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Chapter 4 
 

4. Deformation and degradation of polymers 

in ultra-high-pressure liquid 

chromatography 

 

Abstract 

 

Ultra-high-pressure liquid chromatography (UHPLC) using columns packed with 

sub-2 m particles has great potential for separations of many types of complex 

samples, including polymers. However, the application of UHPLC for the analysis of 

polymers meets some fundamental obstacles. At high stress conditions generated in 

UHPLC flexible macromolecules may become extended and eventually the chemical 

bonds in the molecules can break. In the present work we explored the limitations of 

UHPLC for the analysis of polymers. Degradation and deformation of macromolecules 

were studied by collecting and re-injecting polymer peaks and by off-line two-

dimensional liquid chromatography. Polystyrene standards with molecular weights of 4 

MDa and larger were found to degrade at UHPLC conditions. However, for most 

polymers degradation could be avoided by using low linear velocities. The column frits 

were implicated as the main sources of polymer degradation. The extent of degradation 

was found to depend on the type of the column and on the column history. At high flow 

rates degradation was observed without a column being installed. We demonstrated 

that polymer deformation preceded degradation. Stretched polymers eluted from the 

column in slalom chromatography (SC) mode (elution order opposite to that in size-

exclusion or hydrodynamic chromatography, HDC). Under certain conditions we 

observed co-elution of large and small PS molecules though a convolution of SC and 

HDC.  
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4.1. Introduction 

 

Liquid chromatography (LC) is by far the most common technique for separations 

of synthetic and natural macromolecules. Two forms of  LC, size-exclusion 

chromatography (SEC) [1] and hydrodynamic chromatography (HDC) [2,3], provide 

separations based on molecular size (hydrodynamic volume), which can be related to 

polymer molecular weight through a suitable calibration procedure. Interactive 

(reversed-phase or normal-phase) LC allows separations based on chemical 

composition or (number of) end-groups [4-7]. 

The separations in both types of LC have been significantly improved in terms of 

speed and efficiency during the last several decades. The development of liquid 

chromatography progressed in the direction of smaller particle sizes of packing 

materials [8]. The history of column LC started with separations conducted in columns 

packed with large (>50 m) particles that were open to the atmosphere. Such analyses 

featured poor efficiencies and required very long run times. A significant step forward 

was the development of high-performance liquid chromatography (HPLC), which 

allowed conducting separations with smaller particles – down to 3 m in diameter. To 

force mobile phase through the packed columns pressures up to 40 MPa (400 bar or 

6000 psi) were utilized. Until recently HPLC systems were the most advanced LC 

instruments. In 2004 Waters commercialized the first ultra-high pressure equipment 

capable of generating pressures up to 100 MPa. The higher pressure limit allowed using 

sub-2 m particles at their optimum linear velocities. Smaller particles provide lower 

theoretical plate heights and, thus, better efficiencies (for columns of equal lengths). As 

follows from the van Deemter equation showing the relation between theoretical plate 

height H achieved during a separation and a linear velocity of the mobile phase u [9,10], 

the optimal linear velocity increases with decreasing particle size. Thus, more-efficient 

separations using sub-2 m particles may be achieved significantly faster than 

separations with larger particles. Because the H-u curves are flatter (lower C-term) for 

the smaller particle diameters, they also allow conducting separations at linear 

velocities higher than the optimum without significant loss of efficiency. This explains 

the rapid proliferation of UHPLC in recent years. 
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Development of UHPLC has especially been useful for the separation of complex 

low-molecular-weight samples. The full capacity of UHPLC cannot be utilized for 

analysis of very-high-molecular-weight polymers, because UHPLC conditions may have 

drastic effects on macromolecules. Smaller particles in combination with high linear 

velocities generate high shear rates and high extensional forces in a chromatographic 

system. In such circumstances polymer chains may become extended and chemical 

bonds within macromolecules can break. Polymer degradation by chain scission results 

in an increase in the low-molecular-weight fraction in polymer samples and in a 

decrease in the viscosity of the polymer solution. In a SEC (or HDC) chromatogram this 

leads to a shift of the polymer peak towards greater elution volumes. Thus, if 

degradation occurs during SEC (or HDC) analysis, the molecular-weight distribution 

(MWD) of a polymer sample cannot be accurately determined. 

Another process triggered by extensional fields may occur during LC analysis of 

high-molecular-weight polymers. If the forces generated in an LC system are large 

enough to deform polymer chains, flexible macromolecules will no longer exhibit a 

spherical random-coil shape, but become stretched in the direction of the flow. The 

resulting changes in the dimensions of macromolecules lead to a transition in the 

elution mechanism. The effect of deformation of macromolecules on chromatography 

was first described for the separation of DNA in 1988 by two groups independently 

[11,12]. Chromatography of deformed (stretched) polymer molecules – also known as 

slalom chromatography – has become a useful tool for separating large DNA molecules 

[13]. However, the situation gets more complicated when the molecules of disperse 

synthetic polymers are deformed. This may lead to the appearance of several peaks in a 

chromatogram and to a shift of polymer peaks towards larger elution volumes [14].  

The two processes described above, i.e. polymer deformation (accompanied by SC) 

and polymer degradation, both result in similar observations in a chromatogram and 

they may be easily confused if not studied carefully. Besides, both effects complicate the 

interpretation of chromatographic results, especially when they occur simultaneously.  

Due to the increasing popularity of UHPLC for the separation of complex samples 

and its great potential for polymer separations [15], the fundamental effects of high 

strain rates on the determination of MWDs has become an urgent and important issue. 

In the present study we aim to understand the behaviour of polymers under conditions 
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of high strain as encountered in UHPLC systems. We attempt to make a clear 

distinction between polymer deformation and polymer degradation and we explain how 

these two processes affect chromatographic separations.  

The final goals of this research are (i) to specify the experimental conditions where 

the onsets of deformation and degradation occur in UHPLC and (ii) to interpret the 

chromatograms that are obtained beyond these limits. To our knowledge, no previous 

studies have dealt in detail with the two phenomena simultaneously. The results 

described in this paper should contribute to our understanding of the chromatographic 

behaviour of very large macromolecules and they should guide scientists when using 

UHPLC for separations of polymers. 

 

4.2. Theory 

4.2.1. Deformation of polymers and slalom chromatography 

 

If polymer molecules in a solution are subjected to strong elongational fields, they 

may exhibit significant viscoelastic effects. This behaviour is attributed to a flow-

induced transition from a random-coiled to a stretched shape for flexible 

macromolecules.  

The effect of flow on polymer molecules can be characterized by the Deborah 

number, which is a ratio of hydrodynamic forces to Brownian forces [16]. It can be 

defined as [17] 

RT

r

d

u
kDe G

p

PB

312.6 













                                                                                                (1) 

where kPB is a constant which depends on the structure of the packed bed (kPB = 9.1 for a 

randomly packed bed [18]). u is the superficial flow velocity, i.e. flow rate per unit area 

of the empty column (m∙s-1); dp is the particle diameter (m), Φ the Flory-Fox 

parameter (Φ≈2.5∙1023 mol-1), η the solvent viscosity (Pa∙s), R the gas constant 

(R=8.314 J∙mol-1∙K-1), T the absolute temperature (K) and rG the radius of gyration of 

the polymer molecule (m). The radius of gyration for polystyrene (PS) in THF (in m) 

can be calculated from the relation [19] 
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rG = 1.39·10-5Mw
0.588                                                                                                           (2) 

where Mw is the weight-average molecular weight. 

A critical value of De = 0.5 was found to describe the conditions where the onset of 

deformation occurs [16-18,20,21]. However, De exceeding the critical value is not 

sufficient to bring macromolecules into a fully stretched state. The residence time of 

polymer molecules under this high strain should be long enough to ensure alignment of 

macromolecule segments. This process is counteracted by Brownian motion [22]. The 

higher the force applied (above the critical Deborah value of 0.5), the easier the 

macromolecules will stretch. The transition from a (random spherical) coil to a 

stretched shape is accompanied by a significant increase in the elongational viscosity of 

the solution [16,20]. In packed-column LC the above criteria may be met for high-

molecular-weight polymers at commonly encountered experimental conditions. High 

extensional flows arise especially in converging-diverging flow passages of a porous 

matrix and in a regularly packed bed of spheres [18,20].  

If a transition from a coiled to a stretched macromolecular shape occurs during LC 

analysis this will affect the chromatographic mechanism. When a macromolecule is 

deformed, its effective dimensions change significantly. When travelling through a 

packed bed, stretched macromolecules will frequently “turn” between the spherical 

particles. The larger the molecule, the more changes in conformation it has to undergo 

to pass through the column, which results in its retardation [23,24]. Thus, the elution 

order is opposite to that in SEC and HDC. This separation mechanism has been called 

slalom chromatography (SC) [23].  

SC was discovered during separations of DNA molecules using conventional SEC 

columns [11,12]. DNA, which is a monodisperse, large and flexible biopolymer, is 

relatively easy to deform under conditions commonly encountered in HPLC. The 

molecules are too big to penetrate the pores of most packing materials. Stretched DNA 

molecules travel through the column in the SC mode. Using imaging methods it was 

confirmed that a coil-stretch transition occurs for DNA molecules when De numbers 

exceed 0.5 [25,26]. It was also demonstrated that DNA could be separated in a SC mode 

using columns developed for cation-exchange [27] or reversed-phase liquid 

chromatography [13]. The separations in SC were found to depend on flow rate, particle 

size and solvent viscosity [23,28-31]. Note, that these parameters are included in the 
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expression for Deborah numbers (Eq. 1). The chemical nature of the packing material 

and its pore size did not affect the separations, confirming their hydrodynamic nature 

[23].  

Since its discovery in the late 1980s SC was applied almost exclusively  for 

separations of biopolymers such as DNA [13] and proteins [32], where it proved to have 

great potential. However, a similar deformation phenomenon is expected to occur for 

flexible synthetic polymers. An increase in elution volumes for high-molecular-weight 

polystyrenes with increasing flow rates was observed by several scientists [33,34]. This 

effect was correlated with critical Deborah numbers and suggested to be caused by 

shear deformation. However, in these studies no experiments confirming the theory 

have been performed. Liu et al. [14] also demonstrated flow-rate dependence of elution 

for very-high-molecular-weight PS in HDC, which was shown not to be caused by 

polymer degradation. The sizes of PS molecules were measured using a multi-angle-

laser-light-scattering (MALLS) detector. Curves depicting the variation in the observed 

elution volume with the measured radius of PS molecules showed different slopes at 

different flow rates. This was explained by the simultaneous action of HDC and SC.  

There are two reasons why SC has seldom been reported in association with the 

separation of synthetic polymers. The first is that synthetic polymers are non-uniform 

(polydisperse) in nature, causing the effects of SC to be convoluted with other (SEC, 

HDC) effects. Thus, SC is much-more difficult to recognize than in case of 

monodisperse biomacromolecules. The second reason is that at common HPLC 

conditions SC only occurs for ultra-high-molecular-weight samples. Besides, analysts 

tend to avoid high stress conditions to prevent possible polymer degradation. The 

extensional forces and Deborah numbers encountered at UHPLC conditions will be 

significantly higher than those at HPLC conditions. Using smaller particles the SC effect 

may be observed at lower flow rates for the same sample or, equally, for samples with 

lower molecular weight at the same flow rates. Deborah numbers calculated from       

Eq. (1) for PS standards of different molecular weights for common HPLC and UHPLC 

conditions are shown in Table 1. Deborah numbers exceeding the critical value of 0.5 

are shown in bold. From these data we can conclude that SC behaviour (De>0.5) is 

expected already for 1 MDa PS in UHPLC, while on a typical HPLC column it starts to 

occur for PS of 4 MDa. At the same linear velocities (flow rates 0.5 mL/min for HPLC 
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and 0.1 mL/min for UHPLC or 2.4 mL/min for HPLC and 0.5 mL/min for UHPLC) the 

De numbers are only about 3 times higher for the 1.7 m particles. However, higher 

pressure limits of UHPLC allow using higher linear velocities compared to those 

typically used in HPLC. At such conditions much greater De numbers can be achieved. 

Thus, at common experimental conditions UHPLC extends the range of SC to polymers 

with lower molecular weights.  

 

Table 1. Comparison of Deborah numbers (De) calculated for high-molecular-weight PS in THF at 

25°C at typical HPLC and UHPLC conditions  

PS 

molecular 

weight, 

MDa 

HPLC conditions: 5-m particles, 

4.6 mm I.D. column 

UHPLC conditions: 1.7-m particles, 2.1 

mm I.D. column 

Flow rate, mL/min Flow rate, mL/min 

0.1 0.5 1 2.4 0.1 0.5 1 2 

1 0.006 0.03 0.06 0.14 0.08 0.41 0.82 1.6 

2 0.02 0.10 0.20 0.47 0.28 1.4 2.8 5.6 

4 0.07 0.33 0.67 1.6 0.94 4.7 9.4 19 

7 0.18 0.90 1.8 4.3 2.5 13 25 51 

13 0.54 2.7 5.4 13 7.6 38 77 150 

 

4.2.2. Degradation of polymers  

 

Although the degradation of large polymers during liquid chromatographic analysis 

is considered to be a common problem, the number of studies published on this subject 

is quite limited. A review by Barth and Carlin [35] provides a good summary of the 

investigations of degradation in SEC published up to 1984. However, a lot has changed 

since then in the practice of LC. Instrumentation with low dead volumes and columns 

packed with particles smaller than 10 m have become the norm in modern SEC. This 

has changed the molecular weight limits beyond which shear degradation may occur. 

Surprisingly, few recent studies on polymer degradation in LC have appeared, even 
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though this subject is very complex and there is still much uncertainty surrounding the 

sources and mechanisms of degradation.  

The latest research on degradation of macromolecules in SEC shows that both 

natural and synthetic polymers can degrade under HPLC conditions. Striegel et al. 

confirmed degradation of the polysaccharide alternan in SEC [36]. PS standards with 

molecular weights above 4 MDa were found to degrade on SEC columns, while 

degradation of lower-molecular-weight polystyrenes was not observed [14,37-40]. 

Other researchers reported changes in the measured molecular weights of polyethylene 

with variations in flow rate in SEC, which were attributed to the degradation of the 

samples [41]. 

In general conclusions on the degradation of polymer samples during LC analysis 

are drawn based on an observed decrease in the sample viscosity after passing through 

the system, a shift of the chromatographic peak towards lower retention volumes, 

and/or on an observed reduction in size of the solutes using a light-scattering (LS) 

detector. However, these observations do not necessarily confirm polymer degradation. 

A reduction in viscosity can also be caused by breaking up molecular aggregates [42]. A 

shift of a chromatographic peak as described in studies [35,37,38] may be caused by 

deformation of macromolecules and changes in elution mechanism from SEC to SC (cf. 

section 4.2.1). Besides, poor flow accuracy of a solvent pump may contribute to the shift 

of a peak. A concentration detector alone does not provide enough evidence of polymer 

degradation [36]. Even a decrease in molecular size with increasing flow rate measured 

using an LS detector should be attributed to degradation only with caution. Processes 

like filtration (trapping of the largest molecules on the column frits or inside the 

column) may lead to the same apparent effect. We believe that collecting and re-

injecting the polymer peaks followed by a comparison of the chromatograms (procedure 

described in section 4.3.3.1) represents the most comprehensive proof of the occurrence 

or absence of polymer degradation, provided that recovery measurements confirm the 

absence of filtration effects.  

The mechanism of polymer degradation during LC analysis is very complex and it is 

not well studied. Two types of forces, which can cause scission of polymer chains, are 

generated in an LC system, i.e. shear forces and extensional forces. Shear forces arise 
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due to velocity gradients, which act in the direction transverse to the direction of flow. 

The values of the shear rates can be estimated using the following equation [35,43] 

hAR

F




4


                                                                                                        (3) 

where   is the shear rate (s-1), F is flow rate (L/s), ε is the porosity of the packed 

column, A is the cross-sectional area of the column (mm2) and Rh is the hydraulic 

radius of the packed bed (mm). The hydraulic radius can be calculated from the bed 

porosity and particle diameter dp as follows 

)1(3 






p

h

d
R

                                                                                                   (4) 

For capillary tubes ε is unity and Rh is equal to the tubing radius. 

In Table 2 values of shear rates are shown, which were calculated for different 

components of a UHPLC system at different flow rates. It may be concluded from the 

data that the column frits and the packed bed are the main sources of shear in a UHPLC 

system. Shear rates generated in UHPLC may be more than 50 times greater than the 

values up to 1.6104 s-1  reported by Barth and Carlin for HPLC [35]. Moreover, 

significant shear rates are generated at high flow rates in narrow-bore tubing used in 

UHPLC systems. Shear rates slightly lower than those in the tubing are generated in the 

narrow passages of injection valves. The 5-L UPLC injection loop made from tubing 

with an internal diameter of 0.009 inch and the detector flow cell do not produce 

significant shear compared to the other system components. 

Apart from the shear rates, which act transverse to the direction of the flow, great 

extensional forces are generated in porous media. The latter arise from velocity 

differences in the direction of flow. The extensional forces in packed columns are 

expected to be much greater than the shear forces and they are considered to be the 

main source of polymer degradation [43]. According to Giddings [44] the two types of 

stress are proportional to each other with the extensional forces being about 1000 times 

larger.  
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Table 2. Shear rates,   (10-4 s-1) generated in different components of a UHPLC system at different 

flow rates. 

Flow 

rate, 

mL/min 

2.1 mm I.D. column, 

1.7 m particles 

4.6 mm I.D. column, 

1.7 m particles Tubing, 

127 m 

I.D. 

Detector 

flow cell, 

250 m 

I.D. 

Injector 

path, 

150 m 

I.D. 

5 L -

injection 

loop, 230 

m I.D. Column 
Frit 

(0.2 m) 
Column 

Frit 

(0.2 m) 

0.1 1.8 5.4 0.4 1.1 0.8 0.1 0.5 0.1 

0.3 5.4 11 1.1 3.4 2.5 0.3 1.5 0.4 

0.5 9.0 27 1.9 5.6 4.1 0.5 2.5 0.7 

0.7 13 38 2.6 7.8 5.8 0.8 3.5 1.0 

1 18 54 3.8 11 8.3 1.1 5.0 1.4 

1.5 27 80 5.6 17 12 1.6 7.5 2.1 

2 36 110 7.5 22 17 2.2 10 2.8 

 

The behaviour of macromolecules during an LC analysis is very complex and 

depends significantly on the type of flow fields generated in the system and, thus, on the 

geometry of the packed bed and of the flow cannels. Both the elongational and 

tangential stresses vary with the position, which makes it impossible to model all forces 

and their effects on macromolecules without many simplifications [17]. As discussed in 

section 4.2.1 the flexible macromolecules tend to stretch in the extensional flows. It is 

generally believed that the deformation of polymers precedes their degradation [45]. 

Moreover, there is a critical strain rate ( f ) below which no chain fracture occurs 

[46,47]. Hunkeler et al. showed that the behaviour of the polymer chains before 

breakage is somewhat different in stagnation-point and transient-point elongational 

flows [43,48]. Evidence that stagnation-point (steady-state) elongational flows act 

during SEC separations was presented by Striegel [43]. In stagnant conditions f  is 

inversely proportional to the square of the polymer molecular weight [49]. This means 

that the “critical molecular size”, above which degradation is expected to occur, 

decreases with the strain rates applied. On the other hand, the strain rate for the onset 

of coil-stretch transitions ( sc ) is inversely proportional to the molecular weight to a 
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power of about 1.5. It has been suggested that for very high molecular weights f  and 

sc  approach each other [48,49]. This would imply that there is a molecular size, at 

which chain scission is anticipated in a coiled state. Chain scission of PS in the coiled 

state was predicted to occur around 30·106 Da [49]. Consequently, PS standards with 

molecular weights below 30 MDa are expected to deform during an LC analysis (and, 

thus, to enter the SC regime) before they degrade.  

When the macromolecules become extended in steady-state elongational flows, the 

maximum strain is focused at the chain centre [45]. Thus, chain rupture is likely to 

occur around the middle of the molecules, with some variation (Gaussian distribution) 

due to intramolecular entanglements [48]. 

Polymer degradation depends not only on the types of flow fields, but also on the 

nature (and structure) of the polymer, the solvent viscosity, the polymer concentration, 

and the temperature [35,50]. All these factors make the situation even more complex. 

Thus, the results obtained by different researchers on the experimental conditions 

marking the onset of degradation cannot be easily transferred to other laboratories and 

may serve only as guidance. The dimensionless parameters such as Deborah numbers 

represent a better way of describing the experimental conditions. 

 

4.3. Experimental 

4.3.1. Samples and solvents 

 

Unstabilized tetrahydrofuran (THF; LiChrosolv, Merck, Darmstadt, Germany) was 

used as mobile phase, needle-wash solvent and sample solvent. Polystyrene standards 

(PS) were purchased from two suppliers. The molecular weights and the dispersity 

indices specified by the manufacturer are listed in Table 3. Solutions of polystyrene 

standards with concentrations of approximately 0.2 mg/mL were prepared in 

unstabilized THF. These concentrations are well below the critical concentration for 

chain entanglement of PS in THF [51]. The samples were left overnight on a Stuart 

roller mixer (Bibby Scientific, Stone, Staffordshire, UK) to ensure complete dissolution. 

The lowest mixing speed was applied to prevent possible degradation of high-

molecular-weight PS during sample preparation. 
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Table 3. Characteristics of polystyrene standards provided by the supplier 

a Polymer Laboratories/Agilent Technologies (Church Stretton, Shropshire, UK). 

b Macherey-Nagel (Düren, Germany). 

 

4.3.2. Instrumentation and operating conditions 

 

The behaviour of very-high-molecular-weight PS standards at UHPLC conditions 

was studied using a Waters Acquity UPLC system (Waters, Milford, MA, USA). UPLC 

pumps allow supplying solvents at pressures up to 103 MPa at flow rates up to                 

1 mL/min. The pressure limit decreases to 62 MPa with increasing flow rate from 1 to     

2 mL/min. A THF-compatibility kit (Waters) was installed on the system to ensure 

resistance to this solvent. The flow-rate accuracy of the pumps was verified previously 

and reported elsewhere [15]. No significant deviations in flow rates were observed. A 

UPLC Sample Manager (Waters) was equipped with a stainless steel needle and a 5-L 

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

The experiments were conducted on Acquity UPLC BEH C18 columns (Waters) with the 

following dimensions: 100  2.1 and 150  4.6 mm. To study the influence of the 

stationary-phase chemistry on PS degradation Acquity UPLC BEH C18, C8 and HILIC 

columns of 50  2.1 mm I.D. were used. The nominal particle diameter of the packing 

Polystyrene molecular weight, Da Supplier Dispersity 

19 880 Polymer Laboratories a 1.02 

52 400 Polymer Laboratories a 1.02 

299 400 Polymer Laboratories a 1.02 

735 000 Polymer Laboratories a 1.02 

2 061 000 Polymer Laboratories a 1.05 

3 000 000 Polymer Laboratories a 1.03 

4 000 000 Macherey-Nagel b 1.06 

7 450 000 Polymer Laboratories a 1.07 

13 200 000 Polymer Laboratories a 1.13 
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material was 1.7 m in all cases, with an average pore size of 130 Å (as specified by the 

manufacturer). The pores were significantly smaller than the size of most polymers 

used in the present study (with the exception of 20 and 50 kDa PS). Thus, the 

macromolecules were not able to penetrate the pores. The experiments were performed 

at ambient temperature.  

A Waters Fraction Collector II was used to collect eluted PS peaks and peak 

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

which initiated a program for collecting fractions.  

Sample absorbance was measured at 221 nm using an Acquity UPLC Photodiode 

Array (PDA) detector (Waters). The detector included an analytical flow cell with a 

volume of 500 nL. A sampling rate of 40 Hz was employed. Data were collected and 

processed with Empower 2 software (Waters). All series of measurements were 

repeated three times and all injections within each series were performed in triplicate. 

The results showed excellent repeatability (R.S.D. ≤ 2%) in terms of peak shapes and 

retention volumes.  

 

4.3.3 Procedures 

4.3.3.1 Study of degradation of polymers by collecting and re-injecting eluted peaks 

 

To determine whether degradation of polymers takes place at specific experimental 

conditions the following study was performed. Prepared PS samples of given molecular 

weights were injected onto a UPLC column (100 x 2.1 mm I.D.) at different flow rates 

(linear velocities). The entire peaks were collected. The collection began several seconds 

before the peak appeared and finished after the complete peak was eluted. The 

procedure was repeated 6 to 8 times to collect sufficient amounts of sample. Obtained 

samples were re-injected on the same column. The re-injection was performed at low 

linear velocities to avoid further degradation. Further degradation could be excluded for 

all but the 13-MDa PS sample. The chromatograms obtained after the re-injection were 

compared to the chromatograms of PS standard of similar concentration, which had not 

previously been injected on the column. Conclusions on whether or not degradation had 

occurred were drawn based on observed differences in peak shape. If the polymer 
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fractured during its elution through the column, the corresponding peak showed an 

increase in the low-molecular-weight fraction. 

To ensure that no filtration of high-molecular-weight PS occurred in the system, the 

recovery of each polymer was measured. Peak areas for the samples injected on the 

column at different flow rates were compared with peak areas for the samples injected 

without the column. The recovery measurements for all PS standards showed an R.S.D. 

for peak areas at different flow rates below 3%. These results confirmed that no 

significant filtration of high-molecular-weight PS occurred in the system. Thus, the 

changes in the peak shapes described in “Results and Discussion” were not caused by 

filtration effects.  

A small peak was observed close to the total permeation volume of the columns in 

all the chromatograms. It was attributed to degradation products of THF. It had a UV 

spectrum different from that of PS and was especially significant in the re-injected 

samples. It was typically higher for samples collected at lower flow rates, probably due 

to their longer exposure to oxygen. 

 

4.3.3.2. Study of polymer deformation and degradation using two-dimensional 

liquid chromatography 

  

Off-line two-dimensional UPLC analyses were performed to study the behaviour of 

PS samples during their elution at UHPLC conditions. A 4-MDa PS standard was 

injected onto a 100  2.1 mm I.D. UPLC column at flow rates of 0.3, 0.5 and 0.7 

mL/min. 13 fractions were collected at each flow rate. Every fraction was collected 

during 2 s (at 0.5 and 0.7 mL/min) or 3 s (at 0.3 mL/min). The collection of the 

fractions started before the peak appeared and finished after the complete peak was 

eluted. Similarly, the mixture of PS standards of different molecular weights (20, 52, 

300, 735, 2060 and 4000 kDa) was injected onto the column at a flow rate of               

0.3 mL/min and the fractions were collected. The obtained fractions were injected onto 

two 150 × 4.6 mm I.D. UPLC columns connected in series at very low linear velocities. 

At these conditions no deformation (or degradation) of macromolecules occurs 

(De<<0.5) and the sample is separated according to an HDC mechanism. The 
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corresponding two-dimensional plots were obtained using Matlab (Natick, MA, USA) 

software. 

 

4.4. Results and Discussion 

4.4.1. Deformation of polymers at UHPLC conditions 

 

A narrow polystyrene standard of 3 MDa molecular weight (rG ≈89 nm, calculated 

from Eq. (2)) was eluted from a UPLC chromatographic column (100 × 2.1 mm I.D.; 1.7-

m particle diameter) at different flow rates. The shape of the peak changed 

dramatically with increasing flow rate (see Fig. 1). At flow rates up to 0.1 mL/min the 

polystyrene standard showed a single, tailing peak, which suggested that the elution 

mechanism was primary HDC [15]. Peak skewing is a commonly observed phenomenon 

for polymers eluting in HDC and in SEC close to the exclusion limit of the column 

[15,52,53].  

As shown in Fig. 1 for 3 MDa PS a small shoulder develops in front of the peak at 

higher flow rates and the main peak moves towards greater retention volumes. The 

distance between the early peak (“shoulder”) and the main peaks increases with 

increasing flow rate, but the two peaks are never completely separated, not even at the 

highest possible flow rate (1 mL/min, pressure ca. 100 MPa).  

To determine whether the behaviour of the narrow 3 MDa polystyrene standard was 

caused by deformation or by degradation of the macromolecules we collected and re-

injected the eluted materials as described in Experimental Section 4.3.3.1. The obtained 

results are shown in Fig. 2. The material collected from the PS peaks at flow rates 

ranging from 0.1 to 0.7 mL/min and re-injected at the flow rate of 0.1 ml/min showed 

just one peak, which coincided completely with the peak of the PS standard which had 

not previously been injected onto the column (Fig. 2a). This proved that no discernable 

degradation occurred for the 3-MDa polymer at flow rates up to 0.7 mL/min (linear 

velocities up to 5 mm/s, column backpressure ca. 70 MPa). The PS peak collected at a 

flow rate of 1 mL/min showed – upon re-injection – a slight increase in the low-

molecular-weight-fraction (see Fig. 2b), which might indicate the onset of degradation 
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at these conditions (linear velocity > 7 mm/s). However, the extent of degradation is 

barely significant (< 5% of the peak area). 

 

 

Fig. 1. Chromatograms obtained for a 3-MDa PS standard injected at different flow rates. Column 

Acquity UPLC BEH C18 100 × 2.1 mm I.D; 1.7-m particles. Ambient temperature. Mobile phase THF. 

 

 

Fig 2. Chromatograms of PS 3-MDa samples re-injected at 0.1 mL/min. Acquity UPLC BEH C18 

column 100 × 2.1 mm I.D; 1.7-m particles. Mobile phase THF. Signal intensities normalized. (a) PS 

collected after elution at flow rates of 0.1, 0.3, 0.5, and 0.7 mL/min compared with PS of similar 

concentration not injected on the column previously; (b) - - - PS 3 MDa not injected on the column 

previously, —  PS re-injected after collection at 1 mL/min. 

 

Thus, shear degradation is not the cause of the appearance of several peaks and of 

the peak shift towards greater elution volumes with increasing flow rate in the 

chromatograms of 3-MDa PS shown in Fig. 1. Another effect which may explain the 

a b 
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observations is deformation of the molecules and slalom-chromatography (SC) 

behaviour [23]. Two peaks in a chromatogram for a single PS standard were also 

observed by Liu et al. [14] and the phenomenon was attributed to the simultaneous 

action of HDC and SC. Synthetic polymers are invariably disperse. At certain conditions 

shear forces generated in a SEC column may be high enough to transform dissolved 

macromolecules from a spherical coil to a stretched shape. At each set of experimental 

conditions there is a critical molecular weight above which such a transition occurs. If 

this critical molecular weight is embraced by the molecular-weight distribution of the 

analysed polymer, the fraction of the sample with molecular weights larger than the 

critical size will be deformed (stretched). This part will elute in the SC mode and the 

elution order will be opposite to that in SEC or HDC (i.e. the largest molecules will elute 

last). The molecules in the sample that are smaller than the critical size will remain 

present as spherical coils and will elute in the HDC mode (smallest molecules elute 

last). This implies that the molecules of critical size will elute in the beginning of the 

chromatogram (front of the first peak) followed by the co-elution of smaller, spherically 

coiled molecules in the HDC mode and larger, stretched molecules in the SC mode (first 

and second peaks).  

The Deborah numbers for 3-MDa PS eluting at the conditions of Fig. 1 were 

calculated using the Eq. (1). At the flow rate of 0.1 mL/min the calculated De number 

was 0.57, i.e. it exceeded the critical value of De=0.5. Thus, the transition to the SC 

mechanism is likely to occur already at this flow rate for a fraction of the sample. The 

separation in two peaks is not yet visible, but a slight shift in retention volume is 

observed at 0.1 mL/min compared to 0.05 mL/min. This may be explained by the 

influence of SC on the peak shape at 0.1 mL/min while at 0.05 mL/min the peak elutes 

(almost) exclusively in the HDC mode (De = 0.28).  

At the flow rate of 0.3 mL/min (conditions of Fig. 1) the Deborah number for 3-

MDa PS reaches a value of 1.7, which is much higher than the critical value of 0.5. At 

these conditions the second peak becomes dominant, because most of the 

macromolecules in the sample are deformed and elute in the SC mode. A smaller 

fraction of the macromolecules (De < 0.5, Mw < ca. 1.5 MDa) are present as spherical 

coils and these elute in the HDC mode (first peak).  
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Note that the peak corresponding to the critical molecular weight shifts to higher 

elution volumes with increasing flow rate, because the critical molecular weight 

decreases. Earlier we showed that the conditions at which two peaks became apparent 

for different flow rates concurred with Deborah numbers around the critical value of 0.5 

[15]. Based on HDC calibration curves the critical molecular weights corresponding to 

the first peak can be estimated. 

 The presence of a critical molecular weight at a certain set of chromatographic 

conditions (flow rate, temperature, particle size, and mobile-phase viscosity) can be 

illustrated by comparing the behaviour of PS standards of different molecular weights 

(Fig. 3). All high-molecular-weight PS standards (2, 3 and 4 MDa, rG ≈ 70, 89 and 105 

nm respectively) show a small peak at the same elution volume, because the critical size 

depends only on the experimental conditions. Thus, each of the PS standards in Fig. 3 

contains macromolecules of the critical size. Their actual fraction in each sample may 

be different (depending on the molecular-weight distribution). A smaller 300 kDa PS 

standard, which does not contain a polymer of critical size within its distribution elutes 

later in the HDC mode. 

 

 

Fig. 3. Chromatograms of PS standards of different molecular weights, illustrating the occurrence of 

a critical molecular weight. Acquity UPLC BEH C18 Column 100 × 2.1 mm I.D; 1.7-m particles. Flow 

rate 0.7 mL/min; mobile phase THF; ambient temperature. 

 

To verify that SC was responsible for the peak splitting observed at high flow rates 

for the 3-MDa PS, we collected each of the two peaks at a flow rate of 0.7 mL/min. The 

peaks were analysed using two longer (150 mm) wide-bore (4.6 mm I.D.) UPLC 

columns connected in series, which provide high separation efficiency [15]. The re-
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injection was performed at a low linear velocity (0.15 mm/s, De = 0.1) to avoid any 

deformation of the macromolecules. The chromatograms corresponding to the two 

peaks are shown in Fig. 4a. The experiments confirm that peak 1 (collected at a low 

elution volumes, 0.11 – 0.16 mL) contains a faction of lower molecular weight than peak 

2 (collected at a higher elution volumes, 0.16 – 0.24 mL). In other words, the first peak 

contains a fraction of the initial sample which includes the intermediate (critical) 

molecular weight and most of the low-molecular-weight fraction, while the second peak 

contains mainly the fraction of the sample with molecular weight larger than the critical 

value. Peak 2 which is depleted of low molecular weight compounds shows much less 

tailing compared to the original PS peak (see Fig. 4b). These observations support the 

explanation of the phenomenon proposed by Liu et al. The separation between the 

macromolecules eluting in the HDC mode and in the SC mode is facilitated by the 

difference in the slope of the calibration curves for these two mechanisms. The 

selectivity of the separations in the HDC mode is much lower compared to the 

selectivity in the SC mode (see calibration curves in ref [15]). Consequently, there will 

be only a minor contamination of the first (HDC) peak with the high-molecular-weight 

fraction eluting in the SC mode. However, a baseline separation between the two peaks 

cannot be achieved, because of the unimodal molecular-weight distributions of the 

analysed polymer samples.  

 

 

Fig 4. HDC chromatograms of the two peaks for 3-MDa PS collected at the conditions of Fig. 3.      

Re-injection conditions: Two Acquity UPLC BEH C18 columns 150 × 4.6 mm I.D. (1.7-m particles) 

connected in series. Flow rate 0.1 mL/min. Mobile phase THF. Ambient temperature. (a) Comparison of 

first and second collected peaks; (b) Comparison of second peak with original PS standard (signal 

intensities normalized). 

b a 
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Thus, the combined action of SC and HDC on a non-uniform polymer sample may 

provide a useful tool for removing the low-molecular-weight fraction. It also offers a 

method for obtaining narrow polymer fractions. By injecting polymer sample at 

different conditions the critical size may be varied and a series of narrow fractions may 

be collected. Because the conditions for coil-stretch transition depend on the size of 

polymer coils and thus on molecular structure, this method might allow separations of 

polymers of similar molecular weights but different chemistries and/or topologies. 

 

4.4.2. Degradation of polymers at UHPLC conditions 

 

When polymers of molecular weight higher than 3 MDa are injected into the 

UHPLC system, considerable chain scission (degradation) may occur. The degradation 

was studied for PS standards of 7.4 MDa (rG ≈150 nm) and 13.2 MDa (rG ≈210 nm) 

molecular weight as described in Experimental (section 4.3.3.1). As discussed in Section 

4.4.1, the deformation of macromolecules precedes their degradation. Thus, it is 

possible to achieve conditions where HDC and SC act simultaneously, while 

degradation of the sample is not yet observed. The analysis in this region is convenient 

for studying polymer degradation, because it allows observing upon re-injection of 

degraded polymer the increase in the fraction of small and intermediate size polymers 

through the increase in a height and area of peak 1 (at lower elution volumes). In both 

the HDC and SEC modes the low-molecular-weight fraction appears as the tail of the 

main (high-molecular-weight) peak and solvent or system peaks will interfere. This 

justifies our choice of re-injection conditions for collected polymer peaks. 

Chromatograms of re-injected peaks of 7.4-MDa PS are shown in Fig 5. The PS 

injected at a flow rate 0.1 mL/min and the PS sample not injected onto the column 

previously are compared in Fig. 5a. The peaks coincide very well, which confirms that 

no significant degradation occurs at a flow rate of 0.1 mL/min (linear velocity            

0.75 mm/s). The peak shape, as well as the Deborah number at these conditions 

(De=2.9) suggest that the standard elutes through a combination of SC and HDC. Thus, 

a fraction of polymer with intermediate molecular weight (ca. 3 MDa as determined 

from HDC calibration curve) elutes at the beginning of the chromatogram.  
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When we compare the PS-7.4 MDa peak, which was not injected onto the column 

previously, with the peaks collected after the passing through the column at different 

flow rates, we observe significant differences (Fig. 5b). This illustrates the degradation 

occurring in the polymer sample. The fraction of low- and intermediate-molecular-

weight polymer increases after eluting at increasing flow rates from the UPLC column. 

Consequently, the fraction of high-molecular-weight polymer decreases. For the sample 

collected at a flow rate of 0.9 mL/min (linear velocity 6.7 mm/s) the initial peak at 

higher elution volumes almost totally disappears. The degraded samples were analysed 

using two wide-bore (4.6 mm I.D.) UPLC columns at conditions where no deformation 

occurs (the chromatograms are not shown) and the molecular weights of the two peaks 

were determined. It was found that the molecular weight corresponding to the top of 

the first peak (Mw ≈ 3.3 MDa) is close to the half of the size of initial polystyrene 

standard (second peak, Mw = 7.4 MDa). Thus, the conclusions of other scientists 

[48,54,55] that polymer molecules tend to break somewhere around the middle is 

supported by our study. The sample after elution at 0.9 mL/min contains mainly 

polymers with molecular weights around the critical value and smaller at the conditions 

of re-injection. Thus, most of the original polymer has been degraded and obtained 

fragments elute in the HDC mode. 

 

 

Fig. 5. Evidence of degradation of 7.4-MDa PS at flow rates above 0.3 mL/min under UHPLC 

conditions. The peaks were collected after elution from an Acquity UPLC BEH C18 column 100 × 2.1 mm 

I.D., 1.7-m particles, at different flow rates.  Mobile phase, THF; ambient temperature. Re-injection 

conditions same as in Fig. 2. (a) Comparison of PS standard not injected onto the column previously and 

PS collected at 0.1 mL/min. (b) Comparison of PS samples collected at different flow rates. 

 

a b a b 
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Fig. 6. Degradation of a 13-MDa PS standard. Comparison of the sample not injected earlier and the 

peaks collected after elution at 0.1 mL/min and 0.5 mL/min from an Acquity UPLC BEH C18 column  

100 × 2.1 mm I.D.; 1.7-m particles. Mobile phase THF; ambient temperature. Re-injection conditions 

same as in Fig. 2. 

 

For a very-high-molecular-weight PS standard (13.2 MDa) degradation starts to 

take place already at a flow rate of 0.1 mL/min (see Fig. 6). It appears that this polymer 

breaks into a number of smallish fragments at the conditions applied. The peak at 

higher elution times (2.6 min) corresponds to the 13.2 MDa polymer eluting in the SC 

mode. The intermediate peak at ca. 1.9 min corresponds to molecules of approximately 

half the size of the initial polymer (ca. 7.5 MDa). As discussed above the 7-MDa PS 

standard does not degrade significantly at 0.1 mL/min. However, the macromolecular 

fragments obtained during degradation of the 13 MDa standard may be less stable than 

the intact 7-MDa polymer. The molecular weight at the top of the peak at lower elution 

times (ca. 1.4 min) corresponds to roughly one quarter of the size of the initial 13-MDa 

standard, which is close to the critical size at these conditions (ca. 3.3 MDa). The 

fraction of this molecular weight is expected to increase when 13-MDa polymer breaks 

into two fragments, because of the Gaussian distribution of the chain scission position 

(see section 4.2.2). It is interesting to note, that the degradation is not complete after 

one pass through the chromatographic column at a flow rate of 0.1 mL/min. Further 

degradation is observed after a second pass through the column. The increase in size of 

the peaks at 1.9 and 1.4 min suggests that the (part of the) 3-MDa polymer is formed 

through cleavage of the 7.5-MDa polymer. At a flow rate of 0.5 mL/min (linear velocity 
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3.7 mm/s) 13-MDa PS is almost fully degraded to smaller fragments (about one quarter 

of the initial molecular weight or less). 

4.4.3. Sources of polymer degradation in a UHPLC system 

 

A sample of 4-MDa PS standard was used to study the main sources of polymer 

degradation in a UHPLC system. The collection and re-injection of polymer peaks were 

performed as described in Section 4.3.3.1. Selected results are shown in Fig. 7. The 

chromatograms are normalized to the height of the tallest peak to better illustrate 

changes in the ratios between the two peaks. When 4-MDa PS was injected onto a 100  

2.1 mm I.D. UPLC C18 column at flow rates up to 0.3 mL/min (linear velocity              

2.2 mm/s), no visible degradation was detected (Fig. 7a). However, degradation was 

observed when this sample was injected at flow rates of 0.5 mL/min or higher. Chain 

scission may have taken place on the column (including the frits), as well as in the other 

parts of the chromatographic system. The injection valve, capillary tubing, connections 

and detector cell may all contribute to the observed degradation. The need to reduce 

extra-column volume in a UHPLC system has led to a significant miniaturisation of the 

above parts, which was often achieved by reducing the internal diameters. This has 

resulted in increased backpressures, as well as in higher shear rates.  

To determine whether system components other than the column and frits cause 

polymer degradation, we collected the peaks of 4-MDa PS injected without a column 

(column replaced by a union) and re-injected them at the conditions of Fig. 7a. The 

results showed that chain scission was not observed without a column at flow rates up 

to 1 mL/min (Fig. 7b). Thus, the degradation for 4 MDa PS observed at flow rates 

between 0.5 and 1 mL/min in Fig. 7a, occurred on the chromatographic column and/or 

on the column frits. These results are in line with the calculated values of shear rates for 

different system components (see Table 2). At higher flow rates degradation starts to 

take place in the extra-column parts of the system (see Fig. 7b). From the data in     

Table 2, degradation in capillary tubing and in the injector should be expected first. The 

scale of degradation was measured with the column replaced by a union using different 

lengths of stainless steel narrow-bore (127 m I.D) tubing between the injector and the 

detector. It was found that the fraction of degraded polymer increased with increasing 

length of tubing (not shown). Thus, the narrow-bore capillary tubing used in UHPLC 



Chapter 4 

 

~ 138 ~ 
 

contributes to the scission of macromolecules. Therefore, using low-shear (HPLC) 

columns packed with relatively larger particles in combination with UHPLC 

instrumentation for the analysis of polymers may not completely avoid the problem of 

degradation. 

 

 

Fig. 7. Degradation of a 4-MDa PS standard. Mobile phase THF; ambient temperature. Re-injection 

conditions same as in Fig. 2, except for a flow rate of 0.3 mL/min (SC+HDC conditions). (a) Comparison 

of a sample not injected earlier and the peaks collected after elution at 0.3, 0.5, 0.7 and 1 mL/min from 

an Acquity UPLC BEH C18 column 100 × 2.1 mm I.D., 1.7-m particles. (b) Comparison of a sample not 

injected earlier and the peaks collected after elution at 0.5, 1, 1.5 and 2 mL/min with the column replaced 

by a union. 

 

We tested the scale of degradation for 4-MDa PS on different columns and found 

that it significantly depended on the type and the history of the column. The 

chromatograms obtained after re-injection of peaks that were collected after elution 

from columns with different chemistries (C18, C8, HILIC), are shown in Fig. 8a. All 

columns were brand-new and had dimensions of 50 × 2.1 mm I.D., particle size of 1.7 

m and 0.2 m column frits. A similar scale of degradation could be expected for all 

these columns. However, we observed considerable differences. The degradation was 

more significant on the HILIC column, although it showed a lower back-pressure. 

Greater degradation was observed with an old C18 column than with a new C18 column 

of equal dimensions (Fig. 8b). One possible explanation may be a partial clogging of the 

inlet frit following prolonged used of the column. The differences in particle size 

distribution (PSD) may also play a role here. However, the PSD is expected to be similar 

for all studied columns, since the same type of initial packing material has been used for 

b a 
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their preparation. This confirms the complexity of degradation mechanism during LC 

analysis.  

 

 

Fig. 8. Degradation of 4-MDa PS under UHPLC conditions. The peaks were collected after elution 

from Acquity UPLC BEH columns of 50 × 2.1 mm I.D., 1.7-m particles, at a flow rate of 0.5 mL/min.  

Mobile phase THF, ambient temperature. Re-injection conditions same as in Fig. 2, except for a flow rate 

of 0.3 mL/min. (a) Comparison of chromatograms for PS standard not injected onto the column 

previously and PS injected onto columns with different chemistries. (b) Comparison of PS standard not 

injected onto the column previously and PS injected on columns with different history. 

 

It should be emphasised, that the 4-MDa PS molecules are too large to penetrate 

any of the pores of the stationary phase. Thus, the degradation is occurring mainly in 

the interstitial medium [43]. However, the presence of pores may increase degradation 

to a certain extent compared to non-porous material of the same particle size [44]. 

From the conditions where the onset of degradation is observed for PS of different 

molecular weights we found that visible degradation occurs approximately when De 

exceeds a value of 5, i.e. it is 10 times higher than the critical value for the coil-stretch 

transition. Thus, in the range of De from about 0.5 to 5 SC and HDC act simultaneously, 

but chain scission does not yet occur. Separations in this region may be useful in 

practice. The range of De numbers could be somewhat different for other types of 

polymers. One should be aware that De numbers account only for the hydrodynamic 

forces in the column and, thus, do not consider the full complexity of polymer 

degradation in LC. However, De values may serve as a guidance. 

 

 

b a 
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4.4.4. Study of polymer deformation and degradation using two-dimensional 

liquid chromatography 

 

Calibration curves for size-based separations on UPLC columns contain three 

regions reflecting different separation mechanisms [15]. Polymers of Mw below ca.       

50 kDa can penetrate (a fraction of) the pores of the stationary phase and they elute in 

the SEC mode. Larger molecules are excluded from all the pores. For polymers with Mw 

from approximately 50 kDa to a value above 1 MDa (the exact upper limit depends on 

flow rate) the separation is based on the HDC mechanism. For very large PS molecules 

(Mw exceeding 1 MDa, depending on the flow rate) SC behaviour can be observed. 

Because the elution order in SC is opposite to what is observed in SEC and HDC, the 

retention volumes of large molecules in SC are expected to coincide with the retention 

volumes of smaller molecules eluted in the HDC and SEC regions. According to the 

proposed concept of simultaneous action of SC and HDC during separations of disperse 

polymers (see section 4.4.1), co-elution of polymers of very low and very high molecular 

weights can be anticipated if the polymer MWD is sufficiently broad. To demonstrate 

such a co-elution we have conducted an off-line two-dimensional (2D) UPLC 

experiment (see Experimental 4.3.3.2). The sample was a mixture of narrow PS 

standards with molecular weights ranging from 20 kDa (SEC region of the columns) to 

4 MDa (eluting in the SC mode at high flow rates). This mixture could be seen as a 

simulated broadly-distributed synthetic polymer, but with fractions of known molecular 

weights. In the first dimension the conditions were chosen such that the different 

fractions of the sample eluted via three different mechanisms (SEC, HDC and SC), while 

sample degradation was not yet observed. In the second dimension the separation was 

performed in the HDC mode at much lower linear velocities (De=0.1). The obtained 2D 

plot is shown in Fig. 9. At the conditions used in the first dimension strong co-elution of 

a low- Mw fraction eluting in the SEC and HDC modes and a high- Mw  fraction eluting 

in the SC mode (e.g. 4-MDa PS co-eluting with the 20-kDa PS) could be observed. The 

critical molecular weight (Mcrit), where the molecular deformation begins and the 

calibration curve changes slope, is about 1 MDa (2telut is ca. 28.3 min) at a flow rate of 

0.3 mL/min in the first dimension. If such simultaneous action of SC and HDC (SEC) 

were to occur during LC analysis and were to remain unnoticed, this would lead to an 
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underestimation of the actual MWDs. On the other hand, when a sample elutes 

exclusively in the SC mode a selectivity much greater than that observed in HDC or SEC 

may be achieved (provided that the sample is analysed under conditions where it does 

not degrade). 

 

 

Fig. 9. Illustration of co-elution of very-high-molecular-weight PS in the SC mode and low-

molecular-weight PS in the HDC and SEC modes. Sample - mixture of PS standards. Off-line 2D-LC 

experiments. Conditions in first dimension (horizontal axis): flow rate 0.3 mL/min, Acquity UPLC C18 

column 100 × 2.1 mm I.D., mixed mode separation SEC + HDC + SC; second dimension (vertical axis): 

0.05 mL/min, two Acquity UPLC C18 columns 150 × 4.6 mm I.D. connected in series, separation in the 

HDC mode. 

 

 

Fig. 10. Deformation of 4-MDa PS standard. Off-line 2D-LC experiments. Conditions same as in    

Fig. 9. For explanation see text. 
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When a narrow 4-MDa PS standard is injected onto the UPLC column at the 

conditions of Fig. 9, the observed co-elution is minimal, because of the low sample 

dispersity (Fig. 10). However, it can be seen that the selectivity of the separation 

changes significantly during the run. Two peaks are observed in a one-dimensional 

chromatogram (see Fig. 7). The main peak (peak 2 in Fig. 10) elutes in the first-

dimension chromatogram after 1telut about 28 s. An additional, earlier peak (peak 1) 

appears at 1telut around 25 s that corresponds to Mcrit. At this point part of the high-

molecular-weight PS elutes together with the lower-molecular-weight fraction in the 

HDC mode.  

 

 

 

Fig. 11. Degradation of 4-MDa PS standard. Off-line 2D-LC experiments. (a) Conditions same as in 

Fig. 9, except flow rate in first dimension 0.5 mL/min. (b) Conditions same as in Fig. 9, except flow rate 

in first dimension 0.7 mL/min. For explanation see text. 

a 

b 
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Two-dimensional experiments may provide additional information on sources of 

polymer degradation. In Fig. 11a a 2D chromatogram for the 4-MDa PS is shown, which 

was recorded at the conditions where visible degradation of the sample occurs in the 

first dimension (flow rate 0.5 mL/min, see Section 4.4.3). We again observed a peak 1 

corresponding to the Mcrit (2telut  28.4 min). Note that at the conditions of Fig. 11 the 

Mcrit is somewhat lower than that at the conditions of Fig. 10 due to the higher flow rate 

used in the first dimension. Another peak (peak 2) appeared in the 2D chromatogram at 

2telut  27.8 min, which was attributed to the part of the initial sample with the chains 

fractured somewhere around the middle. A small peak at around 2telut  27.2 min (peak 

3) could be assigned to the products of degradation of the high-molecular-weight 

fraction present in the initial 4-MDa standard. The presence of such a fraction has been 

confirmed by an HDC analysis of the 4-MDa sample (Fig. 12). The remaining 

undegraded 4-MDa PS elutes in the SC mode (peak 4).  

 

 

Fig. 12. HDC chromatogram of 4-MDa PS standard. Mobile phase THF, flow rate 0.05 mL/min, two 

150 × 4.6 mm I.D. Acquity UPLC BEH C18 columns connected in series. 

 

When a higher flow rate is applied in the first dimension (0.7 mL/min), we can see 

an increase in the intensity of the peaks corresponding to the degradation products 

(peaks 2 and 3 at 2telut ca. 27.8 and 27.2 min) and the Mcrit (peak 1 at 2telut ca. 28.6 min), 

while the peak of the initial polymer decreases. Besides, another peak co-eluting with 

the 4-MDa polymer in the 1st dimension is now observed (peak 5, 2telut  27.8 min). This 

peak corresponds to a polymer with molecular weight of ca. 2 MDa, i.e. the initial 

polymer broken around the middle. These degraded macromolecules are not separated 
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from the initial sample during the first-dimension run. Such an effect may be caused by 

the continuous degradation of the polymer on the column and/or on the column outlet 

frit. Because the shape of this peak coincides with the shape of the peak for the initial 

polymer, it is more likely that the degradation has occurred on the outlet frit. If on-

column degradation would be observed, the peak corresponding to the degradation 

products would be distributed across the range of 1telut between ca. 12 and 24 s. The 2D 

chromatogram suggests that the degradation of part of the 4-MDa standard occurs on 

the inlet frit. The initial polymer is then separated from the degradation products while 

it is passing through the UPLC column (peak 2). Another degradation step occurs when 

the undegraded part of the 4-MDa polymer passes through the column outlet frit. The 

degradation products obtained from the second degradation step do not pass the 

column and, thus, co-elute with the 4-MDa polymer (peak 5). These observations 

support our previous suggestion that the column frits are the main sources of polymer 

degradation. This problem is especially critical in UHPLC where frits with very small 

pores are typically used. 

 

Conclusions 
 

The deformation and degradation of polystyrene macromolecules at high-stress 

conditions generated in a UHPLC system have been explored in the present work. No 

significant degradation of PS standards with molecular weights up to 3 MDa was 

observed in the range of linear velocities studied (up to 7 mm/s). Thus, degradation is 

not hampering the application of UPLC for the separation of polymers up to at least       

3 MDa in molecular weight. PS standards with molecular weights above 3 MDa were 

found to degrade through chain scission during UHPLC analyses. The extent of chain 

scission increased with flow rate. The degradation of PS standards with molecular 

weights below 13 MDa could be avoided by working at low linear velocities (e.g.          

0.8 mm/s). The 13-MDa PS standard was found to degrade even at linear velocities as 

low as 0.75 mm/s. Two-dimensional experiments indicated that the polymer 

degradation mainly occurred on the column frits. The packed bed in a UHPLC column 

might contribute to the scission of macromolecules at high velocities. The scale of 

degradation was found to depend on the column chemistry and on the column and frit 
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history. At very high flow rates the degradation of PS standards was observed even in 

the absence of a column. System parts, such as the injection valve and narrow-bore (127 

m I.D.) capillary tubing used in UHPLC, were implicated in this context. 

Flexible PS macromolecules were found to exhibit deformation prior to their 

degradation. Stretched macromolecules eluted through the column in the slalom-

chromatography (SC) mode, where the elution order is opposite to what is observed in 

HDC and SEC. At certain experimental conditions, a combination of both HDC and SC 

was observed, which led to the co-elution of small and large macromolecules. The 

simultaneous action of these two mechanisms was confirmed by collecting and re-

injecting the peak fractions and by (off-line) two-dimensional experiments. The SC 

mechanism exhibits a very high selectivity compared to the HDC and SEC modes. Thus, 

it may represent a useful separation technique. However, conditions where the entire 

polymer sample elutes in the SC mode, while chain degradation is not yet observed, 

may be difficult to find in practice. 

Both phenomena, deformation and degradation, are very complex and if they are 

overlooked during an LC analysis, incorrect conclusions may be drawn. To avoid errors 

in the determination of the MWDs and molecular weight averages of very-high-

molecular weight polymers by (UHP)LC, the elution mechanisms have to be carefully 

studied. A flow-rate dependence of polymer elution volumes usually indicates the onset 

of coil-stretch transitions for flexible polymer chains. This may be accompanied by the 

degradation of (part of) the sample. Thus, the comparison of sample-elution profiles at 

different flow rates should be a basic test to diagnose degradation and deformation 

problems. 
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