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Introduction 

In the course of the last century synthetic plastics and rubbers have become essential part of our lives 

and therefore they are also increasingly being collected in museums. Plastic and rubber materials can 

be found in many different types of museum objects. They are often the material of choice for many 

utility articles, design objects and pieces of modern art but they can also be incorporated in museum 

artefacts for example in the form of paint binders or as photographic films. 

Like many other plastic materials, rubbers are subject to relatively rapid deterioration and can show 

signs of deterioration in museums after only few years from acquisition.1 They display different 

degradation pathways according to their chemical composition and react differently to different 

environmental factors. The choice for appropriate conservation practises and right storage and 

exhibition conditions for a given artefact depend on its materials and material properties. This makes 

identification of different rubber materials and their compositions in museum collections of outmost 

importance. 

Nuclear magnetic resonance spectroscopy (NMR) is a powerful and frequently used tool in polymer 

analysis and characterization. The spectral characteristics of polymeric materials can be used to 

identify them either alone or in a mixture after careful examination of their NMR spectra, and 

comparison with literature values or suitable spectral databases. Despite its track record in the field 

of polymer science, NMR spectroscopy is seldomly utilized in the analysis of cultural heritage 

materials. In this thesis 1D and 2D solution-state NMR techniques were used in the identification of 

materials in different rubber objects from the collections of Tampere museums in Finland. 

Additionally, solid-state NMR analysis was done on limited number of samples to compare the 

suitability of the two NMR methods in the analysis of elastomers. 

A more systematic approach to polymer identification involves the use of statistical multivariate 

analysis (MVA) methods for spectral analysis and sample classification. With these techniques 

statistical models can be developed which after validation can be used to categorize unknown samples 

based on their spectroscopical analysis data. In this way fast and easy method for sample identification 

can be created. In this thesis the suitability of Orthogonal Partial Least Squares Discrimination Analysis 

(OPLS-DA) in combination with the acquired 1H NMR data for rubber identification is explored. 
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I Literature Part 

1. Elastomers 

1.1. Overview 

Conventional rubbers are based on thermoset elastomers. Thermoset elastomers consist of long chain 

molecules that have single covalent bonds in their chain structure providing free mobility to the chain 

at operating temperatures. These polymer chains are crosslinked by covalent bonds into a network 

structure to prevent the chains from permanently moving past each other thus ensuring elastic 

behaviour instead of viscous flow of the material. Because of chemical crosslinking thermoset 

elastomers cannot be reshaped by heating.2 

Thermoplastic elastomers on the other hand can be reshapable by heat and solvents because they are 

crosslinked by nonpermanent physical bonds. They are usually phase-separated block copolymers or 

polymer blends containing a hard and a soft phase. The soft phase gives elastomeric character to the 

material ensuring free movement in the molecule. The hard phase provides physical crosslinking and 

gives strength to the elastomer. For example thermoplastic polyurethane block copolymers are 

thermoplastic elastomers.2 

To make elastomers into usable rubber products they have to be compounded. Rubber compounding 

includes the addition of crosslinking agents and various additives such as fillers, plasticisers, 

protectants, processing aids and colourants to the elastomer. 

The most common crosslinking agents for rubbers are sulphur and peroxide. Sulphur vulcanization is 

used with unsaturated elastomers. The sulphur reacts with double bonds or allylic carbons in the 

elastomer monomers forming carbon-sulphur bridges between different polymer chains. Saturated 

elastomers can be crosslinked by peroxide curing where carbon-carbon bonds are created between 

the polymer chains.3 

Processing aids can be added to the rubber for example to promote flow or to prevent the polymer 

from sticking to the processing equipment. Mineral oils, stearic acid, waxes, low molecular weight 

polyethylenes (PE) and polyethylene glycol (PEG) are commonly used.4–6 

Softeners and plasticizers are used to promote softness and flexibility in the rubber. Mineral oils are 

often used for this purpose as well, and they can also serve as a cost reducing extender.4,5 For example, 

ethylene propylene diene rubbers (EPDM) and polychloroprene (CR) can take particularly high 
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amounts or hydrocarbon oils.5 Plasticisers such as phthalates, esters and phosphates are used for 

polar rubbers,4,5 but phthalates have also been used for example in polyisoprene (PI) rubbers.7 

Fillers can be added to rubbers to reduce cost or for reinforcing purposes. The most widely used 

reinforcement filler with elastomers is carbon black. In light coloured products white fillers, either 

inert or reinforcing, are used. These can be for example silicates, clays and calcium carbonate.4,5 

Rubbers are generally susceptible to oxidation and antioxidants, often phenols or amines, are part of 

most rubbers’ composition. Diene rubbers require also antiozonants since ozone attack occurs in the 

double bond. Phenylenediamines, enolethers and benzofurans have been used as antiozonants.4,5 

1.2. Polyisoprene Rubbers 

Polyisoprene (PI) is a diene rubber that is made by polymerizing isoprene monomers. There are both 

natural and synthetic PI rubbers. Natural rubber is produced by many plants but the only commercially 

meaningful source for it is the Hevea brasiliensis tree. It is collected as a colloidal suspension called 

latex from the tree bark and is then processed into rubber. Natural rubber consists mainly of cis-1,4-

PI monomers.6,8 

Synthetic PI can be stereospecifically polymerized into different structures of which synthetic cis-1,4-

PI resembles natural rubber. In addition to cis-1,4-units, smaller amounts of trans-1,4- and minor 

amounts of 3,4- and 1,2-units can be present in PI elastomers (Fig 1).6,9 

 

Figure 1. Molecular structures of different PI isomers. 

As a non-polar polymer PI is susceptible to aliphatic and aromatic hydrocarbons and oils. Their 

resistance to alcohols, ketones, acids and bases is better.6,10 Because of unsaturation, and because the 

reactivity of its double bonds is enhanced by the methyl groups in the polymer structure, polyisoprene 

is prone to oxidation and ozone attack.8,10 
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1.3. Polychloroprene 

Polychloroprene (CR) was first marketed by DuPont in 1931 and it is commonly referred to by its 

DuPont trade name Neoprene.8,10 It is a diene rubber built from chloroprene (2-chloro-1,3-butadiene) 

monomers and has a regular trans-1,4-CR structure with small amounts of 1,4-cis units (5-10 %) and 

minor amounts of 1,2- and 3,4-units (1-2 %).8,10,11 The presence of 1,2-units makes vulcanization of the 

elastomer possible.6,8 The molecular structures of different CR isomers are presented in Figure 2. 

 

Figure 2. Molecular structures of different CR isomers. 

Because of its chlorine content CR is more polar compared to PI and therefor more resistant to oil and 

aliphatic solvents. Its double bond structure is also deactivated by electronegative chlorine and is thus 

more resistant to oxygen and ozone than PI.6,8,10 

1.4. Polyisobutylene 

Polyisobutylene (PIB) is a vinyl polymer made by polymerizing isobutylene monomers (Fig 3). It was 

first prepared as low molecular weight polymer in 1873 and as high molecular weight polymer in 

1930.8 Despite its regular structure PIB doesn’t crystallize and is an elastomer at high molecular 

weights. However, PIB is seldom used as an elastomer on its own but as an additive such as a tackifier 

or as a processing aid in other polymers.7,8 Isobutylene is also widely used in copolymers with isoprene 

called butyl rubber.8 

 

Figure 3. The molecular structure of PIB. 

1.5. Butyl Rubber 

Butyl rubber (BR) is a copolymer of isobutylene (97-98 %) with a small amount of isoprene (2-3 %) (Fig 

4), where the isoprene units provide for crosslinking.6 They were first developed in 1940 by Esso.8 

Isoprene consists mostly of trans-1,4-isomer (typically 90 %).12 
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Figure 4. The molecular structure of BR. 

Because isobutylene has a saturated structure BR has better ozone and chemical resistance compared 

to diene rubbers such as PI.6 As a non-polar polymer BR is not resistant to oils or hydrocarbons but 

has low swell in many polar solvents such as ketones.10 

Halogenated BR has been developed to improve the curability of the rubber. By halogenation bromine 

or chlorine is introduced to the double bond of the isoprene monomers enhancing the cure 

compatibility with highly unsaturated, general purpose elastomers.6,8,10 

1.6. Nitrile Rubber 

Nitrile rubber (NBR) is a copolymer of butadiene and acrylonitrile (ACN) with an acrylonitrile content 

of 15 % to 50 %.6,10 It was first produced commercially as Buna N in Germany in 1937.8 The molecular 

structure of nitrile rubber is presented in Figure 5.  

 

Figure 5. The molecular structure of NBR. 

NBR is a polar polymer and therefore resistant to aliphatic hydrocarbons and oils. Increasing amount 

of ACN increases its polarity improving its resistance to these non-polar compounds further. Because 

of its unsaturation, like PI, NBR can be attacked by ozone and oxygen. However, NBR is more resistant 

to heat aging than PI or CR.6,10 

1.7. Chlorosulfonated Polyethylene Rubber 

Chlorosulfonated polyethylene rubber (CSM) was first introduced commercially in 1952 by DuPont 

under the trade name Hypalon.8 To produce CSMs low density polyethylene (LDPE), high density 

polyethylene (HDPE) or linear low density polyethylene (LLDPE) can be used.8,13 Polyethylene is 

chlorinated to provide irregularity to the polymer structure to prevent crystallization and 
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chlorosulfonated to provide crosslinking sites for vulcanization.6 Typically, CSMs contain 25-30 % 

chlorine and 1-1.5 % sulphur.6 The molecular structure of CSM is presented in Figure 6. 

 

Figure 6. The molecular structure of CSM. 

Because of its chlorine content CSM rubbers are resistant to oils. They are also very resistant to ozone, 

oxidation, weathering and heat.6,8 

1.8. Ethylene Propylene Diene Rubber 

Polypropylene polyethylene blends (EPMs) came to the market in the 1970s and to render EPMs 

sulphur vulcanizable, unsaturation was brought to the structure by adding a small amount of diene 

monomer to the blend creating a stereospecific terpolymer ethylene propylene diene rubber (EPDM).8 

Typically, EPDM contains 45-75 % of ethylene and up to 15 % diene monomers.6 Common dienes used 

are 5-ethylidene 2-norbornene (ENB), dicyclopentadiene (DCPD), and 1,4-hexadiene (1,4-HD).6 EPM 

and EPDM are also blended with polyolefin plastics, particularly PP, to produce tough thermoplastic 

polyolefin rubbers.8 Structures of EPDM with its different repeating units are presented on Figure 7. 

 

Figure 7. The molecular structure of EPDM rubber with different repeating units. 

EPDM has a low level of unsaturation compared to PI and has better oxygen and ozone resistance in 

addition to very good heat resistance.6 However, as non-polar polymers they have very poor 

resistance to oils and hydrocarbons.6,10 

1.9. Thermoplastic Polyurethane Rubbers 

Polyurethane (PU) rubbers were first prepared as I-Gummi in Germany in about 1940.14 Polyurethanes 

are generally manufactured with polyaddition reaction of di-isocyanate, a long chain diol and a low 
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molecular weight diol called chain extender. The di-isocyanate and diol groups are joined together by 

urethane or urea linkages.6 They form block copolymers where the polyol chain forms a soft segment 

in the polymer and the PU segment (di-isocyanate and chain extender) forms a hard segment (Fig 

8.).6,14 

 

Figure 8. An example of the structure of the PU hard segment. 

Crosslinking in PU rubbers is often created in the polymerization process when excess isocyanate 

reacts with urethane groups in the polymer chain producing allophanate or biuret cross-links. With 

some types of PU rubbers conventional curing techniques are used as well.6,14 

Reinforcement fillers and plasticizers are often unnecessary in PU rubber compounding because the 

hardness of the polymer can be altered by changing the monomer ratios. The hard PU block length 

depends on the amount of isocyanate used in the polymerization.6,14 

Urethane rubbers have excellent resistance to ageing, weathering, ozone and oxygen, and to aliphatic 

hydrocarbons. They are also resistant to most solvents but swell in highly polar solvents and aromatic 

hydrocarbons. They are prone to hydrolysis making the use of hydrolysis inhibitors in PU rubber 

compounding common.6,14 

2. NMR in the Identification of Elastomers 

Nuclear magnetic resonance (NMR) spectroscopy is a popular and powerful tool in characterizing 

elastomers. It is used in determining polymer microstructures such as sequence isomerism, tacticity, 

cis/trans-isomerism, monomer composition, and end-group structures.15,16 NMR spectroscopy is 

commonly performed on samples of homogeneous solutions. For cross-linked elastomers that are 

often insoluble this can be inconvenient and solid-state NMR spectroscopy techniques are used 

instead. 

NMR is based on placing NMR active nuclei, such as 13C or 1H, in a strong magnetic field where their 

energy states are split into different spin states. The energy gap between the spin states and the spin 

state population difference are very small making NMR spectroscopy an inherently insensitive 

technique. By pulsing the nuclei with an appropriate radiofrequency (RF) those energy states are 
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flipped. As the nuclei return to their equilibrium states after RF pulsing they emit a magnetic signal 

which is recorded and Fourier transformed into an intensity vs. frequency spectrum where the 

frequencies are expressed relative to a standard material as chemical shifts in a ppm scale. The 

chemical shift value of each nucleus is dependent on the chemical surroundings of the nucleus in 

question and the signal intensities are proportional to the number of nuclei at each chemical shift. 

This makes a full structure analysis and quantitation possible with NMR spectroscopy. 

The simplest NMR experiments are one dimensional (1D) where the chemical shifts of one type of 

isotope are presented in a spectrum. With adequate literature values or spectral databases 1D 

experiments are sufficient for full structure analysis of elastomers.   

For example, Smolentseva et al.17 proposed a method for quantifying the main form of isoprene and 

its characteristics in halogenated butyl rubbers. In the study the percentage of isoprene units, 

unsaturation, and the percentage of halogen atoms were calculated from the integrals of the 

individual 1H NMR spectral signals. 

One dimensional 13C and 1H NMR techniques were also used to analyse two commercial CSM 

rubbers.13 A qualitative analysis of the main structure of the rubbers and a quantitative analysis of 

their chlorine and sulphur content were performed.  

Mitra et al.18 investigated long chain branching in two types of EPDM terpolymers using 1D NMR 

spectrometry. The structure of the polymer was determined, along with identifying the different 

branches and their end groups with 13C and 1H NMR experiments. The monomer ratios and relative 

amounts of long and propylene side chains were further estimated from 1H NMR spectra.  

An extensive analysis of the microstructure of commercial CR samples was done using 1D 13C and 1H 

NMR methods.11 Quantitative analyses of different isomers of the rubber were carried out. The 

isomers were 1,2- and 3,4-units,  cis- and trans-units, as well as 2,3-dichlorobutadiene units and dyads 

of 1,4-units. Further a qualitative determination of 1,4-triads was also suggested. With some 

inaccuracy remaining in the quantifications, it was stated that the analysis would be improved with 

the use of two-dimensional (2D) methods. 

A second dimension is added to the NMR spectra to identify correlations between neighbouring atoms 

and to separate overlapping peaks in proton NMR spectra enabling improved structure analysis. Also, 

in heteronuclear 2D experiments the sensitivity of the nucleus with the lower gyromagnetic ratio is 

increased which reduces analysis times and enables less intense peaks to be detected. The most 

popular 2D experiments in structure identification are homonuclear single bond correlation 
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spectroscopy (COSY), heteronuclear single-quantum correlation spectroscopy (HSQC) and 

heteronuclear multiple bond correlation spectroscopy (HMBC).19  

A high detail analysis of PI structures was done utilizing 2D NMR experiments. 9 The microstructure of 

a PI rubber synthesized with a new initiating system was investigated using 13C, 1H, HSQC and HMBC 

experiments. The main sequence structure of the polymer and the carbon and proton chemical shifts 

for the minor 1,2- and 3,4-units were determined. For the carbon chemical shifts in the olefinic region 

of the minor isomers this was done precisely for the first time. Also, with the help of HMBC 2D NMR 

a previously unidentified carbon signal at 51.8 ppm was tentatively identified as the methylene carbon 

in 1,2-unit possibly located between two 1,2-units. The additional information acquired through the 

2D experiments also enabled some revision to be done in the assignments made in an earlier paper.20 

In previous examples solution-state NMR spectroscopy techniques were used. However, when 

insoluble materials are analysed as solid or swollen samples with solution-state NMR spectroscopy 

broad signals are obtained. This is why solid-state NMR spectroscopy has been used for the analysis 

of rubbers and other plastics.15 It is based on magic-angle spinning (MAS) where the sample is spun in 

high frequency at a so-called magic angle (54.74°). This removes the effect of chemical shift anisotropy 

and assists in the removal of heteronuclear dipolar-coupling effects which would be naturally 

averaged by molecular tumbling in liquid samples.21 

Kawahara et al.22 compared solution-state and solid-state NMR spectra when studying crosslinking in 

vulcanized natural PI rubbers. In the study the insoluble vulcanized samples were analysed with 1D 

and 2D HR-MAS NMR spectroscopy and the soluble unvulcanized samples were analysed with 

solution-state experiments. No significant differences were seen between the 13C NMR spectra 

obtained with solid- and solution-state NMR spectroscopy, but the resolutions of solid-state 1H NMR 

spectra were poorer than, but similar to, those obtained with solution-state experiments. The main 

signals in the vulcanized rubbers were identified through 1D and HSQC experiments and to further 

detect the hetero-nuclei correlations between small signals heteronuclear multiple quantum 

correlation (HMQC) experiment was performed. The group were able to assign several signals to C-S 

crosslinking junctions in the vulcanized samples. 
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3. Analytical Methods Used in the Identification of Plastics in Museums 

Main interest in the scientific analysis of cultural historical objects is in the identification of the 

constituent materials of the objects and in studying their aging and deterioration. This chapter is 

focused on recent (2011-2020) literature published on the identification of plastics in cultural heritage 

collections by analytical instruments excluding degradation studies. 

3.1. Objects and Materials Studied 

A wide range of cultural historical objects from private and museum collections have been analyzed 

in several recent case studies. These include artworks,23–26 design objects,27,28 historical everyday 

objects,29,30 a decorative box,31 costume pieces,32 LEGO blocks,33 prosthetic limbs,34 aviation glasses 

and lenses,35 and film bases.36 Many different plastic types were analysed or used in method 

development but most commonly studied plastics were easily degradable cellulose acetate 

(CA),26,31,32,35–37 cellulose nitrate (CN),23,26,32,35–37 and polyvinyl chloride (PVC).24,25,30,38 None of the 

studies referenced here focused on elastomers exclusively. 

3.2. Infrared Spectroscopy 

Infrared (IR) spectrometry seems to be the go-to method for studying plastics in cultural heritage and 

it is the most frequently used technique in the literature referenced here. Additionally, handheld or 

portable devices were used in in all of the papers focusing on IR spectroscopy. With these devices, 

analysis can be done in situ non-invasively which can be a prerequisite in the analysis of delicate 

museum objects. 

Picollo et al.39 compared three different IR methods in conjunction with identifying plastic in cultural 

heritage field: Transmission mode IR, Attenuated Total Reflection Fourier-transform Infrared (ATR 

FTIR), and portable Total Reflectance Fourier-Transform Infrared (TR FTIR) spectroscopy by analysing 

50 different thermoplastic resins. Portable TR FTIR had the advantage of not requiring sampling or 

direct contact with the object measured. However, it was not as reliable than the other two methods. 

Its spectra diverged from those of transmission IR and sometimes from those of ATR FTIR which 

complicated the interpretation of the spectra since most of spectral databases are made with 

transmission or FTIR ATR modes. It was concluded that portable IR is best suited as preliminary analysis 

method or when other methods are impractical. 

Also Cucci et al.37 discuss the use of portable TR FTIR in the identification of cultural heritage plastics. 

The group built a spectral library with standard and reference materials and created a semi-automated 
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procedure for the identification of unknown plastics. In the study a commercial search algorithm was 

used to identify a test set of early semi-synthetic and synthetic materials from 20th and early 21st 

century. Positive identification was received in most cases but spectral alterations due to deterioration 

of the materials sometimes prevented identification. 

Saviello et al.27 studied the identification of historical polymer objects and constituents of a 

contemporary artwork with portable FTIR spectroscopy with reflectance mode. The group obtained 

good quality spectra from over 80 % of the samples studied and was able to identify the main 

constituent materials of the samples along with some additives. In the work challenges in spectral 

interpretation arose because of varying spectral quality due differences in sample surfaces. Thin and 

transparent materials as well as porous materials, such as PU, proved difficult to identify and Raman 

spectroscopy was implemented in the analysis of those materials. It was also noted that the 

differences in the polymer formulas, polymer structures and deterioration states complicated the 

identification. 

Bell et al.40 noted similar difficulties when investigating the suitability of non-invasive portable ATR 

FTIR and reflectance mode FTIR (equipped with external reflection (ER) module) in the identification 

of historical polymer objects. Reflectance FTIR worked best with opaque glossy surfaces making the 

analysis of textured or foam materials challenging. Lower intensity spectra were also seen with dark 

coloured materials. On the other hand, ATR FTIR required direct contact with the material measured 

which made analysing hard or curved surfaces difficult. Also, transparency affected negatively the ATR 

FTIR spectra quality. It was concluded that the two methods worked best in combination because of 

their different properties. 

Carter et al.36 used portable reflectance FTIR (equipped with ER-module) to identify film materials in 

historical photographical collections. The group used 41 known and 15 unknown CA and CN film 

samples to create a multivariate statistical analysis (MVA) method model for identification. The 

method proved to be very fast, 30-40 samples were analysed per hour, and all well preserved samples 

could be easily identified. Identification of deteriorated samples proved more difficult, but a lot of 

potential was seen with the method in predicting sample types with the future possibility of 

confirming the degradation state of the samples.  

Also Sustar et al.41 utilized MVA technique to identify different types of historical plastics samples this 

time with portable Near-Infrared (NIR) spectroscopy. In the study pyrolysis gas chromatography mass 

spectrometry (Py-GC/MS) and ATR FTIR were used to verify the results. The MVA method was 

calibrated with 353 samples and the method was validated on 32 blind samples and an identification 
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accuracy of 87 % was achieved. Poor spectral quality was stated as one of the reasons for erroneous 

classification from NIR data. Spectral quality was affected by ageing of the materials and by sample 

texture, for example polyurethane foam was challenging to measure. The most accurate results were 

obtained with Py-GC/MS but similar materials were sometimes erroneously identified with all 

methods. 

In addition to other reflectance methods, the use of a handheld Diffuse Reflectance Infrared Fourier-

Transform (DRIFT) instrument for characterization of cultural historical plastic objects has also been 

investigated.29 A pilot database was created and historical everyday plastic objects were identified. 

Method validation was done using transmission mode micro-FTIR and ATR FTIR. Like other reflectance 

methods, DRIFT had the advantage of contactless analysis. However, the DRIFT spectra presented 

some distortions making the data more difficult to interpret compared to FTIR ATR. Poorer quality 

spectra were obtained from shiny surfaces that promote specular reflection.  

Because of the challenges concerning measurement and spectral interpretation, portable IR 

spectroscopy is often used in combination with other analysis methods. For example, Salvant et al.23 

utilized non-invasive reflectance FTIR and transmission FTIR complemented by Py-GC/MS to analyse 

two Moholy-Nagy paintings painted on a plastic surface. IR spectroscopy was used for main 

component analysis while organic additives were identified with Py-GCMS. The plastics were identified 

as gypsum filled CN. Similarly, Pereira et al.31,32 employed non-invasive ATR FTIR complemented with 

nuclear magnetic resonance (NMR) spectroscopy to identify the materials in early 20th century plastic 

cosmetic boxes and purses and a 20th century tortoise shell imitation box. NMR measurements were 

performed on leachates dissolved form the object surfaces to identify additives. 

Compared to NMR, portable IR methods have the advantage of being non-invasive and fast. A large 

number of objects can be analysed in a short amount of time in situ without sampling. However, as a 

vibrational spectroscopy method IR spectroscopy provides information on characteristic molecular 

groups rather than the full chemical structures. Further, portable IR techniques operate in reflectance 

mode and are therefore surface techniques. The penetration depth for IR radiation is few 

millimeters.39 This means that the measurement is not necessarily representative to the whole 

object/sample. Also, the success of the measurement is greatly affected by the properties of the 

sample surfaces.  
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3.3. Raman Spectroscopy 

Raman spectroscopy has been employed in the identification of plastics in cultural heritage objects in 

several recent publications. It is a vibrational spectroscopy method and has many similar advantages 

and disadvantages in the analysis of cultural heritage plastics materials as IR spectroscopy. In Raman 

analysis both portable and bench top instruments have been implemented. 

Madden et al.35 studied historical aviation windows and lenses with non-invasive portable FT-Raman, 

with an excitation wavelength of 785 nm, and benchtop FT-Raman, with an excitation wavelength of 

1064 nm. The choice of instrument depended on the object location, size, shape and fragility. The 

objects were identified as CA, CN or polymethyl methacrylate (PMMA). Polarizing lenses and many 

coloured and deteriorated plastics gave strong background fluorescence in 785 nm excitation 

hindering analysis with the portable instrument. In some cases this problem could be avoided by using 

a longer excitation wavelength on the benchtop device which also provided overall better spectral 

quality. However, not all objects could be fitted into the instruments sample compartment and some 

samples remained unidentified. 

A cast sculpture was studied with a similar instrumental set up: portable Raman (785 nm) and bench-

top Raman (1064 nm). 24 Complementary methods, NIR reflectance spectroscopy and ATR FTIR, were 

utilized to verify the results and GC/MS was used to confirm the identification of plasticisers. Like in 

previous study the benchtop device presented higher quality spectra and, in some cases, its NIR 

excitation wavelength was able to counteract the fluorescence emitted by certain materials. Also, 

when measuring surfaces with no reflection ATR FTIR became useful. Portable Raman was confirmed 

to be adequate in identifying the main constituents of the object which were PVC and a phthalate 

plasticiser. 

Pozzi et al.25 used handheld Raman with two excitation wavelengths, 785 and 853 nm, to analyse 

among other objects, a modern sculpture with plastic components. Plastics in the sculpture were 

identified as PVC with calcite filler, acrylonitrile butadiene styrene (ABS) and cellulose ester (CE). More 

detailed identification of the CE based plastic could not be done with Raman spectroscopy alone 

because of the similarities in the spectra of several plastics. Compared to benchtop devices poorer 

spectral quality and less selectivity in excitation wavelengths impeded the identifications in some 

cases. 

In a recent study Surface Enhanced Raman Spectroscopy (SERS) has also been implemented. Reggio 

et al.33 compared handheld Raman spectrometer, SERS and a benchtop Raman spectrometer in 
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identifying the chemical constituents in ABS based contemporary and historical LEGO-objects. FTIR 

ATR was used as a complementary method in the study. The handheld Raman instrument was seen 

suitable for the preliminary analysis of the objects being non-invasive and low cost but providing 

poorer quality spectra than other Raman spectroscopy methods. SERS gave results comparable to 

those of the benchtop device but because the SERS measurements were performed on sub-micro 

scale samples it was seen preferable to the benchtop device with which only small and movable 

objects can be analysed non-invasively. 

3.4. Other Methods 

In recent literature Py-GC/MS is the most popular method for identifying plastics in cultural heritage 

objects after vibrational spectroscopy methods. It has been used as a complimentary method in 

connection with IR spectroscopy analysis,23,32,41 but also as the principal method. 

La Nasa et al.28 found Py-GC/MS to be a powerful tool for the analysis of plastic cultural heritage 

objects. The group analysed plastic materials in several 20th century design objects that could not be 

identified with non-invasive methods such as IR spectroscopy. In the study Py-GC/MS was 

complemented with evolved gas analysis-mass spectrometry (EGA-MS). A wide range of materials, 

including additives and material mixtures, were successfully identified with Py-GC/MS, although, the 

identification of PU was not specific. Additionally, information on chemical alterations in the materials 

due to degradation was obtained complemented with the information produced by EGA-MS.  

Sutherland et al.26 utilized Py-GC/MS for the identification of highly degraded (hydrolyzed and 

deacetylated) CA. In the study a plastic sculpture by Naum Gabo was analysed with Py-GC/MS and  

Thermally Assisted Hydrolysis and Methylation Gas Chromatography / Mass Spectrometry (THM 

GC/MS) along with micro-FTIR in transmittance mode. The heavily degraded CA could not be identified 

with the FTIR and identification was done with the two gas chromatographical methods of which Py-

GC/MS proved more informative. The identification was done based on the detection of trace levels 

of acetylated carbohydrate pyrolysis products from the degraded CA. It was concluded that Py-GC/MS 

is a specific and sensitive technique for the identification of deacetylated CA. 

Compared to NMR the main advantage of Py-GC/MS is the small sample size required, micrograms 

instead of milligrams.28 However, NMR is, unlike Py-GC/MS, a non-destructive method which means 

that several analyses can be run on the same sample. With NMR the whole sample can be analysed 

without separation into different constituents.28 Additionally NMR is able to differentiate between 

similar compound structures such as different isomers. 
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In addition to other analytical tools, X-ray Fluorescence (XRF) spectroscopy has been used as a 

complementary technique in plastics identification for elemental analysis.35 However, Necemer et 

al.30,38 created a method utilizing mainly coherent and incoherent scattered radiation, rather than 

fluorescence, for museum plastics identification using an Energy Dispersive X-ray Fluorescence 

(EDXRF) instrument. A multivariate statistical model was created with nine different types of plastics 

and an identification rate of 96,8 % was achieved with the model. The method was validated by later 

measuring 11 unknown samples with the developed method and with the aid of solid-state Cross 

Polarized Magic Angle Spinning (CP-MAS) NMR and ATR FTIR. An identification rate of roughly 80 % 

was achieved showing the potential of the method in fast and non-invasive analysis of plastics. 

4. Multivariate Analysis 

Multivariate Analysis (MVA) methods are statistical techniques used to analyse complex data sets 

containing multiple variables.42 In the case of NMR spectroscopy, information is extracted from 

continuous sample spectra where each data point is a variable. The number of variables is large even 

though it is often reduced by bucketing where a continuous spectrum is turned into a data set similar 

to a histogram by dividing the spectrum into sections and summing up the measurements inside each 

section.42,43 

MVA methods can be divided into unsupervised and supervised methods. Unsupervised methods 

don’t take into account any prior information about the data to be processed while supervised 

methods use training sets model development and separate test sets to estimate the prediction 

accuracy of the model.43 

4.1. Principal Component Analysis 

Principal Component Analysis (PCA) is a popular unsupervised method.43 With PCA high-dimensional 

data is projected into a lower-dimensional space where most of the information of the original data is 

preserved but can be interpreted and visualized more easily.43,44 It can be used as an exploratory 

method for visualisation of groupings and assessing data quality including detection of outliers.43 

PCA creates new variables as linear combinations of original data variables. These new latent variables 

are called principal components (PCs). Each PC is orthogonal to the previous one and contains less 

variation. In other words, the first PC explains most of the variation in the original data variables and 

is the most informative one. In this way samples are projected with new coordinate values, called 
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scores, into a new space with fewer dimensions than before. The most informative score plot is plotted 

in the space spanned by the first two PCs.44 

4.2. Orthogonal Partial Least Squares Discrimination Analysis 

Orthogonal Partial Least Squares Discrimination Analysis (OPLS-DA) is a supervised statistical method 

that is used for classifying samples. It is a variation of the Partial Least Squares Discrimination Analysis 

(PLS-DA) method. Like PCA, PLS-DA uses latent variables to build a model but now the latent variables 

are constructed to maximize the covariance between the spectral data matrix (X) and the predicted 

dummy response matrix (Y).45 

For method creation and validation two separate sample sets of known samples are used, a training 

set and a test set. The training set is created so that the information on class is coded on Y which 

consists of a set of binary variables. The samples in the test set are then classified to classes according 

to how well their Y variables match those of the training set ones.45 In this way a method is created 

for predicting the class, for example polymer type of unknown samples from their spectral 

information. 

With OPLS-DA the X matrix is further divided into two parts, predictive and orthogonal. The predictive 

part is the variation in X correlated to Y and the orthogonal part is the variation not correlated to Y. In 

this way the orthogonal variation can be removed improving the interpretation ability of the model 

and additionally the two X components can be studied separately.43,46 
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II. Experimental Part 

5. Introduction 

The purpose of this experimental was to identify elastomers used in the manufacture of different 

museum objects. Characterization was done utilizing 1D and 2D NMR experiments from liquid, gelled 

or swollen samples. Identifications were done mainly from 1H and HSQC experiments with the help of 

COSY and HMBC experiments. The results were later compared to results obtained with HR-MAS NMR 

from a few solid samples in order to evaluate the suitability of these different NMR methods in rubber 

analysis. The possibilities for identification of different rubber types with NMR and multivariate 

analysis was also explored. Information from liquid state 1H NMR spectra was used in PCA and OPLS-

DA analysis in order to classify different sample types. An OPLS-DA model and a test set were created 

from sample spectra of three rubber classes to evaluate the predictive power of the method. 

6. Samples 

The analysed samples were elastomers gathered from deteriorating museum objects from the 

collections of Tampere museums in Finland. The reference samples were obtained from different 

rubber factories in Finland. Studied objects were different everyday household objects including shoes 

and toys dating from between 1930s and 1980s. The objects were in different stages of deterioration. 

For example, samples 18 and 19 were obtained from the same shoe but had very different 

appearances, one being still pliable and the other brittle and hardened. All samples and their 

provenance information are listed in Table 1.  
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Table 1. Sample codes and preliminary information on samples analysed. 

Code Object Appearance Date Suspected 
polymer 

Manufacturer 

1 Weather stripping Black, rubbery 1980s CR Nokia Oy Tekninen kumi 

2 Protective suit Black, brittle 1938 CR Suomen Gummitehdas 
Oy, Nokia 

3 Reference sample Light brown, rubbery 1980s CR Oy Nokia Ab / Jalkineet 

4 Reference sample Brown, rubbery 1980s PI (raw crepe) Oy Nokia Ab / Jalkineet 

5 Reference sample Brown, rubbery 1980s PI (prevulcanized) Oy Nokia Ab / Jalkineet 

6 Toy Snow White Yellow with green surface, 
brittle 

1930-1940 PI Suomen Gummitehdas 
Oy/ Nokia 

7 Toy Pluto Yellow, brittle 1930-1940 PI Suomen Gummitehdas 
Oy/ Nokia 

8 Toy rabbit Yellow with orange 
surface, brittle 

1930-1940 PI Suomen Gummitehdas 
Oy/ Nokia 

9 Keyring Dark green, rubbery  - PI  Oy Nokia Ab 

10 Shoe White with grey layers, 
hard 

1930-1939  - Kumiteollisuus Oy 

11 Shoe Black, brittle 1936-1937  - Kumiteollisuus Oy 

12 Rubber boot / galosh Black, brittle 1938 PI Suomen Gummitehdas Oy 
/ Nokia  

13 Same as 12 Black, brittle 1938 PI Suomen Gummitehdas Oy 
/ Nokia  

14 Shoe Black, rubbery 1950-1969 Latex Suomen Gummitehdas Oy 
/ Nokia  

15 Shoe / galosh Black, brittle 1962-1968 Latex Kumiteollisuus Oy 

16 Same as 15 Black, brittle 1962-1968 Latex Kumiteollisuus Oy 

17 Same as 15 Black, partly rubbery 1962-1968 Latex Kumiteollisuus Oy 

18 Shoe Black, brittle 1960-1964 Latex Kumiteollisuus Oy 

19 Same as 18 Black, rubbery 1960-1964 Latex Kumiteollisuus Oy 

20A Shoe heel, inner part Light coloured, soft, sticky 1970 - 1980 PU PomarFinn Oy 

20B Shoe heel, surface material Dark coloured, soft, sticky 1970 - 1980 PU PomarFinn Oy 

21 Shoe heel, surface material Dark coloured, soft, sticky 1970 - 1980 PU PomarFinn Oy 

22A Shoe heel, inner part Light coloured, soft, sticky 1970 - 1980 PU Oy Woodal Shoe Ltd 

22B Shoe heel, surface material Dark coloured, soft, sticky 1970 - 1980 PU Oy Woodal Shoe Ltd 

22C Shoe heel, inner part Light coloured, soft, sticky 1970 - 1980 PU Oy Woodal Shoe Ltd 

22D Shoe heel, surface material Dark coloured, soft, sticky 1970 - 1980 PU Oy Woodal Shoe Ltd 

25 Shoe heel Light coloured, soft, sticky 1970-1980? PU  - 

26 Reference sample Light brown, rubbery 1980s CSM (raw 
material) 

Oy Nokia Ab / Jalkineet 

27 Reference sample Black, solid 1980s CSM (final 
material) 

Oy Nokia Ab / Jalkineet 

28 Reference sample Colourless, viscous, tacky 1980s NBR (raw 
material) 

Oy Nokia Ab / Jalkineet 

29 Reference sample Colourless, rubbery 1980s EPDM (raw 
material) 

Oy Nokia Ab / Jalkineet 

30 Reference sample Black, soft 1980s EPDM 
(unvulcanized) 

Oy Nokia Ab / Jalkineet 

31 Weather stripping Black, rubbery 1980s EPDM (final 
material) 

Nokia Oy Tekninen kumi 

CR = Polychloroprene (Neoprene), PI = Polyisoprene (natural rubber), PU = Polyurethane, CSM = Chlorosulfonated polyethylene 
(Hypalene), NBR = Nitrile rubber, EPDM = Ethylene propylene diene rubber 
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7. Chemicals and Equipment 

Solvents used for sample preparations were 99.8 % acetone-d6 from Deutero and 99.8 % chloroform-

d1 from Eurisotop. Sarstedt SafeSeal polypropylene microtubes and Sarstedt polypropylene pipette 

tips were used in sample preparation. In liquid state analysis 5 mm (and one 3 mm for sample 2) 

Norell® NMR tubes were used. The NMR spectra were acquired with Bruker DPX-300 and Bruker 

Avance III 500 NMR spectrometers. Topspin 1.3 and Topspin 3.5 (Bruker) instrument software were 

used for instrument control and Topspin 4.0.8 software was used for spectral processing. For statistical 

analysis AMIX 3.9.14 (Bruker) and SIMCA® 13.0.2 (Umetrics) software were used. For the solid-state 

NMR experiments samples were analysed with a Bruker Neo 400 MHz NMR spectrometer using 

disposable Kel-F inserts inside with 4 mm MAS zirconia rotors from Bruker. 

8. Sample Preparation 

A small piece of each sample was cut from the sample materials. If the sample was non-uniform in 

appearance, the different parts of the sample were separated from each other for separate analysis. 

Samples were homogenised in a mortar using liquid nitrogen. The amount of solid sample prepared 

varied from circa 20 to 300 mg depending on the amount of material available. Some samples 

remained too rubbery to be homogenized with mortar and pestle even in liquid nitrogen. Those 

samples were cut to small pieces with a scalpel. 

The homogenized samples were then extracted or swollen in an appropriate solvent, acetone-d6 or 

chloroform-d. For most of the more brittle samples, acetone extractions were done and the liquid 

fractions were used in the analysis. Samples that did not show satisfactory solubility in acetone were 

extracted or swollen in chloroform-d. The solvents used and the sample amounts of each NMR sample 

are listed in Appendix A. 

For the acetone extractions the homogenized solid samples were weighed and transferred into 2.0 ml 

plastic microtubes where 0.7 ml of solvent was added. The samples were extracted in a sonic bath for 

two hours. During extraction the temperature of the bath rose to ca. 50 °C. Extracted samples were 

then centrifuged for 10 min at 14000 rpm. The centrifuged samples were allowed to stand at 4 oC 

overnight in contact with the pellet. Before analysis the supernatants were transferred into NMR 

tubes. 

The chloroform extractions were done in NMR tubes with 0.6 ml chloroform-d in sonic bath for two 

hours. The temperature of the bath was not allowed to exceed 40 °C. Most of the samples formed gels 
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or were swollen in chloroform and were analysed as such. From the samples that did not form gels as 

expected and remained too heterogeneous for acceptable NMR result, the liquid chloroform fractions 

were measured instead (samples 1, 27 and 31).  

For samples 2 and 1 both acetone-d6 and chloroform-d extractions were done in order to check the 

suitability of each solvent. In this case the acetone extracts were preserved and chloroform extractions 

were performed to the solid residues. With sample 1 the liquid chloroform fraction was measured, 

and sample 2 was measured as swollen in chloroform. 

Solid state NMR samples were homogenized as previously. Roughly 10 mg of powdered sample was 

inserted in a disposable plastic insert (Kel-F) and 5 µl of CDCl3 solvent was added for locking and as a 

chemical shift reference. The insert was sealed with a plug and a screw and placed inside a 4 mm MAS 

rotor which was sealed with a cap. 

9. NMR Spectroscopy 

NMR spectra were obtained with Bruker DPX-300 or Bruker Avance III 500 instruments using standard 

pulse sequences at a probe temperature of 298 K. The experiments run on each sample, all acquisition 

parameters, and all of the acquired spectra are presented in Appendices A, B and C respectively. 

One dimensional 1H NMR spectra were run with either DPX-300 or Avance III 500 while 13C and DEPT-

135 spectra were acquired with only DPX-300 spectrometer. Two dimensional 1H-1H homonuclear 

gradient correlation (COSY), two dimensional 1H-13C heteronuclear gradient single quantum 

correlation (HSQC) and two dimensional 1H-13C heteronuclear gradient multiple bond correlation 

(HMBC) experiments were run with either DPX-300 or Avance III 500 spectrometers. 

Before Fourier transformation line-broadening of 0.3 Hz (Avance III 500) or 0.5 Hz (DPX-300) for 1H 

spectra and 1.0 Hz for 1D carbon spectra were applied along with apodization with exponential 

multiplication function. Zero order and first order phase correction and polynomial fifth order baseline 

correction were performed to the 1D spectra before calibration to solvent peak. 

Prior to Fourier transformation quadratic sinusoidal window functions were applied to all 2D data 

acquired with Avance III 500 and HSQC data acquired with DPX-300 spectrometer. For HMBC and COSY 

data acquired with DPX-300 spectrometer sinusoidal window functions were applied.  Zero filling with 

linear prediction were applied to all 2D data. The HSQC and HMBC data matrices were zero-filled up 

to 128 or 256 points in 13C dimension and COSY was zero-filled up to 256 points in F1 dimension. Zero 

order and first order phase correction and polynomial fifth order baseline correction were performed 
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to the Fourier transformed heteronuclear correlation spectra. For homonuclear COSY spectra 

symmetrisation and baseline correction were performed. 

All 1D, COSY and HMBC spectra were calibrated to solvent peaks: for acetone-d6 signals at 2.05 ppm 

(proton), 29.92 ppm (1D and HSQC carbon) and 206.68 ppm (HMBC carbon), and for chloroform-d 

signals 7.24 (proton) and 77.23 (carbon).  

9.1. Solid State Analysis 

Three solid samples (samples 1, 2 and 9) were analysed with a Bruker Neo 400 MHz NMR spectrometer 

utilizing high resolution magic angle spinning (HR-MAS) experiments with a MAS rotation rate of 4 KHz 

and probe temperature of 303 K. One dimensional 1H and 13C spectra along with two dimensional 1H-

13C HSQC spectra were obtained using standard Bruker library pulse sequences.  

10.  Multivariate Statistical Analysis 

The previously baseline-corrected and calibrated 1H NMR spectra were bucketed using AMIX software. 

The whole spectra with chemical shifts from 0.3 to 10 ppm were divided into 0.05 ppm wide buckets. 

The solvent signals 2.00-2.065 ppm for acetone and 7.20-7.35 ppm for chloroform were removed as 

well as residual acetone signals in chloroform (2.14-2.16 ppm) and water (HDO) residual signals in 

acetone (2.80-3.05 ppm) and in chloroform (1.51-1.55 ppm). The bucketed spectra were integrated to 

positive intensities and normalized by scaling to the total intensity of the spectral integrals. 

Multivariate statistical analysis was conducted to the normalized data sets using SIMCA software. 

Principal component analysis (PCA) and Orthogonal Partial Least Squares Discriminant Analysis (OPLS-

DA) models were developed. In OPLS-DA the bucketed NMR data were used as X variables and the 

elastomer classes as Y variables. Pareto scaling was used in both methods of multivariate analysis. 

Seven-fold cross-validation was performed to the models and the goodness of fit and predictive power 

of the models were estimated. 

Because of the limited number of samples available for statistical analysis, a separate OPLS-DA model 

was created for validating sample class separation. Object samples from the rubber classes with more 

than two specimens (EPDM, PU and PI) were used to create a training set. A test set containing the 

reference samples from EPDM and PI classes and one object sample from the PU class was constructed 

and used for object class prediction. Due to the small total number of samples outliers were not 

removed. 
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11.  Results 

11.1. Reference Samples 

Material samples acquired from rubber factories in the 1980s were analysed. Samples were raw and 

prevulcanized natural rubber (polyisoprene), raw and half ready EPDM, CR, raw and ready CSM and 

raw NBR. 

11.1.1. Polyisoprene 

The molecular structures of different PI isomers are shown in Figure 9 and Figure 10 shows 1H NMR 

spectrum of raw natural rubber reference sample (sample 4) with different chemical groups indicated. 

The major signals in the proton spectrum at 1.66, 2.02 and 5.10 ppm were assigned to PI methyl, 

methylene and methine groups respectively.7 The integrals of the major peaks in the proton spectrum 

indicate that the PI methine group (PI-CH in Fig. 10) is equivalent to one proton, the methylene groups 

(PI-CH2) have four protons and the methyl group (PI-CH3) has three protons in which is correct for PI 

structure. 

 

Figure 9. Different PI repeating units. 

The additional signal at 1.23 ppm was assigned to methylene groups of long chain aliphatic 

hydrocarbons, possibly fatty acids or alkanes, coming from an additive or grease impurity.47 The broad 

signal at 4.74 ppm would fit solvent residual peak of deuterated water.47 

From carbon spectrum the polymer could be identified as cis-1,4-polyisoprene with methyl carbon at 

23.7 ppm, methylene carbons at 26.6 and 32.4 ppm, methine carbon at 125.2 ppm and the quaternary 

carbon at 135.4 ppm.7 The 13C NMR spectrum of sample 4 is presented in Figure 11. 
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Figure 11. Carbon NMR spectrum of sample 4 in CDCl3. 

The prevulcanized PI reference sample (sample 5) was also cis-1,4-PI but compared to sample 4 it 

presented more complex NMR spectra due to the presence of additives. The HSQC spectrum of sample 

5 with peak assignments indicated is presented in Figure 12. Peak assignments for reference samples 

4 and 5 are also listed in Table 2. 

In the aliphatic region of the HSQC spectrum many new minor peaks compared to sample 4 were seen. 

The two positive signals at 14.4 and 19.9 ppm were assigned to terminal methyl groups. According to 

the literature long chain hydrocarbon (mineral oil) has a terminal methyl group signal at 14.4 ppm and 

a pendant methyl group signal at 19.8 ppm but these two peaks also appear in the NMR spectra of 

Figure 10. Proton spectrum of sample 4 in CDCl3. 
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saturated ester compounds used as polymer plasticizers. 7 The clear-cut positive peak with carbon and 

proton chemical shifts at 16.3 ppm and 1.58 ppm, along with the negative peak with chemical shifts 

at 40.1 ppm and 1.94 ppm, could tentatively be assigned to methyl and methylene groups associated 

with trans-1,4-PI.7 

 

 

Figure 12. Aliphatic (above) and alcoholic and olefinic (below) regions of HSQC spectrum of sample 5 in CDCl3. Positive 
signals are plotted in black and negative signals in red. 

In the alcoholic region of the spectrum new, mainly positive signals appeared with carbon chemical 

shifts from roughly 60 to 90 ppm. Since this sample is described as prevulcanised, it could be expected 

that these peaks correspond to PI carbons bonded to sulfur atoms, however literature values for C-S 
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carbons in sulphur-vulcanized rubber are below 60 ppm.22 Thus, it was concluded that this sample was 

not vulcanized using sulphur vulcanization. Alternatively, these peaks which are typical for carbons 

adjacent to oxygen could arise from additives (plasticizers) such as saturated acid esters included in 

the rubber. A little more downfield in the olefinic region two sets of negative peaks are observed with 

carbon chemical shifts of 109.7 and 113.5 ppm. These signals are typical for methylene carbons in 

vinyl groups and are assigned to 3,4-PI and 1,2-PI units, which appear to be minor components of the 

PI sample 5.9 

Table 2. Chemical shifts and assignments for reference samples 4 and 5 in CDCl3 according to 1H, 13C and HSQC 
data. 

Chemical shifts Group Assignment 
1H 13C   

0.81a 19.9a CH3 Terminal group* 

0.86 14.4a CH3 Terminal group* 

1.23-1.24 29.9a CH2 Long aliphatic chain 

1.58a 16.3a CH3 Trans-1,4-PI* 

1.66 23.7 CH3 Cis-1,4-PI 

1.94a 40.1a CH2 Trans-1,4-PI* 

2.02 26.6 CH2 Cis-1,4-PI 

2.02 32.4 CH2 Cis-1,4-PI 

4.85, 5.03a 109.7a =CH2 Vinyl 3,4-PI* 

4.96, 5.18a 113.5a =CH2 Vinyl 1,2-PI* 

5.10 125.2 CH Cis-1,4-PI 

- 135.4 C Cis-1,4-PI 
a Chemical shifts obtained from HSQC, * Signals only in sample 5. 

11.1.2. Ethylene Propylene Diene Rubber 

Figures 14 and 15 show the 1H NMR and HSQC spectrum of EPDM reference sample 29 (raw EPDM). 

The main peaks arising from ethylene (E) and propylene (P) monomers and minor peaks arising from 

diene monomers are indicated in the spectra using the position numbering existing in Figure 13. 

Prefixes e (entgegen) and z (zusammen) are used to indicate resonances from different isomers. 

According to literature the resonances from the most dominant signals are consistent with EPM 

(ethylene propylene rubber) or EPDM polymers.7 The 1H and 13C chemical shifts and chain assignments 

are summarized in Table 3. 
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Figure 13. Different EPDM structures. 

 

Figure 14. Proton NMR spectrum of sample 29 in CDCl3 with signal assignments. Aliphatic region of the spectrum with the 
main signals integrated (A), aliphatic region of the spectrum scaled up (B) and the olefinic region of the spectrum (C). 

 
The proton spectrum is dominated by peaks originating from E and P monomers. The integrals of their 

signals indicate that the propylene methyl peak (P-CH3 in Fig. 6) is equivalent to three protons, the 

adjacent methine group (P-CH) has one proton and the α-methylene group (P-CH2) accounts for two 

protons. This supports the assignments made for the P units of the polymer. The E-methylene group, 

in turn, includes 9 protons indicating that the E monomer has 4 to 5 methylene groups.  

From the HSQC spectrum (Fig. 15) more E and P signals could be separated. Starting upfield, the methyl 

signal of P monomer (P3) at 0.82 / 20.0 ppm is seen overlapping another less intense signal which was 

interpreted with the help of COSY and HMBC to be PP-CH3 (P6). Three separate E-methylene signals 

with proton chemical shift at 1.24 ppm can also be seen. The signals at 30.0 ppm and 27.3 ppm were 

A 

B 

C 
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identified as methylene groups in E main chain (E2) and at beta position to P-CH group (E1) 

respectively. The less intense signal resonating at 24.5 ppm was assigned to ββ-methylene (P9).48 

Downfield from E-CH2 groups two intense methylene signals at 37.3 ppm with proton chemical shifts 

at 1.25 ppm and 1.05-1.06 ppm were assigned to methylene groups at alpha position to P-CH (P2),49,50 

while a signal close by at 1.03 / 34.5 ppm was identified as αβ-methylene (P7).48 Three peaks with 

carbon chemical shifts from 45.2 to 45.5 ppm and proton chemical shifts at 0.88, 1.02 and 1.18 ppm 

were assigned to αα-CH2 groups in adjacent P units (P5). Three signals were visible because of 

alterations in the tacticity of the PP sequence. The two outermost peaks of the three in the spectra 

were assigned as meso dyad methylenes and the signal in the middle as racemo dyad methylenes.50,51 

This interpretation was confirmed by COSY and HMBC experiments. Finally, the P methine group (P1) 

signal can be seen at 1.33-1.34 ppm / 33.0 ppm and the methine group associated with PP sequence 

(P4) has a signal at 1.44 / 30.3 ppm. 
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Figure 15. Aliphatic (above) and olefinic (below) regions of HSQC spectrum of sample 29 in CDCl3. Positive signals are 
plotted in black and negative signals in red. 

Also, most of the signals for the diene groups could be identified according to literature.50,52,53 The 

sample 29 polymer was identified as EPDM with 5-ethylediene-2-norbonene (ENB) and 

dicyclopentadiene (DCPD) as diene monomers. The assignments are indicated in the proton and HSQC 

spectra of the sample and in Table 3. The ENB peaks e9 and z9 as well as z3 and e3 were doublets. 

Other splits, most clearly seen in e1 and z1, were seen to arise from stereoisomerism in 5 and 6 
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position of the diene structure.52 The ENB groups 5, 6 or 7 and DCPD group 7’ were tentatively 

identified according to literature and are also reported in Table 3.54 

Table 3. Peak shifts and assignments for reference sample 29 in CDCl3. Proton chemical shifts are acquired from 
1H and HSQC data and carbon chemical shifts are from 13C and HSQC data. 

Chemical shift Group Assignment 
1H 13C   

0.79 20.0 CH3 P6 

0.82 20.0b CH3 P3 

0.88a / 1.02a / 1.18a 45.3 / 45.2 / 45.5 CH2 P5 

0.86a 14.0 CH3 Terminal group 

1.03a 34.5 CH2 P7 

1.05-1.06 / 1.25a 37.3b  CH2 P2 

1.24 27.3b  CH2 E1 

1.24 30.0b  CH2 E2 

1.24 24.7b  CH2 P9 

1.33-1.34 33.0b  CH P1 

1.41a 33.6 CH2 7? 

1.44 30.3b CH P4 

1.48 13.8 CH3 e9 

1.50a 36.2 CH2 7’? 

1.49a 45.9 CH 5 or 6? 

1.54a 46.1 CH 5 or 6? 

1.55a 27.5 CH Similar to P4 

1.59 14.5 CH2 z9 

1.62 42.8 CH 6’? 

1.67 43.1 CH 6’? 

1.74 / 2.05 36.2 CH2 e3 

1.85 / 1.80 45.9 / 46.4 CH 4’ 

1.79a / 2.11a 39.5 CH2 z3 

2.03 / 2.07 45.0 / 44.2 CH 1’ 

2.06 / 2.12 41.1 CH ez4 

2.16a 32.5 CH2 10’ 

2.32 / 2.37 50.3 / 49.9 CH e1 

2.47 42.7 CH 3’ 

2.67 / 2.70 44.7 / 44.1 CH z1 

3.01 53.3 CH 2’ 

4.98-4.99 111.2 CH z8  

5.20-5.22 110.4 CH e8 

5.50 132.7 CH 8’ 

5.61-5.62 130.8 CH 9’ 

- 146.9c C 2 
a Proton chemical shift values obtained from HSQC, b Chemical shift values from 13C, c Chemical shift values from HMBC 

Sample 30 was a reference sample for unvulcanized EPDM rubber. Its HSQC spectrum is presented in 

Figure 16. Based on the analysis of this spectrum and the other NMR data of sample 30 it was 

concluded that it has essentially the same EPDM structure with ENB and DCPD as sample 29. One clear 

difference between the two reference sample spectra can be seen in the peak cluster at 1.24 ppm. 

The ββ-methylene signal P9 appearing in sample 29 spectra at 24.5 ppm is no longer visible or has 

shifted upfield in sample 30 spectra. A double methylene peak having chemical shifts at 23.2 ppm and 

23.1 ppm has appeared. Some new minor peaks have also appeared in the aliphatic and aromatic 
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regions of the spectrum and were attributed to additives. Particularly a new signal in the aromatic 

region at chemical shift 6.79-7.15 / 125.9-129.2 ppm correlated to signals at 2.52 / 34.5 ppm and 2.27 

/ 20.2 ppm was attributed to an aromatic crosslinker. 

 

 

Figure 16. HSQC spectrum Sample 30 in CDCl3 with positive signals plotted in black and negative signals in red. 
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11.1.3. Polychloroprene 

Figure 18 presents the 1H spectrum of CR material sample (sample 3) with peak assignments for 

different CR units and tacticity. The peak assignments are collected also in Table 4, and they were 

compiled in accordance with available literature values.7,55 The different isomers of CR monomers are 

presented in Figure 17. 

The proton spectrum of sample 3 presents typical signals for CR methylene and methine protons. The 

methylene and methine groups form two peak clusters which arise from the presence of monomer 

units of different configurations. Most intense signals in the spectrum arise from head-to-tail 

configuration of trans-1,4-units. Also signals for head-to-head and tail-to-tail configurations as well as 

cis-1,4- and 1,2- or 3,4-units were resolved.55 Integrals of the peak clusters indicate one proton in 

methine group and 4-5 protons in methylene groups pointing to a monomer with one methine group 

and two methylene groups which is correct for CR. 

 

Figure 17. Different repeating units of CR. 

 

Figure 18. Integrated proton spectrum of sample 3 in CDCl3 with signal assignments. 
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Figure 19 shows the HSQC spectrum of sample 3 with peak assignments indicated. The most 

prominent methylene signals with proton chemical shifts at 2.34-2.39 ppm and carbon signals at 26.7 

and 38.5 ppm were identified as 1,4-methylene and 1,4-methylene groups of head-to-tail trans-CR. A 

signal at 2.22 / 27.8 ppm was assigned to 1,4-methylene in tail-to-tail configuration and a signal at 

2.52 / 37.5 ppm was assigned to 1,4-methylene in head-to-head configuration of trans-CR. According 

to the literature methylene signals associated with 1,2-units would lie downfield from the main 

methylene proton signals.55 A signal for methylene 4,1-1,2 groups is indicated in Figures 18 and 19 

with HMBC supporting the identification. 

 

 

Figure 19. HSQC spectrum of sample 3 in CDCl3 with positive signals plotted in black and negative signals in red. 
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The most intense signal in the olefinic region of the spectrum at 5.40 / 124.4 ppm was identified as a 

peak cluster for trans-1,4-methine groups. The signal for cis-1,4-CR methine was found downfield from 

and partially overlapping with this intense signal. Upfield from the methine peak a vinylic methylene 

signal was seen at 5.14-5.23 / 114.7 ppm also as multiple overlapping peaks. This signal was identified 

as the vinylic methine groups belonging to 1,2- or 3,4-units. 

In addition to the CR signals, some peaks assigned to additives or impurities was seen in the aliphatic 

region of the spectrum upfield from the CR methylene signals and also in the aromatic region. 

Table 4. Chemical shifts and assignments for reference sample 3 in CDCl3. Proton chemical shifts are acquired 
from 1H data and carbon chemical shifts are from 13C and HSQC data. 

Chemical shifts Group Assingment 
1H 13C   

0.86 14.0 CH3 Terminal group 

1.20 24.5 CH3 Additive / impurity 

1.24 30.0 CH2 Long aliphatic chain 

1.26 16.5 CH3 Additive / impurity 

2.12 27.8 CH2 CR, unknown configuration 

2.22 27.8 CH2 1,4-4,1-CR 

2.29 26.9 CH2 CR, unknown configuration 

2.34-2.39 38.5a CH2 1,4-1,4-CR 

2.34-2.39 26.9a CH2 1,4-1,4-CR 

2.52 37.5 CH2 4,1-1,4-CR 

2.61 35.0 CH2 CR, unknown configuration 

2.61 26.1 CH2 Unknown 

2.67 33.3 CH2 CR, unknown configuration 

2.78 34.6 CH2 4,1-1,2-CR 

2.86 52.4 CH2 Unknown 

5.14-5.22 114.7 =CH2 1,2- or 3,4-CR 

5.43 124.3a CH Trans-1,4-CR 

5.52-5.50 126.6 CH Cis-1,4-CR 

6.86 126.9 CH Aromatic additive 

6.98 124.3 CH Aromatic additive 

7.14 124.3 CH Aromatic additive 

 135.1a C Trans-1,4-CR 
a Chemical shift value obtained from 13C data 

11.1.4. Chlorosulfonated Polyethylene 

Two reference samples (samples 26 and 27) of CSM were analysed. Figures 21 and 22 present the 1H 

NMR and HSQC spectra of the raw material sample 26. Based on the information provided by the NMR 

data most of the signals in the HSQC spectrum may be identified by comparison with literature 

values.7,13 The 1H and 13C chemical shifts and assignments for the signals of the NMR spectra of sample 

26 are compiled in Table 5. The peak assignments are indicated in the HSQC spectrum according to 

numbering in Figure 20. 
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Figure 20. Different CSM structures. 

In the proton spectrum of sample 26 (Fig. 21) the signals are divided into three sections: methyl 

protons, methylene protons and methine protons, all typical for CSM rubber.13 The integrals show 

roughly 10 times more intensity in the methylene section than in the methine section indicating five-

fold methylene group content compared to methine group content. 

 

Figure 21. Proton spectrum of sample 26 in CDCl3. 

In the aliphatic region of the HSQC spectrum a lot of complex overlapping peaks can be seen in the 

methylene signal region. The most intense of the methylene signals at 1.23 / 29.8 ppm arises from 

groups at gamma position or further from -CHCl- group, i.e. methylenes in long aliphatic chain 

structure. Several signals around 26.5 ppm were attributed to β-methylene groups (A2 and similar 

configurations).  Whereas α-methylene groups (A1 and similar) gave signals around 38.6 ppm. Signals 

for αβ-methylenes (A4 an similar) can be seen at around 35 ppm and αα-methylenes (A5 and similar) 

can be seen at approximately at 47 ppm.   
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A methine signal at 3.44 / 76.6 ppm was assigned as a methine with pendant sulphonyl chloride group 

in accordance with reference data.7 A weak methylene signal observed at 2.34 / 32.5 ppm could be 

tentatively assigned to methylene groups alpha to the sulphonyl chloride group, which is expected 

roughly at chemical shift of 2.35 ppm.13  

 

Figure 22. HSQC spectrum for sample 26 in CDCl3 with positive signals plotted in black and negative signals in red. 

In the 3.5-5.0 ppm region a cluster of proton signals for CSM methine -CHCl- groups (B1 and similar) 

were identified between 3.87-4.21 / 60.8-65.8 ppm and assigned with the help of the HSQC spectrum. 

In the aromatic region of the spectra there were also two signals at 6.80 / 114.0 ppm and 7.12 / 128.0 

ppm. These signals were produced by methine groups in aromatic rings presumably in additive 

compounds. 
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Table 5. Chemical shifts and assignments for sample 26 in CDCl3 according to 1H, 13C and HSQC data.  

Chemical shifts Group  
1H 13C   

0.83a 10.7 CH3 Terminal 

0.87 14.1 CH3 Terminal 

1.02 11.0 CH3 Terminal 

1.21a 33.4 CH2 Unknown 

1.23 29.7b CH2 A3 

1.27a 23.1 CH2 CH2-CH3 

1.38 26.5b CH2 A2, n>>1 

1.50 26.5b CH2 A2, other configuration 

1.70 26.5b CH2 A2, other configuration 

1.70 38.6b CH2  A1, n>>1 

1.83a 29.6 CH2 Unknown 

1.90 34.9b CH2 A4 

1.96 47.3b CH2 A5 

2.07 35.8b CH2 A4, other configuration  

2.10 29.6 CH2 Unknown 

2.34 32.5 CH2 A6? 

3.44 76.6 CH B5 

3.66 65.3 CH2 Alcoholic 

3.87 63.9 CH B1 

3.95 65.8 CH B3  

4.02a 65.5 CH B3, other configuration 

4.05a 59.7 CH B4 

4.21 60.8 CH B2 

6.80 114.0 CH Aromatic additive 

7.12 128.0 CH Aromatic additive 
a Proton chemical shift from HSQC, b Carbon chemical shift from 13C data 

Sample 27 was a reference sample for finished CSM rubber whose HSQC spectrum is shown in Figure 

23. When compared to the HSQC spectrum of sample 26, all the main CSM signal structure remains 

the same, as expected. However, some minor peaks, most notably the -CHSO2Cl- signal, do not appear 

in the NMR spectra of sample 27. This is probably due to lower concentration of this type of group in 

the finished CSM, since the sulphonyl chloride groups take part in the cross-linking reactions that lead 

to the finished product. There are also some signals that are only observed in the NMR spectra of 

sample 27.  

When comparing with sample 26, sample 27 spectra contain two additional methylene signals at 1.24 

/ 37.9 ppm and 1.06 / 37.6 ppm, while the signal for terminal methyl groups at 0.82 / 20.1 ppm appears 

dramatically intensified. These signals could point to polypropylene structures (groups P1, P2 and P3 

in Fig. 5 for EPDM molecule structure). Also, the signal at 1.23 / 29.8 ppm which is associated with 

methylenes in aliphatic hydrocarbon chains has intensified. When comparing the proton spectra of 

samples 26 and 27 a clear increase in the intensity of 1.23 ppm methylene signal and methyl proton 

signals can be seen (Fig. 24). These extra signals point to the possibility of additional propylene and 

ethylene based macromolecules being present in the finished CSM polymer. 
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Figure 23. HSQC spectrum for sample 27 in CDCl3 with positive signals plotted in black and negative signals in red. 

 

Figure 24. Stacked proton spectra of sample 26 (below) and 27 (above). 

11.1.5. Nitrile Rubber 

Sample 28 was described as NBR raw material. However, through analysis of the NMR spectra of the 

sample, PIB (polyisobutylene) was identified as the main component of the rubber.7 

In the 1H NMR spectrum of sample 28 (Fig. 25) the two intense signals at 1.09 ppm and 1.40 ppm 

correspond to the methyl and methylene protons of the isobutylene units respectively. Integrals of 

these signals gave the value of one for the methylene signal and three for the methyl signal pointing 

one methylene group and two methyl groups, exactly as expected for the PIB monomer structure. In 
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the 13C spectrum (Fig. 26) of the sample three intense signals at 31.5 ppm, 38.4 ppm and 59.7 ppm 

corresponding to methyl, quaternary carbon and methylene isobutylene units respectively were 

resolved, in agreement with literature values.7 

 

Figure 25. Proton spectrum of sample 28 in CDCl3. 

 

Figure 26. Carbon spectrum of sample 28 in CDCl3. 

In addition to the PIB peaks, the NMR spectra of sample 28 contain numerous minor signals, 

suggesting a more complex chemical composition for this rubber. These minor signals are best visible 

in the expansion of the 1H NMR spectrum and the HSQC NMR spectrum. The HSQC spectrum of the 

sample is presented in Figure 28 with signal assignments according to the numbering in Figure 27. The 

signal assignments are further reported in detail in Table 6. Assignment of these signals is based on 

available literature and acquired 1D and 2D spectral information. 56,57  
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It was determined that isoprene units are incorporated in the PIB polymer backbone, along with 

chlorinated monomer units and some exocyclic =CH2 groups, indicating that sample 28 is actually a 

halogenated butyl rubber (BR). The chemical shift of the -CHX- methine proton at 4.20 ppm instead of 

4.35 ppm indicates the presence of chlorine instead of bromine in the BR.17 Furthermore, the 

identification of conjugated diene proton peaks in the 5.5-6.0 ppm region of the spectrum, which have 

also been reported in thermally degraded brominated BRs further supports the identification of 

sample 28 as a halogenated BR.58  

In the HSQC spectrum some usual additive / impurity signals can be seen. In the aliphatic region of the 

HSQC spectrum of the sample familiar signals from methylene groups in the backbone of a long chain 

aliphatic hydrocarbon with signals fitting to its terminal and pendant methyl groups were identified. 

        

Figure 27. Different BR structures. 
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Figure 28. The aliphatic (above) and olefinic (below) regions of the HSQC spectrum of sample 28 in CDCl3. Positive signals are 
plotted in black and negative signals in red. 
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Table 6. Chemical shifts and assignments for reference sample 28 in CDCl3 according to 1H, 13C and HSQC data. 

Chemical shifts Group  
1H 13C   

0.82 14.4 CH3 Terminal group 

0.86 20.5 CH3 Terminal group 

1.09 31.5b CH3 A2 (PIB) 

1.20/1.28a 45.6 CH2 A6 

1.24 29.7 CH2 Long aliphatic chain 

1.40 59.7b CH2 A2 (PIB) 

1.63 19.4 CH3 B5 

1.68 20.5 CH3 Head-to-head (H-H) isoprene 

1.86 56.0 CH2 H-H isoprene 

1.92 55.6 CH2 B1 

1.93a 23.5 CH2 B4 

3.66 68.4 CH2 C3 

4.21 - CH C2 

4.64 / 4.85 114.3 =CH2 3,4-isoprene 

4.82 / 5.13 113.5 =CH2 C4 

4.92 140.4 CH H-H isoprene 

5.02/5.36 115.9 =CH2 D4 

5.05 129.9 CH B3 (BR isoprene) 

 - 38.4b C A3 (PIB) 

- 126.4c C H-H isoprene 
a Proton chemical shift from HSQC, b Carbon chemical shift from 13C, c Chemical shift from HMBC 

11.2. Object Samples 

The analysed object samples included several rubber shoes of different ages, three rubber toys from 

the time period 1930-1940, a rubber key ring of unknown age, a protective suit dated to 1938, two 

pieces of weather stripping (insulation tape) from the 1980s, and shoe heel samples from the 1970s. 

11.2.1. Rubber Shoes 

Most of the rubber shoe samples were extracted in acetone-d6 (samples 10, 11, 12, 13, 15, 16, 17 and 

18) and only samples 14 and 19 were swollen in CDCl3. Some of the samples were collected from the 

same shoe (samples 12 and 13; samples 15, 16 and 17; and samples 18 and 19). All of these samples 

could be identified as cis-1,4-PI. 

The spectra of the swollen chloroform samples 14 and 19 had wide signals and poor resolution due to 

heterogeneity of the samples. Still, the main signals of cis-1,4-PI could be resolved for a positive 

identification. In addition to the main PI peaks methylene and terminal methyl signals for long chain 

aliphatic hydrocarbon could be seen in the spectra. Figure 21 presents the HSQC spectrum of shoe 

sample 14, indicating the main resonances of cis-1,4-PI. The 13C DEPT-135 experiment of sample 19 

also was identical to that of cis-1,4-PI. 
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Figure 29. HSQC 2D NMR spectrum of shoe sample 14 swollen in CDCl3 with positive signals plotted in black and negative 
signals in red. 

All of the acetone extracted rubber shoes identified as cis-1,4-PI had very similar spectra to each other 

also in the minor components especially in the aliphatic region. The spectra had also significant 

similarities with the reference sample 5 spectra obtained in CDCl3. Figure 22 present the aliphatic and 

olefinic regions of the 2D HSQC NMR spectrum of the shoe sample 18. For shoe sample 12 a series of 

2D NMR experiments were conducted, in order to further explore the minor component composition 

of the elastomer material. Peak shifts and peak assignments for acetone extracted PI samples are 

listed in Table 7.  

Like in the reference samples the main PI peaks were present in the spectra of the acetone extractions. 

A new methylene signal appeared with carbon chemical shift approximately at 2.10 / 23.0 ppm slightly 

upfield from the two PI methylene groups possibly arising from more complex tacticity.  

In addition to the PI signals a lot of signals associated with additives or impurities were seen. The 

familiar signals assigned to methylene backbone, terminal methyl and a pendant methyl of a long 

chain aliphatic hydrocarbon appeared in all of the spectra. Also, acetate ester peaks with a sharp 

methyl peak at 1.96 / 20.54 ppm and a correlation in HMBC to a carbon at 171 ppm was identified in 

all spectra.47 
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Figure 30. HSQC spectrum sample 18 in acetone-d6 with positive signals plotted in black and negative signals in red. 

In the alcoholic region ranging roughly from 60 to 90 ppm there were both negative and positive peaks 

variably in all of the acetone extracted sample spectra and similarly to the reference sample 5. Signals 

are typical to methine and methylene groups connected to hydroxyls or ester oxygen atoms. One 

distinct methylene peak with signal at 70.9 ppm and 3.60 ppm present in only the HSQC spectra of 

shoe samples 18 and 15 was attributed to polyethylene glycol (PEG), which is a well-known additive.7 

In the olefinic region the same vinylic methylene peaks that were observed in sample 5 chloroform 

spectra were present in all of the acetone extracted PI samples. These peaks may be assigned with 

relative certainty to polyisoprene vinyl 3,4- and 1,2-units which are present in most PI samples as 
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minor repeating units, as their 1D chemical shifts and connectivities in COSY and HSQC spectra agree 

with literature values.9,20 

The spectra of shoe samples 12, 15 and 18 also contained some signals in the aromatic region. In the 

HSQC spectra of samples 18 and 15 two distinct peaks could be seen with chemical shifts at 7.65 ppm 

/ 132 ppm and 7.75 ppm / 129 ppm. These signals were attributed to phthalate additives probably 

belonging to dioctyl phthalate, which has been reported to be used as a plasticizer for PI.7,59    

Table 7. Shifts and peak assignments for acetone extracted rubber shoe and toy samples in acetone-d6 according 

to from 1H and HSQC data. 

Chemical shifts Group Assignments 
1H 13C     

0.85-0.86 11.5 CH3 Terminal group 

0.85-0.86 19.7-20.4 CH3 Terminal group 

0.87-0.89 14.1-14.4 CH3  Terminal group 

1.29 30.1-30.2 CH2 Long aliphatic chain 

1.69 23.5-23.8 CH3 Cis-1,4-PI 

1.96 20.2-20.5 CH3 Acetate ester or acetic acid derivative 

2.06-2.13 32.7-33.1 CH2 Cis-1,4-PI (partially under solvent peak)  

2.06-2.13 26.8-27.3 CH2 Cis-1,4-PI (partially under solvent peak) 

2.06-2.13 22.6-23.0 CH2 Similar to cis-1,4-PI (partially under solvent peak) 

3.60 70.9-71.2 CH2 PEG (only in samples 15 and 18) 

4.83/5.05 109.1 =CH2 3,4-PI group 

4.98/5.19 111.5 =CH2 1,2-PI group 

5.17 125.9-126.0 CH Cis-1,4-PI 

7.65 131.8-132.0 CH Phthalates (not in samples 10, 11 or 7) 

7.75 129.2-129.3 CH Phthalates 

- 135.4a C Cis-1,4-PI 
aChemical shift form HMBC 

11.2.2. Keyring and Toys 

Sample 9 was a piece of a green rubber key ring that was swollen in chloroform-d for NMR analysis. 

As for samples 14 and 19, poor solubility of sample 9 led to wide and poorly resolved peaks in its NMR 

spectra. It could still be ubiquitously identified as cis-1,4-PI. Its NMR spectra presented the main PI 

signals along with long chain hydrocarbon methylene signal along with methyl signals probably arising 

from saturated ester or hydrocarbon oil softeners. 

The toy samples Pluto (7), Snow white (6) and rabbit (8) were extracted in acetone-d6 and were also 

identified as cis-1,4-PI. In fact, the NMR spectra of these samples showed signals very similar to those 

of acetone extracted rubber shoe samples and reference sample 5. Figure 31 presents the HSQC 

spectrum of sample 8 and Table 7 presents the chemical shifts and assignments of the identified 

signals in the toy sample spectra. 
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Figure 31. HSQC spectrum of toy sample 8 in acetone-d6 with positive signals plotted in black and negative signals in red. 

In the HSQC spectra essentially the same signal patterns that were present in the rubber shoe sample 

spectra can be seen in the aliphatic and olefinic regions. There are also similar signals in the alcoholic 

region. Few to no signals could be resolved in the aromatic region of the HSQC spectra but in the 

proton spectra of samples 6 and 8 small phthalate multiplets were present. 
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11.2.3. Protective Suit 

Sample 2, a protective suit from 1938 was labelled as CR but NMR analysis of different solvent extracts 

of this sample showed that its NMR spectra did not bear any similarities to the CR reference sample 

spectra (Fig. 32). In fact, from the HSQC spectrum of the CDCl3 extraction of the sample one can see 

that the sample is very similar to the acetone extracted PI samples and it was thus concluded that cis-

1,4-PI was its main component. Both acetone and chloroform extractions of sample 2 were performed, 

and both solvents produced similar spectra, in which PI was easily identified as a component, but no 

signals belonging to chloroprene were observed. 

 

 

Figure 32. Comparison of the 1H spectra of PI reference sample 4, CR reference sample 3, and protective suit sample 2 in 
CDCl3. 

The main PI signals along with the methylene signal typical for long chain hydrocarbon and its terminal 

methyl signal are present. Also, many minor signals in the aliphatic region appear at the same chemical 

shifts as in the reference PI sample spectra and there are similar methine signals in the alcoholic region 

as well. The methylene peak upfield to the two main PI methylene peaks, that were present in other 

PI object sample spectra is unclear and the distinctive vinylic methylene signals visible in the previous 

PI samples cannot be resolved. The chemical shifts and assignments of the identified signals of sample 
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2 spectra are listed in Table 8. The sample 2 was also analysed with solid-state HR-MAS NMR and more 

information was obtained, see below. 

Table 8. Chemical shifts and assignments for sample 2 in CDCl3 according to 1H and HSQC data. 

Chemical shifts Group Assignment 
1H 13C   

0.85-0.87 14.1 CH3 Terminal group 

1.23 29.7 CH2  Long aliphatic chain 

1.65 23.5 CH3 Cis-1,4 

2.01-2.02 32.1 CH2 Cis-1,4 

2.01-2.02 26.4 CH2 Cis-1,4 

2.15 30.8 CH3 Acetone residue 

5.10 125.2 CH Cis-1,4 

 

11.2.4. Weather Stripping 

Samples 31 and 1 were both pieces of weather stripping (insulation tape). Sample 31 was labelled 

EPDM and sample 1 CR. Nevertheless, EPM was the main component in both samples and their spectra 

were very similar to the EPDM reference sample 30 spectra. In addition to EPM or EPDM sample 1 

contained PIB. The PIB signals can easily be seen by comparing sample 1 spectra to the BR reference 

sample 28 spectra (Fig. 33). 

 

Figure 33. Comparison of solution-state 13C spectra of BR reference sample 28, CR reference sample 3, EPDM reference 
sample 29, EPDM reference sample 30, and solid-state 13C spectrum of weather stripping sample 1 in CDCl3. 
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The most prominent signals in the spectra of both of the samples were from E-methylene groups (E2 

in Fig. 13), P-methine groups (P1), P-methylene groups (P2) and P-methyl groups (P3). The signal for 

β-methylene of E monomer (E1) was unclear but the two signals tentatively assigned to propylene ββ-

methylene (P9) in reference sample 30 spectra were resolved. Sample 31 also presented the same 

aromatic crosslinker as sample 30. Figure 34 presents the HSQC spectrum of sample 31.  

 

 

Figure 34. Aliphatic (above) and aromatic (below) regions of sample 31 HSQC spectrum in CDCl3. Positive signals are plotted 
in black and negative signals in red. 
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There were also some notable differences in the HSQC spectra of the two samples compared to sample 

30. Firstly, there was more complexity in the methyl area of the spectra. New terminal methylene 

signals at 22.9 / 0.85 ppm and 11.81 / 0.84 ppm had appeared. These signals are probably due to 

addition of hydrocarbon oils or low density polyethylene (LDPE/LLDPE).7 Secondly, the signals 

characteristic to PP sequence (P4 and P5) could not be seen. Thirdly and most importantly, the diene 

signals could not be resolved. Absence of the diene signals made identification of the samples as EPDM 

rather than EPM uncertain. However, more information on sample 31 was obtained with HR-MAS 

NMR analysis, see below. Chemical shifts and their assignments for weather stripping samples are 

collected in Table 9. 

Table 9. Chemical shifts and assignments for reference samples 31 and 1 in CDCl3 according to 1H and HSQC data. 

Chemical shifts  Group Assignment 

 1H 13C    

0.82-0.83 20.0 CH3 P3 

0.86 14.3 CH3 Terminal group 

0.85a 22.6-22.9 CH3 Terminal group 

0.84a 11.8 CH3 Terminal group*  

0.92a 20.3 CH3 Terminal group** 

1.05a 37.6 CH2 P2 

1.09 31.4 CH3 PIB** 

1.26-1.27a 22.9-23.1 CH2 P9?** 

1.24 30.0 CH2 E2 

1.24 37.3-37.5 CH2 P2 

1.34-1.35a 33.0-33.6 CH P1 

1.39 59.9 CH2 PIB** 

- 38.6 C PIB** 

1.50 24.7 CH2 unknown 

1.55 31.6 CH unknown (not in sample 29) 

1.67 32.6 CH2 unknown (not in sample 29) 

2.27 20.3 CH Aromatic crosslinker*  

2.54 34.8 CH2 Aromatic crosslinker*  

6.79-7.16 126.0-129.3 CH Aromatic crosslinker*  
a Proton chemical shifts obtained from HSQC, *Signal in sample 31, **Signal in sample 1 

11.2.5. Shoe Heels from 1970s 

Four shoe heel samples (samples 20, 21, 22 and 25) dating from the 1970s were identified as PU 

rubbers. One dimensional 1H NMR spectra were run for all of the samples including different parts of 

the heels from samples 20 and 22. The same PU structure was seen in all of the samples regardless of 

the object sampled or the location the sample was obtained. The PU in question was identified as a 

poly[4,4'-methylenebis(phenyl isocyanate)-alt-1,4-butanediol/poly(butylene adipate)] with  ethylene 

glycol, diethylene glycol and possibly hexanediol (HD) adipate polyesters also incorporated into the 

polymer structure .7,60 A small quantity of PEG was also identified in the NMR spectra. The 1H and 

HSQC spectra of sample 21 are presented in Figures 36 and 37 with signal assignments numbered 
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according to Figure 35. The peak assignments were done from 1D and 2D NMR spectra of the samples 

according to literature.7,60  They are presented also in Table 10. 

 

 

Figure 35. Structures of poly(4,4'-diphenylmethane diisocyanate-alt-1,4-butanediol) (top), poly(butylene adipate),  
poly(ethylene adipate) and poly(diethylene adipate) repeating units. 

 

Figure 36. Integrated proton spectrum of sample 21 in acetone-d6. 

The most intense signals in the spectra belong to the methylene groups in the adipate part of the 

ethylene and butylene adipate units. The α-methylene groups in the adipate units (B2) have a signal 

at 2.32 / 33.9 ppm and the β-methylene (B3) has a signal at 1.63 / 24.9 ppm. There is a clear connection 

in between these two signals in 2D COSY and HMBC spectra. 
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The signals for methylene groups in butanediol unit and those belonging to the butylene part in 

butylene adipate overlap. The β-methylene groups of both units (A8 and B5) have a signal at 1.69 / 

26.0 ppm and the α-methylene group in the butylene adipate unit (B4) has a signal at 4.08 / 64.1 ppm. 

The connections in 2D NMR spectra support these assignments and it could be ascertained from HMBC 

spectrum that the signal for A7 appears slightly downfield from the B4 signal. 

 

 

Figure 37. HSQC spectrum of sample 21 in acetone-d6. 
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Methylene groups in ethylene adipate unit (C4) have a signal at 4.27 / 62.6 ppm. There are no 

correlations to other methylene units for this signal as expected. Again, it can be deduced from HMBC 

correlations that the methylene units adjacent to the diphenylmethane diisocyanate (MDI) unit (C4’) 

have signals slightly downfield from the methylene groups adjacent to other units similarly to peaks 

A7 and B4 mentioned above. The methylene signals for diethylene in poly(diethylene adipate) (D5 and 

D4) have signals at 3.71 / 60.5 and 4.10 / 66.3 ppm respectively. Clear correlation between the two 

signals can be seen in 2D NMR spectra. 

Aromatic methine signals for MDI units appear as multiplets in the proton spectra and have chemical 

shifts of 7.45-7.46 / 119.1 ppm for methine closer to the NH group (A3) and 7.14 / 129.7 ppm for 

methine further from it (A4). The methylene groups bridging the two phenyl groups (A6) have signals 

at 3.86 / 40.9 ppm. These groups show correlations with each other and with other MDI aromatic 

carbons as well as the amine protons according to 2D NMR. 

Table 10. Chemical shifts and assignments for samples 20, 21, 22 and 25 in acetone-d6. Proton chemical shifts 
are obtained from 1H and HSQC data and carbon chemical shifts are obtained from 13C and HSQC data. 

Chemical shift Group Assignment 
1H 13C   

0.87 14.1a CH3 Terminal group 

1.28 30.1a CH2 Long aliphatic chain 

1.56a 29.8 CH2 unknown 

1.63 24.8-24.9 CH2 B3 

1.69 25.9 CH2 A8 & B5 

2.32 33.6-34.1 CH2 B2 

3.54-3.56 61.7 CH2 HD 

3.56 63.9a CH2 unknown 

3.58 71.0a CH2 PEG 

3.71 60.5 CH2 D5 

3.86 40.9 CH2 A6 

4.08 64.1 CH2 B4 

4.1 64.5-64.6 CH2 A7 (under B4) 

4.10a 66.3 CH2 D4 

4.27 62.6 CH2 C4 

4.30 62.9-63.1 CH2 C4’ (under C4) 

7.14 129.7 CH A4 

7.45-7.46 119.1 CH A3 

 137.2b C A5 

 138.5b C A2 

 155.0b C A1 

 173.5-174.6 C B1 

8.60-8.68   NH 
a Chemical shifts obtained from HSQC, b Chemical shifts obtained from HMBC 

The relative amounts of different repeating units in the sample PU rubbers were estimated by 

integrating their 1H NMR spectra. The results are compiled in Table 11, and it can be seen that samples 

from different shoes present some differences in their composition.  Using integrals A6 and B2 for MDI 

and adipate units it was found that the PU samples contain 8-13 adipate units per one MDI unit in 
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their chemical structure. The highest adipate and butanediol contents were observed in sample 25 

suggesting a more flexible polymer structure for this material. The adipate content also varied from 

sample to sample from the same shoe. The results in Table 11 indicate that the interior parts of the 

heels had higher adipate content than the outer parts. Butanediol contents in each sample were 

estimated from B4 signal integrals. The B4 proton content varied from 12 to 21 indicating 3-5 

butanediol units per sample. 

Table 11. Estimated relative adipate and butanediol to MDI unit content in each sample. 

Sample 20A 
(inner 
part) 

20B 
(outer 
part) 

21 22A 
(inner 
part) 

22B 
(outer 
part) 

22C 
(inner 
part) 

22D 
(outer 
part) 

25 

MDI (A6) 1 1 1 1 1 1 1 1 

Adipate (B2) 10 8 9 10 9 9 7 12 

Butanediol (B4) 4 4 4 4 3 3 3 5 

 

12.  Solid-State NMR Spectroscopy 

High Resolution-Magic Angle Spinning (HR-MAS) NMR spectra from three samples in the solid state 

were acquired in order to make a comparison between the structural information obtained from 

solution- and solid-state NMR methods for rubber samples. Samples 9, 2 and 1 were analysed with 

HR-MAS NMR spectroscopy. Sample 1 was a weather stripping sample analysed as CDCl3 extract in 

solution-state NMR spectroscopy. It was originally characterized as CR but identified tentatively as 

EPDM. Sample 9 was a key ring sample analysed as swollen in CDCl3 in solution-state NMR 

spectroscopy. The swollen sample was very inhomogeneous and there were difficulties with obtaining 

good quality spectra even though positive identification to cis-1,4-PI was made. Finally, sample 2 was 

a protective suit sample which was analysed as swollen in CDCl3 and as acetone-d6 extract. It was 

originally labelled as CR but was identified as 1,4-cis-PI through solution-state NMR analysis. 

Figure 38 presents the solid-state HR-MAS HSQC spectrum of sample 1. The spectrum contains more 

signals than could be seen in solution state NMR, as expected. For example, the signals for αα-

methylene groups (P5 in Fig 13.) in two adjacent propylene units that were not observed in the liquid 

state NMR spectrum are now resolved. Most notably some signals that are assigned to diene units 

(ENB) that were not resolved in the previous liquid state experiments became visible. ENB signals in 

both the aliphatic and olefinic spectral regions could be seen, but no signals typical for DCPD were 

observed, indicating a different diene composition to the reference samples 29 and 30 that contained 

both types of diene monomers. With the unambiguous identification of ENB signals the structure of 

the polymer material in sample 1 could now be confirmed as EPDM, rather than EPM. 
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Figure 38. HR-MAS HSQC spectrum of solid sample 1 with positive signals plotted in black and negative signals in red. 

Figure 39 presents the HR-MAS HSQC NMR spectrum of sample 9. This spectrum contains the main 

signals of cis-1,4-PI and with increased intensity scaling, also the signals for methylene groups of long 

chain aliphatic hydrocarbons and the chain ending groups associated with it. These signals were also 

observed in the previous solution state experiments conducted. Compared to the solution state NMR 

HSQC experiment the HR-MAS spectrum has better peak shape and increased resolution.  
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Figure 39. HR-MAS HSQC spectrum of solid sample 9 with positive signals plotted in black and negative signals in red. 

Figure 40 presents the solid-state HR-MAS 2D HSQC NMR spectrum of sample 2. The signals for the 

main component in the sample, PI, are still the most prominent, as in the solution-state NMR 

experiment, but the spectrum shows more spectral detail and peaks with better resolution compared 

to the solution-state NMR spectra. A methine signal for chloroprene (-CH=C-Cl) can now be resolved, 

confirming the presence of a minor amount of CR in the sample. Additionally, low intensity signals for 

α-CH2 (P2 group in Fig. 13) can be resolved at high signal intensity, and the terminal methyl groups 

associated with branched aliphatic chains are also better resolved in the solid-state NMR spectrum. 

The methylene signal for long chain aliphatic hydrocarbons is intensified. These signals indicate the 

presence of branched aliphatic plasticizer or mineral oils in the polymer material of this sample. 

Furthermore, a distinct signal for PEG methylene can be seen, which is also a common component of 

elastomeric materials. 
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Figure 40. HR-MAS HSQC spectrum of solid sample 2 with positive signals plotted in black and negative signals in red.  
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13.  Multivariate Statistical Analysis 

MVA methods were used to examine whether useful models for the classification of the samples 

according to their elastomer types could be obtained from their solution-state 1H NMR data. To 

examine possible groupings and/or outliers Principal Component Analysis (PCA) was conducted for 

the whole dataset. A PCA model with two components was created from the analysis data (Fig. 41). 

The cross-validated model gave 50 % explained variance (R2X = 0.502) but had a fairly low predictive 

power of Q2 = 0.302. However, good separation between the three main rubber classes (PU, EPDM, 

PI) could be seen, albeit with some class overlap. 

 

Figure 41. PCA model of the 1H NMR spectra of the rubber samples. 

Most of the overlap between the different rubber types could be attributed to differences in sample 

preparation. In the most abundant class, PI, the reference samples 4 and 5 swollen in CDCl3 were 

slightly separated from the museum object materials, most of which were acetone-extracted. Also, 

one clear outlier for the PI class may be seen (sample 9). The proton NMR spectrum of this sample 

had peaks of unusual and broad shape due to solubility difficulties that led to low homogeneity of the 

sample. 

Due to similar differences in sample preparation the two CSM samples (26 and 27) were not very close 

together in the PCA plot. Sample 27 did not swell sufficiently in CDCl3 and its measurements were 

done from a clear CDCl3 extract while sample 26 was prepared and measured as a gel. Sample 27 

spectrum had less intensity in the polymer peaks and had more pronounced long chain aliphatic 

hydrocarbon peaks.  
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Among EPDM rubbers sample 1A could be regarded as a deviator. It was extracted in acetone-d6 unlike 

other EPDM samples causing disparity in chemical shifts of the same protons. Additionally, when 

compared to CDCl3 extraction of the same sample (1C), sample 1A had fewer signals. The EPDM 

reference samples 30 and 29 were gels in CDCl3. 

To further visualize groupings of the different types of elastomer samples and to examine whether a 

valid statistical model with predictive ability for identifying rubber type can be developed from NMR 

data a regression model using Orthogonal Partial Least Squares Discrimination Analysis (OPLS-DA) was 

developed (Fig. 42). A five-component model containing all five different types of polymer samples 

was created. Cross validation of the model was performed automatically from the software resulting 

in good predictive power Q2 = 0.846 and high goodness of fit R2 = 0.975. The fraction of the variance 

of X variables explained by the model (R2X) was 0.964 of which fraction of 0.713 was correlated to Y. 

With this OPLS-DA model different rubber types grouped very well, suggesting a good possibility for 

rubber identification. 

 

Figure 42. OPLS-DA model of 1H spectra of the rubber samples. 

To further test rubber class identification with the OPLS-DA method a new training set and a test set 

were created for the three rubber types with adequate number of samples, namely EPDM, PU and PI 

(Fig. 43). The training set contained all of the PI and EPDM museum object samples and three of the 

PU object samples and was used to fit the model. The reference samples and the one remaining PU 

object sample were used as an independent test set, which was used to validate the predictive ability 

of the OPLS-DA model in classifying unknown rubber samples based on their 1H NMR spectra. 
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Figure 43. The training set (left) and the testset (right) of the OPLS-DA model developed from the 1H NMR spectra data of 
EPDM, PI and PU samples, along with the classification table of the unknown samples 

As can be observed in Figure 43 all five samples in the training set were correctly classified. The 

accurate classification of unknown samples based on simple proton NMR spectra is a promising result 

considering the small number of samples used in the training set and the differences between the 

samples and the sample preparation procedures. For both EPDM and PI the reference samples were 

unvulcanised or prevulcanized rubbers, unlike the museum object samples. Also, the PI reference 

samples were prepared with a different solvent (CDCl3) than most of the object samples (acetone-d6). 

It appears that proton NMR can be used for the development of statistical analysis models able to 

predict the polymer type of unknown samples.  

14.  Conclusions and Discussion 

In this study rubber samples from museum objects were identified using solution-state 1D and 2D 

NMR methods. Identification of these rubbers was tested by combining NMR analysis with statistical 

multivariate analysis methods. After the solution-state NMR analysis, three samples were analysed 

with solid-state HR-MAS NMR in order to compare the two methods in rubber characterization. 

From the museum objects, all rubber shoes, toys and the key ring could be identified as cis-1,4-PI from 

the major signals present in their NMR spectra. The protective suit (sample 2) was originally plotted 

as CR but was initially identified singly as cis-1,4-PI. With HR-MAS NMR analysis signals for chloroprene 

were resolved and a minor amount of CR was determined to be present in the sample. 
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The EPDM reference samples 29 and 30 were identified as EPDM with two diene monomers ENB and 

DCPD incorporated. The reference samples for CSM (samples 26 and 27) and CR (sample 3) had been 

accurately labelled and their identification could be verified. The reference sample for NBR (sample 

28) however turned out to be PIB in most part but with the presence of isoprene units could be 

identified as chlorinated BR. The sample spectra were complex showing the presence of small 

amounts of other components as well, but these minor components of the polymer could not be 

positively identified. 

The two weather stripping samples (31 and 1) were both identified tentatively as EPDM having 

spectral structure very similar to the reference sample 30 but without having diene signals resolved. 

Sample 1 had also PIB incorporated into it. In solid state NMR analysis sample 1 was identified 

ubiquitously as EPDM but unlike the EPDM reference samples had only one diene monomer, ENB.  

Lastly, four shoe heel samples from 1970’s (samples 20, 21, 22 and 25) were confirmed to be PU 

rubber. All the samples were identical and were identified as poly[4,4'-methylenebis(phenyl 

isocyanate)-alt-1,4-butanediol/poly(butylene adipate)] with ethylene glycol and diethylene glycol 

adipate. 

The solid-state HR-MAS NMR experiments run on samples 1, 2 and 9 provided more detailed and 

better resolved spectra compared to the solution-state NMR spectra of the samples. Line broadening 

could be seen in HR-MAS proton spectra but the same difficulties in shimming and locking that arose 

with some of the swollen rubber samples analysed with solution-state NMR were absent. The HR-MAS 

HSQC spectra were in general clearer than their solution-state counterparts. In the cases of samples 1 

and 2 this resulted in more detailed characterization of the rubber materials illustrating the suitability 

of the technique for rubber analysis. However, looking at PI sample 9 it was seen that the main peaks 

contributing to polymer identification could be resolved already with solution-state NMR despite the 

inhomogeneity of the sample and the bad resolution of the spectra. In conclusion it can be stated that 

accurate identification could be made with solution-state NMR experiments even from very 

inhomogeneous swollen or gelled samples. The HR-MAS experiments improved the accuracy of the 

results acquired for the three samples studied. 

Statistical analysis with PCA and OPLS-DA demonstrated the possibility of identifying different 

elastomers using NMR spectroscopy and statistical methods.  Especially the OPLS-DA models created 

indicated a good discrimination between different rubber types. A model with all of the samples 

resulted in good predictive power Q2 = 0.846 and high goodness of fit R2 = 0.975. Testing sample 

classification with a training and a test set created from the samples of the three rubber classes with 
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the largest number of samples in them (PI, EPDM and PU), a 100 % accurate classification was 

achieved. This was a very promising result considering the differences between the samples used in 

the analysis. Samples were aged and of different consistency and had been prepared with different 

solvents. They were extracted, gelled or swollen in either acetone-d6 or chloroform-d. It can be 

concluded that statistical models utilizing 1H NMR data could prove to be a powerful tool in rubber 

identification. Further improvement of the method could be done by standardizing the sample 

preparation procedure to give more homogenous samples.  
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Appendix A. Sample preparation and performed experiments 

Sample 
code 

Object Amount of sample 
(mg) 

Solvent Experiments 

1 Weather stripping 27.4 (acetone) COSY 
- (CDCl3) 

Acetone and CDCl3 (extract) 1H, HSQC, COSY, HMBC 
(HR-MAS: 1H, 13C, HSQC) 

2 Protective suit 18.4 (acetone) COSY 
6.5 (CDCl3) 

Acetone and CDCl3 
(swollen) 

1H, COSY, HSQC, HMBC 
(HR-MAS: 1H, 13C, HSQC) 

3 Reference sample 41.5 CDCl3 (gel) 1H, 13C, HSQC, HMBC 

4 Reference sample 27.2 CDCl3 (gel) 1H, 13C, HSQC, HMBC 

5 Reference sample 21.2 CDCl3 (gel) 1H, 13C, HSQC 

6 Toy Snow White 15.5 Acetone 1H, HSQC 

7 Toy Pluto 6.7 Acetone 1H 

8 Toy rabbit 34.2 Acetone 1H, 135DEPT, HSQC, COSY, 
HMBC 

9 Keyring 48.2 CDCl3 (swollen) 1H, HSQC 
(HR-MAS: 1H, 13C, HSQC) 

10 Shoe 19.3 Acetone 1H, HSQC 

11 Shoe 20.8 Acetone 1H, HSQC 

12 Rubber boot / galosh 21.3 Acetone 1H, HSQC, COSY, HMBC 

13 Shoe (same as 12) 47.5 Acetone 1H 

14 Shoe 40.3 CDCl3 (gel) 1H, 13C, HSQC 

15 Shoe 33.8 Acetone 1H, HSQC 

16 Shoe (same as 15) 28.4 Acetone 1H 

17 Shoe (same as 15) 55.3 Acetone 1H 

18 Shoe 35.1 Acetone 1H, HSQC 

19 Shoe (same as 18) 29.3 CDCl3 (gel) 1H, 135DEPT 

20A Shoe heel, inner part 46.2 Acetone 1H, 13C 

20B Shoe heel, surface material 40.1 Acetone 1H 

21 Shoe heel, surface material 45.8 Acetone 1H, COSY, HSQC, HMBC 

22A Shoe heel, inner part 47.1 Acetone 1H 

22B Shoe heel, surface material 46.8 Acetone 1H 

22C Shoe heel, inner part 27.0 Acetone 1H 

22D Shoe heel, surface material 27.3 Acetone 1H, 13C, 135DEPT 

25 Shoe heel 46.9 Acetone 1H, 135DEPT 

26 Reference sample 24.8 CDCl3 (gel) 1H, 135DEPT, HSQC 

27 Reference sample 74.8 CDCl3 (extract) 1H, HSQC, COSY 

28 Reference sample 40.8 CDCl3 (gel) 1H, 13C, HSQC, COSY, HMBC 

29 Reference sample 23.2 CDCl3 (gel) 1H, 13C, HSQC, COSY, HMBC 

30 Reference sample 47.7 CDCl3 (gel) 1H, 13C, HSQC 

31 Weather stripping 73.9 CDCl3 (swollen) 1H, HSQC 
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Appendix B. Acquisition parameters 
 
Table 1. Acquisition parameters for 1D NMR spectra. 
 

  1H   13C 135DEPT 

Instrument Avance500 DPX-300 MSL-300 MSL-300 

Pulse program zg zg30 zgpg30 dept135 

Increments, TD 64k 32k 64k 64k 

Spectral width, SWH (Hz) 10000 4789.272 17985.611 17985.611 

Dummy scans, DS 0-8 2-4 4 4 

Transients, NS 64 32 512-1024 384-13k 

Relaxation delay, D1 (s) 1 1 2 2 

 

Table 2. Acquisition parameters for 2D NMR spectra. 
 

  COSY   HSQC   HMBC   

  AMX-500 MSL-300 AMX-500 MSL-300 AMX-500 MSL-300 

Pulse program cosygpqf cosygpqf hsqce-
detgpsisp2.3 

hsqcetgp hmbcg-
plpndqf 

hmbcg-
plpndqf 

Data points for 1H d, TD F2 2048 2048 2048 1024 2048 2048 

Increments for 13C, TD F1 96-128 128 64-112 128 64-96 128 

Spectral width for 1H, SWH F2 
(Hz) 

5000 or 
7002.801 

3591.943 5000 3591.954 4504.504 - 
7002.801 

3591.954 

Spectral width for 13C, SWH F1 
(Hz) 

    20122.756 12500 30196.844 16778.523 

Dummy scans, DS 16 8-16 16 16 16 16 

Transients, NS 4-64 40 8-96 88 8-128 84-128 

1J(CH) coupling constant, 
CNST2 (Hz) 

    145 145 145 145 

nJ(CH) coupling constant, 
CNST13 (Hz) 

        10 10 

Relaxation delay, D1 (s) 1.2 1.8 2.0 1.5 1.5 1.5 

 

Table 3. Acquisition parameters for HR-MAS experiments. 
 

  1H 13C HSQC  

Pulse program zg zgpg30 hsqcedetgpsisp2.3 

Increments, TD 32k 
  

32k or 64k F2 1k 

F1 128 

Spectral width, SWH (Hz) 8196.722 23809.523 F2 6250 

F1 16605.256 

Dummy scans, DS 4 4 16-32 

Transients, NS 128 1024 4-104 

1J(CH) coupling constant, CNST2 (Hz)     145 

Relaxation delay, D1 (s) 1 2 1.5 
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Appendix C. NMR spectra 

Sample 1 

 
Figure 1. Sample 1 proton spectra in acetone-d6 (above) and CDCl3 (below). 

 
Figure 2. Sample 1 HSQC spectrum in CDCl3. 
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Figure 4. Sample 1 HMBC spectrum in CDCl3. 

 

Figure 3. Sample 1 COSY spectrum in CDCl3 
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Figure 5. Sample 1 carbon spectrum in solid state. 

 
Figure 6. Sample 1 HSQC spectrum in solid state. 
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Sample 2 

 
Figure 7. Sample 2 proton spectra in acetone-d6 (above) and CDCl3 (below). 

 

 
Figure 8. Sample 2 HSQC spectrum in CDCl3. 
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Figure 9. Sample 2 COSY spectrum in CDCl3. 

 
Figure 10. Sample 2 HMBC spectrum in CDCl3. 
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Figure 11. Sample 2 carbon spectrum in solid state. 

 
Figure 12. Sample 2 HSQC spectrum in solid state. 
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Sample 3 
 

 
Figure 13. Sample 3 proton spectrum in CDCl3. 

 
 

 
Figure 14. Sample 3 carbon spectrum in CDCl3. 
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Figure 15. Sample 3 HSQC spectrum in CDCl3. 

 

 
Figure 16. Sample 3 HMBC spectrum in CDCl3. 
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Sample 4 
 

 

Figure 17. Sample 4 proton spectrum in CDCl3.  

 

 

 

Figure 18. Sample 4 carbon spectrum in CDCl3. 
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Figure 19. Sample 4 HSQC spectrum in CDCl3. 

 
Figure 20. Sample 4 HMBC spectrum in CDCl3. 
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Sample 5 
 

 

Figure 21. Sample 5 proton spectrum in CDCl3.  

 

 

 

Figure 22. Sample 5 carbon spectrum in CDCl3. 
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Figure 23. Sample 5 HSQC spectrum in CDCl3. 
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Sample 6 
 

 

Figure 24. Sample 6 proton spectrum in acetone-d6.  

 

 

 

Figure 25. Sample 6 carbon spectrum in acetone-d6. 



14 
 

Sample 7 
 

 

Figure 26. Sample 7 proton spectrum in acetone-d6.  

 

 
Sample 8 
 

 

Figure 27. Sample 8 proton spectrum in acetone-d6.  
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Figure 28. Sample 8 135DEPT spectrum in acetone-d6. 

 

 

 

Figure 29. Sample 8 HSQC spectrum in acetone-d6. 
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Figure 30. Sample 8 COSY (left) and HMBC (right) spectra in acetone-d6. 

 

 
Sample 9 

 
Figure 31. Sample 9 HSQC spectrum in CDCl3. 
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Figure 32. Sample 9 proton spectrum in solid state.  

 

 

Figure 33. Sample 9 carbon spectrum in solid state. 
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Figure 34. Sample 9 HSQC spectrum in solid state. 

 
Sample 10 
 

 

Figure 35. Sample 10 proton spectrum in acetone-d6.  
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Figure 36. Sample 10 HSQC spectrum in acetone-d6. 

Sample 11 
 

 

Figure 37. Sample 11 proton spectrum in acetone-d6.  
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Figure 38. Sample 1 HSQC spectrum in acetone-d6. 

Sample 12 
 

 

Figure 39. Sample 12 proton spectrum in acetone-d6.  
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Figure 40. Sample 12 HSQC spectrum in acetone-d6. 

 

Figure 41. Sample 12 COSY spectrum in acetone-d6. 
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Figure 42. Sample 12 HMBC spectrum in acetone-d6. 

Sample 13 
 

 

Figure 43. Sample 13 proton spectrum in acetone-d6.  
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Sample 14 

 

Figure 44. Sample 14 HSQC spectrum in CDCl3. 

Sample 15 
 

 

Figure 45. Sample 15 proton spectrum in acetone-d6.  
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Figure 46. Sample 15 HSQC spectrum in acetone-d6. 

Sample 16 
 

 

Figure 47. Sample 16 proton spectrum in acetone-d6.  
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Sample 17 
 

 

Figure 48. Sample 17 proton spectrum in acetone-d6.  

Sample 18 
 

 

Figure 49. Sample 18 proton spectrum in acetone-d6.  
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Figure 50. Sample 18 HSQC spectrum in acetone-d6. 

 

Sample 19 
 

 

Figure 51. Sample 19 proton spectrum in CDCl3.  
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Figure 52. Sample 19 135DEPT spectrum in CDCl3. 

 

 
Sample 20 
 

 

Figure 53. Sample 20A proton spectrum in acetone-d6.  
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Figure 54. Sample 20A carbon spectrum in acetone-d6.  

 

 
 

 

Figure 55. Sample 20B proton spectrum in acetone-d6.  
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Sample 21 
 

 

Figure 56. Sample 21 proton spectrum in acetone-d6.  

 

 

Figure 57. Sample 21 HSQC spectrum in acetone-d6.  
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Figure 58. Sample 21 COSY spectrum  in acetone-d6. 

 

Figure 59. Sample 21 HMBC spectrum in acetone-d6.  
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Sample 22 
 

 

Figure 60. Sample 22 proton spectra in acetone-d6. Sample spectra 22D, 22C, 22B, 22A from top to bottom. 

 

 

Figure 61. Sample 22D 135DEPT spectrum in acetone-d6.  
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Sample 25 
 

 

Figure 62. Sample 25 proton spectrum in acetone-d6.  

 

 

 

Figure 63. Sample 25 135DEPT spectrum in acetone-d6.  
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Sample 26 
 

 

Figure 64. Sample 26 proton spectrum in CDCl3.  

 

 

 

Figure 65. Sample 26 135DEPT spectrum in CDCl3.  
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Figure 66. Sample 26 HSQC spectrum in CDCl3.  

 

Sample 27 
 

 

Figure 67. Sample 27 proton spectrum in CDCl3.  
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Figure 68. Sample 27 HSQCspectrum in CDCl3.  

 

Figure 69. Sample 27 COSY spectrum in CDCl3.  
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Sample 28 
 

 

Figure 70. Sample 28 proton spectrum in CDCl3.  

 

 

 

Figure 71. Sample 28 carbon spectrum in CDCl3.  
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Figure 72. Sample 28 HSQC spectrum in CDCl3.  

 

Figure 73. Sample 28 COSY spectrum in CDCl3.  
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Figure 74. Sample 28 HMBC spectrum in CDCl3.  

 

Sample 29 
 

 

Figure 75. Sample 29 proton spectrum in CDCl3.  
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Figure 76. Sample 28 carbon spectrum in CDCl3.  

 

 

Figure 77. Sample 29 HSQC spectrum in CDCl3.  
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Figure 78. Sample 29 COSY spectrum in CDCl3. 

 

Figure 79. Sample 29 HMBC spectrum in CDCl3. 
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Sample 30 
 

 

Figure 80. Sample 30 proton spectrum in CDCl3.  

 

 

 

Figure 81. Sample 30 carbon spectrum in CDCl3.  
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Figure 82. Sample 30 HSQC spectrum in CDCl3.  

 

Sample 31 
 

 

Figure 83. Sample 31 proton spectrum in CDCl3.  
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Figure 84. Sample 31 HSQC spectrum in CDCl3.  

 


