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Chapter 1  
 

1. General introduction 
 

 

 

 

All scientific progress is progress in a method. 

René Descartes 

 

 

Abstract 

 

In this chapter the history of liquid chromatography (LC) is briefly discussed. It is 

evident that the demand for smaller particels and high pressures arose as soon as the 

theoretical background of liquid chromatography was established. This demand 

eventually led to the development of the contemporary ultra-high pressure liquid 

chromatography (UHPLC). Fundamental advantages of using small particles in LC are 

discussed. The major applications of UHPLC in modern analytical chemistry are 

mentioned. Finally, the role of UHPLC in polymer analysis is addressed and the scope 

of the present thesis is outlined.       
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1.1. Development of liquid chromatography 
 

According to the IUPAC definition [1], “chromatography is a physical method of 

separation, in which the components to be separated are distributed between two 

phases, one of which is stationary (stationary phase) while the other (the mobile phase) 

moves in a definite direction. In liquid chromatography (LC) the mobile phase is a 

liquid.” 

Chromatography was discovered in the beginning of the twentieth century by 

Russian botanist Mikhail Tswett (1872 – 1919). He succeeded in separating several 

plant pigments using glass tubes filled with calcium carbonate. The technique was 

named “chromatography” (from Greek words “chroma” – “colour” and “graphein” – “to 

write”) because the separated colorants could be observed in the column. Interestingly, 

the last name of the scientist himself, when translated from Russian, means “colour”.  

The transformation of the original LC to the commonly used separation technique, 

as it is now, took a number of decades. The method was ignored and even criticized for 

many years. One of the reasons for that was scepticism about the notion that 

chromatographic separation can provide pure substances [2]. The discussion on 

usefulness of chromatography ended around 1930 when the young scientist Edgar 

Lederer used the technique to separate xanthophylls from egg yolk. The method was 

picked up by other groups and used for separation of various natural substances [3].  

In its early days chromatography served as a preparative technique to obtain pure 

compounds, which then could be studied further. Initial LC experiments were 

conducted using open wide-bore glass columns packed with relatively large particles 

(ca. 50 m) [4]. The technique was laborious. First an adsorbent had to be prepared 

and packed into glass tubes. Then sample solution was introduced on the top of the 

column and the separation was performed by gravity forces using previously selected 

solvents [5]. After the separation was completed, the packing material was carefully 

removed from the column and the zones of the absorbent containing different 

compounds were separated from each other. Finally, the separated components were 

extracted from the material using suitable solvents. Later – in the so-called flow-

through chromatography – the separated compounds were washed out of the column 

with the solvent. The effluent was collected in small fractions and each fraction was 
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investigated. The efficiency of the first LC columns was very low, while the separation 

itself took several hours [4]. 

With further development of LC, it became possible to monitor the fractions 

simultaneously with performing the separation and to use mixture of solvents for 

adjusting the eluent strength. This determined the success of LC not only as a 

preparative technique, but also as a separation method that provides information on the 

sample content. 

The theoretical background of chromatography was established by Martin and 

Synge in 1941 [6]. They introduced the concept of a theoretical plate, which allowed 

measuring the performance of the technique. They also described the factors affecting 

band broadening during chromatographic analysis and they anticipated improvements 

in separation by using columns packed with smaller particles at high pressures [6]. 

In 1956 Van Deemter and co-workers at Shell Amsterdam extended the work of 

Martin and Synge and proposed a mathematical equation describing the sources of 

band broadening in a chromatographic column [7]. This resulted in a well-known 

equation, which correlates the plate height H achieved during separation and the 

(superficial) linear velocity of the mobile phase u0. 
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where A, B and C are coefficients; dp – the particle diameter of the stationary phase and 

Dm – diffusion coefficient of the analyte in the mobile phase. 

Three main effects causing the dispersion in LC column were identified, viz. eddy 

diffusion (A-term), longitudinal diffusion (B-term), and mass transfer (C-term). The 

work of Van Deemter confirmed conclusions of Martin and Synge on better LC 

performance of stationary phases with small particle diameters. At equal linear 

velocities smaller particles offered lower plate heights, i.e. higher efficiencies compared 

to larger particles. Alternatively, smaller particles could offer faster separations while 

maintaining efficiencies similar to those of larger particles. It also became evident that 

for each particle size there was an optimum mobile phase velocity, at which a minimum 

plate height (i.e. maximum separation efficiency) could be achieved. 
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1.2. Towards ultra-high-pressure liquid chromatography (UHPLC) 
 

Although already in the 1940s chromatographic theory had suggested major 

improvements in efficiency and speed of separation when using small particles, 

significant advancements in column and instrument technology were required to 

implement these improvements in practice. Stationary phases with small particles and 

narrow particle-size distributions had to be manufactured and then efficiently packed 

into columns. Because of the considerable backpressures of such columns, 

chromatographs had to be built that could supply solvents at elevated pressures with 

constant flows. Such columns and instruments became available in the 1960s. In 1963 a 

young American entrepreneur, James Waters, in cooperation with Dow Chemical, built 

and commercialized the first system for elevated-pressure (up to 3.5 MPa) gel-

permeation chromatography [8]. Simultaneously Joseph Huber in Eindhoven (and later 

in Amsterdam) and Csaba Horváth at Yale University (USA) were constructing LC 

instruments that could generate high pressures (up to 7 MPa) and employ small            

(< 50 m) particles [9]. Horváth developed the first high-pressure or high-performance 

liquid chromatograph (HPLC) that was used for the separation of biological compounds 

[10]. In the late 1960s HPLC systems with increased pressure limits became available 

from several manufacturers. Finally, in the early 1970s Waters engineers built an HPLC 

system capable of delivering solvents and injecting samples at pressures up to 40 MPa 

(400 bar) [7]. Similar types of LC instruments are still in use in many analytical 

laboratories. 

Simultaneously with the development of LC instrumentation, a great amount of 

research was devoted to improvements in packing materials and packing methods. In 

the 1970s alumina- and silica-based LC stationary-phase particles of 10 and 5 m 

appeared on the market. The applications of LC were significantly extended following 

the synthesis of octadecyl-bonded (reversed-phase) silica packing materials. In the 

1990s columns packed with 3-5 m particles became common practice in LC [7].  

Further improvements in separation speed and efficiency required using particles of 

2 m and smaller. However, such columns generate very high backpressures. The 

easiest way to overcome this problem was to reduce the column length or to use low 

flow rates. The first approach, however, would lead to increased relative extra-column 
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band broadening contributions to the peak width and, thus, to deterioration of 

efficiency. The second approach implied that the separation would have to be conducted 

at linear velocities that were below the optimum for such small particles. In this case, 

the desired improvement in efficiency would not be feasible. To utilize the full potential 

of sub-2 m particles a new generation of LC instruments capable of supplying solvents 

at pressures above 40 MPa was required.  

 

1.3. UHPLC technology 
 

The work on the development of LC instruments with improved pressure 

capabilities started during the late 1990s. The challenge was in building pumps that 

could supply solvents at very high pressures and ensure stable flow rates at such 

conditions. In addition, very narrow and fast eluting peaks would be obtained using 

columns packed with small particles. This posed stringent requirements on extra-

column system (and detector) volumes. The first sophisticated LC systems able to work 

at very high pressures were created independently in the group of James Jorgenson at 

the University of North Carolina (USA) [11] and in the group at Brigham Young 

University (USA) by Milton Lee and co-workers [12]. The term “ultra-high-pressure 

liquid chromatography, UHPLC” was introduced by MacNair et al. for liquid 

chromatographic separations performed at pressures as high as 410 MPa and using 

columns packed with 1.5-m [11] and 1.0-m particles [13]. The first UHPLC systems 

were very complex and were not commercially available. Liquid chromatography with 

pressures above the conventional 40 MPa was commercialized by Waters in 2004 under 

the trade-name “ultra-performance liquid chromatography, UPLC”. Some researchers 

have used the term UPLC in peer-reviewed literature [14]. However, ultra-high-

pressure liquid chromatography or UHPLC has become the accepted terminology for 

separations performed using sub-2-m particles at pressures exceeding the 40 MPa 

limit of high-pressure liquid chromatography (HPLC) [15-17]. Another term used less 

commonly for the same technique is “very-high-pressure liquid chromatography” 

[18,19]. In this thesis we apply the term “ultra-high-pressure liquid chromatography” 

for the separations performed using 1.7-m particles and an HPLC system capable of 
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generating pressures up to 103 MPa. The term UPLC is used as a trademark to describe 

the system and the specialized columns. 

Ultra-high pressures in LC required mechanically stable stationary phases. Non-

porous packing materials were used in initial UHPLC experiments due to their better 

stability at high pressures compared to porous particles. However such columns 

featured limited loading capacities and narrow retention ranges. Soon after the 

development of the first UHPLC systems a new generation of hybrid particles was 

obtained by Waters engineers [20]. Ethylene bridges were created inside the particles to 

strengthen the material. The technology provided packings stable at pressures up to 100 

MPa [21]. These developments spurred the expansion of UHPLC in different analytical 

fields. Nowadays a large number of manufacturers offer UHPLC instrumentation with 

pressure limits in excess of 100 MPa. A wide range of stationary-phase chemistries is 

available for many challenging applications. 

 

1.4. Applications of UHPLC 
 

The commercialization of the first UHPLC system gave rise to a large number of 

publications comparing the performance of the new advanced LC technology and 

conventional HPLC [20,22-28]. These studies demonstrated that for many multi-

component samples (as encountered e.g. in biological analysis) UHPLC offers higher 

efficiency and faster analysis than HPLC. Fig. 1 [14] illustrates an eight-fold 

improvement in speed of separation of a pharmaceutical sample achieved by using sub-

2 m particles at elevated pressures. In several studies it was emphasized that UHPLC 

has a higher sensitivity and allows reducing the amounts of solvents used, because of 

smaller column dimensions [22-24,27,29]. Using kinetic plot methods [30] some 

authors came to the conclusion that UHPLC is particularly advantageous for high-speed 

separations [31,32]. As illustrated in Fig. 2 [31], 1.7 m particles at 100 MPa (1000 bar) 

can provide much faster separations than larger (3.5 and 5 m) particles at 40 MPa. 

However, at efficiencies above ca. 68,000 packing materials with larger particles 

become advantageous even when operated at these much lower pressures.  

Since 2004 the number of UHPLC applications has been growing exponentially. It 

is especially evident in separations of complex mixtures such as biological samples [33-

35], pharmaceuticals [29,36], food [37] and environmental samples [38]. Nowadays 
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many laboratories conducting analysis in these fields are well equipped with UHPLC 

instruments. Although other developing LC technologies, viz. monolithic columns and 

core-shell stationary phases show great potential for separations of complex samples, 

UHPLC secured its position in many application fields for the coming years. This is due 

to relatively easy method transfer between HPLC and UHPLC, the large variety of 

available stationary phases [16], and the well-established theoretical background.  

 

 

Fig.1. Gradient separation of didanosine and its impurities on two XBridge C18 columns with 

different dimensions and an ACQUITY UPLC BEH C18 column. Flow rates: (A) 1.0 mL/min,  

(B) 1.43 mL/min, and (C) 0.613 mL/min. Reprinted from ref. [14] with permission. 

 

 

Fig.2. Kinetic plots for 1.7, 3.5 and 5 μm particles. For detailed information on the conditions see ref. 

[31]. Solid points A–C represent analysis conditions below which 3.5 μm provide faster analysis than 5 

μm (point A), and 1.7 μm provide faster analyses than 5 μm (point B) and 3.5 μm (point C). Experimental 

points denoted by Δ and ο were obtained using the Acquity Column Heater (ACH) and Polaratherm 

(PLT), respectively. Reprinted from ref. [31] with permission. 
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1.5. UHPLC of large molecules 
 

Although UHPLC is on its way to become a routine technique for the analysis of 

low-molecular weight compounds, the situation is totally different for large molecules. 

Only very few applications of UHPLC in polymer analysis can be found in the literature. 

Falkenhagen et al. studied relatively low-molecular-weight (< 3000 Da) poly(ethylene 

oxide)s and poly(propylene oxide)s using UHPLC-MS [39]. Pursch et al. described 

separations of styrene-acrylonitrile copolymers and epoxy resins using an LC system 

with a 60-MPa pressure limit [40]. One of the reasons for such a limited number of 

publications may be a lack of UHPLC columns intended for size-exclusion 

chromatography (SEC), a type of LC that is the most commonly used in polymer 

analysis.  

Fundamentally, the advantages of UHPLC for separations of macromolecules are 

the same as for separations of small molecules; viz. this technique can offer improved 

separation efficiency and/or speed. The implementation of UHPLC for analysis of 

slowly-diffusing macromolecules would be especially rewarding. Therefore, it is 

important to investigate possibilities (and limitations) of polymer separations using 

UHPLC. 

 

1.6. Scope of the thesis  
 

The main goal of the present work is to explore the feasibility of UHPLC separations 

of synthetic polymers in both adsorption and size-exclusion modes. We attempt to 

demonstrate in practice the advantages of contemporary UHPLC technology for 

macromolecule analysis and also to identify its limitations. Finally we aim to build a 

comprehensive two-dimensional LC system for separations of polymers where UHPLC 

is used in both the first and the second dimensions.  

Chapter Two of this thesis reviews challenges that are encountered during the 

analysis of synthetic polymers with LC. Among these are poor solubility of many 

polymers in common chromatographic solvents, potential degradation of large 

macromolecules during LC analysis, difficulties in selecting suitable (combinations of) 

eluents, etc. Different separation mechanisms and available detection methods for 

polymers are critically discussed in this chapter. Special attention is paid to 
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contemporary developments in LC which can potentially improve the trade-off between 

efficiency and speed of analysis. Using UHPLC technology is recognized as one of the 

promising strategies to obtain fast and efficient separations of polymers. 

In Chapter Three problems associated with polymer analysis using UHPLC are 

identified and possible ways to solve these are explored. Very fast and efficient size-

based separations of polystyrene (PS) standards are demonstrated using wide-bore   

(4.6 mm I.D.) UHPLC columns. Chromatography is performed at ultra-high pressures 

in both size-exclusion and hydrodynamic modes. The influence of temperature, column 

length and flow rate on the obtained separations is investigated. 

Chapter Four discusses in detail fundamental limitations of UHPLC for polymer 

analysis, viz. deformation and degradation of macromolecules in the high-stress 

environments generated during the LC analysis (especially with small particles at 

elevated pressures). The conditions corresponding to the onsets of these two effects in 

UHPLC are established for PS polymers. Collection and re-injection of polymer peaks as 

well as off-line two-dimensional UHPLC experiments are performed to understand the 

behaviour of macromolecules at UHPLC conditions and to gain insight in the main 

sources of polymer degradation.  

Chapter Five demonstrates an application of gradient-elution UHPLC for 

separations of polyurethane (PU) samples used for coating applications. Two types of 

samples are studied: PUs obtained in the presence of ionic comonomer and PUs 

obtained without an ionic compound. Separations achieved by HPLC are compared with 

separations performed on a UHPLC system. The influence of mobile-phase pH on the 

separations is investigated. The identification of the low-molecular weight compounds 

present in the samples is performed using liquid chromatography-electrospray-(time-

of-flight) mass spectrometry. The polymeric part of the samples is examined by UHPLC 

coupled (off-line) with matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry. 

Chapter Six demonstrates the possibility of performing comprehensive two-

dimensional separations of polymers with UHPLC used in both dimensions. Gradient-

elution UHPLC in the first dimension provides highly-efficient polymer separations 

based on chemical composition. Ultra-high-pressure SEC analysis in the second 

dimension offers very fast and efficient size-based separations. The approach presented 
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allows decreasing the overall analysis time for a two-dimensional experiment to (less 

than) one hour (as compared to several hours required for an HPLC×SEC experiment). 

 

The chapters of this thesis have been prepared for publication in international 

scientific journals and can be read independently. Therefore, some overlap may occur. 
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Chapter 2 

 

2. Challenges in polymer analysis by liquid 

chromatography 

 

Abstract 

 

Synthetic polymers are very important in our daily life. Many valuable properties of 

polymers are determined by their molecular weight and chemical composition. Liquid 

chromatographic (LC) techniques are very commonly used for molecular 

characterisation of polymers. LC analysis of macromolecules is more challenging than 

analysis of low-molecular-weight compounds, because of polymer dispersity, chemical 

heterogeneity (several polymer distributions within one sample), poor solubility of 

many engineering plastics in common chromatographic solvents, and other factors. The 

present review focuses on difficulties associated with LC analysis of synthetic polymers. 

The approaches that allow bringing poorly soluble polymers within the scope of LC are 

discussed. Different LC modes used for polymer separations are reviewed and 

associated practical challenges are identified. Special attention is paid to combining two 

LC methods in a two-dimensional setup. Aspects of optimization of separations in terms 

of resolution (retention factors, selectivity and efficiency) and analysis time are 

discussed. Modern technologies (core-shell stationary phases, monolithic columns, and 

sub-2 m particles) that may positively affect the trade-off between speed of analysis 

and efficiency are considered in this respect. Finally, the issue of detection in LC of 

polymers is addressed. The advantages and limitations of different detection techniques 

as well as hyphenated techniques are discussed. 
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2.1. Introduction 
 

Synthetic polymers play a very important role in our daily life. They are used in 

clothing, housing, medicines, automobiles, etc. Starting with the production of very few 

types of polymers on an industrial scale almost a century ago, the number of 

commercial synthetic polymers has grown significantly. A tremendous amount of 

research is devoted to the creation of polymers with improved properties for 

challenging applications, for example for use in space technology or in the human body. 

The introduction of new polymeric materials necessitates advances not only in polymer 

chemistry, but also in analytical chemistry. The properties of polymers are to a great 

extent determined by their composition and molecular weight. Analytical methods are 

required to make the connection between polymer properties and composition. 

Generally, the analysis of polymer samples is more challenging than the analysis of 

samples of low-molecular-weight compounds. The main complicating factor is the 

presence of various molecular distributions in a polymer sample (molecular-weight 

distribution, chemical-composition distribution, end-group distribution, etc.). A 

schematic illustration of different polymer distributions is shown in Fig. 1. Although 

some polymeric samples (i.e. homopolymers with well-defined end groups) feature only 

a molecular-weight distribution, most polymer materials exhibit two or more 

distributions simultaneously.  

Using such common analytical tools as infra-red (IR) spectroscopy or nuclear-

magnetic-resonance (NMR) spectroscopy for polymer analysis, we can obtain useful 

information on the types and concentrations of monomers or functional groups in the 

sample [1, 2]. However, these methods do not provide data on molecular distributions. 

Moreover, in most cases it is not possible to establish the polymer molecular weight 

using such methods. The determination of the types and numbers of end-groups is 

often complicated by their low concentrations in the sample. Other techniques, such as 

static or dynamic light scattering (LS), osmometry, and viscometry can provide 

information on the molecular weight of the polymer. However, when used alone, these 

techniques also do not allow determining molecular-weight distributions [3, 4]. 

Chromatographic methods can be applied to separate polymers based on different 

characteristics. If we are specifically interested in one of the distributions, we may find 
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an appropriate one-dimensional separation method. The separation of samples that 

feature multiple distributions typically requires multiple separation mechanisms. 

Chromatographic methods can be used alone or they can be coupled to other 

informative techniques (IR, NMR, LS, mass spectrometry) to obtain information on 

molecular distributions in the polymer sample. The choice of a suitable 

chromatographic method and the accompanying detection technique is not always 

straightforward. It usually requires a great deal of knowledge and experience. 

Meaningful data may only be obtained if both the separation techniques and the 

polymer chemistry are adequately understood. 

 

 

Fig. 1. Schematic representation of types of polymer distributions 

 

Chromatographic techniques include gas chromatography (GC) and liquid 

chromatography (LC). The separation in GC is based on selective partitioning of the 

analytes between a solid or liquid stationary phase and a gaseous mobile phase [5]. Only 

small molecules (monomers, small oligomers, certain additives) are sufficiently volatile 

to be brought into the gas phase through heating of the sample. Thus, GC is usually 
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used to determine residual monomers, to characterize low-molecular-weight additives 

in polymer samples and sometimes for oligomer analysis [6]. Larger polymer molecules 

can be analysed using pyrolysis-gas chromatography (Py-GC), where macromolecules 

are destroyed at high temperatures and the obtained products are subsequently 

separated by GC. However, Py-GC is a technique for characterizing, rather than for 

separating polymer molecules. LC is a more-common method for polymer analysis. LC 

separations require solutions of polymers in liquid solvents. The separation principle of 

LC is based on the distribution of analyte molecules between a stationary phase (usually 

in the form of a packed bed) and a liquid mobile phase, which is passing through the 

column [7]. LC includes a whole group of methods, which allow for separations of 

polymers based on different properties. For example, gradient-elution liquid 

chromatography (GELC) may be used to separate polymers according to their overall 

chemical composition, while size-exclusion chromatography (SEC) separates polymers 

based on their molecular size. 

In the present review we focus on the analysis of synthetic polymers with LC. A 

number of important aspects are discussed, which must be taken into consideration 

when analysing a polymer sample with these techniques. Some challenges encountered 

in polymer separations are identified and possible ways to meet these are explored. 

Special attention is paid to practical issues encountered during LC analysis of polymers. 

 

2.2. Bringing polymers in solution  
 

Liquid-phase separation techniques (SEC, GELC, etc.) for polymers require liquid 

samples. To avoid problems associated with the viscosity of the sample, dilute solutions 

are commonly analysed. Some polymers are soluble in water, with or without additives, 

such as salts or buffers. These include biopolymers (many proteins, DNA, some 

polysaccharides), poly(vinyl pyrrolidone), and poly(ethylene glycol). A number of 

polymers, for example polystyrene and poly(methyl methacrylate), are soluble in simple 

organic solvents, such as tetrahydrofuran, methanol, or acetonitrile. However, for many 

synthetic polymers solvent resistance is a desirable property. As a consequence, they are 

not readily soluble in common chromatographic solvents. Some polymers (polyamides, 

polyesters) require expensive strong solvents, such as 1,1,1,3,3,3-hexafluoro-2-propanol 
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(HFIP or HFIPA) [8, 9]. Other polymers (e.g. polyethylene, polypropylene) require 

using elevated temperatures (e.g. 1,3,5-trichloro-benzene at 140°C) [10] or aggressive 

solvents (such as concentrated sulphuric acid, which is used to dissolve polyaramides 

[11, 12]). All these solvents pose stringent restrictions on the separation conditions and 

on the equipment used. 

In practice the following properties of a liquid (besides the dissolving power) should 

be considered when choosing an appropriate sample solvent and mobile phase [7]: 

viscosity, reactivity, operating temperature, compatibility with the detector and the 

separation system, cost, smell, and safety (e.g. toxicity, flammability). All these 

parameters make the selection of an ‘ideal’ solvent for a polymer sample a rather 

intricate challenge. Different ways to help overcome this are described in subsequent 

sections. 

 

2.2.1. Sandwich injection 

 

A ‘sandwich injection’ method was employed by Mengerink et al. for LC analysis of 

oligomers present in polyamide polymers [13-15]. This type of polymer is only soluble in 

protogenic alcohols (e.g. HFIP) and strong acids (formic acid, sulphuric acid). The 

former are very expensive and may involve health risks, while the latter type of solvent 

may corrode the separation equipment. Generally, such solvents are quite attractive for 

dissolving a sample, but not attractive as a mobile phase. An aqueous-organic mobile 

phase may be used for the separation of polyamide oligomers. However, injecting the 

polymers in such a mobile phase will result in precipitation in the injector and possibly 

in system clogging.  

The ‘sandwich injection’ implies injecting a polymer sample between two plugs of a 

good solvent (e.g. formic acid), which prevents the polymer from precipitating in 

surrounding aqueous mobile phase before reaching the column. The oligomers are 

soluble in the mobile phase and may be separated on the column. 

However, this method also has some limitations. It only allows analysing oligomers 

present in the polyamide sample, while the polymer part precipitates on the column. In 

Mengerink’s case the column had to be cleaned or replaced after approximately 60 
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injections [13]. In addition, not all chromatographic equipment allows conducting a 

multiple-injection procedure automatically. 

 

2.2.2. High-temperature LC 

 

Some polymers, which are not soluble in chromatographic solvents at room 

temperature, may be brought into solution when heated. Examples of these are 

polyamides, which can be dissolved in benzyl alcohol at 130°C [8], and polyolefins, 

which may be dissolved in o-dichlorobenzene (ODCB) or 1,2,4-trichlorobenzene (TCB) 

at 150-180°C [10]. At these conditions polymer samples can be separated by high-

temperature LC (HTLC) in the size-exclusion mode (HTSEC) [8, 16-18], in the 

adsorption mode [19-21], or at the critical point of adsorption [22]. Two high-

temperature separations can be combined in a two-dimensional setup (see section 

2.3.6). This was demonstrated for the separation of polyolefins [23-25] and ethylene-

vinyl acetate copolymers [26]. 

In addition to enhanced polymer solubility, the use of elevated temperatures during 

separations offers other benefits. The separation efficiency in chromatography is usually 

described in terms of the plate height H. The lower the H value the higher the efficiency 

that can be achieved. The plate height depends on the (superficial) mobile-phase 

velocity u and this relationship can be described by the so-called Van Deemter equation 

[27].  
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                                                                                                         (1) 

where A, B and C are coefficients; dp – particle diameter of the stationary phase; Dm – 

diffusion coefficient of the analyte in the mobile phase. 

There are three factors which contribute to the band broadening during 

chromatographic separations and, thus, cause deterioration of the efficiency. These are 

the eddy diffusion (A-term in Eq. 1), the longitudinal diffusion (B-term) and the 

resistance to mass transfer (C-term). The reduced (dimensionless) velocity v 

(v=udp/Dm) and the reduced plate height h (h=H/dp) were introduced to facilitate the 

comparison of separation efficiencies for different analytes on different stationary 
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phases [28]. For each set of experimental conditions (stationary phase, mobile phase, 

temperature) there is an optimum velocity at which the minimum plate height can be 

achieved (Fig. 2).  

 

 

Fig. 2. Reduced h vs. v curve calculated using A=1, B=2, C=0.2. The optimum reduced velocity that 

corresponds to a minimum reduced plate height is indicated by an arrow. 

 

In LC of macromolecules mass transfer is slow, so that the C-term often dominates 

the band broadening at room temperature [29]. An increase in temperature accelerates 

the mass transfer. Large polymer molecules feature low diffusion coefficients. 

Separations are usually performed at high reduced velocities, which are (far) above the 

optimum (minimum value for h) on the reduced h vs. v curve. Higher temperatures 

cause a reduction in mobile-phase viscosity, which leads to an increased diffusivity of 

the analytes [30]. This increase in diffusion in turn causes a decrease in the reduced 

velocity v and a concomitant decrease in the reduced plate height h. This results in 

lower plate heights and, thus, better separation efficiencies. When analysing small 

molecules at low reduced velocities, an increase in temperature has a much smaller 

effect on the plate height [29]. The influence of temperature on the separations is 

illustrated in Fig. 3, where the reduced plate height at different temperatures is plotted 

against the reduced velocity, calculated as if the separation were performed at 25ºC.  

The retention of polymers (in the adsorption mode) usually decreases with 

temperature,  i.e. polymer peaks elute somewhat faster at higher temperatures [31, 32]. 

Moreover, the optimum velocity increases with increasing temperature (see Fig. 3) [29, 

33], so that optimum conditions correspond to faster separations at elevated 

temperatures. The increased flow rate does not cause a great increase in the column 
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backpressure thanks to a decrease in solvent viscosity. Thus, HTLC allows for both 

more efficient and faster separations of polymer samples.  

 

 

Fig. 3. Plots of reduced plate height calculated at different temperatures against reduced velocity at 

25ºC. Conditions: dp = 3 m, rapid sorption kinetics, Dm,25 = 6·10-11 m2/s. Reprinted from ref [29] with 

permission. 

 

There are some specific challenges associated with analyses at high temperatures. 

First of all, although separations at moderate temperatures (up to, for example, 90°C) 

can be performed on conventional LC systems, genuine HTLC requires dedicated 

equipment, specially designed to avoid cold spots (or cold periods), which may result in 

(irreversible) polymer precipitation. Mobile-phase preheating is necessary to minimize 

efficiency losses due to the temperature gradients arising in the column [31]. Accurate 

control of the column temperature is needed in adsorption LC to avoid variations in 

retention factors. Another challenge in implementing HTLC is the selection of a suitable 

stationary phase, which is stable at high temperatures. Conventional silica phases are 

prone to hydrolysis at temperatures above 80°C. Materials such as zirconium oxide, 

titanium oxide, aluminium oxide, and polystyrene-divinylbenzene are stable up to ca. 

225°C [31, 34]. Although some HTLC stationary phases are available, the choice of 

chemistries is more limited for HTLC than for conventional LC. 

There are also some considerations on mobile phases for HTLC. Solvents with 

boiling points above the applied temperatures can be used in HTLC. For example, TCB, 

with a boiling point of 213°C was utilized for separations performed at temperatures 

between 130 and 150°C [35] or even as high as 175°C [23]. Because the boiling point 
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increases significantly with increasing pressure, common chromatographic solvents 

(such as THF) can also be used. In this case special precautions have to be taken to 

minimize risks of boiling of the solvent and explosion (e.g. inserting a pressure 

regulator before or after the detector [16, 17, 36]). Analyte decomposition may also be 

encountered in HTLC [29]. Such a problem is not expected to be significant for 

common synthetic polymers. However it may potentially become important during 

analysis of some specifically vulnerable (bio)polymers.   

 

2.2.3. Derivatization or degradation of insoluble polymers 

 

To obtain structural information on a polymer sample that is not soluble in any 

available chromatographic solvent even at elevated temperatures, prior chemical 

derivatization or degradation may be performed. Derivatization may increase the 

solubility of polymers. For example, insoluble cellulose can be converted to soluble 

cellulose esters [37]. Another approach is to reduce the molecular weight of the polymer 

by forming small soluble fragments. The degradation products can be subsequently 

analysed using interaction LC or SEC and the polymer structure can be (tentatively) 

reconstructed based on the nature and the concentration of the products [38]. The 

degradation of polymers can be performed thermally, chemically, or enzymatically. Van 

der Hage et al. used pyrolysis to break lignin materials into smaller fragments at high 

temperatures. The obtained products were transferred on-line to an LC-MS system and 

analysed by reversed-phase liquid chromatography [39]. UV-cured acrylate networks 

were studied by off-line and on-line Py-LC-MS [38] and by supercritical methanolysis 

followed by SEC and matrix-assisted laser desorption/ionization (MALDI) mass 

spectrometry [40]. Burdick et al. studied highly cross-linked polyanhydride networks 

used in biomedical applications by hydrolysing them at 37°C on an orbital shaker and 

subsequently analysing the fragments by SEC [41]. Several types of acrylate-based 

networks were studied by Peters et al. The polymer materials were subjected to 

hydrolysis at basic conditions and the hydrolysates were examined by SEC [38], 

interaction LC [42], and SEC coupled to LC [43]. Ghaffar et al. studied the hydrolysis 

products of polyester urethane acrylate networks by LC and SEC, which provided 

information on the molecular weights of the backbone and the cross-links [44]. 
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The main disadvantage of polymer degradation prior to LC separations is that the 

MWD and the CCD of the initial polymer material cannot be deduced from the analysis 

of degradation products.  

 

2.3. Selection of suitable separation methods 

 

After a polymer sample has been brought into a solution, a suitable separation 

technique has to be applied to obtain the required information on the sample 

composition. Various types of LC provide information on different polymer 

distributions. Commonly used LC methods are summarized in Table 1. Some 

applications of LC in polymer analysis are also listed, with special attention paid to 

recent studies. A summary of earlier work can be found in other reviews [45-47] and in 

a book [48]. 

The separation in LC may be based on several thermodynamic principles. The 

distribution coefficient K in LC separations (the ratio of the solute concentration in the 

stationary phase, cs, to that in the mobile phase, cm) can be expressed by the following 

relation [48] 
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where G  is the change in the Gibbs free energy associated with the transfer of one 

mole of analyte from the mobile phase to the stationary phase; R is the gas constant, T 

is the absolute temperature. G  includes enthalpic and entropic contributions 

STHG                                                                                                                          (3) 

Depending on which contributions play a role during analysis, the LC methods can 

be divided into three main groups: (i) separations, which are governed by entropy 

changes, i.e. no enthalpic interactions between the analytes and either the mobile phase 

or the stationary phase  (column packing material) occur or the interactions between 

the analyte and the two phases are equal ( 0H ); (ii) separations, in which both 

enthalpic and entropic effects play role, i.e. methods involving interactions of the 



Challenges in polymer analysis by liquid chromatography 

 

~ 31 ~ 
 

analytes with the mobile and/or stationary phase ( 0,0  SH ); and (iii) separations 

where enthalpic and entropic contributions cancel each other out ( 0G ). 

Often different separation regimes can be explored for a particular polymer sample 

on a single stationary phase by simply changing the mobile-phase composition. The 

separation mode will be determined by the properties of the analysed polymer, the 

properties of the stationary phase and the mobile phase, and by the temperature. As 

illustrated in Fig. 4, depending on the mobile-phase strength, the separation 

mechanism for poly(ethylene glycol) polymers changes from SEC to interaction LC (see 

Table 1) and the elution order changes accordingly.  

 

 

Fig. 4. Schematic illustration of calibration curves obtained for PEG samples on a UHPLC C18 

column. 

 

When conducting entropy-driven separations using a column packed with porous 

particles, several separation mechanisms may still be observed. The size-exclusion 

effect will be dominant for molecules that are small enough to penetrate into the pores. 

For larger macromolecules, which are not able to enter the pores, the hydrodynamic 

effect will determine the elution [57, 102] (see section 2.3.1). When the size of the 

macromolecules exceeds a certain critical value (depending on packing material and the 

conditions), the flexible polymer chains will start to deform. Deformed polymer chains 

will elute from the column in slalom chromatography mode [64, 65] (see section 2.3.2). 

The described transition in separation mechanisms is illustrated by the changes in the 

slope of the calibration curve in Fig 5.   



       Table 1. Different types of LC and their applications in analysis of polymers 

Full name of the 

method 

Abbre-

viation 
Separation principle Elution order 

Obtained 

polymer 

distributions 

Applications 

Size-exclusion 

chromatography 

or gel permeation 

chromatography 

SEC or 

GPC 

Non-equal exclusion of 

macromolecules with different 

hydrodynamic volumes from the 

pores of stationary phase 

Larger molecules elute 

first 

MWD 

PS-b-PI-b-PMMA [49] 

AEs [50] 

PEG [51] 

PDMS [52] 

MWD+BD PVA [53] (SEC-MALLS) 

MWD+CCD 
PS-b-PB-b-PMMA (multidetector 

SEC) [54] 

Hydrodynamic 

chromatography 
HDC 

Steric exclusion of macromolecules 

from the regions with low velocity 

(laminar flow profile) close to 

channel walls 

Larger molecules elute 

first 
MWD 

Alternan [55] 

PS and PMMA latexes [56] 

PS [57] 

PS and PMMA [58] 

Slalom 

chromatography 
SC 

Differences in migration speed 

through the narrow channels for 

macromolecules stretched in the 

direction of flow 

Smaller molecules elute 

first 
MWD 

Proteins [59] 

DNA [60-63] 

PS [64, 65] 

Isocratic 

interaction 

chromatography 

 

Adsorption and partitioning of the 

analytes between a stationary 

phase and a mobile phase of a 

constant composition 

RPLC: more-polar 

molecules elute first; 

NPLC: less-polar 

molecules elute first 

Individual 

oligomers 
PEG and PEG-MME [66] 

FTD Polysorbates [67] 

  



Table 1. Different types of LC and their applications in analysis of polymers (continued) 

Full name of the 

method 

Abbre-

viation 
Separation principle Elution order 

Obtained 

polymer 

distributions 

Applications 

Gradient-elution 

liquid 

chromatography, 

gradient polymer 

elution 

chromatography 

or liquid 

adsorption 

chromatography 

GELC, 

GPEC 

or 

LAC 

Adsorption and partitioning of the 

analytes between a stationary 

phase a the mobile phase, while 

the mobile-phase strength is being 

increased during analysis 

RPLC: more-polar 

molecules elute first;  

NPLC: less-polar 

molecules elute first 

MWD 
PS [68] 

PEG, PEG-MME, PEG-MA [69] 

CCD 
PVP-co-PVAc [70] 

PE-co-PVAc [71] 

FTD 

PFPE [72] 

PMMA-r-PBMA [73] 

Functional PS [74, 75] 

BD Branched polyesters [76] 

BLD 

PVP-block-PVAc [77] 

PS-block-PMMA [78] 

EO-b-PO-b-EO and PO-b-EO-b-PO 

[79] 

Temperature-

gradient 

interaction 

chromatography 

TGIC 

Combination of exclusion and 

adsorption of the analytes on the 

stationary phase, while 

temperature is being changed 

during analysis 

Depends on the conditions 

MWD 
P2VP [80] 

PS [81, 82] 

Individual 

oligomers 

EO-b-PO-b-EO and PO-b-EO-b-PO 

[79] 

CCD Polyolefin copolymers [83] 

  



Table 1. Different types of LC and their applications in analysis of polymers (continued) 

Full name of the 

method 

Abbre-

viation 
Separation principle Elution order 

Obtained 

polymer 

distributions 

Applications 

Liquid 

chromatography 

at critical 

conditions 

LCCC 

Elution independent of the 

molecular weight for a one type of 

the monomer 

The macromolecules of the 

same chemistry, but 

different molecular weight 

elute at the same time 

FTD 

 

PMMA-r-PBMA [73] 

Functional PnBA [84] 

Alkyl-PPG [85] 

Functional PS [86] 

Functional PMMA [87] 

Tacticity PEMAs [88] 

BLD 

PMMA-b-PtBMA [89] 

EO-PO-EO and PO-EO-PO [90] 

Linear and star PMA-b-PS [91] 

PEO-b-PS [92] 

EO-b-BO, EO-b-HO, EO-b-PO [85] 

PDMS-b-PS [93] 

BD Branched polyesters [76] 

CCD PAA-PVP copolymer [94] 

Microstructure PIs [95] 

Molecular 

architecture 

Star and θ-shaped polyTHF [96] 

Linear and cyclic PS [97, 98] 

Precipitation 

liquid 

chromatography 

PLC 

 

Different solubility of 

macromolecules in the mobile 

phase 

Easier soluble 

macromolecules elute first 

MWD PS [99] 

CCD 
PS-co-PAN [100] 

PS-co-PEMA [101] 
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Fig. 5. Calibration curve for PS standards. Column Acquity UPLC BEH C18 100 × 2.1 mm I.D., pore 

size 130 Å. Mobile phase THF, 0.5 mL/min. 

 

The choice of the separation mode to be applied for a given polymer sample 

depends on the information that needs to be obtained, as well as on the properties of 

the polymer. There are different challenges associated with each separation method. We 

will discuss these in more detail in the following subsections. 

 

2.3.1. Size-based polymer separations 

 

When no significant enthalpic interactions between the stationary and mobile 

phases and the analytes occur, macromolecules can be separated based on their size in 

solution (hydrodynamic volume). Size-exclusion chromatography (SEC) and 

hydrodynamic chromatography (HDC) are the most commonly used techniques. 

The mechanism of size-exclusion or gel-permeation chromatography (GPC) is 

based on steric exclusion of the analyte molecules from the pores of the column packing 

material [35]. There is always a pore-size distribution present in the stationary phase. 

Because macromolecules of different size will be able to penetrate different fractions of 

the pores (depending on the pore size), the elution volumes of molecules of different 

size will be different (Fig. 6a).  



Chapter 2 

 

~ 36 ~ 
 

Similarly to SEC, HDC allows separating large macromolecules based on their size. 

The separation in HDC is triggered by the laminar flow profile in narrow flow channels 

[103-105]. Larger molecules are sterically excluded from the walls of the channel and, 

thus, experience higher average velocities than smaller particles (Fig. 6b). In order for 

HDC separation to be effective, the solutes should be relatively large in comparison with 

the size of the channels. HDC separations can be performed in open narrow-bore 

capillaries or in packed columns. In the latter case the spaces between the particles act 

as narrow flow channels. Usually, HDC is conducted in columns packed with small non-

porous particles [58, 106]. It is also possible to achieve HDC selectivity using porous 

particles if the molecules are too large to penetrate into the pores (see Fig. 5) [57, 102]. 

Applications of HDC in polymer analysis have recently been reviewed by Striegel [107]. 

 

 

Fig. 6. Schematic illustration of separation principles of SEC (a) and HDC (b). 

 

The separations in both SEC and HDC are purely based on size (hydrodynamic 

volume) of the molecules. Interactions with the stationary phase should be avoided in 

order to obtain accurate molecular-weight distributions. In practice it is not always 

possible to establish conditions at which enthalpic interactions are completely absent. 

Electrostatic and hydrophobic effects can play significant roles during size-based 

analyses [108]. Electrostatic repulsion between charged or polar groups in polymer 

molecules and like charges on the stationary surface can add a (secondary) exclusion 

mechanism, which is not related to molecular size [109]. Temperature-dependent 

elution volumes in SEC or HDC are indicative of adsorption effects [35]. 

SEC stationary phases can be modified to reduce adsorption (e.g. diol-coated silica 

columns). However, even when using specially designed columns it is not always 

possible to avoid undesirable interactions. Fundamentally, there are several ways to 

suppress adsorption of polymers on the stationary phase. One way is to increase the 

separation temperature. However, this does not always eliminate the problem 

a b 
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completely. Another possibility to decrease adsorption is to change the properties of the 

mobile phase (pH, ionic strength, nature or composition). Generally, ionic strengths 

exceeding 0.05 M should be applied to eliminate adsorption on silica stationary phases 

in aqueous SEC [7]. When modifying the LC eluent, different practical constraints have 

to be taken into account. For example, the detection technique has to be considered 

when using a (non-volatile) salt in the mobile phase (see section 2.5). Also, the 

hydrodynamic volume will be affected by changes in the mobile-phase composition, 

which influences calibration.  

In practice, special measures to avoid adsorption often have to be taken when 

separating nitrogen-containing polymers. SEC of poly(vinyl pyrrolidone), PVP, is 

usually performed in a mobile phase containing up to 50% (v/v) of methanol in 0.1-M 

aqueous LiNO3 solution [35]. Similarly, analysis of poly(vinyl pyridine) requires the 

addition of LiCl or an organic amine to the mobile phase [80]. Oxazoline-type polymers 

can be separated according to molecular size in chloroform when adding triethylamine 

[110]. Also some natural polymers tend to exhibit adsorption during SEC analysis and 

they often require using salts in a mobile phase. Cellulose is usually separated under 

SEC conditions using 0.5-1% LiCl solution in N,N-dimethylacetamide as an eluent [111, 

112]. Starch can be analysed by SEC in dimethyl sulfoxide containing 0.5% LiBr [113]. 

 

2.3.2. Separations of deformed macromolecules 

 

During an LC analysis the mobile phase is forced through a packed 

chromatographic column and narrow-bore capillaries. The latter are used in 

contemporary LC to minimize extra-column band broadening (section 2.4.1.3). In 

modern LC systems the macromolecules may be subjected to high elongational and 

shear stresses and the flexible polymer chains can be transferred from a coiled to a 

stretched shape. There is a critical molecular size at which such transition occurs under 

a given set of experimental conditions (temperature, flow rate, solvent viscosity, etc.). 

The deformative nature of the conditions can be described by the Deborah number, 

which represents the ratio of hydrodynamic forces to Brownian forces that act on the 

polymer [114] 
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where kPB is a constant, which depends on the structure of the packed bed (kPB = 9.1 for 

a randomly packed bed [115]); u is the superficial flow velocity, i.e. the flow rate per unit 

area of the empty column; dp is the particle diameter, η the solvent viscosity, Φ the 

Flory-Fox parameter; rG the radius of gyration of the polymer molecule, R the gas 

constant and T the absolute temperature. 

It has been theoretically derived that a critical value De=0.5 marks the conditions at 

which the transition from coiled to stretched shape takes place [114]. Experimental 

results suggest that such a transition occurs over a range of De from around 0.1 to 1 

[116-119].  

When flexible macromolecules are stretched in the direction of flow, they elute from 

the column in so-called “slalom chromatography” (SC) mode [60, 62]. The stretched 

molecules have to change direction frequently to pass through the narrow channels 

between the packed particles. The longer the molecule, the more difficulties it will 

experience in these turns and the later it will arrive at the end of the column. Thus, the 

elution order in SC is opposite to that in SEC and HDC. The onset of coil-stretch 

transition may be diagnosed from a flow-rate dependence of the separation [65]. Flow-

rate dependent effects are often encountered during SEC analysis close to the column 

exclusion limit or during HDC [58, 102, 120].  

The SC mechanism offers separations with very high selectivity (see Fig. 5) and thus 

SC is a promising technique for separating large flexible macromolecules based on their 

size. The technique has been successfully applied for analysis of DNA macromolecules 

and proteins (Table 1). However, complications arise when separating polydisperse 

synthetic polymers in the SC mode. Synthetic polymers inevitably feature relatively 

broad molecular-weight distributions. If the critical polymer size (Rcrit), for which the 

De number equals 0.5 falls within the distribution, under the given set of 

chromatographic conditions large and small molecules may be co-eluted in the 

chromatogram. Molecules with size R > Rcrit will be deformed and will elute from the 

column in the SC mode, after the molecules for which R = Rcrit. The smaller molecules 

with R < Rcrit will be present as random coils and will elute in either the HDC or the SEC 

mode, also after the molecules for which R = Rcrit (Fig. 5). This situation may lead to 
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several chromatographic peaks appearing for a single polymer sample with a simple 

(“unimodal”) molecular-weight distribution [64, 65]. Accurate information on the 

sample MWD cannot be obtained under such conditions. Thus, SC separation is only 

possible when the forces acting in the column are strong enough to bring the entire 

polymer sample (including the smallest molecules present) into the stretched form. 

However, there is an upper limit to the stress that can be applied in polymer 

separations. This limit is determined by the onset of molecular degradation [65]. If the 

forces exerted by the chromatographic system are very large, the chemical bonds in the 

macromolecules can break [121]. Bond scission will lead to increased amounts of low-

molecular-weight polymers in the sample and, thus, to errors in MWDs calculated from 

the chromatograms. Degradation during LC separations in packed columns first occurs 

for the largest macromolecules. Pure SC separation without interference of HDC or 

chain scission is very difficult to achieve in practice for (polydisperse) synthetic 

polymers. 

 

2.3.3. Interaction liquid chromatography 

 

Interaction LC (iLC) includes separations based on adsorption of the analytes on 

the column packing material and their partitioning between the mobile phase and the 

stagnant (stationary) phase. iLC can be classified into two main types based on the 

combination of stationary and mobile phases used [122]: (i) reversed-phase LC 

(involving relatively apolar stationary phases and more-polar – typically aqueous-

organic – eluents) and (ii) normal phase LC (polar stationary phases and eluents of 

relatively low polarity). A special form of the latter is the so-called hydrophilic-

interaction chromatography (HILIC), in which polar stationary phases are combined 

aqueous mobile phases with high percentages of organic modifier [123].  

iLC conditions are called isocratic when the eluent composition of the mobile phase 

does not change during the course of the separation. In contrast, gradient-elution LC 

(GELC) involves increasing the strength of the eluent during the analysis. GELC is 

more-commonly and more-readily applied for the analysis of polymers than isocratic 

iLC. The mechanism of polymer separation under gradient conditions is different from 

that of small molecules [124]. It may be difficult to determine the main separation 
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principle during GELC of polymers, because of many effects (adsorption, partition, 

exclusion, precipitation, redissolution, etc.) acting simultaneously [46]. The term 

“gradient polymer elution chromatography (GPEC)” is sometimes used to describe 

analysis of polymers in gradient-LC mode [125], although originally it referred to 

separations driven mainly by solubility effects (section 2.3.5) [126].  

The behaviour of polymers during GELC can be described as follows [124]. A 

polymer sample is usually injected under conditions when it adsorbs or precipitates on 

the column. The sample then forms a narrow band at the beginning of the column and 

the band broadening introduced during the injection can be eliminated. When the 

portion of strong eluent (thermodynamically good solvent for the polymer) in the 

mobile phase is increased during the gradient, the polymer starts to migrate through 

the column and eventually it elutes. Migration is only possible after the solvent 

composition reaches the solubility threshold for a given polymer φsol [124]. If the 

fraction of strong solvent in the mobile phase exceeds φsol and interaction with the 

stationary phase occurs (combination of entropic and enthalpic effects), then the        

(re-)dissolved polymer gets adsorbed on the column. When the mobile phase strength is 

further increased, it will reach a critical point φcr where enthalpic and entropic 

interactions are counterbalanced. At these conditions the polymer will move rapidly 

through the column (so-called “gradient elution at the critical point” [127] or 

“pseudocritical chromatography”). The actual mobile phase composition at the point of 

polymer elution depends on the experimental conditions and it can be predicted by 

conventional chromatographic theory [128] (see section 2.4.1.1).   

The critical conditions do not depend on the molecular weight of the polymer, but 

they are strongly affected by the polymer chemistry. As a result, using pseudo-critical 

chromatography polymers can be efficiently separated based on their chemical 

composition, end-groups, or block length (see Table 1). Molecular-weight-independent 

elution is often observed in GELC of large polymers. However, under the same 

chromatographic conditions a strong influence of molecular-weight on retention may be 

observed for low-molecular-weight polymers [129] (adsorption gradient 

chromatography mode [127]), especially when using slow gradients. The elution of 

polymers in the adsorption mode can be used to determine the molecular-weight 



Challenges in polymer analysis by liquid chromatography 

 

~ 41 ~ 
 

distribution of a polymer sample (refs. in Table 1). For this type of polymer separations 

iLC offers enhanced selectivity in comparison with SEC [130].  

Polymer retention in the adsorption mode is known to exhibit an exponential 

dependence on the molecular weight (the Martin rule) [131]. This means that large 

macromolecules will be retained very strongly on the column under conditions where 

oligomers (of the same polymer) are only slightly adsorbed. The increase in percentage 

of the strong eluent during separations helps to control polymer retention (see section 

2.4.1.1). A similar effect on retention can be achieved by varying the temperature. This 

approach is called temperature-gradient interaction chromatography (TGIC) [47, 132]. 

Similarly to solvent gradients, an increase in temperature often leads to a decrease in 

retention of the macromolecules. TGIC is a useful technique for separations of polymers 

based on their molecular weight and chemical composition (Table 1). Usually, 

separations in TGIC start in the adsorption mode and then are transferred to the 

exclusion mode at higher temperatures, i.e. several mechanisms are utilized during one 

analysis. In order to separate polymer blends, TGIC of one polymer can be performed at 

conditions where another polymer elutes through a SEC mechanism [133-136]. This 

combination has advantages over combination of GELC with SEC, because SEC elution 

is not affected by temperature changes. Although a number of successful applications of 

TGIC have been demonstrated in polymer analysis, temperature is still not commonly 

used to control separations. It has been shown that temperature has a weaker effect on 

retention than a change in solvent composition [137]. The range of temperatures is 

limited by the freezing and boiling points of the solvents, by possible precipitation and 

degradation of the polymers [47] and by instrumental constraints.  

The selection of a suitable combination of a stationary and a mobile phase for an 

iLC separation of a particular polymer is not always straightforward and often involves 

a good deal of experimental work. When performing GELC it is important to find 

conditions at which the polymer precipitates or adsorbs to the stationary phase at the 

top of the column. To precipitate the sample the initial mobile phase (composition at 

the time of injection) should be a non-solvent for the analysed polymer. However, at 

such conditions, precipitation in the injector (before the sample reaches the column) 

can occur, which can cause system clogging. To ensure polymer adsorption at the top of 

the column, the sample should be dissolved and/or injected in a solvent that is a weak 
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eluent. When the polymer is not soluble in the weak eluent, a higher percentage of 

strong eluent (good solvent) may be used to dissolve a sample. However, this sometimes 

results in a breakthrough effect, when part of the sample passes through the column 

together with the solvent plug without adsorption. The breakthrough peak appears close 

to the dead volume of the column. It has been shown that the size of the breakthrough 

peak depends on such experimental conditions as injection volume, sample 

concentration, temperature, and mobile-phase composition [138]. The occurrence of a 

breakthrough peak precludes the accurate determination of molecular distributions for 

the polymer sample. 

In addition to finding a solvent that provides polymer adsorption/precipitation at 

the top of the column, a solvent is needed that is able to desorb (elute) the entire 

polymer sample. As a consequence of exponential increase in adsorption with polymer 

molecular weight, large polymers will be strongly adsorbed on the stationary phase and 

may not be eluted. To some extent this problem is alleviated by applying gradient 

elution, but some (high-molecular-weight) polymers cannot be completely eluted, not 

even in 100% of strong eluent. Moreover, if the gradient changes too fast, the polymer 

may not have sufficient time to elute from the column. An incomplete recovery can lead 

to column clogging and to inaccurate quantitative data. One should always estimate 

sample recovery when working with polymeric samples, for example by comparing 

polymer peaks eluted with and without column. 

 

2.3.4. Liquid chromatography under critical conditions 

 

When enthalpic and entropic interactions compensate each other in LC of 

polymers, separations can be performed under so-called critical conditions of 

adsorption (CC). At this point the elution volume of a (homo)polymer does not depend 

on the number of repeat units in the molecule, so that macromolecules of different 

molecular weights elute together (Fig. 4) [139]. Although (isocratic) LC at critical 

conditions (LCCC) is more difficult to realize in practice than (gradient-elution) 

pseudocritical LC, the former is more selective and, therefore, more useful to separate 

polymers based on very subtle differences in chemistry. LCCC allows separating 

macromolecules based on type and number of end-groups, tacticity, or (for block 
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copolymers) size of one “non-critical” block (see Table 1; for earlier references see [45, 

140, 141]).  

CC have to be established experimentally for each particular combination of 

stationary phase, mobile phase, and analyte polymer. Moreover, CC depend on the 

temperature and even (indirectly) on the pressure [142]. For analysis by LCCC a 

polymer sample is usually dissolved in the mobile phase. This avoids any influence of 

the sample solvent on the critical conditions.  

The common method for establishing the critical point is to perform separations of 

a set of polymer standards with different molecular weights at varying isocratic mobile-

phase compositions. Then the retention factors (or retention times) for each sample are 

plotted against the percentage of a weak eluent in the mobile phase, and the CC are 

determined from the intersection point of the lines [143]. The use of polymer standards 

can be averted when using mass spectrometric detection. In that case the CC can be 

found using a single (disperse) polymer sample [144]. It is also possible to determine a 

critical point from GELC runs. It will correspond approximately to the conditions where 

high-molecular-weight homopolymers elute as a single peak [78]. Finally, conceptually 

the simplest – but not necessarily the easiest – method involves minimizing the peak 

width for a (disperse) polymer. 

Isocratic separations at the critical point present several practical challenges [45]: 

(i) critical conditions are very sensitive to small variations in temperature, pressure and 

mobile-phase composition; (ii) peak splitting may arise from small differences in 

sample solvent and mobile phase; (iii) sample recovery may deteriorate with increasing 

molecular weight; (iv) severe peak broadening may be observed, especially for high-

molecular-weight polymers. Moreover, some evidence has been presented suggesting 

that a “chromatographically invisible” block can influence the retention of  block 

copolymers at the critical conditions [145]. Gradient LC at the critical point (“pseudo-

critical”chromatography) may offer solutions to some problems associated with 

isocratic LCCC [78].  
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2.3.5. Precipitation liquid chromatography 

 

Separation in precipitation LC (PLC) is based exclusively on solubility of 

macromolecules. Similarly to interaction GELC, the polymer is initially precipitated at 

the top of the column in a poor solvent. The fraction of thermodynamically good solvent 

is gradually increased during analysis, so that the precipitated macromolecules start to 

dissolve. The elution of polymers will be determined by their solubility in case the 

fraction of good solvent needed to dissolve a polymer exceeds its fraction at the critical 

point of adsorption (φsol  > φcr). In other words, the combinations of mobile phases, 

stationary phases and polymers used in PLC do not exhibit critical conditions [124]. The 

dissolved polymer chains pass through the column without adsorption. However, they 

can penetrate a fraction of the pores of the stationary phase and they can travel ahead of 

the solvent due to size exclusion effects. This causes them to reach the region with lower 

percentage of good solvent and, thus, to precipitate. This is again followed by               

(re-)dissolution. After a number of precipitation-redissolution events, different 

macromolecules become separated based on their solubility in the mobile phase [146]. 

The elution order will be determined by the size, chemical composition and/or by the 

architecture of the molecules. The following criteria can be used to confirm a 

precipitation-redissolution mechanism of separation [147]: (i) the composition of the 

solvent at the point of elution should correspond to the cloud point of the polymer in 

the eluent and (ii) the elution order should not depend on the stationary phase, but only 

on the solvents used. In practice, adsorption and other effects may also contribute to 

the observed separations [148]. To confirm that a separation is solely governed by 

solubility effects, special investigations have to be performed [149]. Most current 

research papers that demonstrate separations of polymers in gradient mode do not aim 

at elucidating the exact separation mechanism.  

PLC offers high resolution for separations of polymers based on molecular weight, 

because the solubility of macromolecules is proportional to      [100]. It also allows 

separations based on chemical composition. However, in this case the effect of 

molecular weight on solubility will often interfere with the effects of polymer structure.  
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2.3.6. Two-dimensional separations of polymers 

 

Many homopolymers and almost all copolymers exhibit more than one type of 

molecular distribution (e.g. MWD and CCD or FTD). To fully characterize samples of 

such polymers, several chromatographic methods have to be applied and two-

dimensional LC (2D LC) approaches are very useful. 2D LC involves the analysis of 

(fractions of a) sample eluting from one chromatographic column on (an)other 

column(s). Ideally, the two columns should separate the sample based on completely 

different properties and the retention times should be independent of each other (so-

called “orthogonal separations” [150]). Such 2D LC analyses not only provide 

information on two different polymer distributions, but also allow obtaining easily 

interpretable data on the mutual dependence of these distributions (e.g. whether larger 

polymer chains possess higher contents of one of the comonomers, etc.). An example of 

a 2D LC separation for a mixture of functional and non-functional PS is shown in Fig. 7. 

NPLC at critical conditions for PS in the first dimension provides separation based on 

end-groups, while high-temperature SEC in the second dimension separates 

macromolecules based on their size.  

2D LC is called comprehensive if it involves second-dimension analysis of each 

fraction obtained from the first dimension, so that a representative two-dimensional 

picture of the entire sample is obtained. An additional criterion for comprehensiveness 

is that the resolution achieved in the first dimension separation has to be essentially 

maintained [151, 152]. Comprehensive two-dimensional LC is commonly abbreviated as 

LC×LC [153]. 2D LC can also be performed in a so-called “heart-cut” mode. In this case 

only one or a few of the fractions (containing the peaks of interest) are analysed in the 

second dimension [154, 155]. The fractions collected from the first-dimension 

separation are usually much broader than the width of a single first-dimension peak. 

The abbreviation LC-LC is used for this type of 2D LC [153]. Although more difficult to 

implement, LC×LC is advantageous, because it can separate by-products and impurities 

that are obscured  in the first-dimension chromatogram [4, 156].  
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Fig. 7.  LCCC × HTSEC two-dimensional chromatogram of a mixture of polystyrene standards with 

different end groups (PS-H and PS-OH; 2k, 10k, 113k). 1D NPLC: Bare silica column (Nucleosil, 3 μm, 

100 Å, 50 mm × 2.1 mm, I.D.); THF/iso-octane = 55/45 (v/v) eluent at a flow rate of 0.015 mL/min; 

column temperature: 34.2 °C. 2D SEC: Polymer Labs., PolyPore; 250 mm × 4.6 mm i.d., 5 μm; THF 

eluent at a flow rate of 1.7 mL/min; column temperature: 110 °C. UV detection at 260 nm. Reprinted 

from ref. [157] with permission. 

 

LC×LC analysis can be performed off-line if the fractions from the first dimension 

are collected and then injected on the second-dimension column (LC/×/LC). Such an 

approach allows incorporating more-elaborate manipulation of the fractions (e.g. 

changing the sample solvent to achieve better compatibility between the two 

dimensions). LC/×/LC can also yield very high separation efficiencies and/or peak 

capacities (number of peaks which can be separated during a 2D analysis [158]). 

However, LC/×/LC usually requires a great deal of manual work and long analysis 

times [159-163]. It is usually more attractive to perform LC×LC on-line. In this case the 

fractions from the first dimension are transferred to the second dimension using a valve 

interface. A commonly used configuration for on-line LC×LC and its operation principle 

are illustrated in Fig. 8. The LC system in the first dimension includes an autosampler 

(or an injector), a pump and a chromatographic column. Another pump is used to 

supply solvents to the second-dimension column. A detector is installed after the second 

dimension column. In the configuration of Fig. 8 the switching between the first and the 

second dimension is performed using a pneumatically or electrically actuated two-
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position ten-port valve equipped with two sample loops. Such a setup operates as 

follows. The sample is initially separated on the first column and the resulting effluent 

fills one of the two loops. Then the valve switches and the sample from the loop is 

transferred to the second-dimension column, where the second separation takes place. 

The separated analytes are sent to the detector. Simultaneously the next portion of the 

effluent from the first-dimension column fills the second loop. When the second-

dimension separation is completed, the valve switches again and the next fraction is 

sent to the second-dimension column. This cycle is repeated a number of times. In such 

a setup the flow rates in both dimensions have to be carefully adjusted and matched 

with the loop sizes (in order to prevent loss of the analytes) [164]. The on-line method is 

preferred, since it offers much higher peak-production rates (peak capacity per unit 

time) and is less labour-intensive than the off-line approach. Because of the pertinent 

advantages of LC×LC, it is more commonly used and will be addressed further. 

 

 

 

 

Fig. 8. Schematic illustration of a typical LC×LC setup. 

 

 

Position A 

Position B 
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Table 2 reviews applications of on-line LC×LC in polymer analysis. It shows 

different combinations of LC which can be used in the first and second dimensions for 

the characterization of (synthetic) polymers and oligomers. Because most studies did 

not involve a thorough investigation as to whether an adsorption or precipitation 

mechanism prevailed during analysis, the separations have been classified based on the 

type of stationary and mobile phases used. It can be deduced from the table that the 

combination of LC (CC, iLC or GELC) with SEC is the most common in LC×LC of 

polymers. This is because these two types of LC often exhibit a relatively high degree of 

orthogonality [165]. The combination of LC with SEC provides information on two 

important (and potentially dependent) distributions, viz. CCD (or FTD) and MWD.  

LC×LC configurations with SEC in the second dimension (LC×SEC) are relatively 

straightforward to implement and most commonly applied [164]. One of the eluent 

components in LC can be used as a mobile phase in SEC, which reduces solvent 

compatibility problems. SEC×LC combinations are less common, because they can 

suffer from breakthrough effects. From the data in Table 2 we can infer that LCCC is 

most frequently used in combination with SEC. Analysis at the critical point is 

advantageous, because it allows separating polymers based on a particular property, 

while minimizing the effect of molecular weight on the separation. 

The combinations RPLC×NPLC and NPLC×RPLC are less common in polymer 

analysis, because their implementation meets some practical challenges. The solvents 

used in these methods are often not miscible with each other. In addition, when 

relatively large volumes of the first-dimension eluent are transferred to the second 

dimension, which is operated using a solvent of different viscosity, flow instabilities 

may occur in the interface between the two liquids. This may result in distorted flow 

profiles (“viscous fingering effect”) and it may jeopardize the shapes and widths of 

chromatographic peaks [195, 196].  

Another interesting conclusion from Table 2 is that HILIC-type separations are not 

often applied in LC×LC of polymers. One explanation may be the use of water (up to 

30%) as a strong eluent for HILIC columns. Many polymers are not well soluble in 

water-containing mobile phases. 

 



 

Table 2. Applications of on-line LC×LC in analysis of synthetic polymers and oligomers 

2D 

1D 
SEC RPLC NPLC HILIC LCCC TGIC 

SEC 

Low orthogonality 

studying band broadening 

for PS [166] 

P2EHA-b-PMA [167]   

P2EHA-b-PMA [167] 

PEMA [168] 

Epoxy resins [169] 

 

RPLC 

(meth)acrylate-based 

copolymers [170] 

HPMC [171] 

Linear and star PS [172] 

PS-co-PMMA [164] 

Orthogonality depends on 

selection of mobile phases 

Oligostyrenes [173, 174] 

AEs [175] 

EO-PO 

(co)oligomers 

[176] 

  

NPLC 

PB-g-PMMA [177] 

PS-co-PMA [178] 

PC [179] 

SBR and BR [180] 

EPDM-g-PMMA [181] 

Functional PS [74, 75] 

AEs [182] 
Low ortho-

gonality 
   

HILIC    
Low 

orthogonality 

Esters of PEGs and 

polysorbates [183] 
 



Table 2. Applications of on-line LC×LC in analysis of synthetic polymers and oligomers 

2D 

1D 
SEC RPLC NPLC HILIC LCCC TGIC 

LCCC 

PEG-g-PVAc [184] 

PS-b-PI [185] 

PEG-g-PMAA [186] 

epoxidized natural rubber 

[187] 

Branched PS [188] 

Functional PMMA [189] 

PC [179] 

Poly(2-oxazoline)s [110] 

PS and PS-OH [164] 

PS and PS-OH * [157] 

PS-b-PB [190] 

  

esters of PEGs 

and 

polysorbates 

[183] 

PS-b-PMMA, 

PMMA-r-PBMA, 

PMMA-b-PBMA [191] 

 

TGIC 

Star-shaped PS, 

PS-b-PI-b-PS, 

PSPIn  [157]* 

PS-b-PI [192] 

Comb-shaped PS [193] 
  

Branched PS 

 [188, 194] 
 

 

* HTSEC 

 

(continued) 



Challenges in polymer analysis by liquid chromatography 

 

~ 51 ~ 
 

Combinations of two similar LC methods feature low degrees of orthogonality and, 

hence, are rarely employed. However, owing to the large variety of reversed-phase 

stationary phases and to the possibility to perform separations at different pH, 

RPLC×RPLC combinations that exhibit relatively independent elution orders are 

feasible. Two-dimensional separations combining RPLC in both dimensions have been 

applied for the analysis of proteins [197, 198] and styrene oligomers (see Table 2).  

Although LC×LC provides some obvious advantages over a combination of several 

one-dimensional separations, it is not yet routinely applied for polymer 

characterization. The main reasons for this are the (relatively) long analysis times and 

challenges associated with the implementation of the technique in practice. The 

development of two-dimensional methods often includes laborious selection procedures 

for the separation conditions in both dimensions for each (type of) polymer. When 

combining two appropriate separations in an LC×LC setup the following aspects have to 

be taken into account: (i) compatibility of the mobile phases used in the two 

dimensions; (ii) possible occurrence of viscous-fingering or other injection effects; (iii) 

compatibility of the flow rates in the two dimensions; (iv) dilution of the sample after 

the two subsequent separations (determining the detectability); (v) trade-off between 

speed of analysis and separation efficiency; (vi) feasibility of 2D data processing and 

representation. A more-detailed discussion on the above challenges faced during the 

implementation of on-line LC×LC is beyond the scope of the present review. For more 

information the reader is referred to review papers [4, 156, 199-201]. 

 

2.4. Optimization of LC separations 
 

Very efficient LC separations with high plate numbers can be achieved on modern 

packing materials. However, such separations usually require very long analysis times. 

On the other hand, fast separations can easily be performed at high flow rates on short 

columns, but such separations will feature lower efficiencies. The goal of analysing 

polymers by LC is usually to achieve an adequate separation between several different 

(groups of) components of a sample in a reasonable time. In other words, an optimum 

must be established between separation quality and analysis time. We will discuss the 

approaches which can be used to improve the separation and decrease analysis time. 
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2.4.1. Enhancing the resolution 

 

Individual compounds appear in the chromatogram as peaks. Some minimum 

resolution between the peaks representing different molecules is required for accurate 

characterization of a sample [202]. Because synthetic polymers contain a whole range 

of macromolecules, usually the peaks representing different molecules cannot be 

completely separated and a single broad peak is obtained. Thus, an increase in 

resolution in polymer separations will often result in broader peaks. The resolution Rs 

between two peaks can be described by the following equation [203] 
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where k  is the average retention factor of the two peaks ( )( 212
1 kkk  ), α is the 

separation selectivity (= k2/k1), and N is the separation efficiency. We will discuss the 

effect of each of these three factors on resolution in more detail. 

 

2.4.1.1. Adjusting retention factors 

 

The retention factor of the most retained analyte will determine the overall analysis 

time in LC. The retention factor k can be obtained from an isocratic chromatogram as 

follows 
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where VR and  tR are the retention volume and the retention time of the analyte and V0 

and t0 are the elution volume and the elution time of an unretained compound.  

In LC of small molecules retention factors between 2 and 10 are usually optimal for 

obtaining adequate resolution. In polymer separations adjusting the retention is very 

important for controlling the total analysis time. In RPLC (and approximately in other 

forms of iLC) the retention factor of a specific analyte on a given stationary phase 

depends on the mobile-phase composition through the equation [204]  
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Skk w  loglog
                                                                                                                    (7)

 

where φ is the volume fraction of the strong solvent, kw is the extrapolated value of k for 

the analyte in water (or another weak eluent), and S is an analyte-dependent constant.  

Because polymers often contain a broad range of molecules with different molecular 

weights and chemistries, significant variations in the retention factors can be observed 

within one sample. Moreover, it is known that the adsorption of polymer increases 

exponentially with the number of monomeric units in the molecule (the Martin rule 

[131]). This leads to very strong adsorption (and, hence, to large k values) for large 

macromolecules, while oligomers of the same chemistry will have little retention. 

Isocratic separation of such samples requires long run times and produces broad peaks. 

When the concentration of strong solvent (i.e. the value of φ in Eq. (7)) is increasing 

during the analysis, the retention factors will decrease and the total analysis can be 

performed faster. That is one of the main reasons why gradient separations are 

commonly applied when analyzing polymers using interaction LC. When Eq. (7) is 

combined with a gradient in which the composition varies linearly with time so-called 

“linear solvent strength (LSS)” conditions are met. The LSS theory can adequately 

predict the elution of polymers with molecular weights up to about 30 kDa [205]. 

Another approach to reduce k values for strongly retained polymers is by applying a 

temperature gradient (section 2.3.3).  

When separations are performed in the SEC (or HDC) modes the k-values are 

effectively below zero (no retention). To improve resolution for such separations high 

selectivities (differences in k) and high efficiencies are required. It should be noted that 

Eq. (5) for resolution is not applicable in SEC. Other forms of equation can be used 

instead (see discussion in ref. [35]) 

 

2.4.1.2. Increasing selectivity  

 

Increasing the selectivity, i.e. the ratio of the retention factors of two compounds, 

allows significant improvement in the resolution between peaks. In iLC the selectivity 

depends on the type of stationary phase, the mobile-phase composition, and the 

temperature. For different macromolecules (different molecular weight and/or 
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chemical composition) the graphs of lnk vs. φ (Eq. (7)) have different slopes. 

Consequently, a change in the mobile phase composition affects the selectivity. 

Temperature has a similar effect on the selectivity. 

When conducting separations based on size, the selectivity will depend on the pore-

size distribution of the column (for SEC) or on the particle-size distribution (for HDC), 

rather than on stationary phase chemistry. Thus, the value of α in SEC depends on the 

particular (set of) columns chosen and cannot be easily modified. Since SEC and HDC 

are entropy-driven processes, temperature has no effect on the selectivity. However, 

solvents selected for size-based separations can affect the size of macromolecules in 

solution, which may influence selectivity to a small extent.  

 

2.4.1.3. Increasing efficiency 

 

The separation efficiency can be expressed in terms of the number of theoretical 

plates N achieved during a separation on a column with length L. 

N=L/H                                                (8) 

A straightforward way to increase N is to increase the length of the column. 

However, this results in an increased backpressure and in longer analysis times. Thus, 

this solution may not always be suitable. Another possibility to increase N is to decrease 

the value of H (plate height), i.e. to decrease the band broadening in the column. H 

reflects unwanted sources of peak dispersion. Band broadening occurs on the column 

due to the combined actions of eddy diffusion, longitudinal diffusion, and resistance to 

mass transfer (Eq. (1), see e.g. ref. [206] for more detail). Fig. 9 depicts Van Deemter 

(plate height vs. linear velocity) curves plotted for different particle diameters. As 

evident from Fig. 9, columns packed with smaller particles exhibit lower values of H 

and, thus, they offer more-efficient separations. Smaller particles have shorter diffusion 

paths and, thus, lower mass-transfer terms (C-term in Eq. (1)). According to Eq. (1) the 

linear velocity (u) affects the separation efficiency (H) and there is an optimum value of 

u, where a minimum value of H can be obtained (Fig. 9). It is advisable to conduct 

analyses close to this point to achieve efficient separations. However for polymers the 

optimum velocities are very low and separations at such conditions are not practical 
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[207]. Thus, LC of polymers is often conducted at flow rates well above the optimum. 

Except the size of the particles and the mobile phase velocity, parameters such as 

temperature, diffusion coefficients of the analytes, and quality of packing all affect the 

H values in iLC.  

The situation in SEC is somewhat different from that in iLC. The separation window 

in SEC is limited by the interparticle (exclusion) volume and the pore volume of the 

column. The efficiency can be modified by changing the particle size and/or the flow 

rate. Moreover, the efficiency in SEC depends on the size of the analyte (elution volume) 

[35]. All these effects make it impossible to conduct SEC analysis at optimum 

conditions for all macromolecules in a broadly distributed polymer simultaneously.  

 

 

Fig. 9. Van Deemter curves describing the dependence of the plate height (H) on the linear velocity 

of the mobile phase (u) for stationary phases with different particle diameters (indicated in the figure). 

The optimum linear velocity corresponding to the minimum H value is shown by an arrow. The curves 

were calculated for polystyrene (50 kDa) in THF (Dm=8·10-11 m2/s). A, B and C coefficients same as in  

Fig. 2. 

 

Another undesirable contribution to the plate height is extra-column band 

broadening.  It occurs due to variations in residence time of macromolecules in the 

connecting tubing, the injector, and the detector cell. It contributes to the apparent 

plate height and, thus, also decreases the total efficiency. A polymer sample which is 

injected onto the column is confined to a certain injection volume. In iLC refocusing of 

the analyte at the top of the column usually takes place, which minimizes the band 

spreading before the column. In size-based separation such a focusing effect is absent, 
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so that the dispersion before the column adds to the total peak variance. The extra-

column-band-broadening contribution is especially significant for large, slowly 

diffusing polymers [208].  

A decrease in extra-column band broadening can be achieved by reducing the extra-

column system volume, for example by using short, narrow-bore capillaries [209, 210], 

low-volume detectors [58, 106, 209, 210], etc. However, the use of narrow-bore 

capillaries when working with high-molecular-weight polymers can result in clogging 

the flow path [211]. Increasing the temperature may also help to reduce extra-column 

dispersion [212]. In general, one should always opt for the system with the smallest 

possible extra-column volume.  

 

2.4.2. Speeding up analysis 

 

In contemporary practice of LC the speed of analysis plays a very important role. 

Because increasing the separation speed is often accompanied by a decrease in 

resolution, it is important to find an optimum set of conditions for each particular 

separation. Due to the exponential increase in (isocratic) retention with molecular 

weight, temperature or solvent gradients are usually applied to perform interactive 

polymer separations in a reasonable time. In SEC polymers elute before the dead 

volume of the column (no retention occurs). Therefore, such separations can be 

performed relatively fast. However, to obtain sufficiently large (differences in) elution 

volumes and high plate numbers several (long) SEC columns are often connected in 

series, which results in analysis times up to several hours [213]. Thus, fast polymer 

analysis is a desirable goal in both iLC and SEC.  

Several approaches can be applied to speed up polymer separations without 

sacrificing separation efficiency. Fast SEC columns appeared on the market about a 

decade ago. These columns are usually short. Some authors have advocated the use of 

wide-diameter (e.g. 20 mm I.D.) columns, based on the fact that the total pore volume 

of such columns is similar to that of conventional SEC columns [120, 213-216]. Other 

authors have successfully demonstrated fast separations on short SEC columns with 

narrower diameters (e.g. 4.6 mm I.D.) [120, 164]. However in the latter case the relative 
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contribution of extra-column band broadening to the total peak width may be 

significant (see section 2.4.1.3)  

Analysis at high temperatures has been discussed in section 2.2.2 in terms of 

enhanced polymer solubility. It was also mentioned that elevated temperatures allow 

decreasing the analysis time, while maintaining efficiency. Thus, high temperatures are 

potentially advantageous for fast polymer separations in both SEC and iLC [16, 82, 217].  

Another approach to perform fast analysis is by using columns packed with          

sub-2 m particles at very high pressures (≥ 100 MPa), which is known as ultra-high 

pressure liquid chromatography (UHPLC). Smaller particles have advantages over 

larger particles in terms of both separation speed and efficiency [218, 219]. It can be 

seen from the Van Deemter curves in Fig. 9 that lower plate heights can be achieved 

with smaller particles, i.e. more-efficient separations can be performed. Moreover, the 

optimum linear velocities are higher for smaller particles. Thus, using sub-2 m packing 

materials efficient separations can be performed even faster. Another advantage of 

small particles is the lower slope of the H vs. u curve compared to that for larger 

particles. This allows increasing flow rates (decreasing analysis time) without a 

significant loss in efficiency. 

In spite of the high potential, polymer separations under UHPLC conditions are still 

rarely performed. The main reasons for this are (i) lack of UHPLC columns with large 

pore volumes and large pore diameters needed for SEC analysis and (ii) risk of polymer 

degradation through the high shear rates generated in UHPLC systems. The use of 

UHPLC for polymer separations has been demonstrated only sporadically in literature. 

Chemical-composition-based separations of polystyrene-poly(acrylonitrile) copolymers 

and end-group-based separations of epoxy resins were shown by Pursch et al. [220] on 

an LC system with a 60-MPa pressure limit. Falkenhagen et al. employed UHPLC and 

mass spectrometry for the analysis of polyethylene- and polypropylene oxide 

homopolymers and copolymers [144]. However, the molecular weights of the polymers 

in this study were relatively low (< 3000 Da). We have recently demonstrated  very fast 

and efficient size-based separations of polystyrene polymers using commercially 

available UHPLC columns developed for interaction LC [57]. Separations of 

polyurethanes by GELC were performed using reversed-phase UHPLC [221]. No 

degradation of PS standards up to 3 MDa molecular weight was observed at common 
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UHPLC conditions [65]. This provides a significant molecular-weight window for 

UHPLC analysis of this type of polymers.  

Monolithic stationary phases offer another option for fast polymer analysis. 

Monoliths consist of a single structure containing interconnected pores or channels 

[222]. Two main types of monoliths are available, viz. silica-based and polymer-based. 

Such materials exhibit high permeabilities and, thus, generate low backpressures. 

Moreover, they offer improved mass-transfer characteristics (lower C-term in Eq. 1). 

This allows fast and relatively efficient separations at high flow rates. However, the 

applications of monoliths for separations of synthetic polymers are scarce. GELC for PS 

standards has been reported using monolithic poly(styrene-co-divinylbenzene) columns 

[223, 224]. Size-based separations of macromolecules on monolithic columns have also 

been demonstrated [225-228]. Among the disadvantages of commercial monolithic 

columns are their low pressure resistance and the lack of available chemistries. 

Contemporary core-shell technology offers another alternative for fast LC 

separations. Core-shell particles consist of a solid core surrounded by a porous layer. 

The advantages of such materials include the shorter diffusion paths compared to fully 

porous particles and more homogeneous particles and packing [229]. Both properties 

result in reduced column band broadening (lower plate heights). The H vs. u curves for 

core-shell stationary phases have low slopes and, thus, separations performed at high 

flow rates may be very efficient [206]. Nevertheless, these packing materials are not yet 

typically applied for analysis of synthetic polymers. In case of size-based polymer 

separations, superficially porous stationary phases may not withstand the competition 

with fully porous materials, because of their low pore volumes, which limit the 

separation space in SEC. 

 

2.5. Detection methods in liquid chromatography of polymers 

 

Detectors connected to LC instruments allow observing polymer peaks and, thus, 

provide information on polymer distributions. Several types of detectors based on 

different detection principles are commonly used in LC. These detectors can be divided 

into two main classes, viz. concentration-sensitive detectors and molecular-weight-

sensitive detectors. The evaporative light-scattering detector (ELSD), fluorescence 
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detector (FL), ultraviolet detector (UV), and refractive-index detector (RI) are examples 

of concentration-sensitive detectors. Static or dynamic light-scattering detectors (LS) 

and viscometers (VISC) belong to the category of molecular-weight-sensitive detectors, 

since their signal will be influenced by the polymer molecular weight. Another 

classification of detectors divides them into “physical” (LS, RI, VISC) and “chemical” or 

selective (UV, FL, IR, NMR). The former group provides information on the physical 

characteristics of polymer samples, while the latter yields information on the chemical 

composition of (co)polymers [230].  

The primary goal of detection in LC is to visualize the obtained separations. 

However, in addition to this, quantification of the macromolecules is usually required, 

while identification is desirable. The detector sensitivity often depends on the molecular 

weight and/or the chemical composition. Thus, quantification of polymers may be 

complicated due to their (broad) MWD, CCD, and other distributions, which may be 

present simultaneously (sometimes even after a separation has been performed). The 

peak shape and width resulting from separation selectivity represent a measure of 

molecular distributions. However, undesirable chromatographic and extra-column 

band broadening often complicate the interpretation of the obtained data. The polymer 

distributions calculated from the chromatogram will only be accurate if the peak width 

is predominantly determined by polymer dispersity and if all other contributions are 

kept very small [231]. Therefore, it is important to ensure that extra-column and 

chromatographic band broadening are minimized. It is also possible – but not 

straightforward – to apply mathematical corrections to obtain true polymer 

distributions from experimental chromatograms [81, 232]. Other sources of errors 

include degradation of macromolecules in the chromatographic system, breakthrough 

effects, and incomplete recovery. These effects were discussed in earlier sections. Since 

the choice of a detection method is crucial for obtaining accurate polymer distributions, 

we will discuss this subject in more detail. 

 

2.5.1. Detection in gradient liquid chromatography 

 

The choice of detectors suitable for GELC is somewhat limited. Detectors that 

respond to the refractive index of the mobile phase (e.g. RI and LS) cannot be used in 
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this mode. However, other detectors can be successfully applied. For UV-absorbing 

polymers UV detection is a good option. However many polymers are not UV active. For 

a small number of (natively) fluorescent polymers a FL detector is very useful and 

potentially very sensitive.  For many other polymers ELSD can be used [233, 234]. 

ELSD is an (almost) universal detector and its signal is not affected by variations in 

ambient temperature (in contrast to RI detection). The detection principle is based on 

nebulization and evaporation of the solvent, followed by measuring the light scattered 

by the remaining non-volatile analytes [235]. Therefore, solvents used in combination 

with ELSD should not contain any non-volatile salts. A major disadvantage of ELSD is 

its non-linear response, which causes variations in the effective response factors across 

the polymer peak [236, 237]. Moreover, the response may depend on the mobile-phase 

composition, on the type of polymer, its molecular weight, and on other parameters 

[238-240]. Thus, quantification is quite problematic with this detector. The effect of the 

eluent on the response factors can be eliminated using an inverse-gradient-

compensation approach, in which an additional pump is used to provide the detector 

with a mobile phase of constant composition [241]. To exclude the influence of the peak 

width on the ELSD response, a correction procedure can be applied [242]. Because 

sample cannot be easily recovered after ELSD, it can only be installed as a last detector 

in a series. 

The principle of a charged-aerosol detector (CAD) is similar to that of an ELSD, 

except that the non-volatile analytes receive a positive charge from nitrogen molecules 

passing a high-voltage wire. The charged particles are subsequently detected. CAD 

overcomes some limitations of ELSD, viz. it has a better (but still imperfect) signal 

linearity, it is more sensitive, and the response is more universal [51, 243, 244]. 

However, similarly to ELSD it suffers from variations in response with mobile-phase 

composition [244]. 

In GELC the chemical composition of the polymer usually determines the retention 

time. In this case the CCD of the polymer can be deduced from a calibration curve 

obtained using polymer standards (usually high-molecular-weight random copolymers) 

with known chemical composition. If such standards are not available, a combination of 

several detectors can be used to determine the local chemical composition (see section 

2.5.4).  
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2.5.2. Detection in isocratic liquid chromatography 

 

SEC, HDC, TGIC and LCCC are usually performed under isocratic conditions. The 

choice of detectors in the isocratic mode is broader, since along with the detectors 

suitable for gradient-elution LC (e.g. ELSD, UV) detectors sensitive to the refractive 

index (RI and LS) can also be used. Examples of using ELSD detection in conjunction 

with isocratic LC (SEC or LCCC) can be found in refs. [52, 72, 84, 89]. An RI detector 

measures the refractive index n of the effluent. When a sample is present, the n value 

changes and these changes are detected. Because n varies with the mobile-phase 

composition, it is not possible to use this detector in GELC. Temperature changes 

during analysis will also affect the values of n. However, it is feasible to control the 

temperature of the solvent entering the detector, which allows using TGIC in 

combination with refractive-index-sensitive detectors [137]. Usually, the RI response is 

independent of molecular weight, although some dependence can be observed for low-

molecular-weight polymers [245]. 

SEC is the most commonly applied technique for polymer separation, usually with 

the goal to determine the sample MWD. Therefore, detectors used in SEC should 

provide the concentration as a function of retention time or volume. The most rigorous 

way to obtain an MWD is by using a detector which yields molecular-weight 

information, such as an LS detector. Since its response depends on both molar mass 

and concentration, the use of a concentration detector is also required [4]. Three main 

types of static LS detectors exist, viz. low-angle laser-light scattering (LALLS), right-

angle (laser) light scattering (RAL(L)S) and multi-angle (laser) light scattering 

(MAL(L)S) detectors. MALLS measures the scattering intensity at several (or many) 

different angles simultaneously. This allows obtaining a value of radius of gyration for 

high-molecular-weight polymers, which can provide additional information on 

molecular structure, conformation and aggregation. Unfortunately, obtaining MWDs 

using LS detectors is restricted to homopolymers, since the local scattering contrast 

(dn/dc) changes with the polymer composition. Moreover, LS has low sensitivity 

towards low-molecular weight polymers. 

Alternatively, polymer molecular weights can be determined using a viscometer in 

combination with a concentration detector. VISC measures the pressure drop across a 
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capillary, which allows obtaining a value of the intrinsic viscosity [η]. [η] is related to 

the polymer molecular weight through the Mark-Houwink equation [η] = KMα (where K 

and α are constants for a given polymer in a given solvent). Using a VISC detector the 

concept of universal calibration can be applied [246]. This concept is based on the 

consideration that in SEC polymers of equal hydrodynamic volume (though, with 

different chemistry or architecture) elute together. The hydrodynamic volume is the 

product of the polymer molar mass and its intrinsic viscosity [η]. The molecular weight 

of an unknown polymer can be calculated from the molecular weight of a known 

standard (with an arbitrary chemical structure) and the intrinsic viscosity values 

measured by the VISC detector. The principle of universal calibration generally works 

well. However, it may fail if during analysis of standards or samples different 

(secondary) separation mechanisms occur or if swelling of column packing material 

takes place [46]. The principle has also been proven incorrect for highly branched 

polymers (i.e. hyperbranched polymers and dendrimers) [247]. 

If neither LS nor VISC detectors are available or applicable, the SEC system can be 

calibrated with polymer standards of known molecular weights. To obtain accurate 

results, these standards should have the same chemistry as the analysed samples and 

the conditions of calibration should correspond to the conditions under which the 

sample is measured. However, it is often not possible to obtain polymer standards for 

each studied polymer. In principle, Mark-Houwink constants for both the standard 

(known) and unknown polymers can be used to determine the molecular weight in the 

absence of VISC detection.  

 

2.5.3. Hyphenated techniques 

 

With the above detection techniques the identification of sample components 

(additives, monomers, solvents, etc.) is limited. Spectroscopic and mass spectrometric 

techniques provide valuable information on these compounds. LC can be coupled on 

line or off-line with these methods in order to provide detailed chemical information on 

the sample.  
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2.5.3.1. Liquid chromatography – infrared spectroscopy 

 

IR allows determination of functional groups, backbone heterogeneities, molecular 

conformations, etc. and it can provide data suitable for polymer quantification. Thus it 

represents a valuable detection technique for LC. Coupling of LC and IR can be 

achieved using flow cells or via a solvent-elimination interface [248]. In the former case 

the effluent from LC is directly sent to an IR flow cell, where the signal is recorded. 

Unfortunately many LC solvents show strong IR adsorption bands, which explains the 

limited use of on-line LC-IR. Useful IR spectra can be obtained in such solvents as 

methylene chloride and chloroform. To achieve compatibility of LC-IR with gradient 

elution special background corrections have to be applied, which correct for the 

changing mobile-phase composition [249]. Moreover, LC-IR is limited to samples with 

relatively high analyte concentrations. Examples of on-line LC-IR analysis of polymers 

can be found in refs. [250-253] 

Better IR spectra can be obtained when the mobile phase is evaporated using a 

specially designed interface (second method). A solid sample film on a suitable 

substrate is obtained after the solvent is removed. The substrate with the sample is then 

analysed and IR spectra are recorded for each position. This interface provides several 

advantages compared to the flow-cell approach [248]: (i) interferences due to solvent 

absorption are absent, (ii) more time is available for spectroscopic analysis, i.e. better 

signal-to-noise ratios can be achieved, (iii) improved sensitivity, no need to apply 

concentrated samples, (iv) compatibility with GELC, (iv) libraries of IR spectra are 

available. This method has been successfully applied for the analysis of different types 

of polymers [71, 253-256]. It should be noted that the quantification in LC-IR with a 

solvent-elimination interface will be affected by the eluent composition, since the 

solvent influences the film-formation process [255]. 

 

2.5.3.2 Liquid chromatography – nuclear magnetic resonance spectroscopy 

 

NMR can provide valuable information on polymers, such as tacticity, branching, 

end groups, architecture, and chemical composition. The coupling of LC and NMR can 

be performed in continuous mode, stop-flow mode, time-slice mode, or using a loop 
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storage [257]. In continuous-mode LC-NMR the effluent from a chromatographic 

column enters a flow cell where the NMR spectra are constantly recorded [88, 258-261]. 

Using this configuration two-dimensional pictures can be obtained, which display the 

retention time in LC on one of the axis and the chemical shift in NMR on the other axis. 

Carbon 13C NMR is rarely coupled to LC in a continuous mode due to its low sensitivity. 

Proton 1H NMR is more commonly applied.  

In the stop-flow mode the peak of interest is transferred to the NMR flow cell, the 

flow in LC system is interrupted and the NMR spectrum is recorded. Selected peaks 

from the LC chromatogram can be analysed in such a way. The time-slice mode involves 

regular interruptions of LC flow during separation in order to record several NMR 

spectra across a chromatographic peak [18]. This mode can be used for poorly separated 

analytes. Alternatively, the peaks of interest from LC can be collected in storage loops 

and subsequently transferred to NMR.  

Separations with LC-NMR require using relatively high sample concentrations 

because of the low NMR sensitivity. Another significant challenge in on-line coupling of 

LC and 1H NMR is the presence of signals from proton-containing mobile phases 

typically used in LC. These signals may interfere with the signals from analysed 

molecules. The use of deuterated eluents for LC is expensive, while the application 

range of non-protonated solvents in LC is very limited [262]. Therefore, coupling of LC 

and NMR requires efficient solvent suppression techniques.  

Instead of collecting peaks in storage loops they may be collected on a trap column 

or on a solid-phase extraction cartridge [263, 264]. The mobile phase is exchanged for a 

deuterated strong solvent and the concentrated fraction is analysed by NMR without 

the need of rigorous suppression of LC-eluent proton signals. 

 

2.5.3.3. Liquid chromatography – mass spectrometry 

 

Mass spectrometry (MS) simultaneously represents a characterization technique 

and a separation technique. When coupled to LC it constitutes a second dimension 

analysis and, thus may provide a great deal of valuable information. The principle of MS 

is the ionization of molecules, separation of ionized species based on their mass-to-
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charge ratio (m/z) and subsequent detection [265]. If the ionization process leaves the 

molecules essentially unchanged (so-called “soft ionization”) exact molecular weights of 

the analysed macromolecules may be obtained. The type of the polymer and of the end 

groups, molecular weight distribution, and even the structure of macromolecules may 

be determined from LC-MS data [266, 267]. The two ionization techniques most 

commonly used for polymer analysis are electrospray-ionization (ESI) and matrix-

assisted laser-desorption/ionization (MALDI) [268]. Both techniques are soft ionization 

techniques. Atmospheric-pressure chemical ionization (APCI) has also been used for 

polymer analysis. It can provide information complimentary to that obtained with ESI 

[269, 270]. However, its applications for polymers are rather limited and, thus, it will 

not be discussed in the present review. Time-of-flight (ToF) mass-analysers are 

commonly used in combination with ESI and MALDI. ToF provides high sensitivity, a 

broad mass range, high resolution and high accuracy [271].  

LC can be relatively easily coupled on-line with ESI-MS. An electrospray serves to 

disperse the effluent of the LC system into small droplets and to generate ions [271]. 

ESI usually causes little fragmentation. However, it produces complex polymer spectra 

due to the formation of multiply charged ions. ESI-MS is applicable across a limited 

molecular weight range and only relatively small polymers can typically be successfully 

analysed with LC-ESI-MS. The formation of multiply charged ions allows bringing 

larger macromolecules into the mass range of the MS instruments. Coupling of LC with 

ESI-MS poses certain requirements on eluent selection in LC. For example, only volatile 

buffers can be used. Moreover, this technique is not compatible with high solvent flow 

rates. This is often solved by splitting the flow of the effluent after the LC column. ESI-

MS is limited to polymers with relatively high polarity. Non-polar macromolecules (e.g. 

polyolefins) cannot be ionized. 

MS instruments directly provide information on polymer molecular weight. The use 

of these detectors allows eliminating a problem of shift in elution volumes due to 

secondary separations mechanisms in SEC. Examples of LC-ESI-MS applications for 

polymers can be found in several reviews [266, 268, 272-274]. 

In contrast to ESI, MALDI uses a laser for obtaining charged species [275]. The 

sample is mixed with a matrix that absorbs energy of the laser and then transfers it to 
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the analytes. It is thought that the analytes desorb and become ionized in the gaseous 

phase [276]. A ToF mass-analyser is then applied to separate the ions obtained.  

MALDI offers several advantages over ESI. MALDI has a higher tolerance to mobile 

phase buffers [275]. In addition to polar macromolecules, polymers of moderate or even 

low polarity can be analysed with this method. Modern MALDI-ToF-MS instruments 

allow obtaining well-resolved spectra of polymers with molecular weights above 70 kDa. 

Polymers as large as 106 Da can be detected by MALDI [267]. In spite of the high 

resolution achievable in modern MALDI instruments, peak overlap can occur during 

analysis of polymer blends and copolymers. An LC separation prior to MALDI analysis 

helps produce easily interpretable MALDI-ToF-MS spectra and minimizes problems 

associated with ion suppression (see discussion below). The information on polymer 

molecular weight provided by MALDI-ToF-MS can be used for SEC system calibration 

and is especially valuable when no polymer standards are available [268, 277]. In 

principle, MALDI can also replace SEC as a second-dimension separation to provide 

information on the molecular weight of polymers based on chemical composition (Fig. 

10). Moreover MALDI allows determination of polymer type, type and number of end-

groups, and even structure of macromolecules [267, 278].   

 

 

Fig. 10. 2D plot of retention time in LCCC vs. molecular weight obtained by MALDI-ToF-MS for a 

mixture of copolyesters. Reprinted from ref. [279] with permission. 

 



Challenges in polymer analysis by liquid chromatography 

 

~ 67 ~ 
 

MALDI is usually coupled to LC off-line. Fractions from LC are collected and 

analysed with MALDI after appropriate sample preparation [67, 280-283]. Such an off-

line approach is labour- and time-consuming. However, it allows additional sample 

manipulations, such as adjusting the matrix/analyte ratio for different fractions [267]. 

Sample preparation required for MALDI makes its on-line connection with LC rather 

challenging. Several automated LC-MALDI interfaces have been developed, which 

allowed (semi-)on-line coupling [279, 284-288]. The sample can be introduced to 

MALDI using a continuous-flow probe or aerosol spray [268, 289]. A matrix can be 

added to the eluate stream or it can be placed on a MALDI plate beforehand (pre-coated 

MALDI targets).  

MALDI also has some limitations. The repeatability of this technique is poor. The 

signal intensity often depends on the particular location on the spot where the laser is 

applied. Thus, obtaining quantitative results is very difficult. Various sample 

preparation techniques have been explored to tackle this problem [266, 267, 273]. The 

theory of the MALDI process is still under development. The mechanism of ionization 

and the role of the matrix are not yet fully understood [267, 290]. The selection of the 

most-suitable matrix for each application is still a process of trial-and-error.  

Tandem mass spectrometry (MS/MS or MSn) can provide additional information 

on molecular structure. It allows fragmenting selected parent ions obtained after the 

first stage of MS. After identification of the resulting ions the structure of the initial 

(macro)molecule may be reconstructed. Direct MS/MS analysis of copolymers 

represents a challenge, since the parent ion selected for further fragmentation may 

include several species [291]. In this case an LC separation prior to MS may be very 

useful. Some applications of MSn and LC coupled to MSn for polymer analysis can be 

found in reviews [266, 267, 273, 274, 291] and in recent work [73]. 

A common problem of MS techniques is the so-called mass discrimination 

phenomena, the variation of MS response (ionization, transmission, and detection 

efficiencies) with polymer molecular weight. In addition to molar mass, the chemical 

composition and type of end-groups also affect the MS response. Moreover, the 

response factors may vary between different MS instruments and with time. This 

implies that the obtained MS signal does not always provide the true picture of polymer 

distribution. It is possible to study the sensitivity of the MS instrument towards 
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different polymer species by measuring the MS response for polymer blends with 

known composition. However, this approach is not feasible for complex polymer 

samples. It is believed that optimization  of the sample-preparation method in MALDI 

may improve the uniformity of response across the molecular weight [267]. 

Another effect which has to be considered during MS analysis is ion suppression. 

The molecules present in the sample in large concentrations may suppress ionization of 

trace components [292, 293]. When an LC separation is applied prior to MS, this helps 

reduce ion suppression, because fractions sent to the MS exhibit a much narrower 

MWD and/or CCD. 

Although both ESI and MALDI are soft ionization techniques, some fragmentation 

may occur during analysis. This can introduce (additional) errors in the MWD 

calculated based on MS results. Fragmentation in MALDI can be minimized by applying 

a lower laser power and by using a large excess of matrix [267]. In ESI a lower 

fragmentor voltage may help reduce fragmentation. 

 

2.5.4. Multiple-detector approach 

 

Using several detectors in LC of polymers can provide additional information on 

polymer samples. For example in SEC multiple detection is often applied to obtain 

information on polymer chemical composition or molecular architecture along with the 

molecular-weight distribution. When copolymers or polymer blends are analysed with 

SEC, macromolecules of different chemistry or topology may coelute. The use of 

molecular-weight-sensitive detectors as well as calibration with homopolymer 

standards cannot provide adequate characterisation of such samples. Combination of 

concentration-sensitive detector and a selective detector which responds to only one of 

the monomeric units (e.g. chromophore-containing unit for UV detector) can be 

applied. The number of detectors should be equal (or exceed) the number of different 

types of chemical components present in the copolymer. This approach provides 

information on the composition of copolymers and its variation with molecular weight. 

However, the molecular weight can only be determined for simple alternating and block 

copolymers [4]. Multi-detector SEC does not give information on the CCD itself, 

Moreover, it cannot distinguish copolymers and polymer blends with similar molecular 
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weights of the components [45]. The results obtained on chemical composition can also 

be influenced by neighbour-group effects [4].  

By selecting an appropriate combination of detectors, insight in polymer properties 

other than chemical composition, can be obtained. Farmer et al. investigated dilute-

solution properties of branched PS macromolecules using SEC in combination with 

static and dynamic LS, as well as a VISC detector [294]. Brewer et al. demonstrated the 

usefulness of multidetector HDC for the analysis of different polymeric materials, such 

as PS latexes and colloidal silica [56, 295, 296]. The combination of static and dynamic 

LS, VISC and RI detectors allowed characterizing the distributions of molecular weight, 

size, and shape simultaneously.  

When applying multiple detectors the shift in elution volumes between the 

detectors connected in series has to be taken into account. In addition, a correction for 

band-broadening differences between the detectors may be required [297].  

Using an IR detector as one of the detectors in a multiple-detector SEC system can 

provide information on chemical composition, even for the polymers which do not have 

chromophores or fluorescent groups. One IR detector can also provide information on 

several functional groups simultaneously and thus, can replace other detectors. 
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Chapter 3 
 

3. Fast and efficient size-based separations of 

polymers using ultra-high-pressure liquid 

chromatography 

 
Abstract 

 

Ultra-High-Pressure Liquid Chromatography (UHPLC) has great potential for the 

separations of both small molecules and polymers. However, the implementation of 

UHPLC for the analysis of macromolecules invokes several problems. First, to provide 

information on the molecular-weight distribution of a polymer, size-exclusion (SEC) 

columns with specific pore sizes are needed. Development of packing materials with 

large pore diameters and pore volumes which are mechanically stable at ultra-high-

pressures is a technological challenge. Additionally, narrow-bore columns are typically 

used in UHPLC to minimize the problem of heat dissipation. Such columns pose 

stringent requirements on the extra-column dispersion, especially for large (slowly 

diffusing) molecules. Finally, UHPLC conditions generate high shear rates, which may 

affect polymer chains. The possibilities and limitations of UHPLC for size-based 

separations of polymers are addressed in the present study. We demonstrate the 

feasibility of conducting efficient and very fast size-based separations of polymers using 

conventional and wide-bore (4.6 mm I.D.) UHPLC columns. SEC separations of 

polymers with molecular weights up to ca. 50 kDa are achieved within less than 1 min at 

pressures of about 66 MPa. Due to the small particles used in UHPLC it is possible to 

obtain very fast separations of  high-molecular-weight polymers (50 kDa ≤ Mr ≤ 1 - 3 

MDa, upper limit depends on the flow rate) in the hydrodynamic-chromatography 

(HDC) mode.  
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3.1. Introduction 
 

UHPLC is an increasingly important technique in many analytical laboratories. The 

proliferation of UHPLC during the last five years has been spurred by the advantages it 

offers for separations of complex samples. Higher pressure limits make it possible to 

use columns packed with smaller (sub-2-m) particles under optimum conditions. This 

leads to lower theoretical plate heights at higher linear velocities and thus to faster and 

more-efficient separations.  

However, several problems arise from the use of small particles at ultra-high 

pressures. The problem of heat dissipation in HPLC has been studied by various groups 

during several decades [1-4]. The problem is strongly aggravated at UHPLC conditions 

[5-7]. Heat is generated by friction when the mobile phase is forced through a packed 

bed. The viscous heat dissipation leads to temperature gradients across the column in 

both the axial and the radial directions. Especially radial temperature gradients may 

greatly increase the chromatographic band broadening and may jeopardize the column 

efficiency. The loss of efficiency due to heat dissipation necessitates the use of narrow-

bore columns in UHPLC [8]. The internal diameter (I.D.) of columns used for UHPLC 

separations is typically 3 mm or less. Columns with sub-2-m particles and 

conventional diameters (4.6 mm I.D.) are rarely offered by manufacturers.  

Narrow-bore columns packed with small particles produce very sharp and fast-

eluting peaks, which pose stringent requirements on the extra-column dispersion. In 

UHPLC the extra-column contribution to the total peak width is more critical than in 

conventional HPLC separations and should be dramatically reduced. The peak variance 

due to extra-column contributions is of the order of 10 L2 for UHPLC, while for HPLC 

it is typically above 40 L2 [9]. UHPLC peaks also require fast detectors. Thus, detectors 

used for UHPLC separations should feature higher sampling rates and greatly reduced 

dead volumes. 

To a large extent the challenges associated with the application of UHPLC have 

been overcome. Contemporary UHPLC systems are robust, efficient and easy-to-

operate. UHPLC is commonly used for pharmaceutical, environmental and food 
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analyses, as well as in the life sciences. However, little is still published about the 

potential of UHPLC for the separation of polymers.  

Size-exclusion chromatography (SEC) is by far the most common technique for 

polymer separations. It provides information on various molecular-weight averages and 

on the molecular-weight distribution of polymer samples. SEC separations at ultra-high 

pressures are of great potential interest. Faster and more-efficient SEC analyses would 

be highly attractive, because contemporary applications of SEC often feature long 

analysis times (sometimes up to several hours). UHPLC may also facilitate high-

throughput SEC experiments, which are very appealing for many industrial analyses. 

Very fast and efficient SEC separations would also constitute a great improvement for 

the analyses of polymers by comprehensive two-dimensional liquid chromatography, 

for which there are many applications [10-14]. Despite the higher optimal linear 

velocities, the use of narrow-bore columns in UHPLC allows to use flow rates that are 

compatible with mass-spectrometry (MS) [15]. Such columns also lead to a drastic 

reduction in the volumes of (organic) solvents used for SEC separations. Thus, ultra-

high-pressure size-exclusion chromatography (UHPSEC) would represent a significant 

step forward. 

The introduction of UHPSEC is impeded by a number of factors of both 

technological and fundamental nature. First of all, SEC analysis requires sample 

solutions, while most polymers are hard-to-dissolve materials. Many types of polymers 

(e.g. polyesters, polyamides) require the use of strong or even aggressive solvents, such 

as hexafluoroisopropanol or concentrated acids. These solvents pose great demands on 

a chromatographic system. The parts of the equipment that are subjected to very high 

pressures are especially sensitive to corrosion, while any polymeric parts are clearly 

under threat from solvents intended to dissolve engineering plastics. 

The second problem is associated with the requirements for UHPLC stationary 

phases. To provide information on the molecular-weight distribution of a polymer 

sample one would need to use size-exclusion columns with specific pore-sizes. In 

UHPLC the pore size is limited by the stability of the packing material at ultra-high 

pressures. So far, there are no UHPLC SEC columns with large pore diameters and large 

pore volumes available for characterization of synthetic polymers. The UHPLC columns 

present on the market are mostly packed with porous silica-based materials with 
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different surface chemistries. The pore sizes range from 70 to 300 Å, depending on the 

column type and manufacturer.  

The effects of extra-column dispersion in size-based polymer separations are 

potentially much greater than in conventional applications of UHPLC. This is associated 

with several factors. Firstly, the elution volumes are smaller than in interaction liquid 

chromatography. Secondly, pre-concentration of analytes at the top of the column does 

not occur, which adds the extra-column dispersion that takes place before the column, 

to the total dispersion. Finally, slow diffusion of large molecules leads to higher 

dispersion. The temperature dependence of size-based separations is usually negligible 

(no retention). This makes such separations less prone to the detrimental effects of axial 

heat gradients. However, the effects of radial temperature gradients may be greater, 

again due to the slow diffusion of large molecules. Because the optimal conditions (the 

minimum theoretical plate height) are attained at much lower linear velocities for 

polymers than for small molecules, the amount of heat generated will be reduced and 

the axial and radial temperature gradients will be less significant. The final problem is 

of a fundamental importance in the chromatography of large molecules. UHPLC 

particles and pressures generate high shear rates, which may lead to the deformation 

and/or degradation of macromolecules [16]. 

All these complications have led some of the major manufacturers of SEC columns 

to take a highly critical perspective on the possibilities of SEC at ultra-high pressures 

and to question the future of UHPSEC [17]. In the present work we attempt to overcome 

the limitations of UHPLC for the analysis of polymers. We explore the possibilities of 

ultra-high-pressure separations based on size-exclusion and hydrodynamic 

mechanisms. We try to specify the useful range of conditions for the application of 

ultra-high-pressure size-based separations and show their advantages over 

conventional size-exclusion and hydrodynamic chromatography.  
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3.2. Theory 

3.2.1. Size-exclusion and hydrodynamic chromatography 

 

Size-exclusion chromatography is a type of liquid chromatography in which 

separation is based on partial exclusion of the solutes from the pores of stationary 

phase. The larger molecules elute earlier than the smaller molecules, because they 

penetrate into a smaller fraction of the pores of the packing material. All molecules that 

are very small in comparison with the pore size will spend equal time on the column, 

irrespective of their actual size. They all elute at the total permeation volume of the 

column (Vi). Larger analyte molecules elute ahead of the solvent peak in SEC. All 

molecules which are too large to penetrate into any of the pores will also elute at the 

same time (total exclusion volume, V0) [18]. Depending on the pore size of the packing 

material, polymers of different hydrodynamic volumes, usually related to different 

molecular weights may be separated by SEC. 

The separation in hydrodynamic chromatography (HDC) is based on the laminar 

flow profile of solvent between packed particles or in open channels. The selectivity is 

determined by unequal steric exclusion of solute molecules of different sizes from the 

walls (or particle surfaces). Smaller molecules are able to come closer to the walls, 

where the solvent velocity is lower.  Thus, they travel more slowly through the column 

than larger molecules. In order for this process to be sufficiently selective, the size of the 

molecules should not be too small in comparison with the channel diameter [19-21]. 

Similarly to SEC, HDC allows determination of the molecular-weight distribution of a 

polymer sample. 

Both techniques, SEC and HDC, are based on separation according to molecular 

size rather than molecular weight. The molecular size can be related to the molecular 

weight using a calibration procedure [18]. In solution polymer molecules are usually 

present in a coiled shape. The size (hydrodynamic radius, hR ) of polystyrene molecules 

in pure THF can be estimated from equation (1) [22].                                

05.0518.0)002.0024.0(  wh MR                                                                                           (1)                                                              

where Mw  is the weight-average molecular weight of polystyrene.  
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3.2.2. Deborah numbers and slalom chromatography 

 

Shear forces arise during (pressure-driven) chromatographic analyses. The shear 

rate depends on the flow rate and the column diameter, on the particle size, the porosity 

and on the mobile-phase viscosity [16]. Because UHPLC features smaller particles and 

higher linear velocities the shear rates are higher than in conventional HPLC. Above a 

certain molecular weight the shear rates generated in an LC system become large 

enough to deform the polymer molecules. The molecules no longer have a coiled shape 

(spherical for polystyrene), but they are stretched in the direction of the flow. Such 

stretched molecules may travel through a channel faster than coiled molecules and 

smaller stretched molecules elute faster than larger ones. Thus, the elution order at 

these conditions is opposite to the elution order in SEC and HDC separations. The 

chromatography of stretched molecules is known as slalom chromatography (SC) 

[23,24]. 

The onset of the molecular deformation depends on the experimental conditions, as 

well as on the polymer radius of gyration and, thus, molecular weight. It may be 

predicted using the Deborah number (De), which is the ratio of hydrodynamic forces to 

Brownian forces [25,26]. For flow in a packed bed this may be defined by [27]. 

RT

r

d

v
kDe G

p

PB

312.6 













                                                                                                 (2) 

where kPB is a constant which depends on the structure of the packed bed (kPB = 9.1 for a 

randomly packed bed [28]). v  is the superficial flow velocity, i.e. flow rate per unit area 

of the empty column (m∙s-1); dp is the particle diameter (m), η the solvent viscosity 

(Pa∙s), Φ the Flory-Fox parameter (Φ≈2.5∙1023 mol-1); R the gas constant (R=8.314 

J∙mol-1∙K-1); T the absolute temperature (K) and rG is the radius of gyration of the 

polymer molecule (m). For polystyrene in THF the relation rG = 1.39·10-5Mw
0.588

 was 

obtained from light-scattering measurements [29]. 

Bird et al. arrived at a theoretical value of De=0.5 above which deformation of 

macromolecules was suggested to occur [25]. The experimental results, also by other 

researchers [27,30-33] showed that a transition from coiled to stretched molecules does 

not occur suddenly, but takes place across a range of De numbers from around 0.1 to 1.  
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Stationary phases used in UHPLC contain small (sub-2-m) porous particles with 

relatively small pore sizes, usually up to 200 Å (with one exception of columns for 

protein separations with pore sizes of 300 Å [34]). The presence of these pores offers 

the possibility of SEC-type separations of polymers in a specific size range under 

conditions where no interactions occur that would cause retention of the analytes. For 

very small sub-2-m UHPLC particles (with correspondingly narrow interstitial 

channels) we may also expect separations based on hydrodynamic effects for polymers 

of higher molecular weights. 

 

3.3. Experimental 

3.3.1. Chemicals 

 

The solvent used in this work as a mobile phase for UHPLC was unstabilized THF of 

ULC/MS grade (Biosolve, Valkenswaard, The Netherlands). The same THF was used as 

a needle-wash solvent to avoid sample precipitation in the injector. A freshly opened 

bottle of THF was used for no longer than two days to avoid the formation of significant 

amounts of degradation products, which would result in an elevated baseline. 

Polymer samples used for experiments were polystyrene standards (PS) from 

Polymer Laboratories/Agilent Technologies (Church Stretton, Shropshire, UK). 

Molecular weight and polymer dispersity indices (PDI) of the standards as specified by 

the manufacturer are shown in Table 1. Toluene from Sigma Aldrich (St. Louis, MO, 

USA) was used as a low-molecular-weight (total permeation) marker. Samples of 

toluene and polystyrene standards with a concentration of around 0.2 mg/mL were 

prepared in unstabilized THF. 
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Table 1. Characteristics of polystyrene samples specified by manufacturer (Polymer Laboratories) 

and corresponding hydrodynamic diameter (calculated from Eq. (1) [22]) 

Molecular weight (Da) Polydispersity Hydrodynamic diameter (Å) 

980 1.1 17 

1,990 1.05 25 

2,970 1.04 30 

4,920 1.03 39 

7,000 1.03 47 

9,920 1.02 56 

13,880 1.02 67 

19,880 1.02 81 

30,320 1.01 101 

52,400 1.02 133 

70,950 1.03 156 

96,000 1.03 183 

197,300 1.02 266 

299,400 1.02 330 

523,000 1.03 440 

735,000 1.02 525 

1,112,000 1.03 650 

2,061,000a 1.05 - 

3,053,000a 1.03 - 

3,742,000a 1.04 - 

7,450,000a 1.07 - 

13,200,000a 1.13 - 

a Eq. (1) was developed based on experimental data for PS molecular weights up to 1,850,000 Da. 

The hydrodynamic diameters for polymers with molecular weights exceeding 1.8 MDa may not be correct 

and, thus, are not shown 

 

3.3.2. Instrumentation and operating conditions 

 

The experiments were performed using a Waters Acquity UPLC system (Waters, 

Milford, MA, USA). The system was equipped with a tetrahydrofuran/hexane 

compatibility kit to extend its applicability to these solvents. The system contains a 

Binary Solvent Manager, which can supply solvents at pressures up to 103 MPa at flow 

rates up to 1 mL/min. The maximum pressure is lower at higher flow rates (62 MPa at 
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the maximum flow rate of 2 mL/min). The injection mode was “partial loop with needle 

overfill”. An injection volume of 0.8 L was used with a 2 L loop. The connecting 

tubing between the pumps, injector, columns and detector was made from stainless 

steel and had an internal diameter of 127 m. The system was equipped with a four-

column Column Manager (Waters), which allows simultaneous installation and 

temperature control (if desirable) of up to four columns. The experiments were 

conducted at a constant oven temperature of 30°C, unless otherwise stated. Absorbance 

was measured at 221 nm using an Acquity UPLC Photodiode Array (PDA) detector 

(Waters) with a sampling rate of 40 Hz and the noise filter turned off to avoid a possible 

deterioration of the widths of very narrow peaks. The data were collected and processed 

with Empower 2 software (Waters). 

 

3.3.3. Columns  

 

Acquity UPLC C18 columns (Waters) were used for all the measurements. The 

columns were packed with 1.7 m BEH C18 particles. The average pore size of the 

particles was 130 Å. The column dimensions were 50  2.1, 100  2.1 and 150  4.6 mm. 

The wide-bore (4.6 mm I.D.) UPLC columns were specifically designed for the purpose 

and generously supplied by Waters.  

All series of measurements were repeated three times (and all experiments were 

repeated several times within a series). Retention times (as reflected in the calibration 

curves) were repeatable within 3% R.S.D. Peak widths and peak shapes were also highly 

repeatable (< 3% R.S.D.). Two sets of 4.6-mm I.D. columns from different batches were 

used and no significant difference was observed between the results obtained on these 

two sets. The columns proved to be sufficiently stable for the described applications. 

More than 2000 injections of polymer samples were performed without significant 

increase in column backpressure (less than 3% compared to the backpressure of the 

new columns). However, it is important to note that the mentioned columns were 

mainly used for the separations of polymer standards. In this case there was no need for 

using an in-line pre-column filter to prevent column clogging.  
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3.3.4. Extra-column-band-broadening measurements 

 

The extra-column band broadening was measured by connecting the injector to the 

detector using a zero-dead-volume union instead of a column. Contributions of extra-

column band broadening to the total peak width for PS standards of various molecular 

weights were estimated using different system configurations (e.g. with and without the 

Column Manager) and different column dimensions. To ensure comparable results the 

measurements were performed at equal linear velocities for columns of different 

internal diameters (flow rates of 0.25 mL/min for 2.1 mm I.D. columns and 1.2 mL/min 

for 4.6 mm I.D. columns). Because the peaks were typically non-Gaussian in shape, the 

variances were calculated from first and second centralized moments using a home-

made Matlab (Natick, MA, USA) routine. The measured values of extra-column 

dispersion (variance) were in the order of 7 to 15 L2 for polystyrene standards with 

molecular weights below ca. 50 kDa, which is in agreement with the data obtained by 

other researchers for low-molecular-weight compounds [9,35,36]. For larger 

polystyrene standards the observed extra-column peak variances were found to be 

higher (up to 20 – 25 L2), possibly due to the lower diffusion coefficients of such 

molecules.  

 

3.3.5. Flow-rate-accuracy measurements 

 

To assure correct values of retention volumes the actual flow rate (Factual) was 

measured at different set values (Fset). The measurements were performed by collecting 

the eluent (THF) at the exit of the system in a previously weighted dry volumetric flask. 

The flask was covered with Parafilm tape to minimize evaporation. The collection time 

was 20 min at all flow rates. The flask with the effluent was weighted and the volume of 

collected solvent was calculated. The obtained flow rates were compared to the set 

values and the relative error was calculated as  

error (%) = 100∙(Fset-Factual)/Fset                                                                                                                                     (3)
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3.4. Results and discussion 

3.4.1. Size separations at UHPLC conditions  

 

Toluene and polystyrene standards of different molecular weights were injected 

individually on the 2.1  50 mm reversed-phase C18 Acquity UPLC column. As 

expected, the standards eluted before the total permeation volume (V0) of the column 

(0.27 min under the conditions of Fig. 1). Thus, there was no indication of polystyrene 

retention when THF was used as mobile phase and sample solvent. We observed some 

selectivity and the elution order corresponded to that in SEC or HDC (smaller 

molecules eluted later). However, the peaks were relatively broad and tailing. The 

asymmetry of the peaks did not change with concentration or with the amount of 

sample injected. Hence, it was not caused by overloading effects. The tailing of the 

peaks may indicate a large extra-column contribution to the peak width [37]. Thus, such 

size-based separations need to be further optimized.  

 

 

Fig. 1. Chromatograms observed for polystyrene standards under (non-optimized) UHPLC 

conditions. Polystyrene molecular weights (from right to left): 92 (toluene); 1,990; 9,920; 52,400; 

523,000 Da. Acquity UPLC BEH C18 column, 50  2.1 mm I.D. Mobile phase: THF. Flow rate:                

0.5 mL/min. Pressure 25 MPa. 

 

In Fig. 2 a calibration curve is shown that was obtained by injecting polystyrene 

standards with molecular weights ranging from 92 Da (toluene) to 13 MDa (see Table 

1.). We can distinguish three regions in such a calibration curve, in which the separation 
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mechanisms are different. The lower range (Mr lower than ca. 50 kDa, telut above       

0.31 min) is a SEC region, where separation is based on a size-exclusion mechanism. At 

the point where the molecular weight of PS reaches about 50 kDa the slope of the 

calibration curve changes.  

 

 

Fig. 2. Calibration curve for polystyrene standards under UHPLC conditions.  Acquity UPLC BEH 

C18 column, 100  2.1 mm I.D. Mobile phase: THF. Flow rate: 0.5 mL/min. Pressure 50 MPa. — peak 1;   

- - - peak 2 (for explanation see text) 

 

The size (hydrodynamic diameter) of polystyrene molecules in THF solution can be 

calculated from equation (1) [22] and the results are listed in Table 1. A PS standard 

with molecular weight of 50 kDa has an estimated size in solution of about 133 Å, which 

is close to the average pore diameter of the particles of this particular stationary phase 

(130 Å, as specified by the manufacturer). This represents the upper limit up to which a 

separation based on the SEC mechanism is possible. 

The selectivity for the separation of higher-molecular-weight polystyrenes (from ca. 

50 kDa to 1 MDa in Fig. 2) is somewhat lower, but it is still significant. In this 

molecular-weight range the size of the molecules is comparable to the size of the 

interparticle channels, which leads to a separation based on hydrodynamic effects. 

Because the pores of the packing material are distributed in diameter, the transition 

from the SEC to the HDC mechanism does not occur suddenly, but takes place over a 
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(narrow) range of molecular weights. Similar changes in the separation mechanism 

were theoretically predicted and observed in practice by Stegeman et al. for 3-m 

porous particles [38]. However, columns packed with sub-2-m particles are more 

attractive for HDC separations, because they show a much greater selectivity in the 

range of soluble polymers than columns packed with larger particles (e.g. 3 m). The 

larger particles would be preferred for the analysis of very-high-molecular-weight 

polymers (>1 MDa), for which we approach the onset of molecular deformation using 

sub-2-m particles at UHPLC pressures.  

At a certain set of conditions (flow rate and polystyrene molecular weight) we again 

observe a transition in the separation mechanism. This time it is accompanied by a 

change in the elution order. The transition may be explained by the onset of molecular 

deformation. Deformed polymers elute in the slalom chromatography mode. For each 

polymer size there is a specific set of experimental conditions around which 

deformation starts to take place. Under the present conditions (see Fig. 1) the onset of 

molecular deformation occurs at a polystyrene molecular weight of around 1 MDa. 

The situation is complicated by the dispersity of each individual polymer sample. 

Every sample contains a range of molecular masses. For molecules larger than a certain 

critical size (Rcrit) deformation occurs. The fraction of the sample affected by molecular 

deformation (R > Rcrit) elutes in the SC mode (larger molecules elute later); molecules of 

lower molecular weight (R < Rcrit) are present as random coils and they elute in the 

HDC mode (larger molecules elute earlier). The combination of these two effects 

implies that molecules with R  Rcrit elute first, followed by a co-elution of larger 

stretched molecules and smaller coiled molecules. This may result in the presence of 

several peaks in a chromatogram [33]. The calibration curve is seen to split in this 

region. This phenomenon is reflected in Fig. 2. Two peaks are observed in 

chromatograms of PS standards with Mr  > 1 MDa. An example of such a chromatogram 

is shown in Figure 3. The degradation of macromolecules may also play a role in the 

appearance of several peaks in a chromatogram. For 13 MDa polystyrene standard at 

flow rates of 0.5, 0.7 and 1 mL/min more than two peaks appear in the chromatogram. 

This may be an indication of degradation of this polymer. Thus, the experimental points 

corresponding to the retention volumes of the second peak for this standard are not 

shown in Figs. 4a and 5. From the experimental data obtained, we believe that no 
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polymer degradation is observed at other experimental condition used in this work. The 

subject of polymer degradation is important in separation of polymers [33], especially 

when using UHPLC conditions. This subject will be addressed in detail in Chapter Four 

of the present thesis. 

 

 

Fig. 3. Splitting of the chromatographic peak for the 3 MDa PS standard into two peaks due to a 

combination of SC and HDC effects. Chromatographic conditions as in Fig. 2 

 

3.4.2. Extra-column volume and its influence on the separation efficiency 

 

To ensure the reliable characterization of polymers using the methods described 

above, the observed peak width should be largely determined by the polymer dispersity 

of the sample, while the extra-column contributions to peak variance should be 

minimized. The extra-column band broadening may be different for different samples, 

depending on the nature and molecular weight of the polymer. Extra-column band 

broadening is more significant for polymers than for small molecules, because of the 

low diffusion coefficients.  

We measured the extra-column contribution to the total peak width by replacing 

the column by a union. The extra-column contribution to the total peak width was 

calculated using the following equation 

%100
2

2
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columnextra
columnextrarc



                                                                            (4) 
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where rcextra-column is the relative extra-column contribution to the total peak width, 

σ2
extra-column is the extra-column peak variance and σ2

observed is the observed (total) peak 

variance. 

 

Table 2. Relative extra-column contribution (%) for different system configurations and columns 

PS molecular 

weight  (Da) 

50 × 2.1 mm 

I.D. column, 

using Column 

Manager (CM) 

50 × 2.1 mm I.D. 

column, tubing 

length reduced 

(avoiding CM) 

150 × 2.1 mm I.D. 

column, tubing 

length reduced 

(avoiding CM) 

150 × 4.6 mm I.D. 

column, tubing 

length reduced 

(avoiding CM) 

two 150 × 4.6 mm 

I.D.  columns, tubing 

length reduced 

(avoiding CM) 

92 (toluene) 56 54 23 7 4 

1,990 66 63 21 2 1 

30,320 76 72 31 3 1 

52,400 78 75 40 5 2 

523,000 85 77 52 12 4 

1,112,000 85 82 47 12 3 

 

The extra-column contribution was measured for different system configurations 

and columns. The initial configuration included a standard narrow-bore Acquity UPLC 

column (50 × 2.1 mm I.D.) in a UPLC system equipped with a Column Manager. The 

Column Manager allows four different columns to be installed, with switching between 

the columns being performed using two switching valves. The valves and connecting 

tubing add extra volume to the system. We found that using this configuration the total 

peak width was mainly determined by the extra-column band broadening (Table 2). 

Reliable characterization of the molecular weight distribution of a sample cannot be 

performed at such conditions. The most effective way to reduce the extra-column 

volume is to decrease the diameter of the connecting tubing, as the band-broadening in 

the tubing is proportional to the square of the tubing diameter [9]. However, reducing 

the tubing I.D. below 120 m is not recommended as it may easily lead to clogging [40], 

especially when working with polymer samples. The other way to somewhat decrease 

the extra-column dispersion is to reduce the tubing length, which will provide a 

proportional decrease in the band-broadening. We reduced the length of the tubing by 

connecting the injection valve directly to the column inlet and the column outlet directly 

to the detector, using short pieces of stainless steel tubing of 127 m I.D. in either case. 
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The total tubing length was 40.5 cm. In this way we circumvented both valves of the 

Column Manager, which in this case was used simply as a column oven. This 

configuration was used with the same short narrow column. This allowed us to decrease 

the extra-column contribution to the total peak width by only about 5% (see Table 2). 

The next step was to increase the column volume, which simultaneously increases two 

other contributions to the peak width (chromatographic and PDI contributions) and, 

thus, decreases the relative extra-column contribution. Using a longer column (150 mm 

instead of 50 mm) in the previous set-up (Column Manager used only as a column 

oven) we could further reduce the relative extra-column band broadening, as shown in 

Table 2. A more-efficient way to increase column volume is by increasing the column 

I.D. There is a limited choice of wide-bore (> 2.1 mm I.D.) UHPLC columns available 

because of the problems with heat dissipation. Wide-bore (4.6 mm I.D.) columns with 

the same packing material as used for our previous separations were specially made for 

this study by the manufacturer. Using one 150 x 4.6 mm I.D. BEH UPLC column in 

combination with reduced lengths of tubing we could significantly decrease the extra-

column contribution to the total peak width. Using two such columns in series allowed 

reducing the extra-column contribution to an insignificant (or barely significant, for 

high-molecular-weight standards) level. Note, that the extra-column contribution is 

larger for toluene than for low-molecular-weight polystyrene standards due to the 

absence of a dispersity contribution to the peak width for toluene. The relative extra-

column contribution increases again for high-molecular-weight polystyrenes, because 

the dispersity contribution to band broadening is smaller (due to the reduced 

selectivity), while the extra-column band broadening is larger due to slow diffusion. The 

last two configurations (see last two columns in Table 2) were used in our further 

experiments.  

 

3.4.3. Calibration curves – a closer look 

 

We obtained calibration curves for polystyrene standards with molecular weights 

ranging from 92 Da (toluene) to 13 MDa measured at different flow rates using two 150 

 4.6 mm I.D. Acquity UPLC C18 columns connected in series. When we plotted the 

logarithm of the molecular weight against the elution volume (Velut) we observed slight 
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shifts in the curves with flow rate in both the HDC and SEC regions (not shown). To 

explain the slight shift in the SEC region when plotting the observed Velut on the 

horizontal axis we measured the actual system flow rate as described in Experimental 

(section 3.3.5). Even though the deviations between the actual and the set flow rates 

were relatively small (0.5 to 2% as calculated using Eq. (3)), they could explain the shift 

of the curves in the SEC region. After correction for the actual flow rate the calibration 

curves for the different flow rates coincided in the SEC region.  

The correction for variations in the flow rate may be carried out much more easily 

by plotting reduced volumes as in Fig. 4a (=Velut,PS/Velut,toluene). After this normalization 

the curves in the SEC region coincide completely (Fig. 4b). In other words, the 

relationship between  and Mr is independent of the flow rate.  

The shift of the calibration curves in the HDC region with flow rate is more 

pronounced and it does not disappear upon correcting the retention volumes for the 

actual flow rate by using toluene as a marker (Fig. 4c). Therefore, it needs a different 

explanation. When flow rate increases, the retention volumes shift to higher values. 

Similar phenomena were observed by Stegeman et al. [21]. They suggested that this 

observation could be explained by the onset of molecular deformation, which would 

allow large molecules to travel through the column more rapidly. The De numbers were 

calculated for PS standards at the conditions of our experiments in the HDC region. The 

values are shown in Table 3. Almost all values for polymers in the HDC region (Mr ≤ 1 

MDa) do not exceed De = 0.1. Only the De numbers at flow rates of 0.7 and 1 mL/min 

for the 1 MDa polymer are somewhat higher. Thus, it is unlikely that the deformation of 

the macromolecules contributes to the shift of the calibration curves with flow rate 

observed in the molecular-weight range from ca. 50 kDa to 1 MDa. 

Another observation for polystyrene peaks in the HDC region is the non-Gaussian 

(tailing) peak profile. The peak asymmetry increases with flow rate. We calculated the 

retention volumes and dimensionless retention volumes using the first normalized peak 

moments. Although, the scatter of the data was significant, we could conclude that the 

calibration curves for different flow rates in the HDC region coincided (not shown). 
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Fig. 4. (a) Calibration curves for PS standards at different flow rates plotted using reduced elution 

volumes (). Two 150  4.6 mm I.D. Acquity UPLC C18 columns connected in series. Mobile phase: THF. 

Pressures: 7 MPa at 0.1 mL/min; 20 MPa at 0.3 mL/min; 34 MPa at 0.5 mL/min; 50 MPa at 0.7 mL/min; 

79 MPa at 1 mL/min. (b) Enlarged SEC region. (c) Enlarged HDC region. 

 

a 

b 

c 
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Table 3. Deborah numbers for several PS standards in the HDC and SC regions at different flow 

rates. Other conditions as in Fig. 4. 

PS molecular 

weight (Da) 

Flow rate (mL/min) 

0.1 0.3 0.5 0.7 1 

52,400 

197,300 

523,000 

735,000 

1,112,000 

2,061,000 

3,053,000 

3,742,000 

7,450,000 

13,200,000 

0.00009 

0.001 

0.005 

0.01 

0.02 

0.06 

0.12 

0.18 

0.59 

1.61 

0.0003 

0.003 

0.002 

0.03 

0.06 

0.18 

0.37 

0.53 

1.77 

4.85 

0.0005 

0.005 

0.03 

0.05 

0.10 

0.31 

0.61 

0.88 

2.95 

8.09 

0.0006 

0.007 

0.04 

0.07 

0.14 

0.43 

0.86 

1.23 

4.13 

11.33 

0.0009 

0.01 

0.05 

0.10 

0.20 

0.61 

1.22 

1.75 

5.90 

16.18 

 

 

The SC region of the calibration curves is not yet fully understood. Molecular 

deformation followed by molecular degradation may possibly contribute to the shift of 

the calibration curves in this region. Both of these effects increase with molecular size 

and with flow rate (linear velocity) and would result in a shift of the calibration curves 

towards higher elution volumes. The critical molecular weight above which SC occurs 

varies with the flow rate and may be correlated with critical Deborah numbers. The 

calculated De numbers for very-high-molecular-weight polystyrene standards eluting in 

the SC region (Mr ≥ 1 MDa) are shown in Table 3. The De numbers exceeding the 

critical value of 0.5 are shown in bold. It is interesting to note that the calculated critical 

molecular weight (corresponding to the critical De) at which the transition from HDC to 

SC separation mechanism occurs for each flow rate is close to the molecular weight of 

the smallest PS standard that is visibly split. The critical value of De=0.5 corresponds 

well to the value obtained by other researchers [28,32,33]. In Fig. 5 the enlarged SC 

region is shown for different flow rates. For each flow rate the molecular weight which 

corresponds to De = 0.5 is indicated on the y-axis. In the region where Mr exceeds the 

critical value polymer molecules are thought to be elongated and they elute in the SC 

mode. This effect could possibly be useful for the separation of polymers of different 

topology, but more research is needed on this subject.   
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Fig. 5. Enlarged SC region of the calibration curves for PS standards at different flow rates. Two    

150 × 4.6 mm I.D. Acquity UPLC C18 columns connected in series. On the y-axes the molecular weights 

corresponding to the conditions where De=0.5 are indicated for different flow rates (see text for more 

explanation). 

 

3.4.4. Experimental polymer separations by ultra-high-pressure SEC and HDC 

3.4.4.1. Fast and efficient size-based polymer separations 

 

Ultra-high pressures and small particles allow conducting fast and efficient 

separations of polymers. The separation selectivity in the SEC region is higher than in 

the HDC region. However, the molecular-weight range which can be separated in the 

SEC region is limited by the pore size of UHPLC stationary phases (see section 3.4.1). 

With the packing material used in this study we can perform efficient SEC separations 

of polymers with Mr up to ca. 50 kDa. In Fig. 6 an example is shown of the separation of 

five PS standards and toluene. Almost baseline separation could be achieved for these 

standards in less than 1 min. To indicate the repeatability of the injections an overlay of 

three injections is shown. All three chromatograms coincide.  

Separation of higher-molecular-weight polymers can be performed in the HDC 

region of the calibration curve. Separations in this mode are more challenging than in 

the SEC region, due to the lower selectivity and the greater extra-column dispersion 

(because of lower diffusion coefficients of large molecules). However, HDC separations 
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can be performed very rapidly (e.g. in only 0.5 min in Fig. 7). The effective separation 

window in which all peaks are eluted is only 0.1 min wide. This is the relevant analysis 

time in case of a series of successive HDC chromatograms, as encountered in, for 

example, comprehensive two-dimensional liquid chromatography. 

 

 

Fig. 6. Separation of polystyrene standards and toluene in the SEC region of the calibration curve 

(overlay of three highly repeatable injections). Molecular weight: 92 (toluene); 980; 2,970; 7,000; 

19,880; 52,400 Da. Acquity UPLC C18 column, 150 x 4.6 mm I.D. Mobile phase: THF. Flow rate:          

1.85 mL/min. Pressure 66 MPa (system limit at this flow rate). 

 

 

Fig. 7. Fast HDC separation of PS standards. Molecular weights: 52,400; 96,000; 197,300; 523,000; 

1,112,000 Da. Acquity UPLC C18 column, 150 x 4.6 mm I.D. Mobile phase: THF. Flow rate: 1.85 mL/min. 

Pressure 66 MPa (system limit at this flow rate). 
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UHPLC offers great potential not only for separations of synthetic polymers, but 

also for biopolymers. However, several issues have to be taken into account. The onset 

of deformation and especially degradation of polymers is dependent on the nature of 

the polymer. To perform efficient SEC and HDC of biopolymers the conditions where 

the onset of molecular deformation occurs have to be determined for each type of 

polymer. Flow and temperature should be selected such that deformation (and 

consequently, degradation) of the molecules can be avoided. In some cases deformation 

of the biomacromolecules during chromatographic separations may be desirable. 

Slalom chromatography (SC) performed on conventional SEC [40] or reversed-phase 

[41] columns has shown to be an effective method for DNA separations. The SC region 

of the calibration curve at UHPLC conditions is extended to lower-molecular-weight 

polymers and, thus, may be attractive for the separations of other biomacromolecules. 

The other difficulty for size-based UHPLC separations of biopolymers is the need to 

avoid interactions with the stationary phase. Adsorption is a common problem in SEC 

separations of proteins. This becomes even more critical in UHPSEC, because of the 

limited choice of suitable columns on the market. The new type of UPLC columns 

introduced by Waters [42] that are designed to suppress interaction of proteins with the 

stationary phase and be more suited for separation of proteins (and perhaps other 

biopolymers) at ultra-high pressures. 

 

3.4.4.2. Influence of column length and flow rate on the separation efficiency 

 

Increasing the column length could result in improved separations at the expense of 

an increase in analysis time. In Fig. 8 a separation of the whole range of PS standards is 

shown. Polymers with molecular weights up to 1 MDa may be efficiently separated in 

only 2.5 min (t0 of the column), while the separation window has a duration of less than 

1.5 min.  

The high pressure limits of UHPLC systems allow increasing column lengths and 

flow rates simultaneously. Thus, the separation efficiency can be somewhat improved 

while maintaining the analysis time constant.  
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Fig. 8. Separation of PS standards by combination of SEC and HDC. PS molecular weights:               

92 (toluene); 980; 2,970; 7,000; 19,880; 52,400; 96,000; 197,300; 523,000; 1,112,000 Da. (The 

concentrations of PS standards are lower than those used to record chromatograms in Figs. 6 and 7.)  

Two 150 × 4.6 mm I.D. Acquity UPLC C18 columns connected in series. Flow rate: 1.2 mL/min. Mobile 

phase: THF. Pressure 95 MPa 

 

It is interesting to compare size-based separations obtained using UHPLC with 

other methods for fast polymer separations found in literature. The following methods 

were evaluated for the separation of polystyrene standards: SEC using short and wide 

columns [43], high-temperature SEC [44,45] and HDC using 1-m non-porous particles 

[46]. Because the actual dispersities of the PS samples used in each work are not 

known, it is impossible to compare the separation efficiencies of the methods. However, 

assuming that the polymer dispersities for PS standards of equal molecular weights are 

equal in every method, we can obtain comparable values for resolution between two PS 

peaks. This assumption is reasonable, as very narrow polystyrene standards (PDI ≤ 

1.05) were used in all studies. In this case the variations in actual PDI values for PS 

samples of equal molecular weight obtained from different manufacturers are expected 

to be minor. The resolution was estimated in two regions of the calibration curves, viz. 

between the 7-kDa and 20-kDa PS peaks, and between the 200-kDa and 500-kDa PS 

peaks. The retention volumes of the PS peaks were calculated based on the 

experimental calibration curves. The peak width of the experimental PS peak with 

closest molecular weight was used for calculating the resolution. The results are shown 

in Table 4. SEC and HDC at UHPLC conditions provide better resolution for both low- 

and high-molecular-weight PS in comparison with SEC using short and wide columns 
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and SEC at 110°C. For high-molecular-weight polymers SEC at 150°C provides 

resolution comparable to UHPLC in a shorter separation time (0.5 min). However it 

does not offer a better resolution than UHPLC in the region of lower molecular weights. 

 

Table 4. Comparison of different methods for fast size-based separations of polymers 

Method 

Estimated 

resolution 

between PS 7 kDa 

and 20 kDa 

Estimated 

resolution between 

PS 200 kDa and 

500 kDa 

Separa-

tion 

time, 

min 

UHPLC 

UHPLC SEC and HDC, 

conditions of Figs. 6 and 7 
1.4 1 0.9 

UHPLC SEC and HDC, 

conditions of Fig. 8 
1.6 1.2 2.5 

HPLC 

Fast SEC (50 × 7.5 mm I.D. 

column), ref. [43] 
0.6 0.3 0.85 

Fast SEC (50 × 7.5 mm I.D. 

column), ref. [43] 
0.7 1 3 

High-temperature SEC, 110 ºC, 

ref. [44] 
0.5 0.8 1.5 

High-temperature SEC, 150 ºC, 

ref. [45] 
0.4 0.8 0.5 

HDC with 1-m particles, ref. 

[46] 
1.1 2 5 

 

 

The resolution of UHPLC separations may be further improved by increasing the 

column length (as in Fig. 8). The separation under these conditions offers both a shorter 

analysis time and a better resolution than fast (HPLC) SEC separations. A superior 

resolution may be achieved for high-molecular-weight PS by HDC using 1-m non-

porous particles at HPLC pressures. However, the analysis time increases twofold in 

comparison with the UHPLC conditions of Fig. 8 and more than five times in 

comparison with UHPLC under the conditions of Figs. 6 and 7.  
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3.4.4.3. Influence of temperature on the separation  

 

Size-based UHPLC separations may be slightly improved by increasing the 

temperature. In Fig. 9 the influence of temperature on the separation of several PS 

standards in the HDC region is shown. When the temperature is increased from 30 to 

60°C the resolution between PS peaks of 735 and 1,112 kDa improves from 0.82 to 1. 

This effect may be explained by a decrease in solvent viscosity and an increase in 

polymer diffusivity. One of the results is a decrease in the extra-column contributions to 

the peak dispersion, which makes the observed peaks somewhat narrower. Another 

effect of the decrease in viscosity is a decrease in column backpressure. This allows 

using higher flow rates and conducting separations even faster. The increase of 

temperatures above 60°C is feasible because the boiling point of THF increases 

significantly with pressure. Conducting the separations at temperatures above 100°C 

would certainly further improve the resolution between PS peaks. However, such 

experiments would need an explosion proof system configuration [44].  

 

 

Fig. 9. HDC separation of PS standards at different temperatures. PS molecular weights: 52,400; 

96,000; 523,000; 735,000; 1,112,000 Da. Two 150 × 4.6 mm I.D. Acquity UPLC C18 columns connected 

in series. Mobile phase: THF. Flow rate: 1 mL/min. Pressures 71 MPa at 30ºC, 65 MPa at 45ºC and         

57 MPa at 60ºC. 
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The separation improvement is most noticeable for very high molecular-weight 

polymers. The effect is almost not visible in the SEC region. The extra-column 

dispersion for the samples in this region is less pronounced than in the HDC region (see 

values in Experimental, section 3.3.4). Moreover, the selectivity in the SEC region is 

higher and the peak widths are largely determined by polymer dispersity contributions. 

Thus, the small decrease in the total peak width due to a decrease in the extra-column 

dispersion at higher temperatures is less pronounced in the SEC region.  

 

 

Fig. 10. Calibration curves for PS standards illustrating changes in the apparent retention volumes 

with temperature. Standard molecular weights from 92 (toluene) to 1 MDa. Two 150 × 4.6 mm I.D. 

Acquity UPLC C18 columns connected in series. Mobile phase: THF. Flow rate: 1 mL/min. Pressures       

71 MPa at 30ºC, 65 MPa at 45ºC and 57 MPa at 60ºC. 

 

In Fig. 9 we observe a slight shift of elution volumes with temperature. In Fig. 10 

calibration curves at different temperatures are shown. The shift is clearly visible in 

both the SEC and HDC regions of the curves. The shift to lower elution volumes with 

increasing temperature is sometimes observed in SEC and can be caused by a decrease 

in adsorptive interactions with temperature [18]. At the conditions where adsorption of 

a monomer unit occurs, large molecules would be attached to the surface with more 

units and thus, more strongly, than small molecules [47]. The effect of increased 

adsorption with molecular weight is exponential (the so-called Martin rule in 

chromatography), so that it will easily outweigh a possible decrease in the surface area 
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available for adsorption. Consequently, a decrease in adsorption at higher temperatures 

would lead to a change in the slopes of the calibration curves. However, we did not 

observe significant differences in selectivity with temperature (see Fig. 10). This 

indicates that adsorption is unlikely to be a reason of the shift of the calibration curves 

with temperature.  

A temperature increase leads to an expansion of the mobile phase and, hence, to a 

decrease in the density. Thus, the volumetric flow rate supplied by a pump operating at 

room temperature will be different from the actual volumetric flow rate through the 

heated column [48]. The effect is complicated by the compression of the solvent at the 

high pressures used during separations (57-71 MPa for the conditions of Fig. 10) and 

pressure changes with temperature. We corrected the set volumetric flow rates for both 

these effects. The THF densities at different temperatures were obtained from ref. [49]. 

The values from ref. [50] were used to account for the volume changes of THF with 

pressure at different temperatures. After these two corrections we found excellent 

agreement (less than 1% relative error) between the actual elution volumes at different 

temperatures. 

 

Conclusions 

 

1. UHPLC was successfully applied for the separations of polystyrene (PS) 

standards of different molecular weights. Polymers of molecular weight up to ca.          

50 kDa could be efficiently separated under UHPLC conditions in less than 1 min. The 

molecular weight limit of SEC separations is determined by the pore size of the 

stationary phase. Larger polymer molecules may be separated by HDC on conventional 

UHPLC columns with somewhat lower selectivity in comparison with the SEC region. 

The upper molecular weight of such HDC separations is determined by the onset of 

molecular deformation at high shear rates.  

2. Apart of the fundamental issues (deformation and degradation of 

macromolecules) there are several technological limitations which impede the use of 

ultra-high pressure liquid chromatography for separations of polymers. These include a 

lack of size-exclusion UHPLC columns on the market, a limited solvent compatibility of 
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(first-generation) UHPLC systems and, most importantly, the need to adequately 

minimize system dead volume. 

3. Splitting of PS standard peaks into two peaks was observed at conditions where 

the shear rates generated in the chromatographic system were large enough to deform 

macromolecules. The appearance of the second peak in the chromatogram was 

attributed to a combination of hydrodynamic chromatography and slalom 

chromatography. The transition from randomly coiled to stretched polymers in solution 

was correlated with a critical value of 0.5 for the Deborah numbers for different flow 

rates.  

4. Extra-column dispersion was measured on a UPLC system for PS standards of 

different molecular weights. It was found to be significantly larger for high molecular-

weight polymers than for smaller analytes, due to slower diffusion. The use of wide-bore 

(4.6 mm I.D.) UPLC column(s) and short pieces of narrow-bore connection tubing 

allowed us to successfully overcome the extra-column dispersion and perform reliable 

size-based separations of polymers. 

5. The influence of several parameters on the separation efficiency for ultra-high-

pressure SEC and HDC separations was studied. The high UHPLC pressure limits 

permit a simultaneous increase of column length and flow rate, which allows some 

improvement in the resolution, while maintaining short analysis times. Increasing the 

temperature leads to slightly improved separations of high-molecular-weight polymers 

especially in the HDC region. 
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Chapter 4 
 

4. Deformation and degradation of polymers 

in ultra-high-pressure liquid 

chromatography 

 

Abstract 

 

Ultra-high-pressure liquid chromatography (UHPLC) using columns packed with 

sub-2 m particles has great potential for separations of many types of complex 

samples, including polymers. However, the application of UHPLC for the analysis of 

polymers meets some fundamental obstacles. At high stress conditions generated in 

UHPLC flexible macromolecules may become extended and eventually the chemical 

bonds in the molecules can break. In the present work we explored the limitations of 

UHPLC for the analysis of polymers. Degradation and deformation of macromolecules 

were studied by collecting and re-injecting polymer peaks and by off-line two-

dimensional liquid chromatography. Polystyrene standards with molecular weights of 4 

MDa and larger were found to degrade at UHPLC conditions. However, for most 

polymers degradation could be avoided by using low linear velocities. The column frits 

were implicated as the main sources of polymer degradation. The extent of degradation 

was found to depend on the type of the column and on the column history. At high flow 

rates degradation was observed without a column being installed. We demonstrated 

that polymer deformation preceded degradation. Stretched polymers eluted from the 

column in slalom chromatography (SC) mode (elution order opposite to that in size-

exclusion or hydrodynamic chromatography, HDC). Under certain conditions we 

observed co-elution of large and small PS molecules though a convolution of SC and 

HDC.  
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4.1. Introduction 

 

Liquid chromatography (LC) is by far the most common technique for separations 

of synthetic and natural macromolecules. Two forms of  LC, size-exclusion 

chromatography (SEC) [1] and hydrodynamic chromatography (HDC) [2,3], provide 

separations based on molecular size (hydrodynamic volume), which can be related to 

polymer molecular weight through a suitable calibration procedure. Interactive 

(reversed-phase or normal-phase) LC allows separations based on chemical 

composition or (number of) end-groups [4-7]. 

The separations in both types of LC have been significantly improved in terms of 

speed and efficiency during the last several decades. The development of liquid 

chromatography progressed in the direction of smaller particle sizes of packing 

materials [8]. The history of column LC started with separations conducted in columns 

packed with large (>50 m) particles that were open to the atmosphere. Such analyses 

featured poor efficiencies and required very long run times. A significant step forward 

was the development of high-performance liquid chromatography (HPLC), which 

allowed conducting separations with smaller particles – down to 3 m in diameter. To 

force mobile phase through the packed columns pressures up to 40 MPa (400 bar or 

6000 psi) were utilized. Until recently HPLC systems were the most advanced LC 

instruments. In 2004 Waters commercialized the first ultra-high pressure equipment 

capable of generating pressures up to 100 MPa. The higher pressure limit allowed using 

sub-2 m particles at their optimum linear velocities. Smaller particles provide lower 

theoretical plate heights and, thus, better efficiencies (for columns of equal lengths). As 

follows from the van Deemter equation showing the relation between theoretical plate 

height H achieved during a separation and a linear velocity of the mobile phase u [9,10], 

the optimal linear velocity increases with decreasing particle size. Thus, more-efficient 

separations using sub-2 m particles may be achieved significantly faster than 

separations with larger particles. Because the H-u curves are flatter (lower C-term) for 

the smaller particle diameters, they also allow conducting separations at linear 

velocities higher than the optimum without significant loss of efficiency. This explains 

the rapid proliferation of UHPLC in recent years. 
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Development of UHPLC has especially been useful for the separation of complex 

low-molecular-weight samples. The full capacity of UHPLC cannot be utilized for 

analysis of very-high-molecular-weight polymers, because UHPLC conditions may have 

drastic effects on macromolecules. Smaller particles in combination with high linear 

velocities generate high shear rates and high extensional forces in a chromatographic 

system. In such circumstances polymer chains may become extended and chemical 

bonds within macromolecules can break. Polymer degradation by chain scission results 

in an increase in the low-molecular-weight fraction in polymer samples and in a 

decrease in the viscosity of the polymer solution. In a SEC (or HDC) chromatogram this 

leads to a shift of the polymer peak towards greater elution volumes. Thus, if 

degradation occurs during SEC (or HDC) analysis, the molecular-weight distribution 

(MWD) of a polymer sample cannot be accurately determined. 

Another process triggered by extensional fields may occur during LC analysis of 

high-molecular-weight polymers. If the forces generated in an LC system are large 

enough to deform polymer chains, flexible macromolecules will no longer exhibit a 

spherical random-coil shape, but become stretched in the direction of the flow. The 

resulting changes in the dimensions of macromolecules lead to a transition in the 

elution mechanism. The effect of deformation of macromolecules on chromatography 

was first described for the separation of DNA in 1988 by two groups independently 

[11,12]. Chromatography of deformed (stretched) polymer molecules – also known as 

slalom chromatography – has become a useful tool for separating large DNA molecules 

[13]. However, the situation gets more complicated when the molecules of disperse 

synthetic polymers are deformed. This may lead to the appearance of several peaks in a 

chromatogram and to a shift of polymer peaks towards larger elution volumes [14].  

The two processes described above, i.e. polymer deformation (accompanied by SC) 

and polymer degradation, both result in similar observations in a chromatogram and 

they may be easily confused if not studied carefully. Besides, both effects complicate the 

interpretation of chromatographic results, especially when they occur simultaneously.  

Due to the increasing popularity of UHPLC for the separation of complex samples 

and its great potential for polymer separations [15], the fundamental effects of high 

strain rates on the determination of MWDs has become an urgent and important issue. 

In the present study we aim to understand the behaviour of polymers under conditions 
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of high strain as encountered in UHPLC systems. We attempt to make a clear 

distinction between polymer deformation and polymer degradation and we explain how 

these two processes affect chromatographic separations.  

The final goals of this research are (i) to specify the experimental conditions where 

the onsets of deformation and degradation occur in UHPLC and (ii) to interpret the 

chromatograms that are obtained beyond these limits. To our knowledge, no previous 

studies have dealt in detail with the two phenomena simultaneously. The results 

described in this paper should contribute to our understanding of the chromatographic 

behaviour of very large macromolecules and they should guide scientists when using 

UHPLC for separations of polymers. 

 

4.2. Theory 

4.2.1. Deformation of polymers and slalom chromatography 

 

If polymer molecules in a solution are subjected to strong elongational fields, they 

may exhibit significant viscoelastic effects. This behaviour is attributed to a flow-

induced transition from a random-coiled to a stretched shape for flexible 

macromolecules.  

The effect of flow on polymer molecules can be characterized by the Deborah 

number, which is a ratio of hydrodynamic forces to Brownian forces [16]. It can be 

defined as [17] 

RT

r

d

u
kDe G

p

PB

312.6 













                                                                                                (1) 

where kPB is a constant which depends on the structure of the packed bed (kPB = 9.1 for a 

randomly packed bed [18]). u is the superficial flow velocity, i.e. flow rate per unit area 

of the empty column (m∙s-1); dp is the particle diameter (m), Φ the Flory-Fox 

parameter (Φ≈2.5∙1023 mol-1), η the solvent viscosity (Pa∙s), R the gas constant 

(R=8.314 J∙mol-1∙K-1), T the absolute temperature (K) and rG the radius of gyration of 

the polymer molecule (m). The radius of gyration for polystyrene (PS) in THF (in m) 

can be calculated from the relation [19] 
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rG = 1.39·10-5Mw
0.588                                                                                                           (2) 

where Mw is the weight-average molecular weight. 

A critical value of De = 0.5 was found to describe the conditions where the onset of 

deformation occurs [16-18,20,21]. However, De exceeding the critical value is not 

sufficient to bring macromolecules into a fully stretched state. The residence time of 

polymer molecules under this high strain should be long enough to ensure alignment of 

macromolecule segments. This process is counteracted by Brownian motion [22]. The 

higher the force applied (above the critical Deborah value of 0.5), the easier the 

macromolecules will stretch. The transition from a (random spherical) coil to a 

stretched shape is accompanied by a significant increase in the elongational viscosity of 

the solution [16,20]. In packed-column LC the above criteria may be met for high-

molecular-weight polymers at commonly encountered experimental conditions. High 

extensional flows arise especially in converging-diverging flow passages of a porous 

matrix and in a regularly packed bed of spheres [18,20].  

If a transition from a coiled to a stretched macromolecular shape occurs during LC 

analysis this will affect the chromatographic mechanism. When a macromolecule is 

deformed, its effective dimensions change significantly. When travelling through a 

packed bed, stretched macromolecules will frequently “turn” between the spherical 

particles. The larger the molecule, the more changes in conformation it has to undergo 

to pass through the column, which results in its retardation [23,24]. Thus, the elution 

order is opposite to that in SEC and HDC. This separation mechanism has been called 

slalom chromatography (SC) [23].  

SC was discovered during separations of DNA molecules using conventional SEC 

columns [11,12]. DNA, which is a monodisperse, large and flexible biopolymer, is 

relatively easy to deform under conditions commonly encountered in HPLC. The 

molecules are too big to penetrate the pores of most packing materials. Stretched DNA 

molecules travel through the column in the SC mode. Using imaging methods it was 

confirmed that a coil-stretch transition occurs for DNA molecules when De numbers 

exceed 0.5 [25,26]. It was also demonstrated that DNA could be separated in a SC mode 

using columns developed for cation-exchange [27] or reversed-phase liquid 

chromatography [13]. The separations in SC were found to depend on flow rate, particle 

size and solvent viscosity [23,28-31]. Note, that these parameters are included in the 
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expression for Deborah numbers (Eq. 1). The chemical nature of the packing material 

and its pore size did not affect the separations, confirming their hydrodynamic nature 

[23].  

Since its discovery in the late 1980s SC was applied almost exclusively  for 

separations of biopolymers such as DNA [13] and proteins [32], where it proved to have 

great potential. However, a similar deformation phenomenon is expected to occur for 

flexible synthetic polymers. An increase in elution volumes for high-molecular-weight 

polystyrenes with increasing flow rates was observed by several scientists [33,34]. This 

effect was correlated with critical Deborah numbers and suggested to be caused by 

shear deformation. However, in these studies no experiments confirming the theory 

have been performed. Liu et al. [14] also demonstrated flow-rate dependence of elution 

for very-high-molecular-weight PS in HDC, which was shown not to be caused by 

polymer degradation. The sizes of PS molecules were measured using a multi-angle-

laser-light-scattering (MALLS) detector. Curves depicting the variation in the observed 

elution volume with the measured radius of PS molecules showed different slopes at 

different flow rates. This was explained by the simultaneous action of HDC and SC.  

There are two reasons why SC has seldom been reported in association with the 

separation of synthetic polymers. The first is that synthetic polymers are non-uniform 

(polydisperse) in nature, causing the effects of SC to be convoluted with other (SEC, 

HDC) effects. Thus, SC is much-more difficult to recognize than in case of 

monodisperse biomacromolecules. The second reason is that at common HPLC 

conditions SC only occurs for ultra-high-molecular-weight samples. Besides, analysts 

tend to avoid high stress conditions to prevent possible polymer degradation. The 

extensional forces and Deborah numbers encountered at UHPLC conditions will be 

significantly higher than those at HPLC conditions. Using smaller particles the SC effect 

may be observed at lower flow rates for the same sample or, equally, for samples with 

lower molecular weight at the same flow rates. Deborah numbers calculated from       

Eq. (1) for PS standards of different molecular weights for common HPLC and UHPLC 

conditions are shown in Table 1. Deborah numbers exceeding the critical value of 0.5 

are shown in bold. From these data we can conclude that SC behaviour (De>0.5) is 

expected already for 1 MDa PS in UHPLC, while on a typical HPLC column it starts to 

occur for PS of 4 MDa. At the same linear velocities (flow rates 0.5 mL/min for HPLC 
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and 0.1 mL/min for UHPLC or 2.4 mL/min for HPLC and 0.5 mL/min for UHPLC) the 

De numbers are only about 3 times higher for the 1.7 m particles. However, higher 

pressure limits of UHPLC allow using higher linear velocities compared to those 

typically used in HPLC. At such conditions much greater De numbers can be achieved. 

Thus, at common experimental conditions UHPLC extends the range of SC to polymers 

with lower molecular weights.  

 

Table 1. Comparison of Deborah numbers (De) calculated for high-molecular-weight PS in THF at 

25°C at typical HPLC and UHPLC conditions  

PS 

molecular 

weight, 

MDa 

HPLC conditions: 5-m particles, 

4.6 mm I.D. column 

UHPLC conditions: 1.7-m particles, 2.1 

mm I.D. column 

Flow rate, mL/min Flow rate, mL/min 

0.1 0.5 1 2.4 0.1 0.5 1 2 

1 0.006 0.03 0.06 0.14 0.08 0.41 0.82 1.6 

2 0.02 0.10 0.20 0.47 0.28 1.4 2.8 5.6 

4 0.07 0.33 0.67 1.6 0.94 4.7 9.4 19 

7 0.18 0.90 1.8 4.3 2.5 13 25 51 

13 0.54 2.7 5.4 13 7.6 38 77 150 

 

4.2.2. Degradation of polymers  

 

Although the degradation of large polymers during liquid chromatographic analysis 

is considered to be a common problem, the number of studies published on this subject 

is quite limited. A review by Barth and Carlin [35] provides a good summary of the 

investigations of degradation in SEC published up to 1984. However, a lot has changed 

since then in the practice of LC. Instrumentation with low dead volumes and columns 

packed with particles smaller than 10 m have become the norm in modern SEC. This 

has changed the molecular weight limits beyond which shear degradation may occur. 

Surprisingly, few recent studies on polymer degradation in LC have appeared, even 
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though this subject is very complex and there is still much uncertainty surrounding the 

sources and mechanisms of degradation.  

The latest research on degradation of macromolecules in SEC shows that both 

natural and synthetic polymers can degrade under HPLC conditions. Striegel et al. 

confirmed degradation of the polysaccharide alternan in SEC [36]. PS standards with 

molecular weights above 4 MDa were found to degrade on SEC columns, while 

degradation of lower-molecular-weight polystyrenes was not observed [14,37-40]. 

Other researchers reported changes in the measured molecular weights of polyethylene 

with variations in flow rate in SEC, which were attributed to the degradation of the 

samples [41]. 

In general conclusions on the degradation of polymer samples during LC analysis 

are drawn based on an observed decrease in the sample viscosity after passing through 

the system, a shift of the chromatographic peak towards lower retention volumes, 

and/or on an observed reduction in size of the solutes using a light-scattering (LS) 

detector. However, these observations do not necessarily confirm polymer degradation. 

A reduction in viscosity can also be caused by breaking up molecular aggregates [42]. A 

shift of a chromatographic peak as described in studies [35,37,38] may be caused by 

deformation of macromolecules and changes in elution mechanism from SEC to SC (cf. 

section 4.2.1). Besides, poor flow accuracy of a solvent pump may contribute to the shift 

of a peak. A concentration detector alone does not provide enough evidence of polymer 

degradation [36]. Even a decrease in molecular size with increasing flow rate measured 

using an LS detector should be attributed to degradation only with caution. Processes 

like filtration (trapping of the largest molecules on the column frits or inside the 

column) may lead to the same apparent effect. We believe that collecting and re-

injecting the polymer peaks followed by a comparison of the chromatograms (procedure 

described in section 4.3.3.1) represents the most comprehensive proof of the occurrence 

or absence of polymer degradation, provided that recovery measurements confirm the 

absence of filtration effects.  

The mechanism of polymer degradation during LC analysis is very complex and it is 

not well studied. Two types of forces, which can cause scission of polymer chains, are 

generated in an LC system, i.e. shear forces and extensional forces. Shear forces arise 
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due to velocity gradients, which act in the direction transverse to the direction of flow. 

The values of the shear rates can be estimated using the following equation [35,43] 

hAR

F




4


                                                                                                        (3) 

where   is the shear rate (s-1), F is flow rate (L/s), ε is the porosity of the packed 

column, A is the cross-sectional area of the column (mm2) and Rh is the hydraulic 

radius of the packed bed (mm). The hydraulic radius can be calculated from the bed 

porosity and particle diameter dp as follows 

)1(3 
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For capillary tubes ε is unity and Rh is equal to the tubing radius. 

In Table 2 values of shear rates are shown, which were calculated for different 

components of a UHPLC system at different flow rates. It may be concluded from the 

data that the column frits and the packed bed are the main sources of shear in a UHPLC 

system. Shear rates generated in UHPLC may be more than 50 times greater than the 

values up to 1.6104 s-1  reported by Barth and Carlin for HPLC [35]. Moreover, 

significant shear rates are generated at high flow rates in narrow-bore tubing used in 

UHPLC systems. Shear rates slightly lower than those in the tubing are generated in the 

narrow passages of injection valves. The 5-L UPLC injection loop made from tubing 

with an internal diameter of 0.009 inch and the detector flow cell do not produce 

significant shear compared to the other system components. 

Apart from the shear rates, which act transverse to the direction of the flow, great 

extensional forces are generated in porous media. The latter arise from velocity 

differences in the direction of flow. The extensional forces in packed columns are 

expected to be much greater than the shear forces and they are considered to be the 

main source of polymer degradation [43]. According to Giddings [44] the two types of 

stress are proportional to each other with the extensional forces being about 1000 times 

larger.  
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Table 2. Shear rates,   (10-4 s-1) generated in different components of a UHPLC system at different 

flow rates. 

Flow 

rate, 

mL/min 

2.1 mm I.D. column, 

1.7 m particles 

4.6 mm I.D. column, 

1.7 m particles Tubing, 

127 m 

I.D. 

Detector 

flow cell, 

250 m 

I.D. 

Injector 

path, 

150 m 

I.D. 

5 L -

injection 

loop, 230 

m I.D. Column 
Frit 

(0.2 m) 
Column 

Frit 

(0.2 m) 

0.1 1.8 5.4 0.4 1.1 0.8 0.1 0.5 0.1 

0.3 5.4 11 1.1 3.4 2.5 0.3 1.5 0.4 

0.5 9.0 27 1.9 5.6 4.1 0.5 2.5 0.7 

0.7 13 38 2.6 7.8 5.8 0.8 3.5 1.0 

1 18 54 3.8 11 8.3 1.1 5.0 1.4 

1.5 27 80 5.6 17 12 1.6 7.5 2.1 

2 36 110 7.5 22 17 2.2 10 2.8 

 

The behaviour of macromolecules during an LC analysis is very complex and 

depends significantly on the type of flow fields generated in the system and, thus, on the 

geometry of the packed bed and of the flow cannels. Both the elongational and 

tangential stresses vary with the position, which makes it impossible to model all forces 

and their effects on macromolecules without many simplifications [17]. As discussed in 

section 4.2.1 the flexible macromolecules tend to stretch in the extensional flows. It is 

generally believed that the deformation of polymers precedes their degradation [45]. 

Moreover, there is a critical strain rate ( f ) below which no chain fracture occurs 

[46,47]. Hunkeler et al. showed that the behaviour of the polymer chains before 

breakage is somewhat different in stagnation-point and transient-point elongational 

flows [43,48]. Evidence that stagnation-point (steady-state) elongational flows act 

during SEC separations was presented by Striegel [43]. In stagnant conditions f  is 

inversely proportional to the square of the polymer molecular weight [49]. This means 

that the “critical molecular size”, above which degradation is expected to occur, 

decreases with the strain rates applied. On the other hand, the strain rate for the onset 

of coil-stretch transitions ( sc ) is inversely proportional to the molecular weight to a 
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power of about 1.5. It has been suggested that for very high molecular weights f  and 

sc  approach each other [48,49]. This would imply that there is a molecular size, at 

which chain scission is anticipated in a coiled state. Chain scission of PS in the coiled 

state was predicted to occur around 30·106 Da [49]. Consequently, PS standards with 

molecular weights below 30 MDa are expected to deform during an LC analysis (and, 

thus, to enter the SC regime) before they degrade.  

When the macromolecules become extended in steady-state elongational flows, the 

maximum strain is focused at the chain centre [45]. Thus, chain rupture is likely to 

occur around the middle of the molecules, with some variation (Gaussian distribution) 

due to intramolecular entanglements [48]. 

Polymer degradation depends not only on the types of flow fields, but also on the 

nature (and structure) of the polymer, the solvent viscosity, the polymer concentration, 

and the temperature [35,50]. All these factors make the situation even more complex. 

Thus, the results obtained by different researchers on the experimental conditions 

marking the onset of degradation cannot be easily transferred to other laboratories and 

may serve only as guidance. The dimensionless parameters such as Deborah numbers 

represent a better way of describing the experimental conditions. 

 

4.3. Experimental 

4.3.1. Samples and solvents 

 

Unstabilized tetrahydrofuran (THF; LiChrosolv, Merck, Darmstadt, Germany) was 

used as mobile phase, needle-wash solvent and sample solvent. Polystyrene standards 

(PS) were purchased from two suppliers. The molecular weights and the dispersity 

indices specified by the manufacturer are listed in Table 3. Solutions of polystyrene 

standards with concentrations of approximately 0.2 mg/mL were prepared in 

unstabilized THF. These concentrations are well below the critical concentration for 

chain entanglement of PS in THF [51]. The samples were left overnight on a Stuart 

roller mixer (Bibby Scientific, Stone, Staffordshire, UK) to ensure complete dissolution. 

The lowest mixing speed was applied to prevent possible degradation of high-

molecular-weight PS during sample preparation. 
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Table 3. Characteristics of polystyrene standards provided by the supplier 

a Polymer Laboratories/Agilent Technologies (Church Stretton, Shropshire, UK). 

b Macherey-Nagel (Düren, Germany). 

 

4.3.2. Instrumentation and operating conditions 

 

The behaviour of very-high-molecular-weight PS standards at UHPLC conditions 

was studied using a Waters Acquity UPLC system (Waters, Milford, MA, USA). UPLC 

pumps allow supplying solvents at pressures up to 103 MPa at flow rates up to                 

1 mL/min. The pressure limit decreases to 62 MPa with increasing flow rate from 1 to     

2 mL/min. A THF-compatibility kit (Waters) was installed on the system to ensure 

resistance to this solvent. The flow-rate accuracy of the pumps was verified previously 

and reported elsewhere [15]. No significant deviations in flow rates were observed. A 

UPLC Sample Manager (Waters) was equipped with a stainless steel needle and a 5-L 

injection loop. Injections were performed in “partial-loop-with-needle-overfill” mode. 

The experiments were conducted on Acquity UPLC BEH C18 columns (Waters) with the 

following dimensions: 100  2.1 and 150  4.6 mm. To study the influence of the 

stationary-phase chemistry on PS degradation Acquity UPLC BEH C18, C8 and HILIC 

columns of 50  2.1 mm I.D. were used. The nominal particle diameter of the packing 

Polystyrene molecular weight, Da Supplier Dispersity 

19 880 Polymer Laboratories a 1.02 

52 400 Polymer Laboratories a 1.02 

299 400 Polymer Laboratories a 1.02 

735 000 Polymer Laboratories a 1.02 

2 061 000 Polymer Laboratories a 1.05 

3 000 000 Polymer Laboratories a 1.03 

4 000 000 Macherey-Nagel b 1.06 

7 450 000 Polymer Laboratories a 1.07 

13 200 000 Polymer Laboratories a 1.13 
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material was 1.7 m in all cases, with an average pore size of 130 Å (as specified by the 

manufacturer). The pores were significantly smaller than the size of most polymers 

used in the present study (with the exception of 20 and 50 kDa PS). Thus, the 

macromolecules were not able to penetrate the pores. The experiments were performed 

at ambient temperature.  

A Waters Fraction Collector II was used to collect eluted PS peaks and peak 

fractions. The fraction collector received a start signal at the beginning of each run, 

which initiated a program for collecting fractions.  

Sample absorbance was measured at 221 nm using an Acquity UPLC Photodiode 

Array (PDA) detector (Waters). The detector included an analytical flow cell with a 

volume of 500 nL. A sampling rate of 40 Hz was employed. Data were collected and 

processed with Empower 2 software (Waters). All series of measurements were 

repeated three times and all injections within each series were performed in triplicate. 

The results showed excellent repeatability (R.S.D. ≤ 2%) in terms of peak shapes and 

retention volumes.  

 

4.3.3 Procedures 

4.3.3.1 Study of degradation of polymers by collecting and re-injecting eluted peaks 

 

To determine whether degradation of polymers takes place at specific experimental 

conditions the following study was performed. Prepared PS samples of given molecular 

weights were injected onto a UPLC column (100 x 2.1 mm I.D.) at different flow rates 

(linear velocities). The entire peaks were collected. The collection began several seconds 

before the peak appeared and finished after the complete peak was eluted. The 

procedure was repeated 6 to 8 times to collect sufficient amounts of sample. Obtained 

samples were re-injected on the same column. The re-injection was performed at low 

linear velocities to avoid further degradation. Further degradation could be excluded for 

all but the 13-MDa PS sample. The chromatograms obtained after the re-injection were 

compared to the chromatograms of PS standard of similar concentration, which had not 

previously been injected on the column. Conclusions on whether or not degradation had 

occurred were drawn based on observed differences in peak shape. If the polymer 
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fractured during its elution through the column, the corresponding peak showed an 

increase in the low-molecular-weight fraction. 

To ensure that no filtration of high-molecular-weight PS occurred in the system, the 

recovery of each polymer was measured. Peak areas for the samples injected on the 

column at different flow rates were compared with peak areas for the samples injected 

without the column. The recovery measurements for all PS standards showed an R.S.D. 

for peak areas at different flow rates below 3%. These results confirmed that no 

significant filtration of high-molecular-weight PS occurred in the system. Thus, the 

changes in the peak shapes described in “Results and Discussion” were not caused by 

filtration effects.  

A small peak was observed close to the total permeation volume of the columns in 

all the chromatograms. It was attributed to degradation products of THF. It had a UV 

spectrum different from that of PS and was especially significant in the re-injected 

samples. It was typically higher for samples collected at lower flow rates, probably due 

to their longer exposure to oxygen. 

 

4.3.3.2. Study of polymer deformation and degradation using two-dimensional 

liquid chromatography 

  

Off-line two-dimensional UPLC analyses were performed to study the behaviour of 

PS samples during their elution at UHPLC conditions. A 4-MDa PS standard was 

injected onto a 100  2.1 mm I.D. UPLC column at flow rates of 0.3, 0.5 and 0.7 

mL/min. 13 fractions were collected at each flow rate. Every fraction was collected 

during 2 s (at 0.5 and 0.7 mL/min) or 3 s (at 0.3 mL/min). The collection of the 

fractions started before the peak appeared and finished after the complete peak was 

eluted. Similarly, the mixture of PS standards of different molecular weights (20, 52, 

300, 735, 2060 and 4000 kDa) was injected onto the column at a flow rate of               

0.3 mL/min and the fractions were collected. The obtained fractions were injected onto 

two 150 × 4.6 mm I.D. UPLC columns connected in series at very low linear velocities. 

At these conditions no deformation (or degradation) of macromolecules occurs 

(De<<0.5) and the sample is separated according to an HDC mechanism. The 
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corresponding two-dimensional plots were obtained using Matlab (Natick, MA, USA) 

software. 

 

4.4. Results and Discussion 

4.4.1. Deformation of polymers at UHPLC conditions 

 

A narrow polystyrene standard of 3 MDa molecular weight (rG ≈89 nm, calculated 

from Eq. (2)) was eluted from a UPLC chromatographic column (100 × 2.1 mm I.D.; 1.7-

m particle diameter) at different flow rates. The shape of the peak changed 

dramatically with increasing flow rate (see Fig. 1). At flow rates up to 0.1 mL/min the 

polystyrene standard showed a single, tailing peak, which suggested that the elution 

mechanism was primary HDC [15]. Peak skewing is a commonly observed phenomenon 

for polymers eluting in HDC and in SEC close to the exclusion limit of the column 

[15,52,53].  

As shown in Fig. 1 for 3 MDa PS a small shoulder develops in front of the peak at 

higher flow rates and the main peak moves towards greater retention volumes. The 

distance between the early peak (“shoulder”) and the main peaks increases with 

increasing flow rate, but the two peaks are never completely separated, not even at the 

highest possible flow rate (1 mL/min, pressure ca. 100 MPa).  

To determine whether the behaviour of the narrow 3 MDa polystyrene standard was 

caused by deformation or by degradation of the macromolecules we collected and re-

injected the eluted materials as described in Experimental Section 4.3.3.1. The obtained 

results are shown in Fig. 2. The material collected from the PS peaks at flow rates 

ranging from 0.1 to 0.7 mL/min and re-injected at the flow rate of 0.1 ml/min showed 

just one peak, which coincided completely with the peak of the PS standard which had 

not previously been injected onto the column (Fig. 2a). This proved that no discernable 

degradation occurred for the 3-MDa polymer at flow rates up to 0.7 mL/min (linear 

velocities up to 5 mm/s, column backpressure ca. 70 MPa). The PS peak collected at a 

flow rate of 1 mL/min showed – upon re-injection – a slight increase in the low-

molecular-weight-fraction (see Fig. 2b), which might indicate the onset of degradation 
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at these conditions (linear velocity > 7 mm/s). However, the extent of degradation is 

barely significant (< 5% of the peak area). 

 

 

Fig. 1. Chromatograms obtained for a 3-MDa PS standard injected at different flow rates. Column 

Acquity UPLC BEH C18 100 × 2.1 mm I.D; 1.7-m particles. Ambient temperature. Mobile phase THF. 

 

 

Fig 2. Chromatograms of PS 3-MDa samples re-injected at 0.1 mL/min. Acquity UPLC BEH C18 

column 100 × 2.1 mm I.D; 1.7-m particles. Mobile phase THF. Signal intensities normalized. (a) PS 

collected after elution at flow rates of 0.1, 0.3, 0.5, and 0.7 mL/min compared with PS of similar 

concentration not injected on the column previously; (b) - - - PS 3 MDa not injected on the column 

previously, —  PS re-injected after collection at 1 mL/min. 

 

Thus, shear degradation is not the cause of the appearance of several peaks and of 

the peak shift towards greater elution volumes with increasing flow rate in the 

chromatograms of 3-MDa PS shown in Fig. 1. Another effect which may explain the 

a b 
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observations is deformation of the molecules and slalom-chromatography (SC) 

behaviour [23]. Two peaks in a chromatogram for a single PS standard were also 

observed by Liu et al. [14] and the phenomenon was attributed to the simultaneous 

action of HDC and SC. Synthetic polymers are invariably disperse. At certain conditions 

shear forces generated in a SEC column may be high enough to transform dissolved 

macromolecules from a spherical coil to a stretched shape. At each set of experimental 

conditions there is a critical molecular weight above which such a transition occurs. If 

this critical molecular weight is embraced by the molecular-weight distribution of the 

analysed polymer, the fraction of the sample with molecular weights larger than the 

critical size will be deformed (stretched). This part will elute in the SC mode and the 

elution order will be opposite to that in SEC or HDC (i.e. the largest molecules will elute 

last). The molecules in the sample that are smaller than the critical size will remain 

present as spherical coils and will elute in the HDC mode (smallest molecules elute 

last). This implies that the molecules of critical size will elute in the beginning of the 

chromatogram (front of the first peak) followed by the co-elution of smaller, spherically 

coiled molecules in the HDC mode and larger, stretched molecules in the SC mode (first 

and second peaks).  

The Deborah numbers for 3-MDa PS eluting at the conditions of Fig. 1 were 

calculated using the Eq. (1). At the flow rate of 0.1 mL/min the calculated De number 

was 0.57, i.e. it exceeded the critical value of De=0.5. Thus, the transition to the SC 

mechanism is likely to occur already at this flow rate for a fraction of the sample. The 

separation in two peaks is not yet visible, but a slight shift in retention volume is 

observed at 0.1 mL/min compared to 0.05 mL/min. This may be explained by the 

influence of SC on the peak shape at 0.1 mL/min while at 0.05 mL/min the peak elutes 

(almost) exclusively in the HDC mode (De = 0.28).  

At the flow rate of 0.3 mL/min (conditions of Fig. 1) the Deborah number for 3-

MDa PS reaches a value of 1.7, which is much higher than the critical value of 0.5. At 

these conditions the second peak becomes dominant, because most of the 

macromolecules in the sample are deformed and elute in the SC mode. A smaller 

fraction of the macromolecules (De < 0.5, Mw < ca. 1.5 MDa) are present as spherical 

coils and these elute in the HDC mode (first peak).  
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Note that the peak corresponding to the critical molecular weight shifts to higher 

elution volumes with increasing flow rate, because the critical molecular weight 

decreases. Earlier we showed that the conditions at which two peaks became apparent 

for different flow rates concurred with Deborah numbers around the critical value of 0.5 

[15]. Based on HDC calibration curves the critical molecular weights corresponding to 

the first peak can be estimated. 

 The presence of a critical molecular weight at a certain set of chromatographic 

conditions (flow rate, temperature, particle size, and mobile-phase viscosity) can be 

illustrated by comparing the behaviour of PS standards of different molecular weights 

(Fig. 3). All high-molecular-weight PS standards (2, 3 and 4 MDa, rG ≈ 70, 89 and 105 

nm respectively) show a small peak at the same elution volume, because the critical size 

depends only on the experimental conditions. Thus, each of the PS standards in Fig. 3 

contains macromolecules of the critical size. Their actual fraction in each sample may 

be different (depending on the molecular-weight distribution). A smaller 300 kDa PS 

standard, which does not contain a polymer of critical size within its distribution elutes 

later in the HDC mode. 

 

 

Fig. 3. Chromatograms of PS standards of different molecular weights, illustrating the occurrence of 

a critical molecular weight. Acquity UPLC BEH C18 Column 100 × 2.1 mm I.D; 1.7-m particles. Flow 

rate 0.7 mL/min; mobile phase THF; ambient temperature. 

 

To verify that SC was responsible for the peak splitting observed at high flow rates 

for the 3-MDa PS, we collected each of the two peaks at a flow rate of 0.7 mL/min. The 

peaks were analysed using two longer (150 mm) wide-bore (4.6 mm I.D.) UPLC 

columns connected in series, which provide high separation efficiency [15]. The re-
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injection was performed at a low linear velocity (0.15 mm/s, De = 0.1) to avoid any 

deformation of the macromolecules. The chromatograms corresponding to the two 

peaks are shown in Fig. 4a. The experiments confirm that peak 1 (collected at a low 

elution volumes, 0.11 – 0.16 mL) contains a faction of lower molecular weight than peak 

2 (collected at a higher elution volumes, 0.16 – 0.24 mL). In other words, the first peak 

contains a fraction of the initial sample which includes the intermediate (critical) 

molecular weight and most of the low-molecular-weight fraction, while the second peak 

contains mainly the fraction of the sample with molecular weight larger than the critical 

value. Peak 2 which is depleted of low molecular weight compounds shows much less 

tailing compared to the original PS peak (see Fig. 4b). These observations support the 

explanation of the phenomenon proposed by Liu et al. The separation between the 

macromolecules eluting in the HDC mode and in the SC mode is facilitated by the 

difference in the slope of the calibration curves for these two mechanisms. The 

selectivity of the separations in the HDC mode is much lower compared to the 

selectivity in the SC mode (see calibration curves in ref [15]). Consequently, there will 

be only a minor contamination of the first (HDC) peak with the high-molecular-weight 

fraction eluting in the SC mode. However, a baseline separation between the two peaks 

cannot be achieved, because of the unimodal molecular-weight distributions of the 

analysed polymer samples.  

 

 

Fig 4. HDC chromatograms of the two peaks for 3-MDa PS collected at the conditions of Fig. 3.      

Re-injection conditions: Two Acquity UPLC BEH C18 columns 150 × 4.6 mm I.D. (1.7-m particles) 

connected in series. Flow rate 0.1 mL/min. Mobile phase THF. Ambient temperature. (a) Comparison of 

first and second collected peaks; (b) Comparison of second peak with original PS standard (signal 

intensities normalized). 

b a 
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Thus, the combined action of SC and HDC on a non-uniform polymer sample may 

provide a useful tool for removing the low-molecular-weight fraction. It also offers a 

method for obtaining narrow polymer fractions. By injecting polymer sample at 

different conditions the critical size may be varied and a series of narrow fractions may 

be collected. Because the conditions for coil-stretch transition depend on the size of 

polymer coils and thus on molecular structure, this method might allow separations of 

polymers of similar molecular weights but different chemistries and/or topologies. 

 

4.4.2. Degradation of polymers at UHPLC conditions 

 

When polymers of molecular weight higher than 3 MDa are injected into the 

UHPLC system, considerable chain scission (degradation) may occur. The degradation 

was studied for PS standards of 7.4 MDa (rG ≈150 nm) and 13.2 MDa (rG ≈210 nm) 

molecular weight as described in Experimental (section 4.3.3.1). As discussed in Section 

4.4.1, the deformation of macromolecules precedes their degradation. Thus, it is 

possible to achieve conditions where HDC and SC act simultaneously, while 

degradation of the sample is not yet observed. The analysis in this region is convenient 

for studying polymer degradation, because it allows observing upon re-injection of 

degraded polymer the increase in the fraction of small and intermediate size polymers 

through the increase in a height and area of peak 1 (at lower elution volumes). In both 

the HDC and SEC modes the low-molecular-weight fraction appears as the tail of the 

main (high-molecular-weight) peak and solvent or system peaks will interfere. This 

justifies our choice of re-injection conditions for collected polymer peaks. 

Chromatograms of re-injected peaks of 7.4-MDa PS are shown in Fig 5. The PS 

injected at a flow rate 0.1 mL/min and the PS sample not injected onto the column 

previously are compared in Fig. 5a. The peaks coincide very well, which confirms that 

no significant degradation occurs at a flow rate of 0.1 mL/min (linear velocity            

0.75 mm/s). The peak shape, as well as the Deborah number at these conditions 

(De=2.9) suggest that the standard elutes through a combination of SC and HDC. Thus, 

a fraction of polymer with intermediate molecular weight (ca. 3 MDa as determined 

from HDC calibration curve) elutes at the beginning of the chromatogram.  
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When we compare the PS-7.4 MDa peak, which was not injected onto the column 

previously, with the peaks collected after the passing through the column at different 

flow rates, we observe significant differences (Fig. 5b). This illustrates the degradation 

occurring in the polymer sample. The fraction of low- and intermediate-molecular-

weight polymer increases after eluting at increasing flow rates from the UPLC column. 

Consequently, the fraction of high-molecular-weight polymer decreases. For the sample 

collected at a flow rate of 0.9 mL/min (linear velocity 6.7 mm/s) the initial peak at 

higher elution volumes almost totally disappears. The degraded samples were analysed 

using two wide-bore (4.6 mm I.D.) UPLC columns at conditions where no deformation 

occurs (the chromatograms are not shown) and the molecular weights of the two peaks 

were determined. It was found that the molecular weight corresponding to the top of 

the first peak (Mw ≈ 3.3 MDa) is close to the half of the size of initial polystyrene 

standard (second peak, Mw = 7.4 MDa). Thus, the conclusions of other scientists 

[48,54,55] that polymer molecules tend to break somewhere around the middle is 

supported by our study. The sample after elution at 0.9 mL/min contains mainly 

polymers with molecular weights around the critical value and smaller at the conditions 

of re-injection. Thus, most of the original polymer has been degraded and obtained 

fragments elute in the HDC mode. 

 

 

Fig. 5. Evidence of degradation of 7.4-MDa PS at flow rates above 0.3 mL/min under UHPLC 

conditions. The peaks were collected after elution from an Acquity UPLC BEH C18 column 100 × 2.1 mm 

I.D., 1.7-m particles, at different flow rates.  Mobile phase, THF; ambient temperature. Re-injection 

conditions same as in Fig. 2. (a) Comparison of PS standard not injected onto the column previously and 

PS collected at 0.1 mL/min. (b) Comparison of PS samples collected at different flow rates. 

 

a b a b 
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Fig. 6. Degradation of a 13-MDa PS standard. Comparison of the sample not injected earlier and the 

peaks collected after elution at 0.1 mL/min and 0.5 mL/min from an Acquity UPLC BEH C18 column  

100 × 2.1 mm I.D.; 1.7-m particles. Mobile phase THF; ambient temperature. Re-injection conditions 

same as in Fig. 2. 

 

For a very-high-molecular-weight PS standard (13.2 MDa) degradation starts to 

take place already at a flow rate of 0.1 mL/min (see Fig. 6). It appears that this polymer 

breaks into a number of smallish fragments at the conditions applied. The peak at 

higher elution times (2.6 min) corresponds to the 13.2 MDa polymer eluting in the SC 

mode. The intermediate peak at ca. 1.9 min corresponds to molecules of approximately 

half the size of the initial polymer (ca. 7.5 MDa). As discussed above the 7-MDa PS 

standard does not degrade significantly at 0.1 mL/min. However, the macromolecular 

fragments obtained during degradation of the 13 MDa standard may be less stable than 

the intact 7-MDa polymer. The molecular weight at the top of the peak at lower elution 

times (ca. 1.4 min) corresponds to roughly one quarter of the size of the initial 13-MDa 

standard, which is close to the critical size at these conditions (ca. 3.3 MDa). The 

fraction of this molecular weight is expected to increase when 13-MDa polymer breaks 

into two fragments, because of the Gaussian distribution of the chain scission position 

(see section 4.2.2). It is interesting to note, that the degradation is not complete after 

one pass through the chromatographic column at a flow rate of 0.1 mL/min. Further 

degradation is observed after a second pass through the column. The increase in size of 

the peaks at 1.9 and 1.4 min suggests that the (part of the) 3-MDa polymer is formed 

through cleavage of the 7.5-MDa polymer. At a flow rate of 0.5 mL/min (linear velocity 
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3.7 mm/s) 13-MDa PS is almost fully degraded to smaller fragments (about one quarter 

of the initial molecular weight or less). 

4.4.3. Sources of polymer degradation in a UHPLC system 

 

A sample of 4-MDa PS standard was used to study the main sources of polymer 

degradation in a UHPLC system. The collection and re-injection of polymer peaks were 

performed as described in Section 4.3.3.1. Selected results are shown in Fig. 7. The 

chromatograms are normalized to the height of the tallest peak to better illustrate 

changes in the ratios between the two peaks. When 4-MDa PS was injected onto a 100  

2.1 mm I.D. UPLC C18 column at flow rates up to 0.3 mL/min (linear velocity              

2.2 mm/s), no visible degradation was detected (Fig. 7a). However, degradation was 

observed when this sample was injected at flow rates of 0.5 mL/min or higher. Chain 

scission may have taken place on the column (including the frits), as well as in the other 

parts of the chromatographic system. The injection valve, capillary tubing, connections 

and detector cell may all contribute to the observed degradation. The need to reduce 

extra-column volume in a UHPLC system has led to a significant miniaturisation of the 

above parts, which was often achieved by reducing the internal diameters. This has 

resulted in increased backpressures, as well as in higher shear rates.  

To determine whether system components other than the column and frits cause 

polymer degradation, we collected the peaks of 4-MDa PS injected without a column 

(column replaced by a union) and re-injected them at the conditions of Fig. 7a. The 

results showed that chain scission was not observed without a column at flow rates up 

to 1 mL/min (Fig. 7b). Thus, the degradation for 4 MDa PS observed at flow rates 

between 0.5 and 1 mL/min in Fig. 7a, occurred on the chromatographic column and/or 

on the column frits. These results are in line with the calculated values of shear rates for 

different system components (see Table 2). At higher flow rates degradation starts to 

take place in the extra-column parts of the system (see Fig. 7b). From the data in     

Table 2, degradation in capillary tubing and in the injector should be expected first. The 

scale of degradation was measured with the column replaced by a union using different 

lengths of stainless steel narrow-bore (127 m I.D) tubing between the injector and the 

detector. It was found that the fraction of degraded polymer increased with increasing 

length of tubing (not shown). Thus, the narrow-bore capillary tubing used in UHPLC 
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contributes to the scission of macromolecules. Therefore, using low-shear (HPLC) 

columns packed with relatively larger particles in combination with UHPLC 

instrumentation for the analysis of polymers may not completely avoid the problem of 

degradation. 

 

 

Fig. 7. Degradation of a 4-MDa PS standard. Mobile phase THF; ambient temperature. Re-injection 

conditions same as in Fig. 2, except for a flow rate of 0.3 mL/min (SC+HDC conditions). (a) Comparison 

of a sample not injected earlier and the peaks collected after elution at 0.3, 0.5, 0.7 and 1 mL/min from 

an Acquity UPLC BEH C18 column 100 × 2.1 mm I.D., 1.7-m particles. (b) Comparison of a sample not 

injected earlier and the peaks collected after elution at 0.5, 1, 1.5 and 2 mL/min with the column replaced 

by a union. 

 

We tested the scale of degradation for 4-MDa PS on different columns and found 

that it significantly depended on the type and the history of the column. The 

chromatograms obtained after re-injection of peaks that were collected after elution 

from columns with different chemistries (C18, C8, HILIC), are shown in Fig. 8a. All 

columns were brand-new and had dimensions of 50 × 2.1 mm I.D., particle size of 1.7 

m and 0.2 m column frits. A similar scale of degradation could be expected for all 

these columns. However, we observed considerable differences. The degradation was 

more significant on the HILIC column, although it showed a lower back-pressure. 

Greater degradation was observed with an old C18 column than with a new C18 column 

of equal dimensions (Fig. 8b). One possible explanation may be a partial clogging of the 

inlet frit following prolonged used of the column. The differences in particle size 

distribution (PSD) may also play a role here. However, the PSD is expected to be similar 

for all studied columns, since the same type of initial packing material has been used for 

b a 
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their preparation. This confirms the complexity of degradation mechanism during LC 

analysis.  

 

 

Fig. 8. Degradation of 4-MDa PS under UHPLC conditions. The peaks were collected after elution 

from Acquity UPLC BEH columns of 50 × 2.1 mm I.D., 1.7-m particles, at a flow rate of 0.5 mL/min.  

Mobile phase THF, ambient temperature. Re-injection conditions same as in Fig. 2, except for a flow rate 

of 0.3 mL/min. (a) Comparison of chromatograms for PS standard not injected onto the column 

previously and PS injected onto columns with different chemistries. (b) Comparison of PS standard not 

injected onto the column previously and PS injected on columns with different history. 

 

It should be emphasised, that the 4-MDa PS molecules are too large to penetrate 

any of the pores of the stationary phase. Thus, the degradation is occurring mainly in 

the interstitial medium [43]. However, the presence of pores may increase degradation 

to a certain extent compared to non-porous material of the same particle size [44]. 

From the conditions where the onset of degradation is observed for PS of different 

molecular weights we found that visible degradation occurs approximately when De 

exceeds a value of 5, i.e. it is 10 times higher than the critical value for the coil-stretch 

transition. Thus, in the range of De from about 0.5 to 5 SC and HDC act simultaneously, 

but chain scission does not yet occur. Separations in this region may be useful in 

practice. The range of De numbers could be somewhat different for other types of 

polymers. One should be aware that De numbers account only for the hydrodynamic 

forces in the column and, thus, do not consider the full complexity of polymer 

degradation in LC. However, De values may serve as a guidance. 

 

 

b a 
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4.4.4. Study of polymer deformation and degradation using two-dimensional 

liquid chromatography 

 

Calibration curves for size-based separations on UPLC columns contain three 

regions reflecting different separation mechanisms [15]. Polymers of Mw below ca.       

50 kDa can penetrate (a fraction of) the pores of the stationary phase and they elute in 

the SEC mode. Larger molecules are excluded from all the pores. For polymers with Mw 

from approximately 50 kDa to a value above 1 MDa (the exact upper limit depends on 

flow rate) the separation is based on the HDC mechanism. For very large PS molecules 

(Mw exceeding 1 MDa, depending on the flow rate) SC behaviour can be observed. 

Because the elution order in SC is opposite to what is observed in SEC and HDC, the 

retention volumes of large molecules in SC are expected to coincide with the retention 

volumes of smaller molecules eluted in the HDC and SEC regions. According to the 

proposed concept of simultaneous action of SC and HDC during separations of disperse 

polymers (see section 4.4.1), co-elution of polymers of very low and very high molecular 

weights can be anticipated if the polymer MWD is sufficiently broad. To demonstrate 

such a co-elution we have conducted an off-line two-dimensional (2D) UPLC 

experiment (see Experimental 4.3.3.2). The sample was a mixture of narrow PS 

standards with molecular weights ranging from 20 kDa (SEC region of the columns) to 

4 MDa (eluting in the SC mode at high flow rates). This mixture could be seen as a 

simulated broadly-distributed synthetic polymer, but with fractions of known molecular 

weights. In the first dimension the conditions were chosen such that the different 

fractions of the sample eluted via three different mechanisms (SEC, HDC and SC), while 

sample degradation was not yet observed. In the second dimension the separation was 

performed in the HDC mode at much lower linear velocities (De=0.1). The obtained 2D 

plot is shown in Fig. 9. At the conditions used in the first dimension strong co-elution of 

a low- Mw fraction eluting in the SEC and HDC modes and a high- Mw  fraction eluting 

in the SC mode (e.g. 4-MDa PS co-eluting with the 20-kDa PS) could be observed. The 

critical molecular weight (Mcrit), where the molecular deformation begins and the 

calibration curve changes slope, is about 1 MDa (2telut is ca. 28.3 min) at a flow rate of 

0.3 mL/min in the first dimension. If such simultaneous action of SC and HDC (SEC) 

were to occur during LC analysis and were to remain unnoticed, this would lead to an 



Deformation and degradation of polymers in ultra-high-pressure liquid chromatography 

 

~ 141 ~ 
 

underestimation of the actual MWDs. On the other hand, when a sample elutes 

exclusively in the SC mode a selectivity much greater than that observed in HDC or SEC 

may be achieved (provided that the sample is analysed under conditions where it does 

not degrade). 

 

 

Fig. 9. Illustration of co-elution of very-high-molecular-weight PS in the SC mode and low-

molecular-weight PS in the HDC and SEC modes. Sample - mixture of PS standards. Off-line 2D-LC 

experiments. Conditions in first dimension (horizontal axis): flow rate 0.3 mL/min, Acquity UPLC C18 

column 100 × 2.1 mm I.D., mixed mode separation SEC + HDC + SC; second dimension (vertical axis): 

0.05 mL/min, two Acquity UPLC C18 columns 150 × 4.6 mm I.D. connected in series, separation in the 

HDC mode. 

 

 

Fig. 10. Deformation of 4-MDa PS standard. Off-line 2D-LC experiments. Conditions same as in    

Fig. 9. For explanation see text. 
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When a narrow 4-MDa PS standard is injected onto the UPLC column at the 

conditions of Fig. 9, the observed co-elution is minimal, because of the low sample 

dispersity (Fig. 10). However, it can be seen that the selectivity of the separation 

changes significantly during the run. Two peaks are observed in a one-dimensional 

chromatogram (see Fig. 7). The main peak (peak 2 in Fig. 10) elutes in the first-

dimension chromatogram after 1telut about 28 s. An additional, earlier peak (peak 1) 

appears at 1telut around 25 s that corresponds to Mcrit. At this point part of the high-

molecular-weight PS elutes together with the lower-molecular-weight fraction in the 

HDC mode.  

 

 

 

Fig. 11. Degradation of 4-MDa PS standard. Off-line 2D-LC experiments. (a) Conditions same as in 

Fig. 9, except flow rate in first dimension 0.5 mL/min. (b) Conditions same as in Fig. 9, except flow rate 

in first dimension 0.7 mL/min. For explanation see text. 

a 

b 
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Two-dimensional experiments may provide additional information on sources of 

polymer degradation. In Fig. 11a a 2D chromatogram for the 4-MDa PS is shown, which 

was recorded at the conditions where visible degradation of the sample occurs in the 

first dimension (flow rate 0.5 mL/min, see Section 4.4.3). We again observed a peak 1 

corresponding to the Mcrit (2telut  28.4 min). Note that at the conditions of Fig. 11 the 

Mcrit is somewhat lower than that at the conditions of Fig. 10 due to the higher flow rate 

used in the first dimension. Another peak (peak 2) appeared in the 2D chromatogram at 

2telut  27.8 min, which was attributed to the part of the initial sample with the chains 

fractured somewhere around the middle. A small peak at around 2telut  27.2 min (peak 

3) could be assigned to the products of degradation of the high-molecular-weight 

fraction present in the initial 4-MDa standard. The presence of such a fraction has been 

confirmed by an HDC analysis of the 4-MDa sample (Fig. 12). The remaining 

undegraded 4-MDa PS elutes in the SC mode (peak 4).  

 

 

Fig. 12. HDC chromatogram of 4-MDa PS standard. Mobile phase THF, flow rate 0.05 mL/min, two 

150 × 4.6 mm I.D. Acquity UPLC BEH C18 columns connected in series. 

 

When a higher flow rate is applied in the first dimension (0.7 mL/min), we can see 

an increase in the intensity of the peaks corresponding to the degradation products 

(peaks 2 and 3 at 2telut ca. 27.8 and 27.2 min) and the Mcrit (peak 1 at 2telut ca. 28.6 min), 

while the peak of the initial polymer decreases. Besides, another peak co-eluting with 

the 4-MDa polymer in the 1st dimension is now observed (peak 5, 2telut  27.8 min). This 

peak corresponds to a polymer with molecular weight of ca. 2 MDa, i.e. the initial 

polymer broken around the middle. These degraded macromolecules are not separated 
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from the initial sample during the first-dimension run. Such an effect may be caused by 

the continuous degradation of the polymer on the column and/or on the column outlet 

frit. Because the shape of this peak coincides with the shape of the peak for the initial 

polymer, it is more likely that the degradation has occurred on the outlet frit. If on-

column degradation would be observed, the peak corresponding to the degradation 

products would be distributed across the range of 1telut between ca. 12 and 24 s. The 2D 

chromatogram suggests that the degradation of part of the 4-MDa standard occurs on 

the inlet frit. The initial polymer is then separated from the degradation products while 

it is passing through the UPLC column (peak 2). Another degradation step occurs when 

the undegraded part of the 4-MDa polymer passes through the column outlet frit. The 

degradation products obtained from the second degradation step do not pass the 

column and, thus, co-elute with the 4-MDa polymer (peak 5). These observations 

support our previous suggestion that the column frits are the main sources of polymer 

degradation. This problem is especially critical in UHPLC where frits with very small 

pores are typically used. 

 

Conclusions 
 

The deformation and degradation of polystyrene macromolecules at high-stress 

conditions generated in a UHPLC system have been explored in the present work. No 

significant degradation of PS standards with molecular weights up to 3 MDa was 

observed in the range of linear velocities studied (up to 7 mm/s). Thus, degradation is 

not hampering the application of UPLC for the separation of polymers up to at least       

3 MDa in molecular weight. PS standards with molecular weights above 3 MDa were 

found to degrade through chain scission during UHPLC analyses. The extent of chain 

scission increased with flow rate. The degradation of PS standards with molecular 

weights below 13 MDa could be avoided by working at low linear velocities (e.g.          

0.8 mm/s). The 13-MDa PS standard was found to degrade even at linear velocities as 

low as 0.75 mm/s. Two-dimensional experiments indicated that the polymer 

degradation mainly occurred on the column frits. The packed bed in a UHPLC column 

might contribute to the scission of macromolecules at high velocities. The scale of 

degradation was found to depend on the column chemistry and on the column and frit 
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history. At very high flow rates the degradation of PS standards was observed even in 

the absence of a column. System parts, such as the injection valve and narrow-bore (127 

m I.D.) capillary tubing used in UHPLC, were implicated in this context. 

Flexible PS macromolecules were found to exhibit deformation prior to their 

degradation. Stretched macromolecules eluted through the column in the slalom-

chromatography (SC) mode, where the elution order is opposite to what is observed in 

HDC and SEC. At certain experimental conditions, a combination of both HDC and SC 

was observed, which led to the co-elution of small and large macromolecules. The 

simultaneous action of these two mechanisms was confirmed by collecting and re-

injecting the peak fractions and by (off-line) two-dimensional experiments. The SC 

mechanism exhibits a very high selectivity compared to the HDC and SEC modes. Thus, 

it may represent a useful separation technique. However, conditions where the entire 

polymer sample elutes in the SC mode, while chain degradation is not yet observed, 

may be difficult to find in practice. 

Both phenomena, deformation and degradation, are very complex and if they are 

overlooked during an LC analysis, incorrect conclusions may be drawn. To avoid errors 

in the determination of the MWDs and molecular weight averages of very-high-

molecular weight polymers by (UHP)LC, the elution mechanisms have to be carefully 

studied. A flow-rate dependence of polymer elution volumes usually indicates the onset 

of coil-stretch transitions for flexible polymer chains. This may be accompanied by the 

degradation of (part of) the sample. Thus, the comparison of sample-elution profiles at 

different flow rates should be a basic test to diagnose degradation and deformation 

problems. 
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Chapter 5 

 

5. Separation and characterization of 

polyurethanes using (ultra-high-pressure) 

gradient-elution liquid chromatography and 

mass-spectrometric techniques 

 

Abstract 

 

Polyurethanes (PUs) are an important class of polymers with a broad range of 

applications. One of the fast growing application fields for PUs is coating technology, 

where PUs are used in the form of dispersions. Such dispersions can be produced in two 

steps. A complex product containing isocyanate-terminated polymer chains and low-

molecular-weight compounds produced from excess diisocyanate, is obtained from the 

first stage. The polymer chains are then dispersed and extended during the second step. 

The composition of the first-phase polymer determines the properties of the final PU 

product to a certain extent. In the present study we demonstrate possibilities of using 

gradient-elution liquid chromatography (LC) for the analysis of complex products 

obtained during the first step of producing PU dispersions. By using contemporary 

(ultra-high-pressure) LC efficient gradient separations could be obtained. The low-

molecular-weight products were characterized with LC on-line coupled to electro-spray 

ionisation time-of-flight mass spectrometry (LC-ToF-MS). The polymeric fractions were 

investigated with matrix-assisted laser-desorption/ionization (MALDI) ToF-MS. 

Polymer samples obtained with different ratios of isocyanate and hydroxyl groups in the 

polymerization mixture were compared. Samples synthesised with and without a 

carboxylic acid present in the reaction mixture were successfully characterized  
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5.1. Introduction 
 

Polyurethanes (PUs) are polymers obtained by polyaddition reactions between 

isocyanates containing two or more isocyanate groups and polyols containing two or 

more hydroxyl groups. Commercially available PUs are produced from a relatively small 

selection of isocyanates and a broad range of polyols with different chemistries [1].  PUs 

with very different properties may be obtained by varying the monomer types and the 

synthesis conditions [2,3]. This explains the wide range of applications of this class of 

polymers. Major application fields of PUs include the automotive industry, fibre and 

coating technology, construction, and furniture production [1,4]. Such diverse products 

as footwear, car parts, coatings for medical implants [4], and liquid crystals for displays 

[5] are manufactured from PUs.  

Surface-coating technology is one of the most important and most rapidly 

developing polyurethane applications [6]. PU coatings possess excellent abrasion 

resistance and chemical resistance, as well as a good flexibility. Both solvent-borne and 

water-borne PUs may be used for coatings. However, due to strict regulations on the 

environment and occupational hygiene the use of solvent-borne polymers for surface 

coatings has been decreasing over the last years [7,8]. This led to a growing interest in 

water-borne polyurethane dispersions (PUDs). In addition to their lower content of 

volatiles compared to solvent-borne PUs, water-borne PUDs are cheap, easy-to-use, and 

relatively safe in case of fire [9]. In addition to their use in the production of coatings, 

PUDs find applications as wood lacquers, leather finishes, adhesives, and in glass-fibre 

sizing [7].  

Conventional PUs are not soluble or dispersible in water. To ensure their solubility 

in water or the formation of stable dispersions an ionic or hydrophilic group must be 

incorporated in the polymer molecules. This is generally achieved by adding 

compounds containing both an acidic group and isocyanate-reactive group [10-12].  

PUs used for coating applications can be prepared in two steps. The first step 

includes the PU synthesis (conventionally conducted in an organic solvent, such as N-

methylpyrrolidone) to obtain a low-molecular-weight polymer, the so-called 

prepolymer. The multifunctional isocyanate is added in excess to the reaction mixture 

to ensure that relatively low-molar-mass, isocyanate-terminated macromolecules are 
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obtained. During the second step the polymer chains are extended by adding diamines. 

This reaction is generally performed during dispersion in water [2]. The two-step 

synthesis is necessary to ensure controlled dispersion and to obtain high-molecular-

weight PUs. In a one-step synthesis the viscosity of the reaction mixture increases 

dramatically with the conversion, which impedes the reaction. 

The product obtained during the first stage represents a complex mixture, which, 

besides the polymer molecules, contains a number of low-molecular-weight compounds 

formed in the presence of excess isocyanate. The common use of oligomeric diols, such 

as poly(tetrahydrofuran) or poly(propylene glycol), as “monomers” in the 

polymerization mixture introduces an additional distribution within the obtained 

polymer molecules. In that case the molecular-weight distribution is not only 

determined by the number of polyol molecules reacted with polyisocyanate, but also by 

the number of repeat units in the diol molecules. Moreover, the introduction of an ionic 

component (e.g. dimethylolpropionic acid, DMPA) results in an additional chemical-

composition distribution.  

Detailed information on the composition of the mixture (prepolymer) obtained 

during the first step can provide valuable data on the reaction mechanism and allow 

better control of the dispersion step and the quality of the final product. The position, 

distribution and number of ionic groups in the polymer chain determine the 

morphology and chemical properties of the obtained PUDs [6,13]. The presence and 

concentrations of isomeric diisocyanates affect the mechanical properties of the 

obtained PU films [2]. Moreover, isocyanate groups are toxic and may cause respiratory 

diseases [14] (although free NCO-groups are not likely to be present in water-borne PU 

dispersions). Thus, it is important to have a robust and informative technique for the 

separation and characterization of both the low-molecular-weight fraction and the 

polymeric part of the samples. Although, many studies have focused on the analysis of 

free isocyanates present in PU (including isocyanates emitted to the air during PU 

manufacturing and processing) [15-23], hardly any studies can be found in the 

literature describing the liquid-chromatographic (LC) analysis of polyurethane 

prepolymers (other than basic molecular-weight determinations with size-exclusion 

chromatography, SEC). Furukawa and Yokoyama [24] described an LC method for 

quantifying residual amounts of 2,4-toluenediisocyanate (TDI) in a PU prepolymer. 
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However, the polymeric part of the sample was not studied. The possibility to apply 

high-performance LC (HPLC) for investigating the kinetics of the reaction between 

polyol and isocyanate was mentioned in a short communication by Guise and Smith 

[25]. A more-detailed characterization of PUs was performed using SEC in combination 

with mass spectrometry  [8]. However, only simple, non-ionic macromolecules were 

studied. 

Ultra-high-pressure liquid chromatography (UHPLC) is a modern type of LC, which 

allows columns packed with sub-2 m particles to be used at their optimum linear 

velocities. This results in more-efficient and faster analysis for both low-molecular-

weight compounds and polymers [26-28]. However, only very few studies have so far 

been published on the analysis of polymers using UHPLC. The main reasons for this are 

the following. (i) SEC (a separation based on molecular size) is the most common 

technique for polymer separation. However, the choice of columns intended for SEC 

separations under UHPLC conditions is very limited. The mechanical stability of 

columns with large pore sizes and large pore volumes at very high pressures is a 

constraint. (ii) High shear rates are generated under UHPLC conditions. This may lead 

to deformation and degradation of macromolecules during analysis [29,30]. Despite 

these two main bottlenecks we have shown earlier that efficient size-based UHPLC 

separations of polymers are feasible using commercially available UHPLC columns 

(designed for interaction LC) [28] and that the degradation and deformation of 

polymers in UHPLC is significant only for very large carbon-chain macromolecules. 

Polystyrenes with a molecular weight below 3 MDa did not degrade under common 

UHPLC conditions [31].  

In the present study we applied gradient-elution LC for the analysis of complex 

products obtained during the first stage of polyurethane production. We compared 

UHPLC and HPLC separations for this type of samples. The influence of pH of the 

mobile phase on the obtained separations was investigated. The low-molecular-weight 

part of the samples was characterized by on-line coupling of the HPLC system to a time-

of-flight mass spectrometer through an electrospray-ionization interface (HPLC-ToF-

MS). Eluted fractions containing the high-molecular-weight components were subjected 

to characterization by matrix-assisted laser desorption/ionisation mass spectrometry 

(MALDI) ToF-MS. The data provided by the three techniques, the LC, LC-MS and 
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MALDI, were used to obtain comprehensive information on the chemical-composition 

and molecular-weight distributions of the prepolymers.  

 

5.2. Experimental 

5.2.1. LC mobile phases and additives 

 

Non-stabilized tetrahydofuran (THF; LiChrosolv, Merck, Darmstadt, Germany) and 

high-purity water were used as mobile phase and needle-wash solvents. Water was 

purified with an Arium 611 Ultrapure Water System (Sartorius, Göttingen, Germany). 

The following chemicals used to prepare buffer solutions were purchased from Merck: 

formic acid (FA, p.a.), ammonia solution 25% (extra pure), and tri-sodiumphosphate 

dodecahydrate (p.a.). Ortho-phosphoric acid (85%) was obtained from Fluka Analytical 

(Sigma Aldrich, Steinheim, Germany). The 10-mM ammonium-formate buffers with pH 

8.5 and 10 were prepared from ammonia solution and formic acid. Sodium phosphate 

buffer with pH 7 was prepared from sodium phosphate and ortho-phosphoric acid. The 

pH of the obtained solutions was measured using a Metrohm (Herisau, Switzerland) 

744 pH meter. 

 

5.2.2. Samples 

 

Five different PU samples were analysed. They were prepared from different 

reaction mixtures at different synthetic conditions (see Table 1). Samples A, B and C 

were obtained by polymerization of poly(propylene glycol) 2000 (PPG 2000, BASF, 

Ludwigshafen, Germany) with toluene diisocyanate (TDI, Desmodur T80, Bayer, 

Leverkusen, Germany). Samples D1 and D2 were prepared by polymerization of PPG 

2000 and 2,2-bis(hydroxymethyl)propionic acid (dimethylolpropionic acid, DMPA) 

with TDI. During the synthesis the isocyanate reagent was present in excess compared 

to polyol, so that isocyanate-terminated polymers of low molecular weight 

(prepolymers) were obtained. The excess of isocyanate is usually expressed by the molar 

ratio of isocyanate groups to hydroxyl groups (NCO/OH ratio). The ratios of NCO 

groups to OH groups were 2.3 for samples A and B and 1.8 for samples C, D1 and D2 



Chapter 5 

 

~ 154 ~ 
 

(see Table 1). For a detailed description of the PU synthesis the reader is referred to the 

literature [2,12]. The products obtained after 4 h reaction time (2 h for sample D1) were 

diluted in ethanol. The concentration of the resulting solutions was ca. 10%. Ethanol 

served both as a diluent and as a reagent, terminating the free isocyanate groups left in 

the sample. The obtained solutions were analysed using HPLC and UPLC systems 

without further dilution. The samples were filtered through 0.2-m Acrodisc 

poly(vinylidene fluoride) (PVDF) syringe filters (Pall Life Sciences, Ann Arbor, MI, 

USA) prior to injection. The injection volumes were 2 L for both the UPLC and the 

HPLC systems.  

 

5.2.3. Instrumentation 

5.2.3.1. HPLC-ToF-MS 

 

Measurements were performed on an Ultimate 3000 HPLC system (Dionex, 

Sunnyvale, CA, USA). The system consisted of two ternary pumps and two isocratic 

pumps and it was equipped with an autosampler with a 25-L injection loop. The 

separations were conducted on a Symmetry C18 column (Waters, Milford, MA, USA), 

150×4.6 mm I.D. Detection was performed using an Ultimate 3000 Photodiode Array 

(PDA) detector (Dionex), a Corona plus detector (Dionex) and a MicrOTOF mass 

spectrometer (Bruker Daltonics, Bremen, Germany). 

 

Table 1. Characteristics of the polyurethane samples 

Sample 

code 
Monomers 

NCO/OH 

ratio 

Reaction 

time (h) 
Remarks 

A TDI+PPG2000 2.3 4 Batch reaction 

B TDI+PPG2000 2.3 4 Polyol is fed to diisocyanate 

C TDI+PPG2000 1.8 4 Batch reaction 

D1 
TDI+PPG2000 

+DMPA(3%) 
1.8 2 Batch reaction 

D2 
TDI+PPG2000 

+DMPA(3%) 
1.8 4 Batch reaction 
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5.2.3.2. UHPLC 

 

The measurements were performed on an Acquity UPLC system (Waters). The 

system consisted of a Binary Solvent Manager and a Sample Manager equipped with a 

5-L injection loop. Injections were performed in “partial loop with needle overfill” 

mode. The system set up also included a Column Manager allowing the simultaneous 

installation and temperature control of up to four columns. A THF-compatibility kit had 

been installed on the system to ensure its resistance to this solvent. The separations 

were conducted on three Acquity UPLC BEH C18 columns (Waters) connected in series 

by means of short (50 mm) pieces of narrow-bore (127 m I.D.) stainless-steel tubing. 

The column internal diameters were 2.1 mm and the total column length was 250 mm. 

UV detection at 220 nm was performed using an Acquity UPLC PDA detector 

(Waters). An Acquity UPLC evaporative light-scattering detector (ELSD, Waters) was 

connected downstream of the PDA detector (when volatile buffers were used for 

analysis). Data recording and processing were performed with Empower-2 software 

(Waters). All the experiments were repeated multiple times and the recorded 

chromatograms showed very small variations in terms of retention times and peak 

shapes.  

During collection of fractions the ELSD detector was replaced by a Waters Fraction 

Collector II. The fraction collector received a start signal at the beginning of each run, 

which initiated a program for collecting fractions every 1 min. The separation was 

repeated several times to collect sufficient amounts of sample. The solvent in the 

collected polymer fractions was evaporated in a vacuum oven at 40°C and the obtained 

dry polymer was re-dissolved in an appropriate amount of THF. The obtained samples 

were analysed with MALDI as described in section 5.2.3.3. 

  

5.2.3.3. MALDI-ToF-MS 

 

Mass spectra were recorded using a Kratos Axima-CFR MALDI-ToF mass 

spectrometer (Shimadzu, ‘s Hertogenbosch, The Netherlands), equipped with a 

nitrogen laser (λ = 337 nm), operating at a pulse-repetition rate of 10 Hz. In a reflectron 

mode positive-ion spectra were recorded, accumulating at least 300 acquisitions. Ions 
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were accelerated at 20 kV, applying a pulsed-extraction-delay time optimized per group 

of samples (around 2, 4 or 7 kDa). The instrument was externally calibrated and 

monitored by standard polyethylene glycol solutions in the mass range from 1 to 7 kDa.  

2-[(2E)-3-(4-tert-Butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) 

was purchased from Fluka Analytical and used as MALDI matrix. 20 µL of a 20 mg/mL 

DCTB solution in THF were combined with 20 µL of sample solution (see section 

5.2.3.2) and 2 µl of sodium trifluoroactetate (Fluka Analytical) solution in THF (1 

mg/L). 1-µL aliquots of the final mixture were spotted and air-dried on a stainless-steel 

MALDI well plate. 

 

5.3. Results and Discussion 
 

5.3.1. HPLC-MS separation and characterization of polyurethane samples 

 

The products obtained from the first stage of polyurethane synthesis were analysed 

using reversed-phase HPLC-ToF-MS. The total-ion-current chromatograms for samples 

C and D1 (see Table 1) are shown in Fig. 1. A gradient of THF in water was applied in 

these experiments. THF is a strong eluent for polyurethane polymers on C18 columns. 

We found almost complete recovery (>95%) of the samples already at 95% of THF in 

water. Water is a non-solvent for the studied samples and it is a weak eluent on a C18 

stationary phase. The separations in Fig. 1 were performed at acidic conditions to keep 

the carboxylic group (present in DMPA) in a protonated form. At the initial gradient 

conditions (see caption of Fig. 1) the polymer is expected to precipitate at the top of the 

column. The polymer molecules redissolve and elute from the column in the range of 

about 53 to 86% THF in the mobile phase (considering a system dwell volume of about 

1.5 mL). We also observed a number of low-molecular-weight compounds in the 

sample, which eluted at shorter retention times (up to ca. 46% of THF in the mobile 

phase). The chromatograms recorded for samples D1 and D2 at the conditions of Fig. 1 

displayed a greater number of low-molecular-weight compounds than the 

chromatograms obtained for samples A, B and C (compare enlarged regions of the 

chromatograms for samples C and D1 in Fig. 1). The retention times of the peaks 
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present in the sample C coincided with the retention times of some of the peaks in 

sample D1. Probably, these peaks represented compounds common to both samples. 

The other peaks were only found in samples D1 and D2. These low-molar-mass 

components were expected to be formed when DMPA was used, which was not the case 

during the synthesis of samples A, B and C. 

The low-molecular-weight compounds present in the samples can be identified based 

on their MS spectra (see Table 2). We found that compounds which are common to all 

the samples result from the excess TDI present in the reaction mixture. Peak 1 in Fig. 1 

corresponds to the TDI molecule with one of the NCO-groups end-capped with ethanol 

and the other NCO-group reacted with water (structure 1 in Fig. 2). Water is always 

present in very low amounts in the raw materials or in the ethanol used as a sample 

diluent and NCO-blocking agent. The TDI used in the polyurethane synthesis 

represents a mixture of two isomeric forms: 2,4-TDI and 2,6-TDI in the approximate 

ratio 80/20. The two isomers are separated by the water-THF gradient on the C18 

column and produce two peaks in the chromatogram. However, the amounts of these 

compounds are very low and the isomers can only be detected in extracted-ion 

chromatograms. Peaks 2 and 4 in Fig. 1 were tentatively identified as the two TDI 

isomers end-capped with two ethanol molecules (structure 2, Fig. 2). Structure 1 (Fig. 2) 

has an amino group, which is able to react with an NCO-group of another TDI molecule 

to form a dimer (structure 3 in Fig. 2). Such dimers may be present in the initial 

technical-grade diisocyanate [21] or they may be formed during the reaction or during 

the end-capping process with ethanol. Marand et al. [21] found no significant amounts 

of TDI-derivatives in the commercial Desmodur T80 which is used as raw material for 

the prepolymers. This possibly suggests that structure 3 (Fig. 2) is formed during the 

synthesis or end-capping. Six possible isomers of the dimer molecule yield four distinct 

peaks in the chromatogram (peaks 3, 5, 6 and 7 in Fig 1). Some of these structures may 

co-elute or may be present in insignificant amounts. Assigning the exact structure to 

each peak would only be possible if standards for each compound or MS/MS data were 

available [16,17].  
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Table 2. Main ions observed with ESI-ToF-MS. 

Structure 
Peak # in 

Fig. 1 

m/z 

[M+H]
+

theor 

m/z 

[M+H]
+

experim 

H2N(CH3)C6H3-NH-COOC2H5 1 195.113 195.117 

CH3-C6H3(NHCOOC2H5)2 2, 4 267.135 267.144 

C2H5OOC-HN-C6H3(CH3)NH-CO-NH-C6H3(CH3)NH-COOC2H5 3, 5, 6, 7 415.198 415.199 

C2H5OOC-HN-C6H3(CH3)NH-COO-CH2(CH3)C(CH2OH)COOH 8, 9 355.151 355.151 

C2H5OOC-HN-C6H3(CH3)NH-COO-CH2(CH3)C(COOH)CH2-

OOC-NH(CH3)C6H3-NH-COOC2H5 

10, 11, 12 575.235 575.239 

C2H5OOC-HN-C6H3(CH3)NH-COO-CH2(CH3)C(COOH)CH2-

OOC-NH(CH3)C6H3-NH-COOCH2(CH3)C(COOH)CH2-OOC-NH-

C6H3(CH3)NH-COOC2H5 

13, 14 883.343 883.336 

C2H5OOC-HN-C6H3(CH3)NH-COO-CH2(CH3)C(COOH)CH2-

OOC-NH(CH3)C6H3-NH-CO-NH-C6H3(CH3)NH-COOC2H5 

15 723.299 723.303 

C2H5OOC-HN-C6H3(CH3)NH-COO-CH2(CH3)C(COOH)CH2-

OOC-NH(CH3)C6H3-NH-COOCH2(CH3)C(COOH)CH2-OOC-NH-

C6H3(CH3)NH-COO-  CH2(CH3)C(COOH)CH2-OOC-

NH(CH3)C6H3-NH-COOC2H5 

16 1031.400 1031.412 

C2H5OOC-HN-C6H3(CH3)NH-COO-CH2(CH3)C(COOH)CH2-

OOC-NH(CH3)C6H3-NH-COOCH2(CH3)C(COOH)CH2-OOC-NH-

C6H3(CH3)NH-CO-NH(CH3)C6H3-NH-COOC2H5 

17, 18 1191.437 1191.449 

 

The MS data confirmed that samples D1 and D2 contained additional low-

molecular-weight compounds formed in the presence of DMPA. The following 

structures were identified in these samples: two isomers of TDI reacted at one of the 

NCO-groups with DMPA and at the second NCO-group with ethanol (structure 1, Fig. 3; 

peaks 8 and 9 in Fig. 1b); two TDI molecules connected to each other through a 

molecule of DMPA (structure 2; three out of 6 isomers were separated, peaks 10, 11 and 

12); three TDI connected through two molecules of DMPA (structure 3, peaks 13 and 14) 

or through one molecule of DMPA and one urea (-NH-CO-NH-) bond formed due to the 

presence of water (structure 4, peak 15); four TDI connected through DMPA and/or 

urea bonds (structures not shown; peaks 16, 17, 18).  



Separation and characterization of polyurethanes using (UHP) gradient-elution LC and MS techniques  

 

~ 159 ~ 
 

 

 

 

Fig. 1. Total-ion-current chromatograms of gradient-elution HPLC-MS of polyurethane samples 

(regions corresponding to the low-molecular-weight compounds are enlarged in the inserts). Column: 

Symmetry C18 150 × 4.6 mm I.D. Mobile phase: A – water with 0.1% (v) FA; B – THF. Gradient from 0 to 

100% solvent B in 60 min. Flow rate 0.5 mL/min. Temperature 40°C. (a) - chromatogram for sample C. 

(b) - Chromatogram for sample D1. 

 

The identification of the polymeric fraction of the sample with ESI-ToF-MS is 

complicated due to the multiply charged ions formed and the various oligomeric series 

present. Thus, MALDI was preferred for characterizing the high-molecular-weight 

fractions (see section 5.3.4). 

 

a 

b 
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Fig. 2. Structures of low-molecular-weight compounds present in all the samples (only one isomer is 

shown for each structure). 

 

 

 

Fig. 3. Structures of low-molecular-weight compounds present only in samples D1 and D2 (only one 

isomer is shown for each structure) 
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5.3.2. Gradient-elution UHPLC of polyurethanes 

 

UHPLC allows performing efficient gradient separations of low-molecular-weight 

compounds and polymers [32]. The high pressure limits of UHPLC permit the use of 

(relatively) long columns packed with sub-2 m particles at conventional linear 

velocities or of shorter columns at high linear velocities. In the former case we gain 

separation efficiency, while sacrificing analysis time. In the latter case we may achieve 

much faster analyses at the expense of somewhat lower separation efficiencies. For each 

particular application it is important to find an optimum between the permissible 

analysis time and the required efficiency. 

 

 

 

Fig. 4. Comparison of HPLC and UHPLC chromatograms for sample D1. Mobile phases: A – water 

with 0.1% (v) FA; B – THF. Temperature 45°C, UV detection at 220 nm. (a) UHPLC chromatogram. 

Columns: Acquity BEH UPLC C18, 2.1 mm I.D., total length 250 mm, 1.7 m particles. Gradient from 25 

to 95% of solvent B in 60 min, flow rate 0.1 mL/min. (b) HPLC chromatogram. Column: Symmetry C18 

150 × 4.6 mm I.D., 3.5 m particles. Gradient from 25 to 100% of solvent B in 65 min, flow rate            

0.29 mL/min. 

 

a 

b 
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In Fig. 4 chromatograms obtained for sample D1 at UHPLC and HPLC conditions 

are compared. Both experiments were performed on a reversed-phase C18 stationary 

phase (Symmetry C18 column for HPLC and Acquity BEH C18 column for UPLC) to 

provide similar selectivities. The flow rates and gradient profiles were adapted for each 

system to achieve comparable experimental conditions (same hold-up time, t0). In spite 

of the adjustments made, the chromatograms were not fully comparable because of 

small differences in the system dwell volumes and stationary phases (particles, 

porosities, bonding chemistries). Nevertheless, Figs. 4a and 4b provide a reasonable 

pragmatic comparison between HPLC and UHPLC separations for the present purpose. 

The increase in the baseline during the analysis in Fig. 4b is due to impurities 

(oxidation products) in the THF. This is not relevant for the present discussion.  

We can observe some improvement in the separation when using the UHPLC 

system. The resolution between the critical pair of peaks (eluting at about 24 min under 

UHPLC conditions and at about 28 min under HPLC conditions) is improving from 0.7 

with HPLC to 1.1 with UHPLC. This improvement is due to a combination of several 

factors. The UPLC system has smaller extra-column volumes and less extra-column 

band broadening than the HPLC system [33]. Besides, the smaller particles used in 

UHPLC cause less chromatographic (in-column) band-broadening than the larger 

particles used in HPLC. Both factors contribute to narrower chromatographic peaks 

(higher efficiency) for UHPLC and, thus, to a better resolution. It is important to note 

that at the UHPLC conditions of Fig. 4a we work below the optimum linear velocity for 

the separation of low-molecular-weight compounds on sub-2 m particles. For the 

HPLC separation in Fig. 4b we are closer to the optimum conditions, because the 

optimum linear velocity is lower for larger particles [26]. This implies that the potential 

of the UHPLC system is not fully realized for the separation of small compounds under 

the conditions of Fig. 4a. Working at higher flow rates would require shortening the 

column (to stay within the UPLC pressure limit of 103 MPa). In this case the total 

efficiency may decrease, but the efficiency per unit length of column would increase. If 

we were to implement a corresponding increase in flow rate (and linear velocity) on the 

HPLC system, this would result in linear velocities that are much above the optimum 

and, hence, in a significant loss of efficiency. Thus, UHPLC would be advantageous for 

conducting fast gradient separations. This conclusion is in line with the results obtained 



Separation and characterization of polyurethanes using (UHP) gradient-elution LC and MS techniques  

 

~ 163 ~ 
 

by other scientists [26,34]. As known from chromatographic theory, the optimum linear 

velocities for polymer separations are lower than those for the small molecules. Thus, 

for the polymeric part of the sample we are operating around the optimum conditions 

when working at low flow rates.    

 

5.3.3. Influence of pH  

 

Because some of the samples contain acidic components, it is interesting to study 

the effect of pH on the obtained chromatograms. This can provide additional 

confirmation of the nature of the compounds in the samples or a rapid classification of 

the peaks when MS detection is not available. 

A significant dependence of the chromatograms on the pH of the mobile phase was 

observed for samples D1 and D2, while a change in pH showed no considerable effect 

for samples A, B and C. In Fig. 5 chromatograms obtained for sample D1 at basic (a), 

neutral (b) and acidic (c) conditions are shown. The peaks of the low-molecular-weight 

products of TDI that contain a carboxylic group (from DMPA) move to lower retention 

times with increasing pH. The peaks of the compounds that do not contain a carboxylic 

group do not shift significantly with changes in pH. The slight shift in the retention 

times for these peaks can be explained by pH-induced changes in the properties of the 

stationary phase (more or fewer protonated silanol groups on the surface). Another 

interesting observation in Fig. 5 is the appearance of additional polymer peaks eluting 

before the main polymer peaks under neutral and basic conditions (indicated by the 

arrows in Fig. 5). The polymeric nature of these peaks can be confirmed by ELSD 

detection, which is mainly sensitive to non-volatile species. These peaks probably 

correspond to polymer molecules containing DMPA. Because only a fraction of the 

polymer sample moves towards lower retention times with increasing pH, it can be 

deduced that DMPA molecules are only incorporated in some of the polymer chains. A 

significant fraction of the macromolecules is formed without DMPA (only by 

polymerisation of PPG with TDI). The presence of the two different polymer types can 

only be observed at high pH values. At low pH both types of polymers co-elute. Note 

that at basic conditions two broad peaks that have shifted forward were observed. This 

may correspond to polymers containing a different number of DMPA units in their 
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chains or to polymers containing equal numbers of DMPA units, but different numbers 

of (oligomeric) PPG units. To confirm the proposed explanation and to elucidate the 

structure of the polymer molecules, characterization with MALDI was performed. 

 

 

Fig. 5. Gradient-elution UHPLC of polyurethane sample D1. UV detection at 220 nm. Column: 

Acquity UPLC BEH C18, 2.1 mm I.D., total length 250 mm. Mobile phase: A – 10 mM ammonium 

formate buffer, pH=10 (a), 10 mM sodium-phosphate buffer, pH=7 (b) and water with pH adjusted with 

0.1% (v) of FA, pH=3 (c); B – THF. Gradient from 5 to 95% of solvent B in 60 min. Flow rate 0.1 mL/min. 

Temperature 40°C. 

 

5.3.4. Characterization of polyurethanes with MALDI-ToF MS 

 

The presence, the position and the number of ionic groups in the chain will greatly 

affect morphology and properties (e.g. tensile strength) of the PU ionomers [6,13]. In 

addition, the dispersion properties are also highly dependent on the DMPA distribution 

over the chains. The content of ionic groups in the final PU product affects the 

microphase separation (separation between incompatible soft polyol and hard 

polyurethane sequences) in the polymer material [2,6] or in the PU dispersion particles. 

This contributes to the special properties of PU ionomers. The chain length and the 

width of the molecular-weight distribution of PPG used in the preparation of 

prepolymers affect the glass-transition temperature of the obtained PUs [35]. The 
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molecular weight of the final PU polymer in dispersion is possibly determined by the 

dispersion properties and by the molecular weight of the prepolymer.  

MALDI may provide information on the molecular weight of high-molecular-weight 

species (up to 100 kDa and larger [36]). Such data make it possible to assign a structure 

to each macromolecular series. For example, by applying mass calculations we can find 

the number of ionic (DMPA) groups in the polyurethane prepolymers and, thus, in the 

final polymer. MALDI data also allow determining the lengths of PPG segments in the 

PU prepolymers and the molecular-weight distributions of the latter. 

 

 

Fig. 6. MALDI spectra and corresponding polymer structures for representative fractions obtained 

from gradient-elution UHPLC of sample D1 under conditions of Fig. 5a. Collection times of the fractions 

(Fr) are indicated on the right-hand side of the figure. 
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The fractions obtained from the gradient-elution reversed phase UHPLC 

separations of five PU samples at basic pH (conditions as in Fig. 5a) have been analysed 

with MALDI-ToF MS (see section 5.2.3.3 for the detailed conditions). As expected, 

samples D1 and D2 showed a greater number of different macromolecular species, part 

of which contained DMPA in their molecules. In samples A, B, and C only polymers 

obtained by polymerisation of TDI and PPG 2000 were found.  

 

Table 3. Polymer series identified with MALDI-ToF-MS (the masses shown for the most abundant 

peak in the isotope distribution for one of the structures with number of PPG units specified in the table). 

Structure (schematic) 

Number 

of PPG 

units 

Fractions 

containing 

the structure, 

min  (Fig. 5a) 

m/z 

[M+Na]+
theor 

m/z 

[M+Na]+
experim 

EtOH-TDI-DMPA-TDI-PPG-TDI-DMPA-

TDI-HOEt 
36 32-34 3187.9 3188.6 

EtOH-TDI-DMPA-TDI-PPG-TDI-HOEt 44 32-39 3344.1 3345.1 

EtOH-TDI-DMPA-TDI-PPG-TDI-PPG-

TDI-HOEt 
64 39-42 4700.3 4700.8 

EtOH-TDI-PPG-OH 32 39-42 2119.4 2120.4 

HO-PPG-OH 37 39-42 2189.5 2190.5 

EtOH-TDI-PPG-TDI-HOEt 34 42-48 2455.6 2456.3 

EtOH-TDI-PPG-TDI-PPG-TDI-HOEt 70 48-50 4738.2 4739.4 

EtOH-TDI-PPG-TDI-PPG-TDI-PPG-TDI-

EtOH 
112 50-53 7369.0 7371.2 

 

Additional polymer peaks appearing in samples D1 and D2 were identified as 

follows. The first broad polymer peak eluting between 32 and 39 min was found to 

contain several macromolecular species. Assigning an exact structure to these peaks is 

complicated since the mass of the DMPA molecule is almost equal to the mass of PPG 

dimer (134.06 and 134.09, respectively). This difference was too small to be detected by 

the MALDI ToF-MS instrument. In all the fractions eluting between 32 and 39 min the 

structure EtO-TDI-DMPA-TDI-PPG-TDI-OEt was identified as the main component. 

This conclusion was based on the assumption that a DMPA molecule was present in the 

structure, as is apparent from the pH dependence of the retention time of the peak. 

Also, PPG oligomeric units must be present, because the typical increment of m/z=58 
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was observed between oligomeric structures. The macromolecules of this series co-

eluted with another PPG-containing series, which could not be identified based on our 

current knowledge. The polymers in this series are thought to contain one PPG 

oligomeric unit (because of the mass difference of 58 between the oligomers and the 

average m/z of around 2000) as well as one incorporated DMPA molecule (because of 

their early elution in the gradient mode at alkaline conditions). However, no suitable 

structure corresponding to m/z of 2246.1 (for sodium adduct) could be found. Another 

series of polymers was only observed in the beginning of the first peak (tR from 32 to 34 

min). The m/z ratio for this series could correspond to the following structures: (a) EtO-

TDI-DMPA-TDI-PPG-TDI-DMPA-TDI-OEt, (b) EtO-TDI-DMPA-TDI-PPG-TDI-PPG-

TDI-OEt, or (c) EtO-TDI-PPG-TDI-PPG-TDI-PPG-TDI-OEt. Structure (c) is unlikely, 

because this peak was only observed at high pH. Thus, the molecules are expected to 

contain DMPA. Moreover, to obtain structure (c) with m/z of 3362.0 for sodium adduct 

(the most abundant peak of the isotope distribution) three small PPG oligomers 

containing around 14 PPG units would have to be combined. Such oligomers are 

present in very small amounts within the distribution of PPG 2000. Hence, structure (c) 

obtained from three small PPG oligomeric chains would occur in the sample only in 

trace amounts and it would be difficult to detect. Structure (b) is rather unlikely to elute 

at the beginning of the peak, because the chains containing two PPG oligomers should 

elute after the chains containing one oligomeric PPG unit (same as for the non-DMPA-

containing peaks). Structure (a) is the remaining possibility. It is expected to elute early 

in the peak, since the two DMPA fragments will shift the polymer peak more strongly 

towards lower retention times. The polymer peak eluting between ca. 39 and 42 min 

was concluded to contain polymer species which incorporated a DMPA molecule and 

two oligomeric PPG units. Note, that the exact sequences of DMPA and PPG molecules 

in the prepolymers could not be identified based on the obtained MALDI data. In 

addition to this structure, PPG chains connected to only one TDI molecule and 

unreacted PPG were detected in these fractions. These polymer chains were found in 

both samples D1 and D2 in comparable amounts. Because TDI is very reactive and it 

has been added in excess amount to the reaction mixtures, the presence of free OH-

groups is unexpected. It may be explained if the mixing during the synthesis process has 

not been sufficient or if the reaction is very slow at high conversions. These polymers 
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were not observed with ELSD detection (at acidic conditions). This suggests that 

unreacted PPG and PPG reacted only with one TDI are present in insignificant amounts 

in the samples. The sensitivity of MALDI to these species might be explained by their 

preferential ionization as compared to the other polymer distributions. 

 

5.3.5. Comparison of different samples using gradient-elution UHPLC  

 

Evaluation of the chromatograms obtained for different samples at similar 

(alkaline) conditions may provide information on the reaction process. An overview of 

the chromatograms is shown in Fig. 7. The chromatograms obtained for samples A and 

B (that differ in the order in which monomers were added to the reaction mixture) are 

highly similar. This suggests that there is almost no influence of the order of addition on 

the reaction products. A comparison of the chromatograms obtained for samples A and 

C provides information on the influence of the NCO/OH group ratio on the obtained 

products. With smaller amounts of isocyanate added to the reaction mixture (lower 

NCO/OH ratio, sample C) the fraction of the high-molecular-weight material (the 

shoulder around 53 min) visibly increases. This could be expected, because 

stoichiometric conditions are approached more closely. For samples A and B the height 

of this shoulder relative to the main polymer peak that elutes around 50 min is about 

35% (after base-line correction). For sample C the relative height is about 54%. The low-

molecular-weight peak corresponding to the dimer of TDI (around 28 min) is smaller in 

sample C than in samples A and B, also as a consequence of the lower concentration of 

TDI in the reaction mixture. The chemical compositions and molecular weights of the 

prepolymers obtained with different NCO/OH ratios can be correlated with the 

properties of the final PU polymer. It has been shown that with increasing NCO/OH 

ratio the glass-transition temperature of the final PU polymer increases [37]. Moreover, 

the NCO/OH ratio affects the molecular weight of the final PU product [3]. 

The chromatograms obtained for samples D1 and D2 are very similar. This indicates 

that the reaction is almost complete after 2 h and that only a marginal increase in the 

amounts of polymeric products is observed after 4 h of reaction time. Thus, the reaction 

slows down significantly with time. This observation is consistent with the conclusions 

of other scientists [38,39].  
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Fig. 7. Gradient-elution UHPLC of polyurethane samples. UV detection at 220 nm. 

Columns: Acquity UPLC BEH C18, 2.1 mm I.D., total length 250 mm. Mobile phase: A – 10-mM 

aqueous ammonium-formate buffer, pH=8.5; B – THF. Gradient from 5 to 95% of solvent B in 

60 min. Flow rate 0.1 mL/min. Temperature 30°C. Chromatograms from top to bottom: sample 

A, B, C, D1, D2. 

 

5.3.6. Influence of temperature on the separation 

 

Temperature has a significant influence on the resolution between the peaks for 

both low-molecular-weight compounds and polymers. An increase in temperature leads 

to a slight decrease in retention and to somewhat faster analysis (Fig. 8). The increase 

in temperature also causes a decrease in solvent viscosity and an increase in analyte 

diffusivity. The extra-column dispersion decreases with increasing temperature [40]. 

An increasing diffusion coefficient implies a decrease in the reduced linear velocity 

(v=udp/Dm, where u is the linear velocity of the mobile phase, dp the particle diameter 

of the stationary phase, and Dm the diffusion coefficient of the analyte in the mobile 

phase). This, in turn, triggers changes in separation efficiency in agreement with the 

Van Deemter curve (theoretical plate height H vs. u). The reduced form of this equation 

(reduced plate height h=H/dp  vs. v) is thought to yield a single curve, independent of 

the analyte. However, some studies [41,42] suggest that the slope of the h-v curves 
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depends on the analyte molecular weight. For low-molecular-weight compounds the h-v 

curve is flatter and the changes in efficiency with increasing temperature are very small. 

For polymers the slope of the reduced Van Deemter curve is higher and a decrease in 

the reduced velocity through an increase in temperature influences the efficiency more 

significantly. The optimum reduced velocity increases with increasing temperature [43]. 

However, its value is usually very low for polymers [44]. Separations at the optimum 

conditions are not practical and we usually work at velocities higher than the optimum. 

Therefore, for polymers an improved efficiency will often be observed with an increase 

in temperature.  

 

 

Fig. 8. Influence of temperature on the separation of sample D1. Columns: Acquity UPLC BEH C18, 

2.1 mm I.D., total length 250 mm. Mobile phase: A – water with 0.1 % (v) of FA; B – THF. Gradient from 

25 to 95% of solvent B in 60 min. Flow rate 0.1 mL/min. 

 

Changing the temperature not only affects the efficiency, but also the selectivity of 

the separation. The influence of temperature on retention can be clearly observed for 

the low-molecular-weight fraction of the sample. There are several series of low-

molecular-weight compounds present in the sample and the magnitudes of the changes 

in retention with temperature for these series are different. With increasing 

60°C 

45°C 

30°C 
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temperature the DMPA-containing compounds (marked with an asterisk in Fig. 8) shift 

more strongly towards lower retention times than the compounds which do not contain 

acidic groups. As a consequence, the resolution between peaks belonging to different 

series will change significantly with temperature and there will be an optimum 

temperature, at which the best possible resolution can be achieved. A better resolution 

between the critical pair of peaks shown in Fig. 8 (dashed ovals) may be achieved at 

45°C compared to 30°C or 60°C. We studied the separations in the temperature range 

between 25°C and 60°C and found an optimum temperature region between 40°C and 

45°C, where most peaks of the low-molecular-weight compounds were adequately 

resolved. Similar temperature dependence may be expected for the polymeric part of 

the sample, as not all the macromolecules contain DMPA. In the chromatogram at 45°C 

the shoulder under the polymer peak at high retention times is slightly more 

pronounced than at 30°C and 60°C.  

 

Conclusions 
 

In the present study prepolymer samples obtained during the first stage of synthesis 

of polyurethane dispersions for coating applications have been characterized using 

gradient-elution LC. The samples were found to contain low-molecular-weight 

compounds produced from the excess toluene diisocyanate (TDI) present in the 

reaction mixture and a polymeric fraction. HPLC and contemporary UHPLC techniques 

have been compared for the separation of this type of samples. UHPLC was shown to 

provide a better resolution for low-molecular-weight compounds even during analysis 

at low mobile-phase velocities. The on-line coupling of HPLC and ToF-MS allowed 

identification of TDI-derivatives present in the samples. 

Conducting separations at different mobile-phase pH-values revealed greater 

number of polymeric series in samples prepared in the presence of dimethylolpropionic 

acid (DMPA). To elucidate the structure of the polymeric compounds, the fractions 

from gradient-elution UHPLC were collected and analysed off-line using MALDI-ToF-

MS. Macromolecules containing up to three oligomeric PPG units have been detected. 

In the DMPA-containing PU samples only part of polymer species were found to have 

DMPA incorporated in the molecules. The other part of the polymers was formed 
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without DPMA. Comparison of PU prepolymers obtained at different synthesis 

conditions provided useful information on the influence of the NCO/OH group ratio 

and the reaction time on the obtained products.  
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6. Comprehensive two-dimensional ultra-

high-pressure liquid chromatography 

(UHPLC×UHPLC) for separations of 

polymers 

 

Abstract 

 

On-line comprehensive two-dimensional liquid chromatography (LC×LC) is a 

technique of great importance, because it offers much higher peak capacities than 

separations in a single dimension. When analysing polymer samples, LC×LC can 

provide detailed information on two mutually-dependent polymer distributions. 

Because both molecular-weight distributions and chemical-composition distributions 

are typically present in synthetic copolymers, combinations of interactive LC with size-

exclusion chromatography (SEC) are especially useful for (co)polymer analyses. 

Commonly applied SEC separations in the second dimension take several minutes, so 

that a total LC×LC experiment typically requires several hours. This renders LC×LC 

unsuitable for routine analysis. In the present study we have explored possibilities to 

perform fast and efficient on-line comprehensive two-dimensional analysis of polymers 

using contemporary ultra-high-pressure liquid chromatography in both dimensions 

(UHPLC×UHPLC). Gradient-elution UHPLC in the first dimension allowed efficient 

separations of polymers based on their chemical composition. SEC at ultra-high-

pressure conditions in the second dimension offered very fast, yet efficient separations 

based on the molecular size. The demonstrated UHPLC×UHPLC separations of 

industrial polymers could be performed within one hour and provided comprehensive 

information on two-dimensional distributions. 
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6.1. Introduction 
 

Comprehensive two-dimensional liquid chromatography (LC×LC) is a separation 

technique, the popularity of which has increased significantly in recent years. In LC×LC 

each fraction transferred from the first dimension is again separated in the second 

dimension [1]. To obtain fully comprehensive analysis the separation achieved in the 

first dimension should be maintained in the second dimension [2]. LC×LC requires very 

different (ideally orthogonal) separations in the two dimensions. The growing interest 

in LC×LC is spurred by the possibility to generate much higher peak capacities than in 

one-dimensional liquid chromatography (1D LC). The theoretical peak capacity in 

LC×LC is the product of the peak capacities in the two individual dimensions [3]. Thus, 

even with a fast second-dimension separation, LC×LC can provide peak capacities that 

are an order of magnitude higher than those achievable in 1D LC. Therefore, LC×LC is 

an attractive technique for the separation of very complex (multi-component) samples, 

as encountered in the analysis of food and beverages [4,5], plant extracts [5-7], 

pharmaceutical products [8-10], biological samples (e.g. proteomics [5,7,11-15]), etc.  

The role of LC×LC in polymer analysis is somewhat different. Most polymer 

samples (except some biopolymers) contain a mixture of molecules, which possess 

different properties, or molecular distributions. The molecules may differ in chemical 

composition, molecular weight, architecture, functionality type, etc. [16]. Often, several 

distributions are present in a polymer sample simultaneously. Moreover, these 

distributions tend to be mutually dependent (e.g. different composition or degree of 

branching at different molecular weights). Because polymer properties are significantly 

affected by the composition, we need analytical methods that can provide information 

on the structure of a polymer sample. Usually the molecular-weight distribution (MWD) 

and the chemical-composition distribution (CCD) are essential sample characteristics. 

The MWD can be measured using size-exclusion (SEC) or hydrodynamic (HDC) liquid 

chromatography. The CCD is often studied by gradient-elution liquid chromatography 

(GELC) in the reversed-phase (RPLC) or normal-phase (NPLC) mode. Liquid 

chromatography at critical conditions of adsorption (LCCC) can also be performed to 

obtain information on polymer composition. In ideal LCCC the retention of 

macromolecules does not depend on the molecular size (number of repeat units), but 
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only on other parameters, such as the type and number of end-groups, the tacticity of 

the polymer, or the block length of the other monomer (for block-copolymers). Various 

on-line LC×LC approaches, including GELC×SEC [17-24] or SEC×GELC [25] and 

LCCC×SEC [26-31] or SEC×LCCC [21,32,33], provide information on two mutually 

dependent polymer distributions (MWD and CCD or functionality-type distribution, 

FTD) in a single analysis. Such LC×LC combinations feature high degrees of 

orthogonality [34]. Because of the good compatibility of the two dimensions and the 

possibility to perform SEC relatively fast, LC×SEC is the most commonly used 

combination for polymer analysis [35,36]. Also LC×LC systems, in which interactive LC 

is performed in both dimensions, have been reported for the analysis of various 

oligomers and polymers [37-40].  

The main disadvantage of contemporary on-line LC×LC (especially for polymers) is 

the long analysis time (usually several hours). This is a serious limitation, which 

impedes the proliferation of the technique in industry. Different approaches have been 

applied to decrease the LC×LC analysis time without compromising the separation 

efficiency. They are briefly discussed in the next subsection. 

 

6.1.1. Approaches to improve speed and efficiency in LC×LC 

 

In on-line LC×LC the first-dimension separation is often conducted under 

conditions that provide a high resolution. This is usually achieved by using long 

columns (or several short columns connected in series) at low flow rates. In practice, 

flow rates that are below the optimum velocity of the van Deemter curve (theoretical 

plate height H vs. linear velocity u of the mobile phase) are often applied in order to 

allow enough time for the second-dimension separation [41]. Using narrow-bore 

columns in the first dimension leads to higher linear velocities at a given flow rate. 

However, the loading capacity of such columns is lower and this may cause difficulties 

with the detection of the diluted sample after the second dimension. Also, relative extra-

column band-broadening contributions to the total peak width would be potentially 

higher, especially in the analysis of slowly diffusing polymers [42]. The consequences of 

low linear velocities in the first dimension are somewhat less significant for polymer 

separations than for low-molecular-weight analytes, because the optimum linear 



Chapter 6 

 

~ 178 ~ 
 

velocities are lower for slowly diffusing macromolecules (reduced linear velocity is 

inversely proportional to the diffusion coefficient). 

The efficiency (peak capacity) of the first dimension separation can be potentially 

improved by embracing one of the contemporary developments in LC, viz. by using 

core-shell columns, monolithic stationary phases, high-temperature LC (HTLC) or 

UHPLC. Guillarme et al. evaluated the performance of these techniques using the 

kinetic-plot method for analytes of different molecular weights in isocratic and gradient 

modes [43]. They found that for separations of relatively large molecules much higher 

peak capacities can be achieved under both isocratic and gradient conditions by using 

UHPLC (sub-2 m porous particles at pressures up to 100 MPa) in comparison with 

separations on sub-3 m core-shell particles or monolithic columns. For gradient 

separations UHPLC was found to approach the peak capacity of HTLC. Wang et al. 

arrived at similar conclusions for gradient separations of peptides [44].  

Although the peak capacity achieved in the first dimension is important, it has been 

shown that the second-dimension separation plays an even-more crucial role in the 

total performance of an LC×LC system [45]. Both the efficiency (peak capacity) and the 

speed of the second-dimension analysis are of major importance. The shorter the 

second-dimension run, the higher the rate at which the first-dimension effluent may be 

sampled and, thus, the better the first-dimension separation can be maintained. In 

addition, the speed of the second-dimension separation dictates the flow rate which can 

be applied in the first dimension [36] and, thus, determines the overall analysis time. 

Fast SEC separations using short, wide-bore SEC columns at HPLC conditions are 

usually conducted in the second dimension in LC×LC of polymers. Such separations 

feature very low efficiencies [46] and usually take 2 or 3 min to complete. As a result, 

the overall LC×LC analysis takes several hours. Reducing the second-dimension 

separation time to less than 1 min without compromising the efficiency would allow 

significantly shorter LC×LC analysis times. 

Different approaches have been suggested to improve the trade-off between speed 

and efficiency in the second dimension. Using several parallel columns in the second 

dimension allows conducting longer (and, thus, more efficient) separations without 

increasing the overall analysis time [47-49]. However, such an approach needs two or 

more truly identical columns to be installed. Minor differences in the retention times 
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between the columns will lead to distortions in the LC×LC chromatograms and software 

corrections have to be applied [50]. Besides, such a setup requires additional hardware 

(i.e. high-pressure switching valves, pumps and/or detectors), which increases the cost 

of the LCLC equipment [50].  

Another approach to speed up the LC×LC analyses is by applying HTLC (typically 

110°C) in the second dimension either in gradient-elution [51] or SEC mode [52]. HTLC 

offers significant advantages over conventional HPLC. Solvent viscosity decreases with 

temperature, which causes enhanced diffusion of the analytes and a decrease in the 

column backpressure. Consequently, an increase in temperature allows an increase in 

flow rate, while the mass-transfer contribution to the peak width (C-term in the H vs. u 

equation) decreases [46]. High-temperature SEC is particularly attractive for polymer 

analysis. Using HT-SEC Im et al. reduced the time needed for the second-dimension 

separation to 1.5 min and the overall LC×LC analysis time to about 60 min [52]. 

Core-shell particles [8,53-55] and monoliths [53,55-57] are promising technologies 

for use in the second dimension, since they allow high flow rates without a significant 

loss in efficiency. However, such stationary phases cannot easily be used for size-based 

separations of polymers. The major limitation of core-shell particles is the reduced pore 

volume, which leaves a narrow separation window for SEC. Monolithic phases for size-

based polymer separations are not well established yet. They are currently under 

development [58-60].  

Another option is to apply UHPLC in the second dimension. Several authors have 

used kinetic-plot methods to evaluate the performance of sub-2 m particles [61-63]. It 

has been shown that the advantage of UHPLC over HPLC is especially significant for 

fast separations. Sub-2 m particles were found to outperform sub-3 m superficially 

porous particles and monoliths in a trade-off between speed of analysis and efficiency 

[43,64]. However, the number of studies on comprehensive LC×LC involving UHPLC in 

the second dimension is quite limited [65,66]. UHPLC has rarely been applied for 

polymer separations, since there are no commercial UHPLC SEC columns (except some 

columns that may be used for aqueous SEC [67]). Moreover, possible degradation of 

polymers at the high shear rates generated in UHPLC has been a great concern [68]. In 

our previous work we demonstrated possibilities of conducting very fast and efficient 

SEC and HDC separations of polymers using UHPLC columns intended for reversed-
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phase separations [42]. Such separations featured high efficiencies and could be 

performed in less than 1 min.  Thus, they are very promising for the use in the second 

dimension of LC×LC. Degradation of polymers was not observed at common UHPLC 

conditions for polystyrenes with molecular weights below 3 MDa [69]. 

 

6.1.2. Obstacles to UHPLC×UHPLC separations of polymers 

 

As discussed in section 6.1.1, UHPLC technology offers significant advantages in 

both dimensions. The use of sub-2 m particles in the first dimension can provide 

greater efficiencies (peak capacities) in comparison with conventional LC. Higher 

pressure limits allow using long columns. The use of ultra-high-pressure size-exclusion 

chromatography (UHPSEC) in the second dimension can offer very fast, yet efficient 

separations of polymers [42]. As confirmed in a theoretical study [70] the 

UHPLC×UHPLC approach can provide higher peak capacities than HPLC×HPLC, 

HPLC×UHPLC, or UHPLC×HPLC (this comparison was made for gradient separations 

in both dimensions). Although it is potentially quite rewarding, UHPLC×UHPLC 

experiments have – to our knowledge – not been reported in the literature. There are 

several factors which complicate the implementation of UHPLC×UHPLC, viz. (i) the 

higher price of UHPLC instrumentation compared to HPLC, (ii) the limited range of 

column diameters available (lack of wide-bore UHPLC columns, due to problems with 

heat dissipation), (iii) a limited choice of stationary phases for SEC (for polymer 

applications), and (iv) a lack of dedicated software for LC×LC data collection and 

processing. Moreover, the low flow rates which are commonly applied in the first 

dimension often make the use of UHPLC instrumentation unnecessary.  

 

In the present study we address the challenges mentioned above and propose ways 

to overcome them to develop a comprehensive UHPLC×UHPSEC system, which clearly 

profits from the advantages of ultra-high pressure LC in both dimensions. UHPSEC has 

been applied for the first time in the second dimension. This allowed reducing the 

second-dimension analysis time to (less than) 1 min and the modulation time to 30 s. 

Efficient UHPLC×UHPLC analyses could then be performed in 25 to 60 min 

(depending on the application). 
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6.2. Experimental 

6.2.1. Mobile phase 

 

Non-stabilized tetrahydofuran (THF), acetonitrile (ACN) and high-purity water 

were used as UHPLC mobile phases and needle-wash solvents. THF (LiChrosolv grade) 

and acetonitrile (ULC/MS grade) were purchased from Merck (Darmstadt, Germany) 

and Biosolve (Valkenswaard, The Netherlands), respectively. Water was purified with 

an Arium 611 Ultrapure Water System (Sartorius, Göttingen, Germany). Formic acid 

(FA, p.a.) and the (25%, extra pure) ammonia solution (both from Merck) were used to 

prepare aqueous buffers with pH=9.6 and pH=3.5. The pH of the obtained buffer 

solutions was measured using a Metrohm 744 pH meter (Herisau, Switherland). 

 

6.2.2. Samples 

6.2.2.1. Polymethacrylate samples 

 

Poly(methyl methacrylate), PMMA, and poly(n-butyl methacrylate), PBMA, 

homopolymers, as well as (methyl methacrylate)-(n-butyl methacrylate) random 

copolymers, PMMA-co-PBMA, were obtained from three different manufacturers. The 

copolymers were prepared by free-radical suspension polymerization. The 

characteristics of the polymers specified by the suppliers are listed in Table 1. 

A solution containing all the polymers listed in Table 1 was prepared in a mixture of 

ACN and THF in a 50/50 volume ratio. The concentration of each polymer in the 

sample was ca. 2 mg/mL. The volume of the sample injected in the first dimension was 

7 L. 
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Table 1. Manufacturer-specified characteristics of polymethacrylate samples. 

Number Polymer 
Molecular 

weight, kDa 

Dispersity 

index 

Ratio (w/w) of 

monomers 

PMMA/PBMA 

Supplier 

1 PMMA 15 1.03 - PL a 

2 PMMA 25 1.02 - PL a 

3 PMMA 50 1.03 - PL a 

4 PMMA 65 n/a - DSM b 

5 PMMA 100 1.04 - PL a 

6 PMMA-co-PBMA 80 n/a 80/20 DSM b 

7 PMMA-co-PBMA 20 n/a 65/35 DSM b 

8 PMMA-co-PBMA 15 n/a 40/60 DSM b 

9 PMMA-co-PBMA 50 n/a 40/60 DSM b 

10 PMMA-co-PBMA 110 n/a 20/80 DSM b 

11 PBMA 19 1.06 - PSS c 

12 PBMA 57 1.04 - PSS c 

13 PBMA 100 n/a - DSM b 

a Polymer Laboratories/Agilent Technologies (Church Stretton, Shropshire, UK) 
b DSM Resins (Waalwijk, The Netherlands) 
c Polymer Standards Service (Mainz, Germany) 

 

6.2.2.2. Polyurethane samples 

 

Polyurethane (PU) dispersions for coating applications are usually produced in two 

steps. First, PU prepolymers are synthesised using excess amounts of diisocyanate 

compared to polyol to ensure that relatively low-molecular-weight isocyanate-

terminated products are obtained. The prepolymers are then extended before or after 

dispersion in water using a hydrazine or diamine [71]. We have studied polymer 

samples obtained from the first stage of this process. Samples A and C were prepared by 

polymerization of poly(propylene glycol) 2000 (PPG 2000) with toluene diisocyanate 

(TDI). Sample D was obtained by polymerization of PPG 2000 and 2,2-

bis(hydroxymethyl)propionic acid (dimethylolpropionic acid, DMPA) with TDI. The 

excess of isocyanate in the reaction mixture is usually expressed by the molar ratio of 

isocyanate groups to hydroxyl groups (NCO/OH ratio). These ratios were 2.3 for sample 

A and 1.8 for samples C and D. The products obtained in this stage were diluted with 

ethanol. The concentration of the resulting solutions was ca. 10% (v/v). Ethanol served 
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both as a solvent and as a reagent, terminating the free isocyanate groups left in the 

sample. The obtained solutions were injected onto the UHPLC×UHPSEC system 

without further dilution. The samples were filtered through 0.2-m Acrodisc 

poly(vinylidene fluoride) (PVDF) syringe filters (Pall Life Sciences, Ann Arbor, MI, 

USA) prior to injection. The injection volumes in the first dimension were 5 L.  

 

6.2.3. UHPLC×UHPSEC setup and operating conditions 

 

An Acquity UPLC Binary Solvent Manager (BSM, Waters, Milford, USA) was used 

to supply mobile phases in the first dimension. The BSM consisted of two pumps, which 

allow delivering solvents at pressures up to 103 MPa (1034 bar) at flow rates up to          

1 mL/min. The upper pressure limit of each pump decreases from 103 to 62 MPa with 

the flow rate increasing from 1 to 2 mL/min. The first-dimension system included an 

Acquity UPLC Sample Manager (Waters), equipped with a 10-L injection loop. The 

injections were performed in “partial loop with needle overfill” mode. The Column 

Manager (Waters) housing the first-dimension column allowed temperature control of 

up to four columns simultaneously. It was designed to perform switching between 

several parallel columns, but in the present study three columns were coupled in series 

to increase separation efficiency in the first dimension. The temperatures set during 

each analysis are specified in the Results and Discussion section. 

The second dimension system included an Acquity UPLC BSM (Waters) with 

specifications similar to those of the BSM used in the first dimension. The maximum 

pressure at a flow-rate of 2 mL/min was 62 MPa for each pump. To supply a chosen 

solvent at a flow rate of 2 mL/min at pressures between 62 MPa and 103 MPa we used 

both pumps in parallel, each at a flow rate of 1 mL/min. The column temperature in the 

second dimension was controlled with an Acquity UPLC Column Heater (Waters). 

THF/hexane compatibility kits were installed on the systems used in both dimensions 

to ensure their resistance to THF. 

The switching between the first and the second dimensions was achieved using an 

electrically actuated ten-port two-position Cheminert ultra-high-pressure valve (Valco, 

Schenkon, Switzerland). Two 100-L sample loops were used for injection into the 

second dimension and for sample storage. A symmetrical configuration of the switching 
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valve was used, as described in ref. [36]. The valve was controlled through an event 

sequence in Empower-2 software (Waters). The software was not designed to perform 

comprehensive two-dimensional separations and it allowed only 24 switches during one 

analysis. Therefore some samples had to be analysed several times and the results of the 

different runs had to be combined. Other ways to perform switching (e.g. programmed 

relay) would make the operation of the LC×LC system easier.  

The effluent from the second dimension column was sent into the detector. An 

Acquity UPLC Evaporative Light-Scattering Detector (ELSD, Waters) was used to 

record the chromatograms for polymethacrylates. An Acquity UPLC Photo Diode Array 

detector (PDA, Waters) and an Acquity UPLC ELSD detector were connected in series 

during analysis of polyurethane samples. The UV chromatograms were obtained at a 

wavelength of 254 nm. The ELSD detector was used with a nebulizer temperature of 

35°C and a drift-tube temperature of 70°C. The nebulising gas was nitrogen at a 

pressure of 400 kPa. 

Data were collected using Empower 2 software. The obtained information was 

imported and processed in Matlab (Natick, MA, USA) software. The two-dimensional 

pictures were generated using home-made routines (see ref. [72] for more information). 

 

6.2.4. Columns 

 

Acquity UPLC BEH C18 columns (Waters) with an I.D. of 2.1 mm were used in the 

first dimension. Three columns with a total length of 250 mm were coupled in series. 

An Acquity UPLC BEH C18 column (Waters) was used in the second dimension for the 

analysis of polymethacrylate samples. For the analysis of polyurethane samples the 

second-dimension column was an Acquity UPLC BEH HILIC (Waters). Both second-

dimension columns were 150×4.6 mm I.D. Columns of such dimensions are not yet 

commercially available. They were generously supplied by the manufacturer for the 

present project. All the columns used in this study had a particle size of 1.7 m and an 

average pore size of 130 Å (as specified by the manufacturer). 
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6.3. Results and Discussion 

6.3.1. UHPLC×UHPSEC separation of polymethacrylate samples 

 

Robust, highly elastic transparent plastics can be produced from polymethacrylates. 

These find applications in windows for aircrafts, aquariums, lenses, etc. PMMA and 

PBMA are also commonly used in paints and coatings. Copolymers of PMMA and 

PBMA exhibit improved impact strength [73]. PMMA provides chemical resistance to 

the material, while PBMA offers good flexibility. Because many key properties of the 

polymers are affected by their molecular weight and chemical composition, it is 

important to have an efficient method to fully characterize the structure of the 

(co)polymers. 

A sample containing five PMMA homopolymers of different molecular weights, 

three PBMA homopolymers and five PMMA-co-PBMA copolymers (Table 1) was 

analysed by UHPLC×UHPSEC with ELSD detection. The resulting two-dimensional 

chromatogram is shown in Fig. 1. The separation in the first dimension was performed 

using an ACN-THF gradient on a UPLC reversed-phase stationary phase (particle size 

1.7 m). The column I.D. in the first dimension was 2.1 mm and the total column length 

was 250 mm (three columns were connected in series). At the conditions used in the 

first dimension the column backpressure ranged from 45 to 75 MPa (depending on the 

composition of the eluent). ACN is a weaker eluent than THF for this type of polymers 

on a C18 stationary phase. During the first 5 min the composition of the mobile phase 

was kept at the critical conditions for PMMA homopolymer (15.5% THF), to ensure that 

its elution was not influenced by the molecular weight. After that the gradient was 

applied. Despite the moderate molecular weights, only a slight dependence of the 

polymer retention on the molecular weight was observed for the copolymers and for 

PBMA homopolymers. In other words, the separation is achieved through what has 

been called “gradient elution at critical point” [74]. Thus, in the first dimension the 

macromolecules were separated almost exclusively according to their chemical 

composition.  
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Fig. 1. UHPLC×UHPSEC separation of PMMA and PBMA homo- and copolymers. First dimension: 

Column Acquity UPLC C18, 2.1 mm I.D., total length 250 mm (three columns connected in series). 

Gradient conditions: 0 to 5 min 15.5% THF in ACN; 5 to 22 min gradient from 15.5 to 80% of THF in 

ACN; 22.0 to 22.1 min 80 to 100% THF;  22.1 to 25 min 100% THF. Flow rate 0.2 mL/min. Temperature 

25°C. Second dimension: Column Acquity UPLC C18, 150×4.6 mm I.D. Flow rate 2 mL/min. Mobile 

phase THF. Temperature 30°C. For peak identification see Table 1. 

 

A size-based UHPLC separation was performed in the second dimension using a 

4.6-mm I.D. UPLC C18 column packed with 1.7 m particles. Pure non-stabilized THF 

was applied as a mobile phase in the second dimension. We have demonstrated earlier 

that with THF as mobile phase polystyrene (PS) standards eluted from an Acquity 

UPLC C18 column before the mobile-phase hold-up volume [42]. PS standards with 

molecular weights up to ca. 50 kDa could be efficiently separated in the SEC mode. 

Higher-molecular-weight PS molecules were too large to penetrate into the pores of the 

stationary phase and they could be separated in the HDC mode. A similar elution 

mechanism (i.e. a combination of SEC and HDC) was observed in the second-dimension 

separation in Fig. 1. The polymers eluted in order of decreasing molecular weight. The 

onset of HDC for high-molecular-weight polymers in the polymethacrylate mixture can 

be deduced from a comparison of their size in THF solution with the size of PS 

molecules. The radii of gyration (in m) are described by the equations                              

rG = 1.39·10-5Mw
0.588 and rG = 1.2·10-5Mw

0.583 for PMMA and PS, respectively (where Mw 

is the weight-average molecular weight of the polymer) [75]. The effective radii reff, 
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which can be used to model migration of polymer coils in SEC and HDC are related to 

rG as 2/Geff rr   [76]. Simple calculations suggest that in THF solution a PMMA coil 

with a molecular weight of about 70 kDa will be similar in size to a 50-kDa PS chain. 

Consequently, the transition to the HDC region for PMMA during the second-

dimension separation is expected to occur around this mass.  

The total analysis time in the second dimension was about 0.9 min at a pressure of 

85 MPa. The first half of a SEC chromatogram never contains peaks, because the 

minimum volume sampled (by totally excluded molecules) is the interparticle void 

volume (which was found to be in the range between 35 and 38% of the column volume 

for BEH packing materials [77-79]). Therefore, successive SEC runs could overlap and 

the valve switching could be performed twice as fast (every 30 s). The 

UHPLC×UHPSEC plot in Fig. 1 provides comprehensive information on the chemical-

composition distribution and the molecular-weight distribution. Much less information 

can be obtained by combining the results of one-dimensional gradient-elution LC and 

SEC experiments for this mixture. Polymers with similar chemical composition were 

efficiently separated in the second dimension. The PMMA-co-PBMA copolymers with 

composition 40/60 and different average molecular weights (see Table 1) cannot be 

fully separated, because their molecular-weight distributions overlap considerably. The 

described UHPLC×UHPSEC analysis takes only 22 min, which is significantly faster 

than the conventional HPLC×SEC separations which take 4 h [36].  

 

6.3.2. UHPLC×UHPSEC separations of polyurethane prepolymers 

 

Polyurethanes (PUs) are an important class of polymers with a broad range of 

applications. Among the main fields of utilization of PUs are the automotive industry, 

fibre technology, construction, furniture, and medicine [80,81]. Also, usage of PUs in 

coating products is growing fast. The properties of PU polymers are determined to a 

large extent by their composition. Thus, it is important to have fast and reliable 

analytical method that allows characterisation of polyurethane samples. 

The composition of prepolymer samples obtained during the first stage of 

production of PU dispersions for coating applications has previously been studied in 

detail with liquid chromatography hyphenated with time-of-flight mass spectrometry 
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(LC-ToF-MS) and with matrix-assisted-laser desorption/ionization time-of-flight mass 

spectrometry (MALDI-ToF-MS) [82]. In the present work UHPLC×UHPSEC was 

applied to study these samples. The first-dimension separation was performed on a C18 

column using a gradient from 25 to 95% of THF in water containing 0.1% of FA (Fig. 2).  

At these conditions the pressure across the first-dimension column was reaching 60 

MPa. The PU samples were found to contain a number of low-molecular-weight 

compounds and a polymeric fraction. The compounds eluting in the first part of the 

chromatogram (up to 35 min in Fig. 2) were known to arise from the excess TDI present 

in the reaction mixture [82]. The separation of PU prepolymers in the first dimension 

(peaks between 41 and 57 min in Fig. 2) is based on chemical composition, as well as on 

molecular weight. For this kind of sample, the two distributions are strongly related, 

because changes in the molecular weight are often accompanied by changes in chemical 

composition and vice versa.  

 

 

Fig. 2. Gradient-elution UHPLC separation for sample A (see section 2.2.2). Columns Acquity UPLC 

C18, 2.1 mm I.D., total length 250 mm (three columns connected in series). 60 min gradient from 25 to 

95% of THF in water containing 0.1% FA. Temperature 45°C. Flow rate 0.1 mL/min. UV detection at     

254 nm. 

 

In LC×LC the effluent of the first dimension usually acts as the sample solvent for 

the fractions injected in the second dimension. In the present case each fraction 

injected on the second-dimension UPLC column contained significant amounts of 

water. When we attempted to use second-dimension conditions similar to those used 

for recording the chromatogram of Fig. 1 (C18 column with 100% THF as mobile phase) 
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we observed considerable retention of the analytes. Water, being a weak eluent in 

reversed-phase LC, caused some adsorption of the polymers on the stationary phase. 

Thus, the mechanism was not pure SEC and no size-based separation could be 

achieved.  

Separations strictly based on size could be performed when using a hydrophilic 

interaction chromatography (HILIC) stationary phase developed for interactive 

UHPLC. We compared the performance of HILIC and C18 columns for the SEC- and 

HDC-type separations of PS standards [42] in THF as mobile phase. The obtained 

calibration curves are shown in Fig. 3. The behaviour of the HILIC column was similar 

to that of the C18 column, as is apparent from the general shape of the two curves. The 

transition from the SEC to the HDC mode occurred at almost the same molecular 

weights for both columns. However, the total permeation and exclusion volume for the 

HILIC column were found to be larger, as indicated by the shift of the HILIC calibration 

curves to larger volumes (i.e. to the right in Fig. 3). This may be explained by the 

bonded phase and an immobilized solvation layer that extends from the surface of the 

C18 particles (solvated by THF), but not from the surface of the HILIC particles. The 

selectivity of the HILIC column in the SEC region was noticeably larger than that of the 

C18 column (lower slope of the HILIC calibration line for PS in molecular weight range 

between ca. 1 and 50 kDa), due to the larger accessible pore volume.   

 

 

Fig. 3. Calibration curves obtained for size-based separations of PS standards [42] and toluene using 

an Acquity UPLC C18 column (bottom curve) and an Acquity UPLC HILIC column (top curve). 

Dimensions of both columns: 150×4.6 mm I.D. Mobile phase THF. Ambient temperature. 
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Water is a strong eluent for HILIC and usually high percentages of organic modifier 

are used in an aqueous mobile phase. Applying a 80/20 (v/v) THF/water mixture as the 

second-dimension eluent on a HILIC column yielded efficient SEC separations of all 

first-dimension fractions obtained under the conditions of Fig. 2. The elution of the 

analytes was not affected by the content of THF and water in the fractions (no 

adsorption was observed). The repeatability of the separations was ensured by 

controlling the mobile-phase pH.  

 

 

Fig. 4. UHPLC×UHPSEC separation of PU samples A (a) and C (b). First dimension: Column 

Acquity UPLC C18, 2.1 mm I.D., total length 250 mm (three columns connected in series). Conditions:  

60 min gradient from 25 to 95% of THF in water containing 0.1% FA. Flow rate 0.1 mL/min. 

Temperature 45°C. Second dimension: Column Acquity UPLC HILIC, 150×4.6 mm I.D. Flow rate 2 

mL/min. Mobile phase THF/aqueous ammonium formate buffer (pH = 3.5), 80/20 (v/v). Temperature 

50°C. For peak identification see text. 

3 
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At the maximum flow rate allowed by the system (2 mL/min) the analysis time in 

the second dimension (SEC mode) was less than 1 min and the pressure was in the 

range of 75 to 80 MPa. Taking into account the effective separation region in SEC (see 

section 3.1) valve switching could be performed every 30 s. The resulting 

UHPLC×UHPSEC contour plots for samples A and C (see section 6.2.2.2) are shown in 

Fig. 4. The signals (i.e. the absorbance of aromatic groups originating from TDI 

molecules) were recorded using UV detection at 254 nm. In the chromatogram for 

sample A (Fig. 4a) we observed two peaks that eluted at low retention times in the first 

dimension and at the high elution volumes in the second dimension. These peaks 

represent excess TDI and TDI-dimer that has remained in the reaction mixture. The 

dimer can be formed in the presence of water (see ref. [82] for more details). Under the 

current conditions only the two largest peaks out of all low-molecular-weight 

compounds observed in Fig. 2 were visible in the LC×SEC plot. This reflects the 

significant band broadening occurring for the low-molecular-weight compounds due to 

the limited sampling rate (“undersampling”).  Only one low-molecular-weight peak is 

observed in the LC×SEC chromatogram of sample C (Fig. 4b). This peak corresponds to 

excess TDI. The concentration of free diisocyanate in the reaction mixture during the 

synthesis of sample C was lower than during the synthesis of sample A (lower NCO/OH 

ratio). Consequently the TDI dimer was formed in much smaller amounts in sample C 

and it could not be detected. We observe three polymer peaks in the two-dimensional 

chromatograms, which correspond to polymers of different sizes. The largest peak 

(eluting at about 47 min from the first-dimension column) represents the product of 

PPG and two TDI molecules (TDI-PPG-TDI), the second peak (around 51 min) contains 

molecules formed from two PPG units (TDI-PPG-TDI-PPG-TDI), and the third, 

smallest peak (around 53 min) includes molecules with a TDI-PPG-TDI-PPG-TDI-PPG-

TDI structure. All the terminal TDI molecules were end-capped with ethanol (sample 

diluent), so that no free isocyanate groups were present [82]. The lower NCO/OH ratio 

led to the production of larger amounts of high-molecular-weight compounds in sample 

C. The ratio of the second peak to the first peak for sample C (Fig. 4b) is higher than for 

sample A (Fig. 4a). Also, the third peak, corresponding to the largest molecules, is more 

significant in sample C. 
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When LC×SEC chromatograms for samples C (synthesized without an acid present 

in the reaction mixture) and D (obtained in the presence of acid) were compared at the 

conditions of Fig. 4 (gradient at pH=3 in the first dimension), no significant differences 

were observed (chromatograms not shown). The molecules that included a carboxylic 

group were expected to show a pH-dependent elution, while the elution of non-COOH-

containing molecules was not expected to be affected by changes in the pH of the 

mobile phase. As we demonstrated elsewhere [82], useful information on sample D 

(synthesized with DMPA added to the reaction mixture) could be obtained when the 

gradient-elution separation was performed at basic conditions. In the present study we 

show that additional information can be deduced from LC×SEC chromatograms, in 

which the first-dimension separation is conducted at pH = 9.6. LC×SEC contour plots 

obtained for samples C and D are shown in Fig. 5. Under these conditions a second 

polymer series appeared in the chromatogram for sample D, while only one series of 

polymer peaks was present for sample C. Based on the molecular-weight information 

provided by the second-dimension separation, we tentatively concluded that the 

polymers in series I (Figs. 6a and 6b) included one, two and three PPG molecules 

connected through TDI molecules (peaks 1, 2, and 3, respectively). Because the 

retention of the polymers in series II was pH dependent, they were thought to contain 

one DMPA molecule together with one PPG molecule (peak 1’), one DMPA molecule 

and two PPG molecules (peak 2’), and one DMPA and three PPG molecules (peak 3’). 

The proposed structures of the compounds were subsequently confirmed by MALDI 

analysis of the fractions collected from one-dimensional LC separations performed 

under the same conditions as the first-dimension separation in Fig. 5 [82]. Peak 3’ 

(corresponding to the largest DMPA-containing polymer chains) was not observed in 

the 1D-LC chromatogram and the corresponding macromolecules were not detected by 

MALDI, probably because of incomplete separation and severe mass-suppression 

phenomena for polydisperse samples (or co-eluted polymers) in MALDI. 

UHPLC×UHPSEC analysis of PU prepolymers provided comprehensive and readily 

interpretable information on the sample composition in only 60 min. This analysis 

provides an estimate of the ratio of polymers containing an acid functionality and 

polymers which do not contain any acid groups. This proportion is roughly 1:3 for 
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sample D. This ratio significantly affects the dispersion properties of polyurethanes and, 

thus, is an important characteristic of the samples. 

It should be mentioned that an ELSD detector was used to record the signal in    

Fig. 5. This detector is especially sensitive to non-volatile, high-molecular-weight 

compounds. It did not allow observing low-molecular-weight TDI-derivatives. However, 

the ELSD provided a more stable baseline than the UV detector and the baseline was 

not affected by switching of the 10-port valve. 

 

 

 

Fig. 5. UHPLC×UHPSEC separation of polyurethane samples C (a) and D (b). First dimension: 

Column Acquity UPLC C18, 2.1 mm I.D., total length 250 mm (three columns connected in series). 

Conditions: 60 min gradient from 25 to 95% of THF in aqueous ammonium formate buffer (pH = 9.6). 

Flow rate 0.1 mL/min. Temperature 45°C. Second dimension: Column Acquity UPLC HILIC,         

150×4.6 mm I.D. Flow rate 2 mL/min. Mobile phase THF/aqueous ammonium formate buffer              

(pH = 3.5), 80/20 (v/v). Temperature 50°C. For peak identification see text. 
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Concluding remarks 

 
We have demonstrated that it is possible to perform on-line comprehensive two-

dimensional ultra-high-pressure liquid chromatography for the analysis of polymer 

samples. Gradient-elution UHPLC conducted in the first dimension yielded efficient 

separations of polymers based on their chemical composition. UHPSEC provided 

efficient size-based separations in less than 1 min in the second dimension. This allowed 

applying a modulation time of 30 s and decreasing the total UHPLC×UHPSEC analysis 

time to less than 1 h. We demonstrated two different applications of UHPLC×UHPSEC 

for separations of synthetic polymers. The analyses were shown to provide valuable 

information on the composition of the polymer samples, which could not be obtained 

from a combination of one-dimensional separations. For example, the 

UHPLC×UHPSEC analysis of polyurethane polymers formed in presence of an ionic 

comonomer provided insight in the ratio of polymer chains formed with and without an 

acid functionality. 

It should be noted, that in the present experiments the potential of UHPLC was not 

fully exploited. Although the pressure was above the conventional 40 MPa during each 

separation, it never reached the 103 MPa limit of the system. Thus, by installing 

additional columns in the first dimension the efficiency may be further increased. The     

2 mL/min flow-rate limit of the present system posed restrictions on the speed of 

analysis in the second dimension, even though the pressure remained below 103 MPa. 

Contemporary UHPLC equipment offers higher flow rate limits to allow even faster 

second-dimension separations and an even shorter total analysis time.  

Another aspect worth mentioning is that the low flow rates used in the first 

dimension may correspond to linear velocities, which are below the optimum in the Van 

Deemter curve. The optimum linear velocities are higher under UHPLC conditions than 

in HPLC, because of the smaller particles used [61]. Thus, higher flow rates have to be 

applied in UHPLC (for the columns of the same I.D.) to work at optimum conditions. 

However, for slowly diffusing polymers the optimum linear velocity is lower. Thus, we 

may approach optimum conditions when separating large macromolecules at low flow 

rates.  
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Wide-bore (4.6 mm I.D.) columns, which were used in the second dimension, are 

not commonly applied in UHPLC, because of problems with heat dissipation. The radial 

heat gradients that are formed in the column may potentially jeopardize the separation 

efficiency [83,84]. This problem is somewhat less significant for SEC separations, 

because the elution volume in SEC is not affected by the temperature. Wide-bore 

columns can better deal with the large injection volumes encountered in LC×SEC in the 

absence of analyte focusing at the top of the second-dimension column. In earlier work 

we found that wide-bore columns allowed a significant decrease in the relative extra-

column contribution to the total peak width for size-based UHPLC separations [42]. 

Therefore, wide-bore (4.6 mm I.D.) columns can yield more accurate molecular-weight 

distributions.  

Finally we would like to mention that a combination of several alternative 

approaches may offer additional benefits in terms of speed and peak capacity for LC×LC 

analysis. Contemporary sub-2 m core-shell particles, which are stable at ultra-high 

pressures, might be advantageous in comparison with totally porous sub-2 m particles 

and superficially porous sub-3 m particles. However, the use of core-shell particles for 

polymer separations is yet to be demonstrated. For size-exclusion separations a smaller 

pore volume (lower selectivity) of superficially porous materials is a distinct 

disadvantage. Using high-temperatures (above 100°C) UHPSEC in the second 

dimension promises increased speed and peak capacity in LC×LC of polymers. 

However, this would require advancements in stationary-phase technologies, viz. the 

development of dedicated temperature- and pressure-resistant highly selective packing 

materials for UHPSEC. 
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List of Symbols and Abbreviations 



 chromatographic selectivity 

G change in the Gibbs free energy 

H enthalpy change 

S entropy change 

ε column porosity 

 Flory-Fox parameter 

mobile phase viscosity 

[] intrinsic viscosity 

dimensionless elution time (volume) 

 reduced linear velocity 

φ volume fraction of a strong solvent 

 

cm concentration of the analyte in the mobile phase 

cs concentration of the analyte in the stationary phase 

De Deborah number 

Dm diffusion coefficient of the analyte in the mobile phase 

dp particle diameter (of the stationary phase) 

h reduced plate height 

H plate height 

k retention factor 

K distribution coefficient 

L column length 

M molecular weight 

n refractive index 

N number of theoretical plates 

R universal gas constant  

rG radius of gyration  

Rs chromatographic resolution 

Rh hydrodynamic radius 

tel elution time 
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T absolute temperature 

u superficial linear velocity of the mobile phase 

VR retention volume 

Vel elution volume 

V0 elution volume of an unretained compound 

 

1D LC one-dimensional liquid chromatography 

2D LC two-dimensional liquid chromatography 

ACN acetonitrile  

AE alcohol ethoxylates 

-b- block copolymer 

BD branching distribution 

BLD block length distribution 

BO butane oxide 

BR butyl rubber 

-co- random copolymer 

CAD charged-aerosol detector 

CC critical conditions 

CCD chemical composition distribution 

ELSD evaporative light-scattering detector 

EO ethylene oxide 

EPDM  ethane-propene-diene rubber 

ESI electro-spray ionization 

FL fluorescence detector 

FTD functionality-type distribution 

-g- graft copolymer 

GC gas chromatography 

GELC gradient-elution liquid chromatography 

GPC gel-permeation chromatography 

GPEC gradient polymer-elution chromatography 

HDC hydrodynamic chromatography 

HFIP, HFIPA 1,1,1,3,3,3-hexafluoro-2-propanol 
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HILIC hydrophilic-interaction chromatography 

HO hexane oxide 

HPLC high-performance or high-pressure liquid chromatography 

HPMC  hydroxypropylmethylcellulose  

HTLC high-temperature liquid chromatography 

HTSEC high-temperature size-exclusion chromatography 

I.D. internal diameter 

iLC interaction liquid chromatography 

IR infrared spectroscopy 

LALLS low-angle laser light scattering 

LC liquid chromatography 

LCCC liquid chromatography at critical conditions 

LS light scattering 

MAD molecular architecture distribution 

MALDI-ToF-MS matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry 

MALLS multi-angle laser light scattering 

ME-PEG-MA methoxy-PEG monomethacrylate 

MS mass spectrometry 

MWD molecular-weight distribution 

NMR nuclear magnetic resonance spectroscopy 

NPLC normal-phase liquid chromatography 

ODCB o-dichlorobenzene 

P2EHA poly(2-ethylhexyl acrylate) 

P2VP poly(2-vinylpyridine) 

PAN polyacrylonitrile 

PB polybutadiene 

PC poly(bisphenol A)carbonate  

PDMS  polydimethylsiloxane 

PEG polyethylene glycol 

PEG-MA and PEG-DMA polyethylene glycol mono- and dimethacrylate 

PEG-MME  polyethylene glycol monomethyl ethers 
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PEMA poly(ethyl methacrylate) 

PI polyisoprene 

PLC precipitation liquid chromatography  

PnBA poly(n-butyl acrylate) 

PMA poly(methyl acrylate) 

PMAA poly(methacrylic acid) 

PMMA poly(methyl methacrylate) 

PO propylene oxide 

PS polystyrene 

PtBMA poly(tert-butyl methacrylate) 

PU polyurethane 

PUD polyurethane dispersions 

PVAc poly(vinyl acetate) 

PVP poly(N-vinyl pyrrolidone) 

Py pyrolysis  

RALLS right-angle laser light scattering 

RI refractive index detector 

RPLC reversed-phase liquid chromatography 

SBR styrene-butadiene rubber  

SC slalom chromatography 

SEC size-exclusion liquid chromatography 

TCB 1,2,4-trichlorobenzene  

TGIC temperature-gradient interaction liquid chromatography 

THF tetrahydrofuran 

UHPLC ultra-high pressure liquid chromatography 

UV ultraviolet (detector) 

VISC viscometer 
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Summary 

 

Ultra-high pressure liquid chromatography (UHPLC) is a contemporary type of 

liquid chromatography (LC) that uses instrumentation capable of generating pressures 

above the conventional 40 MPa (400 bar) limit of high-performance liquid 

chromatography (HPLC). In addition to enhanced pressure capabilities, UHPLC 

systems feature reduced extra-column volumes. They are used in combination with very 

fast detectors equipped with low-volume cells. These characteristics make it possible to 

employ columns packed with sub-2-m particles at optimum linear velocities without 

significant loss of efficiency caused by undesired band-broadening effects. From 

chromatographic theory it is known that small particles at high pressures can offer 

improvements in analysis speed and/or efficiency compared to larger particles used at 

typical HPLC conditions. These improvements are fundamentally feasible for both low-

molecular-weight compounds and polymers. Whereas the number of UHPLC 

applications for analysis of complex low-molecular-weight samples has grown 

dramatically in the recent years, almost no UHPLC polymer separations have been 

reported in literature. The goal of the present thesis is to study possibilities and 

challenges associated with analysis of polymers using UHPLC. We aim to demonstrate 

the usefulness of this technique for separations of synthetic polymers based on 

molecular weight and chemical composition. 

In Chapter One the history of LC and the place of UHPLC in contemporary 

chromatographic analysis are briefly discussed. This chapter outlines the quest for 

smaller particles and higher pressures which arose as soon as the fundamentals of 

liquid chromatography were established.  

Chapter Two describes challenges that a chromatographer can face when analyzing 

polymer samples. Many synthetic polymers are not soluble in conventional 

chromatographic solvents. Several approaches to LC analysis of poorly soluble polymers 

are described (sandwich injection, using high temperatures, derivatization and chemical 

degradation). Different LC separation mechanisms (size-exclusion chromatography, 

hydrodynamic chromatography, reversed-phase or normal-phase gradient-elution LC, 

isocratic separation at critical conditions, etc.) that can be applied for polymer analysis 

are also discussed in this chapter. The separation principles of these techniques are 

described, as well as practical challenges associated with each of them. Different 
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combinations of two separation mechanisms in a two-dimensional (2D) set-up for 

polymer separations are discussed. Aspects of the optimization of polymer separations 

in terms of speed and resolution are addressed. The role of the contemporary trends in 

LC – viz. core-shell stationary phases, monolithic columns and UHPLC – in improving 

the trade-off between speed and efficiency is discussed. Finally, the most common 

detection techniques applied for polymers are described and their advantages and 

disadvantages are summarized. 

Chapter three addresses difficulties associated with performing (size-based) 

polymer separations using UHPLC. A number of problems are identified, including a 

lack of designated SEC columns, significant extra-column contributions to the peak 

width, deformation and degradation of polymers at UHPLC conditions, and limited 

resistance of UPLC equipment to some chromatographic solvents. Using wide-bore   

(4.6 mm I.D.) UPLC columns, the extra-column contribution to the peak width can be 

sufficiently minimized and fast, yet efficient size-based separations of polystyrene (PS) 

polymers can be obtained. PS molecules with molecular weights up to ca. 50 kDa 

penetrate the pores of the UPLC packing material and elute in the SEC mode. Higher-

molecular-weight PS macromolecules are too large to enter the pores and they elute via 

the HDC mechanism. The influence of flow rate, column length and temperature on the 

separations has been investigated. 

Chapter Four studies in detail the fundamental problem of deformation (transition 

from coil to stretch shape) and degradation of polymers at the high-stress conditions 

generated in UHPLC. It is confirmed that the simultaneous action of slalom and 

hydrodynamic chromatography can cause the appearance of two chromatographic 

peaks for a polymer with a uniform molecular-weight distribution. The nature of the 

two peaks is investigated by collection and re-injection of the polymer fractions as well 

as by off-line two dimensional UHPLC. The conditions corresponding to the onset of PS 

deformation and degradation in UHPC are established. No degradation of PS with 

molecular weights up to 3 MDa has been found at common UHPLC conditions. For 

larger PS macromolecules degradation has been observed. Column frits have been 

identified as the main source of PS degradation. 

Chapter Five describes an application of UHPLC for the separation of polyurethane 

(PU) samples used in the coating industry. Gradient-elution UHPLC separations are 
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compared with HPLC separations for this type of polymers. HPLC coupled with 

electrospray ionization mass spectrometry has been used to identify the low-molecular-

weight products present in the samples. These products are formed from the excess 

diisocyanate present during PU synthesis. LC fractions containing the polymeric part of 

the sample have been studied with matrix-assisted laser desorption/ionization mass 

spectrometry. The influence of synthesis parameters (the order in which monomers are 

added to the reactor and the ratio between isocyanate and polyol) on the obtained 

products is investigated. Also UHPLC separation of PU polymers containing carboxylic 

groups is studied at different pH-values. 

The possibility to perform comprehensive two-dimensional UHPLC analysis of 

polymers is demonstrated in Chapter Six. Gradient-elution UHPLC in the first 

dimension provides efficient separations of polymers based on their chemical 

composition. Ultra-high pressure SEC in the second dimension offers very fast size-

based separations of macromolecules. The resulting two-dimensional UHPLC×UHPLC 

plots can be obtained in (less than) 1 hour, which is significantly faster than 

conventional HPLC×SEC analysis.  The 2D analysis gives information on chemical-

composition and molecular-weight distributions in a polymer sample and on their 

mutual dependence. The usefulness of this UHPLC×UHPLC approach is demonstrated 

for the analysis of a mixture of poly(methyl methacrylate) and poly (n-butyl 

methacrylate) homo- and copolymers. Two-dimensional UHPLC is also applied for the 

analysis of industrial PU prepolymers. When the first-dimension separation is 

performed at alkaline conditions, the 2D plot allows estimating a ratio between PU 

macromolecules that contain carboxylic groups and PU macromolecules that do not 

contain such groups. This information cannot be provided by one-dimensional 

separations, neither by gradient-elution UHPLC, nor by SEC. 
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Samenvatting 

 

Ultrahogedruk vloeistofchromatografie (UHPLC) is een hedendaagse vorm van 

vloeistofchromatografie (LC), waarin gebruik gemaakt wordt van apparatuur die in 

staat is om hogere drukken te genereren dan de conventionele bovengrens van 40 MPa 

(400 bar) in hogedruk vloeistofchromatografie (HPLC). Naast de mogelijkheid van 

hogere drukken bieden UHPLC systemen ook kleinere buitenkolomvolumina. Ze 

worden gebruikt in combinatie met zeer snelle detectoren, die zijn uitgerust met kleine 

cellen. Deze eigenschappen stellen ons in staat om kolommen, die zijn gepakt met 

deeltjes kleiner dan 2 m, te gebruiken bij de optimale snelheid, zonder daarbij veel van 

de efficiëntie te moeten inleveren als gevolg van ongewenste bandverbredingseffecten. 

Vanuit de theorie van de chromatografie is het bekend dat kleine deeltjes bij hogere 

drukken de analysesnelheid en de efficiëntie kunnen verbeteren, in vergelijking met de 

grotere deeltjes die doorgaans in HPLC worden gebruikt. Deze verbeteringen zijn in 

principe haalbaar voor zowel verbindingen met lage molgewichten als voor polymeren. 

Terwijl het aantal UHPLC toepassingen voor verbindingen met lage molgewichten de 

laatste jaren dramatisch toegenomen is, zijn er bijna geen scheidingen van polymeren 

met UHPLC gepubliceerd in de literatuur. Het doel van het onderhavige proefschrift is 

om de mogelijkheden en de uitdagingen, die verband houden met de analyse van 

polymeren met UHPLC, in kaart te brengen. We hebben ons ten doel gesteld om de 

bruikbaarheid van de techniek voor de scheiding van synthetische polymeren op basis 

van molgewicht en chemische samenstelling aan te tonen. 

In Hoofdstuk Een worden de geschiedenis van de LC en de plaats van UHPLC in de 

hedendaagse chromatografische analyse kort besproken. Dit hoofdstuk vat de zoektocht 

naar kleinere deeltjes en hogere drukken samen, die begon zodra de beginselen van de 

vloeistofchromatografie werden onderkend.  

Hoofdstuk Twee beschrijft de uitdagingen die een chromatografist moet aangaan 

bij de analyse van polymeermonsters. Veel synthetische polymeren zijn niet oplosbaar 

in gebruikelijke organische oplosmiddelen. Verschillende benaderingen voor de LC 

analyse van moeilijk oplosbare polymeren worden beschreven (“sandwich” injectie, 

gebruik van hoge temperaturen, derivatizering en chemische ontleding). Verschillende 

scheidingsmechanismen in LC (“size-exclusion” chromatografie, hydrodynamische 

chromatografie, “reversed-phase” of “normal-phase” gradiënt-elutie LC, isocratische 
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scheidingen onder kritische condities, enz.), die toegepast kunnen worden voor de 

scheiding van polymeren, worden ook besproken in dit hoofdstuk. De 

scheidingsprincipes van deze technieken worden beschreven, evenals praktische 

uitdagingen die elk ervan met zich meebrengt. Verschillende combinaties van twee 

scheidingsmechanismen in twee-dimensionale (2D) systemen voor 

polymeerscheidingen worden beschreven. Aspecten van de optimalisering van 

polymeerscheidingen in termen van snelheid en resolutie worden besproken. De rol van 

de huidige trends in LC – namelijk “core-shell” stationaire fasen, monolithische 

kolommen en UHPLC – in het vinden van een beter compromis tussen snelheid en 

efficiëntie wordt beschreven. Tenslotte worden de meest gebruikelijke 

detectietechnieken die worden gebruikt voor polymeren beschreven en worden de voor- 

en nadelen daarvan samengevat. 

In Hoofdstuk Drie worden de problemen geadresseerd die samenhangen met het 

uitvoeren van (op moleculegrootte gebaseerde) polymeerscheidingen met UHPLC. Een 

aantal problemen wordt onderkend, waaronder de beperkte beschikbaarheid van 

specifieke SEC kolommen, significante buitenkolompiekverbreding, deformatie en 

“degradatie” (omzetting) van polymeren onder UHPLC conditions en de beperkte 

bestendigheid van UPLC apparatuur tegen sommige chromatografische oplosmiddelen. 

Door gebruik te maken van brede UPLC kolommen (4.6 mm inwendige diameter) kon 

de buitenkolombijdrage tot de piekbreedte voldoende gereduceerd worden en konden 

snelle, doch effciënte – op moleculegrootte gebaseerde – scheidingen van polystyreen 

(PS) polymeren worden verkregen. PS moleculen met moleculegewichten tot circa 50 

kDa kunnen doordringen in de poriën van het UPLC pakkingsmateriaal en elueren in de 

SEC modus. PS macromoleculen met een hoger moleculegewicht zijn te groot om de 

poriën binnen te gaan en die elueren op basis van het HDC mechanisme. De invloed van 

het debiet, de kolomlengte en de temperatuur op de scheiding is onderzocht.  

In Hoofdstuk Vier wordt een nauwgezet onderzoek beschreven naar het 

fundamentele probleem van deformatie (overgang van een statistische kluwen naar een 

uitgerekte vorm) en degradatie van polymeren onder invloed van de hoge stress die 

door de UHPLC omstandigheden wordt gegenereerd. De mogelijkheid dat het 

tegelijkertijd optreden van “slalomchromatografie” en HDC kan leiden tot het 

verschijnen van twee pieken voor een polymer met een unimodale 
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molgewichtsverdeling wordt bevestigd. Het karakter van de twee pieken is onderzocht 

door de fracties op te vangen en opnieuw te injecteren, alsmede met “off-line” twee-

dimensionale UHPLC. De condities, waarbij PS deformatie en degradatie in UHPC 

plaats beginnen te vinden, zijn vastgesteld. Geen degradatie is waargenomen voor PS 

met moleculegewichten tot 3 MDa onder gebruikelijke UHPLC condities. Voor grotere 

PS macromoleculen is degradatie waargenomen. Kolom-“frits” worden aangemerkt als 

belangrijkste oorzaak voor de degradatie van PS. 

Hoofdstuk Vijf beschrijft een toepassing van UHPLC voor de scheiding van 

monsters van polyurethanen (PU), die worden gebruikt in de coatingsindustrie. 

Gradiënt-elutie UHPLC scheidingen worden vergeleken met HPLC scheidingen voor dit 

soort polymeren. HPLC gekoppeld aan “electrospray” ionisatie massaspectrometrie is 

gebruikt om de laag-moleculaire producten in de monsters te identificeren. Deze 

producten worden gevormd uit de overmaat di-isocyanaat die tijdens de PU synthese 

aanwezig is. LC fracties die het polymere deel van het monster bevatten werden 

bestudeerd met “matrix-assisted laser desorption/ionization” (MALDI) 

masssapectrometrie. De invloed van syntheseparameters (de volgorde waarin de 

monomeren in de reactor worden toegevoegd en de verhouding tussen isocyanaat en 

polyol) op de verkregen producten is onderzocht. Daarnaast is de UHPLC scheiding van 

PU polymeren die carboxylgroepen bevatten bestudeerd bij verschillende waarden van 

de pH. 

De mogelijkheid van alomvattende (“comprehensive”) twee-dimensionale UHPLC 

analyse van polymeren wordt gedemonstreerd in Hoofdstuk Zes. Gradiënt-elutie 

UHPLC in de eerste dimensie geeft efficiënte scheidingen van polymeren op basis van 

hun chemische samenstelling. Ultrahogedruk SEC in de tweede dimensie biedt zeer 

snelle – op moleculegrootte gebaseerde – scheidingen van macromoleculen. De 

resulterende twee-dimensionale UHPLC×UHPLC chromatogrammen kunnen in 

(minder dan) één uur worden opgenomen, hetgeen aanzienlijk sneller is dan de 

conventionele HPLC×SEC analyses.  De 2D analyse levert informatie op over de 

verdelingen van de chemische samenstelling en van het moleculegewicht, evenals over 

de onderlinge afhankelijkheid van deze verdelingen. Het nut van deze UHPLC×UHPLC 

benadering wordt gedemonstreerd aan de hand van de analyse van een mengsel van 

homo- en copolymeren van poly(methylmethacrylaat) en poly(n-butylmethacrylaat). 
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Twee-dimensionale UHPLC is ook toegepast voor de analyse van industriële PU 

prepolymeren. Als de eerste-dimensie scheiding wordt verricht onder basische 

condities, dan is het mogelijk om uit de twee-dimensionale grafiek de verhouding te 

schatten tussen PU macromoleculen die carboxylgroepen bevatten en PU 

macromoleculen zonder zulke groepen. Zulke informatie kan niet worden verkregen uit 

één-dimensionale scheidingen, noch uit gradiënt-elutie UHPLC, noch uit SEC 

experimenten. 
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