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Pyrolysis mass spectrometry (pyrolysis-MS) offers chemically and physically rich insights into polymer materials.
However, its broader application has been limited by the inherently non-quantitative nature of MS, primarily due to
ionization-efficiency variability among fragment species. To overcome this limitation, we present a reference-free, data-
driven analytical framework that enables robust quantitative analysis without requiring any pure-component reference
spectra. By eliminating the need to prepare actual standard materials, this approach allows system components to be
flexibly defined—including virtual or hypothetical entities—based on the analytical objective. As a result, phenomena
previously considered incompatible with conventional compositional analysis, such as monomer sequence distributions
and degrees of polymer degradation, can now be quantified within a unified framework. This advancement transforms
pyrolysis-MS from a qualitative diagnostic into a versatile quantitative tool, offering new capabilities for thermal analysis,
material design, and lifecycle evaluation in polymer science.

Keywords: pyrolysis mass spectrometry, reference-free quantitative mass spectrometry, monomer sequence analysis,
degradation degree of plastics, non-negative matrix factorization
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Fig.1 Geometric representation of volume-minimization
constraint that shrinks the simplex spanned by inferred reference
spectra to coincide with the ground-truth reference spectra.?)
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Fig.2 Hierarchical structure of a mixed spectrum in pyrolysis-
MS. Reproduced from DOI: 10.1039/d2sc06974a, under the
terms of the CC BY NC 3.0 license.
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Fig.3 Benchmark test of compositional analysis in a ternary
system. Dots represent polymer fractions inferred by RQMS; stars
indicate the ground-truth fractions. Reproduced from DOI:
10.1039/d2sc06974a, under the terms of the CC BY NC 3.0
license.
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Fig.4 Reducing sequence-distribution analysis to compositional
analysis by interpretating sequence-defined copolymers as virtual
references.
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Fig.5 Sequence analysis of 1:1 random copolymers of styrene
(S) and n-butyl acrylate (B). (a) Inferred spectra of sequence-
defined copolymers. (b) Modulation of sequence distribution
during 1:1 RAFT copolymerization of S and B. (c¢) Pentad
compositions inferred by RQMS were converted into B-centered
triad compositions and compared with results from NMR analysis
and theoretical predictions. Reproduced from DOI:
10.1039/d2sc06974a, under the terms of the CC BY NC 3.0
license.
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Fig.6 Various degradation pathways and the definition of
degradation degree, based on the weight ratio of pristine and
completely degraded polymers. Reproduced from DOI:
10.1016/j.polymdegradstab.2024.111128, under the terms of the
CC BY 4.0 license.
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Fig.7 Degradation behavior of polyurethane films with (red) or
without (black) 3 wt% of a stabilizer (hindered amine light
stabilizer; HALS) under accelerated weathering conditions.
Numerical labels indicate the duration of exposure to accelerated
degradation conditions. Reproduced from DOLIL:
10.1016/j.polymdegradstab.2024.111128, under the terms of the
CC BY 4.0 license
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Fig.8 Micro-indentation testing on polyurethane films with
(blue) and without (red) HALS additives. Indentation depth (solid
symbols) and indentation modulus (hollow symbols) are plotted
as functions of degradation degree. Numerical labels indicate the
duration of exposure to accelerated degradation conditions.
Reproduced from DOI: 10.1016/j.polymdegradstab.2024.111128,
under the terms of the CC BY 4.0 license.
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