M-GLY and M-ARG was linked to the formation of
non-volatile amino acids, which can additionally promote carbon di-
oxide evolution. However, this mechanistic hypothesis has not yet been
directly verified. The present work addresses this gap by providing a
detailed, temperature-resolved analysis of the evolved gaseous species.
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By correlating mass-loss profiles with their infrared identification,
TG-FTIR enabled direct insight into the decomposition pathways and
the release of key species governing the intumescent behavior of these
polyamidoamines.

2. Materials and methods
2.1. Materials

N,N’-methylenebisacrylamide (99%), glycine (> 99%), L-arginine (>
99%), 2-methylpiperazine (> 99%), D20 (99.9%), DCI (35% in D50),
fuming hydrochloric acid (HCl, > 37% in water), lithium hydroxide
monohydrate (LiOH - Ho0, > 98%), were supplied by Sigma Aldrich
(Milan, Italy).

2.2. Synthesis of PAAs

M-GLY: N,N-methylenebisacrylamide (9.34 g, 60 mmol), glycine
(4.55 g, 60 mmol) and lithium hydroxide monohydrate (2.58 g, 60
mmol) were suspended in distilled water (20 mL) and maintained under
stirring at 50 °C until complete dissolution. The reacting solution was
then left in the dark at 25 °C for five days. The resulting viscous solution
was diluted, then acidified to pH 4.5 using 6 M aqueous HCI and finally
freeze dried.

M-MEP was synthesized following the same procedure adopted for
M-GLY. For the different reactivity of the arginine monomer, M-ARG
solution was maintained at 45 °C for 10 days prior to dilution, acidifi-
cation, and freeze drying.

The amounts of reagents used in the synthesis of PAAs are shown in
Table 1.

2.3. Methods

Thermogravimetric analyses (TGA) were obtained from 50 to 800 °C
in nitrogen and air using a Mettler-Toledo TGA/DSC 2 Star System in-
strument (Milan, Italy). PAAs (5 mg) were placed in alumina crucibles
and heated with a 10 °C min™! heating rate under a 50 mL min~" ni-
trogen or air flow.

Thermogravimetric analyses coupled with infrared spectroscopy
(TG-FTIR) were carried out using a Perkin Elmer TGA 4000 microbal-
ance (Milan, Italy) interfaced to a Perkin-Elmer Frontier FT-IR/FIR
spectrophotometer (Milan, Italy). PAAs (5 mg) were placed in alumina
crucibles and heated with a 10 °C min~! heating rate under a 100 mL
min~! gas flow. Spectra were recorded at intervals of 2.8 s in the 4000 -
500 cm ™! spectral range using a resolution of 4 cm™.

Molecular weights were assessed by Size Exclusion Chromatography
(SEC). SEC traces were obtained with a Knauer Pump 1000 equipped
with a Knauer Autosampler 3800, TSKgel G4000 PW and G3000 PW
TosoHaas columns connected in series, Light Scattering (LS) Viscotek
270 Dual Detector, UV detector Waters model 486, operating at 230 nm,

Table 1

Reagent amounts for PAA synthesis and molecular weights of resulting samples
a)

Code Amine monomer Amount of amine LiOH - M, PD
® H,0 o
(€3]

M- glycine 4.55 2.58 7800 1.4
GLY

M- L-arginine 10.5 - 5900 1.5
ARG

M- 2- 6.07 - 8500 1.7

MEP methylpiperazine

@ All preparations were performed using 9.34 g MBA and 20 mL distilled
water. ® Number average molecular weight, determined by size exclusion
chromatography. © Polydispersity.
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and a refractive index detector Waters model 2410. The mobile phase
was a 0.1 Tris buffer pH 8.10 + 0.05. The flow rate was set at 1 mL min-1
and sample concentration was 20 mg mL L.

3. Results
3.1. Rationale of the study

The PAAs investigated in this study were synthesized following a
previously reported procedure [10] (Scheme 1), by the aza-Michael
polyaddition of N,N’-bisacrylamide with glycine (M-GLY), arginine
(M-ARG) and 2-methylpiperazine (M-MEP). All polymers were fully
soluble in water and in water-alcohol mixtures containing up to 50%
alcohol. M-MEP also exhibited limited swelling in chloroform. Their
structures were confirmed by THNMR (Fig. 1) and FT-IR/ATR (Fig. S1 in
Supplementary Material) spectroscopy, both showing good agreement
with the expected molecular structures. The number-average molecular
weights (M), determined by size exclusion chromatography (SEC), were
consistent with typical values reported for PAAs, with M, values of
7800, 5900 and 8500 for M-GLY, M-ARG, and M-MEP, respectively
(Table 1). Notably, based on our previous experience, no clear correla-
tion has been observed between the molecular mass of PAAs and their
flame retardant properties.

a-Amino acid-derived PAAs, including M-GLY and M-ARG, are
amphoteric polymers with a pH-dependent charge distribution. The
predominant ionic species at their working pH (pH 4.5) are shown in
Fig. 2. For comparison, the same figure also reports the ionic species
distribution of the PAA denoted M-MEP, which was selected as non-
extinguishing reference PAA not derived from an a-amino acid.

The reported pH corresponds to the value typically employed under
PAA combustion test conditions and reflects the pH at which these
systems are conventionally stored, i.e., that of maximum stability. Based
on our previous experience, the FR performance of PAAs does not
exhibit a clear dependence on pH. Accordingly, deviations from this
value have been considered only in cases of limited solubility under
acidic conditions. The ionic species distribution (Fig. S2) of PAAs was
determined from the pK, values and following the method described in
the Supplementary Material.

Understanding the thermo-oxidative decomposition mechanism of
these PAAs is essential to clarify their influence on the thermo-oxidative

HaN/\'rOH
o]
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decomposition of cotton and their role as flame retardants. Notably,
PAAs thermally decompose over a temperature range that significantly
overlaps with that of cotton (Fig. 3). This overlap promotes early-stage
interactions between the decomposition pathways of the PAAs and the
cellulosic substrate, thereby enhancing the overall protective efficiency.

To achieve this objective, the release of gaseous decomposition
products from M-GLY, M-ARG and M-MEP during heating was investi-
gated using the hyphenated TG-FTIR technique. The analyses were
performed under both inert (nitrogen) and oxidative (air) atmospheres.

Fig. S3 reports the TGA curves and the corresponding 3D plots,
whereas Figs. 4 and 5 report the TGA curves under nitrogen and air,
respectively, across three selected temperature ranges (50-250 °C,
250-400 °C, and 400-800 °C). Representative 2D IR spectra of the
gaseous decomposition products evolved within these temperature
ranges are shown in Fig. 4 (nitrogen) and Fig. 5 (air).

The thermal behavior of the monomers, i.e. MBA, glycine (GLY),
arginine (ARG) and 2-methylpiperazine (MEP), is presented in Figs. 6
and 7, and S4. Specifically, Fig. S4 reports the TGA curves and the
corresponding 3D plots, whereas Figs. 6 and 7 present the TGA curves
under nitrogen and air, respectively, across the three selected temper-
ature ranges selected for PAAs. Representative 2D IR spectra of the
gaseous decomposition products evolved within these temperature
ranges are shown in Fig. 6 (nitrogen) and Fig. 7 (air).

Finally, the temperature-dependent evolution profiles of the main
gaseous products released from PAAs and their respective monomers are
compared under nitrogen (Figs. 8-10) and air (Figs. 11-13).

3.2. Thermogravimetric analysis of PAAs

The characteristic thermal data of M-GLY, M-ARG, and M-MEP, ob-
tained from the TG-thermograms presented in Fig. 3, are shown in
Table 2.

Notably, all PAAs show qualitatively comparable thermal decom-
position behavior in both nitrogen and air. This similarity can reason-
ably be ascribed to their common backbone structure, comprising an
MBA-derived unit linked to either a primary amine-derived (M-GLY
and M-ARG) or secondary amine-derived (M-MEP) moiety.

To facilitate mechanistic interpretation, the investigated tempera-
ture range was systematically subdivided into three well-defined in-
tervals, as discussed below. Table 3 summarizes the weight losses for

0 (@]
MHAHJ\/\M;

LiIOHH,0, H.0
a) GLY 25 °C, 5 days OH
- M-GLY &
NH, 0 o)
OH
MNANJJ\/\NJE
o H H OH
HzN\n/NH e}
NH HoN._ _NH
0 o] Hi0. 46 5 i
50, 45 °C, 10 days
\\\)LNANJK% + |b) ARG = NH
H H M-ARG
MBA
0 0
HN NH MHAHJK/\N N,}?
¢l MEP H,0, 25 °C, & days . M-MEP

MBA: amine molar ratio=1:1

Scheme 1. Synthesis of PAAs.
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Fig. 3. TG-thermograms in inert (nitrogen, a) and oxidative (air, b) atmospheres of M-GLY, M-ARG, M-MEP and cotton.

these stages.
1st stage (50-250 °C). The thermograms obtained under nitrogen

this interval, all PAAs exhibit a mass loss of approximately 14-22%. This
amount was almost completely achieved at approximately 150 °C, and

and air nearly overlap up to 250 °C (up to 450 °C in the case of M-GLY)
(Fig. S3), showing the same Topset109% (Table 2) and same weight loss in
the temperature interval 50-250 °C (Table 3). This indicates that
oxidative processes are kinetically insignificant within this temperature
range, as previously reported for several polymeric systems [16]. Within

mainly attributable to the evolution of water either loosely adsorbed or
more strongly bound to the polymer backbone. The primary decompo-
sition reactions that precede the major weight-loss occurring during the
2nd stage likely initiate between 150 and 250 °C.

2nd stage (250-400 °C). Within this temperature range, PAAs
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Fig. 4. TGA thermograms under inert atmosphere (N2) of M-GLY, M-ARG and M-MEP in the temperature intervals 50-250 °C (a), 250-400 °C (b) and 400-800 °C
(c). 2D plots of selected FT-IR spectra of the volatiles released under inert atmosphere (N5) from M-GLY, M-ARG and M-MEP in the temperature intervals 50-250 °C
(d,g.j), 250-400 °C (e,h,k) and 400-800 °C (f,i,]).

exhibit their most substantial mass loss, resulting from several concur-
rent decomposition processes, as commented below (Schemes 2-6). No
significant differences were observed between the TG curves of M-MEP
recorded under nitrogen and air atmospheres (Fig. S3). In contrast, for
both M-GLY and M-ARG, the weight loss in air becomes less pronounced
than that measured under nitrogen, albeit with some qualification.
Specifically, the TG curves of both M-GLY and M-ARG obtained in ni-
trogen and air begin to diverge at approximately 250 °C (Fig. S3).

3rd stage (400-800 °C). Above 400 °C, oxidative reactions become
kinetically significant and start to compete with purely pyrolytic path-
ways. In the 400-550 °C interval, the residual mass in air exceeds that
measured under nitrogen, since oxidation contributes to the develop-
ment and expansion of an intumescent char structure, promoting the
formation of a swollen, protective carbonaceous layer [10]. At temper-
atures exceeding approximately 600 °C, however, oxidative char gasi-
fication becomes increasingly dominant, leading to its progressive
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conversion into CO: and a consequent reduction in residual mass. 3.3. TG-FTIR analysis of PAAs

Consequently, the TG traces recorded in air and nitrogen markedly

diverge (Fig. S3). The composition of gases evolved during PAA thermal decomposi-

Interestingly, M-GLY, M-ARG and M-MEP yielded significant char in tion was determined by monitoring the characteristic IR absorption
nitrogen (23.8, 17.9 and 14.4%, respectively). M-GLY also yielded low bands [17] of typical decomposition gases, including COz, CO, NHs, and
but appreciable residue in air (2%), while M-ARG and M-MEP left hydrocarbons (Table S1).
minimal residues at 800 °C in air, suggesting predominant volatilization The 2D TG-FTIR analyses of the gaseous decomposition products of
rather than stable char formation under oxidative conditions. M-GLY, M-ARG and M-MEP between 50 and 800 °C reveal common
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features in their thermal behavior (Figs. 4 and 5). For all PAAs, irre-
spective of temperature and atmosphere, the predominant evolved
gases, although in amounts that depend on the specific temperature
interval, are CO;, NH3 and carbonyl-containing species (hereafter
referred to as “C = O7), arising from decarboxylation, deamination,
cyclization and oxidation reactions (Schemes 2-6).

Hydrocarbons, arising from fragmentation of the macromolecular

backbone, were observed in minor amounts from 250 °C to 800 °C.
Trace, yet significantly detectable, amounts of water were detected
across the whole investigated temperature range (absorbance > 0.005),
confirming the occurrence of dehydration reactions. In systems con-
taining functional groups susceptible to intramolecular condensation,
water elimination at elevated temperatures promotes cyclization,
particularly the formation of thermodynamically favored five- or six-
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Fig. 8. Evolution profiles of the main gaseous decomposition products of M-GLY (a-c) and its monomers, MBA (d—f) and glycine (g-i), under nitrogen between 50

and 800 °C.

membered rings. These transformations increase structural rigidity and
enhance conjugation within the system. Cyclodehydration often repre-
sents a preliminary step toward subsequent condensation and aromati-
zation processes [18-20].

Notably, no evidence of nitrogen monoxide (v (N = 0), 1876 cm™)
and hydrogen cyanide (HCN, v (C—H) = 3300, v (C=N) = 2097 and §
(H—C=N) 712 ecm™ [21]) was found the PAA spectra across the entire
temperature range under both atmospheres (Table S1). Carbon mon-
oxide (v (C = 0), centered at 2143 cm™, [22]) was also below the
detection threshold. Finally, for all PAAs, a significant CO:z release was
observed in air from 400 to 800 °C, due to char oxidation.

For the sake of clarity, the gas released within the different decom-
position stages discussed in Section 3.3 will be examined.

1st stage: 50-250 °C (Figs. 4 and 5, nitrogen and air). In this stage,
M-GLY releases only trace amounts of gaseous decomposition products,
i.e. Hy0, CO4, NH3, and carbonyl-containing compounds (C = O, Figs. 4d
and 5d in nitrogen and air, respectively), whereas M-ARG (Figs. 4g and
5g) and M-MEP (Figs. 4j and 5j) exhibit no detectable gas release.
Although in this stage the gas evolution is almost negligible, the onset of
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preliminary bond-cleavage events can reasonably be assumed, which
precedes extensive backbone scission in the subsequent decomposition
stage. A plausible mechanism is thermally induced depolymerization via
aretro-aza-Michael p-elimination pathway (Scheme 2). Because the aza-
Michael addition underlying PAA formation is intrinsically reversible
[23,24], increasing temperature shifts the equilibrium toward bond
dissociation, thereby promoting depolymerization. Mechanistically, the
p-elimination process involves abstraction of the acidic proton in the
a-position relative to the carbonyl group, followed by re-formation of
the conjugated double bond and release of the amine. The moderate
activation energies associated with retro-Michael B-elimination in
B-amido amine networks (Ea ~ 61.5 kJ mol™', onset temperature over
120-180 °C) [25], together with those reported for p-amino esters
(50-80 kJ mol™) [26] and thiol-Michael adducts [27,28], suggest that
depolymerization is likely initiated within this temperature window,
supporting the kinetic feasibility of this mechanism. Further support for
the lability of p-amino-substituted carbonyl linkages is provided by
documented thermal decomposition and exchange processes involving
polymeric Mannich bases in the presence of non-volatile amines [29,
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Fig. 9. Evolution profiles of the main gaseous decomposition products of M-ARG (a—c) and its monomers, MBA (d-f) and arginine (g-i), under nitrogen between 50

and 800 °C.

30].

2nd stage: 250-400 °C (Figs. 4 and 5, nitrogen and air). In this stage,
PAAs exhibit an intensified evolution of CO5, NH3, and C = O, accom-
panied by the onset of hydrocarbon formation (C—H). The gaseous
species released, likely originate from secondary reactions of the chain
ends generated by retro-aza-Michael cleavage. Moreover, not unex-
pectedly, no CO; is released from M-MEP within this interval.

3rd stage: 400-800 °C (Figs. 4 and 5, nitrogen and air). In nitrogen,
NHj3 release becomes negligible, while both M-GLY and M-ARG exhibit a
markedly lower CO: release compared to the 2nd stage, consistent with
the lower weight loss observed during the 3rd stage, whereas CO: release
from M-MEP becomes detectable. In air, COz evolution becomes signif-
icantly more pronounced, consistent with the growing kinetic contri-
bution of oxidation reactions.

Investigating the thermal and thermo-oxidative decomposition of
monomers offers valuable insight into the underlying decomposition
mechanisms of PAAs, which will be discussed in section 3.4 and Schemes
2-6.
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3.4. TG-FTIR analysis of monomers

A comparative analysis of the temperature-dependent gas evolution
profiles of monomers provides valuable insight into the decomposition
mechanisms of PAAs, particularly during the 2nd stage (250-400 °C),
where the maximum mass loss occurs. The TGA thermograms and the 3D
TG-FTIR spectra of MBA, glycine, arginine and 2-methylpiperazine in
inert and oxidative atmospheres are shown in Fig. S4, while the 2D FT-IR
spectra obtained in the different temperature intervals are shown in
Fig. 6 (nitrogen) and Fig. 7 (air).

Notably, glycine and arginine exhibit significantly lower thermal
stability than MBA in both atmospheres (Topget ~ 250 °C and Tyax = 260
°C for the a-amino acids vs ~350 °C and ~400 °C for MBA), reflecting
fundamentally different degradation mechanisms. 2-Methylpiperazine
(b.p. 155 °C, 1 atm) primarily undergoes volatilization below 200 °C
(Figs. 6 and 7).

The main decomposition stage (200-320 °C) of both a-amino acids is
initiated by decarboxylation via intramolecular proton transfer, gener-
ating CO: and zwitterionic intermediates that subsequently undergo
deamination, releasing NHs [31-33]. These steps yield reactive imine or



J. Alongi et al. Polymer Degradation and Stability 250 (2026) 112212
M-MEP
0.05 0.05 0.05 0.05
| a VC-H (2945 cm™) | b) Vv CO0,(2356 cm™) c) VC=0 (1738 cm-) | d 5 NH; (965 cm-)
0.04 { 0.04 4 1 0.04 4
g s | |
S 0034 0,03
2 | |
2 00z 0.0z |
2 , .
0014 0.014
0.00 | SR

100 200 300 400 500 600 700 800

Temperature (“C) Temperature (*C)

0.05

e) V€O, (2250 cm*)

0.04
0.03 |

0.02

Absorbance

0.0

Temperature (°C)

'v C-H (2906 cm') vN-H (1322 cm*)

Absorbance

0.00

| . — [,
100 200 300 400 500 BOO 70O 800

Temperature (°C) Temperature (*C)

i e s AT B BT
100 200 300 400 500 800 700 BOD

100 200 300 400 500 600 700 800 100 200 300 400 500 GO0 700 BOD

Temperature (*C) Temperature (“C)

MBA
005 0.05
L VC=0(1738cm*) | .| 9 S NH, (965 cm)
0.03 0.03
0.024 0.02

0,014

- - - . 0.00
100 200 300 400 500 600 700 800

>

100 200 300 400 500 600 700 BOO

100 200 300 400 500 600 700 800

Temperature ("C) Temperature ("C)

MEP

0,05+

)} VC-N (1140 cm)

0.02

0.014

| . —————————r—==d [}
100 200 300 400 500 600 70O 800

100 200 300 400 S00 GO0 700 BOO

Temperature (*C)

Fig. 10. Evolution profiles of the main gaseous decomposition products of M-MEP (a-d) and its monomers, MBA (e-g) and 2-methylpiperazine (h—j), under nitrogen

between 50 and 800 °C.

nitrile-type species that promote secondary condensation and char for-
mation [34]. Under inert atmosphere, CO formation at higher temper-
atures (>350-400 °C) arises from secondary fragmentation of
carbonyl-containing intermediates and partial breakdown of the devel-
oping carbonaceous matrix (Fig. 6). Under oxidative conditions, surface
and gas-phase oxidation pathways convert CO into CO: above 400 °C
(glycine) and 450 °C (arginine), suppressing incomplete fragmentation
products and enhancing total oxidation (Fig. 7).

In contrast, MBA decomposition [35] between 200 and 300 °C is
triggered by homolytic C-N cleavage of the amide bond, generating
nitrogen-centered and carbonyl-stabilized radicals [36]. These radicals
evolve NHs and HCN through p-scission and rearrangement reactions,
while dehydration and condensation release H20. Between 300 and 400
°C, fragmentation of vinyl and carbonyl groups proceeds via radical
pathways, producing CO, CO2, and small unsaturated hydrocarbons.
Simultaneously, thermally induced radical polymerization of vinyl
moieties promotes crosslinked network formation, which kinetically
competes with volatilization and shifts extensive mass loss to higher
temperatures.

3.5. Temperature-dependent evolution of gaseous decomposition products
and proposed decomposition mechanisms

Insight into the decomposition mechanisms of PAAs can be obtained
through a comparative analysis of the temperature-dependent evolution
of gaseous products released from PAAs and their corresponding
monomers. Figs. 8-13 report the evolution profiles of the main gaseous
decomposition products of PAAs and their monomers in nitrogen
(Figs. 8-10) and in air (Figs. 11-13) over the 50-800 °C range. In these
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figures, the profile of a single monitored band, corresponding to the
most intense signal, is shown in each panel. Table S2 provides the
complete list of all monitored species for the different PAAs and
monomers.

Noteworthy, in both nitrogen and air, the polymer gas release curves
collectively span the same temperature ranges in which these gases
evolved from the corresponding monomers. These findings suggest that,
within specific temperature intervals, each monomeric sub-unit con-
tributes differently to the overall decomposition of PAAs. More specif-
ically, following the retro-aza-Michael depolymerization step
hypothesized to occur in the 1st stage (50-250 °C), the gases evolved up
to approximately 350-400 °C are mainly attributable to the thermal
decomposition of the amino acid (or amine) terminals. In contrast, the
gaseous products released above 350-400 °C predominantly originate
from the thermal degradation of the MBA-terminals. However, it is
important to note here that the decomposition pathways of the two
subunits are not expected to coincide exactly with those of their
respective monomers, both in terms of temperature intervals and nature
of the evolved gases, as the degradation of the repeating units is pre-
ceded and mediated by the depolymerization step.

The proposed decomposition patterns of PAAs under pyrolytic con-
ditions is discussed below. For the sake of simplicity, the oxidation
mechanisms have been omitted, as they are assumed to be well
established.

3.5.1. Thermal decomposition of M-GLY

The temperature-dependent evolution of gaseous species from M-
GLY (Fig. 8) reflects the distinct contributions of the two structural
subunits, namely acrylamide MBA-derived terminal and the amine
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Fig. 11. Evolution profiles of the main gaseous decomposition products of M-GLY (a—c) and its monomers, MBA (d-f) and glycine (g), under air between 50 and

800 °C.

glycine-derived terminal, to the overall decomposition pathway.

Scheme 3 outlines the proposed thermal decomposition mechanism
of the acrylamide chain ends originated by the retro-aza-Michael
B-elimination (Scheme 2) occurring via two distinct pathways. The
first pathway (Scheme 3a) involves homolytic bond cleavage, gener-
ating a macroradical chain fragment and the precursor of an acrylamide
molecule that subsequently volatilizes. This agrees with the experi-
mental observation of C = O species reported in Fig. 8b

The resulting macroradical may in turn undergo deamination re-
actions, leading to the evolution of CH4 and NH3, This is in line with the
observation of significant amounts of NH3 (Fig. 8c), while the monitored
CHy,, detectable in the 3D spectra (Fig. S3), was negligible.

Alternatively, the macroradical rearrange to form aldehydes, which
are likewise released as volatile decomposition products (see C = O
profile in Fig. 8b). The alternative decomposition route (Scheme 3b)
involves intramolecular cyclization followed by p-elimination, yielding
a lactam-derived acrylamide species that may volatilize under the
applied thermal conditions (see C = O profile in Fig. 8b).

Scheme 4 presents the proposed thermal decomposition mechanism
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of the glycine-based terminals. A first pathway (Scheme 4a) involves
B-elimination, leading to the formation of glycine. However, glycine is
thermally unstable at elevated temperatures and rapidly decomposes
into CO3 and NH3 (Scheme 4b) according to the observed signal evo-
lution in Figs. 8a and 8b, respectively.

Alternatively, glycine itself may undergo dimerization (Scheme 4d),
forming species already reported in the literature and illustrated in the
scheme. The detected carbonyl wavenumbers are indeed consistent with
the presence of amide or lactam functionalities (Fig. 8b).

A second pathway (Scheme 4b) proceeds via decarboxylation
involving the pendant carboxyl group of the repeating unit. This hy-
pothesis is in line with the observed CO; evolution (Fig. 8a). Following
decarboxylation, an amine-terminated species may be generated, which
can further decompose with the evolution of NH3 and CH,4 (Scheme 4f).

3.5.2. Thermal decomposition of M-ARG

The gas evolution profiles of M-ARG are broadly comparable to those
of M-GLY, with the main difference being the greater NHs release
observed during the 3rd decomposition stage (400-800 °C). This
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Fig. 12. Evolution profiles of the main gaseous decomposition products of M-ARG (a-c) and its monomers, MBA (d-f) and arginine (g-i), under air between 50 and

800 °C.

behavior is consistent with a negligible residue at 800 °C (RMFsoo)
measure in air for M-ARG and a 2.6% RMFsoo for M-GLY under the same
atmosphere (Table 3).

M-ARG undergoes more pronounced mass loss than M-GLY during
the 1st and 2nd stages (Table 3), likely attributable to the inherent
reactivity of the arginine residue, whose guanidine group readily de-
composes into several gaseous products. For the arginine monomer,
these gases include HCN [33]; however, it is not detected in the effluent
gases of M-ARG.

Scheme 5 presents the proposed thermal decomposition mechanism
of the arginine-based terminals. The decomposition is hypothesized to
proceed via an initial decarboxylation step (Scheme 5a), resulting in the
release of COz, as observed experimentally (Fig. 9a), followed by a
deamination process involving the guanidinium moiety (Scheme 5b),
consistent with the evolution of NH3 (Fig. 9¢). This sequence leads to the
formation of a carbodiimide intermediate (Scheme 5c). A plausible
mechanistic rationale for the absence of HCN among the gases evolved
from M-ARG is the involvement of the highly reactive terminal carbo-
diimide group formed after the deamination step (Scheme 5b) into
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alternative reaction pathways that compete with, and potentially prevail
over, HCN release. These pathways may include (i) intramolecular
cyclization with adjacent functional groups and (ii) intermolecular
crosslinking through reactions with neighboring macromolecular
segments.

Guanidine decomposition leads to substantially greater NHs evolu-
tion than in M-GLY, under both nitrogen (compare Fig. 8c with Fig. 9¢)
and air (compare Fig. 11c with Fig. 12c) atmospheres, especially during
the third stage, indicating the lower thermal stability of M-ARG char
compared to that of M-GLY.

The contribution of the acrylamide terminal aligns with previous
observations for M-GLY (Scheme 3). It is important to note that, in this
polymer, based on the proposed mechanism, the evolution carbonyl-
containing species (Fig. 9b) is not ascribed to the amine-terminals but
rather to the acrylamide terminals.

3.5.3. Thermal decomposition of M-MEP
In the 250-350 °C range, before decomposition of the MBA-derived
subunit sets in, M-MEP decomposition is primarily governed by the
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Fig. 13. Evolution profiles of the main gaseous decomposition products of M-MEP (a-d) and MBA (e-g), under air between 50 and 800 °C.

C-H fragments and NHs (from 250 °C) (Figs. 10a and 10d, respectively).
The pronounced thermal lability of M-MEP explains why it un-
dergoes the highest weight loss among all PAAs in both nitrogen and air

Table 2
Thermal data of M-GLY, M-ARG and M-MEP in inert and oxidative atmosphere.

Code Tonset109 (°C)  Tmaxa (°C) Tuaxz (°C)  RMF (%) during the 1st and 2nd stages (Table 3).

No/Air Ny Air Air N Air The proposed thermal decomposition pathway of the 2-methylpiper-
M-GLY 193 266 256 569 238 26 azine terminals appears comparatively straightforward (Scheme 6). The
x::&};(; ifg zii 22% §ZZ/ 349 Zzg 12'3 g'g initial step involves the evolution of the 2-methylpiperazine monomer
. ; (boiling point = 155 °C at 1 atm), accompanied by the formation of a

vinyl-terminated chain fragment (Scheme 6a).
The release of 2-methylpiperazine has important implications for the
Tal?le 3 L L fire behavior of M-MEP. Unlike M-GLY and M-ARG, which do not sustain
Zzgglsl;hlff; of data of M-GLY, M-ARG and M-MEP in inert and oxidative combustion under direct flame impingement and instead form a stable
protective char layer that shields the underlying material, M-MEP is
Code Weight loss (%) flammable and burns under the same conditions [10]. This difference
1st stage 2nd stage 3rd stage can be rationalized by considering that 2-methylpiperazine is classified
50*25?0 °C 250-400 °C ) 400-800 °C ) as flammable [37,38] and is known to generate combustible species
MLGLY gé/ 1“\“ Tgb gér_s 11\25 :tlsr.s upon heating [39]. Therefore, its evolution during thermal decomposi-
M-ARG 218 42.2 37.2 181 41.0 tion likely contributes to sustained combustion in M-MEP, while
M-MEP 14.2 53.0 51.6 18.0 34.2 simultaneously limiting the formation of a protective char. Following its

release, 2-methylpiperazine may undergo further transformations, in

) . analogy with decomposition pathways reported for piperazine [40,41].
volatility of 2-methylpiperazine, accounting for the early detection of

0 0
U\NANJ\/\N"
a) 0 o} o} o} H H %,

‘.N/\JJ\NANJ\/\N/\_)LN/\*/\N:'
Fid H H /j\ H %, 0
R™ "COO- }-j.l\/\)LNANJ\/\N":

R = H, M-GLY: CH2CH,CHsNH-C(NH,)=NH, M-ARG

Scheme 2. Retro-aza-Michael depolymerization reaction of PAAs.
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Scheme 3. Proposed mechanism of thermal decomposition of acrylamide terminals.
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Scheme 4. Proposed mechanism of thermal decomposition of the glycine-based terminals.

These secondary processes ultimately lead to the formation of ammonia 4. Conclusions
and low-molecular-weight hydrocarbon species as volatile products.

The contribution of the acrylamide terminal aligns with previous The combined use of thermogravimetric analysis and FT-IR spec-
observations for M-GLY (Scheme 3). It is important to note that, in this troscopy of the evolved gases, collected during heating from 50 to 800
polymer, according to the proposed mechanism, the formation of °C under inert and oxidative atmospheres, provided detailed insight into
carbonyl-containing species (Fig. 9b) is attributed not to the amine the thermal and thermo-oxidative degradation behavior of three MBA-
terminals, but rather to the acrylamide terminals. derived PAAs, namely M-GLY, M-ARG and M-MEP, obtained from the

reaction of MBA with the a-amino acids glycine and arginine and with 2-
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Scheme 6. Proposed mechanism of thermal decomposition of the 2-methylpiperazine-based terminals.

methylpiperazine, respectively.

The identification of their gaseous decomposition products within
well-defined temperature intervals not only elucidated their decompo-
sition pathways but also clarified their gas-phase mode of action as
flame retardant coatings for cotton, explaining their effectiveness.

The analysis of the TGA thermograms indicates that oxidative re-
actions become kinetically significant above 400 °C, where they begin to
compete with purely pyrolytic pathways and predominantly yield
combustion gases. Since the main mass loss occurs between 250 and 400
°C, the mechanistic investigation primarily focuses on the processes
taking place within this temperature range.

The fundamental hypothesis was that the above PAAs start decom-
posing below 200 °C through distinct mechanisms, namely a retro-aza-
Michael depolymerization reaction and a C—N homolytic dissociation
involving the central methylene group of the MBA-derived moiety. The
homolytic cleavage involving the bisacrylamide-derived moiety implies
the same structural evolution for all three PAAs, and includes a series of
cyclization, deamination and f-elimination reactions, significantly
contributing to NH3 evolution.

Depolymerization regenerates the original amine and bisacrylamide
end groups and, if it proceeds, may lead to the release of amines. When
the amine is relatively volatile, as in the case of 2-methylpiperazine, a
recognized flammable compound known to generate combustible spe-
cies upon heating, it is rapidly removed from the equilibrium during the
early heating stages (around 150 °C), migrates to the gas phase and,
under combustion conditions, may ignite and burn, thereby compro-
mising any potential protective effect. Conversely, when the amine
monomer is an a-amino acid, it undergoes different reaction pathways
upon heating, such as cyclization, decarboxylation, or deamination,
generating gaseous species, such as ammonia and carbon dioxide, which
dilute oxygen and flame radicals and induce cooling through endo-
thermic decomposition and volatilization.

Similarly, the acrylamide terminals can undergo radical-induced
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thermal polymerization, thereby promoting the formation of aliphatic
char residues. These residues are stable under an inert atmosphere
(RMFa00 > 30% for all three PAAs) and exhibit even greater stability
under oxidative conditions due to intumescence, undergoing significant
degradation only above 550 °C. The subsequent decomposition of the
char releases non-flammable species, primarily ammonia and carbon
dioxide.

Overall, M-GLY and M-ARG show qualitatively similar gas evolution
profiles, although M-ARG releases greater amounts of ammonia during
the 3rd heating stage compared with M-GLY. This observation reflects
the fact that M-GLY exhibits an RMFggg of 2-3%, to be compared with an
undetectable RMFg in the case of M-ARG, and suggests a greater char
stability of M-GLY with respect to M-ARG:

The proposed decomposition mechanisms suggest that the pro-
nounced gas-phase flame-retardant action of a-amino acid-based PAAs is
associated with the release, upon heating, of significant amounts of CO-
and NHs, which dilute oxygen and thereby mitigate oxidative processes.
From a broader perspective, these findings will be further strengthened
by combining them with studies on the structural evolution of PAA-
derived chars under thermo-oxidative conditions, enabling deeper
insight into their condensed-phase mechanism of action as flame re-
tardants for cotton.
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