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Abstract

This review covers the applications of mass spectrometry (MS) and its hyphenated techniques to
characterize polyurethane (PU) synthetic polymers and their respective hard and soft segments.
PUs are commonly composed of hard segments including methylene bisphenyl diisocyanate
(MDI) and toluene diisocyanate (TDI), and soft segments including polyester and polyether
polyols. This literature review highlights MS techniques such as electrospray ionization (ESI),
matrix assisted laser/desorption ionization (MALDI), ion mobility-mass spectrometry (IM-MS),
and computational methods that have been used for the characterization of this polymer system.
Here we review specific case studies where MS techniques have elucidated unique features
pertaining to the makeup and structural integrity of complex PU materials and PU precursors.
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1. INTRODUCTION

Polyurethane (PU) di-block copolymers are one of the most versatile polymeric materials,
commonly manufactured in the form of flexible and rigid foams, thermoplastics, thermosets,
coatings, adhesives, sealants, and elastomers [1]. In the 1930s, Otto Bayer and his co-
workers at 1.G. Farbenindustrie in Leverkusen, Germany developed PUs that were later used
as a rubber alternative during World War 11 [2]. Since PU’s creation, the resourcefulness of
this material has increased due to its ability to undergo synthetic alteration, which enhances
PUs societal footprint. In a PU network, the polymer backbone is comprised of hard and soft
segments. PU hard segments include aromatic or aliphatic diisocyanates (-NCO) and soft
segments consist of aliphatic polyols (-OH). Hard segment isocyanates are formed by
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reaction between toluene diamine (TDA) or methylene dianiline (MDA) with phosgene to
produce toluene diisocyanate (TDI) or methylene diphenyl diisocyanate (MDI), respectively
[3]. Polyesters and polyethers are regularly used soft segment polyols which contribute to
the polymer’s elasticity. The urethane (carbamate) moiety is the major repeat unit formed by
random and/or block polyaddition between diisocyanates and polyols [4], as depicted in
Figure 1. As a specific examples, PUs formed between poly(butylene adipate) and MDI are
used as thermoplastic elastomers and adhesives. Their major structural segment is shown in
Figure 1. PUs can also have customizable applications, where they contain other groups such
as aromatic compounds, esters, ethers, and ureas [5,6]. They can also include additives such
as flame retardants, pigments, cross-linkers, fillers, blowing agents, and surfactants which
can enhance certain polymer properties [7]. Because of the structural and architectural
complexity of this copolymer system, the demands for thorough characterization methods
are necessary.

Mass spectrometry (MS) is a powerful analytical technique for the identification and
characterization of many biopolymers (e.g. proteins, oligonucleotides, carbohydrates, etc.),
aiding in the sequential identification and chemical analysis of ionized molecules based on
their mass to charge (/m/2) ratio [8,9]. Similar to biopolymer characterization, MS based
strategies have been developed to investigate synthetic polymers complexity [10]. MS has
become an indispensable tool for polymer analysis and often complements characterization
data obtained through classical methods such as NMR, vibrational spectroscopy, size-
exclusion chromatography (SEC), and liquid chromatography (LC) [10]. Although these
classical methods have aided in the characterization of polymer systems, advanced analytical
strategies such as MS-based techniques are needed to further elucidate polymer molecular
structures. MS can be used for polymeric end-group analysis, direct mass measurement,
molecular weight distribution (MWD), sequential identification, and detection of impurities
or additives [11].

Soft ionization techniques such as electrospray ionization (ESI) and matrix-assisted laser
desorption/ionization (MALDI) are frequently used for polymer characterization [11,12].
MALDI is used for direct desorption of ions, generating mostly singly charged species,
which minimizes the complexity observed when there are overlapping charge states [12,13].
MALDI is relatively tolerant of contamination and salts, making high sensitivity and MS
analysis accessible. ESI is typically considered a softer ionization technique compared to
MALDI. For labile substances, ESI may be more appropriate for samples containing fragile
end-groups, or supramolecular assemblies which are held together by noncovalent
interactions. ESI is known for producing multiply charged species, therefore this ionization
technique is useful for characterizing high mass species where the higher charge states shift
the ion m/z down to the optimal measurement range for the mass spectrometer [14,15].
Another way to improve the characterization of complex polymer samples is through
additional dimensions of separation combined with MS, such as LC-MS. For examples, LC-
MS provides separations prior to MS that can aid in characterizing heterogeneous PUs
[16,17].

Another multidimensional technique is tandem mass spectrometry (MS/MS), which can be
performed in combination with either MALDI or ESI ionization. As its name implies,
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MS/MS utilizes two tandem mass spectrometers to perform mass-selected ion fragmentation
experiments between the two MS stages, typically a low resolution mass filter (e.g., a
quadrupole), coupled to a high resolution MS (e.g., a time-of-flight, TOF, or ion trap
instrument). Collision-induced dissociation (CID) is the most commonly utilized ion
activation technique for MS/MS. When conducting MS/MS experiments, fragmentation
studies provide primary structural information about a precursor ion, the subsequent
fragment ions generated, and the fragmentation pathways accessed at low and high
activation energies [18-20]. Although, MS and MS/MS are useful for structural
characterization, these mass analysis techniques are still limited when characterizing
isomeric or isobaric species within a heterogeneous or polydisperse sample. An emerging
analytical technique for characterizing isomeric species is ion mobility-mass spectrometry
(IM-MS), which is a hyphenated gas-phase separation technique, comparable to gas
chromatography (GC) or LC coupled to MS. While GC-MS and LC-MS methods separate
molecules based on their volatility or polarity differences prior to mass analysis, IM-MS
separates ions based on their size, shape, and charge [21,22]. In IM, ions are subject to many
low energy collisions with a neutral buffer gas providing a drag force proportional to the
ion’s surface area. Thus these ions are then separated by their effective gas-phase size and
shape, and can be described by their collisional cross section (CCS) [23,24]. For example,
IM-MS has been used to differentiate between linear and cyclic polymer topologies [10,25—
28]. IM-MS data are often supplemented with computational studies to gain further insight
about a molecule’s gas-phase conformation [29]. These studies are generally conducted in
two steps: (1) computational sampling of conformational space, and (2) theoretical
determination of CCS values for the generated conformations. IM-MS and computational
methods are useful for characterizing PU precursors; however when it comes to
fragmentation studies of complex polymers, computational methods are essential for
chemical and structural interpretation [30-34].

This review focuses on literature pertaining to the characterization of PU polymers using MS
techniques, mainly MALDI, ESI, IM-MS, and computational strategies. More specifically,
we will highlight literature that has characterized either intact synthetic PU polymers or hard
and soft segments used to make PUs. As illustrated in Figure 2, intact PUs surveyed in this
review include flexible and rigid foams, thermoplastics, thermosets, coatings, adhesives,
sealants, and elastomers. Hard segments reviewed include aromatic isocyanates, methylene
diphenyl diisocyanate (MDI) 4,4’-MDI, and 2,4’-MDI and toluene diisocyanate (TDI); 2,4°-
TDI and 2,6’-TDI. Hard segment precursors, such as methylene dianiline (MDA) and
toluene dianiline (TDA) will also be considered. Soft segments reviewed include polyesters
and polyethers. Our goal is to focus on recent literature characterizing intact PU networks
and their precursors using MS. We will emphasize PUs and their precursors that are of large
scale industrial importance.

2. POLYURETHANE HARD SEGMENT CHARACTERIZATION

2.1. Urethanes and Isocyanates

Given the urethane sequence -NH-C(O)-, isocyanates (-NCO) are essential for PU synthesis.
Isocyanates can be di- or polyfunctional where two or more -NCO groups are represented
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per molecule. Isocyanates are electrophiles that react towards a variety of nucleophiles such
as polyols (forming urethanes), amines (forming ureas), and water (producing CO») [3].
Commonly used aromatic diisocyanates are TDI and MDI. TDI exists in the form of two
isomers 2,4- and 2,6-TDI [35]. MDI can exist as 2,4’- and 4,4’-MDI, or short chain
polymeric MDI (pMDI). While still important, aliphatic diisocyanates are not as commonly
used. These include hexamethylene diisocyanate (HDI), hydrogenated MDI (H12MDI), and
isophorone diisocyanate (IPDI) [3]. In this review, aliphatic isocyanates will be mentioned in
the context of a specific case study.

2.2. MDIl and TDI

MDI and TDI are used for various applications: MDI is used to make rigid foams,
insulation, and automobiles and TDI is used to make flexible PU foams, coatings, adhesives,
sealants, and elastomers. MDI is formed through the reaction between aniline and
formaldehyde, using hydrochloric acid as a catalyst to produce a mixture of
methylenedianiline (MDA) and multimeric MDA precursors [3]. When MDA is treated with
phosgene, the isocyanate is formed, making pMDI and mixtures of MDI isomers. To make
TDI, toluene is reacted with nitric acid to produce diaminotoluene (TDA) isomers. Upon
treatment with phosgene, the TDA isomers form into TDI isomers and multimers [1].
Aromatic isocyanate derivatives such as 2,4’- and 4,4’-MDI, and 2,4- and 2,6-TDI that have
been characterized using MS-based techniques are discussed below.

For investigating the urethane bond of a hard segment, Pasch and Maujana used MALDI-MS
to probe the PU urethane backbone. This work highlighted how MS can be used to identify a
polymer and its copolymer sequence, determine the end group functionality, determine
MWD, and predict urethane fragmentation mechanisms [36,37]. Mass et al. later
investigated the urethane backbone and studied isocyanate fragment ions and their respective
fragmentation pathways using CID experiments [38]. The hard segments characterized were
multimeric MDI-TDI copolymers, and multimer MDI and TDI homopolymers. These results
indicated MDI-TDI copolymer fragmentation occurred at the single bonds near the carbonyl
group, making it possible to determine fragmentation pathways. Figure 3 shows the
MALDI-TOF mass spectrum of an MDI-TDI copolymer. The intense peaks alternating at
mass increments of 148 (TDI) and 224 (MDI) Da, were observed up to masses of about
1000 m/z. The peak at 609 /m/zwas assigned to an oligomer with two MDI and one TDI
repeat units, the peak at 682 m/zwas assigned to an oligomer with one MDI and three TDI
repeat units and so on [38].

Carr et al. also investigated MDIs using MALDI-MS [39]. In this study, MALDI was used to
monitor pMDI and MDI isomers treated with methanol, which produced stable urethanes.
Warbuton et al. later investigated ways to characterize the derivatized PU isocyanate
monomeric and prepolymeric species: MDI, HDI, 2,4-TDI and 2,6-TDI [40]. In their work,
it was discovered that immediate derivatization prevented the decomposition of the
isocyanates. Therefore, derivatization enhanced the detection and structural information
gained regarding each precursor during MS/MS studies. Derivatizing agent 1-(2-
methoxyphenyl) piperazine (1,2MP) was found to stabilize the monomeric and prepolymeric
isocyanate mixtures [40]. Vangronsveld and Mandel also investigated a LC-UV-MS/MS
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method to chromatographically separate, detect, and identify the derivatized isocyanate
species. As shown in Figure 4, LC was used for separations and MS/MS was used to
characterize derivatized isocyanates: phenyl isocyanate (PI), 2,4’- and 4,4’-MDI, 2,4- and
2,6-TDI, trimer pMDI isomers (TRI) [41]. Of not is that their chromatographic method
showed separation between all targeted isocyanate compounds.

2.3. MDA and TDA

MDA is a precursor used to synthesize MDI. Most formulations of industrial grade MDI are
comprised of 2,4’-MDI and 4,4’-MDI isomers, or pMDI. This level of heterogeneity arises
from structural isomers and multimeric species present within the MDA sample. Inan in
depth study, Hercules and coworkers structurally characterized pure MDA regioisomers and
multimers using a variety of MS techniques (ESI, MALDI, MS/MS, IM-MS, and MS/MS)
and interpreted the data with computational models [32-34,42]. The MDA species
investigated include 2-ring MDA (2,2’-MDA, 2,4’-MDA, and 4,4’-MDA), 3-ring MDA, and
4-ring MDA. For each precursor species, the preferred protonation site was determined both
experimentally and computationally. This helped elucidate fragmentation pathways for each
MDA species during the CID experiments. IM-MS data was interpreted using computational
models to provide structural information regarding each MDA precursor and their
protonation sites [32-34]. ESI and MALDI ionization techniques were both investigated in
the MDA study. In ESI, the [M+H]* precursor was the only type observed for all MDA
species [32,33]. However, when each MDA species was characterized using MALDI, three
unique precursors were formed: [M+H]*, [M-]*, and [M-H]*. When comparing ESI MS,
MALDI MS, and MS/MS spectra from both ionization techniques, each precursor was found
to have a unique fragmentation pathway [34,42].

Fewer studies have characterized TDA isomers in great detail. Wang et al. investigated
TDA's degradation pathway using a biodegradable polyester urea-urethane [43]. In that
study, the degradation of TDA from TDI-derived polyester urea-urethanes was investigated
using a radioactive 14C label to enhance the TDA degradation pathway. The degradation
products formed were separated using high performance liquid chromatography (HPLC) and
structurally characterized by MS/MS fragmentation experiments [43]. In another study, TDA
was determined to originate from unpolymerized TDI, or in the presence of water [44].
When moisture was present, TDI was found to convert back into TDA.

2.4. Carbodiimides and Polymeric MDI

During PU production, the formation of side products from isomeric MDI and pMDI can be
of great hindrance to a polymeric material. These side products can occur at any step when
making PUs and lead to viscosity buildup or the formation of solids which can alter the
manufacturing process [3]. One modification to making MDI is the condensation reaction
between isocyanate groups, which forms carbodiimides (CDI) and reversible uretonimines.
The formation of CDI and uretonimines effectively breaks up the crystallinity and reduces
the polymer viscosity. Using CDI-MDI materials is of increasing interest industrially, due to
its ability to form into soft high resilient elastomers [45]. In a recent study, the formation of
CDI-TDI side products was characterized using MALDI TOF/TOF and CID experiments
[46]. To prepare the MALDI sample, a non-conventional evaporation-grinding method was
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utilized. The side products observed in CDI-TDI sample were identified as urethane links,
branched species, uretone imine branched CDIs, and urea allophanates. In another study,
evaporation-grinding was also used to prepare a pMDI sample for MALDI [47]. In this
study, side products were determined to form in the presence of catalysts, iron (1), and iron
(110) chlorides. In the mass spectra, small quantities of CDIs were observed which indicated
the presence of viscosity buildup. This results in catalyzed side reactions between iron
catalysts and CDIs causing extensive branching to occur within the sample.

2.5. Hard Segment Reaction Monitoring

Reaction monitoring between polyols and isocyanates are important to understand
polymerization reaction rates. There have been several studies which have monitored the
reactivity of isocyanates with primary and secondary polyol hydroxyl groups. For example,
studies discern that secondary hydroxyl groups have a lower reactivity compared to primary
hydroxyl groups [48-50]. In other studies, trifunctional polyol reactivity was studied, which
found that hydroxyl reactivity decreases as the degree of substitution increases along the
polyol soft segment [51,52]. In a study by He et al., the step growth polymerization reaction
between TDI and trifunctional trimethylolpropane (TMP) was monitored at various
temperatures using ESI-MS [53]. They determined the optimal -NCO/-OH reaction ratios,
temperature conditions, and stoichiometry of each isocyanate/polyol component within the
TDI-TMP product. The steric hindrance of TMP’s chemical structure was observed to
reduce side reactions during the step growth process, which yielded a more desirable
urethane product. Ahn et al. investigated two different PU polyaddition reactions: TDI and
water [54], and TDI and ethylene glycol (EG) [55], using MALDI TOF-MS. The
quantitative changes in the mass composition of each polymer during the polymerization
reaction were determined. Uncatalyzed reaction monitoring between 2,4’-TDI and 4,4’-MDI
with 1-butanol, 1,4-butanediol (BD), and diethylene glycol monomethylether was later
performed by Nagy et al. using an HPLC-ESI-MS method [56]. Nagy monitored the
urethane reaction rate at different temperatures, to determine the rate constants for each
alcohol and diisocyanate. First-order rate constants were determined between the polyol-
MDI reaction, (polypropylene glycol (PPG), polytetrahydrofuran (pTHF), poly(3-
caprolactone)-diol (PCLD), and polypropylene glycol glycerol triether (PPG-GL)) [57].
Beldi et al. later monitored the changes within a polymer’s topology, the formation of linear
and cyclic PU species using MALDI-MS [58]. Krol and Pilch-Pitera used computational
simulations with MS strategies to determine the step-by-step polyaddition reaction between
2,4- and 2,6-TDI with BD, polyethers, and polyesters [59]. Computational modeling helped
to interpret proposed structures and provided an understanding of reaction compositions
formed during different polymerization stages.

3. POLYURETHANE SOFT SEGMENT CHARACTERIZATION

3.1. Polyols

There are two main types of polyurethane polyols: polyethers and polyesters. Both classes of
polyols have elastic properties which relate to their unique range of industrial importance.
Polyols used for PU synthesis typically consist of two or more -OH groups [1]. Polyether
urethanes are considered to be a harder urethane, having superior dynamic properties.
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Polyester urethanes are typically softer and known for their tensile strength. Types of
polyether polyols used in PU production include polypropylene oxide (PPO, also called
polypropylene glycol, PPG), polytetramethylene oxide (PTMO, also known as
polytetrahydrofurane, pTHF), and polyethylene glycol (PEG, also known as polyethylene
oxide, PEO) [3]. Types of polyester polyols can be made from adipic acid and EGs
(polyethylene adipate), or from butanediols and adipic acid known as polybutylene adipate
(PBA). Additionally, copolyesters are often prepared from a mixture of glycols, adipic acid,
and anhydrides [60].

3.2. Polyethers

There are many studies which have characterized polyethers using MS-based techniques
[61], however a few studies will be highlighted in this section. Chattopadhyay et al.
structurally investigated PPG and IPDI based PU prepolymers using MALDI-MS [62]. In
this study, they monitored the reaction between PPG and IPDI at different time intervals to
investigate mono-urethane transition into the di-urethane species. In another study led by
Mehl et al., the degradation reaction between PU polyether (pTHF) and polyester (PBA)
were also monitored by MALDI-MS [5]. To selectively degrade pTHF they used
ethanolamine, and to degrade PBA they used phenyl isocyanate due to the high reactivity of
the ester. In this study, SEC was coupled to MALDI to enhance accurate MW determination
of each degraded ether-urethane and ester-urethane species.

IM is an emerging tool for separation and identification of synthetic polymers (linear, cyclic,
starshaped, etc.). Recently, IM-MS has been used to investigate polydisperse samples,
allowing for the identification and characterization of unique CCS trends, charge-dependent
conformations, and different polymer topology [63,64]. IM-MS has been used to
characterize the experimental and theoretical conformation of multicharged linear-chain
PEGs [65-68], polylactic acid (PLA) [69], polyethylene terephthalate (PET) [70], PPG [71],
PEO [72], and polycaprolactone (PCL) [72,73]. Sodium cationized PLA was investigated
using IM-MS to experimentally determine the three-dimensional structure of the multiply
charged PLA adducts. Experimental and theoretical observations were recorded to
investigate how the polymer size and number of charged adducts effect the folding of the
PLA through cation coordination [69]. Duez et al. used PLA and PEG polymers as reference
calibrants for a traveling wave IM-MS. These polyethers were found to be good calibrants
due to the polymer ions covering a large mass range and a large CCS window [74]. Previous
studies have shown low-energy CID of PEG ionized with alkali metal cations to yield small
fragment ions originating from hydrogen-rearrangement reactions. At high CID energies,
1,4-H, elimination can be observed, producing two types of unsaturated fragment ions along
with a homolytic cleavage reaction at both ends of the polymer [75]. Hilton et al. used IM-
MS and IM-MS/MS to separate and differentiate between polyether oligomers with the same
nominal molecular weights [76]. For instance, isobaric mixtures of PEGs with the same
nominal /7/z ratio were structurally characterized and separated using IM-MS/MS. Larriba
et al., characterized the gas-phase structure of coulombically stretched PEG ions (Figure 5)
[67]. Higher charge state PEG ions were observed to form a “beads on a string” motif. In
this study, structural transitions for the ionized singly charged PEG species were interpreted
through molecular dynamic simulations. Cody and Fouquet, in a recent study, used a paper
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spray ionization MALDI/TOF system to characterize 13 block and 2 random ethylene oxide
and PPO copolymers and homopolymers using Kendrick mass defect analysis [77]. The
Kendrick mass defect plots were used to estimate the percentage of the ethylene oxide and
PPO in the copolymer materials. Girod et al. used MS/MS to characterize doubly charged
PEO oligomers formed using ESI [78]. Similarly, Tintaru et al. experimentally and
theoretically studied PEO-poly(amidoamine) polymer using H* and Li* cations [79]. IM-
MS and MS/MS were employed to elucidate unique charge state trends (+2 and +4) of the
adducted species. The experimental findings were coupled to molecular dynamics
simulations to investigate conformational changes within different charge states. In other
PEG studies, low energy CID pathways were probed using an assortment of monovalent
cations (Li, Na, K, Rb, Cs) [80-82] and transition metal cations (Ag) [83]. In addition to
gas-phase PEG folding, Ude et al. studied charge-induced unfolding of PEG species [66].
Kokudo et al. performed IM-MS on PEGs as model polymers to obtain the dielectric
constant of their doubly charged species. Proposed mechanistic pathways were used to
determine the fragmentation reactions of radical cationic species [84].

Over the years, there have been environmental concerns with producing polyethers for PU
synthesis from petroleum sources. To address these concerns, researchers have investigated
bio-renewable feedstocks to be used in place of petroleum based polyols. Li et al. performed
LC-ESI-MS and MS/MS fragmentation experiments to detail an approach to the
characterization of novel bio renewable polyols [85].

3.3. Polyesters

Polyesters, known as polycondensation polymers, can be used for a variety of applications,
including fabrics, food-grade containers and packaging, electrically insulating films, and
wood finishes. In a study by Williams et al., MALDI-MS was used to characterize a series of
aliphatic polyesters and their derivatives [86]. The oligomeric peaks observed in the MS
allowed for determination of each polymer repeat unit and the presence of cyclic species.
Both the M, and M, values were determined by MS, and compared to consecutive NMR
and GPC findings. GPC MW estimations were found to be larger than those determined by
MALDI. In another study by Williams et al., MALDI-MS was used to study discrete mass
polybutylene glutarate (PBG) oligomers having 8, 16, 32, and 64 degrees of polymerization
[87]. These PBG derivatives were used to optimize MALDI and GPC analysis of PU-PBA
species due to structural similarities between PBG and PBA. In this study, they investigated
the effect of the MALDI matrix, laser intensity, and detector saturation. Rizzarelli et al. later
probed the fragmentation pathways of four PBA isomers at relatively high collision energies
using MALDI-TOF/TOF CID [88]. High collision energies were found to be less useful than
low collision energies for studying native chemical alterations. Gies et al. later demonstrated
a method for characterizing PBA species at low fragmentation energies using MALDI-
TOF/TOF CID [89]. They were able to identify PBA fragment ions and unexpected side
products from a complex mixture of melt polymerized PBA. Low energy fragmentation
pathways were interpreted by computational models to verify the structure of the fragment
ions. PBA oligomers were observed to undergo a number of low energy degradation
pathways such as 1,5 H-shift (preferred), 1,3 H-shift, remote hydrogen abstraction, and
multiple combinations of these reactions.
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To study polyester reaction kinetics, Pretorius et al. developed a model system to study the
reaction between phthalic acid and PEG based polyesters [90]. They monitored the reaction
under different conditions to investigate the stages of polyesterification, MW, chemical
composition, and end group analysis of these synthesized species using HPLC separations
coupled to MALDI-TOFMS analysis. In related studies, Pretorius et al. investigated the
same phthalic acid and PEG based polyesters using a combination of SEC, supercritical
fluid chromatography (SFC), ESI-MS [91] and MALDI-MS [92]. The polyester samples in
these studies were fractionated by SEC, analyzed by SFC (to determine degree of
polymerization), then characterized by MS to determine the presence of linear or cyclic
species. For a polyvinyl acetate (PVA) system, Gigurere and Mayer modeled the
fragmentation pathways of ionized PVA using ESI-MS and MS/MS techniques to determine
mechanistic dissociation reactions that could occur when PVA is used for PU adhesives or
sealants in the textile industry [93].

Polyester polyols are typically formed from diacids and glycols. Usually polyester polyols
are more viscous, as well as more expensive, compared to polyether polyols. Biodegradable
and biocompatible urethane-macromolecules are a growing field even within PU polyester
production. The biodegradation of PLA urethane copolymers are investigated to determine
the rate of biodegradation as PLA content increases [94]. Borda et al. explored novel
methods towards synthesizing biodegradable thermoplastic multiblock copolymers and
characterizing this copolymer system using MALDI-TOFMS. In one study, linear-chain PUs
were synthesized using PLA and 4,4’-MDI and TDI [95]. In another study, Borda et al.
synthesized PLA, poly(e-caprolactone (PCL), and PCL-PLA copolymers using TDI as chain
extender and PEG as the intrinsic plasticizer [96]. They determined the chemical structure of
each biodegradable PU polymer and the relative M, using MALDI-TOFMS. In a study by
Tang, telechelic hydroxyl-terminated polyesters were synthesized using biodegradable
monomers in the MW range of 700 to 1,300 Da [97]. Other biodegradable PU routes have
been explored by Baez et al. [98], where the reaction between PCL diols was monitored
using MALDI-MS to determine formation of the ring opening ester-urethanes-ureas. Osaka
et al. showed a detailed ESI and MALDI method for characterizing linear and cyclic PLAS
and their solvolysis products [99]. Polyester urea-urethanes were synthesized with 14C
labeled TDI and 14C labeled ethylene diamine chain extender to study cholesterol esterase
[43]. The PU degradation products were characterized to determine the presence of
unreacted TDI.

4. POLYURETHANE MATERIAL CHARACTERIZATION

4.1. Diisocyanate and Polyol Characterization

PU complexity arises from the addition reaction between isomeric diisocyanates and
heterogeneous mixtures of varying polyol lengths. These synthetic complications lead to the
formation of random, alternating, block, and graft copolymers. PU properties are greatly
influenced by their structure, monomer functionality, hydroxyl group reactivity,
polymerization temperature, and -NCO/-OH reaction ratio. Addressing PU complexity
requires advanced analytical techniques such as MS to characterize the complexity of PU
intact materials [100,101].
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The reaction between diisocyanates and polyols (polyesters and polyethers) is a key process
for making various PU products. Nagy et al. used HPLC-MS to determine reaction Kinetics
between diisocyanates (MDI and 2,4-TDI) and polyols: 1-butanol, 1,4-butanediol (BD), and
diethylene glycol monomethylether (DEGME) [56]. These results indicated that the first
isocyanate group on MDI reacted 1.5 times faster with the polyols compared to the second
isocyanate, however the para isocyanate on 2,4-TDI was determined to react with the polyols
faster than the first isocyanate on MDI. Both MDI and 2,4-TDI isocyanates reacted in a
similar manner. Ferrerira et al. also used HPLC-UV and HPLC-ESI-MS/MS techniques to
extensively characterize free monomeric MDI found in PU foams [102]. Ferrerira outlined
the use of a new isocyanate derivatizing agent, N-benzylmethylamine (NBMA), which
enhanced monomeric MDI solubility in the solvents routinely used for HPLC.

Diisocyanates and polyols are also known to react in the presence or absence of a catalyst;
optimal reaction conditions have been previously studied [103-105]. However, Nagy et al.
extensively studied the reaction between MDI and several polyols: pTHF, PCLD and PPG
glycerol triether (PPG_GL) to determine intermediates, reaction products, and the reactivity
of the polyols hydroxyl groups [57]. When, monitoring MDI and PPG_GL reaction using
MALDI-MS, the formation of B,,, C,,, and Dy, series appear, as shown in Figure 6. Series Ap,
represents the start of the reaction and series Dy, represents the distribution at the end point
of the reaction. As the reaction progresses, the appearance of additional series labelled B,
and C,, are noted, which correspond to mass shifts of 282 Da, indicating the addition of MDI
to the PPG_GL hydroxyl groups. In this study, rate constants of the forming intermediates
and final products were determined. MALDI-MS was also useful for monitoring the
formation of cyclics and other side products formed during the reaction [58]. In a study led
by Gies et al., a combination of MALDI, CID, and IM-MS experiments was used to study a
polyester-based PU (M, ~ 13,000 by GPC) prepared by melt polymerization; reactants were
PBA and MDI, with BD as an extender [106]. Fragmentation studies were performed at
relatively low collision energies to model pyrolysis reactions. Bond energy calculations were
used to help to elucidate possible fragmentation pathways. The major species observed by
MALDI were cyclic polyesters and PUs, linear polyesters (diol and acid terminated), and
linear polyurethanes up to n ~ 20. PUs containing up to 10 hard blocks were observed. CID
for linear PUs identified two major fragmentation pathways, 1,3 and 1,5 H-shift, the latter
involving carbonyls both in the urethane group and in the polyester chain. Fragmentation of
cyclics is a two-step process: (1) initial ring opening and (2) subsequent fragmentation. Both
steps primarily involve 1,3 and 1,5 H-shift. IM-MS studies were performed to show the
utility of this technique when characterizing complex polymeric mixtures. For example, it
was shown that PU hard blocks capable of forming H-bonding were found to have a shorter
drift times than hard blocks not capable of H-bonding [106].

4.2.1. Flexible and Rigid Foams: Biodegradable Importance—PU foams are
classified as flexible or rigid foams depending on their flexibility and density. PU foams are
complex engineered materials which can have customizable temperature or humidity control
and visco-elastic behavior. The flexibility, morphology, and microstructure of PU foams are
based on the degree of cross-linking and the -NCO/-OH ratio [3,107]. Flexible PU foams are
known for their application as cushion materials, and rigid foams are known for their
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thermal stability and flame resistant properties. These foams are commonly made with PPO,
however renewable alternatives for petrochemical polymer materials is a growing field
[108]. Bio-based polyols, such as natural oils chemically modified to contain hydroxyl
groups, are a new technique for integrating bio-based polyols in PU foam materials [109].
For example, Basso et al. studied renewable polyol alternatives in flexible-elastic
copolymerized PU tannin foams using MALDI-MS [110]. The fatty amines were reacted
with pMDI and tannins to make PU foams with highly flexible and elastic properties. MS
based techniques were used to characterize the chemical and sequential arrangement of the
amines, isocyanates, and tannins integrated within the PU foam matrix. Another method for
monitoring the coreaction between amines, isocyanates, and tannins was to monitor the
MW,,, Gaussian distributions of the coreacted species obtained by MALDI. The Gaussian
distributions help to determine which coreaction and reaction conditions are preferred
(amine-pMDI or tannin-pMDI) in forming the urethane bridge and assisted in detecting
unreacted starting material [111].

4.2.2. Flexible Foams—When characterizing intact flexible foams, selective extraction
processes are needed to investigate the chemical composition. During foaming, hard
segments undergo chain-growth, whereas in hydrolysis a step-growth process occurs which
contributes to the formation of cyclic species [107]. MALDI-MS is a common technique for
PU foam reaction monitoring, hard segment distribution characterization, and detection of
cyclic or hydrolysis products. In one study, the hydrolysis products of viscoelastic and
conventional flexible foams were characterized using MALDI-MS [112]. MALDI
characterization revealed the presence of cyclic species, hard segment chains with urea
repeat units, and PPO based polyols [113]. The experimental hard segment length
distributions were compared to theoretical Monte Carlo simulations. The simulations in this
study agreed with the number-average degree of polymerization experimentally [112]. In a
study by Yontz et al., MALDI-MS was also used to investigate water-blown PU foams by
monitoring the addition of water in the poly(urea-urethane) formulation [114]. The water-
blown PU foams were prepared with different hard segment lengths and at various
temperatures. By using MS, they were able to determine the unique features related to each
foams associated sample preparation method, including the number of hard segment repeat
units and the formation of side products.

Chromatographic techniques integrated with MS, such as LC-MS, can increase the level of
dimensional analysis for the characterization of aromatic amines (TDA/MDA). Marand was
among the first to develop an LC-MS method for foam hydrolysis extracts containing
TDI/TDA compounds and other oligomeric species [113]. Marand tested extraction solvents
to observe hydrolysis products and found that organic solutions altered the physical
properties of the foams and alcohol solutions caused free isocyanates to react and form
urethane side products. Mild acid solutions were found to stabilize extracted aromatic
amines from intact flexible foams [113]. More recently, Johnson et al. compared Marand’s
LC-MS method to their hydrophilic interaction liquid chromatography (HILIC-MS) and
MS/MS technique. In the Johnson study, the investigators focused on developing a
separation method for HILIC-MS to distinguish TDA and MDA aromatic amines found in
foam extracts. It was found that the free diamines required a derivatizing agent to prevent
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oxidation, and both HILIC-MS/MS and Marands LC-MS methods showed agreement for
free amines detection in PU foams [6].

4.2.3. Rigid Foams—Rigid PU foams have not been extensively characterized using
MS-based techniques. As such, there are only a few studies characterizing bio-based polyols
that can be used to make rigid PU foams. In a recent study, MALDI-MS was used to monitor
the cross linking between highly functional polyols that underwent epoxy ring opening
reactions with glycerols to make a bio-based polyester [109]. In related work, MALDI-MS
was used to characterize unique resins derived from natural products (polyflavonoid tannins-
furfuryl alcohols). The urethane formation between flavonoid monomers, glyoxals, and
isocyanate was monitored to determine the functionality of this PU natural product starting
material [111].

4.3. Thermoplastic Polyurethanes

Thermoplastic PUs (TPUSs) have numerous applications due to their diverse physical
properties and processability. TPUs are known to be flexible, elastic, have resistance to
impact, abrasion, weather, and become melt-processable. TPU materials are suitable for
applications in the automotive, clothing, sports equipment, furniture, biomedical, and
construction industries [115]. Conventionally, TPUs are synthesized from polymeric
isocyanates and polyols with or without chain extenders. Common polyols used in TPUs
include polyesters and polyethers; however specialty polyols such as polycarbonate,
polysiloxane, and polyolefin diols can also be used [116]. Recently, non-conventional PUs
such as non-isocyanate polyurethanes (NIPUs) have been developed. This novel type of PU
can be prepared by ring opening reactions between bis-cyclic carbonates and diamines
which enable the replacement of hazardous phosgene and isocyanates which are used in the
conventional PU synthesis [117,118]. NIPUs can also be made through a fully bio- and CO»-
sourced synthesis. In a recent study, Poussard monitored the formation of NIPUs under
supercritical conditions using ESI-MS [119]. In another study, biodegradable TPU synthesis
was monitored using MALDI-MS between TDI, PEG, and polylactic acid caprolactone to
make a type of TPU multiblock polymer [96]. Oleochemicals are a type of vegetable oil that
can be used as a TPU building block. To model the use of oleochemical, oleic acid and
undecyclenic acid derivatives were used to synthesize PUs through a polycondensation
reaction. The formation of linear TPUs was monitored using MS-based techniques and
further characterized to test for thermal stability [120]. Due to environmental concerns, TPU
chemical interaction with water is of interest. To study the water diffusion rate in TPUs, LC-
MS was used to monitor water diffusion, and MS strategies can help elucidate structural
cross-linking within the polymer back-bone [121].

Due to the increasing application for TPU materials, studying decomposition reactions with
respect to time and temperature can enhance synthetic strategies, allowing for tailored
polymeric design to match desired degradation patterns. One method used to study
decomposition reactions and reaction products is pyrolysis [3]. Pyrolyzate products are
formed during the decomposition process and can help to determine decomposition
mechanisms and covalent/noncovalent chemical bond arrangement throughout a material.
Lattimer was among the first to study TPU pyrolysis using MALDI-MS, to determine the
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structural properties pertaining to TPU and the pyrolysis conditions. Pyrolysis MS (Py-MS)
is a method which heats PUs in a solid probe [122]. This method allows for slow pyrolysis
to be monitored with respect to time or temperature, forming various pyrolyzate products.
Py-MS has shown that segmented TPUs decompose at different stages. Ravey and Pearce
previously studied the decomposition of TDI and complex polyether (glycerol, PPO, and
polypropylene ethylene oxide) based PU foams, to better understand decomposition
reactions [123]. Later, Lattimer et al. characterized segmented PU pyrolyzate products
(MDI, BD, and PBA) using MALDI-MS. In their MALDI studies, higher mass pyrolyzate
products were detected (800 to 10,000 Da species), elucidating pyrolysis mechanisms [124].
More generally, MALDI-MS indicates that the degradation products followed two primary
pathways: (1) dissociation of the urethane linkage to form isocyanato and hydroxyl end
groups and (2) an ester exchange where cyclic pyrolyzate oligomers were produced
[122,124,125]. In 2002, Lattimer further characterized PEG pyrolysis products at different
temperatures using MALDI-MS. At low temperatures, pyrolyzate products were detected to
undergo C-O bond cleavage, forming hydroxyl and ethyl ether end groups. When
temperatures were increased, methyl ether and vinyl ether end groups became more
abundant [126]. They also studied thermal decomposition of pTHF pyrolyzates at low
temperatures [127]. Although MALDI-MS has been widely used to analyze pyrolyzate
products from PPG, PEG, pTHF, PBA, and bisphenol A (BPA) polycarbonate, the
disadvantage of this technique lies within the insolubility of some pyrolyzates which
increase characterization complications [126,128].

4.4. Thermoset Polyurethanes

Thermoset PUs are materials that undergo a curing chemical reaction and transform from a
liquid to a solid. During the reaction, the PU forms a cross-linked network causing the
material to solidify, which is irreversible. For example, shape memory foam is a type of
thermoset PU that is manufactured for its desirable physical properties: amorphous, high
crosslinking, and ultra-low density. Weems et al. performed an in-depth study on the
degradation of porous shape memory foams. LC-MS techniques were used for absolute
quantification and determination of degradation rate in biological materials [129]. In another
study, Dopico-Garcia aimed to develop a robust HPLC-UV-MS method for separation of
curing agent polyamines (isophorone diamine, IPDA; TCD-diamine; and
triethylenetetramine, TETA). The chromatographic separations were coupled to UV
detection of the aromatic compounds, and MS strategies aided in the determination of the
exact chemical structures of the curing agents [130].

4.5. Polyurethane Coatings

PU coatings have many consumer uses such as: inner surface coatings for metallic food or
beverage containers, steel hydraulic structures to prevent corrosion, and automotive clear
coats, primers, and sealers [3,131]. The most common coatings are epoxy-resins which are
based on bisphenol A (BPA). Due to safety concerns related to BPA exposure, alternative
coatings have been sought [132]. Polyester and thermoset polyester-polyurethane (PEPU)
coatings are an alternative to epoxy-based resins for metallic food containers. In PEPU
coatings, polyisocyanates are used to facilitate the cross-linking of polymer networks. The
high reactivity of the isocyanate moiety results in urethane linkages upon curing. Therefore
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the threedimensional polymer network can reduce small molecule migration. Many studies
have explored a variety of analytical MS-based techniques (ESI-MS, LC-MS, and MS/MS)
to monitor small molecule migration in PU coated food containers. Driffield et al. released
an LC-MS/MS method for testing residual IPDI trimers in experimental formulations of
thermoset PEPU coatings in food containers. This method involved extraction of IPDI
trimers from the coated panels, and derivatization of the extracted IPDI trimer with
dibutylamine (DBA) [133]. The curing kinetics of the PEPU coating and unreactive analytes
were monitored using chromatography based MS techniques. Bradley et al. identified small
molecule contaminants related to starting materials used in the formulation of coatings,
reaction byproducts, and degradation products resulting from prolonged storage of the can.
They used a variety of analytical techniques to detect volatile (GC-MS) and non-volatile
substances (LC-MS) [134,135].

Recently, Omer et al. developed a method to predict non-intentionally added substances
(NIAS) migrating from PEPU coatings [136]. They constructed a database which predicted a
combination of known monomers based on their exact monoisotopic masses. They used a
global untargeted approach, coupling LC to a high resolution MS (LC-HRMS) to elucidate
lacquer extract fingerprints. Both positive and negative ionization modes were tested where
more intense signals related to NIAS were found in the positive mode compared to the
negative mode, and the findings were consistent with other research groups [135,137,138].
Omer’s confidence in peak identification was based on fragmentation patterns and
chromatographic behavior of the lacquer samples tested [136].

4.6. Polyurethane Adhesives

PU adhesives are known for their high performance and range of applications. PU adhesives
have been characterized using MS-based techniques, for example, adhesive tape for
immobilized inorganic materials [139] and wood adhesives for engineered wood products
such as plywood and particle board [140]. PU adhesives are also used for preparing
multilayered laminates to coat the inner lining of food containers. When the adhesive is not
properly cured, the polymerization reaction can yield unpolymerized aromatic isocyanates,
causing primary aromatic amines (PAA) when reacted with water. There are several methods
to isolate and chemically analyze the degradation products of PAAs from PU adhesives, for
example TDA isomers can undergo derivatization with pentafluoropropionic anhydride
(PFPA) prior to LC-MS characterization [140]. Marand et al. were among the first to
implement this method of derivatization, showing the sensitivity for aromatic amines
increased in TDI-based PU foams when derivatized prior to LC-MS analysis [113].

Adhesives are used to bond films together to form plastic laminates useful for manufacturing
food storage products. Lawson et al. investigated the chemical migrants from a range of PU
adhesives using MALDI-MS [141]. Due to rising concern for PAAs in manufactured plastic
laminates; these PU adhesives were tested to determine if the adhesive was fully cured prior
to use. Mortensen et al. developed an LC-MS/MS method to determine traces of 20 PAAS
associated with PU adhesives [142]. In another study, Aznar et al. quantitatively determined
22 PAAs using cation-exchange solid-phase extraction and LC-MS methods for
characterization [143]. Due to the relatively low detection limit of LC-MS, this method was
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advantageous for PAA detection in PU materials. Pezo et al. used a Q-TOFMS method for
the identification and pattern recognition of PAAs in PU food packaging [144]. In a recent
study, a non-targeted MS approach was used for the characterization of unexpected
chemicals and NIAS found in food packaging materials [145]. They identified 26 potential
migrants from the two packaging materials studied. Cyclic ester oligomers were found to
migrate from the multilayer high barrier food contact material. Zhang et al. later completed
an extensive study, performing a migration test on 537 commercial and/or developmental
laminate samples [146]. MS techniques such as electron ionization (EI-MS), chemical
ionization (CI1-MS), and LC-MS were used to identify 56 short-chain cyclic oligoesters at
both high and low concentration levels within the packaging material.

4.7. Encoded Polyurethanes

A new generation of high precision polymers is promising for a wide range of applications
due to the synthetic ability to control radical polymerizations, stepwise syntheses, molecular
structure and morphology. Development of polymeric material containing discrete encoded
information and then recovering information by an MS sequencing technique is a growing
field of research [147-149]. Applying the encoding technique to PU materials will likely be
increasingly utilized for the identification of counterfeit goods. In a recent study by Gunay et
al., uniform sequence-coded PUs were synthesized by a chemoselective multistep-growth
process and sequenced using negative-mode MS/MS. The sequence-coded PUs are easily
sequenced by MS due to their carboxylic acid deprotonation and predictable C-O carbamate
fragmentation pathway [150]. In a complementary study, sequence-coded PUs, that contain
digitally encoded oligourethanes with two monomers defined by arbitrarily binary units, 0
and 1 bits, can be used as molecular barcodes and blended in low amounts with other
polymeric materials. These sequence-coded PUs were tested as anticounterfeiting tags for
the labeling of methacrylate-based intraocular implants and were determined to be viable
coding and labeling methods due to the ease of MS/MS identification by sequence decoding
[151].

5. OTHER MS-BASED TECHNIQUES FOR PU CHARACTERIZATION

PUs are produced through a wide range of diisocyanates and polyols to make flexible and
rigid foams, TPUs, thermosets, coatings, adhesives, sealants, elastomers, and many
commercial products. However, in this review mainly soft ionization sources such as ESI
and MALDI have been reviewed. There are many useful MS ionization sources that are
appropriate in PU characterization. lon sources specific for liquid sample introduction
include atmospheric pressure chemical ionization (APCI), atmospheric pressure
photoionization (APPI), desorption electrospray ionization (DESI), and electrosonic spray
ionization (ESSI) [152-158]. For solid analysis, atmospheric solid analysis probe (ASAP)
can be used, and for volatile samples GC is useful. A few studies have used alternative
ionization sources to characterize PU samples. DESI and ESSI have previously been
demonstrated to provide accurate average MW and MWD of industrial polymers, both as
solids and in solution [156]. In a study by Bonnaire et al., PU films were analyzed on two
instrumentation platforms: DESI-MS and ESI-MS. DESI-MS was found to generate mass
spectral profiles of irradiated PU films with no sample preparation. When compared to
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conventional ESI-MS methods, the same species were observed, validating DESI-MS as a
technique for PU film characterization [154]. Lebeau et al. used ASAP-MS applications for
the characterization of PU copolymer material. ASAP-MS was found to require no sample
pretreatment. ASAP-MS was able to differentiate between chemical structures within the
PU, polyester and polyether monomers. ASAP-MS was easy for direct analysis of crude
polymer samples [155].

6. CONCLUDING REMARKS

PUs are versatile materials contributing to a wide variety of societal and consumer
applications. In this study, MS-based techniques used to characterize PU hard and soft
segments, precursors, and intact PU materials have been extensively reviewed. The literature
reviewed highlights a variety of techniques including soft ionization sources (ESI and
MALDI), IM-MS, MS/MS, and computational methods for data interpretation. Additionally,
this review highlights areas of PU research that are in need of further MS-based
characterization studies.

Characterizing PU’s, and more generally, synthetic polymers using MS techniques provides
several analytical advantages such as end-group analysis, hard and soft segment
characterization with the polymer backbone, detection of impurities, and a route to monitor
decomposition mechanisms. Similarly, the limitations for PU characterization by MS
include the difficulty in ionizing and measuring high mass polymers using MS (ca. >10,000
Da), polymer solubility and compatibility with common ionization techniques such as
MALDI and ESI, and challenges associated with distinguishing isomeric polymer structures.
In regard to the latter, the addition of front-end chromatography (e.g., LC and GC), IM and
tandem MS/MS measurements with MS provide additional capabilities for improving the
structural elucidation and characterization of isomeric polymers. These new and updated MS
capabilities will provide opportunities for fundamental MS investigation of PU-related
systems as well as other polymeric species, for example, polyureas and uretidones. As novel
solid-state MS sampling methods such as DESI continue to develop, the ability to make
direct MS measurements on polymer films should further enable more comprehensive
characterization of PUs across a wide variety of samples and applications.
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Highlights:

. Combination of MS-based techniques used to characterize PUs and their
precursors.

. Characterization techniques such as ESI, MALDI, IM-MS, and computational
methods to interpret the data.
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Figure 1.
Basic polyurethane reaction scheme between polyol and diisocyanates to form a urethane

group, highlighted in blue.
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Example of important PU types and their common hard and soft segments to be reviewed.
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Figure 3.
MALDI-TOF mass spectrum of the TDI-MDI sample. Mass distributions of 148 m/zand

224 m/z represent the addition of TDI and MDI respectively. Copyright 2009 Wiley. Used
with permission from V Mass, W. Schrepp, B. Von Vacano, H. Pasch, Sequence analysis of
an isocyanate oligomer by MALDI-TOF mass spectrometry using collision induced
dissociation, Macromolecular Chemistry and Physics.
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Extracted ion chromatograms for the m/z 193 fragment ion for all 1-2MP derivatives of
isocyanates. LC separations showed good base peak resolution of derivatized isocyanates.
Copyright 2003 Wiley. Used with permission from E. Vangronsveld, F. Mandel, Workplace
monitoring of isocyanates using fon trap liquid chromatography/tandem mass spectrometry.
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Figure 5.
Representation of transitional region of sphere equivalent diameters based on Z/z and m,

respectively. MD simulations comparable to experimental values are included for several
lengths of z = 4 ions. Not all the data points correspond to exact oligomer masses. Charge
state trends and proposed structural molecular dynamic simulations are represented (A-E).
Reprinted (adapted) with permission from C. Larriba, J. Fernandez De La Mora, The gas
phase structure of coulombically stretched polyethylene glycol ions, J. Phys. Chem. B. 116
(2011) 593-598. Copyright 2012 American Chemical Society.
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Figure 6.
MALDI-TOF MS spectra of the quenched reaction mixture obtained in the reaction of

PPG_GL with MDI at 1, 600 and 1560 minutes. Experimental conditions: [MDI], = 0.32 M,
[PPG_GL],=0.01 M and T = 80 °C. By monitoring the MDI and PPG_GL reaction using
MALDI-MS, the formation of B,,, C,,, and D, series appeared, series A, represents the start
of the reaction. Image adapted. Reproducted from 7. Nagy, B. Antal, A. Dekany-
Adamoczfy, J. Karger-Kocsis, M. Zsuga, S. Kéki, Uncatalyzed reactions of 4,4 * -
diphenylmethane-diisocyanate with polymer polyols as revealed by matrix-assisted laser
desorption/ionization mass spectrometry, RSC Adv. With permission from the Royal Society
of Chemistry.
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