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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].  

m

pm
p

D

ud
C

u

BD
AdH

2

                                                                                                         (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] 








 


RT

G

c

c
K

m

s exp                                                                                                               (2) 

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 
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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).  
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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 
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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 



Challenges in polymer analysis by liquid chromatography 

 

~ 43 ~ 
 

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) 
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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 



Chapter 2 

 

~ 54 ~ 
 

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 



Chapter 2 

 

~ 58 ~ 
 

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. 
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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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