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Abstract: The (partial) replacement of synthetic polymers with bioplastics is due to
increased production of conventional packaging plastics causing for severe environmental
pollution with plastics waste. The bioplastics, however, represent complex mixtures of
known and unknown (bio)polymers, fillers, plasticizers, stabilizers, flame retardant,
pigments, antioxidants, hydrophobic polymers such as poly(lactic acid), polyethylene,
polyesters, glycol, or poly(butylene succinate), and little is known of their chemical safety for
both the environment and the human health. Polymerization reactions of bioplastics can
produce no intentionally added chemicals to the bulk material, which could be toxic, as well.
When polymers are used to food packing, then the latter chemicals could also migrate from
the polymer to food. This fact compromises the safety for consumers, as well. The scarce
data on chemical safety of bioplastics makes a gap in knowledge of their toxicity to humans
and environment. Thus, development of exact analytical protocols for determining chemicals
of bioplastics in environmental and food samples as well as packing polymers can only
provide warrant for reliable conclusive evidence of their safety for both the human health and
the environment. The task is compulsory according to legislation Directives valid to
environmental protection, food control, and assessment of the risk to human health. The
quantitative and structural determination of analytes is primary research task of analysis of
polymers. The methods of mass spectrometry are fruitfully used for these purposes.
Methodological development of exact analytical mass spectrometric tools for reliable
structural analysis of bioplastics only guarantees their safety, efficacy, and quality to both
humans and environment. This study, first, highlights innovative stochastic dynamics
equations processing exactly mass spectrometric measurands and, thus, producing exact
analyte quantification and 3D molecular and electronic structural analyses. There are
determined synthetic polymers such as poly(ethylenglycol), poly(propylene glycol), and
polyisoprene as well as biopolymers in bags for foodstuffs made from renewable cellulose
and starch, and containing, in total within the 20,416—17,495 chemicals per sample of the
composite biopolymers. Advantages of complementary employment in mass spectrometric
methods and Fourier transform infrared spectroscopy is highlighted. The study utilizes ultra-
high resolution electrospray ionization mass spectrometric and Fourier transform infrared
spectroscopic data on biodegradable plastics bags for foodstuffs; high accuracy quantum
chemical static methods, molecular dynamics; and chemometrics. There is achieved method
performance || = 0.99981 determining poly(propylene glycol) in bag for foodstuff containing
20,416 species and using stochastic dynamics mass spectrometric formulas. The results
highlight their great capability and applicability to the analytical science as well as relevance
to both the fundamental research and to the industry.

Keywords: mass spectrometry; stochastic dynamics; biodegradable polymers; quantum
chemistry; 3D structural analysis
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1. Introduction

Synthetic polymer plastics are widely utilized as packaging materials in a broad
spectrum of industrial branches and daily life of humans, mainly due to their low
cost, excellent waterproof ability, lightweight, and excellent barrier capability to
moisture and oxygen [1]. At about 8.3 billion metric tons of plastic-based materials
have been created, so far [2]; and, ca. 6.3 thousand metric tons of corresponding
waste has been produced [2].

In total, 9% of plastics waste was recycled. By 2050 at about 12 thousand
metric tons of plastics waste shall be cumulated.

Therefore, the increased production of synthetic packaging plastics causes for
severe environmental pollution. The elaboration and industrial scale implementation
of new biodegradable and renewable bioplastics is of vital importance [1,3].

Biodegradable polymer materials have many different properties and
applications [3]. They can be obtained from agricultural sources.

In addition, they be synthesized by monomers or micro-organisms, either
biobased materials, or fossils. For instance, starch and cellulose belong to the group
of agricultural-based polysaccharides. Poly(lactic acids) is assigned to bio-based
polysaccharides. PEG belongs to fossil based petro-sourced biodegradable polymers.

There are major advantages of such plastics compared to conventional
polymers. They can save fossil resources via employment in biomass that renews.
Bioplastics offer means of recovery at their lifetime end via biodegradability, as
well. Over the latter decades, there is increasing in applications of biodegradable
polymers; thus, absolutely conditioned by legislative Directives and environmental
concerns. The same is valid to products of starch and cellulose. For instance, the
aforementioned poly(lactic acid) shows many applications to different industrial
branches, including those ones dealing with paper or biofuels production; textile
fiber production, replacing synthetic polymers such as nylon and polyester,
manufacturing of platform chemicals, and more.

In addition, employment of cellulose from biomass, such as agricultural by-
products, is considered to be a green approach to produce biofuels and biochemicals.
Biomass is one of the most promising sources of energy, as well. It is the most
abundant source of carbon in the environment.

Therefore, biodegradable carbohydrates are particularly prospective materials
for industrial scale application to food technologies; medicine; textile innovations,
because of wastes from textile and dyeing industries are potential hazards for human
life; or to generate green energy. For instance, starch, dextran, and gelatin are used to
fabricate 3D biomedical devices for purposes of tissue engineering and
reconstruction of organs and scaffolds for stem cells [4,5].

The design, modelling, and improving mechanical and physico-chemical
properties of biopolymer; their polymer strength; water resistance; or low water
sensitivity is mainly performed via chemical modification of the molecular skeleton
of the polymer.

Thus, oxidation of starch or cellulose is one of the most important processes for
chemical modification of the biomacromolecules broadly used to textile, paper, and
more industrial sectors. Often, OH-groups at C2-, C*-, and C%-positions, are modified
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to carboxyl and carbonyl-ones [6].

The (photocatalytic) process, in the latter context, have received tremendous
research attention which is due to their environmentally-friendly experimental
conditions, cost-effectiveness, and high efficiency. Frequently, they utilise a light-
activated semiconductor photocatalyst to generate highly activated (ion)-radicals
used not only to degrade pollutant molecules [5,7—-12], but also to modify chemically
the biopolymers.

Importantly, biodegradable plastics cannot degrade in natural or industrial
settings [13].

In addition, consideration of plastics ageing processes to increase relevance of
environment is of importance. The ageing reactions of plastics such as polyethylene,
poly(lactic acid), and polypropylene, among others, change of material’s surface, its
chemical properties. There are increased oxygen-containing groups of polymer
molecule [14]. The latter fact, increases affinity of plastics toward sorption reactions
of metal ions from particular aquatic environmental water.

The major motivation behind replacement of conventional synthetic plastics
with biodegradable materials is not only associated with issue of environmental
protection from plastics waste, but also with polymerization reactions producing
oligomer composite inclusions into polymer material. They are considered as
nonintentional added chemicals. In cases when synthetic polymers are used to food
packing, oligomers could migrate from polymer packing to food. Thus, there is
compromised the safety for the consumers, as well.

The same is valid to many plastics additives. They are not covalently bound to
polymer molecular chain. Precursors of N-nitrosamine are used to improve plastics
strength and elasticity. However, for instance, the latter analyte itself is potent
human carcinogens and mutagens [15].

Therefore, LMWs additives can be released at all stages of lifecycle of polymer
materials [16] via migration or via volatilization. The transfer of chemicals from
plastic packages to foods, human, and natural environments occurs.

The pure biopolymers are regulated via Directive of the European Union
(1935/2004/CEE [17]). Toward additives, there is applied Directive of European
Plastics Regulation (10/2011.) It contains a list of authorised chemicals with their
specific migration limits [18].

The maximum allowed concentration limits in migration for chemicals which
are not explicitly shown [9], must be lower than 0.01 mg kg food stimulant or
foodstuff.

Therefore, the analytical determining of the latter chemicals should be
compulsory done according to the established legislation Directives.

Furthermore, currently, evaluation of materials sustainability often disregarded
the effect on human exposure to chemicals [13] when assessing toxicity of new
biodegradable materials. Derivatives of biodegradable polymers; for instance,
cellulose, are already industrially applied to a broad spectrum of materials. These are
dispersants, thickeners, adhesives, emulsifiers, fillers, petrochemical products,
ceramics, textiles, synthetic resins, foods, or components in oral pharmaceutics, due
to lack of toxicity [19].

However, very little is known of chemical safety of bioplastics, even those
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including cellulose and its derivatives. The latter fact makes the discussed gap in
knowledge problematic, due to increased application to bioplastics. Scarce research
data, so far, have shown that majority of consumer conventional plastics products
contain toxic in vitro chemicals [13,16].

The same has been found true for a set of bioplastics [13]. Both the
conventional and biodegradable plastics represent complex chemical mixture of
known and unknown analytes ranging from polymers, fillers, and additives such as
plasticizers, stabilizers, flame retardant, pigments, antioxidants, and more [13,16].
Some of these analytes can be toxic [13].

Therefore, bioplastics have been acknowledged as environmentally friendly
materials including lacking toxicity ones. The chemical complexity of packing
bioplastic-based materials is equally complex and potentially toxic to both human
and environment [20].

Thus, development of safety to human and environmental biodegradable
plastics requires research effort in elaboration of new scientific methods and
regulatory approaches, including legislation Directives in order to improve their
safety manufacturing and applications to humans and the environment.

In the latter context, biomass is highlighted as environmentally friendly,
renewable, and carbon-negative source. It is one of the most promising sources of
energy, as well [21-23] composed of cellulose, lignin, and hemicellulose. The
structural analysis of intermediates of interaction of biomass components is crucial
in revealing mechanistic aspects of its chemical reactivity.

Bioplastics are considered more environmentally-sustainable than traditional
plastics as, by definition, they are either bio based, biodegradable, or feature both
properties. Bio-based plastics limit extraction and use of fossil resources by using
biomass; furthermore, biodegradability is an add-on property of certain types of
bioplastics which offers additional means of recovery at the product’s end-of life and
the promotion of a Circular Economy system. There are several bio-based and
biodegradable polymers available on the market, such as starch-based bioplastics,
poly(lactic acid), polyhydroxy butyrate, polyhydroxyalkanoates, polybutylene
adipate therephatlate, and more [24].

Cellulose, is regarded as important biopolymer, amongst others. It has a broad
spectrum of applications to many industrial branches and is used to paper products,
biofuels production, textile fibers, platform chemicals, etc. [25].

Starch is regarded as promising biopolymer for bioplastics production at an
industrial scale, as well. It is a renewable, naturally abundant, biodegradable, and
inexpensive material, regarded as promising material for development of eco-
friendly bioplastics. It is transferred into thermoplastic derivative in presence of
plasticizers such as, for example sorbitol, water, glycerol, etc. However, there is a
great challenge to improve mechanical and physico-chemical properties of starch as
its polymer strength, water resistance, low water sensitivity, etc. [1,26]. The
improvement of its mechanical strength and water resistance is carried out via
incorporating hydrophobic polymers such as poly(lactic acid), polyethylene,
polyesters, glycols, poly(butylene succinate), and more.

Despite the effort, still bioplastic composite materials do not change
significantly the molecular structure, physicochemical properties, and mechanistic
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characteristics of starch-based bioplastics; thus, difficulty their competition with
synthetic polymers.

However, starch-based bioplastics show stronger mechanical properties
comparing with other bioplastics or synthetic polymers. Due to later reasons,
enormous research effort is shifted into direction of chemically substituted
derivatives of starch [1]. It appears a promising research strategy for elaboration and
development of new starch-based functional bioplastics, owing to the fact that there
is obtained easily a large number of substituted derivatives from the naturally
extracted starch representing dialdehyde carbohydrate derivative [1,26].

Cellulose and starch are most relevant dietary model polymer systems, as well
[23,27,28].

In addition, wastewater is generated due to industrial development of plastics,
textile, printing, etc. It contains, often heavy metal ions, which compose the
environmental metallic pollution, as well. Since, ions of heavy metals are not
biodegradable they can be accumulated via the food chain; thus, yielding to (fatal)
disorders to human health, including cancers [29]. In this context, development of
cellulose-based adsorbents capable of adsorbing ions of heavy metals contribute to
remediation and wastewater purification among variety of methods for
environmental wastewater treatment. The large number of chemically active
hydroxyl groups of the latter biodegradable polymers enhances its adsorption
capacity toward heavy metal ions.

Furthermore, there is a large surface area, biodegradable properties, and strong
mechanical ones, among many more advantages of composite cellulose polymers
[29].

In the context of preceding paragraphs, it becomes clear that the structural
analysis is the primary research task of analysis of a polymer. Due to complexity of
polymer composites of bioplastics, however, soft-ionization methods for mass
spectrometry have been regarded as cornerstone in the field of polymeromics as they
are so-called gold-standard of omics-methods of molecular structural analysis of
biologically active compounds in vitro and in vivo [30,31]. These approaches are
broadly utilized for analyzing biological (macro)molecules; for instance, peptides,
proteins, lipids, and carbohydrates, as well [32]. It is governed by superior features
and method performances of the analytical mass spectrometry. They have been
sketched [30]. The MS methods have become irreplaceable analytical tool in the
field of polymer science for purposes of quantitative and structural analyses of such
analytes, as well [33]. There are several MS approaches, other analytical methods,
and techniques which are fruitfully used for polymers structural determination [3].
The soft-ionization MS methods such as matrix-assisted laser desorption/ionization,
electrospray ionization, and atmospheric pressure chemical ionization tools have
pioneered the development of new MS-based approaches to polymeromics of
synthetic polymers. They replace classical ion sources such as electron impact or
chemical ionization, or field desorption, fast atom bombardment ones [34]. The
molecular structural analysis of polymers proves not only successful synthesis of
polymers, but also detects unexpected side-chain polymer reaction products,
including trace amounts of inclusions into the bulk polymer material, having critical
health-related implications; thus, being a guarantee of safety, efficacy, and quality.
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Therefore, their application to the field of polymer research is the same to this
one in omics-methods of biology and medicine.

However, due to complexity of polymer materials there are highlighted
limitations to a broad application of MS methods to polymeromics. For instance, (a)
the polymer must be capable of stabilizing gas-phase ions; (b) often, conventional
MS techniques do not provide specific data on functional groups of polymers or on
analyte primary and higher-order molecular structure; and (c) polymeric mixtures
could not be determined properly as a result from differences in ionization,
respectively, detection efficiencies of polymer material constituents. The following
applications of tandem mass spectrometry in polymer research are mainly
highlighted: (i) identification and annotation of organic additives in composite
polymers, accounting for the fact that the additives are LM Ws; (ii) determination of
volatile pyrolyzates in polymers; and (3) determination of individual oligomers in
LMW polymers [35].

The mass spectrometric m/z measurand of n-mers of a polymer is used to obtain
information about molecular weight, compositional heterogeneity, and analyte
functionality distributions [36]. Since, the composite materials can be complex
analyte mixtures having isobaric analtyes or a mixture of their isomeric 3D structural
architectures, then, it can be difficult or even impossible to determine polymers or
oligomers in mixtures by single-stage MS measurements of m/z data alone. Thus, for
purposes of structural molecular analysis the methods of mass spectrometry mainly
use tandem mass spectrometric operation mode.

Although, tandem mass spectrometry often enables compositional identification
of carbohydrates, traditional MS/MS fragmentation methods fail to generate
abundant cross-ring fragments of intrachain monosaccharides that could reveal
carbohydrate connectivity [37].

Particularly, synthetic polymers show three types of tandem MS fragmentation
modes: (A) charge-directed path; (B) charge-remote intraionic rearrangements; and
(C) charge-remote fragmentation reactions by means of radical intermediates [38],
where the latter processes predominate.

In addition, MS surface analysis permits ambient pressure sample
measurements; thus, minimalizing the invasive assay of soluble chemicals with an
almost lack of sample pre-treatment. There are utilized for the later purposes
desorption electrospray ionization and laser ablation electrospray ionization mass
spectrometric methods [39].

Despite, currently, there is a lack of universal method for characterization of
biodegradable polymers [40].

Nuclear magnetic resonance spectroscopy is also robust method for
characterizing polymers. It provides data on repeat molecular structural unit in
addition to end-chain groups. The method is capable of revealing specific bonding
modes within the chain. It shows low sensitivity; furthermore, it exhibits complex
sample preparation steps due to low solubility of analytes as well as complex data-
interpretation due to signal overlapping effect. Even, employment in solid state
technique of nuclear magnetic resonance is characterized by challenging data-
processing tasks, due to effects of peak broadening, time of analysis, and chemical
shifts [33,41].
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In addition, the latter method requires rather pure samples and lacks the ability
to reveal sequence information.

X-ray diffraction is robust analytical method for 3D structural and
morphological data on 0.3—-0.5 and 1-200 nm scale polymer samples. The beam path
scattering variation, due to internal structure of polymers allows for determination of
oligomeric or macromolecular polymeric shape and self-organization of the polymer
chains. Despite, the weak scattering intensities depending on the type of polymer
sample can limit the method’s application.

The thermal analytical approaches also find a wide application to polymer
science. For instance, differential scanning calorimetry and thermogravimetric
analysis are used in polymer characterizations; thus, determining glass transition
temperature of polymers, their melting and crystallization temperatures. The
thermogravimetric analysis provides data on thermal and oxidative stability of the
analytes together with their moisture and volatile contents [33,41].

Fourier transform infrared and Raman spectroscopy is used to determine
(bio)plastics, as well [2,42—45]. These spectroscopic methods are routinely utilized
for purposes of environmental analysis [5,7-12].

At this point, I would like to make an explicit attempt to sketch that both the
vibrational spectroscopic methods and mass spectrometry provide plausible
analytical quantitative and structural information about chemicals in complex
mixtures. Thus, they are routinely implemented into research on environmental
chemistry [5,7—12]. Furthermore, both the MS protocols and vibration spectroscopic
ones should be compulsory done within the already developed and established
legislation Directives valid to European Union, toward analytical methods and
technique for analysis protocols. They are agreed with Council Directive 96/23/EC
concerning performance of analytical methods and interpretation of results [46]. The
latter reference, particularly, focuses the reader attention on requirements for mass
spectrometric and infrared-spectroscopic approaches used to the analytical practice
[46].

The question of the advantages of the latter instrumental methods for the
purposes of the environmental research is of central importance.

Mostly, vibration measurements can be performed directly on polymer material
as well as on fractions isolated from the polymer matrix by solvent extraction or by
hydro-distillation. The same is valid to methods of mass spectrometry.

Therefore, the capability of both the vibration spectroscopy and mass
spectrometry of analyzing directly complex environmental samples without
application to sample-pre-treatment steps appear their crucial advantage, amongst
others [5,7-12].

Furthermore, it goes without saying that the latter approaches are applicable to
determine both quantitatively and structurally organics, metal-organics, and
inorganics pollutants in the environment [5,7—12,47]. For the purposes of the current
study, it should be underlined that they are applicable to determine presence of heavy
metal ions in the bioplastics. In such cases there is used standards determining
inorganics such as EN17033 and ASTMD6400 ones, prescribing maximal
concentration limits of heavy metals and organics of high concern in order to ensure
environmental protection from hazardous chemicals from biodegradable plastics; if



Pollution Study 2024, 5(1), 2741.

any. The aforementioned standard treats plastics composted under aerobic
environmental conditions in municipal as well as industrial aerobic composting
facilities. The developed test method is equivalent to ISO 17088.

Vibration spectroscopy provides characteristic bands of individual components
of composite polymer materials. These bands provide data on chemical composition
of the samples using, conventional or linearly polarized techniques for data-
processing of vibration spectroscopic patterns [48]. However, the approaches are
applicable to determine macro components of analytes in the mixtures [48].

In this perspective, the current study shall demonstrate how the aforementioned
problems of MS analysis of mixtures of polymers can be bypassed by
complementary application of stochastic dynamics model Equations (1) and (2) [49—
56] and Arrhenius’s Equation (3). Equation (2) is derived from Equation (1) [54].

In addition, it shall evidence the capability of Equation (4) to predict reliably
MS spectra of analytes. It is derived on the base on Equations (2) and (3) [47,57,58].

They allow exact mass spectrometric quantitative and 3D molecular structural
analysis via quantifying fluctuations of measurable variables per short span of scan
time.
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Equation (2) ylelds to exact quantitative analysis ([r| = 1), 3D molecular and
electronic structure determining when is utilized complementarily with Arrhenius’s
Equation (3) [49-57]. Function D sp = f{iDqc) yields to || = 0.9999,, studying LMW
analytes [57,58]. The Dqc parameter accounts for energy parameters of 3D
molecular structure and isotopologies of analyte molecule. The statistical
significance of the relation D sp = f{Dqc) detailing on 3D molecular structure is
assessed via chemometrics.
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Equation (4) predicts analyte MS spectra using approximations </>> > </>? and
D 'sp~Dqc. The Isp™" show intensity data on peak of g-th product ion calculated
depending on experimental parameters of MS measurements. It does not account for
fluctuations of measurands.
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Despite, the latter fact, Equation (4) is a simplistic model capable of
distinguishing between positional stereoisomers of analytes. Application of Equation
(4), so far, has shown [r| = 0.9992,-0.99 correlating theoretical /™, and
experimental /™T,, data on plant metabolites and alanyl-containing oligopeptides
[57,58]. Its application to determine poly(methyl-2-methylpropenoat) composites has
shown || = 0.9999; [59].
Herein, Equations (2) and (4) are used to determine biodegradable chemicals in
significantly more complex mixtures of composite polymers, determining analytes in
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bags for foodstuffs made by polymers based on cellulose and starch as renewable
resources. The polymer additives have been authorised for direct food contact and
are commercially available marked products. The study uses ultra-high resolution
electrospray ionisation mass spectrometry operating in positive polarity, Fourier
transform infrared spectroscopy, high accuracy methods of quantum chemistry, and
chemometrics, as well.

2. Experimental

2.1. Materials and methods

The study uses experimental datasheets of FT-IR and mass spectra of cellulose
samples of bags for foodstuffs Cell 5, Cell 7, and PE 1 as measured and provided
by work of Zimmermann et al. [13]. The experimental datasheets are public available
and can be downloaded free of charge [60]. There are used experimental mass
spectrometric raw files: Cellulose 5.raw, Cellulose 7.raw, and BioPe l.raw. The
sample description is shown in Table 1.

Table 1. Plant-based polymer products according to work of Zimmermann et al. [13].

Sample/plastic type

Plastic product Colour, printing ink Material information from producer/distributor/vendor

Cell 5

Cell 7

Composite of cellulose and starch, NatureFlex, made of
renewable resources, aroma and oxygen barrier, authorised for

Bag for foodstuff Transparent, black ink direct food contact, all additives are authorised by the FDA and/

or the respective German, Swiss and Austrian Foodstuffs and
Commodities Act

Composite of cellulose (wood) and green PE (sugar cane), made
of renewable resources, aroma and oxygen barrier, authorised

Bag for foodstuff Transparent, white ink for direct food contact, all additives are authorised by FDA and/

or the respective German, Swiss and Austrian Foodstuffs and
Commodities Act.

Solid-state infrared spectra of film samples within mid-region of the
electromagnetic spectrum have been measured on FTIR Perkin Elmer Spectrometer
(Waltham, Massachusetts).

The conventional (film) and linearly polarized spectra were recorded within the
range 4000400 cm™! on a Bomem-Michelson 100 FTIR-spectrometer (Bomem Inc.,
Canada) equipped with a Perkin Elmer wire-grid polarizer with a resolution of +1
cm ! and 150 scans. The analytical instrumentation has been calibrated according to
ISO 9001 quality standards for quality management systems, last reviewed and
confirmed in 2021. The International Organization for Standardisation is a world-
wide federation of national standards bodies. The analytical instrumentation scheme
uses Michelson interferometer operating as Fourier transforms infrared spectrometer.
The transmission properties of the polarising beam-splitter (KBr) covers the shown
above spectral range. The instrument was evacuated up to P = 0.1 Torr and was used
Nd:YAG laser (A = 1024 nm). The scan speed of the moving mirror was 0.5 cm s,
Effective sample beam focus image diameter was 0.8 cm. The FTIR analysis of the
standards involves the methodology for assessing polymer films by FTIR
spectrometry according to ISO 83.080.01 (common requirements for analysing
plastics) and ISO 10640 (2011). The calibration of FTIR instrumentation involves
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determining of linear dynamic range of the relationship between FTIR-band
absorption and analyte concentration of standard samples of polymer mixtures using
Beer-Lambert’s law. In cases when there is insufficient resolution of the
spectroscopic bands, then there is deviation of the aforementioned low. In these
cases, there is determined a non-linear calibration pattern within the corresponding
concentration region [61]. The data-processing mathematical and statistical methods
of FTIR spectroscopic patterns have been detailed on the work of Ivanova et al. [48].

Standard sample of polyethyleneglycol 200 (Sigma Aldrich Inc.) for synthesis
was used. There were utilized KBr pellet and film techniques for FT-IR
measurements.

Ultra-high performance liquid chromatography coupled to quadruple time-of-
flight mass spectrometry/mass spectrometry has been used: Acquity UPLC Waters
Liquid Chromatography system and SYNAPT G2-S mass spectrometer (Waters
Norge, Oslo, Norway), operating in positive polarity. Two uL. CH3;OH extracts (0.15
mg plastic uL ") have been injected onto a Waters C18 guard column coupled to an
Acquity UPLC BEH C18 column (130 A, 1.7 pum, 2.1 x 150 mm, Waters) with a
column temperature of 7'= 40 °C. The LC flow rate has been 0.2 mL min! using
H,O with 0.1% HCOOH and CH3;OH with 0.1% HCOOH as mobile phases A and B.
The gradient has started with 80%:20% A:B for 0.5 min. Further, it has been
increased to 40%:60% at 4.5 min and to 0:100% at 35.5 min. 100% B was
maintained until 38.5 min; thus, returning to 20%:80% at 39.5 min and equilibrated
for 2 min prior to next injection. The heated ESI(+) source had capillary temperature
of 120 °C with a spray voltage of 2.5 kV and a sampling cone voltage of 30 V. The
desolation gas flow has been 800 L h™!. The mass spectrometer has been runned in
full scan (50-1200 Da) at a resolution of 20000 with a data-independent MSE
continuum acquisition with a low collision energy (4 eV) and a high collision energy
ramp (1545 eV). The high-pressure limit was 15000 psi. The injection volume was
2.00 uL. Target column temperature was 40.0 °C. There is a lack of measurements in
multiplication [13]. The analytical instrumentation has been calibrated according to
ISO 13084 (2018).

Experimental design, sample collection, and analyte extraction can be found
comprehensively described [13]. They have been carried out according to recycling
standards established by the Society of the Plastics Industry. Each plastics type has
been identified by an assigned number. It shows clear connection between the
polymer material and its classification within the framework of the recycling system.
Consider detail on the work of Villegas-Camacho et al. [62].

2.2. Theory/computations

GAUSSIAN 98, 09; Dalton2011 and Gamess-US [63-66] program packages
were used. Ab initio and DFT molecular optimisation were performed by B3PW91
and ®B97X-D methods. The Truhlar’s functional M06-2X was utilized. The
algorithm by Bernys determines GSs. PES’ stationary points were obtained via
harmonic vibration analysis. Minima of energy are confirmed when there is a lack of
imaginary frequencies of second-derivative matrix. Basis set cc-pVDZ by Dunning,
6-31++G(2d,2p) and quasirelativistic effective core pseudo potentials from Stuttgart-

10
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Dresden(-Bonn) (SDD, SDDAII) were utilized. The ZPE and vibration contributions
have been accounted for up to a magnitude value of 0.3 eV. Species in solution were
studied by explicit super molecule and mixed approach of micro hydration by PCM.
The ionic strengths in solution were accounted for, using IEF-PCM. Merz—Kollman
atomic radii and heavy atoms UFF topological models were used. The pH effect was
evaluated computing properties in neutral and cationic forms. MD computations
were performed by ab initio BOMD was carried out at M062X functional and SDD
or cc-pvDZ basis sets, as well as, without to consider periodic boundary condition.
The trajectories were integrated using Hessian-based predictor-corrector approach
with Hessian updating for each step on BO-PES. The step sizes were 0.3 and 0.25
amu'?Bohr. The trajectory analysis stops when: (a) Centres of mass of a dissociating
fragment are different at 15 Bohr, or (b) when number of steps exceed given to as
input parameter maximal number of points. The total energy was conserved during
computations at least 0.1 kcal mol™!. The computations were performed via fixed
trajectory time speed (¢ = 0.025 fs) starting from initial velocities. The velocity
Verlet and Bulirsch—Stoer integration approaches was used.

The Allinger’s MM?2 force field was utilized [67,68]. The low order torsion
terms are accounted for higher priority rather than van der Waals interactions. The
method’s accuracy is 1.5 kJ mol™! of diamante or 5.71 x 107* a.u.

2.3. Chemometrics

Software R4Cal Open Office STATISTICs for Windows 7 was used. Statistical
significance was evaluated by r-test. Model fit was determined upon by F-test.
ANOVA tests were used. The nonlinear fitting of MS data was performed via
searching Levenberg-Marquardt algorithm [69-74]. Together with ANOVA test,
there are used nonparameteric two sample Kolmogorov-Smirnov [75], Wilcoxon-
Mann-Whitney [76], and Mood’s mediantests [77], as well. ProteoWizard
3.0.11565.0 (2017), mMass 5.0.0, Xcalibur 2.0.7 (Thermo Fischer Scientific Inc.)
and AMDIS 2.71 (2012) software were used. The FTIR-spectrometric patterns were
processed by means of GRAMS Al 7.0 software (Thermo Fischer Scientific Inc.)

3. Results

3.1. Fourier transform infrared spectrometric data

This sub-section answers to a question: How do we use infrared spectroscopy to
determine analytes in composite polymers studying bag for foodstuffs (Cell 5 and
Cell 7) in addition to sample Bio-PE 01 containing 85% biodegradable
carbohydrate polymer mixture of sugar cane, and additives [13]. The latter sample is
100% recyclable, as well. Figures 1 and Al, in the latter context, depicts FTIR
spectra of the studied samples, while Table 2 summarised their characteristic IR
modes together with the data on standard sample of PEG (Figure A2). The
correlative analysis between the observable IR vibration modes includes analysis of
standard frequencies of PE wax according to database, as well.

Despite the fact that samples Cell 5 and Cell 7 is of bags for foodstuffs made
by composite of cellulose bioplastics there are markedly different IR-spectroscopic
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patterns.
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Figure 1. FT-IR spectra of samples Cell 5 and Cell 7 within 4000-500 cm ! in
transmission (7, %) (A); curve-fitted FT-IR spectrum of Cell 5 sample within 1800—
1640 cm ™! region of the electromagnetic spectrum (continued as Figure A3).

Table 2. Characteristic IR-bands of plant-based polymer products (see Figures 1 and A1-A3).

Sample Wavenumber [cm™!]/Assignment
Vc=0 vc-0(COOH) VC-H 8(0-)C~(C) Y(C=)C-H
1735.19 £ 0.61 - - 727.13 £0.34
Cell 5
1718.16 £0.38 - - 735.16 £ 0.72
2847.88 1464.58 719.49
Cell 7 - -
2915.52 729.96 £ 0.20
284794 +£0.16 1462.12 £ 0.04 718.95+0.09
PE 01
2915.46 £0.73
G 1110.11 £0.61 2874.11 £0.33 1453.88 £0.32 956.05 +0.33
PE

2904.02 +£0.88

Conversely, samples Cell 7 and Bio-PE 01 show similar IR-spectroscopic
modes. The correlation between transmission data on their characteristic IR-modes
shows |r| = 0.9969. The analysis of sample Cell 7 and PE, respectively, PEG
standards yield up to correlation coefficient || = 1.

Therefore, macro components of Cell 7 are PE and PEG. The IR-spectrum of
sample Cell 5 reveals typical for CB-mixtures of cellulose based biodegradable
polymers characteristic IR-bands. For instance, the IR-bands at 1730-1720 cm!
belong to vc—o stretching vibrations, while the vibration modes at 1150 and 950 cm™!

are assigned to v¥c.oc and V’coc stretching vibrations of monomeric structural

12
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units of cellulose [78].

3.2. Mass spectrometric data

The MS spectra of sample Cell 5 of composite of cellulose and starch as macro
components of polymers is characterised by a set of incorporating hydrophobic
polymers such as polyisoprene, polyethylene glycol, and polypropylene (Figures 2—
5, Bl1, and B2.) The shown assignment is according to the common MS
fragmentation schemes of synthetic polymers have been proposed by Jackson and
co-workers [79—81] as well as Lattimer and Wesdemiotis and co-workers [35,38,82—
86]. Figures 6 and B3 depict chemical diagrams of characteristic MS parent and
product ions of polymers accounting for both the linear and macrocyclic molecular
structures of the species.
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Figure 2. Mass spectrometric data on oligomer species of species in sample Cell_5 with respect to different short
spans of scan time; chemical diagrams of cations.
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117, and 59 accounting for their different protomers.
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Figure 6. Chemical diagrams of observable mass spectrometric ions of PPG accounting for proton accepting position.

The MS peaks at m/z 1178.7993, 1110.8207, 1042.8164, 974.8334, 906.8404,
838.8511, 770.8671, 702.8832, 634.8882, 566.8964, 498.9159, 430.9253, and
362.9322 show peak spacing A(m/z) = 68. The mass spectrum of 11 isoprene units
shows peak at m/z 775.7 of [M + Li]" cation [87]. The product peaks show spacing
A(m/z) = 68.

Thus, MS spectrum of Cell 5 (scans 1-4) is assigned to inclusion of ISOP, due
to the fact that there are observed MS ions at m/z 1178.7993, 1110.8207, 1042, 8164,
974.8334, 906.8404, 838.8511, 770.8671, 702.8832, 634.8882, 566.8964, 498.9159,
430.9253, and 362.9322, respectively. The peak spacing is A(m/z) = 68. The MS
peak at m/z 702.8832 in sample Cell 5 is assigned to oligomer of ten isoprene units
stabilized as NH4"-adduct. The theoretical value is 702.69167. Figure B2 depicts 2D
chemical diagrams of addicts of product ions of oligomers of polyisoprene,
determined in sample Cell 5.

The MS peaks at m/z 579.3818, 521.3395, 463.3020, 405.2547, and 347.2094
having spacing A(m/z) = 58 of oligomer poly(propylene glycol) [88].

Since, analyte PPG is an oxygen rich polymer, it is often ionized by Na*-
adduction thus producing cation of sodium adduct, as well. The theoretical data
involves both linear and cyclic oligomer (so-called crown ethers) and linear
(hydroxyl- or methyl-terminated) oligomer units of the synthetic polymers [35,84].

Copolymers containing poly(ethylene oxide) are an important component in a
variety of commercial and household products. PEO and PPO copolymers find
applications as plasticizers, lubricants and wetting or dispersing agents in textile,
leather, and paper and rubber industries [86]. They are, often used to surfactants and
engineering plastics. The mass spectra of random PEO/PPO copolymers are
characterised by peak spacing A(m/z) = 44 [38,86].
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In addition, MS peak spacing A(m/z) = 44 is observed in case of standard
dimethyl terminated PEO [38] showing two homologous series of product ions, i.e.,
C. of methoxy/hydroxyl end groups and b, one of methoxy/vinyl end groups. Thus,
peak spacing A(m/z) = 44 is found in PEGs and PEOs [3]. There is observed loss of
44 + 58 from precursor ion, in addition to loss of 44 + 32 Da [38]. There are
observed also product ions with variety of end groups such as dihydroxy (J,"" ions);
hydroxy/vinyl (J,"V ions), carbonyl/hydroxy (J,M ions), and ethyl/vinyl (J.*V ions),
respectively [38]. The fragment species of type J,E and J,"V are isomers.

The same is valid to PEG showing mass spectra having peak spacing A(m/z) =
44, due to repeat only ethylene oxide units [35,85,89,90]. The m/z range within 50—
500 of PEGDME is characterized by product ions of CID-MS/MS measurements of
cation at m/z 487 at m/z 323, 279, 235, 221, 191, 177, 161, 147, 133, 117, 103, 89,
73, and 59, while PEGME shows species of CID-MS/MS (m/z 517) reactions at m/z
265, 235, 221, 191, 177, 175, 161, 147, 133, 131, 117, 103, 89, 87, 73, 59, and 45
[35]. The former analyte reveals three ions series which are spaced with A(m/z) = 14.
The non-substituted PEG reveals product peaks of CID-MS/MS (m/z 459) within the
latter region at m/z 441, 415, 397, 371, 353, 327, 309, 283, 265, 239, 221, 133, 89,
and 45, respectively. As can be seen there is significantly complicated patterns of the
latter analytes; furthermore, showing a set of common characteristic product ions,
which difficult significantly their unambiguous assignment. The structural
determination is particularly complicated in case of mixtures of these analytes with
biodegradable polymers of carbohydrates, due to a set of common product ions
(below).

Despite, quantitative MS analysis of mixtures of the aforementioned analytes
have shown that they can be accurately determined (> = 0.998) examining the
absolute intensity ratios of their characteristic product ions [91]. The same approach
applied to quantify PPGs in mixture has shown r* = 0.9982-0.9987 [92].

Furthermore, PEGs have been comprehensively examined from perspective of
molecular structural analysis systematising the following series of species. There are
series of ions A: CH3-O-(-C,H4-O-),-H ‘methyl ether’, B: C,Hs-O-(-C,Hs-O-),-CH»-
CHO ‘ethyl ether/aldehyde’; C: CH3-O-(-C2Hs-O-),-C2Hs ‘methyl-ethyl ether’; D:
Csz-O-(-C2H4-O-)n-H ‘ethyl ether’; and E: Csz-O-(-C2H4-O-)n-C2H5 ‘diethyl
ether’, respectively [85]. For instance, common ions at m/z 89, 133, 177 and 221
belong to series (A) of species. lons at m/z 235 and 161 belong to (B) and (C) series.
The product ion of PEG at m/z 239 is assigned to (E) structural series, while ions at
m/z 131 and 175 of PEGME—to (D) series of ions.

Thus, as Figure 5 reveals the MS peaks of Cell 5 samples (scans 188-300) at
m/z 89.0637, 133.0926, 177.1156, and 221.1434 having peak spacing A(m/z) = 44 is
assigned to (A) series of PEG ions [35,85] of type HO-(C,H4-0O),-CH,CH,".

Besides, Glc-di- and oligosaccharide fragmentation ions shown above, the
Cell_5 sample reveals abundance MS ion at m/z 679.4475 and 622.6202 belonging
to hexose-acid and ox0-Glc4 tetramers. The loss of A(m/z) = 162 monomer units
from the latter species causes for peaks of product ions at m/z 515, 355, and 193 as
well as at m/z 501 and 340 assigned to corresponding trimers, dimers, and monomers
of the shows species (Figures 7 and B4).
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Figure 7. Mass spectrum of sample Cell 5 over short span of scan time 4.76—5.96 mins and scan numbers 188-300;
characteristic mass spectrometric peaks of carbohydrate; chemical diagrams of observable carbohydrate ions.

Analogous MS data have been comprehensively analysed studying oxidation
products of D-glucose oligomers [93,94]. As Figure B4 reveals, peaks at m/z
193.066 (Y1), 220.1062 (>*A,), 266.1945 (“*A»-H,0), 355.1835 (Y>), and 385.1880
(3*As) together with aforementioned ones of protomers and sodium adduct of acidic
form of cellotriose (B-D-glucopyranosyl-(1—4)- B-D-glucopyranosy-(1—4)-D-
glucopyranose) agree excellent with previously reported results from standard
samples of the discussed CBs [93,94]. Due to these reasons, the assignment of the
product species is performed in agreement with the latter works.

In examining cellotetraose standard samples having only one B-(1—3)-linkage
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at varying position, there has been found that the intensity data on product ions of the
oligomer at m/z 655.21, 503.16 (Cs), 443.14 (*2A3), 341.11 (C,), 323.10 (C>-H0),
179.06 (C'), and 161.05 (C'-H,O) depends on the isomeric forms: furthermore,
distinguishable [93]. The peak at m/z 443.14 is characteristic one for only terminally
B-(1—3)-linked oligomer (G1—’G1—*G1—*G). The same is valid to peak at m/z
323.10 assigned to C>-H,O product ions. The correlation between intensity ratios of
the latter oligomer ions shows |r| = 0.9829 — 0.5417 (Figure BS). The data agree
well with results from MS analysis of cellotriose [95] examining peaks at m/z 503,
341, and 179 showing mutual correlation of the intensity parameters of |r| = 0.99878,
while the correlation between data on cellotriose and stachyose looking at the latter
peaks shows || = 0.71884. As work of Dallinga and Heerma [95] comprehensively
discusses the cellotriose and stachyose carbohydrates show a set of common product
ions at m/z 503, 443, 425, 383, 341, 283/281, and 121. The mutual correlation
between data on the latter CBs yields to |r| = 0.4622s. The MS/MS data on the
characteristic peak at m/z 221 of the latter two CBs produce product ions at m/z 203,
189, 161, 159, 131, 119, 113, 101, 89, and 71, respectively. Correlative analysis of
these MS/MS data on analytes shows |r| = 0.86854.

Thus, despite, the visually similar m/z measurands of cellotriose and stachyose
carbohydrates the intensity data of the observed peaks are significantly
distinguishable from perspective of chemometrics. Due to these reasons, the
aforementioned MS peaks of the cellulose tetramer of Cell 5 sample have been
examined via Equations (2)—(4) in order to correlate the data on the biodegradable
plastic mixture and standard samples.

Within the low m/z values Cell 7 sample reveal a set of characteristic MS
peaks at m/z 150, 144, 142, 126, 120, 119, 115, 114, 107, 98, 97, 96, 89, 84, 72, 71,
70, 68, and 43 [21] of carbohydrates (Figure B6), despite the fact that there is
PEG/PPG based polymer macro components according to the FT-IR data on the
preceding sub-section. Furthermore, there is complex mixture of different oxidised
products of cellulose together with their (di) anhydrous-derivatives (Figures 8, 9 and
B7).

Data on cellulose and hemicellulose show within low m/z values as can be
expected several similar fragmentation patterns showing peaks at m/z 217, 201, 185,
163, 151, 139, 127, 111, 97, 83, 64, and 57 (cellulose) as well as at m/z 205, 191,
177, 167, 153, 139, 125, 111, 94, 81, 69, 55, and 44 (hemicellulose) [96]. MS peaks
at m/z 163, 162, 145, 133, 126, 119, 115, 102, 97, 91, and 85 are, particularly,
associated with product ions of 3,6-anhydro-D-glucose [97,98]. The MS peak at 114
is highlighted as characteristic one of cellulose degradation reactions, while the ion
at m/z 144 is assigned to 1,4;3,6-dianhydro-glucopyranose [99].

Mass spectrometric data on starch and cellulose standard samples in negative
polarity show abundance MS peaks having spacing A(m/z) = 162 at 1295.4191,
1133.36, 971.31, 809.26, and 647.2, respectively [27]. The common ion at m/z
485.15 is doubly charged in the former CBs, while it is monocation of MS spectrum
of cellulose. Starch is characterised by two additional dicationic MS peaks at m/z
323.61 and 242.58.

Thus, characteristic MS ions at m/z 175, 159, 143, 127, and 95 have been
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observed and assigned studying anhydrous-hexoses [98], particularly underlying the
fact that MS peak at m/z 103 and 101 are typically found in mass spectra of
methylated anhydrous-hexosides. Disaccharide product ions of 3,6-anhydro-L-
galactosyl-D-galactose have been identified due to mass spectrometric spacing of
m/z 306.06 [100]. The corresponding monosaccharide units of the latter species are
characterized by peaks at m/z 144.04 and 180.04. Importantly, characteristic MS ion
at m/z 180 is found in lignin mass spectra, as well [99].

Cell 7 sample is characterised by abundance MS peaks at m/z 705.5122 and
546.4894 having spacing A(m/z) = 160. They can be assigned to C'-oxidized
oligosaccharides (m/z + 16) looking at a comprehensive analysis of oxidation
reactions of cellulose [101]. There has been shown that observable MS peaks at m/z
705.2236 and 543.0605 are assigned to sodium adducts of [DP4 + 16 + Na]" and
[DP3 + 16 + Na]" ions. Figures 8 and B6 depict the MS spectra and chemical
diagrams of the discussed species. Despite, the MS peak at m/z 705 has been
assigned to C4-gem-diol of the cellulose tetrameter, as well [102,103]. The observed
MS fragments pattern indicates, rather, a co-existence of different oxidised forms of
cellulose oligomers, including a gem-diol one as well as aldonic acid form at the
reducing end. Non-oxidised fragment species of cellulose are also observed.

Therefore, the observable MS pattern of sample Cell 7 within 3500-3515 scans
can be assigned to geminal diol of cellotetrose oligomer as followings: m/z 727.4974
([M4 + Nal"), 507.2461 (Bs/Z3-H,0), 467.2181 (>*X, or >°A3), 453.2308 (*3A; or
03X,/14A3), ad 365.1552 (Y>), which is in agreement with data on [103]. In parallel,
the Cl-oxidized product of cellulose oligomers are assigned to disoddium adducts, as
well as followings: m/z 727.4974 ([Ms + 2Na-H]"), 709.21 ([Ms + 2Na-H,O]"),
565.3593 (Y3), 551.5090 (>*As-H,0), 529.4725 (Cs), 509.1532 (Bs;), 467.2181
(“2A3), 402.5182 (Y>), 365.1639 (C2), and 304.8507 (*“*A,), respectively. The latter
assignment agrees with results from MS analysis of C'-oxidized cellulose oligomers,
as well [103]. MS peaks at m/z 707and 365 have been assigned to sodium adducts of
dimer ad monomer of cellobiose, as well [39]. Importantly, identification and
annotation of C!-, C*, and C®-oxidised CBs does not represent a straightforward
task. Despite, various analytical methods have been developed for such as purposes
[104].

Particularly, challenging is the determination of C!- or C* or both of these
oxidation products of cellulose oligomers due to their elution times [104]. The same
is valid to employ MALDI-MS/MS, despite, the superior method performances. The
determination of only m/z data does not capable of distinguishing between C'- and
C*-oxidised oligosaccharides: thus, highlighting the research task as far from easy
one [104].

The oxidation of C!-centre of CBs causes for forming of labile 8-lactones; thus,
further producing in water aldonic acids [103—108]. These analytes can be well
separated by high performance anion exchange chromatography.

Conversely, C*-oxidation reactions of CBs produce 4-ketoaldoses leading to
hydrates or geminal diols. C*-oxidized oligosaccharides undergo tautomerization in
alkaline conditions and that limits their analysis by commonly used high
performance anion exchange chromatography. However, there has been questioned
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whether double oxidised cellulose products are C!/C* oxidised, or C!/C® oxidised
ones, as suggested elsewhere [108].

As has been highlighted [104] MS cannot distinguish high performance anion
exchange chromatography isomers and geminal diol form of corresponding C*-
oxidised products of the same oligosaccharide. The C!-oxidised CBs have the same
m/z values [104]. To overcome these challenges there is often used chromatography
coupled to mass spectrometry. Despite, there is a lack of a systematic analysis of
MS/MS fragmentation patterns of different separated via chromatoraphy C'- and C*-
oxidised CBs [104,109,110]. The identification of these C'- and C*-oxidised
carbohydrate structures is far from straightforward, albeit various analytical
approaches have been developed as thoroughly reviewed previously.
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Figure 8. Mass spectrometric data on oligomer species of cellulose and its oxidised products in sample Cell 7;

chemical diagram of the cations;

fragmentation ion mass spectrometric pattern and assignment of carbohydrate ions is

carried out using the nomenclature by Dommon and Costello [111], Stephens and co-workers [112], as well as, Spina

and co-workers [113].
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Figure 9. Mass spectrum of sample Cell 7 over short span of scan time 40.09-40.23 mins and scan numbers 3500—
3515; characteristic mass spectrometric peaks of C!-oxidized carbohydrate, assigned according to the nomenclature by
Dommon and Costello [111], Stephens and co-workers [112], as well as, Spina and co-workers [113]; chemical
diagrams of ions at m/z 727 and 728.

3.3. Theoretical data

The suggestions of works [47,49—58] provide an approach to justify the linear
correlation between experimental stochastic dynamics D sp parameters of Equation
(2) reflecting the measurable variable intensity of parent and product peaks of
analyte together with the fluctuations of the measurand and theoretical Doc
parameter of Equation (3) as test which statistical significance is evaluated by
methods for chemometrics as criterion on reliable assignment of experimental MS
peaks to corresponding 3D molecular and electronic structures of analytes.

However, when it comes to application of Equation (3) for purposes of 3D
molecular structural analysis there is a challenging research task, since the Doc
parameter is calculated using vibration modes of species in their ground and
transition states.

Despite, the fact that there are already used routine computational tools for
purposes of ground and transition states vibration analysis, whether we are assessing
claims about 3D molecular structural assignment of experimental measurable
variables to corresponding 3D molecular conformations and electronic structures, we
need independent computations of a set of proposed molecular models in order to
increase the reliability of the structural analysis. As Figures 6 and B3 show in cases
of PEG and PPG product ions of oligomers there is accounted not only for the proton
accepting centre of the mass spectrometric ion, but also for its linear and macrocyclic
3D configurations.
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In addition, it is commonly supposed that there should be assessed the proton
accepting capability of the O-centres of the later species with increasing in the
number of oligomer, respectively, polymeric product ions of the analytes at large
m/z-values.

As can be seen, the structural assignment of MS species of polymers within the
framework of linear relationship D’sp = ADqc) includes a large number of
probabilistic associations, which, however should be certainly utilised for figuring
out reliable assignment of the observable MS peaks to corresponding 3D molecular
conformation and electronic structure of parent and product ions.

The application of the discussed innovative approach to determine molecular
structures of analytes mass spectrometricaly, so far, has shown that Equation (2) is
not only correct one, but an exact model for data-processing of measurable variables.
In examining oligomers and polymers of aliphatic species both the linear and
macrocyclic molecular models there is a significantly flexible molecular skeleton
allowing to stabilise a set of closely disposed as energetic 3D molecular
conformations. For short chain oligomer candidate species, the computational tasks
are exceedingly easy.

However, with increasing in polymer chain, there is increasing in number of
computations of species depending on proton accepting positions of cations and their
3D molecular conformations. Thus, we might hope that the complementary
application of static and molecular dynamics data at various level of theoretical
accuracy there shall be provided the unique geometry parameters of MS molecular
ions corresponding to global minimum of energy, respectively, saddle point of
transition states.

Clearly, the amount of theoretical data on oligomers and polymers of the
studied compounds needed to make reliable use of parameters of Equation (3) may
seem overwhelming. In such cases what could justify assumptions that parameters
D’sp and Dqc of an examined set of models of large oligomer or polymeric MS ions
are functionally dependent on each other is assessment of the coefficient of linear
correlation between the discussed parameters of Equations (2) and (3) within the
framework of a large and statistically representative set of species, their protomers,
respectively 3D molecular conformations. As can be expected, with increasing in
statistical representatives of examined models there is increasing in reliability of 3D
molecular structural assignment of the species to their corresponding experimentally
observable MS peaks.

The need of this kind of theoretical analysis which lacks of an alternative that
looks more-or-less less complicated is motivated with the fact that composites of
biodegradable polymers are characterised not only with a large number of oligomers
and polymers in addition to LMWs as preceding sub-sections already have
illustrated, but also the MS peaks of the large number of structurally very similar
polymers produce virtually identical MS patterns, which structural assignment as
highlighted above does not represent a trivial research task. Within the framework of
the probabilistic theory the theoretical design of the computational tasks should
provide good reason to be confident that a statistically representative set of
molecular species is accounted for in evaluating the statistical significance of the
correlation between parameters of Equations (2) and (3).
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Owing to what I am pointing to, let us look at results from molecular dynamics
computations of species of PPG oligomers at m/z 233, 175, 117, and 59 observed
within scan time 40.35-40.43 mins of sample Cell 5 (Figure B8). There are studied
different types of protomers at M062X/SDD level of theory as Figure 3 (above) has
already shown. Table C1 summarises energetics of species, while Tables C2 and C3
their atomic co-ordinates and frequency modes in ground and transition states.
Figure C1 depicts static and molecular dynamics data on species.

Computational data on species of PEG are shown in Figure 10. Most stable
appear OH"-protonated macrocyclic cations comparing with corresponding linear
molecular ions.
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Figure 10. Ionic (M062X/SDD) optimisation of cation at m/z 221 of PEG: Total energy (E™°T [a.u.]) with respect to
optimisation step number; chemical diagrams of ions in initial (IS) and final (FS) states; optimised 3D molecular
geometry of the PEG_221 ion in its final state; 3D MM2/MD geometry of PEG_221 cation in initial state.

3.4. Correlative analysis between experimental and theoretical mass
spectrometric data

In this subsection I should like to argue that a reliable assignment of observable
MS peas to corresponding 3D molecular and electronic structures of oligomer
product ions of polymers we find in model Equations (2) and (3) and assessment via
chemometrics of functional relationship of their parameters examining relation D ‘sp
= f(Dqc). In studying data on product ions of PPG as Figure 11 reveals there is
achieved excellent to exact chemometrics parameters |7| = 0.9998; — 0.99135 using
both relationships D sp = fiDqc) of data on Equations (2) and (3) as well as Equation
(4). The latter figure correlated theoretical and experimental data on species as they
are listed in Tables C1 and C4.

From the obtained results depicted in the latter figure under consideration we
assign the MS peaks at m/z 59.05063, 117.04517, and 175.1405 of PPG to the
following 3D molecular and electronic structures of protonomers, i.e., PPG 59 b,
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DU’.‘

Figure 11. Functional relation between D sp and Doc parameters of Equations (2) and (3) as well as experimental
average intensity data on characteristic mass spectrometric peaks and theoretical intensity values I™sp of Equation
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PPG 117 a, and PPG_175 b, due to obtained parameter best |r|-parameter. The
assignment of MS ion at m/z 233.0973 to protomer PPG 233 a yields to || =
0.9158—a higher value, comparing with this one of a relationship involving data on
protomer PPG 233 b. The functional relation D'sp = f{Dqc) accounting for the
discussed data on the four MS ions as their highlighted most reliable assignment
yields to |r| = 0.90613.
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(4) looking at ions of PPG in Cell 5 sample; chemometrics.

The excellent-to-exact performances assume theorising under discussion about
Equations (2)—(4). It establishes facts about a statistically significant to exact linear
relation between experimentally intensity parameter of MS peak and its fluctuations
over a short spans of scan time and unique 3D molecular and electronic structure of

analyte ions.

Furthermore, the relation accounts for a set of structurally similar polymers and
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their possible product ions of mass spectrometric fragmentation.

We need to make detailed assumptions about 3D molecular conformation and
electronic structure of species on the base on quantum chemical computations of
energetics of ions matched to highly reproducible and ultra-high accurate
experimental measurable variables. The design of Equation (2) and its functional
relations with Equation (3) or (4) ensure validity of our statement and reliability of

the structural analysis, due to use to quantitative criteria of chemomerics.

Therefore, the value || = 0.9998; of relation D'sp = f{Dqc) of shown product
ions of PPG oligomers assumes a highly reliable assignment of observed MS peaks
of polymer product ions to the presented 3D molecular and electronic structures of

the species.
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4. Discussion

Developing the innovative stochastic dynamics mass spectrometric approach to
determine exactly quantitative and 3D structurally chemicals in environmental and
food samples as well as biological fluids; thus, highlighting its great application to
determine polymers in biodegradable plastics would require, first, underlying
strength of Equations (1), (2), and (4) as a whole.

However, this task cannot be accomplished in the current paper.

Thus, I shall for purposes of this study, instead of briefly focus the reader’s
attention on some basic aspects as an effort to underline novelty, advantages,
limitations, and applications to both fundamental research and industry. My
discussion should be to lay out features which make stochastic dynamics mass
spectrometry attractive concept not only for studying (bio)polymers, but also for
interdisciplinary fields of the analytical research. However, all they are connected
with environmental research and assessment of risk to ecosystems and human health
from environmental hazardous.

Owing to the fact that Equations (1) and (2) are innovative tools for data-
processing of measurable variables, but as aforementioned there are already
established Directives and ISO requirements using classical methods for data-
processing of measurands from MS experiments, imperative questions arise:

(i) How can the new formulas belong constructively to classical methods for the
analytical practice; and

(i) and which are their advantages, comparing with known theoretical methods for
mass spectrometric based analysis of chemical compounds?

In the light of these questions, if one considers, first the concept of the new
method relatively closely, then one could immediately draw distinction between the
novel approaches to data- processing of MS measurands comparing with known
methods.

Thus, in addressing questions (i) and (ii), I shall sketch complexity of the
models.

To begin with, Equations (1), (2), and (4) can be regarded as novelty to the
analytical mass spectrometry as methodological development of the field [30], rather
than as an explicitly elaborated tool for purposes of polymer research.

Since, polymeromics belongs to omics-methods for analysis, the new Equations
(1), (2), and (4) could find prospective application to determine polymers, as well.

However, the overall complexity of studying polymers already highlighted in
preceding sections of this study should be taken into account.

Moreover, the validity of the discussed formulas is tested on few examples of
polymers; furthermore, containing relatively simple chemical compositions [59].

Advantages of the equations, that are, particularly prominent are associated with
in ongoing debates emerging from method performances of conventional MS
methods for data-processing of measurable variables of both low- and high-
molecular weight analytes in complex environmental and food samples as well as
biological fluids [30,49,53] as well as applicability of the methods for mass
spectrometry to obtain exact analyte 3D molecular structure in such samples.

Due to these reasons, herein, I would like to introduce methodology used to
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write Equations (1), (2), and (4) which distinguished sharply from available methods
for both quantitative and structural analysis based on mass spectrometry. The so-
called mass spectrometric measurands, i.e., mass-to-charge and intensity values of
parent and products ions of in fact isotopomers of any analyte are described as
random variables.

In the light of the latter statement, however, the reader is referred to consider
the TUPAC definition of isotopomer [114], and mass spectrometric molecular
isotopologies as shown in works [30,49,53], because of within the framework of a
MS experiment there is obtained exact data on isotope composition of the atoms in
the analyte molecule.

However, m/z measurands can be obtained experimentally via calibration using
data on MS ions of known m/z quantity [115] owing to the fact that calibrates should
be chosen with regard to both the design of the MS instrument and application
purposes. In addition, there should be accounted for simple sample preparation of the
standards, abundance and stable signals, as well as a lack of memory effect. Often, it
can be hard even not possible to cover the sketched requirement without
compromises, regarding the analytical information.

Therefore, in studying complex samples of unknown analytes even LMWs
ones, due to lack of suitable standard or standard requirements there could be unable
to obtain reliable analytical information via the already established protocols.

Moreover, the standard protocols based on knowledge of natural isotopic
distributions of elements applied to determine quantitatively and to elucidate
structurally unknown compounds in mixtures by interpreting their mass spectra,
particularly, highlighting polymers could be altered, as well. In cases of oligomers
and polymers when there are heady atoms of chalogenides, then the characteristic
isotopic signatures of the MS patterns can be deduced by inspection and can be
relatively reliably determined [116]. In cases of analytes having a lack of atoms
showing characteristic isotopic signatures, then the upper limit on the number of C-
atom can be obtained examining the abundance of all-">C-versions of the analyte ion
to that of corresponding '3C-isotopic form, but large molecules show Gaussian
distributions of C-isotopes centred on the average molecular weight and having
unusual carbon isotopic abundance. Thus, the ratio of intensity data on experimental
MS peaks of isotopomers '*C/!2C are lower than theoretically predicted and expected
ones via standard methods.

Furthermore, there is fluctuation in elemental composition, due to isotope
fractionation obtained by (bio)chemical and geochemical processes, which perturb
the value of the isotope ratio among isotopomers of the same atom; thus, yielding to
errors in omics-methods [117]. Omics methods do not account for fluctuations of
measurands.

Due to reasons sketched above accurately determining of analyte quantity or
molecular structure among a set of candidate structures, particularly, highlighting
complex multicomponent mixtures of unknown analytes still represents a
challenging analytical task. The latter challenges are associated with both the MS
measurands even using ultra-high accuracy analytical instrumentation showing
excellent features and already routinely implemented standard methods for data-
processing of MS measurable variables.
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Having secured the latter standpoint, we could then say that exact quantitative
and structural determination of analytes mass spectrometrically can be achieved
mostly via complementary employment of different experimental and theoretical
methods and techniques.

Owing to fluctuations of the experimental measurable data on both low and
high molecular weight analytes we can say that theoretically, a mass spectrum of any
analyte can only be reliably described and predicted via exact approaches allowing
generation of random numbers, because of they allow us to account for the
fluctuations of MS measurands. The alternative known methods, however, do not
succeed in talking the latter issue.

Conversely, the stochastic dynamics model Equations (1), (2), and (4) are
designed in order to solve the latter problem.

Model Equation (1) is based on modified formula of the Box—Miiller method
for generating such random numbers. Concentrate on its basic Equation (C1) [118].
The shown, then, Equation (C2) is derived from the former one. The x and <x>
denote stochastic variable and its average value, while P; and P, are random
numbers. The o® denotes variance, which is given by Equation (C3) [119,120]. If
intensity measurand of any analyte peak is described as random variable then there
can be written x = /. Studying a series of low molecular weight organics, metal-
organics and inorganics it has been proven that InP; = —17.05337) is a constant for
all MS measurable variable intensity (/) of any MS peaks over any span of scan time
under a broad spectrum of ionisation methods and techniques used to measure mass
spectrum of any analyte such as, for example ESI-, APSI-, matrix-assisted
laser/desorption/ionisation mass spectrometry, collision induced dissociation tandem
operation mode, and more [30,47,48-59,119,120]. On this base, further, we write
Equation (C4). In the latter context, there has been proposed a functional relation 4 =
—2072. InP; having not only statistical significance, but rather physical meaning. The
variance parameters o> and @ are independent of each other. Within the framework
of Ornstein-Uhlenbeck’s approximation (o = 2/D) to o and Einstein’s
approximation to parameter =3 x 1078 [119] Equation (C4) is given by equation
(CS). The substitution of the mentioned above relations yields to Equation (1). It is
exact quantitative model connecting between diffusion parameter and experimental
MS intensity written as (I — </>)>. The parameter ‘4’ is obtained via SineSqr curve
fitting of experimental relation (I — </>)* = f{¢) where ¢ denote time. Therefore, the
stochastic dynamics methods are already proven as universally applicable approach
to low-molecular weight organics, inorganics, metal-organics within the framework
of series of ionisation mass spectrometric methods and techniques.

Parameter ‘A’ accounts for temporal distribution of measurable variable
intensity (/) of MS peak of analyte product and parent ion over any random span of
scan time of measurements.

Depending on complexity of function (I — </>)? = f{f) or the temporal behavior
of measurand intensity over a studied span of scan time, there can be expected
deviations from absolute correlation (|r| = 1) of SineSqr curve fitting procedure
[53,119]. In solving the latter problem, Equation (1) there is simplified, using
approximation that 4 = 2<(I — <[>)*>; thus, writing Equation (2). It is capable of
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exact quantifying analytes and determining 3D molecular structure of analyte on the
base on MS soft-ionization methods [54].

At this point it would be easy to see the major advantages of Equation (2)
comparing with the classical tools for data processing of measurable variables of MS
experiments: (a) It is exact model, yielding to |#| = 1 quantifying analytes in complex
samples, including biological fluids [53,54,120]; (b) it is applicable in parallel for
exact determining of analyte 3D molecular and electronic structures accounting for
subtle electronic effects such as tautomers, in addition to protomers, and isotopomers
[49,52]; (¢) it is applicable to any type of chemical compounds as aforementioned
encompassing, organics, inorganics, metal-organics, and organometallics; (d) and
within the framework of a set available ionization MS methods and techniques
[30,47,48-59,119,120].

Furthermore, the stochastic dynamics approach has been validated empirically
via independent instrumental method for analysis such as chromatography [121];
thus, sowing || = 0.99998. The latter study includes analysis of mixtures of steroids
using a set of mathematical and statistical methods for data-processing of
chromatographic patterns.

Conversely, analyses reported, so far, this study persuasively illustrates the
great capability of the discussed stochastic dynamics model equations to determine
significantly more complex analytes from perspective of molecular structure such as
polymers; furthermore, in multicomponent commercial sample of composite
biodegradable materials containing 20,416 (Cell 5) and 17,495 (Cell 7) detected
features.

The bulk in concepts used to experimentally design MS analysis of everyday
bio-based or biodegradable, or both of these bags for foodstuffs as comprehensively
described in works [13,16] are based on in vitro bioassays of, in total, detected up to
41,395 chemicals per individual sample. There is shown that ca. 67% of studied
samples induced baseline toxicity. Circa 42% of them induce oxidative stress and at
about 23% exhibit antiandrogenicity. One sample of plastics shows estrogenicity.
Thus, there has been highlighted the potential risk for the environmental safety and
human health.

However, I would like to discuss in this section why we may expect to find
toxicity of even analysing biodegradable plastics from perspective of detailed MS
analysis of composite materials reported, first in this study. Figures 2 and 8 reveal a
complex mixture of not only biodegradable polymers and their oligomer associates,
but also synthetic additives and a large number of oxidised and chemically reacted
polymers and oligomeric associates.

Therefore, my claim is that there is not surprise that individual samples of
commercial packing materials of even highlighted as biodegradable and renewable
composite materials could possess toxicological effect to a certain degree. The
validity of conclusions strongly depends on a large number of specific and often
unknown or commercially not highlighted components of packing polymer
composite materials. This fact, requires an in-depth chromatographic and MS
determining as well as structural analysis of polymers and oligomers in addition to
their products of degradation; if any.

Also, there is requested analysis of additives and other components in order to
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detail on functional relation between type of composite of commercial packing even
biodegradable one and its potential toxicological effect on environment and human
health.

If we opt for verification of claim about any potential toxicological effect in
order to make it rigour and certain, then, it should be validated outside including
results not only to very special commercially available composite polymers, but also
to laboratory polymer compositions of standard components examined under special
environmentally mimicked experimental conditions in order to justify a claim that
there could be toxicological effect to human from even biodegradable plastics used
commercially at an industrial scale.

In what follows in this section, I would like to attempt to make headway on
advantages of the complementary application of the innovative stochastic dynamics
MS method and vibration spectroscopy, particularly underlying in this study infrared
spectroscopy for determining polymers, despite the fact that vibration spectroscopy
is routinely used to the environmental research [5,7-12].

As we already have seen in preceding sections interpreting mass spectra of
multicomponent composite polymers containing in the case of this study within
20,416—-17,495 chemicals per sample is not so easy. We must not escape a notice that
vibration spectroscopy provides very fast, cheap, and again direct analysis of
polymers.

Furthermore, the methods are not only already implemented into the analytical
practice, but also provide not only databases of FTIR-spectra of standard polymers;
for instance [62], but also there are atlas of both IR and Ramans spectra of LMWs
used to additives.

Despite, vibration spectroscopic methods are restricted to study
macrocomponents in mixtures. Furthermore, both quantitative and structural
analyses of individual analytes via direct analysis can be achieved studying relatively
simple mixtures of analytes [48].

Thus, vibration spectroscopy allows us to treat both quantitatively and
structurally commercial composites of (bio)polymers. Perhaps, it might be possible
to claim of reliable analytical information, but mainly in cases when there are
relatively low numbers and macro components of the polymer mixtures of food
packing. An alternative standpoint; if any, then might be problematic and even
speculative claim of erroneous analysis, despite, the advantages of the vibration
spectroscopic methods sketched, above.

Conversely, the employment of ultra-high accuracy methods of mass
spectrometry and innovative Equation (2) for data processing of MS measurands
there is achieved exact direct analysis of individual analytes; furthermore, polymers
in complex mixtures of food packing of biopolymers containing as aforementioned
up to 20,416 chemicals per sample. Nevertheless, depending on complexity of
polymer molecular structure difficulties could remain for its exact 3D determination,
mass spectrometrically. The latter problem can be traced, respectively, solved via
systematic further research effort on applying Equations (2)—(4) to determine
quantitative and structurally (bio)polymer composite materials.
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5. Conclusion

What could we conclude, considering the presented results from the preceding
subsections of the paper? The answer to the latter question can be generated mainly
by the results from subsection 3.4 dealing with correlative analysis between theory
and experiment, because of the chemomeric assessment of the degree of linear
correlation between theoretical and experimental mass spectrometric data justifies
empirically the validity and significant applicability of the innovative stochastic
dynamics model Equation (2) and its derivative Equation (4) to describe, assign, and
predict mass spectra reliably even examining complex mixtures of composite
polymers used to biodegradable food packing materials: furthermore, at an industrial
scale. Since, Equations (2) and (4) are designed to tell us what is the quantity of the
analyte in mixture, which analyte occurs in the mixture, and which are it 3D
molecular and electronic structures the achieved excellent-to-exact parameter |r| =
0.99981 examining species of PPG in everyday bio-based or biodegradable, bags for
foodstuffs indicates not only the great prospective and applicability of the discussed
formulas to develop the structural mass spectrometry, but also their potential
application at an industrial scale since the object of analysis are commercially
distributed packing for foods of biodegradable polymers. Since, the study is designed
to assess what contribution Equations (2) and (4) could have to purposes of
environmental chemistry and mass spectrometric based determining of
environmental pollution of plastics, the obtained remarkably high chemometric
parameters clearly indicates that the two formulas appear prospective tool for mass
spectrometric based monitoring and analysis of both synthetic and biodegradable
plastics in real samples from the environment, because of as highlighted through the
paper the object of analysis represent highly complex trade composite polymer
materials. As can be seen there is achieved reliable, highly justifiable and verifiable
by independent both experimental and theoretical methods content of polymers in
composite materials. Owing to the fact that the model Equations (2) and (4) have
been tested so far on a scarce number of polymers looking at a laboratory synthetic
polymer mixture in work [59] and commercial composite complex polymer reported,
herein, further research effort aims to establish a tendency claim, regarding, the
potential industrial scale application of the innovative model formulas to determine
complex composites of biodegradable and renewable polymer materials.
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Abbreviations

ANOVA Analysis of variance (chemometric method)

APCI Atmospheric pressure chemical ionization (mass spectrometric method)
BOMD Born—Oppenheimer molecular dynamics

CB Carbohydrate

LMW Low-molecular-weight (analytes)

DFT Density functional theory (quantum chemical method)
DoF Number of points—number of parameters

Dqc Quantum chemical diffusion parameter according to Arrhenius’s theory
Dsp, Dsp” Stochastic dynamic diffusion parameters according to our theory
ESI Electrospray ionization (mass spectrometric method)

GS Ground state

Gle Glucose

HPLC High performance liquid chromatography

I Intensity of mass spectrometric peak (variable)

ISOP Polyisoprene

m/z Mass-to-charge (mass spectrometric variable)

MD Molecular dynamics

MM Molecular mechanics

MS Mass spectrometry

MS/MS Tandem mass spectrometric operation mode

PCM Polarizable continuum method

PES Potential energy surface

PEG Poly(ethylenglycol)

PEGME Poly(ethylenglycol)methylether

PEGDME Polyethylene glycol dimethyl ether

PEO Poly(ethylene oxide)

PPO Poly(propylene oxide)

PLA Polylactide

PPG Poly(propylene glycol)

|r] Statistical coefficient of linear correlation (chemometrics)
RT Retention time

sd(yErt) Standard deviation (chemometrics)

se(yErt) Standard error (chemometrics)

TIA Trapezoidal integration approach

TS Transition state

AG (Difference) in free Gibbs energy
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Appendix A

(Vibration spectroscopic data)
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Figure Al. FT-IR spectrum of samples Cell 7 and PE_01 [13] of cellulose and polyethylene; correlation between FT-
IR bands of the analyte measured in transmission 7' [%] at 2915, 2846, 1465, and 722 cm™! and standard sample of PE
was according to [https://spectra.chem.ut.ee/paint/binders/polyethylene-wax/] and data on Cell 7 and PE 01 [13];
chemometrics.
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Figure A2. Solid-state FT-IR spectrum of standard sample of PEG within 5000-500 cm ™.
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Figure A3. FT-IR spectra of samples PE_01 within different regions of the electromagnetic spectrum in transmission
(T, %); curve-fitted FT-IR spectroscopic patterns.

40



Pollution Study 2024, 5(1), 2741.

Appendix B

(Mass spectrometric data)
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Figure B1. Mass spectra of Cell_5 sample in positive polarity per short spans of scan time; chemical diagrams of PEG
and PPG polymer species.
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Figure B2. Mass spectra of Cell 5 sample in positive polarity per short spans of scan time (1.70—17.7 mins); chemical
diagrams of ISOP polymer species.
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Figure B4. Mass spectrum of sample Cell 5 within m/z 100-550; chemical diagrams of observed carbohydrate

species.
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cello-isomer with only B-(1—4)-linkages is shown as G*G*G*G, while 3G denotes carbohydrate monomer sub-units
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having B-(1—3)-linkage (A); correlative analysis between data on cellotriose and stachyose using characteristic ions at

m/z 503, 443, 425, 383, 341, 283, 221, and 179 (B) as well as tandem mass spectrometric species of the common for

the latter analytes peak at m/z 221 producing ions at m/z 203, 189, 161, 159, 131, 119, 113, 101, 89, and 71 (C) [95];

chemometrics.
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Figure B6. Mass spectrum of sample Cell 7 within m/z 50-800 and scan numbers 3500-3515 (RT =41.09-41.23

mins); chemical diagrams of observed carbohydrate species.
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Figure B7. Mass spectrum of sample Cell 7 within m/z 300-600 and scan numbers 3500-3515 (RT = 41.09-41.23
mins); chemical diagrams of observed carbohydrate species.
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Appendix C

(Theoretical data)

x—(x)= (\/—ZXaanlnPl)xsin(2><7r><P2)

(x—(x) X (x—(x)) =(—2 X0 x0XxInP1) X sin(2 X x P2) xsin(2 X X P2)
oXo=(xXx)—(x)X(x)orogXxaog=((x—(x)) X (x—(x)))

InP1=(((I —(I)) x (I —(I)))/(0.5864 X ¢ X 0)

A/(2 x 0’ X 0") = 5.8639 x 102 X ({(x — (x)) X (x — (x)))/{x X x) — (x) X (x))
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Figure C1. Static and molecular dynamics (BOMD and MM2/MD) data on cations PPG_233 a and PPG_233 b of
PPG assigned as models to mass spectrometric peak at m/z 233; total energy (E™T) [a.u.] with respect to optimisation
step number; MM2/MD: Total energy (ET°T [kcal mol']) versus time [fs]; and BOMD: Potential energy [a.u.] versus
time in trajectory [fs]; optimised 3D molecular and electronic structures of the species at M062X/SDD level of theory.

Table C1. Thermochemistry (M062X/SDD) of observable mass spectrometric ions in ground and transition states in
gas-phase, depending on theoretical level of computations and ionic structures; theoretical intensity (/**sp) data on

Equation (4)).

m/z 59 m/z 59 m/z 117

PPG_59_a PPG_59 b PPG_117_a

M062X/SDD M062X/SDD M062X/SDD

GS TS GS TS GS TS
Ezpve 61.21540 61.06519 60.99972 60.49114 118.14850 117.99449
Ecorr 0.102848 0.101923 0.102830 0.101529 0.198415 0.197389
Heorr 0.103792 0.102868 0.103774 0.102473 0.199359 0.198333
Georr 0.069883 0.070420 0.069557 0.069258 0.152541 0.153466
& 0.097553 0.097314 0.097209 0.096399 0.188282 0.188036
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Table C1. (Continued).

m/z 59 m/z 59 m/z 117
PPG 59 a PPG 59 b PPG 117 a
M062X/SDD M062X/SDD MO062X/SDD
GS TS GS TS GS TS
E ~193.247615 ~193.248121 ~193.215590 ~193212718  —386.213343 ~386.214006
H ~193.246671 ~193.247177 ~193.214646 ~193211774  —386.212399 ~386.213061
G ~193.280580 ~193.279624 ~193.248864 ~193.244989  —386.259217 ~386.257928
Dac 123.45295 250.9667 72.7582
[Mheorgy 5702196 x 10 8.1379 x 10° 43822 % 10
m/z 117 m/z 175 m/z 175
PPG_117 b PPG_175 a PPG_175 b
M062X/SDD M062X/SDD MO062X/SDD
GS TS GS TS GS TS
Ezeve 133.76380 133.58718 175.06494 175.07570 174.59420 174.01772
Eeon 0.223641 0.222771 0.293717 0.293125 0.292733 0.291460
Heorr 0.224585 0223715 0.294661 0.294070 0.293677 0.292405
Georr 0.177492 0.177963 0.236807 0.237871 0.236675 0.235883
& 0213166 0.212885 0.278984 0.279001 0.278234 0277315
E ~387.413844 ~387.412155 ~579.204835 ~579.202845  —579.179905 ~579.177164
H ~387.412900 -387.411211 ~579.203891 ~579.201901  —579.178961 ~579.176220
G ~387.459993 ~387.456963 ~579.261745 ~579.258100  —579.235963 ~579.232741
Dac 149.2742 97.88136 4152433
[fheorgy 62762 x 1078 5.0822 x 107 1.04677 x 1077
m/z 233 m/z 233
PPG 233 a PPG 233 b
M062X/SDD M062X/SDD
GS TS GS TS
Ezpve 232.28117 232.10746 233.34975 232.92663
Ecor 0.389410 0.388381 0.390574 0.389555 ﬁchﬁ;;?roa)p_m;;r??zﬁ?r;:xﬁ) N
Hoorr 0390354 0.389325 0391518 0.390499 [Hartree/partice]; Ecor—thermal
Geor 0323322 0.324160 0325811 0325097 ;?Hﬁiﬁzég;n: ol gf ;;tigegﬁta&;ey];
& 0.370164 0.369887 0.371866 0.371192 [Hartree/partice]; Geor—thermal
E ~772.162155 ~772.161638 ~772.150329 ~772.143173 Eﬁjﬁi@g;ﬁfgf e lectronic
H ~772.161211 ~772.160694 ~772.149384 ~772.142228 'Eli ;ﬁm@!@gﬁ;ﬁﬁgﬁgiCe];
G ~772.228243 ~772.225859 ~772.215091 ~772.207631  enthalpies [Hartree/partice]; G—sum of
Dac 79.41055 556.8518 nggr";“(’pﬁigg)eff?al free energies
[fheorgy 457787 x 10 12122 x 107
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Table C2. Atomic co-ordinates of mass spectrometric product ions of PPG used to compute the energetics

summarised in Table C1 and the vibration modes listed in Table C3 in ground and transition states.

PPG_175_a (GS)

PPG_175_a (TS)

Atom x y z Atom x y z

(¢} —1.040547 —1.429567 —0.461319 —1.05192 —1.41817 —0.45637
C —2.185364 —1.02765 —0.137412 C —2.15435 -1.01111 —0.13903
C —3.38804 —1.89552 —0.311657 C —3.35473 —1.88891 —0.30182
C —2.347179 0.358388 0.469456 C —2.32686 0.37951 0.48158
(¢} —1.073465 0.926843 0.782585 (0] —1.0455 0.93957 0.78555
C —0.368679 1.655019 —0.278525 C —0.34072 1.66774 —0.27557
C 1.077901 1.190198 —0.166186 C 1.10586 1.20292 —0.16323
C —0.495111 3.158485 —0.059004 C —0.46715 3.17121 —0.05604
(¢} 1.093117 —0.258072 —0.432753 (0] 1.12108 —0.24535 —0.42979
C 2.30966 —1.092042 —0.10779 C 2.33762 —-1.07932 —0.10483
C 2.407757 —1.263815 1.403978 C 2.43572 —1.25109 1.40694
C 3.526773 —0.443669 —0.751384 C 3.55473 —0.43094 —0.74842
H 0.127108 —0.763701 —0.38517 H 0.15507 —0.75098 —0.38221
H —3.226033 —2.624975 —1.106161 H —3.19807 —2.61225 —-1.1032
H —4.285028 —1.303024 —0.509984 H —4.25707 —1.2903 —0.50702
H —3.558651 —2.446386 0.623089 H —3.53069 —2.43366 0.62605
H —2.912414 0.274027 1.403289 H —2.88445 0.28675 1.40625
H —2.940119 0.980799 —0.21817 H -2.91216 0.99352 —0.21521
H —0.773738 1.367574 —1.261268 H —0.74578 1.3803 —1.25831
H 1.446526 1.364808 0.848809 H 1.47449 1.37753 0.85177
H 1.718033 1.674402 —0.905047 H 1.74599 1.68713 —0.90209
H —1.546659 3.45709 —0.088431 H -1.5187 3.46982 —0.08547
H 0.039016 3.717314 —0.833767 H 0.06698 3.73004 —0.83081
H —0.094652 3.429907 0.921692 H —0.06669 3.44263 0.92465
H 2.069985 —2.038452 —0.59949 H 2.09795 —2.02573 —0.59653
H 1.472923 —1.645734 1.824429 H 1.50088 —1.63301 1.82739
H 2.666104 —0.323826 1.901367 H 2.69407 —0.3111 1.90433
H 3.200688 —1.983578 1.628549 H 3.22865 —1.97085 1.63151
H 4.380927 —1.118989 —0.647425 H 4.40889 —1.10626 —0.64447
H 3.791789 0.495939 —0.25585 H 3.81975 0.50866 —0.25289
H 3.365054 —0.263195 —1.817424 H 3.39302 —0.25047 —1.81446
PPG_59_a (GS) PPG_59_a (TS)

Atom x y z Atom X y z

(¢} 0.016803 1.3504 0.004072 —0.0243 1.29397 —0.0012
C —0.003666 0.05291 0.001065 C —0.00144 0.00162 —0.00476
C —1.346917 —0.560877 0.008134 C 1.3441 —0.6221 —0.00037
C 1.247234 —0.744753 —0.005779 C —1.26303 —0.79146 0.01584
H 0.874308 1.83823 —0.024926 H —0.88247 1.78312 0.02582
H —-1.350177 —1.491585 0.581109 H 1.34201 —1.5467 —0.58022
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Table C2. (Continued).

PPG 59 a (GS)

PPG_59 a (TS)

Atom x y 4 Atom x y z
H —1.598372 —0.832243 —1.030663 H 1.59021 —0.88736 1.03156
H —2.105689 0.135255 0.366536 H 2.09753 0.08014 —0.36564
H 2.136273 —0.169631 —0.274478 H —2.14444 —0.22474 0.27537
H 1.139947 —1.605001 —0.673828 H —1.14811 —1.66011 0.67472
H 1.389382 —1.161905 1.00316 H —1.39755 —-1.21701 —1.00227
PPG_59_b (GS) PPG_59 b (TS)
Atom x y z Atom x y z
(¢} 0.858111 —1.033651 —0.0003 0.83431 —1.0388 0.00675
C —0.039326 0.206749 —0.000502 C —0.05475 0.21959 —0.01643
C —1.480666 —0.174809 0.002551 C —1.48807 —0.19671 0.02671
C 0.635602 1.350537 —0.002691 C 0.58276 1.37942 0.02949
H 1.143442 —1.444494 0.842055 H 1.11734 —1.44502 0.84218
H 1.075316 —1.493686 —0.837599 H 1.0492 —1.4942 —0.83749
H —2.083731 0.735701 0.004327 H —2.10982 0.73514 0.00444
H —1.744756 —0.755269 0.891967 H —1.77087 —0.75581 0.89211
H —1.749617 —0.753067 —0.887079 H —1.77572 —0.75359 —0.88696
H 0.081765 2.28314 0.000808 H 0.05561 2.28268 0.00092
H 1.719033 1.402017 —0.008219 H 1.69288 1.40151 —0.00811
PPG_117_a (GS) PPG_117 a (TS)
Atom x y 4 Atom x y z
—1.69842 -1.30162 0.32438 (0] —1.69842 —-1.30162 0.32438
C —1.88788 —0.06435 0.01482 C —1.88788 —0.06435 0.01482
C —3.25814 0.47604 —0.06624 C —3.25814 0.47604 —0.06624
C —0.62228 0.71997 —0.23182 C —0.62228 0.71997 —0.23182
(¢} 0.40582 —0.24918 —0.02057 0] 0.40582 —0.24918 —0.02057
C 1.8105 0.10515 —0.38456 C 1.8105 0.10515 —0.38456
C 2.62246 —1.14641 —0.08946 C 2.62246 —1.14641 —0.08946
C 226171 1.3231 0.41606 C 2.26171 1.3231 0.41606
H —0.69956 -1.5155 0.33839 H —0.69956 —-1.5155 0.33839
H —3.99952 —0.29105 0.15457 H —3.99952 —0.29105 0.15457
H —3.43455 0.89049 —1.06704 H —3.43455 0.89049 —1.06704
H —3.36688 1.31362 0.63476 H —3.36688 1.31362 0.63476
H —0.57502 1.56289 0.47177 H —0.57502 1.56289 0.47177
H —0.63151 1.1258 —1.2547 H —0.63151 1.1258 —1.2547
H 1.80163 0.31935 —1.46136 H 1.80163 0.31935 —1.46136
H 2.23764 —2.00804 —0.64166 H 2.23764 —2.00804 —0.64166
H 2.60504 —1.36847 0.98177 H 2.60504 —1.36847 0.98177
H 3.66204 —0.98811 —0.38922 H 3.66204 —0.98811 —0.38922
H 1.69968 2.22855 0.16204 H 1.69968 2.22855 0.16204
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Table C2. (Continued).

PPG_117_a (GS)

PPG_117_a (TS)

Atom x y 4 Atom x y z
H 3.31388 1.52772 0.19824 H 3.31388 1.52772 0.19824
H 2.16967 1.12814 1.48919 H 2.16967 1.12814 1.48919
PPG_117 b (GS) PPG_117_b (TS)
Atom x y z Atom x y z

1.56208 1.338087 —0.039153 1.54693 1.31486 —0.02913
C 1.914605 —0.038713 —0.409279 C 1.90544 —0.04908 —0.41567
C 3.161464 —0.539705 0.305514 C 3.15803 —0.5749 0.32776
C 0.651893 —0.807341 0.028092 C 0.616 —0.80626 0.05606
(¢} —0.455269 0.160743 —0.189956 (0] —0.47207 0.14083 —0.18489
C —1.841485 —0.058496 0.40913 C —1.85829 —0.07841 0.41419
C —2.388879 —1.343723 —0.187467 C —2.40568 —1.36364 —0.18241
C —2.636238 1.189337 0.058014 C —2.65304 1.16942 0.06308
H 2.264793 2.003791 —0.14957 H 2.24799 1.98387 —0.14451
H —0.012366 1.082457 —0.13141 H —0.02917 1.06254 —0.12635
H 2.027447 —0.087789 —1.496691 H 2.01065 —0.10771 —1.49164
H 3.066454 —0.398571 1.386161 H 3.04965 —0.41849 1.39123
H 4.051471 —0.007286 —0.041308 H 4.03467 —0.02721 —0.03624
H 3.318167 —1.604248 0.102616 H 3.30137 —1.62418 0.10768
H 0.673374 —1.053082 1.094604 H 0.65657 -1.073 1.09968
H 0.459635 —1.687414 —0.582424 H 0.44283 —-1.70732 —0.57735
H —1.668841 —0.144641 1.488119 H —1.68564 —0.16456 1.49318
H —2.4351 —1.272015 -1.277715 H —2.4519 —1.29193 —1.27265
H —3.404916 —1.496466 0.187946 H —3.42172 —1.51638 0.19301
H —1.802818 —2.222121 0.097369 H —1.81962 —2.24204 0.10243
H —2.1808 2.097757 0.465353 H —2.1976 2.07784 0.47041
H —3.636345 1.102607 0.491626 H -3.65315 1.08269 0.49669
H —2.742803 1.288223 —1.02582 H —2.7596 1.2683 —1.02076
PPG_233_a (GS) PPG_233 a (TS)
Atom x y z Atom x y z

0.493092 -1.717278 —0.286253 0.48475 —1.70868 —0.29286
C 1.714648 —1.528214 —0.484053 C 1.71109 —1.50933 —0.50379
C 2.68129 —2.667003 —0.378394 C 2.68232 —2.66797 —0.37522
C 2.265658 —0.169638 —0.865351 C 2.24072 —0.14159 —0.85759
(¢} 1.30161 0.876436 —0.759193 (0] 1.29194 0.88768 —0.76977
C 1.461054 1.822553 0.358736 C 1.45138 1.8338 0.34816
C 0.215079 1.716215 1.222222 C 0.20541 1.72746 1.21165
C 1.652826 3.222575 —0.211781 C 1.64316 3.23382 —0.22235
o 0.150464 0.347215 1.691375 (0] 0.1408 0.35846 1.6808
C —1.133481 —0.107152 2.19408 C —1.14315 —0.09591 2.18351
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Table C2. (Continued).

PPG_233 a (GS)

PPG_233_a (TS)

Atom x y 4 Atom x y z
—0.920935 —1.524277 2.71668 C —0.9306 —1.51303 2.70611
C —2.186281 —0.03545 1.069318 C —2.19595 —0.0242 1.05874
(0] —1.557649 —0.465263 —0.184116 (0] —1.56732 —0.45402 —0.19469
C —2.231644 —0.152267 —1.485509 C —2.24131 —0.14102 —1.49608
C —1.607533 —1.067752 —2.531601 C -1.6172 —1.05651 —2.54217
C —2.048344 1.327562 —1.805549 C —2.05801 1.33881 -1.81612
H —0.539614 -0.911381 —0.20567 H —0.54928 —0.90013 -0.21624
H 3.070243 —2.696096 0.648012 H 3.06058 —2.68485 0.63745
H 3.533453 —2.536924 —1.050496 H 3.52379 —2.52568 —1.06107
H 2.180568 —3.615626 —0.575811 H 2.1709 —3.60438 —0.58638
H 2.593238 —0.242533 —1.912734 H 2.58357 —0.23128 —1.9233
H 3.166313 0.019488 —0.263578 H 3.15664 0.03074 —0.27415
H 2.328518 1.517362 0.959352 H 2.31885 1.52861 0.94878
H —0.657892 1.970508 0.605689 H —0.66756 1.98176 0.59512
H 0.270803 2.410631 2.069919 H 0.26113 2.42188 2.05935
H 2.552994 3.264093 —0.829934 H 2.54332 3.27534 —0.84051
H 1.750177 3.961094 0.590508 H 1.74051 3.97234 0.57993
H 0.797466 3.495267 —0.838398 H 0.7878 3.50652 —0.84897
H —1.47408 0.548479 3.008001 H —1.48375 0.55973 2.99743
H —0.642298 —2.203676 1.904974 H —0.65196 —2.19243 1.8944
H —-1.8311 —1.898605 3.194458 H —1.84077 —1.88736 3.18388
H —0.116907 —1.521559 3.455807 H —0.12657 —1.51031 3.44523
H —2.560832 0.979457 0.912827 H —2.5705 0.9907 0.90225
H —3.024706 —0.705577 1.278833 H —3.03437 —0.69433 1.26826
H —3.283077 —0.409057 —1.319223 H —3.29275 —0.39781 —1.3298
H —2.161371 —0.967741 —3.468979 H —2.17104 —0.9565 —3.47955
H —-1.643 —2.115109 —2.220068 H —1.65267 —2.10386 —2.23064
H —0.568208 —0.778329 —2.722162 H —0.57788 —0.76708 —2.73274
H —2.515154 1.543844 —2.771628 H —2.52482 1.55509 —2.7822
H —0.98014 1.559363 —1.872974 H —0.98981 1.57061 —1.88355
H —2.51956 1.980832 —1.064021 H —2.52923 1.99208 —1.07459
PPG_233 b (GS) PPG_233 b (TS)
Atom x y 4 Atom x y z
0.030449 1.233154 —0.636831 0.03641 1.23212 —0.60878
C —0.646533 1.815328 0.559276 C —0.6298 1.83743 0.55779
C —0.084575 3.194263 0.847728 C —0.05753 3.1717 0.89777
C —2.14966 1.832358 0.174443 C —2.18103 1.87508 0.2348
(0] —2.37881 0.776057 —0.796366 (0] —2.37582 0.78098 —0.77724
C —2.988571 —0.484766 —0.348907 C —2.98558 —0.47984 —0.32978
C —2.080761 —1.170196 0.680982 C —2.07777 —1.16527 0.70011
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Table C2. (Continued).

PPG_233 b (GS)

PPG_233 b (TS)

Atom x y 4 Atom x y z
—3.188816 —1.315942 —1.608035 —3.18583 —-1.31102 —1.58891
(0] —0.750763 —1.184501 0.108253 (@) —0.74777 —1.17958 0.12738
C 0.268196 —2.004333 0.749072 C 0.27118 —1.99941 0.7682
C 0.504029 —1.625862 2.212615 C 0.50702 —1.62094 2.23174
C 1.503216 —1.803656 —0.119785 C 1.5062 —1.79873 —0.10066
(0] 1.817899 —0.368796 —0.15117 (0] 1.82089 —0.36387 —0.13205
C 3.129693 0.048855 —0.555544 C 3.13268 0.05378 —0.53642
C 3.321543 1.505281 —0.253779 C 3.32453 1.5102 —0.23466
C 4.002372 -0.791675 —1.120231 C 4.00536 —0.78675 —1.10111
H —0.710188 0.793548 —1.169293 H —-0.7072 0.79848 —1.15016
H 0.824912 0.525887 —0.412674 H 0.82791 0.5308 —0.39354
H —0.460473 1.111514 1.376924 H —0.4575 1.11647 1.396
H —0.172722 3.830551 —0.037275 H —0.16971 3.83542 —0.01807
H 0.966588 3.146115 1.143356 H 0.96966 3.15103 1.16251
H —0.644545 3.65848 1.666876 H —0.64155 3.66339 1.68601
H —2.400191 2.769988 —0.326524 H —2.39723 2.77496 —0.30741
H —2.778589 1.717165 1.063109 H —2.77567 1.72208 1.08234
H —3.951942 —0.248462 0.120349 H —3.94895 —0.24354 0.13947
H —2.441551 —2.190418 0.86874 H —2.43856 —2.18549 0.88786
H —2.076353 —0.621675 1.634113 H —2.07336 —0.61675 1.65324
H —3.752795 —0.742784 —2.346603 H —3.74981 —0.73786 —2.32748
H —3.745629 —2.228763 —1.376497 H —3.74264 —2.22384 —1.35737
H —2.221345 —1.592352 —2.036752 H —2.21836 —1.58743 -2.01763
H —0.02437 —3.061765 0.676761 H —0.02138 —3.05684 0.69588
H 0.83931 —0.5876 2.301652 H 0.8423 —0.58268 2.32078
H —0.399633 —-1.76372 2.813248 H —0.39664 —1.7588 2.83237
H 1.279312 —2.268492 2.641352 H 1.2823 —2.26357 2.66048
H 2.361659 —2.329533 0.307096 H 2.36465 —2.32461 0.32622
H 1.322802 —2.140683 —-1.145177 H 1.32579 —2.13576 —1.12605
H 3.190824 1.694688 0.817481 H 3.19381 1.69961 0.8366
H 2.603273 2.121036 —0.80824 H 2.60626 2.12596 —0.78912
H 4.326396 1.819222 —0.53876 H 4.32939 1.82415 —0.51964
H 4.981813 —0.424167 —1.39837 H 4.9848 —0.41924 —1.37925
H 3.792441 —1.83303 —1.332995 H 3.79543 —1.82811 —1.31387
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Table C3. Theoretical (M062X/SDD) frequency analysis of product mass spectrometric ion of PPG PPG 59 a in
ground and transition state obtained using the atomic co-ordinates summarised in Table C2.

PPG_59_a (TS) PPG_59_a (GS)

Frequencies —59.531 161.6659 383.9378 Frequencies 119.665 158.2657 390.3571
Red.masses 1.0719 1.0393 2.1988 Red.masses 1.1009 1.0178 2.2169
Frc consts 0.0022 0.016 0.191 Frc consts 0.0093 0.015 0.199

IR Inten 2.5596 1.1818 0.1619 IR Inten 2.4473 1.5623 0.0817
Frequencies 477.8499 500.9007 754.5675 Frequencies 484.1828 505.2979 747.4988
Red. masses 2.0305 2.5918 1.1552 Red. masses 2.0678 2.5307 1.1328
Frc consts 0.2732 0.3831 0.3875 Frc consts 0.2856 0.3807 0.3729

IR Inten 6.0744 14.2064 147.6085 IR Inten 6.7769 13.7303 162.4053
Frequencies 828.636 953.7192 973.5774 Frequencies 839.0621 953.8153 986.7711
Red. masses 3.3347 1.2726 1.4897 Red. masses 3.4093 1.2811 1.4688
Frc consts 1.3491 0.682 0.8319 Frc consts 1.4142 0.6867 0.8426

IR Inten 14.3116 35.4303 18.435 IR Inten 9.8856 30.0706 13.8397
Frequencies 1092.2591 1101.7136 1141.8021 Frequencies 1097.6974 1099.8507 1144.7432
Red. masses 1.3779 1.5266 1.8357 Red. masses 1.3731 1.5186 1.8333
Frc consts 0.9685 1.0917 1.4101 Frc consts 0.9748 1.0823 1.4155

IR Inten 52.3668 119.6802 62.5486 IR Inten 51.2493 133.0399 57.1113
Frequencies 1405.9869 1427.9831 1431.4121 Frequencies 1414.7672 1428.0968 1436.661
Red. masses 1.8522 1.2331 1.28 Red. masses 1.5395 1.2288 1.405

Frc consts 2.1573 1.4815 1.5452 Frc consts 1.8156 1.4766 1.7086

IR Inten 114.1297 84.6956 219.4881 IR Inten 55.0632 210.5961 150.0326
Frequencies 1453.1923 1471.8577 1494.6666 Frequencies 1455.9467 1473.4558 1496.3859
Red. masses 1.1241 1.0696 1.1763 Red. masses 1.1935 1.0593 1.2011
Frc consts 1.3987 1.3652 1.5483 Frc consts 1.4907 1.355 1.5846

IR Inten 45.8669 6.0034 34.5566 IR Inten 60.4704 7.6949 17.2265
Frequencies 1503.7098 1620.8745 2983.38 Frequencies 1510.2023 1610.0028 3051.281
Red. masses 1.1859 3.6555 1.0603 Red. masses 1.2436 3.1837 1.0454
Frc consts 1.5799 5.6585 5.5604 Frc consts 1.6711 4.8623 5.7345

IR Inten 61.3443 105.0078 39.7293 IR Inten 78.2548 92.5827 62.9395
Frequencies 3097.4065 3121.6031 3192.7243 Frequencies 3059.4984 3143.207 3153.8604
Red. masses 1.0357 1.0789 1.0967 Red. masses 1.0451 1.0902 1.0842
Frc consts 5.8542 6.1941 6.5864 Frc consts 5.764 6.3463 6.3539

IR Inten 34.9346 11.4688 16.3165 IR Inten 27.2432 7.1108 8.42
Frequencies 3220.2439 3307.0024 3613.0497 Frequencies 3206.006 3224.9368 3629.2815
Red. masses 1.1056 1.0962 1.0683 Red. masses 1.104 1.105 1.0682
Frc consts 6.755 7.0632 8.2165 Frc consts 6.6858 6.7709 8.2897

IR Inten 4.1933 0.1105 260.4298 IR Inten 2.5904 4.4613 258.5539
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Table C4. Experimental mass spectrometric measurands of sample Cell 5 over short spans of scans 3500-3514 and
3528-3531 of PPG peaks at m/z 59, 117, 175, and 233, respectively; descriptive statistics; parameters of Equation (2).

Scans m/z I m/z I m/z 1 m/z r

3500 59.05063 9648.11788 117.09517 13,572.8751 175.1405 7090.6324 233.09973 1.41 x 108
3501 59.05063 9184.12574 117.09517 14,595.9335 175.1405 6952.74123 233.09973 1.03 x 108
3502 59.05063 9201.11788 117.09517 13,567.8751 175.1405 6892.6324 233.09973 1.41 x 108
3503 59.05063 9362.12574 117.09517 13,066.9335 175.1405 7542.74123 233.09973 1.06 x 108
3505 59.05063 8631.12574 117.09517 13,083.9335 175.1405 6804.74123 233.09973 1.23 x 108
3506 59.05063 8992.12574 117.09517 13,546.9335 175.1405 6664.74123 233.09973 1.16 x 108
3507 59.05063 9277.12574 117.09517 13,252.9335 175.1405 6468.74123 233.09973 1.15 % 108
3508 59.05063 9107.11788 117.09517 12,792.8751 175.1405 6536.6324 233.09973 1.02 x 108
3509 59.05063 9204.12574 117.09517 13,645.9335 175.1405 6680.74123 233.09973 1.27 x 108
3510 59.05063 9788.11788 117.09517 13,160.8751 175.1405 6551.6324 233.09973 1.07 x 108
3511 59.05063 8596.12574 117.09517 12,732.9335 175.1405 6411.74123 233.09973 1.13 x 108
3512 59.05063 8606.12574 117.09517 14,161.9335 175.1405 6525.74123 233.09973 1.17 x 108
3513 59.05063 8912.11788 117.09517 13,713.8751 175.1405 6724.6324 233.09973 1.13 x 108
3514 59.05063 8583.11788 117.09517 12,658.8751 175.1405 6414.6324 233.09973 1.19 x 108
3528 59.05063 8954.11002 117.09517 14,021.8168 175.1405 5871.52358 233.09973 9.03 x 107
3529 59.05063 9212.10216 117.09517 13,226.7585 175.1405 6339.41475 233.09973 1.08 x 108
3530 59.05063 8352.11002 117.09517 13,318.8168 175.1405 6447.52358 233.09973 1.15 % 108
3531 59.05063 8296.11002 117.09517 13,639.8168 175.1405 6355.52358 233.09973 1.05 x 108
Mean 59.05063 - 117.09517 - 175.1405 - 233.09973 -
sd(yEr) 0 - 0 - 0 - 0 -
se(yErt) 0 - 0 - 0 - 0 -

<> - 8994.84141 - 13,431.2182 - 6626.48388 - 10,678.9706
<p>? - 8.09 x 107 - 1.80 x 108 - 4.39 x 107 - 1.14 x 108
<> - 8.11 x 107 - 1.81 x 108 - 4.40 x 107 - 1.14 x 108
<P>—<p? - 165,228.009 - 242,377.933 - 120,911.388 - 321,000
D’sp - 436 x 10712 - 6.40 x 10712 - 3.19 x 10712 - 8.47 x 10712
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