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A new analytical approach for the separation and detection of oligomeric methylene diphenyl 

diisocyanate (MDI) sample components has been developed using packed column ultra-high 

performance supercritical fluid chromatography - mass spectrometry (UHPSFC-MS).  

The polymeric MDI bulk properties are well known, although the intricate differences in physical 

properties of MDI, such as colour and viscosity, are affected by the amounts of minor HMW 

components. No analytical methods have previously been developed to separate isocyanate 

oligomers from side-reaction products formed. One of the challenges is that the oligomeric 

isocyanates are very complex, containing mixtures of additional components with isocyanate 

functional groups. 

 Capillary SFC (cSFC), using GC-like columns, was investigated in the late 1980s for isocyanate 

characterisation, although proved problematic for non-volatile high molecular weight (HMW) 

component detection. MDI oligomers were separated and detected up to four aromatic rings, 

some minor components were observed, although not identified. This research project was 

focused into the use of packed column SFC (pSFC) to develop and optimise a method to 

characterise oligomeric MDI components. Isocyanate groups are very reactive towards 

nucleophiles, therefore non-conventional aprotic, polar organic modifiers, such as acetonitrile, 

were used in the absence of mobile phase additives. Chromatographic separation methods for 

MDI components were developed using fully porous and core-shell particle columns. The resulting 

lower system backpressure core-shell particle column application allows columns to be connected 

in series, obtaining high peak resolution. The current UHPSFC-MS methods enable baseline 

separation and quantitation of isocyanate oligomers that lead to further total amine equivalent 

content (NCO value) calculations, important for MDI characterisation. 



 

 

MDI is industrially produced through methylene diphenylamine (MDA) phosgenation processes 

that lead to impurities. Minor components formed, such as carbodiimides, ureas, uretonimines, 

and biurets, are the possible suspects of MDI colouring. This becomes an issue when high quality 

materials are required for polyurethane supply. Polyurethanes are made by the reaction of 

isocyanates with alcohols or amines to form crosslinked synthetic polymer matrices. MDI is a 

precursor of two-component polyurethane materials related to a variety of applications, such as 

foams, adhesives and coatings.  

MDI was analysed using atmospheric pressure ionisation (API) techniques. Electrospray ionisation 

(ESI) was used for methanol-treated samples; the resulting polar urethane groups were formed 

that are ionisable by ESI. Only ions that correspond to isocyanate urethanes were observed, 

lacking minor component information. Atmospheric pressure photo ionisation (APPI) was used for 

non-polar, aromatic MDI compounds. Dopant-assisted APPI, with toluene as a dopant, was used 

and proved to be a successful method for minor component ionisation, as well as isocyanate 

oligomers. 
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Chapter 1 Introduction 

Methylene diphenyl diisocyanate (MDI) is one of the precursors in two-component polyurethane 

production. Polyurethanes are very abundant and versatile synthetic polymers. These man-made 

macromolecules consist of varying numbers of repeat monomer urethane links. These are usually 

formed from the reaction of di- or polyisocyanates and polyols, resulting in varying number of co-

polymers. The polymer connectivity is a factor for differences in physical and chemical properties 

of the total polymer, producing a variety of applications, such as elastomers, thermoplastics and 

foams, the latter being the most important application for polymeric MDI.  

Due to high isocyanate group reactivity, as well as isocyanate oligomers being present in 

polymeric MDI, side reactions and by-products cause inter-batch differences in industrial MDI 

materials. Polymeric MDI may contain differences in minor component content, resulting in 

higher viscosity and dark red/brown colour that might be undesirable to customers, although they 

are not affecting the overall MDI quality. Side-reaction products, such as carbodiimides, ureas, 

uretonimines and biurets are the suspected “bad actors” in final product discolouration that is not 

yet well understood. 

Previous isocyanate characterisation methods were focused onto urethane-converted MDI, this 

approach is lacking information of minor components that contain isocyanate functional groups. 

Some analytical techniques, such as capillary supercritical fluid chromatography (cSFC) and gas 

chromatography (GC)1, have been shown to be promising for non-modified polymeric MDI 

analysis, although with many limitations. The aim of this research project was to explore a new 

analytical approach and to develop a method that allows oligomeric isocyanate separation from 

minor components and to be able to quantify these components. This would hopefully solve the 

colour problem by targeting the found chromophores within polymeric MDI and the analytical 

method applied in this research project could possibly be used for commercial quality control 

processes in industry.   
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1.1 Materials 

1.1.1 Polyurethanes 

Polyurethanes are a type of synthetic organic polymers that can be either thermoplastic, elastic or 

thermosetting, based on their thermal stability (Figure 1.1). Due to the high variety of different 

polyurethanes, these are not easily classified into one group; there are many different properties 

that are likely for elastomers or plastics, or fibres, foams, coatings and adhesives2. The more 

cross-linked the structures, the more thermosetting the polymers become – meaning the viscous 

pre-polymer liquid is irreversibly changed after curing, either thermally or chemically. In addition, 

the origin of the reactants plays a significant role in the physical characteristics of the polymer.  

 

Figure 1.1– Polymer classification based on their thermal stability3 

Polyurethanes can be linear or branched and cross-linked 3D compounds, the monomer 

connectivity and the final polymer structure playing a significant role in polyurethane applications 

– crystalline materials, elastomers, foams etc. Intra- and inter-molecular interactions of the 

functional groups affect the material packing, leading to various physical properties, such as 

viscosity and boiling point. Rigid polymer packing ability is altered upon heating – elastic 

polyurethanes become softer and more amorphous; crystallinity is regained once cooled again.  

Polyurethanes are made through step-growth reaction processes by nucleophilic attack at the 

highly electrophilic carbon on the isocyanate group3 (Figure 1.2).  

Plastics

Thermoplastic

CrystallineAmorphous

ThermosettingElastic
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Figure 1.2 – A mechanism for urethane group production. A reaction of a nucleophile, hydroxyl 

group of an alcohol, with an isocyanate 

Soft and rigid segments of the polymer affect the physical properties, such as thermal stability 

(Figure 1.3). For thermoplastic polyurethane materials, the rigid polymer phase, which is in fact 

the MDI part, serves as a physical crosslink, which is necessary to achieve elastic recovery of the 

material4. Isocyanate reactivity with amines and alcohols as well as their ability to react with 

themselves, crosslink and extend polymer chains has led to the field of polyurethane chemistry.  

 

Figure 1.3 – Cross-linked polymer chains. Cross-links are shown in red 

 

1.1.2 Polyurethane applications 

Polyurethane materials are ubiquitous (Figure 1.4)., They are used for manufacturing flexible 

foams found in mattresses, chairs or even toys; rigid foams are used for insulation in walls and 

roofs. Their liquid form can be used for coatings and paints, as well as sealants and adhesives. 

Tough elastomers are used for automotive interiors or roller blade wheels. Thermoplastic 

polyurethanes are also widely used in medicinal devices and adapted for use as elastomers, for 

laminate production5, 6. Global MDI consumption is 6.4 billion tons to date and continues to rise 

by 6.8% yearly6. Rigid polyurethane foam will continue to have the largest share of MDI 

applications and is rising by 7.8% annually. 
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Figure 1.4 – Uses of polyurethanes6, 7  

• Rigid polyurethane foam 

A way of producing rigid foams is the fabrication of flexible foam mixed with isocyanurate trimers. 

These polymers are very energy efficient and, therefore, are used in thermal insulation in the 

domestic appliance (fridges and freezers)  and construction sectors, such as in windows, roofs and 

doors. The use of these materials allows reduction of energy costs and noise levels in properties. 

They are known to have a long life and high strength properties ideal for these applications7.  

• Flexible polyurethane foam 

Flexible and semi-flexible foams are used in the automotive industry for manufacturing seats, 

headrests, armrests, dashboards and instrument boards. These foams are also used for furniture, 

bedding, car seats, carpet underlay and packaging materials8. This is where polymeric isocyanate 

colour becomes important. Due to material low density and flexibility, the produced large blocks 

can be cut and adapted for their desired use, such as matresses. 

• Coatings, adhesives, sealants and elastomers 

MDI is widely used in the polyurethane industry. The application of MDI to polyurethane sealant 

formulation lengthens the lifespan of materials by improving the bonding properties due to their 

high pre-curing reactivity to the co-polymers. Other benefits include the improvement of 

Flexible foam, 
27.2%

Rigid foam, 35.9%

Elastomers, 11.6%

Adhesives and 
sealants, 7.7%

Coatings, 12.7%

Others, 4.9%
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appearance, in the application of sealants, and providing tighter seals. For these reasons, MDI is 

used in coatings to improving their aesthetics, for flooring purposes reducing maintenance needs 

and also for floor refinishing to recover the “new look”.  

Elastomers are very versatile, they have high tensile strength and thermal stability9, 10, are much 

lighter and durable than metals2. Used as thermoplastic elastomers and modifiers for different 

resins, i.e. mouldable above a specific temperature and solidifies upon cooling6. Thermoplastic 

polyurethanes are highly elastic and resistant to abrasion, oils or weather conditions, ideal for 

insulation. Their flexibility allows applications in automotive parts and footwear. MDI is used for 

coating and adhesive applications due to heat resistance that allows them to be moulded into 

shape at high temperatures, it makes them desirable for the construction industry and 

applications such as medical appliance and electrical device production. 

Polyurethanes can be pulled into fibres, incorporated with nylons for Spandex or sportswear 

production. Their low density allows various uses in automotive industry for interior and car body 

parts for weight reduction, sound absorption and improving fuel economy. The polymer versatility 

reduces costs as an alternative expensive raw material consumption is reduced. Epoxy resin 

polyurethanes are used as boat sealants, are resistant to corrosion and weathering; their 

“slippery” coating nature is advantageous for hydrodynamic effects, making them adaptable for 

sports equipment. Medical applications include their use in short-term implants and tubing. 

 

1.1.3 Isocyanates 

Chemical compounds with isocyanate functional groups are called isocyanates. Generally, they 

are derivatives or salts of isocyanic acid. Cyanic and isocyanic acids are interconvertible at room 

temperature only differing in proton connectivity to either oxygen or nitrogen atom (Figure 1.5). 

 

Figure 1.5 – Cyanic and Isocyanic acids in equilibrium 

Urethanes – isocyanate and alcohol products – are compounds consisting of urethane links, 

usually also called carbamate esters as they are derived from carbamic acid (Figure 1.6). Carbamic 

acid is a very weak acid that decomposes at room temperature to release carbon dioxide gas and 

an amine. Urethanes that are not necessarily derived from isocyanates are also known as 

carbamates11.  
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Figure 1.6 – Carbamic acid and carbamic ester structures 

Isocyanates are produced by the reaction of amines with phosgene12. This creates a carbamoyl 

chloride intermediate. Their condensation reaction then produces hydrochloric acid as a by-

product ( 

Figure 1.7). A basic solvent, such as pyridine, is added to absorb the acid and acts as a reaction 

catalyst. The carbon atom within the isocyanate group acts as an electrophile for a nucleophilic 

attack of specific alcohols resulting in formation of polyurethanes. 

 

Figure 1.7 – A reaction mechanism for isocyanate group formation  

Aromatic isocyanates are the most reactive as the electrophilicity of the carbon can be conjugated 

to the π-system of the aromatic ring.  

The isocyanates are strong irritants. They affect the mucous membranes of the eyes and 

gastrointestinal and respiratory tracts13. These pre-polyurethane materials are also sensitisers and 

can cause severe asthma attacks, some of which have resulted in death13.  

They should be handled with care and contact with skin and eyes must be avoided. They can 

cause dermatitis – irritation and dryness of skin, which could be controlled by use of lotions and 

other hydration sources14. They should not be ingested and while spraying isocyanate compounds 

in construction sites, the workers are advised to wear protective masks. While working in the 

laboratories, it is strongly suggested to wear all personal protective equipment, to work in a 

highly ventilated environment and avoid risks of accidental leakage/spillage15, 16. 
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1.1.3.1 Diisocyanates 

For many polymerisation applications and material functionalisation the isocyanates of interest 

are di-functional, i.e. diisocyanates (Figure 1.8).  

 

Figure 1.8 – Diisocyanate 

These are very reactive and their ability to react with themselves, crosslink and extend polymer 

chains has led to a field of polyurethane chemistry.  

This project is focused into the analysis of methylene diphenyl diisocyanate (MDI) and is discussed 

in more detail. There are many commercial diisocyanates available, the most common isomers 

are shown (Table 1.1). The applications are dependent upon reactivity.  

 

1.1.3.1.1 Methylene diphenyl di-isocyanate – MDI  

Methylene diphenyl di-isocyanate (MDI), 1,1’-methylenebis(4-isocyanatobenzene), has many 

common names such as methylene bisphenyl isocyanate, diphenyl methane diisocyanate etc. This 

isocyanate is the focus of this study and will be referred to as MDI12. 

MDI is supplied as pure MDI and also as modified MDI and polymeric MDI, the latter being of 

interest in this research project. Three main isomeric forms are available – 4,4’-MDI, 2,4’-MDI and 

a minor 2,2’-MDI isomer (Figure 1.9), the latter being slightly less sterically favoured due to the 

isocyanate groups being very close to each other. 
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Figure 1.9 – MDI isomers  

4,4’-MDI is a white or a pale yellow solid at room temperature, sometimes commercially supplied 

as blends with other MDI isomers. Position 4 of either aromatic ring (counting from the 

methylene group position as 1) is the most reactive, position 2 is much less reactive due to steric 

hindrance. By varying the amounts of MDI isomers, it is possible to modify the chemical and thus 

physical properties of MDI materials. Monomeric MDI is also supplied as blends of MDI mixed 

with uretonimine-modified MDI, when MDI is converted to a less reactive carbodiimide 

derivative1. 

Oligomeric and polymeric MDI (Figure 1.10) are usually offered solvent free17. They are low 

viscosity liquids, used in a variety of industrial applications. Polymeric MDI is used for solvent free 

coatings, caulks, sealants and adhesives17. 4,4’-MDI polymers are generally more linear than other 

MDI isomers (2,4’-MDI and 2,2’-MDI), which makes them more functional chemically and having 

faster reaction rates compared to 2,4’-MDI that are of lower viscosity and reactivity due to their 

structural branching.  
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Figure 1.10 – Polymeric MDI 

 

1.1.3.1.2 Other common diisocyanates 

Table 1.1 – Other diisocyanates available 

Diisocyanate Structure Applications 

1,6-Hexamethylene 
diisocyanate (HDI)  

Enamel coatings, 
exterior paints 
and coatings 

Bis(4-
isocyanatocyclohexyl) 
methane; 
Or hydrogenated MDI 
(HMDI) 

 

Cast elastomers, 
coatings 

2,6-Toluene 
diisocyanate (TDI) 

 

Coatings, flexible 
foams, 
packaging, 
sealants, 
adhesives and 
elastomers 

Isophorone 
diisocyanate 

 

Dispersion, 
lacquers, powder 
coatings 

Naphthalene 
diisocyanate (NDI) 

 

Elastomers 

 

The first diisocyanate, 1,6-hexamethylene di-isocyanate (HDI), was discovered and produced in 

1937 by Heinrich Rinke and Otto Bayer17, the latter being the main manufacturer and patent 

holder of poly-functional isocyanates. Toluene diisocyanate (TDI) is the most volatile diisocyanate, 
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with the melting point of 21.8 oC. TDI and MDI are the most used in polyurethane industry; they 

comprise about 90% of the total diisocyanate market, although MDI is three to four times the size 

of the TDI market. 

Aromatic diisocyanates, such as NDI and TDI, are found to be the most reactive and the least 

weather resistant, many of which discolour upon exposure to light. The applications of light 

unstable diisocyanates are focused into cast elastomer materials. Generally, aliphatic 

diisocyanates, such as HDI and IPDI are used for thermally and UV stable exterior coatings due to 

their resistance to abrasion. 

There are other types of isocyanates available, such as blocked, derivatised isocyanates, which 

can also be supplied as thio-phosphoric and thio-carbamates. 

 

1.1.3.2 MDI Production 

MDI is industrially produced from a diamine phosgenation process (Figure 1.11). The starting 

material is benzene extracted from crude oil, which is used for nitration to nitrobenzene followed 

by hydrogenation to produce aniline. The commercially available polymeric polymethylene 

polyamine (polymeric MDA) for polyisocyanate production is synthesised by the acid catalysed 

condensation of aniline with formaldehyde (Figure 1.12)18.  

 



Chapter 1 

11 

 

Figure 1.11 – MDI production schematic6, 19 

Nitrobenzene is produced by the benzene nitration process in the presence of nitric and sulfuric 

acids. Exothermic catalytic hydrogenation of nitrobenzene in the presence of excess hydrogen 

leads to aniline. Aniline and hydrochloric acid are mixed into a solution at below 50 oC, resulting in 

0.2 – 50 % amine group protonation; this is then introduced to formaldehyde and heated to 80 – 

120 oC. The aniline-to-formaldehyde molar ratio is preferably 1.5 to 20:1 mol, resulting in the 

polyamine product.  

 

Figure 1.12 – Commercially prepared polymeric MDA reaction18 

Benzene 

Nitrobenzen

e 

Aniline 

pMDA 

pMDI 

Crude oil 

Oil refining 

Nitration 

Natural gas 

Nitric acid 

Ammonia 

Hydrogenation 

Liquid phase condensation 

Liquid phase phosgenation 

Sulfur Sulfuric acid 

Sodium chloride Hydrogen 

Formaldehyde 

Methanol 

Phosgene 

Chlorine 

CO 

Natural gas Natural gas 



Chapter 1 

12 

The prepared polymeric MDA consists of many homologues and isomers and some side products., 

After reaction, the crude polymeric MDA is neutralised with a base, such as sodium hydroxide; 

washed with water to remove the residual salt; and purified by removal of unreacted aniline.  

The resulting polymeric MDA is used for polymeric MDI feedstock. The process can be either 

continuous or static. Polyamine phosgenation occurs at a molar ratio of 2.2 – 4 mol of phosgene 

per amine group in the presence of an inert solvent, such as chlorobenzene ( 

Figure 1.13)20. This method is ideal for the production of lighter colour polyurethane foam due to 

the addition of acid (where a blowing agent is employed). 

 

Figure 1.13 – MDA phosgenation reaction 

During the phosgenation process an inert solvent vapour (at 185 – 210 oC) is passed through the 

reaction mixture at 0.6-0.7 times the weight of the reactants. The evaporated solvent is then 

recycled to the dephosgenation step and the higher boiling point components, such as unreacted 

polyamine or isocyanate impurities, are removed through a distillation column.  

Since polymeric MDI is produced from a polymeric MDA, the product can be converted and three 

types of liquid MDI are commercially available: pure MDI and its isomers, uretonimine-modified 

MDI and polymeric MDI.  

The colour of polymeric MDI can also be improved by multiple solvent extraction process of the 

resulting crude polymeric MDI feedstock (Figure 1.14 and Figure 1.15). Knowing that amine 

phosgenation results in impurities that are linked to darker colours of polymeric MDI, this is a 

commercially utilised method for colour reduction to light yellow21. Small isocyanates are 

generally soluble in many organic solvents. They are non-polar but too reactive with solvents that 

contain exchangeable hydrogen atoms, therefore it is very important which solvents are used22. 

Isocyanates poorly dissolve in long chain hydrocarbon polymer solvents such as polybutadiene, as 

these solvents and MDI lack intermolecular force interactions. This suggests that through dipole-

dipole and van der Waals attractions, MDI has higher affinity to more polar aprotic solvents, i.e. 

solvents that do not affect polyurethane reactivity with nucleophiles and lack of hydrogen 

bonding23. 
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Figure 1.14 – Polymeric MDI purification through multiple solvent extraction step process 

 

Figure 1.15 – Figure 1.14 Legend 
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The multiple solvent extraction process involves using a system of two or more different solvents 

for polymeric MDI (Table 1.2). Solvents that dissolve only the low molecular weight MDI (S2) and 

solvents that dissolve the remaining part of MDI components (S1) are introduced simultaneously. 

The formed layers are separated and further purification steps lead to pure MDI isomers that 

have been distilled from the final improved colour polymeric MDI. 

The contents of the bottom layer after the first extraction (1B), referred to as S1ALL, are passed 

onto the second extraction, where S1 and S2 are added. The top layer contents formed after the 

second extraction (2T or S2MDI) are then taken to an evaporator (where S2 can be recycled to the 

extraction steps) and the purified polymeric MDI fraction remains, this is the improved colour 

polymeric MDI. The bottom layer contents from the second extraction (2B or S1ALL) are re-

introduced to the first top layer (1T or S2MDI), the solvents are finally evaporated and recycled to 

the first or second extraction steps. The remainder is the residual polymeric MDI. 

The advantages of such processes are the acidity and hydrolysable chloride level reduction, as 

well as colour reduction. The purified polymeric MDI can be used directly into polyurethane 

production apparatus for colour improved foams. The residual polymeric MDI viscosity is not 

affected and is also useful where the colour is not of importance, such as polyurethane laminate 

production.  

The preferred solvents that dissolve all of the polymeric MDI (S1) are aromatic hydrocarbons, such 

as xylene and toluene, and halogenated hydrocarbon solvent class, such as chlorobenzene, 

orthodichlorobenzene and dichloromethane (DCM), the latter is commonly used in current MDI 

sample analysis techniques, such as gel permeation chromatography (GPC)24.  This research is 

focused into using toluene and DCM as sample solvents as well as to the applied MDI analysis 

methods. 

The preferred second solvents are the solvents only capable to solvate lower molecular weight 

polymeric MDI components (S2), such as pentane and hexane. For simplicity reasons, these 

components are referred to as MDI ( 

Figure 1.13 and Figure 1.14), as the diisocyanate is the major component within. 
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Table 1.2 – Solvent choices for S1 and S2 (preferred solvents shown in bold, stated in the patent)21 

although not limited to 

Solvent  Solvent classes Available solvent examples 

First solvent (S1) Aromatic hydrocarbons Benzene 
Toluene 
Xylene 
Diethyl benzene 
Isobutyl benzene 

Halogenated aromatic 
hydrocarbons 

Chlorobenzene 
Orthodichlorobenzene 
Bromobenzene 

Halogenated aliphatic 
hydrocarbons 

1,1,1,3-Tetra-
chlorotetrafluoropropane 
1,1,1-Trichloropentafluoropropane 
1,1,1-Dichlorofluoro-2,2,2-
chlorodifluoroethane 
Dibromotetrafluoroethane 
1,1,1-Dichlorofluoro-2,2,2-
dichlorofluoroethane 
Carbon tetrachloride 
Trichloroethylene 
Chloroform 
Methylene dichloride (DCM) 
Ethylene dichloride 
Ethylene bromide 
Perchloroethylene 

Esters Ethyl acetate 
Propyl acetate 
Butyl acetate 
Amyl acetate 
Ethyl butyrate 

Ketones Acetone 
Methyl ethyl ketone 
Diisobutyl ketone 
Methyl isobutyl ketone 

Second solvent (S2) Aliphatic hydrocarbons 
containing 5-10 carbon 
atoms 

Pentane 
Hexane 
Heptane 
Octane 
Nonane 
Decane 
Also, unsaturated hydrocarbons 
derived from the above 
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1.1.3.3 Chemistry of isocyanates 

Isocyanates are very reactive, reacting with moisture, polar protic solvents and even themselves25. 

They are susceptive to nucleophilic attack; therefore protic solvents, generally alcohols, are ideal 

for use in polyurethane production. The reactivity with alcohols and amines is usually applied for 

MDI modification and use of conventional analytical separation techniques that employ protic 

solvents, such as methanol. This is how MDI and its oligomers are commonly characterised; 

therefore, in order to better understand MDI materials, the methanol-modified MDI is also 

analysed during this research project. The technique is compared to non-modified MDI 

approaches and the majority of discussion is in fact for MDI samples that are analysed by using 

inert aprotic solvents, i.e. solvents that do not contain exchangeable hydrogens, and avoiding MDI 

modifications.  

Isocyanate reactivity is discussed below, specifically aromatic diisocyanates (MDI) are of interest. 

Aromatic isocyanates are more reactive than aliphatic ones and will be referred to as R groups for 

simplicity; the R’ groups are any aliphatic or aromatic groups of the isocyanate co-reactants. The 

discussion is split into two main sections: the isocyanate reactivity with an active hydrogen; and 

the self-addition reaction26. 

 

1.1.3.3.1 Addition with an active hydrogen containing compound 

Primary addition reactions with nucleophiles require an additional reactant that contains an 

active hydrogen. These reactions occur readily in the absence of a catalyst and at room 

temperature. The order of reactivity with the isocyanates in non-catalysed systems: 

 

Figure 1.16 – Order of compound reactivity with isocyanates26 

The reaction with these classes of compounds are discussed as follows: 

• Reaction with amines 

This primary addition reaction is the fastest and isocyanates are the most susceptible to the 

nucleophilic amine attack in the absence of a catalyst (Figure 1.17). When di-functional amines 

are present, the final product results in polyurea. This reaction is commercialised for polyurea 

Aliphatic amines > aromatic amines > primary alcohols > water > secondary alcohols > 

tertiary alcohols > phenol > carboxylic acids > ureas > amides > urethanes 
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formation and sometimes offered in blends with polyurethane for applications, such as reaction 

injection moulding polyurethanes and sprayable coatings27. 

 

Figure 1.17 – Urea formation reaction 

• Reaction with alcohols 

This is the main reaction resulting in urethane production (Figure 1.2). The diisocyanate (MDI) 

reaction with alcohols with two or more hydroxyl groups results in polyurethanes ( 

Figure 1.18). 

 

Figure 1.18 – Polyurethane production reaction 

The electrophilic carbon atom in the –NCO group is attacked by the –OH nucleophile. This 

reaction readily takes place at room temperature without a catalyst present. 

• Sensitivity to moisture – reaction with water 

Isocyanates react with water, forming a primary amine (Figure 1.19). The reaction goes through 

an unstable carbamic acid intermediate and carbon dioxide is released. Carbamic acid 

decomposition can result in a few different side reactions although this is temperature and the 

concentration of available –NCO group dependant28.  

 

Figure 1.19 – A primary amine production from isocyanate reaction with water 
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Carbon dioxide is a by-product that acts as a blowing agent for industrial foam formulations. A 

blowing agent is a substance blown to a reactor in a liquid stage and forming foams with the 

reactant that is liable to undergo phase transition or change of physical properties29.  

• Reactions with carboxylic acids 

Unlikely to react without a catalyst, isocyanates show some susceptibility towards reaction with 

carboxylic acids (Figure 1.20)30, 31. 

 

Figure 1.20 – Isocyanate and carboxylic acid reaction 

Similarly, as with water, this reaction goes through an intermediate stage where an unstable 

carbamic-carboxylic anhydride is formed. The carbon dioxide gas is released and the final product 

is an amide. A side reaction, where the intermediate decomposes into a urea also occurs. The 

latter reaction process can be avoided when a catalyst and/or heat (135 oC) are applied30. 

• Reaction with ureas 

Generally, isocyanates react slowly with urea forming a biuret (Figure 1.21). MDI, containing 

minor components, such as urea, can undergo further reactions, forming biuret structures and 

both are known to be present within the samples of interest. 

 

Figure 1.21 – Biuret formation reaction 

Although this reaction becomes more complicated as biurets and ureas are in equilibrium at room 

temperature, catalysts and/or elevated temperatures are usually required for achieving stable 

biurets32. 

• Reaction with amides 

The isocyanate reaction with an amide is very slow, some yields of ureas can be achieved (Figure 

1.22)33. 
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Figure 1.22 – An alternative to urea formation – a reaction of isocyanate and an amide 

This reaction is also reversible and, in fact the reverse reaction is more easily obtained34. 

• Reaction with urethanes 

This is a very useful reaction for polymer crosslinking process ( 

Figure 1.23). The already formed urethane group can be further functionalised into allophanate 

groups at higher temperature ( 

Figure 1.23)35. 

 

Figure 1.23 – Allophanate formation reaction 

The general isocyanate reactions are not limited to the classes of compounds mentioned35. Many 

side reactions occur and the systems become even more complicated at higher temperatures25. 

 

1.1.3.3.2 Dimer and trimer formation 

The isocyanates are reactive with themselves, although this is unlikely in the absence of a 

catalyst26. 

• Dimers - uretdiones 

Uretdiones – dimers are less likely to be formed under standard conditions, a catalyst, such as 

pyridine is required (Figure 1.24)26. These cyclic structures are relatively unstable at higher 

temperatures and revert back to the isocyanates36. Lower reaction temperature, e.g. below 20 oC, 

should be maintained for uretdione capture. 
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Figure 1.24 – Uretdione formation 

The presence of uretdione founctional groups becomes a problem within the oligomeric MDI 

samples, as the insoluble, crystalline uretdione precipitate is formed37. 

• Dimers – carbodiimides 

Carbodiimides are the dimers that can result from two reaction pathways25, 38. The linear dimer 

can be formed at higher temperature when two free isocyanates are available (Figure 1.25). 

Carbodiimides, alternatively called methanediimines, are also the products of urea and a 

phosgene side-reaction during the MDA phosgenation process, although this is a less favoured 

carbodiimide production pathway and will not be discussed further ( 

Figure 1.26). Both reactions release carbon dioxide. The first reaction pathway is usually followed 

in the presence of a catalyst, such as phospholene oxide37.  

The oligomeric MDI samples studied in this research project consist of uretonimine-modified MDI 

as the second most abundant component within samples.  

 

Figure 1.25 – Carbodiimide formation from two isocyanates 

 

Figure 1.26 – Carbodiimide formation from a urea and phosgene reaction 

• Trimers – uretonimines 

When excess isocyanate is available, carbodiimides can react further to form a cyclic trimer – 

uretonimine (Figure 1.27)39, 40. Carbodiimides are initially produced at high temperature (at 105 
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oC), the uretonimine structure is formed upon cooling (below 100 oC)41. The forward and 

backward reactions of the final uretonimine product are eventually in equilibrium although most 

uretonimine formation is reported immediately after production upon sample ageing42. 

An advantage of using uretonimine-modified MDI is that the sample crystallisation due to dimer is 

avoided, a homogeneous liquid phase of sample is achieved and controlled.  

 

Figure 1.27 – Uretonimine formation reaction 

• Trimers - isocyanurates 

Isocyanurate ring – a symmetric trimer previously shown as a commercially available derivative of 

TDI. A possible minor component within the MDI samples. It is formed when three available 

isocyanates react together in the presence of a strong base, such as sodium methoxide (Figure 

1.28)43. 

 

Figure 1.28 – Isocyanurate formation reaction 

• Self-polymerisation 

Aromatic isocyanates readily polymerise at low temperatures to form polyamides when catalysed 

by a strong base, such as 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU; Figure 1.29)44.  

https://en.wikipedia.org/wiki/1,8-Diazabicyclo(5.4.0)undec-7-ene
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Figure 1.29 – Polyamide formation from an aromatic isocyanate 

 

1.1.3.3.3 Reducing reactivity 

Isocyanate reactivity can become a problem and the isocyanate group can be deactivated by the 

use of blocking agents, and so reactivity is reduced. Many different blocking agents may be 

employed, such as phenols, oximes, lactams, secondary amines, acetic esters and others45.  

The best known and analysed blocking agents are phenols that react with isocyanates to form 

urethane groups46. This nucleophilic substitution reaction of the electrophilic carbon with the –OH 

or ketone group stabilises the isocyanates and reduces their reactivity significantly. The urethane 

carbon atom on the carbonyl group next to the blocking agent is slightly electropositive. If the 

blocking agent contains electron donor substituents, e.g. methyl group, this stabilises the whole 

system as the charge difference between the joining atoms strengthens the bond. Electron 

withdrawing substituents, e.g. halides, reduce the isocyanate-blocking agent bond strength, 

lowering the dissociation temperature. Steric effects also alter the dissociation temperature, 

infrared spectroscopy is used for the stability effect investigations for ortho and para substituent 

positional isomers of the blocking agent, the latter being more stable. The stability is increased if 

the resonate structures are possible. In general, the nature of the blocking agent used can affect 

the decomposition temperature by 13 oC22.  

The reaction is thermally reversible due to a weak bond formed with an isocyanate and an active 

hydrogen atom containing compound22. The recycled isocyanate is liable for reactions with 

hydroxyl functional groups to form a carbamate.  

 

1.1.3.4 Solvent choice 

It has been known that the minor components within the isocyanate samples are in reaction 

equilibria47. Carbodiimides and ureas are converted to their corresponding tertiary isocyanate 
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reaction products (Figure 1.21 and Figure 1.27) and are at reaction equilibria at room 

temperature. This research project also studies the effect of using various solvents, investigating if 

the use of a different MDI sample solvent affects the kinetics of forward and backward reactions.  

The solvents discussed in this section were used for non-modified MDI analysis, therefore 

moderately polar aprotic solvents, i.e. solvents that are unable to donate hydrogen bonds48, 49. 

The solvent polarity is determined by the intermolecular interactions of the surrounding solvent 

molecules and the solute. The strength of such interactions is affected by the electrostatic forces 

between charged molecules and dipolar molecules (Coloumb forces), polarisation forces that arise 

from induced dipole moments, hydrogen bonding or lone pair donor/acceptor forces50. The 

solvent polarity is also called the solvating power of such a solvent and more occasionally, only 

the nonspecific solute/solvent interactions (van der Waals forces) are considered to determine 

the solvent polarity51. 

The parameter that helps to quantify the solvent polarity as a measure of ionising power of a 

solvent is called the Dimroth-Reichardt 𝐸𝑇 parameter52, 53. It is based on the maximum 

wavenumber of the longest wavelength electronic absorption band of pyridinium-N-phenol 

betaine dye (Figure 1.30) in a given solvent54. 

 

Figure 1.30 – Pyridinium-N-phenol betaine dye structure52 

The Dimroth-Reichardt 𝐸𝑇 parameter is given in Equation 1.1. Where 𝐸𝑇 is in kcal mol-1, ν is cm-1 

and λ is nm. 

Equation 1.1 – Dimroth-Reichardt ET parameter equation 

𝐸𝑇 = 2.859 ×  10−3 𝜈 = 2.859 × 10−4 𝜆−1  

This equation becomes of normalised E  𝑇
𝑁 scale and is given in Equation 1.2.  

Equation 1.2 – Normalised 𝐸  𝑇
𝑁 scale equation  
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E  𝑇
𝑁 =  

𝐸𝑇(𝑠𝑜𝑙𝑣𝑒𝑛𝑡) − 𝐸𝑇(𝑆𝑖𝑀𝑒4)

𝐸𝑇(𝑤𝑎𝑡𝑒𝑟) −  𝐸𝑇(𝑆𝑖𝑀𝑒4)
=  

𝐸𝑇(𝑠𝑜𝑙𝑣𝑒𝑛𝑡) − 30.7

32.4
 

The Dimroth-Reichardt parameter is closely linked to Grunwald-Winstein equation and Z-value. 

Grunwald-Winstein equation is a linear free energy relationship between rate constants and the 

ionising power of various solvent systems. It is dependent upon the rate of solvolysis (a type of 

nucleophilic substitution/elimination) of a substrate on ionising power of the solvent (Equation 

1.3)55. The effect of the solvent is considered nucleophilic on different substrates.  

Equation 1.3 – Grunwald-Winstein equation55  

log10 (
𝑘𝑠

𝑘0
) = 𝑚 𝑌 

The rate constant 𝑘0 applies to the reference solvent (ethanol: water, 80:20 by volume) and 𝑘𝑠 

refers to the solvent s, both at standard conditions (pressure and temperature). The parameter 𝑚 

is a characteristic of the substrate and is assigned the value unity for tert-butyl chloride. The value 

𝑌 is intended to be a quantitative measure of the ionising power of solvents. The Equation 1.3 

was later extended to the form in Equation 1.451. 

Equation 1.4 – Extended Grunwald-Winstein equation 

log10 (
𝑘𝑠

𝑘0
) = 𝑚 𝑌 + 𝑙 𝑁 

The term 𝑁 is the nucleophilicity of the solvent and 𝑙 is its susceptibility parameter.  

The last term used to quantify polarity, Z-value is an index of the ionising power of a solvent 

based on the frequency of the longest wavelength electronic absorption maximum of 1-ethyl-4-

methoxycarbonylpyridinium iodide in the solvent (Equation 1.5)56. The term 𝑍 is given in kcal mol-

1 and 𝜆 is in nm.  

Equation 1.5 – Z-value equation56 

𝑍 =  
2.859 × 104

𝜆
 

All of these three terms are closely related and once considered, they provide a theoretical 

measure of solvent polarity. A few physical properties of some solvents are given in Table 1.3 in 

order of increasing polarity. Some of the mentioned solvents have been considered for the 

analysis methods of oligomeric MDI samples. Many of such have not been chosen for various 

reasons, e.g. dimethyl sulfoxide (DMSO) has been industrially used to dissolve uretdione dimers 

(minor component within MDI)57, although could not be used due to its high viscosity and 
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unsuitability for the use with the UHPSFC systems. Methanol was used for urethane conversion 

where MDI has been derivatised, although the aim of this research project was to analyse the 

non-modified MDI with apolar solvents. Various solvents given in Table 1.3 were used, MDI 

solubility was tested and some of these solvents were also tested for their ability to aid ionisation 

that will be discussed later. 

Table 1.3 – A table of solvent properties with increasing relative polarity54 

Solvent Formula Molecular 
weight 
(g/mol) 

Boiling 
point 
(0C) 

Density 
(g/mL) 

Viscosity 
at 25 oC 
(mPa·s)58 

Relative 
polarity59 

Protic 
(P) / 
Aprotic 
(A) 

Hexane C6H14 86.18 69 0.655 0.3060 0.009 A 

Toluene C7H8 92.14 111 0.867 0.56 0.099 A 

Anisole C7H8O 108.14 154 0.996 1.0260 0.198 A 

Tetrahydrofuran 
(THF) 

C4H8O 72.11 66 0.886 0.46 0.207 A 

Dichloromethane 
(DCM) 

CH2Cl2 84.93 40 1.326 0.41 0.309 A 

Chloroform CHCl3 119.38 61 1.498 0.54 0.259 A 

Acetone C3H6O 58.08 56 0.786 0.31 0.355 A 

Dimethylformamide 
(DMF) 

C3H7NO 73.09 153 0.944 0.79 0.386 A 

Aniline C6H7N 93.13 184 1.022 3.85 0.420 P 

Dimethyl sulfoxide 
(DMSO) 

C2H6OS 78.13 189 1.092 1.99 0.444 A 

Acetonitrile (ACN) C2H3N 41.05 82 0.786 0.37 0.460 A 

2-propanol C3H8O 60.10 82 0.785 2.04 0.546 P 

Methanol CH4O 32.04 65 0.791 0.54 0.762 P 

Water H2O 18.02 100 0.998 0.89 1.000 P 
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1.2 Instrumentation 

1.2.1 Chromatography 

This is an analytical chemistry technique which is primarily used for separating mixtures of 

analytes into their individual components61. It is used as a sample introduction technique  to a 

mass spectrometer for detection. Other so-called “hyphenated techniques” use FTIR, UV-Vis or 

other detection methods. This report discusses the use of supercritical fluid chromatography (SFC) 

as the technique of choice for separation of the oligomeric MDI components.  

The basic chromatographic techniques are column chromatography62, 63, paper chromatography 

or thin layer chromatography but the more advanced are discussed below. 

Chromatography, as a general separation technique, allows components to distribute between 

two phases, the stationary phase and the mobile phase. It is the interactions of the analyte 

passing through a column with such phases that affects the component retention time, tR. 

Retention time is the time taken for the compound to elute from columns. How long the analyte 

travels through the column is affected by many factors, such as dipole, hydrogen bonding and 

dispersive interactions. 

The columns used may be of various types, depending on the application intended. Columns can 

be either capillary, packed or monolithic. Capillary columns, specifically used in gas 

chromatography (GC), are hollow silica tubes coated with a gel/liquid stationary phase, usually a 

polymer. Packed columns contain uniformly packed spherical chemically modified stationary 

phases. Monolithic columns are highly porous, continiuous rods consitisting of either a silica or 

organic monolithic material. The mobile phase, also termed as the carrier gas/liquid that 

transports the analytes through the column.  

 

1.2.1.1 Chromatographic peak resolution  

Chromatographic separation and compound elution is recorded in a chromatogram (Figure 

1.31)64. It is a graphical representation of detector response and concentration of analyte passed 

through the column. The recorded signal of an analyte is known as a peak, an ideal peak is a 

symmetric shape peak (Gaussian).  
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Figure 1.31 – A chromatogram and its characteristic features 

Separation efficiency can be expressed in a term referred to as chromatographic peak resolution 

(𝑅𝑆), which is a measure of how well two peaks are separated from each other in terms of their 

average peak width at base (wb1 and wb2) or at half height (𝑤1
2

1
and 𝑤1

2
2
) if the neighbouring peaks 

are not baseline separated64. It is defined as the ratio of the distance between two retention 

times (𝑡𝑅) and the average of two peak widths, assuming 𝑡𝑅2 >  𝑡𝑅1 (Equation 1.6). 

Equation 1.6 – Resolution equation 

𝑅𝑆 =   
2 × (𝑡𝑅2 − 𝑡𝑅1)

(𝑤𝑏1 +  𝑤𝑏2)
=  

1.177 × (𝑡𝑅2  −  𝑡𝑅1)

(𝑤1
2

1
+  𝑤1

2
2
)

=  
1

4
√𝑁 ×  

𝛼 − 1

𝛼
 ×  

𝑘

1 + 𝑘
 

Where: Rs – peak resolution; tR1 and tR2 – retention time of peak 1 and 2, respectively; wb1 and wb2 

– peak width at the base of peak 1 and peak 2, respectively; 𝑤1
2

1
and 𝑤1

2
2
 – peak width at half 

height of peak 1 and peak 2, respectively; 𝑁 – plate number; 𝛼 – separation factor; k – capacity 

factor. 

The peak resolution value below 1 suggests that two peaks are not baseline resolved from each 

other and a value of 1.5 is required for quantitation. The chromatographic peak resolution is 

affected by three parameters: retention (retention factor, k), selectivity (separation factor, 𝛼) and 

column packing efficiency measure, i.e. plate number (𝑁).  
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1.2.1.1.1 Retention factor 

The retention factor (formerly known as capacity factor) is a term that represents the retention of 

an analyte on the chromatographic column and is independent of column length and mobile 

phase flow rate (Equation 1.7). Retention factor is a molar fraction (the amount) of a compound in 

the stationary and the mobile phases (Equation 1.7).  

Equation 1.7 – Retention factor equation 

𝑘 =  
𝑛𝑆𝑃

𝑛𝑀𝑃
=  

𝑡𝑅 − 𝑡0

𝑡0
=  

𝑡′𝑅 

𝑡0
 

Where: 𝑛𝑆𝑃 and 𝑛𝑀𝑃 – the number of moles of an analyte in the stationary phase (SP) and in the 

mobile phase (MP), respectively; 𝑡𝑅 – retention time of a chosen analyte; 𝑡0 – “hold-up time” or 

“dead time” (retention time of a non-retained compound); 𝑡′𝑅 – adjusted retention time, i.e. 𝑡𝑅 −

 𝑡0. 

Phase preference can also expressed by the distribution constant, 𝐾 (Equation 1.8), where the 

analyte passes through the stationary and mobile phases with the affinity to either phase and its 

concentration in stationary phase (𝑐𝑆𝑃) and mobile phase (𝑐𝑀𝑃) ratio. 

Equation 1.8 – Distribution constant equation 

𝐾 =  
𝑐𝑆𝑃

𝑐𝑀𝑃
 

Where: K – distribution constant; 𝑐𝑆𝑃 and 𝑐𝑀𝑃 – concentration of an analyte in the stationary 

phase (SP) and the mobile phase (MP), respectively. 

Rearranging the capacity factor equation to account for the distribution constant (Equation 1.9), 

the 𝑘 term is directly proportional to the volume occupied by the stationary phase and more 

especially to its specific surface area (surface area of stationary phase per unit of mass) and is 

inversely proportional to the volume of mobile phase (Equation 1.10). 

Equation 1.9 – An equation used to calculate the number of moles in a solution 

𝑛 = 𝑐 × 𝑉 

Where: 𝑛 – number of moles; 𝑐 – molarity concentration; 𝑉 – volume in solution. 

Equation 1.10 – Rearanged equation for capacity factor calculation 

𝑘 = 𝐾 
𝑉𝑆𝑃

𝑉𝑀𝑃
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Where: 𝑉𝑆𝑃 and 𝑉𝑀𝑃 – volume of the stationary phase (SP) and the mobile phase (MP) in the 

column, respectively. 

k values between 1 and 10 are preferred. Values below 1 suggest the analyte has not retained in 

column, i.e. no interactions with the stationary phase. The values above 10 are obtained when 

analyses times are long.  

In packed column chromatography, a larger capacity factor value is obtained, when using the fully 

porous particles cf. core-shell (due to larger specific surface area of particle); similarly, larger 

pores within particles, having larger mobile phase capacity (volume) result in a smaller k  value65. 

Larger volume of pores (pore size, r) = Larger volume of MP = Smaller 𝑘 

Smaller pores = Smaller V of MP = Larger 𝑘 

 

1.2.1.1.2 Separation factor 

Separation factor, 𝛼, is a measure of the chromatographic system’s potential for separating two 

compounds, i.e. selectivity, assuming two analytes have different 𝑘 values. 

Equation 1.11 – Separation factor equation 

𝛼 =  
𝑘2

𝑘1
=  

𝐾2

𝐾1
=  

𝑡𝑅2 − 𝑡0

𝑡𝑅1 − 𝑡0
 

The separation factor (𝛼) value must not be equal to 1, this would suggest the retention times are 

identical, no separation takes place.  

 

1.2.1.1.3 Column efficiency 

The third factor affecting chromatographic peak resolution is the column efficiency, otherwise 

known as the plate number or number of theoretical plates (𝑁) and can be calculated from a 

chromatogram of a nonretained peak (Equation 1.12).  

Equation 1.12 – Number of theoretical plates equation 

𝑁 =  16 × (
𝑡𝑅

𝑤𝑏
)2 = 5.54 × (

𝑡𝑅

𝑤1
2

)2  

The number of theoretical plates is incorporated in the height equivalent of theoretical plates 

(𝐻𝐸𝑇𝑃) equation, provided by the length of the column length used (Equation 1.13)66.  
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Equation 1.13 – Column efficiency equation related to HETP 

𝐻𝐸𝑇𝑃 =  
𝐿

𝑁
  

Where: L – column length; N – plate number or the number of theoretical plates. 

The best column efficiency is achieved when the plate number (N) is high and the plate height 

(HETP) is low. This term is closely linked to band or peak broadening. The low efficiency columns 

have high band broadening effects. 

Another way to improve the column efficiency is to increase the column length. Increasing the 

column length by an order of magnitude the efficiency of the peaks also increases by about one 

order of magnitude. 

 

1.2.1.1.4 Van Deemter equation  

This research project is focused on the use of liquid chromatography (LC) packed columns; 

therefore the theoretical plate height is be expressed by the use of Van Deemter plot (Figure 

1.32), 

Height equivalent to a theoretical plate is the distance over which chromatographic equilibrium is 

achieved and separation efficiency can be evaluated in terms of Van Deemter equation (Equation 

1.14)67. Better illustrated by graphs, the use of Van Deemter plots (Figure 1.32) can help to reduce 

the analysis time without compromising the resolution between peaks. The undesired effect of 

peaks becoming wide and losing the Gaussian shape is called band broadening.  

Equation 1.14 – Van Deemter equation67 

𝐻𝐸𝑇𝑃 = 𝐴 +
𝐵

𝑢
+ 𝐶 × 𝑢 
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Figure 1.32 – Van Deemter plot68 

The Van Deemter equation is incorporated in a plot of height equivalent to a theoretical plate 

(HETP) on the y-axis and the eluent linear velocity (𝑢). Linear flow velocity can be calculated 

(Equation 1.15). 

Equation 1.15 – Linear flow velocity equation 

𝑢 =  
𝐿

𝑡0
 

The term 𝑢 is a function of the eluent flow rate, column internal diameter (I.D.) and particle size. 

The A term of van Deemter equation refers to Eddy diffusion that is a constant value describing 

variations in mobile phase flow or eluent path within the column. The B term is a constant 

dependent upon longitudinal diffusion. The C term relates to mass transfer process and increases 

proportionally to the eluent flow rate. All three terms are the measures of band broadening and 

must be kept to a minimum to achieve the best chromatographic efficiency at the lowest HETP, 

resulting the highest number of theoretical plates. The aim is to achieve the lowest HETP value at 

the highest flow rates possible, which increases plate number efficiency (N) and chromatographic 

resolution.  

 

1.2.1.1.4.1 Eddy Diffusion 

The first factor affecting band broadening is Eddy Diffusion (A term in Van Deemter equation). It is 

used to describe variations in mobile phase flow or analyte flow path within a chromatographic 

column due to eddy motion. An analyte molecule can take many paths through the column, 

leading to a wider band (Figure 1.33). Inhomogeneous column packing and non-uniform particle 

size lead to broadened band of analytes.  
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Figure 1.33 – Analyte pathways due to Eddy Diffusion 

As the analytes are introduced into the column at the same time, the band is narrow. The analytes 

then follow different pathways, exiting the column at different times. The time difference is the 

increased band width.  

Eddy Diffusion (or the A term) is used to describe the quality of column packing, this can be 

reduced if uniform column packing and small particle size distribution are achieved. Reducing 

column particle size also leads to better resolution. 

 

1.2.1.1.4.2 Longitudinal diffusion 

The second term in Van Deemter equation (Equation 1.14), the B term, refers to longitudinal 

diffusion that mostly affects the band broadening along the axis of mobile phase flow. It is caused 

by the concentration gradient within connection tubes and mostly in the column itself. The B term 

dominates band broadening at low velocities, howerver in liquid chromatography, where 

diffusion coefficients are small, the contribution of longitudinal diffusion to the overall plate 

height is often negligible.  

Concentration gradient occurs due to low mobile phase flow rates and the analytes are dispersed 

along the path. Longitudinal diffusion decreases with an increase in mobile phase velocity, since 

the analyte is in the column for less time. 

System tubing should be kept short and as narrow as possible, reducing dead volume and 

minimising longitudinal diffusion. 

 

1.2.1.1.4.3 Mass transfer 

The mass transfer, C term (Equation 1.14), is the contribution from slow mass transfer in both the 

stationary and mobile phases. The stationary phase, stagnant mobile phase and moving mobile 

phase mass transfer terms are used to describe the overall resistance to mass transfer. 

Band width 
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• Stationary phase mass transfer  

The band broadening due to the stationary phase mass transfer is caused by the rate at which the 

analyte molecules transfer in and out of stationary phase. The separation efficiency depends on 

how long the solutes will reside in or on the stationary phase for varying lengths of time and how 

much they are left behind by the bulk of the molecules.  

• Stagnant mobile phase mass transfer  

The highest efficiency columns provide a high number of theoretical plates that allow many 

equilibrations that happen in the column due to a very large surface area of the stationary phase 

particles. This is achieved by designing the stationary phase particles to be highly porous, 

although the passing mobile phase remains stagnant or stationary within the pores. Poorly 

designed particles consist of uneven size and shape pores. That causes the analyte molecules to 

penetrate different depths of pores, spending more time to leave the stationary phase and 

ultimately increases the band width. The analytes leave the pores only by diffusion as they cannot 

be transported by the solvent flux. At higher flow rates the analyte molecules that do not adsorb 

to the stationary phase within pores exit the column much earlier than the stagnant molecules, 

increasing the time difference between elution.  

• Moving mobile phase mass transfer  

The analyte molecules are not travelling with the same speed along the flow path of the mobile 

phase. The slower analytes close to the column particle walls and the faster onesin mid stream 

create a flow profile across the channel. This, as well as slow diffusion of molecules across the 

width of the channel, leads to band broadening attributed to the moving mobile phase. 

The mass transfer effect can be reduced by the use of small particles (sub 2 µm instead of 5 µm) 

that also consist of thin porous layer with shallow pores; reducing the mobile phase linear 

velocity; using low viscosity solvents and solutes with high diffusivity; and when using higher 

column temperatures where diffusion is faster. The mass transfer effect becomes much more 

important when comparing fully porous particle columns with core-shell particle columns, 

introduced later. 

 

1.2.1.1.5 Golay equation 

When using capillary columns, the HETP theory may be applied to Golay equation (Equation 

1.16)69, 70. Unlike the particle packing and diameter that determines the column efficiency in 
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packed columns, open-tubular column efficiency is dependent upon the column internal diameter 

(I.D.).  

Equation 1.16 – Golay equation71 

𝐻𝐸𝑇𝑃 =
𝐵

𝑢
+ (𝐶𝑆𝑃 +  𝐶𝑀𝑃) × 𝑢 

There is no eddy diffusion term in Golay equation, band broadening can occur mostly caused by 

mass transfer effects. The fast equilibrium across the stationary and mobile phases causes 

narrower peaks observed in the chromatogram. Small I.D., thin film coated columns provide the 

highest column efficiency and can be operated at much higher mobile phase flow (generally gas 

flow). 

As well as the mentioned longitudinal diffusion, the mass transfer (C term) is split into two terms:  

𝐶𝑆𝑃 – contribution to peak broadening in the stationary phase; and 𝐶𝑀𝑃 – contribution to peak 

broadening in the mobile phase. As the mobile phase passes through the column, it experiences 

lower linear velocity nearer the column walls than through the centre of column, which causes 

band broadening due to 𝐶𝑀𝑃 term. Similarly, the resistance to mass transfer due to 𝐶𝑆𝑃 term is 

affected by the amount of stationary phase, therefore thin film coated capillary columns are 

preferred.  

 

1.2.1.2 Gas chromatography 

Gas chromatography is a liquid/gas separation technique used for the analysis of thermally stable, 

volatile compounds (Figure 1.34). Liquid analytes are instantaneously vaporised into the injector 

and passed through the column oven, where a differential temperature gradient (50 – 350 oC) 

causes the analytes to be “boiled off” at different retention times, the compounds then reach a 

suitable detector and the data is transferred to a chromatogram. 
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Figure 1.34 – A schematic of gas chromatography instrumentation 

The mobile phase used is an inert carrier gas that is unreactive with the samples, such as 

hydrogen, helium or nitrogen gas. The gas is fed from cylinders through oxygen/charcoal filters to 

improve purity and is pumped to the injector. There are many types of injectors used, usually a 

split/splitless injector is employed. Other types include programmed thermal vaporising (PTV), 

cool-on-column (COC) and others. Split/splitless injector is mostly used due to the possibility to 

use it in two different modes, split or splitless. It is easy to automate and allows a narrow analyte 

band from the column. The sample mixtures do not require dilution, neat samples may be split 

into 1:5 or other ratios by larger flow rates of the carrier gas introduced, avoiding overloading the 

columns. The injector consists of a microsyringe used to inject samples through a rubber septum 

into a flash vaporiser port at the head of the column. The temperature set is usually 50 oC higher 

than the boiling point of the least volatile component of the sample (50 – 250 oC). The heated 

chamber within a metal block is lined with a glass tube. During the split mode, the carrier gas is 

injected and fills the chamber. A mixture of carrier gas and vaporised sample is achieved. 

Involatile solvents are flashed through the septum purge outlet, the undesired concentration of 

sample is removed through the split outlet and the correct ratio of carrier gas/analyte is 

introduced to the column.  

Packed columns are not that commonly used nowadays. The stainless steel or silica tube columns 

contain diatomaceous earth particles coated with liquid stationary phase. These are not of 

uniform shape and size, have a much higher pressure drop across column and are less efficient 

than capillary columns. The advantages of using packed columns are having larger amounts of 

sample loading, they are usually cheaper and allow analyses of light gases not possible with 

capillary columns. These columns are of 0.5 – 10 m in length, and 2 – 4 mm in internal diameter 
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(I.D.). Packed columns are usually employed with the on-column injectors and thermal 

conductivity (TCD) detectors. 

Modern GC uses capillary columns that are typically longer than packed columns as they provide 

lower system back pressure. Wall coated open tubular (WCOT) or porous layer open tubular 

(PLOT) columns are used. The use of such columns provides better count of theoretical plates, i.e. 

column efficiency is higher. Narrower tubes of capillary columns allow easier set up methods with 

a mass spectrometer. The sample overloading is avoided due to the much lower sample loading 

capacity. This is why split/splitless injectors become more advantageous.  

An improved version of WCOT column, fused silica open tubular (FSOT) column, is most common. 

It is a fused silica glass tube (5 – 100 m in length) coated with a thermally stable polyimide 

material. The stationary phase is the inner-column coating (0.5 – 5 µm film), resulting in the 

column I.D. of 100 – 530 µm. The stationary phase can be non-polar, a high boiling point liquid 

containing silanol groups (dimethyl polysiloxane; PDMSO); or polar, e.g. methyl groups 

substituted by phenols and/or cyanopropyl groups (Figure 1.35). The analytes are separated by 

their boiling point, size and affinity to the stationary phase interactions (van der Waals forces, 

dipole interactions and hydrogen bonding). The stationary phase application depends on the 

compounds analysed, as well as selectivity required, i.e. polar analytes are analysed by polar 

stationary phase columns to increase their retention times.  

 

Figure 1.35 – Stationary phase chemistries used in capillary GC columns 

Common GC detectors: mass spectrometer (GC-MS); flame ionisation detector (FID); the 

mentioned thermal conductivity detector (TCD); electron capture detector (ECD); nitrogen 

phosphorus detector (NPD); flame photometric detector (FPD); photoionisation detector (PID); 

and electrolytic conductivity detector (ELCD) . Mass spectrometers will be discussed in more 

detail.  
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FID is highly sensitive towards organic molecules (C-H bonds), providing low background signal 

due to low ionisation efficiency of small molecules (N2, NOX, CO, CO2 and H2O). The cationised 

analytes are achieved by pyrolysis in a hydrogen-air flame. TCD consists of a heated filament with 

an applied current, as the analytes pass through the cell, enhanced current signal against a 

reference is recorded. ECD uses a foil lining in the detector cell (usually 63Ni), the signal is 

recorded by current reduction due to electronegative compound reduction. It is highly selective 

towards nitrates, carbonyls and halogenated compounds. NPD is mainly used for nitrogen 

containing compounds as the analytes are burned in a plasma surrounding rubidium bead that 

ionises nitrogen and phosphorous containing compounds. FPD is used for ionising sulfur or 

phosphorous containing compounds, it works by burning such compounds in a hydrogen-air flame 

and emitting light. A monochromatic filter is used, therefore FPD has to be set for each class of 

compounds separately. PID uses a photoionisation lamp and analytes are bombarded by resulting 

high energy photons (usually 10 eV), compounds of lower ionisation potential (IP) are cationised 

and attracted to an electrode. This type of detector is sensitive towards aromatic and unsaturated 

compounds. ELCD consists of a high temperature reaction tube and analyte/carrier gas mix is 

passed through, resulting in specific reaction products that alter the electrolytic conductivity of 

the solvent. This type of detector is limited to one setting but may be applied for organic 

compounds containing heteroatoms. 

The total GC analysis time is also dependent upon the column temperature; run times can vary 

from 3 to 80 min or more. When analysing sample mixtures of a wide boiling point range, longer 

acquisition times are required. Temperature programing becomes useful where the column 

temperature may be increased gradually, i.e. continuously or step-wise. The smaller/lower boiling 

point eluents are detected first and the data is processed to provide a chromatogram. Also their 

adsorption, desorption onto the stationary phase affects the retention time. 

The disadvantage of GC is that only volatile and semi-volatile, thermally stable compounds can be 

analysed. This may be overcome by chemical derivatisation, although GC is not employed in this 

research project due to low volatility of HMW oligomeric MDI components as the pure, non-

modified MDI components are of interest.  

 

1.2.1.3 Liquid chromatography 

Liquid chromatography (LC), conventionally high performance liquid chromatography (HPLC), is an 

adsorption or a partition liquid phase technique (Figure 1.36). LC can be set to introduce the 
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mobile phase through gradient elution, as well as isocratically. Unlike GC, thermally labile and 

non-volatile compounds can be analysed by LC.  

 

Figure 1.36 – A schematic of an LC system 

Modern HPLC systems operate at ultra-high pressure required to pump the solvents through due 

to smaller particle sizes in packed columns, now formally known as ultra-high performance liquid 

chromatography (UHPLC). Mobile phase is usually a mixture of solvents (water, acetonitrile, 

methanol or hydrocarbons, depending on the polarity required). Two solvents are extracted by 

high-pressure solvent pumps post solvent degasser unit and mixed in binary solvent manager 

(BSM). The resulting mobile phase then enters the sample injection loop (Figure 1.37). 

The sample manager (SM) controls the analyte injection into the column by the use of a variable-

loop autosampler (Figure 1.37). A sample (0.1-50 µL, usually 2 µL) is withdrawn from the vial into 

the needle and passed onto a syringe at atmospheric pressure. The liquid is then introduced into a 

6-port valve injector system. During the sample loading process, the binary solvents are flown 

straight onto the column, bypassing the loop. The flow is switched to an inject position, where the 

solvents are allowed to enter the loop and the solution of sample/solvents is passed onto the 

head of the column. 
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Figure 1.37 – A diagram representing sample pathway in the variable sample loop using a 6-port 

injector 

Packed seal columns used consist of different chemistry stationary phases fused onto porous 

packed silica, monolithic or superficially porous (core shell) silica beads (Figure 1.38). Generally 

sub 2 µm (2 – 5 µm) particle size is used as it gives the best chromatographic peak resolution. This 

will be discussed in more detail later. The columns are conventionally much shorter than the GC 

columns (5 – 30 cm) and 2.1 – 4.6 mm in I.D.  

 

Figure 1.38 – A simplified silica bead structure 
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1.2.1.3.1 Packed LC columns 

The packed liquid chromatography columns can vary in packing material. Three types of particle 

morphologies are discussed.  

• Monoliths 

Monolithic columns are formed as continiuous porous rods that do not consist of interparticle 

voids typical of packed columns72. The main advantage of high porosity nature of monoliths is that 

these columns provide lower system back pressure (due to lower resistance to mass transfer, C 

term), allowing higher mobile phase flow rates (up to 10 mL/min) thus shorter run times. The 

pores within monolithic columns are either stagnant mesopores (15 nm), or macropores/flow 

pores (1.15 µm)73. Monoliths are fabricated from silica or organic monomers to give a wide range 

of stationary phase functionailities. Due to broad size distribution of pores the monolithic 

columns are less efficient than packed particle columns and are used less often. 

• Fully porous particles 

As discussed previously, fully porous particles are known to provide the best column efficiency, 

resolution, sensitivity and analysis speed. Starting with 10 µm particle in 1970s, the column 

efficiency has much improved with the use of sub 2 µm particles in 2004. Using small particles 

comes at a cost, high pressure pump systems are required for HPLC operations.  

This research project discusses the use of three different types of fully porous particle 

technologies: 130 Å size pores in ethylene bridged hybrid (BEH), 100 Å in high strength silica (HSS) 

and 130 Å in charged surface hybrid (CSH) particles. They all contain the same starting material 

used in porous silica-based particles, tetraethoxysilane (Figure 1.39). The spheres vary in silanol 

activity, shape, selectivity and hydrophobicity74. 

 

Figure 1.39 – Tetraethoxysilane (TEOS) 

High strength silica contains of many TEOS molecules joined into a polyethoxysilane (PEOS) 

structure (Figure 1.40). 
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Figure 1.40 – Polyethoxysilane (PEOS) 

A variation of such chemistry is provided by ethylene bridged hybrid technology, the particles 

contain bridged ethanes within a silica matrix75. Additional bis(triethoxysilyl)ethane (BTEE) is 

reacted with 4 equivalent TEOS molecules, resulting in polyethoxysilane (BPEOS). 

 

Figure 1.41 – Bis(triethoxysilyl)ethane (BTEE) 

 

Figure 1.42 – Polyethoxysilane (BPEOS) 

The charged surface hybrid (CSH) particle is homologous to a BEH particle, although the bead 

surface is modified by an addition of low-level charge to particle surface prior to chemically 

bonding the trifunctional stationary phase chemistry76. 

• Core-shell particles 

Newly developed particles now consist of a solid particle bead fused with a porous layer, resulting 

in superficially porous particle columns, which have been reported to give lower system 

backpressures77. The superficially porous silica particles (also termed core-shell, porous shell, 

fused-core or solid core) consist of a solid core 1.7 µm silica bead bonded to the 0.5 µm porous 

layer, resulting in a total microsphere of 2.7 µm (Figure 1.43).  
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Figure 1.43 – Fully porous particle (left) and core-shell particle (right) 

Many types of core-shell particles are known78. The core may be of different configurations, such 

as core as a single sphere; aggregation of several small spheres; or a rattle-like hollow shell with a 

small sphere inside. The porous shell structure may be a continuous layer; attachment of smaller 

spheres onto a big core sphere; or aggregated core spheres. This report discusses the particles 

that are made of the same material, silica, but with a solid core sphere and a continuous layer 

porous shell (Figure 1.43 right).  

A large percentage of core-shell silica particles for chromatography are now prepared by an 

accurate and precise layer-by-layer approach79. Firstly, the uniform nonporous core particles for 

core-shell columns in liquid chromatography are usually manufactured by the Stöber method of 

monodisperse silica spheres, where tetraesters of silicic acid (Figure 1.39) are added to an alcohol 

and catalysed by ammonia80. The solid core spheres are then exposed to oppositely charged 

polymer, e.g. negatively surface-charged silica particles bound with a cationic polymer, 

polyelectrolyte. The coated core is immersed in a dispersion of nanoparticles with opposite 

charges to the polyelectrolyte. These steps are repeated until the desired shell thickness is 

achieved78.  

The solid core combined with the porous shell affords a larger particle (cf. fully porous), which 

culminates in low operating backpressure79. The core-shell particles are assumed to provide 

better column efficiency due to lower eddy diffusion (A term in Van Deemter equation; Equation 

1.14)67 by the reduced particle size distribution. Superficially porous particles are also said to 

consist of smaller pore volumes, causing less band broadening from longitudinal diffusion (B 

term). The most advantageous property of the core-shell particle column is the reduced mass 

transfer effect through the shorter diffusion path length (C term), faster mass transfer provides 

better column efficiency. 
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1.2.1.3.2 Detectors 

Once the analytes are ejected from columns, they reach the detector. The most common detector 

is a UV/Vis detector (photodiode array; PDA) that is non-destructive (Figure 1.44). The eluents 

passing through the sample flow cell absorb the light shone from a light source, the deuterium 

discharge lamp (190 – 500 nm). Only components that absorb the given wavelength will be 

detected, aromatic ring containing and conjugated species transmit the light passing through the 

slits and hit the polychromator. The diffraction grating disperses the light to different wavelengths 

that are detected by the diode array. The detector scans all set wavelengths simultaneously, 

recording the maximum absorbance of eluents. 

 

Figure 1.44 – A schematic of a photodiode array detector 

Component absorbance can be explained using Beer-Lambert law (Equation 1.17). Absorbance 

depends on sample concentration and is directly proportional to the path length it travels through 

the sample cell.  

Equation 1.17 – Beer-Lambert law 

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 =  𝜀 × 𝑙 × 𝑐 

Where: 𝜀 – molar absorptivity (molar absorption coefficient specific to a compound); 𝑙 – path 

length in cm; 𝑐 – concentration of solution in mol/dm3.  

Other known LC detectors are refractive index detector (RID), fluorescence detector (FD), 

evaporative light scattering detector (ELSD), charged aerosol (CAD) and others. 

RID detector measures the change in refractive index (RI) of the sample compared to the mobile 

phase, the largest difference will result in increased sensitivity. Components will be invisible to 
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the detector that contain RI similar to that of the mobile phase and the signal is limited to when 

using isocratic mobile phase gradient. FD measures fluorescent light transmission of eluents and is 

extremely sensitive, it can measure a presence of a single analyte molecule. Sample excitation 

occurs at short wavelengths (~ 280 nm) and larger wavelengths are transmitted (~ 340 nm), this 

results in fluorescence. Compounds containing highly conjugated double bonds, such as 

aromatics, give the most intense signal. ELSD is similar to PDA used in UV detectors but the 

column eluates are instantaneously evaporated using a nebuliser (nitrogen is used as the 

nebulising gas). Volatile mobile phase solvents are evaporated off and solid analyte molecules are 

then passed through the polychromatic light beam, scattered and recorded by a photodiode. This 

method is applied for non-volatile samples and can be used with a gradient mobile phase elution. 

CAD uses the same principal as ELSD, the formed aerosol is passed through a corona discharge 

region and ions are directed to the electrometer using an ion trap. CAD and ELSD are both 

destructive and mass-flow dependant detectors, they require the use of volatile solvents81. 

Depending on the stationary phase and mobile phase combinations, LC can be classed into two 

main groups: normal phase LC and reversed-phase LC. 

 

1.2.1.3.3 Normal phase liquid chromatography 

The principle of normal phase LC is that a polar stationary phase with a non-polar mobile phase 

are used. This is also a type of adsorption chromatography72. The non-polar analyte affinity to the 

stationary phase is low, resulting in this analyte eluting first. The polar-polar interactions that 

result in adsorption/desorption processes of analytes with the solid stationary phase in the 

column are the determining factors in analyte retention time. If the sample and the stationary 

phase interactions are strong (when the functional groups are reasonably similar), the analyte 

elutes later. This technique is also widely used in the separation of isomers or even enantiomers 

(diastereoisomers that are mirror images of each other that are non-superposable), where the 

separation is based on shape of analyte. 

Polar stationary phase is either bare silica (Figure 1.38) or a silica-fused stationary phase that 

contains polar groups, such as amino, cyano, diol (Figure 1.45). 
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Figure 1.45 – Polar stationary phases used in normal phase LC 

Nonpolar mobile phase solvents used are organic solvents, such as hexane, pentane, xylene etc. 

These solvents are used as S2 solvents in solvent-solvent extraction steps in MDI purification 

process (Figure 1.14) and are insufficient to dissolve oligomeric MDI samples (Table 1.2), 

therefore normal phase LC cannot be applied for polymeric MDI component separation. 

 

1.2.1.3.4 Reversed-phase liquid chromatography 

When a stationary phase is considered as non-polar and the mobile phase is relatively polar, this 

technique is called reversed-phase liquid chromatography. Reversed-phase is much more 

common in HPLC and can be considered as partition chromatography. The interactions between 

the eluent and the stationary phase mostly rely on differences in the hydrophobic properties of 

analytes. The liquid carrier solvent forces analytes through the column, the stronger the eluent 

strength, the shorter the time polar analytes take to elute from columns as the analyte affinity to 
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the mobile phase is stronger to that of the stationary phase. The most non-polar analytes would 

elute last.  

Stationary phases consist of hydrophobic hydrocarbon chains fused onto silica beads, the most 

common are octyl (C8), octadecyl (C18) and phenyl columns (Figure 1.46).  

 

Figure 1.46 – Non-polar stationary phases used in reversed-phase LC 

Not all silanol groups are deactivated by the bonded stationary phase (up to 50%). The available –

OH groups are interacting with analyte molecules and may influence the chromatographic process 

by hydrogen bonding, ion exchange and dipole interactions. These so-called secondary 

interactions are usually unwanted in RPLC, especially for ionic and polar compounds, since that 

may cause severe peak tailing and irreproducible retention times. This may be overcome by using 

sterically protecting groups in the stationary phase bonding process. Instead of using 

chlorodimethyl silanes with the stationary phase (represented as R group), chlorodiisopropyl or 

chlorodiisobutyl silanes can be used for monofunctional stationary phase addition (Figure 1.47)82.  
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Figure 1.47 – Monofunctional sterically protecting stationary phases 

Monofunctional and trifunctional stationary phases are used. The multiply bonded SP ligands 

provide industry-leading pH stability, batch-to-batch reproducibility and exceptional peak shape 

compared to monofunctional SP columns83. Another way of reducing unbonded silanol activity is 

to endcap the column by reacting the geminal surface silanol with trimethylchlorosilane post the 

addition of stationary phase, this improves the selectivity for bases84. 

Generally, aqueous solvents are used in reversed-phase LC, water is mixed with organic solvents 

through gradient or isocratic mobile phase elution methods. 

 

1.2.1.4 Supercritical fluid chromatography 

A separation technique in which the mobile phase is a fluid above and relatively close to its critical 

temperature and pressure is considered supercritical fluid chromatography (SFC)64. In general, the 

terms and definitions used in gas or liquid chromatography are equally applicable to SFC. 

SFC, first introduced in 195885, was very much GC-like, focusing on separation of higher molecular 

weight, thermally labile and nonpolar solutes. The capillary columns used were very popular until 

1990s, although improvements on particle size and particle packing efficiency in packed columns 

made the capillary columns almost extinct86, 87.  

Major SFC drawbacks were recognised, such as high maintenance pumping systems, automatic 

back pressure regulator and the injection system. The developments of pressure programming 

and high-pressure fraction collectors in 1970s proved plausible to preparative SFC applications. 

The LC-like pumps were used for CO2 with chilled pump heads and a modifier solvent pump. The 

cooling of the CO2 to low temperatures allowed it to remain a liquid, which is easier controlled 

and reproducibly compressed. The sample introduction method was improved from syringe 

pump, an injection valve and a split mechanism (GC-like) injection system to the addition of a 
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second auxiliary valve, allowing high precision and accuracy partial loop injections while 

maintaining the CO2 physical state, thus preventing expansion and explulsion of the gas out of the 

needle. The wider applications of packed column SFC employed the LC-like back pressure 

regulator, which kept the mobile phase at subcritical conditions. The electronically controlled 

pressure (independent of mobile phase flow rate) allowed efficient fractionation without cross 

contamination between fractions through a very small internal volume of the back pressure 

regulator. The improved back pressure regulator works by comparing the set pressure and actual 

pressure and controlling the flow resistance of the regulator so that the actual pressure becomes 

equal to the set pressure. 

Compared to HPLC, SFC may be three to five times faster, resulting in less solvent waste (Table 

1.4)87. The packed columns used in SFC are identical to HPLC columns. The introduction of smaller 

particles for packed column SFC in the 1990s has led to the more advantageous SFC technique 

uses for separations of much less polar compounds, such as vitamins, lipids and carotenoids87. The 

SFC is thought to be a technique that is a bridging gap between GC and LC, inheriting their 

advantages and eliminating/minimising the disadvantages87. 

Table 1.4 – SFC compared to GC and HPLC 

Advantages over HPLC Advantages over GC 

• Higher resolution and capacity 
• Less organic solvent waste 
• Higher throughput 
• Fast calibration 

• Better solvation 
• Extended range of samples 
• The strength of the mobile phase, 

which can be controlled through the 
addition of modifiers 

• Suitable for thermally labile samples 

Disadvantages over HPLC Disadvantages over GC 

• Limited choice of mobile phase 
• Limited analyte solubility in the 

mobile phase 
• Unwanted reactions with the mobile 

phase 
• Unsuited for water-soluble analytes 

• Limited choice of mobile phases 
• Unwanted reactions with the mobile 

phase 
• Hardware complexity 
• The addition of organic modifiers will 

preclude the use of detectors that 
respond to carbon-containing 
compounds (such as FID) 

 

1.2.1.4.1 Modern SFC instrumentation (UHPSFC) 

The modern SFC that uses sub 2 µm particle packed columns places much stricter requirement on 

the pumping system and the whole system due to the very high operation pressure, thus ultra-

high performance supercritical fluid chromatography (UHPSFC) is used78. An example hereby 
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shown is identical to that of Waters Acquity UPC2™, where SFC is coupled to a mass spectrometer 

(Figure 1.48). 

 

Figure 1.48 – UHPSFC-SQD MS components: Conv. M – convergence manager; SM – sample 

manager; BSM – binary solvent manager; Col. M – column manager; PDA – 

photodiode array detector; ISM – isocratic solvent manager; SQD – single quadrupole 

detector 

Prior to introduction to the sample manager (SM), mobile phase is pumped through the binary 

solvent manager (BSM). The pure CO2 is used as the prime mobile phase (solvent A) and mixed 

with the co-solvent (solvent B; with an additive already in the co-solvent bottle) at a desired 

concentration, the mixing process is similar to that of UHPLC (Figure 1.36). BSM also controls the 

mobile phase consistency by variable solvent introduction either isocratically or through a 

gradient elution. 

The sample manager (SM) controls the autosampler, where usually 1-2 µL of sample is injected 

into the variable loop 6-port valve (identical to a UHPLC injector; Figure 1.37). Binary solvents are 

mixed with the sample and enter the column (Col. M).  

The sample pathway through the UHPSFC system is further explained (Figure 1.49). Once the 

analyte has eluted from the column it then travels through to the photodiode array detector 

(PDA). A fast switching of wavelengths allows high-sensitivity, low volume and high throughput 

screening. The eluent then enters the MS splitter, where the flow is split into two: the 

convergence manager (Conv. M) and straight into the ionisation source prior to the mass analyser 

(SQD). The convergence manager is crucial in UHPSFC, as it controls the system pressure by a two-

stage active and static automated back pressure regulator (ABPR). The isocratic solvent manager 

(ISM) pump also enters the make-up solvent into the MS splitter that is mixed with PDA eluents 

and is used to aid the ionisation of analytes. 
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Non-limited to PDA and mass spectrometers, there is a variety of detectors used in UHPSFC. The 

detector of choice could be similar to that of GC: thermal conductivity (TCD), flame ionisation 

detector (FID), nitrogen-phosphorus (NPD), photoionisation (PID) or electron capture detector 

(ECD). The SFC detector could also be analogous to HPLC detectors: ultraviolet (UV), visible light 

(VIS), evaporative light scattering (ELSD), refractive index (RID), charged aerosol (CAD), 

chemiluminescent nitrogen (CLND), conductivity detector (CD) and many more.  

 

Figure 1.49 – A diagram showing a sample pathway through the UHPSFC-SQD MS system 

 

1.2.1.4.2 Stationary phases 

Over the years capillary columns (GC-like) were replaced by packed columns in SFC (HPLC-like). 

The packing material choice is important. The optimum performance of the column is determined 

by the column lifetime, which is influenced by the stationary phase stability, the flow rate of the 

mobile phase, column oven temperature, sample purity, and number of injections. Particle size 

has dropped from 10 µm, in 1970s, to less than 2 µm in 2000s73. This allowed improvements in 

efficiency, resolution, sensitivity and speed.  

The packed material columns are suitable for large molecule analysis – current applications 

involve the use of dimensions of the steel tube intersection of 2 - 4.6 mm in diameter (I.D.) and 3 

– 250 mm in length with 1.7 – 5 µm in particle size. The ones discussed in this project are all of 

100 mm in length and 3 mm in I.D., particle size 1.7 or 1.8 µm. Similar to HPLC columns, the 

packed columns may vary in particle morphologies, fully porous and core-shell silica-based 

particle columns are applied in this project. 
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Stationary phase interactions with the analyte molecules is the most significant factor leading to 

retention time characteristics. A variety of available stationary phases have been considered and 

tested during this research project (Table 1.5). It was hoped that some columns might provide 

better resolution for different minor components within the oligomeric MDI samples, compared 

to others. 

Table 1.5 – Some of the available stationary phase chemistries listed (different bead colours 

illustrate variable fully porous packing material chemistries) 

Stationary phase Chemistry 

C18 

 

2-EP 

2-Ethyl Pyridine 
 

Silica 

 

Fluoro-Phenyl 

 

 

1.2.1.4.3 Mobile phases 

A supercritical fluid is used as the mobile phase, typically CO2 (scCO2), is a liquid that is raised 

above its critical temperature (31 oC) and critical pressure (74 bar) points, acting as a solvent by 

having the properties of both gas and a liquid (Figure 1.50). scCO2 is highly nonpolar, hexane-like; 

usually organic polar co-solvents are used to elute more polar analytes from columns. 
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Figure 1.50 – CO2 phase diagram88 

CO2 is a gas at room temperature and atmospheric pressure; once compressed, its density is 

increased to liquid-like (Table 1.6). The diffusion coefficient and viscosity of scCO2 is much lower, 

compared to liquid solvents, becoming more gas-like.  

Table 1.6 – Physical property comparison 

 

Density 

(g cm3) 

Diffusion 

(cm2 / s) 

Viscosity 

( g / cm s) 

Gas 10-3 10-1 10-4 

Supercritical  fluid 10-1 - 1 10-4 - 10-3 10-4 - 10-3 

Liquid 1 < 10-5 10-2 

 

• Density 

Supercritical CO2 density is similar to that of a liquid. The mobile phase density can be changed 

through varying the active back pressure regulator settings (usually 105 – 200 bar) and the 

column temperature. The density of the scCO2 is the main parameter ruling the compound 

solubility when neat CO2 is used. The increase of pressure improves solubility, i.e. the ability of the 

solvent to establish interaction with solutes and modify the retention of analytes; the decrease in 

temperature at high pressure reduces solubility89. It is also common to use pressure gradients 

when only CO2 is used. 



Chapter 1 

53 

Another advantage over GC and HPLC is the variation of the mobile phase density through column 

temperature settings, which is negligible with HPLC and GC. 

• Diffusion 

A supercritical fluid has the ability to diffuse through solvents much faster than a liquid, an 

advantage over HPLC. Diffusion coefficient/diffusivity of CO2 is large (𝐷𝑀 = 16 mm2/s)90; the 

separation efficiency is improved at high linear velocities. Diffusion coefficients of compounds 

dissolved in critical fluids is related to the fluid density and viscosity using:  

Equation 1.18 – Diffusion coefficient91  

𝐷𝑀 =  
𝐷

𝜂 × 𝜌 
 

Where: 𝐷 – is a numerical coefficient; 𝜂 – viscosity; 𝜌 – pressure. 

In other words, the product of the diffusion coefficient and the fluid viscosity is inversely 

proportional to the fluid density in critical fluids (while it depends only on temperature in liquids). 

• Viscosity 

Viscosity of scCO2 is similar to that of a gas, low viscosity of CO2 allows high flow rates of mobile 

phase to be used with HPLC-like columns of varying length. When scCO2 is used with a subcritical 

solvent, viscosity of binary solvents is much reduced, improving resistance to mass transfer (C 

term) and hence the chromatographic efficiency. 

There are other types of supercritical fluids used, such as liquid ammonia, tetrahydrofuran, 

nitrous oxide, ethane, pentane, dichlorofluoromethane and n-butane, although the use of CO2 is 

preferred due to it being considerably less toxic, inexpensive, non-flammable, readily available 

and recycled. The critical temperature and pressure points are reasonably low, compared to other 

supercritical fluids, resulting in its use being much safer.  

 

1.2.1.4.3.1 Pure CO2 

Pure scCO2 is not very common nowadays. Its physical properties and solvating power are similar 

to hydrocarbon solvents, such as pentane and hexane. Neat CO2 is used and limited to for non-

polar compound analyses.  
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1.2.1.4.3.2 Co-solvents and mobile phase additives 

The retention mechanisms in SFC are similar to normal phase LC. The compounds elute in order of 

polarity, i.e. most polar compounds are retained and elute last. Neat CO2 is incapable to force 

polar analytes out of the columns, meaning mobile phase requires enhancement of polarity. 

Additional solvents, known as modifiers or co-solvents, are used to improve separation. The 

chromatographic peak shape is also improved due to improved solubility and reduced analyte 

interactions with particle surface silanol groups in columns. The increased concentration of 

modifier would decrease retention of compounds, therefore gradient elution is preferred 

(typically 5-50% modifier)89. The change in mobile phase composition also results in change of 

supercritical conditions, this is normally classed as subcritical; and commonly SFC is named 

convergence chromatography.  

Depending on the type of analytes to be separated, the optimum co-solvent chosen should 

dissolve the compounds adequately. The most common modifier used is methanol due to its high 

solvating power (Table 1.3) and accounts for 75% of the usage92. It is miscible with CO2, readily 

available, inexpensive and relatively non-toxic.  

Other common modifiers are ethanol and isopropanol93. All three mentioned polar solvents help 

deactivate the silanol active sites and improve separation efficiency, especially for basic analytes. 

Acetonitrile, an aprotic, reasonably polar solvent (Table 1.3), is also known to be as a sole or in a 

mixture of mentioned solvents but the reduced hydrogen bonding may result in poor peak shapes 

and long retention times93. Less commonly used co-solvents are tetrahydrofuran (THF), 

dichloromethane (DCM), diethylether, ethyl acetate and others, although unlikely used alone.  

When very polar analytes are of interest, the use of alcohols is not sufficient enough to provide 

Gaussian shape peaks, therefore additional solvents are mixed with a co-solvent (normally of 0.1 

– 2%) prior to introduction to SFC, known as additives94. The mobile phase polarity is improved 

with compounds, such as diethylamine, trimethylamine, isopropylamine and ammonium acetate 

or ammonium hydroxide95.  

Isocyanate functional groups are electrophilic (Figure 1.16), they are highly reactive with alcohols 

(Figure 1.18), major components of mobile phase solvents in RP-HPLC, so in order for the initial 

functional groups to remain the same it is essential that the chemical properties do not change 

within the analysis period. The thought of using NP-HPLC is also eliminated due to the nonpolar 

hexane or pentane solvents. As liquid carbon dioxide is inert with isocyanates, supercritical CO2 is 

of choice for polymeric MDI analysis. Large molecular weight components within oligomeric MDI 

might show low solubility in such a mobile phase, as well as having minor component variable 
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polarity requires a selection of more polar aprotic co-solvents cf. scCO2, such as acetonitrile 

hereby is used. The use of mobile phase additive is also eliminated, as they are known to show 

reactivity towards amines (Figure 1.17) and carboxylic acids (Figure 1.20). 

 

1.2.2 Mass spectrometry 

Mass spectrometry96 (MS) is the study of matter through the formation of gas-phase ions that are 

detected and characterised by their mass and charge61. This is an analytical chemistry technique 

for qualitative/quantitative sample analysis.  

MS consists of five major components (Figure 1.51): sample inlet; an ionisation source; a mass 

analyser; an appropriate form of detection; and data conversion by means of software. Whilst 

sample introduction is of liquids under atmospheric pressure conditions, once ionised, gaseous 

analytes enter the vacuum in the mass analyser. 

 

Figure 1.51 – Components of a mass spectrometer 

 

1.2.2.1 Sample introduction 

There are three main types of sample introduction to the mass spectrometer: direct injection (DI), 

flow injection analysis (FIA) and hyphenation with a chromatographic technique. DI is used when 

no sample separation occurs, the analyte mixture is infused using a sample syringe by manual 

injection or using a syringe driver. FIA uses solvent flow systems incorporated with pumps, very 

similar to that used in chromatography, although bypassing the column. Depending on sample 

physical state, chromatographically separated gaseous GC eluents or liquid samples from LC 

systems may be introduced to an ion source. 

High purity samples are usually required, this is achieved by various chromatographic techniques. 

Ion suppression effects are overcome, i.e. the presence of a particular compound ion intensity is 

not suppressed due to interference with a more easily ionisable compound in the ion source.  
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1.2.2.2 Ionisation techniques 

In order for the molecules to be analysed by MS, ionisation of analytes is required, i.e. positive or 

negative ions to be achieved in the ion source. Charged particles are produced and entered to the 

mass analyser where they are separated due to their mass-to-charge ratio (m/z).   

The choice of the ionisation technique applied is determined by the analyte chemistry. 

Historically, the first types of ionisation techniques were of gaseous molecules, electron ionisation 

(EI) was introduced by Dempster in 191897-99. The analyses were short-sighted and focused on 

small, thermally stable volatiles, the challenge was to get large molecules into the gas phase 

without extensive fragmentation and decomposition. Macromolecule ionisation only became 

successful in 1988, when Fenn has applied Dole’s invention of electrospray ionisation (ESI) since 

1968 and presented his work on proteins96, 100-102. The non-volatile liquid phase analytes dissolved 

in volatile solvents produce highly charged droplets of these solutions, evaporation of the solvent 

would leave intact gaseous ions of the solute. 

Ionisation of neutral analytes is one of the most challenging aspects of mass spectrometry. 

Analyte ionisation is the fundamental step for the production of gas phase ions – if the compound 

does not ionise, analysis by MS is impossible103. This project is focused on the use of atmospheric 

pressure ionisation (API) techniques. Some examples of such are: atmospheric pressure chemical 

ionisation (APCI), electrospray ionisation (ESI), atmospheric pressure photoionisation (APPI), 

atmospheric solids analysis probe (ASAP) and many others. The liquid-to-gas phase ionisation 

techniques are generally for thermally labile, in-volatile and higher molecular weight compounds. 

The chemicals of interest (oligomeric MDI) are highly reactive with compounds containing active 

hydrogens, therefore the ionisation technique used for the analysis needs to be carefully selected 

and evaluated. Two API techniques were used and are discussed in more detail: the atmospheric 

pressure photoionisation (APPI) for non-treated MDI samples, and the electrospray (ESI) for 

methanol-treated oligomeric MDI.  

The two chosen ionisation techniques are compared (Figure 1.52). Non-modified MDI is relatively 

nonpolar, the molecular weight of interest is up to around 1500 g/mol; the carbamate derivatised 

MDI contains a urethane linkage, which is much more polar than the compared isocyanate group. 

The choices of APPI and ESI are explained further. 
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Figure 1.52 – APPI and ESI applications compared104 

 

1.2.2.2.1 Pneumatically-assisted electrospray ionisation 

Electrospray (ESI) is the most commonly used ionisation technique105. It is a soft ionisation 

technique (little or no fragmentation occurs in-source) for relatively polar, thermally labile and 

higher molecular weight compounds. In positive ion mode, protonation occurs on basic sites of 

the molecule (acidic sites required for deprotonation in negative ion ESI).  

Protonated molecules or adducts are likely in positive ion ESI – high abundance of metal ions or 

ammonium ions can result in cationised or ammoniated molecules ([M + nH]n+, where X = H, NH4, 

Na, K). Multiply charged ions of large molecules are also common ([M + nH]n+)100.  

The sample injected in the ESI source travels through a stainless steel or a glass capillary held at 

high potential (2 – 6 kV) that is placed a few millimetres from a counter electrode (Figure 1.53). 

Once it is ejected into the ion source, high voltage forces to generate electrospray. Coulombic 

repulsion at the sprayer tip causes the solution to reach Rayleigh limit of surface tension 

(Equation 1.19) and the solution is distorted into a Taylor cone that emits fine mist of droplets, an 

aerosol. Pneumatically-assisted ESI contains a pneumatic nebuliser region that consists of a 

coaxial gas flow (usually N2) passing through a heated quartz tube that aids instant vaporisation.  

Equation 1.19 – Rayleigh limit equation106-108 

𝑧𝑅 =
8𝜋

𝑒
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Where: 𝑧𝑅 – the number of elementary charges 𝑒; 𝜀0 – vacuum permittivity; 𝛾 – surface tension; 𝑟 

– droplet radius. 

The ESI droplets have radii in the micrometre range, ion formation occurs through analyte redox, 

proton transfer, adduction or electrostatic processes. The charge density of the shrinking droplets 

builds up and droplets reach Rayleigh limit continuously, causing further Coulomb explosions and 

dissociation of analytes via jet fission. The final droplets reach the radii size of a few nanometres 

as they are passed through the sampling cone into the mass analyser. 

 

Figure 1.53 – A schematic of a pneumatically-assisted ESI source 

There are three different ion release mechanisms: ion evaporation model (IEM), charged residue 

model (CRM) and chain ejection model (CEM). 
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IEM is proposed for small molecules (Figure 1.54)107, 109. The analyte molecule is held in a droplet 

containing mostly solvent (Stage 1.); the repulsion by excess droplet charge causes the analyte to 

pull out of the droplet, creating an extended solvent bridge (Stage 2.); the ion is eventually 

ejected from the solvent droplet (Stage 3.). A small gas-phase cluster formed is desolvated further 

once the analyte molecule passes through the sampling cone. IEM occurs on a time scale of 

nanoseconds. 

 

Figure 1.54 – A schematic of an IEM model in ESI. Solvent molecules shown in orange, the analyte 

shown in red. 

• Charged residue model (CRM) 

CRM is used to describe large molecule evaporation in ESI102, 110. The ions achieved are simply 

solvent droplets containing an analyte molecule that evaporates to dryness (Figure 1.55). The 

solvent and analyte molecules remain close to the Rayleigh limit (Stage 1.), the Coulombic fissions 

cause the small solvent molecules to eject from the droplet and charges are balanced during the 

shrinkage process (similar to IEM; Stage 2.). The nanodroplet is achieved within microseconds.  

 

Figure 1.55 – A schematic of an CRM model in ESI. Solvent molecules shown in orange, the analyte 

shown in red. 

• Chain ejection model (CEM) 

Stage 1. Stage 2. Stage 3. 

Stage 1. Stage 2. Stage 3. 
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CEM is applied for non-polar polymers, specifically proteins. In neutral aqueous solutions proteins 

adopt a compact globular fold, the hydrophilic protein sites are directed outwards, improving the 

protein solubility in water. The Core of the protein remains uncharged, hydrophobic and 

inaccessible to solvent, this type of molecules undergo CRM. Linear polymers undergo CEM 

(Figure 1.56)107, 111. Proteins unfold when exposed to acidic LC solvents, the protein core is then 

accessible for dissolution (Stage 1.). When present in a solvent droplet, the chain migrates to the 

droplet surface due to hydrophobic interactions and chain terminus is the expelled into the 

vapour phase (Stage 2.). The stepwise chain ejection occurs; the final unfolded protein molecule 

leaves the solvent droplet (Stage 3.). For CEM to occur the proteins chains are disordered, 

partially hydrophobic and capable of binding excess charge carriers. The time scale of CEM is in 

microseconds.  

 

Figure 1.56 - A schematic of an CEM model in ESI. Solvent molecules shown in orange, the 

unfolded protein shown in red. 

 

1.2.2.2.2 Atmospheric pressure photoionisation (APPI) 

Atmospheric pressure photoionisation (APPI) is a soft ionisation technique ideal for non-volatile, 

low polarity compounds that are not easily ionisable by ESI. Photoionisation was first applied to 

GC methods in 1970s and applications to LC were introduced in 2000s112, 113. Detection using APPI 

occurs through a three-step process: vaporisation of a liquid eluent, production of photoions and 

detection using a mass spectrometer114.  

The liquid analytes are introduced into the sample capillary, the eluents are vaporised into the 

pneumatic nebuliser region by the sprayer. The aerosol formed, aided by the nebulising gas (N2), 

and then enters the quartz tube fitted in a vaporisation heater that helps desolvate the droplets 

(Figure 1.57). The gaseous analyte molecules are introduced into the ion source where they are 

irradiated by the UV photon discharge lamp, usually containing Krypton/air gas mixture that emits 

Stage 1. Stage 2. Stage 3. 
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photons at 10.0 and 10.6 eV. The resulting charged species are directed to the orifice of the 

sampling cone, where additional drying gas almost completely desolvates the ions passed into the 

mass analyser.  

 

Figure 1.57 – APPI source schematic114, 115 

A condensed or gas phase are required for successful ionisation of analytes. Ions are achieved for 

compounds with ionisation energy/potential (IE/IP) lower than the initiated energy of photons 

(hν) emitted by the photoionisation discharge (PID) lamp, usually Krypton 10.6 eV. IP is the 

minimum energy required for an electron to be removed from a gaseous atom/molecule 

(Equation 1.20). Most organic compounds have IPs in the range of 7 – 10 eV (Table 1.7).  

Equation 1.20 – Ionisation energy equation 

𝑀 + 𝐸 → 𝑀+ + 𝑒− 

Water and LC solvents are of low IP while in the condensed phase compared to gas phase, i.e. 

water is 6.05 eV in the condensed phase and 12.62 eV in gas phase that is because the ionisation 
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products are stabilised by solvation. Selective gas phase ionisation of analytes can occur without 

the interference of atmospheric gases and solvent background ions.  

For a successful ionisation to occur, APPI should be applied for conjugated, double bond 

containing molecule analysis. The sites of unsaturation, especially delocalised electron π systems 

in aromatic compounds, are easily ionisable by photoirradiation. The detected species are either 

molecular ions or protonated molecules (𝑀+● and [𝑀 + 𝐻]+ respectively) in positive ion mode. 

Direct photoionisation occurs with low IE compounds, although analytes with high enough proton 

affinity (PA; Table 1.7), i.e. gas phase basicity, would tend to form protonated molecules by self-

protonation or in reactions with solvent/water molecules (Equation 1.21).  

Equation 1.21 – Equation mechanism of ions formed by direct APPI 

𝑀 + ℎ𝑣 →  𝑀+● +  𝑒− 

𝑀 +  𝐻+  →  [𝑀 + 𝐻]+ 
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Table 1.7 – Ionisation energies and proton affinities of some compounds112, 116 

Compound Ionisation potential (IP) 

(eV) 

Proton affinity (PA) 

(kJ/mol) 

Nitrogen 15.58 493.8 

Water 12.62 691.0 

Oxygen 12.07 421.0 

Methanol 10.84 754.3 

Acetonitrile (ACN) 12.20 779.2 

Dichloromethane (DCM) 11.32 628.0 

Toluene 8.83 784.0 

Benzyl radical 7.20 831.4 

Isoprene 8.86 826.4 

Anisole 8.20 839.6 

Acetone 9.70 812.0 

Pyridine 9.26 930.0 

Tetrahydrofuran (THF) 9.40 822.1 

 

At atmospheric pressure, direct photoionisation is often inefficient as depletion of emitted 

photons occurs through absorbtion by neutral molecules. A solvent of low IE is used to aid 

ionisation, the APPI efficiency is much improved with a so-called dopant. The most commonly 

used dopant is toluene. The radical cation, hereby benzyl radical ion is achieved and the charge-

exchange processed lead to a radical cation of an analyte115, 117.  

Equation 1.22 – Equation mechanism of ions formed by dopant-assisted APPI 

𝐷 + ℎ𝑣 → 𝐷+● +  𝑒− 

𝐷+● + 𝑀 → 𝐷 + 𝑀+● 

𝐷+● + 𝑀 → [𝐷 − 𝐻]● +  [𝑀 + 𝐻]+ 
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Charge-exchange is highly efficient for analytes in low PA solvents, although in high PA solvents, 

such as methanol and acetonitrile, the toluene radical cation readily gives up its proton and 

proton transfer occurs. Analyte radical cation response is compromised and the ions observed are 

mostly protonated molecules. Other used dopant anisole does not transfer its protons to solvents 

mentioned, radical cation response might be improved by charge-transfer to the analyte117. On 

the other hand, if analyte protonation is preferred, the optimum dopant used is acetone. Acetone 

goes through self-protonation after photoionisation and transfers its proton to an analyte118, 119.  

 

1.2.2.3 Mass analysers 

The ions formed by either ionisation technique are directed to a mass analyser where they are 

separated by their mass-to-charge ratio (m/z). The traveling ions are almost completely 

desolvated and passed through the sampling cone and various trap lenses through a vacuum lock 

to avoid collisions with air molecules; this could lead to neutralisation, further unwanted 

reactions and loss in sensitivity. The mean free path of an ion is the average distance an ion 

travels before collision with air molecules and is inversely proportional to the pressure of the gas 

and the size of air molecules (Equation 1.23). 

Equation 1.23 – Mean free path equation 

𝜆 =  
𝑘𝑇

√2 × 𝜋𝑑2𝜌
 

Where: 𝜆 – mean free path; 𝑘 – Boltzman constant; 𝑇 – temperature; 𝑑 – the sum of ion and 

colliding air molecule radii; 𝜌 – pressure. 

Ions travel long distances in a mass spectrometer (> 1 m), therefore high vacuum systems are 

required. High sensitivity mass analysers are operated at ultra-high vacuum by the use of multiple 

vacuum pumps, such as rotary and/or turbo-molecular pumps.  

Many types of mass analysers are available, the basic principle of ion separation is by using either 

static or dynamic fields, as well as magnetic or electric fields operated by the classic equation of 

motion for charged particles (Equation 1.26) derived by Lorentz force law (Equation 1.24) and 

Newton’s second law (Equation 1.25). 

Equation 1.24 – Lorentz force law 

𝐹 = 𝑄 (𝐸 + 𝑣 × 𝐵) 

Equation 1.25 – Newton’s second law 
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𝐹 = 𝑚𝑎 

Equation 1.26 – Differential equation of motion for charged particles 

(𝑚/𝑄)𝑎 = 𝐸 + 𝑣 × 𝐵 

Where: 𝐹 – applied force; 𝑄 – ion charge; 𝐸 – electric field; 𝑣 – ion velocity; 𝐵 – magnetic field; 𝑎 

– acceleration of ion; 𝑚 – mass of the ion. 

The measure of ability to distinguish between two adjacent peaks of different m/z is the resolving 

power of a mass analyser; the mass accuracy is a measure of the variance of exact monoisotopic 

mass and the measured or experimental value (measure in ppm). Based on these criteria, mass 

analysers can be classed into low and high resolution or accurate mass instruments (Table 1.8).  

Table 1.8 – Main parameters for the discussed mass analysers 

Mass analyser Operating 
pressure (mbar) 

Mean free path 
(m) 

Resolution 
(FWHM at m/z 
1000) 

Mass accuracy 
(ppm) 

Quadrupole 10-5 0.5 2000 100 

FT-ICR 10-10 500000 500000 < 5 

ToF reflectron 10-6 5 20000 10 

 

1.2.2.3.1 Quadrupole 

A quadrupole mass analyser consists of four or sometimes six/eight parallel cylindrical or ideally, 

hyperbolic metal rods (Figure 1.58)120.  

 

Figure 1.58 – A schematic of a quadrupole mass analyser 

Two opposite rods have a positive applied potential of +(𝑈 + 𝑉𝑐𝑜𝑠(𝜔𝑡)) and the other 

orthogonal pair is set to a negative charge of −(𝑈 + 𝑉𝑐𝑜𝑠(𝜔𝑡), where U is the DC voltage (either 
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positive or negative) and 𝑉𝑐𝑜𝑠(𝜔𝑡) is a voltage which oscillates with a radio frequency 𝜔 in the 

time domain 𝑡 (Figure 1.59)121. Typically, 𝑈 or the direct current (DC) is varied from 500 to 2000 V 

and 𝑉 from 0 to 3000 (from -3000 to +3000 peak to peak).  

 

Figure 1.59 – Quadrupole rods viewed down z-axis 

High mass cations are stabilised by the DC field between the pair of positive rods; the smaller ions 

are destabilised. The RF between the negative rods, where the DC field is negative, does not 

control ions; this affects small ions and high mass ions will be ejected from a stable ion path. The 

alternative electric fields created by positive rods can be considered in the x-z plane and the 

negative rods in y-z plane and are 180o out of phase. The superimposed electric fields result in a 

total hyperbolic field that directs the ions passing along the z-axis and moving in a circular motion. 

For ions to reach the detector, the distance of ions travelled in x and y direction from the z-axis 

must remain less than the tunnel radius between the rods (𝑟0), otherwise the ions will be ejected 

from a stable trajectory and collide with the rods. Any particular m/z is dependent upon 𝑈, 𝑉, 𝜔 

and 𝑟𝑜, therefore the quadrupole mass analyser acts as a mass filter, as only the specific m/z 

values will reach the detector successfully. The ion stability is defined by two terms a and q 

(Equation 1.27)122.  

Equation 1.27 – Mathieu equations of motion for an ion 

𝑎𝑢 =  
8𝑧𝑈

𝑚𝑟0
2𝜔2

 ; 𝑞𝑢 =  
4𝑧𝑉

𝑚𝑟0
2𝜔2

 

Where: 𝑧 – charge of an ion, 𝑚 – mass of an ion. 

The relationship between 𝑈 and 𝑉 is kept at constant 𝑟0 and 𝜔, the resulting scan line is at an 

increasing linear slope. Terms a and q are directly proportional to 𝑈 and 𝑉, respectively. The 
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variable voltages are varied so the ion never exceeds 𝑟0 and the ion stability diagram can be plot 

to define the stable regions in both x and y axes (Figure 1.60)123.  

 

Figure 1.60 – Stability areas of an ion along x (orange) and y (blue) axes. The circled stability 

regions (A – D)  

The ion stability region A or the first stability region is symmetrical along the q axis and requires 

the lowest 𝑈 and 𝑉, therefore this is the traditional operating region for quadrupole mass 

analysers. Considering ion stability in the positive 𝑈 area, ions of different m/z can be represented 

in a stability diagram as a function of 𝑈 and 𝑉, where m1 < m2 < m3 (Figure 1.61). 

 

Figure 1.61 – Stability areas as a function of U and V 

When changing 𝑈 as a linear function of 𝑉, the scan line intercepts stability regions for ions of 

different mass, allowing multiple mass detection. The slope of the scan line is referred to as gain 

and the intercept with the U axis is the offset, which is the magnitude of the initial DC voltage 

applied. The intersection of the scan line with a specific ion stability region is directly related to 
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the peak width of the detected ion. Increasing the mass gain and/or the offset results in the scan 

line crossing the apex of ion stability regions, thus higher resolution as the peaks become 

narrower, although the lower mass ions may not be detected and sensitivity is compromised.  

Quadrupoles are considered as low resolution mass analysers (2000 at full width half maximum; 

FWHM for m/z 1000), as they are set to a unit mass resolution, i.e. mass resolution that is possible 

to clearly distinguish a peak corresponding to a singly charged ion from its neighbour 1 m/z unit 

away61. 

Multiple quadrupole mass analysers connected in series are referred to as tandem mass 

spectrometers. Two quadrupoles act as transmission quadrupoles and a non-selecting, RF only 

(focusing ions at 𝑈 = 0 𝑉) quadrupole between them acts as a collision cell.  

 

1.2.2.3.2 Fourier transform ion cyclotron resonance (FT-ICR) 

Fourier transform ion cyclotron resonance (FT-ICR)124 mass analyser (Figure 1.62) is a type of ion 

trap instrument that offers the highest resolution (500000 at FWHM of m/z 1000) and m/z 

accuracy available125. This is a very sensitive technique – low limit of detection and mass accuracy 

of less than 5 ppm enables characterisation of single compounds in complex mixtures. The very 

high resolving power of FT-ICR MS instrument allows elucidation of the elemental composition of 

ions detected. The samples are analysed by direct infusion (DI) methods at atmospheric pressure 

and introduced into the mass analyser by the use of high vacuum turbomolecular pump systems, 

reaching a vacuum of 10-10 mbar.  
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Figure 1.62 – FT-ICR MS model 

Once exited in the ion source, the ions  travel into a strong superconductive magnet field (4 – 15 

T) in the analyser cell126. The ion trajectory is curved in their corresponding cyclotron motion. The 

ion with a velocity 𝑣, charge 𝑞 and the trajectory 𝑟 is injected into a magnetic field 𝐵 and 

subjected to centripetal (Equation 1.28) and centrifugal forces (Equation 1.29). 

Equation 1.28 – Centripetal force 

𝐹 = 𝑞𝑣𝐵 

Equation 1.29 – Centrifugal force 

𝐹′ =  
𝑚𝑣2

𝑟
 

Balancing of both forces results in a stable circular ion trajectory of 2𝜋𝑟 with a frequency 𝜈 and 

the angular velocity 𝜔 is expressed as: 

Equation 1.30 – Rearranged angular velocity equation 

𝜔 =  2𝜋𝜈 =  
𝑣

𝑟
=  

𝑞𝐵

𝑚
 

In a constant magnetic field applied, the angular velocity of an ion is independent upon its 

velocity, only subject to 𝑞/𝑚. The trajectory radius increases for a given ion, in proportion to 

velocity. The radius must remain smaller than that of a cell to remain in a stable trajectory.  

The cell is cooled down by a liquid gas flow, usually nitrogen or helium. Radio frequency (RF) 

applied to the excitation plates is used to control and stabilise the ion oscillation. RF is selectively 

chosen for ions of specific m/z measured. The analyser cell is formed into a cube shape by a third 

pair of plates – trapping plates that are perpendicular to the magnetic field. The ions are passed 

into the detector through the orifice of the trapping plates. The mass resolution is directly 

proportional to the magnetic field strength and the m/z value is obtained by measuring the 

frequency specific to that ion. 

Fourier transform (FT) consists of simultaneously exciting all of the ions present in the cyclotron 

by a rapid scan of a large frequency range within a time span of about 1 µs. The ions orbit back 

and forth in the FT cell around the z-axis, known as the cyclotron motion, and the superimposed 

high magnetic fields cause ions to additional vibrate and oscilate in unfavoured magnetron 

motion (Figure 1.63)127. 
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Figure 1.63 - Cyclotron and magnetron motion 

The detected complex wave is a time-dependent function and is converted into a frequency-

dependent intensity function through Fourier transform (Figure 1.64), which gives an intensity to 

m/z relationship, i.e. mass spectrum. 

 

Figure 1.64 – Digitised ion cyclotron resonance transient response of an ion frequency 

The ions can be trapped and stored in the cell for a long time, ion population can become over-

loaded, resulting in space charge effects; this can be overcome by reducing the sample 

concentration or sample flow rate.  

High mass accuracy and high resolution achieved allows to obtain molecular formulae of unknown 

ions. In addition, using Equation 1.30 the detected ion frequency is inversely related to an ion 

mass, considering a singly charged ion subjected to a constant magnetic field. By applying a 

specific alternative current (AC) it is possible to isolate the ion of interest with others being 

expelled from a stable trajectory within the cell. The selected precursor m/z is then excited and 

allowed to fragment to detected product ions by collision-induced dissociation (CID). The 

fragmentation may be enhanced by applying higher electric potential energy. The detected 

frequencies of the product ions, as well as the precursor ions lead to a high mass accuracy of 

both. 
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1.2.2.3.3 Time-of-Flight (ToF) 

Ions exiting the source are pulsed in packets and subjected to an initial accelerating voltage (3000 

eV) and then drift into a free-field region, known as a flight tube in a time-of-flight (ToF) mass 

analyser (Figure 1.65)128, 129.  

 

Figure 1.65 – A schematic of a reflectron ToF mass analyser 

Ions of specific m/z values travel through the field-free region with a kinetic energy of: 

Equation 1.31 – Kinetic energy of an ion 

𝐸𝑘 =
𝑚𝑣2

2
= 𝑞𝑉𝑠 =  𝐸𝑒𝑙  

Where: 𝐸𝑘 – kinetic energy; 𝑚 – mass of the ion; 𝑣 – final ion velocity; 𝑞 – total ion charge; 𝑉𝑆 – 

accelerating voltage; 𝐸𝑒𝑙  – electric potential energy of an ion. 

The travelling ions enter a homogeneous electrostatic field region created by electrostatic mirror 

lenses of the same polarity as the ions, known as a reflectron130. The velocity of ions is reduced to 

a zero value and accelerated to the opposite direction of the initial. Ions having higher kinetic 

energy penetrate into the reflectron more than the slower ions and spend longer to reach the 

detector. The m/z recorded is extracted from the time it takes an ion to reach the detector and 

expressed in an equation derived from Equation 1.31: 

Equation 1.32 – Time taken for an ion to travel through the flight tube  

𝑡2 =  
𝑚

𝑧
 × (

𝐿2

2𝑒𝑉𝑆
) 

Where: 𝐿 – the total ion flight length. 
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The use of reflectron allows longer ion path length of an ion, thus high resolution is achieved 

(20000 FWHM at m/z 1000), with the mass accuracy of less than 10 ppm. 

 

1.2.2.4 Detectors 

Three main types of mass spectrometry detectors are used: Faraday Cup Detector (FCD), Electron 

Multiplier (EM) and Photomultiplier131. The most basic and simple detector being FCD and others 

are essentially just modified versions of it.  

FCD is a dynode electrode and detects ions by incident ions emitting electrons from secondary 

material such as CsSb, GaP or BeO. FCD consists of a metal cup or a cylinder that is connected to a 

resistor. The ions entered in the cylinder are neutralised by either accepting or donating electrons 

as they hit the walls. The created discharge current is transferred to the resistor, amplified and 

detected. FCD is simple and robust, although used less commonly due to its low sensitivity and 

slow response time. 

 

Figure 1.66 – A schematic of a Faraday cup 

EM is the most common detector used. It is robust and allows easy switching between operating 

polarity modes. The signals are amplified by series of dynodes connected in order of increasing 

voltages; or by curved dynodes where collisions are repeated through the dynode surface. 

Secondary electrons are attracted or transferred to other dynodes where the population is 

increased by one million. 

The ions are subjected to a conversion dynode held at an opposite charge of the ions (3 – 30 kV), 

e.g. cations striking the electrode are emitted as the secondary anions or electrons (Figure 1.67). 

The resulting current is amplified by a cascade effect in the EM, usually 12 – 20 dynodes are used. 

The first dynode is held at the highest potential of 1 – 5 kV and subsequent dynodes are held at a 

lowering potential, resulting in the last dynode being grounded. This method allows multiplication 

of secondary electrons as they strike each one of the dynodes and are successfully accelerated to 

the ground electrode.  
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Figure 1.67 – A schematic of an electron multiplier 

Other types of multipliers use a continuous dynodes instead of discrete electrodes, such as 

Channeltron, microchannel plate and microsphere plate. Channeltron is made up of lead-doped 

glass with a curved shape lowering in diameter at the exit of multiplied electrons. Both ends of 

the tube are held at a uniform potential difference between the two extremities of the tube. The 

channel plate consists of parallel cylindrical channels drilled in. the input is kept at a 1 kV and the 

exit is grounded. The signal amplification principle is the same, although many types of channel 

plates may be used, such as curved, chevron or assembled to a Z shape. Large plates are sensitive 

to air, fragile and expensive, therefore microsphere plate may be employed instead. Microsphere 

plate consists of conductive material coated glass beads (20 – 100 µm in diameter) that are fused 

into a plate of 0.7 mm thickness. The irregular spacing allows electron multiplication by collision 

with multiple beads and many secondary electrons are produced. 

Photomultipliers convert incident ions to secondary electrons and then to photons, therefore two 

conversion dynodes are required. The use of such detectors allows detection of both positive and 

negative ions. Cations, converted to electrons are accelerated towards a phosphorescent screen 

that emits photons, this type of photomultiplier is called the Daly detector. The resulting photons 

then enter the photomultiplier, where the signal is amplified.   

 

1.2.2.5 Ion mobility spectrometry 

Ion mobility spectrometry (IMS) is a separation technique that separates ions based on their 

charge, size and, most importantly, shape. The ions are separated as they drift through a gas 

under the influence of an electric field and the rate of drift is dependent on ion’s mobility through 

the gas (usually N2 or He). More compact ions travel through the drift tube faster than ions of 

more open conformation. Ion mobility is able to separate isobaric species, i.e. m/z that are not 

separated by 1 m/z units.  

Positive ion 

e
-
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-3 kV 
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The ions achieved in the ionisation source (either ESI or APPI) are accumulated and pulsed to an 

ion mobility cell (drift tube); finally, separated m/z values are detected by a mass analyser, hereby 

ToF. Existing commercial IMS/MS techniques include improved versions of drift tube IMS (DT 

IMS), such as field asymmetric waveform (FAIMS), differential mobility analysis (DMA) and 

travelling wave IMS (TWIMS). The latter is employed in this research project and discussed in 

more detail. 

The ion of electric field intensity 𝐸 is pushed through a gas-filled tube with velocity (𝑣) of: 

Equation 1.33 – Ion velocity in a drift tube 

𝑣 = 𝐾𝐸 

Where: 𝐾 – ion mobility coefficient. 

In TWIMS, ions are accelerated in the drift tube by the use of a sequence of symmetric potential 

waves with velocity dependent on 𝐾 and reaching the detector at different times132. Acceleration 

is achieved by an electric field created by evenly spaced (1 mm), stacked ring electrodes (0.5 mm 

in thickness and 5 mm in aperture diameter; Figure 1.68). The voltages are raised along five pairs 

of electrodes, where alternating radio frequency (RF) is applied, the electric potential is grounded 

along the axis. The ion focusing suppresses diffusion and Coulomb expansion, resulting in high 

transmission of ions. 

 

Figure 1.68 – A schematic of ring electrodes used in TWIMS 

Ion separation in TWIMS is achieved by the propagating waves pushing ions along in a motion that 

depends upon ratio 𝑐, i.e. ion drift velocity at the steepest wave slope to wave speed (𝑠) and is 

expressed in: 

RF (+ve) 

RF (-ve) 

From ion 

source 
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Equation 1.34 – Parameter c equation 

𝑐 =  
𝐾𝐸𝑚𝑎𝑥

𝑠
 

In ideal situation, parameter 𝑐 ≈ 1, this is when ions are travelling along the wave with mean 

velocity comparable to 𝑠. A buffer gas is applied in the opposite direction to the travelling wave, 

the ion interactions with the collision gas determine the drift time and thus the calculated 

collision cross section (CCS) of the ion, i.e. a specific value calculated from ion mobility equation 

(Equation 1.35)133, 134. 

Equation 1.35 – Ion mobility equation 

𝐾 =  
𝑙

𝑡𝑑𝐸
=  

3

16
√

2𝜋

𝜇𝑘𝑇
×

𝑧𝑒

𝑁Ω
 

Where: 𝑙 – the length of the mobility cell; 𝑡𝑑 – measured drift time; 𝜇 – the reduced mass of the 

ion-gas pair (Equation 1.36); 𝑘 – Boltzmann constant; 𝑇 – gas temperature; 𝑧𝑒 – the charge of the 

ion; 𝑁 – gas number density; Ω – collision cross section. 

Equation 1.36 – Reduced mass equation 

𝜇 =  
𝑚𝑀

𝑚 + 𝑀
 

Where: 𝑚 – mass of an ion; 𝑀 – mass of a gas particle. 

TWIMS results in low resolution and sensitivity due to a long duty cycle. To overcome this 

problem, modern instrumentation consists of three traveling wave (T-wave) cells: trap, TWIMS, 

transfer (Figure 1.69).  

 

Figure 1.69 – A schematic of TWIM drift tube (ring electrodes represented as rectangles) 
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Three-stage TWIMS allows hyphenation with LC and ToF, resulting in high efficiency separation of 

complex mixtures, as well as high resolution data achieved by the use of ToF reflectron (specific to 

Waters SYNAPT). Second generation SYNAPT instrument consists of an additional helium cell (no 

T-wave) fitted right before the IMS cell; and the trap and transfer cells are filled with argon. The 

enhanced selectivity and orthogonal separation to chromatography and MS allowed the analysis 

of complex MDI oligomers, providing further evidence in structure elucidation.  
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1.3 MDI characterisation methods 

Various types of analytical chemistry techniques are used for isocyanate characterisation, many of 

which consist of isocyanate group conversion to urethanes prior analysis. As isocyanate groups 

are extremely reactive towards protic solvents, these materials are poorly characterised. Common 

quality control methods are used, such as Fourier transform infrared spectroscopy (FTIR), gel 

permeation chromatography (GPC), NMR techniques, thermogravimetric analysis (TGA) and 

others24, 135, 136. Some of the most relevant MDI analysis approaches are discussed below. 

 

1.3.1 Gas chromatography  

Only volatile, thermally stable compounds can be analysed by GC techniques. High molecular 

weight structures do not elute from GC columns, such compounds are thought to decompose, 

although some detection of MDI and its separation from higher mass polymers has been 

reported1. 

A relative isomeric content within the di-isocyanate has been distinguished using GC-FID (Figure 

1.70)57. The most volatile 2,2’-MDI elutes first and the 4,4’-MDI elutes last. The resulting peak 

intensities correlated with the rough sample content – 70 % of 4,4’-MDI, 27 % of 2,4’-MDI and 

only a trace (3 %) of 2,2’-MDI57.  

 

Figure 1.70 – GC results of diisocyanate separation 
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1.3.2 Liquid chromatography 

As mentioned earlier, isocyanates are characterised as derivatives when liquid chromatography is 

employed, this usually consists of in-laboratory preparation of isocyanates with amines, such as 

di-n-butylamine (DBA), in solutions of toluene; or with alcohols, such as polyether-based 

alcohols137-141. Literature reports of trace MDI analysis were found of using RP-HPLC analysis 

methods with mixtures of acetonitrile, acetone, methanol, water and formic acid as mobile 

phases coupled to UV/VIS, fluorescent or MS detectors.  

Reported analytical methods contain inter-laboratory investigations of low limits of detection 

(LOD) and limits of quantitation (LOQ) of trace MDI exposure levels in living and workplace 

environments to ensure safety. As these methods are focused into MDI derivative 

characterisation, little or no information is provided for minor components present in MDI 

materials. 

 

1.3.3 Capillary SFC 

S. Fields, H. J. Grether and K. Grolimund reported the use of capillary SFC (cSFC) coupled to flame 

ionisation detector (FID) for high-resolution separations of a variety of organic isocyanates, such 

as TDI, HDI, IPDI and most importantly, MDI1. The derived reaction products, such as 

carbodiimides, ureas, dimers, trimers, biurets and others were also investigated, although mostly 

limited. 

Capillary columns consisting methylpolysiloxane with biphenyl or n-octyl-methyl stationary phases 

used were set to the optimum of 75 oC temperature and MDI was analysed at temperature of up 

to 140 oC. Possible MDI decomposition or polymerisation was reported at a temperature above 

100 oC. MDI isomers were clearly distinguished and it was also noted that 4,4’-MDI was much 

more abundant than its other isomers – 2,4’-MDI and 2,2’-MDI by the peak areas calculated. The 

most linear isomer, 4,4’-MDI, was concluded to have the highest affinity to the polar stationary 

phase, therefore it eluted last. Evidently, the most branched 2,2’-MDI was not affected by the 

biphenyl stationary phase interactions and showed the shortest retention time. The cSFC 

technique has shown to be successful for detection of up to seven aromatic rings containing 

oligomeric isocyanate series within MDI (up to their molecular weight of 905 g/mol). 
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Uretonimine-modified MDI or biuret containing compounds were reported as not completely 

identified due to technique limitations. 

The report concludes that temperature-catalysed side reactions lead to impurities. Neat CO2 has 

proved to be a mobile phase of low solvating properties for isocyanate elution from capillary 

columns and suspected incomplete sample miscibility with CO2; the limitations of FID used 

resulted in the need of improved detection methods and coupling to mass spectrometry 

techniques. 

 

1.3.4 Mass spectrometry 

Many of the previous methods discussed earlier used mass spectrometers as detectors coupled to 

chromatographs, although direct infusion techniques were also explored.  

The following results discussed are from the experiments carried out using matrix-assisted laser 

desorption/ionisation coupled to time of flight mass analyser (MALDI-ToF MS) and field 

desorption (FD) MS for methanol-treated MDI (Figure 1.71)142. 

 

 

Figure 1.71 – MALDI-ToF of methanol-treated MDI 

The oligomeric MDI was treated with methanol at room temperature, producing corresponding 

carbamate groups, as MALDI-ToF was reported to be unsuccessful for non-treated MDI. The 

isocyanate carbamate distribution of series was observed, starting with the di-isocyanate 

carbamate at m/z 337 and increments of 163 m/z units up to 10 aromatic rings detected. 
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Carbodiimide carbamate structures were present, although the sodiated molecules of minor 

component carbamates were not detected. 

The report discusses difficulties in analysing structures containing more than nine aromatic rings. 

The matrixes used were dithranol or diphenylbutadiene that showed possibilities of reactions 

with the oligomeric MDI, therefore authors suggested the use of other matrices to be explored in 

the future.  

Complex mixtures of a copolymer of TDI-MDI were analysed by MALDI-ToF CID MS, where 

sequence monomers were detected as fragment ions of the copolymer143. The sample solvent 

used was dimethylsulfoxide (DMSO) mixed with the matrix solution of dithranol in dioxane. 

Precursor and product ions were observed as potassiated molecules ([M + K]+) at constant 

increments of 148 and 224 m/z units, this allowed identification of monomer units, as well as 

their sequence in the oligomeric chain. The challenges of higher mass detection were also 

reported (only up to m/z 1000 observed). 

Positive ion APPI FT-ICR MS work has been reported144, 145. The analysis of oligomeric MDI has 

shown the component dependency upon the temperature set at the vaporisation heater. The 

tetra-isocyanates (MDI oligomers containing four aromatic rings) were detected at temperatures 

as low as 50 oC. Once the vaporiser temperature was set to the maximum of 370 oC, ion 

desolvation was improved, many more components were observed. Successful detection of m/z 

values corresponding to isocyanate series as radical cations of up to 8 aromatic rings present is 

discussed. Within the discussed m/z range of 150-1500, the m/z values corresponding to 

carbodiimides and ureas were identified up to 8 and 7 aromatic rings, respectivelly145. 

Packed column supercritical fluid chromatography was also used coupled to triple quadrupole MS: 

UHPSFC positive ion APPI TQD MS144. The report discusses separation of polymeric isocyanate 

components but only up to five aromatic rings observed. Some problems occurred as the samples 

could have been retained in the column and method optimisation was required. 
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Chapter 2 Experimental 

2.1 Materials 

Five MDI samples were provided by Huntsman© (Table 2.1).  

Table 2.1 – Samples provided by Huntsman© 

Suprasec® 3056 Suprasec® 2020 Suprasec® 5025 Suprasec® 2085 Colour pMDI 

Pure MDI isomers MDI isomers MDI isomers (30-

60%) 

MDI isomers (30-

60%) 

MDI isomers 

Uretonimine-

modified MDI 

Polymeric MDI 

(60-100%) 

Polymeric MDI 

(60-100%) 

Polymeric MDI 

 

Two samples contain pure 4,4’-MDI and its 2,4’-MDI, 2,2’-MDI isomers, with one of them having 

additional uretonimine-modified MDI (Suprasec® 2020). Polymeric MDI samples (Suprasec® 2085 

and Suprasec® 5025) contain MDI oligomers as well as varying amount of MDI isomers. Colour 

pMDI sample is a non-commercially available sample prepared and provided by Huntsman® that 

contains polymeric MDI and much reduced MDI isomers through solvent extraction methods. 

The samples were analysed by two mass analysers, single quadrupole (SQD) or Fourier transform 

ion cyclotron resonance (FT-ICR) that provide mass accuracy of a unit mass or an accurate mass 

accuracy, respectively. The monoisotopic masses of non-derivatised components as radical 

cations when analysed by positive ion APPI are given in Table 2.2 (up to ten aromatic rings), with 

the mass of an electron accounted for. 
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Table 2.2 – Oligomeric MDI sample component ions (M+●) using +ve ion APPI FT-ICR MS  

Aromatic Rings Isocyanates 

(I) 

m/z 

Carbodiimides 

(C) 

m/z 

Ureas 

(U) 

m/z 

Uretonimines 

(Ut) 

m/z 

Biurets 

(B) 

m/z 

2 250.0737     

3 381.1108     

4 512.1479 456.1581 474.1686   

5 643.1850 587.1952 605.2058   

6 774.2221 718.2323 736.2429 706.2323 724.2429 

7 905.2592 849.2694 867.2800 837.2694 855.2800 

8 1036.2964 980.3065 998.3171 968.3065 986.3171 

9 1167.3335 1111.3436 1129.3542 1099.3436 1117.3542 

10 1298.3706 1242.3802 1260.3913 1230.3808 1248.3913 

 

Samples were weighed and dissolved in various solvents; resulting stock solutions were prepared 

at 10 mg/mL or 1 mg/mL and further dilution steps were carried out for various analysis methods.  

Various solvents (Table 2.3) were used for sample preparation, UHPSFC mobile phase modifiers 

and ionisation dopants in APPI and ESI were supplied by Fisher Scientific (Loughborough, UK); 

except for isoprene, which was purchased from Acros Organics (Geel, Belgium); liquid CO2 was 

purchased from BOC Special Gases (Manchester, UK). 
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Table 2.3 – Solvents used 

Solvent Grade Application in project 

Toluene LC-MS APPI dopant, sample solvent 

DCM Laboratory Sample solvent, UHPSFC mobile phase modifier 

ACN LC-MS Sample solvent, UHPSFC mobile phase modifier 

THF LC-MS Sample solvent, UHPSFC mobile phase modifier 

Methanol LC-MS Sample solvent, UHPSFC mobile phase modifier 

Anisole Laboratory APPI dopant, sample solvent 

Acetone HPLC Sample solvent, UHPSFC mobile phase modifier, APPI 

dopant 

Isoprene Laboratory Sample solvent, APPI dopant 

Pyridine Anhydrous, 

99.8+% 

Sample solvent 

Chlorobenzene HPLC Sample solvent 

DMSO Analytical Sample solvent 

Formic acid Laboratory ESI dopant 

Liquid CO2 Food UHPSFC mobile phase 

 

Six model compounds that were used as internal standards for component identification and APPI 

efficiency experiments (Table 2.4) were purchased from Sigma and Aldrich (Gillingham, UK). 
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Table 2.4 – Surrogate molecules used 

Compound name Structure Purity Application in 

project 

Diphenylmethane 

 

99% APPI efficiency 

tests 

1,4-

Dibenzylbenzene 
 

99% APPI efficiency 

tests 

4-Benzylaniline 

 

97% Component 

identification 

4-Benzylphenyl 

isocyanate 

 

97% Component 

identification 

1,3-Diphenylurea 

 

98% APPI efficiency 

tests 

1,3-Di-p-

tolylcarbodiimide 

 

96% APPI efficiency 

tests 

 

2.2 Direct infusion analysis methods 

Direct infusion (DI) methods were used to qualitatively and/or quantitatively analyse MDI 

oligomers and model compounds. The experiments were carried out using FT-ICR MS and SQD 

MS. A 100 µL Hamilton syringe was used to fuse the sample via PEEK tubing to either mass 

analyser. Low flow rate analysis methods with SQD MS were aided by Harvard Instruments 

syringe driver at flow rate of 1-50 µL/min and high flow rate experiments were undertaken using 

the 515 HPLC pump (Waters Corp., Milford, MA, USA) without the need of a sample syringe.  



Chapter 2 

85 

2.2.1 Fourier transform ion cyclotron MS 

Ultra-high resolution accurate mass measurements were undertaken using Bruker Daltonics 

(Billerica, MA, USA) 4.7 T Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR 

MS) with SolarixControl v1.5.0 for data acquisition and all data were processed using 

DataAnalysis. The ion sources used were either APPI II or ESI (Bruker). 

Mass calibration was performed using 10 – 100 µg/mL oligomeric MDI samples dissolved in either 

DCM and/or toluene using positive ion APPI and applied for positive ion ESI. 

The FT-ICR MS parameters were optimised and set to the values noted and kept constant, unless 

stated later in the results and discussion section (Table 2.5). Samples were analysed using ESI and 

APPI in both polarities although the results discussed are all of positive ion ionisation data only. 

Table 2.5 – FT-ICR MS settings used  

FT-ICR MS settings +ve ion APPI +ve ion ESI 

Mass resolution (TD) 1 – 2 M 1 – 2 M 

Mass range m/z 200 - 1000 m/z 200 - 1000 

Number of average scans 8 - 128 8 - 128 

Flow rate 3 µL/min 3 µL/min 

Capillary voltage - 2 kV -4 kV 

Drying gas temp (N2) 180 oC 180 oC 

Drying gas flow (N2) 4 L/min 4 L/min 

Nebuliser pressure 1 bar 1 bar 

APCI temp 370 oC - 

 

2.2.1.1 Single quadrupole MS 

Detection was achieved with Waters Xevo SQ Detector 2 (Waters Corp., Milford, MA, USA) mass 

spectrometer with Waters Zspray™ APPI or ESI source. Data were recorded and analysed using 

MassLynx v4.1 software. 

DI experiments were undertaken using positive ion APPI and ESI techniques. Ionisation conditions 

were optimised and the final parameters are given (Table 2.6). 
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Table 2.6 – Xevo SQ Detector (SQD) MS settings  

SQD MS settings +ve ion APPI +ve ion ESI 

Mass range m/z 200 - 1000 m/z 200 - 1000 

Scan rate 0.2 s 0.2 s 

Flow rate 1 µL/min – 1.5 mL/min 10 µL/min 

Repeller (APPI) / Capillary (ESI) voltage 1.25 kV 3.5 kV 

Cone voltage 20 V 20 V 

Source temp 150 oC 150 oC 

Desolvation gas temp (N2) 650 oC 500 oC 

Desolvation gas flow (N2) 600 L/h 650 L/h 

Cone gas flow 20 L/h 50 L/h 

 

2.3 UHPSFC MS 

1 mg/mL samples were analysed and components were separated chromatographically using 

Waters Acquity UPC2™ (UltraPerformance Convergence Chromatography; Waters Corp., Milford, 

MA, USA) and detected using SQD MS, previously settings were applied (Table 2.6). Once 

optimised, the UHPSFC parameters were kept constant (Table 2.7). 
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Table 2.7 – Chromatographic parameters set with Waters Acquity UPC2™ 

UPC2™ parameters 

Injection volume 2 µL 

scCO2 back pressure (ABPR) 150 bar 

Flow rate 1.4 mL/min 

Column temp 40 or 70 oC 

Co-solvent ACN:DCM (1:1) 

Gradient 10-40 % within 2 min 

Acquisition time 3 min 

Make-up solvent Toluene (APPI); ACN (ESI) 

Make-up flow rate 0.45 mL/min 

 

The columns explored were either fully porous particle columns (Table 2.8) or core-shell particle 

columns (Table 2.9) of varying stationary phase, although all columns used were of dimensions of 

3.0 × 100 mm. 

Fully porous particle Acquity UPC2™ and core-shell particle CORTECS columns were purchased 

from Waters (Waters Corp., Milford, MA, USA); core-shell particle Raptor PFP columns were 

purchased from Thames Restek (High Wycombe, UK). 
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Table 2.8 – Fully porous particles used in UHPSFC 

Acquity UPC2™ columns Stationary phase Particle 

size 

HSS C18 SB (High Strength Silica) Octadecyl (Selectivity for Bases) 1.8 µm 

HSS CYANO (High Strength Silica) Cyano 1.8 µm 

BEH 2-EP (Ethylene Bridged Hybrid) 2-Ethyl Pyridine 1.7 µm 

BEH (Ethylene Bridged Hybrid) Bare silica 1.7 µm 

CSH Fluoro-Phenyl (Charged Surface Hybrid) Fluoro-Phenyl 1.7 µm 

Torus 1-AA 1-Aminoanthracene 1.7 µm 

Torus DEA Diethylamine 1.7 µm 

Torus 2-PIC 2-Picolylamine 1.7 µm 

Torus DIOL High Density Diol 1.7 µm 

 

Table 2.9 – Core-shell particle columns used in UHPSFC 

Core-shell particle columns Stationary phase Particle size 

CORTECS C18+ (Charged surface) Octadecyl 2.7 µm 

CORTECS HILIC (Charged surface) Bare silica 2.7 µm 

Raptor PFP Pentafluorophenyl 2.7 µm 

 

The core-shell particles used resulted in low system backpressure that allowed multiple column 

connection in series. The columns were screened in different combinations and the optimum 

column orders are stated in following chapters. 

 



Chapter 2 

89 

2.4 Ion mobility 

The Waters SYNAPT G2-Si instrument equipped with Q-ToF IM-MS was coupled with Zspray™ APPI 

or ESI sources (Waters Corp., Milford, MA, USA). Data analysis was performed using Driftscope 

v2.9. The radical cation (positive ion APPI) peak picking settings were set to a minimum FWHM of 

1.0 bins at minimum intensity threshold of 10000 counts. The data were acquired using +ve ion 

APPI using the settings listed in Table 2.10. 

Table 2.10 - SYNAPT G2-Si settings applied 

SYNAPT G2-Si parameters 

Source settings 

Repeller voltage 1.3 kV 

Cone voltage 20 V 

Source offset 40 V 

Source temperature 120 oC 

Probe temperature 600 oC 

Desolvation gas (N2) flow rate  500 L/h 

Cone gas (N2) flow rate  20 L/h 

Nebuliser gas (N2) flow  6.0 bar 

Ion mobility settings 

T-wave velocity 400 m/s 

T-wave height 40 V 

He cell gas flow 180 mL/min 

He cell pressure 4.37 mbar 

IMS gas (N2) flow 90 mL/min 

IMS pressure 2.92 mbar 

  

The instrument was calibrated in resolution mode over m/z 200-1200 to 0.6 ppm mass error by a 

manual calibration using the exact masses of the radical cations of components in Colour pMDI 
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sample (the mass of electron not accounted for). The TWCCSN2 calibration was achieved using 

positive ion ESI; a mixture of acetaminophen and poly-DL-alanine (MW 1000-5000) was made up 

in ACN:H2O (1:1) to a concentration of 0.1 g/mL and 10 g/mL, respectively. The measured drift 

times of the known components were converted to TWCCSN2 values following established 

procedures146.  
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Chapter 3 Results and Discussion. Parameter 

optimisation 

This chapter discusses the experiments undertaken to optimise MDI component detection by the 

use of positive ion APPI MS and to achieve the optimum component resolution and separation 

chromatographically using UHPSFC.  

Various parameters were tested and evaluated. The final settings are listed in the experimental 

section. 

 

3.1 MS conditions 

For optimum MDI component detection, the ionisation technique of choice was APPI, this method 

is applied for nonpolar compounds containing sites of unsaturation and aromatic systems.  

Direct infusion methods using single quadrupole mass spectrometer were applied to optimise 

ionisation conditions, i.e. to obtain the optimum MS peak intensities for isocyanate and minor 

component series. The ions achieved by APPI were observed as radical cations that correspond to 

MDI components. Analysis of 100 µg/mL oligomeric MDI sample dissolved in toluene, Suprasec® 

5025, is discussed below. 

The m/z range was set to m/z 120-1000, the major components within isocyanate series were 

investigated containing up to seven aromatic rings. The scan rate was selected to 0.2 s, resulting 

in the calculated dwell time (the duration in which each m/z ion signal is collected) of 0.23 ms 

(Equation 3.1).  

Equation 3.1 – Dwell time calculation 

𝑑𝑤𝑒𝑙𝑙 𝑡𝑖𝑚𝑒 (𝑠) =
𝑠𝑐𝑎𝑛 𝑟𝑎𝑡𝑒 (𝑠)

𝑚𝑎𝑠𝑠 𝑟𝑎𝑛𝑔𝑒
 

 

3.1.1 APPI vaporiser temperature 

APPI source contains a pneumatic nebuliser region, fitted with the spray needle in the quartz tube 

that is heated to achieve efficient desolvation. Liquid analytes and sample solvents are 
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instantaneously vaporised into an aerosol. The nebulising gas, in this case nitrogen, aids 

desolvation. The vaporiser temperature was optimised using a 100 µg/mL oligomeric MDI sample 

dissolved in toluene. 

Low molecular weight (LMW) isocyanate components, such as diisocyanates and triisocyanates, 

were observed as radical cations (m/z 250.1 and m/z 381.1, respectively) at the vaporiser 

temperature of 150 oC (Figure 3.1), although high molecular weight (HMW) component ions 

(above m/z 512.1) were not observed until the temperature was increased to 650 oC (Figure 3.2).  

 

Figure 3.1 – Direct infusion +ve ion APPI SQD MS of 100 µg/mL Suprasec® 5025 A at 150 oC 

 

Figure 3.2 – Direct infusion +ve ion APPI SQD MS of 100 µg/mL Suprasec® 5025 A at 650 oC 

(zoomed in by a factor of 200 above m/z 700) 
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The vaporiser temperature experiments resulted in the use of the maximum setting used 

throughout (650 oC). 

 

3.1.2 Other MS settings 

Ion transmission to the quadrupole mass analyser can be improved by varying the repeller and 

cone voltage settings in the APPI source. This alters observed ion intensity and selectivity147. 

The electric potential that is applied at the UV lamp repeller electrode deflects and focuses the 

sample ions toward the sample cone. The repeller voltage was tested between 0.5 and 3 kV, the 

most efficient ion transmission was achieved at 1.25 kV.  

Cone voltage is a parameter that controls the potential difference between the nozzle (orifice) 

and the skimmer before the mass analyser. The optimum cone voltage settings aid ion extraction 

from atmospheric pressure region into the high vacuum region of the mass analyser. The electric 

fields applied also aid complete desolvation of ion clusters, improving the signal of radical cations 

or protonated molecules observed by the use of +ve ion APPI.  

When the cone voltage is set too high, it can lead to accelerated ions undergoing collisions with 

solvent vapour and desolvation gas (N2) via in-source fragmentation, also known as collision 

induced dissociation (CID)148. This process is not selective but can be used to give some structural 

determination. 

The cone voltage was tested between 0 and 100 V, the cone voltage at above 50 V resulted in 

fragmentation of molecular ions below m/z 500, although improved transmission of HMW 

species. It was decided to keep the cone voltage at 20 V to avoid in-source fragmentation.  

APPI uses a nebulising gas to aid ion desolvation. The pneumatic nebuliser is set to a constant 

flow of nitrogen gas. The gas flow was tested at 100-1000 L/h and the final setting of 600 L/h was 

used thereafter. In addition, the source cone was set to a gas flow of 0-60 L/h, which was set at 20 

L/h.  

The krypton lamp that emits photons at 10.0 and some at 10.6 eV was adjusted for the optimum 

position to enhance ionisation. Two lamp positions (Pos1 and Pos2) were evaluated and the 

smaller distance between the sprayer and the UV lamp setting (Pos2) was more efficient, 

therefore used in further experiments. 
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3.1.3 Flow rate experiments 

APPI has been reported to be the ionisation technique that is dependent upon mass flow, unlike 

ESI, which is concentration dependant. The effect of flow rate was studied at low flow rates (1-50 

µL/min) and at high flow rates (0.05-1.5 mL/min) using single quadrupole MS.  

The minimum flow rate required for MDI oligomeric sample component detection was recorded 

at 5 µL/min (for m/z 250.1 to be observed as the base peak; data not shown). MDI oligomeric 

samples and model compounds used in this study were injected at 10-20 µL/min syringe driver 

flow rate (requires minimum amount of compounds to be injected into the MS) using direct 

infusion methods (low flow rate experiments).  

The optimum component detection was observed at high flow rates achieved by the use of a 515 

pump, which are also similar to the flow rates used in UHSPFC. The ion intensities of LMW and 

HMW components were dependent upon flow rate, e.g. m/z 250.1 is observed as the base peak 

at 0.25 mL/min (Figure 3.3); and m/z 381.1 intensity is observed to be larger than m/z 250.1 at 1.5 

mL/min (Figure 3.4). 

 

Figure 3.3 – Direct infusion +ve ion APPI SQD MS of 100 µg/mL Suprasec® 5025 A at 0.25 mL/min 
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Figure 3.4 – Direct infusion +ve ion APPI SQD MS of 100 µg/mL Suprasec® 5025 A at 1.50 mL/min 

Isocyanates are the major components within the MDI sample. Suprasec® 5025 is known to 

contain mostly the diisocyanate, therefore should be expected that the radical cation, 

corresponding to the diisocyanate at m/z 250.1, would be the base peak observed in the direct 

infusion +ve ion APPI MS. This is true with the flow rate at 0.25 mL/min, although m/z 381.1 (a 

radical cation corresponding to the triisocyanate) becomes the base peak at 1.5 mL/min. 

Isocyanate oligomers, such as tetraisocyanate, pentaisocyanate and HMW isocyanates are 

observed at increments of 131 m/z units. HMW component intensity is improved at higher flow 

rates, therefore suggesting that APPI efficiency is affected and improved by the use of high mass 

flow, agreeing with previous results reported in literature149, 150.  

Detector sensitivity is much improved for minor component oligomers in polymeric MDI samples 

analysed at high direct infusion flow rates. Radical cations/protonated molecules, corresponding 

to carbodiimide and urea series, are observed at higher intensities. Positive ion APPI leads to 

radical cation and protonated molecule formation, when using toluene as a dopant, both types of 

ions are possible. One type of ions may be preferred, which can be predicted by the analyte 

ionisation potential (IP) and proton affinity (PA) values151. HMW components are sometimes 

observed as corresponding protonated molecules, as well as radical cations, depending upon the 

solvent/dopant used, which will be discussed in detail later. The data also suggests that 

desolvation is not as efficient at high flow rates, the proton-transfer and charge-exchange 

ionisation mechanisms (from toluene to the analyte) are in competing processes. When toluene 

solvent clusters are not completely dissociated, the proton-transfer leads to protonated analyte 

molecules at a high flow rate of 1.5 mL/min. 
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Once coupled to UHPSFC, the chromatographic flow rate is set to 1.4-1.5 mL/min with an 

additional post-column flow of a dopant at 0.45 mL/min, which is split by the MS splitter. The 

exact flow introduced into the APPI source is unknown. It is believed that a quarter of the total 

flow rate (post-column flow and dopant flow) might be the resulting flow rate into the mass 

spectrometer, therefore an estimated flow rate of ~0.5 mL/min. This flow rate was applied to 

direct infusion methods and comparison was made (Figure 3.5). 

 

Figure 3.5 – Direct infusion +ve ion APPI SQD MS of 100 µg/mL Suprasec® 5025 A at 0.50 mL/min 

The most intense peak observed at 0.5 mL/min is the radical cation corresponding to the radical 

cation of the diisocyanate (m/z 250.1), which correlates with the given sample composition 

(discussed in the quantification chapter). All isocyanate components within series are observed as 

corresponding radical cations, as well as the carbodiimide and urea series. This data suggests that 

0.5 mL/min is the optimum flow rate for oligomeric MDI component detection using positive ion 

APPI. 

 

3.1.4 APPI dopants 

Toluene was the first solvent used for MDI sample analysis. Various solvents were tested as APPI 

dopants. 50 µg/mL of Colour pMDI sample (oligomeric MDI sample that was concentrated in 

colour and of lower viscosity via solvent extraction methods) was prepared in selected solvents, 

the use of the most relevant ones is discussed below. The low flow rate using 100 µL Hamilton 

syringe and a syringe driver was set to 20 µL/min. The m/z range was selected to m/z 200-1600, 

although data shown is zoomed in to m/z 200-1000 range.  
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APPI efficiency is reported to decrease when high PA solvents, such as methanol or acetonitrile 

are used152. The analyte chemistry may result in different ions to be observed by APPI. In positive 

ion mode, radical cations may be preferred over protonated molecules and vice versa. Direct APPI 

(without the use of a dopant) is inefficient, photo irradiation from the UV lamps decays in neutral 

molecule photon energy release, therefore dopants of lower IP than that of UV lamp emitting 

photons are used153.  

 

3.1.4.1 Direct APPI – dichloromethane 

The Colour pMDI sample was prepared in DCM (Figure 3.6).  

 

Figure 3.6 – Direct infusion +ve ion APPI SQD MS of 50 µg/mL Colour pMDI in DCM at 20 µL/min 

(normalised to m/z 250.0) 

The data shown is normalised to the intensity of the radical cation that corresponds to the most 

abundant component within isocyanates, diisocyanate at m/z 250.0. All ions above m/z 400 are 

observed as protonated molecules, possibly from a proton extracted from moisture present in the 

systems. The diisocyanate radical cation intensity is 1.72×105. Isocyanate and carbodiimide (from 

m/z 457.2) series are observed at increments of 131 m/z units. Ureas were observed as 

corresponding protonated molecules (m/z 475.2 and oligomers with increments of 131 m/z units) 

are detected at very low intensity.  
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3.1.4.2 Direct APPI – acetonitrile 

The Colour pMDI was prepared in ACN (Figure 3.7). 

 

Figure 3.7 – Direct infusion +ve ion APPI SQD MS of 50 µg/mL Colour pMDI in ACN at 20 µL/min 

(normalised to m/z 250.0) 

ACN is the most polar aprotic solvent used in this project as UHPSFC modifier. The use of 

acetonitrile results in low intensity MDI component ions. The diisocyanate radical cation intensity 

is 3.73×105. The only isocyanate components observed as radical cations are the diisocyanate and 

the triisocyanate (corresponding m/z 250.0 and 381.1, respectively). Carbodiimides are not 

observed. Previously observed ureas, as the corresponding protonated molecules (m/z 475.1 and 

m/z 606.2; in DCM), are of improved intensity with ACN as a solvent. Due to low overall MDI 

component ion intensities observed, it is suggested that ACN is not a solvent to be used to 

completely dissolve all MDI components; therefore, mixtures of solvents are required.  

 

3.1.4.3 Dopant-assisted APPI – toluene 

The oligomeric MDI component ions (isocyanates, carbodiimides and ureas) observed by direct 

APPI were of low abundance, suggesting inefficient photoionisation. 50 µg/mL Colour pMDI 

sample was dissolved in toluene (Figure 3.8).  
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Figure 3.8 – Direct infusion +ve ion APPI SQD MS of 50 µg/mL Colour pMDI in toluene at 20 

µL/min 

The background ion intensity (noise) is much reduced due to the improved sample ion signal, 

ionisation is apparent to be much more efficient for radical cations corresponding to oligomeric 

MDI components. Specifically for oligomeric MDI sample components, radical cation formation 

through charge-exchange is preferred, although the data suggests that some components, such as 

ureas, show slight protonation. The radical cation of toluene (C7H8
+●) goes through proton transfer 

mechanism between toluene molecular ion and an analyte molecule.  

The MS is normalised to the highest intensity ion, which is the radical cation of the corresponding 

diisocyanate. The m/z 250.0 intensity is recorded at 1.07×107, which is estimated to an 

improvement of 6000 cf. to DCM and 30 cf. to ACN (direct APPI). 

The resolving power of a single quadrupole mass analyser is one unit mass, which is lacking the 

ability to resolve nominally isobaric species. A+1 ion (considering A to be the radical cation of 

interest) can be either a protonated molecule or the 13C isotope peak of the radical cation (13C 

M+●). Using toluene as the sample solvent and the APPI dopant (without additional solvents) it is 

possible to force the formation of radical cations, therefore the A+1 peak should only refer to 13C 

M+●. This way it was assumed that protonation, as a result of proton-transfer from benzylic ion 

(radical cation of toluene) to the analyte, is insignificant.  

Qualitative data analysis allowed instant judgement of ion overpopulation in the mass analyser, 

i.e. the A+1 ion intensity was compared to the A ion intensity. The natural abundance of 13C 

isotope is 1.1%, therefore for every 12C atom there is a 1.1% possibility of that atom to be the 13C 

atom. Methylene diphenyl diisocyanate contains 15 carbon atoms, therefore the 13C M+● intensity 

m/z
200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720 740 760 780 800 820 840 860 880 900 920 940 960 980 1000

%

0

100

DL APPI POS C PMDI IN TOLUENE 2 178 (0.614) Scan APPI+ 
1.07e7

250.0

381.1

300.0

512.1

456.1

419.3 474.1

643.2
587.2

718.2 774.3 849.3



Chapter 3 

100 

should be 16.5% of the 12C M+●. MDI oligomers consist of -C8H5NO repeating units (increments of 

131.0 m/z units), therefore increments of 8.8% to 13C M+● intensity in the corresponding 

component series should be observed (Table 3.1).  

Table 3.1 – Calculated 13C M+● intensities of isocyanate series within 8 aromatic rings 

Component Observed m/z of 12C 

M+● 

Carbon atom count Theoretical intensity of 

13C M+● cf. to 12C M+● 

Diisocyanate (I2) 250.0 15 16.5% 

Trisisocyanate (I3) 381.1 23 25.3% 

Tetraisocyanate (I4) 512.1 31 34.1% 

Pentaisocyanate (I5) 643.2 39 42.9% 

Heptaisocyanate (I6) 774.3 47 51.7% 

Octaisocyanate (I7) 905.3 55 60.5% 

 

The experimental 13C M+● intensities may vary due to dwell time of the detector and ion 

overpopulation, i.e. overconcentration. The oligomeric MDI samples analysed by direct infusion 

methods were therefore kept at concentrations at or below 100 µg/mL. 

Using this calculation principle, it can be distinguished that m/z 474.1 that corresponds to 12C M+● 

of a four aromatic ring containing urea (29 carbon atoms) should consist of a 13C M+● isotope peak 

at 31.9% to that of 12C M+●. Experimentally, 13C M+● peak intensity is 43% cf. to 12C M+● peak 

intensity. This becomes more apparent with urea oligomers, e.g. 13C M+● peak intensity of m/z 

605.2 (five aromatic ring, 37 carbon atom containing urea) is 60% of 12C M+● peak intensity, which 

is 20% higher than the theoretical value. This data suggests that ureas are observed as radical 

cations and protonated molecules. 

 

3.1.4.4 Dopant-assisted APPI – toluene and acetonitrile 

The Colour pMDI sample was dissolved in a mixture of ACN and toluene at a ratio of 2:1 (Figure 

3.9). 
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Figure 3.9 – Direct infusion +ve ion APPI SQD MS of 50 µg/mL Colour pMDI in ACN:toluene (2:1) at 

20 µL/min 

Previously high background noise was observed when ACN was used as a sole sample solvent 

(Figure 3.7). The background ion intensity was instantly reduced with an addition of toluene, i.e. 

analyte ionisation efficiency was improved. The MDI components observed with toluene as a 

solvent, as corresponding radical cations, are now observed at a comparable ion intensity as with 

the selected solvent mixture. The diisocyanate radical cation intensity is recorded at 9.85×106 and 

improved by a factor of 26 cf. ACN alone, it is proposed that oligomeric MDI component solubility 

and thus ion response is improved by addition of toluene. This suggests that the mobile phase 

modifier and the make-up solvent mixture (ACN and toluene, respectively) used in UHPSFC is a 

suitable solvent choice for MDI component detection using positive ion APPI.  

 

3.1.4.5 Dopant-assisted APPI – anisole 

As reported in literature, the use of toluene as a dopant might lead to radical cations, as well as 

protonated molecules. In addition, proton-transfer processes in toluene might be affected by high 

PA solvents, that might be overcome by the use of anisole117. Anisole radical cation does not 

donate protons as well as the benzylic ion from toluene, resulting in much preferred analyte 

radical cation formation through charge-transfer processes. MDI component ionisation 

preferences were tested, 50 µg/mL Colour pMDI was dissolved in anisole (Figure 3.10). 
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Figure 3.10 – Direct infusion +ve ion APPI SQD MS of 50 µg/mL Colour pMDI in anisole at 20 

µL/min (normalised to m/z 456.2) 

The experimental results agree with the statements reported in literature. The solvent 

background noise is higher cf. toluene. The species observed are all radical cations, corresponding 

to carbodiimide and urea component series within the oligomeric MDI sample. The signal for 

radical cations, corresponding to isocyanate series, is suppressed, i.e. no m/z 250.0 or 381.1 

(diisocyanate and triisocyanate, respectively) and minor intensity ions of HMW isocyanates are 

observed. Judging from 13C M+● peak intensity, no protonation of carbodiimides occurs. This is 

decided by the intensity of A+1 ion, i.e. the experimental percentage of 13C M+● peak intensity 

from its 12C M+● peak intensity compared to the theoretical percentage that is calculated by the 

number of carbon atoms, e.g. the first monomer of carbodiimide series (12C M+● at m/z 456.2) 

containing 29 carbon atoms × 1.1% = 31.9% (13C M+● compared to 12C M+●). Similarly, ureas are 

only observed as radical cations (m/z 474.1 and increments of 131 m/z units), i.e. 13C M+●
 peak 

intensity is recorded at 32% of 12C M+●.  

Anisole seems to be the solvent of choice for selective detection of minor components within 

oligomeric MDI samples, although not useful for isocyanate component analysis. In addition, the 

radical cation of minor component signal is not improved, which will be concluded in subsequent 

sections.  

 

3.1.4.6 Dopant-assisted APPI – acetone 

The Colour pMDI was dissolved in acetone (Figure 3.11). 
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Figure 3.11 – Direct infusion +ve ion APPI SQD MS of 50 µg/mL Colour pMDI in acetone at 20 

µL/min (normalised to m/z 457.2) 

Acetone is aprotic, although it is a hydrogen bond acceptor. It readily protonates and acts as a 

dopant for APPI through proton-transfer processes to the analyte molecules. This is clearly 

observed experimentally, the ions observed in oligomeric MDI sample are all corresponding to the 

minor components as protonated molecules. Acetone is not able to go through charge-transfer 

reactions, resulting in no radical cations observed in the MS. The background noise is high due to 

solvent clusters and possible minor reactions with isocyanate groups, although the choice of such 

dopant results in selective detection of carbodiimides and ureas as protonated molecules, with 

the suppressed ion signal of isocyanate series. 

 

3.1.4.7 APPI dopant choice 

It was concluded that toluene is the optimum APPI dopant for detection of all oligomeric MDI 

sample components of interest. The isocyanates are almost always observed as radical cations 

(when dopant-assisted +ve ion APPI is applied). The minor components vary in solvent/ionisation 

preference. This can possibly be explained by the IP of the solvents chosen. 

The molecular ion of toluene is a better proton donor than the molecular ion of anisole: in 

toluene radical cation a benzylic C-H bond is broken more easily than a –OCH3 C-H bond or an 

aromatic C-H bond in anisole. Acetone goes through self-protonation reaction after initial 

photoionisation, and therefore acetone M+● ions are not at all available for charge-exchange115.  
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The data acquired of 50 µg/mL Colour pMDI in toluene, anisole and acetone under identical 

conditions are compared (Figure 3.12). 

 

Figure 3.12 – Direct infusion +ve ion APPI SQD MS of 50 µg/mL Colour pMDI in toluene (A), anisole 

(B) and acetone (C) at 20 µL/min; linked y-axes, normalised to m/z 456.2 and zoomed 

in to m/z 450-1000 

The vertical axes are linked and normalised to m/z 456.2 that corresponds to the four aromatic 

ring containing carbodiimide radical cation. The ion is the most intense when toluene is used as 

the solvent/dopant. Subsequent carbodiimide oligomers are also observed at higher intensities 

with toluene. The use of anisole results in suppressed signal of isocyanate radical cations, as well 

as the reduced intensity of radical cations corresponding to carbodiimide series. Acetone results 

in protonated analyte molecules, although the minor component signal is also reduced. Urea 

signal is comparable with toluene or anisole used, although protonation is avoided with anisole as 

a dopant. To force one type of ions corresponding to urea series, the solvent of choice is acetone. 

The resulting protonated urea molecules are more abundant and this can be used as an 

advantage for selective urea detection.  

When coupled to UHPSFC it was decided to use toluene as the make-up solvent, which is the 

optimum dopant for overall MDI sample component detection. 
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3.2 Chromatographic conditions 

Ultra-high performance supercritical fluid chromatography (UHPSFC) was coupled to SQD MS and 

the optimised positive ion APPI MS conditions were used. The column selected for initial sample 

analysis was fully porous Acquity UPC2™ HSS C18 SB column. The mobile phase modifier, 

acetonitrile, was introduced linearly at a concentration of 2-40% within 2 min, during a 3 min 

acquisition. 

The provided MDI samples were analysed at concentrations of 0.1-10 mg/mL. The initial 

oligomeric MDI sample concentration of 0.1 mg/mL was not sufficient for isocyanate oligomer 

detection. The m/z values that correspond to radical cations within isocyanate component series 

were selected from the full scan of m/z 120-1200 and the resulting reconstructed ion current 

chromatograms (RICCs) were extracted for up to seven aromatic ring containing isocyanate 

oligomers and the signal was smoothed (Mean 2×2) within Masslynx software (Figure 3.13).  

 

 

Figure 3.13 – UHPSFC +ve ion APPI SQD MS RICCs of isocyanates in 100 µg/mL Suprasec® 5025 A 

The oligomeric MDI sample contains isocyanate oligomers eluting in an order of increasing 

number of aromatic rings, i.e. size. The RICCs of corresponding isocyanate series are observed as a 

symmetrical peak trend of first four eluting isocyanate oligomers: tR (m/z 250.3) = 0.65 min 

(corresponding to the diisocyanate); tR (m/z 381.3) = 0.92 min (corresponding to the 

triisocyanate); tR (m/z 512.4) = 1.11 min (corresponding to the tetraisocyanate); tR(m/z 643.4) = 

1.27 min (corresponding to the pentaisocyanate). The peak intensities and the background noise 

suggest that six and seven aromatic ring containing isocyanate oligomers are not present. The 
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RICC of m/z 643.4 (corresponding to the pentaisocyanate) response is somewhat limited. The 

peak is not entirely resolved from the background, although the signal-to-noise ratio (S/N) of five 

aromatic ring containing isocyanate is recorded at 5, therefore the data suggests this component 

is present, as it is above the limit of detection (LOD; S/N of 3 required), although below the limit 

of quantitation (LOQ; S/N of 10 required). HMW isocyanates that are known to be present are not 

observed, therefore the sample concentration was increased to 1 mg/mL (Figure 3.14).  

 

Figure 3.14 – UHPSFC +ve ion APPI SQD MS RICCs of isocyanates in 1 mg/mL Suprasec® 5025 A 

A more concentrated oligomeric MDI sample results in an improved response for HMW 

isocyanate oligomers, i.e. S/N of RICC at m/z 643.4 (I5+●) is recorded at 112.19 (not annotated) 

and resolved from the background. Previously not detected RICC peak of m/z 774.4 (I7+●) is 

recorded at tR = 1.40 min, although S/N = 6, which is below the LOQ required. The retention times 

recorded for other isocyanate components are not identical to the data discussed previously, this 

is due to the MassLynx software peak top picking and minor changes of 0.01 are not considered 

significant. Oligomeric MDI sample concentration was increased to 10 mg/mL, which was the 

highest concentration of samples analysed (Figure 3.15).   
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Figure 3.15 – UHPSFC +ve ion APPI SQD MS RICCs of isocyanates in 10 mg/mL Suprasec® 5025 A 

The analysis of the most concentrated 10 mg/mL oligomeric MDI sample results in the RICC peak 

trend for up to m/z 1167.5 (corresponding to a nine aromatic ring containing isocyanate) 

observed. The RICC of m/z 905.5 (corresponding to the septaisocyanate) is recorded at S/N = 10, 

i.e. below the LOQ; the RICC of m/z 1036.5 (corresponding to the octaisocyanate) is recorded at 

S/N = 1, therefore considered as not detected. The data suggests that only up to seven aromatic 

ring containing isocyanate oligomers are detected, therefore further chromatographic 

optimisation using fully porous particle columns is discussed for isocyanates within a range of m/z 

200-1000.  

The RICC of m/z 250.2 (corresponding to the diisocyanate) is observed as an assymetric, tailing 

peak (Figure 3.16). It was suspected that the oligomeric MDI sample was too concentrated for the 

most abundant component analysis.  
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Figure 3.16 – UHPSFC +ve ion APPI SQD MS RICC of m/z 250.2 in 10 mg/mL Suprasec® 5025 A 

The MS peak intensities at the retention times extracted from RICCs of m/z 250.2, m/z 381.3 and 

m/z 512.4 (Figure 3.17) suggest that the sample was, in fact, too concentrated for LMW 

isocyanate oligomers. 

 

Figure 3.17 – UHPSFC +ve ion APPI SQD MS of 10 mg/mL Suprasec® 5025 A at tR = 0.65 (A); tR = 

0.93 min (B); tR = 1.13 min (C) 

Similarly, as discussed in MS optimisation section, the 12C M+● and 13C M+● peak intensities were 

compared and 13C M+● peak intensities of corresponding diisocyanates, triisocyanates and 

tetraisocyanates are of 64%, 68%, 41%, respectively. This suggests that the overpopulation of ions 

C1 HSS C18  B3 ACN

Time
0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 2.10 2.20 2.30 2.40 2.50 2.60 2.70 2.80 2.90 3.00

%

0

100

25_2017_08_04_suprasec5025A_010 Sm (Mn, 2x2) 1: Scan APPI+ 
250

1.59e80.65

m/z
200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 550 560 570 580 590 600

%

0

100

m/z
200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 550 560 570 580 590 600

%

0

100

m/z
200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 550 560 570 580 590 600

%

0

100

25_2017_08_04_suprasec5025A_010 133 (1.130) 1: Scan APPI+ 
8.25e7

512.4

282.3

25_2017_08_04_suprasec5025A_010 110 (0.934) 1: Scan APPI+ 
1.44e8

381.3

249.3

25_2017_08_04_suprasec5025A_010 77 (0.654) 1: Scan APPI+ 
1.56e8

250.2

221.3

C 

B 

A 



Chapter 3 

109 

in the mass spectrometer resulted in the total ion count detected inaccurately. In conclusion, this 

sample concentration was too high for quantitative analysis methods applied later in the project.  

 

3.2.1 Stationary phase 

Followed by the initial oligomeric MDI sample concentration experiments, the column screening 

experiments were carried out to find the optimum selectivity and resolution of sample 

components. The chromatographic optimisation was applied using RICCs of m/z values that 

correspond to radical cations of the components of interest and will be referred to abbreviations 

listed in Table 3.2. The data acquired was within the range of m/z 200-1000, therefore the results 

discussed are focused onto the components within the selected range. 

Table 3.2 – Component abbreviations used for RICCs of corresponding m/z values as 12C M+● 

Number of 

aromatic rings 

Isocyanates Carbodiimides Ureas 

m/z Abbreviation m/z Abbreviation m/z Abbreviation 

2 250.2 I2  -  - 

3 381.3 I3  -  - 

4 512.4 I4 456.2 C4 474.2 U4 

5 643.4 I5 587.2 C5 605.2 U5 

6 774.5 I6 718.2 C6 736.2 U6 

7 905.5 I7 849.3 C7 867.3 U7 

8 1036.5 I8 980.3 C8 998.3 U8 

9 1167.3 I9 1111.3 C9 1129.4 U9 

10 1298.4 I10 1242.4 C10 1260.4 U10 

 

3.2.1.1 Fully porous particle columns 

The fully porous particle columns used are listed in the experimental chapter. The oligomeric MDI 

sample, Suprasec® 5025 A was analysed at 10 mg/mL. The use of Acquity UPC2™ Torus columns 

(Figure 3.18) did not provide any component information. The RICCs of corresponding component 

series did not show any resolved peaks, all observed as background noise.  
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Figure 3.18 – Acquity UPC2™ Torus columns used 

The stationary phases (SP) of Acquity UPC2™ Torus columns used all contain additional hydroxyl 

and/or amine groups. Isocyanate groups are reactive towards alcohols and amines, therefore it 

proposed that MDI components did not elute from columns due to the adsorption to the 

stationary phase. 

The use of Acquity UPC2™ HSS CYANO column provided the same results. The results of other 

columns applied are discussed below.  

 

Figure 3.19 – Acquity UPC2™ HSS C18 SB column stationary phase 

 

Figure 3.20 – Acquity UPC2™ BEH bare silica column used 
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Figure 3.21 – Acquity UPC2™ BEH 2-EP column stationary phase 

 

Figure 3.22 – Acquity UPC2™ CSH Fluoro-Phenyl column stationary phase 

A column scoring system has been applied to find the optimum column of choice, considering 

various column efficiency factors. The deciding factors are peak shape, i.e. resolution (RS); 

separation of oligomers within the corresponding series (𝛼); detection of components within the 

selected m/z 200-1000 (D); and separation from other series (𝛼). Component separation from 

others was considered for isocyanate (I7) separation from carbodiimide (C4), carbodiimide (C7) 

separation from urea (U4) and urea separation between the 1st and the 2nd chromatographic 

peaks observed for RICCs of the m/z value that corresponds to U4+●. The optimum column of 

choice for each deciding factor is scored 4 and the least suitable column is scored 1. The sum of 

total scores is calculated and the optimum column of choice is Acquity UPC2™ CSH Fluoro-Phenyl 

(Table 3.3). 

Table 3.3 – Column optimisation scores calculated 

Column Components Totals 

Isocyanates Carbodiimides Ureas 

RS 𝛼 𝛼 

I → 

C 

D RS 𝛼 𝛼 

C → 

U 

D RS 𝛼 𝛼 

1st → 

2nd 

D 

HSS C18 SB 2 3 3 3 2 2 4 3 1 3 4 2 32 

BEH 3 2 4 1 1 3 1 2 2 1 2 3 25 

BEH 2-EP 1 4 1 2 3 4 2 1 3 4 3 1 29 

CSH FP 4 1 2 4 4 1 3 4 4 2 1 4 34 
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• Detection 

The RICCs of m/z values that correspond to the radical cations of isocyanates, carbodiimides and 

ureas (within m/z 200-1000) were used to analyse the sample. The S/N of the highest molecular 

weight component was considered. Isocyanates are observed with seven aromatic rings and with 

little background noise interference using Acquity UPC2™ CSH Fluoro-Phenyl column (Figure 3.23). 

Seven aromatic ring containing isocyanate was not resolved from the background using Acquity 

UPC2™ BEH column, therefore data are not shown. 

 

Figure 3.23 – UHPSFC +ve ion APPI SQD MS RICCs of isocyanates in 10 mg/mL Suprasec® 5025 A 

using Acquity UPC2™ CSH Fluoro-Phenyl column 

Carbodiimides were detected with eight aromatic rings (C8). Acquity UPC2™ CSH Fluoro-Phenyl 

column was also the column of choice, as a hint of unresolved response was detected for C8, 

although the decision was made considering C7, S/N = 4 (Figure 3.24).  
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Figure 3.24 – UHPSFC +ve ion APPI SQD MS RICCs of carbodiimides in 10 mg/mL Suprasec® 5025 A 

using Acquity UPC2™ CSH Fluoro-Phenyl column 

Urea oligomer response was poor, U8 was detected only with the use of Acquity UPC2™ CSH 

Fluoro-Phenyl, S/N = 14, although considered anomalous as the retention time recorded is not 

consistent within hints of a pattern observed and a high background noise was apparent (Figure 

3.25).  

 

Figure 3.25 – UHPSFC +ve ion APPI SQD MS RICCs of ureas in 10 mg/mL Suprasec® 5025 A using 

Acquity UPC2™ CSH Fluoro-Phenyl column 
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The peak shape and therefore resolution was best evaluated from isocyanate oligomer series. 

Isocyanates are almost background resolved and narrow, symmetrical peaks are observed 

(despite the over-concentrated LMW isocyanates; Figure 3.23). RICCs corresponding to 

carbodiimide and urea series are not observed as symmetrical peaks, the detected response is not 

resolved from the background for more than five aromatic ring containing minor components. 

Further chromatographic optimisation is required, although it was decided that the optimum 

resolution of isocyanates (RS (I5 and I6) = 1.3; RS (I6 and I7) = 1.1) and minor components was 

achieved with the Acquity UPC2™ CSH Fluoro-Phenyl column. 

• Separation within series 

Separation within component series was evaluated from the retention time of the first eluting 

oligomer to the last one within the selected m/z 200-1000. The difference between diisocyanate 

and heptaisocyanate, i.e. separation is increased with Acquity UPC2™ BEH 2-EP column (∆𝑡𝑅 = 1.12 

min; Figure 3.26), which is also true for the limited minor component response. The use of 

Acquity UPC2™ CSH Fluoro-Phenyl column resulted in isocyanates eluting 0.1 min apart (∆𝑡𝑅 = 

0.71 min). 

 

Figure 3.26 – UHPSFC +ve ion APPI SQD MS RICCs of isocyanates in 10 mg/mL Suprasec® 5025 A 

using Acquity UPC2™ BEH 2-EP column 

• Separation from others 

The optimum separation of isocyanate and carbodiimide series (I7 to C4) was achieved using the 

Acquity UPC2™ BEH column (∆𝑡𝑅 = 0.48 min), which was decreased when the Acquity UPC2™ BEH 

2-EP column was applied (∆𝑡𝑅 = 0.06 min). The highest degree of separation between 

carbodiimides (C7) and ureas (U4) was achieved with the Acquity UPC2™ HSS C18 SB column (∆𝑡𝑅 
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= 0.24 min) and the Acquity UPC2™ CSH Fluoro-Phenyl column (∆𝑡𝑅 = 0.11 min). The observed co-

elution of some carbodiimide and urea oligomers was observed with Acquity UPC2™ BEH and 

Acquity UPC2™ BEH 2-EP columns. Two poorly resolved RICC peaks for an m/z value that 

corresponds to a radical cation of four aromatic ring containing urea are observed (e.g. tR (m/z 

474.3) = 1.54 min and 1.73 min using the Acquity UPC2™ CSH Fluoro-Phenyl column; Figure 3.25). 

The first and the second peaks observed in the RICCs are separated the most using Acquity UPC2™ 

HSS C18 SB column (tR (m/z 474.3) = 1.70 min and 2.08 min; ∆𝑡𝑅 = 0.38 min; Figure 3.27). The 

difference of such peaks will be explained in the component discussion chapter. 

 

Figure 3.27 – UHPSFC +ve ion APPI SQD MS RICCs of ureas in 10 mg/mL Suprasec® 5025 A using 

Acquity UPC2™ HSS C18 SB column 

 

3.2.1.2 Core-shell particle columns 

The use of fully porous particle Acquity UPC2™ columns resulted in high system backpressure, 

sometimes reaching 414 bar and the acquisition was stopped. The previously discussed flow rate 

of 1.5 mL/min was decreased to 1.4 mL/min using the optimum Acquity UPC2™ CSH Fluoro-Phenyl 

column. Small fully porous particle size of 1.7 µm are highly efficient as Eddy diffusion is minimal, 

providing the optimum resolution, although high porosity increases the diffusion path length of 

the analyte, causing band broadening. The use of core-shell particle that consists of a solid core 

(1.7 µm) fused with a 0.5 µm layer of porous material (total I.D. of 2.7 µm) is explored. The mass 

transfer effect due to the reduced particle porosity and therefore analyte diffusion is reduced, 

resulting in lower system backpressure.  
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Three stationary phases containing core-shell particles were studied. Waters CORTECS C18+, 

CORTECS HILIC (unbound superficially porous silica particles) and Thames Restek Raptor PFP 

(pentafluorophenyl) columns were applied separately and later were connected in series. The 

column dimensions were 3 × 100 mm, 2.7 µm particles. The organic modifier gradient was kept 

constant at 2-40 % acetonitrile within 2 min during a 3 min acquisition. For morphology 

comparison using fluoro-phenyl stationary phases, 1.4 mL/min flow rate was chosen.  

1 mg/mL oligomeric MDI sample, Suprasec® 5025 C, was analysed. RICCs of m/z values that 

correspond to oligomeric isocyanates best illustrate the changes in resolution between the fully 

porous particle Acquity UPC2™ CSH Fluoro-Phenyl (Figure 3.28) and core-shell particle Raptor PFP 

columns (Figure 3.29).  

 

Figure 3.28 – UHPSFC +ve ion APPI SQD MS RICCs of isocyanates in 1 mg/mL Suprasec® 5025C in 

DCM at 1.4 mL/min using CSH Fluoro-Phenyl column 

Resolution of isocyanate RICCs was calculated at FWHM, RS = 1.9 (averaged across oligomers 

within two and seven aromatic rings), S/N (I7) = 18.  
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Figure 3.29 – UHPSFC +ve ion APPI SQD MS RICCs of isocyanates in 1 mg/mL Suprasec® 5025C in 

DCM at 1.4 mL/min using Raptor PFP column 

Resolution of isocyanate RICCs was calculated at FWHM, RS = 1.4 (averaged across oligomers 

within two and seven aromatic rings), S/N (I7) = 19. The minimum peak resolution of 1.3 is 

accepted for qualitative analysis, although the value of 1.5 is required for quantitative analysis. 

The peak sharpness is reduced when larger particle size column is used (Raptor PFP). The peaks 

observed are less symmetrical, the last isocyanate oligomer within the acquired m/z range is not 

resolved. The average peak resolution is reduced by the value of 0.5 (cf. Acquity UPC2™ CSH 

Fuoro-Phenyl column).  

The first isocyanate oligomer is eluting 0.08 min earlier (m/z 250.1; tR = 0.47 min) cf. when the 

Acquity UPC2™ CSH Fuoro-Phenyl column is used, with subsequent oligomers eluting 0.75 min 

apart. Although the resolution of RICC of m/z 905.4 (corresponds to heptaisocyanate) is much 

reduced by the use of Raptor PFP, the S/N ratio is improved, the component peak is more 

resolved from the background.  

The system backpressure with Raptor PFP column was recorded at much lower values (160 bar cf. 

390 bar with Acquity UPC2™ CSH Fuoro-Phenyl column).  

 

3.2.1.2.1 Two core-shell particle columns in series 

Isocyanate peak resolution may be restored with an increased column length. Longer columns 

provide higher number of theoretical plates, therefore chromatographic resolution can be 
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improved. Due to low system backpressure advantage, two core-shell particle columns were 

connected in series (Figure 3.30). 

 

Figure 3.30 – Two-column connection in series 

Two Raptor PFP columns were used at a flow rate of 1.4 mL/min for comparison of RICCs selected 

for the m/z values that correspond to isocyanates within m/z 200-1200 (Figure 3.31). 

 

Figure 3.31 – UHPSFC +ve ion APPI SQD MS RICCs of isocyanates in 1 mg/mL Suprasec® 5025 C in 

DCM at 1.4 mL/min using 2 × Raptor PFP columns 

Resolution of isocyanate RICCs was calculated at FWHM, RS (I2-I7) = 1.4, RS (I2-I9) = 1.2. Two RS 

values are given for comparison with the previously discussed data, although the m/z range was 

increased to m/z 200-1200 at a scan rate of 0.2 s, resulting in lower count of points per peak, thus 

affecting the average resolution calculated. The most significant improvement achieved while 
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using the two core-shell Raptor PFP columns was the reduction of the background noise, the 

HMW isocyanate oligomers are detected at S/N (I7) = 150, S/N (I8) = 45, S/N (I9) = 12.  

Further experiments were undertaken using different core-shell particle column combinations, 

testing the component selectivity, detection and aiming for optimum resolution. The analysed 

sample was 1 mg/mL Suprasec® 5025 C (the letter denotes the age of the material supplied). The 

comparative m/z 200-1600 range was selected, 0.2 s scan rate. UHPSFC mobile phase modifier 

was introduced at a linear gradient of 2-40% within 2 min, 3 min acquisition. The co-solvent 

chosen for such experiments was ACN with a 10% addition of DCM (will be discussed in 

subsequent sections). Other parameters were set as stated in the experimental section. The 

optimum column order was chosen using a similar column scoring system as for the fully porous 

column screen discussed earlier (Table 3.4). Seven combinations were possible and the use of 

each is evaluated by the most and least suitable one scored 7 and 1, respectively.  

Table 3.4 – Two core-shell particle column order optimisation scores calculated 

Column SP 

order 

Components Totals 

Isocyanates Carbodiimides Ureas 

D RS 𝛼 

I → 

C 

𝛼 D RS 𝛼 

C → 

U 

𝛼 D RS 𝛼 

1st → 

2nd 

𝛼 

2 × PFP 5 6 1 4 2 3 4 7 3 1 1 6 43 

PFP and 

C18+ 

1 5 5 6 3 7 1 5 5 3 4 2 47 

C18+ and 

PFP 

4 2 3 5 4 1 2 4 2 2 3 7 39 

PFP and 

HILIC 

7 3 4 3 7 5 5 6 7 7 7 5 69 

HILIC and 

PFP 

3 7 2 2 1 4 6 2 1 6 5 3 42 

HILIC and 

C18+ 

2 4 7 7 5 6 3 3 6 5 2 4 54 

C18+ and 

HILIC 

6 1 6 1 6 2 7 1 4 4 6 1 45 
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The column order was evidently significant, using the same stationary phase core-shell particle 

columns but in the opposite connection order have altered the component detection, peak shape 

and resolution, separation within series and components, therefore were scored accordingly. The 

given scores are based on actual values of given deciding factors and discussed below.  

The overall column SP and order was the highest when Raptor PFP and CORTECS HILIC columns 

were used (Figure 3.32, Figure 3.33 and Figure 3.34), as the overall scores for isocyanates (17) and 

minor components were the highest (23 and 26 for Cs and Us, respectively). The least suitable 

column combinations were evaluated for when CORTECS C18+ column was used with either of 

the other two columns, therefore it was decided that this column will no longer be used in future 

chromatographic optimisation experiments. 

 

Figure 3.32 – UHPSFC +ve ion APPI SQD MS RICCs of isocyanates in 1 mg/mL Suprasec® 5025 C in 

DCM using Raptor PFP and CORTECS HILIC columns 
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Figure 3.33 – UHPSFC +ve ion APPI SQD MS RICCs of carbodiimides in 1 mg/mL Suprasec® 5025 C 

in DCM using Raptor PFP and CORTECS HILIC columns 

 

Figure 3.34 – UHPSFC +ve ion APPI SQD MS RICCs of ureas in 1 mg/mL Suprasec® 5025 C in DCM 

using Raptor PFP and CORTECS HILIC columns 

• Detection 

The component detection scores were based on resolved isocyanate oligomers or slightly 

resolved minor components, as the corresponding RICCs of the m/z values within the selected 

m/z range. The component detection was evaluated based on the S/N of nine aromatic ring 

containing isocyanate RICC peak. The HMW isocyanate oligomers containing ten or more aromatic 

rings were not successfully resolved/detected. The optimum column combination was the Raptor 

PFP and the CORTECS HILIC columns, as the S/N (I9) was recorded at 5. The least suitable column 
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combination was Raptor PFP and CORTECS C18+, the recorded S/N proved the I9 was not 

detected. Minor  component detection was based on the RICCs of m/z values that correspond to 

the radical cations of oligomers within series. Neither one of the column combinations used was 

suitable for the detection of more than eight aromatic ring containing oligomers (carbodiimides 

and ureas). The decision was made evaluating the resolution, as well as the background noise for 

C7 and U7. 

• Resolution 

The highest resolution was achieved for isocyanate components, as the peaks were symmetrical 

and RS values were calculated at FWHM. CORTECS HILIC and Raptor PFP columns connected in 

series was evaluated to be the optimum stationary phases and the column order of choice (RS = 

1.7). Two Raptor PFP columns connected in series provided isocyanate resolution of 1.7, although 

the peak widths at half height were less uniform, STDEV recorded at 0.0064, whereas the column 

order that was given the highest score resulted in peak widths at half height with STDEV of 

0.0060. The least suitable column combination that resulted in RS = 1.1 was CORTECS C18+ and 

CORTECS HILIC. Carbodiimide resolution was decided based on the peak shape of C4 and C5 as 

HMW oligomer RICC peaks were not completely resolved. The optimum and the least suitable 

column order was decided between the connection of Raptor PFP and CORTECS C18+. The 

optimum was when Raptor PFP was connected as the first column, the least suitable column 

order for carbodiimide resolution was when Raptor PFP was connected second. The urea 

resolution evaluation was even more of a challenge, as ureas are the least abundant components 

within samples cf. to isocyanates and carbodiimides, only the RICCs of U4 and U6 were slightly 

resolved. Raptor PFP and CORTECS HILIC were the optimum columns connected in such order and 

the two Raptor PFP columns in series have resulted in the broadest urea RICC peaks observed. 

• Separation from others 

Isocyanate separation from carbodiimides was calculated. The retention time difference (tR 

difference between the recorded peak top time) was calculated between I9 and C4. As no 

complete resolution was achieved with either column SP combination, the smallest retention time 

overlap was considered the optimum, as less carbodiimide oligomers would be observed co-

eluting with isocyanates. The optimum column choice was CORTECS HILIC and CORTECS C18+ (ΔtR 

= 0.05 min) and the highest degree of co-elution was observed with two Raptor PFP columns in 

series (ΔtR = 0.34 min). Carbodiimide separation from ureas was evaluated between C8 and U4 

similar to isocyanates. Interestingly, different column combinations have resulted in different 

component elution orders, i.e. when C4 and U4 retention times were compared, Raptor PFP and 

CORTECS C18+ connection has resulted in ureas eluting before carbodiimides. The optimum 

column combination was selected for the least overlapping component elution with 
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carbodiimides eluting first, thus connection of CORTECS C18+ and CORTECS HILIC columns was the 

most useful (ΔtR = 0.04 min). Urea separation from others was calculated between the 1st and 2nd 

poorly resolved RICC peaks of m/z that corresponds to a radical cation of U4. The optimum 

column order choice decided was Raptor PFP and CORTECS HILIC (ΔtR = 0.34 min), with two 

Raptor PFP columns being the least suitable (ΔtR = 0.18 min).  

• Separation within series 

The separation within series was calculated between two and nine aromatic ring containing 

isocyanate RICCs. The difference between the recorded peak top time was the highest when 

CORTECS HILIC and CORTECS C18+ were used (ΔtR = 0.93 min) and the shortest when the same 

columns were connected in reversed order (ΔtR = 0.75 min). Similarly, minor component retention 

was evaluated between C4 and C8, 1st RICC peak of U4 and U7, respectively. The highest degree of 

carbodiimide separation was achieved using two Raptor PFP columns in series  (ΔtR = 0.31 min). 

Urea RICC peaks were the furthest apart using CORTECS C18+ and Raptor PFP columns (ΔtR = 0.31 

min). 

 

3.2.1.2.2 Three core-shell particle columns in series 

When two core-shell particle columns were used the system backpressure was recorded at values 

below 300 bar, therefore showed that three-column connection might be possible. As mentioned 

earlier, the use CORTECS C18+ column was no longer investigated, although two Raptor PFP and 

CORTECS HILIC columns were connected in a varying column order.  

The chromatographic conditions were different to the UHPSFC conditions discussed in the 

previous sections, therefore not comparable. The column temperature was set to 70 oC cf. 40 oC 

used previously (will be discussed later in this chapter). The mobile phase modifier (Bottle B) used 

was ACN and DCM mixed at a ratio of 1:1, introduced at a linear gradient of 10-40% within 2 min, 

3 min acquisition. The selected m/z 200-1200 range was used (0.2 s scan rate), as no components 

were detected above m/z 1200 previously. The sample analysed was 1 mg/mL Colour pMDI. The 

selected chromatographic flow rate was kept constant at 1.4 mL/min.  

Previously used score system was applied, as 3 column combinations were used, the scores were 

given up to 3, the highest number meaning this combination was the optimum. 
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Table 3.5 – Three core-shell particle column optimisation scores calculated 

Column SP 

order 

Components Totals 

Isocyanates Carbodiimides Ureas 

D RS 𝛼 

I → 

C 

𝛼 D RS 𝛼 

C → 

U 

𝛼 D RS 𝛼 

1st → 

2nd 

𝛼 

2 × PFP and 

HILIC 

3 1 3 1 2 3 3 3 3 3 2 1 28 

PFP, HILIC 

and PFP 

2 2 2 3 3 2 1 2 2 2 3 3 27 

HILIC and 2 

× PFP 

1 3 1 2 1 1 2 1 1 1 1 2 17 

 

Overall column order scores are similar when two Raptor PFP columns were connected with the 

CORTECS HILIC column last (28) or when Raptor PFP, CORTECS HILIC and Raptor PFP were 

connected (27). Overall scores for carbodiimide series (11) are the highest when two Raptor PFP 

and CORTECS HILIC were connected in series (Figure 3.35). The use of Raptor PFP, CORTECS HILIC 

and Raptor PFP has resulted in the highest scores achieved for isocyanate (9) and urea series (10), 

therefore the two mentioned three-column combinations were used interchangeably.  
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Figure 3.35 – UHPSFC +ve ion APPI SQD MS RICCs of carbodiimides in 1 mg/mL Colour pMDI in 

DCM using 2×Raptor PFP and CORTECS HILIC columns 

• Detection 

Isocyanate detection was evaluated from the S/N ratio of the RICC peak selected for the m/z value 

(m/z 1167.3) that corresponds to the radical cation of a nine aromatic ring containing isocyanate. 

The use of 2×Raptor PFP and CORTECS HILIC columns resulted in S/N of 30 and I9 was not at all 

detected when CORTECS HILIC and 2×Raptor PFP columns were used. The unresolved RICC 

response for a nine aromatic ring containing carbodiimide was also compared to the background 

noise, resulting in S/N = 9 when Raptor PFP, CORTECS HILIC Raptor PFP columns were used (cf. 

S/N (C9) = 8 with 2×Raptor PFP and CORTECS HILIC columns). The urea RICCs were not of 

symmetrical peak shape, a trend was followed by each oligomer expected to elute ~0.1 min apart, 

therefore the expected signal was compared to the background noise, S/N (U9) = 6 when 

2×Raptor PFP and CORTECS HILIC columns were used.  

• Resolution 

RS values were calculated for RICC peaks of isocyanate oligomers, the values obtained with 

2×Raptor PFP and CORTECS HILIC columns (RS = 1.98 ± 0.40) were comparable with the resolution 

achieved with the fully porous particle Acquity UPC2™ CSH Fluoro-Phenyl column (RS = 1.90 ± 

0.37). RS = 2.09 ± 0.61 with Raptor PFP, CORTECS HILIC Raptor PFP columns; RS = 2.10 ± 0.65 with 

CORTECS HILIC and 2×Raptor PFP  columns. In general, all calculated RS values are within the 

STDEV error when either column is used (fully porous or core-shell particle columns in series; 

Figure 3.36), although the mobile phase modifier and column temperature were varied, therefore 

an accurate comparison cannot be made. The calculated uncertainty is considerably high due to 
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high resolution achieved for LMW oligomer RICCs and decreasing for later eluting HMW oligomer 

RICCs. 

 

Figure 3.36 – Isocyanate resolution compared with various columns and combinations used 

Although the isocyanate resolution was not significantly improved, the most important 

improvement of peak shapes was achieved for minor component resolution when three columns 

were connected in series. The sharpest RICC peaks that correspond to C4+●, C5+● and C6+● were 

achieved with 2×Raptor PFP and CORTECS HILIC columns. This column SP and order was also the 

optimum for RICC peak shape of the first three oligomers within urea series, (U4+●, U5+● and 

U6+●), as the HMW ureas are poorly resolved (Figure 3.37). 

 

Figure 3.37 – UHPSFC +ve ion APPI SQD MS RICCs of ureas in 1 mg/mL Colour pMDI in DCM using 

2×Raptor PFP and CORTECS HILIC columns 
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• Separation from others 

The highest degree of separation between different component series was evaluated by the 

smallest overlap between retention times of I9 and C4; C9 and U4; and separation of 1st and 2nd 

RICC peaks of m/z 474.2 that correspond to U4+●. The use of 2×Raptor PFP and CORTECS HILIC 

columns has resulted in the smallest overlap of isocyanates and carbodiimides (ΔtR (C4-I9)= 0.24 

min); carbodiimides and ureas (ΔtR (U4-C9) = 0.14 min). Urea separation from 1st and 2nd 

chromatographic peak for m/z 474.2 was the optimum when Raptor PFP, CORTECS HILIC and 

Raptor PFP columns were used (ΔtR = 0.44 min).  

• Separation within series 

Separation within component series was varied. The use of CORTECS HILIC and 2×Raptor PFP 

columns resulted in the most separated isocyanates (I2-I9; ΔtR = 1.01 min) and ureas (U4-U9; ΔtR 

of 1st RICCs = 0.33 min), although the least separated carbodiimides (C4-C9; ΔtR = 0.39 min). 

Carbodiimides were the most separated with 2×Raptor PFP and CORTECS HILIC columns (ΔtR = 

0.41 min). 

 

3.2.2 Sample solvents 

It was suspected that the use of a different aprotic solvent has an effect on component solubility 

and possibly the reaction equilibria of minor components within oligomeric MDI. 

The 1 mg/mL Suprasec 5025 C was diluted in toluene, DCM, ACN and THF; analysed using the 

Acquity UPC2™ CSH Fluoro-Phenyl column. The mobile phase flow rate was 1.4 mL/min and the 

modifier was ACN (2-40%), introduced at a linear gradient within 2 min, 3 min acquisition. The 

selected m/z 200-1000 range was used, 0.2 s scan rate. The BPICCs are shown for comparison, the 

vertical axes are linked (Figure 3.38). 
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Figure 3.38 – UHPSFC +ve ion APPI SQD MS BPICCs of 1 mg/mL Suprasec® 5025 C in various 

sample solvents used (vertical axes linked) 

The resolved three first isocyanate oligomers within series are compared of m/z 250.1, 381.1 and 

512.1 eluting at retention times of 0.56 min, 0.72 min, 0.95 min, respectively. The peak shapes of 

components are comparable with toluene, DCM and ACN as sample solvents. Although reduced 

peak intensity and a sharper chromatographic peak of m/z 250.1 are observed when THF is used. 

An accurate comparison cannot be made using qualitative analysis methods, therefore five 

repeats of each sample solvent were acquired, leading to a quantitative sample analysis approach. 

The resulting BPICCs were integrated for the peaks of interest and a numerical comparison is 

made (Figure 3.39).  
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Figure 3.39 – A chart of peak area comparison of sample solvents used for three isocyanate 

oligomers 

THF was concluded to be the least suitable solvent for the discussed isocyanate components. This 

is probably due to low sample component solubility in such solvent, which was further evident 

when the stock solutions prepared have come out of solution overtime. The calculated peak areas 

of the diisocyanate were comparable when toluene, DCM and ACN were used. The triisocyanate 

and tetraisocyanate peak areas were the highest when DCM was used, it was therefore decided 

that DCM is the solvent of choice to dissolve polymeric MDI components. This is also the solvent 

used in industrial quality control analysis methods.  

 

3.2.3 Mobile phase 

The initially used ACN as the UHPSFC mobile phase modifier was tested. The use of different co-

solvents is also known to affect the chromatographic resolution92. DCM was chosen as the sample 

solvent, therefore mobile phase modifier was tested with additions of DCM to ACN.  

Additional mobile phase co-solvents were investigated, such as acetone and THF, although proved 

unsuccessful and therefore not discussed. Mobile phase introduction gradient was varied, 

changing from linear to exponential and over a various period of time, as well as acquisition 

length (3, 5, 10 and 15 min). The component separation may have been improved, although 

longer times resulted in poor minor component peak shapes, therefore not investigated further.  
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3.2.3.1 Mobile phase modifiers 

The mobile phase co-solvents were investigated. It was established that an addition of DCM was 

required. The concentration of DCM in ACN was varied and 1 mg/mL Colour pMDI sample was 

analysed using two core-shell particle columns, Raptor PFP and CORTECS HILIC. The 

chromatographic flow rate was kept constant at 1.4 mL/min, bottle B contents were introduced 

linearly at 0-40% within 2 min, 3 min acquisition. The investigated m/z 200-1600 range was used, 

0.2 s scan rate.  

10% DCM addition to ACN (Figure 3.40) was compared to 100% DCM (Figure 3.41) at 40 oC column 

temperature. RICCs that correspond to m/z values of radical cations within isocyanate series were 

selected for up to ten aromatic ring containing components.  

 

Figure 3.40 – UHPSFC +ve ion APPI SQD MS RICCs of isocyanates in 1 mg/mL Colour pMDI. B: ACN 

and 10% DCM  
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Figure 3.41 – UHPSFC +ve ion APPI SQD MS RICCs of isocyanates in 1 mg/mL Colour pMDI. B: 

100% DCM 

Isocyanate elution was less linear, LMW isocyanate components (I2-I5) were more separated from 

each other, although HMW isocyanates (I6-I10) were eluting in a similar pattern when 100% DCM 

was used. The overall separation within isocyanate series has improved by 0.5 min (I2-I10; ΔtR = 

1.37 min cf. ΔtR = 0.87 min). 100% DCM as the mobile phase modifier also resulted in the 

improved detection of HMW isocyanates: S/N (I10) = 7; S/N (I9) = 8; S/N (I8) = 13 cf. when only 

10% of DCM was added to ACN (S/N (I10) = 6; S/N (I9) = 7; S/N (I8) = 10). Isocyanate resolution 

calculated with 10% DCM addition to ACN (RS = 1.79 ± 0.53) was improved by the use of 100% 

DCM (RS = 3.05 ± 1.47). This was also true for the peak shape observed of RICCs of m/z values that 

correspond to radical cations of carbodiimide series; the broad peaks obtained with 10% DCM 

were narrower with the use of 100% DCM. DCM is less polar than ACN, resulting in a later elution 

of all sample components, most significantly ureas. No response was observed for RICCs of m/z 

values that correspond to radical cations of urea series, suggesting ureas did not elute from 

columns as DCM is too apolar and not a co-solvent of choice when it is used on its own.  

The mobile phase modifier composition was changed to ACN and DCM mixed at a ratio of 1:1. The 

sample component solubility was improved by DCM and the analyte affinity to the mobile phase 

was increased by the introduction of the most polar aprotic solvent, ACN. The resolution, i.e. peak 

sharpness, of ureas was improved cf. 10% DCM addition to ACN. This was therefore the mobile 

phase modifier composition used thereafter.  

The initial mobile phase modifier concentration previously discussed was set to 0%, i.e. 100% 

scCO2 was infused at the start of acquisition. The initial bottle B concentration was tested at 5 and 
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10%, resulting in an earlier elution of diisocyanate and triisocyanate observed in the 

corresponding BPICCs (Figure 3.42). The bottle B initial concentration was tested with the 

optimum three core-shell particle columns used (2×Raptor PFP and CORTECS HILIC).  

 

Figure 3.42 – UHPSFC +ve ion APPI SQD MS BPICCs of 1 mg/mL Colour pMDI using different bottle 

B starting concentrations: 10% top and 5% bottom 

Isocyanates are background resolved in either case, the elution from columns was accelerated by 

the higher concentration of bottle B used at injection (tR (I2) = 1.26 min at 5%; tR (I2) = 1.08 min at 

10%), although the separation of I2 and I3 is reduced (ΔtR = 0.34 min at 5%; ΔtR = 0.23 min at 

10%). The overall isocyanate separation within series (I2-I10) has not changed significantly, 

although separation within carbodiimide series (observed by peak tops of RICCs that correspond 

to the m/z values of the radical cations of carbodiimides; C4-C8) was improved by ΔtR = 0.14 min 

(data not shown). This was also true for urea series (observed by peak tops of RICCs that 

correspond to the m/z values of the radical cations of ureas; U4-U8) by ΔtR = 0.05 min (data not 

shown). It was therefore concluded that the final chromatographic conditions were set with the 

optimum mobile phase modifier introduced linearly at 10-40% of ACN:DCM (1:1) within 2 min, 3 

min acquisition.  

 

3.2.3.2 CO2 density 

Isocyanate functional groups contain an electrophilic carbon atom, thus isocyanates are reactive 
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small addition (1%) of a mobile phase additive, such as ammonium acetate. To avoid side 

reactions of such protic media with MDI within the chromatographic systems, aprotic solvents 

were chosen. Previous section discusses the optimum found: ACN:DCM (1:1) without an addition 

of any mobile phase additives. Another way separation efficiency can be improved is by changing 

the mobile phase density, thus the density of scCO2. This can be achieved by either changing the 

ABPR pressure, or the column temperature.  

The ABPR was initially set to 150 bar, it was tested at 100 bar and 200 bar. No significant change 

was observed, the resolution or separation were not improved drastically in either case, although 

a significant improvement was noticed when the column temperature was increased. Initial 

column temperature was set to 40 oC and increased to 70 oC, isocyanate RICCs are shown (Figure 

3.43 and Figure 3.44, respectively). The two core-shell particle columns used were Raptor PFP and 

CORTECS HILIC, the bottle B composition was 10% DCM in ACN.  

 

Figure 3.43 – UHPSFC +ve ion APPI SQD MS RICCs of isocyanates in 1 mg/mL Colour pMDI at 40 oC 

column temperature 

C1 Raptor PFP + CORTECS HILIC B3 ACN+10 % DCM

Time
0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 2.10 2.20 2.30 2.40 2.50 2.60 2.70 2.80 2.90

%

0

100

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 2.10 2.20 2.30 2.40 2.50 2.60 2.70 2.80 2.90

%

0

100

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 2.10 2.20 2.30 2.40 2.50 2.60 2.70 2.80 2.90

%

0

100

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 2.10 2.20 2.30 2.40 2.50 2.60 2.70 2.80 2.90

%

0

100

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 2.10 2.20 2.30 2.40 2.50 2.60 2.70 2.80 2.90

%

0

100

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 2.10 2.20 2.30 2.40 2.50 2.60 2.70 2.80 2.90

%

0

100

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 2.10 2.20 2.30 2.40 2.50 2.60 2.70 2.80 2.90

%

0

100

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 2.10 2.20 2.30 2.40 2.50 2.60 2.70 2.80 2.90

%

0

100

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00 2.10 2.20 2.30 2.40 2.50 2.60 2.70 2.80 2.90

%

0

100

25_2019_02_26_Colour pMDI_ 1 mg_mL in DCM_004 Sm (Mn, 2x2) 2: Scan APPI+ 
1298

1.13e41.98

25_2019_02_26_Colour pMDI_ 1 mg_mL in DCM_004 Sm (Mn, 2x2) 2: Scan APPI+ 
1167

1.81e41.93

25_2019_02_26_Colour pMDI_ 1 mg_mL in DCM_004 Sm (Mn, 2x2) 2: Scan APPI+ 
1036

7.83e41.86

25_2019_02_26_Colour pMDI_ 1 mg_mL in DCM_004 Sm (Mn, 2x2) 2: Scan APPI+ 
905

4.36e51.78

25_2019_02_26_Colour pMDI_ 1 mg_mL in DCM_004 Sm (Mn, 2x2) 2: Scan APPI+ 
774

1.49e61.69

25_2019_02_26_Colour pMDI_ 1 mg_mL in DCM_004 Sm (Mn, 2x2) 2: Scan APPI+ 
643

8.40e61.58

25_2019_02_26_Colour pMDI_ 1 mg_mL in DCM_004 Sm (Mn, 2x2) 2: Scan APPI+ 
512

2.14e71.46

25_2019_02_26_Colour pMDI_ 1 mg_mL in DCM_004 Sm (Mn, 2x2) 2: Scan APPI+ 
381

6.50e71.33

25_2019_02_26_Colour pMDI_ 1 mg_mL in DCM_004 Sm (Mn, 2x2) 2: Scan APPI+ 
250

3.62e71.11

I7 

I6 

I5 

I4 

I3 

I2 

I8 

I9 

I10 



Chapter 3 

134 

 

Figure 3.44 – UHPSFC +ve ion APPI SQD MS RICCs of isocyanates in 1 mg/mL Colour pMDI at 70 oC 

column temperature 

The peak shapes of isocyanates and minor components were improved. The separation within 

series was increased, with a delay in retention times, thus the column temperature was kept at 70 

oC. Higher column temperatures were not explored as this temperature was close to the 

operating column temperature limit and would shorten the column lifetime. 

The final, optimum UHPSFC conditions achieved were used in further work, discussed in later  

chapters and are listed in Table 3.6.  

Table 3.6 – The final UHPSFC conditions achieved 

Parameter Final setting 

Core-shell particle stationary phases and 

column order 

2×Raptor PFP and CORTECS HILIC 

Column temperature 70 oC 

ABPR pressure 150 bar 

Mobile phase flow rate 1.4 mL/min 

Mobile phase concentration 10-40% 

Mobile phase gradient Linear within 2 min, 3 min acquisition 

Mobile phase modifier ACN:DCM (1:1) 
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Chapter 4 Results and Discussion. Methanol-treated 

MDI 

This chapter is based on the discussion of derivatised oligomeric MDI sample analysis. The 

isocyanate group reactivity towards alcohols was used to an advantage and were converted to the 

corresponding carbamates, i.e. urethanes (Figure 4.1). 

 

Figure 4.1 – 4,4’-MDI and methanol reaction to form an isocyanate carbamante/urethane  

 

4.1 Current MDI analysis methods 

Currently, most MDI analysis methods using chromatography and MS are focused on isocyanate 

group conversion. Oligomeric MDI is thermally liable and involatile, making it difficult or nearly 

impossible to analyse samples using GC. Hexane and pentane used in NP-HPLC are not suitable 

solvents for MDI oligomer solvation. RP-HPLC uses protic solvents with additions of water and 

acidic/basic buffers that would readily react with isocyanates. Many analytical approaches use di-

n-butylamine (DBA), butanol, polyols, glycols and phenol-blocked isocyanate characterisation 

methods137, 139, 154-160. Derivatised MDI may be analysed using RP-HPLC methods, therefore 

methanol was used to dilute toluene dissolved oligomeric MDI samples, analysed by UHPSFC-MS 

and if proved successful, the methods may be transferable to UHPLC. 
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4.2 Problem with methanol-killed MDI from columns 

Another reason why methanol-treated MDI approach was applied is because when older, fully 

porous particle columns were used, this resulted in additional chromatographic peaks observed in 

BPICCs (Figure 4.2), the extracted MS data (Figure 4.3) suggested that these peaks corresponded 

to methanol-killed isocyanate components, referred to as carbamates in this project. The data 

shown is acquired using Acquity UPC2™ CSH Fluoro-Phenyl column, at 1.5 mL/min flow rate, using 

ACN as the mobile phase modifier at 2-40% within 2 min, 3 min acquisition. The sample analysed 

was 10 mg/mL Suprasec® 5025 A dissolved in toluene. The data was acquired using UHPSFC 

positive ion APPI SQD MS, following a long period of time of flushing the system with ACN (needle 

washes, seal washes, bottle B, make-up solvent and tubes) to avoid methanol contamination from 

previous instrument users. 

 

 

Figure 4.2 – UHPSFC +ve ion APPI SQD MS BPICC of 10 mg/mL Suprasec® 5025 A 

C2 CSH Fluoro-phenyl  B3 ACN
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Figure 4.3 – UHPSFC +ve ion APPI SQD MS peaks at 1.15 min (bottom) and 1.25 min (top) of 10 

mg/mL Suprasec® 5025 A 

High intensity chromatographic peaks observed from BPICC at tR = 1.15 min and tR = 1.25 min 

show  m/z 282.2 and m/z 413.3 ions as the base peaks, therefore additional components present 

in samples are suspected. These ions correspond to an addition of 32.1 m/z units to 

corresponding isocyanate oligomers (I2 and I3, respectively), which is a suspected oligomer and 

methanol adduct. The retention times of these mentioned ions are different from the 

corresponding ions of non-treated isocyanate oligomers (tR = 1.25 (m/z 250.1) and tR = 1.25 min 

(m/z 381.2)), therefore these species are eluting as post-reaction products within columns or 

present in the initially prepared samples.  

The most significant disadvantage of traces of methanol is that the converted isocyanate 

oligomers are no longer represented accurately (more than one type of ion is observed for a 

component of interest) and may not be quantified later in the project. The later eluting 

carbamates are also interfering with HMW isocyanate oligomers, such as I6 and I7 (m/z 774.4 and 

m/z 905.4, respectively), this affects MS detector sensitivity and adds complexity to the data 

analysed.  

To force one type of ions, it was decided that methanol would be used. This way all isocyanate 

groups would be converted to carbamates and analysed quantitatively in high accuracy. 

Furthermore, the origins of methanol traces were investigated further and evaluated.  
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4.3 Methanol-treated MDI experiments 

The oligomeric MDI sample, Suprasec® 2085, was dissolved in toluene and further diluted in 

methanol at concentrations of 0.5-50 µg/mL, depending on the instrument use and type of 

experiments undertaken. The methanol and MDI reaction is expected to occur instantaneously 

leading to a carbamate with all isocyanate groups converted to urethanes (Figure 4.4).  

 

Figure 4.4 – A schematic of methanol (shown in blue) addition to an MDI molecule 

 

4.3.1 Direct infusion 

The sample was analysed using direct infusion methods to distinguish the types of ions formed. 

This was achieved using two instruments: SQD MS and FT-ICR MS. The oligomeric MDI sample was 

analysed by positive ion APPI and positive ion ESI techniques. Positive ion APPI was also applied 

for non-methanol-treated MDI samples and a comparison was made. Positive ion ESI was used to 

analyse the polar species formed, i.e. urethanes. 

 

4.3.1.1 SQD MS 

50 µg/mL Suprasec® 2085 was analysed using SQD MS, the MS settings are listed in Table 4.1. m/z 

200-1000 was used for both ionisation techniques.  
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Table 4.1 – The SQD MS settings 

SQD-MS +ve ion APPI +ve ion ESI 

Flow rate 10 µL/min 10 µL/min 

Repeller (APPI)/Capillary (ESI) voltage 1.25 kV 3.5 kV 

Cone voltage 30 V 20 V 

Desolvation gas temp 650 oC 500 oC 

Desolvation gas flow 600 L/h 650 L/h 

Cone gas flow 20 L/h 50 L/h 

 

The molecular weights of isocyanate oligomers fully converted to carbamates within the working 

m/z range are given in Table 4.2. 

Table 4.2 – Molecular weights of fully converted isocyanate oligomers 

Aromatic Rings Isocyanate (I) molecular weight (g/mol) Carbamate (Cm) 

molecular weight (g/mol) 

2 250.0 314.1 

3 381.1 477.2 

4 512.1 640.2 

5 643.2 803.3 

6 774.2 966.3 

 

The positive ion APPI SQD MS is shown (Figure 4.5). 
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Figure 4.5 – +ve ion APPI SQD MS of 50 µg/mL Suprasec® 2085 in toluene:methanol zoomed 

above m/z 700 by a factor of 100 

The number of aromatic rings in isocyanate series also reflects the numbers of isocyanate groups, 

e.g. I6 contains six isocyanate groups available for conversion to carbamate groups. The 

carbamates are referred as completely converted isocyanates, therefore I6 should be observed at 

m/z 966.3. Two aromatic ring containing isocyanate is observed as the fully converted carbamate 

(Cm2) radical cation as the base peak at m/z 314.2. A lower intensity converted I3 (Cm3) is 

observed at m/z 477.3 and Cm4 is observed at m/z 640.3, although HMW isocyanate series as 

converted carbamates are not observed. Many partially converted isocyanate oligomers are 

present and the ions are listed in Table 4.3.  

Table 4.3 – Ions observed by +ve ion APPI SQD MS as radical cations of corresponding isocyanate 

oligomers. X represents species not observed 

Aromatic 

Rings 

Isocyanates 

with 1×MeOH 

Isocyanates 

with 2×MeOH 

Isocyanates 

with 3×MeOH 

Isocyanates 

with 4×MeOH 

Isocyanates 

with 5×MeOH 

m/z m/z m/z m/z m/z 

2 282.1 314.1 (Cm2) - - - 

3 413.2 445.2 477.3 (Cm3) - - 

4 544.2 576.2 608.3 640.3 (Cm4) - 

5 675.3 707.2 739.4 X X 

6 X 806.5 X X X 
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The positive ion APPI SQD MS data suggests that isocyanate oligomers are also observed as non-

converted isocyanate radical cations. Other observed ions at m/z 826.4 and m/z 989.4 are 

suspected MS dimers of m/z 512.2 and m/z 314.1; m/z 512.2 and m/z 477.3, respectively; or 

sodiated molecules of five and six aromatic ring carbamates, which is much less likely by APPI. 

These ions are therefore considered as unknowns and will be explained later using the accurate 

mass measurements. The inconsistency of partial isocyanate group conversion to urethanes is 

apparent and no prediction can be made prior to acquiring data and attempting quantitative 

analysis. 

The same sample was analysed using positive ion ESI SQD MS for comparison (Figure 4.6). 

 

Figure 4.6 – +ve ion ESI SQD MS of 50 µg/mL Suprasec® 2085 in toluene:methanol 

The data suggests that only fully converted isocyanate oligomers (carbamates) are detected. The 

carbamate ions are observed as protonated molecules or sodiated molecules ([M + Na]+); lower 

intensity ammoniated carbamates ([M + NH4]+) are also present (Table 4.4).  
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Table 4.4 – Ions observed by +ve ion ESI SQD MS of corresponding carbamate oligomers. X 

represents species not observed 

Aromatic Rings Protonated carbamates Sodiated carbamates Ammoniated carbamates 

m/z m/z m/z 

2 315.3 337.3 X 

3 478.4 500.3 495.4 

4 X 663.4 658.4 

5 X 826.5 821.5 

6 X 989.6 984.7 

 

Three type of ions are formed for each carbamate oligomer. The highest intensity ions are of 

sodiated carbamates, although other adducts are also prominent. This adds to the complexity 

avoided to be able to quantify the relative abundances of components within polymeric MDI. 

Furthermore, no ions are observed that correspond to derivatised minor components within 

oligomeric MDI (by either API technique). Some ions link to the chromatographic peaks observed 

by the use of UHPSFC positive ion APPI SQD MS, strengthening the knowledge that traces of 

methanol lead to isocyanate group conversion reactions. The unknowns observed are further 

investigated using the high sensitivity and resolution FT-ICR MS. 

 

4.3.1.2 Accurate mass measurements – FT-ICR MS 

The m/z values observed using SQD MS were investigated using FT-ICR MS. The 50 µg/mL 

Suprasec® 2085 sample was too concentrated and resulted in the base peak ion (m/z 314.259) 

intensity observed at ×1011. This sample was therefore diluted subsequently until a desired ion 

intensity of ×108 was achieved, 0.5 µg/mL Suprasec® 2085 sample was therefore analysed using 

positive ion APPI (Figure 4.7). The m/z 150-1200 range was used and the other settings are listed 

in Table 4.5. 
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Table 4.5 – FT-ICR MS settings used 

FT-ICR MS 

Flow rate 3 µL/min 

Capillary -2 kV 

Drying gas temp 180 oC 

Drying gas flow 4 L/min 

Nebuliser flow rate 2 bar 

APCI temp (APPI only) 370 oC 

 

 

Figure 4.7 – +ve ion APPI FT-ICR MS of 0.5 µg/mL Suprasec® 2085 in toluene:methanol 

The ions observed are similar to the ions detected by SQD MS. The accurate mass data was 

externally calibrated by applying calibration from an internally calibrated non-modified oligomeric 

MDI data file. The file used for calibration was an acquisition of 10 µg/mL Suprasec® 2085 sample 

diluted in toluene only and the data was acquired using the same settings as above. The obtained 
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high mass accuracy data and applied calibration allowed a confident interpretation of the 

unknown ions. The base peak at m/z 314.1259 was selected for a SmartFomula application using 

Bruker Compass DataAnalysis software. Only two molecular formulae were obtained within a 5 

ppm error: C17H18N2O4 within 0.5 ppm and C18H14N6 within 4.8 ppm. The latter formula suggests 

there are no oxygen atoms present, therefore can be eliminated. The ion at m/z 314.1259 is 

therefore a radical cation of C17H18N2O4, which corresponds to a two aromatic ring containing 

isocyanate that was fully converted to a carbamate (Cm2) using methanol. The other most 

abundant ions observed in the MS are listed in Table 4.6. 

Table 4.6 – The observed radical cations and the corresponding species listed 

Experimental m/z 

value 

Molecular 

composition 

Exact mass m/z ppm error Proposed radical cation 

species 

250.0737 C15H10N2O2 250.0737 0.1 I2 

282.0998 C16H14N2O3 282.0999 0.5 I2 with 1×MeOH 

314.1259 C17H18N2O4 314.1261 0.5 I2 with 2×MeOH (Cm2) 

413.1371 C24H19N3O4 413.1370 0.3 I3 with 1×MeOH 

445.1625 C25H23N3O5 445.1632 1.7 I3 with 2×MeOH 

477.1891 C26H27N3O6 477.1894 0.6 I3 with 3×MeOH (Cm3) 

544.1739 C32H24N4O5 544.1741 0.4 I4 with 1×MeOH 

576.2004 C33H28N4O6 576.2003 0.1 I4 with 2×MeOH 

608.2272 C34H32N4O7 608.2266 1.0 I4 with 3×MeOH 

 

This data suggests that not only the isocyanates were not fully converted to carbamates, some 

radical cations of isocyanates and only up to four aromatic ring containing partially converted 

isocyanates are detected, and no minor components are observed.  

The 0.5 µg/mL Suprasec® 2085 sample was analysed using positive ion ESI, although a 

concentration of 50 µg/mL was required (Figure 4.8).  



Chapter 4 

147 

 

Figure 4.8 – +ve ion ESI FT-ICR MS of 50 µg/mL Suprasec® 2085 in toluene:methanol 

 

The species observed are similar to the ions observed by SQD MS. The same calibration was 

applied as used previously and the most abundant ions were investigated using SmartFormula. 

The proposed components are listed in Table 4.7. 
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Table 4.7 – The observed ions and the corresponding species listed 

Experimental m/z 

value 

Molecular 

composition 

Exact mass m/z ppm error Proposed species 

337.1157 C17H18N2O4Na 337.1159 0.6 [Cm2 + Na]+ 

435.1136 unknown    

500.1784 C26H27N3O6Na 500.1792 1.6 [Cm3 + Na]+ 

598.1761 unknown    

651.2417 C34H36N4O8Na 651.2425 1.2 [Cm2 + Cm2 + Na]+ 

663.2398 C35H36N4O8Na 663.2425 1.5 [Cm4 + Na]+ 

761.2396 unknown    

814.3054 C43H45N5O10Na 814.3059 0.6 [Cm2 + Cm3 + Na]+ 

826.2988 C44H45N5O10Na 826.3059 2.2 [Cm5 + Na]+ 

977.3679 C52H54N6O12Na 977.3692 1.3 [Cm3 + Cm3 + Na]+ 

1140.4255 C61H63N7O14Na 1140.4325 6.1 [Cm3 + Cm4 + Na]+ 

 

Sodiated carbamate molecules are observed, no ammoniation or protonation occurs. The base 

peak of m/z 500.1784 corresponds to a sodiated three aromatic ring containing fully converted 

isocyanate (Cm3). A pattern of 163.0633 m/z unit increments is observed from m/z 651.2417 to 

m/z 1140.4255, which corresponds to sodiated carbamate MS dimers formed in the ESI source. 

The ion at m/z 651.2417 corresponds to two Cm2 molecules held by a sodium ion ([Cm2 + Cm2 + 

Na]+; m/z 337.1157 and m/z 500.1784). As the m/z value increases, mass accuracy decreases, 

more possible structures may lead to such ion to be observed in the MS, therefore the ppm error 

is high (m/z 1140.4255 at 6.1 ppm error). Additional ions (m/z 435.1136, m/z 598.1761 and m/z 

761.2396) have been observed at increments of 163.0633 m/z units, which corresponds to a 

repeat unit of –C9H9NO2 (methanol-treated aromatic ring addition within isocyanate series), 

although the chemical formulae obtained did not match with any known structures within 

sample.  
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4.3.1.2.1 Deuterium exchange experiments 

A further investigation was carried out to find the nature of traces of methanol observed from 

oligomeric MDI components eluting from columns. Although highly unlikely, it was plausible that 

the supplied Suprasec® samples already contained methanol. This can be answered by a 

deuterium exchange experiment. A deuterated methanol (d4-methanol) was used, where all 

hydrogen atoms are replaced by a heavier isotope of hydrogen, i.e. deuterium. In case of traces of 

methanol within the supplied samples, i.e. the carbamates were already formed prior to analysis, 

the two exchangeable hydrogen atoms within the Cm2 molecule would be replaced by deuterium 

atoms, leading to an ion observed at 2 m/z unit shift in the MS (Figure 4.9).  

 

Figure 4.9 – Cm2 molecule with two exchangeable hydrogen atoms replaced by deuterium atoms 

In the case of oligomeric MDI sample not containing traces of methanol within, the reaction with 

MDI and deuterated methanol would result in a complete conversion to a carbamate that would 

be observed as an ion shifted by 8 m/z units (Figure 4.10). 

 

Figure 4.10 – Cm2 molecule formed from a reaction with deuterated methanol 

1 µg/mL Suprasec® 2085 sample was dissolved in toluene and diluted in deuterated methanol, the 

experiments were undertaken using positive ion ESI FT-ICR MS (Figure 4.11). The m/z 120-1000 

range was used and the file was calibrated using the data file mentioned earlier.  
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Figure 4.11 – +ve ion ESI FT-ICR MS of 1 µg/mL Suprasec® 2085 in toluene:d4-methanol 

The base peak is observed at m/z 345.1660, which corresponds to [Cm2 + Na]+ that contains 8 

deuterium atoms. The data suggest that the d4-methanol has completely reacted with the free 

isocyanate groups, resulting in carbamate links that only contain deuterons, e.g. addition of two 

d4-methanol molecules onto the di-isocyanate culminates in the molecular weight of 322.1769 

g/mol cf. methanol-treated diisocyanate of 314.13057 g/mol. A pattern of increments of 167.0877 

m/z units is also observed at m/z 512.2537 and m/z 679.3423. The two aromatic ring containing 

isocyanate with one addition of d4-methanol is observed at m/z 309.2036 ([I2 + d4-methanol + 

Na]+); a trend of increments of 167.0877 m/z units is observed (m/z 476.2033, m/z 643.2910 and 

m/z 810.3803), i.e. a triisocyanate with an addition of 2×d4-methanol at m/z 476.2033 ([I3 + 2×d4-

methanol + Na]+). The data suggest isocyanate oligomers are not completely converted to the 

corresponding deuterated carbamates and the sodiated molecules of isocyanate and d4-methanol 

adducts containing up to five aromatic rings are observed. The resulting carbamates of 

deuterated methanol and isocyanates are also detected as MS dimers at m/z 667.3426 ([Cm2 + 

Cm2 + Na]+) and m/z 834.4312 ([Cm2 + Cm3 + Na]+), although at very low intensity.  

The Suprasec® samples provided do not contain traces of methanol. The “methanol-killed” 

oligomeric MDI chromatographic peaks observed (from UHPSFC) are resulting from the adsorbed 
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methanol (from previous users) on the stationary phase within columns. The solution to this 

problem is the use of dedicated UHPSFC system that contains no protic solvents and a dedicated 

new column.  

 

4.3.1.3 UHPSFC MS 

To achieve chromatographic separation and to distinguish between the species observed, i.e. if 

positional isomers of isocyanates can be separated, UHPSFC was used. Chromatographic 

separation experiments were undertaken using 50 µg/mL Suprasec® 2085 sample. A quick column 

screening experiment was undertaken and the previously used column that did not provide any 

sample peaks for non-methanol-treated samples, Acquity UPC2™ Torus DIOL (1.7 µm, 3 × 100 

mm), was chosen.  

1.5 mL/min mobile phase flow rate was used. The modifier solvent was methanol (10-40 % 

gradient within 2 min, 3 min acquisition) and the ISM solvent used was methanol and 25 µM 

ammonium acetate solution (Figure 4.12). The m/z 120-1000 range was applied, 0.2 s scan rate. 

 

Figure 4.12 – UHPSFC +ve ion ESI SQD MS BPICC of 50 µg/mL Suprasec® 2085 in 1:1 

toluene:methanol 

The chromatographically separated methanol-treated oligomeric MDI components are detected 

as three types of ions for each corresponding carbamate, e.g. two aromatic ring containing 

carbamate is observed as a protonated, sodiated and ammoniated molecule in the MS. To add to 

such complexity, more than one chromatographic peak is observed for a specific ion. The 
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retention times and the most intense MS peaks of specific m/z values are summarised in Table 

4.8. 

Table 4.8 – The ions listed observed from BPICC 

Retention time (min) Ions observed (m/z) 
In order of decreasing 
intensity 

Proposed component 

0.79 315.4 
337.4 
283.4 

[Cm2 + H]+ 
[Cm2 + Na]+ 

[I2 + MeOH + H]+ 

0.87 350.4 
355.3 

Unknown 
Unknown 

1.02 337.4 
315.4 
283.4 

[Cm2 + Na]+ 

[Cm2 + H]+ 

[I2 + MeOH + Na]+ 

1.20 478.4 
500.4 
446.3 
414.3 

[Cm3 + H]+ 

[Cm3 + Na]+ 

[I3 + 2×MeOH + H]+ 

[I3 + MeOH + H]+ 

1.27 337.4 
332.4 
315.4 

[Cm2 + Na]+ 

[Cm2 + NH4]+ 

[Cm2 + H]+ 

1.41 500.3 
478.4 
446.4 

[Cm3 + Na]+ 

[Cm3 + H]+ 

[I3 + 2×MeOH + H]+ 

1.57 500.4 
478.4 
446.4 

[Cm3 + Na]+ 

[Cm3 + H]+ 

[I3 + 2×MeOH + H]+ 

1.64 641.4 
663.4 
609.3 

[Cm4 + H]+ 

[Cm4 + Na]+ 

[I4 + 3×MeOH + H]+ 

1.78 663.4 
641.4 
609.4 

[Cm4 + Na]+ 

[Cm4 + H]+ 

[I4 + 3×MeOH + H]+ 

1.91 658.4 
663.4 
804.5 
826.5 

[Cm4 + NH4]+ 

[Cm4 + Na]+ 

[Cm5 + H]+ 

[Cm5 + Na]+ 

 

There are many more ions present, more species eluting at later retention times, although much 

more complex. The data suggests that positional isomers may be separated chromatographically 

(Figure 4.13). 

 



Chapter 4 

153 

 

Figure 4.13 – UHPSFC +ve ion ESI SQD MS RICCs of m/z 315.4 (bottom); m/z 332.4 (middle); m/z 

337.4 (top) in 50 µg/mL Suprasec® 2085 in 1:1 toluene:methanol 

This work was preliminary and optimisation using various make-up solvents is required to force 

one type of ionisation. Sodiation is preferred, therefore a solvent, such as sodium formate in 

methanol, should be used. The plausible isomer separation is observed in size order, i.e. the two 

aromatic ring isocyanate carbamates may be separated in order of 2,2’-, 2,4’- and 4,4’-MDI that 

have reacted with methanol (full conversion). This may be explained using quantitative analysis 

methods, the peak areas of integrated RICCs were summed for all three types of ions formed at 

the corresponding retention times (Table 4.9).  

Table 4.9 – Peak areas of the corresponding RICCs 

Peak areas Retention time 

0.79 min 1.02 min 1.27 min 

m/z 337.4 260694 1057689 2244857 

m/z 332.4 1098 33890 1286990 

m/z 315.4 255897 947452 544886 

Totals 5.18E+05 2.04E+06 4.08E+06 

Proposed isomer 2,2’-MDI 2,4’-MDI 4,4’-MDI 

7.8% 30.7% 61.5% 
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The total sum of peak areas corresponds to the amount of isomers present at tR = 0.79 min, 1.02 

min and 1.27 min. The most abundant MDI isomer is known to be 4,4’-MDI, the total peak areas 

of three types of ions at tR=1.27 min is the highest, therefore the elution of 4,4’-MDI carbamate 

may be assumed (61.5% of all peak areas summed up). The next most abundant MDI isomer is 

2,4’-MDI (tR = 1.02 min), which corresponds to 30.7% of the total isomer peak area and only a 

minor 2,2’-MDI isomer is known to be present within Suprasec® 2085, which corresponds to 7.8% 

of 2,2’-MDI carbamate (tR = 0.79 min). 

The disadvantage of added complexity, not fully converted isocyanates and no observation of 

minor components within oligomeric MDI has led to conclusions of a non-modified MDI analysis 

approach, using aprotic solvents. Further methanol-treated MDI method improvement (UHPSFC 

modifiers and additives) to force one type of ions and to allow sufficient time for full carbamate 

conversion reaction might lead to an accurate quantitative analysis method of MDI isomers, 

possibly isocyanate oligomers followed by the identification of triisocyanate, tetraisocyanate etc. 

 

4.4 Methanol traces eliminated 

The evidence that the samples do not contain “methanol-killed” isocyanates and traces of 

methanol within UHPSFC systems must originate from methanol adducts onto column stationary 

phase or poor system priming with ACN from previous users has resulted in the use of a new 

Acquity UPC2™ CSH Fluoro-Phenyl column (Figure 4.14). 1 mg/mL Colour pMDI sample was 

analysed. 

 

Figure 4.14 – UHPSFC +ve ion APPI SQD MS BPICC of 1 mg/mL Colour pMDI 
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The use of a new column and a thorough UHPSFC system purge has resulted in no additional 

chromatographic peaks that correspond to methanol-killed MDI components. The oligomeric MDI 

component complexity may be reduced by the use of aprotic solvents, hereby 10% DCM in ACN 

and toluene as the make-up solvent in UHPSFC positive ion APPI SQD MS. The observed MS peaks 

correspond to radical cations or protonated molecules of non-modified isocyanate and minor 

component oligomers.  
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Chapter 5 Results and Discussion. Components 

This chapter discusses the various components that are present within oligomeric MDI samples: 

the major components, isocyanates, and minor components that are formed as a result from the 

phosgene and oligomeric MDA reaction and/or upon sample ageing. The minor sample 

component series are carbodiimides, ureas, uretonimines and biurets. As isocyanate groups are 

readily reactive with themselves, traces of other components, such as dimers, trimers and 

carbodiimide trimers, may be present. Isocyanates can also react readily with moisture in the 

atmosphere so additional ureas can eventually be found even in carefully stored samples. 

High purity oligomeric MDI samples contain mostly isocyanate oligomers, diisocyanate being the 

most prominent. The amount of minor components affects the material viscosity, colour, 

functionality and the application. The sample component series are discussed in detail. 

The isocyanate oligomers are analysed by direct infusion methods using single quadrupole and FT-

ICR mass spectrometers and chromatographic separation using UHPSFC. This chapter also 

discusses how isocyanates and minor components were used to obtain accurate mass data by 

using the m/z values of radical cations of component series for internal and external data 

calibration using FT-ICR MS. The use of accurate mass data allows component identification by 

obtaining the molecular formulae. To better understand the isocyanate oligomer fragmentation, 

FT-ICR MS/MS was also used.  

Minor component identification was achieved using a uretonimine-modified monomeric MDI 

sample (Suprasec® 2020) as well as oligomeric MDI samples, by varying the sample solvents and 

APPI dopants. Uretonimines and carbodiimides are discussed to distinguish which components or 

if both are present in the oligomeric MDI samples by direct infusion using FT-ICR MS. Tandem MS 

data, as well as molecular composition obtained allowed identification of fragment ions, linked to 

possible chemical structures. The use of chromatography (UHPSFC) coupled to APPI or ESI MS 

helped to better understand which species are present, confirming in-source fragmentation (APPI) 

post photoionisation of uretonimines.  

Model compounds were used to identify if ureas and/or biurets are detected. The purchased 

compound separation and the use of two ionisation techniques were linked to the ureas and 

biurets in Suprasec® samples. Accurate mass and tandem MS data were acquired using FT-ICR MS, 

the elemental composition was linked to possible fragment ions. Multiple chromatographic peaks 

(RICCs) observed for m/z 474.2 (radical cation of a 4 aromatic ring containing urea) were 

confirmed to be fragment ions of biurets as well as later eluting urea series, evident from data 

acquired using UHPSFC coupled to TWIMS. 
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Some unknown ions were observed and briefly discussed later in the chapter, although these 

minor components are not the focus of this study.  

 

5.1 Isocyanates 

The major components detected within oligomeric MDI samples were used to optimise the MS 

and chromatographic conditions in UHPSFC. Isocyanate oligomers are observed by direct infusion 

methods by positive ion APPI MS, as well as baseline separated using UHPSFC. At first, direct 

infusion results are discussed by a unit mass analyser (SQD), the elemental composition is 

obtained using accurate mass FT-ICR MS. Following confident isocyanate component 

identification, tandem MS data was acquired using CID of oligomers in the collision cell of the FT-

ICR MS instrument.  

 

5.1.1 Direct infusion 

The quick direct infusion methods were applied to investigate the oligomeric MDI composition. 

Positive ion APPI is the ionisation technique of choice and toluene is required as a dopant for the 

efficient formation of radical cations. This section discusses the ions observed using SQD and FT-

ICR mass analysers.  

 

5.1.1.1 SQD MS 

The 50 µg/mL Colour pMDI sample was analysed between m/z 200-1600. This sample contains 

isocyanate oligomers with much of the diisocyanate removed through solvent extraction steps. 

The sample was first dissolved in DCM (1 mg/mL) and diluted by a factor of 20 using toluene, 

which also acted as a dopant for radical cation formation in positive ion APPI (Figure 5.1). 
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Figure 5.1 – +ve ion APPI SQD MS of 50 µg/mL Colour pMDI at 20 µL/min 

Isocyanate oligomers are observed as the corresponding radical cations with increments of 131.0 

m/z units. The base peak observed is at m/z 250.0 (radical cation of the diisocyanate). As the m/z 

increases, the MS response is much reduced due to the low concentration of HMW oligomers 

present in the sample. The direct infusion methods using SQD MS allow detection of up to ten 

aromatic ring containing isocyanates (Figure 5.2). 

 

Figure 5.2 – +ve ion APPI SQD MS of 50 µg/mL Colour pMDI at 20 µL/min (m/z 1000-1600 shown) 

The ion at m/z 1298.5 corresponds to a radical cation of ten aromatic ring containing isocyanate, 

the ions at m/z 1429.5 and m/z 1560.5 (I11 and I12, respectively) are not detected. The known 

isocyanate oligomer masses may be used for the corresponding radical cation detection using 

m/z
200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550

%

0

100

DL APPI POS C PMDI IN TOLUENE 2 2 (0.007) Scan APPI+ 
1.07e7

250.0

381.1

512.1

456.1

419.3

643.2

718.2

m/z
1000 1020 1040 1060 1080 1100 1120 1140 1160 1180 1200 1220 1240 1260 1280 1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500 1520 1540 1560 1580 1600

%

0

100

DL APPI POS C PMDI IN TOLUENE 2 2 (0.007) Scan APPI+ 
6.16e3

1036.5

1111.6

1088.5

1055.3
1168.3

1219.5

1294.6

1259.9

1277.7

1437.0

1375.5

1398.4
1558.11497.5



Chapter 5 

160 

accurate mass instrument and these ions may be used to internally calibrate the masses of 

detected ions within the working mass range. 

 

5.1.1.2 FT-ICR MS 

The same 50 µg/mL Colour pMDI sample was analysed using positive ion APPI FT-ICR MS within 

the mass range of m/z 120-1600 (Figure 5.3). The data acquired was of the higher resolution 

parameter selected (2 TD), the number of 32 acquired scans was averaged.  

 

Figure 5.3 – +ve ion APPI FT-ICR MS of 50 µg/mL Colour pMDI at 3 µL/min 

The MS shown also contains ions present that correspond to m/z of radical cations of minor 

component oligomers, although only the m/z that correspond to radical cations of isocyanate 

oligomers are annotated. Due to the use of a different APPI source (Bruker cf. Waters used in SQD 

MS), possible variable source configuration, vaporisation temperature (370 oC) and flow rate, the 

base peak is observed at m/z 512.1474 that corresponds to a radical cation of the tetraisocyanate. 

Up to ten aromatic ring containing isocyanate oligomers are observed, that are detected above 

the S/N threshold.  
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5.1.1.2.1 Internal calibration 

The known isocyanate masses were used for data calibration using FT-ICR MS. The internal 

calibration was applied prior to sample acquisition for FT-ICR MS instrument calibration using the 

reference m/z values that correspond to radical cations of oligomeric MDI sample components 

and the same reference file was used to internally calibrate the measured m/z values to improve 

the mass accuracy of ions analysed. 

At first, the ions within the selected m/z 120-1600 range were used to calibrate the known masses 

of isocyanates up to ten aromatic rings (Table 5.1).  

Table 5.1 – Internal mass calibration using m/z values that correspond to radical cations of 

isocyanates within ten aromatic rings 

 

The high ppm error (STDEV of 24.458 recorded) obtained from m/z values that correspond to 

radical cations of HMW isocyanate oligomers resulted in the removal of nine and ten aromatic 

ring containing isocyanates from the applied quadratic calibration curve (Table 5.2).  

Component Reference ion mass Measured ion mass ppm error 

I2 m/z 250.0737 m/z 250.0737 0.02 ppm 

I3 m/z 381.1108 m/z 381.1109 0.54 ppm 

I4 m/z 512.1479 m/z 512.1474 0.96 ppm 

I5 m/z 643.1850 m/z 643.1849 0.96 ppm 

I6 m/z 774.2221 m/z 774.2230 0.55 ppm 

I7 m/z 905.2592 m/z 905.2581 3.88 ppm 

I8 m/z 1036.2964 m/z 1036.2975 2.47 ppm 

I9 m/z 1167.3335 m/z 1167.3853 44.37 ppm 

I10 m/z 1298.3706 m/z 1298.3224 37.15 ppm 
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Table 5.2 – Internal mass calibration using m/z values that correspond to radical cations of 

isocyanates within eight aromatic rings 

 

The quadratic curve accuracy was altered (STDEV of 1.111 recorded) and the mass accuracy of 

LMW isocyanates was improved. The quadratic fit method is applied as it can compensate for 

non-linear MS response signal to component concentration achieved (reduced amount of HMW 

oligomers) and more data points are used for calibration (cf. linear calibration). All isocyanate 

oligomers are detected within a ppm error of 2 ppm that is used for the investigation of unknown 

MS peaks. The minor components detected by positive ion APPI FT-ICR MS were additionally used 

to improve the mass accuracy of elemental composition obtained using SmartFormula for the 

unknowns. The internal mass calibration applied was used for m/z values of radical cations 

corresponding to isocyanate, carbodiimide and urea oligomers and were accepted within a 2 ppm 

error (Table 5.3). 

 

  

Component Reference ion mass Measured ion mass ppm error 

I2 m/z 250.0737 m/z 250.0737 0.04 ppm 

I3 m/z 381.1108 m/z 381.1109 0.38 ppm 

I4 m/z 512.1479 m/z 512.1474 0.70 ppm 

I5 m/z 643.1850 m/z 643.1849 0.06 ppm 

I6 m/z 774.2221 m/z 774.2230 1.09 ppm 

I7 m/z 905.2592 m/z 905.2581 1.43 ppm 

I8 m/z 1036.2964 m/z 1036.2975 0.82 ppm 

I9 m/z 1167.3335 - - 

I10 m/z 1298.3706 - - 
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Table 5.3 – Internal mass calibration using m/z values that correspond to radical cations of 

oligomeric MDI components 

Component Reference ion mass Measured ion mass ppm error 

I2 m/z 250.0737 m/z 250.0737 0.00(1) ppm 

I3 m/z 381.1108 m/z 381.1109 0.19 ppm 

I4 m/z 512.1479 m/z 512.1474 0.90 ppm 

I5 m/z 643.1850 m/z 643.1849 0.19 ppm 

I6 m/z 774.2221 m/z 774.2230 1.07 ppm 

I7 m/z 905.2592 m/z 905.2581 1.31 ppm 

I8 m/z 1036.2964 m/z 1036.2975 1.10 ppm 

I9 m/z 1167.3335 - - 

I10 m/z 1298.3706 - - 

C4 m/z 456.1581 m/z 456.1579 0.34 ppm 

C5 m/z 587.1952 m/z 587.1953 0.15 ppm 

C6 m/z 718.2323 m/z 718.2322 0.09 ppm 

C7 m/z 849.2694 m/z 849.2700 0.66 ppm 

C8 m/z 980.3065 m/z 980.3071 0.55 ppm 

C9 m/z 1111.3436 m/z 1111.3426 0.99 ppm 

C10 m/z 1242.3802 - - 

U4 m/z 474.1686 m/z 474.1687 0.22 ppm 

U5 m/z 605.2058 m/z 605.2063 0.94 ppm 

U6 m/z 736.2439 m/z 736.2439 0.08 ppm 

U7 m/z 867.2800 m/z 867.2789 1.20 ppm 

U8 m/z 998.3171 - - 

U9 m/z 1129.3542 - - 

U10 m/z 1260.3913 - - 
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The internal mass calibration was obtained using 17 data points (STDEV of 0.822 recorded) and 

the m/z values of unknown ions were calibrated within the mass range of m/z 250.0737-

1111.3436. Data acquisition was of varied number of averaged scans and the mass range, 

therefore internal calibration was obtained using an oligomeric MDI sample with the settings set 

the same.  

 

5.1.1.2.2 Fragmentation 

Isocyanate oligomers contain additions of aromatic rings, -NCO and -CH2- groups onto the MDI 

structure (Figure 5.4) of 131.0371 m/z units (-C8H5NO). MDI contains 4,4’-, 2,4’- and 2,2’- isomers 

and the isocyanate oligomers may contain many more possible positional isomers. To further 

strengthen the knowledge and evidence to assigned structures, isocyanate oligomers were 

fragmented using CID in the collision cell of the FT-ICR MS (C-CID). The m/z of selected ions (m/z 

range) were focused into the mass-selective quadrupole, the precursor ions are isolated within a 

window of 5 m/z units. The ions are then passed into the collision cell, filled with argon that is 

used as the collision gas, where C-CID fragmentation occurs. 

 

Figure 5.4 – Structures of the first three MDI oligomers: diisocyanate (top left), triisocyanate 

(bottom left), tetraisocyanate (right) 

The m/z 381.1108 (triisocyanate) was first isolated and CID of 10 V was applied to fragment the 

ion within a 10 µg/mL Suprasec® 2085 sample dissolved in DCM but diluted in toluene (Figure 

5.5).  
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Figure 5.5 – +ve ion APPI FT-ICR MS/MS of m/z 381.1107 at CID of 10 V in 10 µg/mL Suprasec® 

2085 

The precursor ion at m/z 381.1107 corresponds to a radical cation of C23H15N3O3 within 0.2 ppm 

error and the product ion at m/z 249.0660 is an even electron containing C15H9N2O2 within 0.4 

ppm error. The chemical formula of the product ion corresponds to a fragment ion formed from 

the neutral loss of 131.0371 m/z units from the triisocyanate radical cation.  

Similarly, the ion at m/z 512.1479 (a radical cation of the tetraisocyanate) was isolated and 

fragmented using CID of 20 V (Figure 5.6). 
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Figure 5.6 – +ve ion APPI FT-ICR MS/MS of m/z 512.1469 at CID of 20 V in 10 µg/mL Suprasec® 

2085 

A higher CID voltage (20 V) was applied to obtain higher abundance and intensity of product ions 

formed. Two major product ions formed at m/z 380. 1029 and m/z 249.0660 that correspond to a 

neutral loss of 131.0371 and 263.0820 m/z units. The chemical formulae obtained suggest that 

the neutral loss of an aromatic ring (and an isocyanate group; Figure 5.7) within isocyanate 

oligomer occurs subsequently. 
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Figure 5.7 – A possible m/z 512.1469 fragmentation mechanism by a loss of an aromatic ring, 

forming a fragment ion at m/z 380.1029 

The product ions and the chemical formulae obtained are listed in Table 5.4. 

Table 5.4 – The ions observed in +ve ion APPI FT-ICR MS/MS of m/z 512.1479 at CID of 20 V 

Ion Species Neutral loss Loss of Chemical formula of 

the product ion 

ppm error 

m/z 512.1469 M+● - - C31H20N4O4 1.9 ppm 

m/z 484.1523 F+● 28 m/z units -CO C30H20N4O3 1.4 ppm 

m/z 393.1105 F+● 119 m/z units -C7H5NO C24H15N3O3 0.7 ppm 

m/z 380.1029 F+ 132 m/z units -C8H6NO C23H14N3O3 0.1 ppm 

m/z 365.1157 F+● 147 m/z units -C8H5NO2 C23H15N3O2 0.0 ppm 

m/z 351.1128 F+ 161 m/z units -C8H5N2O2 C23H15N2O2 0.0 ppm 

m/z 263.0816 F+ 249 m/z units -C15H9N2O2 C16H11N2O2 0.4 ppm 

m/z 249.0660 F+ 263 m/z units -C16H11N2O2 C15H9N2O2 0.4 ppm 

 

5.1.2 UHPSFC positive ion APPI SQD MS 

The optimum isocyanate separation, detection and peak resolution was achieved using three 

core-shell particle Raptor PFP+CORTECS HILIC+Raptor PFP columns in series. The sample analysed 

was 1 mg/mL Colour pMDI dissolved in DCM. The UHPSFC flow rate was set to 1.4 mL/min, the 

mobile phase modifier used was ACN: DCM (1:1) introduced at a linear gradient of 10-40% within 
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2 min, 3 min acquisition. The column temperature was set to 70 oC. The mass range was set to 

m/z 200-1200, 0.2 s scan rate. As previously, positive ion APPI is the ionisation technique of choice 

for nonpolar isocyanate detection, using 0.45 mL/min of toluene as the make-up solvent. 

Isocyanate oligomers within nine aromatic rings were detected and the RICCs of m/z values 

corresponding to radical cations of isocyanate series are shown overlaid and the vertical axes are 

linked (Figure 5.8).  

 

Figure 5.8 – UHPSFC +ve ion APPI SQD MS RICCs of isocyanates in 1 mg/mL Colour pMDI (overlaid, 

vertical axes linked) 

The RICCs shown correspond to the amount of an isocyanate oligomer present by peak intensity 

and peak area that will later be used to quantify the relative amounts of isocyanates present. The 

most abundant isocyanate oligomer in Colour pMDI sample (tR = 1.29 min) is the triisocyanate, 

which is known, as much of the diisocyanate is removed through the solvent extraction steps. The 

data suggests that isocyanates eluting later than 1.85 min are of minor abundance, as these are 

not observed in the overlaid RICCs when vertical axes are linked. RICCs of isocyanate oligomers 

are therefore shown unlinked with the nine aromatic ring containing isocyanate eluting at tR = 

2.15 min (Figure 5.9). 
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Figure 5.9 – UHPSFC +ve ion APPI SQD MS RICCs of isocyanates in 1 mg/mL Colour pMDI 

The MS extracted at each corresponding retention time of isocyanate oligomers is observed as a 

pattern of increasing 131.1 m/z units (Figure 5.10).  

 

Figure 5.10 – UHPSFC +ve ion APPI SQD MS at corresponding retention times in 1 mg/mL Colour 

pMDI 

The isocyanates containing seven and more aromatic rings (m/z 905.2, m/z 1036.2 and m/z 

1167.3, respectively) are co-eluting with ions at m/z 587.2 and m/z 718.1, which correspond to a 

five and six aromatic ring carbodiimide oligomers. It was proved unsuccessful to separate 

isocyanates from carbodiimide series completely using the applied stationary phases, therefore 

the MS peak intensity observed for the HMW isocyanates is supressed by the ions corresponding 
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to carbodiimides. The MS is also shown overlaid and the vertical axes are linked (Figure 5.11), this 

way it is clearly observed that the m/z value that corresponds to the radical cation of the 

triisocyanate is of the highest intensity (base peak). The ion at m/z 1167.3 (I9+●) is of very low 

abundance, therefore not observed. 

 

Figure 5.11 – UHPSFC +ve ion APPI SQD MS at corresponding tR in 1 mg/mL Colour pMDI (overlaid, 

vertical axes linked) 

 

5.2 Carbodiimides and uretonimines 

When positive ion APPI is used, the second most abundant ions that are observed correspond to 

the m/z values as radical cations of carbodiimides. Carbodiimides are side products formed upon 

irreversible MDI dimerisation reaction, which then can further form a reversible reaction product, 

uretonimine, with a readily available MDI upon ageing or heating (Figure 5.12). The relative 

amount of carbodiimide in oligomeric MDI affects the final polyurethane material flexibility and 

durability161. The uretonimines formed are in equilibrium with an isocyanate and a secondary 

isocyanate reaction product, carbodiimide. The latter are initially formed at high temperatures 

(above 105 oC)25, 38 and the tertiary isocyanate reaction products, uretonimines, tend to form 

upon sample cooling and ageing42.  
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Figure 5.12 – Uretonimine formation through carbodiimide and isocyanate reaction 

It has been reported that upon sample ageing, the carbodiimides fully react with isocyanates and 

only the uretonimine product is detected (Figure 5.13). GPC-UV characterisation method of 

polymeric MDI is normally used in industry (no chromatographic conditions were given), the red 

circles correspond to the carbodiimide peaks that are not observed in the aged sample. The 

carbodiimide has equilibrated into an uretonimine57. 

 

Figure 5.13 – GPC-UV analysis of aged and fresh oligomeric MDI dissolved in DCM  

The chromatographic UHPSFC methods were applied to analyse carbodiimide and uretonimine 

oligomers to better understand which species or if both can be detected using positive ion APPI 

and ESI SQD MS techniques.  
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5.2.1 Direct infusion 

The ions of m/z values that correspond to radical cations of carbodiimides are observed as the 

second most intense series within DCM/toluene dissolved oligomeric MDI samples (when positive 

ion APPI is used).  

Positive ion APPI and ESI methods were studied, the data shown is of non-modified MDI with 

aprotic solvents used, therefore the use of positive ion ESI was challenging to ionise nonpolar MDI 

components. The data acquired using direct infusion methods  by positive ion APPI MS is 

discussed, as no ions were observed by ESI.  

 

5.2.1.1 SQD MS 

The 50 µg/mL Colour pMDI sample analysis using direct infusion positive ion SQD MS is shown in 

Figure 5.1 and Figure 5.2. The same data file is shown normalised to the ion intensity of the m/z 

value corresponding to a radical cation of the monomer of the carbodiimide at m/z 456.1, which is 

known to be the most abundant component within series in oligomeric MDI samples (Figure 

5.14).  

 

Figure 5.14 – +ve ion APPI SQD MS of 50 µg/mL Colour pMDI at 20 µL/min (m/z 450-1200 shown; 

normalised to m/z 456.1) 

The carbodiimide series are observed at increments of 131.1 m/z units (m/z 456.1, m/z 587.2, m/z 

718.2, m/z 849.3, and m/z 980.4).  
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Uretonimines are not observed by direct infusion using positive ion APPI SQD MS. The trimer 

components are of very low abundance; therefore, detection is limited.  

 

5.2.1.2 FT-ICR MS 

Similarly, as in Figure 5.3, the 50 µg/mL Colour pMDI sample data file is shown using positive ion 

APPI FT-ICR MS, with the MS peaks annotated only to the m/z values that correspond to the 

radical cations of carbodiimide series (Figure 5.15). 

 

Figure 5.15 – +ve ion APPI FT-ICR MS of 50 µg/mL Colour pMDI at 3 µL/min 

The oligomeric MDI sample was dissolved in toluene, therefore the carbodiimide series were 

observed as radical cations when analysed by positive ion APPI. As discussed previously, it was 

possible to force protonation of carbodiimide series, using acetone as an APPI dopant. The 

uretonimines were not observed as corresponding radical cations. When acetone was used to 

dilute the stock samples prepared in DCM, protonation was observed for carbodiimides and low 

intensity uretonimines. The investigation of which component or if both were observed using 
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positive ion APPI was carried out using Suprasec® 2020 sample, which contains pure MDI and 

uretonimine-modified MDI.  

At first, the analysed 10 µg/mL Suprasec® 2020 sample was dissolved in toluene (Figure 5.16). 

 

Figure 5.16 – +ve ion APPI FT-ICR MS of 20 µg/mL Suprasec® 2020 in toluene at 3 µL/min (m/z 

150-1000 shown) 

The ions detected correspond to radical cations of MDI (m/z 250.0737; 0.0 ppm), carbodiimide 

monomer (m/z 456.1583; 0.5 ppm), urea monomer (m/z 474.1684; 0.5 ppm), and two unknowns 

at m/z 662.2216 and m/z 956.2150 (will be discussed later). The ion corresponding to a 

uretonimine is not detected. The sample was therefore dissolved in acetone at a higher 

concentration of 100 ug/mL (Figure 5.17). 
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Figure 5.17 – +ve ion APPI FT-ICR MS of 100 µg/mL Suprasec® 2020 in acetone at 3 µL/min (m/z 

150-1000 shown) 

The base peak ion intensity is measured at ×109, suggesting ion overpopulation and possible space 

charge effects, therefore the mass accuracy is low and the unknown peaks, at m/z 431.1880, m/z 

489.1904, m/z 663.2518, m/z 681.2618, m/z 957.3236, were not investigated and the known ions 

were detected at high ppm errors. The peak at m/z 250.0737 that corresponds to a radical cation 

of diisocyanate is not detected, as it was established that isocyanates do not protonate and the 

signal is suppressed when anisole or acetone are used (MS optimisation section, Chapter 3). The 

carbodiimide and urea monomers are observed as protonated molecules at m/z 457.1679 (4.3 

ppm), m/z 475.1775 (2.1 ppm), respectively. The uretonimine is now detected and observed as a 

protonated molecule at m/z 707.2444 (4.0 ppm), it is of very low abundance, and therefore the 

high concentration of the sample was required for analysis. 

Detection of carbodiimide and uretonimine as protonated molecules in acetone as the sample 

diluent allowed the ion isolation and CID fragmentation using FT-ICR MS. The ion at m/z 457.1679 

was isolated and the CID voltage of 20 V was applied (Figure 5.18).  
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Figure 5.18 – +ve ion APPI FT-ICR MS/MS of m/z 457.1679 at CID of 20 V in 100 µg/mL Suprasec® 

2020 in acetone 

The resulting fragment ion at m/z 223.0859 was found to be an even electron species with the 

molecular formula of C14H11N2O (3.1 ppm), which corresponds to the neutral loss of 234 m/z units. 

The product ion is proposed to contain two aromatic rings linked by a methylene group, an 

isocyanate group and the cleaved carbodiimide link (Figure 5.19). The fragmentation pathway is 

discussed in more detail later. 

 

Figure 5.19 – A proposed structure for the product ion at m/z 223.0859 
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carbodiimide is observed. The data suggests that the equilibrium reaction between carbodiimide 

and MDI reaction to form a uretonimine is readily reversible. When using positive ion APPI, it is 

suggested that the uretonimine readily fragments into carbodiimide, which might be the reason 

why no or very little intensity ions corresponding to uretonimines are observed.  

An increase in CID voltage to 30 V results in additional fragment ions detected, although the base 

peak ion remains at m/z 457.1679 (Figure 5.21).  

 

Figure 5.20 – A structure of uretonimine monomer with the exact mass of 706.2329 g/mol 
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Figure 5.21 – +ve ion APPI FT-ICR MS/MS of m/z 707.2430 at CID of 30 V in 100 µg/mL Suprasec® 

2020 in acetone 

The additional product ions observed are listed in Table 5.5. 

Table 5.5 – The ions observed in +ve ion APPI FT-ICR MS/MS of m/z 707.2430 at CID of 30 V 

Ion Species Neutral loss Loss of Chemical formula of 

the product ion 

ppm error 

m/z 223.0859 [F + H]+ 484 m/z units -C30H20N4O4 C14H11N2O 3.1 ppm 

m/z 457.1679 [F + H]+ 250 m/z units -C15H10N2O2 C29H21N4O2 4.4 ppm 

m/z 483.1455 [F + H]+ 224 m/z  units -C14H12N2O C30H19N4O3 0.6 ppm 

m/z 574.1875 [F + H]+ 133 m/z units -C8H7NO C36H24N5O3 0.3 ppm 

m/z 707.2430 [M + H]+ - - C44H31N6O4 4.0 ppm 
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As well as the product ion of m/z 457.1679 (Figure 5.18) at m/z 223.0859 (Figure 5.19), the same 

ion is observed at a higher CID voltage of product ion at m/z 707.2430. The fragmentation 

pathway is proposed, although the mechanism is not fully understood (Figure 5.22). This is 

additional evidence that the aged Suprasec® samples may only contain the uretonimine 

components, which are observed as fragment ions, referred to as carbodiimides. 

 

Figure 5.22 – A proposed fragmentation pathway of m/z 707.2430  
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5.2.2 UHPSFC SQD MS 

The chromatographic conditions (mentioned in the experimental section) were applied using two 

ionisation techniques (positive ion APPI and ESI). The make-up solvent used was either toluene or 

ACN for APPI or ESI, respectively. Three core-shell particle columns (Raptor PFP, CORTECS HILIC 

and Raptor PFP) were connected in series, the UHPSFC settings are stated in the experimental 

section.  

The DCM dissolved 1 mg/mL Colour pMDI sample was first analysed by positive ion APPI at a mass 

range of m/z 200-1200, 0.2 s scan rate. The RICCs of m/z values that correspond to radical cations 

of carbodiimides are shown (Figure 5.23). 

 

Figure 5.23 – UHPSFC +ve ion APPI SQD MS RICCs of carbodiimides in 1 mg/mL Colour pMDI 

Carbodiimide component resolution was not achieved as sharp symmetrical peaks, e.g. RICC of 

m/z 456.1 (C4+●) is observed as three possible chromatographic peaks, suggesting poor resolution 

of component or the signal is recorded as the fragment ions of HMW oligomers or uretonimines 

are detected. Carbodiimides are minor components within oligomeric MDI samples cf. 

isocyanates, therefore MS settings were altered to only record the SIRs for the m/z values that 

correspond to the radical cations of three first carbodiimide oligomers (Figure 5.24). 
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Figure 5.24 – UHPSFC +ve ion APPI SQD MS SIRs of carbodiimides in 1 mg/mL Colour pMDI 

The data was acquired at different times, the retention times are not the same as the recorded 

RICC peak tops due to data recording and data smoothing using Masslynx software. Multiple 

sharp chromatographic peaks are observed for m/z 456.1, although HMW carbodiimide peak 

resolution is poor. It is clearly distinguishable that the second chromatographic peak for m/z 

456.1 at tR = 1.98 min is at the exact time as m/z 587.2. The shoulder of SIR of m/z 587.2 is also at 

the same tR as the SIR of m/z 718.2. This data suggest that m/z 456.1 is also recorded as a 

fragment of m/z 587.2; SIR of m/z 587.2 is recorded as a fragment ion of m/z 718.2. Similarly, the 

SIR data was acquired for m/z values that correspond to the three protonated uretonimine 

oligomers, as they were not observed as radical cations previously (Figure 5.25).  
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The uretonimine and carbodiimide response was recorded at the same retention times. Previous 

column screening experiments also proved that these species co-elute using positive ion APPI MS 

detection method. Chromatographically, that is highly unlikely, especially knowing that 

compounds containing similar number of  aromatic rings elute at similar retention times, i.e. I7 co-

elutes with Ut6, I8 co-elutes with Ut7. The uretonimines are also detected at much lower intensity 

cf. carbodiimides. Since uretonimines were only observed as protonated molecules, it was 

suggested that the same chromatographic conditions could be applied using positive ion ESI and 

using ACN as the make-up solvent. The SIR data of m/z values that correspond to protonated 

carbodiimides (Figure 5.26) and protonated uretonimines (Figure 5.27) were acquired. 

 

Figure 5.26 – UHPSFC +ve ion ESI SQD MS SIRs of protonated carbodiimides in 1 mg/mL Colour 

pMDI 
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Figure 5.27 – UHPSFC +ve ion ESI SQD MS SIRs of protonated uretonimines in 1 mg/mL Colour 

pMDI 

Protonated carbodiimides are detected at different tR to protonated uretonimines, although the 

tR of the protonated uretonimines match the tR observed by positive ion APPI. The components 

are also detected as resolved, single chromatographic SIR peaks. This data suggests that the 

carbodiimides detected as radical cations by positive ion APPI are, in fact, fragment ions of 

uretonimines observed by positive ion APPI MS. The ion intensity at tR = 1.64 min, 1.83 min and 

1.95 min that corresponds to protonated carbodiimides is relatively low cf. protonated 

uretonimines (tR = 1.90 min, 1.97 min and 2.07 min).  

Previously analysed and optimised conditions for carbodiimides by positive ion APPI MS methods 

are, in fact, the fragment ions of uretonimines. Carbodiimides as the oligomeric MDI sample 

components required further investigation, as these species may only be observed by positive ion 

ESI MS. In addition, no adequate direct infusion positive ion ESI MS method has been developed, 

suggesting uretonimines may only be observed by chromatographic separation achieved using 

UHPSFC MS.  
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5.3 Ureas and biurets 

Ureas are minor components within oligomeric MDI formed upon isocyanate reaction with traces 

of unreacted MDA starting material (Figure 1.17).  

 

Figure 5.28 – Urea formation reaction 

At high temperature ureas may undergo further reactions with isocyanates and oligomeric MDI 

material treating leads to a biuret ( 

Figure 5.29). The reaction is reversible and may be catalysed in the case of other products to 

achieve stable biurets32. 

 

Figure 5.29 – Biuret formation through urea and isocyanate reaction 

Biuret detection was more of a challenge, the m/z values that corresponded to radical cations of 

ureas were observed by positive ion APPI MS and the separation methods applied by UHPSFC 

were resulting in the same retention times observed by higher intensity ureas cf. biurets.  

This section is focused onto the investigation which or if both component series are present 

within oligomeric MDI samples. 

 

5.3.1 Model compounds 

To better understand the urea and biuret relationship it was decided that model compounds 

would be used. It was impossible to isolate or purchase ureas and biurets within oligomeric MDI, 

therefore the urea and biuret homologues were selected that do not contain isocyanate groups. 

The internal standards were used to distinguish which species or if both are present in the 
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prepared samples; as well as if the retention times observed under the same chromatographic 

conditions would be similar to the tR of oligomeric MDI components (elution order due to 

polarity). Furthermore, in-source fragmentation of biuret ions in oligomeric MDI observed 

(positive ion APPI) is further linked to the fragmentation observed by the model compound ions.  

The component investigation was carried out using purchased surrogate molecules: 4-

benzylaniline (Figure 5.30) and 1-benzyl-4-isocyanatobenzene (Figure 5.31).  

 

Figure 5.30 – The structure of diphenyl urea 

 

Figure 5.31 – The structure of 1-benzyl-4-isocyanatobenzene 

The compounds were dissolved in toluene, analysed separately and mixed at molar ratios of 1:1 

and 1:2 (amine:monoisocyanate) by direct infusion and chromatographic UHPSFC methods using 

positive ion APPI and ESI. Isocyanate groups are readily reactive with amines; therefore, it was 

suspected that the uncatalysed reaction between such compounds would result in four aromatic 

ring containing urea (1,3-bis(4-benzylphenyl)urea; Figure 5.32); or a six aromatic ring containing 

biuret (1,3-bis(4-benzylphenyl)-1-((4-benzylphenyl)carbamoyl)urea; Figure 5.33) if more 

isocyanate is present.  

 

Figure 5.32 – The structure of four aromatic ring containing model urea 
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Figure 5.33 – The structure of six aromatic ring containing model biuret 

The chromatographic UHPSFC separation methods were applied for the analysis of a six aromatic 

ring containing biuret (6AR biuret) product. Two core-shell particle columns (Raptor PFP and 

CORTECS HILIC) were connected in series. The chromatographic flow rate was set to 1.4 mL/min, 

using ACN:DCM (1:1) as the mobile phase modifier introduced at a linear gradient of 0-40% within 

2 min, 3 min acquisition. The make-up solvent used was toluene for positive ion APPI MS. The 

data was acquired at m/z 150-1000, 0.2 s scan rate. The RICCs extracted for m/z values that 

correspond to radical cation of amine, monoisocyanate, four aromatic ring containing urea (4AR), 

and the protonated molecule of 6AR biuret (protonation is preferred) are shown (Figure 5.34). 

 

Figure 5.34 – UHPSFC +ve ion APPI SQD MS RICCs of components in a mixture of 4-benzylaniline 

and 1-benzyl-4-isocyanatobenzene at a ratio of 1:2 in toluene 
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The starting materials as well as the reaction products are detected. The separation of 

components is observed. The most nonpolar component, monoisocyanate, was observed to elute 

first (tR = 0.88 min). 6AR biuret is detected at tR = 2.04 min and the 4AR urea is detected at tR = 

2.48 min. Two chromatographic peaks (tR = 2.24 min and 2.48 min) were observed for m/z 183.1 

(radical cation of 4-benzylaniline). The peak at tR = 2.48 min might be a possible fragment ion of 

4AR urea, as both corresponding ions are observed to elute at the same retention times. The MS 

were extracted at tR = 2.04 min and tR = 2.48 min (Figure 5.35).  

 

Figure 5.35 – UHPSFC +ve ion APPI SQD MS at tR = 2.04 min (bottom) and tR = 2.48 min (top); 

zoomed in to m/z 300-800 

The data suggests both compounds are present and separated. The 4AR urea is observed as a 

radical cation and as a protonated molecule (m/z 392.3 and m/z 393.3, respectively), as well as a 

protonated MS dimer (m/z 785.5). The 6AR biuret is observed as the protonated molecule (m/z 

602.4). The total ion intensities are compared and the 4AR urea response is almost 400 times 

more intense cf. 6AR biuret (8.53 ×107 and 2.23 ×105, respectively). 

It was concluded that all components are present within the prepared compound mixture, the 

elution order was evaluated, and this knowledge was applied to the real oligomeric MDI sample 

analysis. 
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5.3.2 Direct infusion 

The direct infusion methods were applied for oligomeric MDI sample analysis. Ureas are less 

abundant than isocyanates or carbodiimides, therefore their detection was limited. Biuret series 

are not observed by direct infusion analysis methods. 

 

5.3.2.1 SQD MS 

The 50 µg/mL Colour pMDI sample analysis using direct infusion positive ion SQD MS is shown in 

Figure 5.1, Figure 5.2 and Figure 5.14. The same data file is shown normalised to the ion intensity 

of the m/z value corresponding to a radical cation of the monomer of the urea at m/z 474.1, 

which is known to be the most abundant component within series in oligomeric MDI samples 

(Figure 5.36).  

 

Figure 5.36 – +ve ion APPI SQD MS of 50 µg/mL Colour pMDI at 20 µL/min (m/z 450-1200 shown; 

normalised to m/z 474.1) 

The urea series are observed at increments of 131.1 m/z units (m/z 474.1, m/z 605.2, and m/z 

736.3). No ions at m/z values corresponding to radical cations or protonated molecules of biurets 

are observed. 
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5.3.2.2 FT-ICR MS 

Similarly, as in Figure 5.3 and Figure 5.15, the 50 µg/mL Colour pMDI sample data file is shown 

using positive ion APPI FT-ICR MS, with the MS peaks annotated only to the m/z values that 

correspond to the radical cations of ureas series (Figure 5.37). 

 

Figure 5.37 – +ve ion APPI FT-ICR MS of 50 µg/mL Colour pMDI at 3 µL/min 

The urea series, although of low abundance, are observed as the m/z values that correspond to 

radical cations. The urea monomer at m/z 474.1690 and increments of 131.0371 m/z units up to 

seven aromatic ring containing urea oligomer (m/z 605.2065, m/z 736.2437, m/z 867.2811). 

As observed in Figure 5.16, the 100 µg/mL Suprasec® 2020 sample contains ureas (m/z 474.1690; 

radical cation) at low abundance. Similarly, the further sample analysis was carried out using 

acetone as the sample diluent from 1 mg/mL DCM stock solution. The ion at m/z 475.1765 was 

isolated and CID voltage of 20 V was applied (Figure 5.38). 
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Figure 5.38 – +ve ion APPI FT-ICR MS/MS of m/z 475.1765 at CID of 20 V in 100 µg/mL Suprasec® 

2020 in acetone 

The urea is observed as the protonated molecule at m/z 475.1765 (0.1 ppm error). The base peak 

at m/z 225.1016 corresponds to C14H13N2O (3.0 ppm error; out of calibration range). The proposed 

structure of the product ion is a hydrolysed urea (Figure 5.39). 
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Figure 5.39 – A proposed mechanism of fragmentation of m/z 475.1765 to form the product ion at 

m/z 225.1016 

The chemical formulae found for the observed product ions are listed in Table 5.6. 

Table 5.6 – The ions observed in +ve ion APPI FT-ICR MS/MS of m/z 475.1765 at CID of 20 V 

Ion Species Neutral loss Loss of Chemical formula of 

the product ion 

ppm error 

m/z 225.1016 [F + H]+ 250 m/z units -C15H10N2O2 C14H13N2O 3.0 ppm 

m/z 237.1015 [F + H]+ 238 m/z units -C14H10N2O2 C15H13N2O 3.0 ppm 

m/z 263.0810 [F + H]+ 212 m/z units -C14H12N2O C16H11N2O2 1.8 ppm 

m/z 338.1283 F+ 137 m/z units -C7H7NO C22H16N3O 1.5 ppm 

m/z 356.1388 F+ 119 m/z units -C7H5NO C22H18N3O2 1.7 ppm 

m/z 475.1765 [M + H]+ - - C29H23N4O3 0.1 ppm 

 

A subsequent isolation and fragmentation of m/z 725.2533 was applied. Since a protonated biuret 

molecule was detected at very low abundance and the use of acetone has resulted in high 

background noise. The data at CID voltage of 20 V is shown (Figure 5.40).  
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Figure 5.40 – +ve ion APPI FT-ICR MS/MS of m/z 725.2533 at CID of 20 V in 100 µg/mL Suprasec® 

2020 in acetone 

The protonated biuret at m/z 725.2533 is not observed in the MS/MS spectrum. The CID voltage 

at 20 V was sufficient to completely fragment the precursor ion (the measure mass is given from 

the data acquired at 0 V; not shown). It is clearly distinguishable that one of the product ions at 

m/z 475.1767 corresponds to the protonated urea molecule (0.4 ppm error; Figure 5.41). Another 

product ion observed at m/z 225.1022 corresponds to C14H13N2O (1.6 ppm error), which is a 

further hydrolysed urea (Figure 5.39). Many more product ions are detected, although no 

reasonable assignments were made. 
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Figure 5.41 – A proposed mechanism of fragmentation of m/z 725.2533 forming a product ion at 

m/z 475.1767 

The proposed elemental composition of some product ions is listed in Table 5.7.   

Table 5.7 – The ions observed in +ve ion APPI FT-ICR MS/MS of m/z 725.2533 at CID of 20 V 

Ion Species Neutral loss Loss of Chemical formula of 

the product ion 

ppm error 

m/z 225.1022 [F + H]+ 500 m/z units -C30H20N4O4 C14H13N2O 1.6 ppm 

m/z 338.1280 F+ 387 m/z units -C22H17N3O4 C22H16N3O 2.5 ppm 

m/z 399.1337 [F + H]+ 326 m/z units -C20H14N4O C24H19N2O4 0.5 ppm 

m/z 457.1674 [F + H]+ 268 m/z units -C15H12N2O C29H21N4O2 3.4 ppm 

m/z 475.1767 [F + H]+ 250 m/z units -C15H10N2O2 C29H23N4O3 0.4 ppm 

m/z 725.2533 [M + H]+ - - C44H33N6O5 3.5 ppm 
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As well as the product ion of m/z 475.1767 at m/z 225.1022 (Figure 5.38), the same ion is 

observed as the product ion of m/z 725.2533. This is additional evidence that the aged Suprasec® 

samples may only contain the biuret components, which are observed as fragment ions, referred 

to as ureas. 

 

5.3.3 UHPSFC SQD MS 

The optimised chromatographic conditions were applied using two ionisation techniques (positive 

ion APPI and ESI). The make-up solvent used was either toluene or ACN for APPI or ESI, 

respectively. Three core-shell particle columns (Raptor PFP, CORTECS HILIC and Raptor PFP) were 

connected in series, the UHPSFC settings are stated in the experimental section.  

The DCM dissolved 1 mg/mL Colour pMDI sample was first analysed by positive ion APPI at a mass 

range of m/z 200-1200, 0.2 s scan rate. The RICCs of m/z values that correspond to radical cations 

of ureas are shown (Figure 5.42). 

 

Figure 5.42 – UHPSFC +ve ion APPI SQD MS RICCs of ureas in 1 mg/mL Colour pMDI 

Urea component resolution was not achieved as sharp symmetrical peaks, e.g. RICC of m/z 474.1 

(U4+●) is observed as two main chromatographic peaks, suggesting poor resolution of component 

or the signal is recorded as the fragment ions of HMW oligomers or biurets are detected. Ureas 

are minor components within oligomeric MDI samples cf. isocyanates or carbodiimides, therefore 

MS settings were altered to only record the signal (SIRs) for the m/z values that correspond to the 

radical cations of first three urea oligomers (Figure 5.43). 
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Figure 5.43 – UHPSFC +ve ion APPI SQD MS SIRs of ureas in 1 mg/mL Colour pMDI 

The SIR at m/z 474.2 (U4+●; tR = 2.16 min) shows that the compound is detected more than once, 

the first chromatographic peak is not resolved from its shoulder (tR = 2.24 min), which is recorded 

at the same time as m/z 605.2 (tR = 2.24 min), suggesting it is a fragment ion of HMW oligomer. 

The distinct chromatographic peaks at tR = 2.55 min, 2.58 min, 2.61 min suggest these are the 

urea components detected. The SIR method was applied for m/z values that correspond to the 

first three biuret oligomers as protonated molecules (Figure 5.44). 

 

Figure 5.44 – UHPSFC +ve ion APPI SQD MS SIRs of biurets in 1 mg/mL Colour pMDI 

The biurets are recorded at chromatographic peak intensities 10 times less cf. ureas. The tR = 2.16 

min, 2.23 min and 2.26 min are also the exact same time as the m/z 474.2, m/z 605.2 and m/z 
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736.2. This data suggests that biuret compounds within oligomeric MDI instantaneously fragment 

post photoionisation in the APPI source.  

Biurets are only detected as protonated molecules and the ureas are observed as radical cations 

or protonated molecules. Positive ion ESI methods were explored. The 1 mg/mL Colour pMDI was 

also analysed by UHPSFC positive ion ESI SQD MS, using the same chromatographic conditions as 

by APPI, although the make-up solvent used was ACN. The SIRs of m/z values that corresponded 

to protonated ureas (Figure 5.45) and biurets (Figure 5.46) are shown.   

 

Figure 5.45 – UHPSFC +ve ion ESI SQD MS SIRs of protonated ureas in 1 mg/mL Colour pMDI 

 

Figure 5.46 – UHPSFC +ve ion ESI SQD MS SIRs of protonated biurets in 1 mg/mL Colour pMDI 
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Ureas are more polar than biurets, protonated ureas are retained in columns longer, higher 

concentration of the modifier is required for elution. The chromatographic peaks are also broad, 

suggesting the strength of mobile phase modifier used, i.e. ACN:DCM (1:1), requires further 

optimisation. What was observed as the second distinct chromatographic peak of ureas (as radical 

cations) by APPI, is matching the same retention times observed by one chromatographic peak for 

the selected m/z values (as protonated molecules) by ESI. This is also true for biurets, although 

observed at low intensity by APPI, biurets are instantly fragmented to ureas in the APPI source. 

Biurets are detected at twice the intensity by positive ion ESI cf. APPI.  

This data proved that the multiple chromatographic peaks observed for m/z values that 

correspond to ureas (either radical cations or protonated molecules) by positive ion APPI are not 

of positional urea isomers. The first chromatographic peaks refer to fragment ions of 

corresponding biurets and slight response is also detected for further fragmenting HMW biurets.  

 

5.3.4 Ion mobility 

Collisional cross section (CCS) measurements were carried out to better understand and provide 

further evidence that the hypothesis of fragmentation by APPI is true. CCS value is a measure of 

the 3D shape of a molecule. A separation technique, known as ion mobility, is used to separate 

ions based on their charge, size and shape. CCS values were obtained using travelling wave ion 

mobility spectrometry (TWIMS). The settings used are discussed in the experimental section.  

UHPSFC settings were used as mentioned in the experimental section, the same core-shell particle 

column combination was used. The Waters UPC2™ instrument was connected to Waters SYNAPT 

G2-Si via the APPI source. Additional PEEK tubing was used, resulting in high dead volumes. The 

chromatographic component separation was required, since direct infusion methods show no 

separation between isobaric species. The ions observed at the same m/z values that correspond 

to ureas were selected for enhanced detection using the instrument sensitivity mode. The mass 

accuracy was calibrated using the known m/z values of components (radical cations) within 

oligomeric MDI samples. 

The oligomeric MDI components in 1 mg/mL Colour pMDI were separated chromatographically 

(UHPSFC), ionised by positive ion APPI, the ions then entered the ion mobility cell for separation 

based on their 3D shape and detected by a third dimension of separation by their corresponding 

m/z values in ToF MS. The high degree of separation was used to distinguish if the 

chromatographically separated radical cation of urea monomer at m/z 474.2 is detected as 
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separated positional isomers or if the ion is, in fact, the fragment ion of a biuret, mentioned 

earlier. The measure of CCS values would explain this, as positional isomers differ in geometrical 

shape. An ion orbits rapidly and occupies a shape of a sphere, the 2D slice through the diameter 

of the sphere is measured as the CCS value. CCS value is obtained by the measure of the time 

taken to reach the detector. The drift time of the smallest ions is the shortest; the largest ions 

reach the MS detector last. The ion mobility spectrum of 1 mg/mL Colour pMDI post 

chromatographic separation is shown (Figure 5.47). 

 

Figure 5.47 – UHPSFC +ve ion APPI TWIMS of m/z 474.2 of 1 mg/mL Colour pMDI 

Both UPC2™ and SYNAPT G2-Si instruments were controlled manually, the chromatographic 

acquisition times were set to 3 min, SYNAPT G2-Si was set to a 4 min acquisition once the UPC2 

autosampler has started the sample injection. As mentioned earlier the additional PEEK tubing (2 

m) has also resulted in prolonged dead volume, therefore the retention times recorded are not 

consistent with previously reported values. The chromatogram is shown at the top of the picture; 

three chromatographic peaks are detected for m/z 474.2 (tR = 2.53 mi, 2.61 min and 2.93 min). 

The x-axis of the ion mobility spectrum is shown as the retention time, the scale is consistent with 

the retention time of the chromatogram. The y-axis is the measured drift time (Bins). Ion intensity 

is shown in the z-axis. The colours refer to the ion intensity: black – no ions present, bright yellow 

– detected peaks. Three MS peaks were detected at each retention time (Table 5.8). 
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Table 5.8 – The detected peaks and calculated CCS values of m/z 474.2 

m/z tR (min) Intensity (counts) TWCCSN2 (Å2) 

474.1621 2.53 1050075 229.3 

474.1614 2.61 500597 229.3 

474.1617 2.93 907059 228.8 

475.1683 2.53 1499768 235.0 

475.1678 2.61 760347 235.2 

475.1684 2.93 1448687 234.9 

476.1713 2.53 512298 236.2 

476.1722 2.93 480673 236.6 

 

Urea is detected as a radical cation at m/z 474.16, a protonated molecule at m/z 475.17 and a 13C 

isotope of the protonated molecule at m/z 476.17. All three are observed at each retention time 

(m/z 476.7 at tR = 2.61 min is below the recorded intensity threshold). The calculated TWCCSN2 

values of m/z 474.16 are equal at all retention times (TWCCSN2 = 229 Å2); the same is reported for 

m/z 475.17 (TWCCSN2 = 235 Å2) and m/z 476.17 (TWCCSN2 = ~236 Å2). This data suggests that the 

ions separated chromatographically are not different, i.e. not positional isomers. Since these ions 

are of the same 3D shape, the chromatographic separation must occur due to a difference in the 

original molecules prior to ionisation.  

The ion at m/z 725.2 was selected and the data was acquired similarly (Figure 5.48). 
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Figure 5.48 – UHPSFC +ve ion APPI TWIMS of m/z 474.2 of 1 mg/mL Colour pMDI 

One chromatographic peak was detected at tR = 1.40 min, although multiple MS peaks of variable 

drift times are observed: m/z 724.2 that corresponds to a radical cation of a biuret (very low 

intensity); m/z 725.2 that corresponds to a protonated biuret, as well as its 13C isotope at m/z 

726.2 (Table 5.9).  

Table 5.9 – The detected peaks and calculated CCS values of m/z 725.2 

m/z tR (min) Intensity (counts) TWCCSN2 (Å2) 

474.1644 1.40 18151 228.5 

475.1664 1.40 12971 229.4 

724.2372 1.40 8786 313.3 

725.2455 1.40 63949 315.4 

726.2478 1.40 28552 315.5 

 

The radical cation and the protonated molecule of the biuret are measured at different drift 

times, therefore different TWCCSN2 values (313.3 Å2 and 315.4 Å2, respectively). Fragment ions at 

m/z 474.2 and m/z 475.2 that correspond to a radical cation and a protonated urea, with the 

TWCCSN2 values that are similar to the values discussed previously (Figure 5.47 and Figure 5.48). 

The TWCCSN2 values of m/z 475.2 do not match, therefore it is suggested that the protonated urea 

molecule is detected separately, as well as a fragment ion of m/z 725.2. The same TWCCSN2 value 
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(228.5 Å2) of m/z 474.2 is recorded in both ion mobility spectra, which suggests the first 

chromatographic peak observed in Figure 5.47 is a fragment ion of a biuret that has 

instantaneously dissociated in the APPI source. 

 

5.4 Others 

There are other known side-products present within oligomeric MDI and uretonimine-modified 

MDI. These components are of much lower intensity cf. the earlier discussed ones.  

This section discusses the presence of some dimer and trimer materials within the provided 

samples. 

 

5.4.1 Dimers 

Uretdione components are formed upon sample ageing. These MDI dimers are white, insoluble 

precipitates (Figure 1.24)26, 36, 37.  

 

Figure 5.49 – Uretdione monomer 

Since these components are insoluble in DCM (oligomeric sample solvent), the detection is 

limited. The 1 mg/mL colour pMDI was analysed useing UHPSFC +ve ion APPI SQD MS and the 

RICCs of m/z values that correspond to radical cations of dimer oligomers (m/z 500.1, m/z 631.1 

and m/z 762.3) are shown (parameters stated in experimental section; Figure 5.50). 
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Figure 5.50 – UHPSFC +ve ion APPI SQD MS RICCs of dimers in 1 mg/mL Colour pMDI 

A trend is observed (tR = 1.54 min, 1.70 min and 1.85 min), although the ion intensity is low, with 

the HMW dimer not resolved from the background. The S/N of corresponding RICCs are reported 

at 32.63, 27.87 and 13.51, respectively. The retention times detected of such components also 

match the retention times of radical cations of isocyanate oligomers containing the same number 

of aromatic rings (m/z 512.1, m/z 643.2 and m/z 774.3), suggesting the ions corresponding to 

dimers might arise from reactions in the APPI source. The MS data at corresponding tR suggests 

dimers are either not present or co-eluting with isocyanate oligomers (Figure 5.51). Further work 

is required in order to identify the dimer components. 

 

Figure 5.51 – UHPSFC +ve ion APPI SQD MS at corresponding retention times of dimers in 1 

mg/mL Colour pMDI 
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5.4.2 Trimers 

Isocyanurate trimers are products of three MDI molecules reacting with each other and possible 

minor components within the oligomer MDI samples (Figure 1.28)43. 

 

Figure 5.52 – Isocyanurate monomer 

Not detected by direct infusion methods, the isocyanurates are hardly observed by UHPSFC 

positive ion APPI MS. The 1 mg/mL Colour pMDI sample was analysed by the settings mentioned 

in the experimental section and the RICCs of m/z values that correspond to protonated molecules 

(m/z 751.3, m/z 882.4 and m/z 1013.4; as no response for m/z values that correspond to radical 

cations was detected) are shown (Figure 5.53).  

 

Figure 5.53 – UHPSFC +ve ion APPI SQD MS RICCs of trimers in 1 mg/mL Colour pMDI 
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A trend is observed, although the peaks are not symmetrical and not resolved from the 

background. The S/N is recorded at 61.62, 23.74 and 8.70, in order of increasing molecular 

weight. The MS was extracted at the corresponding retention times (Figure 5.54). 

 

Figure 5.54 – UHPSFC +ve ion APPI SQD MS at corresponding retention times of trimers in 1 

mg/mL Colour pMDI (zoomed in to m/z 730-1200) 

The ions at m/z values that correspond to protonated trimer oligomers are observed, although 

many other ions, such as m/z values that correspond to radical cations of carbodiimides and 

ureas, are detected.  

 

5.4.3 Carbodiimide-trimers 

Carbodiimide-trimers are minor components formed upon MDI sample ageing and reported to be 

present in Suprasec® 2020 sample. The readily available MDI molecules react with uretonimine, 

resulting in an eight aromatic ring containing carbodiimide-trimer (956.3 g/mol; Figure 5.55). 
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Figure 5.55 – A structure of carbodiimide-trimer (CT) 

Possible CT oligomers are also present in oligomeric MDI samples, although it was not confirmed 

by the data analysed. The accurate mass data of 20 µg/mL Suprasec® 2020 in toluene was 

acquired using positive ion APPI FT-ICR MS (Figure 5.16) shows a peak at m/z 956.2150, this ion 

was isolated and fragmented. The data of 100 µg/mL Suprasec® 2020 in DCM at CID voltage of 40 

V is shown (Figure 5.56).  
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Figure 5.56 – +ve ion APPI FT-ICR MS/MS of m/z 957.3236 at CID of 40 V in 100 µg/mL Suprasec® 

2020 in DCM 

The ion at m/z 957.3236 corresponds to a protonated carbodiimide-trimer molecule. The radical 

cation of CT is only detected when toluene or anisole are used as dopants, although at high 

background noise interference. The data calibration file used was calibrated to m/z 905.2592, 

therefore the elemental composition match was not found. The product ions at m/z 705.2267 

(C44H29N6O4; 4.8 ppm) and m/z 457.1679 (C29H21N4O2; 0.6 ppm) are similar to the ions observed in 

the MS/MS spectra of m/z 707.2430 (Figure 5.21) and m/z 457.1679 (Figure 5.18). The product 

ion at m/z 223.0871 (C14H11N2O; 0.3 ppm) is observed in all MS/MS spectra (Figure 5.19), 

suggesting all considered precursor ions are related. Since carbodiimide and uretonimine 

molecules are in reaction equilibria, this data suggests that the carbodiimide-trimer formation 

reaction is similarly reversible, although at a higher CID voltage (40 V).  

The carbonyl group in the carbodiimide-trimer ring may be replaced by another addition of an 

MDI molecule, resulting in a ten aromatic ring containing CT2 molecule (1162.4 g/mol). The direct 

infusion methods used proved to be unsuccessful for the detection of the corresponding ion, 

especially in the oligomeric MDI sample, although hints of separated CT2 are observed in the 

Suprasec® 2020 sample. 
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The 1 mg/mL Suprasec® 2020 sample was analysed using UHPSFC positive ion APPI MS (settings 

mentioned in the experimental section), the RICCs of m/z 956.3 and m/z 1162.4 corresponding to 

a radical cation of CT and CT2 are shown (Figure 5.57). 

 

Figure 5.57 – UHPSFC +ve ion APPI SQD MS RICCs of m/z 956.3 and m/z 1162.4 in 1 mg/mL 

Suprasec® 2020 

The RICC at m/z 956.3 is reported at S/N = 27.53, m/z 1162.4 at S/N = 6.18. The data suggests the 

CT2 molecule is below LOQ, although detected (above LOD). CT molecule consists of 59 carbon 

atoms, therefore sometimes is detected at m/z 957.3, which is a combination of non-resolved 13C 

M+● and [M + H]+, the MS at tR = 2.35 min and 2.63 min are shown (Figure 5.58).  
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Figure 5.58 – UHPSFC +ve ion APPI SQD MS at corresponding retention times in 1 mg/mL 

Suprasec® 2020 (zoomed in to m/z 900-1200) 

 

m/z
900 910 920 930 940 950 960 970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200

%

0

100

m/z
900 910 920 930 940 950 960 970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200

%

0

100

25_2019_06_06_S2020 new_ 1 mg_mL in DCM_001 764 (2.635) 1: Scan APPI+ 
3.67e4

1163.3

955.9

1087.6
1019.2

25_2019_06_06_S2020 new_ 1 mg_mL in DCM_001 679 (2.342) 1: Scan APPI+ 
1.75e5

957.3

tR = 2.63 min 

tR = 2.35 min 



Chapter 6 

209 

Chapter 6 Results and Discussion. Quantitation 

This chapter discusses the quantitative analysis of the different polymer samples. The aim of this 

research project was to quantify the relative abundances of oligomeric MDI sample components, 

thus distinguishing the differences between samples, so that eventually these could be related  to 

physical properties, such as colour and viscosity. 

Although baseline resolution of all components of interest was not achieved, making it impossible 

to quantify the relative abundances using the conventional detectors, such as UV or ELSD, MS 

allows further separation of ions based on the m/z values. The RICCs are used to determine the 

amounts of components of interest in oligomeric MDI samples. SIRs were used to enhance the MS 

detector sensitivity. Furthermore, two ionisation techniques were applied in parallel, depending 

on component ionisation preferences.  

 

6.1 APPI efficiency 

In order to quantify the relative abundances of components in oligomeric MDI, a few assumptions 

were made. It is known that APPI is dependent upon mass flow and conjugation114, 116, 147, 153, 162-165. 

During this project, it was assumed that the APPI efficiency is equal across the number of 

aromatic rings within component series and also that the ionisation efficiency is equal across 

different series, i.e. isocyanate, carbodiimide and urea molecules are ionised equally. 

To challenge these assumptions a series of model compounds were used to test the APPI 

efficiency. 

 

6.1.1 Ionisation efficiency across the number of aromatic rings 

APPI efficiency across the number of aromatic rings was tested using two and three aromatic ring 

containing molecules connected by a methylene group. The diphenylmethane molecule was used 

as a substitute for MDI (Figure 6.1). 

 

Figure 6.1 – A structure of diphenylmethane (168.1 g/mol) 
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 13.7 mg was diluted in toluene (13.7 mL). The 1 mg/mL solution was further diluted in toluene, to 

produce a 0.1 mg/mL solution of diphenylmethane.  

1,4-dibenzylbenzene was used as a triisocyanate surrogate molecule (Figure 6.2). 

 

Figure 6.2 – A structure of 1,4-dibenzylbenzene (258.1 g/mol) 

0.1 mg 1,4-dibenzylbenzene was dissolved in 1 mL toluene. 400 µL of each solution was further 

diluted in toluene (1200 µL). The final solution containing 20 µg/mL diphenyl methane and 20 

µg/mL 1,4-dibenzylbenzene was analysed using UHPSFC positive ion APPI MS. The 

chromatographic conditions applied used two core-shell particle columns (Raptor PFP and 

CORTECS HILIC), at a flow rate of 1.4 mL/min. The mobile phase modifier used was ACN:DCM 

(1:1), introduced at a linear gradient of 0-40% within 2 min, 3 min acquisition, m/z range 100-

1000, 0.2 s scan rate. The RICCs of m/z values corresponding to radical cations of 

diphenylmethane and 1,4-dibenzylbenzene were integrated and the peak areas are shown (Figure 

6.3).  

 

Figure 6.3 – UHPSFC +ve ion APPI SQD MS RICCs of components in surrogate mix 

For the successful measurement of the relative abundances of components, one type of ions was 

required for quantitation, i.e. only the radical cation to be formed and not the protonated 

molecules. It was confirmed that toluene was the solvent and APPI dopant of choice, as the A+1 
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MS peak corresponds to the calculated 13C M+● ion intensity, no protonation was observed (Figure 

6.4). 

 

Figure 6.4 – UHPSFC +ve ion APPI SQD MS at corresponding retention times of components in 

surrogate mix 

This data suggest no protonation occurs, which is reasonable, as the molecules contain no polar 

groups.  

The surrogate molecule was analysed by multiple acquisitions, to obtain an average peak area 

value (Table 6.1). 

Table 6.1– The peak areas of component repeats 

Repeats Peak area of RICCs of m/z 168.1 (AU) 

(Diphenylmethane) 

Peak areas of RICCs of m/z 258.1 (AU) 

(1,4-dibenzylbenzene) 

1 1825835 1692147 

2 1754935 1674785 

3 1803892 1707894 

4 1818688 1742315 

5 1868369 1746541 

Ave 1814344 ± 40952 1712736 ± 31246 

Ratio 1.06 1 
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The ratio of peak areas was calculated at 1.06:1 (diphenylmethane:1,4-dibenzylbenze), which is a 

good enough evaluation that the APPI efficiency of the components is equal. This concludes that 

the assumption of equal ionisation efficiency across the number of aromatic rings or the 

component oligomers within series is true. 

 

6.1.2 Ionisation efficiency across different component series 

Similarly, diphenylmethane and 1,3-diphenylurea (Figure 6.5) were analysed. The latter model 

compound was used as a substitute for urea components within oligomeric MDI samples. The 

APPI efficiency across different component series was tested. 

 

Figure 6.5 – A structure of 1,3-diphenylurea (212.1 g/mol) 

Diphenylurea is only partially soluble in many solvents. Various solvents were used to dissolve this 

compound. Chlorobenzene was reported to dissolve diphenylurea166, although this proved 

unsuccessful in this study. It is moderately soluble in pyridine and acetone, although it readily 

protonates, as these solvents are also used as APPI dopants that aid analyte ionisation through 

proton-exchange reactions. Direct infusion methods were applied to study the ions formed. The 1 

mg/mL stock solution was prepared in pyridine and diluted in toluene, resulting in a solution of 20 

µg/mL, positive ion APPI SQD MS data is shown at a flow rate of 20 µL/min (Figure 6.6). 
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Figure 6.6 – Direct infusion +ve ion APPI SQD MS of 20 µg/mL 1,3-diphenylurea in pyridine and 

toluene at 20 µL/min 

The only ion corresponding to the diphenylurea is observed as the low intensity protonated 

diphenylurea and a pyridine adduct at m/z 292.2 ([C13H12N2O + C5H5N + H]+). The radical cation of 

diphenylurea (m/z 212.1) was not observed. To avoid diphenylurea protonation using UHPSFC 

(moisture in systems), direct infusion method was used. 

Diphenyl urea is soluble in toluene at trace levels. To determine the linear range for sample 

concentration at these dilute levels, a series of solutions were prepared (5 µg/mL to 50 µg /mL), 

the averaged direct infusion results of five sample repeats using positive ion APPI SQD MS are 

illustrated (Figure 6.7). 
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Figure 6.7 – The calibration curve of diphenylurea 

The APPI response of diphenylurea is linear, with the error bars fitting within the trendline. This 

result was crucial and determined the concentration of diphenylurea and diphenylmethane 

further analysed. Separate solutions of 30 µg/mL diphenylmethane and 1,3-diphenylurea in 

toluene were analysed and the ion intensities are given in Table 6.2. 

Table 6.2 – The ion intensities of m/z 168.1 and m/z 212.1 recorded 

 Intensity of  

m/z 168.1 (AU) 

Intensity of  

m/z 212.1 (AU) 

1 2.08E+07 1.82E+07 

2 2.23E+07 2.02E+07 

3 2.23E+07 2.01E+07 

4 2.29E+07 1.87E+07 

5 2.27E+07 1.85E+07 

Ave 2.22E+07 1.91E+07 

STDEV 8.25E+05 9.40E+05 

Ratio 1.16 1 
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The calculated intensity ratios of radical cations of diphenylmethane (1.16) and diphenylurea (1) 

suggest the ionisation efficiency of different functional groups within two aromatic rings is equal, 

and the assumption of equal APPI efficiency within the errors of the experimental design, across 

the component series in oligomeric MDI can be applied. 

 

6.2 MDI content 

An internal standard was used to plot a calibration curve of the diisocyanate concentration. 

Suprasec® 3056 sample was used, which contains only the pure 4,4’-MDI and minor 2,4’-MDI 

isomers. The equation obtained from the trendline was used to calculate the concentration of the 

diisocyanate present in oligomeric MDI samples. The calibration curve can be used to distinguish 

the material quality of the oligomeric MDI samples by a common characterisation method used to 

quantify the nitrogen content in samples (NCO value).  

 

6.2.1 MDI calibration 

An internal standard of MDI was used to calculate the relative abundance of MDI in oligomeric 

MDI samples. The Suprasec® 3056 sample was used that only contains the diisocyanate MDI 

isomers. The sample was dissolved in DCM, the resulting solutions of 10-500 µg/mL were 

analysed. The experimental conditions applied were the optimised UHPSFC positive ion APPI MS 

settings mentioned in the experimental section and the same as the conditions applied for 

oligomeric MDI sample analysis. The known amount of diisocyanate and the resulting RICC peak 

areas of diisocyanates in Suprasec® 3056 were averaged resulting in low standard devation, thus 

high precision. The average values were used to plot a calibration curve (Figure 6.8). 
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Figure 6.8 – The calibration curve of 10-500 µg/mL Suprasec® 3056 

The applied trendline is quadratic, as the MS detector response is no longer linear at high sample 

concentrations, i.e. non-linear sensitivity. The quadratic equation obtained may be used to 

calculate the concentration of diisocyanate present in oligomeric MDI samples, although the use 

of a quadratic fit is more difficult and the response at high concentrations is not easily 

reproducible, making high concentration of MDI in oligomeric MDI samples difficult to estimate. 

The peak area of RICC of m/z 250.1 in oligomer MDI samples is less variable at low concentrations 

and is more easily calculated by using a linear trendline equation. The limit of linear dynamic 

range was overcome, the response is not linear, therefore values of 10-200 µg/mL Suprasec® 

3056 were considered to produce a linear trendline (Figure 6.9). 
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Figure 6.9 – The calibration curve of 10-200 µg/mL Suprasec® 3056 

The calibration curve is now with the applied linear trendline. The equation obtained was used to 

calculate the MDI concentration. The known concentration of made-up Suprasec® 3056 solutions 

were compared to the calculated values (Table 6.3). 

Table 6.3 – A comparison of MDI concentration between known and measured values 

Known [MDI] µg/mL Calculated [MDI] µg/mL 

10 9.4 ± 2.5 

20 17.3 ± 1.6 

50 48.5 ± 2.2 

100 108.2 ± 0.1 

200 196.6 ± 1.3 

 

The concentration of pure MDI used (known) and the calculated concentration of MDI that was 

calculated using the RICC peak areas and linear calibration plot were compared. The five sample 

repeats were used to obtain the standard deviation values, the calculated and known 

concentration of MDI is the same within the calculated error, e.g. 10 µg/mL added was calculated 

at 9.4 ± 2.5 µg/mL. The values of MDI (known and calculated) differ at high concentrations (100 

µg/mL and 200 µg/mL) due to variable sensitivity of the MS detector. This quantitation method 
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could be improved by collection of more data points within 10-100 µg/mL MDI, resulting in a 

more accurate linear calibration curve. The use of pure MDI sample as an internal standard for the 

amount of MDI in oligomeric MDI is fit for low concentration samples and may be used for an 

accurate calculation of the NCO value. 

 

6.2.2 Calculating MDI content and NCO value 

Using the MDI calibration curve the MDI content in polymeric MDI samples was studied. The 100 

µg/mL samples were spiked with an addition of 50 µg/mL Suprasec® 3056. The data was acquired 

using UHPSFC positive ion APPI SQD MS and the settings used were kept the same as mentioned 

in the experimental section. The peak areas of RICCs at m/z 250.2 were entered as the y-value in 

the obtained calibration trendline equation (y = mx + c) from Figure 6.9 and the x-value was 

calculated to be the experimental MDI concentration. The different MDI concentrations in 

oligomeric MDI samples are given in Table 6.4. 

Table 6.4 – The calculated concentration of MDI in oligomeric samples 

 
Average 

peak area 

100 µg/mL 

STDEV [MDI]  

µg/mL 

Average 

peak area 

when 

spiked with 

50 µg/mL 

S3056 

STDEV [MDI]  

µg/mL 

Suprasec® 

2085 

4.75E+05 2.47E+04 24.2 ± 1.4 1.36E+06 1.53E+04 74.8 ± 1.9 

Suprasec® 

5025 

6.24E+05 1.58E+04 32.7 ± 1.9 1.46E+06 3.75E+04 80.4 ± 0.6 

Colour pMDI 1.46E+05 2.72E+03 5.6 ± 2.6 1.03E+06 7.65E+03 55.5 ± 2.3 

 

It was calculated that 100 µg/mL polymeric MDI samples differ in diisocyanate content: Suprasec® 

2085 contains of 24.2 µg/mL MDI; Suprasec® 5025 contains of 32.7 µg/mL MDI; and Colour pMDI 

contains of 5.6 µg/mL MDI. The data agrees with physical properties of these samples, i.e. Colour 

pMDI sample is the most viscous and the darkest in appearance, the material has solidified 
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overtime, therefore the remaining sample contents are HMW isocyanate oligomers and side 

reaction products.  

Industrially, oligomeric MDI is characterised using an NCO value parameter, a calculated value of 

nitrogen content.  

The NCO value is calculated using the molecular weights of components, i.e. the NCO group is 42 

g/mol, using an equation for NCO calculation in a diisocyanate (2×42)/250 = 0.366, which is 36.6% 

NCO in pure MDI. The NCO part in oligomeric MDI samples is calculated by the experimental 

amount of isocyanate oligomers present (wt% in mix) and the total NCO value is summed from 

the NCO parts of isocyanate oligomers of interest (Table 6.5).  

Table 6.5 – NCO value calculation (an example) 

 
M.Wt n NCO (tot) NCO-value wt% in mix NCO part 

di 250 2 84 33.60 40.0 13.4 

tri 381 3 126 33.07 31.0 10.3 

tetra 512 4 168 32.81 14.0 4.6 

penta 643 5 210 32.66 7.0 2.3 

hexa 774 6 252 32.56 3.0 1.0 

hept 905 7 294 32.49 1.0 0.3 

octa 1036 8 336 32.43 0.5 0.2 

 
100.0 32.0 

Total NCO-value 

 

Using the calculated concentration of MDI in 100 µg/mL oligomeric MDI samples (100%), e.g. the 

amount of MDI in Suprasec® 2085 is 24.2%, the NCO part is 8.1. Other isocyanate oligomers were 

quantified and used for the total NCO value calculations (discussed later). 
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6.3 Component quantitation 

Oligomeric MDI sample components can only be quantified if separated and the chromatographic 

peaks are resolved using UHPSFC MS. A complete component separation (no co-elution) was 

never achieved, although using MS as an additional separation technique, the resulting ions can 

be identified and the RICC peaks of m/z values that correspond to the ions of the components of 

interest are integrated and the given peak areas are used to calculate the relative abundances of 

oligomeric MDI sample contents. It has been established that some species can be detected using 

positive ion APPI MS, others only by positive ion ESI MS, i.e. a minute response observed for 

uretonimines using positive ion APPI MS is also detected as the fragment ions, which 

overcomplicates the data. The two types of ions formed for uretonimines by positive ion APPI MS 

are summed to give an estimate of the total amount of uretonimines. It is unknown how efficient 

uretonimine fragmentation is, especially if additional fragment ions are formed. The one type of 

ions (protonated molecules) observed by positive ion ESI MS are quantified to give the relative 

abundance of uretonimine oligomers within series based on the retention time observed by APPI 

MS. Biurets are only observed as fragment ions by positive ion APPI MS, a trend of minute 

intensity RICCs is used to correlate the retention times with ESI MS data, to estimate relative 

abundances of biuret oligomers that are only observed as protonated molecules. Urea amount is 

calculated using both ionisation techniques and compared thereafter. Furthermore, since some 

minor components are of very low abundance, the peak resolution achieved is poor, SIRs are used 

instead. The summary of component analysis method is given in Figure 6.10. 
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Figure 6.10 – Methods used to quantify relative abundances of oligomeric MDI sample 

components  

For the optimum component resolution, three core-shell particle columns were connected in 

series (Raptor PFP, CORTECS HILIC and Raptor PFP; settings are given in the experimental section). 

Two ionisation techniques were used in parallel, RICCs from full scan and only SIRs of the m/z 

values of interest were used separately. 
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research project was the separation of isocyanate oligomers. Isocyanates are only observed by 

positive ion APPI MS (from the two ionisation techniques used), using toluene as the dopant. 

Separation from side-products was attempted using UHPSFC positive ion APPI SQD MS.  

The total amount of RICCs of isocyanate oligomers is summed with the total RICC response of 

minor components and the total sample composition is estimated. The sample used in this 

example is 1 mg/mL Suprasec® 5025.  

The ions of interest were selected to obtain RICCs (m/z 200-1200) and integrated to obtain peak 

areas. Five repeats of each sample were analysed and the average peak areas were calculated 

with the uncertainty given in Table 6.6. 

Table 6.6 – Relative abundances of component series in 1 mg/mL Suprasec® 5025 calculated from 

UHPSFC +ve ion APPI SQD MS RICC peak areas 

 Isocyanates Total peak areas of 

uretonimines and 

fragment ions 

Total peak areas 

of biurets and 

fragment ions 

Ureas 

Total peak 

areas 

7479502 518087 49139 20902 

STDEV 61442 15879 1798 531 

% 92.7 ± 0.8 6.4 ± 0.2 0.6 ± 0.0(2) 0.3 ± 0.0(1) 

 

The majority of Suprasec® 5025 consists of isocyanates (92.7%), 7.3% of the total of side reaction 

products is calculated. The numbers are given to one decimal place unless very low errors are 

calculated of some components, such as ureas (0.3% ± 0.0(1)%). 

The relative abundances of oligomers within each series were calculated and discussed further. 

 

6.3.2 Isocyanate content 

Isocyanates are the major components within oligomeric MDI samples (92.71% in Suprasec® 

5025) and therefore can be quantified using direct infusion methods, as well as by 

chromatographic separation.  
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6.3.2.1 Direct infusion 

The chromatographic flow rate is kept at 1.4 mL/min, the make-up solvent (toluene) flow rate is 

kept at 0.45 mL/min. The total flow of 1.85 mL/min is injected into the MS splitter using UHPSFC 

SQD MS. It is suspected that a quarter of this flow rate is injected directly into the MS, therefore 

the direct infusion method (positive ion APPI SQD MS) at 0.5 mL/min is used for comparison 

(discussed in MS optimisation section).  

12.5 µg/mL solution of Suprasec® 5025 was analysed to avoid the overloading of the major 

isocyanate oligomers (I2 and I3), observed by the intensity of 13C+● ion. The data between m/z 

200-1200 is discussed (Figure 6.11). 

 

Figure 6.11 – Direct infusion +ve ion APPI SQD MS of 12.5 µg/mL Suprasec® 5025 A at 0.50 

mL/min 

Using the MassLynx software, the detected peak list was obtained and the recorded isocyanate 

radical cation MS peak intensities were used. The 13C isotope peak intensity was used to calculate 

the relationship between 12C+● and 13C+●, e.g. the diisocyanate consists of 15 carbons, the natural 

abundance of 13C isotope is 1.11%, therefore the intensity of 13C+● should be 16.65% of 12C+●. 

Given that the sample is too concentrated for the analysis of the most abundant isocyanate 

oligomers, it was required for HMW oligomer detection. The overpopulation of ions (the 

percentage difference between the theoretical value and the measured value) can be used to 

adjust the MS peak intensities and therefore the relative abundances of oligomers within 

isocyanate series. 
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Using the adjusted MS peak intensities, the total isocyanate oligomer intensity was used to 

calculate the relative abundances of individual isocyanate oligomers, shown in Figure 6.12. 

 

Figure 6.12 – The recalculated relative abundances of isocyanate oligomers in 12.5 µg/mL 

Suprasec® 5025 A obtained by DI +ve ion APPI SQD MS 

The Suprasec® 5025 A mainly consists of the diisocyanate (46.7%) and the triisocyanate (37.6%) 

with the higher molecular weight isocyanates calculated at 15.7% within the selected m/z range.  

The MS peak intensity adjustment to 13C isotope was also applied for the overpopulated 

chromatographically separated isocyanate oligomers in 1 mg/mL oligomeric MDI. 

 

6.3.2.2 Chromatographically separated isocyanates 

Similarly, isocyanate oligomer content within series can be quantified using chromatographically 

separated isocyanate RICC peak areas. Using the UHPSFC positive ion APPI SQD MS settings listed 

in the experimental section, the 1 mg/mL Suprasec® 5025 was analysed.  

The RICCs were integrated and the peak areas were manually adjusted to match the exact same 

peak widths for each oligomer (0.12 min). Isocyanates for up to 9 aromatic ring containing 

oligomers were investigated within m/z 200-1200. The RICC peak shapes were not always ideally 

symmetrical, that could have affected the integrated peak area and would not reflect to the 

known sample composition. The known Suprasec® 5025 sample composition was previously 

estimated using the polymeric MDI precursor material, polymeric MDA prior to the phosgenation 

processes (Figure 6.13).  
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Figure 6.13 – The composition of Suprasec® 5025 isocyanates based on GPC-UV analyses of the 

polymeric MDA167 

The given relative abundances of isocyanate oligomers are only an estimation, as no successful 

methods of polymeric MDI quantitation were previously used. This was however a guideline 

towards the calculation of relative abundances of isocyanate oligomers used in this research 

project.  

Individual RICC peak area was then further adjusted according to the 13C isotope intensity 

obtained from averaging the MS scans at FWHM of the RICC peak. Five sample repeats were 

averaged and the relative abundances were calculated from the total isocyanate content in 1 

mg/mL Suprasec® 5025 (Table 6.7). 
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Table 6.7 – The obtained and adjusted UHPSFC +ve ion APPI SQD MS RICC peak areas of 1 mg/mL 

Suprasec® 5025 used for isocyanate quantitation  

Isocyanates m/z Ave peak area 

(adjusted to 13C) 

STDEV % 

I2 250.1 3.35E+06 4.72E+04 44.8 ± 0.63 

I3 381.1 2.45E+06 5.47E+04 32.7 ± 0.73 

I4 512.1 1.21E+06 7.03E+04 16.2 ± 0.94 

I5 643.2 4.03E+05 3.46E+04 5.4 ± 0.46 

I6 774.2 5.92E+04 8.46E+03 0.8 ± 0.11 

I7 905.3 1.03E+04 2.05E+03 0.1 ± 0.03 

I8 1036.3 1.47E+03 6.10E+02 0.0(2) ± 0.0(1) 

I9 1167.3 1.90E+02 1.69E+02 0.0(0) ± 0.0(0) 

Total  7.48E+06   

 

These data suggest that 44.78% of total isocyanate composition consists of diisocyanate, 32.37% - 

triisocyanate, 16.15% - tetraisocyanate and the remaining 6.34% consist of HMW isocyanates. 

This somewhat agrees with the known sample composition (Figure 6.13). The numbers obtained 

are although different from the numbers obtained from percentages of DI MS peak intensities. 

This is possibly due to the low sample concentration, ion suppression effects (reported minimal in 

APPI), as well as the fact that the sample analysed was of a different batch Suprasec® 5025.  

The baseline separated and resolved isocyanate oligomers can now be quantified with confidence 

(low uncertainty) and using these results, the polymeric MDI characterisation methods can be 

improved. Currently, the material functionality is calculated using the amine count – NCO value. 

Each 42 g/mol isocyanate functional group is taken into an account for isocyanate oligomer 

functionality estimation and the NCO part is calculated (Table 6.8). This way the ultimate 

production purpose of the polymeric MDI material can be decided. 
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Table 6.8 – The calculated NCO values of isocyanate series in Suprasec® 5025 

 
M.Wt n NCO (tot) NCO-value wt% in mix NCO (part) 

di 250 2 84 33.60 44.8 15.0 

tri 381 3 126 33.07 32.7 10.8 

tetra 512 4 168 32.81 16.2 5.3 

penta 643 5 210 32.66 5.4 1.8 

hexa 774 6 252 32.56 0.8 0.3 

hept 905 7 294 32.49 0.1 0.0(4) 

octa 1036 8 336 32.43 0.0(2) 0.0(1) 

 
100.0 33.2 

Total NCO-value 

 

It was calculated that the total NCO part of isocyanates in Suprasec® 5025 is 33.24. 

 

6.3.3 Uretonimine content 

It was previously established that the carbodiimide and uretonimine co-elution was suspected 

due to uretonimines instantaneously fragmenting in the APPI ion source. The total sample 

composition was estimated by the addition of peak areas observed by the fragment ion RICCs and 

uretonimines as protonated molecules. This has resulted in the calculation that the 1 mg/mL 

Suprasec® 5025 sample contains of 6.4% uretonimines. Individual oligomeric content was 

investigated for the first three uretonimine oligomers (six, seven and eight aromatic rings).  

It was decided to analyse the samples by selecting only the ions of interest and SIRs are acquired. 

This method is only suitable for the quantitative analysis of uretonimine oligomers and cannot be 

used for total sample composition estimation, as the MS detector sensitivity is improved as well 

as the use of a different ionisation technique (cf. APPI MS). 

At first, positive ion APPI MS was used to obtain the retention times, this resulted in two types of 

ions observed – protonated molecules and fragment ions of uretonimines. The relationship 

between fragment ions was that almost 3% of total fragment ions were in fact the protonated 
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molecules, calculated from SIR peak areas. Furthermore, the HMW uretonimine oligomers also 

fragment to result in more than one chromatographic peak observed for the fragment ion 

previously discussed as carbodiimide (Figure 6.14). 

 

Figure 6.14 – UHPSFC +ve ion APPI SQD MS SIRs of uretonimines and the corresponding fragment 

ions in 1 mg/mL Suprasec® 5025 

The SIRs show that m/z 456.2 is a fragment ion resulting from six, seven and eight aromatic ring 

containing uretonimine (m/z 707.2, m/z 838.3 and m/z 969.3, respectively). The problem of more 

than two type of ions formed from protonated uretonimine molecules was solved by using 

positive ion ESI MS. One type of ions (protonated molecules) were observed when positive ion ESI 

MS was used. The very low response observed (peak areas) for uretonimines as protonated 

molecules is improved by an order of magnitude when ESI MS is used instead. The data of the 

same chromatographic conditions applied (experimental section) and ACN as a make-up solvent 

using UHPSFC positive ion ESI SQD MS SIRs are shown (Figure 6.15).   
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Figure 6.15 – UHPSFC +ve ion ESI SQD MS SIRs of uretonimines used for peak area calculations in 1 

mg/mL Suprasec® 5025 

The SIR peak widths of 0.12 min were manually integrated (for consistency with isocyanate peak 

widths). The five 1 mg/mL Suprasec® 5025 sample repeats were acquired and the average peak 

areas are given in Table 6.9. 

Table 6.9 – The obtained UHPSFC +ve ion ESI SQD MS SIR peak areas of 1 mg/mL Suprasec® 5025 

used for uretonimine oligomer quantitation 

Uretonimines m/z Ave peak areas STDEV % 

Ut6 707.2 1.07E+05 3.33E+03 52.5 ± 1.6 

Ut7 838.3 6.91E+04 3.35E+03 33.9 ± 1.6 

Ut8 969.3 2.78E+04 1.64E+03 13.6 ± 0.8 

Total  2.04E+05   

 

These data suggest that the 1 mg/mL Suprasec® 5025 sample contains mostly the six aromatic 

ring uretonimine (52.5%). The first three uretonimine oligomer content is at a ratio of 4:2:1 in 

order of increasing number of aromatic rings.  
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6.3.4 Biuret content 

Another case of HMW oligomeric MDI components instantly fragmenting in APPI source is biurets. 

0.6% of 1 mg/mL Suprasec® 5025 sample contains of biurets, estimated by RICC peak areas of the 

corresponding fragment ions, as no response was observed from protonated molecules by 

positive ion APPI MS. The MS detector sensitivity was improved and SIRs of 1 mg/mL Suprasec® 

5025 sample were obtained using UHPSFC positive ion APPI SQD MS (Figure 6.16). 

 

Figure 6.16 – UHPSFC +ve ion APPI SQD MS SIRs of biurets and the corresponding fragment ions in 

1 mg/mL Suprasec® 5025 

Similarly to uretonimines, the first three biuret oligomers are fragmenting and more than one 

chromatographic SIR peak is observed for the corresponding fragment ion at m/z 474.2. It was 

therefore decided to obtain component peak areas using positive ion ESI MS. The same 

chromatographic conditions, using ACN as the make-up solvent, were applied and the SIRs of 

protonated molecules of biurets were integrated accordingly (Figure 6.17). 
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Figure 6.17 – UHPSFC +ve ion ESI SQD MS SIRs of biurets used for peak area calculations in 1 

mg/mL Suprasec® 5025 

The SIR peak areas obtained by positive ion ESI MS were an order of magnitude higher than by 

APPI MS. The peak widths of 1.22 min were selected and the average peak areas calculated from 

five 1 mg/mL Suprasec® 5025 sample acquisitions are given in Table 6.10. 

Table 6.10 – The obtained UHPSFC +ve ion ESI SQD MS SIR peak areas of 1 mg/mL Suprasec® 5025 

used for biuret oligomer quantitation 

Biurets m/z Ave peak areas STDEV % 

B6 725.2 1.17E+04 2.32E+02 48.9 ± 1.0 

B7 856.3 8.60E+03 1.06E+02 36.0 ± 0.4 

B8 987.3 3.64E+03 2.23E+02 15.2 ± 0.9 

Total  2.39E+04   

 

The 1 mg/mL Suprasec® 5025 sample consists of biurets at a ratio of 3:2:1 in order of increasing 

number of aromatic rings. 
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6.3.5 Urea content 

The least abundant oligomeric MDI components of interest within 1 mg/mL Suprasec® 5025 

sample are ureas at 0.3% of the total sample composition, calculated using RICC peak areas 

obtained by positive ion APPI MS.  

Urea oligomers within series can be quantified using either ionisation technique: SIRs selected for 

the radical cations of ureas by positive ion APPI MS or SIRs selected for the protonated urea 

molecules by positive ion ESI MS. As these species are of very low abundance, chromatography is 

crucial, therefore UHPSFC positive ion APPI/ESI SQD MS is applied (settings as mentioned in the 

experimental section). 1 mg/mL Suprasec® 5025 was analysed using toluene as a make-up solvent 

when APPI MS was used and ACN with ESI MS. 

It was discussed that more than one chromatographic peak is observed for the m/z values that 

correspond to radical cations of ureas by positive ion APPI MS, although the retention times were 

confirmed by positive ion ESI MS and SIRs of ureas are shown (positive ion APPI MS - Figure 6.18; 

positive ion ESI MS - Figure 6.19). 

 

Figure 6.18 – UHPSFC +ve ion APPI SQD MS SIRs of ureas used for peak area calculations in 1 

mg/mL Suprasec® 5025 
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Figure 6.19 – UHPSFC +ve ion ESI SQD MS SIRs of ureas used for peak area calculations in 1 mg/mL 

Suprasec® 5025 

Although the chromatographic optimisation methods applied have not been sufficient for 

resolved ureas to be observed, the SIR peak areas extracted by positive ion ESI MS detection 

method are almost doubled cf. positive ion APPI MS. The averaged SIR peak areas of five sample 

repeats are given in Table 6.11. 

Table 6.11 – The obtained RICC peak areas used for urea quantitation 

Ureas m/z Ave peak areas STDEV % 

UHPSFC +ve ion APPI SQD MS SIRs 

U4 474.2 3.76E+04 5.89E+02 63.6 ± 1.0 

U5 605.3 1.73E+04 4.22E+02 29.3 ± 0.7 

U6 736.2 4.18E+03 7.63E+01 7.1 ± 0.1 

Total 5.92E+04  

UHPSFC +ve ion ESI SQD MS SIRs 

U4 475.2 7.15E+04 1.94E+03 60.9 ± 1.7 

U5 606.3 3.86E+04 1.27E+03 32.9 ± 1.1 

U6 737.2 7.24E+03 2.08E+02 6.2 ± 0.2 

Total 1.17E+05  
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The calculated amounts of urea oligomers within series are very similar by either ionisation 

technique, although larger errors are observed by ESI MS. As ureas readily protonate, as well as 

forming radical cations by positive ion APPI MS, one type of ions is formed by ESI, therefore this 

quantitation method is preferred. These data suggest that urea content can be estimated using 

either ionisation technique. It was calculated that the urea oligomer content in 1 mg/mL 

Suprasec® 5025 estimated by either ionisation technique is roughly at a ratio of 10:5:1 in order of 

increasing number of aromatic rings. Other minor components within the sample were 

investigated by SIR methods using ESI MS, therefore for consistency, all minor components of 

interest within oligomeric MDI will further be discussed using chromatographically separated 

components ionised by positive ion ESI. 

 

6.4 Oligomeric MDI sample comparison 

Oligomeric MDI samples were analysed and quantified. Five samples are discussed in this section. 

The previously discussed quantitation method of the newly supplied Suprasec® 5025 was applied 

for the variations of the same material: the very first supplied samples named Suprasec® 5025 A 

and B, colour and viscosity enhanced Colour pMDI that was produced through solvent extraction 

steps. Another oligomeric MDI sample, Suprasec® 2085, is also used for comparison. The latter 

sample is known to consist of reduced diisocyanate content (Table 6.12). 

Table 6.12 - The composition of Suprasec® 2085 isocyanates based on GPC-UV analyses of the 

polymeric MDA167 
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The total sample composition of 1 mg/mL Suprasec® 5025, Suprasec® 2085 and Colour pMDI was 

calculated using chromatographically separated isocyanates and minor components. RICCs were 

integrated and five sample repeat peak areas were averaged to estimate the relative abundances 

of isocyanates (radical cations), uretonimines (fragment ions and protonated uretonimines), 

biurets (fragment ions and protonated biurets) and ureas (radical cations) obtained by UHPSFC 

positive ion APPI SQD MS (Figure 6.20).   

 

Figure 6.20 – Oligomeric MDI sample composition using UHPSFC +ve ion APPI SQD MS RICC peak 

areas 

The physical properties vary between such oligomeric MDI samples. The intensity of colour and 

viscosity increases in order of Suprasec® 5025, Suprasec® 2085 and Colour pMDI samples. The 

latter sample was almost a solid, extraction of sample and solution in DCM preparation was more 

difficult; the total amount of summed peak areas (by UHPSFC +ve ion APPI SQD MS RICCs) of 

Colour pMDI vs. the other two samples is 65%, suggesting possible solubility issues or material 

coming out of solution over time.  

The most significant difference between Colour pMDI and other samples is that it contains much 

less isocyanates (80.9% cf. 92.7% in Suprasec® 5025 and 93.7% in Suprasec® 2085), which is 

expected, as the amount of diisocyanate (major component in isocyanate series) is reduced 

through multiple solvent extraction steps. Isocyanate content can be assumed to be equal in 

Suprasec® 5025 and Suprasec® 2085, as the calculated uncertainty of each is 0.8% and 1.9%, 

respectively. The oligomeric isocyanate content is investigated further; the relative abundances of 

isocyanates within two and nine aromatic rings are calculated and shown (Figure 6.21). 
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Colour pMDI 80.9 15.8 2.1 1.2
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Figure 6.21 – Isocyanate oligomer content comparison in oligomeric MDI samples (up to six 

aromatic rings shown) 

The isocyanate oligomers containing more than six aromatic rings are only of minute 

concentration, therefore not significant. The oligomeric MDI samples differ in the amounts of 

isocyanate oligomers. With a large proportion of the diisocyanate removed from Suprasec® 5025 

to obtain the Colour pMDI sample (from 44.8% in Suprasec® 5025 to 18.4% in Colour pMDI), the 

HMW isocyanates are much more concentrated. As mentioned previously, Suprasec® 5025 and 

Suprasec® 2085 differ in diisocyanate and triisocyanate ratio: 44.8% and 32.7%; 32.4% and 39.2%, 

respectively. From these data, it might be hypothesised that the amount of HMW isocyanates (cf. 

diisocyanate) in oligomeric MDI samples significantly varies the physical properties of isocyanate 

materials.  

Minor component content is similar in Suprasec® 5025 and Suprasec® 2085 (7.3% and 6.3%, 

respectively) and much improved in Colour pMDI (19.1%). The minor components were further 

investigated using SIRs of protonated molecules using UHPSFC positive ion ESI SQD MS. The peak 

areas were compared and the given ratios of minor components within oligomeric MDI samples 

are shown (Figure 6.22). 
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Figure 6.22 – Oligomeric MDI minor component composition using UHPSFC +ve ion ESI SQD MS 

SIR peak areas 

The uretonimine content is comparable in Suprasec® 5025 and Suprasec® 2085 (59.1% ± 2.4% and 

59.1% ± 2.3%, respectively), although slightly reduced in Colour pMDI (53.9% ± 1.8%). Suprasec® 

2085 contains of the most biurets (7.4% ± 0.3%) cf. Suprasec® 5025 (6.9% ± 0.2%) and Colour 

pMDI (6.6% ± 0.2%). The most significant change arises from the urea content: Suprasec® 5025 

and Suprasec® 2085 are similar (34.0% ± 1.0% and 33.5% ± 0.6%, respectively), although Colour 

pMDI consists of the most ureas (39.5% ± 1.3%). It has been reported that urea contains a 

chromophore166, 168, 169, suggesting the increased amount of urea would result in darker material 

colour, which is in fact true in Colour pMDI. Ureas are also formed upon isocyanate exposure to 

moisture. This is inevitable upon sample aging. It was also concluded that older samples contain 

more urea cf. to the newly supplied ones.  

 

6.4.1 First received inter-batch Suprasec® 5025 

The ultimate research question, leading to qualitative and quantitative analysis of oligomeric MDI 

using packed column SFC has arisen since two inter-batch Suprasec® 5025 materials varied in 

physical properties. Although the colour and viscosity observed to be enhanced in Suprasec® 5025 

A cf. Suprasec® 5025 B, this does not affect the quality and the intended purpose of the material, 

the current analytical techniques used in industry do not explain the intricate differences between 

such samples. This research project was therefore focused on the method development and 
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optimisation to obtain separation and estimate the relative abundances of isocyanate oligomers 

from the minor components, which are the suspects of physical property differences observed 

between Suprasec® 5025 A and B. 

Total sample composition was calculated using integrated RICC peaks obtained by UHPSFC 

positive ion APPI SQD MS (Figure 6.23). 

 

Figure 6.23 – Suprasec® 5025 A and B sample composition using UHPSFC +ve ion APPI SQD MS 

RICC peak areas 

The sample consistency is nearly identical. Within the uncertainty calculated from averaged five 

each sample repeats, the amounts of isocyanates, biurets and ureotnimines are the same. There 

was no response observed for RICCs of radical cations of ureas in 1 mg/mL Suprasec® 5025 B, 

which further strengthens the theory of urea being the chromophore in oligomeric MDI samples. 

SIRs were selected and the same quantitation method was applied using positive ion ESI MS. The 

obtained peak areas were averaged and relative abundances of minor components are shown 

(Figure 6.24).   
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Figure 6.24 – Suprasec® 5025 A and B minor component composition using UHPSFC +ve ion ESI 

SQD MS SIR peak areas 

The minor differences between the samples are better understood by enhancing the sensitivity of 

the MS detector response. Suprasec® 5025 A consists of 8.9% more urea than Suprasec® 5025 B 

(25.0% ± 2.3% and 16.1% ± 0.5%, respectively). The uretonimine and biuret content is enhanced in 

Suprasec® 5025 B: 6.6% more uretonimines and 2.3% more biurets. This is therefore suggested 

that the colour and viscosity enhancement in oligomeric MDI materials does not arise from 

uretonimine or biuret contents and is observed by the concentration of ureas. 
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Conclusions 

The project outcomes and achievements have proved that the oligomeric MDI characterisation is 

possible using packed column SFC coupled to MS. Previous work focused on capillary SFC using 

FID and MS detectors highlighted SFC drawbacks that have been overcome overtime. Using GC-

like columns and detectors have shown initial oligomeric MDI separation, as well as the side 

reaction products, which have not been successfully identified in the past. Common 

chromatographic and MS techniques, such as HPLC UV/MS and direct infusion (DI) MALDI MS and 

APCI MS that focus on prior MDI derivatisation were compared with methanol-treated MDI 

experiments. The resulting urethane groups were present in isocyanate oligomers, although an 

incomplete conversion was noticed, as well as the absence of minor components. Since 

oligomeric MDI material physical properties are linked to isocyanate content, NCO value and 

minor component content, it was crucial to analyse the samples prior to isocyanate group 

conversion, leading to the use of aprotic solvents. 

Component series in oligomeric MDI samples were identified using positive ion APPI and ESI MS 

techniques. The major and minor components contain aromatic rings substituted by an 

isocyanate functional group that are ideal ionisation candidates by APPI MS. Minor components, 

such as uretonimines, biurets and ureas, consist of enhanced polarity functional groups, 

protonation using APPI/ESI MS was also observed. Both ionisation methods were used to identify 

the HMW components that showed preference to protonation. Ionisation conditions were 

optimised to improve the MS detector (SQD) sensitivity to improve sample component ion 

intensity. Data have shown that HMW components, such as uretonimines and biurets, instantly 

fragment upon ionisation in the APPI source, hence no signal observed using DI methods. The 

trace components in oligomeric MDI are hardly detected by DI, chromatographic separation 

methods were applied (UPSFC). 

Chromatographic separation methods (UHPSFC) were developed and optimised using packed 

column SFC. The particle morphology and various column stationary phases were explored. The 

column screening experiments using fully porous 1.7 µm particle columns resulted in the choice of 

fluoro-phenyl stationary phase (Acquity UPC2™ CSH Fluoro-Phenyl). It is believed that component 

retention is mostly determined by the interactions between the analyte and the stationary phase 

through the delocalised π electron system, as well as the analyte size, which was proved to be 

true for oligomeric MDI component elution. High efficiency packing of small particles allow 

smaller in-column volumes of mobile phase causing high system backpressure, this was overcome 

by reduction of chromatographic flow rate and the use of core-shell particle columns. The column 
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containing superficially porous 2.7 µm particle fused with the pentafluorophenyl stationary phase 

provided comparable peak resolution as the fully porous 1.7 µm particle columns. The reduced 

diffusion pathway resulted in reduced system backpressure that was used to an advantage: 

multiple columns were connected in series. Oligomeric MDI sample component resolution was 

further improved through multiple core-shell particle column connection. A few columns of 

varying stationary phases were used in varying column combinations to obtain the optimum 

chromatographic efficiency to-date: Raptor PFP, CORTECS HILIC and Raptor PFP in this order was 

concluded to be of choice. The MDI analysis requires a dedicated column system that has not 

been previously used for analyses using protic solvents, such as methanol. Methanol is adsorbed 

onto the stationary phase through adsorption onto silanol groups; the presence of methanol 

traces causes partial isocyanate group conversion to urethanes, a disadvantage in attempting to 

quantify the oligomeric MDI components.  

Various aprotic solvents were studied. Sample solvents were investigated resulting in the use of 

DCM instead of toluene. Toluene proved to be the dopant of choice for oligomeric MDI analysis 

using dopant-assisted APPI. To enhance protonation and to improve signal using ESI, ACN was 

used. ACN was also the prime solvent used as UHPSFC modifier. Addition of DCM to improve 

analyte solubility and elution from columns has resulted in the ACN:DCM solvent ratio of 1:1 . The 

binary solvent mixture allowed the best resolution of isocyanate oligomers, baseline resolution of 

isocyanate series was achieved.  

A unique property of SFC cf. HPLC is the mobile phase density. Supercritical CO2 density was 

modified through varying ABPR settings or changes to the column temperature. No significant 

improvements were achieved by varying ABPR, although increased column temperature (70 oC) 

has resulted in sharper peaks as well as delayed analyte retention.  

Following UPSFC method optimisation, the components present in oligomeric MDI were 

investigated to identify the series present. Some unknown species were observed and possible 

structures were proposed by tandem MS, accurate mass data and elemental composition 

obtained. Since no separation of all component series and oligomers was achieved, this would not 

be suitable for detection using ELSD, UV or CAD detectors. The separation of ions based on their 

m/z values using MS helped to distinguish between components and their corresponding 

fragment ions. Furthermore, separation in the third dimension was achieved using TWIMS, based 

on the 3D shape of an analyte ion. This helped further to identify isobaric species observed by 

positive ion APPI where, in fact, the collision cross sections of ions were identical, proving the 

multiple RICCs observed for m/z that correspond to radical cations of ureas were also fragment 
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ions of biurets. Further work is required to confirm that in-source fragmentation also occurs upon 

photoionisation of uretonimines in the APPI source.  

APPI assumptions of equal ionisation efficiency across the number of aromatic rings and across 

different component series were proved to be true. The surrogate molecules were used to 

confirm ionisation response was somewhat the same using a known concentration of internal 

standards. The absolute MDI amount and therefore the NCO value of oligomeric MDI samples can 

be calculated using a pure MDI calibration curve. Integrated component RICCs were used to 

quantify the relative abundances of major and minor components in oligomeric MDI samples and 

thus to distinguish the total sample composition from RICCs obtained using positive ion APPI MS. 

Baseline resolved isocyanate oligomers were quantified within m/z 200-1200 (I2-I9). Minor 

components were quantified using SIRs by positive ion ESI MS; the integrated peaks were used to 

distinguish the relative amounts of the first three oligomers within component series.  

Using quantitative analysis results, the differences between physical properties of isocyanate 

materials were proposed to arise from isocyanate content, i.e. the total isocyanate composition 

vs. the minor components, as well as the composition of HMW oligomers. The darkening of 

oligomeric MDI samples was linked to urea content, although not confirmed and the use of a PDA 

detector able to scan through larger wavelengths would help trace the chromophore. 
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