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Chapter 6 
 

6. Comprehensive two-dimensional ultra-

high-pressure liquid chromatography 

(UHPLC×UHPLC) for separations of 

polymers 

 

Abstract 

 

On-line comprehensive two-dimensional liquid chromatography (LC×LC) is a 

technique of great importance, because it offers much higher peak capacities than 

separations in a single dimension. When analysing polymer samples, LC×LC can 

provide detailed information on two mutually-dependent polymer distributions. 

Because both molecular-weight distributions and chemical-composition distributions 

are typically present in synthetic copolymers, combinations of interactive LC with size-

exclusion chromatography (SEC) are especially useful for (co)polymer analyses. 

Commonly applied SEC separations in the second dimension take several minutes, so 

that a total LC×LC experiment typically requires several hours. This renders LC×LC 

unsuitable for routine analysis. In the present study we have explored possibilities to 

perform fast and efficient on-line comprehensive two-dimensional analysis of polymers 

using contemporary ultra-high-pressure liquid chromatography in both dimensions 

(UHPLC×UHPLC). Gradient-elution UHPLC in the first dimension allowed efficient 

separations of polymers based on their chemical composition. SEC at ultra-high-

pressure conditions in the second dimension offered very fast, yet efficient separations 

based on the molecular size. The demonstrated UHPLC×UHPLC separations of 

industrial polymers could be performed within one hour and provided comprehensive 

information on two-dimensional distributions. 
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6.1. Introduction 
 

Comprehensive two-dimensional liquid chromatography (LC×LC) is a separation 

technique, the popularity of which has increased significantly in recent years. In LC×LC 

each fraction transferred from the first dimension is again separated in the second 

dimension [1]. To obtain fully comprehensive analysis the separation achieved in the 

first dimension should be maintained in the second dimension [2]. LC×LC requires very 

different (ideally orthogonal) separations in the two dimensions. The growing interest 

in LC×LC is spurred by the possibility to generate much higher peak capacities than in 

one-dimensional liquid chromatography (1D LC). The theoretical peak capacity in 

LC×LC is the product of the peak capacities in the two individual dimensions [3]. Thus, 

even with a fast second-dimension separation, LC×LC can provide peak capacities that 

are an order of magnitude higher than those achievable in 1D LC. Therefore, LC×LC is 

an attractive technique for the separation of very complex (multi-component) samples, 

as encountered in the analysis of food and beverages [4,5], plant extracts [5-7], 

pharmaceutical products [8-10], biological samples (e.g. proteomics [5,7,11-15]), etc.  

The role of LC×LC in polymer analysis is somewhat different. Most polymer 

samples (except some biopolymers) contain a mixture of molecules, which possess 

different properties, or molecular distributions. The molecules may differ in chemical 

composition, molecular weight, architecture, functionality type, etc. [16]. Often, several 

distributions are present in a polymer sample simultaneously. Moreover, these 

distributions tend to be mutually dependent (e.g. different composition or degree of 

branching at different molecular weights). Because polymer properties are significantly 

affected by the composition, we need analytical methods that can provide information 

on the structure of a polymer sample. Usually the molecular-weight distribution (MWD) 

and the chemical-composition distribution (CCD) are essential sample characteristics. 

The MWD can be measured using size-exclusion (SEC) or hydrodynamic (HDC) liquid 

chromatography. The CCD is often studied by gradient-elution liquid chromatography 

(GELC) in the reversed-phase (RPLC) or normal-phase (NPLC) mode. Liquid 

chromatography at critical conditions of adsorption (LCCC) can also be performed to 

obtain information on polymer composition. In ideal LCCC the retention of 

macromolecules does not depend on the molecular size (number of repeat units), but 
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only on other parameters, such as the type and number of end-groups, the tacticity of 

the polymer, or the block length of the other monomer (for block-copolymers). Various 

on-line LC×LC approaches, including GELC×SEC [17-24] or SEC×GELC [25] and 

LCCC×SEC [26-31] or SEC×LCCC [21,32,33], provide information on two mutually 

dependent polymer distributions (MWD and CCD or functionality-type distribution, 

FTD) in a single analysis. Such LC×LC combinations feature high degrees of 

orthogonality [34]. Because of the good compatibility of the two dimensions and the 

possibility to perform SEC relatively fast, LC×SEC is the most commonly used 

combination for polymer analysis [35,36]. Also LC×LC systems, in which interactive LC 

is performed in both dimensions, have been reported for the analysis of various 

oligomers and polymers [37-40].  

The main disadvantage of contemporary on-line LC×LC (especially for polymers) is 

the long analysis time (usually several hours). This is a serious limitation, which 

impedes the proliferation of the technique in industry. Different approaches have been 

applied to decrease the LC×LC analysis time without compromising the separation 

efficiency. They are briefly discussed in the next subsection. 

 

6.1.1. Approaches to improve speed and efficiency in LC×LC 

 

In on-line LC×LC the first-dimension separation is often conducted under 

conditions that provide a high resolution. This is usually achieved by using long 

columns (or several short columns connected in series) at low flow rates. In practice, 

flow rates that are below the optimum velocity of the van Deemter curve (theoretical 

plate height H vs. linear velocity u of the mobile phase) are often applied in order to 

allow enough time for the second-dimension separation [41]. Using narrow-bore 

columns in the first dimension leads to higher linear velocities at a given flow rate. 

However, the loading capacity of such columns is lower and this may cause difficulties 

with the detection of the diluted sample after the second dimension. Also, relative extra-

column band-broadening contributions to the total peak width would be potentially 

higher, especially in the analysis of slowly diffusing polymers [42]. The consequences of 

low linear velocities in the first dimension are somewhat less significant for polymer 

separations than for low-molecular-weight analytes, because the optimum linear 
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velocities are lower for slowly diffusing macromolecules (reduced linear velocity is 

inversely proportional to the diffusion coefficient). 

The efficiency (peak capacity) of the first dimension separation can be potentially 

improved by embracing one of the contemporary developments in LC, viz. by using 

core-shell columns, monolithic stationary phases, high-temperature LC (HTLC) or 

UHPLC. Guillarme et al. evaluated the performance of these techniques using the 

kinetic-plot method for analytes of different molecular weights in isocratic and gradient 

modes [43]. They found that for separations of relatively large molecules much higher 

peak capacities can be achieved under both isocratic and gradient conditions by using 

UHPLC (sub-2 m porous particles at pressures up to 100 MPa) in comparison with 

separations on sub-3 m core-shell particles or monolithic columns. For gradient 

separations UHPLC was found to approach the peak capacity of HTLC. Wang et al. 

arrived at similar conclusions for gradient separations of peptides [44].  

Although the peak capacity achieved in the first dimension is important, it has been 

shown that the second-dimension separation plays an even-more crucial role in the 

total performance of an LC×LC system [45]. Both the efficiency (peak capacity) and the 

speed of the second-dimension analysis are of major importance. The shorter the 

second-dimension run, the higher the rate at which the first-dimension effluent may be 

sampled and, thus, the better the first-dimension separation can be maintained. In 

addition, the speed of the second-dimension separation dictates the flow rate which can 

be applied in the first dimension [36] and, thus, determines the overall analysis time. 

Fast SEC separations using short, wide-bore SEC columns at HPLC conditions are 

usually conducted in the second dimension in LC×LC of polymers. Such separations 

feature very low efficiencies [46] and usually take 2 or 3 min to complete. As a result, 

the overall LC×LC analysis takes several hours. Reducing the second-dimension 

separation time to less than 1 min without compromising the efficiency would allow 

significantly shorter LC×LC analysis times. 

Different approaches have been suggested to improve the trade-off between speed 

and efficiency in the second dimension. Using several parallel columns in the second 

dimension allows conducting longer (and, thus, more efficient) separations without 

increasing the overall analysis time [47-49]. However, such an approach needs two or 

more truly identical columns to be installed. Minor differences in the retention times 
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between the columns will lead to distortions in the LC×LC chromatograms and software 

corrections have to be applied [50]. Besides, such a setup requires additional hardware 

(i.e. high-pressure switching valves, pumps and/or detectors), which increases the cost 

of the LCLC equipment [50].  

Another approach to speed up the LC×LC analyses is by applying HTLC (typically 

110°C) in the second dimension either in gradient-elution [51] or SEC mode [52]. HTLC 

offers significant advantages over conventional HPLC. Solvent viscosity decreases with 

temperature, which causes enhanced diffusion of the analytes and a decrease in the 

column backpressure. Consequently, an increase in temperature allows an increase in 

flow rate, while the mass-transfer contribution to the peak width (C-term in the H vs. u 

equation) decreases [46]. High-temperature SEC is particularly attractive for polymer 

analysis. Using HT-SEC Im et al. reduced the time needed for the second-dimension 

separation to 1.5 min and the overall LC×LC analysis time to about 60 min [52]. 

Core-shell particles [8,53-55] and monoliths [53,55-57] are promising technologies 

for use in the second dimension, since they allow high flow rates without a significant 

loss in efficiency. However, such stationary phases cannot easily be used for size-based 

separations of polymers. The major limitation of core-shell particles is the reduced pore 

volume, which leaves a narrow separation window for SEC. Monolithic phases for size-

based polymer separations are not well established yet. They are currently under 

development [58-60].  

Another option is to apply UHPLC in the second dimension. Several authors have 

used kinetic-plot methods to evaluate the performance of sub-2 m particles [61-63]. It 

has been shown that the advantage of UHPLC over HPLC is especially significant for 

fast separations. Sub-2 m particles were found to outperform sub-3 m superficially 

porous particles and monoliths in a trade-off between speed of analysis and efficiency 

[43,64]. However, the number of studies on comprehensive LC×LC involving UHPLC in 

the second dimension is quite limited [65,66]. UHPLC has rarely been applied for 

polymer separations, since there are no commercial UHPLC SEC columns (except some 

columns that may be used for aqueous SEC [67]). Moreover, possible degradation of 

polymers at the high shear rates generated in UHPLC has been a great concern [68]. In 

our previous work we demonstrated possibilities of conducting very fast and efficient 

SEC and HDC separations of polymers using UHPLC columns intended for reversed-
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phase separations [42]. Such separations featured high efficiencies and could be 

performed in less than 1 min.  Thus, they are very promising for the use in the second 

dimension of LC×LC. Degradation of polymers was not observed at common UHPLC 

conditions for polystyrenes with molecular weights below 3 MDa [69]. 

 

6.1.2. Obstacles to UHPLC×UHPLC separations of polymers 

 

As discussed in section 6.1.1, UHPLC technology offers significant advantages in 

both dimensions. The use of sub-2 m particles in the first dimension can provide 

greater efficiencies (peak capacities) in comparison with conventional LC. Higher 

pressure limits allow using long columns. The use of ultra-high-pressure size-exclusion 

chromatography (UHPSEC) in the second dimension can offer very fast, yet efficient 

separations of polymers [42]. As confirmed in a theoretical study [70] the 

UHPLC×UHPLC approach can provide higher peak capacities than HPLC×HPLC, 

HPLC×UHPLC, or UHPLC×HPLC (this comparison was made for gradient separations 

in both dimensions). Although it is potentially quite rewarding, UHPLC×UHPLC 

experiments have – to our knowledge – not been reported in the literature. There are 

several factors which complicate the implementation of UHPLC×UHPLC, viz. (i) the 

higher price of UHPLC instrumentation compared to HPLC, (ii) the limited range of 

column diameters available (lack of wide-bore UHPLC columns, due to problems with 

heat dissipation), (iii) a limited choice of stationary phases for SEC (for polymer 

applications), and (iv) a lack of dedicated software for LC×LC data collection and 

processing. Moreover, the low flow rates which are commonly applied in the first 

dimension often make the use of UHPLC instrumentation unnecessary.  

 

In the present study we address the challenges mentioned above and propose ways 

to overcome them to develop a comprehensive UHPLC×UHPSEC system, which clearly 

profits from the advantages of ultra-high pressure LC in both dimensions. UHPSEC has 

been applied for the first time in the second dimension. This allowed reducing the 

second-dimension analysis time to (less than) 1 min and the modulation time to 30 s. 

Efficient UHPLC×UHPLC analyses could then be performed in 25 to 60 min 

(depending on the application). 
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6.2. Experimental 

6.2.1. Mobile phase 

 

Non-stabilized tetrahydofuran (THF), acetonitrile (ACN) and high-purity water 

were used as UHPLC mobile phases and needle-wash solvents. THF (LiChrosolv grade) 

and acetonitrile (ULC/MS grade) were purchased from Merck (Darmstadt, Germany) 

and Biosolve (Valkenswaard, The Netherlands), respectively. Water was purified with 

an Arium 611 Ultrapure Water System (Sartorius, Göttingen, Germany). Formic acid 

(FA, p.a.) and the (25%, extra pure) ammonia solution (both from Merck) were used to 

prepare aqueous buffers with pH=9.6 and pH=3.5. The pH of the obtained buffer 

solutions was measured using a Metrohm 744 pH meter (Herisau, Switherland). 

 

6.2.2. Samples 

6.2.2.1. Polymethacrylate samples 

 

Poly(methyl methacrylate), PMMA, and poly(n-butyl methacrylate), PBMA, 

homopolymers, as well as (methyl methacrylate)-(n-butyl methacrylate) random 

copolymers, PMMA-co-PBMA, were obtained from three different manufacturers. The 

copolymers were prepared by free-radical suspension polymerization. The 

characteristics of the polymers specified by the suppliers are listed in Table 1. 

A solution containing all the polymers listed in Table 1 was prepared in a mixture of 

ACN and THF in a 50/50 volume ratio. The concentration of each polymer in the 

sample was ca. 2 mg/mL. The volume of the sample injected in the first dimension was 

7 L. 
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Table 1. Manufacturer-specified characteristics of polymethacrylate samples. 

Number Polymer 
Molecular 

weight, kDa 

Dispersity 

index 

Ratio (w/w) of 

monomers 

PMMA/PBMA 

Supplier 

1 PMMA 15 1.03 - PL a 

2 PMMA 25 1.02 - PL a 

3 PMMA 50 1.03 - PL a 

4 PMMA 65 n/a - DSM b 

5 PMMA 100 1.04 - PL a 

6 PMMA-co-PBMA 80 n/a 80/20 DSM b 

7 PMMA-co-PBMA 20 n/a 65/35 DSM b 

8 PMMA-co-PBMA 15 n/a 40/60 DSM b 

9 PMMA-co-PBMA 50 n/a 40/60 DSM b 

10 PMMA-co-PBMA 110 n/a 20/80 DSM b 

11 PBMA 19 1.06 - PSS c 

12 PBMA 57 1.04 - PSS c 

13 PBMA 100 n/a - DSM b 

a Polymer Laboratories/Agilent Technologies (Church Stretton, Shropshire, UK) 
b DSM Resins (Waalwijk, The Netherlands) 
c Polymer Standards Service (Mainz, Germany) 

 

6.2.2.2. Polyurethane samples 

 

Polyurethane (PU) dispersions for coating applications are usually produced in two 

steps. First, PU prepolymers are synthesised using excess amounts of diisocyanate 

compared to polyol to ensure that relatively low-molecular-weight isocyanate-

terminated products are obtained. The prepolymers are then extended before or after 

dispersion in water using a hydrazine or diamine [71]. We have studied polymer 

samples obtained from the first stage of this process. Samples A and C were prepared by 

polymerization of poly(propylene glycol) 2000 (PPG 2000) with toluene diisocyanate 

(TDI). Sample D was obtained by polymerization of PPG 2000 and 2,2-

bis(hydroxymethyl)propionic acid (dimethylolpropionic acid, DMPA) with TDI. The 

excess of isocyanate in the reaction mixture is usually expressed by the molar ratio of 

isocyanate groups to hydroxyl groups (NCO/OH ratio). These ratios were 2.3 for sample 

A and 1.8 for samples C and D. The products obtained in this stage were diluted with 

ethanol. The concentration of the resulting solutions was ca. 10% (v/v). Ethanol served 
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both as a solvent and as a reagent, terminating the free isocyanate groups left in the 

sample. The obtained solutions were injected onto the UHPLC×UHPSEC system 

without further dilution. The samples were filtered through 0.2-m Acrodisc 

poly(vinylidene fluoride) (PVDF) syringe filters (Pall Life Sciences, Ann Arbor, MI, 

USA) prior to injection. The injection volumes in the first dimension were 5 L.  

 

6.2.3. UHPLC×UHPSEC setup and operating conditions 

 

An Acquity UPLC Binary Solvent Manager (BSM, Waters, Milford, USA) was used 

to supply mobile phases in the first dimension. The BSM consisted of two pumps, which 

allow delivering solvents at pressures up to 103 MPa (1034 bar) at flow rates up to          

1 mL/min. The upper pressure limit of each pump decreases from 103 to 62 MPa with 

the flow rate increasing from 1 to 2 mL/min. The first-dimension system included an 

Acquity UPLC Sample Manager (Waters), equipped with a 10-L injection loop. The 

injections were performed in “partial loop with needle overfill” mode. The Column 

Manager (Waters) housing the first-dimension column allowed temperature control of 

up to four columns simultaneously. It was designed to perform switching between 

several parallel columns, but in the present study three columns were coupled in series 

to increase separation efficiency in the first dimension. The temperatures set during 

each analysis are specified in the Results and Discussion section. 

The second dimension system included an Acquity UPLC BSM (Waters) with 

specifications similar to those of the BSM used in the first dimension. The maximum 

pressure at a flow-rate of 2 mL/min was 62 MPa for each pump. To supply a chosen 

solvent at a flow rate of 2 mL/min at pressures between 62 MPa and 103 MPa we used 

both pumps in parallel, each at a flow rate of 1 mL/min. The column temperature in the 

second dimension was controlled with an Acquity UPLC Column Heater (Waters). 

THF/hexane compatibility kits were installed on the systems used in both dimensions 

to ensure their resistance to THF. 

The switching between the first and the second dimensions was achieved using an 

electrically actuated ten-port two-position Cheminert ultra-high-pressure valve (Valco, 

Schenkon, Switzerland). Two 100-L sample loops were used for injection into the 

second dimension and for sample storage. A symmetrical configuration of the switching 
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valve was used, as described in ref. [36]. The valve was controlled through an event 

sequence in Empower-2 software (Waters). The software was not designed to perform 

comprehensive two-dimensional separations and it allowed only 24 switches during one 

analysis. Therefore some samples had to be analysed several times and the results of the 

different runs had to be combined. Other ways to perform switching (e.g. programmed 

relay) would make the operation of the LC×LC system easier.  

The effluent from the second dimension column was sent into the detector. An 

Acquity UPLC Evaporative Light-Scattering Detector (ELSD, Waters) was used to 

record the chromatograms for polymethacrylates. An Acquity UPLC Photo Diode Array 

detector (PDA, Waters) and an Acquity UPLC ELSD detector were connected in series 

during analysis of polyurethane samples. The UV chromatograms were obtained at a 

wavelength of 254 nm. The ELSD detector was used with a nebulizer temperature of 

35°C and a drift-tube temperature of 70°C. The nebulising gas was nitrogen at a 

pressure of 400 kPa. 

Data were collected using Empower 2 software. The obtained information was 

imported and processed in Matlab (Natick, MA, USA) software. The two-dimensional 

pictures were generated using home-made routines (see ref. [72] for more information). 

 

6.2.4. Columns 

 

Acquity UPLC BEH C18 columns (Waters) with an I.D. of 2.1 mm were used in the 

first dimension. Three columns with a total length of 250 mm were coupled in series. 

An Acquity UPLC BEH C18 column (Waters) was used in the second dimension for the 

analysis of polymethacrylate samples. For the analysis of polyurethane samples the 

second-dimension column was an Acquity UPLC BEH HILIC (Waters). Both second-

dimension columns were 150×4.6 mm I.D. Columns of such dimensions are not yet 

commercially available. They were generously supplied by the manufacturer for the 

present project. All the columns used in this study had a particle size of 1.7 m and an 

average pore size of 130 Å (as specified by the manufacturer). 
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6.3. Results and Discussion 

6.3.1. UHPLC×UHPSEC separation of polymethacrylate samples 

 

Robust, highly elastic transparent plastics can be produced from polymethacrylates. 

These find applications in windows for aircrafts, aquariums, lenses, etc. PMMA and 

PBMA are also commonly used in paints and coatings. Copolymers of PMMA and 

PBMA exhibit improved impact strength [73]. PMMA provides chemical resistance to 

the material, while PBMA offers good flexibility. Because many key properties of the 

polymers are affected by their molecular weight and chemical composition, it is 

important to have an efficient method to fully characterize the structure of the 

(co)polymers. 

A sample containing five PMMA homopolymers of different molecular weights, 

three PBMA homopolymers and five PMMA-co-PBMA copolymers (Table 1) was 

analysed by UHPLC×UHPSEC with ELSD detection. The resulting two-dimensional 

chromatogram is shown in Fig. 1. The separation in the first dimension was performed 

using an ACN-THF gradient on a UPLC reversed-phase stationary phase (particle size 

1.7 m). The column I.D. in the first dimension was 2.1 mm and the total column length 

was 250 mm (three columns were connected in series). At the conditions used in the 

first dimension the column backpressure ranged from 45 to 75 MPa (depending on the 

composition of the eluent). ACN is a weaker eluent than THF for this type of polymers 

on a C18 stationary phase. During the first 5 min the composition of the mobile phase 

was kept at the critical conditions for PMMA homopolymer (15.5% THF), to ensure that 

its elution was not influenced by the molecular weight. After that the gradient was 

applied. Despite the moderate molecular weights, only a slight dependence of the 

polymer retention on the molecular weight was observed for the copolymers and for 

PBMA homopolymers. In other words, the separation is achieved through what has 

been called “gradient elution at critical point” [74]. Thus, in the first dimension the 

macromolecules were separated almost exclusively according to their chemical 

composition.  
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Fig. 1. UHPLC×UHPSEC separation of PMMA and PBMA homo- and copolymers. First dimension: 

Column Acquity UPLC C18, 2.1 mm I.D., total length 250 mm (three columns connected in series). 

Gradient conditions: 0 to 5 min 15.5% THF in ACN; 5 to 22 min gradient from 15.5 to 80% of THF in 

ACN; 22.0 to 22.1 min 80 to 100% THF;  22.1 to 25 min 100% THF. Flow rate 0.2 mL/min. Temperature 

25°C. Second dimension: Column Acquity UPLC C18, 150×4.6 mm I.D. Flow rate 2 mL/min. Mobile 

phase THF. Temperature 30°C. For peak identification see Table 1. 

 

A size-based UHPLC separation was performed in the second dimension using a 

4.6-mm I.D. UPLC C18 column packed with 1.7 m particles. Pure non-stabilized THF 

was applied as a mobile phase in the second dimension. We have demonstrated earlier 

that with THF as mobile phase polystyrene (PS) standards eluted from an Acquity 

UPLC C18 column before the mobile-phase hold-up volume [42]. PS standards with 

molecular weights up to ca. 50 kDa could be efficiently separated in the SEC mode. 

Higher-molecular-weight PS molecules were too large to penetrate into the pores of the 

stationary phase and they could be separated in the HDC mode. A similar elution 

mechanism (i.e. a combination of SEC and HDC) was observed in the second-dimension 

separation in Fig. 1. The polymers eluted in order of decreasing molecular weight. The 

onset of HDC for high-molecular-weight polymers in the polymethacrylate mixture can 

be deduced from a comparison of their size in THF solution with the size of PS 

molecules. The radii of gyration (in m) are described by the equations                              

rG = 1.39·10-5Mw
0.588 and rG = 1.2·10-5Mw

0.583 for PMMA and PS, respectively (where Mw 

is the weight-average molecular weight of the polymer) [75]. The effective radii reff, 
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which can be used to model migration of polymer coils in SEC and HDC are related to 

rG as 2/Geff rr   [76]. Simple calculations suggest that in THF solution a PMMA coil 

with a molecular weight of about 70 kDa will be similar in size to a 50-kDa PS chain. 

Consequently, the transition to the HDC region for PMMA during the second-

dimension separation is expected to occur around this mass.  

The total analysis time in the second dimension was about 0.9 min at a pressure of 

85 MPa. The first half of a SEC chromatogram never contains peaks, because the 

minimum volume sampled (by totally excluded molecules) is the interparticle void 

volume (which was found to be in the range between 35 and 38% of the column volume 

for BEH packing materials [77-79]). Therefore, successive SEC runs could overlap and 

the valve switching could be performed twice as fast (every 30 s). The 

UHPLC×UHPSEC plot in Fig. 1 provides comprehensive information on the chemical-

composition distribution and the molecular-weight distribution. Much less information 

can be obtained by combining the results of one-dimensional gradient-elution LC and 

SEC experiments for this mixture. Polymers with similar chemical composition were 

efficiently separated in the second dimension. The PMMA-co-PBMA copolymers with 

composition 40/60 and different average molecular weights (see Table 1) cannot be 

fully separated, because their molecular-weight distributions overlap considerably. The 

described UHPLC×UHPSEC analysis takes only 22 min, which is significantly faster 

than the conventional HPLC×SEC separations which take 4 h [36].  

 

6.3.2. UHPLC×UHPSEC separations of polyurethane prepolymers 

 

Polyurethanes (PUs) are an important class of polymers with a broad range of 

applications. Among the main fields of utilization of PUs are the automotive industry, 

fibre technology, construction, furniture, and medicine [80,81]. Also, usage of PUs in 

coating products is growing fast. The properties of PU polymers are determined to a 

large extent by their composition. Thus, it is important to have fast and reliable 

analytical method that allows characterisation of polyurethane samples. 

The composition of prepolymer samples obtained during the first stage of 

production of PU dispersions for coating applications has previously been studied in 

detail with liquid chromatography hyphenated with time-of-flight mass spectrometry 
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(LC-ToF-MS) and with matrix-assisted-laser desorption/ionization time-of-flight mass 

spectrometry (MALDI-ToF-MS) [82]. In the present work UHPLC×UHPSEC was 

applied to study these samples. The first-dimension separation was performed on a C18 

column using a gradient from 25 to 95% of THF in water containing 0.1% of FA (Fig. 2).  

At these conditions the pressure across the first-dimension column was reaching 60 

MPa. The PU samples were found to contain a number of low-molecular-weight 

compounds and a polymeric fraction. The compounds eluting in the first part of the 

chromatogram (up to 35 min in Fig. 2) were known to arise from the excess TDI present 

in the reaction mixture [82]. The separation of PU prepolymers in the first dimension 

(peaks between 41 and 57 min in Fig. 2) is based on chemical composition, as well as on 

molecular weight. For this kind of sample, the two distributions are strongly related, 

because changes in the molecular weight are often accompanied by changes in chemical 

composition and vice versa.  

 

 

Fig. 2. Gradient-elution UHPLC separation for sample A (see section 2.2.2). Columns Acquity UPLC 

C18, 2.1 mm I.D., total length 250 mm (three columns connected in series). 60 min gradient from 25 to 

95% of THF in water containing 0.1% FA. Temperature 45°C. Flow rate 0.1 mL/min. UV detection at     

254 nm. 

 

In LC×LC the effluent of the first dimension usually acts as the sample solvent for 

the fractions injected in the second dimension. In the present case each fraction 

injected on the second-dimension UPLC column contained significant amounts of 

water. When we attempted to use second-dimension conditions similar to those used 

for recording the chromatogram of Fig. 1 (C18 column with 100% THF as mobile phase) 
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we observed considerable retention of the analytes. Water, being a weak eluent in 

reversed-phase LC, caused some adsorption of the polymers on the stationary phase. 

Thus, the mechanism was not pure SEC and no size-based separation could be 

achieved.  

Separations strictly based on size could be performed when using a hydrophilic 

interaction chromatography (HILIC) stationary phase developed for interactive 

UHPLC. We compared the performance of HILIC and C18 columns for the SEC- and 

HDC-type separations of PS standards [42] in THF as mobile phase. The obtained 

calibration curves are shown in Fig. 3. The behaviour of the HILIC column was similar 

to that of the C18 column, as is apparent from the general shape of the two curves. The 

transition from the SEC to the HDC mode occurred at almost the same molecular 

weights for both columns. However, the total permeation and exclusion volume for the 

HILIC column were found to be larger, as indicated by the shift of the HILIC calibration 

curves to larger volumes (i.e. to the right in Fig. 3). This may be explained by the 

bonded phase and an immobilized solvation layer that extends from the surface of the 

C18 particles (solvated by THF), but not from the surface of the HILIC particles. The 

selectivity of the HILIC column in the SEC region was noticeably larger than that of the 

C18 column (lower slope of the HILIC calibration line for PS in molecular weight range 

between ca. 1 and 50 kDa), due to the larger accessible pore volume.   

 

 

Fig. 3. Calibration curves obtained for size-based separations of PS standards [42] and toluene using 

an Acquity UPLC C18 column (bottom curve) and an Acquity UPLC HILIC column (top curve). 

Dimensions of both columns: 150×4.6 mm I.D. Mobile phase THF. Ambient temperature. 
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Water is a strong eluent for HILIC and usually high percentages of organic modifier 

are used in an aqueous mobile phase. Applying a 80/20 (v/v) THF/water mixture as the 

second-dimension eluent on a HILIC column yielded efficient SEC separations of all 

first-dimension fractions obtained under the conditions of Fig. 2. The elution of the 

analytes was not affected by the content of THF and water in the fractions (no 

adsorption was observed). The repeatability of the separations was ensured by 

controlling the mobile-phase pH.  

 

 

Fig. 4. UHPLC×UHPSEC separation of PU samples A (a) and C (b). First dimension: Column 

Acquity UPLC C18, 2.1 mm I.D., total length 250 mm (three columns connected in series). Conditions:  

60 min gradient from 25 to 95% of THF in water containing 0.1% FA. Flow rate 0.1 mL/min. 

Temperature 45°C. Second dimension: Column Acquity UPLC HILIC, 150×4.6 mm I.D. Flow rate 2 

mL/min. Mobile phase THF/aqueous ammonium formate buffer (pH = 3.5), 80/20 (v/v). Temperature 

50°C. For peak identification see text. 

3 

a 

1 

2 

b 

1 

2 

3 



Comprehensive two-dimensional UHPLC for separations of polymers 

 

~ 191 ~ 
 

At the maximum flow rate allowed by the system (2 mL/min) the analysis time in 

the second dimension (SEC mode) was less than 1 min and the pressure was in the 

range of 75 to 80 MPa. Taking into account the effective separation region in SEC (see 

section 3.1) valve switching could be performed every 30 s. The resulting 

UHPLC×UHPSEC contour plots for samples A and C (see section 6.2.2.2) are shown in 

Fig. 4. The signals (i.e. the absorbance of aromatic groups originating from TDI 

molecules) were recorded using UV detection at 254 nm. In the chromatogram for 

sample A (Fig. 4a) we observed two peaks that eluted at low retention times in the first 

dimension and at the high elution volumes in the second dimension. These peaks 

represent excess TDI and TDI-dimer that has remained in the reaction mixture. The 

dimer can be formed in the presence of water (see ref. [82] for more details). Under the 

current conditions only the two largest peaks out of all low-molecular-weight 

compounds observed in Fig. 2 were visible in the LC×SEC plot. This reflects the 

significant band broadening occurring for the low-molecular-weight compounds due to 

the limited sampling rate (“undersampling”).  Only one low-molecular-weight peak is 

observed in the LC×SEC chromatogram of sample C (Fig. 4b). This peak corresponds to 

excess TDI. The concentration of free diisocyanate in the reaction mixture during the 

synthesis of sample C was lower than during the synthesis of sample A (lower NCO/OH 

ratio). Consequently the TDI dimer was formed in much smaller amounts in sample C 

and it could not be detected. We observe three polymer peaks in the two-dimensional 

chromatograms, which correspond to polymers of different sizes. The largest peak 

(eluting at about 47 min from the first-dimension column) represents the product of 

PPG and two TDI molecules (TDI-PPG-TDI), the second peak (around 51 min) contains 

molecules formed from two PPG units (TDI-PPG-TDI-PPG-TDI), and the third, 

smallest peak (around 53 min) includes molecules with a TDI-PPG-TDI-PPG-TDI-PPG-

TDI structure. All the terminal TDI molecules were end-capped with ethanol (sample 

diluent), so that no free isocyanate groups were present [82]. The lower NCO/OH ratio 

led to the production of larger amounts of high-molecular-weight compounds in sample 

C. The ratio of the second peak to the first peak for sample C (Fig. 4b) is higher than for 

sample A (Fig. 4a). Also, the third peak, corresponding to the largest molecules, is more 

significant in sample C. 
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When LC×SEC chromatograms for samples C (synthesized without an acid present 

in the reaction mixture) and D (obtained in the presence of acid) were compared at the 

conditions of Fig. 4 (gradient at pH=3 in the first dimension), no significant differences 

were observed (chromatograms not shown). The molecules that included a carboxylic 

group were expected to show a pH-dependent elution, while the elution of non-COOH-

containing molecules was not expected to be affected by changes in the pH of the 

mobile phase. As we demonstrated elsewhere [82], useful information on sample D 

(synthesized with DMPA added to the reaction mixture) could be obtained when the 

gradient-elution separation was performed at basic conditions. In the present study we 

show that additional information can be deduced from LC×SEC chromatograms, in 

which the first-dimension separation is conducted at pH = 9.6. LC×SEC contour plots 

obtained for samples C and D are shown in Fig. 5. Under these conditions a second 

polymer series appeared in the chromatogram for sample D, while only one series of 

polymer peaks was present for sample C. Based on the molecular-weight information 

provided by the second-dimension separation, we tentatively concluded that the 

polymers in series I (Figs. 6a and 6b) included one, two and three PPG molecules 

connected through TDI molecules (peaks 1, 2, and 3, respectively). Because the 

retention of the polymers in series II was pH dependent, they were thought to contain 

one DMPA molecule together with one PPG molecule (peak 1’), one DMPA molecule 

and two PPG molecules (peak 2’), and one DMPA and three PPG molecules (peak 3’). 

The proposed structures of the compounds were subsequently confirmed by MALDI 

analysis of the fractions collected from one-dimensional LC separations performed 

under the same conditions as the first-dimension separation in Fig. 5 [82]. Peak 3’ 

(corresponding to the largest DMPA-containing polymer chains) was not observed in 

the 1D-LC chromatogram and the corresponding macromolecules were not detected by 

MALDI, probably because of incomplete separation and severe mass-suppression 

phenomena for polydisperse samples (or co-eluted polymers) in MALDI. 

UHPLC×UHPSEC analysis of PU prepolymers provided comprehensive and readily 

interpretable information on the sample composition in only 60 min. This analysis 

provides an estimate of the ratio of polymers containing an acid functionality and 

polymers which do not contain any acid groups. This proportion is roughly 1:3 for 
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sample D. This ratio significantly affects the dispersion properties of polyurethanes and, 

thus, is an important characteristic of the samples. 

It should be mentioned that an ELSD detector was used to record the signal in    

Fig. 5. This detector is especially sensitive to non-volatile, high-molecular-weight 

compounds. It did not allow observing low-molecular-weight TDI-derivatives. However, 

the ELSD provided a more stable baseline than the UV detector and the baseline was 

not affected by switching of the 10-port valve. 

 

 

 

Fig. 5. UHPLC×UHPSEC separation of polyurethane samples C (a) and D (b). First dimension: 

Column Acquity UPLC C18, 2.1 mm I.D., total length 250 mm (three columns connected in series). 

Conditions: 60 min gradient from 25 to 95% of THF in aqueous ammonium formate buffer (pH = 9.6). 

Flow rate 0.1 mL/min. Temperature 45°C. Second dimension: Column Acquity UPLC HILIC,         

150×4.6 mm I.D. Flow rate 2 mL/min. Mobile phase THF/aqueous ammonium formate buffer              

(pH = 3.5), 80/20 (v/v). Temperature 50°C. For peak identification see text. 

II 

I 

1’ 

2’ 
3’ 

1 

2 

3 

I 

1 

3 

2 

a 

b 



Chapter 6 

 

~ 194 ~ 
 

Concluding remarks 

 
We have demonstrated that it is possible to perform on-line comprehensive two-

dimensional ultra-high-pressure liquid chromatography for the analysis of polymer 

samples. Gradient-elution UHPLC conducted in the first dimension yielded efficient 

separations of polymers based on their chemical composition. UHPSEC provided 

efficient size-based separations in less than 1 min in the second dimension. This allowed 

applying a modulation time of 30 s and decreasing the total UHPLC×UHPSEC analysis 

time to less than 1 h. We demonstrated two different applications of UHPLC×UHPSEC 

for separations of synthetic polymers. The analyses were shown to provide valuable 

information on the composition of the polymer samples, which could not be obtained 

from a combination of one-dimensional separations. For example, the 

UHPLC×UHPSEC analysis of polyurethane polymers formed in presence of an ionic 

comonomer provided insight in the ratio of polymer chains formed with and without an 

acid functionality. 

It should be noted, that in the present experiments the potential of UHPLC was not 

fully exploited. Although the pressure was above the conventional 40 MPa during each 

separation, it never reached the 103 MPa limit of the system. Thus, by installing 

additional columns in the first dimension the efficiency may be further increased. The     

2 mL/min flow-rate limit of the present system posed restrictions on the speed of 

analysis in the second dimension, even though the pressure remained below 103 MPa. 

Contemporary UHPLC equipment offers higher flow rate limits to allow even faster 

second-dimension separations and an even shorter total analysis time.  

Another aspect worth mentioning is that the low flow rates used in the first 

dimension may correspond to linear velocities, which are below the optimum in the Van 

Deemter curve. The optimum linear velocities are higher under UHPLC conditions than 

in HPLC, because of the smaller particles used [61]. Thus, higher flow rates have to be 

applied in UHPLC (for the columns of the same I.D.) to work at optimum conditions. 

However, for slowly diffusing polymers the optimum linear velocity is lower. Thus, we 

may approach optimum conditions when separating large macromolecules at low flow 

rates.  
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Wide-bore (4.6 mm I.D.) columns, which were used in the second dimension, are 

not commonly applied in UHPLC, because of problems with heat dissipation. The radial 

heat gradients that are formed in the column may potentially jeopardize the separation 

efficiency [83,84]. This problem is somewhat less significant for SEC separations, 

because the elution volume in SEC is not affected by the temperature. Wide-bore 

columns can better deal with the large injection volumes encountered in LC×SEC in the 

absence of analyte focusing at the top of the second-dimension column. In earlier work 

we found that wide-bore columns allowed a significant decrease in the relative extra-

column contribution to the total peak width for size-based UHPLC separations [42]. 

Therefore, wide-bore (4.6 mm I.D.) columns can yield more accurate molecular-weight 

distributions.  

Finally we would like to mention that a combination of several alternative 

approaches may offer additional benefits in terms of speed and peak capacity for LC×LC 

analysis. Contemporary sub-2 m core-shell particles, which are stable at ultra-high 

pressures, might be advantageous in comparison with totally porous sub-2 m particles 

and superficially porous sub-3 m particles. However, the use of core-shell particles for 

polymer separations is yet to be demonstrated. For size-exclusion separations a smaller 

pore volume (lower selectivity) of superficially porous materials is a distinct 

disadvantage. Using high-temperatures (above 100°C) UHPSEC in the second 

dimension promises increased speed and peak capacity in LC×LC of polymers. 

However, this would require advancements in stationary-phase technologies, viz. the 

development of dedicated temperature- and pressure-resistant highly selective packing 

materials for UHPSEC. 
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