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Chapter 5 

 

5. Separation and characterization of 

polyurethanes using (ultra-high-pressure) 

gradient-elution liquid chromatography and 

mass-spectrometric techniques 

 

Abstract 

 

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

applications. One of the fast growing application fields for PUs is coating technology, 

where PUs are used in the form of dispersions. Such dispersions can be produced in two 

steps. A complex product containing isocyanate-terminated polymer chains and low-

molecular-weight compounds produced from excess diisocyanate, is obtained from the 

first stage. The polymer chains are then dispersed and extended during the second step. 

The composition of the first-phase polymer determines the properties of the final PU 

product to a certain extent. In the present study we demonstrate possibilities of using 

gradient-elution liquid chromatography (LC) for the analysis of complex products 

obtained during the first step of producing PU dispersions. By using contemporary 

(ultra-high-pressure) LC efficient gradient separations could be obtained. The low-

molecular-weight products were characterized with LC on-line coupled to electro-spray 

ionisation time-of-flight mass spectrometry (LC-ToF-MS). The polymeric fractions were 

investigated with matrix-assisted laser-desorption/ionization (MALDI) ToF-MS. 

Polymer samples obtained with different ratios of isocyanate and hydroxyl groups in the 

polymerization mixture were compared. Samples synthesised with and without a 

carboxylic acid present in the reaction mixture were successfully characterized  
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5.1. Introduction 
 

Polyurethanes (PUs) are polymers obtained by polyaddition reactions between 

isocyanates containing two or more isocyanate groups and polyols containing two or 

more hydroxyl groups. Commercially available PUs are produced from a relatively small 

selection of isocyanates and a broad range of polyols with different chemistries [1].  PUs 

with very different properties may be obtained by varying the monomer types and the 

synthesis conditions [2,3]. This explains the wide range of applications of this class of 

polymers. Major application fields of PUs include the automotive industry, fibre and 

coating technology, construction, and furniture production [1,4]. Such diverse products 

as footwear, car parts, coatings for medical implants [4], and liquid crystals for displays 

[5] are manufactured from PUs.  

Surface-coating technology is one of the most important and most rapidly 

developing polyurethane applications [6]. PU coatings possess excellent abrasion 

resistance and chemical resistance, as well as a good flexibility. Both solvent-borne and 

water-borne PUs may be used for coatings. However, due to strict regulations on the 

environment and occupational hygiene the use of solvent-borne polymers for surface 

coatings has been decreasing over the last years [7,8]. This led to a growing interest in 

water-borne polyurethane dispersions (PUDs). In addition to their lower content of 

volatiles compared to solvent-borne PUs, water-borne PUDs are cheap, easy-to-use, and 

relatively safe in case of fire [9]. In addition to their use in the production of coatings, 

PUDs find applications as wood lacquers, leather finishes, adhesives, and in glass-fibre 

sizing [7].  

Conventional PUs are not soluble or dispersible in water. To ensure their solubility 

in water or the formation of stable dispersions an ionic or hydrophilic group must be 

incorporated in the polymer molecules. This is generally achieved by adding 

compounds containing both an acidic group and isocyanate-reactive group [10-12].  

PUs used for coating applications can be prepared in two steps. The first step 

includes the PU synthesis (conventionally conducted in an organic solvent, such as N-

methylpyrrolidone) to obtain a low-molecular-weight polymer, the so-called 

prepolymer. The multifunctional isocyanate is added in excess to the reaction mixture 

to ensure that relatively low-molar-mass, isocyanate-terminated macromolecules are 
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obtained. During the second step the polymer chains are extended by adding diamines. 

This reaction is generally performed during dispersion in water [2]. The two-step 

synthesis is necessary to ensure controlled dispersion and to obtain high-molecular-

weight PUs. In a one-step synthesis the viscosity of the reaction mixture increases 

dramatically with the conversion, which impedes the reaction. 

The product obtained during the first stage represents a complex mixture, which, 

besides the polymer molecules, contains a number of low-molecular-weight compounds 

formed in the presence of excess isocyanate. The common use of oligomeric diols, such 

as poly(tetrahydrofuran) or poly(propylene glycol), as “monomers” in the 

polymerization mixture introduces an additional distribution within the obtained 

polymer molecules. In that case the molecular-weight distribution is not only 

determined by the number of polyol molecules reacted with polyisocyanate, but also by 

the number of repeat units in the diol molecules. Moreover, the introduction of an ionic 

component (e.g. dimethylolpropionic acid, DMPA) results in an additional chemical-

composition distribution.  

Detailed information on the composition of the mixture (prepolymer) obtained 

during the first step can provide valuable data on the reaction mechanism and allow 

better control of the dispersion step and the quality of the final product. The position, 

distribution and number of ionic groups in the polymer chain determine the 

morphology and chemical properties of the obtained PUDs [6,13]. The presence and 

concentrations of isomeric diisocyanates affect the mechanical properties of the 

obtained PU films [2]. Moreover, isocyanate groups are toxic and may cause respiratory 

diseases [14] (although free NCO-groups are not likely to be present in water-borne PU 

dispersions). Thus, it is important to have a robust and informative technique for the 

separation and characterization of both the low-molecular-weight fraction and the 

polymeric part of the samples. Although, many studies have focused on the analysis of 

free isocyanates present in PU (including isocyanates emitted to the air during PU 

manufacturing and processing) [15-23], hardly any studies can be found in the 

literature describing the liquid-chromatographic (LC) analysis of polyurethane 

prepolymers (other than basic molecular-weight determinations with size-exclusion 

chromatography, SEC). Furukawa and Yokoyama [24] described an LC method for 

quantifying residual amounts of 2,4-toluenediisocyanate (TDI) in a PU prepolymer. 
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However, the polymeric part of the sample was not studied. The possibility to apply 

high-performance LC (HPLC) for investigating the kinetics of the reaction between 

polyol and isocyanate was mentioned in a short communication by Guise and Smith 

[25]. A more-detailed characterization of PUs was performed using SEC in combination 

with mass spectrometry  [8]. However, only simple, non-ionic macromolecules were 

studied. 

Ultra-high-pressure liquid chromatography (UHPLC) is a modern type of LC, which 

allows columns packed with sub-2 m particles to be used at their optimum linear 

velocities. This results in more-efficient and faster analysis for both low-molecular-

weight compounds and polymers [26-28]. However, only very few studies have so far 

been published on the analysis of polymers using UHPLC. The main reasons for this are 

the following. (i) SEC (a separation based on molecular size) is the most common 

technique for polymer separation. However, the choice of columns intended for SEC 

separations under UHPLC conditions is very limited. The mechanical stability of 

columns with large pore sizes and large pore volumes at very high pressures is a 

constraint. (ii) High shear rates are generated under UHPLC conditions. This may lead 

to deformation and degradation of macromolecules during analysis [29,30]. Despite 

these two main bottlenecks we have shown earlier that efficient size-based UHPLC 

separations of polymers are feasible using commercially available UHPLC columns 

(designed for interaction LC) [28] and that the degradation and deformation of 

polymers in UHPLC is significant only for very large carbon-chain macromolecules. 

Polystyrenes with a molecular weight below 3 MDa did not degrade under common 

UHPLC conditions [31].  

In the present study we applied gradient-elution LC for the analysis of complex 

products obtained during the first stage of polyurethane production. We compared 

UHPLC and HPLC separations for this type of samples. The influence of pH of the 

mobile phase on the obtained separations was investigated. The low-molecular-weight 

part of the samples was characterized by on-line coupling of the HPLC system to a time-

of-flight mass spectrometer through an electrospray-ionization interface (HPLC-ToF-

MS). Eluted fractions containing the high-molecular-weight components were subjected 

to characterization by matrix-assisted laser desorption/ionisation mass spectrometry 

(MALDI) ToF-MS. The data provided by the three techniques, the LC, LC-MS and 
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MALDI, were used to obtain comprehensive information on the chemical-composition 

and molecular-weight distributions of the prepolymers.  

 

5.2. Experimental 

5.2.1. LC mobile phases and additives 

 

Non-stabilized tetrahydofuran (THF; LiChrosolv, Merck, Darmstadt, Germany) and 

high-purity water were used as mobile phase and needle-wash solvents. Water was 

purified with an Arium 611 Ultrapure Water System (Sartorius, Göttingen, Germany). 

The following chemicals used to prepare buffer solutions were purchased from Merck: 

formic acid (FA, p.a.), ammonia solution 25% (extra pure), and tri-sodiumphosphate 

dodecahydrate (p.a.). Ortho-phosphoric acid (85%) was obtained from Fluka Analytical 

(Sigma Aldrich, Steinheim, Germany). The 10-mM ammonium-formate buffers with pH 

8.5 and 10 were prepared from ammonia solution and formic acid. Sodium phosphate 

buffer with pH 7 was prepared from sodium phosphate and ortho-phosphoric acid. The 

pH of the obtained solutions was measured using a Metrohm (Herisau, Switzerland) 

744 pH meter. 

 

5.2.2. Samples 

 

Five different PU samples were analysed. They were prepared from different 

reaction mixtures at different synthetic conditions (see Table 1). Samples A, B and C 

were obtained by polymerization of poly(propylene glycol) 2000 (PPG 2000, BASF, 

Ludwigshafen, Germany) with toluene diisocyanate (TDI, Desmodur T80, Bayer, 

Leverkusen, Germany). Samples D1 and D2 were prepared by polymerization of PPG 

2000 and 2,2-bis(hydroxymethyl)propionic acid (dimethylolpropionic acid, DMPA) 

with TDI. During the synthesis the isocyanate reagent was present in excess compared 

to polyol, so that isocyanate-terminated polymers of low molecular weight 

(prepolymers) were obtained. The excess of isocyanate is usually expressed by the molar 

ratio of isocyanate groups to hydroxyl groups (NCO/OH ratio). The ratios of NCO 

groups to OH groups were 2.3 for samples A and B and 1.8 for samples C, D1 and D2 
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(see Table 1). For a detailed description of the PU synthesis the reader is referred to the 

literature [2,12]. The products obtained after 4 h reaction time (2 h for sample D1) were 

diluted in ethanol. The concentration of the resulting solutions was ca. 10%. Ethanol 

served both as a diluent and as a reagent, terminating the free isocyanate groups left in 

the sample. The obtained solutions were analysed using HPLC and UPLC systems 

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

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

USA) prior to injection. The injection volumes were 2 L for both the UPLC and the 

HPLC systems.  

 

5.2.3. Instrumentation 

5.2.3.1. HPLC-ToF-MS 

 

Measurements were performed on an Ultimate 3000 HPLC system (Dionex, 

Sunnyvale, CA, USA). The system consisted of two ternary pumps and two isocratic 

pumps and it was equipped with an autosampler with a 25-L injection loop. The 

separations were conducted on a Symmetry C18 column (Waters, Milford, MA, USA), 

150×4.6 mm I.D. Detection was performed using an Ultimate 3000 Photodiode Array 

(PDA) detector (Dionex), a Corona plus detector (Dionex) and a MicrOTOF mass 

spectrometer (Bruker Daltonics, Bremen, Germany). 

 

Table 1. Characteristics of the polyurethane samples 

Sample 

code 
Monomers 

NCO/OH 

ratio 

Reaction 

time (h) 
Remarks 

A TDI+PPG2000 2.3 4 Batch reaction 

B TDI+PPG2000 2.3 4 Polyol is fed to diisocyanate 

C TDI+PPG2000 1.8 4 Batch reaction 

D1 
TDI+PPG2000 

+DMPA(3%) 
1.8 2 Batch reaction 

D2 
TDI+PPG2000 

+DMPA(3%) 
1.8 4 Batch reaction 
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5.2.3.2. UHPLC 

 

The measurements were performed on an Acquity UPLC system (Waters). The 

system consisted of a Binary Solvent Manager and a Sample Manager equipped with a 

5-L injection loop. Injections were performed in “partial loop with needle overfill” 

mode. The system set up also included a Column Manager allowing the simultaneous 

installation and temperature control of up to four columns. A THF-compatibility kit had 

been installed on the system to ensure its resistance to this solvent. The separations 

were conducted on three Acquity UPLC BEH C18 columns (Waters) connected in series 

by means of short (50 mm) pieces of narrow-bore (127 m I.D.) stainless-steel tubing. 

The column internal diameters were 2.1 mm and the total column length was 250 mm. 

UV detection at 220 nm was performed using an Acquity UPLC PDA detector 

(Waters). An Acquity UPLC evaporative light-scattering detector (ELSD, Waters) was 

connected downstream of the PDA detector (when volatile buffers were used for 

analysis). Data recording and processing were performed with Empower-2 software 

(Waters). All the experiments were repeated multiple times and the recorded 

chromatograms showed very small variations in terms of retention times and peak 

shapes.  

During collection of fractions the ELSD detector was replaced by a Waters Fraction 

Collector II. The fraction collector received a start signal at the beginning of each run, 

which initiated a program for collecting fractions every 1 min. The separation was 

repeated several times to collect sufficient amounts of sample. The solvent in the 

collected polymer fractions was evaporated in a vacuum oven at 40°C and the obtained 

dry polymer was re-dissolved in an appropriate amount of THF. The obtained samples 

were analysed with MALDI as described in section 5.2.3.3. 

  

5.2.3.3. MALDI-ToF-MS 

 

Mass spectra were recorded using a Kratos Axima-CFR MALDI-ToF mass 

spectrometer (Shimadzu, ‘s Hertogenbosch, The Netherlands), equipped with a 

nitrogen laser (λ = 337 nm), operating at a pulse-repetition rate of 10 Hz. In a reflectron 

mode positive-ion spectra were recorded, accumulating at least 300 acquisitions. Ions 
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were accelerated at 20 kV, applying a pulsed-extraction-delay time optimized per group 

of samples (around 2, 4 or 7 kDa). The instrument was externally calibrated and 

monitored by standard polyethylene glycol solutions in the mass range from 1 to 7 kDa.  

2-[(2E)-3-(4-tert-Butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) 

was purchased from Fluka Analytical and used as MALDI matrix. 20 µL of a 20 mg/mL 

DCTB solution in THF were combined with 20 µL of sample solution (see section 

5.2.3.2) and 2 µl of sodium trifluoroactetate (Fluka Analytical) solution in THF (1 

mg/L). 1-µL aliquots of the final mixture were spotted and air-dried on a stainless-steel 

MALDI well plate. 

 

5.3. Results and Discussion 
 

5.3.1. HPLC-MS separation and characterization of polyurethane samples 

 

The products obtained from the first stage of polyurethane synthesis were analysed 

using reversed-phase HPLC-ToF-MS. The total-ion-current chromatograms for samples 

C and D1 (see Table 1) are shown in Fig. 1. A gradient of THF in water was applied in 

these experiments. THF is a strong eluent for polyurethane polymers on C18 columns. 

We found almost complete recovery (>95%) of the samples already at 95% of THF in 

water. Water is a non-solvent for the studied samples and it is a weak eluent on a C18 

stationary phase. The separations in Fig. 1 were performed at acidic conditions to keep 

the carboxylic group (present in DMPA) in a protonated form. At the initial gradient 

conditions (see caption of Fig. 1) the polymer is expected to precipitate at the top of the 

column. The polymer molecules redissolve and elute from the column in the range of 

about 53 to 86% THF in the mobile phase (considering a system dwell volume of about 

1.5 mL). We also observed a number of low-molecular-weight compounds in the 

sample, which eluted at shorter retention times (up to ca. 46% of THF in the mobile 

phase). The chromatograms recorded for samples D1 and D2 at the conditions of Fig. 1 

displayed a greater number of low-molecular-weight compounds than the 

chromatograms obtained for samples A, B and C (compare enlarged regions of the 

chromatograms for samples C and D1 in Fig. 1). The retention times of the peaks 
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present in the sample C coincided with the retention times of some of the peaks in 

sample D1. Probably, these peaks represented compounds common to both samples. 

The other peaks were only found in samples D1 and D2. These low-molar-mass 

components were expected to be formed when DMPA was used, which was not the case 

during the synthesis of samples A, B and C. 

The low-molecular-weight compounds present in the samples can be identified based 

on their MS spectra (see Table 2). We found that compounds which are common to all 

the samples result from the excess TDI present in the reaction mixture. Peak 1 in Fig. 1 

corresponds to the TDI molecule with one of the NCO-groups end-capped with ethanol 

and the other NCO-group reacted with water (structure 1 in Fig. 2). Water is always 

present in very low amounts in the raw materials or in the ethanol used as a sample 

diluent and NCO-blocking agent. The TDI used in the polyurethane synthesis 

represents a mixture of two isomeric forms: 2,4-TDI and 2,6-TDI in the approximate 

ratio 80/20. The two isomers are separated by the water-THF gradient on the C18 

column and produce two peaks in the chromatogram. However, the amounts of these 

compounds are very low and the isomers can only be detected in extracted-ion 

chromatograms. Peaks 2 and 4 in Fig. 1 were tentatively identified as the two TDI 

isomers end-capped with two ethanol molecules (structure 2, Fig. 2). Structure 1 (Fig. 2) 

has an amino group, which is able to react with an NCO-group of another TDI molecule 

to form a dimer (structure 3 in Fig. 2). Such dimers may be present in the initial 

technical-grade diisocyanate [21] or they may be formed during the reaction or during 

the end-capping process with ethanol. Marand et al. [21] found no significant amounts 

of TDI-derivatives in the commercial Desmodur T80 which is used as raw material for 

the prepolymers. This possibly suggests that structure 3 (Fig. 2) is formed during the 

synthesis or end-capping. Six possible isomers of the dimer molecule yield four distinct 

peaks in the chromatogram (peaks 3, 5, 6 and 7 in Fig 1). Some of these structures may 

co-elute or may be present in insignificant amounts. Assigning the exact structure to 

each peak would only be possible if standards for each compound or MS/MS data were 

available [16,17].  
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Table 2. Main ions observed with ESI-ToF-MS. 

Structure 
Peak # in 

Fig. 1 

m/z 

[M+H]
+

theor 

m/z 

[M+H]
+

experim 

H2N(CH3)C6H3-NH-COOC2H5 1 195.113 195.117 

CH3-C6H3(NHCOOC2H5)2 2, 4 267.135 267.144 

C2H5OOC-HN-C6H3(CH3)NH-CO-NH-C6H3(CH3)NH-COOC2H5 3, 5, 6, 7 415.198 415.199 

C2H5OOC-HN-C6H3(CH3)NH-COO-CH2(CH3)C(CH2OH)COOH 8, 9 355.151 355.151 

C2H5OOC-HN-C6H3(CH3)NH-COO-CH2(CH3)C(COOH)CH2-

OOC-NH(CH3)C6H3-NH-COOC2H5 

10, 11, 12 575.235 575.239 

C2H5OOC-HN-C6H3(CH3)NH-COO-CH2(CH3)C(COOH)CH2-

OOC-NH(CH3)C6H3-NH-COOCH2(CH3)C(COOH)CH2-OOC-NH-

C6H3(CH3)NH-COOC2H5 

13, 14 883.343 883.336 

C2H5OOC-HN-C6H3(CH3)NH-COO-CH2(CH3)C(COOH)CH2-

OOC-NH(CH3)C6H3-NH-CO-NH-C6H3(CH3)NH-COOC2H5 

15 723.299 723.303 

C2H5OOC-HN-C6H3(CH3)NH-COO-CH2(CH3)C(COOH)CH2-

OOC-NH(CH3)C6H3-NH-COOCH2(CH3)C(COOH)CH2-OOC-NH-

C6H3(CH3)NH-COO-  CH2(CH3)C(COOH)CH2-OOC-

NH(CH3)C6H3-NH-COOC2H5 

16 1031.400 1031.412 

C2H5OOC-HN-C6H3(CH3)NH-COO-CH2(CH3)C(COOH)CH2-

OOC-NH(CH3)C6H3-NH-COOCH2(CH3)C(COOH)CH2-OOC-NH-

C6H3(CH3)NH-CO-NH(CH3)C6H3-NH-COOC2H5 

17, 18 1191.437 1191.449 

 

The MS data confirmed that samples D1 and D2 contained additional low-

molecular-weight compounds formed in the presence of DMPA. The following 

structures were identified in these samples: two isomers of TDI reacted at one of the 

NCO-groups with DMPA and at the second NCO-group with ethanol (structure 1, Fig. 3; 

peaks 8 and 9 in Fig. 1b); two TDI molecules connected to each other through a 

molecule of DMPA (structure 2; three out of 6 isomers were separated, peaks 10, 11 and 

12); three TDI connected through two molecules of DMPA (structure 3, peaks 13 and 14) 

or through one molecule of DMPA and one urea (-NH-CO-NH-) bond formed due to the 

presence of water (structure 4, peak 15); four TDI connected through DMPA and/or 

urea bonds (structures not shown; peaks 16, 17, 18).  
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Fig. 1. Total-ion-current chromatograms of gradient-elution HPLC-MS of polyurethane samples 

(regions corresponding to the low-molecular-weight compounds are enlarged in the inserts). Column: 

Symmetry C18 150 × 4.6 mm I.D. Mobile phase: A – water with 0.1% (v) FA; B – THF. Gradient from 0 to 

100% solvent B in 60 min. Flow rate 0.5 mL/min. Temperature 40°C. (a) - chromatogram for sample C. 

(b) - Chromatogram for sample D1. 

 

The identification of the polymeric fraction of the sample with ESI-ToF-MS is 

complicated due to the multiply charged ions formed and the various oligomeric series 

present. Thus, MALDI was preferred for characterizing the high-molecular-weight 

fractions (see section 5.3.4). 

 

a 

b 
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Fig. 2. Structures of low-molecular-weight compounds present in all the samples (only one isomer is 

shown for each structure). 

 

 

 

Fig. 3. Structures of low-molecular-weight compounds present only in samples D1 and D2 (only one 

isomer is shown for each structure) 
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5.3.2. Gradient-elution UHPLC of polyurethanes 

 

UHPLC allows performing efficient gradient separations of low-molecular-weight 

compounds and polymers [32]. The high pressure limits of UHPLC permit the use of 

(relatively) long columns packed with sub-2 m particles at conventional linear 

velocities or of shorter columns at high linear velocities. In the former case we gain 

separation efficiency, while sacrificing analysis time. In the latter case we may achieve 

much faster analyses at the expense of somewhat lower separation efficiencies. For each 

particular application it is important to find an optimum between the permissible 

analysis time and the required efficiency. 

 

 

 

Fig. 4. Comparison of HPLC and UHPLC chromatograms for sample D1. Mobile phases: A – water 

with 0.1% (v) FA; B – THF. Temperature 45°C, UV detection at 220 nm. (a) UHPLC chromatogram. 

Columns: Acquity BEH UPLC C18, 2.1 mm I.D., total length 250 mm, 1.7 m particles. Gradient from 25 

to 95% of solvent B in 60 min, flow rate 0.1 mL/min. (b) HPLC chromatogram. Column: Symmetry C18 

150 × 4.6 mm I.D., 3.5 m particles. Gradient from 25 to 100% of solvent B in 65 min, flow rate            

0.29 mL/min. 

 

a 

b 
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In Fig. 4 chromatograms obtained for sample D1 at UHPLC and HPLC conditions 

are compared. Both experiments were performed on a reversed-phase C18 stationary 

phase (Symmetry C18 column for HPLC and Acquity BEH C18 column for UPLC) to 

provide similar selectivities. The flow rates and gradient profiles were adapted for each 

system to achieve comparable experimental conditions (same hold-up time, t0). In spite 

of the adjustments made, the chromatograms were not fully comparable because of 

small differences in the system dwell volumes and stationary phases (particles, 

porosities, bonding chemistries). Nevertheless, Figs. 4a and 4b provide a reasonable 

pragmatic comparison between HPLC and UHPLC separations for the present purpose. 

The increase in the baseline during the analysis in Fig. 4b is due to impurities 

(oxidation products) in the THF. This is not relevant for the present discussion.  

We can observe some improvement in the separation when using the UHPLC 

system. The resolution between the critical pair of peaks (eluting at about 24 min under 

UHPLC conditions and at about 28 min under HPLC conditions) is improving from 0.7 

with HPLC to 1.1 with UHPLC. This improvement is due to a combination of several 

factors. The UPLC system has smaller extra-column volumes and less extra-column 

band broadening than the HPLC system [33]. Besides, the smaller particles used in 

UHPLC cause less chromatographic (in-column) band-broadening than the larger 

particles used in HPLC. Both factors contribute to narrower chromatographic peaks 

(higher efficiency) for UHPLC and, thus, to a better resolution. It is important to note 

that at the UHPLC conditions of Fig. 4a we work below the optimum linear velocity for 

the separation of low-molecular-weight compounds on sub-2 m particles. For the 

HPLC separation in Fig. 4b we are closer to the optimum conditions, because the 

optimum linear velocity is lower for larger particles [26]. This implies that the potential 

of the UHPLC system is not fully realized for the separation of small compounds under 

the conditions of Fig. 4a. Working at higher flow rates would require shortening the 

column (to stay within the UPLC pressure limit of 103 MPa). In this case the total 

efficiency may decrease, but the efficiency per unit length of column would increase. If 

we were to implement a corresponding increase in flow rate (and linear velocity) on the 

HPLC system, this would result in linear velocities that are much above the optimum 

and, hence, in a significant loss of efficiency. Thus, UHPLC would be advantageous for 

conducting fast gradient separations. This conclusion is in line with the results obtained 
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by other scientists [26,34]. As known from chromatographic theory, the optimum linear 

velocities for polymer separations are lower than those for the small molecules. Thus, 

for the polymeric part of the sample we are operating around the optimum conditions 

when working at low flow rates.    

 

5.3.3. Influence of pH  

 

Because some of the samples contain acidic components, it is interesting to study 

the effect of pH on the obtained chromatograms. This can provide additional 

confirmation of the nature of the compounds in the samples or a rapid classification of 

the peaks when MS detection is not available. 

A significant dependence of the chromatograms on the pH of the mobile phase was 

observed for samples D1 and D2, while a change in pH showed no considerable effect 

for samples A, B and C. In Fig. 5 chromatograms obtained for sample D1 at basic (a), 

neutral (b) and acidic (c) conditions are shown. The peaks of the low-molecular-weight 

products of TDI that contain a carboxylic group (from DMPA) move to lower retention 

times with increasing pH. The peaks of the compounds that do not contain a carboxylic 

group do not shift significantly with changes in pH. The slight shift in the retention 

times for these peaks can be explained by pH-induced changes in the properties of the 

stationary phase (more or fewer protonated silanol groups on the surface). Another 

interesting observation in Fig. 5 is the appearance of additional polymer peaks eluting 

before the main polymer peaks under neutral and basic conditions (indicated by the 

arrows in Fig. 5). The polymeric nature of these peaks can be confirmed by ELSD 

detection, which is mainly sensitive to non-volatile species. These peaks probably 

correspond to polymer molecules containing DMPA. Because only a fraction of the 

polymer sample moves towards lower retention times with increasing pH, it can be 

deduced that DMPA molecules are only incorporated in some of the polymer chains. A 

significant fraction of the macromolecules is formed without DMPA (only by 

polymerisation of PPG with TDI). The presence of the two different polymer types can 

only be observed at high pH values. At low pH both types of polymers co-elute. Note 

that at basic conditions two broad peaks that have shifted forward were observed. This 

may correspond to polymers containing a different number of DMPA units in their 
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chains or to polymers containing equal numbers of DMPA units, but different numbers 

of (oligomeric) PPG units. To confirm the proposed explanation and to elucidate the 

structure of the polymer molecules, characterization with MALDI was performed. 

 

 

Fig. 5. Gradient-elution UHPLC of polyurethane sample D1. UV detection at 220 nm. Column: 

Acquity UPLC BEH C18, 2.1 mm I.D., total length 250 mm. Mobile phase: A – 10 mM ammonium 

formate buffer, pH=10 (a), 10 mM sodium-phosphate buffer, pH=7 (b) and water with pH adjusted with 

0.1% (v) of FA, pH=3 (c); B – THF. Gradient from 5 to 95% of solvent B in 60 min. Flow rate 0.1 mL/min. 

Temperature 40°C. 

 

5.3.4. Characterization of polyurethanes with MALDI-ToF MS 

 

The presence, the position and the number of ionic groups in the chain will greatly 

affect morphology and properties (e.g. tensile strength) of the PU ionomers [6,13]. In 

addition, the dispersion properties are also highly dependent on the DMPA distribution 

over the chains. The content of ionic groups in the final PU product affects the 

microphase separation (separation between incompatible soft polyol and hard 

polyurethane sequences) in the polymer material [2,6] or in the PU dispersion particles. 

This contributes to the special properties of PU ionomers. The chain length and the 

width of the molecular-weight distribution of PPG used in the preparation of 

prepolymers affect the glass-transition temperature of the obtained PUs [35]. The 
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molecular weight of the final PU polymer in dispersion is possibly determined by the 

dispersion properties and by the molecular weight of the prepolymer.  

MALDI may provide information on the molecular weight of high-molecular-weight 

species (up to 100 kDa and larger [36]). Such data make it possible to assign a structure 

to each macromolecular series. For example, by applying mass calculations we can find 

the number of ionic (DMPA) groups in the polyurethane prepolymers and, thus, in the 

final polymer. MALDI data also allow determining the lengths of PPG segments in the 

PU prepolymers and the molecular-weight distributions of the latter. 

 

 

Fig. 6. MALDI spectra and corresponding polymer structures for representative fractions obtained 

from gradient-elution UHPLC of sample D1 under conditions of Fig. 5a. Collection times of the fractions 

(Fr) are indicated on the right-hand side of the figure. 
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The fractions obtained from the gradient-elution reversed phase UHPLC 

separations of five PU samples at basic pH (conditions as in Fig. 5a) have been analysed 

with MALDI-ToF MS (see section 5.2.3.3 for the detailed conditions). As expected, 

samples D1 and D2 showed a greater number of different macromolecular species, part 

of which contained DMPA in their molecules. In samples A, B, and C only polymers 

obtained by polymerisation of TDI and PPG 2000 were found.  

 

Table 3. Polymer series identified with MALDI-ToF-MS (the masses shown for the most abundant 

peak in the isotope distribution for one of the structures with number of PPG units specified in the table). 

Structure (schematic) 

Number 

of PPG 

units 

Fractions 

containing 

the structure, 

min  (Fig. 5a) 

m/z 

[M+Na]+
theor 

m/z 

[M+Na]+
experim 

EtOH-TDI-DMPA-TDI-PPG-TDI-DMPA-

TDI-HOEt 
36 32-34 3187.9 3188.6 

EtOH-TDI-DMPA-TDI-PPG-TDI-HOEt 44 32-39 3344.1 3345.1 

EtOH-TDI-DMPA-TDI-PPG-TDI-PPG-

TDI-HOEt 
64 39-42 4700.3 4700.8 

EtOH-TDI-PPG-OH 32 39-42 2119.4 2120.4 

HO-PPG-OH 37 39-42 2189.5 2190.5 

EtOH-TDI-PPG-TDI-HOEt 34 42-48 2455.6 2456.3 

EtOH-TDI-PPG-TDI-PPG-TDI-HOEt 70 48-50 4738.2 4739.4 

EtOH-TDI-PPG-TDI-PPG-TDI-PPG-TDI-

EtOH 
112 50-53 7369.0 7371.2 

 

Additional polymer peaks appearing in samples D1 and D2 were identified as 

follows. The first broad polymer peak eluting between 32 and 39 min was found to 

contain several macromolecular species. Assigning an exact structure to these peaks is 

complicated since the mass of the DMPA molecule is almost equal to the mass of PPG 

dimer (134.06 and 134.09, respectively). This difference was too small to be detected by 

the MALDI ToF-MS instrument. In all the fractions eluting between 32 and 39 min the 

structure EtO-TDI-DMPA-TDI-PPG-TDI-OEt was identified as the main component. 

This conclusion was based on the assumption that a DMPA molecule was present in the 

structure, as is apparent from the pH dependence of the retention time of the peak. 

Also, PPG oligomeric units must be present, because the typical increment of m/z=58 
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was observed between oligomeric structures. The macromolecules of this series co-

eluted with another PPG-containing series, which could not be identified based on our 

current knowledge. The polymers in this series are thought to contain one PPG 

oligomeric unit (because of the mass difference of 58 between the oligomers and the 

average m/z of around 2000) as well as one incorporated DMPA molecule (because of 

their early elution in the gradient mode at alkaline conditions). However, no suitable 

structure corresponding to m/z of 2246.1 (for sodium adduct) could be found. Another 

series of polymers was only observed in the beginning of the first peak (tR from 32 to 34 

min). The m/z ratio for this series could correspond to the following structures: (a) EtO-

TDI-DMPA-TDI-PPG-TDI-DMPA-TDI-OEt, (b) EtO-TDI-DMPA-TDI-PPG-TDI-PPG-

TDI-OEt, or (c) EtO-TDI-PPG-TDI-PPG-TDI-PPG-TDI-OEt. Structure (c) is unlikely, 

because this peak was only observed at high pH. Thus, the molecules are expected to 

contain DMPA. Moreover, to obtain structure (c) with m/z of 3362.0 for sodium adduct 

(the most abundant peak of the isotope distribution) three small PPG oligomers 

containing around 14 PPG units would have to be combined. Such oligomers are 

present in very small amounts within the distribution of PPG 2000. Hence, structure (c) 

obtained from three small PPG oligomeric chains would occur in the sample only in 

trace amounts and it would be difficult to detect. Structure (b) is rather unlikely to elute 

at the beginning of the peak, because the chains containing two PPG oligomers should 

elute after the chains containing one oligomeric PPG unit (same as for the non-DMPA-

containing peaks). Structure (a) is the remaining possibility. It is expected to elute early 

in the peak, since the two DMPA fragments will shift the polymer peak more strongly 

towards lower retention times. The polymer peak eluting between ca. 39 and 42 min 

was concluded to contain polymer species which incorporated a DMPA molecule and 

two oligomeric PPG units. Note, that the exact sequences of DMPA and PPG molecules 

in the prepolymers could not be identified based on the obtained MALDI data. In 

addition to this structure, PPG chains connected to only one TDI molecule and 

unreacted PPG were detected in these fractions. These polymer chains were found in 

both samples D1 and D2 in comparable amounts. Because TDI is very reactive and it 

has been added in excess amount to the reaction mixtures, the presence of free OH-

groups is unexpected. It may be explained if the mixing during the synthesis process has 

not been sufficient or if the reaction is very slow at high conversions. These polymers 
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were not observed with ELSD detection (at acidic conditions). This suggests that 

unreacted PPG and PPG reacted only with one TDI are present in insignificant amounts 

in the samples. The sensitivity of MALDI to these species might be explained by their 

preferential ionization as compared to the other polymer distributions. 

 

5.3.5. Comparison of different samples using gradient-elution UHPLC  

 

Evaluation of the chromatograms obtained for different samples at similar 

(alkaline) conditions may provide information on the reaction process. An overview of 

the chromatograms is shown in Fig. 7. The chromatograms obtained for samples A and 

B (that differ in the order in which monomers were added to the reaction mixture) are 

highly similar. This suggests that there is almost no influence of the order of addition on 

the reaction products. A comparison of the chromatograms obtained for samples A and 

C provides information on the influence of the NCO/OH group ratio on the obtained 

products. With smaller amounts of isocyanate added to the reaction mixture (lower 

NCO/OH ratio, sample C) the fraction of the high-molecular-weight material (the 

shoulder around 53 min) visibly increases. This could be expected, because 

stoichiometric conditions are approached more closely. For samples A and B the height 

of this shoulder relative to the main polymer peak that elutes around 50 min is about 

35% (after base-line correction). For sample C the relative height is about 54%. The low-

molecular-weight peak corresponding to the dimer of TDI (around 28 min) is smaller in 

sample C than in samples A and B, also as a consequence of the lower concentration of 

TDI in the reaction mixture. The chemical compositions and molecular weights of the 

prepolymers obtained with different NCO/OH ratios can be correlated with the 

properties of the final PU polymer. It has been shown that with increasing NCO/OH 

ratio the glass-transition temperature of the final PU polymer increases [37]. Moreover, 

the NCO/OH ratio affects the molecular weight of the final PU product [3]. 

The chromatograms obtained for samples D1 and D2 are very similar. This indicates 

that the reaction is almost complete after 2 h and that only a marginal increase in the 

amounts of polymeric products is observed after 4 h of reaction time. Thus, the reaction 

slows down significantly with time. This observation is consistent with the conclusions 

of other scientists [38,39].  
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Fig. 7. Gradient-elution UHPLC of polyurethane samples. UV detection at 220 nm. 

Columns: Acquity UPLC BEH C18, 2.1 mm I.D., total length 250 mm. Mobile phase: A – 10-mM 

aqueous ammonium-formate buffer, pH=8.5; B – THF. Gradient from 5 to 95% of solvent B in 

60 min. Flow rate 0.1 mL/min. Temperature 30°C. Chromatograms from top to bottom: sample 

A, B, C, D1, D2. 

 

5.3.6. Influence of temperature on the separation 

 

Temperature has a significant influence on the resolution between the peaks for 

both low-molecular-weight compounds and polymers. An increase in temperature leads 

to a slight decrease in retention and to somewhat faster analysis (Fig. 8). The increase 

in temperature also causes a decrease in solvent viscosity and an increase in analyte 

diffusivity. The extra-column dispersion decreases with increasing temperature [40]. 

An increasing diffusion coefficient implies a decrease in the reduced linear velocity 

(v=udp/Dm, where u is the linear velocity of the mobile phase, dp the particle diameter 

of the stationary phase, and Dm the diffusion coefficient of the analyte in the mobile 

phase). This, in turn, triggers changes in separation efficiency in agreement with the 

Van Deemter curve (theoretical plate height H vs. u). The reduced form of this equation 

(reduced plate height h=H/dp  vs. v) is thought to yield a single curve, independent of 

the analyte. However, some studies [41,42] suggest that the slope of the h-v curves 
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depends on the analyte molecular weight. For low-molecular-weight compounds the h-v 

curve is flatter and the changes in efficiency with increasing temperature are very small. 

For polymers the slope of the reduced Van Deemter curve is higher and a decrease in 

the reduced velocity through an increase in temperature influences the efficiency more 

significantly. The optimum reduced velocity increases with increasing temperature [43]. 

However, its value is usually very low for polymers [44]. Separations at the optimum 

conditions are not practical and we usually work at velocities higher than the optimum. 

Therefore, for polymers an improved efficiency will often be observed with an increase 

in temperature.  

 

 

Fig. 8. Influence of temperature on the separation of sample D1. Columns: Acquity UPLC BEH C18, 

2.1 mm I.D., total length 250 mm. Mobile phase: A – water with 0.1 % (v) of FA; B – THF. Gradient from 

25 to 95% of solvent B in 60 min. Flow rate 0.1 mL/min. 

 

Changing the temperature not only affects the efficiency, but also the selectivity of 

the separation. The influence of temperature on retention can be clearly observed for 

the low-molecular-weight fraction of the sample. There are several series of low-

molecular-weight compounds present in the sample and the magnitudes of the changes 

in retention with temperature for these series are different. With increasing 

60°C 

45°C 

30°C 
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temperature the DMPA-containing compounds (marked with an asterisk in Fig. 8) shift 

more strongly towards lower retention times than the compounds which do not contain 

acidic groups. As a consequence, the resolution between peaks belonging to different 

series will change significantly with temperature and there will be an optimum 

temperature, at which the best possible resolution can be achieved. A better resolution 

between the critical pair of peaks shown in Fig. 8 (dashed ovals) may be achieved at 

45°C compared to 30°C or 60°C. We studied the separations in the temperature range 

between 25°C and 60°C and found an optimum temperature region between 40°C and 

45°C, where most peaks of the low-molecular-weight compounds were adequately 

resolved. Similar temperature dependence may be expected for the polymeric part of 

the sample, as not all the macromolecules contain DMPA. In the chromatogram at 45°C 

the shoulder under the polymer peak at high retention times is slightly more 

pronounced than at 30°C and 60°C.  

 

Conclusions 
 

In the present study prepolymer samples obtained during the first stage of synthesis 

of polyurethane dispersions for coating applications have been characterized using 

gradient-elution LC. The samples were found to contain low-molecular-weight 

compounds produced from the excess toluene diisocyanate (TDI) present in the 

reaction mixture and a polymeric fraction. HPLC and contemporary UHPLC techniques 

have been compared for the separation of this type of samples. UHPLC was shown to 

provide a better resolution for low-molecular-weight compounds even during analysis 

at low mobile-phase velocities. The on-line coupling of HPLC and ToF-MS allowed 

identification of TDI-derivatives present in the samples. 

Conducting separations at different mobile-phase pH-values revealed greater 

number of polymeric series in samples prepared in the presence of dimethylolpropionic 

acid (DMPA). To elucidate the structure of the polymeric compounds, the fractions 

from gradient-elution UHPLC were collected and analysed off-line using MALDI-ToF-

MS. Macromolecules containing up to three oligomeric PPG units have been detected. 

In the DMPA-containing PU samples only part of polymer species were found to have 

DMPA incorporated in the molecules. The other part of the polymers was formed 
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without DPMA. Comparison of PU prepolymers obtained at different synthesis 

conditions provided useful information on the influence of the NCO/OH group ratio 

and the reaction time on the obtained products.  
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