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Abstract 

The combinations of pyrolysis (Py) with mass spectrometry (MS), gas 
chromatography with flame-ionization detection (GC-FID), and GC-MS 
have developed into very powerful tools to study different types of 
polymeric samples. Pyrolysis techniques may be conveniently used to study 
thermal stability and degradation products, polymer structure and 
composition, additives, low-molecular-weight constituents, etc. Because of 
the disperse nature of polymeric materials, detailed characterization often 
requires a combination of different techniques, such as liquid 
chromatography (LC) or size-exclusion chromatography (SEC) and Py-GC-
MS. Quantitative pyrolysis is a relatively recent development and in this 
thesis it is used for the first time to study polymer solubility. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction to quantitative Py-GC-MS of polymers 

 

 
13 

 

1.1 Pyrolysis (Py) 

Pyrolysis can be generally defined as the decomposition of complex non-
volatile materials into small-molecule fragments at high temperature in the 
absence of oxygen. Pyrolysis has been extensively used for many decades to 
identify and characterize insoluble solid materials, including many different 
types of polymers. When heating a polymeric product in the absence of 
oxygen, low-molecular-weight, and volatile components may first be 
released from the sample into the so-called “headspace”. These may include 
residual monomers, solvents, additives, etc. Additives is a general term 
covering all kinds of compounds added to a polymeric material to improve 
its performance (e.g. plasticizers), enhance its lifetime (e.g. antioxidants), or 
to make the product more attractive (e.g. dyes). The presence of residual 
monomers, solvents, decomposition products of catalysts, initiators and other 
low-molecular-weight contaminants is generally undesirable, but to some 
extent unavoidable. Some, but not necessarily all of the volatile low-
molecular-weight constituents will be released from the polymer upon 
moderate heating. Some volatile materials may be trapped in the polymer 
and they may be more difficult to release. Solvent extraction may yield more 
material, depending on the solvent, the polymer (e.g. swelling), the 
additives, and the conditions (e.g. temperature, pressure). The low-
molecular-weight materials present in the headspace may be quite different 
in terms of both nature and concentration from those extracted by a liquid. 
Many of the volatiles released can be readily separated by gas 
chromatography (GC) and subsequently characterized by mass spectrometry 
(MS), making Py-GC-MS a very powerful method of identification for low-
molecular-weight constituents of polymers. However, very polar 
components may not enter the headspace intact and they are not easy to 
analyse with GC. Such components are usually chemically derivatized to 
reduce their polarity and improve their analysis (narrower peaks, enhanced 
sensitivity) by GC-MS. Derivatization can be performed either off-line (after 
collecting the headspace) or on-line, for example in the GC injector (“liner”) 
or on the surface of a solid-phase micro-extraction (SPME) needle. 

The non-volatile components in the sample, including all polymeric 
constituents, cannot be analysed using the “headspace” method, due to a lack 
of volatility. Soluble polymers are usually analysed in solution, for example 
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by liquid-chromatographic techniques, such as size-exclusion 
chromatography [1]. Non-soluble polymers can only be measured in the 
solid state, using for example spectroscopic methods, such as (Fourier-
transform) infrared spectroscopy (FTIR) or solid-state nuclear-magnetic-
resonance (NMR) spectroscopy, unless chemical bonds are broken. This can 
be done using an ion beam, as in secondary ion mass spectrometry (SIMS) 
or a high-power laser (laser-desorption or laser-ablation techniques). The 
more common matrix-assisted laser-desorption/ionization (MALDI) 
technique cannot generally be used for the purpose. Although solvent-free 
MALDI techniques have been demonstrated [e.g.2], MALDI is a soft-
ionization technique and the laser energy is typically too low to break 
molecular bonds. 

The most convenient (and least expensive) way to break chemical bonds in 
polymeric samples is by increasing the temperature in an inert atmosphere, 
as is done in pyrolysis methods. In the last 30 years great efforts were made 
to understand the mechanism of thermal degradation for wide ranges of 
polymeric materials [3,4,38,100]. The molecular structure and bond 
dissociation energies determine the mechanism of bond breaking. Three 
main mechanisms can be distinguished: random scission, side-group scission 
and monomer reversion/unzipping. All these may occur simultaneously 
[38,26]. Thermal conditions affect the mechanism of degradation of 
polymeric material. As soon as a certain minimal temperature is reached the 
bond-breaking reaction is initiated. In principle the breaking of the weakest 
bond will be favoured. The higher the temperature, the more bonds will 
break and the more fragments will be created, which eventually may lead to 
inconclusive information, from which the reconstruction/identification of the 
original macromolecule may not be possible [38].  

To obtain repeatable results the pyrolysis temperature and the rate of heating 
have to be carefully controlled. Furthermore, origin, size, shape, 
homogeneity and contamination of the sample may be crucial for obtaining 
reliable results. Different types of pyrolyzers have been developed with 
different advantages and disadvantages. For example, in filament pyrolyzers 
(Ni-Cr, Pt, or gold-plated Pt, being typical filament materials) determining 
the exact pyrolysis temperature is difficult, due to the distance between the 
filament and the bulk sample, unless a piece of resistive metal is used as a 
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thermocouple [38,5]. The positioning of the sample is less critical in case of 
microfurnace pyrolyzers [6]. Laser pyrolysis has been proposed, but such 
systems are not very popular, because of several reasons (high cost, poor 
repeatability and temperature control, difficulties with interfacing). Highly 
controlled temperatures and extremely fast heating rates are realized with 
Curie-point pyrolysis (CuPPy). Specific metal alloys (“pyrowire” or 
“pyrofoil”) can be used to achieve very specific temperatures, but the choice 
is limited by the physical properties of the type of alloy used [26]. The 
principle of CuPPy suggests that the temperature can be controlled precisely 
and accurately. However, the quantitative performance of CuPPy is 
disappointing [38]. Conventional pyrolyzers are separate devices from the 
analytical instruments (for example MS, FT-IR or GC). Interfacing of the 
two units by maintaining high temperatures to prevent condensation (cold 
spots) and minimizing transfer zones to eliminate dead volumes are very 
challenging [38]. Discrimination (loss) of, especially, high-molecular-weight 
compounds (pyrolyzates) during transfer from the pyrolyzer to the analytical 
system has been observed in case of CuPPy and filament pyrolyzers [10]. 
Comparisons between CuPPy and filament pyrolyzers were performed using 
synthetic polymers and environmental macromolecules. Comparable 
qualitative as well as quantitative results were obtained for both pyrolyzers 
[7].  

Górecki et al. proposed a so-called “non-discriminating” (ND) Py-GC-MS 
system, in which the sample was introduced inside a disposable inert 
Silcosteel metal capillary (Restek, Bellefonte, USA), which was then heated 
in a ceramic oven integrated with the GC injector to the desired pyrolysis 
temperature using an electric current [8,9]. The results were quite 
convincing in the sense that the losses in the interface were minimized. 
Relatively large molecular fragments produced during pyrolysis, such as 
cholesterol and alkylbenzenes, could be analysed [10]. Also, the positioning 
of the sample between fused-silica-wool plugs in the narrow Silcosteel 
capillary assures a good temperature control during pyrolysis. However in 
ND pyrolysis, samples are manually introduced as solids or as viscous 
liquids. The accurate, repeatable weighing of very low amounts is extremely 
challenging, if not impossible to achieve.  
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To avoid problems with cold spots in interfaces, gas chromatographers are 
increasingly resorting to programmed-temperature-vaporization (PTV) 
injectors [11,12,5]. In this case the injection and pyrolysis take place in a 
glass tube in a separate (injector) oven. This so-called “liner” usually does 
not have to be replaced after each analysis and when it does need to be 
replaced, this is much easier than replacing the “Silcosteel” capillary in an 
ND pyrolyzer. A variety of different glass liners are available for PTV 
injectors, allowing both solid and liquid sampling and the possibility of 
large-volume (liquid) injection (LVI). Therefore, PTV injectors are 
extremely flexible and robust and they allow rapid optimization of the 
pyrolysis conditions for different classes of samples. Importantly, Kaal et al. 
[140,137] demonstrated that PTV-based pyrolysis could be performed with 
very good repeatability. This has opened the way to quantitative studies of 
polymer composition, dissolution and solubility. However, glass liners used 
in PTV pyrolysis limit the operation temperatures to 600 °C. This limitation 
narrows down the classes of polymers which can be analysed using PTV. 
According to Wampler [26] temperatures between 500 °C and 800 °C are 
mostly applied in analytical pyrolysis. Although pyrolysis has traditionally 
been applied almost exclusively in combination with GC, it may, in 
principle, also be combined with other techniques, such as liquid 
chromatography (LC) or directly with MS, omitting a GC (or LC) separation 
step, with or without chemical modification (thermochemolysis). Different 
approaches will be discussed in the following sections. A detailed review of 
pyrolysis instrumentation has been provided by Kaal et al. [6]. The types of 
detectors which have been used in combination with pyrolysis between 1999 
and 2007 have been described by Sobeih et al. [38].  

A schematic representation of thermal-degradation techniques in the analysis 
of polymers is provided in Figure 1. 
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Figure 1: Schematic representation of thermal-degradation techniques in analysis of polymers. 

 

1.1.1 Pyrolysis-mass spectrometry (Py-MS) 

The biggest advantage of pyrolysis coupled directly with mass spectrometry 
(Py-MS) is the potential speed of analysis. Omitting the chromatographic 
column can significantly decrease the analysis time to less than 2 minutes 
[13]. Py-MS is very suitable for higher-molecular-weight compounds formed 
during the pyrolysis process. Py-GC only allows the detection of low-
molecular-weight pyrolysis products, due to the limited temperature range of 
GC columns. The range of pyrolysis products studied can be somewhat 
extended if high-temperature GC (HT-GC) can be used [6]. With Py-MS a 
broad range of additives can be detected [22]. Additionally, Py-MS 
eliminates problems associated with shifts in GC retention times, which may 
be crucial when facing large sets of data. The practical advantage of Py-MS 
over Py-GC-MS, especially for systems equipped with external pyrolyzer 
units, is the elimination of cold spots [5]. However, the considerable 
amounts of data generated by the pyrolysis and subsequent MS analysis of 
complex, high-molecular-weight compounds and additives cannot by 
visually inspected. Therefore, individual mass spectra (m/z) are collected 
into mathematical data sets, from which meaningful information can be 
extracted. Py-MS in combination with multivariate and/or discriminant 
analysis has become a powerful tool for qualitative analysis of food 
products. It has been widely used for determining the authenticity of 
beverages, such as milk, tea, orange juice, whiskey, wine, and olive oil 
[13,14] and for determining the floral (botanical) origin of honeys [14]. Py-
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MS also allowed differentiation between two types of E.coli bacteria, which 
differed in a single-genotype, based on quantitative determination of indole 
[15]. Semi-quantitative compositional information on mixtures of 
biopolymers (polysaccharides, such as dextran; proteins, such as albumin) 
has been obtained with Py-MS [16]. Lattimer demonstrated the quantitative 
determination of the monomer content of synthetic polymer blends by Py-
MS with a precision better than 5%. The accuracy of his results were 
confirmed by IR and NMR spectroscopy [17]. Examples of various Py-MS 
configurations and of the associated applications are summarized in Table 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Table 1: Overview of application areas of Py-MS.  
Material  Instrumentation  Pyrolysis T [°C] Information obtained Ref. 

Honey  Py-MS (Py; Curie-Point-qMS) 530 °C Qualitative (discrimination between botanical origin of honey 
samples) [14]  

Milk (proteins) Py-MS (Py; Curie-Point-qMS) 530 °C 
Qualitative (discrimination between natural and artificial whey 
protein in milk samples). Semi-quantitative determination of whey 
protein in milk 

[13] 
 

Polysiloxanes functionalized with  
4-(dialkylamino)pyridines 

Py-CI(EI)-MS-MS (Rhenium 
wire filament of direct insertion 
probe)  

Multi-stage: 
800 °C – 1200 °C 

Depolymerisation mechanism and using DCI-MS-MS sequence 
distribution (two-component copolymer non-randomly 
distributed) 

[24] 
 

Protein microencapsulated with a 
cellulose polymer derivative 

Py- MS (pyroprobe quartz tube 
desorption probe, API-qMS) 700 °C 

Semi-quantitative compositional information (differences in 
proton affinities in API of the components-pyrolysis products-
representing protein, cellulose, polyacrylamide  

[18] 
 

Dextran, albumin, lignosulfonic 
acid mixtures Py-MS (Py; Curie-Point) 510 °C Quantitative achieved by discriminant analysis  

(calibration based on the pure components) 
[16] 
 

Bacteria (Escherichia coli) Py-MS (Py; Curie-Point) 530 °C Qualitative discrimination between different Escherichia coli [15] 
 

Segmented polyurethane  
(commercial Morthane) Py-CI-MS-MS 240 °C – 450 °C 

Decomposition mechanism and identification of the hard and soft 
units in segmented polyurethane 
 

[23] 
 

Poly(methyl methacrylate), 
poly(vinyl chloride), poly-
(styrene-b-butadiene) 

TPPy-MS (EI) 
Temperature Programmed (TP) 
pyrolysis (Py) 

300 °C – 350 °C 
Temperature resolution allows separation of the components (no 
need for GC). With TPPy-MS block (-b-) from random (-r-) 
copolymer can be distinguished 

[21] 
 

Acrylic acid-co-palmityl acrylate Py-CI-MS-MS 225 °C Qualitative characterization of copolymers with different 
monomer ratios 

[19] 
 

Stabilizers, antioxidants in PP Py-CI(EI)-MS-MS, Py-FI-MS 
Programmed direct probe 

< 300 °C additives 
> 300 °C polymer 

Identification of polymer and additives of different commercial 
PP samples 

[22] 
 

“Triblends” styrene-butadiene 
vulcanized rubber Py-MS (Py; Curie-Point) 510 °C Quantitative – copolymer composition  [17] 

 

Casamino acids in glycogen Py-MS (Py; Curie-Point) 530 °C Quantitative relationship between injected amounts and Py-MS 
data  

[20] 
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The large numbers of thermal fragments generated by the pyrolysis of 
complex, high-molecular-weight compounds make soft-ionization 
techniques much preferred for direct analysis by MS [5]. Avoiding 
fragmentation in the ionization chamber simplifies the interpretation of the 
MS data and often provides a general overview of the sample composition. 
However, at the same time it may reduce the amount of structural 
information obtained on the pyrolysis products.  

Electron ionization (EI) at 70 eV results in considerable fragmentation and 
maximum ion yield. Application of lower electron energies results in 
reduced fragmentation and a decrease in intensities. It may also lead to 
insufficient ionization of certain species [21]. Chemical ionization (CI) 
yields high-intensity molecular-ion signals and much fewer low m/z 
fragment ions. Even fewer fragments are produced using field ionization 
(FI); essentially all of the ions observed are molecular ions for many 
components. However, the lower sensitivity of FI may cause small amounts 
of components (e.g. additives) to be overlooked. 

Applications of Py-MS of polymeric materials with various ionization 
techniques have been used to help elucidate the structure of thermal 
fragments and to obtain essential structural information on the original 
material. Lattimer [22] has demonstrated the great potential of Py-MS for 
the identification of commodity polypropylene samples, simultaneously 
using three different ionization techniques, i.e. field ionization (FI), chemical 
ionization (CI) and electron ionization (EI). Moreover, tandem mass 
spectrometry (MS/MS) with EI and CI ionization was found to aid in 
detailed structure elucidation. The decomposition of segmented 
polyurethanes takes place in two distinct stages, as has been revealed using 
Py-CI-MS/MS [23]. Individual pyrolytes could be identified by introducing 
a sample of the polymer directly in the instrument. MS/MS has allowed the 
identification of various pyrolysis products with more confidence than 
provided by single-stage MS. The strength of Py-CI-MS/MS in comparison 
with Py-EI-MS/MS in determining the sequence distribution of 
polysiloxanes (i.e. distinguishing between statistical and non-random 
distribution) was demonstrated by Cooks et al. [24]. Moreover, analysis 
times can be reduced by applying direct and fast insertion of sample without 
any sample pre-treatment [25]. Py-ToF-MS (pyrolysis-time-of-flight mass 
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spectrometry) with alternative ionization methods, such as metastable-atom 
bombardment (MAB), yielded an effective and fast method for analysis of 
complex non-purified food extracts [38]. 

Apart from different ionization modes and the use of tandem MS, flexibility 
in the choice of pyrolysis units may also allow extending the applicability of 
Py-MS. Especially temperature-programmed pyrolysis-mass spectrometry 
(TPPy-MS) has proven to be a very useful technique for the identification of 
components of complex polymeric materials [5,21]. Controlled temperature 
programming of the TPPy unit provides temperature resolution, allowing 
investigations of degradation pathways and copolymer compositions. TPPy-
MS with several sequential temperature stages or with a gradually increasing 
temperature separates pyrolysis products based on their vapour pressures. 
Low-molecular-weight compounds can be separated from high-molecular-
weight compounds, facilitating the determination of additives [22]. 

Depending on the polymer chemistry and the decomposition pathway, the 
thermal decomposition profile may be very complex and result in a great 
number of different pyrolysis products. Compounded polymers may contain, 
apart from a complex mixture of macromolecules differing in size, 
composition, etc., a variety of different types of additives and these may 
have experienced ageing or degradation during use. This may considerably 
complicate analysis by Py-MS. Often additional separation tools are required 
prior to MS detection. Py-GC or even Py-GC×GC are particularly helpful in 
the quantitative analysis of complex polymer samples. 

 

1.1.2 Pyrolysis-gas chromatography (Py-GC) 

Among the separation techniques, gas chromatography is considered 
straightforward, highly efficient, low-cost, robust and reliable. Therefore, it 
is very commonly used for the investigation of organic materials, which can 
be brought into the gas phase without decomposition (generally below 
300 ºC). Macromolecules decompose before they can be volatilized. 
Pyrolysis prior to gas-chromatographic separation can be seen as a sample-
preparation method, which greatly extends the applicability of GC. To 
maintain the advantages of GC, highly robust, reliable and repeatable 
pyrolysis experiments are desirable. The precision of Py-GC is expected to 
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depend not only on the appropriate optimization of the pyrolysis process as 
described in section 1.1 (final temperature, heating rate, sample 
homogeneity, amount and position), but also on the interfacing with the GC, 
the separation and detection. Rapid and efficient transfer of pyrolysis 
products into the GC column should be ensured. Efficient interfacing is not 
trivial and the majority of Py-GC configurations consist of two separate 
devices. In general the connection between different devices (“transfer line”) 
needs to be sufficiently hot to avoid cold spots where pyrolysis products can 
condensate. The connection should also be as short and narrow as possible to 
minimize the residence time, surface area and the dead volume. Pyrolysis is 
usually performed under a flow of the inert gas that serves as the carrier gas 
for the GC separation. A high carrier flow rate not only ensures the rapid 
removal of pyrolisates from the hot zone in the pyrolyzer, preventing 
secondary reactions, but also reduces the residence time in the transfer line 
[26]. 

Generally, in Py-GC discrimination based on molecular weight and polarity 
of the pyrolysis products should be avoided. Discrimination may be strongly 
affected by the type of pyrolyzer used, but also the analytical column used 
for separation of the pyrolytic products should be carefully chosen. Pyrolysis 
of macromolecules often results in a considerable number of different 
classes of chemical compounds, ranging from very non-polar (e.g. different 
types of linear and branched alkanes, alkenes and alkadienes as typical 
degradations product of polyolefins) to highly polar (e.g. alcohols and 
carboxylic acids). Partial or complete adsorption of highly polar fragments in 
the pyrolysis unit, the eventual interface, the injector or the capillary column 
should be avoided. Possible adsorption strongly depends on the particular 
sample and it should be considered when selecting the analytical set-up. 
Without appropriate measures, very polar fragments that contain structural 
information essential for establishing the identity of the analysed 
macromolecule may be overlooked, especially in case such fragments are 
present in the sample at low levels. To overcome this problem it is common 
practice to combine pyrolysis with derivatization (see section 1.1.3). This 
allows the use of apolar or slightly polar GC stationary phases, which have 
much higher maximum operating temperatures, thus permitting separation of 
higher-molecular-weight compounds [27,28]. Table 2 shows an overview of 
different applications of Py-GC-MS. 



 

 

 

Table 2: Overview of different applications of Py-GC-MS. 
Material  Type of pyrolysis product Column Detector Information obtained Ref. 

Poly(vinyl alcohol) blended 
with polyacrylamide 

Polyacrylamide 
Saturated and unsaturated 
aliphatic nitriles 

f-s* 30 m × 0.25 mm I.D. 
Film:  
0.5 µm for AED 
1.0 µm for MSD 

AED 
 

MSD  

Content of polyacrylamide in poly(vinyl 
alcohol) using atomic emission detection 
(AES). With the use of MSD most Py products 
were identified and degradation mechanisms 
were proposed  

[58]  

PE, PP, alternating copolymers 
of ethylene-co-propylene 

Linear and branched alkanes,  
alkenes, alkadienes  

f-s* 30 m × 0.25 mm I.D. 
Film: 5 µm  

FID 
 

MSD 

Determination of microstructure of polyolefin 
copolymers using trimer peaks identified using 
MS; excellent agreement with 13C-NMR data 

[54] 

Styrene-butyl acrylate 
copolymer 
 
Chlorinated polyethylenes 
(CPE), poly(vinyl chloride) 
(PVC), blend (CPE-PVC) 
 
Vinyl chloride-vinylidene 
chloride copolymer  
 
Styrene-methyl methacrylate 
copolymer  
 
SCX-2660 latex system  

Aromatic hydrocarbons, alcohol, 
alkene, alkyl-esters 
 

Linear alkenes, cyclic alkenes, 
cyclic alkenes, aromatic 
hydrocarbons 
 

Aromatic hydrocarbons mainly 
chlorinated 
 

Aromatic hydrocarbons, alcohol, 
alkene, alkyl-esters 
 

Derivatization with tertbutyl 
ammonium hydroxide  
Products: alkyl-esters 

f-s* several different 
lengths, I.D. and film 
thicknesses 

MSD 
 

FID 

Determination of monomer content and degree 
of microstructure of four differently styrene-
bytyl acrylate copolymers using trimer peaks  
 
Determination of composition and 
microstructure information for CPE 
copolymers using trimer peaks  
 
Five different vinyl chloride-vinylidene 
chloride copolymer results compared with 13C-
NMR data 
 
Py-GC-MS only used for identification 

[28] 

Polybenzoxazine Aminobenzene 
hydroxybenzene 

f-s* 30 m × 0.25 mm I.D. 
Film: 1.0 µm for MSD 

MSD 
 

FID 

Content determination of monomer unit 
including potential cross-linking unit 
Degree of cross-linking could not be measured  

[92] 

Styrene-maleic anhydride 
copolymer  

Anhydride groups derivatized 
with alkylamine, form a series of 
imide compounds 

f-s* 30 m × 0.25 mm I.D. 
Film: 1 µm for FID and 
MSD 

MSD  
(EI, CI) 
  
FID 

Determination of average monomer 
composition. Number-average sequence 
length (triad distribution); excellent agreement 
with 13C-NMR data 

[27] 

 



 

 

 

Table 2: Overview of different applications of Py-GC-MS (continued). 
Material  Type of pyrolysis product Column Detector Information obtained Ref. 
Terpolymer acetonitrile-
butadiene-styrene; (ABS), 
styrene-butyl acryl copolymer,  
vinyl chloride-vinylidene 
chloride copolymer  

Alkene, aromatic hydrocarbons, 
alkyl nitrile 
 

Aromatic hydrocarbons, alcohol, 
alkene, alkyl-esters 

FID and MSD  
f-s* 30 m × 0.25 mm I.D. 
Film: 1 µm  

FID Composition of monomer ratio; analysis time 
reduced by 5 min  [53] 

Poly(vinyl acetate), 
polyisobutylene (chewing 
gum) and additives 

Iso-alkenes, aromatic 
hydrocarbons, alcohols, 
heterocyclic aldehyde, trimester, 
ester of salicylic acid, carboxylic 
acid 

f-s* 30 m × 0.25 mm I.D. 
Film: n/n MSD Content of additives (sweeteners, flavouring 

agents, conditioners, plasticizers, antioxidants) [29] 

Poly(1-butylene), low-density 
polyethylene; (LDPE) 

Linear and branched alkanes,  
alkenes, alkadienes,  

TCD 
SE-54 
50 m × 0.25 mm I.D. 
 
FID 
Stainless - steel 

FID 
 

TCD 

The influence of Py temperature (T) on the 
ratio of the obtained Py products 
High T 
-increased production of smaller fragments 
-preferred formation of a specific number of 
carbons over molecules with the same carbon 
numbers 

[51] 

Polyethylene; (PE),  
Styrene-isoprene copolymer 
(Kraton 1107) 

Linear and branched alkanes, 
alkenes, alkadienes, aromatic 
hydrocarbons 

SE-54 
50 m × 0.25 mm I.D. FID 

The influence of Py temperature and rate of 
heating on the ratio of the obtained Py 
products 
High Py T and fast rate of heating 
-increased production of diene 
-decreased production of alkanes 

[52] 

Epoxy resin with 
dicyandiamide (DCDA) 

Aromatic alcohols, aromatic 
amines. Catalysts; imidazoles 
and their related products 

f-s* 30 m × 0.25 mm I.D. 
Film: 0.25 µm 

FID 
 

NPD 

Content of four different types of imidazole 
catalysts using nitrogen phosphorous detection 
(NPD).  
FID, if applicable, appeared more precise 

[59] 

Poly(methyl methacrylate); 
PMMA polymerized with 
0.3% benzoyl peroxide 

Alkyl-ester, aromatic 
hydrocarbons; alkane, alkene, 
alkyl-esters 

Cross-linked 
polydimethylpolysiloxane 
50 m × 0.2 mm I.D. 
Film: 0.33 µm  

MSD Determination of end-groups dependent on the 
polymerization conditions [30] 

http://en.wikipedia.org/wiki/Heterocyclic
http://en.wikipedia.org/wiki/Aldehyde
http://en.wikipedia.org/wiki/Ester
http://en.wikipedia.org/wiki/Salicylic_acid


 

 

 

Table 2: Overview of different applications of Py-GC-MS (continued). 
Material  Type of pyrolysis product Column Detector Information obtained Ref. 

PE, PP, Polyethylene-co-
propylene copolymers 

Linear and branched alkanes,  
alkenes, alkadienes 

Glass capillary  
50 m × 0.3 mm I.D. FID 

Estimation of chemical inversion and 
semi-quantitative information on 
stereoregularity  

[60] 

Chloroprene-nitrile rubber 
(CR-NBR) 

Aromatic hydrocarbons 
All mainly chlorinated or nitrile 

f-s* 30 m × 0.53 mm I.D.  
Film: 1.5 µm MSD Identification and composition of 

commercial vulcanized rubbers [31] 

Polyoxymethylene; (POM), 
polycarbonate; (PC) and blends 
with PVC. Terpolymer; 
acetonitrile-butadiene-styrene; 
(ABS) 

Aromatic: hydrocarbons, 
phenols, esters and their alkyl 
homologous, alkene, ethers, 
aldehydes, carboxylic acids, 
alkyl-esters, nitrile 

f-s* 30 m × 0.25 mm I.D.  
Film: 0.25 µm MSD 

Structure determination of plastic used in 
electronic industry and determination of 
influence of presence of PVC and copper 
on degradation products 

[32] 

Polythiophenes: poly(3-
octylthiophene); (POT), poly(3-octyl-
2,2-bithiophene); (PTOT), poly(3-(4-
octylphenyl)-thiophene); (POPT), 
poly(3-(4-octylphenyl)-thiophene); 
(PTOPT) 

Alkanes, alkenes hydrogen 
sulfide, carbon disulfide, 
thiophene, bithiophene, alkyl 
thiophenes 

f-s* 30 m × 0.53 mm I.D. 
Film: 3 µm 

FID 
 

FPD 

Degradation mechanism, influence of 
relative yields of pyrolysis products, 
(especially sulphur-containing pyrolysis 
products) on sample size 

[47] 

Core-shell SBR latex (styrene-
butadiene 

Styrene, alkadienes fragments 
of butadiene monomer, dimers 

f-s* 30 m × 0.25 mm I.D.  
Film: 1 µm 

MSD 
(EI) Co-polymer composition [33] 

Poly(alkyl methacrylates) 
methyl-, ethyl-, butyl-, 2-
ethylhexyl- 

Monomeric alkyl 
methacrylates: 
methyl-, ethyl-, butyl-, 2-
ethylhexyl-, alcohols, carbon 
dioxide, monoxide, methane, 
ethane 

FID: f-s* 30 m × 0.53 mm I.D.  
Film: 1.5 µm 
 

TCD: f-s* 31 m × 0.95 mm I.D. 

FID 
 

TCD 
Influence of pyrolysis temperature on type 
of degradation products formed [34] 

Resins: PBT, ABS, PC-ABS used 
in constructions, transportation, 
electronics, Target compounds: 
flame retardants 

Halogenated organic 
compounds, halogenated or not 
halogenated  
phosphate esters 

FID: f-s* 10 m × 0.1 mm I.D. 
Film: 0.4 µm 
MSD: f-s* 30 m × 0.25 mm 
I.D. Film: 1.0 µm 

FID 
 

MSD 
(EI) 

Specific isotope ratio characteristic for 
chlorinated and brominated compounds 
using MSD allowed identification of 
halogenated flame retardants 

[62] 

Thermoplastic resin GE Cycloloy C 
3600 (PC, ABS, PMMA). 
Antioxidants: Irganox 1010, 1076, 
MD1024, 3114, 565, Irgafos 168 

Aromatic hydrocarbons and 
their alkyl homologous, 
aromatic alcohols, alkyl 
homologous  

FID: f-s* 10 m × 0.1 mm I.D. 
Film: 0.4 µm 
MSD: f-s* 30 m × 0.25 mm 
I.D. Film: 1.0 µm 

FID 
 

MSD 
(EI) 

MS used for identification, using FID 
specific pyrolyzed products were 
identified and correlated to the specific 
antioxidants used in thermoplastic resin.  

[66] 

 



 

 

 

Table 2: Overview of different applications of Py-GC-MS (continued). 
Material  Type of pyrolysis product Column Detector Information obtained Ref. 

PE sample 
Target compounds: 
lubricants 

Waxes from petroleum refinery 
products: mixture of 
hydrocarbons. 
 

Aliphatic fatty acids and their 
related esters, alkyl esters of 
unsaturated fatty acids, aliphatic 
fatty amides, imidalozes 

FID 
f-s* 10 m × 0.1 mm I.D. 
Film: 0.4 µm 
 

MSD 
f-s* 30 m × 0.25 mm I.D.  
Film: 1.0 µm 

FID 
 

MSD 
(EI) 

Pre-separation of additives from polymer prior 
to analysis is crucial, especially in case of 
polyolefins.  
 
With the use of Py-GC-MS, specific pyrolyzed 
products could be identified and correlated to 
specific lubricants  

[65] 
 

PVC, blend of impact-
modified polystyrene and 
polycarbonate (PC-HIPS),  
styrene-butyl acrylate 
copolymer samples 
Target compounds:  
plasticizers 

Variety of componds: 
phthalates 

FID 
f-s* 10 m × 0.1 mm I.D. 
Film: 0.4 µm 
 

MSD 
f-s* 30 m × 0.25 mm I.D. 
Film: 1.0 µm 

FID Py-GC allowed simultaneous determination of 
plasticizers and polymer composition 

[67] 
 

Cross-linked polyester resin, 
styrene-linked vinyl ester resin 
and additives (flame 
retardants: halogenated) 

Aromatic hydrocarbons and their 
alkyl homologous, aromatic 
alcohols, acids, alkyl 
homologous, bromo-, chloro-
cyclo-alkenes 

f-s* 30 m × 0.25 mm I.D. MSD 
(EI) 

Identification of several styrene - cross-linked 
polyesters and vinyl-ester resins and 
halogenated additives 

[76] 

Acrylic copolymers: 
Methyl-butyl methacrylate; 
(MMA-BMA) 
Methyl methacrylate-ethyl 
methacrylate-acrylic acid (MMA-
EMA-AA) 

n-alkene, alkyl ester of 
methacrylic acid Not known 

MSD 
 

FID 

Identification using MSD and quantification 
using FID; determination of copolymer 
composition 

[35] 

Poly(vinyl pyrrolidone); (PVP) Lactams: monomers and dimers 
of N-vinylpyrrolidone  

MSD and FID 
f-s* 30 m × 0.25 mm I.D. 
Film: 0.25 µm 
 

MSD 
(EI) 
 

FID 

Identification using MSD and quantification 
using FID of;  poly(vinyl pyrrolidone) in 
waste and surface water samples 

[36] 

f-s; fused-silica capillary column  
*; 0% - 5% diphenyl- / 95% -100% dimethyl- polysiloxane or 0% - 5% phenyl/ 95% -100% methyl- polysiloxane (VS-5MS, BD-5, DB-1, CP-Sil8, CP-Sil5, RTX-5) 
 

http://en.wikipedia.org/wiki/Ester
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One advantage of gas chromatography in comparison with other separation 
techniques is the possible use of a wide range of selective and sensitive 
detectors. MS and FID (often connected in parallel) are the most commonly 
used detectors in conjunction with Py-GC. However, other devices, such as 
thermal conductivity detection (TCD), atomic-emission detection (AED), 
nitrogen-phosphorous detection (NPD), and flame-photometric detection 
(FPD) have also been employed in combination with Py-GC [99,5,62]. The 
type of detector used strongly depends on the type of information needed. 
The majority of publications dedicated to Py-GC involve the determination 
of the identity of macromolecules, often associated with studies into the 
degradation mechanism, microstructure, etc.  

The biggest advantage of MS over other detectors is the unique 
fragmentation pattern resulting in unique mass-spectral characteristics for 
individual compounds (excluding enantiomers). Existing libraries of mass 
spectra greatly help in elucidating the structure of thermal degradation 
products. Therefore, Py-GC-MS is extensively used in many applications, in 
which knowledge about structure is crucial, including forensic science, art, 
archaeology, environmental science, material science, etc. [26,37,38,55] (see 
section 1.1.2.1). 

Furthermore, the identity of many pyrolysis species can be confirmed using 
FTIR detection. IR spectra of compounds eluting from a GC column may be 
compared with existing libraries to help reveal their identity [39,40]. FTIR, 
in contrast with FID, can easily detect CO2, CO, and NH3. However, 
quantitative determination of the composition of ternary blends of polymers 
was found to be much more precise using Py-GC-MS than using Py-GC-
FTIR [41]. Determining the identity of (low-concentration) additives with 
GC-FTIR is extremely challenging [5]. Since an on-line Py-GC-FTIR 
system is not trivial to handle, such systems are not anywhere near as 
frequently explored as Py-GC-MS systems.  

However, in many industrial laboratories the polymer identity is known. The 
questions addressed with Py-GC-MS then include, for example, monitoring 
of quality changes, capturing production failures, discriminating between 
good and bad batches, and studying ageing processes (influence of UV light, 
temperature, etc.). Py-GC-MS systems can also be used to optimize 
pyrolysis parameters to improve quantification, reduce analysis time, etc. 
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Various selective detectors have been described in literature for use in 
combination with Py-GC. The greatest advantage of TCD is that it can 
basically detect any compound by sensing changes in the thermal 
conductivity. All kinds of compounds which can elute from a GC column 
have a significantly lower thermal conductivity than that of the carrier gas 
(typically used gases; helium, hydrogen, nitrogen). The design of TCD’s is 
challenging if dead volumes, which are detrimental to the chromatographic 
resolution, are to be avoided. Analysis of very low concentrations may not 
be possible with TCD detection, unless considerable miniaturization can be 
successfully achieved [42,43]. The electron-capture detector (ECD) is well 
known for detecting low amounts of halogen-containing analytes, but it also 
shows some response for compounds not containing halogens. Flame-
ionization detectors (FID) are commonly used to detect virtually all 
compounds containing carbon. CO and CO2 cannot be detected, unless a so-
called methanizer (bed of Ni catalyst that helps reduce CO and CO2 to 
methane) is applied. FIDs do not detect most inorganic substances. For 
example HCl, H2O, and NH3, cannot be detected using FID. However, in 
some applications (e.g. poly(vinyl chloride) PVC, nitrogen-containing 
polymers) detection of such gases may be crucial.  

Atomic-emission detectors (AED) have been explored in combination with 
Py-GC for determining pyrolysis products in polymeric materials 
[58,44,45,46,62]. The strength of the AED lies in its ability to 
simultaneously monitor the atomic emissions of several elements. Using 
AED detection the empirical formulas of compounds containing common 
elements can be estimated. AEDs yield much more information than FIDs. 
However, detection using AED is limited to compounds containing specific-
element molecules and rigorous quantitation can be more easily performed 
using FID.  

Several other detectors are capable of detecting only compounds containing 
specific elements. For example, a so-called thermionic-specific detector 
(TSD) (also known as a nitrogen-phosphorous detector, NPD) is sensitive to 
nitrogen (N) and phosphorous (P), whereas a flame-photometric detector 
(FPD) is capable of detecting sulphur (S) and phosphorous (P). A 
disadvantage of such specific detectors is that compounds that do not contain 
elements for which the detector is sensitive will not (or hardly) be detected 

http://en.wikipedia.org/wiki/Thermal_conductivity


Introduction to quantitative Py-GC-MS of polymers 

 

 
29 

 

and may be overlooked in the total pyrolysis profile. Therefore, specific 
detectors are only used in specific applications [47,59]. 

TCD and FID are non-specific detectors, which are very useful for 
optimization of the pyrolysis conditions, including the pyrolysis temperature 
and the rate of heating. Extensive studies have been performed on different 
polyolefins [51,52,60,48] and poly(alkyl methacrylates) [49,50]. Since 
degradation of polyolefins results in considerable numbers of linear and 
branched alkanes, alkenes and alkadienes with different chain lengths (e.g. 
degradation of 1,4-polybutadiene results in over 500 components [5]), 
knowledge on optimum pyrolysis parameters can be very beneficial for 
interpretation and essential for quantitative analysis. Wampler showed that 
higher pyrolysis temperatures favoured the production of smaller fragments, 
with preference for the formation of specific types of molecules (e.g. 
alkenes) with specific numbers of carbon atoms [51,52]. The crucial effect 
of pyrolysis parameters on the amounts and types of pyrolysis products 
formed has been underlined in a study on the influence of oxygen on the 
degradation profiles of styrene-isoprene copolymer (Kraton 1107) and 
polyethylene [52]. Based on the FID signal, Wampler et al. demonstrated 
that whether or not oxygen was present, the predominant changes observed 
in fragments produced by thermal degradation depended mainly on the 
pyrolysis temperature and rate of heating. 

Wang et al. showed that by adjusting flow rate and oven temperature 
program, the time required for obtaining pyrolysis profiles could be 
significantly reduced [53]. Using several examples of polymers (e.g. 
terpolymer of acetonitrile/butadiene/styrene, ABS, styrene-butyl acrylate 
copolymer, vinyl chloride-vinylidene chloride copolymer) they demonstrated 
that without considerable sacrifices in peak resolution the analysis time 
could be reduced ten-fold and that a pyrolysis profile of each tested polymer 
could be obtained within 5 min. To ensure appropriate instrumental 
conditions for high-speed analysis, FID detection was used. FID and time-
of-flight mass spectrometry (ToF-MS) are capable of a very fast response 
and, therefore, are well suited for fast GC detection. 

Determination of copolymer composition and microstructure of several 
ethylene-co-propylene copolymers (based on trimer peaks) was achieved 
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using Py-GC-FID. The results obtained were in excellent agreement with 
13C-NMR data [54]. 

Py-GC has been used to study environmental samples of water and soil, with 
FID detection being successfully used to quantitatively differentiate between 
lipogenic natural organic matter and petroleum contamination in organic 
soils [55]. By exploring pyrolysis temperatures Py-GC-FID was also used to 
differentiate between copolymers and mixtures (blends) of homopolymers 
[56]. Homopolymer mixtures were used to determine monomer ratios of 
several commercial copolymers [57]. 

AED detection proved to be extremely useful in determining the 
polyacrylamide content in polyvinyl alcohol [58]. MS or FID detection of 
such a polymer results in a high background of polyvinyl-alcohol 
degradation products, which strongly interfere by co-elution with acrylamide 
products. Selective AED analysis allowed the determination of nitrogen-
containing species present at very low levels (1% degradation of 
polyacrylamide). 

NPD and FID detection were used for determining the content of four 
different types of imidazole catalysts in epoxy resins with dicyandiamide 
(DCDA) [59]. Characteristic products of imidazole catalysts were in this 
particular case also well-separated in the FID signal. Quantification of 
imidazole catalysts was achieved using both detectors and the FID results 
proved to be more precise. Py-GC-FID also yielded estimates of and semi-
quantitative information on the stereoregularity of polyolefins (PP, 
polyethylene-co-propylene copolymers) [60]. 

In most of cases in which a non-specific detector (such as an FID) was used, 
the identification of pyrolysis products was performed using MS. This was 
especially the case for the determination of degradation mechanisms, 
copolymer ratios and related issues. The use of MS may be avoided by 
analysing standards of homo- and co-polymers. The retention times of 
pyrolysis products also provide insight in the origin of the products. 

A schematic representation of the use of Py-GC in the analysis of polymeric 
materials is shown in Figure 2. 
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Figure 2: Schematic representation of Py-GC in the analysis of polymeric material. 

 

1.1.2.1 Pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) 

The major advantage of mass-spectrometric detection used in conjunction 
with Py-GC is that a “unique” mass spectrum is obtained for each peak in 
the Py-GC profile. Each “unique” mass spectrum corresponds to a “unique” 
chemical structure (molecular identity). The identification of individual 
pyrolysis products helps in the elucidation of the chemical structure of the 
intact polymer, additives and residual compounds [61,62,2,100]. Different 
ionization method may be applied, but these must be adjusted for particular 
applications. In general, EI results in extensive fragmentation, while CI 
involves much less dissociation into smaller fragment ions. The greatest 
advantage of EI is that it provides access to huge data bases of recorded 
mass spectra. For example, the free NIST library contains about 150,000 
spectra of all types of (mainly) organic compounds. Many other libraries of 
mass spectra are available, for example dedicated to specific groups of 
compounds, such as pesticides. Overall, the NIST data base consists of 
almost 250,000 individual spectra.  
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Pyrolysis processes result in the formation of products which are commonly 
known and can easily be identified by comparing obtained spectra with 
fragmentation patterns available in (EI) MS libraries. This significantly 
reduces the time needed for structure elucidation, which is why MS is 
commonly used with Py-GC. Py-GC-(EI) MS has proven to be a very useful 
tool for the identification of additives in polymeric materials [63,64]. For 
example, antioxidants, lubricants, and flame retardants were determined in 
commodity plastics [62,65,66,67].  

Py-GC-(EI)MS is commonly used for characterisation of polymeric 
materials. Examples include the determination of copolymer composition 
[68,69,70,71,125,142,37], studies into degradation mechanisms [72,73,74] 
and monitoring the quality of polymeric products, such as terpolymers 
prepared using different procedures [137] or polymers obtained from 
different polyimide curing procedures [75]. 

Pyrolysis products, which are not common and the mass spectra of which are 
not available in data bases, can be analysed using soft-ionization techniques 
to obtain the mass of the molecular ion. For structure elucidation of pyrolysis 
products we usually also require information on smaller fragment ions, 
which can, for example, be obtained by EI-MS. Baseline separation of all 
chromatographic peaks resulting from the pyrolysis of very complex 
polymeric materials is not always possible. Interpreting such complex 
chromatograms may be easier through molecular-ion data (e.g. CI-MS) than 
through detailed information on fragment ions (EI-MS). 

The total-ion chromatogram (TIC) shows – in principle –all compounds. 
Therefore, the detection selectivity is comparable to that of TCD. TIC 
usually shows higher detection limits in comparison with the highly sensitive 
FID, especially for compounds of higher molecular weight. Lower detection 
limits in Py-GC-MS can be ensured by applying single-ion-monitoring 
(SIM) MS. Further reduction in detection limits can be achieved by 
additional re-focusing of pyrolysis products prior to GC separation, For 
example, ppb (ng mL-1) levels of PS have been determined in sample 
solutions [143].  

Quadrupole mass analysers (qMS) are most commonly used in combination 
with Py-GC [76,143,137,77,38]. ToF-MS provides a very fast signal 
response, which makes it possible to collect high-density data across 
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extremely narrow chromatographic peaks. Therefore, time-of-flight mass 
spectrometry proved to be very useful in conjunction with pyrolysis - 
comprehensive two-dimensional GC (Py-GC×GC-ToF-MS) [78,79]. 
Complex mixtures of organic matter from whole-sediment samples have 
been characterized using this technique. Py-GC×GC-ToF-MS analysis of 
different sediments resulted in characteristic profiles [78]. A mixture of 
polyethylene -tetrafluoroethylene alternating copolymer and poly[2-
(perfluorohexyl)ethyl acrylate] has been studied using Py-GC×GC-ToF-MS. 
The GC×GC separation provided complete separation of perfluorocarbons 
from hydrocarbons. Py-GC×GC-ToF-MS appeared to be particularly 
suitable for the characterization of the molecular structure (e.g. monomer 
sequences and terminal groups) of fluorinated polymers [79]. Moreover, a 
significant reduction of the analysis time can be achieved if suitably fast GC 
analyses are combined with ToF-MS [38]. 

The biggest advantage of GC with ion-trap MS (Py-GC-IT-MS) systems is 
that it allows MS/MS to be performed. ITMS in combination with Py-GC 
has been used to identify and differentiate several types of bacteria and to 
characterize lignocellulose materials [80,81,82]. 

Highly precise data on the stable-isotope composition of pyrolysis products 
can be obtained by combining Py-GC with isotope-ratio MS (IRMS) [38]. 
Relative isotope ratios of elements, such as carbon (13C/12C), hydrogen 
(2H/1H), nitrogen (15N/14N), oxygen (18O/16 O), or sulphur (34S/32S) can 
change in specific environments, depending on a variety of kinetic and 
thermodynamic factors. Py-GC-IRMS can be especially useful in 
establishing geographical, chemical, and biological origins of substances by 
determining characteristic isotopic signatures for groups, populations, etc. in 
environmental and forensic samples [83,84,85]. Py-GC-IRMS has been used 
to study stable isotope ratios of oxygen and carbon in cellulose [86]. 

Ion-mobility spectrometry (IMS) allows the separation of molecules based 
on their size and shape, by varying the buffer gas and the electric field. Py-
GC with drift-tube IMS or with differential mobility spectrometry (DMS) 
proved to be very useful in the analysis of biological samples [38,87,88,89].  

MS in combination with Py-GC remains the most extensively used detector 
for analysis of macromolecules [38]. Preservation of structural information 
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across a range of pyrolysis products helps to understand the pyrolysis 
mechanism and, furthermore, allows the selection of representative 
compounds, which can be used in quantitative analyses of, for example, 
copolymer composition [125,142]. 

 

1.1.2.2 Quantitative Py-GC 

Knowledge about the concentration and composition of polymers can be 
crucial in many applications. One important example is drug delivery. The 
dissolution of polymers as a function of time and location in the body 
(affected by the presence of enzymes, the pH, salt concentration, etc.) is the 
most important property of polymeric excipients. On a different level, 
polymer applications (e.g. automotive fuel and fluid systems, industrial 
polymer processing, and polymer recycling) may hinge on polymer 
solubility. Measuring the concentrations of polymers in solution can be 
straightforward (especially at high concentrations) or extremely difficult, 
when very low concentrations of slowly dissolving polymers must be 
measured. We will address the latter case, where Py-GC is the outstanding 
option. 

Generally, quantitative Py-GC is possible when a monotonous, reliable 
(precise and robust) relationship exists between the amount of injected 
polymer and the Py-GC response. The pyrolytic products that reflect the 
composition of the original polymer (often, but not always, the monomeric 
units) should be as abundant as possible. Optimum pyrolysis conditions, 
chromatographic parameters, and detection principle and conditions have to 
be carefully chosen for a particular analytical problem. Many critical 
variables have to be considered prior to quantitative pyrolysis (e.g. 
temperature, heating rate, sample transfer). Quantitative Py-GC is often not 
trivial due to instrumental limitations. For example, in transferring pyrolysis 
products to the GC column we should avoid cold spots to avoid 
discrimination of, especially, high-molecular-weight products. Other 
parameters that are specific to different pyrolyzers have been described in 
section 1.1. Quantitative measurements depend as much on sample 
introduction as on the actual Py-GC analysis. Most of the early pyrolysis 
instruments were able to analyse only solid samples. Quantitative transfer of 
a solid sample to the pyrolysis unit is extremely difficult. Nowadays options 
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for liquid sampling are available. A (Pt) filament pyrolyzers has been 
described with a holder for liquid solutions [90,97]. Micro-furnace 
pyrolyzers are commercially available (e.g. the EGA/PY-3030D “Multi-shot 
pyrolizer” from Frontier Lab, Fukushima, Japan). Such instruments can 
accommodate small volumes (e.g. 2 µL) of polymer solution, which allows 
quantitative sampling [91,114]. 10 µL of PVC solution were analysed with a 
filament pyrolyzer [96]. However, a PTV pyrolyzer equipped with a so-
called sintered liner, allows the introduction of large volumes of sample (e.g. 
25 µL H2O or 40 µL of THF) [137,141], which allows quantitative analysis 
of very low concentrations of barely soluble polymers [143].  

The detection of the pyrolysis products after separation by GC is a key issue. 
The ideal detector should offer very low detection limits, a wide linear 
dynamic range, and a short response time. Quantification is easiest if the 
area(s) of one or more peaks that represent pyrolysis products increase 
proportionally (or at least linearly) with the amount of injected polymer. FID 
detection is usually linear across several decades in case of carbon-
containing pyrolysis products. The response of MS detectors is more 
variable, so that calibration is required more frequently. However, MS yields 
invaluable information on the identity of pyrolysis products. Most 
quantitative studies reported use Py-GC in combination with both MS and 
FID for identifying and quantifying pyrolysis products [92,27,28,35,36]. 

Pyrolysis of polyisobutylene results in the formation of a very large number 
of products, ranging from isobutylene monomer to dimeric, trimeric, 
tetrameric structures, etc. [93]. In the cited study a comparison was made 
between the responses obtained for different pyrolysis products using 
different detectors. Areas of chromatographic peaks obtained with FID and 
MS were compared. The highest-molecular-weight products (dimers, 
trimers, tetramers) were more easily detected with FID, since the response 
directly corresponds to the mass flow of analyte. The MS response depends 
on the number of molecules detected, which results in a significantly lower 
relative response of high-molecular-weight pyrolysis products. MS response 
can be corrected to mass flow by multiplying the response with the 
molecular weight of the ion.  

Quantitative analysis can be achieved using internal or external standard 
calibration. The addition of an internal standard prior to Py-GC-MS analysis 
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is the most reliable, since it involves the simultaneous pyrolysis, separation 
and detection of the sample and the internal standard. Intensities of selected 
pyrolysis product are assumed to be proportional to the signals obtained for 
the internal standard, which eliminates potential analytical and operational 
errors, such as variations in the amount injected. However, the internal-
standard approach is difficult to apply in Py-GC-MS, because suitable 
internal standards cannot easily be identified. Optimal standards are 
comparable with the analyte and reflect the analytical process applied to the 
sample, while not affecting any of the analytical steps (pyrolysis, 
chromatographic separation, detection) [94].  

Nevertheless, the linearity and repeatability of the responses of several 
internal standards used for quantitative determination of lignin have been 
reported [95]. From among the tested standards, 1,3,5-tri-tert.-butylbenzene 
was selected as the most appropriate for quantification of lignin. 
Additionally, the thermal stability of internal standards was investigated. In 
this application the internal standards were analysed using two different 
approaches, either following the entire Py-GC-MS process applied to the 
lignin sample or introduced into the Py unit set at 200 °C (vaporizing during 
the 3 min equilibration time, then focussing at the top of the GC column 
prior to the Py process). The later approach will prevent degradation of 
internal standards during pyrolysis at 600 °C. In both cases the pyrolysis 
process had no significant influence on the peak areas of the internal 
standard. 

Determining polymer quantities using an external standard is based on the 
comparison of intensities of the same pyrolysis products obtained from 
separate measurements of sample and external standard (calibration curve). 
Usually relevant (i.e. similar to the analyte polymer), commercially 
available, well-defined homopolymeric standards are used for external 
calibration [142,141,96,125,124]. Alternatively, pure sample (e.g. the 
analyte polymer itself) can be used, especially when commercial reference 
materials cannot be obtained, when only in-house samples are available 
[124,141], or in determining amounts of copolymer coating present on drug 
granules [97]. Different concentrations of fully dissolved pure polymeric 
material (sample) were used to construct external calibration curves when 
determining polymer solubility [143]. However, it is not always possible to 
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accurately quantify the composition of a copolymer using the respective 
homopolymers. An excellent example has been described by Reingruber et 
al. [124]. Py-GC-MS of ethyl and benzyl diazoacetate copolymers poly(EA-
co-BnA) resulted in the formation of an additional product, which was not 
present in the pyrolysis profiles of either of the homopolymers. This product 
was identified as a dimer consisting of both monomers (BnA-EA). The lack 
of relevant standards (i.e. an alternating copolymer or a set of random 
copolymers with different compositions) meant that the monomer 
composition could only be estimated.  

Alternatively, the amount of pyrolysis products can be measured using 
monomeric external standards. In such a case, the yields of the pyrolysis 
process should be known, in order to relate the polymer content with the 
amount of monomeric units formed. It is important that the procedures used 
for preparing the sample and for handling the standards do not affect the 
reliability of the results. Therefore, the thermal stability of the monomeric 
unit should be evaluated. If necessary (and possible), other fragments should 
be used for quantitation [91]. 

Standard-addition methods have also been used in conjunction with Py-GC-
MS. Quantitative determination of chlorolignosulphonic acids in drinking 
and river waters was accomplished by the addition of a commercial 
reference standard prior to Py-GC-MS analysis. The increase in response of 
the pyrolytic degradation product of chlorolignosulphonic acids allowed 
measuring the content of acid with good repeatability (RSD% ≤ 5%). The 
addition of standard did not influence the sample matrix [98].  

In evaluating the accuracy of compositional analysis of polymers using Py-
GC, the multi-distributed nature of polymeric material should also be 
considered. For example, the influence of the relative molecular weight (Mr) 
of the analysed polymer on the formation of pyrolysis products should be 
studied. The responses obtained from Py-GC-MS of identical amounts (by 
weight) of polymer with different Mr should be identical to confirm that the 
pyrolysis process does not depend on Mr. After Mr-independence has been 
verified, a universal calibration curve can be constructed using a 
polydisperse polymer. Such an approach has been used for determining 
solubilities of polystyrene (in poor solvents) [143]. SEC-Py-GC-MS 
revealed that mainly the low-molecular-weight fraction of the PS dissolved 
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in a poor solvent (acetonitrile). If the pyrolysis process is affected by Mr, 
accurate quantitative analysis of the amounts of dissolved polymer requires 
complicated methods, such as on-line (or off-line) SEC-Py-GC-MS.  

Accurate compositional analysis of copolymer using homopolymeric (or 
monomeric) standards is only possible if the arrangement of monomers in 
the copolymer does not affect the formation of pyrolysis products. No new 
products should be formed and no discrimination (peak suppression) or 
enhancement of one of the pyrolysis products should occur. 

In conclusion, the pyrolysis process (i.e. the types and concentrations of 
products formed during pyrolysis) should not be affected by the molecular 
weight, the composition, the polymer architecture, the monomer 
arrangement, and the concentration of polymeric material in the solution. In 
many Py-GC-MS applications the total ion current (TIC) is recorded to 
obtain a general overview of the sample composition. The linearity of 
response for individual pyrolysis products can be verified by varying sample 
concentrations. Depending on the type of application, appropriate pyrolysis 
products can be chosen for quantitative measurements. Selectivity may be 
improved by using extracted-ion chromatograms (EIC) of carefully chosen 
m/z fragment ions. Quantification using EIC or SIM may help eliminate 
interference from sample matrices. Use of both EIC and SIM was explored 
in solubility studies of PS in different combinations of good and bad solvents 
[143]. SIM traces corresponding to the m/z values characteristic for each 
monomer were used to quantify the amounts and compositions of terpolymer 
in all SEC fractions [137]. Poly(ethylacrylate-methylmethacrylate) (PEA-co-
MMA) layers on granules for pharmaceutical use were analysed with Py-
GC-MS (TIC) using external calibration [114]. EIC traces of the most 
representative m/z values from monomers were used to quantify amounts of 
polymeric layers on different granules with a relative standard deviation of 
less than 5% (n = 5). Linear relationships were demonstrated between the 
concentration of PVC injected and EIC peak areas for several of the most-
abundant pyrolysis products [96]. Characteristic relative abundances of 
aromatic hydrocarbons measured in Py-GC-MS of PVC allowed 
confirmation of the presence of this polymer in environmental samples. 
Naphthalene produced in the pyrolysis process was used to determine the 
content of PVC. Amounts of commercially available N-vinyl-2-pyrrolidone-
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co-vinyl acetate copolymers were determined as a function of dissolution 
time using EIC peak areas of relevant monomers [142]. The literature reports 
on quantitative Py-GC-MS discussed above underline the great potential of 
the technique. The reported accuracy and precision are at least comparable 
with alternative methods. Py-GC-MS is an excellent method for measuring 
low concentrations of dissolved polymers and it yields qualitative, as well as 
quantitative information. Pyrolysis products can be identified using fragment 
libraries. Expanding such libraries may help increase the popularity of Py-
GC-MS. 

 

1.1.3 Thermochemolysis 

A large number of non-volatile, polar, thermally sensitive compounds may 
be formed during the pyrolysis of highly polar polymers, i.e. polymers which 
contain hydroxyl, carboxyl, or amino functional groups. Moreover, polymers 
that yield highly polar pyrolysis products are not necessarily highly polar 
polymers. For example, a moderately polar polyester may yield highly polar 
carboxylic acids. Such polar compounds should ideally be chemically 
modified to form more-volatile, stable derivatives before their analysis by 
GC-MS. For this purpose “thermochemolysis” has been developed [106]. 
This combines thermal (pyrolysis) and chemical (derivatization) processes in 
one stage. Detailed overviews of different types of applications, 
instrumentation and developments in automation have been presented by 
several groups [6,38,99,100,101,106]. Thermochemolysis is commonly used 
in fields such as environmental science, forensics, archaeology, biology, 
food, synthetic polymers, etc. [102,38,103]. Typically, silylation and 
methylation have been used to convert polar moieties into less-polar 
derivatives. Derivatizing reagents commonly used for macromolecules 
include hexamethyldisilazane (HMDS), dimethyl carbonate (DMC), and 
quaternary alkyl or aryl ammonium salts, such as tetramethyl ammonium 
hydroxide (TMAH), tetrabutyl ammonium hydroxide (TBAH), trimethyl-
phenyl ammonium hydroxide (TMPAH), tetraethyl ammonium hydroxide 
(TEAH), tetraethyl ammonium acetate (TEAAc) and tetramethyl ammonium 
carbonate (TMAC). Among these, TMAH is mostly employed.  

Unfortunately, TMAH is not always an ideal reagent, even if it shows the 
highest reaction yields. The types of reagent commonly used depend on the 
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nature of the polymers studied. For example, thermochemolysis using 
TMAH of methyl-methacrylate or methacrylic-acid polymers results in the 
same product (methyl-methacrylate esters). This problem can be overcome 
by using other reagents or by using labelled [13C] TMAH. Moreover, non-
methylating reagents, such as ethylating TEAH or butylating TBAH, may be 
used to discriminate between originally present methoxy and free carboxyl 
groups in the sample. For example, lignins in archaeological wood samples 
have been analysed using HMDS instead of TMAH [104]. Other 
thermochemolysis reagents (e.g. trimethylsulfonium hydroxide, TMSH) 
proved to be very successful in thermochemolysis of polyunsaturated fatty 
acids [101]. 

Quaternary alkyl or aryl ammonium reagents can be applied in aqueous or in 
methanolic solutions, which minimizes sample-preparation procedures and 
allows liquid injection, thus allowing a fully automated approach to 
thermally assisted hydrolysis and methylation [105]. Liquid injection makes 
it possible to determine very small amounts of sample and it facilitates 
quantitative analysis. Methanolic solutions of TMAH lead to the formation 
of methyl esters by so-called methanolysis [6]. 

Understanding the mechanism behind thermochemolysis may be essential in 
obtaining qualitative and quantitative compositional data. The detailed 
mechanisms of derivatization of macromolecules have been discussed by 
several authors [6,101,106], but the mechanism of thermochemolysis has not 
been unambiguously established.  

The first mechanism described for the treatment of polymers that can 
undergo degradation by a base-hydrolysis cleavage mechanism (e.g. 
polyesters) with TMAH-Py (tetramethylammonium hydroxide – pyrolysis) 
or TBAH-Py (tetrabutylammonium hydroxide – pyrolysis) was hydrolysis 
followed by methylation [106]. This mechanism suggests that the 
thermochemolysis process involves primarily chemolysis followed by 
methylation, rather than pyrolysis with subsequent methylation.  

However, thermally assisted scission of carbon-carbon bonds can also occur 
during the thermochemolysis process. This is supported by the observation 
that the majority of TMAH-Py products of phenolic polymers (epoxy, 
polycarbonate and phenol-formaldehyde resins) are methylated derivatives 
of conventional pyrolysis products [107] (see Table 3). During thermally 
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assisted hydrolysis and methylation (THM) of polyesters, except methyl 
esters which correspond to the carboxylic acids formed during the Py- 
process, methyl ethers are also formed. In Py without derivatization agent 
alkenes are formed (with a number of carbons equal to that of the alcohol 
from which the polyester is prepared). The major products of TMAH-Py 
(THM) of epoxy resin are presented in Table 3.  

 
Table 3: Major products of TMAH-Py (thermally assisted hydrolysis and methylation, THM, 
or thermochemolysis) and Py of epoxy resin from phenolic polymer [107]. 

 
Pyrolysis (Py) TMAH-Py 

Compounds common for both processes 

 

 
Related derivatives (fully or partially methylated compounds) 

  

  

 
 

 

 

If the prevailing mechanism is pyrolysis followed by methylation, the 
products resulting from thermochemolysis of epoxy resin using TMAH are 
methylated analogues of the products formed during pyrolysis without 
TMAH. The absence of additional products in the thermochemolysis profile 
suggests that carbon-carbon scission is the primary mechanism, as in the 
case of pyrolysis. Understanding this mechanism may simplify the 
identification of thermochemolysis products. The presence of not fully 
derivatized moieties may interfere with quantitative analysis. 
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However thermochemolysis results of polyethylene terephthalate (PET) 
using TMAH indicates great importance of hydrolysis followed by 
methylation in the derivatization process.  

 

Table 4: Major products of Py and TMAH-Py of polyethylene terephthalate (PET) [106]. 
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Pyrolysis (Py) TMAH-Py 

Compounds common for both processes 

 
Related derivatives (fully or partially methylated compounds) 

  

  
Compounds indicating hydrolysis as a primary thermochemolysis mechanism 

- 
 

- 
 

 

The TMAH-Py profile of PET reveals the presence of additional compounds 
(dimethyl ethylene glycol and monomethyl ethers), which are absent in the 
Py profile. A comparison between pyrolysis and TMAH-Py of polyethylene 
terephthalate (PET) is made in Table 4. This suggests that the mechanisms of 
the two processes (Py with TMAH and Py in the absence of TMAH) are 
substantially different. TMAH-Py-GC proved to be an alternative approach 
for the analysis of certain polymers. These include moderately (thermally) 
stable polymers, which contain unstable polar groups. Py-GC-FID products 
of polyacryl ether sulfone resins are formed only at elevated temperatures. 
However, at such temperatures sulphur dioxide is eliminated from the 
polymeric material, making sulfone compounds undetectable in the pyrolysis 
profile [108].  

The thermochemolysis of polyacryl ether sulfone (polysulfone, polyether 
sulfone) using TMAH at 300 °C yielded 95% recovery of the original 
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polymer as dimethylated monomer, while at 700 °C the sum of all pyrolysis 
products detected (smaller aromatic compounds; no intact monomer) did not 
exceed 30% of the total amount of injected polymer [108]. 

Hydrolysis followed by methylation was shown to be a key process during 
TMAH-Py analysis. Thermally assisted hydrolysis and methylation (known 
as thermochemolysis) is not always the primary reaction mechanism in 
thermochemolysis processes and the exact reaction mechanism is still not 
fully understood.  

Thermochemolysis facilitates rapid fingerprinting analysis, but also detailed 
compositional analysis, leading to structure elucidation of synthetic and 
natural resins, lipids, waxes, polysaccharides, proteins, soil, dyes, etc. 
[109,110,111,112,113,114,115,116,117,118]. 

Truly quantitative thermochemolysis is not trivial. Due to the complexity of 
the reaction steps, the technique suffers from modest repeatability. 
Nevertheless, several quantitative studies have been performed in the field of 
polymeric materials. An excellent example of the truly quantitative 
compositional determination of poly(aryl ether sulfone)s has been 
documented [108]. Using TMAH-Py-GC, the content of bisphenol and 
bisphenol-S could be determined, which was not possibly with Py-GC. A 
quantitative relationship could also be established between the amounts of 
cationically modified polyacrylamides (cPAA) injected in the presence of 
TMAH and the amounts of degradation products formed (glutarimide-related 
structures) [119]. The feasibility of quantitative analysis cannot be predicted 
and it should be investigated experimentally for each specific application. 

 

1.1.4 Pyrolysis-LC, LC-pyrolysis and related techniques 

Complex macromolecules, i.e. those featuring several molecular 
distributions (molar mass, chemical composition, end-groups, etc.) often 
require multiple analytical methods for their detailed characterization. Liquid 
chromatography (LC) has been extensively explored for the determination of 
various molecular distributions. Molecular-weight distributions are typically 
obtained using size-exclusion chromatography (SEC), hydrodynamic 
chromatography (HDC) or perhaps even slalom chromatography (SC) [1]. 
Chemical-composition distributions as well as functionality-type 
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distributions and block-length distributions are mostly obtained by 
interaction chromatography, for example gradient-elution LC (GELC), 
precipitation LC or LC at critical conditions (LCCC). Uliyanchenko et al. 
[120] published an extensive overview of polymer analysis using LC. 
Different separation mechanisms and improvements in instrumentation were 
thoroughly discussed. In analysis of (co-) polymers, different types of 
detectors can be used. Several types of near-universal detectors exist (e.g. 
refractive index, RI; evaporative-light-scattering detector, ELSD; charged-
aerosol detector, CAD), which are in general concentration sensitive. 
Another group of detectors measure physical properties of the analytes that 
are related to the molecular weight (e.g. light scattering, LS; viscometry, 
VISC). Knowledge and experience are required to choose the most 
beneficial chromatographic method and the most-appropriate detection 
technique.  

Besides different modes of LC, other techniques, such as NMR or Py-GC-
MS, may be used to study the arrangement and distribution of monomer 
units in the copolymer chain (i.e. the sequence distribution) [121,122,123]. 
Spectroscopic methods, when used alone, do not provide information on 
distributions. Yet, the properties of the polymeric materials are strongly 
influenced by molecular distributions present and these distributions are in 
general mutually dependent. Knowledge on multi-dimensional distributions 
is highly relevant and this can only be obtained with (comprehensive) multi-
dimensional separation methods. The mutual dependence of multiple 
polymer distributions can be rigorously interpreted only when 
multidimensional separations are applied. Comprehensive two-dimensional 
separations ideally are based on two completely different separation 
mechanisms, where each mechanism separates according to one specific 
molecular distribution. In such an ideal situation the retention times in the 
different dimensions are independent of each other. In most of the 
documented cases the first dimension reflects the chemical-composition or 
end-group distribution, while the second dimension represents the molar-
mass distribution (LC×SEC separations, yielding CCD×MWD distributions) 
[124,125,126]. Details on comprehensive on-line two-dimensional (LC×LC) 
separation of polymers including recent applications and instrumentation 
setups can be found in several reviews [e.g. 120,127,128]. 

http://pubs.rsc.org/en/results?searchtext=Author%3AElena%20Uliyanchenko
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In contrast to comprehensive two-dimensional separation systems, coupled 
(hyphenated) systems generally consist of one separation mechanism and a 
sophisticated, information-rich detection device. Detectors used in 
hyphenated systems can typically also be operated as stand-alone 
instruments for identification and quantification of polymeric materials, 
solutions or (off-line) separated fractions. Examples of hyphenated 
techniques used in polymer analysis include liquid-chromatography 
separation and spectrometric or spectroscopic detection, e.g. LC-IR, LC-MS, 
or LC-NMR (LC-Py-GC-MS is a related, but somewhat different approach). 
An overview of the performance and practical aspects of different detection 
techniques used in (on-line) combination with LC is provided in Table 5. 
The use of a separation method, such as LC, prior to these elucidative 
detectors is very beneficial, providing detailed information on the analysed 
sample at each time point along the elution profile. The exploration of 
hyphenated techniques generates knowledge on polymeric materials, but also 
on low-molecular-weight constituents, such as additives and residual 
compounds (e.g. solvents, monomers, catalysts, etc.). For example, using 
SEC-FTIR changes in the concentration of terminal unsaturations in high-
density polyethylene (HDPE) were measured as a function of molar mass 
(“composition drift”) [129]. The distributions of molar mass, chemical 
composition and molecular microstructure can be addressed with LC-NMR 
[130]. Using on-line high-temperature SEC-1H-NMR not just the molar mass 
and copolymer composition of complex polyolefins could be studied, but 
also the microstructure and tacticity [131].  

Most of the reported LC-MS research dedicated to polymers involves “soft” 
MS-ionization techniques (i.e. little or no fragmentation of molecular ions). 
Electrospray ionization (ESI) and MALDI have been mostly explored. The 
ideal outcome of MS detection (with soft ionization) is direct information on 
the molecular-weight distribution of the polymers in each eluted fraction. 
SEC-ESI-MS allows the accurate determination of molecular-weight 
distributions of each component corrected for the chromatographic band 
broadening or secondary separation mechanisms [132,133]. LC-ESI with 
ion-trap MS yielded information on end-groups distributions in poly(methyl 
methacrylate) and poly(methyl methacrylate-r-butyl acrylate) [134]. LC 
coupled off-line with MALDI allowed the elucidation of polymer structure, 
as well as the type and number of end-groups [135].  
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With the increasing popularity of evaporative interfaces, such as the PTV, 
LC detection using Py-GC-MS has emerged as a novel attractive tool for 
polymer analysis. Py-GC-MS, when used on its own, exhibits low detection 
limits and a high precision and reliability. Moreover, the technique is 
capable of producing quantitative compositional data, such as the monomer 
ratio (see section 1.1.1.1).  

However, automation of the coupling of LC with Py-GC is not trivial. 
Classical Py-GC systems can accommodate very small sample quantities (2 
µL at most), which is extremely low in comparison with the volume of an 
average fraction eluted from a typical SEC system. This problem can be 
addressed by splitting the flow of liquid eluted from LC or splitting the flow 
of gas after evaporation of solvent. Transfer of complete LC fraction and 
controlled splitting of the gas flow (high only during solvent elimination; 
low during the pyrolysis step) is recommended for applications were low 
amounts of sample have to be determined. Splitting of the liquid phase is 
more difficult to control and it results not only in less solvent, but also in less 
analyte for Py-GC, which can be disadvantageous in case of trace analysis.  

An alternative approach is to use large volume injection (LVI), which can be 
performed using on-column or PTV injection. PTV allows injection of large 
volumes of solution with simultaneous (“concurrent” or “partly concurrent”) 
controlled evaporation of solvent. On-line LC×GC using a PTV-injector 
interface has been explored in the analysis of extremely complex mixtures of 
edible fats and oils [136]. Transfer of liquid into the PTV was assured using 
two types of interfaces, viz. a six-port switching valve or a dual-side-port 
syringe. The latter device can be used in combination with a GC (PTV) 
injector. Apart from its capacity to accommodate large injection volumes, 
the PTV also allows for pyrolysis (Optic4, up to 600 °C with 60 °C s-1). The 
first documented on-line coupling of a separation system with Py(PTV)-GC-
MS involved SEC in stop-flow mode using the dual-side-port syringe [137]. 
This syringe and an LC injection loop were mounted in and operated by a 
Focus XYZ (CombiPal) robotic autosampler.  

The possibilities of on-line SEC–Py-GC–MS were explored using complex 
terpolymers composed of similar monomers (methyl methacrylate; MMA, 
butyl acrylate; BA, caprolactone; CL). Quantitative information on the 
monomer concentrations in each SEC fraction were obtained using Py-GC-
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MS detection. Quantification was based on external calibration using 
homopolymers (described in detail in section 1.1.2.2). In another study, the 
monomer ratios of polycarbonates were determined as a function of 
molecular size using SEC-Py-GC-MS. Skipping the Py step (i.e. applying 
LVI-GC-MS) for late-eluting SEC fractions facilitated the quantitative 
determination of low-molecular-weight additives [137]. SEC-Py-GC-ToF-
MS has been also used for the identification and quantification of high-
molecular-weight stabilizers in polycarbonate [138,139]. 

Even when using LVI, only a percentage (up to 30%) of each fraction is 
usually transferred on-line to the Py-GC (or GC). The major part of the LC 
effluent is typically sent to an alternative, more conventional detector (e.g. 
UV, dRI, ELSD) to obtain synergistic information. Py-GC-MS has proven to 
be a very selective, precise (repeatable) and reliable detector after SEC 
separation of synthetic polymers [137,140,141].  

One obstacle to the on-line combination of LC with GC is the fact that 
temperature-programmed GC analysis is relatively slow. Isothermal GC, if 
applicable, would exhibit much shorter total analysis times, but the 
additional time required for Py in online LC-Py-GC significantly increases 
the analysis time of each fraction. For fractions with very low concentrations 
of polymer, cryo-focusing may be used prior to GC separation, but this also 
increases the analysis time. Consequently, on-line LC-Py-GC is usually 
realized in the stop-flow mode, where the LC flow is stopped for the time of 
the Py-GC run (injection, solvent evaporation, pyrolysis and GC separation) 
and the flow is resumed once the GC run is finished. Continuous flow LC 
may be possible using multiple storage loops. So far, real-time on-line 
operation of an LC-Py-GC system has not been described. 

Repeatedly stopping the flow of a SEC run potentially results in additional 
band broadening. The effect of the stop-flow time on peak broadening was 
tested for two polystyrene (PS) homopolymer standards (molecular weights 
2 kDa and 100 kDa). The band width increased much more for the low-
molecular-weight PS than for the high-molecular-weight standard, due to the 
much slower diffusion of the latter. However, the results obtained with the 
flow stopped for up to six hours still suggested a negligible effect on band 
broadening [137]. For different types of separations (e.g. interactive LC) and 
different analytes (e.g. chemically complex materials which require long Py-



Chapter 1 

 

 
48 
 

GC-MS runs) this would also need to be verified. LC fractions can also be 
collected and injected into a Py-GC-MS system in the off-line mode (LC/-
/Py-GC). Such an approach may help to improve the compatibility between 
LC and Py-GC-MS, for example by removing non-volatile salts, acids, and 
other reagents, which can influence the Py process.  

With off-line SEC/-/Py-GC-MS analysis of copolymers, the chemical 
composition could be measured as a function of molar mass and 
heterogeneities in the monomer distribution could be assessed. For example, 
ethyl and benzyl diazoacetate copolymers or N-vinyl-2-pyrrolidone-co-vinyl 
acetate copolymers [124,142] were studied in this way. Results were in good 
agreement with those obtained using SEC-UV-dRI, but SEC/-/Py-GC-MS 
proved much more sensitive to small variations.  

Small, gradual changes in chemical composition across the elution profile of 
poly(2-oxazoline) copolymers were observed using GELC/-/Py-GC-MS, 
revealing additional heterogeneity of the analysed copolymers [125]. 

SEC/-/Py-GC-MS was also used to determine the solubility of broadly 
distributed PS, which showed that low-molecular-weight chains have higher 
solubility than longer homologues [143]. Limits of detection obtained with 
SEC/-/Py-GC-MS were significantly lower than those achieved with SEC-
dRI or SEC-UV. Detection limits could be further lowered by cryo-focusing 
of the pyrolyzed fraction prior to GC separation. LC-Py-GC inherently 
removes solvent inferences, which results in lower detection limits in 
comparison with typical LC detectors (e.g. LC-dRI, LC-UV; depending on 
solvent and analyte). Low detection limits were also achieved by applying 
LC-FTIR with a solvent-evaporation interface [144]. 

Apart from the high sensitivity, a general advantage of LC combined with 
Py-GC in comparison with other hyphenated techniques is the good 
compatibility with typical LC mobile phases. In this sense, on-line LC-MS is 
expensive and much more restricted. A number of hyphenated systems are 
compared in Table 5. 

 



 

 

 

Table 5: Comparison of different hyphenated LC detection systems. 

Detection 
device Mode 

Type of LC 
Solvent 
compatibility 

Mobile phase requirements Sensitivity Quantification Relative cost 

IR 

Dispersive on-
line  

SEC 
TREF* 

Limited choice of solvents 
and polymers; limited 
spectral information (e.g. 
polyolefins) 

Low/Moderate Good Low/Moderate 

On-line FTIR SEC 
Isocratic LC 

Very limited choice and loss 
of spectral information Moderate 

Very difficult for LC-FTIR 
Reasonably good for 
“simple” (dispersive) LC-
IR detectors 

Moderate/High 

Off-line FTIR 
Solvent 
evaporation 
interface prior 
FTIR detection 

SEC 
Isocratic LC 
Gradient LC 
possible 

Off-line limited selection of 
mobile phases 

Significantly 
enhanced in 
comparison with on-
line LC-FTIR 

Very difficult, 
affected by the eluent 
composition used  

High 

NMR 

Off-line 

SEC 
Isocratic LC 
Gradient LC 
possible 

Off-line 
Solvent may be changed and 
analyte polymer concentrated 
prior to NMR. 
Automated off-line possible 
(e.g. with SPE trapping) 

Low especially 
13C-NMR 
Relatively high 
concentrations are 
required 

Quantitative (in principle). 
Correct integration of broad 
signals (e.g. statistical 
copolymers) may be 
challenging 

High 

On-line 

SEC 
Isocratic LC 
(gradients very 
difficult) 

Severe restrictions limited to 
not protonated solvents. 
Online when solvent 
suppression is used: trap 
column, SPE cartridge and 
mobile phase exchanger for 
deuterated strong 

Very low Difficult due to low S/N 
ratio and broad signals 

Very high 
(and limited 
flexibility) 



 

 

 

Table 5: Comparison of different hyphenated LC detection systems (continued). 

Detection 
device Mode 

Type of LC 
Solvent 
compatibility 

Mobile phase requirements Sensitivity Quantification Relative 
cost 

MS 

On-line 
SEC 
LC: 
(isocratic, 
gradient) 

ESI Online 
Recommended solvents (mobile 
phases): limited to volatile buffers. 
If mobile phase not compatible, 
post LC prior MS protonated mobile 
phase maybe added 

High 
Limited to polar 
molecules 
Only MALDI for 
non-polar 
polymers, (ESI-
MS can not be 
used) 

Relatively difficult. 
Discrimination of 
molecules due to different 
ionization efficiencies. 
Absolute amounts can not 
be determined due to high 
solvent flow eluting from 
LC (splitting requires) 

High 

Off-line 

MALDI Off-line 
Recommended solvents (mobile 
phases): no requirements, however 
matrix /analyte ratio adjustment 
maybe required 

MALDI 
Very difficult, repeatability 
is poor 

Py(PTV)-
GC-MS 

On-line SEC 
GELC 
(isocratic, 
gradient) 

On-line 
Recommended solvents (mobile 
phases): generally non-volatile, but 
also water can be injected. Inorganic 
salts may accumulate in the linear 
and/or influence pyrolysis process Very high Good quantification 

possible Low 

Off-line 

Recommended solvents (mobile 
phases): no requirements, off-line, 
may help with elimination of salts 
prior Py-GC-MS 

TREF; temperature rising elution fractionation 
S/N; Signal-to-noise  
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The liquid-chromatographic techniques described so far are applicable only 
to polymers that can be brought into solution. For non-soluble polymers 
different characterization methods are required. Pyrolysis methods (Py, Py-
GC, Py-GC-MS, etc.) are among the most successful approaches to the 
characterization of insoluble polymers. Py can also be used in conjunction 
with LC. Also, chemical degradation and modification reactions can be used 
to facilitate the characterization of non-soluble polymers. Thermal or 
chemical degradation or modification may result in soluble fragments 
suitable for LC analysis. In 1996 online Curie-point Py-LC-MS of lignin 
polymers was described, using both EI and CI ionization methods [145]. 
Using a ten-port switching valve, a pyrolysis unit was connected to the LC 
injection valve. Using pyrolysis and subsequent (cold) trapping of the 
pyrolysis products inside a glass column, pyrolysate fractions were 
generated that could subsequently be concentrated on a pre-column and 
analysed by LC-MS. This online Py-LC-MS method provided a repeatable 
method for the qualitative and quantitative analysis of insoluble polymers.  

The use of off-line and on-line Py-LC-MS (ESI) was explored for insoluble 
cross-linked polyacrylates [146]. The dissolution of pyrolysis products needs 
to be carefully optimized. 

 

1.2 Solubility of polymers 

Understanding the dissolution behaviour of polymeric materials requires 
knowledge of the maximum concentration that can be dissolved (i.e. the 
solubility in specific solvents and mixtures of solvents, at well-defined 
conditions of temperature and pressure) and the evolution of the 
concentration in the solution (i.e. the dissolution process). Other important 
properties of polymeric materials include extraction rates (and extracted 
amounts) and the rate and extent (degree) of degradation. Such properties are 
also strongly affected by the conditions (liquid or gaseous environments, 
temperature, electromagnetic radiation, etc.). Some examples in which 
polymer solubility is of critical importance include biomedical materials, 
such as permanent and temporary implants, drug-delivery systems, 
membranes, fuel and solvents lines, and certain polymer-recycling processes. 
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1.2.1 Dissolution (Kinetics) 

Polymer dissolution in a solvent or mixture of solvents is a kinetic process. 
Polymer molecules migrate into a solution at a rate that is highly dependent 
on the conditions (temperature, pressure, rate of agitation, etc.). In contrast 
to the often almost instantaneous dissolution of small molecules, the 
dissolution of large polymers is almost invariably a very slow process. Two 
parallel processes can be distinguished, i.e. solvent diffusion into the 
polymer structure and disentanglement of polymer chains, eventually 
followed by diffusion of the polymer into the solution. The dissolution of 
polymers in a good solvent depends on their chemical structure (including 
polarity, molecular weight, polydispersity, branching, degree of cross-
linking) and physical state (e.g. degree of crystallinity). There is ample 
evidence that the dissolution rate of polymers typically decreases with 
increasing molecular weight [147,143]. 

Dissolution rate has also been found to increase with increasing 
polydispersity. The greater the diversity in molecular weight between the 
different polymer molecules, the faster the polymer dissolves [147].  

There are several types of solid polymers that can be distinguished. One 
major difference is between crystalline (ordered) and amorphous solids. The 
other major distinction is between “soft” (rubbery) polymers and hard 
(“glassy”) polymers. The transition between these last two types occurs 
around a specific temperature, the transition temperature, Tg. Above Tg some 
movement of polymer molecules is possible, for example as a result of 
(mechanical) stress. Below Tg solid polymers are highly inflexible and 
polymer molecules barely move with respect to each other. Because of the 
limited movement of polymer molecules in the solid state, the transition 
between crystalline and amorphous state is (extremely) slow. One good 
example of a crystalline to amorphous transition that commonly occurs 
concerns the boiling of rice. Uncooked rice largely consists of crystalline 
polysaccharides. Boiling rice in water causes a transition to soft amorphous 
grains. 

Crystalline polymers typically dissolve more slowly than amorphous 
polymers. Rubbery polymers typically dissolve more quickly than glassy 
polymers. The type of polymer solid state in which a polymer is found will 
depend on the temperature (relative to Tg), on the polymer conformation, its 

http://pslc.ws/macrog/weight.htm
http://pslc.ws/macrog/xlink.htm
http://pslc.ws/macrog/xlink.htm
http://pslc.ws/macrog/crystal.htm
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chemical composition and even on the monomer arrangement in case of 
copolymers. For example, isotactic and syndiotactic polymers are very 
orderly and they can form crystals much more easily than atactic polymers. 
The latter will dissolve much more rapidly [147]. 

Another factor that has a major effect on the dissolution of polymers is the 
degree of cross-linking. Cross-linking by covalent or ionic bonding with 
other chains greatly strengthens and rigidifies the structure of a polymer, 
preventing polymer chains from migrating into solution. The greater the 
degree of cross-linking, the more insoluble the polymer becomes. Highly 
cross-linked polymers (or polymeric networks) are essentially insoluble. 

Dissolution rates of polymers can to a certain extent be modified by 
adjusting polymer-processing conditions, for example the addition of low 
molecular weight plasticizers [147]. The amount and type of residual solvent 
will have also effect on dissolution rate. 

Documented studies show that the dissolution rates decreases with 
increasing solvent size and increases when good solvents are mixed with 
small amounts of a non-solvent. Such a mixed solvent is thought to allow 
easier penetration of polymeric structures, accelerating the dissolution 
process [150,148]. 

Two major polymer-dissolution mechanisms have been described. The first 
one, called ‘normal dissolution’ involves the formation of a gel-like swollen 
layer between the solid polymer and the solution. This gel-like swollen layer 
gradually transforms into a true, molecular solution of relatively high 
viscosity. The other, less common type of polymer dissolution involves no 
gel formation. It starts with “cracking” of polymer chains, which are in 
contact with solvent and it results in the (uncontrolled) release of parts of the 
polymer molecule into the solvent (“eruption process”) [147]. Cracking 
occurred faster when a relatively low-molecular-weight solvent was used for 
dissolution of PMMA (tetrahydrofuran and methyl isobutyl ketone were 
compared) [149]. Papanu et al. published a study indicating that dissolution 
by cracking occurs below some critical molecular weight (in their case 
around 100 kg mol-1). Below this critical molecular weight the swollen layer 
is practically invisible [150]. 



Chapter 1 

 

 
54 
 

Several studies into different stages of ‘normal dissolution’ and formation of 
up to six layers from pure polymer to pure solvent, with separate swollen-
solid and gel layers, have been summarized by Miller [147]. Higher Mr 
polymers exhibit a higher degree of swelling and they form a thicker swollen 
layer in comparison with lower Mr polymers.  

Measurement of polymer dissolution can be achieved by direct monitoring 
during time of either the formation of layers or the amount of polymer in the 
solution.  

Several optical tools, including optical microscopy, interferometry and 
ellipsometry have been used to directly monitor layers and their formation. 
Optical methods, such as microscopy, may require addition of a colorant 
(solvent dye) in case the solvent and the sample are transparent. 
Interferometry measures interference lines from monochromatic light, which 
passes different solvent-polymer layers. Thus, it can only be applied for 
transparent films. Ellipsometric detection is based on measurement of the 
fluctuation intensity of the reflected light that passes through the polymer-
solvent system. Knowledge on the refractive index of analysed material in 
combination with ellipsometric measurements allows estimation of swelling 
and dissolution rates.  

However, optical techniques usually suffer from high detection limits and 
often from low precision. Usually also, a relatively large amount of material 
is needed for the analysis. 

The formation of layers during polymer dissolution usually complicates the 
reliable measurement of the amounts of polymer in solution. Swelling causes 
the formation (and increase over time) of a gel-like layer, until this gel-like 
layer reaches stationary state, when the rate of polymer dissolution equals 
the swelling rate. 

Without external action (temperature, agitation, irradiation) the dissolution 
process may take days or weeks. The risk of external action is that the 
original polymeric sample may be altered. For example, exposure to 
irradiation will stimulate a faster dissolution of a polymeric sample, but it is 
thought to lead to a significant decrease in molecular weight [151]. Agitation 
enhances the dissolution process by more rapidly removing the gel-like layer 
formed, thus allowing a faster release of polymer into solution. Sufficient 
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stirring prevents formation of a swollen layer, allowing easier measurement 
of the amount of polymer in solution. Reliable dissolution analysis requires 
very well-defined experimental conditions (temperature, pressure, rate of 
agitation or stirring, etc.), as well as information on the solid state (stiffness, 
shape, thickness of polymeric sample, etc.). 

Analytical methods used for measurement of polymer dissolution rates are 
described in section 1.2.3.  

 

1.2.2 Solubility (Thermodynamics) 

Solubility refers to the maximum amount of polymer (saturation level) that 
can be dissolved in a particular solvent or mixture of solvents under well-
defined conditions (temperature, pressure).  

The general principles of the solubility of small-molecule compounds are 
also applicable to complex polymers. For example, the rule of thumb that 
‘like dissolves like’, referring to the fact that similarity between the chemical 
structure and polarity of the solvent and the solute favours solubility, is 
equally valid. As an illustration, polar macromolecules, such as polyacrylic 
acid, poly(vinyl pyrrolidone) and polyvinyl alcohol, are soluble in water. 
Oppositely, polymers of low polarity, such as polyolefins, polystyrene, and 
poly(alkyl methacrylate)s, show affinity with low-polarity solvents. 
However, the polarity of the repeating unit may significantly contribute to 
intermolecular attractive forces between molecules and the cumulative 
overall interaction between large-chain molecules may greatly reduce the 
solubility. Such strong intermolecular interaction is, for example, 
encountered in high-molecular-weight polysaccharides.  

Solubility occurs when the solvent is able to overcome the cohesive forces 
within the polymer by inherent penetration into polymer structure. The 
forces between the solvent molecules and the polymer molecules must be 
stronger than those between polymer molecules in the solid, for the 
dissolution process to be successful – unless entropy comes to the rescue. 

The classic relationship described by Gibbs for the free energy of mixing 
(∆GM) governs solubility. 

∆GM = ∆HM - T∆SM        (1) 
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Where, ∆HM represents the (molar) enthalpy change upon mixing (i.e. the 
net sum of all energetic interactions associated with the dissolution process), 
∆SM represents the (molar) entropy change upon mixing and T is the 
absolute temperature. Spontaneous dissolution is expected when ∆GM is 
negative. A small entropy contribution to polymer dissolution indicates that 
changes in the Gibbs free energy upon mixing depend almost entirely on the 
enthalpy change (i.e. the heat of mixing). Intermolecular interactions, such 
as hydrogen bonding between solvent and polymer, may result in a negative 
enthalpy effect. However, strong hydrogen-bonding interaction also 
contributes to structural ordering in the solution, which reduces the gain in 
entropy upon mixing [161]. 

In order to describe the enthalpy change upon mixing, solubility parameters 
have been introduced. The solubility parameters are meant to predict the 
solubility of a polymer and a solvent or a mixture of solvents. According to 
solubility-parameter theory, solubility increases when the similarity of the 
solubility-parameter values of the polymer and the solvent increases 
(concurring with the ‘like dissolves like’ rule). The Hildebrand solubility 
parameter (δ) is defined as the square root of the cohesive-energy density. 
For low-molecular-weight, stable compounds (that can be evaporated 
without degradation), it can be approximated from the heat of evaporation.  

𝛿 = −�𝐸
𝑉
≈ −�∆𝐻𝑣

𝑉
       (2) 

Where, V is a molar volume, E represents the cohesive energy and ∆Hv 
represents the molar heat of evaporation. Heats of evaporation and the 
resulting solubility parameters of common solvents can be found in the 
literature [152]. For polymers degradation occurs before they evaporate, so 
that δ values need to be estimated using, for example, indirect measurements 
of polymer/solvent interactions in combination with theory. 

Hansen has extended the solubility parameter theory to account for three 
types of molecular interactions contributing to the cohesive energy [153]. 
Hansen solubility parameters (δTotal) are divided into dispersion (δD), polar 
(δP), and hydrogen-bonding (δH) contributions. 

𝛿Total
2 =  𝛿𝐷2 + 𝛿𝑃2 + 𝛿𝐻2        (3) 
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Hansen solubility parameters may allow for a better prediction of polymer 
solubility than Hildebrand solubility parameters, but a quantitative prediction 
of polymer solubility remains elusive.  

 

1.2.3 Techniques for measuring polymer solubility and dissolution 

Techniques for measuring polymer dissolution are essentially the same as 
those used to characterize polymer solubility, except that in the former case 
measurements are required in function of time. Methods that are fast and 
non-invasive (either in-situ or requiring very small samples) are most 
attractive for characterizing polymer dissolution.  

Information on the experimental conditions (such as temperature, pressure, 
rate of agitation or stirring), as well as on the solid state (molecular weight, 
etc.) is essential. Additionally, dissolution is likely to be affected by 
parameters of the specific sample, such as stiffness, shape and thickness of 
the polymeric object or particles. 

FTIR spectrometry can be used to study polymer dissolution 
[154,155,156,157]. The decrease in the intensity of the characteristic 
absorption bands of PS in the solid with time is related with the amount of 
polymer dissolved. The method is limited to certain types of polymers (with 
specific absorption bands) and solvents (which do not interfere). FTIR can 
also be used for measuring solubility, except in good solvents, where high 
concentrations of polymer will cause saturation of the IR signal. 

Monitoring of heat effects with calorimetry allows determining small 
changes in swelling during the dissolution process [158]. Calorimetry cannot 
be used for solubility measurements. Alternatively, but nowhere near as 
easily, the loss of weight of the residual (undissolved) fraction of the 
polymer may be measured using gravimetric analysis [159,160].  

Another way to study polymer solutions is by turbidity measurements. 
Turbid (cloudy) liquids indicate phase separation, i.e. precipitation of 
polymer from the solution. The temperature at which the transparency of the 
solution dramatically decreases at constant solvent composition is known as 
the cloud-point. The cloud-point can be also defined by the volume fraction 
of non-solvent at which a polymer solution becomes cloudy at constant 
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temperature. Studies have shown the usefulness of cloud-point data in 
relation to lower-critical-solution-temperature (LCST) behaviour in 
polymer/water mixtures [161,162]. Some authors have also suggested that in 
some cases cloud-point data are strongly related with the mechanism of 
retention in gradient-elution liquid chromatography of polymers [163,164]. 
However, other documented studies indicate a very limited precision of 
cloud-point measurement in comparison with the very subtle changes in 
retention volumes (and solution behaviours) that can be measured with LC 
[165]. Cloud-point measurements provide more qualitative rather than 
quantitative data on polymer solubility. They can be used to scan solubility 
in mixtures of solvents and non-solvents and to establish optimum 
temperature ranges for dissolving polymers [166,167]. 

Quantitative measurements of the amounts of polymer in solution can in 
principle be achieved using concentration-sensitive detectors, such as 
differential refractive index (dRI) detectors or ultraviolet (UV) 
spectrometers. Unfortunately, these methods are not very sensitive for many 
combinations of solvents and polymers and they can typically not be used to 
detect trace levels of polymer in solution. 

In the last few years Py-GC-MS has emerged as a sensitive, selective and 
reliable technique to study polymer solubility and dissolution [142,143]. 
Combination of SEC with Py-GC-MS allowed obtaining quantitative 
compositional information on the amount and molecular weight of dissolved 
polymer [143]. The biggest advantage of Py-GC-MS over other techniques 
used for determination of amounts of polymer in solution is that very low 
detection limits can be achieved. Additionally, Py-GC-MS reveals highly 
detailed information (e.g. on the monomer composition). One limitation of 
Py-GC-MS and Py-GC-FID for solubility studies is the restriction in 
possible solvents. Py-GC is basically only designed for volatile organic 
solvents. Many synthetic polymers dissolve well in simple organic solvents, 
such as dichloromethane, acetonitrile, tetrahydrofuran, or 2-propanol. 
However, many other polymers are designed to show little or no solubility or 
solubility in specific environments. For example, permanent medical 
implants are not meant to dissolve, while drug-delivery systems are meant to 
dissolve at a specific rate in specific parts of the body. The solubility of such 
polymers needs to be tested in conditions which mimic the physiological 
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system (e.g. highly acidic solvents, salts, buffers). Corrosive solvents (e.g. 
hydrochloric acid) can have a detrimental effect on Py-GC analysis and 
instrumentation. Thermally stable salts and non-volatile buffers will in 
theory be accumulated inside the injector or on the top of the GC column. 
For all these solvents the use of PTV injectors is the most attractive approach 
to Py-GC. Volatile acids (HCl) can be vented away before they enter the 
column, while changing the liner frequently is not an insurmountable 
problem. The potential effects of deposits in the liner on the pyrolysis 
products should be considered in deciding on how frequent liners should be 
changed. Py-GC-MS and Py-GC-FID with micro-furnace pyrolyzers have 
been used to evaluate the influence of several different inorganic salts on the 
types and concentrations of pyrolysis products of cellulose [168]. The 
presence of salts was found not to have a significant influence on the types 
of pyrolysis product formed, but significant changes in relative yields were 
observed. It should be noted that in these studies, the salt-containing 
cellulose solution was dried prior to Py-GC analysis. Additional interactions 
may occur when liquid solutions are injected. The influence of specific 
sample constituents (additives, acids, salts, etc.) should be evaluated for each 
specific application. 

 

1.3 Conclusions 

Pyrolysis is a destructive technique, which is widely used in the analysis of 
the thermal stability, degradation products, structure and composition of 
polymers, including additives and low-molecular-weight constituents. 

Py-MS permits fast analysis of relatively high-molecular-weight compounds 
formed during thermal degradation. However, a large number of thermal 
fragments generated by pyrolysis of macromolecules often necessitate 
additional separation prior to MS detection. Complex mixtures of relatively 
low-molecular-weight pyrolysis products are usually separated using GC. 
The great diversity of available detectors for GC allows selective and highly 
sensitive detection. MS in conjunction with Py-GC provides unique 
information on the identity of individual pyrolysis fragments, allowing the 
study of pyrolysis mechanisms and polymer microstructure and the 
establishment of quantitative relationships between the amount of the 
injected polymer and relevant pyrolysis products. Optimization of pyrolysis 
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conditions can be achieved using MS detection, as well as TCD or FID. 
More specific/selective detectors, such as AED, TSD, NPD or SIM (MS), 
record only compounds of interest, leading to significant improvement of 
detection limits by elimination of the background signal. Polar polymers, i.e. 
polymers that yield highly polar pyrolysis products or extractables, require 
thermochemolysis to make Py amenable with efficient CG separation. 
Quantitative pyrolysis and thermochemolysis are performed in a PTV 
injector. Components in the pyrolysate are identified using capillary GC-MS. 
The PTV allows an automatic introduction and quantitative analysis of 
(dilute) liquid solutions of polymers. By injecting large volumes and by 
using cryo-focussing at the top of the column, extremely low detection limits 
can be achieved. LC or SEC used on-line or off-line in combination with 
Py(PTV)-GC-MS proved to be quantitative, highly sensitive, and relatively 
low-cost methods to study chemical composition, heterogeneities as a 
function of elution time, and molar mass, respectively. 

Quantitative Py(PTV)-GC-MS, used on its own or in combination with LC 
(SEC), allows the analysis of polymer solubility and dissolution. 
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1.4 Scope of the thesis 

The objective of the work described in thesis has been to develop new, 
reliable, fast, and quantitative methodology to measure polymer solubility 
and dissolution, especially in poor solvents, where the concentration levels 
can be very low. In particular methods based on pyrolysis in programmed-
temperature vaporization (PTV) injectors have been investigated. 

Chapter 1 reviews the different strategies and analytical techniques used for 
characterization of polymeric materials, with emphasis on solubility and 
dissolution processes of polymers. In particular methods based on 
quantitative pyrolysis and their applications in combination with other 
techniques are discussed. 

In chapter 2 a detailed examination of poly(2-oxazoline)s is described. This 
chapter describes a very good example of how the multi- dispersed nature of 
polymers complicates their characterization. A number of separation 
techniques, used either in conjunction or in hyphenated systems, have been 
explored. These included pyrolysis (Py), gas chromatography (GC), mass 
spectrometry (MS), gradient-elution liquid chromatography (GELC), size-
exclusion chromatography (SEC) and matrix-assisted laser 
desorption/ionization time-of-flight (MALDI-ToF) MS. A number of in 
advanced polymer-characterization methods were developed, including Py-
GC-MS, GELC/-/Py-GC-MS, GELC/-/MALDI-ToF-MS and GELC/×/SEC.  

Chapter 3 describes the principles of quantitative Py-GC-MS and SEC/-
/PyGC-MS in the analysis of polymers. The study is aimed at a relatively 
simple, commercially available polydisperse polystyrene (PS) sample. Direct 
Py-GC-MS and SEC/-/PyGC-MS are explored tools to study the solubility of 
PS in mixtures of solvents, ranging from good solvents to non-solvents. The 
quantitative-pyrolysis techniques are critically compared with conventional 
methods, such as SEC in combination with UV spectroscopy or differential-
refractive-index detection. 

In chapter 4 the quantification and characterization of N-vinyl-2-pyrrolidone 
(VP) and vinyl acetate (VA) copolymers using Py methods is discussed. This 
chapter describes the optimization and development of fully automated Py-
GC-MS for monitoring dissolution rates of various VP/VA copolymers in 
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water. Py-GC-MS allows observing the content of both monomers (VP and 
VA) at each time point during the dissolution process. 

Fully automated, fast, accurate, robust Py-GC-MS measurements to study 
solubilities of various alkyl methacrylate homo- and copolymers are 
developed and described in chapter 5. The amounts of dissolved poly(methyl 
methacrylate) (PMMA), poly(butyl methacrylate) (PBMA) and various 
copolymers of PMMA and PBMA (PMMA-co-BMA) were measured in 
series of mixed aqueous/organic solvents across a range of different ratios. 
The obtained data were used to estimate solubility parameters of the 
homopolymers. 
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Abstract 

Detailed characterization of synthetic polymers often requires multiple 
advanced separation technologies since the various molecular distributions 
present, such as polymer molar mass, chemical composition, functionality 
distributions, etc. are generally mutually dependent. The complexity of 
polymeric materials necessitates the use of a variety of analytical methods, 
either in conjunction or in integrated (“hyphenated”) systems. 

Poly(2-oxazoline) homo- and copolymers with two different side groups 
rendering the systems hydrophobic, i.e. phenyl and dec-9-enyl substituents, 
synthesized by living cationic ring-opening polymerization, were 
investigated. The average chemical composition obtained by pyrolysis-gas 
chromatography-mass spectrometry (Py-GC-MS) corresponded well with 
the theoretical composition. The chemical-composition distribution was 
studied with gradient-elution liquid chromatography (GELC) using water 
and tetrahydrofuran as mobile-phase components. Statistical copolymer 
samples – in contrast to their block copolymer analogues – revealed two 
well-separated peaks in GELC. By combining GELC with size-exclusion 
chromatography (SEC) it was confirmed that the GELC separation was not 
based on differences in molar mass. A more likely explanation of the GELC 
results is the presence of an ionic fraction in the samples of statistical 
copolymers, resulting from either chain-transfer reactions or termination by 
addition of water. This hypothesis was confirmed with capillary 
electrophoresis. 
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2.1 Introduction 

Synthetic polymers are generally complex mixtures of macromolecules, 
because they are prepared using statistical polymerization methods leading 
to variations in molar mass, chemical composition, architecture, 
microstructure, etc. The molecular distributions of synthetic polymers can be 
characterized by numerous forms of liquid chromatography (LC). Dependent 
on the selected LC separation mechanism, information on different 
distributions can be obtained. Exclusion phenomena are used in size-
exclusion chromatography (SEC, pore exclusion) or hydrodynamic 
chromatography (HDC, surface exclusion) to determine molar mass 
distributions. “Interactive LC” (i-LC), based on interactions between the 
polymer analyte and the mobile and stationary phases through adsorption, 
partitioning or precipitation phenomena, is typically applied to determine the 
chemical composition (monomer ratio) and/or the functionality (end groups 
or side chains) of polymers [1]. However, it can be difficult to limit an LC 
separation to strictly one mechanism. For example, molar mass is often 
affecting separations by i-LC. The effect of molar mass on separation can be 
minimized using LC under very specific isocratic (“critical”) conditions or, 
in case of high-molar mass polymers, by using relatively fast solvent 
gradients (so-called pseudo-critical conditions) [2-5]. In general, the 
influence of the molar mass decreases with increasing molar mass in 
gradient-elution LC (GELC) of polymers [6]. Above a certain molar mass 
(dependent on the type of polymers, the non-solvent /solvent combination, 
and the gradient program) the influence of the polymer molar mass on the 
GELC separation is negligible. For example, for styrene-butadiene 
copolymers in acetonitrile/tetrahydrofuran (ACN/THF) gradients Cools et al. 
found the molar mass effect to disappear above a molar mass of about 
100 kg mol-1 [7]. For low-molar-mass polymers, the effect of molar mass on 
retention is much more significant. For example, Philipsen et al. found an 
almost linear dependence between the square root of the molar mass and the 
percentage of strong solvent at the moment of elution [8].  

Polymeric materials have distributions in many dimensions, such as size, 
composition and functionality, which are very often mutually dependent. As 
a consequence, it is impossible to fully characterize a polymer using a single 
separation mechanism, such as LC or SEC. To completely characterize two 
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dependent distributions the combination of two different separation 
mechanisms are required. This can be conveniently done in a 
multidimensional chromatographic system. Often the first dimension 
exhibits a separation according to chemical composition or functionality, 
while the second dimension separates the molecules based on their size 
(molar masses). Such comprehensive two-dimensional separations (denoted 
by LC×LC or, in this case LC×SEC) can be realized in either the off-line or 
the on-line mode. In a number of cases LC×SEC has shown to provide a 
very good insight into the molecular distributions of a complex polymeric 
sample. For example, Jiang et al. separated (end-) functional acrylates by 
approaching critical conditions in an LC×SEC set-up [9]. 

For the characterization of polymers, pyrolysis-gas chromatography (Py-GC) 
plays a different role than the liquid-chromatographic methods. Py-GC (or 
Py-GC-MS) can be used to determine the average molecular composition of 
a (very small) polymeric sample. More than ten years ago Haken published 
extensive bibliographies on the application of Py-GC for characterizing 
synthetic polymers and coating materials [10,11]. Py-GC has become a 
routine tool for the identification and, lately, the quantitative analysis of 
synthetic polymers. Py-GC has been used to study the average ratios of 
monomers in various copolymers (see, for example [12-15]), but also to 
study the microstructure (e.g. monomer-sequence distributions) [16-18]. 
Quantitative Py-GC-MS has also been used to study the dissolution kinetics 
of N-vinyl-2-pyrrolidone-vinyl acetate copolymers in water [12]. The main 
advantages of Py-GC-MS over other common techniques, such as 1H NMR 
spectroscopy, are the low cost and the high sensitivity. Very small amounts 
of polymer (pg or even fg quantities) of polymer can be analysed both as 
solids or in solution. 

In recent years the combination of LC with Py-GC-MS has emerged as a 
sensitive, selective and reliable technique to study polymers [12,13,19,20]. 
Coupling of different modes of LC with Py-GC-MS provides quantitative 
compositional information on the monomer ratio at each time point across 
the elution profile of copolymers [21].  

Capillary (zone) electrophoresis (CE or CZE) has great potential for the 
separation of synthetic polymers with ionic or ionizable groups [22,23]. 
Separation in CE is based on differences in migration velocity of ionic 
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analytes under the influence of an applied electrical field, whereby 
molecules are separated according to their size-to-charge ratio. Since the 
migration rate in CE is related to the molecular size, CE can be used as an 
alternative to SEC to determine molar masses and polydispersity index 
values of (macro-)molecules with a fixed charge [24,25]. Furthermore, CE 
can be used to separate polymers according to their (charged) functionality 
(end-groups) [26].  

Poly(2-oxazoline)s are a class of synthetic tertiary amide polymers, that have 
attracted significant interest in the scientific world during the last forty years. 
Since their structure resembles that of peptides or proteins, poly(2-
oxazoline)s are potentially very promising materials for a variety of 
applications, especially in the biomedical field. Biocompatibility of 
hydrophilic poly(2-oxazoline)s (with methyl- or ethyl- side arms) has been 
demonstrated by several studies [27,28]. However, a limited number of 
scientific studies focused on the detailed characterization of poly(2-
oxazoline)s. Only very recently, LC at critical conditions was first reported 
in conjunction with matrix-assisted laser-desorption/ionization (MALDI) 
MS [29]. In the present work, we initially used one-dimensional LC to 
characterize poly(2-oxazoline)s with hydrophobic side arms (Fig. 1), which 
are insoluble in water but soluble in common organic solvents, such as 
tetrahydrofuran. However, this proved to be more difficult than expected, 
because two peaks were observed in GELC for various statistical 
copolymers and one type of homopolymers. The copolymers also revealed 
bimodal distributions in SEC. To understand the origin of these complex 
distributions a number of separation techniques had to be jointly deployed, 
resulting in an important case study for advanced polymer-characterization 
methods. 
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Figure 1: Schematical representation of the chemical structures of the studied poly(2-
oxazoline)s. From the left poly(2-phenyl-2-oxazoline), poly(2-(dec-9-enyl)-2-oxazoline) and 
the copolymer. 

 

2.2 Experimental 

2.2.1 Instrumentation 

Py-GC-MS analyses were performed on a Shimadzu (Kyoto, Japan) GCMS-
QP2010plus instrument, equipped with an Optic-3 PTV (programmed-
temperature vaporization) injector (ATAS GL, Veldhoven, The Netherlands) 
and a Focus XYZ robotic autosampler (ATAS). 

GELC and SEC were performed on a 2690 Alliance HPLC Separations 
Module (Waters, Milford, MA, USA) coupled to a PL-ELS 1000 evaporative 
light-scattering detector (ELSD) from Polymer Laboratories (now part of 
Agilent; Church Stretton, U.K.) or – in case of SEC – to an RID-10A 
differential-refractive-index detector (dRI), (Shimadzu). The HPLC system 
was also combined with an on-line Fraction Collector II (Waters). The later 
module was used to realize off-line gradient elution liquid chromatography-
pyrolysis-gas chromatography-mass spectrometry (GELC/-/Py-GC-MS) and 
off-line comprehensive two-dimensional (gradient elution liquid x size 
exclusion) chromatography (GELC/×/SEC). 

Capillary electrophoresis (CE) was performed on an HP 3D CE system from 
Agilent (Waldbronn, Germany) equipped with a UV-VIS diode-array 
detector (DAD). Detection was performed at 220 and 254 nm. 

Matrix-assisted laser-desorption/ionization time-of-flight mass spectrometry 
(MALDI-ToF-MS) measurements were carried out on a Kratos Axima CFR 
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apparatus (Shimadzu, 's-Hertogenbosch, The Netherlands), equipped with a 
nitrogen laser (λ = 337 nm), operating at a pulse repetition rate of 10 Hz. 
Positive ion spectra were recorded in reflectron mode, accumulating at least 
300 acquisitions. Ions were accelerated at 20 kV, applying a pulsed 
extraction delay time optimized per sample (2, 4 or 7 kg mol-1). The 
instrument was externally calibrated and monitored by standard peptide and 
PEG solutions in the mass range 1 to 7 kg mol-1. 

 

2.2.2 Samples and materials  

2-(Dec-9-enyl)-2-oxazoline was synthesized according to a previously 
reported procedure [30]. Poly(2-(dec-9-enyl)-2-oxazoline) (polyDecEnOx20, 
polyDecEnOx40, polyDecEnOx60) and poly(2-phenyl-2-oxazoline) 
(polyPhOx20, polyPhOx40, polyPhOx60) homopolymers with different molar 
masses, as well as statistical copolymers (polyPhOx20-stat-DecEnOx40, 
polyPhOx40-stat-DecEnOx20) and block copolymers polyPhOx20-b-
DecEnOx40, polyPhOx40-b-DecEnOx20) were prepared by living cationic 
ring-opening polymerization (CROP) (see section 2.5.1 - 2.5.3) according to 
literature protocols [31]. 

HPLC-S grade tetrahydrofuran (THF) from Biosolve (Valkenswaard, The 
Netherlands) was used to dissolve the samples and as a mobile-phase 
component in GELC. 0.02-0.03%, (w/w) of 99.8% pure 2,6-di-t-butyl-4-
methylphenol (BHT) from Acros Organics (Geel, Belgium) was used to 
stabilize the THF. HPLC grade chloroform (CHCl3) stabilized with ethanol 
(0.5-1%) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 99.5% 
(GC grade). Triethylamine (TEA; Sigma-Aldrich) was used as mobile-phase 
additive in the SEC experiments. Polystyrene (PS) and poly(methyl 
methacrylate) (PMMA) standards, purchased from Polymer Laboratories, 
were used to calibrate the SEC-dRI system. Highly pure water, used as the 
mobile-phase component in GELC, was obtained from an Arium 611 
Ultrapure (18.2 MΩcm) Water System (Sartorius, Göttingen, Germany). 
ULC/MS grade acetonitrile (ACN) and “extra dry” toluene (used in CE 
experiments) were purchased from Biosolve. Lithium perchlorate (LiClO4) 
used in the CE experiments was obtained from Sigma-Aldrich. 2-[(2E)-3-(4-
tert-Butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) and 
sodium trifluoroacetate (NaTFA) used in the MALDI-Tof-MS experiments 
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were obtained from Sigma-Aldrich. 2-Phenyl-2-oxazoline and methyl 
tosylate were purchased from Acros, distilled to dryness over barium oxide 
(BaO) and stored under argon. 

 

2.2.3 Injection and pyrolysis 

For direct Py-GC-MS measurements of the copolymer composition, 10 µL 
of sample solution were injected into the PTV. The initial (injection) 
temperature of the PTV was 40 °C; the solvent-elimination step was 
performed at 140 °C for 60 s. The split flow was 150 mL min-1 during 
solvent venting and 10 mL min-1 during pyrolysis and sample transfer 
(150 s), after which it was increased to 75 mL min-1. After solvent 
elimination the PTV injector was heated from 140 to 550 °C at 30 °C s-1. 
The temperature for the thermal conversion was optimized by testing 
different temperatures, namely 400 °C, 450 °C, 500 °C, 550 °C, and 600 °C. 

 

2.2.4 Gas-chromatographic analysis and mass spectrometry  

All GC analyses were performed on a 30 m × 0.25 mm i.d. TC-5MS column 
(5% phenyl-methylpolysiloxane; GL Sciences, Tokyo, Japan) with a film 
thickness of 0.25 μm, using helium as carrier gas at a flow rate of 
1.6 mL min-1. The GC oven was programmed from 60 °C (2 min hold) to 
320 °C at 30 °C min-1. The mass spectrometer was used in the full-scan 
mode. Electron-ionization mass spectra were obtained across the range  
of 40 to 400 Da at 70 eV.  

 

2.2.5 Size-exclusion chromatography with dRI detection 

All SEC separations were performed using a set of two MIXED-D (300 × 
7.5 mm, 5 µm) columns (Polymer Laboratories) in series at 45 °C. Two 
types of mobile phases were used: THF stabilized with BHT and chloroform 
stabilized with ethanol and containing triethylamine (TEA; 4% v/v) as an 
adsorption suppressor. The eluent flow rate was always 1.0 mL min-1. The 
SEC system was calibrated using 30-µL injections of 2.5 mg mL-1 solutions 
of PS and PMMA standards (see section 2.5, Table S1). Data were recorded 
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and processed using Empower 2 software (Waters). Molar-mass distributions 
(MMD) were calculated from the chromatographic peaks using software 
written in-house in Excel 2003 (Microsoft). 

 

2.2.6 GELC with evaporative light-scattering detector 

All GELC experiments were performed on an Eclipse DBX-C18 reversed-
phase column (Agilent, 150 × 4.6 mm i.d., 5-µm particle size). GELC 
separations were carried out at a flow rate of 1 mL min-1 and at 35 °C, 
running a gradient from pure water (3 min hold) to pure THF (5 min hold) in 
32 min (gradient slope 3.125% min-1). All samples were dissolved in THF in 
concentrations of approximately 3.5 mg mL-1. 10 µL of each sample were 
injected.  

After running each gradient, the mobile-phase returned to initial conditions 
in 2 min. Column re-equilibration was ensured by washing with six column 
volumes of starting eluent. Potential carry-over was eliminated by 
performing analysis of blank THF before every single analysis. The 
evaporator-tube temperature for the evaporative light-scattering detector 
(ELSD) was set at 90 °C and the nebulizing-gas (nitrogen) flow rate was 
1.0 L min-1. 

 

2.2.7 Two-dimensional off-line GELC/×/size-exclusion chromatography 
(SEC) 

When two liquid-chromatographic techniques are combined in a 
comprehensive two-dimensional LC system the conventional abbreviation 
LC×LC is used [32]. When the combination is realized by off-line coupling 
it is denoted as LC/×/LC. 

For off-line GELC/×/SEC the GELC conditions were identical to those 
specified in section 2.2.6. Fractions of 250 μL were collected from the 
effluent of the C18 column. The collection process was repeated five times, 
with five different injections in GELC. The combined fractions (1,250 μL) 
were dried in a vacuum oven at 35 °C and re-dissolved in 200 µL of THF. 
50 μL of these fractions were injected into the SEC system using stabilized 
THF as a mobile phase. For SEC conditions see section 2.2.5. 
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2.2.8 Off-line GELC-Pyrolysis-gas-chromatography-mass spectrometry 

For GELC/-/Py-GC-MS, 10 μL of a sample solution (3.5 mg mL-1) were 
subjected to a gradient-elution separation as described in section 2.2.6. 
Fractions of 250 μL of the effluent of the C18 column were collected and 
10 μL of each fraction were injected into the Py-GC-MS system. For Py-GC-
MS conditions see section 2.2.3 and 2.2.4. 

 

2.2.9 Capillary electrophoresis (CE) 

Fused-silica capillaries of 75 µm i.d. were obtained from Polymicro 
Technologies (Phoenix, AZ, USA). The total length of the capillaries was 
0.50 m with the detection window at 0.415 m. Samples were injected 
hydrodynamically (3,000 Pa × 3 s). The applied voltage was 30 kV. During 
separations 800 Pa pressure were applied at the capillary. The background 
electrolyte (BGE) was a mixture of THF:ACN (80:20, v:v) containing 5 mM 
LiClO4. The capillary was flushed before and after each separation for 2 min 
with sample solvent (THF:ACN 80:20) and then for at least 1 min with the 
BGE. Sample solutions were prepared by adding ACN and LiClO4 to the 
polymer solution in THF. The final polymer concentration was 3.2 mg mL-1. 

 

2.2.10 Matrix-assisted laser desorption/ionization (MALDI) time-of-
flight (ToF) mass spectrometry (MS) 

For off-line GELC/-/MALDI-ToF-MS the GELC conditions were identical 
to those specified in section 2.2.6. Fractions of 500 μL were collected from 
the effluent of the C18 column. The collection process was repeated five 
times, with five different injections in GELC. The combined fractions 
(2,500 μL) were dried in a vacuum oven at 35 °C and re-dissolved in 30 µL 
of THF. 20 µL of sample solution were mixed with DCTB (final 
concentration 10 mg mL-1) and NaTFA (final concentration 0.05 mg mL-1). 
1 µL aliquots of the final mixture were spotted and air-dried on a stainless-
steel MALDI well plate. 
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2.3 Results and Discussion 

2.3.1 Quantitative Pyrolysis-GC-MS 

In the first series of experiments all homopolymers were analysed by Py-
GC-MS.  

Pyrolysis of all homopolymers yielded single, clearly defined fragments, as 
illustrated in the (extracted-ion) pyrogram of a polymer “blend” (mixture) in 
Fig. 2A. In case of polyPhOx, monomeric 2-phenyl-2-oxazoline (PhOx) was 
observed at m/z 147, but the most abundant fragment in the mass spectrum 
(see section 2.5, Fig. S1A) was found at m/z 117. In case of polyDecEnOx 
the monomer was not observed in the chromatogram (see section 2.5, 
Fig. S1B). The dominant peak showed a main fragment at m/z 85, whereas 
the monomeric unit has a relative molar mass of 209. Apparently breakdown 
of the monomeric unit into smaller fragments took place either during 
pyrolysis or in the ionization source of the mass spectrometer. For 
quantification the most-abundant ions in the Py-GC-MS chromatograms (m/z 
117 for polyPhOx and m/z 85 for polyDecEnOx; as shown in Fig. 2A) were 
used. Calibration lines were constructed by injecting various amounts of the 
individual homopolymers and a number of “blends” (mixtures of the two 
homopolymers, i.e. polyPhOx40 and polyDecEnOx20). The calibration curves 
(Fig. 2B) show that the sensitivity was not affected by the presence of a 
second homopolymer. Therefore it was assumed that equal sensitivities will 
also be obtained for the two monomeric units in the copolymers, although 
we could not obtain direct evidence for this due to a lack of reference 
(‘standard’) copolymers of accurately known composition. 

 

 
Figure 2: Overlaid extracted-ion chromatograms (EIC; m/z: 117 and 85) (A) and calibration 
curves (B) of polyPhOx40 (solid line) and polyDecEnOx20 (dotted line) obtained using Py-
GC-MS (conditions see section 2.2.3, 2.2.4). GC conditions: 60 ºC (2 min hold) to 320 ºC at 
30 ºC min-1. Dots in Fig. 2B indicate calibration points obtained for homopolymers; asterisks 
indicate calibration based on blends of homopolymers. 
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In order to explore the applicability of homopolymers as standards for 
quantitative Py-GC-MS, identical weights of homopolymers of polyPhOxn 
and polyDecEnOxn with different numbers of monomer units (n = 20, 40 and 
60) were injected into the Py-GC-MS system. Each sample was injected five 
times. The obtained peak areas for equal masses of the same type of 
homopolymers with different numbers of monomeric units, were identical. 
The obtained relative standard deviations (RSD’s) were 4.1% and 4.4% for 
polyPhOx and polyDecEnOx, respectively. Across the range studied, the 
molar mass was found to have no significant influence on the pyrolysis 
process (see calibration curves). 

Monomer ratios of copolymers were obtained from Py-GC-MS data, based 
on the calibration curves of Fig. 2B. Some representative results are shown 
in Table 1. Comparable results for other copolymers are shown in Table S2 
(section 2.5). Good agreement between the experimental Py-GC-MS and the 
stoichiometric composition of the reaction mixtures was observed 
demonstrating the potential of Py-GC-MS for estimating the molecular 
composition of the copolymers. It should be noted that the stoichiometric 
composition is not necessarily exactly equal to the actual composition of the 
copolymer, because different reactivities of the monomers may result in a 
“product” composition that differs from the “feed” composition [33]. 
Nonetheless, in this work the CROP was driven to more than 97% monomer 
conversion leading to a similar product composition as the stoichiometric 
composition. Since literature suggests that CROP of poly(2-oxazoline)s is 
very well controlled it may be assumed that the product composition will 
also be equal for the individual polymer chains [29,34,35]. Based on the 
good agreement between the obtained Py-GC-MS compositions and the 
stoichiometric composition (Table 1) it can be concluded that Py-GC-MS is 
a useful tool to estimate the chemical composition of poly(2-oxazoline)s. All 
Py-GC-MS experiments were repeated in triplicate and the RSD did not 
exceed 4%. 
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Table 1: Comparison of mass ratios of monomers (PhOx, DecEnOx) in various copolymers 
obtained by Py-GC-MS. Stoichiometric composition values were calculated from the 
stoichiometric composition of the reaction mixture. 

 Py-GC-MS  stoichiometric composition 
(feed ratios) 

% PhOx % DecEnOx  % PhOx % DecEnOx 
polyPhOx40-stat-DecEnOx20 60.5 39.5  58.6 41.4 
polyPhOx40-b-DecEnOx20 61.1 38.9  58.6 41.4 
polyPhOx20-stat-DecEnOx40 22.7 77.3  26.1 73.9 
polyPhOx20-b-DecEnOx40 29.2 70.8  26.1 73.9 

 

2.3.2 Size-exclusion-chromatography 

Size-exclusion-chromatography separates macromolecules according to their 
size in solution (see e.g. [36]). Tetrahydofuran is one of the most commonly 
used solvents in organic SEC of polymers, but chloroform with triethylamine 
and 2-propanol additives (94:4:2 by volume) is also frequently used for 
determining the molar masses of poly(2-oxazoline)s with alkyl side chains to 
suppress column interactions [37-40]. In this study SEC was performed in 
two sets of solvents (THF and CHCl3 with TEA), to help understand the 
nature of the samples. In order to obtain precise and accurate molar-mass 
data, the chemistry and architecture of the standards should be identical to 
that of the analytes. In case of poly(2-oxazoline)s, such standards do not 
exist. Therefore, narrow PS and PMMA standards were used in these 
studies. There was no distinguishable difference between the calibration 
curves for these two particular sets of standards in CHCl3/TEA (data not 
shown) indicating that adsorption was negligible.  

SEC separation of poly(2-oxazoline)s in both solvents used (Fig. 3 for THF; 
Fig. 4 for CHCl3/TEA) showed similar elution profiles. SEC profiles for 
homopolymers of polyPhOx and polyDecEnOx are shown in Fig. 3A and 
4A. In both solvents approximately Gaussian peaks (corresponding to log-
normal distributions) were obtained for all molar masses. Comparison of 
Fig. 3A and Fig. 4A shows that the polyDecEnOx homopolymers have 
similar elution times in both solvents. Calibration with PS standards yielded 
similar molar masses (Table S3). In contrast, the polyPhOx homopolymers 
eluted much later with THF as mobile phase and the calculated molar masses 
were much lower. This either indicates that polyPhOx is adsorbed on the 
column when THF is used as eluent or that the polymers have different 
hydrodynamic volumes in the two solvents used. Because the polydispersity 
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indexes are similar in both solvents the later explanation seems more likely. 
Copolymers with higher PhOx contents (polyPhOx40-b-DecEnOx20, 
polyPhOx40-stat-DecEnOx20) also elute later in THF than in CHCl3/TEA. 
The CHCl3/TEA mixture is obviously a better solvent (compare Fig. 3B and 
Fig. 4B). The elution profiles of all copolymers (Fig. 3B, 4B) were distinctly 
non-Gaussian, with shoulders present at the low- and/or high ends of the 
distributions. Most of the copolymer samples reveal the prominence of a 
high-molar mass fraction at shorter elution volumes. The only exception is 
polyPhOx40-b-DecEnOx20, which showed prominence of lower molar mass 
species. Both observations are indications for side reactions occurring during 
polymerization, i.e. chain-transfer, chain-coupling and termination [35,41]. 
 

 
Figure 3: SEC in THF. A; Starting from the left, polyDecEnOxm, m = 60, 40, 20 (dashed 
lines) and polyPhOxn (solid lines), n = 60, 40, 20 and calibration line obtained from PS 
standards. B; polyPhOx40-stat-DecEnOx20 (black, dashed line) polyPhOx40-b-DecEnOx20 
(red/ grey, dashed line), polyPhOx20-stat-DecEnOx40 (black, solid line), polyPhOx20-b-
DecEnOx40 (red/ grey, solid line) copolymers.  
 

 
Figure 4: SEC in CHCl3 with TEA. A; PolyDecEnOxm, m = 60, 40, 20 (dotted lines) and 
polyPhOxn (solid lines), n = 60, 40, 20 and calibration line obtained from PS standards. B; 
polyPhOx40-stat-DecEnOx20, (black, dashed lines), polyPhOx40-b-DecEnOx20 (red/ grey, 
dashed lines), polyPhOx20-stat-DecEnOx40 (black, solid line), polyPhOx20-b-DecEnOx40 (red/ 
grey, solid line) copolymers. 
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2.3.3 Gradient-elution liquid chromatography 

In GELC of polymers the initial conditions are such that the polymer is 
either precipitated (due to poor solubility) or fully adsorbed (due to low 
elution strength of the initial mobile phase). In the present case cloud-point 
measurements (not shown) suggested that precipitation is the prevailing 
mechanism. The main factor determining the retention of polymers is their 
chemical composition, although there may also be some confounding effects 
of the molar mass. Fig. 5 shows a series of overlaid gradient-elution 
chromatograms of PhOx and DecEnOx homopolymers. With the gradient 
running from water to THF, the more polar PhOx homopolymers elute first 
(just before tR = 30 min). The broadest signal represents the polymer with the 
lowest molar mass. The peak broadening towards low retention reflects the 
typical behavior of low molecular-weight polymers in GELC (see e.g. ref. 
[42]). The band broadening on the high-retention side is less severe, but also 
less expected. The less-polar DecEnOx homopolymers elute between 35 and 
36 min (see Fig. 5). However, several additional, earlier peaks were 
observed, which was unexpected for a homopolymer. A difference in 
retention times of one or several minutes (corresponding to 3 to 6% less THF 
in water for the earlier peaks) can hardly be caused by a difference in end-
groups resulting from attack of the terminating water on the 5-position or the 
2-position of the oxazolinium living chain-end resulting in a hydroxyl (-OH) 
or an ester end group, respectively [29]. It was verified by off-line 
comprehensive two-dimensional LC×SEC experiments (see section 2.5, Fig. 
S2) that the early eluting peaks did not differ substantially from the main 
peak in terms of molar masses. The ratio of the peak areas of the first and 
second peak and the “main” peak at 35.5 min is significantly different for the 
homopolymers of different molar mass. As in the case of polyPhOx, the 
greatest selectivity (i.e. largest differences in retention times) is observed for 
the polymer with the lowest molar mass. The early eluting peaks are smallest 
for this polymer. The higher the molar mass, the higher the early eluting 
peaks became.  

Fig. 6 shows GELC traces obtained for copolymers measured under the 
same conditions as the homopolymers of Fig. 5. As expected, the 
copolymers elute in a range limited by the respective homopolymers (about 
30 < tR < 35.5 min; see Fig. 5). The two block copolymers show single peaks 
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in Fig. 6. These are fairly broad, suggesting a rather broad distribution in 
chemical composition. Broad chemical-composition distributions are 
invariably observed for block copolymers (see e.g. [43]). As expected, the 
copolymer with a higher DecEnOx content is eluted later, i.e. closer to the 
polyDecEnOxn homopolymers. Remarkably, both statistical copolymers 
show two well separated peaks. In case of polyPhOx40-stat-DecEnOx20 the 
two peaks eluting around 32 and 34.5 min are both low in intensity and 
broad. This effect may be accentuated in the chromatogram because ELSD 
detection was used, the response of which is increasing exponentially with 
the analyte concentration. In case of polyPhOx20-stat-DecEnOx40 the peaks 
are considerably sharper and very well separated. The second, smaller peak 
elutes around 35.5 min, very close to the polyDecEnOxn homopolymers in 
Fig. 5. 

 

 
Figure 5: GELC-ELSD chromatograms of polyPhOxn, n = 20 (black long dashed dot dot 
line,), 40 (black dashed) line), 60 (black dotted line), polyDecEnOxm; m = 20 (black solid 
line), 40 (blue long dashed line), 60 (red dashed line). Column DBX-C18, 150 mm × 4.6 mm 
i.d. 5 µm particles; Mobile-phase gradient from 100% water (3 min hold) to 100% THF at 
3.125%⋅min-1. Flow rate 1 mL⋅min-1. 
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Figure 6: GELC-ELSD chromatograms of polyPhOx40-stat-DecEnOx20 (black, solid line), 
polyPhOx40-b-DecEnOx20 (black, dashed line), polyPhOx20-stat-DecEnOx40 (red, solid line), 
polyPhOx20-b-DecEnOx40 (red, dashed line) copolymers. Chromatographic conditions as in 
Fig. 5. 

 

2.3.4 Off-line comprehensive two-dimensional GELC/×/SEC 

In the present case we tried to obtain conclusive information on poly(2-
oxazoline)s from GELC/×/SEC experiments. PolyDecEnOx20 homopolymer 
showed several peaks in GELC, but a single, relatively narrow signal in 
SEC. In GELC/×/SEC the different fractions were all found to have similar 
size distributions (see section 2.5, Fig. S2). Both statistical copolymers, viz. 
polyPhOx20-stat-DecEnOx40, polyPhOx40-stat-DecEnOx20 also yielded two 
distinct peaks in GELC (Fig. 6). From the GELC data alone it is unclear 
whether this separation is associated with any changes in the molar mass. By 
performing SEC experiments on a number of collected fractions (one 
fraction every 15 s) it is possible to draw conclusions on the combined 
chemical-composition and molar mass distributions. Fig. 7A shows an off-
line comprehensive two-dimensional GELC/×/SEC chromatogram of 
polyPhOx20-stat-DecEnOx40; Fig. 7B shows the corresponding result for 
polyPhOx40-stat-DecEnOx20. The horizontal direction in these pictures is 
thought to reflect the chemical composition of the analyte polymers, whereas 
the vertical direction is related to the molar mass. From Fig. 7A (solid lines) 
it is clear that the two peaks appearing in the GELC trace (inserted at the top 
of the figure) show very similar molar mass distributions. Both have a main 
fraction at a SEC retention time close to 14 min and a smaller fraction of 
higher molar mass, which elutes in less than 13 min. Both GELC peaks show 
a bimodal SEC profile, similar to that observed in the SEC trace of the entire 
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sample (inserted on the right-hand side of the figure). Thus, while it would 
have been feasible that two fractions in the sample gave rise to two-peaks in 
GELC and two peaks in SEC, the sample actually contains four classes of 
compounds Fig. 7A. In Fig. 7B the two peaks in GELC are found to have 
main fractions with similar molar masses and only the most-polar fraction 
(earlier eluting in GELC) shows a shoulder at high molar masses. We 
conclude from the GELC/×/SEC chromatograms that the different peaks 
obtained in GELC chromatograms are not due to polymeric fractions with 
vastly different molar masses. Therefore, the rigorous GELC separation must 
be due to other differences between the fractions, probably in their chemical 
composition. 

 

 
Figure 7: Off-line comprehensive two-dimensional GELC/×/SEC chromatograms of 
polyPhOx20-stat-DecEnOx40; A, polyPhOx40-stat-DecEnOx20; B, (for conditions see section 
2.2.6). 

 

2.3.5 GELC/×/MALDI ToF-MS 

MALDI-ToF-MS was also used to characterize fractions obtained from 
GELC experiments on polyDecEnO20, which was the polymer with the 
lowest molar mass that showed two clearly separated peaks in GELC (see 
Fig. 5 and Table S3). These experiments confirmed the results obtained by 
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GELC/×/SEC (Fig. S2). A possible cause could the occurrence of two 
fractions of the same polymer that differ solely in their end-groups.  

Similar m/z values were obtained for the two fractions (all within the range 
of 2 to 5 kg mol-1), indicating that the separation in GELC is not due to a 
very large difference in molar mass between the fractions. We observed two 
different distributions (A and B in Fig. S4, section 2.5). Both series are built 
from DecEnOx repeating units, resulting in a regular repeating pattern with a 
209 interval. The ratio between the two series (A, B) changed as a function 
of elution time (Fig. S2). The first fraction obtained from the earlier eluting 
peak around 33.5 min in GELC has A as the dominant distribution 
(fraction 1), while the second peak, eluting in GELC around 34.5 min, 
mainly showed the B distribution (fractions: 2, 3, 4, 5), (Fig. S4). The 
difference between the A and the B distribution is 28 g mol-1. All of this 
clearly indicates the presence of two series with different functional groups 
or end groups, but no explanation could yet be found for the 28 g mol-1 
difference between the series.  

 

2.3.6 Gradient-elution liquid chromatography coupled with Py-GC-MS  

The different peaks obtained for most of the polymeric samples in Fig. 6 
were not caused by large differences in molar mass (see previous section), 
but were thought to be caused by more subtle difference, such as a different 
end-group. To obtain more information on the chemical composition of the 
fractions we combined GELC off-line with Py-GC-MS. This allowed us to 
quantitatively determine the (average) composition of the eluted polymers 
even in very small fractions [12,13]. Such on-line composition data cannot 
easily be obtained in another way. Two linear (concentration-sensitive) 
detectors may – in principle – supply the required information. However, we 
cannot select two such detectors for the present separation problem. Only the 
UV detector may be used. The response of the ELSD (and that of a charged-
aerosol detector) is distinctly non-linear [44-47] and a differential 
refractometer cannot be used in conjunction with GELC. Using NMR for 
determining the compositions would require impractically large sample 
volumes and a great deal of experimental effort, while the semi-on-line 
coupling of GELC and FTIR spectroscopy yields signals that are difficult to 
quantify [48]. 



Chapter 2  

  

 
90 
 

Copolymers of polyPhOx40-stat-DecEnOx20, polyPhOx40-b-DecEnOx20, 
polyPhOx20-stat-DecEnOx40, and polyPhOx20-b-DecEnOx40 were analyzed 
by GELC using ELSD (Fig. 8A and 9A for statistical copolymers; Fig. 8C 
and 9C for block copolymers). Every 15 s fractions were collected (of 
250 µL) and 10 µL of these fractions were injected into the Py-GC-MS 
system. Based on calibration curves obtained from homopolymers, the 
amounts of each monomer in the fractions could be estimated. The sum of 
the amounts of each monomer in each fraction was used to reconstruct the 
overall elution profiles of the copolymers. These are shown as dashed lines 
in Fig. 8B and D for copolymers of monomer content PhOx/DecEnOx, 
40/20, and in Fig. 9B and D for copolymers PhOx/DecEnOx, 20/40. The 
reconstructed profiles appear a bit more erratic than the original GELC-
ELSD signals, but they are highly repeatable. The data on copolymer 
composition in terms of percentage of PhOx in each fraction are plotted as 
dots in Figs. 8B and D, 9B and 9D. Earlier results obtained with Py-GC-MS 
[12,13] suggest that such composition data are quite accurate. It should be 
noted that some of the sources of variation in the “absolute” total 
reconstructed signal (e.g. the injection volume in the GC) do not affect the 
relative composition data.  

 

 
Figure 8: GELC-ELSD (A, C) chromatograms, reconstructed GELC from Py-GC-MS (B, D) 
of polyPhOx40-stat-DecEnOx20, statistical (A, B) and block (C, D). Dots represent the weight 
% of PhOx monomer. 
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Figure 9: GELC-ELSD (A, C) and reconstructed GELC chromatograms from Py-GC-MS data 
(B, D) on polyPhOx20-stat-DecEnOx40. Samples: statistical (A, B) and block (C, D) 
copolymers. Dots represent the weight % of PhOx monomer.  

 

Qualitatively the results obtained by GELC-ELSD are confirmed by the 
reconstructed Py-GC-MS traces. For both statistical copolymers two distinct 
peaks are observed, while for block copolymers single peaks are obtained. 
The composition data are somewhat more complicated. We expect 
copolymers with high fractions of PhOx to elute first. In other words, we 
expect the dots to become lower with increasing retention time. This is 
approximately found in Fig. 8D. The higher the retention, the greater the 
fraction of DecEnOx in the copolymer. A similar trend is observed for each 
clearly defined peak in the other pyrograms of Figs. 8 and 9. However, the 
lines for the different peaks do not correspond. For example, in Fig. 9D first 
the expected decline in the PhOx content with increasing tR during the 
elution of a first (small) peak up to about 34 min can be observed. 
Subsequently the composition jumps to a higher PhOx level when a second, 
larger peak starts eluting. During the elution of this peak the expected 
downward trends in composition is again observed. A similar see-saw 
pattern can be observed in Fig. 8B and Fig. 9B. We conclude from these 
observations that the two distinct peaks observed for most copolymers each 
have a fairly broad chemical-composition distribution (as apparent from the 
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downward trend in composition). We also conclude that the distinctly 
different retention times of the two peaks cannot be related to a difference in 
the overall chemical composition. To illustrate this point, we have drawn 
horizontal lines in Fig. 8B and Fig. 9D. These lines represent a constant 
overall composition (%PhOx). Polymers with identical overall compositions 
are seen to elute at very different retention times (intersections of the dotted 
line with the horizontal line).  

 

2.3.7 CE-UV  

So far, we have not presented a satisfactory explanation for the two peaks 
observed in the GELC (Fig. 6). The materials under these peaks were not 
found to differ significantly in molar mass (sections 2.3.4 and 2.3.5), nor in 
overall chemical composition (section 2.3.6). Another possible explanation 
may be a difference in end-groups or functional groups between the two 
fractions. However, a different end-group alone is highly unlikely to cause 
such large differences in retention times as those observed in Fig. 6. Under 
gradient-elution conditions and using non-selective reversed-phase 
stationary phases we expect very small differences in retention between, for 
example, hydroxyl-terminated and ester-terminated polymers [29]. The only 
type of end-group effect that can be envisaged to cause such large 
differences in gradient-elution RPLC would be that of a neutral vs. a charged 
end-group. To investigate this possibility we studied the statistical 
polyPhOx20-stat-DecEnOx40 and polyPhOx40-stat-DecEnOx20 copolymers by 
capillary electrophoresis (CE). Because only UV detection is typically 
available in combination with CE, we could not study the (UV-transparent) 
polyDecEnOx homopolymer, which displays two well-separated peaks in 
GELC (Fig. 5). Fig. 10 shows three overlaid electropherograms, comparing 
the elution profiles of statistical copolymers of poly(2-oxazoline)s with that 
of toluene. Toluene is representative of neutral compounds. Under the 
applied conditions it eluted at 7.5 min. The conditions were such that peaks 
eluting before neutral toluene would be positively charged and peaks eluting 
after toluene would be negatively charged. The CE traces for polyPhOx20-
stat-DecEnOx40 and polyPhOx40-stat-DecEnOx20 showed large, sharp peaks 
eluting around 5.5 min and relatively small, broad peaks eluting around 
7 min. When spiking the sample with toluene this was found to co-elute 
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exactly with the (second half of) the second peak (data not shown). 
Tentatively, the second peak constitutes neutral molecules. The large, early 
eluting peaks for both copolymers clearly represent positively charged 
materials. The results of the CE experiments indicates that large fractions of 
the two statistical polyPhOx-stat-DecEnOx copolymers were charged under 
the experimental conditions applied in CE (5 mM LiClO4 in THF:ACN 
80:20). We postulate that this was also the case under the conditions used for 
separation by gradient-elution RPLC (water to THF gradient) and that this is 
the reason for observing two clearly separated peaks with similar molar mass 
and similar overall composition. Charged molecules typically elute much 
earlier in RPLC than their non-charged analogues. Thus, the first peak eluted 
in GELC would represent a (positively) charged copolymer, whereas the 
second peak marks the elution of a non-charged fraction.  

 

 
Figure 10: Summarized electropherogram of statistical copolymers. PolyPhOx20-stat-
DecEnOx40 (red dotted line), polyPhOx40-stat-DecEnOx20 (black, solid line), toluene (blue/, 
solid line). BGE, THF/ACN, (80/20) containing 5 mM LiClO4. Applied voltage was 30 kV. 
See for conditions section 2.2.9. 

 

To emphasize the hypothesis of charged and neutral fractions being 
responsible for the two peaks discussed in GELC, polyPhOx20 was analyzed 
with CE-UV at the same conditions, and the electropherogram shows a 
single positively charged fraction (Fig S5), which is in line with the single 
peak observed in GELC. 
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One possible explanation for the occurrence of positively charged fractions 
can be found in the synthesis scheme of the poly(2-oxazoline)s. As shown in 
Fig. 11, the synthesis of these polymers proceeds through a stage of charged 
polymers, which are eventually quenched by treatment with water [29,49]. 
Both end-capping with water as well as chain-transfer reactions may 
eventually lead to a secondary-amine containing ester end group, resulting in 
a charged end-group in the presence of the tosylate counterion. 

 

 
Figure 11: Schematic representation of the mechanism of the cationic ring-opening 
copolymerization of poly(2-oxazoline)s. 

 

2.4 Conclusions 

Poly(2-oxazoline)s were characterized by liquid-phase separation methods. 
They proved to be a typical example where none of the individual separation 
methods alone could provide conclusive information. The overall 
composition of the copolymeric poly(2-oxazoline)s was obtained from 
quantitative Py-GC-MS. Size-exclusion chromatography (SEC) was tested in 
two different solvents. Chloroform with 4% (v/v) tri-ethylamine as the 
solvent yielded the best results. The molar masses obtained using the later 
eluent were close to the expected values. Unimodal distributions were 
observed for homopolymers, whereas copolymers typically yielded bimodal 
distributions.  
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Gradient-elution liquid chromatography (GELC) employing a water-to-THF 
gradient yielded two well-separated fractions, the ratio of which varied 
significantly. Off-line comprehensive coupling of GELC with SEC revealed 
similar, bimodal molar-mass distributions for both fractions, indicating that 
the two fractions were not separated based on a large difference in molar 
mass. 

The off-line combination of GELC and pyrolysis – gas chromatography – 
mass spectrometry (Py-GC-MS) showed a gradual change in composition 
during the elution of each of the fractions, but no significant difference 
between the two fractions. Thus, the two fractions were not separated based 
on the overall chemical composition. Finally, capillary electrophoresis was 
used to separate copolymers in a (small) neutral fraction and a (larger) 
positively charged fraction, most likely resulting from water end-capping 
and/or chain-transfer reactions. 
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2.5 Supplementary information 

 

 
Figure S1: Mass spectra obtained from Py-GC-MS of polyPhOx; A, polyDecEnOx; B, 
polyEtOx; C. 

 

 
Figure S2: GELC/×/SEC chromatogram of polyDecEnOx20 (for condition see section 2.2.7). 
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Figure S3: MALDI-Tof-MS spectra of the fractions obtained from GELC for polyDecEnO20, 
fraction 1; 33.5- 34 min, 2; 34.5-35 min, 3; 35-35.5 min, 4; 35.5-36, 5; 36-36.5 min. Detailed 
conditions see sections 2.2.6, 2.2.10. 

 

 
Figure S4: MALDI-Tof-MS spectra of the fractions obtained from GELC for polyDecEnO20. 
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Figure S5: Summarized electropherogram of the statistical copolymers. PolyPhOx20 (red/grey 
solid line), toluene (black, dotted line). BEG, THF/ACN, (80/20) containing 5 mM LiClO4. 
Applied voltage was 30 kV. See condition in section 2.2.9. 

 
Table S1: Polymeric standards used in SEC experiment. 

standard Mp 
PS 162 
PS 580 
PS 1,260 
PS 3,370 
PS 8,450 
PS 19,720 
PS 60,450 
PS 184,900 
PS 483,000 
PS 915,000 
PS 3,053,000 

PMMA 2,000 
PMMA 10,260 
PMMA 24,830 
PMMA 30,650 
PMMA 49,600 
PMMA 100,000 
PMMA 211,400 

 
Table S2: Comparison of mass ratios of monomers (EtOx, PhOx, DecEnOx) in various 
copolymers obtained by Py-GC-MS. “Ideal” values were calculated from the stoichiometric 
composition of the reaction mixture. Quantification based on m/z 69 for polyEtOx, m/z 117 
for polyPhOx and m/z 85 for polyDecEnOx. 

 
Py-GC-MS  “Ideal” 

% EtOx % PhOx % DecEnOx  % EtOx % PhOx % DecEnOx 
polyEtOx20-stat-PhOx40 26.9 73.1 -  25.2 74.8 - 
polyEtOx20-b-PhOx40 25.9 74.1 -  25.2 74.8 - 
polyEtOx40-b-PhOx20 36.0 64.0 -  35.2 64.8 - 
polyEtOx20-stat-DecEnOx40 17.7 - 82.3  19.2 - 80.8 
polyEtOx20-b-DecEnOx40 17.6 - 82.4  19.2 - 80.8 
polyEtOx40-stat-DecEnOx20 35.9 - 64.1  39.4 - 60.6 
polyEtOx40-b-DecEnOx20 37.9 - 62.1  39.4 - 60.6 
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Table S3: Comparison of weight-average molar mass (Mw), number-average molar mass 
(Mn) [kg mol-1] and polydispersity index (PDI) values obtained by SEC-dRI using THF or 
CHCl3 with TEA as eluent. 

 

CHCl3 (EtOH)/TEA, 94/4, (v/v)  THF (BHT) 
Mw Mn PDI  Mw Mn PDI 

polyPhOx20 3.5 3.2 1.12  1.4* 1.2* 1.17* 
polyPhOx40 7.5 6.8 1.10  3.1* 2,8* 1.12* 
polyPhOx60 11.0 8.8 1.24  4.6* 4.4* 1.06* 
polyDecEnOx20 6.6 6.0 1.11  7.3 6.8 1.08 
polyDecEnOx40 11.5 10.3 1.11  13.5 11.6 1.17 
polyDecEnOx60 15.9 12.2 1.30  20.8 16.3 1.28 
polyPhOx40-stat-DecEnOx20 14.3 12.0 1.20  11.5 9.5 1.21 
polyPhOx40-b-DecEnOx20 13.2 11.3 1.17  10.4 8.1 1.29 
polyPhOx20-stat-DecEnOx40 14.8 12.8 1.15  15.6 13.1 1.20 
polyPhOx20-b-DecEnOx40 12.7 11.1 1.15  13.0 11.6 1.13 
*Estimated data (part of the polymer elutes after range of calibration). 

 

Molar mass data for poly(2-oxazoline)s calculated based on relative 
calibration with PS standards are presented in Table S3 Polymers containing 
DecEnOx units revealed similar molar masses in two eluents. For polyPhOx 
data on molar masses obtained in THF proved to be much lower than masses 
obtained in chloroform. Consequently for copolymers, the greater the 
content of PhOx units, the larger the difference in molar mass calculation 
between the two solvents. 

 

2.5.1 General methods and instrumentations used for polymer synthesis 

The Initiator Sixty single-mode microwave synthesizer from Biotage, 
equipped with a noninvasive IR sensor (accuracy: ±2%), was used for 
polymerizations under microwave irradiation. Microwave vials were heated 
overnight to 110 °C and allowed to cool to room temperature under argon 
before usage. 1H-NMR spectra were recorded on a Bruker AC 300 MHz 
spectrometer at room temperature, with CDCl3 as the solvent. The chemical 
shifts are given in ppm relative to the signal from residual non-deuterated 
solvent.  

 

2.5.2 Microwave-assisted homopolymerization of PhOx and DecEnOx 

A polymerization solution containing initiator, appropriate amounts of 
monomers (PhOx and DecEnOx, respectively) and solvent was irradiated in 
the microwave synthesizer for a pre-calculated time. The monomer 
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concentration was adjusted to 4 M, and a monomer-to-initiator-ratio of 20, 
40 and 60 was used. 1H-NMR and SEC samples were prepared to determine 
the monomer conversion and the polymer molar mass, respectively. 

 

2.5.3 Microwave-assisted copolymerization of PhOx and DecEnOx 

Statistical and block copolymers (PhOx/DecEnOx) with a total monomer-to-
initiator-ratio of 60 with 33 and 66 mol% PhOx were prepared, respectively. 
For statistical copolymerizations polymerization solutions containing 
initiator, appropriate amounts of monomers and solvent was irradiated in the 
microwave for a pre-calculated time to reach full consumption. To 
synthesize block copolymers a stock solution of the first monomer, initiator 
and solvent was prepared and exposed to microwave radiation for a pre-
calculated time to obtain near-quantitative conversion. Subsequently, the 
second monomer was added via a syringe to the vial. Analogous to the first 
step, the sample was subjected to microwave irradiation. The full 
consumption of both monomers as well as the monomer ratios incorporated 
in the final polymer were assured by 1H-NMR spectroscopy and the resulting 
copolymer was either precipitated in ice-cold diethyl ether or dried under 
reduced pressure to remove the residual monomer and solvent. 
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Abstract 

Measuring polymer solubility accurately and precisely is challenging. This is 
especially true at unfavourable solvent compositions, when only very small 
amounts of polymer dissolve. In this chapter pyrolysis – gas chromatography 
– mass spectrometry (Py-GC-MS) is demonstrated to be much more 
informative and sensitive than conventional methods, such as UV 
spectroscopy. By using a programmed-temperature-vaporization (PTV) 
injector as the pyrolysis chamber, we demonstrate that Py-GC-MS can cover 
up to five orders of magnitude in dissolved polymer concentrations. For 
polystyrene a detection limit of 1 ng mL-1 is attained. Dissolution in poor 
solvents is demonstrated to be discriminating in terms of the analyte 
molecular weight. Py-GC-MS additionally can yield information on polymer 
composition (e.g. in case of copolymers). In combination with size-exclusion 
chromatography, Py-GC-MS allows us to estimate the molecular-weight 
distributions of minute amounts of a dissolved polymer and variations 
therein as a function of time.  
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3.1 Introduction 

More and more different types of polymers are produced by big and small 
companies in diverse branches of industry. This ever increasing variety of 
polymers is finding increased application in a huge number of different 
areas, including many in which the solubility of polymeric materials is a 
crucial parameter. For example, the plastic-recycling industry applies large-
scale processes in which either one solvent is successively applied at 
different temperatures to selectively dissolve different polymers, or a series 
of solvents is applied to successively ‘extract’ different polymers from the 
recycling mixture [1-5]. Other examples concern polymers that are required 
to be insoluble, such as fuel tanks or solvent lines. Of high interest are 
permanent (non-soluble, non-biodegrable) biomedical implants [6]. In 
contrast, other biomedical applications, such as drug-delivery, may demand 
a high (or specific) solubility [7,8]. 

Solubility can be defined as the maximum amount of an analyte that can be 
dissolved in a particular solvent or mixture of solvents at well-defined 
conditions (temperature, pressure, etc.). Solubility describes the equilibrium 
state and it should not be confused with dissolution, which is the (kinetic) 
process of the polymer going into solution. Polymers dissolve slowly. First, 
solvent molecules diffuse gradually into the polymeric material forming a 
gel. This gel may then gradually develop into a true molecular solution. 
Polymer solubility is influenced by many physical and chemical parameters, 
such as temperature, nature of the solvent, average molecular weight, 
polydispersity index, degree of branching, extent of cross-linking, 
crystallinity, etc. Increasing the temperature may lead to an increase or a 
decrease in polymer solubility, whereas the dissolution rate usually increases 
with increasing temperature. At constant temperature, solubility and the rate 
of dissolution tend to decreases with increasing molecular weight. Disperse 
polymers i.e. polymers showing a broad molecular-weight distribution will 
dissolve more rapidly than narrowly distributed polymers [9]. The higher the 
extent of cross-linking and/or the degree of crystallization, the lower are the 
solubility and the dissolution rate [10]. Branching generally increases 
polymer solubility [11]. As a general rule, structural similarity between the 
solvent and the polymer favours solubility. This principle is known as ‘like 
dissolves like’. Solubility parameters constitute one approach to try and 
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predict polymer solubility. These quantitative parameters – defined as the 
square root of the cohesive-energy density of a solid or liquid – can be 
estimated from measuring physical properties, for example using differential 
scanning calorimetry, laser-light scattering or viscometry, from swelling 
tests or from cloud-point measurements (“turbidimetry”) [12-17].  

For applications in which polymer solubility is of great importance, methods 
are needed to measure this property quantitatively. Ideally, such methods 
should be rapid, simple, cheap, robust and reliable. The number of studies 
that report precise and accurate solubilities of polymers (equilibrium 
amounts of polymer dissolved in specified solvents or mixtures of solvents, 
at specified temperatures, etc.) is very limited. In principle, polymer 
solubilities can readily be measured using concentration-sensitive detectors, 
such as differential refractometers (dRI) or UV spectrometers. These 
methods require patience – as do all methods that study polymer solubility, 
they may suffer from interferences (e.g. low-molecular-weight additives or 
polymers), they are applicable for restricted solvents (e.g. non-UV-active) 
and restricted polymers (e.g. UV-active) only, and they may typically only 
be applied across a limited range of concentrations. A major disadvantage of 
many common methods for determining polymer solubility is the limit of 
detection. Most methods are not sufficiently sensitive to be applicable for 
polymers that are only slightly soluble.  

Pyrolysis – gas chromatography (Py-GC) is increasingly seen as a 
quantitative tool [18-24]. A number of quantitative studies have appeared in 
recent years. Quantitative Py-GC creates new opportunities for measuring 
physical data, such as dissolution curves [7] and solubilities of polymers. Py-
GC instrumentation is relatively cheap and the exploitation costs are low 
[25]. The major advantages of Py-GC in comparison with other techniques 
used for determining polymer solubilities are that very low concentrations 
can be measured and that very low amounts of analyte suffice. Py-GC-MS 
exhibits very low detection limits [7,26]. In addition, Py-GC-MS may reveal 
information on the composition of dissolved polymers. 

In the present work Py-GC-MS is explored as a tool to study the solubility of 
a broad (polydisperse) polystyrene sample in mixtures of a solvent 
(tetrahydrofuran, THF) and a non-solvent (acetonitrile, ACN). Solvent 
composition is varied over a wide range, resulting in dissolved polymer 
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levels ranging from very high (saturated solutions in relatively good 
solvents) to very low concentrations (poor solvents). The experimental Py-
GC-MS conditions (injection volume, split ratio, etc.) are varied to maximize 
the dynamic range of the method. Large-volume injection (LVI) and cryo-
focusing are investigated to reach low limits of detection. SEC-Py-GC-MS is 
investigated as a means to establish the molecular weight distribution of the 
dissolved PS. The precision and accuracy of solubility data obtained by Py-
GC-MS and SEC/-/Py-GC-MS are discussed. The Py-GC-MS approach can 
be fully automated so as to allow ‘combinatorial’ screening of polymer-
solubility. 

 

3.2 Experimental 

3.2.1 Instrumentation 

Py-GC-MS analyses were performed on a Shimadzu (Kyoto, Japan) GCMS-
QP2010plus instrument, equipped with an Optic-3 PTV (programmed-
temperature vaporization) injector (ATAS GL, Veldhoven, The Netherlands) 
and a Focus XYZ robotic autosampler (ATAS). 

SEC was performed on a 2690 Alliance HPLC Separations Module (Waters, 
Milford, MA, USA) coupled to an SPD-10AV ultraviolet-visible 
spectroscopic detector (UV-VIS; Shimadzu) and an RID-10A differential-
refractive-index detector (dRI; Shimadzu; connected in series). The SEC 
system was also combined with an on-line fraction collector (Series II, 
Waters). The latter module was used to realize off-line SEC/-/Py-GC-MS. A 
cryo-unit (CryoFocus 3, ATAS GL) was installed in the GC oven, 100 mm 
below the injector nut for refocusing the pyrolysis products.  

 

3.2.2 Samples and materials  

A broadly distributed polystyrene (PS) sample (specified molecular weight 
250 kDa; Mw, 223 kDa, PDI ≈ 3.8 as determined from SEC experiments) was 
obtained from Acros Organics (Geel, Belgium). HPLC-S grade 
tetrahydrofuran (THF) from Biosolve (Valkenswaard, The Netherlands) was 
used as a strong solvent in the dissolution experiments and as a mobile-phase 
component in SEC. 0.02-0.03% (w/w) of 99.8% pure 2,6-di-t-butyl-4-
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methylphenol (BHT) from Acros Organics was used to stabilize the THF. 
ULC/MS grade acetonitrile (ACN) was purchased from Biosolve. Narrow 
polystyrene (PS) standards, purchased from Polymer Laboratories (now part 
of Agilent, Church Stretton, U.K.), were used to calibrate the SEC-UV-dRI 
system.  

 

3.2.3 Sample preparation  

Polystyrene aliquots of approximately 0.02 g were mixed with 10 mL of 
different mixtures of ACN/THF, viz. 100/0, 90/10, 80/20, 70/30, 60/40, and 
50/50% ACN/THF (solvents were mixed from individual volumes). This 
amount of polymer (0.02 g) was fully soluble in 10 mL of 50/50 ACN/THF 
as was confirmed by SEC analysis of the same amount of PS dissolved in 
100% THF. To assure a saturated solution in 50/50 ACN/THF, 
approximately 0.16 g of PS was added to 10 mL of solvent. All solutions 
were filtered using 0.45-µm Teflon filters after 48 h mixing at 50 rpm. All 
experiments were performed at room temperature (about 22 °C). 

 

3.2.4 Injection and pyrolysis 

For direct Py-GC-MS measurements, 1 or 10 µL of sample solution were 
injected into the PTV. The initial (injection) temperature of the PTV was 
40 °C. The solvent-elimination step was performed at 120 °C with the 
evaporation time optimized depending on the volume injected. The split flow 
was 150 mL min-1 during solvent venting. After solvent elimination the PTV 
injector was heated from 120 °C to 550 °C at 30 °C s-1. Depending on the 
range of concentrations measured, different injection volumes and split 
ratios were used as summarized in Table 1. 
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Table 1: Optimized experimental conditions for direct Py-GC-MS used for solubility 
measurement of PS. 
Concentration range (µg mL-1) 10 – 104 1 – 103 0.1 – 10 
Method M1 M2 M3 
Injection volume (µL) 1 10 10 
Vent time (s) 30 80 80 
Flow rate (mL min-1) 
 Column Flow 
 Split flow during solvent vent 
 Split flow during pyrolysis 

 
1.7 
150 
250 

 
1.7 
150 
200 

 
1.7 
150 
10 

Cryo-focusing no yes yes 

 

3.2.5 Gas-chromatographic analysis and mass spectrometry  

All GC analyses were performed on a 30 m × 0.25 mm i.d. TC-5MS column 
(5% phenyl-methylpolysiloxane; GL Sciences, Tokyo, Japan) with a film 
thickness of 0.25 μm, using helium as carrier gas at a flow rate of 
1.7 mL min-1. Two different GC programmes were applied, depending on 
whether the cryo-focusing unit was used (see Table 1 and Table 2). When no 
cryo-focussing was applied the GC oven was programmed from 50 °C 
(3 min hold) to 300 °C at 30 °C min-1. In the experiments with cryotrapping 
the temperature of the cryo unit was 150 °C during solvent elimination to 
prevent the solvent from being trapped. Before the pyrolysis process was 
started the cryo-trap was cooled to –80 °C and immediately after the thermal 
conversion was finished it was rapidly heated (at about 40 °C s-1) to 300 °C 
and was kept at this temperature during the gas-chromatographic separation. 
The GC oven was programmed from 120 °C to 250 °C at 40 °C min-1. The 
program was started when the cryo-unit temperature reached 300 °C.  

The mass spectrometer was operated in the full-scan mode or in the selected-
ion monitoring (SIM) mode, depending on the concentration of the dissolved 
PS. Electron-ionization mass spectra were recorded at an ionization energy 
of 70 eV across the range of 40–400 Da. In case of SIM ions at m/z 104 
were monitored.  

 

3.2.6 Size-exclusion chromatography with UV and dRI detection 

All SEC separations were performed using a set of two MIXED-B (300 × 
7.5 mm, 5 µm) columns (Polymer Laboratories) in series at 45 °C. The 
mobile phase used was THF, stabilized with BHT. The eluent flow rate was 
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always 1.0 mL min-1. The SEC system was calibrated using 30-µL injections 
of 2.5 mg mL-1 solutions of polystyrene (PS) standards (see section 3.5, 
Table S1). Data were recorded and processed using Empower-2 software 
(Waters). Molar-mass distributions (MMD) were calculated from the 
chromatographic peaks using software written in-house in Excel 2003 
(Microsoft). 

 

3.2.7 Off-line SEC-pyrolysis-gas chromatography-mass spectrometry  

For off-line SEC/-/Py-GC-MS, 30 μL of sample solutions were injected onto 
the SEC column as described in section 3.2.6. For dissolution experiments 
using ACN/THF 50/50 or 60/40, fractions of 250 μL (15 s at a flow rate of 
1 mL min-1) of the effluent of the mixed-B columns were collected. In the 
experiment in which 30% THF or less was used the fraction volumes 
collected were approximately 117 μL (7 s at a flow rate of 1 mL min-1). 10, 
30 or 40 μL of each fraction (depending on the concentration of the 
dissolved PS, see table 2) were injected into the Py-GC-MS system as 
described in section 3.2.5.  

 
Table 2: Optimized experimental conditions for SEC/-/Py-GC-MS used for solubility 
measurement of PS. 
Concentration range (µg mL-1) 0.3-30 0.01-1 0.005-0.3 0.001-0.1 
Solvent composition 
(ACN/THF % v/v) 

50/50 60/40 70/30 80/20 90/10 100/0 

Injection volume (µL) 10 10 10 10 30 40 
Split flow (mL min-1) 50 50 10 10 10 10 
Cryo-focusing yes yes yes yes yes yes 
MS scan range (m/z) 40-400 40-400 40-400 104 104 104 

 

3.3 Results and Discussion 

3.3.1 Quantitative Py-GC-MS for measuring PS solubility 

Py-GC-MS was used to study the amounts of PS which could be dissolved in 
mixtures of varying ACN and THF content. By combining three methods 
(see Table 1), the solubility of PS could be determined over a wide range of 
concentrations in mixtures ranging from 50/50 ACN/THF to 100% ACN. 
The dissolved amounts of PS were quantified based on the most abundant 
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fragment in the mass spectrum (m/z 104). This fragment represents the 
styrene monomer, which is obtained as the main product from the pyrolysis 
of polystyrene. The relationship between the injected amount of PS and the 
obtained peak area for m/z 104 was established for each individual method 
and for all methods used in this study together (Table 1, 2). Method 1 
(concentration range studied: 0.01 to 12 mg mL-1) yielded a slightly curved 
calibration line that could be adequately described by a quadratic equation 
with intercept zero (r2=0.999). Linear relationships with correlation 
coefficients higher than 0.999 were found for method 2 (4 to 1000 µg mL-1) 
and method 3 (0.1 to 7 µg mL-1) (Section 3.5, Fig. S1). The calibration 
curves were necessarily different for the different methods because of the 
different settings used (including different split ratios). 

For reliable quantitative analysis the pyrolysis process should not be affected 
by the molecular weight of the polymer [27]. This was verified by injecting 
identical amounts (by weight) of the ten narrow PS standards of different 
molecular weight into the Py-GC-MS system. The peak areas obtained for 
the different standards were statistically identical. The relative standard 
deviation (% RSD) for ten different PS samples was less than 6 %.  

Figure 1A shows the concentrations of saturated solutions of PS as a 
function of the THF content in the ACN. Fig. 1B shows the same data in 
logarithmic form. From the good agreement between the results obtained 
from the three methods for the samples where they overlap, we may 
conclude that the methods are complementary. The smoothness of the 
“curve” observed in Fig. 1B confirms the consistency of the results within 
the application range. The dynamic range of the combined Py-GC-MS 
methods covers a solubility range of 4 to 5 orders of magnitude. In Fig. 1B 
also the error of triplicate injections methods are shown to demonstrate the 
good repeatability of Py-GC-MS. 
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Figure 1: A, B; Solubility of PS in ACN/THF as determined by direct Py-GC-MS; B; 
including error bars obtained from triplicate measurement for individual methods; (●); M1, 
(▲); M2, (■); M3 (for details see Table 1). 
Note: All data points were recorded with solvents containing multiples of 10% ACN, but they 
are shown with a slight shift for reasons of clarity. 

 

3.3.2 Detailed characterization of dissolved PS using size-exclusion 
chromatography with multiple detectors 

In case of a polydisperse sample (broad molecular-weight distribution) with 
a limited solubility, the sample may dissolve selectively. Often low-
molecular-weight polymers are more soluble than their high-molecular-
weight analogous. The use of SEC in combination with a concentration-
sensitive detector, such as dRI, UV or Py-GC-MS, yields information on 
both the total solubility of a polymer as well as on the molecular-weight 
distribution of the dissolved fraction. The solutions used for direct Py-GC-
MS measurements were also analysed by SEC using multiple detection, 
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except for the saturated solution of PS in 50/50 ACN/THF. This latter 
solution was far too concentrated to allow direct injection (without dilution) 
into the SEC system without overloading both the column and the detector. 
It was diluted 5 times to give a concentration of approximately 2.0 mg mL-1. 
The top of the peak for this injection was scaled to 100% in Figs. 2A-C. All 
other solutions were saturated and are drawn to scale. Figure 2 shows the 
elution profile of PS fractions obtained in various mixtures of ACN and 
THF. Three different SEC “detectors” were used, viz. UV (Fig. 2A and D), 
dRI (Fig. 2B and E) and Py-GC-MS (Fig. 2C, F and G). The data obtained 
with the Py-GC-MS system are in excellent agreement with those of the two 
conventional detectors, again demonstrating the consistency of the Py-GC-
MS experiments. With increasing contents of ACN in the dissolution fluid 
the amount of dissolved PS decreases, in line with what is shown in the 
previous section. In addition, the molecular weight of the dissolved material 
also decreases. Clearly the shorter homologues dissolve better than the 
higher Mw material. Figs. 2D-F are expanded along the vertical scale 
(relative to Figs. 2A-C) by a factor of about 7 (100/15). These figures reveal 
the low saturated concentration levels obtained in poor solvents. The SEC-
UV (Fig. 2D) and SEC-dRI (Fig. 2E) chromatograms reveal that some 
polymer dissolved in 70/30 ACN/THF, but integration of the obtained peaks 
is ambiguous because of interference with the solvent peak (total 
permeation) around 17 min. From these curves accurate molecular-weight 
distributions (MWDs) cannot be obtained. The curves for 80/20 ACN/THF 
are barely (SEC-UV, Fig. 2D) or not (SEC-dRI, Fig. 2E) discernible from 
the baseline. In contrast, the SEC/-/Py-GC-MS data (Fig. 2F and Fig. 2G) 
are free of interferences due to the higher selectivity of the detection step and 
solvent removal prior to transfer onto the column (see below). These data 
yield useful MWDs. Fig. 2G shows the chromatograms that are obtained for 
90/10 ACN/THF and 100% ACN, with the vertical scale expanded by 
another factor of almost 200 (15/0.08). Even in these cases useful 
information on the total level of dissolved material, its average molecular-
weight and its MWD can be obtained. One of the strengths of Py-GC-MS is 
that all low-boiling compounds, such as solvents/eluents and residual 
monomers are eliminated before the actual pyrolysis. Moreover, 
quantification is based on a specific ion – in this case m/z = 104, representing 
styrene. This leads to the successful removal of all interferences from the 
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chromatograms. The lowest signal in Fig. 2G (100% ACN) has a peak height 
of about 0.01%, showing that SEC/-/Py-GC-MS can span more than four 
orders of magnitude with good integrity. 

 

 
Figure 2: Elution profile of dissolved PS obtained by (A, D) SEC-UV, (B, E) SEC-dRI, and 
(C, F, G) (off-line) SEC/-/Py-GC-MS (reconstructed, chromatograms). Black line, 2.2 mg/mL 
PS in 50/50 ACN/THF (not saturated); All other lines saturated solutions. Pink line, 60/40 
ACN/THF; Green, 70/30 ACN/THF; Red, 80/20 ACN/THF; Dark blue, 90/10 ACN/THF; 
Grey, 100 % ACN. Vertical axes are expanded by a factor of about 7 (100/15) for figures in 
the middle column and by a further factor of about 200 (15/0.08) for Fig.2G. 

 

Figure 3 shows the overall maximum amounts of dissolved PS (on a 
logarithmic scale) in solvents with different ratios of ACN/THF obtained 
from SEC-UV and SEC-dRI (two numbers obtained in a single experiment) 
and from SEC/-/Py-GC-MS. Fig. 3 indicates the error of triplicate injections 
of these measurements. Data were obtained based on calibration curves 
constructed by injecting various amounts of PS dissolved in THF (see 
Section 3.5, Figure S2).  
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Figure 3: Solubility of PS in ACN/THF, analysed by SEC using three different detectors; 
(▲); Py-GC-MS, (●); UV, (♦); dRI. 
Note: All data points were recorded with solvents containing multiples of 10% ACN, but they 
are shown with a slight shift for reasons of clarity. 

 

In dissolution experiments with ACN levels exceeding 70% the amounts of 
dissolved polystyrene are too low to be detected by SEC-dRI. SEC-UV 
proved slightly more sensitive than SEC-dRI, but above 80% ACN also the 
SEC-UV system failed to detect the dissolved PS. The much more sensitive 
Py-GC-MS “detector” allows very low amounts of PS to be measured, 
allowing even dissolution studies in 100% ACN. When measuring low 
concentrations (close to the detection limit) the error was found to increase 
(Fig. 3). For the Py-GC-MS system this is only noticeable with pure ACN as 
the solvent. 

Because of the good agreement between the solubility data obtained from 
direct Py-GC-MS and from SEC-UV-dRI (Table 3A) we conclude that 
SEC/-/Py-GC-MS is a useful tool to study polymer solubility. Extrapolation 
based on smooth calibration curves suggests that it can be used to measure 
extremely low concentrations (i.e. low solubilities). The limit of detection 
estimated for SEC/-/Py-GC-MS was 1 ng mL-1 (in an individual fraction).  

The good integrity of the reconstructed elution profiles from SEC/-/Py-GC-
MS (see Figs. 2C, 2F and 2G) – together with the calibration curves 
constructed by injecting a series of low-dispersity PS standards – allowed 
calculation of the molecular-weight averages and of the polydispersity index 
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(PDI=Mw/Mn). Table 3B shows the Mw and PDI values of the PS dissolved in 
different ACN/THF mixtures.  

 
Table 3: Solubility of broad PS sample obtained for different mixtures of ACN and THF 
(compositions as indicated) A; Comparison of the amounts of PS measured using different 
methods [µg mL-1]. B; Weight-average molecular weight (Mw) and polydispersity index (PDI) 
calculated from the reconstructed chromatograms based on off-line Py-GC-MS data for the 
fractions obtained from SEC. 

ACN/THF 
A Direct  

Py-GC-MS  

SEC B SEC/-/Py-GC-MS 
 Py-GC-MS UV dRI  Mw 

[kDa] PDI 

50/50  9,700 * * *  235 5.0 
60/40  446 392 460 419  39 2.4 
70/30  27.8 26.5 27.2 28.4  9 1.8 
80/20  5.1 4.9 4.5 *  ca. 5 ca. 1.4 
90/10  1.2 1.2 * *  ca. 5 ca. 1.5 
100/0  0.25 0.22 * *  ca. 5 ca. 1.5 

* Out of calibration range 

 

The decrease in the average molecular weight of the dissolved material with 
increasing content of ACN (i.e. decreased solubility) that was observed in 
Fig. 2 is quantified in Table 3B. The precision is somewhat limited, because 
of the limited number of SEC fractions analysed by Py-GC-MS. However, 
these are unique data that cannot easily be measured by other known means. 
The weight-average molecular weight of the PS sample that was fully 
dissolved in 50/50 ACN/THF calculated using conventional detection (SEC-
UV-dRI) concurred with the results obtained from SEC/-/Py-GC-MS, but the 
PDI obtained for 50/50 ACN/THF using SEC/-/Py-GC-MS was higher than 
that obtained using UV or dRI detection (5 vs. 3.8), because of the higher 
sensitivity of Py-GC-MS and because of the already mentioned baseline 
interferences in case of dRI and UV (see Figs. 2A/B, D/E). Combination of 
SEC with Py-GC-MS for solubility measurement is beneficial for detailed 
(compositional) characterization of dissolved fractions. 

 

3.4 Conclusions 

Py-GC-MS can be used for quantitative measurements of polymer solubility. 
In the present study, polystyrene was used as an example polymer. Solubility 
data obtained with Py-GC-MS are reliable and precise and they correspond 
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very well with UV and dRI data (when the applicable concentration ranges 
overlapped). Using three complementary Py-GC-MS injection methods a 
very broad dynamic range (approaching five orders of magnitude) can be 
covered with Py-GC-MS. Detection limits in the low ng mL-1 range were 
obtained for PS. An off-line combination of SEC and Py-GC-MS provides 
additional information on the molecular-weight distribution of dissolved 
fractions of a polymer. Although the current study focussed exclusively on 
PS, Py-GC-MS can be applied to many other homopolymers, mixtures of 
polymers or copolymers, yielding detailed information on the solubility 
behaviour of the polymer. 
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3.5 Supplementary information 

 
Table S1: Polymeric PS standards used in SEC experiment peak-average molecular weight 
(Mp), polydispersity index (PDI). 

Mp [Da] PDI 
523,000 1.03 
325,000 1.03 
299,400 1.02 
126,700 1.03 

96,000 1.03 
52,400 1.02 
9,920 1.02 
4,920 1.03 
2,100 1.05 

 

 
Figure S1: Calibration curves obtained from direct Py-GC-MS A; M1, B; M2, C; M3, 
methods specified in Table 1.  
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Figure S2: Calibration curves obtained from SEC with three detectors A, B, C, D; Py-GC-MS, 
E; UV, F; dRI. A; 50/50, 60/40 ACN/THF, B; 70/30 ACN/THF, C; 80/20 ACN/THF, D; 
90/10, 100/0 ACN/THF, conditions specified in Table 2. 
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Abstract 

Knowledge on the solubility behaviour and dissolution rate of speciality and 
commodity polymers is very important for the use of such materials in high-
tech applications. We have developed methods for the quantification and 
characterization of dissolved copolymers of N-vinyl-2-pyrrolidone (VP) and 
vinyl acetate (VA) during dissolution in water. The methods are based on 
pyrolysis (Py) performed in a programmed-temperature-vaporization injector 
with subsequent identification and quantification of the components in the 
pyrolysate using capillary gas chromatography – mass spectrometry (GC-
MS). By injecting large volumes and applying cryo-focussing at the top of 
the column, low detection limits could be achieved.  

The monomer ratio was found to have the greatest effect on the dissolution 
rate of the PVP-co-VA copolymers. The material with the highest amount of 
VA (50%) dissolves significantly slower than the other grades. Size-
exclusion chromatography (SEC) and Py-GC-MS were used to measure 
molecular weights and average chemical compositions, respectively. 
Combined off-line SEC/-/Py-GC-MS was used to determine the copolymer 
composition (VP/VA ratio), as a function of the molecular weight for the 
pure polymers. In the dissolution experiments, a constant VP/VA ratio 
across the dissolution curve was observed for all copolymers analysed. This 
suggests a random distribution of the two monomers over the molecules. 
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4.1 Introduction 

The ever increasing number of applications of complex polymeric materials 
causes a concomitant need for the development of new methods to connect 
polymer structure with material behaviour. One vital property may be 
polymer dissolution, especially when polymers are used for biomedical or 
pharmaceutical applications. Typical examples are polymeric implants and 
controlled-release media for drug delivery. In the latter case, implantation 
under the skin, injection into the body and oral intake may be considered. 
For such uses of polymers, knowledge of the rates of dissolution and/or 
extraction is imperative. This is also the case in other applications of 
specialty or commodity polymers, for example when the polymer is used as 
a film-forming agent for hair-styling cosmetics, as food-packaging materials 
or for fuel lines in cars. Because polymers can be extremely complex 
mixtures of molecules of various sizes, chemical compositions, end groups, 
etc., and because subtle changes in the molecular structure may have a huge 
effect on the polymers’ behaviour, the development of meaningful structure-
property relationships is a very challenging task.  

Polymer dissolution is typically studied by viscometry or by Fourier-
transform infrared (FTIR) spectroscopy [1-4]. Zhang et al. [5] studied 
dissolution kinetics of polystyrene (PS) in biodiesel. Dissolution was 
measured at different temperatures for PS reference materials of different 
molecular weight. Gravimetric analysis and FTIR microscopy were 
compared. FTIR showed better precision, lower detection limits and much 
shorter analysis times. Moreover, gravimetry required greater samples than 
FTIR microscopy. Bonacucina et al. [6] used acoustic spectroscopy and 
viscosity measurements to study the dissolution rates of polysaccharides in 
water. In recent years, poly(hydroxyalkanoates) (PHAs) have come to be 
considered as a green alternative for some commodity plastics. McChalicher 
et al. [7] used UV-vis spectrophotometry (at 400 nm) to measure the 
solubility kinetics of the PHA poly(3-hydroxybutyrate) in 1,2-propylene 
carbonate at various temperatures. Kaunisto et al. [8] studied the dissolution 
of polyethylene oxide (PEO), using magnetic-resonance micro-imaging to 
test mathematical models of swelling and dissolution. However, truly 
quantitative measurements of the concentrations of dissolving polymers, 
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using these methods are highly challenging, because of their limited 
sensitivity and dynamic range.  

Another way to study polymer solubility is by quantitative pyrolysis – gas 
chromatography (Py-GC). The first successful studies on quantitative 
pyrolysis were reported more than 25 years ago, when Wang et al. used it to 
determine the composition of copolymers [9,10]. They used the abundance 
of dimeric and trimeric fragments to calculate the number-average sequence 
length and the weight percentages of monomers. Recently, it was 
demonstrated that quantitative pyrolysis could be performed with 
contemporary programmed-temperature-vaporization (PTV) injectors 
[11,12]. In this case, not only compositional information could be obtained, 
but also absolute information on the concentration of polymer molecules in 
solution. A high precision (< 5% RSD) was demonstrated. Py-GC-MS was 
coupled on-line to size-exclusion chromatography (SEC) to quantitatively 
measure the composition of complex terpolymers, as a function of molecular 
weight [11]. The resulting information was used to distinguish between 
different synthesis routes. A number of aspects of Py-GC-MS used as a 
quantitative tool were discussed. For instance, the influence of molecular 
weight, copolymer composition and molecular architecture (random, blocks) 
on the abundances of the pyrolysis products were studied. The results 
described in the above references are highly encouraging with regard to the 
potential of Py-GC for quantitative studies of a polymer’s dissolution 
behaviour and solubility. However, every type of polymer has its own 
behaviour in Py-GC-MS and the applicability of this method for quantitative 
dissolution experiments should be investigated experimentally.  

A very strong benefit of Py-GC for studying the solubility of polymers for 
biomedical and pharmaceutical applications is the extremely high sensitivity 
of the technique. This allows very small samples and/or very poorly 
dissolving polymers to be studied accurately. However, the fact that water is 
the principal solvent in biological systems forms a major complication. 
Water is notoriously difficult to deal with for GC applications. Water has a 
detrimental effect especially on non-polar stationary phases and on a 
column’s deactivation layer. The use of Py-GC for studying polymers in 
aqueous solutions is only possible if proper precautions are taken [13,14]. 
The work detailed in this chapter covers the development of methods for the 
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qualitative (identification and determination of composition) and 
quantitative analysis of dissolved copolymers in water.  

Copolymers of N-vinyl-2-pyrrolidone (VP) and vinyl acetate (VA) are 
frequently used as pharmaceutical excipients, as well as for other 
applications (e.g. hairstyling), because of their good binding and film-
forming properties, combined with a relatively low hygroscopicity. Poly(N-
vinyl-2-pyrrolidone–co-vinyl acetate) (PVP-co-VA) copolymers with 
various composition ratios are used in commercial products. By measuring 
the ratio of the individual monomers in the dissolved polymer, a possible 
effect of copolymer composition on the dissolution behaviour can be 
ascertained. On-line or off-line coupling of SEC with Py-GC will reveal 
possible effects of molecular weight and a combination of either SEC or 
interactive liquid chromatography (LC;[15]) with Py-GC can be used to 
obtain additional information on the dissolved material, such as a possible 
variation of chemical composition with molecular weight (“composition 
drift”). The optimization and development of Py-GC for monitoring the 
dissolution of various VP-co-VA copolymers in water will be described in 
this chapter. Also, the possibility of off-line coupled SEC/-/Py-GC will be 
discussed and the use of this hyphenated technique for the detailed 
characterisation of dissolved PVP-co-VA copolymer will be demonstrated. 

 

4.2 Experimental 

4.2.1 Instrumentation 

Py-GC-MS analyses were performed on a Shimadzu (Kyoto, Japan) GCMS-
QP2010plus instrument, equipped with an Optic-3 PTV (programmed-
temperature vaporization) injector (ATAS GL, Veldhoven, The Netherlands) 
and a Focus XYZ robotic autosampler (ATAS), equipped with an agitator 
for dissolution studies. 

The SEC analyses were performed on a Waters HPLC system (Waters, 
Milford, MA, USA) equipped with an in-line degasser, a Model 600 pump, a 
717 plus TRI-SEC auto-sampler, a Model 410 differential-refractive-index 
detector (dRI) and an on-line Fraction Collector-II. The latter module was 
used to realize the off-line SEC/-/Py-GC-MS coupling. 
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4.2.2 Samples and materials  

Copolymers of VP and VA were studied. They can be used in two different 
applications, viz. in cosmetics (Luviskol) and as excipients in pharmaceutical 
tablets and granules (Kollidon, Plasdone). Luviskol-VA grade samples with 
VP/VA mass ratios of 30/70, 50/50, 60/40, and 70/30 were obtained from 
BASF (Ludwigshafen, Germany). Samples of pharmaceutical grade with 
VP/VA ratio of 60/40 were obtained from BASF (Kollidon VA64) and 
International Specialty Products (Texas City, TX, USA; Plasdone S-630 
ISP). Solutions of PVP-co-VA copolymers in ethanol were studied by Py-
GC to determine the actual molar-composition ratios. Some of the Luviskol-
VA samples (70/30 and 30/70 mass ratios) were supplied in the form of 
ethanolic solutions (50% by volume); other samples (50/50 mass ratio) were 
solutions in 2-propanol (again 50% by volume); some copolymers were 
available as solids. Details are provided in Table S1 (see section 4.5).  

Poly(N-vinyl-2-pyrrolidone) (PVP) homopolymers of different molecular 
weights were purchased from Fluka (Buchs, Switzerland). These reference 
materials included K15 average molecular weight 10 kDa, K25 (24 kDa) and 
K30 (40 kDa). Poly(vinyl acetate) (PVA) homopolymers, with weight-
average molecular weights (Mw) of 124.8 kDa, 194.8 kDa and 237 kDa, were 
obtained from Scientific Polymer Products (Ontario, NY, USA). All 
reference materials for compositional studies were dissolved in methanol. 

Poly(ethylene glycol) / poly(ethylene oxides) (PEG/PEO) standards (Fluka) 
were used to calibrate the SEC-dRI system. This is the most-obvious choice 
of calibrants for aqueous SEC. However, homopolymeric standards of any 
kind are imperfect for calibration of SEC for co-polymeric samples [16]. 
PVP standards are not available; PVA standards would be available, but 
those are not soluble in water.  

Highly pure water used for the preparation of samples and mobile phases 
was obtained by means of an Arium 611 Ultrapure (18.2 MΩ.cm) Water 
System (Sartorius, Goettingen, Germany). ULC/MS grade methanol 
purchased from Biosolve (Valkenswaard, The Netherlands) was used for the 
eluent in SEC. 
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4.2.3 Sample preparation 

Since the investigated copolymers were supplied in different solvents or as 
solids (powders), first an appropriate sample preparation had to be 
undertaken for each polymer. All copolymers were first dissolved and then 
dried for 72 hours in a vacuum oven. Ethanol and/or 2-propanol were added 
to each sample in such amounts as to achieve the same final solvent (see 
Table S1). Discs (“tablets”) were pressed from the dried copolymer, using a 
hand-press (Perkin Elmer, Waltham, MA, USA) intended for preparing KBr 
tablets for FTIR measurements. The obtained discs were 0.25 g in weight, 
0.6 mm thick and 8 mm in diameter. Discs were prepared for each 
copolymer (see section 4.2.2) and these were used to study the dissolution 
behaviour in water. Each disc was placed in the vial and 15 mL of 
demineralized water were added (temperature 35 °C, which is the lowest 
possible temperature for the agitator; rate of addition 10 mL s-1). The capped 
vial was placed in the agitator and this moment was considered to represent 
the start of the dissolution process. Agitations were programmed before each 
measurement point (10 s at 500 rpm every 150 s). After each period of 150 s, 
10 µL of the aqueous phase were transferred into a sample vial equipped 
with an insert already containing 50 µL of water. Finally, 1 µL of solution 
(mixed in the syringe by eight successive aspirations of 60 µL of copolymer 
solution) was injected into the PTV-GC-MS. In the present case, no ill-
effects of a change in temperature (between dissolution stage and sample 
vial) were observed. The experiments were repeated three times (three discs 
for each copolymer). 

The composition of the polymers studied was characterized by Py-GC-MS. 
To this end the polymers were (re-)dissolved in methanol to a final 
concentration of approximately 2.50 mg mL-1. At this concentration any 
residues of the initial solvent had a negligible effect on the pyrolysis process.  

For molecular-weight determination by SEC, approximately 2.5 mg of each 
sample was dissolved in 1 mL of mobile phase (60/40 water/methanol (by 
volume)). 20 μL of this solution were injected. Finally, for off-line SEC/-
/Py-GC-MS, the samples were dissolved in the same mobile phase in 
concentrations of 10 mg mL-1 and 50 µL aliquots were injected into the SEC 
system. 



Chapter 4  

 

 
128 
 

4.2.4 Injection and pyrolysis 

For direct Py-GC measurements of the copolymer composition, 1 µL of 
sample solution was injected into the PTV. For off-line SEC/-/Py-GC-MS, 
10 µL were injected into the Py-GC-MS system. The PTV injection 
temperature was 40 °C; the solvent-elimination temperature was 140 °C. The 
solvent-elimination time was optimized for different injection volumes. Split 
flow was 200 mL min-1 during solvent venting and 20 mL min-1 during 
pyrolysis and sample transfer (180 s), and was then increased  
to 75 mL min-1. 

The PTV injector was programmed from 140 to 600 °C at 30 °C s-1. The 
final temperature for thermal conversion was optimized. Temperatures tested 
were 350 °C, 400 °C, 450 °C, 500 °C, 550 °C and 600 °C. The latter value 
yielded the best results. Higher temperatures were precluded by the type of 
liner used. 

 

4.2.5 Gas chromatographic analysis and mass spectrometry  

All GC analyses were performed on a 30 m x 0.25 mm i.d. TC-5MS column 
(GL Sciences, Tokyo, Japan; 5% phenyl-methylpolysiloxane) with a film 
thickness of 0.25 μm, using helium as carrier gas at a flow rate of 
1.6 mL min-1.  

Adequate sensitivity of the methods was ensured by the use of cryo-
focusing. A cryo-unit (CryoFocus 3, ATAS GL) was installed 100 mm 
below the injector nut for trapping the pyrolysis products. The temperature 
of the cryo-unit was 110 °C during solvent elimination to prevent the solvent 
from being trapped. Before the pyrolysis process was started, the cryo-trap 
was cooled to –80 °C and immediately after the thermal conversion was 
finished (required time estimated from experiments with different sample 
volumes), it was rapidly heated (at about 40 °C s-1) to 300 °C and was kept at 
this temperature during the gas-chromatographic separation. The GC oven 
was programmed from 60 °C (0.2 min hold) to 320 °C (2 min hold) at 40 °C 
min-1. The program was started when the cryo-unit temperature reached 
300 °C. The mass spectrometer was used in the full-scan mode. Electron-
ionization mass spectra were obtained across the range of 40–500 Da at 
70 eV.  
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4.2.6 Size-exclusion chromatography with dRI detection 

All SEC separations were carried out on the following set of columns used in 
series: PL aquagel-OH Guard (50×7.5 mm, 8 µm), PL aquagel-OH MIXED 
and aquagel-OH 30 (each 300×7.5 mm, 8 µm) (Polymer Laboratories, 
Church Stretton, UK) at 45 °C. The mobile phase was a mixture of water and 
methanol (60:40 by volume) pumped at a flow rate of 1.0 mL min-1. The 
SEC system was calibrated using 20-µL injections of 2.5 mg mL-1 solutions 
of seven (PEG/PEO) standards (table S2). Data were recorded and processed 
using Empower 2 software (Waters, Milford, MA, USA). Molar-mass 
distributions (MMD) were calculated from the chromatographic peaks using 
software written in-house in Excel 2003 (Microsoft). 

For off-line SEC/-/Py-GC-MS, the SEC injection volume was 50 μL. 
Fractions of 500 μL were collected at the outlet of the SEC column and 
10 μL of these were injected (off-line) into the Py-GC-MS system. 

 

4.3 Results and Discussion 

4.3.1 Quantitative Py-GC-MS 

The major products from the pyrolysis of the homopolymers PVP and PVA 
are N-vinyl-2-pyrrolidone (VP) monomer and acetic acid (HAc), 
respectively (Fig. 1). Thermal conversion of copolymers of VP-co-VA 
results in a combination of the products observed for the homopolymers, 
with the ratios differing depending on the composition of the copolymer 
sample. 

 

 
Figure 1: Py-GC-MS (extracted ion chromatogram (EIC), m/z: 60 and 111) chromatogram of 
a blend of PVP and PVA. GC conditions: 60 °C to 320 °C at 30 °C min-1. The initial and final 
holds were 1 min and 2 min, respectively. For detailed conditions see section 4.2.5. 
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To study the composition of co-polymers and the influence of composition 
on the dissolution behaviour, quantitative tools are required. In case of 
copolymers analysed by Py-GC, both composition determination and 
quantification is based on the abundance of specific thermal-degradation 
products. For accurate compositional analysis, a quantitative relationship 
should exist between copolymer composition and the ratio of the two 
monomers, as obtained from Py-GC-MS. The molecular weight, the 
composition, the monomer arrangement and the concentration of the 
polymer in solution, should not affect the nature and intensity of the products 
formed during the thermal-degradation process. The abundance of a peak 
should be solely determined by the mass of the specific monomer present in 
the injector. To study the effect of the various factors a series of 
quantification experiments were performed. 

The influence of the molecular weight on the Py-GC-MS chromatograms 
obtained was investigated by injecting 1-µL volumes of ethanol solutions 
containing equal masses of PVP and PVA homopolymers of three different 
molecular weights (10 kDa, 24 kDa, 40 kDa for PVP; 124.8 kDa, 194.8 kDa, 
237 kDa for PVA) into the Py-GC-MS. Random variations with RSDs of 
1.2% and 1.9% were observed for the absolute peak areas of the VP and VA 
(HAc) fragments. This indicates that the molecular weight does not affect 
the peak areas of the characteristic fragments. 

The influence of the composition of the copolymers on the amounts of 
products formed during pyrolysis was tested using the co-polymers and the 
mixtures of homopolymers described in Samples and Materials (section 2.2). 
To study the effect of composition for the aforementioned copolymers, the 
Py-GC-MS peak areas of m/z 60 (HAc) and 111 (VP) were recorded for 
PVP-co-VA copolymers of known composition. Based on the calibration 
curves (section 4.5, Fig. S1) obtained from the analysis of different 
concentrations of PVP and PVA homopolymers, the ratio of the monomers 
(VP/VA) for each copolymer was calculated. As can be seen in Table 1, the 
results correspond with the indicative composition values specified by the 
suppliers, which implies that there is no influence of the polymer 
composition on the relative abundance of the pyrolysis products. The data 
suggest that Py-GC is a reliable, quantitative method for quantifying the 
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amount of dissolved VP-co-VA copolymers as well as for establishing the 
monomer ratios of the copolymers.  

 
Table 1: Comparison of mass ratios of monomers (VP/VA) in various copolymers obtained 
by Py-GC-MS with set values (for blends) or indicative values provided by the manufacturers. 

 
 

Expected 
  Py-GC-MS 

 
VP% VA% VP/VA  VP% VA% VP/VA 

Blend 1 67 33 2  65 35 1.88 
Blend 2 51 49 1.03  50 50 1 
Blend 3 34 66 0.51  32 68 0.47 
L 3/7 30 70 0.43  30 70 0.42 
L 5/5 50 50 1  47 53 0.89 
L 6/4 60 40 1.5  60 40 1.5 
P 6/4* 60 40 1.50  59 41 1.44 
K 6/4* 60 40 1.50  59 41 1.43 
L 7/3 70 30 2.33  73 27 2.65 

* Values obtained by saponification. 

 

4.3.2 Dissolution kinetics  

Dissolution of PVP-co-VA discs in water involves penetration of the solvent 
into the solid copolymer discs, swelling of the polymer, chain 
disentanglement, and finally, dissolution of the polymer molecules. When 
the polymer dissolves from the tablet, a significant concentration gradient is 
formed, which extends from the disc into the solution. Sufficient mechanical 
mixing is required to maintain a homogeneous solution. This was achieved 
using the agitator. The aliquots of the sample were negligibly small (10 µL 
out of 15 mL), so that the total composition of the sample was not affected. 
Dissolution curves were constructed based on the sum of the amounts of VP 
and VA observed at each time point normalized to the total dissolution of the 
tablet (100% dissolved). 

Samples A, B, C and D showed very similar dissolution kinetics (see Fig. 2). 
Very different behaviour, however, was observed for L 5/5 (graph E in 
Fig. 2), the sample for which the content of VP is the lowest (50%) of those 
depicted. The onset of dissolution of L 5/5 occurred later than for the other 
samples, in which the concentration of VP was 60% or more. For the L 3/7 
sample even more extreme behaviour was observed. For this material, which 
contains 30% of VP, the majority of the solid polymer remained undissolved 
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even after two hours. For this reason, this polymer was not included in 
Fig. 2. For the dissolved polymer at each time point the ratio of the two 
monomers (VA/VP) was also measured. The percentages of VA are also 
indicated in Fig. 2. For all polymers studied, little variation was observed 
around the manufacturer-specified values and, more importantly, the 
composition of the dissolved material did not vary during dissolution. It is 
known that in case of copolymers, the monomer ratio can affect the 
dissolution rate, especially when the monomers have different affinities to 
the solvents, such as is the case for PVP-co-VA in water. Increasing the VA 
content decreases the solubility in water. Figure 2 F illustrates the combined 
dissolution curves of the copolymers. No significant influence of the 
monomer content on the dissolution rate was observed for copolymers with 
VA percentages below 40%. For higher VA percentages, a delay in 
dissolution was observed, especially for material L 3/7 containing 70% of 
VA, which did not dissolve to a significant level within the two hours 
measurement time. The almost constant ratio of VP/VA during dissolution 
suggests a random rather than a gradient distribution of the monomers in the 
polymer chains. The RSD values obtained from three dissolution 
experiments performed for each co-polymer were below 10%. Repeatability 
of injections was within 5% RSD. The detection limit of the method was 
estimated at 1 ng µL-1 (HAc). The results of these experiments demonstrate 
the potential of solubility measurements using Py-GC-MS. 
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Figure 2: Dissolution rate (▲) and composition (% VA ●) during dissolution of A) K 6/4, B) 
L 6/4, C) P 6/4, D) L 7/3, E) L 5/5 and F) overlay of the dissolution curves from figures A-
E.(▲) L 5/5 (♦) L 7/3 (●) K 6/4 (■) L 6/4 (*) P 6/4. Conditions see section 4.2. 

 

Dissolution and solubility of polymers will be influenced by many 
parameters, such as structure, composition, size, additives, processing 
conditions, etc. In order to fully understand differences in the dissolution 
behaviour of samples varying in monomer ratios, it is important to study the 
molecular-weight distribution of the samples and the variation of monomer 
ratios as a function of molecular weight. 
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4.3.3 Determination of molecular weight and copolymer composition  

Since dissolution of polymers depends on their molecular weight and 
polydispersity [17,18], knowing the molar-mass distribution of the analysed 
samples may help to interpret the observed dissolution behaviour. VP-co-VA 
copolymers are highly soluble in water, but pure water did not prove a good 
eluent for SEC. By adding 40% of methanol to the mobile phase, adsorption 
could be avoided, which resulted in a higher recovery of the polymers from 
the column and a strictly size-based separation [19]. The same phenomenon 
was observed when using aqueous SEC for the analysis of neutral PVP 
homopolymers. To suppress adsorption, methanol was added to the aqueous 
mobile phase [20]. A calibration curve was constructed using PEG/PEO 
standards. With this calibration curve we obtained the molecular weights of 
the copolymers listed in table 2. For P 6/4 the molar-mass distribution was 
very broad (Fig. 3) and parts of the elution window exceeded the calibration 
range. Therefore, for this sample it was not possible to calculate the 
molecular weight and the polydispersity index (PDI). 

 
Table 2: Weight-average molar mass (Mw), number-average molar mass (Mn) and 
polydispersity (PDI) determination by SEC-dRI. 

  Mw Mn PDI 
L 5/5 8,554 3,571 2.40 
L 6/4 11,084 4,397 2.52 
K 6/4 13,817 4,596 3.01 
L 7/3 21,841 6,446 3.39 
P 6/4*       
* Out of calibration range 

 

 
Figure 3: Molecular weight as determined by SEC-dRI for VP-co-VA copolymers. Grey, 
vertical lines define calibration range. Mobile phase, water/methanol (60/40, v/v) at a flow 
rate of 1.0 mL min-1. Other conditions see section 4.2.6. 
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By combining SEC with Py-GC-MS, the ratio of the monomers can be 
obtained as a function of molecular weight. This multidimensional 
information will greatly aid in elucidating the dissolution mechanism and it 
may even yield information on the monomer arrangement (sequence) in the 
copolymer. By collecting the SEC chromatogram as multiple adjacent 
fractions for subsequent Py-GC-MS analysis, the SEC elution profile can be 
reconstructed and the ratios of two monomers can be obtained across the 
entire molecular weight range. dRI and Py-GC-MS can be seen as two 
independent detectors for SEC. Figure 4 illustrates that the data obtained 
from these two systems were in good agreement (data are shown for L 6/4; 
similar results were obtained for the other polymers). For the Py-GC-MS, the 
sum of the measured concentrations of VP and VA was plotted. For other 
samples, the agreement was equally good (data not shown). 

The off-line Py-GC-MS measurements do yield additional information, i.e. 
the VP/VA ratio (or the percentages of VP and VA). Using dRI detection it 
is not possible to differentiate between the contributions of each monomer to 
the total signal. 

 

 
Figure 4: SEC elution profile of L 6/4, solvent, 60/40 water/methanol, flow rate, 1 mL min-1 
SEC-dRI (dotted line) and reconstructed (off-line) SEC/-/Py-GC-MS chromatograms (solid 
line) For conditions see section 4.2. 
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Figure 5: Reconstructed SEC/-/Py-GC-MS chromatogram and compositional data for L 7/3. 
Fraction width 30 s. Conditions see section 4.2. 

 

Figure 5 shows the chromatogram, as the sum of the (VP, VA) monomer 
concentrations in the fractions versus retention volume, together with the 
relative concentrations of the two monomers. Constant relative 
concentrations across the time axis suggest a homogeneous (uniform) 
distribution of monomers across the molecular-weight range. This was 
observed for L 7/3 (Fig. 5) and also for K 6/4 and L 6/4 (section 4.5, Fig. S2, 
S3). 

For L 5/5 (Fig. 6) and for P 6/4 (section 4.5, Fig. S4), a slight so-called 
composition drift was observed, i.e. the ratio of VP and VA monomers 
changed with molecular weight. Chains of different length in the copolymer 
samples do not have the same (average) composition. The average ratios of 
VP/VA obtained from SEC/-/Py-GC-MS were in good agreement with the 
VP/VA obtained from Py-GC-MS and with the manufacturer specified 
values for all analyzed copolymers. 
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Figure 6: Reconstructed SEC/-/Py-GC-MS chromatogram and compositional data for L 5/5. 
Fraction width 30 s. Conditions see section 4.2.  

 

4.4 Conclusions 

Py-GC-MS was successfully applied to characterise copolymers of N-vinyl-
2-pyrrolidone and vinyl acetate and to study their dissolution behaviour. 
Using Py-GC-MS chemical-composition information could be obtained on 
VP-co-VA copolymers. The method showed good performance in terms of 
repeatability and reliability. Py-GC-MS was demonstrated to be a suitable 
method for measuring dissolution kinetics of PVP-co-VA in water. The 
method will need to be verified for other types of polymers. Of the 
parameters studied the monomer ratio has the greatest effect on the 
dissolution rate. The copolymer with the highest amount of VA (50%) 
dissolves significantly slower than the other copolymers.  

Combined SEC/-/Py-GC-MS allowed measurement of the copolymer 
composition (VP/VA ratio), as a function of the molecular weight. A 
constant VP/VA ratio across the dissolution curve was observed for all 
analysed copolymers. Based on knowledge about the relative affinity of the 
two monomers for water, this would suggest a random distribution of the 
two monomers in the polymer chains. A random arrangement of monomers 
usually results in a more regular dissolution. The rather low molecular 
weight of the material contributes to the rapid dissolution of the investigated 
copolymers. 
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4.5 Supplementary information 

 

Table S1: Dilution of individual samples to achieve equal conditions for each polymer. 
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L 3/71 5 mL 50% 
v/v  50%   2.5 mL 33% 33% 33% 

L 5/5 5 mL 50% 
v/v   50% 2.5 mL  33% 33% 33% 

L 7 /3 5 mL 50% 
v/v  50%   2.5 mL 33% 33% 33% 

L 6/4  99% 
powder 0.8 g   1 mL 1 mL 33% 33% 33% 

P 6/4  99% 
powder 0.8 g   1 mL 1 mL 33% 33% 33% 

K 6/4  99% 
powder 0.8 g   1 mL 1 mL 33% 33% 33% 

1 Does not dissolve in water. 
2 Density is approximately 0.8 g mL-1, so that 0.8 g represents about 1 mL. 

 
Table S2: Peak molecular weight (Mp), weight average molecular weight (Mw), number 
average molecular (Mn) and PDI of the Poly(ethylene glycol)/poly(ethylene oxides) 
(PEG/PEO). 

Standard Mp (D) Mw (D) Mn (D) PDI 
PEG/PEO-I 232 232 232 2.25 
PEG/PEO-II 1,960 2,010 1,840 2.25 
PEG/PEO-III 6,690 6,550 6,170 2.25 
PEG/PEO-IV 18,600 17,900 14,900 2.25 
PEG/PEO-V 44,700 42,700 34,000 2.25 
PEG/PEO-VI 118,000 118,000 98,200 2.25 
PEG/PEO-VII 263,000 271,000 208,000 2.25 
PEG/PEO-VIII 1,010,000 932,000 843,000 1.13 
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Figure S1: Calibration curves of homopolymers PVP, PVA. 

 

 
Figure S2: Reconstructed SEC/-/Py–GC–MS chromatogram and compositional data for K 
6/4. Fraction width 30 s. Conditions see section 4.2. 

 

 
Figure S3: Reconstructed SEC/-/Py–GC–MS chromatogram and compositional data for L 6/4. 
Fraction width 30 s. Conditions see section 4.2. 
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Figure S4: Reconstructed SEC/-/Py–GC–MS chromatogram and compositional data for P 6/4. 
Fraction width 30 s. Conditions see section 4.2. 
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Abstract 

Poly(alkyl methacrylate) polymers possess desirable properties (photo-
stability, resistance to aging, etc.) for application in coatings. In this area, 
knowledge on optimum solvents and solvent combinations may be crucial. 
In the present work fully automated pyrolysis-gas chromatography-mass 
spectrometry (Py-GC-MS) was used to determine polymer solubility. The 
solubilities of poly(methyl methacrylate) and poly(butyl methacrylate) 
homopolymers and of a series statistical copolymers (PMMA-co-BMA) with 
different monomer ratios were investigated in binary solvent mixtures 
ranging from pure water to pure organic solvent (2-propanol, iPrOH or 
acetonitrile, ACN). A significant influence of molecular weight on solubility 
was observed. A higher molecular weight resulted in a lower solubility. 
iPrOH and ACN proved to be good solvents for PBMA and PMMA, 
respectively. In some cases the highest solubility was found for a specific 
water/organic mixture, so-called cosolvency effect. Solubility data obtained 
by Py-GC-MS were used to estimate solubility parameters for PMMA 
(δ ≈ 28 MPa1/2) and PBMA (δ ≈ 26 MPa1/2) homopolymers. These are within 
the ranges of values reported in the literature. 
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5.1 Introduction 

Poly(alkyl methacrylate)s have attractive properties, such as photo-stability 
(non-yellowing), aging resistance, resistance to plasticizers, low 
permeability for oxygen, and resistance to hydrolysis. Therefore, they are 
extensively used in, for example, coating formulations. In the coatings 
industry knowledge on polymer compatibility, optimum solvents and solvent 
combinations may be crucial for optimizing processing conditions and 
product properties.  

Solubility parameters represent an important contribution to solution theory. 
The concept of solubility parameters describes the interactions between 
polymer and solvent (or between polymer molecules mutually) based on the 
physical properties of the pure components. Solubility parameters are often 
used to predict polymer solubility, especially in the coatings industry 
[1,2,3,4,5]. According to this concept, the lowest energy of mixing (and 
therefore the highest solubility of a polymer) concurs with a situation in 
which the solubility parameters of the solvent and the polymer are equal 
(δsolvent = δpolymer). 

Several of the curves that display solubility as a function of solvent 
composition show a clear maximum at some organic solvent /water ratio so-
called cosolvency effect. One way to explain this is to refer to the 
Hildebrand solubility-parameter concept. For regular solutions, for which 
there is no entropy effect upon mixing, mixing is exclusively determined by 
the enthalpy effect (heat of mixing), which can be described as 

∆𝐻𝑀 = ∅solvent∅polymer𝑉𝑀�δsolvent −  δpolymer�
2                                             (1) 

Where φsolvent and φpolymer are the volume fractions of solvent and polymer, 
respectively, VM is the volume of the mixture and δsolvent and δpolymer are the 
solubility parameters of the solvent and the polymer, respectively. The latter 
are defined as the square root of the cohesive energy density. 

𝛿 = �−𝐸
𝑉

                                                                                                   (2) 

It has been argued [6] that eq. 1 does not describe the enthalpy effect, but 
rather the non-combinatorial free-energy effect ∆𝐺non-combinatorial

𝑀 , i.e. it 
includes non-combinatorial entropy effects. 
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Eq. (1) shows that the heat effect (or the non-combinatorial free-energy 
effect) upon mixing is positive (opposing mixing), except when the 
solubility parameters of the solvent and the polymer are equal. The solubility 
is expected to be highest at the composition at which ∆𝐻𝑀 or 
(∆𝐺non-combinatorial

𝑀 ) is lowest, i.e. when the solubility parameters of the 
solvent and the polymer are equal.  

Eq. (1) is a simplistic model, including many assumptions and 
approximations. Some refinement is possible by introducing multi-
dimensional solubility parameters, such as those proposed by Hansen [6]. In 
this approach the solubility parameter is divided in three components 

𝛿Total
2 =  𝛿𝑑2 + 𝛿𝑝2 + 𝛿𝐻2          (3) 

Where d, p and H denote the dispersion, polar and hydrogen-bonding 
contributions to the cohesive energy, respectively.  

For lack of a better model for the polarity of mixtures of polar solvents, the 
solubility parameter of solvent mixtures can be assumed proportional to the 
volume fractions of the respective solvents, for example for a mixture of 
water and isopropanol 

δmixture =  ∅waterδwater + ∅organic solventδorganic solvent      (4) 

Based on this assumption and the observation that the highest solubility 
concurs with δsolvent =  δpolymer we may estimate the solubility parameter of 
a polymer, e.g. in case of a mixture of water and organic solvent. 

δpolymer =  (δmixture)max solubility =  �∅waterδwater + ∅organic solventδorganic solvent�max solubility
  (5) 

Solubility parameters for solvents can be found in the literature [7] or they 
can be calculated from experimental data on, for example, the heat of 
evaporation or the vapour pressure as a function of temperature [8,9,10]. For 
non-volatile (macro-)molecules degradation occurs before evaporation takes 
place. Therefore, obtaining vapour pressure or evaporation data is generally 
not possible. Indirect measurements of polymer/solvent interactions in 
combination with theory are used to determine solubility parameters for 
polymers. Alternatively, group-contribution models may be used to estimate 
solubility parameters based on molecular structure [e.g.11,12]. 
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Long lists of solvent-polymer interactions across different temperature 
ranges expressed in terms of solubility parameters or qualitative indications 
of solubility (soluble/not soluble) have been created based on predictions 
and experimental results (e.g. Polymer Handbook). Most of these data can be 
only used as an indication of polymer solubility, since they are based on 
indirect measurements, (e.g. turbidity, calorimetry, viscometry) followed by 
a calculative prediction involving (many) assumptions. 

Cloud-point (turbidity) measurements are a case in point. Polymers are 
assumed to be soluble on one side of the cloud point and insoluble on the 
other side. The cloud point can be expressed as a solvent composition (at a 
given temperature) or as a cloud-point temperature at a given solvent 
composition. On neither side of the cloud point an indication is obtained of 
the extent of polymer solubility. However, turbidity screening provides 
indications of optimum temperature ranges and optimum solvent mixtures 
for dissolving polymer [13,14,15,16]. Although for many applications 
qualitative information on (in-) solubility may suffice, many other 
applications would greatly benefit from a quantitative assessment of polymer 
solubility. Pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) 
can be used to obtain this quantitative information 

The most practical way to perform quantitative Py-GC(-MS) makes use of a 
programmed-temperature-vaporization (PTV) injector. This allows accurate 
and fully automated injection of (large volumes of) liquid solutions [17]. 
Py(PTV)-GC-MS proved to be a quantitative method to determine the 
amounts of polymer present in solution [18,19] and, therefore, it also 
emerged as a suitable method to study solubility and dissolution of polymers 
[20,21]. Py-GC-MS is most suited for low concentrations of non-volatile 
(polymeric) analytes, but a good performance has been demonstrated across 
a very broad concentration range [20]. The low detection limits which can be 
achieved using Py-GC-MS may be especially useful for applications where 
very low solubilities need to be assessed, including pharmaceutical and 
biomedical applications of polymers [22]. Additionally, for heterogeneous 
polymers, such as copolymers, Py-GC-MS can provide detailed 
compositional information. In such cases Py-GC-MS is quite a unique 
method for measuring solubility, because conventional methods (e.g. 
viscometry) will be difficult, if not impossible to apply [21,23]. The data 
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accumulated in recent years [24,20,25,26] support the notion that Py(PTV)-
GC-MS provides highly precise and consistent data on polymer solubility 
and composition. Accurate data may be obtained if an appropriate calibration 
procedure can be established, which is usually the case if well-defined 
standard materials are available. In the present study low solubilities of 
poly(methyl methacrylate) (PMMA), poly(butyl methacrylate) (PBMA) and 
various copolymers of PMMA and PBMA (PMMA-co-BMA) in mixed 
solvents were investigated. Using fast, accurate, robust, and fully automated 
Py-GC-MS measurements, the amounts of dissolved 
poly(alkyl)methacrylates were detected in mixtures of water and organic 
solvents (2-propanol, iPrOH, acetonitrile, ACN, or ethanol, EtOH) across a 
range of different ratios. Aspects of quantitative pyrolysis based on 
quantification of monomers (influence of molecular weight, monomer 
composition) are discussed. Experimental conditions (spit ratio, injection 
volume) were varied to maximize the dynamic range of the method. 
Obtained data were used to calculate solubility parameters. 

 

5.2 Experimental 

5.2.1 Instrumentation 

Py-GC-MS analyses were performed on a Shimadzu (Kyoto, Japan) GCMS-
QP2010plus instrument, equipped with an Optic-3 PTV (programmed-
temperature-vaporization) injector (ATAS GL, Veldhoven, The Netherlands) 
and a Focus XYZ robotic autosampler (ATAS GL). A cryo-unit (CryoFocus 
3, ATAS GL) was installed in the GC oven (100 mm below the injector nut) 
for trapping the pyrolysis products. Size-exclusion chromatography (SEC) 
was performed on a 2690 Alliance HPLC Separations Module (Waters, 
Milford, MA, USA) coupled to an RID-10A differential-refractive-index 
detector (dRI; Shimadzu).  

 

5.2.2 Samples and materials  

For solubility measurements PMMA, PBMA and a series of statistical 
PMMA-co-PBMA copolymers (specified in Table 2) were obtained from 
DSM Resins (Waalwijk, The Netherlands). HPLC-S grade tetrahydrofuran 
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(THF) from Biosolve (Valkenswaard, The Netherlands) was used to dissolve 
the samples and as the mobile phase for SEC. 0.02-0.03% (w/w) of 99.8% 
pure 2,6-di-t-butyl-4-methylphenol (BHT) from Acros Organics (Geel, 
Belgium) was used to stabilize the THF. Narrow PMMA standards, 
purchased from Polymer Laboratories (now part of Agilent; Church Stretton, 
U.K.), and PBMA standards from Polymer Standards Service (PSS, Mainz, 
Germany) were used to calibrate the SEC-dRI system and the Py-GC-MS 
experiments. ULC/MS grade acetonitrile (ACN) and isopropanol (iPrOH) 
were purchased from Biosolve. HPLC grade ethanol (EtOH) was obtained 
from Scharlan Chimie (Barcelona, Spain). Highly pure water used for 
solubility studies was obtained by means of an Arium 611 Ultrapure 
(18.2 MΩ.cm) Water System (Sartorius, Goettingen, Germany). 

 

5.2.3 Sample preparation 

For optimizing the quantitative Py-GC-MS experiments and for copolymer-
composition analysis narrow homopolymeric standards of PMMA and 
PBMA and copolymeric (A through E) and homopolymeric (F and G) 
samples were dissolved in THF (final polymer concentration approximately 
2.5 µg mL-1). Since samples A-G were provided as similar-size beads 
(approximately 0.3 mm in diameter), no additional sample pretreatment for 
solubility studies was necessary. For solubility studies aliquots of 
approximately 5 mg of each sample (A through G) were mixed with 10 mL 
of various solvent mixtures of water/ethanol (H2O/EtOH), water/isopropanol 
(H2O/iPrOH), and water/acetonitrile (H2O/ACN) in ratios of 100/0, 90/10, 
80/20, 70/30, 60/40, 50/50, 40/60, 30/70, 20/80, 10/90 and 0/100% (v/v). 
Solvents were mixed from individual volumes. All solutions were filtered 
using 0.45-µm Teflon filters after 24 h mixing at 50 rpm. All experiments 
were performed at about 22 °C (room temperature). For molecular-weight 
determination using SEC approximately 3 mg of each sample (A through G) 
were dissolved in 1 mL of stabilized THF.  
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5.2.4 Injection and pyrolysis 

For Py-GC-MS measurements sample solutions were injected into the PTV. 
Depending on the range of concentrations measured, different injection 
volumes (1, 10 or 30 µL) and split ratios were used as can be seen in 
Table 1. The initial (injection) temperature of the PTV was 40 °C. The 
solvent-elimination step was performed at 120 °C during an optimized time 
(dependent on the injection volume). The split flow was 250 mL min-1 
during solvent venting. Different split flows were used during the pyrolysis 
stage. After solvent elimination the PTV injector was heated from 120 °C to 
550 °C at 30 °C s-1.  

 
Table 1: Optimized experimental conditions for direct Py-GC-MS used for solubility 
measurements. Three methods are specified for three different concentration regimes. 

Concentration range (µg mL-1) 0.005 – 0.5 0.1 – 13 8 – 600 
Method M1 M2 M3 
Injection volume (µL) 30 10 1 
Vent time (s) 100 80 30 
Flow rate (mL min-1) 
 Column Flow 
 Split flow during solvent vent 
 Split flow during pyrolysis 

 
1.7 
250 
10 

 
1.7 
250 
150 

 
1.7 
250 
250 

 

5.2.5 Gas-chromatographic analysis and mass spectrometry  

All GC analyses were performed on a 30 m × 0.25 mm i.d. TC-5MS column 
(5% phenyl-methylpolysiloxane; GL Sciences, Tokyo, Japan) with a film 
thickness of 0.25 μm, using helium as carrier gas at a flow rate of 
1.7 mL min-1. The temperature of the cryo-unit was 150 °C during solvent 
elimination to prevent the solvent from being trapped. Before the pyrolysis 
process was started the cryo-trap was cooled to –80 °C and immediately 
after the thermal conversion was finished (required time estimated from 
experiments with various sample volumes and concentrations) it was rapidly 
heated (at 40 °C s-1) to 300 °C and kept at this temperature during the gas-
chromatographic separation. The GC oven was programmed from 120 °C to 
200 °C at 40 °C min-1. The program was started when the cryo-unit 
temperature reached 300 °C. The mass spectrometer was used in the full-
scan mode. Electron-ionization mass spectra were obtained across the range 
of 40–400 Da at 70 eV. 
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5.2.6 Complete method 

Figure 1 shows a schematic illustration of a complete method. A complete 
cycle consists of fully automated injection, solvent elimination, trapping, 
pyrolysis, separation on the GC column, detection with the mass 
spectrometer, and re-equilibration. The injection volume, vent time and split 
flow during pyrolysis vary between the three different methods (see 
Table 1). The duration of one cycle (time between injections) varies 
somewhat with the method used. In case of low solubilities (low polymer 
concentrations; method M1), large volumes of solution must be injected and 
the time needed for elimination of solvent is directly related to the volume.  
The shortest cycle time corresponds to the method for the highest polymer 
concentrations (method M3). This latter method may be made somewhat 
faster if a different liner were to be used, for example a baffled or fritted 
liner instead of the glass-bead sintered liner that is appropriate for large-
volume injection. However, in practice it is convenient to use one liner for 
the three different methods. The most obvious way to reduce the cycle time 
for high concentrations (M3 and, perhaps, M2) is to eliminate the cryo-
trapping stage. This would save 2 to 3 minutes, but some of this gain must be 
sacrificed to extend the re-equilibration (cool-down) time and start the GC 
oven program from a lower temperature. The operation of the GC oven may 
be speed up by using a modern, low-thermal-mass instrument. In that case 
the factor limiting the speed of re-equilibration becomes the cooling of the 
PTV injector from 350 ºC to 40 ºC using compressed air. This currently 
requires at least 5 min.  

 

 
Figure 1: Illustration of a complete Py-GC-MS method. 
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5.2.7 Size-exclusion chromatography with dRI detection 

All SEC separations were performed using a set of two MIXED-B (300 × 
7.5 mm, 5 µm) columns (Polymer Laboratories) in series at 45 °C. The 
mobile phase used was THF, stabilized with BHT. The eluent flow rate was 
always 1.0 mL min-1. The SEC system was calibrated using 30-µL injections 
of 2.5 mg mL-1 solutions of PMMA and PBMA standards (see section 5.5, 
Table S1). Data were recorded and processed using Empower-2 software 
(Waters). Molecular-weight distributions (MWD) were calculated from the 
chromatographic peaks using software written in-house in Excel 2003 
(Microsoft). 

 

5.3 Results and Discussion 

5.3.1 Determination of molecular weight  

Both the molecular weight and the polydispersity index of polymers may 
affect the solubility. Therefore, accurate data on the molecular-weight 
distribution are essential to understand the differences observed during the 
solubility screening of different polymers. SEC calibration curves were 
constructed using narrow homopolymeric standards of PMMA and PBMA. 
The two curves could not be distinguished. Therefore, a curve was 
constructed using the combined measurements. The molecular weights of 
samples A through G were obtained using this calibration (see Table 2). 

 
Table 2: Standard molecular weight (M), weight-average molecular weight (Mw), number-
average molecular weight (Mn), polydispersity index (PDI), and copolymer composition as 
specified by the supplier and experimentally determined by SEC-dRI and Py-GC-MS. 

Polymer M 
[kDa]a 

Mw 
[kDa]b 

Mn 
[kDa]b PDIb Ratio (w/w) Recovery 

[%]d MMA/BMAa MMA/BMAc 
A PMMA-co-BMA 110 160 88 1.83 20/80 22/78 100 
B PMMA-co-BMA 80 133 73 1.83 80/20 80/20 103 
C PMMA-co-BMA 15 26 13 2.02 40/60 42/58 98 
D PMMA-co-BMA 50 76 43 1.76 40/60 40/60 94 
E PMMA-co-BMA 20 30 17 1.75 65/35 67/33 107 
F PMMA 65 107 58 1.84 100/0 -  
G PBMA 160 275 143 1.93 0/100 -  
a specified by supplier  
b obtained from SEC 
c obtained from Py-GC-MS 
d Recovery in Py-GC-MS based on absolute calibration 
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The relative molecular weights obtained with SEC (weight-average 
molecular weight, Mw, and number-average molecular weight, Mn) appear to 
bracket the numbers specified by the supplier. In most cases the specified 
value is closer to Mn than to Mw (see Table 2). The molecular-weight 
distribution is relatively broad for all samples. The polydispersity indices do 
not differ greatly between the different polymers (Athrough G;  
1.75 ≤ PDI ≤ 2.02).  

 

5.3.2 Quantitative Pyrolysis-GC-MS  

The major pyrolysis products of PMMA and PBMA are monomers, i.e. 
methyl methacrylate (MMA) and n-butyl methacrylate (BMA), respectively. 
Py-GC-MS of mixtures (“blends”) of homopolymers (PMMA and PBMA) 
or of copolymers (PMMA-co-BMA) resulted in the same pyrolysis products 
as the two individual homopolymers combined. This suggests that neither 
the presence of another polymer in a mixture, nor that of another monomer 
in the polymeric chain has an effect on the (qualitative) products of the 
pyrolysis.  

Quantitative, linear relationships between the injected amounts (mass) of 
homopolymers (PMMA, PBMA) and the detected amounts of monomers 
(MMA, BMA) were established. The pyrolysis products are separated on the 
GC column prior to MS detection and identification. The two monomers are 
eluting at different retention times (MMA at 1.05 min and BMA at 1.2 min). 
Therefore, the same most-abundant peak (mass-to-charge ratio, m/z = 69) in 
the mass spectra of both MMA and BMA could be used for quantification 
(Figure 2). 

The influence of the molecular weight on the pyrolysis process was tested 
for both homopolymers. Equal masses of PMMA and PBMA of four 
different molecular weights (PMMA: narrow standards of 10.3 kDa, 
51.9 kDa, 94.9 kDa, and sample F; PBMA: narrow standards of 7.9 kDa, 
18.8 kDa, 57.3 kDa and sample G; see Table 2) were injected. The relative 
standard deviation (RSD %) obtained from the absolute peak areas for the 
MMA and BMA fragments were 4.8% and 5.6%, respectively. Insignificant 
variations in the results suggested that the sensitivity of the pyrolysis was not 
affected by molecular weight. This also suggests that composition data 
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obtained for blends or copolymers using calibration curves constructed using 
any of the homopolymeric standards will provide identical result. 

 

 
Figure 2: Overlaid extracted-ion chromatograms (EIC; m/z: 69) of PMMA (first peak; dotted 
black line) and PBMA (second peak; solid red line) obtained using Py-GC-MS (conditions 
see section 5.2.4, 5.2.5). GC conditions: 120 ºC to 200 ºC at 40 ºC min-1. Other conditions see 
Experimental (section 5.2). 

 

Before Py-GC-MS was used to determine copolymer compositions, several 
mixtures–(“blends”) of homopolymers (PMMA/PBMA of 30/70, 50/50, 
70/30 w/w) were analysed. Based on the calibration curves obtained by 
injecting 10 µL of PMMA and PBMA homopolymer solutions in different 
concentrations, the ratio of monomers could be estimated within 3% of the 
expected values (data not shown).  

The results obtained for blends suggest that identical sensitivities will be 
obtained for MMA and for BMA monomers irrespective of their chemical or 
physical environments.  

Copolymer compositions were obtained from calibration curves constructed 
based on absolute peak areas for MMA and BMA, resulting from Py-GC-
MS injection of different concentrations of blends. The sum of the amounts 
of each monomer (MMA and BMA) calculated form these calibration curves 
were compared to the total amount of injected copolymers. 

Table 2 shows the average copolymer compositions obtained with Py-GC-
MS. The values that were obtained using Py-GC-MS were in excellent 
agreement with the composition data provided by the supplier. 
Simultaneously, nearly 100% of the injected mass was recovered in the Py-
GC-MS experiments (comparing the amount of copolymer injected with the 

http://thesaurus.com/browse/simultaneously
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total amount of monomers detected, calculated using the calibration curves). 
Experiments were performed in triplicate. With Py-GC-MS quantitative 
compositional data of PMMA-co-BMA copolymers could be obtained with 
excellent precision. 

 

5.3.3 Solubility screening with quantitative Pyrolysis-GC-MS  

Py-GC-MS was used to study the amounts of soluble polymer for each of the 
seven poly(alkyl methacrylate) samples (A through G) in a series of different 
mixtures of H2O/ACN, H2O/EtOH and H2O/iPrOH, ranging from 10 to 
100% of each organic solvent. It proved necessary to develop three methods 
to cover the entire range of concentrations (see Table 1). The split ratios and 
injection volumes varied between the three different methods. Method 1 was 
applicable across a concentration range from 0.005 to 0.5 µg mL-1, method 2 
from 0.1 to 13 µg mL-1 and method 3 from 8 to 600 µg mL-1. Calibration 
with homopolymers (PMMA and PBMA) yielded linear relationships with 
correlation coefficients no lower than 0.9982 for both monomers (MMA, 
BMA) and all three methods (see section 5.5, Fig. S1). The calibration 
curves were necessarily different for the different methods, because of the 
different conditions (including different split ratios). The sum of the amounts 
of MMA and BMA obtained from two calibration curves represented the 
total amount of dissolved polymer in the particular solvent. The results are 
summarized in Table S2 (section 5.5). The maximum concentration 
measured was 500 µg mL-1. If such an amount of polymer was fully 
dissolved we considered the polymer soluble (denoted s in Table S2). 

One important observation was that the ratio of the amounts of monomers 
was constant and that it concurred with the overall chemical composition of 
the copolymer. No signs of selective dissolution were observed. If we 
compare the three different H2O/organic mixtures, we generally find EtOH 
to be a much weaker solvent than iPrOH or ACN. iPrOH is a much better 
solvent for PBMA, whereas ACN is a much better solvent for PMMA. 
Although EtOH is a poor solvent for both polymers, it is slightly better for 
PBMA (13 µg mL-1 maximum in 100% EtOH) than for PMMA (just over 
2 µg mL-1 maximum around 90% EtOH). The solubility in 100% ethanol is 
not a simple monotonous function of polymer composition. There is a very 
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pronounced maximum around 40% PMMA (Sample C). This sample has a 
relatively low molecular weight and this appears to have a large effect on the 
solubility. A very similar effect is observed for 100% iPrOH, but the 
amounts of polymer dissolved are much higher. PMMA homopolymer 
shows a maximum solubility of about 23 µg mL-1 in about 80% of 
isopropanol, PBMA is soluble (more than 500 µg mL-1) in solvents 
containing 90% or more iPrOH. 

In case of H2O/ACN mixtures solubility was always found to increase with 
increasing concentrations of ACN. PBMA proved poorly soluble in 
H2O/ACN mixtures, the highest solubility being less than 4 µg mL-1 in 100% 
ACN. As a rule the solubility increased with increasing PMMA content of 
the (co-)polymers, but this effect appears to be confounded with a significant 
influence of the polymer molecular weight. For example, for copolymers C 
and D the content of MMA/BMA is almost the same (40/60), but the two 
copolymers differ significantly in molecular weight (Mw = 26 and 76 kDa, 
respectively). The amount of copolymer dissolved in 100% ACN for 
copolymer D is almost half that of low-molecular-weight copolymer (C). 
The molecular weight for copolymers C and E is almost the same  
(Mw = 26 and 30 kDa, respectively), but the two copolymers differ in their 
MMA/BMA ratios (40/60 and 65/35, respectively). Solubilities of 
copolymers C and E in iPrOH are compared in Figure 3. 

 

 
Figure 3: Solubilities of copolymer C (black triangles), E (red circles) in water/iPrOH 
determined by direct Py-GC-MS. Empty symbols (triangle and circles) in the figure indicates 
data of unsaturated solutions (maximum concentration of 0.5 mg mL-1 was measured). 
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The detection limit was 5 ng mL-1 for both polymers. Lower detection limits 
can be achieved by applying single-ion monitoring (SIM) in MS during the 
analysis. In SIM mode the signal-to-noise ratio increases at least threefold, 
which results in a corresponding decrease in the detection limit of the 
method. 

 

5.3.4 Solubility parameters 

The maxima observed when plotting solubility as a function of the volume 
fraction of organic solvent can be interpreted in terms of solubility-
parameter theory. The volume fractions at which solubility is highest were 
used to estimate values of the solubility parameters of the polymers. Table 3 
lists the values obtained for the PMMA and PBMA homopolymers. We 
should bear in mind that equations (1) and (4) are highly approximate. Also, 
the volume fractions at which solubility is highest could not be determined 
with great precision (mixtures at 10% intervals in H2O/organic solvent were 
studied). However, a useful indication of the solubility parameters of PMMA 
(δ ≈ 28 MPa1/2) and PBMA (δ ≈ 26 MPa1/2) could be obtained. It has been 
suggested in the literature [6] that PMMA and PBMA have similar solubility 
parameters (PMMA (δ ≈ 21 MPa1/2) and PBMA (δ ≈ 18 MPa1/2) (with the 
value for PBMA being marginally lower). It is within reason that the value 
of PBMA is somewhat lower than that of PMMA, due to the non-polar butyl 
groups attached to the chain. We also attempted to obtain Flory-Huggins 
interaction parameters from the data, but at the very low polymer 
concentrations studied the interaction parameters obtained are not 
meaningful (all numbers are close to 1). This suggests that Flory-Huggins 
interaction parameters may not be successfully applied to describe solutions 
of such low concentrations (5 ng mL-1 to 0.5 mg mL-1). 
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Table 3: The solubility parameters values obtained for the PMMA and PBMA homopolymers 
(estimated volume fractions at which solubility is highest). 

polymer Solvent mixture Solubility maximum (range) Solubility parameter (range) 
PMMA ACN-water 0.9 > ϕmax > 1 26.7 > δ > 24.4 

 ethanol-water 0.8 > ϕmax > 0.9 30.8 > δ > 28.7 
 iPrOH-water 0.8 > ϕmax > 0.9 28.4 > δ > 26.0 
 overall range      30.8 > δ > 24.4 
 Indicative value        δ = 28 

PBMA ACN-water   ϕmax > 1 24.4 > δ   
 ethanol-water   ϕmax > 1 26.5 > δ   
 iPrOH-water 0.8 > ϕmax > 1 28.4 > δ > 23.6 
 iPrOH-water   ϕmax ≈ 0.9     δ ≈ 25 (±1)   
 overall range      28.4 > δ > 23.6 
 Indicative value        δ = 26 

 

5.4 Conclusions 

Pyrolysis-GC-MS has been used successfully to study the solubility of 
poly(methyl methacrylate) (PMMA), poly(butyl methacrylate) (PBMA) and 
a series of statistical copolymers (PMMA-co-BMA) in mixtures of water 
with 2-propanol, ethanol and acetonitrile across the full range of 
composition. Three complementary Py-GC-MS methods were developed for 
three different concentration ranges and these methods were validated using 
reference samples. The experimental data suggest that (co-)polymer 
molecular weight has a significant influence on the solubility. Distinct 
maxima were obtained at some compositions. These data were used to 
estimate the solubility parameters of the two homopolymers. The detection 
limit for the Py-GC-MS screening method developed was 5 ng mL-1. 
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5.5 Supplementary information 

 
Table S1: Polymeric PMMA, PBMA standards used in SEC experiment peak-average 
molecular weight (Mp), polydispersity index (PDI). 

standard Mp [Da] PDI 
PMMA 10,260 1.04 
PMMA 14,920 1.03 
PMMA 24,830 1.02 
PMMA 30,650 1.02 
PMMA 79,500 1.02 
PMMA 100,000 1.04 
PMMA 211,400 1.03 
PMMA 300,300 1.02 
PBMA 2,800 1.10 
PBMA 3,670 1.08 
PBMA 5,120 1.11 
PBMA 7,870 1.07 
PBMA 18,800 1.07 
PBMA 57,300 1.04 

 
Table S2a: Solubility [µg mL-1] of polymers A-G in H2O/EtOH, obtained with Py-GC-MS. 

Po
ly

m
er

 

Mw 
[kDa] 

MMA/ 
BMA EtOH% 

  10 20 30 40 50 60 70 80 90 100 
G 275 0/100 * * 0.005 0.006 0.009 0.011 0.019 0.042 0.292 12.77 
A 160 22/78 * * * * * * 0.005 0.038 1.306 7.071 
C 26 42/58 * * * * 0.012 0.052 0.468 5.413 76.38 192.9 
D 76 40/60 * * 0.005 0.007 0.013 0.017 0.035 0.198 7.115 10.75 
E 30 67/33 * * 0.007 0.009 0.011 0.027 0.145 7.312 43.97 6.714 
B 133 80/20 * * * * 0.018 0.021 0.052 0.398 0.793 0.042 
F 107 100/0 0.006 0.007 0.009 0.019 0.032 0.098 0.205 1.550 2.251 0.038 

*- out of calibration range (below 0.005 µg mL-1) 
s -soluble (more than 500 µg mL-1) 

 
Table S2b: Solubility [µg mL-1] of polymers A-G in H2O/iPrOH, obtained with Py-GC-MS. 

Po
ly

m
er

 

Mw 
[kDa] 

MMA/ 
BMA iPrOH% 

  10 20 30 40 50 60 70 80 90 100 
G 275 0/100 0.050 0.062 0.062 0.074 0.091 0.127 0.245 1.194 s s 
A 160 22/78 * * * * 0.019 0.063 0.415 6.185 s 37.48 
C 26 42/58 0.046 0.050 0.111 0.382 1.465 4.839 38.10 312.3 s 275.7 
D 76 40/60 * * * 0.044 0.116 0.383 2.875 81.37 s 75.43 
E 30 67/33 * * 0.044 0.068 0.239 1.866 17.63 s s 9.861 
B 133 80/20 * * * 0.079 0.152 0.300 2.422 88.13 126.0 0.248 
F 107 100/0 0.011 0.024 0.048 0.105 0.397 0.732 6.445 23.12 10.75 0.110 

*- out of calibration range (below 0.005 µg mL-1) 
s -soluble (more than 500 µg mL-1) 
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Table S2c: Solubility [µg mL-1] of polymers A-G in H2O/ACN, obtained with Py-GC-MS. 
Po

ly
m

er
 

Mw 
[kDa] 

MMA/
BMA ACN% 

  10 20 30 40 50 60 70 80 90 100 
G 275 0/100 * 0.006 0.008 0.016 0.023 0.035 0.073 0.131 0.394 3.708 
A 160 22/78 * * * * 0.014 0.029 0.082 0.322 2.557 26.62 
C 26 42/58 * 0.018 0.112 0.554 2.568 8.313 20.66 49.59 155.8 s 
D 76 40/60 * * * 0.014 0.039 0.106 0.457 2.391 20.73 263.1 
E 30 67/33 * * 0.019 0.037 0.183 0.707 4.048 16.23 207.4 s 
B 133 80/20 * * * 0.016 0.040 0.163 0.868 3.811 26.57 s 
F 107 100/0 * 0.007 0.017 0.029 0.144 0.891 2.985 14.10 406.7 s 

*- out of calibration range (below 0.005 µg mL-1) 
s -soluble (more than 500 µg mL-1) 

 

 
Figure S1: Calibration curves obtained from direct Py-GC-MS of homopolymers; BMA (red, 
solid line), MMA, (black, dashed), A; M1, B; M2, C; M3, methods specified in Table 1.  
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Summary 
In recent years, pyrolysis – gas chromatography – mass spectrometry (Py-
GC-MS) has emerged as a powerful quantitative method to study polymeric 
samples. Improvements in the instrumentation, especially the introduction of 
programmed-temperature-vaporization (PTV) injectors for Py-GC, have 
made it possible to inject liquid samples (such as polymer solutions) 
automatically. Py(PTV)-GC-MS is a remarkably precise, robust and reliable 
method. Large volumes of sample can be injected, in a variety of different 
solvents. This includes water, which is a notoriously difficult solvent in 
combination with GC. Thermochemolysis has been introduced to deal with 
polymers that yield polar products during pyrolysis. Very low detection 
limits can be achieved, allowing the detection of dissolved polymers in the 
ppb (ng mL-1) range or even lower. These advancements have been explored 
in this thesis to study the dissolution and solubility of synthetic polymers.  

In Chapter 1 the principles and applications of pyrolysis (Py) are discussed 
with emphasis on the characterization of synthetic polymers. The 
combination of Py with different separation methods (GC, but also liquid 
chromatography, LC) and a variety of detectors is described. MS is 
especially valuable when coupled with Py, either directly (Py-MS) or 
indirectly (Py-GC-MS). The latter two systems are critically compared. The 
application of Py methods to a variety of challenging problems in polymer 
science and technology is reviewed. Pyrolysis techniques may be 
conveniently used to study thermal stability and degradation products, 
polymer structure and composition, additives, low-molecular-weight 
constituents, etc. Specifically, the application of Py for quantitative 
investigations into polymers dissolution and solubility is discussed. 

In Chapter 2 the detailed characterization of poly(2-oxazoline) homo- and 
copolymers, synthesized by living cationic ring-opening polymerization, is 
described. The reliability of Py-GC-MS was confirmed by the results 
obtained on average chemical composition, which corresponded well with 
the theoretical composition. Gradient – elution liquid chromatography 
(GELC) combined with Py-GC-MS yielded chemical-composition 
distributions as a function of the elution volume of poly(2-oxazoline) 
samples from gradients starting with non-solvent (water) and ending with 
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good solvent (tetrahydrofuran). The variation in average monomer ratio as a 
function of the GELC elution volume was not sufficiently large to explain 
the separation observed for statistical copolymer samples. Moreover, 
combination of GELC with size-exclusion chromatography (SEC) revealed 
similar, bimodal molar-mass distributions of two well-separated peaks in 
GELC of statistical copolymer samples. Using capillary electrophoresis with 
UV detection (CE-UV), two fractions were obtained, viz. positively charged 
and neutral fractions, which probably are responsible for two peaks 
discussed in GELC of statistical copolymer samples. An ionic fraction in the 
samples of statistical copolymers may arise either through chain-transfer 
reactions or through chain termination by addition of water.  

This chapter underlines the great importance of state-of-the-art analytical 
techniques for detailed characterization of multi-distributed polymeric 
materials. Knowledge on different distributions present in polymer samples 
helps to understand polymer behaviour, including solubility and dissolution. 

In Chapter 3 the solubility of polystyrene (PS) in various combinations of 
solvent (tetrahydrofuran) and non-solvent (acetonitrile) was determined 
using Py-GC-MS. The influence of solvent composition on the molecular-
weight distribution of dissolved fractions was determined using SEC. 
Discrimination in terms of the analyte molecular weight was observed 
during dissolution in poor solvents. Moreover, combination of SEC with Py-
GC-MS was compared with classical detectors, such as UV and differential-
refractive-index (dRI) detection.  

This chapter describes the excellent capabilities of Py-GC-MS for 
quantitative measurements of dissolved polymers using the example of 
polystyrene. By using a PTV injector as the pyrolysis chamber, it is 
demonstrated that SEC/-/Py-GC-MS can cover up to four orders of 
magnitude in dissolved polymer concentrations, a broader range than 
covered by dRI or even by UV. With the use of three complementary Py-
GC-MS injection methods a very broad dynamic range (approaching five 
orders of magnitude) in dissolved PS concentrations was obtained. 
Concentrations of polymer solutions obtained using Py-GC-MS were in 
good agreement with those resulting from SEC-Py-GC-MS.  

Overall, Py-GC-MS is demonstrated to be much more informative and 
sensitive than conventional methods, such as UV spectroscopy and dRI. Py-
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GC-MS can be applied to many other homopolymers, mixtures of polymers 
or copolymers, yielding information on the solubility behaviour of the 
polymer and on the composition of the dissolved fraction. The latter is 
especially valuable in case of copolymers or more complicated samples).  

In Chapter 4 the development of a Py(PTV)-GC-MS method is described for 
the characterization and quantification of amounts of N-vinyl-2-pyrrolidone 
(VP) and vinyl acetate (VA) copolymers during dissolution in water. 
Automated injection of large volumes of polymer solution and application of 
cryo-focussing of the pyrolysis products prior to GC separation ensured low 
limits of detection. Py-GC-MS, SEC and the combination of the two, aided 
the characterization of analyte copolymers. Average chemical compositions 
of copolymer samples obtained using Py-GC-MS were in good agreement 
with compositions specified by the supplier. SEC-dRI was used to estimate 
the molecular-weight distribution. Moreover, the copolymer composition 
(VP/VA ratio) across the molecular-weight distribution was measured using 
an off-line combination techniques, i.e. SEC/-/Py-GC-MS. Py-GC-MS 
allows estimation of the minute amounts and composition of a dissolved 
polymer and variations therein as a function of dissolution time. A constant 
VP/VA ratio across the dissolution curve determined by Py-GC-MS suggests 
a random distribution of the two monomers over the molecules. Overall, 
monomer ratio was found to have the greatest effect on the dissolution rate 
of the PVP-co-VA copolymers. The material with the highest amount of VA 
(50%) dissolved significantly slower than the other grades. 

Finally, in Chapter 5, Py-GC-MS is explored for determining the solubility 
of a series of copolymers of poly(methyl methacrylate) and poly(butyl 
methacrylate), i.e. PMMA-co-BMA copolymers with different monomer 
ratios. Py-GC-MS proved to be a very sensitive, relatively fast, and robust 
method for the analysis of solubility in a large number of binary aqueous-
organic solvent mixtures, ranging from pure water to pure organic solvent 
(2-propanol, ethanol or acetonitrile). Three complementary Py-GC-MS 
methods were developed for three different concentration ranges. The 
detection limit for the developed Py-GC-MS screening method was  
5 ng mL-1. The experimental data reveal significant differences in solubility 
behaviour between two (co-)polymers with similar monomer ratios but 
different molecular weights. The solubility of copolymers with higher 
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molecular weights was lower. In some cases the highest solubility was found 
for a specific water/organic mixture (the so called cosolvency effect). 
Solubility parameters for PMMA and PBMA homopolymers obtained from 
Py-GC-MS data are within the ranges of values reported in the literature. 

Based on literature studies, but also on the presented applications, it can be 
concluded that Py(PTV)-GC-MS is a very powerful, reliable, robust, and 
sensitive technique for the qualitative and quantitative analysis of polymers 
in solution. This technique was proven useful for the characterization of 
polymers present at very low concentrations, which are below the detection 
range of most conventional techniques. 

In the future, Py may be used as a screening device. Significant reductions in 
the analysis time can be achieved with Py-MS. Omitting the GC column 
reduces the analysis time by at least several minutes. This approach may be 
especially useful in the analysis of polymers that form one specific product 
under pyrolysis conditions, such as PS. The effects of the presence of salts 
on pyrolysis and, especially, thermochemolysis processes should be further 
investigated. 
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Samenvatting 
Gedurende de laatste jaren heeft pyrolyse – gaschromatografie – 
massaspectrometrie (Py-GC-MS) zich aangediend als een krachtige, 
kwantitatieve methode om polymere monsters te bestuderen. Verbeteringen 
in de apparatuur, waaronder in het bijzonder de introductie van 
programmeerbare-temperatuur verdampingsinjectoren (PTV) voor Py-GC, 
hebben het mogelijk gemaakt om vloeibare monsters (zoals oplossingen van 
polymeren) automatisch te injecteren. Py(PTV)-GC-MS is een opmerkelijk 
nauwkeurige, robuuste en betrouwbare methode. Grote monstervolumes van 
verschillende oplosmiddelen kunnen worden geïnjecteerd. Eén van die 
oplosmiddelen is water, dat bekend staat als een erg moeilijk oplosmiddel in 
combinatie met GC. Thermochemolyse is ingevoerd voor polymeren die 
polaire producten opleveren tijdens pyrolyse. Zeer lage detectiegrenzen 
kunnen worden bereikt, wat het mogelijk maakt om opgeloste polymeren te 
detecteren in heel lage concentraties, in het ppb (ng mL-1) gebied of nog 
lager. Deze ontwikkelingen zijn in dit promotieonderzoek toegepast om het 
oplosgedrag en de oplosbaarheid van synthetische polymeren te bestuderen. 

In Hoofdstuk 1 worden de principes en toepassingen van pyrolyse (Py) 
besproken, met nadruk op de karakterisering van synthetische polymeren. De 
combinaties van Py met verschillende scheidingsmethoden (GC, maar ook 
vloeistofchromatografie, LC) en een reeks van detectoren worden 
beschreven. De koppeling van MS en Py, zowel direct (Py-MS) als indirect 
(Py-GC-MS) is bijzonder waardevol. De twee laatstgenoemde systemen 
worden kritisch vergeleken. Een overzicht wordt gegeven van de toepassing 
van Py methoden op een scala van moeilijke problemen in the 
polymeerwetenschap en -technologie. Pyrolysetechnieken kunnen 
gemakkelijk worden toegepast om eigenschappen van polymeren te 
onderzoeken, zoals de thermische stabiliteit en de degradatieproducten, de 
structuur en de samenstelling, additieven, laagmoleculaire bestanddelen, 
enzovoorts. In het bijzonder wordt de toepassing van Py voor kwantitatief 
onderzoek naar het oplosgedrag en de oplosbaarheid van polymeren 
besproken. 

In Hoofdstuk 2 wordt de nauwgezette karakterisering beschreven van homo- 
en copolymeren van poly(2-oxazoline), die waren gesynthetiseerd via 
levende kationische ringopeningspolymerisatie. De betrouwbaarheid van Py-
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GC-MS werd bevestigd door de resultaten voor de gemiddelde 
samenstelling, die goed overeen kwamen met de theoretische samensteling. 
Gradiënt-elutie vloeistofchromatografie (GELC) gaf in combinatie met Py-
GC-MS verdelingen van de chemische samenstelling van poly(2-oxazoline) 
als functie van het elutievolume voor gradiënten die begonnen met een slecht 
oplosmmiddel voor de polymeren (“non-solvent”, i.e. water) en eindigden 
met een goed oplosmiddel (tetrahydrofuraan). De variatie in de gemiddelde 
samenstelling als functie van het elutievolume was niet groot genoeg om de 
scheiding te verklaren die voor statistische copolymeren werd waargenomen. 
De combinatie van GELC met size-exclusion chromatografie gaf een 
vergelijkbaar beeld, namelijk bimodale moleculegewichtsverdelingen met 
twee duidelijk gescheiden pieken in GELC van statistische copolymeren. 
Met capillaire elektroforese met UV detectie (CE-UV) werden twee fracties 
verkregen, een positief geladen fractie en een neutrale fractie, die 
waarschijnlijk overeenkomen met de twee in GELC waargenomen pieken 
voor statistische copolymeren. Een ionische fractie kan ontstaan hetzij 
ontstaan door ketenoverdrachtsreacties, hetzij door terminatiereacties als 
gevolg van toevoeging van water.  

Dit hoofdstuk onderstreept het grote belang van moderne geavanceerde 
analytische technieken voor de gedetailleerde karakterisering van 
meervoudig verdeelde polymere materialen. Kennis omtrent de verschillende 
aanwezige verdelingen in polymere monsters helpt om het gedrag van 
polymeren te begrijpen, inclusief oplosbaarheid en oplosgedrag.  

In Hoofdstuk 3 wordt een studie naar de oplosbaarheid van polystyreen (PS) 
in verschillende combinaties van een solvent (terahydrofuraan) en een non-
solvent (acetonitril) met Py-GC-MS beschreven. De invloed van de 
oplosmiddelsamenstelling op de moleculegewichtsverdeling van de 
opgeloste fractie werd bepaald met SEC. Discriminatie naar 
moleculegewicht werd gevonden tijdens oplossing in een slecht solvent. 
Daarnaast werd SEC/-/Py-GC-MS vergeleken met klassieke detectoren, 
zoals UV en brekingsindex (dRI) detectie.  

In het hoofdstuk worden de uitzonderlijke mogelijkheden van Py-GC-MS 
voor de kwantitatieve bepaling van opgeloste polymeren beschreven, met PS 
als voorbeeld. Door gebruik te maken van een PTV injector als 
pyrolysekamer wordt aangetoond dat SEC/-/Py-GC-MS een bereik van 
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concentratie aan opgelost polymeer heeft tot vier ordes van grootten, een 
groter bereik dan dRI en zelfs dan UV. Door drie elkaar aanvullende Py-GC-
MS methoden word een zeer groot dynamisch werkgebied bereikt dat vijf 
ordes van grootte in opgeloste concentraties omvat. De met Py-GC-MS 
gemeten polymeerconcentraties kwamen goed overeen met die uit SEC-Py-
GC-MS. In het algemeen blijkt Py-GC-MS veel informatiever en veel 
gevoeliger dan conventionele methoden, zoals UV spectroscopie en dRI. Py-
GC-MS kan worden toegepast voor veel andere homopolymers, mengsels 
van polymeren of copolymeren, waarbij informatie over het oplosgedrag van 
het polymeer en over de samenstelling van de opgeloste fractie wordt 
verkregen. Die laatse informatie is met name van belang in het geval van 
copolymeren of andere complexe monsters. 

In Hoofdstuk 4 wordt de ontwikkeling van methoden voor de kwantitatieve 
bepaling en de karakterisering van opgeloste copolymeren van N-vinyl-2-
pyrrolidon (VP) en vinylacetaat (VA) gedurende het oplossen in water 
beschreven. Door geautomatiseerde injecties van grote volumes en door 
cryogeen focussen toe te passen aan het begin van de kolom konden lage 
detectiegrenzen worden bereikt. Py-GC-MS, SEC en de combinatie van 
beide technieken droegen bij aan de karakterisering van opgeloste 
copolymeren.  De met Py-GC-MS verkregen gemiddelde chemische 
samenstellingen kwamen goed overeen met de door de leverancier 
gespecificeerde samenstellingen. SEC-dRI werd gebruikt om de 
moleculegewichtsverdeling te bepalen. Daarnaast werd de samenstelling van 
het copolymeer (VP/VA verhouding) bepaald tegen de 
moleculegewichtsverdeling met behulp van een combinatie van niet-
gekoppelde technieken, namelijk SEC/-/Py-GC-MS. Py-GC-MS maakt het 
mogelijk om bijzonder kleine hoeveelheden van een opgelost polymeer te 
bepalen, inclusief de samenstelling van het polymeer en variaties in die 
samenstelling als functie van de oplostijd. De constante VP/VA verhouding 
die met Py-GC-MS wordt gevonden voor de gehele oploscurve suggereert 
dat de twee monomeren statistisch zijn verdeeld over de moleculen.  

De monomeerverhouding bleek de bepalende factor te zijn voor de 
oplossnelheid van de PVP-co-VA copolymeren. Het materiaal dat het rijkst 
was in VA (50%) loste aanzienlijk langzamer op dan de andere gradaties. Dit 
hoofdstuk illustreert de grote mogelijkheden van Py-GC-MS als een 
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gevoelige, zeer informatieve en betrouwbare methode om het oplossen van 
polymeren te bestuderen.  

Tenslotte wordt in Hoofdstuk 5 de toepasbaarheid van Py-GC-MS 
onderzocht voor het bepalen van de oplosbaarheid van een reeks PMMA-co-
BMA copolymeren van poly(methylmethacrylaat) en 
poly(butylmethacrylaat) met verschillende monomeerverhoudingen 
beschreven. Py-GC-MS bleek een zeer gevoelige, relatief snelle en robuuste 
methode voor de bepaling van de oplosbaarheid in een groot aantal binaire 
water-organische oplosmiddelmengsels, variërend van zuiver water tot 
zuiver organisch oplosmiddel (2-propanol, ethanol of acetonitril). Drie 
elkaar aanvullende methoden werden ontwikkeld voor drie verschillende 
concentratiegebieden. De detectiegrens voor de ontwikkelde Py-GC-MS 
methode was 5 ng mL-1.  

De metingen lieten significante verschillen zien in oplosbaarheid tussen twee 
copolymeren met vergelijkbare monomeerverhoudingen, maar verschillende 
moleculegewichten. Copolymeren met een hoger moleculegewicht hadden 
een lagere oplosbaarheid. In sommige gevallen werd de hoogste 
oplosbaarheid gevonden voor een specifiek water/organisch mengsel. De 
met Py-GC-MS verkregen oplosbaarheidsparameters voor PMMA en PBMA 
homopolymeren vallen binnen het bereik van in de literatuur vermelde 
gegevens. 

Op basis van literatuurstudies en de beschreven toepassingen mag 
geconcludeerd worden dat Py(PTV)-GC-MS een zeer krachtige, 
betrouwbare, robuuste en gevoelige techniek is voor de kwalitatieve en 
kwantitatieve analyse van polymeren in oplossing. De techniek bleek 
bruikbaar voor de karakterisering van polymeren in heel lage concentraties, 
beneden de detectiegrenzen van de meeste conventionele methoden. 

In de toekomst kan pyrolyse wellicht voor verkennend onderzoek worden 
gebruikt. Een aanzienlijke verkorting van de analysetijd kan worden bereikt 
met Py-MS. Door de GC kolom weg te laten kunnen minstens enkele 
minuten worden uitgespaard. Deze benadering is vooral van toepassing voor 
polymeren zoals PS, die onder pyrolysecondities een enkel product 
opleveren. De invloed van de aanwezigheid van zouten op het pyrolyse- en 
vooral het thermochemolyseprocess moet nog nader worden onderzocht. 
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Podsumowanie 
W ostatnich latach piroliza – chromatografia gazowa – spektrometria 
masowa (Py-GC-MS) stała się bardzo skuteczną metodą ilościową badania 
polimerów. Udoskonalenia oprzyrządowania, zwłaszcza wprowadzenie 
dozownika z programowalną temperaturą odparowywania (PTV) do Py-GC 
umożliwiło automatyczny nastrzyk próbki ciekłej (np. roztwór polimeru). 
Py(PTV)-GC-MS jest niezwykle precyzyjną, skuteczną i niezawodną 
metodą. Umożliwia nastrzyk dużej ilości próbki w różnych 
rozpuszczalnikach, takich jak woda, która jest bardzo trudnym 
rozpuszczalnikiem w połączeniu z GC. Termochemolizę stosuje się do 
analizy polimerów, które w wyniku pirolizy tworzą związki o charakterze 
polarnym. Jest bardzo czułym przyrządem, który pozwala mierzyć bardzo 
małe ilości roztworów polimerowych na poziomie ppb (ng mL-1) lub nawet 
mniejszym. Powyższe usprawnienia zostały zbadane w pracy w celu 
mierzenia rozpuszczalności i procesu rozpuszczania polimerów 
syntetycznych.  

W rozdziale 1 omówiono podstawy i zastosowanie pirolizy (Py) ze 
szczególnym uwzględnieniem charakterystyki polimerów syntetycznych. 
Opisano połączenie Py z różnymi metodami rozdziału (takimi jak GC, ale 
także chromatografia cieczowa LC) oraz różnymi metodami detekcji. MS 
jest szczególnie użyteczna w połączeniu bezpośrednio z pyrolizą (Py-MS) 
lub pośrednio z GC-MS. Dwa ostatnie systemy zostały poddane 
szczegółowemu porównaniu. Omówiono przydatność metod Py przy 
rozstrzyganiu wielu trudnych naukowych i technologicznych zagadnień z 
zakresu chemii polimerów. Metody pirolizy mogą być przydatne do badań 
termicznej stabilności i produktów rozkładu, struktury i składu polimerów, 
modyfikatorów, składników o niskiej masie cząsteczkowej, itd. W 
szczególności omówiono zastosowanie Py do analizy ilościowej procesu 
rozpuszczalności i procesu rozpuszczania polimerów. 

Rozdział 2 zawiera szczegółową analizę poly(2-oxazoline) homo- i 
kopolimerów zsyntetyzowanych w wyniku polimeryzacji żyjącej z 
otwarciem pierścienia kationowego. Zgodność wyników uzyskana dla 
średniego składu chemicznego badanych polimerów ze składem 
teoretycznym potwierdza wiarygodność metody Py-GC-MS. Dystrybucję 
składu chemicznego zbadano za pomocą gradientowej chromatografii 
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cieczowej (GELC) połączonej z Py-GC-MS, stosując gradient zaczynający 
się od rozpuszczalnika, w którym próbka się praktycznie nie rozpuszcza 
(wody), a kończący rozpuszczalnikiem, w którym próbka rozpuszcza się 
bardzo dobrze (tetrahydrofuran). Zmienność średniego składu monomerów 
w funkcji elucji GELC nie była wystarczająco duża, by wyjaśnić obecność 
dwóch dobrze rozdzielonych pików zaobserwowanych w przypadku próbek 
kopolimerów statystycznych. Dzięki połączeniu GELC z chromatografią 
wykluczania (SEC) potwierdzono, że dwa dobrze rozdzielone piki w GELC 
posiadają praktycznie identyczny rozkład masy cząsteczkowej. 
Wyjaśnieniem obecności dwóch dobrze rozdzielonych pików w GELC (w 
przypadku kopolimerów statystycznych) może być obecność dwóch frakcji, 
a mianowicie dodatnio naładowanej i neutralnej, otrzymanej w wyniku 
elektroforezy kapilarnej z detekcją UV (UV-CE). Jonowa (dodatnio 
naładowana) frakcja w próbkach kopolimerów statystycznych może powstać 
w wyniku reakcji przenoszenia łańcucha lub zakończenia łańcucha przez 
dodanie wody.  

Ten rozdział podkreśla ogromne znaczenie zaawnsowanych (state-of-the-art) 
technik analitycznych używanych do szczegółowej charakterystyki 
materiałów polimerowych. Dogłębna wiedza o somplikowanej budowie 
makrocząsteczek polimeru pozwala zrozumieć zachowanie się polimeru, w 
tym rozpuszczalność i proces rozpuszczania. 

W rozdziale 3 Py-GC-MS została wykorzystana do oznaczania 
rozpuszczalności polistyrenu (PS) w mieszaninach tetrahydrofuranu z 
acetonitrylem zmieszanych w różnych proporcjach. Za pomocą SEC 
zmierzono wpływ składu rozpuszczalnika na rozkład masy cząsteczkowej 
rozpuszczonej frakcji polistyrenu. Zaobserwowano, że w słabych 
rozpuszczalnikach rozpuszczają się tylko łańcuchy polimeru o małej masie 
cząsteczkowej. Dodatkowo, na przykładzie badania rozpuszczalności 
polistyrenu porównano sprawność chromatografii wykluczania połączonej z 
Py-GC-MS (SEC/-/Py-GC-MS) z konwencjonalnymi detektorami, takimi jak 
spektrofotometrem UV i refraktometrem różnicowym (dRI). W tym 
rozdziale opisano również jak duże możliwości daje wykorzystanie Py-GC-
MS do ilościowych pomiarów rozpuszczalności polimerów. 
Zaprezentowano, że użycie PTV jako komory do pirolizy w połączeniu z 
SEC/-/Py-GC-MS pozwala na oznaczenie stężenia rozpuszczonego polimeru 
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w zakresie obejmującym cztery rzędy wielkości, czyli znacznie większym 
niż jest to możliwe z dRI lub nawet z UV. Dzięki zastosowaniu trzech 
komplementarnych metod nastrzyku w Py-GC-MS, uzyskano bardzo szeroki 
zakres mierzalności stężenia rozpuszczonego PS (bliski pięciu rzędów 
wielkości). Stężenia roztworów polimerów uzyskanych za pomocą Py-GC-
MS były porównywalne ze stężeniami otrzymanymi w wyniku analizy 
przeprowadzonej na SEC-Py-GC-MS. Ogólnie wykazano, że Py-GC-MS jest 
metodą, która w porównaniu z takimi konwencjonalnymi metodami, jak UV 
i dRI, jest dużo bardziej czuła i dostarcza więcej informacji. Użycie Py-GC-
MS do analizy innych homopolimerow, mieszaniny polimerów lub 
kopolimerów, pozwala na uzyskanie informacji dotyczących 
rozpuszczalności polimeru oraz składu rozpuszczonej probki polimeru (np. 
w przypadku kopolimerów). 

W rozdziale 4 opisano ilościowe oraz jakościowe metody badania procesu 
rozpuszczania kopolimerów N-vinyl-2-pyrrolidone (VP) i octanu winylu 
(VA) w wodzie. Py przebiegająca w dozowniku PTV zamontowanym w GC-
MS , pozwala na identyfikację i analizę ilościową związków powstałych w 
czasie rozkładu. Niskie granice wykrywalności osiągnięto poprzez 
automatyczne wstrzyknięcie dużej objętości roztworu polimeru oraz 
zastosowanie (cryo-focusing) kompresowania przez zamrażanie gazowych 
produktów pirolizy tuż przed rozdziałem chromatograficznym GC. Użycie 
Py-GC-MS i SEC, jak również SEC-Py-GC-MS pozwoliło na 
scharakteryzowanie próbek kopolimerów. Skład teoretyczny badanych 
próbek kopolimerów był zgodny z wynikami średniego składu chemicznego, 
otrzymanego przy użyciu Py-GC-MS. Rozkład masy cząsteczkowej 
badanych polimerów został oszacowany za pomocą SEC-dRI. Ponadto, 
skład chemiczny kopolimeru (stosunek: VP/VA) w stosunku do rozkładu 
masy cząsteczkowej, oznaczano stosując off-line SEC/-/Py-GC-MS. Dzięki 
Py-GC-MS, możliwe bylo oznaczenie zarówno ilości jak i składu 
chemicznego rozpuszczonego polimeru w funkcji czasu, co umożliwia 
obserwowanie zmian składu chemicznego w procesie rozpuszczania 
polimeru. Stały stosunek VP/VA wzdłuż krzywej rozpuszczalności wskazuje 
na losowe rozłożenie dwóch składowych monomerów. Ogólnie stwierdzono, 
że szybkość rozpuszczalności kopolimeru PVP-co-VA zależy przede 
wszystkim od stosunku molowego monomeru. Kopolimer o najwyższej 
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ilości VA (50%) rozpuszcza się znacznie wolniej od innych analizowanych 
próbek. 

Na koniec w rozdziale 5 zostały opisane badania nad rozpuszczalnością serii 
kopolimerów składających się z poly(methyl methacrylate) i poly(butyl 
methacrylate) (PMMA-co-BMA) o różnym stosunku molowym 
monomerów. Py-GC-MS okazała się bardzo czułą, dość szybką metodą 
umożliwiającą badania rozpuszczalności polimerów w różnych 
mieszaninach dwuskładnikowych (woda/rozpuszczalnik organiczny), 
zaczynając od czystej wody a kończąc na czystym rozpuszczalniku 
organicznym (2-propanol, etanol lub acetonitryl). Zastosowanie trzech 
komplementarnych metod Py-GC-MS pozwoliło na uzyskanie trzech 
różnych zakresów mierzalności stężeń. Otrzymana granica wykrywalności 
opracowanej metody Py-GC-MS wyniosła 5 ng mL-1. Dane doświadczalne 
pokazały istotne różnice w rozpuszczalności dwóch kopolimerów o 
podobnym składzie chemicznym lecz o różnych masach cząsteczkowych. 
Rozpuszczalność kopolimeru o wyższej masie cząsteczkowej jest niższa. W 
niektórych przypadkach najwyższą rozpuszczalność stwierdzono dla 
określonej mieszaniny woda/rozpuszczalnik organiczny. Otrzymane 
wartości parametrów rozpuszczalności mieszczą się w zakresach podanych 
w literaturze. 

Na podstawie danych literaturowych, jak również na podstawie 
przedstawionych wyników, można stwierdzić, że Py (PTV)-GC-MS jest 
bardzo użyteczną techniką jakościowej i ilościowej analizy polimerów. 
Osiąga dużą czułość, daje wiarygodne wyniki i wykazuje szerokie 
możliwości techniczne. Pozwala na oznaczenie stężeń roztworów polimerów 
poniżej zakresu wykrywalności większości konwencjonalnych technik. 

W przyszłości piroliza może znaleźć zastosowanie do bardzo szybkiego 
testowania próbek. Pominięcie kolumny chromatograficznej (GC) i 
zastosowanie bezpośredniej metody Py-MS pozwala znacznie skrócić czas 
analizy (co najmniej o kilka minut). Metoda ta (Py-MS) może być 
szczególnie użyteczna w analizie polimerów, które w warunkach pirolizy 
tworzą jeden konkretny produkt, jak np. PS. Wpływ obecności soli na proces 
pirolizy jak również termochemolizy powinien zostać dokładnie zbadany. 
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List of abbreviations 
 
φ:   Volume fraction 
(CI)-MS:  Chemical ionization mass spectrometry 
(EI)-MS:  Electron ionization mass spectrometry 
(FI)-MS:  Field ionization mass spectrometry 
(SIM)-MS:  Single-ion-monitoring  
(ToF)-MS:  Time-of-flight mass spectrometry  
∆GM:   Free energy change upon mixing 
∆HM:   Enthalpy change upon mixing 
∆SM:   Entropy change upon mixing 
ACN:   Acetonitrile 
AED:   Atomic-emission detection  
BHT:   2,6-di-t-butyl-4-methylphenol 
CAD:   Charged-aerosol detector 
CCD:   Chemical-composition distribution 
CE:   Capillary electrophoresis  
CuPPy:   Curie-point pyrolysis  
DCDA:   Dicyandiamide  
DMS:   Differential mobility spectrometry  
dRI:   Differential-refractive-index 
E:   Cohesive energy 
ELSD:   Evaporative light-scattering  
FID:   Flame ionization detection  
FPD:   Flame-photometric detection  
FTD:   Functionality-type distribution 
FTIR:   Fourier-transform infrared spectroscopy  
GC×GC:  Comprehensive two-dimensional gas chromatography 
GELC/-/Py-GC-MS: Gradient elution liquid chromatography in off-line 

combination with pyrolysis-gas-chromatography-mass 
spectrometry 

GELC/×/SEC: Comprehensive two-dimensional GELC in off-line 
combination with SEC 

GELC:   Gradient elution liquid chromatography 
HDC:   Hydrodynamic chromatography  
HDPE:   High-density polyethylene 
HMDS:   Hexamethyldisilazane  
IMS:   Ion-mobility spectrometry 
IRMS:   Isotope-ratio mass spectrometry 
IT-MS:   Ion-trap mass spectrometry 
LC:   Liquid chromatography  
LCCC:   Liquid chromatography at critical conditions 
LVI:   Large-volume injection  
MALDI:   Matrix-assisted laser desorption/ionization 
MMD:   Molar-mass distribution 
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Mn: Number-average molar mass (molecular weight) 
Mp: Peak-average molecular weight  
Mr:   Relative molecular weight 
MSD:   Mass spectrometry detection  
Mw: Weight-average molar mass  
ND:   Non-discriminating 
NMR:   Solid-state nuclear-magnetic-resonance  
NPD:   Nitrogen-phosphorous detection 
PBMA:   Poly(butyl methacrylate) 
PBT: Poly(butylene terephthalate) 
PDI: polydispersity index 
PEG/PEO:  Poly(ethylene glycol) / poly(ethylene oxides)  
PMMA:   Poly(methyl methacrylate)  
Poly(EA-co-BnA): Poly(ethyl-benzyl diazoacetate) copolymer 
Poly(PEA-co-MMA): Poly(ethylacrylate-methylmethacrylate) copolymer 
Poly(PVP-co-VA): Poly(N-vinyl-2-pyrrolidone-vinyl acetate) copolymer 
PP:   Polypropylene 
PTV:   Programmed-temperature-vaporization  
PVA:   Poly(vinyl acetate)  
PVC:   Poly(vinyl chloride)  
PVP:   Poly(N-vinyl-2-pyrrolidone), poly(vinyl pyrrolidone) 
Py:   Pyrolysis 
Py-GC:   Pyrolysis-gas chromatography  
Py-GC-IT-MS: Pyrolysis-gas chromatography- ion-trap mass 

spectrometry 
Py-GC-MS:  Pyrolysis-gas chromatography-mass spectrometry  
Py-MS:   Pyrolysis-mass spectrometry  
qMS:   Quadrupole mass analysers 
SC:   Slalom chromatography 
SEC/×/Py-GC-MS: Comprehensive two-dimensional SEC in off-line 

combination with Py-GC-MS  
SEC:   Size-exclusion chromatography 
SIMS:   Secondary ion mass spectrometry  
SPME:   Solid-phase micro-extraction 
TBAH:   Tetrabutyl ammonium hydroxide  
TCD:   Thermal conductivity detection  
TEAH:   Tetraethyl ammonium hydroxide  
THF:   Tetrahydrofuran 
THM: Thermally assisted hydrolysis and methylation  
TMAH:   Tetramethyl ammonium hydroxide  
TREF:   Temperature rising elution fractionation 
TSD:   Thermionic-specific detector  
UV:   Ultraviolet 
V:   Molar volume 
δ:   Solubility parameter 
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