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CHAPTERR ONE 

GENERALL  INTRODUCTIO N 

Polymericc Distribution s 

Syntheticc polymers consist of molecules that can vary in chain length, chemical composition and 

chemicall  architecture (1, 2). In the case of a simple homopolymer, only a molar-mass distribution 

(MMD )) wil l be present, i.e. a distribution based on the number of repeat units (monomers) on the 

polymer.. When a polymer is made up of two or more different types of monomeric units, it is 

calledd a copolymer and wil l have a chemical composition distribution (CCD). The CCD is an 

indicationn of the average composition of the polymer as well as the shape (and width) of the 

distribution.. There are a number of different types of copolymers, depending on the sequence of the 

repeatt pattern. Examples include (a) fully random copolymers, where the sequence of distribution 

off  the different monomers is governed solely by chance, (b) alternating copolymers, which have 

alternatingg repeat units (c) block copolymers, where each monomer occurs as a long, uninterrupted 

sequencee and (d) graft copolymers, that have a second polymer chain, extending outward from the 

backbonee as a side chain. When functional groups are present on the polymer, either as end groups 

orr distributed along the backbone, a functionality-type distribution (FTD) wil l also be present. 

Distributionss according to stereoregularity ('tacticity'), branching and other architectural features 

cann also occur. Examples of the types of distributions commonly found in synthetic polymers are 

givenn in figure 1. 

Molar-MassMolar-Mass Distribution 

A-A-A-A-A- AA A-A A-A-A-A- A A A A A-A-A-A- A 

Chemical-Chemical- Composition Distributions 

B-A-A-A-B-A-B- AA B-A-B-B-A A-B-A-A A-A-A-B 

A-B-A-BAA A-B-A-B-A-B-A A B A A-B-A-A 

A-A-A-B-BB A-A-B-B-B-B A-A-A-B-B-B A-A-B-B-B 

Functionality-Functionality- Type Distributions 

X-A-A-A-A-A-A- XX Y-A-A-A-A-A- X Y-A-A-A- X 

X-- B-A-B-A-Y X-A-A-B-B-Y X-A-B-A-B-A- Y 

Figuree 1: Typical distributions found in synthetic polymers. 
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CHAPTERR ONE 

Figuree 2: Chromatographic separation of polymers according to (a) molar-mass distribution, (b) chemical-

compositionn distribution (this sample had a bimodal CCD) and (c) functionality-type distribution. 

Figuree 2 gives some real examples of the shape of some distributions that are encountered in real-

lif ee samples. Distributions are not necessarily normal (Gaussian), but can have many shapes 

depending,, for example, on the polymerisation techniques applied. 

Iff  the physical and chemical properties of a polymer are to be understood and ultimately controlled, 

thenn information on these distributions as well as their average values is essential. While 

techniquess such as NMR spectrometry, infrared spectroscopy, light scattering and viscometry can 

givee valuable information on the averages of certain polymeric distributions, they cannot say 

anythingg about the width and shape of the distribution. Since two polymers with the same average 

6 6 



GENERALL  INTRODUCTIO N 

molarr mass (or chemical composition) can have dramatically different properties, it is clear that 

informationn on the distribution itself is essential. In this case, some form of separation (that can 

separatee according to the distributions present) is an absolute requirement (3, 4). Chromatographic 

separationn techniques, such as size-exclusion chromatography (SEC) and interactive isocratic and 

gradientt liquid chromatography (LC), are particularly useful because they can separate molecules in 

termss of their size and their chemical and architectural features. Other separation techniques, such 

ass field-flow fractionation (FFF), hydrodynamic chromatography (HDC) and capillary 

electrophoresiss and electrochromatography, are also used for the characterisation of polymers (5, 6, 

7,, 8). However, since the scope of this thesis is focused on HPLC, only HPLC techniques will be 

discussedd in more detail. 

HPLCC for  the Characterisation of Polymers 

Size-ExclusionSize-Exclusion chromatography 

Size-Exclusionn Chromatography (SEC) has been the technique of choice for the size-based 

characterisationn of macromolecules since its development in the late 1950's (9, 10). SEC separates 

moleculess according to their size in a thermodynamically good solvent. The eluent should be strong 

enoughh to prevent adsorption of the solute macromolecules on the stationary phase. The stationary 

phasee is porous with pore sizes that are comparable to the size of the macromolecules. Molecules 

thatt are sufficiently small suffer less steric hindrance than larger molecules and will be less 

excludedd from the pores of the packing material. This results in smaller molecules having a later 

elutionn time than larger molecules that have less pore volume available to them because of their 

size.. The volumes corresponding to total permeation (when the molecule is small enough to enter 

alll  of the pores) and total exclusion (the molecule is too large to enter any of the pores) mark the 

maximumm and minimum accessible volumes of packing material. Macromolecules whose size lies 

betweenn these two limits can be characterised according to the extent to which they are excluded. 

Thee size-based separation is then usually converted to a mass-based characterisation using low-

dispersityy polymeric standards of known average molar mass. Although SEC remains one of the 

workhorsee techniques for the chromatographic characterisation of polymers, it is not without its 

failings.. As an exclusively size-based separation, it does not reflect molecular distributions other 

thann size. Differences in chemical composition, functionalities and end groups, tacticity, etc., will 

eitherr be lost or will lead to errors in the determination of the MMD in SEC (11). Even for MMD 

characterisation,, SEC is limited because the size of a copolymer is related to both its mass and its 
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CHAPTERR ONE 

chemicall  composition. Unless the copolymer has a very narrow distribution according to chemical 

compositionn or very well defined copolymeric standards are available (which is not usually the 

case),, SEC alone cannot be used to determine the MMD of a copolymer. Selectivity in SEC is also 

difficultt to control (in comparison to other forms of LC), because it is only influenced by the 

stationaryy phase (and not by the mobile phase). Therefore, when selectivity in SEC is to be 

changed,, a different packing material (with a different pore-size distribution) is required. 

InteractiveInteractive liquid chromatography 

Whenn non-size-based distributions are to be characterised, interactive LC is more useful than SEC. 

Interactivee LC (/LC) separates analyte molecules based on their interaction with the mobile and 

stationaryy phases of the chromatographic system. Unlike SEC, it can be optimised by changing the 

mobilee phase (both the constituents and the composition), as well as the stationary phase. It can 

alsoo be controlled by temperature, pH, etc. One of the aims of this thesis is to highlight the 

versatilityy of /LC for polymer characterisation, through an improved understanding of the 

mechanismss involved in the separation of polydisperse macromolecules and by coupling /LC to 

otherr (complementary) techniques. Results are presented for both stand-alone separations and 

separationss hyphenated to informative detectors, such as a mass spectrometer and a nuclear-

magnetic-resonancee spectrometer. 

ChromatographicChromatographic theory for iLC 

Inn interactive LC, separation of a mixture of analyte components occurs when there is a difference 

inn the equilibrium distributions of the individual analytes between the mobile and the stationary 

phasess (12, 13, 14). Since migration can only occur when the analyte is in the mobile phase, 

analytess whose equilibria favour the mobile phase will be eluted faster than those that are more 

retainedd on the stationary phase. The fundamental retention equation for a chromatographic process 

iss given as: 

VVRR=V=VMM+KV+KVSS (1) 

wheree VR is the retention volume of the analyte, VM and V$ are the volumes of mobile and stationary 

phases,, respectively, and K is the equilibrium distribution coefficient (ratio of the concentrations of 

thee analyte in the stationary and mobile phases). Retention is measured as a retention factor, k, 

where: : 

V V 
kk = K  ̂ (2) 

V V 
m m 

Combiningg equations 1 and 2 and assuming that the flow rate is constant, gives: 

8 8 
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GENERALL INTRODUCTION 

£ = _ **  2- = -K 2L  (3) 

soo that k can be measured from the retention time of the analyte (//?) and the retention time of an 

unretainedd compound (tm) that travels withh the mobile phase. 

Inn isocratic LC, the mobile-phase composition remains constant throughout the separation (isocratic 

== equal strength). For polymers, isocratic chromatography is not always practical, because the 

rangee of retention factors encountered for a polydisperse sample can be very wide. This is because 

retentionn increases exponentially with the number of repeat units according to: 

* „ * = ( * . + l ) ' - ll  W 

wheree ku is the retention factor of the repeat unit of the polymer and p is the number of repeat units 

onn a given molecule (4). When p is relatively high (as will be the case for polymers), even a small 

increasee in the retention of the repeat unit can lead to a polymer being effectively fully retained. 

Thee Martin rule (15) implies that there is a linear relationship between the retention factor and the 

numberr of repeat units in a polymer, i.e. 

\nk\nk = x + yn (5) 

Equationn 5 obviously contradicts equation 4, but this can be attributed to different assumptions. 

Equationn 4 assumes equal probability of a repeat unit being retained, while equation 5 assumes that 

thee free energy (AG) of each repeat unit is equal. In practise, it is very difficult to measure the 

retentionn factor of a polymer with a high number of repeat units and so the true shape of the 

relationshipp is difficult to establish. It is also seen that polymers and other high-molar-mass 

sampless tend to have a very narrow range of mobile-phase compositions where there is meaningful 

(i.e.. non-zero but finite) retention. Some examples of isocratic separations can be found in the 

literaturee (16). The majority of isocratic interactive separations of polymers are carried out at a 

specificc mobile-phase composition known as the critical composition, where the separation is no 

longerr influenced by the chain length of the polymer. 

CriticalCritical  Chromatography 

Criticall  chromatography is a particular form of isocratic chromatography, at a mobile-phase 

compositionn where the influence of the polymer chain length on retention has been minimised. This 

occurss when the free-energy effect associated with the addition of a monomeric unit to the polymer 

(AGmonn = Af/mon-7A5mon) is zero, i.e. the enthalpic and entropie effects of the addition of a 

monomerr are balanced (17, 18). When this is the case, the monomer will neither be retained on the 

stationaryy phase, nor excluded and so does not have any influence on retention. Retention under 
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CHAPTERR ONE 

thesee conditions will only be based on the end groups or other functional groups on the polymer and 

anyy other monomeric units (other than the monomer that is at its critical point) that are present on 

thee polymer. 

Criticall  chromatography is potentially very useful, because it allows the characterisation of 

distributionss other than mass. For example, if a separation has been optimised so that it is at the 

criticall  composition of the homopolymeric backbone, then a functionalised version of that polymer 

cann be characterised according to the functional groups that are present. The first experimental 

verificationn of such a critical point was published by Tennikov and co-workers (19) and many 

exampless of applications and potential applications can be found in the literature. It can be used for 

thee characterisation of functional groups (20, 21, 22), blends (18, 23, 24) and for the 

characterisationn of copolymers (random and block copolymers) (25, 26, 27). However, critical 

chromatographyy remains a challenging technique for polymer analysts and many questions remain 

ass to the validity of the technique (28, 29). Exact critical conditions can be hard to find and difficult 

too maintain, making it experimentally difficult. Peak broadening for high-molar-mass polymers can 

alsoo occur, resulting in the loss of resolution (30). As a compromise, experiments are often carried 

outt under near-critical isocratic conditions or pseudo-critical gradient conditions (31), which can 

givee sufficient selectivity without the need to be at exact critical conditions. 

GradientGradient LC 

Inn gradient-elution chromatography, the composition of the mobile phase is varied during the 

separation,, by a gradual or stepwise increase in solvent strength (14, 32). The result is a lowering 

off  retention factors as the gradient proceeds. Gradient elution has several advantages over isocratic 

elution,, the most significant being that samples with a relatively wide range of retention factors can 

bee eluted in one run without excessively long retention times. Late-eluting peaks are much sharper 

inn gradient elution than in isocratic separations. This can help to increase detector sensitivity 

(althoughh signal-to-background interference from the mobile-phase gradient will counteract the 

gain. . 

Gradientt separations are more difficult to understand than isocratic separations. The nature of the 

mobile-phasee constituents, the starting composition of the mobile-phase, the shape of the applied 

gradientt and its slope all affect the elution behaviour of analytes in gradient LC. One way to 

comparee isocratic and gradient separation is to consider a particular type of gradient LC (proposed 

byy Snyder) known as a linear solvent strength (LSS) gradient (14, 33, 34). This type of gradient 

resultss in a linear relationship between the logarithm of the retention factor and gradient time, i.e. 

log*,=log*„-fc(f/? m)) (6) 

10 0 
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wheree Jfc, is the retention factor of an analyte i, kA is the retention factor of that analyte at the initial 

mobile-phasee composition and b is known as the gradient-steepness parameter, which is 

proportionall  to the applied gradient slope. The retention time, retention factor, band width, peak 

resolution,, etc., can all be understood in terms of b. Using this approach, distinct parallels between 

LSSS gradients and isocratic separations can be observed, in terms of the effect of solvent strength 

onn the separation. Specifically, a change in 1/b (or the gradient time fc) in gradient elution, has a 

similarr effect as an equal change in k for an isocratic separation. Ultimately, if we can predict the 

effectt of a change in the solvent strength for an isocratic separation on band width, resolution and 

separationn time, we can also predict the effect of a change in gradient steepness in a gradient 

separation. . 

Speciall  considerations for  LC separations of polymers 

Theree are a number of reasons why the theory of LC cannot simply be applied to describe the LC 

behaviourr of polymers (4, 35, 36). Polymers are high-molar-mass, usually polydisperse samples 

andd as such differ significantly from low-molar-mass, unimolecular analytes. Exclusion effects for 

largee molecules can complicate separations in isocratic and gradient LC, because the available 

surfacee area of stationary phase depends on the size of the molecule i.e. the extent to which it is 

excluded.. On the other hand, the usual definition of the size of a macromolecule in a good solvent 

(suchh as those used in SEC) is based on a coil shape. Entry into a pore can still occur if the coil 

unravelss or distorts. While there is littl e incentive for this to happen in non-enthalpic processes 

suchh as SEC, enthalpic interactions can overcome the entropie constraints of a large coil, when a 

weak(er)) solvent is used (such as in isocratic or gradient LC). 

Variouss theories have been put forward to describe the retention behaviour of large molecules. 

Thesee include a 'precipitation-redissolution' mechanism suggested by Glöckner et al, a 'critical 

solutionn behaviour' proposed by Armstrong and co-workers and an approach that is linked to 

conventionall  theory (for the LC separation of small molecules) by Snyder and co-workers. 

Thee 'precipitation-redissolution' mechanism proposed by Glöckner (4, 11) suggests that a polymer 

injectedd into a weak mobile-phase system (e.g. the starting conditions of a gradient separation) will 

precipitate.. During the course of the gradient, the strength of the mobile-phase increases and 

redissolutionn can eventually occur. Large molecules that are excluded from some or all of the pores 

wil ll  move ahead of the gradient (since the mobile phase can totally permeate all pores of the 

packingg material). Precipitation then reoccurs and analyte molecules must wait until the mobile-

phasee catches up so that they can be redissolved. Separation is achieved when different analytes in 

thee system (e.g. polymers of different chemical composition or molecular weight) redissolve at 

11 1 
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differentt solvent strengths. Retention in this case will be independent of the packing material of the 

stationaryy phase, but dependent on sample size (increasing sample size leads to increased retention) 

andd temperature (increasing temperature leads to increased solubility and thus decreased retention). 

Armstrongg and co-workers (35, 36) have proposed an alternative retention mechanism that links 

thee retention factor k of a macromolecule to a specific mobile-phase composition Xc so that: 

kk = cxp[AM(X-Xc)]  (7) 

wheree k is the retention factor of the analyte, A is a constant, M is the degree of polymerisation of 

thee solute and X is the mobile-phase composition. Xc is dependent on the molar mass of the 

macromolecule.. Below this composition, a macromolecule will be strongly retained by the 

stationary-phasee and above it, the macromolecule will be rapidly eluted. Other retention 

mechanisms,, specific to the separation of proteins have also been proposed. However these will not 

discussedd in any further detail. 

Snyderr and co-workers (37, 38) have compared both Glockner's precipitation theory and 

Armstrong'ss critical theory to 'conventional' chromatographic theory. They concluded that the 

'precipitation-redissolution'' mechanism can apply under certain limiting conditions, but that the 

'criticall  solution behaviour' theory lacked solid evidence. They found that in many cases, 

'conventional'' chromatographic theory adequately described macromolecular retention, particularly 

whenn samples are strongly retained by the stationary phase, injected in small amounts and are 

reasonablyy soluble in the mobile-phase. For samples larger than 200 jig, a 'precipitation-

redissolution'' type mechanism became more important. The retention mechanism that best applies 

too a given system can be determined by measuring retention as a function of sample size and 

comparingg these data with the solubility of the sample as a function of mobile-phase composition. 

Systemss need to be considered on a case by case basis and it is possible that a mixed-mode retention 

mechanismm occurs. 

Snyderr and co-workers (39) also studied the effect of pore size and surface area on the 

chromatographicc retention of polystyrenes of varying molecular weight. Their results indicated that 

thee retention of large molecules was not influenced by exclusion effects, i.e. the same surface area 

off  stationary phase was available to all of the sample molecules, regardless of their size. 

Experimentss were carried out on both wide-pore (1000 A) and narrow-pore (60 A) packing 

materialss and for polystyrenes ranging in mass from 200 to 50,000 Da. The retention factor was not 

influencedd by variations in the flow rate or the sample size. The influence of temperature on 

retentionn was found to be significantly greater for large molecules than for smaller molecules and 

linearityy between the retention factor and the degree of polymerisation (i.e. the Martin rule) was 

12 2 
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failedd for masses higher than 2000 Da. However, they concluded that the behaviour of high-

molecular-weightt polystyrenes was quite similar to that of small molecules in similar reversed-

phasee systems. 

Inn our research, we have generally taken the view that the chromatographic separation of high-

molar-masss polymers is similar to that of conventional solutes, i.e. we have used Snyder's 

approach.. We have tested this approach by comparing experimental data to predictions using 

conventionall  LC theory and models. For the systems that we studied, we found that there was 

excellentt agreement between theory and practice. 

RetentionRetention models in conventional LC 

Retentionn models in liquid chromatography can be used to describe the relationship between the 

retentionn of an analyte molecule and specific parameters in the applied separation system (for 

examplee the mobile phase composition, pH, polarity, temperature, etc.). Models that describe the 

relationshipp between the retention factor k and the mobile-phase composition tp have been 

developedd and major contributions towards the understanding of both reversed-phase and normal-

phasee chromatographic separations have been made (32, 33, 40, 41). One of the most widely used 

modelss describes retention in reversed-phase systems: 

\nk=]nk\nk=]nk00-S<p-S<p (8) 

wheree ko is the retention factor of the analyte in 100% of the weak solvent, <p, is the mobile-phase 

compositionn (expressed in volume fraction units) and S is the slope, also known as the solvent-

strengthh parameter. This model is an approximation of data that can be better described by a 

quadraticc curve (40). However, since the relationship is reasonably linear within a limited range of 

mobile-phasee compositions, a straight-line fit is found to be sufficient. 

AA second model (the normal-phase NP model) predicts a linear relationship between the logarithm 

off  the retention factor and the logarithm of the mobile-phase composition (32), i.e. 

log&&  = log&, -mlog#> (9) 

wheree kj is the retention factor of the analyte at <p = 1 (100% strong solvent) and m is the observed 

slope. . 

ApplyingApplying the models to gradient separations 

Bothh models can be applied to isocratic and gradient mobile-phase systems. In the case of a 

gradientt separation, the mobile-phase composition varies with time in a defined manner. When a 

linearr gradient is applied, the composition at time / will be: 

<p<p = A + Bt (10) 

13 3 
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wheree A is the initial mobile-phase composition and B is the gradient slope (expressed in volume 

fractionfraction per time units). If we then apply an appropriate retention model, for example the RP 

(equationn 8) or NP model (equation 9), we know (a) how composition varies with time and (b) how 

retentionn varies with composition. In principle, this is all the information that is required to 

describee the retention behaviour of analytes under gradient conditions. 

Thee basic integral for gradient elution (40) is: 

*M£ MM _ (1I) 
JJ kw "  HA) 

wheree ƒ "'(^7) is the inverse gradient function, k{<p) is the relationship between the retention factor 

andd the mobile-phase composition, k(A) is the retention factor at the initial mobile-phase 

compositionn {<p = A) and to is the gradient dwell time, i.e. the time it takes for a programmed change 

inn the mobile-phase composition to reach the head of the column (including both the unintentional 

delayy time caused by the volume of the mixer and the tubing between the gradient former and the 

columnn and any intentional delay time programmed by the user). 

Thee integral must be solved for the relevant retention model and for the shape of the applied 

gradient.. When the reversed-phase model (equation 8) is assumed and the gradient shape is linear, 

thee retention time of an analyte eluting within the gradient can be calculated as: 

to to 
k(A) k(A) 

Thee model parameters S and In ko can be estimated by measuring the retention time of an analyte at 

twoo different B values (two gradient slopes). Coincidentally, when the above conditions apply (i.e. 

thee RP model holds and a linear gradient is used), the requirements of an LSS gradient are met. 

Thiss however is a consequence of the applied experimental conditions rather than a prerequisite for 

thee model to be valid. 

Iff  an analyte is eluted before the onset of the gradient, i.e. isocratically, then it can simply be 

describedd as: 

WW ='«&+*(*) ] (13) 

Forr analytes that elute after the gradient, retention will depend on the duration of the gradient 

program,, defined as: 

^^ < l 4 ) 

wheree F is the final mobile-phase composition expressed as a volume fraction. Retention times in 

thiss case (again assuming equations 8 and 10 are valid) can be calculated as: 

14 4 

ttRR=—=— \a^l +SBk(A) 
SB SB 

f__ — ++  tm+*D ( 1 2) 
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t«=k(F) t«=k(F) f - - --
k(A) k(A) 

k(F) k(F) 
SB SB 

In n 
k{F) k{F) 
k(A) k(A) 

F-A F-A 
BB L (15) ) 

wheree k(F) is the retention factor at the final mobile-phase composition F. 

Iff  it is more appropriate to use the normal-phase model, then this can also be solved for the three 

situationss (analytes that elute before, during and after the gradient) (32, 42, 43). The relevant 

equationss in this case are: 

t^^Bk^mt^^Bk^m + l) f__ — 
k(A)j k(A)j 

++  An +t+tmm+t+tr r 
BB m L 

forr an analyte that is eluted during the gradient and: 

AA r»-,in-i. i .m-Li l l r A ,.-«nw,, __> 
fillfill  k(A)J k0(m + l) 

forr an analyte that elutes after the gradient. 

'H H -- + *-+*, 

(16) ) 

(17) ) 

ApplyingApplying LC models to polydisperse systems 

Thee retention behaviour of a polydisperse sample, such as a synthetic polymer, can also be 

describedd using an LC model (43). In thiss case, it is necessary to (a) find the appropriate model and 

(b)) find the relationship between the model (i.e. the model parameters) and polydispersity. For 

example,, in the case of a synthetic homopolymer, polydispersity implies a distribution of varying 

molar-massess and so the relationship between the model and molar mass must be established. For 

thee RP model, a correlation between the model parameters S and In k0 has been reported for well-

definedd groups of solutes, such as a homologous or polymeric series (41, 44), i.e. 

SS = p + q\nk0 (18) 

Whenn this correlation exists, it can be substituted into the original model (equation 8 ): 

\nk\nk = lnko~(p + qlnk0)<p (19) 

Thiss relationship is significant because it suggests that at a given (critical) mobile-phase 

composition,, corresponding to q>crit = Uq, the retention factor of all members of the series will be 

equal,, irrespective of their individual ko values, i.e. all members of the series will co-elute (43). 

Thiss mobile-phase composition corresponds to the critical composition referred to previously. 

Usingg the same equation, the retention factor at the critical mobile phase composition can be 

calculatedd as In kcri t = -plq. The same reasoning can be used to predict <pcril and In kcrit for a series 

thatt follows the NP model or any other appropriate model, once a suitable correlation between the 

modell  parameters has been established. Since the critical mobile-phase composition of a polymer is 
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CHAPTERR ONE 

usuallyy determined through tedious 'trial-and-error' experiments, the ability to predict the critical 

pointt in such a straightforward manner is a considerable advantage. 

Forr there to be a link between the model and molar mass, a second correlation, relating one or other 

off  the model parameters to mass, is also required. There is some discussion as to the best way to 

describee the relationship between retention and molar mass and it has been a key aspect in this 

researchh (see chapters 3 and 4). The Martin rule (15) describes a linear relationship between In k 

andd the degree of polymerisation n (equation 5). 

Sincee In ko is simply the retention factor at a particular mobile-phase composition (#>=0), it is 

reasonablee to suggest that the relationship holds at this composition. Others suggest that the Martin 

rulee will fail under certain circumstances, for example high or low masses (39, 45, 46). Whether 

thee Martin rule is valid or not is not critical for the prediction of the retention behaviour of synthetic 

polymers.. What is important is that the relationship between molar mass and the model parameters 

iss well described. It is the quality of fit, rather than its shape that matters. 

PredictingPredicting Retention behaviour 

Oncee reasonable correlations between the model parameters and molar mass have been established, 

itt is then possible to describe how retention changes with mass. For a polydisperse sample, with a 

weightt average mass Mw and a number average mass Mn, the width of the molar-mass distribution 

o,, corresponds to (1): 

aa = Mny/PDI-l (20) 

wheree the PDI is known as the polydispersity index and is calculated from Mw/Mn. The MMD of 

thee sample can then be estimated (assuming a specific shape) such as normal or log normal. Using 

thee established correlations, each individual mass can then be assigned its own values of S and In ko. 

Retentionn versus composition plots for the polymeric series can then be depicted by a series of 

lines,, as shown in figure 3. 
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Ink k 

Figuree 3: 

Volum ee Fractio n 

Simulatedd retention-versus-composition lines for a polydisperse sample. 

Eachh line represents the variation in retention as a function of composition for a specific member of 

thee series. The validity of equation 8 implies that these lines are straight, the validity of equation 18 

correspondss to the occurrence of a common intersection point for all lines, i.e. a critical point. In 

ourr approach, an Excel spreadsheet is used to provide the chromatographer with an interactive 

platformm for predictions. The PDI is used to estimate the range of masses present in a sample. The 

shapee of the distribution can be described by any type of reasonable mathematical function, such as 

aa normal (or Gaussian), log normal or Poisson distribution. The appropriate shape for the 

distributionn depends on the polymer and the type of polymerisation reaction that was performed (1). 

Thee mass range (determined by the distribution) is divided equally into (up to) one hundred 

individuall  masses. These masses are not related to the mass of the monomeric unit i.e. they do not 

correspondd to integer numbers of monomers. 5 and In ko values are then calculated for each mass 

value.. The retention behaviour of individual molecules can then be predicted as a function of their 

molarr mass and the applied mobile-phase conditions. 
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CalculationCalculation of peak widths 

Thee peak width of an analyte that is eluted under gradient conditions can be estimated as (14): 

<77 = (l + *,)Js=G (21) 

wheree ke is the retention factor at the moment of elution and G (<1) is a band-compression factor 

thatt occurs when the leading edge of the peak (weaker solvent) travels slower than the tailing edge. 

Underr isocratic conditions, G = 1 and ke is the conventional retention factor (constant throughout 

thee elution). Peaks widths for each individual member of the polydisperse series are calculated 

accordingg to equation 21, with the assumption that G=l in all cases. While theoretically a reduction 

inn peak width of 10 or 20% may be expected for analytes eluting during the gradient, this is not 

alwayss observed in practice. Finally, individual peaks are summed to show the overall retention 

behaviourr of the series. Predictions are represented graphically as both chromatograms and (mass 

versuss retention time) calibration curves. Calibration curves are useful, because they indicate how 

retentionn (or elution composition) varies along one or more series. They can be tuned quite easily 

byy changing the mobile-phase composition, so that a separation is focused on a particular mass 

rangee or conversely, to minimise the separation according to mass, so that a second distribution, 

suchh as a chemical-composition distribution, can be characterised (figure 4). The curves can also be 

usedd to relate retention to molar mass and to convert a chromatogram to a molar-mass distribution. 

Thesee applications are discussed in more detail in Chapters 2 and 3, where specific examples are 

presented.. The effects of tuning the mobile phase can also be seen in the resulting chromatograms. 
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Figuree 4: Simulated calibration curves for two different mobile-phase gradients. The steeper curve (a) 

correspondss to a separation that is focused on molar mass. The separation conditions in (b) resulted in 

lesss separation according to molar mass. 
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(a ) ) 
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Figuree 5: Simulatedd chromatograms corresponding to the calibration curves of figures 4(a) and 4(b) above. 

Figuree 5 shows two gradient-elution chromatograms predicted using the model of figure 4. In the 

firstt case (figure 5a), a good separation according to mass is observed, i.e. retention is strongly 

affectedd by the molar mass (or degree of polymerisation). In the second chromatogram (figure 5b), 

alll  members of the series elute in a compact group, which (depending on the chromatographic 

efficiencyy or plate count) may appear as a single, broad, fronting peak. In this case retention is 

ratherr independent of molecular mass and the term pseudo-critical chromatography (31) has been 

usedd for such gradient separations. 
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Bothh the chromatogram and the calibration curves are produced automatically within the 

spreadsheet.. The user can immediately observe the predicted effects of changes in the gradient 

parameterss (A, F and fc) or isocratic composition or changes in the properties of the sample (molar 

masss and molar-mass distribution). Up to three different series, corresponding to three chemically 

differentt polydisperse analytes can be represented in one predicted separation. This allows the 

chromatographerr to understand and therefore optimise separations of polydisperse samples and 

mixturess of polydisperse samples (e.g. polymer blends). More details on the model, its validity and 

applicationss for the characterisation of polydisperse systems are given in chapters 2, 3 and 4. 

Hyphenatedd Systems 

LCC separations need to be coupled to some form of detector in order to monitor the elution of the 

analytes.. In the simplest case, the separation can be monitored by a detector that detects a change in 

somee property of the effluent as the solute compounds elute. For example, a single-wavelength 

detectorr can detect solutes that absorb more (or less) then the mobile phase at the wavelength of 

detection.. A refractive-index detector monitors changes in the refractive index as the solute 

moleculess elute and an evaporative light-scattering detector can detect scattering of light when 

clusterss of solute particles pass through a light beam. In most cases some estimate of the 

concentrationn of the eluting compounds can be made (usually using a calibration curve), but very 

littl ee other information is available. 

Whenn absolute molar-mass or structural information is required, hyphenation to a more informative 

detectorr is required (47). Chapters four and five of this thesis deal with hyphenated systems using 

masss spectrometry and NMR, respectively, and therefore these systems will be discussed in some 

moree detail. 

MassMass Spectrometry 

Masss spectrometry is a separation technique. Molecules in a sample are first ionised and then 

separatedd according to their mass-to-charge (m/z) ratio. MS gives information on the masses that 

aree present in a given sample, but can also be used for structure elucidation. Ionisation of the 

samplee is the First step in a mass-spectrometric analysis. Many different ionisation techniques are 

available.. However, for polymer analysis, electrospray ionisation (ESI) and matrix-assisted laser-

desorptionn ionisation (MALDI ) are now the two most common ionisation techniques (31,48). This 

iss because both can ionise without any major fragmentation of the molecule, i.e. they are 'soft' 

ionisationn techniques. In electrospray ionisation (49), the sample is infused into the source as a 

finelyy dispersed liquid. A strong electric field is applied to the droplets during evaporation, 

21 1 



CHAPTERR ONE 

resultingg in ionisation of the molecules. Very littl e fragmentation of the molecules occurs, resulting 

inn spectra that are reasonably simple. Multiply charged ions can occur (particularly for polar 

polymers)) and this can complicate spectral interpretation. However, multiple charging can also be 

beneficial,, because it allows larger molecules to be studied using MS equipment with a limited mass 

range. . 

MALD II  (50) is a particularly useful technique for polymers, because it can ionise large molecules 

thatt have only moderate polarity. MALDI mainly results in singly charged ions, with very littl e 

fragmentation,, making it ideally suited to polymer analysis. Ionisation occurs when the sample is 

mixedd with a suitable matrix and then irradiated with a laser beam that can energise the matrix. 

Transferr of energy from the matrix to the analyte will promote a transition of the analyte from the 

solidd to the gas phase and ionisation of the analyte molecules occurs. 

Afterr ions have been formed in the ionisation source, the sample is separated using the mass 

analyser.. A number of different analysers can be used depending on the properties of the sample. 

Att present, the MS of choice for LC-MS of polymers is the time-of-flight (TOF) mass analyser (48). 

Thee time-of-flight MS measures the mass of an ion by its flight time. Since the path length and 

energyy of the ion are known, a straightforward calculation allows the mass-to-charge ratio of the ion 

too be calculated. The TOF-MS is a highly sensitive instrument and it has a broad mass range. 

Whenn it is used in the reflectron mode (effectively lengthening the flight path), high-mass 

resolutionn can be achieved (51). 

HyphenatingHyphenating LC to MS 

MSS can be used as a stand-alone technique for the determination of MMDs of narrowly distributed 

homopolymers.. However, it suffers from mass-discrimination and ion-suppression effects (48). 

Forr samples with a large PDI, or those with a more complicated structure (e.g. a copolymer or a 

polymerr with a functionality-type distribution), these effects can result in misleading spectra and in 

inaccuraciess in the determined distributions. In such cases, much better results will be obtained if 

thee polymer sample is separated prior to introduction into the MS. 

On-linee coupling of LC to MS requires an atmospheric-pressure ionisation (API) interface. In this 

respect,, significant progress has been made in the last number of years. ESI in particular is suited to 

directt coupling with MS. Some consideration of the LC system is required. In particular, non-

volatilee additives in the mobile phase should be minimised and the flow rate should be minimised 

(althoughh state of the art equipment can handle millilitre-per-minute flow rates, performance tends 

too be better and less maintenance tends to be required when lower flow rates are used). MALDI is 

moree difficult to couple on-line, because of the need to mix the sample with a matrix and to then 
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irradiatee the mixture with a laser. Some attempts have been made to make a semi-on line coupling 

(52,, 53). However, to date the resulting systems remain limited in their application. 

NMR NMR 

Nuclear-magnetic-resonancee spectrometry is a well-established and extremely valuable technique 

forr the structure elucidation of molecules. The technique is useful for molecules whose nuclei 

possess a property known as 'spin'. When such nuclei are subjected to an external magnetic field, 

theirr magnetic moment can be aligned in either of two ways, i.e. with or against the external field. 

Alignmentt with the field is the more stable state and energy must be absorbed for the nucleus (most 

commonlyy a proton) to 'flip' to the other (less stable) state. The frequency at which a proton 

absorbss the energy for this to occur is known as the effective field strength. The effective field 

strengthh depends on the environment of the nucleus, for example, its electron density and the 

presencee of other nearby protons. Nuclei with different environments will require different applied 

fieldd strengths to produce the same effective field strength. The applied field strength is therefore 

ann indication of the structure associated with the resonating protons. 

Hyphenatingg LC to NMR for polymer analysis has some obvious advantages, particularly for more-

complexx samples. For example, variations in chemical-composition and functionality-type 

distributionss can be monitored across chromatographic peaks and from peak to peak in the LC 

separation.. NMR is a concentration-sensitive detector and thus, quantitative information on the 

distributionss can be obtained. However, LC-NMR has only become a realistic option as a 

hyphenatedd technique in the last few years (54). This is because solvent-suppression techniques 

havee been developed that allow non-deuterated solvents to be used (for *H NMR) without the 

problemm of overwhelming interference due to the mobile phase (55, 56). Improvements in probe 

designn (57, 58) have also contributed, because they have led to an increased sensitivity (although it 

iss still advisable to inject as much as possible onto the LC column to ensure that the signal-to-noise 

ratioo is as high as possible). Better shielding of the magnet also helps, because the LC can now be 

broughtt much closer to the NMR (less than 50 cm), thus minimising extra-column band broadening. 

Whenn NMR is coupled to LC, there are a number of different options for detection. Fractions can 

bee collected and run at a later time. However, this cannot be considered a hyphenated technique. 

On-linee options include stopped-flow and continuous experiments. In a stopped-flow experiment, 

thee mobile-phase pump of the LC is stopped when the analyte reaches the NMR probe. This is 

determinedd by the output from a UV or other suitable detector. The response from the analyte can 

thenn be measured for as long as is required to obtain a good signal-to-noise ratio. Stopped-flow 

experimentss are useful for well-resolved peaks of unimolecular analytes. However, in the case of 
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polymers,, where molecular structure varies across the peaks, continuous-flow detection is a better 

option.. The concentration of the sample must be high enough to ensure that it can be quantified. 

Scopee of this Thesis 

Thee aim of this research is to improve and further the understanding and therefore the applicability 

off  interactive liquid chromatography for the characterisation of complex high-molar-mass 

polydispersee samples i.e., synthetic polymers. A number of specific areas of interest are addressed, 

namelyy the use of LC retention models for the prediction of the retention behaviour of high-molar-

masss samples and the incorporation of the effect of polydispersity into the model. The potential of 

hyphenatedd LC systems is also investigated, in particular for the characterisation of complex 

(multidimensional)) polymeric samples. 

Thee validity of the reversed-phase LC model for a particular separation is investigated in chapter 2. 

AA custom-made spreadsheet application is used, that can calculate the retention time of a sample as 

aa function of molar mass and polydispersity according to a given retention model. The output of the 

spreadsheett is a predicted chromatogram and a calibration curve (retention time versus molar mass) 

thatt changes as a function of experimental conditions and model parameters. A correlation between 

thee model parameters, known to exist for some homologous series, is investigated and is used to 

predictt the critical mobile-phase composition for a specific polymer. An adapted form of the LC 

modell  is developed for high-molar-mass polymers and its use for the prediction of the retention 

behaviourr of a copolymeric sample, using only retention information from the component 

homopolymers,, is established. 

Inn chapter 3, the potential of interactive liquid chromatography for the determination of molar-mass 

distributionss is highlighted. The retention model introduced previously is again applied and a new 

approachh to establishing the best relationship between molar mass and the model is investigated. 

Thee model is used to predict experimental conditions where there is good selectivity according to 

molarr mass and the relationship between molar mass and retention time under these experimental 

conditionss is then used to construct a calibration curve from which molar-mass distributions can be 

calculated. . 

AA new approach to the validation of retention models for polymeric separations is introduced in 

chapterr 4. The results of this approach are rigorously validated and the relationship between the 

modell  parameters and molar mass is again explored. The model is adapted to incorporate molar 

masss as an independent variable, giving a simpler model function. Significantly, this function 

allowss a drastic reduction in the number of experiments that are required to fully describe the 

retentionn behaviour of a specific type of polymer in a given LC system. 

24 4 



GENERALL  INTRODUCTIO N 

Inn chapter 5, a liquid-chromatographic separation is coupled to a mass spectrometer so that two 

dimensionss of separation can be achieved for the characterisation of a functionalised copolymer. 

Dataa analysis is a key aspect of the characterisation, because LC-MS of polydisperse samples can 

bee highly data intensive (particularly when there is more than one distribution within the sample). 

Ann automated procedure for the structural elucidation of complex data sets is developed and applied 

too the LC-MS data set. 

Inn chapter 6, the potential of LC-NMR as a hyphenated separation technique for the characterisation 

off  complex polymer samples is investigated. Practical aspects, such as solvent suppression and 

sensitivityy in a continuous-flow gradient LC separation coupled to NMR, are explored. 

NoteNote on the text 

Thee chapters in this thesis have been prepared as articles for publication in international scientific 

journalss and can be read independently. Therefore, some overlap may occur. 
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CHAPTERR Two 

APPLICATIO NN OF THE REVERSED-PHASE LC MODEL TO POLYMERS. 

Abstract t 

Inn this chapter, it is illustrated how conventional models of chromatographic behaviour can be used 

too predict the separation behaviour of polydisperse macro molecules. Using polystyrene and 

polymethyll  methacrylate homo- and co-polymeric standards, the models were validated by 

comparingg experimental retention behaviour with that predicted by the chromatographic model. 

Thee experimental retention times of each of the samples were entered into a spreadsheet 

application,, which calculated the parameters that best described retention (for a given model). 

Whenn a correlation between the relevant parameters and molar mass was established, that 

correlationn was used to predict the change in retention behaviour over the molar-mass range. 

Ann expression introduced previously, to calculate the critical mobile-phase composition of a 

homopolymer,, was validated using polystyrene homopolymers. A second expression, which can 

predictt the elution behaviour of copolymers, was also validated. This expression can predict the 

retentionn of a copolymer, based solely on the retention of the homopolymeric units that make up the 

copolymer. . 

Introductio n n 

Thee comprehensive characterisation of the molecular distributions present within a polymeric 

samplee is an essential part of predicting and controlling the physical and chemical properties of that 

polymer.. Distributions in synthetic polymers can be multidimensional and at the very least will 

includee a molar-mass distribution (MMD). In the case of more-complex (co)polymers, various 

otherr distributions, such as chemical-composition distributions (CCD), functionality-type 

distributionss (FTD), block-length distributions (BLD), branching distributions and tacticity 

distributionss can also be present. Conventional chromatographic techniques for macromolecular 

separations,, such as size-exclusion chromatography (SEC), cannot provide a complete 

characterisationn of such polymers, since they do not distinguish between molecular properties other 

thann size. For complete characterisation, techniques that make use of molecular interactions, such 

ass gradient-elution and isocratic (critical) liquid chromatography are more appropriate, since these 

cann separate on the basis of chemical differences other than molecular size (1, 2,3). 
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Interactivee chromatographic techniques are routinely used for the separation of small molecules. 

However,, their application to macromolecules is not so well established, mainly because the 

mechanismss controlling their retention are not always as straightforward. It is widely accepted that 

polymerss must be regarded as a particular case for liquid chromatography and that there are a 

numberr of special features that must be considered (4, 5). These include the molecular-radius-to-

pore-diameterr ratio, which, when large enough, will induce depletion (exclusion) effects within the 

column.. Multi-site attachment of repeating units can mean that the polymer is either fully sorbed 

ontoo the stationary phase or fully desorbed into the mobile phase (i.e. there is virtually no 

distributionn of the molecules between the phases). The transition between these two states can be 

quitee sudden for large polymers and in this case, isocratic chromatography becomes impractical 

(exceptt at a very specific critical mobile-phase composition, where the monomeric backbone of the 

polymerr no longer influences retention). The kinetics of solubility of the polymer in a given 

mobile-phasee mixture can further complicate the retention behaviour (6). These factors can 

ultimatelyy lead to diminished robustness of the polymer-separation method, because they contribute 

too retention in a way that cannot always be repeated. For example, the dynamics of solubility will 

dependd on sample concentration and sample volume, as well as on molar mass and the system 

temperaturee (2). Changes in any of these parameters will affect the retention behaviour due to 

changess in solubility rather than chromatographic interactions. Depletion effects can also occur for 

highh molar-mass polymers. However, it has been reported that this does not affect the surface area 

off  stationary-phase available for interaction with the macromolecules (7). 

Inn this research, the retention behaviour of a number of polydisperse macromolecules has been 

fittedd to an appropriate chromatographic model (in this case the reversed-phase retention model). A 

spreadsheett program was used to calculate 'best-fit' values to describe retention in terms of the 

model,, based on experimental data. Details on the format of the spreadsheets and how we can use 

themm to predict retention behaviour have been outlined previously (8). In this chapter, we will 

presentt experimental validation of these predictions by comparing data obtained for (co)polymeric 

standardss with the predictions obtained from the chromatographic model. 

Inn addition, we introduce an expression that describes the retention behaviour of a copolymer in 

termss of the contribution to retention of each of the monomeric units present. Notably, the 

expressionn predicts the retention of a copolymer based solely on the retention behaviour of its 

componentt monomeric units. No copolymeric standards are required. We have validated this 

expressionn using narrow CCD polystyrene/polymethylmethacrylate random copolymers and we 

demonstratee that there is an excellent agreement between the predicted and actual behaviour of the 

copolymers. . 
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Modelss in Interactive HPLC 

Reversed-phaseReversed-phase Model 

Onee of the most widely applied models of retention behaviour in interactive HPLC is the so-called 

reversed-phasee model, in which the logarithm of the retention factor is assumed to vary 

(approximately)) linearly with the volume fraction of organic modifier in the mobile phase (11, 12, 

13),, i.e. 

Inn k = \nk0-S (p (1) 

Wheree <p is the volume fraction of strong solvent in the mobile phase, k0 is the retention factor of the 

analytee in 100% of the weak solvent and S is the solvent strength parameter (a measure of the 

decreasee in In k with increasing cp). Once values for In k0 and S have been obtained for a given 

analyte,, it is possible to predict the retention factor of that compound at any mobile-phase 

composition. . 

Valuess for S and In k0 can be determined isocratically. Retention factors for a sample are measured 

att a number of different values of (p. If the model adequately describes the retention behaviour, then 

ann approximately linear relationship between In k0 and (p will be seen; S is then the negative slope of 

thatt line and In k0 is the intercept at ip = 0. An example of one such plot for the oligomers of a 

polystyrenee standard (average molar mass = 580 Da, PDI =1.16) is given in figure 1. 

00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 

Volum ee fractio n of Stron g Solven t (<p) 

Figuree 1: Semi-logarithmic relationship between the retention factor and the volume faction of THF in ACN for 

aa group of polystyrene oligomers (polystyrene, molar mass = 580 Da, PDI  = 1.16). Each line 

correspondss to the retention of an individual oligomer. 

Inn the case of high-molar-mass molecules this type of plot is difficult to obtain, because the range of 

mobile-phasee compositions where there is meaningful retention becomes too narrow, i.e. small 
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changess in the mobile-phase composition lead to excessively large changes in the retention factor 

(effectivelyy going from a fully retained to a fully unretained state). This is seen graphically as an 

extremelyy steep slope in the In k vs. <p plot. For this reason, gradient chromatography tends to be 

thee only practical choice for the interactive LC separation of high-molar-mass molecules. 

Accordingg to the reversed-phase model, retention in gradient-elution chromatography will be a 

functionn of the gradient parameters, i.e. the initial and Final mobile-phase compositions and the 

gradientt slope B (volume fraction change in solvent composition per unit time), as well as of S and 

Inn ko. The retention model can be solved for each of the three modes in which the sample can be 

eluted,, i.e. before (isocratic), during, or after the gradient (14). The equations describing retention 

inn these three modes, for the reversed-phase retention model and assuming a linear gradient profile, 

aree given below. 

before before ==  tm[\+k(A)] 

1 1 

SB SB 

ttRR=k{F) =k{F) 

ttRR== ——\nU+SBk(A) \nU+SBk(A) t„t„
k(A) k(A) 

++ t„+t, 

r„„ — 
k{A) k{A) 

++ * ^ l n 
SB SB 

k(F) k(F) 

k(A) k(A) 
F-A F-A 

BB m l 

(Before) ) 

(During) ) 

(After) ) 

(2) ) 

(3) ) 

(4) ) 

tmm and to are the column dead time and the system dwell time and k(A) and k(F) are the retention 

factorss at the initial and final mobile-phase compositions, respectively. By varying B, it is possible 

too solve for S and k(A) (from which ko can be calculated), such that the differences between the 

experimentall  and the calculated retention times are minimised. 

UsingUsing experimental correlations to expand the model 

Itt has been observed experimentally that molecules that form part of a homologous series can 

exhibitt a straight-line correlation between the model parameters 5 and In ito (15, 16)). It has also 

beenn seen (again for a homologous series) that there is a correlation between the retention factor and 

thee number of repeat units (e.g. monomeric units) in the molecule, i.e. the Martin rule (17). The 

solvent-strengthh parameter S has also been shown to increase with increasing molar mass (5, 18). 

Whenn they are seen to apply, these correlations can be useful, because they allow the model to be 

expandedd to describe the changes in the relevant parameters over the molar-mass range. It is then 

possiblee to predict the retention behaviour of a polydisperse macromolecular sample under any 

gradientt or isocratic conditions in a given LC system. 
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Experimental l 

Thee experiments were carried out on a Waters 2690 liquid chromatograph. Gradient control, data 

acquisitionn and data analysis were handled by Waters Millennium 3.2 software. The packing 

materiall  was Supelco Discovery CI8, particle size 5 jxm, pore diameter 180 A, column dimensions 

weree 150 mm x 2.1 mm i.d. and column temperature was maintained at 25 °C. The solvents were 

THFF (Biosolve, Valkenswaard, The Netherlands) and acetonitrile (Rathburn Chemicals, 

Walkerburn,, Scotland). Both were HPLC grade. The flow rate was 0.2 mL/minute. Samples 

consistedd of low dispersity polystyrene and polymethylmethacrylate standards (Polymer 

Laboratories,, Church Stretton, England). PS/PMMA random copolymers were obtained from the 

polymer-chemistryy group at the Technical University of Eindhoven (TU/e). The sample-injection 

volumee was 5 (iL and sample concentrations were 1.5 mg/mL. For the calculation of the model 

parameterss (5 and In ko), gradient programs from 5 to 95% THF in acetonitrile were run over 20, 45, 

600 and 90 minutes. Detection of the samples was performed with a Waters PDA 996 diode-array 

detectorr and a Sedex 55 evaporative light-scattering detector (ELSD). All samples were run in 

duplicate.. Data-modelling spreadsheets were written in Microsoft Excel 97 on a Windows NT 

operatingg system. 

Resultss and Discussion 

ColumnColumn dead-time and system dwell-time determination 

Thee column dead time (tm) was calculated as the time taken for an unretained thiourea peak to reach 

thee detector. The system dwell time (to) was calculated from the time at which a gradient trace 

reachedd half its maximum intensity, minus half the programmed gradient time (tG), minus any 

programmedd time delay before the start of the gradient, minus the column dead time (tm). 

ImplementingImplementing the models and correlations in a spreadsheet application 

Thee model and its expanded correlations were incorporated into two spreadsheet applications. On 

thee first spreadsheet, experimental data obtained from the chromatographic runs were entered. The 

spreadsheett was designed to solve for the relevant parameters of a given model, so that there was a 

minimumm sum-of-squares difference between the experimental and the calculated retention times. 

Thee differences between experimental and calculated retention times were compared in order to 

establishh whether a particular model could suitably describe retention. When values for the 

parameterss were found where the differences were acceptably small, it was taken that that model 

couldd adequately describe the retention behaviour of that sample. Once parameters were found for 
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aa series of standards, it was then established whether any correlation between the parameters and 

betweenn the parameters and molar mass could be found. 

Onn the second spreadsheet, these correlations were used to predict retention behaviour under given 

chromatographicc conditions. The correlations that were calculated on the first spreadsheet and the 

averagee molar mass and polydispersity of the sample were entered. An estimate of the efficiency of 

thee system (in terms of plate number) and the experimentally determined values for tm and tD are 

alsoo required for the calculation of retention time and the construction of the chromatogram and the 

calibrationn curve (8). 

Thee chromatographer describes the gradient program in terms of an initial and final composition 

andd the time (tü) for completion of the gradient (to define an isocratic system, the initial and final 

mobilee phase compositions can be set as equal; the gradient time to then becomes irrelevant). 

Thee spread of molar masses in a given polymeric sample (calculated from its average mass and 

polydispersity)) is split into (up to) 100 separate portions on the spreadsheet. The molar-mass 

distributionn should be defined to best describe its shape, e.g. a normal distribution or a log-normal 

distribution.. It has been seen that a normal distribution can adequately describe the MMD of 

polystyrenee standards (9, 10) and it was found to best describe the MMD of the samples used in this 

study.. For each portion of the distribution, values for the relevant parameters are calculated from 

thee observed correlations and a retention time is calculated. The peak width is calculated according 

too the equation: 

ffff  = (l + *,)J£=G (5) 

wheree ke is the retention factor at the moment of elution, N is a measure of the column efficiency 

(inn terms of plate number) and G is the gradient band-compression factor. N is difficult to calculate 

forr high molar-mass polymers since reasonable retention times in the isocratic mode are almost 

impossiblee to achieve. We found that with an estimated value of N (-5,000 plates), a reasonable 

agreementt between predicted and experimental peak widths was observed. For gradient elution, G 

iss theoretically roughly constant and equal to 0.8 (11). However, since band compression is not 

alwayss experimentally seen in gradient chromatography (19), an approximation of G = 1 was found 

too be more reasonable in this case. 

Thee calculated peak heights of each of the portions within the polydisperse sample were summed 

andd automatically plotted as a chromatogram. The reported retention time is the highest point on 

thee peak. The change in retention time along the molar-mass distribution can be visualised in the 

molarr mass versus retention-time calibration curve, which is also plotted automatically within the 

excell  workbook. 
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Reversed-PhaseReversed-Phase Model 

Inn order to solve for S and In ko values, a number of standards were run, under four different sets of 

gradientt conditions (i.e. four different B values). Gradient-slope values ranging from 

approximatelyy 1 to 4.5% per minute were programmed for the runs. S and In ko were calculated 

usingg the spreadsheets solver tool. The values calculated are constants for a given sample and in the 

givenn LC system (i.e. stationary phase, mobile-phase components and temperature). Shalliker etal. 

(20)) have reported that 5 and In ko values can be gradient-rate dependent when gradients steeper 

thann 2%/minute are employed, however, over the gradient range used in this research, no gradient-

ratee dependence was observed. This was confirmed using Shallikers method of plotting t'g/t'G 

versuss log t'o for each of the polymer samples, where t'g is the retention time of the sample 

correctedd for the column dead time and the system dwell time and t'G is the gradient time from 0 to 

100%% strong solvent (to/A(p). Figure 2 shows that there is a linear relationship over the entire 

gradient-ratee range, indicating that S and In ko remain independent of the gradient slope (B) for all 

thee molar masses studied. 
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Figuree 2: Determination of the dependence on the mobile-phase gradient-rate when calculating S and In ko 

values,, using the method described in reference (20). Linearity over the entire range indicates that 

gradient-ratess do not influence the calculations. • = PS 3.250, • = PS 11.600. A= PS 17,600, o = PS 
22,000,, X = PS 30,000, • = PS 76,600 and - = PS 325,000. 

AA comparison of the calculated and experimental retention times for polystyrene standards 3,250 

Da,, 22,000 Da and 160,000 Da at the best-estimate values of S and In ku. calculated by the program, 

aree given in table 1. 
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Tablee 1: Comparison of predicted and experimental retention times for a number of PS standards. Gradient 

conditions:: 5 to 95% THF in ACN in 90 minutes. 

Polystyrene e 
molarr  mass 

(Da) ) 

3,250 0 
22,000 0 
160,000 0 

Bestt  fit 
S S 

18.50 0 
38.84 4 
186.31 1 

Bestt  fit 
lako lako 

6.48 8 
17.68 8 
92.51 1 

Experimental l 
retentionn time 

(seconds) ) 

1978.38 8 
2847.24 4 
3143.88 8 

Predicted d 
retentionn time 

(seconds) ) 

1975.26 6 
2846.87 7 
3146.48 8 

Difference e 
(seconds) ) 

3.12 2 
0.37 7 
2.60 0 

Itt  can be seen that there is an excellent agreement between experimental and calculated retention 

times.. In most cases, the difference is no more than a few seconds. In table 2, the calculated S and 

Inn ko values for each of the polystyrene standards are given, along with the sum of the squared 

differencess (SSQ) between experimental and calculated retention times (SSQ values are the 

combinedd error from eight experiments at four gradient-slope values). 

Tablee 2: Calculated S and In ko values for a series of polystyrene standards and the calculated error between 

thee experimental and predicted retention times. * SSQ error is defined as the sum of the squared 

differencess between the experimental and calculated retention times (in seconds). 

Polystyrene e 
molarr  mass 

(Da) ) 

3,250 0 
11,600 0 
17,600 0 
22,000 0 
30,000 0 
76,600 0 
160,000 0 

Bestt  fit 5 value 

18.50 0 
28.89 9 
35.14 4 
38.84 4 
44.47 7 
72.52 2 
186.31 1 

Bestt  fit In k0 

value e 

6.48 8 
12.51 1 
15.87 7 
17.68 8 
20.85 5 
35.26 6 
92.51 1 

SSQ* * 

1.699 x 102 

1.322 xlO2 

1.266 x 102 

9.888 x 102 

6.666 x 102 

8.833 x 102 

4.788 x 102 

Oncee values for the parameters were calculated, the possible correlations were established. 

Exampless of the relationships found for a series of polystyrene standards are given in figures 3a, 3b 

andd 3c. 
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Figuree 3a: Correlation between the reversed-phase model parameters S and In k0 for a series of polystyrene 

standards.. Equation of the line: y = 1.9825x + 4.8586. 
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Figuree 3b: Correlation between In ko and molar mass for a series of polystyrene standards. Dashed line 

correspondss to the best-fit line calculated, assuming a linear correlation between S, In k,, and molar 

mass.. Equation of the line: y = 0.0009x + 3.1777. 
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Figuree 3c: Correlation between S and molar mass for a series of polystyrene standards. Dashed line corresponds 

too the best-fit line calculated assuming a linear correlation between S, In ko and molar mass. Equation 

off the line: y = 0.0018x + 11.158. 

Itt  was seen for low-molar-mass-polystyrenes and polymethylmethacrylates, in a reversed phase 

system,, that there was a reasonably linear correlation between molar mass and S and molar mass 

andd In ko. However, at higher molar-mass values, the calculated 'best-fit' values for S and In k0 

tendedd to deviate quite significantly from the line. While this may initially seem to be a failing of 

thee assumed correlations, it is important to remember that at high values of S, the slope of the In k 

vs.. <p relationship is very steep. A steep slope indicates that the transition from a fully retained to a 

fullyy unretained state is quite sudden and occurs over a very narrow range of mobile-phase 

compositions.. Although higher molar-mass molecules can have values of 5 and In ko that do not 

exhibitt a linear correlation with molar mass, in practice these values are so high that changing them 

too fit the linear molar mass correlation does not lead to significantly different retention behaviour. 

Inn terms of calculating 'best-fit' values for S and In k0 for high-molar-mass molecules, there is a 

broadd range of steep slopes and intercepts that can reasonably predict their retention behaviour. The 

keyy factor is that the slope and intercept i.e. 5 and In k0 should change concomitantly, i.e. the 

parameterss must not deviate from the S vs. In ko line, otherwise significant errors in predicted 

retentionn times can occur. 

Inn order to prevent the high-molar-mass polymers from overly (and incorrectly) influencing the 

'best-fit'' equations for the molar-mass correlations, the lines were re-calculated by assuming linear 

relationshipss between S and molar mass and In ko and molar mass. The equations for the lines were 
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thenn simultaneously calculated based on the best agreement between predicted and experimental 

retentionn behaviour over the entire molar-mass range. These correlations are represented as the 

dashedd lines in figures 3b and 3c. 

Usingg these correlations, the model was expanded to describe the chromatographic behaviour (i.e. 

retentionn time and peak width) of polystyrene and PMMA of any molar mass within the relevant 

masss range. S and In k0 values were calculated for (up to) 100 individual portions of the distribution 

andd a chromatogram of the overall separation was constructed, based on the gradient parameters 

providedd by the chromatographer. Figure 4 is a comparison of the predicted and experimental 

retentionn times of seven polystyrene standards in a gradient separation. The standards range in 

molarr mass from 3,250 Da to 325,000 Da and so represent the entire range studied. In general, 

theree is excellent agreement between the experimental and predicted traces. In some cases, the 

valuess taken as the polydispersity in the predicted chromatograms were lower than those quoted by 

thee manufacturer. However, this is not surprising, as it has been reported in other investigations 

thatt the polydispersity of polymeric samples can often be significantly lower than the values quoted 

byy the manufacturers (10). As molar mass increases, selectivity is seen (and predicted) to decrease. 

Theree is very little separation between the 76,600 Da standard and higher molar masses and the 

160,0000 Da and 325,000 Da standards co-elute. 

ii i 1 i 1 1 1 » - 1 

200 25 30 35 40 45 50 55 60 

Timee (minutes ) 

Figuree 4: Comparison between the predicted (I) and experimental (II) retention times for a series of polystyrene 

standards;; (a) PS 3,250, (b) PS 11,600, (c) PS 17,600, (d) PS 30,000, (e) PS 76,600. (f) PS 160,000 

andd (g) PS 325,000. Gradient conditions: 5 to 95%THF in ACN over 90 minutes. 
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DeterminationDetermination of the critical point using the reversed-phase model and the S vs. In kocorrelation 

Thee critical composition is defined as the mobile-phase composition at which the separation is 

independentt of the molar mass of the macromolecules. This occurs when the free energy 

contributionn of the monomer (AG,,,) is zero and (since AG = AH - TAS) corresponds to the point 

wheree the enthalpic and entropie contributions of the monomer exactly compensate (21). 

Chromatographyy at the critical mobile-phase composition has many potential applications in 

polymerr chromatography. Polydisperse macromolecules can be separated on the basis of chemical 

differencess rather than on differences in molar mass. For example, separation may be according to 

thee number of functional groups on the molecule or, in the case of a copolymer, according to the 

non-criticall monomer(s) on the polymer backbone (22, 23). 

Thee critical point is equivalent to the intersection point on the In k versus <p (volume fraction of 

strongg solvent) plot for the reversed-phase model. A simulated example of this (based on 

experimentall data) is shown in figure 5a. At this point, the retention factor of a homopolymer will 

noo longer depend on the length of the polymeric chain and any retention will only be due to 

interactionn of the end-groups. 

Determiningg the intersection point from an experimental plot of In k vs. <p can be difficult because 

experimentall error can cause scattering of the lines so that no exact point can be established (figure 

5b). . 

Volum ee fractio n of stron g solven t (<p) 

Figuree 5a: Simulated retention factor (k') vs. mobile-phase composition (tp) for a series of polystyrene 

homopolymers. . 
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Volum ee fractio n of stron g solven t (9) 

Figuree 5b: Experimental retention factor (k') vs. mobile-phase composition (<p) for a series of polystyrene 

homopolymerss (constructed from the calculated values of S and In ko). 

AA more convenient way to estimate the critical point is to incorporate the S vs. In k0 correlation i.e. 

SS = p + q\nk0 (6) 

intoo the RP model (equation 1). Retention can then be described only in terms of In k0, i.e. 

Inn A: = \nkQ(\-qq>)- pep (7) 

Att a given composition <pcril = — (i.e. the inverse of the slope of the S vs. In k0 correlation), all k 

1 1 

valuess will be equal, regardless of the value of In ko. This composition then corresponds to the 

criticall mobile-phase composition for that particular homopolymeric series. By the same reasoning, 

thee logarithm of the critical retention factor (In kcrtt) will be the negative intercept divided by the 

slopee (of the 5 vs. In ko correlation). A more detailed explanation of this procedure is given in a 

previouss paper (8). 

Fromm the slope of the correlation shown in figure 3a, the critical composition was calculated as 

50.44%% with a retention factor at the critical composition of 0.086. Figure 6 shows experimental 

chromatogramss for a mixture of four polystyrene standards (2100, 7000, 76,000 and 325,000 Da) at 

49,, 50 and 51%. Retention shifts from the adsorption mode at 49%, to approximately critical at 50% 

andd finally to exclusion at 51%. The prediction of the model is thus quite accurate in this case. 

Truee critical conditions can be realised to some extent using temperature as a "fine-tune" parameter 

(24).. Since the critical point for polymers is usually found by tedious trial-and-error experiments, 
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predictionn using this method constitutes a significant saving in time and resources for the 

chromatographer. . 

HH
KK

AA
0 1 2 3 4 5 6 7 8 99 10 

Timee (minutes ) 

Figuree 6: Stacked chromatograms around the predicted critical point of polystyrene. The transition from a 

primarilyy enthalpic to a primarily entropie based retention mechanism is seen as the mobile-phase 

strengthh increases from 49% THF (a) to 50% THF (b) to 51% THF (c). 

SeparationSeparation of a PS/PMMA copolymer according to its styrene fraction. 

Characterisationn of complex macro molecules such as copolymers can be challenging, because 

retentionn in this case can be based on both molar mass and chemical composition. Without 

appropriatee standards, it is difficult to deconvolute any single distribution from the resulting 

chromatogram.. In this case, it can help to model the retention behaviour of the homopolymeric 

standards,, so that their contribution to retention can be understood and therefore controlled. For the 

characterisationn of a PS/PMMA copolymer, the retention behaviour of PS and PMMA standards on 

aa reversed-phase column and in an ACN-THF mobile phase was modelled by calculating the 

relevantt parameters for the RP model and establishing the correlation between the parameters and 

molarr mass. The S vs. molar mass and In ko vs. molar mass correlations for both PS and PMMA are 

shownn in figures 7a and 7b. 
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Figuree 7a: SS vs. molar mass correlations for polystyrene and polymethylmethacrylate. 
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Figuree 7b: Inn ko vs. molar mass correlations for polystyrene and polymethylmethacrylate. 

Thee 5 vs. molar mass correlation indicates that S values are slightly lower for PMMA than for PS 

(att equivalent masses), indicating a slightly more gradual decrease in the retention factor over a 

givenn change in solvent strength. The slope of the In ko vs. molar-mass correlation for PMMA is 

significantlyy lower than that of PS. In practical terms, the correlations show that PMMA is less 

retainedd in this system than PS. By choosing the appropriate mobile-phase conditions, the 

separationn can be optimised so that only the PS portion of the macromolecule interacts with the 

stationaryy phase. Once the solvent strength has reached a certain (critical) composition for PMMA, 
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PMMAA will no longer significantly contribute to retention. The influence of molar mass (of both 

PMMAA and PS) on retention can also be understood (and therefore controlled). The calibration 

curvess resulting from a mobile-phase gradient from 10 to 60% THF in ACN in 45 minutes are 

shownn in figure 8. 
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Figuree 8: Calculated calibration curves for high-dispersity polystyrene and polymethylmethacrylate; 

PMMA,, A= PS. Gradient conditions: 10 to 60% THF in ACN over 45 minutes. 

Thee lower trace is calculated for a broad high-molar-mass PMMA homopolymer (PDI = 2, Mp = 

350,0000 Da) and the upper trace corresponds to the equivalent (in terms of MMD) PS 

homopolymer.. The curves show the molar-mass (in)dependence of the retention of the two 

homopolymerss under these conditions. In the lower molar-mass region, an influence of the molar 

masss of PS on retention remains, however, once the mass increases past -70,000 Da, this effect 

becomess negligible. Under these conditions the separation should only be dependent on the fraction 

off polystyrene in the copolymer. This type of molar-mass independent separation has previously 

beenn termed pseudo-critical chromatography (25). 

PredictingPredicting the retention of copolymers 

Byy applying the reversed-phase model for retention and assuming linear correlations between S and 

Inn ko and between In ko and molar mass, an expression can be derived for the retention behaviour of 

aa copolymer in terms of the contribution to retention of each of the monomeric units present. 

b,(\-Xb,(\-XIIII )) + b„X ll 
fen, fen, 

q,b,(\-Xq,b,(\-Xnn)) + qHbnXn 
(8) ) 
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wheree bi and bn are the slopes of the In ko vs. molar mass correlation for monomer I and monomer 

II,, qi and qn are the slopes of the S vs. In ko correlations of monomer I and monomer II and Xn is the 

masss fraction of monomeric unit II in the copolymer. The derivation of this expression is given in 

appendixx 1. 

Thee critical (i.e. molar-mass independent) mobile-phase composition of a copolymer is calculated 

ass a function of the mass fraction of one of its monomeric units. The expression assumes that 

retentionn follows the RP model and that there are linear correlations between both 5 and In ko and 

molarr mass. The critical mobile-phase composition for a copolymer of a given chemical 

compositionn then becomes a function of the slope of the two correlations (q and b). Since polymers 

off sufficiently high molar mass will be eluted (from a gradient) at their critical mobile-phase 

composition,, a plot of volume-fraction of strong solvent at the point of elution vs. fraction monomer 

shouldd follow the predicted trend. 

Thee elution behaviour of four narrow CCD random copolymers with varying chemical 

compositionss was studied. The polymers were synthesised in a controlled polymerisation and have 

aa narrow and well-defined chemical-composition distribution. The chemical composition (found 

fromm elemental analysis) and the molar mass (relative to polystyrene) and polydispersity are given 

inn table 3. 

Tablee 3: Calculated molar masses and fraction styrene in die standard PS/PMMA copolymers. Quoted masses 

aree based on a styrene calibration curve. 

PS/PMMAA Standard 
copolymers s 

1 1 
2 2 
3 3 
4 4 

Mnn (g/mol) 

185,000 0 
130,000 0 
120,000 0 
110,000 0 

Mww (g/mol) 

400,000 0 
280,000 0 
275,000 0 
250,000 0 

Fractionn styrene 

0.29 9 
0.43 3 
0.59 9 
0.76 6 

Sincee the molar mass of the copolymeric standards is high, S values for the samples will be high 

enoughh to cause a sudden transition between fully retained and fully unretained around the critical 

mobile-phasee composition. It is therefore reasonable to assume that the copolymers will be eluted 

att their critical point. 

Ann overlay of the predicted elution pattern of a PS/PMMA copolymer (based solely on correlations 

calculatedd for the homopolymers) and the actual elution pattern for the standard copolymers is 

shownn in figure 9. The volume fraction of strong solvent in the mobile-phase at the point of elution 
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{(Pehmon),{(Pehmon), was calculated from the experimental retention time, by subtracting the time delays due to 

tmm and tD and then adding the calculated volume fraction increase of the strong solvent over that 

timee to its concentration at the start of the gradient. Excellent agreement between the predicted and 

thee experimental elution compositions was seen. 

O.6O-1 1 

o.o oo  A 1 1 1 1 1 1 

00 0.2 0.4 0.6 0.8 1 1.2 

Masss fraction of styrene 

Figuree 9: Comparison of the predicted elution behaviour of PS/PMMA copolymers with the experimental 

results. . 

Conclusions s 

Retentionn models used to describe the behaviour of small molecules in LC can also be applied to 

macromolecules.. By applying an appropriate model to a polymer separation, the chromatographer 

cann better understand and control the separation of a given sample. The critical mobile-phase 

compositionn of a homopolymer can easily be calculated using the model. The retention behaviour 

off high-molar-mass copolymers can be predicted solely on the basis of the retention of the 

componentt homopolymers. 
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Appendixx I 

Itt is assumed that: 

1.. The reversed-phase model applies i.e. In k = In k0 - S<p (i) 

2.. There is a linear correlation between S and In ko, i.e. S = p + q In k0 (ii) 

3.. There is a linear correlation between In ko and molar mass (MM), 

i.e.i.e. \nk0 =a+b(MM) (iii) 

4.. The molar mass is high enough that there is a sudden transition between Hilly retained and fully 

elutedd states (around the critical point). 

Incorporatingg equations (ii) and (iii) into equation (i) gives the following expression for In k: 

Inn k = a + bMM - p<p -qaq>- qbipMM (iv) 

Forr a copolymer consisting of two different monomeric units (I and II), the retention of both units 

cann be added to give the overall retention of the copolymer: 

Inn kcopolymer = a,+ aa + {b£ + bu )MM„  - (p, + p„  )(p- (qia, + q„an )<p - (q,b,  ̂ + q„b„  )<pMMu, 

wheree £ = —. 

Att the critical point, molar mass will no longer influence retention and so: 

(b^(b  ̂ + b,, -(q^^+ qIlb„)ip crit)MMll  =0 and therefore <pcrit = 'l+ " . 

Expressingg the molar mass of each monomeric unit as a fraction of the mass of the copolymer, the 

MM I 
masss fraction of Mn will be = X „  — ——- and so the critical mobile-phase composition 

M„$M„$  + Ma " 1 + 4 

off the copolymer will be: <pcrit =  b'(~l~X^ + b"  X<< 
<?A0-X,/ )) + 4,A/X// 
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INTERACTIV EE LC FOR THE CHARACTERISATIO N OF MOLAR-MAS S 

DISTRIBUTIONS . . 

Abstract t 

Interactivee LC (I'LC) for polymer analysis is usually applied to the characterisation of distributions 

otherr than molar mass. In particular, its use for the determination of chemical-composition, 

functionality-typee and tacticity distributions has been demonstrated. The application of iLC for the 

determinationn of molar-mass distributions, however, has hardly been explored. 

Ann expanded version of the reversed-phase-chromatography model has been developed to describe 

andd predict how the retention behaviour of polydisperse polystyrene samples changes with molar 

mass.. The relationship between molar mass and the parameters of the model has been investigated 

inn some detail and non-linear correlations were found. 

Fromm the model and the relationships between the model parameters and molar mass, calibration 

curvess (retention time versus molar mass) were constructed to predict changes in chromatographic 

selectivityy across a given molar-mass range. These calibration curves were compared to 

experimentallyy obtained curves and, in most cases, excellent agreement was found. The dramatic 

enhancementt in selectivity that can be obtained with /LC in comparison to SEC was illustrated by 

measuringg MALDI-MS spectra of fractions collected during a gradient-LC separation. In the low-

molar-masss range, essentially monodisperse fractions were obtained. Calibration curves, predicted 

byy the model and validated experimentally using narrow-dispersity standards and MALDI-MS 

spectraa of fractions, were used to determine the molar-mass distribution of some narrowly 

distributedd polystyrene samples. MMDs for such standards were found to be somewhat lower than 

thee values reported by the manufacturers, but the results deviated from those obtained by MALDI-

MS. . 

Introductio n n 

ChromatographicChromatographic determination of molar-mass distributions (MMDs) 

Thee chromatographic characterisation of molar-mass distributions of polydisperse macromolecules 

iss performed almost exclusively using size-exclusion chromatography (SEC) (1, 2). SEC separates 
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macromoleculess according to their hydrodynamic radii in a given (strong) solvent. Samples are 

separatedd using a packing material that has a pore size comparable to the size of the 

macromolecularr analytes. The pores of the stationary phase act as a sort of a 'sieve' that excludes 

largee molecules, while allowing smaller molecules to fully or partially permeate into them. The 

mobilee phase must be strong enough to prevent any interaction of the polymer with the surface of 

thee stationary phase. The elution profile of a sample is then related to the size distribution of the 

polymer.. The molar-mass distribution and averages are determined by constructing a calibration 

curvee for a series of polymeric standards with different molar masses (i.e. an elution volume versus 

molarr mass profile) (3). 

SECC is a well-established technique. It has been used routinely in polymer-analysis laboratories 

sincee its development in the late 1950s (4). However, the technique is not without its drawbacks, 

whichh include limited resolution, significant band broadening and inflexible selectivity (i.e. 

selectivityy is a fixed parameter of the column and cannot be influenced by the mobile phase or by 

anyy other experimental parameter) (5, 6, 7). 

Interactivee liquid chromatography (/LC), i.e. chromatographic separations based on the partitioning 

off analyte molecules between the mobile and stationary phases, has also seen many applications in 

thee area of polymer analysis, although it remains less popular than SEC. To date, it has been used 

primarilyy for the characterisation of functionality-type (FTD) and chemical-composition 

distributionss (CCDs) and for the separation of oligomers (8, 9). In the case of FTDs and CCDs, it is 

usuallyy required that any contribution to retention from the molar-mass distribution is minimised, if 

nott entirely suppressed (10, 11). 

ApplicationsApplications ofiLC to separations according to molar mass 

Althoughh the application of i'LC to the separation of polymers according to molar mass was 

reportedd by van der Maeden (12) more than twenty-five years ago, the technique remains largely 

unexploredd and relatively few separations have been published. Armstrong et al. (13) separated 

polystyreness ranging in mass from 2350 Da up to 10 million Da with reversed-phase gradient LC. 

Thee separation was considered to be a fractionation, controlled solely by the solubility of the sample 

inn the mobile-phase. Lochmüller et al. (14) demonstrated isocratic separations of polystyrenes for 

polymerss with molar masses up to 2.8 million Da. In order to prevent size-exclusion effects, they 

usedd stationary-phase materials with large pores. Shalliker et al. (15) studied the effects of the 

particlee size and the pore size of reversed-phase stationary phases on the separation of high-molar-

masss polystyrenes and concluded that both the particle size and the pore size influence resolution. 

Somee work has also been reported on the use of temperature gradients for the separation of 
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polymerss according to molar mass. Lochmiiller et ah (16) studied the use of temperature for 

optimisingg separations of polyethylene glycols. Chang and co-workers (17, 18, 19) separated 

polystyrenes,, polyisoprenes and polymethylmethacrylates using temperature gradients. They found 

thatt temperature gradients gave better resolution than SEC methods and the resulting molar-mass 

distributionss were significantly narrower than those found using conventional SEC techniques. 

Theyy also highlighted the advantages of the technique for the MMD characterisation of star-shaped 

andd branched polymers, since separation is based on molar mass rather than size. 

OptimisingOptimising separation conditions 

Thee choice of working under isocratic or gradient conditions usually depends on the molar masses 

off the polymers of interest. The retention of macromolecules in an /LC separation system is known 

too increase exponentially with the number of monomeric units on the polymer (8). Even if there is 

onlyy very slight retention of the monomeric unit, this can lead to infinitely long retention times of 

high-molar-masss polymers. This means that the range of mobile-phase compositions where there is 

reasonablee (i.e. non-zero but finite) retention becomes narrower. For high-molar-masses, the 

transitionn between the fully retained and fully unretained states becomes quite sharp and isocratic 

chromatographyy becomes impracticable. For this reason, gradient chromatography tends to be the 

preferredd technique for the characterisation of high-molar-mass polydisperse macromolecules. In 

gradientt chromatography, the strength of the mobile-phase composition is gradually increased over 

time,, so that molecules that are strongly retained under the starting conditions of the gradient are 

eventuallyy eluted once the mobile-phase composition becomes favourable enough for the molecules 

too desorb from the stationary phase. The selectivity of /LC can be remarkably high, particularly in 

thee low-molar-mass range and oligomers can easily be separated (12). In this range /LC shows 

significantt advantages over size exclusion for the separation according to molar mass. 

Onee of the main advantages of /LC in comparison to SEC is its versatility. In an interactive-LC 

system,, the selectivity of the separation can be controlled in a way that is not possible in SEC. The 

strengthh of the mobile phase can be tailored, either isocratically or within a gradient, to influence 

thee degree of retention of the macromolecules in a given molar-mass range. A single stationary 

phasee and mobile-phase system can be used to characterise a wide range of masses. By optimising 

thee separation conditions, i.e. mobile-phase composition, gradient conditions, temperature etc., 

selectivityy can be focused on the mass range of interest. 

Onee of the main disadvantages of /LC for the characterisation of polymers also arises from its 

versatility.. The separating power of /LC changes significantly with the stationary and mobile 

phasess and therefore separations need to be optimised to give the best possible results. This 
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involvess finding the most suitable stationary and mobile phases and then determining the best 

workingg conditions for a given separation (i.e. mobile-phase composition, gradient conditions, 

temperature,, etc.). In comparison to SEC-based characterisations, where a given combination of a 

stationaryy phase and a mobile-phase has a fixed calibration curve relating molecular size to elution 

volume,, this can be a time-consuming task. 

Inn order to overcome this problem, we have used an expanded version of the RPLC model to predict 

thee retention behaviour of polydisperse samples across a range of molar masses. The model can 

predictt retention behaviour under any isocratic or gradient conditions and it has been incorporated 

intoo an Excel spreadsheet that can automatically predict chromatograms and calibration curves that 

correspondd to a particular separation. 

RetentionRetention mechanisms in iLC 

Inn the case of high-molar-mass polymers, there is no commonly accepted interpretation of the 

mechanismss that govern gradient chromatography. It has been suggested that the retention of a 

macromoleculee is solely dependent on its solubility in the mobile-phase (13, 20). Polymers injected 

intoo a weak mobile phase precipitate within the column until (during the course of a gradient 

program)) the mobile phase becomes strong enough to redissolve the macromolecule. Once 

redissolved,, the polymer is eluted without any interaction with the stationary phase. In this case, 

thee stationary phase plays no significant role in the chromatographic process and acts only as a 

mediumm to contain the analyte molecules and to prevent them from moving with the mobile phase. 

Otherr research has concluded that traditional chromatographic theories, based on the partitioning of 

analytee molecules between the mobile and stationary phases is equally applicable to large molecules 

(21).. At this stage, it is generally accepted that the mechanisms involved will depend on the 

sample,, the concentration of sample injected onto the column, on the choice of mobile phase and on 

thee strength of the interaction between the sample and the stationary phase (22, 23). 

RetentionRetention models in iLC 

Thee reversed-phase-LC model i.e. 

\n\n k= Inko-S<p (1) 

iss based on a linear relationship between the logarithm of the retention factor (In k) and the volume 

fractionn of strong solvent in the mobile phase {(p). It is widely used in LC optimisation methods for 

smalll molecules (24). In previous papers (25, 26), we have presented an approach to the 

optimisationn of the chromatographic separation of polydisperse macromolecules using an expanded 

versionn of this model. 
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Forr isocratic experiments, the change in retention with changing volume fraction of strong solvent 

inn the mobile phase is measured for an analyte. If the model adequately describes retention, a linear 

relationshipp between In k and <p should be obtained and the slope 5 and intercept In k0 can be 

calculated.. When gradient chromatography is required, equations must be derived depending on the 

shapee of the applied gradient. In the case of a linear gradient, retention is controlled by the model 

parameterss and by the slope of the gradient B. When an analyte elutes within a linear gradient, its 

retentionn time can be calculated as: 

ttRR=-^]n\l=-^]n\l  + SBk(A) ' » - ^ I K ' " + ' ""  (2) 

wheree ICA is the retention factor in the starting mobile-phase composition, tm is the column dead time 

andd ID is the system dwell time. Because kA is usually very large, the equation can be simplified to: 

*R~-^to{SBk(A)t*R~-^to{SBk(A)tmm}+t}+t mm+t+t DD (3) 

Thiss allows S and kA to be estimated from experiments where the retention time is measured as a 

functionn of the gradient slope Bt once tm and to have been measured. If S and kA are known, ko can 

easilyy be calculated. In our approach, a number of gradient experiments (usually at least four) are 

runn and values for S and In ko are calculated such that the error between the experimental and 

predictedd retention times is minimised. The iterative solver tool in Microsoft Excel is used for this 

purpose.. Once values of S and In ko are calculated for a given analyte, it is possible to predict the 

retentionn time of that analyte under any isocratic or gradient mobile-phase conditions. 

Too expand the model to cover a range of molar masses, there must be some relationship between 

thee model parameters and molar mass. It has previously been shown that there is a strong 

correlationn between 5 and In ko for a homologous series (26). It has also been reported that there are 

correlationss between molar mass and both S and In k0. Stadalius et al. (23) found that S was 

dependentt on M through a power curve i.e. S = C M". This was the case for polystyrenes in a THF-

waterr mobile phase and for proteins and peptides in an acetonitrile-water mobile phase. The Martin 

rulee predicts a linear relationship between In k and the number of repeat units on the macromolecule 

(27),, although it has been reported that it can fail for both low and high masses (28). Skovrtsov and 

Trathniggg have suggested that the Martin rule only holds under special conditions, related to the 

radiuss of gyration of the molecule (29). 

ApplyingApplying the model to polydisperse samples 

Oncee correlations between the model parameters and the molar mass of a polymer have been 

established,, it becomes possible to predict the retention behaviour of samples of that polymer with 
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anyy molar mass (within the defined limits of the model) and any polydispersity. Unlike traditional 

low-molar-masss analytes, synthetic homopolymers (and many natural polymers) consist of a range 

off different molar masses. Even in the case of a narrow polydispersity standard, there can be a large 

numberr of different masses present. For example, a typical narrow polydispersity polystyrene 

samplee with a number average (M„) of 22,000 Da and a polydispersity index (PDI) of 1.03, will 

havee 146 different types of molecules (i.e. molecules with different degrees of polymerisation) 

withinn that 'narrow' sample (taking the width of the distribution to be  2a). In a chromatographic 

systemm optimised for separation according to molar mass, each member of this series will behave in 

aa different way and will have a specific retention time related to its actual mass (rather than the 

averagee mass of the sample). In practical terms, this means that a peak attributed to a single 

polydispersee sample will feature a varying molar mass across that peak, with a distribution of 

massess that is assumed to be Gaussian. In our model, we split a single polydisperse sample into (up 

to)) 100 separate molecules and assign each one of those a particular value of 5 and In k0, calculated 

fromm the correlations between the model parameters and molar mass. The retention behaviour of 

eachh separate portion of the sample is then independent of the rest of that sample. The predicted 

shapee of the chromatographic peak depends on the change in the selectivity of the separation across 

thee molar-mass distribution of the sample and will not necessarily be Gaussian. 

Experimental l 

HPLCHPLC system 

Thee experiments were carried out on a Waters 2690 LC system. Gradient control, data acquisition 

andd data analysis were controlled by Waters Millennium 3.2 software. The stationary phase was 

Supelcoo Discovery CI8, particle size 5 (im, pore diameter 180 A, column dimensions were 150 mm 

xx 2.1 mm i.d. and column temperature was maintained at 25°C. The solvents were THF (Biosolve, 

Valkenswaard,, The Netherlands) and acetonitrile (Rathburn Chemicals, Walkerburn, Scotland). 

Bothh were HPLC grade. The flow rate was 0.2 mL/min. Samples consisted of low-dispersity 

polystyrenee standards (Polymer Laboratories, Church Stretton, UK, Pressure Chemical, Pittsburgh, 

PAA and Polymer Standards Service, Mainz, Germany). The sample-injection volume was 10 pL 

andd sample concentrations were 1.5 mg/mL. For the calculation of the model parameters, gradient 

programss from 5 to 95% THF in acetonitrile were run over 20, 45, 60 and 90 minutes. Detection of 

thee samples was performed with a Waters PDA 996 diode-array detector at 260 nm. All samples 

weree run in duplicate. Data-modelling spreadsheets were written in Microsoft Excel 97 on a 

Windowss NT operating system. 
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MALDI-MSMALDI-MS  experiments 

MALDI-TOF-MSS analysis was carried out on a Voyager DE-STR from Applied Biosystems. The 

matrixx was trans-2-t3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) which 

wass synthesised according to reference (30). Silver trifluoracetate (Aldrich, 98%) was added to the 

polystyrenee samples as a cationic ionisation agent. The matrix was dissolved in THF (40 mg/mL). 

Silverr trifluoracetate was added to the THF (~1 mg/mL). All the spectra were acquired in the linear 

mode.. For each spectrum, 1000 laser shots were accumulated. In a typical MALDI experiment, the 

matrix,, salt and polymer solution were premixed in the ratio: 5 \\L sample: 5 nL matrix: 0.5 |iL 

Salt.. Approximately 0.5 îL of the obtained mixture was hand spotted on the target plate. 

Resultss and Discussion 

ModellingModelling retention behaviour 

Too construct a model to describe the chromatographic separation of polystyrene, a series of 

standardss (differing in molar mass) were run under different gradient conditions, i.e. different 

gradientt slopes. The retention times of the standards in each of the gradients were measured and the 

valuess were compared with values calculated using the RP model. The iterative 'solver' tool in 

Excell was used to calculate values of 5 and In ko that gave the smallest differences between 

predictedd and experimental retention times. A comparison between the predicted and experimental 

retentionn times for polystyrene with an average molar mass of 76,600 Da is shown in table 1. The 

fit,, i.e. the difference between the experimental and predicted retention times, is presented as the 

summ of the squared differences (SSQ) between each of the experimental retention times and its 

predictedd equivalent. 5 and In ko values were calculated in the same way for polystyrene standards 

rangingg in masses from 1,700 Da to 325,000 Da and in each case the SSQ was similarly small (table 

2).. Low SSQs indicate that the model can accurately describe the retention behaviour of the 

standardss under the gradient conditions that were applied. It is then taken that the model can 

accuratelyy predict retention behaviour under any gradient or isocratic mobile-phase conditions. 
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Tablee 1: A comparison of the experimental and predicted retention times for a polystyrene standard (76,600 

Da). . 

Experimental l 
Retentionn Time 

(seconds) ) 
1008.8 8 
1013.3 3 
1738.0 0 
1737.4 4 
2164.4 4 
2164.0 0 
3005.4 4 
3006.1 1 

Predictedd Retention 
Timee (seconds) 

1014.4 4 
1014.4 4 
1735.9 9 
1735.9 9 
2162.5 5 
2162.5 5 
3007.1 1 
3007.1 1 

Timee Difference 
(seconds) ) 

5.5 5 
1.00 j 
2.1 1 
1.6 6 
1.9 9 
1.5 5 
1.7 7 
1.0 0 

Tablee 2: The calculated 'best fit' values for the model parameters S and In ko and the sum of the squared 

differencee between predicted and experimental retention times using these values. 

Molarr  Mass 
1700 0 
4000 0 
7000 0 
10900 0 
17600 0 
30000 0 
39200 0 
76600 0 
117000 0 
160000 0 
325000 0 

Bestt  fit S 
13.98 8 
23.08 8 
25.96 6 
29.55 5 
36.10 0 
48.97 7 
57.22 2 
80.46 6 
113.73 3 
164.42 2 
319.87 7 

Bestt  fit In k0 

3.64 4 
8.26 6 
10.07 7 
12.12 2 
15.64 4 
22.19 9 
26.40 0 
38.11 1 
54.55 5 
79.39 9 
155.96 6 

SSQQ (seconds2) 
3.12 2 
74.09 9 
42.87 7 
62.27 7 
24.58 8 
20.39 9 
16.00 0 
48.16 6 
50.03 3 
75.99 9 
3.41 1 

DeterminationDetermination of the correlations between 5, In ko and molar mass 

AA strong linear relationship between S and In ko was found for the homologous polystyrene series 

(figuree 1). This relationship can be used to determine the critical point for a polymer, i.e. the point 

att which the monomeric units no longer influence retention. This has been demonstrated in an 

earlierr paper (27). 
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Figuree 1: Linear relationship between the model parameters 5 and In kg. 

Thee equation of the line is y = 2.0153x + 4.7476. 

Correlationss between the model parameters and molar mass have also been reported. However, 

theree is no firm agreement on the type of line that best fits these relationships (see introduction). To 

determinee the best possible correlation between molar mass and the model parameters, we 

examinedd the relationship between In ko and molar mass in more detail. The relationship was 

initiallyy taken to be linear i.e. 

Inn ko = A + B(molar mass) (4) 

Thee intercept (A) and the slope (B) were then varied incrementally and corresponding In ko values 

(forr a given mass) were calculated. From the resulting grid of In ko values (250 x 250) and the 

establishedd correlation between S and In ko, a second grid was constructed, indicating how the error 

inn predicted retention times changed as the slope and intercept were varied. Error in the prediction 

wass represented as the inverse of the sum of the squared differences (SSQ1) between the predicted 

andd experimental retention times, thus, the higher the value, the lower the error. Figure 2a shows a 

surfacee plot of the variation in the SSQ"1 as A and B are varied, for a PS 30000 standard. The high 

ridgee on the surface corresponds to values of A and B that give the best prediction of retention times 

forr that standard. The surface is a sharply rising, flat ridge and there is no apparent maximum point, 

indicatingg that there is a (highly correlated) range of slope and intercept values that can predict the 

retentionn time of that standard equally well. Similar plots were constructed for all of the 

polystyrenee standards and in all cases, comparable contours were found, although higher masses 

(abovee 100,000 Da) had wider ridges with shallower slopes (Figure 2b). 
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Figuree 2: Surface plot showing the relationship between the error of prediction of the model (SSQ~ ) a r |d the 

slopee and intercept of the In k0 vs. molar mass correlation, (a) PS 30, 000 Da and (b) PS 160,000. 

Bothh plots were normalised to the highest value on the grid. 

Iff  it is the case that there is a single straight line that describes the In k0 versus molar mass 

relationship,, then the surface plots obtained for all of the polystyrene standards should converge to 

onee common point, corresponding to the slope and intercept of that 'best fit' line. By summing the 

contourss of all standards into one grid, an overall surface plot, corresponding to the sum of the 

inversee SSQ's for all standards, was obtained (figure 3). Before summation, each grid was 

normalisedd to the highest SSQ' value in that grid, so that standards with significantly different 

SSQ'ss could be compared easily. 
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Interceptt (A) 15 *̂~~—. 

20 0 

Figuree 3: Surface plot showing the relationship between the error of prediction of the model (SSQ~') and the 

slopee and intercept of the In ko vs. molar mass correlation for all of the standards (normalised and 

summed).. The peak represents the slope and intercept values that give the best prediction over the 

entireentire mass range. 

Thee sharp maximum on the surface plot clearly indicates that there is a common intersection point, 

correspondingg to one line (one slope and intercept value) that can predict retention times 

significantlyy better than any other line. However, upon closer examination, it can be seen that not 

alll masses converge through this point. This indicates that a single straight line may not be the best 

wayy to describe the In ko versus molar mass relationship. 

SSQ~'' grids for pairs of standards were then summed, in order to determine the best line in narrower 

masss regions. Standards were paired according to increasing molar mass. Sharp intersection points 

betweenn the summed contour lines were found, with very clear maxima for the lower mass 

standardss (upto 76600) (figure 4a). The sharpness of this intersection decreased as molar masses 

increasedd (figure 4b), suggesting that as mass increased the range of lines (different slopes and 

intercepts)) that could reasonably predict retention times within the range of masses covered by the 

twoo standards broadened. 
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Interceptt (A) Intercept (A) 

Figuree 4: Contour plot showing the intersection point in the relationship between the error of prediction of the 

modell (SSQ1) and the slope and intercept of the In k0 vs. molar mass correlation for two polystyrene 

standardss (a) 7,000 Da and 10,900 Da and (b) 76,000 Da and 116,000 Da. 

Thee intersection point of each grid, i.e. the maximum SSQ~', then corresponded to the slope and 

interceptt of the line that best predicted the retention times of masses in that range. By repeating this 

proceduree across the mass range, optimal slopes and intercepts were determined as a function of 

mass.. The overall relationship between In ko and molar mass was then determined as a series of 

straightt lines all with different slopes and intercepts. By plotting each of these lines within then-

relevantt mass ranges, the overall (non-linear) relationship between In ko and molar mass was 

determined.. Figure 5 shows the lines corresponding to the different slopes and intercepts over the 

entiree mass range, along with the line corresponding to the maximum point (best overall slope and 

intercept)) in figure 3. The true shape of the 'best fit' correlation clearly deviates from a straight line 

and,, in fact, was best described as a power curve. 
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Figuree 5: Best relationship between molar mass and In k0, determined by the range of maxima calculated using 

intersectionn points such as those in figures 4. The curved line is described by a power curve: y = 

0.019x07008,, R2= 0.9956 (dashed line). 
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UsingUsing the model to construct calibration curves 

Oncee it has been established that the RP model (or any other model) adequately describes retention 

behaviourr and a correlation between the model and molar mass has been found, the retention time 

off any polydisperse sample can be predicted, under any gradient or isocratic conditions. The model 

cann then be used to construct both chromatograms and calibration curves that clearly indicate the 

relationshipp between gradient conditions and the retention time of the polymer. Calibration curves 

showw how retention varies over the entire mass range. Unlike conventional SEC calibration curves, 

whichh are fixed for a given mobile/stationary phase system, these are 'tuneable' curves that change 

withh the mobile-phase conditions. Significantly, this allows the chromatographer to separate a 

samplee according to the requirements of the analysis. For example, in some cases, it may be 

requiredd that the influence of molar mass is minimised, e.g. for the characterisation of copolymers 

accordingg to their chemical composition. In this case, a vertical curve (where the x-axis represents 

retentionn time and the y-axis is molar mass) is best, i.e. the polymer should elute at one time 

regardlesss of molar mass. If the molar-mass distribution is to be determined, a shallower calibration 

curvee is required. The gradient can be tuned to give the best separation possible in the molar-mass-

regionn of interest. 

Thee accuracy of the predicted calibration curves was established by measuring the retention times 

off a series of polystyrene standards under various gradient conditions and comparing the 

experimentallyy obtained calibration curves to their predicted equivalents. In general, there was 

excellentt agreement between the predicted and experimental calibration curves. Comparisons of 

somee predicted and experimental calibration curves are given in figure 6. The accuracy of these 

predictedd calibration curves, illustrates not only that the RP model is an appropriate descriptor of 

thee retention behaviour of the samples in this chromatographic system, but also that the established 

correlationss (i.e. S vs. In ko and In ko vs. mass) are also adequate. 
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Figuree 6: Predicted and experimental calibration curves for polystyrene, (a) Gradient conditions: 5 to 95 % 

THFF in ACN in 220 minutes, experimental data points are taken from MALDI-MS fractions, (b) 

Gradientt conditions: 25 to 75 % THF in ACN in 100 minutes, experimental data points are taken from 

chromatographicc data of standards and (c) Gradient conditions: 45 to 60 % THF in ACN in 12.5 

minutess experimental data points taken from chromatographic data of standards. 
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UsingUsing calibration curves to optimise separations 

Thee predicted calibration curves constructed from the expanded RP model can be tuned so that the 

selectivityy of ;LC in comparison to SEC is greatly enhanced, particularly for lower masses. In the 

loww mass region, peaks in /LC can be extremely broad (in our experience up to 60 minutes wide) 

andd quite asymmetric in shape (figure 7). 
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Figuree 7: iLC separation of a narrow dispersity (PDI = 1.06) polystyrene standard (4,000 Da). Gradient 

conditions:: 5 to 95 % THF in ACN in 220 minutes. 

Thiss broadness (and asymmetry) arises from the selectivity of the separation rather than from any 

adversee band-broadening effects. MALDI-MS spectra of fractions that were collected in the low-

molar-masss range of a shallow gradient separation (5 to 60 % THF in ACN in 220 minutes) proved 

thatt the separation was good enough to obtain effectively monodisperse fractions (i.e. polydispersity 

indicess < 1.000), even up to masses of 18,500 Da (figure 8). 
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Figuree 8: MALDI-MSS spectrum of a polystyrene fraction collected after an z'LC separation. Gradient 

conditions:: 5 to 95 % THF in ACN in 220 minutes. Calculated polydispersity: 1.00024. 
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AA direct comparison of the two techniques 0'LC and SEC) was made by separating the same sample 

(PSS 10,900) in both modes. Equal fractions (0.1 mL) from each separation were collected and 

MALDI-MSS spectra of the fractions were measured. For a typical f'LC fraction, only nine 

oligomerss were present. This compares very favourably with a SEC fraction in a similar mass 

range,, which contained twenty-seven separate oligomers (figure 9). 
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Figuree 9: A comparison of MALDI fractions (30 seconds in each case) from (a) an /LC and (b) a SEC 

separationn of a polystyrene standard (10,900 Da). /LC gradient: Gradient conditions: 5 to 95 % THF 

inn ACN in 220 minutes, flow rate: 0.2mL/min. SEC column: PL Gel 103 A, mobile-phase: 100 % 

THF,, flow rate: 0.2 mL/minute, injection volume 10 |iL. 
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UnderstandingUnderstanding asymmetrical peaks and peak splitting in iLC 

Thee shape of the calibration curve can also be used to understand and control the sometimes strange 

chromatographicc peak shapes that are obtained for the chromatographic separation of polydisperse 

samples.. When the mass range of a normally distributed sample is in a non-linear region of the 

calibrationn curve, then the resulting peak shape will not be Gaussian, because selectivity in that 

masss range is not constant. Peaks can then appear to be fronting or tailing. For example, when the 

selectivityy of the system is higher in the low-molar-mass region, then the lower mass portion of the 

samplee will be more separated than the higher mass portion of the sample. This is seen 

experimentallyy as a 'fronting' peak such as the peak in figure 7. If selectivity is greater in the high-

molar-masss region, then the peak will have a sharp leading edge but will exhibit what would be 

calledd tailing in conventional chromatography. In some cases, a single sample can even split into 

twoo separate peaks. This occurs when the starting conditions of the gradient are strong enough to 

elutee some of the lower masses present in the sample, either as an unretained peak eluting with the 

voidd volume or as weakly retained polymer eluting before the start of the gradient. Higher masses 

willl then be eluted once the mobile-phase is strong enough, resulting in two separate peaks (each 

containingg different molar masses) for the same sample. 

UsingUsing interactive LCfor the determination of molar-mass distributions 

AA consequence of the enhanced selectivity of /LC in comparison to SEC in the low-molar-mass 

range,, is that iLC can be more accurate for the determination of molar-mass distributions. In the 

samee way that calibration curves are used in SEC to transform retention times (or elution volumes) 

intoo molar masses, the calibration curves obtained in /LC experiments can also be used. The molar-

masss distribution of a sample can then be calculated from its peak shape, as long as the detector has 

aa known response to concentration. 

Ann experimental calibration curve was constructed by separating polystyrene standards using a 

shalloww gradient (5 to 60 % THF in ACN in 220 minutes; figure 6a). The gradient conditions were 

chosenn to give the greatest selectivity in the molar mass region up to ~ 40,000 Da. The peak shapes 

forr the various standards varied dramatically with increasing mass. Low masses were eluted as 

peakss that were extremely broad. Higher masses (above -40,000) eluted as sharp peaks with much 

lesss resolution between masses. For the best fit for the experimental calibration curve, fractions 

weree taken across each of the sample peaks (0.1 mL) and the molar mass at the peak top (Mp) of 

eachh fraction was measured using MALDI-TOF MS. The resulting calibration line was almost 

identicall to the predicted calibration line (figure 6a). 
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Fittin gg the curve to one simple formula was not possible. However, when the curve was split into 

differentt sections, excellent fits were found for specific mass ranges within the curve. Figure 10 

showss the experimental data points and the third order polynomial fits that were used to describe the 

relationshipp between retention and molar mass over the entire mass range. 
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Experimentall data points and fitted calibration curves over the entire mass range. Equations of the 

line::  (o) from 1,500 to 6,000 Da, y = 0.0052x3 - 0.5497x2 + 47.568x + 696.02, R2 = 0.9994, (x) from 

5,6000 to 24,000 Da, y = 0.1405x3 - 47.889x2 + 5591.9x - 216391, R2 = 0.9992, (A) from 18,500 to 

61,0000 Da, y = 3.501x'- 1599.1x2 + 244372x - lx 107, R2 = 0.9995, (•) from 35,000 to 160,000 Da, y 

== 29.541x3 - 14677x2 + 2 x 106x - 1 x 10s, R2 = 0.9991. 

Thee calibration line was used to calculate the average molar mass and the molar-mass distribution 

(MMD)) of a range of polystyrene standards, using the signal from a UV detector for the 

concentrationn profile. A comparison of the calculated and quoted polydispersities and Mp values of 

thee standards are given in table 3, along with the calculated weight-average (Mw) and number-

averagee (Mn) molar masses for each standard and the polydispersity values calculated using 

MALDII MS. For most of the standards, the calculated polydispersity indices were significantly 

lowerr than the values quoted by the manufactures. This is in agreement with other research that 

suggestss that quoted polydispersities are upper limits rather than exact values (5, 18, 31). Two of 

thee standards (4,000 and 10,900 Da) had marginally higher polydispersities. Mp values were 

calculatedd as the mass at the peak top in the molar-mass distribution. 
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Tablee 3: Comparison of the quoted and calculated average masses and polydispersities for a series of 

polystyrenee standards. Suppliers: PL = Polymer Laboratories, PC = Pressure Chemical, PSS = 

Polymerr Standards Services. 

Supplier r 

PL L 
PC C 
PL L 
PSS S 
PSS S 
PC C 
PSS S 
PL L 

Mp p 

Quoted d 

1700 0 
4000 0 
7000 0 
10900 0 
17600 0 
30000 0 
39200 0 
76600 0 

Mp p 

Calculated d 

1822 2 
5118 8 
7461 1 
10103 3 
16738 8 
29525 5 
39133 3 
82892 2 

Mw w 

Calculated d 

1913 3 
4511 1 
7347 7 
9926 6 
16363 3 
29415 5 
37223 3 
80386 6 

M„ „ 
Calculated d 

1838 8 
4190 0 
7218 8 
9553 3 
16135 5 
29243 3 
36503 3 
79390 0 

PDI I 
Quoted d 

1.06 6 
1.06 6 
1.03 3 
1.03 3 
1.03 3 
1.06 6 
1.03 3 
1.03 3 

PDI I 
Calculated d 

iL C C 
1.040 0 
1.077 7 
1.018 8 
1.039 9 
1.014 4 
1.006 6 
1.020 0 
1.013 3 

PDI I 
Calculated d 

MALD I I 
1.022 2 
1.017 7 
1.008 8 
1.016 6 
1.012 2 

nott available 

1.016 6 
1.004 4 

Thee MMD obtained for the PS 7000 standard was fitted to both a normal and a log normal 

distribution.. A plot of the residuals (figure 11) showed that there was very little difference between 

aa normal and a log-normal fit for the standard. 

120000 14000 

Figuree 11: Residual plots comparing (a) a normal and (b) a log-normal fit of the experimentally determined 

molar-masss distribution. 
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Whenn the polydispersity values calculated using iLC were compared with values calculated using 

MALDII MS, it was seen that the latter yielded significantly lower PDI values. This result was 

surprising.. One explanation may be and may indicate that the chromatographic separation was not 

onlyy due to molar mass but may also have been influenced by other effects (for example many 

stereoisomerss exist for every member of the polystyrene series). Chromatographic peak broadening 

mayy also have been a contributing factor, although the MALDI MS spectra of the fractionated 

polymerr showed that resolution was very high (see figures 8 and 9a). Mass discrimination in the 

MALDI,, which could lead to a lower perceived PDI, may also explain the anomaly. Although it is 

generallyy accepted that for polymers with narrow molar-mass distributions (such as standards), 

masss discrimination is not problem (32), the accuracy of MALDI for the determination of PDI's has 

nott yet been fully proven (33). Some further investigations into the sources of peak broadening in 

ZLCC of polymers will be required in order to clarify this issue. 

Thee shape of the calibration curve dictates the upper-mass limit of /LC for determining MMDs. 

Whenn there is no longer any separation according to molar mass (i.e. the vertical range of the 

curve),, peaks are narrow and have very little contribution from polydispersity. The upper limit is 

partlyy controlled by the applied gradient conditions, but also by the steepness of the In k vs. <p 

relationship.. For higher masses, slopes are steep (high 5 values in the RP model) and the change in 

Inn k with <p hardly varies with molar mass. In this mass range, SEC becomes the more appropriate 

choicee for MMD determinations. 

Conclusions s 

/'LCC is a highly selective, easily tuneable separation technique, that can be used for the 

determinationn of molar-mass distributions in the low-to-medium (<40,000 daltons) mass range. 

Separationss can be understood and predicted by applying a chromatographic model (in this case the 

RPP model) and determining the relationship between the model parameters and molar mass. We 

foundd that the best relationship between In ko and molar mass for this separation was a power curve 

andd that there was a linear relationship between In ko and S, Comparisons of the predicted and 

experimentall retention times (presented in the form of calibration curves) showed that the model 

accuratelyy described retention under any mobile-phase conditions and over a broad range of molar 

masses.. The shape of the calibration curve can be optimised using the model to best suit the 

requirementss of a particular analysis. Extremely narrowly distributed (effectively monodisperse) 

masss fractions can be obtained using i'LC, even up to masses as high as almost 20,000 Daltons. The 

techniquee can be used to accurately determine molar-mass distributions, however some further 
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investigationn will be required to account for the differences between the polydispersity values 

calculatedd using r'LC and MALDI MS. 
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ACCURAT EE PREDICTIO N OF THE RETENTIO N BEHAVIOU R OF 

POLYDISPERSEE MACROMOLECULE S BASED ON A MINIMU M NUMBER OF 

EXPERIMENTS . . 

Abstract t 

Retentionn models can be used to predict the retention behaviour of analytes in LC separations. A 

retentionn model can be expanded to predict the retention behaviour of members of a homologous 

seriess (such as a polymer), if a relationship between the model parameters and molecular-structure 

parameterss can be found. Typically, this involves a large number of experiments (over 100 

includingg duplicate measurements) and it can be quite time consuming. To overcome this, we have 

developedd a globalised version of the re versed-phase model that can accurately predict the retention 

behaviourr of polystyrenes based on a drastically reduced number of experiments. 

Thee globalised model can predict retention time as a function of molar mass and gradient slope. 

Bothh the original and globalised versions of the model were rigorously validated in terms of the 

differencee between the predicted and experimental retention times. The original model had very 

loww residuals and there was no apparent dependence of the errors on the applied gradient, the molar 

masss or the retention times. Confidence intervals for the model parameters (S and In ko) were 

determinedd using a bootstrapping analysis of the residual errors in the predicted retention times. 

Confidencee intervals broadened significantly as the mass of the polymer increased. The parameters 

weree also seen to be highly correlated. For the global model, retention-time residuals remained 

quitee low, even when the number of experiments used to determine the model parameters was 

reducedd from approximately one hundred to ten. 

Introductio n n 

RetentionRetention models for HPLC 

Thee theory of liquid chromatography has been developed during several decades and some well-

establishedd descriptions are now in place for the elution behaviour of solutes in different 

chromatographicc systems (1,2, 3). The retention behaviour of a solute can be described in terms of 

thee relationship between its retention factor (k) and the (isocratic) mobile-phase composition (i.e. 
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thee volume fraction of strong solvent, (p). For re versed-phase chromatography, the logarithm of the 

retentionn factor is found to vary in an approximately linear manner with the mobile-phase 

compositionn according to: 

\nk=]nk\nk=]nk00-S<p-S<p (1) 

wheree ko is the retention factor of the analyte in 100% of the starting (weak) solvent and S is the 

solvent-strengthh parameter (a measure of the rate of change of the retention factor with increasing 

mobile-phasee strength) (4, 5, 6). Depending on the type of chromatography, other retention 

mechanismss may be more appropriate. For example, for normal-phase chromatography, a linear 

relationshipp between the logarithm of the retention factor and the logarithm of the mobile-phase 

compositionn is predicted: 

logg k = log kx - m log <p (2) 

wheree kj is the retention factor of the solute at <p = 1 (i.e. in 100% strong solvent) and m is the 

observedd slope (7). In both cases the model parameters can be estimated by measuring retention 

timess at various (isocratic) mobile-phase compositions. If the model holds, then a linear (or 

approximatelyy linear) relationship should be found, according to the relevant equation (equation 1 

orr 2 above). 

Forr the chromatographic characterisation of high-molar-mass samples, such as polymers, isocratic 

chromatographyy is not always practical, because there is not always a wide enough range of mobile-

phasee compositions where meaningful (i.e. finite but non-zero) retention can be measured. For 

example,, for high-molar-mass-polymers the transition between infinite retention and zero retention 

occurss within a very narrow range of mobile-phase compositions (8, 9). In this case, gradient-LC is 

moree appropriate and the retention model must be solved using gradient LC retention data, taking 

intoo account the shape of the gradient. For a linear gradient (i.e. cp = A + Bt, where A is the initial 

mobile-phasee composition and B is the composition change in mobile-phase (cp) per unit time) and 

assumingg a reversed-phase retention mechanism (equation 1), retention times for solutes eluting 

withinn the gradient can be calculated as: 

ttRR =—]n\l  +SBk(A) 
SB SB ++  tm+*D  (3) 

k(A) k(A) 

wheree kA is the retention factor of the solute in the initial mobile-phase composition and tD and tm 

aree the dwell time of the system and the dead-time of the column, respectively (3). When kA and S 

off a solute are known, the retention time of that solute can be predicted under any gradient or 

isocraticc conditions. Conversely, S and kA (and thus also ko) can be estimated when the retention 

timee of a solute is measured as a function of B. 
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ChromatographicChromatographic retention of polymers 

Thee mechanisms controlling the chromatographic retention of large molecules, such as polymers, 

aree still not fully understood. It has been suggested that retention is controlled by a precipitation-

redissolutionn mechanism, where analyte molecules are either fully retained or fully eluted, 

dependingg on the strength of the mobile-phase (8, 10, 11). Other research suggests that the 

retentionn of macromolecules is similar to the retention of smaller analyte molecules, i.e. equations 1 

andd 2 hold equally well for large as for small molecules (12). We take the latter approach and test 

thiss by testing the validity of the models (equations 1 and 2) for the chromatographic retention of a 

seriess of polystyrene standards (different masses) in a non-aqueous reversed-phase system. In 

previouss research, we have compared experimental retention values to retention times that were 

predictedd using the reversed-phase model (equations 1 and 3) (13, 14). Excellent agreement 

betweenn experimental and predicted retention times was obtained, indicating that the model was 

appropriatee for this LC separation. In general, the mechanisms involved in retention will depend on 

thee sample, the concentration of the analytes, the choice of mobile phase and on the strength of the 

interactionn between the sample and the stationary phase. The validity of a particular retention 

mechanismm (and the models associated with that mechanism) should be explored on a case-by-case 

basiss (15, 16). 

ApplyingApplying retention models to polydisperse analytes 

Noo single molecular structure can be assigned to a polydisperse sample. Instead, polydisperse 

analytess are characterised by distributions of, for example, molar mass, chemical composition, 

functionall or end-groups, etc. (17). The members of the distribution will have different retention 

behaviourr across the distribution and no single set of parameters (e.g. S and In ko) can adequately 

describee retention across the distribution. For the RP model, there is a strong relationship between 

55 and In ko for homologous series such as homopolymers (6, 13, 14, 18, 19). This means that model 

parameterss can only change concomitantly within a distribution, so that the retention lines (In k 

versuss tp) are anchored to a common point (where all members of the series have the same retention 

factor).. This is known as the critical mobile-phase composition. 

DeterminingDetermining correlations between modelparameters and molar mass 

Whenn the retention of a single (very narrow) polymeric standard is measured as a function of the 

gradientt slope B, the model parameters S and In ko for that standard can be estimated. If the model 

iss appropriate, then the retention behaviour of that standard under any gradient or isocratic 

conditionss can be predicted. By estimating 5 and In ko values for a range of standards (same 
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polymer,, different masses), the relationship between the model parameters and mass can be 

established.. When there is a definable correlation between the model parameters and molar mass, it 

iss possible to predict the parameters for a given polymer within the mass range studied. The well-

knownn Martin rule predicts a linear relationship between In k and the number of repeat units on the 

macromoleculee (20), although it has been reported that it can fail for both low and high masses (21). 

Skovrtsovv and Trathnigg have suggested that the Martin rule only holds under special conditions, 

relatedd to the radius of gyration of the molecule (22). In this study, we have examined the 

relationshipp between the RP model and molar mass for a series of polymeric standards. Using 

confidencee intervals and weighted linear and non-linear regression analysis, we have found the best 

relationshipp between the model and the molar mass of the polymer. Using this relationship, we 

havee developed a globalised version of the model, i.e. made it applicable to a range of masses of the 

polymerr rather than just the specific masses that were measured. With this global approach, we 

havee been able to accurately describe the retention behaviour of polydisperse analytes. We have 

alsoo been able to dramatically reduce the number of experiments that are required to understand and 

predictt the chromatographic retention behaviour of a polymer. 

Experimental l 

Experimentss were carried out on a Waters 2690 liquid chromatograph. Gradient control, data 

acquisitionn and data analysis were handled by Waters Millennium 3.2 software. The stationary-

phasee was Supelco Discovery CI8, particle size 5 |im, pore diameter 180 A. Column dimensions 

weree 150 mm x 2.1 mm i.d. and column temperature was maintained at 25°C. The solvents were 

THFF (Biosolve, Valkenswaard, The Netherlands) and acetonitrile (Rathburn Chemicals Ltd, 

Walkerburn,, Scotland). Both were HPLC grade. The flow-rate was 0.2 mL/min. Samples 

consistedd of low-dispersity polystyrene standards (Polymer Laboratories, Church Stretton, UK). 

Thee sample-injection volume was 5 |uL and sample concentrations were 1.5 mg/mL. For the 

calculationn of the model parameters (5 and In ko), gradient programs from 5 to 95% THF in 

acetonitrilee were run over 20, 45, 60 and 90 minutes. Peak detection was performed with a Waters 

PDAA 996 diode-array detector. All samples were run in duplicate. MATLAB (Mathworks, Natick, 

MA,, USA) and Microsoft Excel (Microsoft, Seattle, WA, USA) were used for data analysis. 
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Resultss and discussion 

EstimationEstimation of the model parameters S and In ko. 

Iff the RP model is an appropriate model for the chromatographic separation of a particular analyte, 

thenn values of 5 and In ko can be found that can predict the retention behaviour of that analyte under 

anyy gradient or isocratic mobile-phase conditions (for the given LC system). By measuring the 

retentionn time of the analyte under a number of different gradient conditions, values for S and In k0 

thatt give the least overall error in prediction can be estimated. A simple (though somewhat tedious) 

approachh to the estimation of the model parameters is to perform a grid search that plots the 

variationn in the error of prediction as a function of S and In k0. When the inverse of the error is 

plotted,, the maximum in the grid corresponds to the best combination of S and In ko for that sample 

(figuree 1). 

Figuree 1: Surface plot showing the variation in the SSQ ' (i.e. the inverse of the squared difference between the 

predictedd and experimental retention times) as a function of S and In ko-

Inn our previous papers, we calculated optimal values of S and In k0 using the solver tool in 

Microsoftt Excel. Solver uses a generalised reduced-gradient non-linear optimisation procedure 

(23).. This approach is useful, because it can find optimum values for any number of parameters 

reasonablyy quickly. However, the results are obtained from an empirical stepwise process akin to 

computerisedd trial-and-error. Solver can also be misleading, because local rather than absolute 

optimaa are sometimes reported. This problem can be reduced, but not totally avoided by starting 

thee process several times, using different initial estimates. The best results are obtained if 

approximatelyy correct values for 5 and In k0 can be used as the starting point. In this work, an 
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alternativee approach to estimating S and In ko, using non-linear regression, was used (24). This 

approachh is in some ways similar to solver. It is also iterative and it can also get lost in local 

optima.. However, since the optimisation procedure is based on the actual relationship between the 

modell parameters, it generally reaches a more-accurate optimum than solver and it can do so more 

quickly.. Both techniques gave quite similar values for S and In k0 for the polystyrene standards (see 

tablee 1). For higher masses, the differences were larger, but they remained well within the 

calculatedd 95% confidence interval for each standard (see discussion below). 

Tablee 1: Calculated parameters for the global model using different data sets. 

Masss of 
Standardd (Da) 

1700 0 

2100 0 

3250 0 

4000 0 

7000 0 

10900 0 

17600 0 

30000 0 

39200 0 

76600 0 

117000 0 

160000 0 

325000 0 

S S 
„„ , Non-linear Solver Solver 

regression regression 
13.93 3 

14.05 5 

17.82 2 

23.09 9 

25.96 6 

29.58 8 

36.17 7 

49.15 5 

57.37 7 

80.50 0 

113.75 5 

156.93 3 

397.37 7 

13.96 6 

14.35 5 

17.35 5 

22.30 0 

25.55 5 

28.25 5 

35.92 2 

48.43 3 

56.95 5 

84.24 4 

120.83 3 

169.64 4 

319.96 6 

lnko o 
„„ , Non-linear Solver Solver 

regression regression 
3.63 3 

4.38 8 

6.22 2 

8.27 7 

10.07 7 

12.14 4 

15.67 7 

22.27 7 

26.46 6 

38.14 4 

54.56 6 

75.75 5 

194.06 6 

3.63 3 

4.44 4 

6.09 9 

8.01 1 

9.92 2 

11.62 2 

15.57 7 

21.95 5 

26.27 7 

39.93 3 

58.00 0 

81.99 9 

157.94 4 

ValidationValidation of the Model 

Usingg the model (equation 1) and the estimates of S and In ko from non-linear regression, a curve 

showingg the relationship between retention time and the gradient slope B (for a given initial mobile-

phasee composition (A)) can be predicted. 
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Solven tt  gradien t (vol%/sec ) 

Figuree 2: Predicted curve for the relationship between retention time and gradient slope B for a series of 

polystyrenee standards. The points correspond to the equivalent experimental values. 

Figuree 2 shows the predicted curves for all of the masses measured, along with the experimental 

retentionn times measured at different gradient slopes. It is clear that the model can describe the 

retentionn behaviour of all the standards, in all the applied gradients. Errors in the prediction were 

assessedd more rigorously by calculating retention-time residuals, i.e. the differences between the 

predictedd and experimental retention times. Residual errors for all of the polymer samples as a 

functionn of B, are plotted in figure 3, along with an indication of the measurement error (i.e. 

experimentall error) calculated from the 95% confidence interval of duplicate measurements of each 

standardd at each applied gradient. 

Solven tt  gradient / (vol%/sec ) 

Figuree 3: Residuall errors in prediction using the RP model and the values of S and In ko-
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Thee residual errors (errors in prediction) are quite dependent on the measurement errors and 

increasee with increasing measurement error. In most cases, residual errors are well within the 

experimentall error. This indicates that the model describes the retention behaviour of these samples 

veryy well, since the error appears to be mainly due to experimental error rather than any error in the 

model.. The two measurements with the largest residuals correspond to the duplicate injections of 

thee PS 1700 standard eluting from the shallowest gradient (5 to 95 % THF in ACN in 90 minutes). 

Thee chromatographic peaks corresponding to these measurements are broad and flat because 

selectivityy in this mass range and under these chromatographic conditions is very high (14). The 

truee peak top was therefore difficult to determine for these peaks and so the measurement error was 

quitee large (when measuring the retention time of a polydisperse sample, it is assumed that the peak 

maximumm corresponds to the average mass of that standard i.e. its Mp value. While this can be a 

reasonablee assumption for Gaussian-shaped chromatographic peaks, it is not always the case for 

asymmetricall peaks. Coupling the separation to a mass spectrometer overcomes this problem). 

Residuall errors were also plotted as a function of molar mass and retention time. In all cases, errors 

weree low, non-systematic and comparable to the measurement error. The low, non-biased nature of 

thee residuals in figure 3 indicate that (a) the RP model is an appropriate model for an accurate 

descriptionn of the chromatographic separation in question and (b) the model works equally well for 

alll gradient slopes and molar masses within the ranges that were tested. 

DeterminationDetermination of confidence intervals for estimated S and In ko values using bootstrapping 

analysis. analysis. 

Confidencee intervals for each of the S and In ko estimates were determined using external 

bootstrappingg analysis (25). Bootstrapping analysis uses retention time residuals to generate 1000 

neww data sets where: 

k.l l 
htoa,htoa, =tRtPredicled+AtR where Affl is a noise data point generated by: AtRi  \AtRi\ is 

thee retention time residual calculated from non-linear regression, e, is a random number taken from 

aa N(0,1) Gaussian distribution and /i„ is a value between 0 and 1 and is a measure of the model 

leveragee for the residual /' (the model leverage is an indication of the influence a given point has on 

thee estimation of the model parameters the higher ha is, the more that point influences the model). 

Thee new data set (using IR, hooi as the retention time) is again fitted using non-linear regression to 

givee new estimations of S and In ko {Sboot and In ko,boot) that are different from the original estimation 
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(Sbest(Sbest and In ko,besd- This procedure was repeated 1000 times, to give 1000 separate estimations of 

SbSbaoao,, and In ko.baat- Examples of the estimations are given in figure 4. 

OOO 25 0 30 0 35 0 40 0 45 0 50 0 55 0 60 0 65 0 70 0 

Figuree 4: Values of 5 and In k0 calculated using external bootstrapping analysis, (a) PS 1700 (b) PS 325,000. 

DD = optimum value. 

Fromm the bootstrapping procedure, 95% confidence intervals for the parameters were determined. 

Confidencee intervals were seen to get significantly larger as molar mass increased; in other words, 

thee range of S and In ko values that can reasonably estimate retention times gets broader as mass 

increases.. The confidence intervals prove that both the non-linear regression and Solver approaches 

too the estimation of S and In k0 (table 1) give statistically similar results. Figure 5 shows the 

estimatedd best values of S and In ko and their confidence intervals for all of the standards. The 

strongg correlation between the parameters for the homologous series is clear. This correlation is 

usefull because it simplifies the model (since, if one of the parameters is known, then the other can 

bee predicted). The correlation also proves the existence of a critical mobile-phase composition 

wheree all members of a homologous series co-elute, regardless of their In ko value. This is a 

particularr form of isocratic chromatography called critical chromatography. Its relevance and its 

linkk to the model have been discussed in more detail in earlier papers (13, 19). 
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450 0 

300 0 

350 0 

300 0 

200 0 

150 0 

100 0 

50 0 

0 0 
I I 

Figuree 5: Correlation between S and In ko for all the standards studied. Points correspond to Sbesl and In ko.bea 

calculatedd using non-linear regression (see table 1 also). Lines correspond to the confidence intervals 

calculatedd using external bootstrapping analysis. 

CreatingCreating a global model to predict retention times as a function of molar mass 

Fromm the original model, if S and In ko are known for a particular standard, retention time can be 

calculatedd as a function of the mobile-phase conditions (i.e. A andfi), i.e. tRI = g(Sn\nk0i,A,B). S 

andd In ko are estimated for each standard i, by measuring its retention time /«,,• at different gradient 

slopess B. This approach can only be used to predict the retention behaviour of specific samples 

wheree S and In ko are known or can be estimated. The model, in this case, is rather limited in its 

application,, because it cannot predict the retention behaviour of polydisperse samples i.e. samples 

fromm the same homologous series with different molar masses. If the model could be expanded, so 

thatt the relationship between the model parameters and molar mass could be established, then the 

modell would become much more versatile. In that case, we would have a global version of the 

model,, represented by tRi= f(B,A,M,yv.yn), where M is molar mass and yj to y„  are the 

parameterss describing the relationship between the model parameters and molar mass. One 

functionn could then describe the retention behaviour of all members of the polymeric series (within 

thee mass range where the global model is valid). The effects of both molar mass and molar-mass 

distributionn (polydispersity) on the chromatographic separation could then be predicted. 

Sincee we already know that there is a strong correlation between S and In ko (figure 5), the slope and 

interceptt of this line are used as two of the parameters (yi and 72) in the global model. To link the 

parameterss with molar mass, a relationship between one of the parameters and molar mass is also 

required.. In this study, we have tested various (weighted) relationships between In ko and molar 

masss using linear and non-linear regression analysis and modified simplex searches. Weighting 

wass assigned according to the confidence intervals determined by bootstrapping analysis. Thus, S 

80 0 



ACCURAT EE PREDICTIO N OF THE RETENTIO N BEHAVIOU R OF POLYDISPERSE MACROMOLECULE S 

andd In ko values that had small confidence intervals were more heavily weighted than values that 

hadd large confidence intervals. The relationship between molar mass and In k0 was difficult to 

describee using one straight line, even using weighted points. In ko values increased steeply with 

increasingg mass in the lower mass region. The curve then levelled off for masses above 

approximatelyy 4,000 Da. When all the masses were tested at once, weighted linear regression did 

nott give a good prediction of the relationship between molar mass and In ko. Because the 

confidencee intervals of low-molar-mass standards were much smaller than confidence intervals for 

high-molar-masss standards, the line was forced to go through low-molar-mass points, at the expense 

off higher molar masses. This resulted in a bad fit of the In ko versus molar-mass relationship (see 

figuree 6) and ultimately in a global model that could not predict accurate retention times over the 

entiree mass range. 

Inn a second approach, the In ko versus molar-mass-relationship was taken to be bilinear, i.e. split 

intoo two separate straight-line relationships, with a 'transition mass' (Mc) at which there is a switch 

fromm one line to the other. Non-linear regression was not suitable for the determination of 

parameterss for the bilinear relationship, because the discontinuity of the transition point resulted in 

itt being over-sensitive to the starting values. A modified simplex-search method (26) gave robust 

resultss that did not depend on the starting values of the parameters. This approach again used 

weightedd data and could estimate the parameters to describe the two separate linear relationships 

betweenn mass and In ko, as well as the critical mass (Mc) where the transition between the two Unes 

tookk place. A much better fit was found using this approach and weighted residuals for the line 

weree small. Figure 6 compares the fit of the linear and bilinear models. There is no physical 

meaningg of the critical molar mass, i.e. the fit is mathematical rather then based on any real 

transitionn in the polymeric series. However, for the lower molar-mass region in particular, the 

bilinearr model worked better than the simple linear relationship (or other relationships based on 

continuouss curves). The bilinear model intersects the confidence intervals of all of the standards 

spanningg the entire molar-mass range thus providing a much-more-accurate estimate of the 

relationshipp between In ko and molar mass. 
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Masss (Da) x i o s Mass ([Da) x i o 4 

Figuree 6: Linear (dashed line) and bilinear (solid line) curves for the In k0 versus molar mass relationship, (a) 

entiree molar-mass range and (b) low molar-mass region. 

PredictingPredicting retention times using the global model 

Usingg the global model (i.e. the bilinear relationship between molar mass and In kg and the S versus 

Inn ko correlation), the retention time of a sample of the given polymer of any mass and 

polydispersityy can be predicted (within the range of masses covered by the model). The retention-

timee residuals calculated using the global model are given in figure 7 and should be compared with 

thee retention-time residuals calculated using the non-global approach (i.e. S and In ko estimated for 

singlee standards) given in figure 3. 

::  i ! 
III ii ii 
ii  i 

~""ll 2 3 4 5 6 7 8 

Solventt gradient (vol%/sec) x 1

Figuree 7: Retention time residuals (dots) calculated using the global model. Solid lines correspond to the the 

measurementt error (as in figure 5). All experimental results are shown. 
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Whenn the global approach is used, the residual error increases. This is because 5 and In ko estimates 

aree no longer optimised one by one, but are calculated from the relationship between molar mass 

andd the model. Some increase in the error of the prediction is therefore to be expected. However 

thiss is compensated by the enhanced versatility of the model. In general, the residuals remain 

reasonablyy low. Residuals were less than 60 seconds in all cases and less than 20 seconds in most 

cases.. Note that the retention times were long. The maximum relative residual was 3.2 %, and the 

mediann relative residual was only 0.5 %. The parameters of the global model are particular to a 

givenn polymer, in a given chromatographic system (in this case RPLC of polystyrene in 

THF/ACN).. However, with further experimental work, other homologous series in other 

chromatographicc systems can easily be characterised. As long as there is some way to describe the 

changee in retention behaviour across a homologous series, it should be possible to find a global 

model.. If a mass spectrometer can be coupled (off-line or on-line) to the separation, it is no longer 

necessaryy to use narrow dispersity standards of known molar mass, since the relationship between 

masss and retention time can be easily established from the MS data. This opens the way to model 

thee retention behaviour of novel homopolymeric (and possibly copolymeric) polydisperse samples. 

Onee important issue here is the number of experiments required to characterise a particular 

polymer.. If the number of experiments that are needed for each characterisation can be reduced 

(withoutt any significant reduction in the accuracy of the model), then the application of retention 

modelss to polydisperse systems will become much more attractive to the polymer analyst. 

ReducingReducing the number of experiments required. 

Usingg the global model (function f), retention can be described as a three-dimensional surface, such 

ass the one in figure 8 (the initial mobile-phase composition A is kept constant). The surface of this 

functionn is quite smooth, indicating that the relationship between B, molar mass and retention time 

changess in a reasonably predictable fashion. This suggests that the number of data points required 

too define the surface can be decreased, without compromising the accuracy of the prediction. In the 

originall procedure (calculating model parameters for individual standards), thirteen different 

standardss were used and in each case four different gradient slopes were applied. Each 

measurementt was performed in duplicate, giving over one hundred measurements. This is a 

significantt amount of experimental work. If the number of experiments required could be reduced, 

manyy more systems could be characterised, with much lower costs (in terms of time and 

consumables). . 
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Molarr mass (Da) x10 

Figuree 8: Surface plot of the global model/. 

Thee global model requires six parameters, Yi to YÓ to predict the effect of molar mass on retention 

behaviourr within the model. These parameters are taken from the slope and intercept values of the 

correlationss i.e. 

Tablee 2: Definitions of the bi-linear model parameters. 

Parameterr  Definition 

Yii In tercept of the In ko vs. mass corre la t ion in the low mass r ange i.e. when M < 74. 

Y~Y~ S lope of the In k0 vs . mass correlat ion in the low mass r ange i.e. when M < y*-

Y33 Slope of the In k0 vs. mass correlation in the high mass range i.e. when M > 74. 

Y** Transition mass (Mc). 

Yss Intercept of the S vs. In ko correlation. 

Y66 Slope of the S vs. In ko correlation. 

Inn addition, there are two experimental variables, i.e. the initial mobile-phase composition A and the 

gradientt slope B. The system parameters to and to must also be known or measured. In principle 

therefore,, only six measurements are required to calculate the parameters Yi to Ye of function ƒ. 

Whenn choosing the most-useful experiments for a reduced data set (i.e. the experiments that give 

thee most information), the shape of the function in figure 8 must be considered. Measurements are 

requiredd to span the surface (in terms of mass and B values), rather than focus on one particular 

area.. The measurements that were used in each data set are given in table 3. 
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Tablee 3: Details on the reduced data sets. 

DataData Set 2 Data Set 3 

Masses s 

1700x2 2 

2100x2 2 

32500 x 2 

4000x2 2 

4000x2 2 

109000 x 2 

392000 x 2 

766000 x 2 

3250000 x 2 

BB Values 

All All 

Masses s 

1700x2 2 

2100x2 2 

32500 x 2 

4000x2 2 

10900x2 2 

392000 x 2 

3250000 x 2 

BB Values 

All All 

DataData Set 4 

Masses s 

1700 0 

3250 0 

4000 0 

10900 0 

39200 0 

325000 0 

BB Values 

0.000167;; 0.00025 

0.000167;; 0.00025; 0.00033 

0.000167 7 

0.000167 7 

0.00033 3 

0.00025 5 

Tablee 4 shows four different data sets that were used to predict the parameters yi to y^. Data set 1 

usess all available (104) measurements, to calculate the parameters of function/(this corresponds to 

thee residual plot in figure 7). Data sets 2 to 4 use a limited number of data points (see table 3) for 

thee determination of the parameters yL to ye. The quality of the fit for data sets 2 to 4 are compared 

byy comparing the relative residual errors (maximum and median error) in the retention-time 

predictions. . 

Tablee 4: Calculated parameters for the global model using different data sets. 

Data a 
set t 
1 1 

2 2 

3 3 

4 4 

N N 

104 4 

72 2 

56 6 

9 9 

Parameterss of the global model 

Yi i 
0.47 7 

0.41 1 

-0.56 6 

0.17 7 

Y2 2 
0.0018 8 

0.0018 8 

0.0024 4 

0.0021 1 

Y3 3 
0.0007 7 

0.0007 7 

0.0008 8 

0.0008 8 

Y4 4 
4000 0 

4132 2 

2947 7 

4000 0 

Ys s 
5.20 0 

5.56 6 

5.56 6 

6.82 2 

Y6 6 
2.00 0 

2.00 0 

2.00 0 

1.98 8 

Relative e 
Residualss (%) 

Median n 
0.5 5 

0.7 7 

0.6 6 

0.7 7 

Max x 
3.2 2 

3.0 0 

4.5 5 

3.1 1 

Figuree 9 shows the residual errors for the final data set (nine measurements). It is clear that 

drasticallyy reducing the number of measurements does not adversely affect the predictive quality of 

thee model. The maximum relative error was as low when only nine measurements were used to 

determinee the parameters of function/, as when all 104 measurements were included in the data set. 
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Solven tt  gradient/(vol%/sec ) x 1

Figuree 9: Residual errors calculated using the global model and data set 4 to define the function ƒ (see tables 3 

andd 4 also). 

Conclusions s 

Wee have shown, through rigorous validation, that the RP model works very well for the 

characterisationn of polystyrene in RPLC. We have also shown that by making the link between the 

modell and molar mass, the retention models become more general and therefore, more useful 

predictivee tools. A drastic reduction in the number of experiments that are necessary to characterise 

aa polymer sample was possible using this generalised (or global) model, without jeopardising the 

qualityy of the prediction. This reduction in the experimental workload, along with the use of a mass 

spectrometer,, opens the way for the characterisation of many more polydisperse macro molecular 

systems,, including novel and unknown samples. As a further stage in this research, other polymeric 

systemss will be studied, to investigate if our approach remains valid and to help improve our 

generall understanding of the retention behaviour of macromolecules. 
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CHARACTERISATIO NN OF FLUORINATE D COPOLYMER S USING NPLC-ESI-

TOF-M SS WIT H AUTOMATE D DATA INTERPRETATION . 

Abstract t 

AA perfluorinated co-polyether was characterised in terms of the number and type of functional end 

groupss present on the molecule. The polymer was separated chromatographically according to the 

polarityy of the polymer end groups and the separation was coupled on-line to an electrospray-

ionisationn time-of-flight mass spectrometer. Negative-mode electrospray ionisation of the relatively 

non-polarr polymer was achieved by post-column addition of a polar constituent to the mobile-

phase. . 

LC-MSS analysis of polydisperse analytes is highly data intensive and manual interpretation of the 

resultingg data can be extremely complicated, especially for the characterisation of copolymers or 

polymerss with end-group distributions. In order to overcome this problem, an automated data-

analysiss program was developed that allows the user to quickly determine the probability of the 

presencee of a certain molecular compound. The program evaluated data in terms of the possible 

combinationss of monomeric units and end groups that could be combined to make up the mass 

valuess present in the mass spectra. Using the program, the polymer can be characterised according 

too its molar-mass, chemical-composition and functionality-type distributions. A graphical 

representationn of the LC-MS analyses is presented to give a clear overview of the two-dimensional 

separation.. The identification of various end groups on the polymer is also presented graphically, 

ass (a) a histogram (frequency of matches against time), (b) a two-dimensional plot (masses that 

matchh the particular end group combination against LC retention time) and (c) a plot of average 

chemicall composition versus LC retention time. 

Introductio n n 

CharacterisationCharacterisation of Polymeric Distributions 

Syntheticc polymers exhibit multi-dimensional distributions. Even in the case of the simplest 

homopolymer,, a molar-mass distribution (MMD) is present. When the sample becomes more 
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complex,, for instance a copolymer or a functionalised polymer, other distributions, such as a 

chemical-compositionn distribution (CCD) or a functionality-type distribution will also be present. 

Thesee distributions all influence the physical and chemical characteristics of the final polymer and 

thuss need to be characterised for a fuller understanding of the relationships between molecular 

structuree and the properties of the polymer (1). 

Perfluoropolyethers Perfluoropolyethers 

Polyfluoropolyetherss (PFPEs) are low-molar-mass polymers that are liquid over a broad range of 

temperaturess (-100°C to +400°C). They have a very low volatility and their viscosity shows very 

littlee dependence on temperature, making them excellent high-performance lubricants (2). In 

addition,, PFPEs are highly stable in aggressive environments (e.g. in the presence of oxidisers), 

makingg them useful for applications under extreme conditions. They have found a wide range of 

usefull applications including high-performance lubricants for space equipment, jet engines and 

magnetic-recordingg disks (3) and as anticorrosive coatings (4). When the polymer is functionalised, 

itt can be cross-linked to form durable coatings or used as an intermediate in polymer synthesis to 

impartt specific properties, such as flexibility at low temperatures and improved fracture and wear 

resistancee (5). 

PFPEE polymers can have various chemical structures depending on the polymerisation technique 

used.. Possible monomeric units include CF20, CF2CF20, CF2CF2CF20 and CF(CF3)CF20. In the 

presentt case, the polymer is a copolymer consisting of CF20 and CF2CF2O repeat units, that are 

combinedd to form a random copolymer. The polymer is synthesised in a stepwise reaction, first to 

perfluoropolyperoxidee and then from an esterified to a hydoxylated polymer (2). 

Thee polymer can be capped by a number of different end groups (functional or non-functional), 

dependingg on the method and conditions of synthesis and on the required final application (6). In 

thee present application, two hydroxyl end groups are required, so that the PFPE can be further used 

ass a cross-linking reagent. However, due to the nature of the PFPE synthesis reactions, a number of 

otherr end groups (functional and non-functional) are also present and these can affect the cross-

linkingg ability of the PFPE. The end groups present can be identified by 13C and 19F NMR analysis. 

Inn order to fully predict and control the cross-linking efficacy of the polymer (and therefore the 

physicall and chemical properties of the final polymer product), it was necessary to characterise the 

hydroxyl-end-groupp distribution, especially the ratio of the polymer fractions containing one and 

twoo hydroxyl end groups. Other functional end groups present in the distribution (e.g. carboxylic 

andd ester groups) also need to be quantified in terms of their distribution. Non-functional polymer, 
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i.e.. PFPE with no functional end groups, is known to be present, but since this can be selectively 

removed,, it was not relevant in the characterisation. 

Thee average molar mass of the polymer has been found by SEC analysis to be approximately 3,000 

daltonn and the average chemical composition (from NMR) is approximately m:n 10:10 (where m 

andd n are the numbers of CF20 and CF2CF2O monomers respectively). Table 1 lists the end groups 

thatt have been identified by NMR analysis. However, since NMR can only indicate distribution 

averagesaverages and does not provide any indication of the underlying distribution, a separation technique 

iss needed to address this type of problem. 

LCLC Characterisation of Synthetic Polymers 

Liquidd chromatography can separate polymers on the basis of their size (e.g. size-exclusion 

chromatography)) or on the basis of their molecular interactions with the mobile and stationary 

phasess (interactive LC, e.g. normal-phase and reversed-phase LC). In the case of SEC, large 

moleculess (relative to the pore size of the packing material) are fully or partially prevented from 

diffusingg into the pores of the stationary phase and are thus eluted earlier than smaller molecules, 

whichh can diffuse into a larger portion of the pore volume. Separation in SEC is directly related to 

thee hydrodynamic radius of the macromolecule in the applied (strong) solvent and there should be 

noo interaction between the macromolecules and the packing material (7). In normal-phase and 

reversed-phasee LC, separations are based on the partitioning of macromolecules between the mobile 

andd stationary phases. Structural differences in terms of molar mass, chemical composition, 

functionality,, etc., can all influence the retention of the individual polymer molecules in this type of 

chromatography.. By optimising the LC separation system, i.e. by choosing the most appropriate 

mobilee and stationary phases, the separation can be focused on the relevant distribution (e.g. on the 

functional-groupp distribution) (8, 9). Coupling the separation to an informative detector, such as a 

photo-diode-arrayy UV detector or an infrared detector, or to a second (ideally orthogonal) LC 

techniquee or a mass spectrometer, can add a considerable amount of additional information (10). 

LCLC ofPFPEs 

Inn order to achieve a separation based on functional end groups, it was necessary to ensure that the 

influencee of the polymeric backbone on the separation was minimised. By combining a polar 

stationaryy phase, e.g. a silica column, with a properly tuned mobile-phase system i.e. a 

thermodynamicallyy good solvent for the polymer, which was not a strong (polar) eluent, retention 

onn the stationary phase will be controlled by interactions between the polar end groups of the 

polymerr and the silanol groups of the stationary phase. 
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MassMass Spectrometry of Polymers 

Masss spectrometry is a powerful technique used for the analysis of chemical and biological 

samples.. In the case of synthetic polymers, a distribution of mass/charge values will be observed. 

Providedd that a very soft ionisation technique is used (so that fragmentation of molecular ions is 

negligible)) and the polymer sample is sufficiently narrow in its polydispersity, the observed 

mass/chargee ratio can be related to the molar-mass distribution and the average molar mass and the 

polydispersityy of the sample can be calculated (11). Although it has been suggested that MS can be 

usedd as a 'stand alone' technique for polymer characterisation, it is now generally accepted that 

somee form of separation is essential prior to MS analysis of polydisperse samples (12, 13). Smaller 

moleculess are often more efficiently ionised than molecules with higher masses (mass 

discrimination).. The ionisation source can become saturated by molar masses that are abundantly 

presentt in the sample (ion suppression). The observed intensity across the distribution then 

becomess distorted, leading to inaccurate quantitative information. Chemical differences due to 

CCDss and FTDs can also cause discrimination or ion suppression. Molecules that differ in 

chemicall nature (e.g. contain different end groups) will have different ionisation efficiencies. The 

ionisationn of one type of molecule can suppress, to a greater or lesser extent, the ionisation of other 

molecules.. By separating the polymer according to molecular differences, the molecules entering 

thee ionising interface at any given time will be quite similar, so that loss of information due to ion 

suppressionn can be avoided or, at least, minimised (14). The PFPE samples were separated 

accordingg to the polarity of their end groups (and to a lesser extent their molar mass). Since it is the 

polarr end groups of the polymer rather than its non-polar backbone that is ionised (see discussion 

below),, ion suppression due to molecules with chemically different end groups entering the 

ionisationn interface simultaneously should not be a significant problem. 

Twoo important issues for the mass spectrometry of polymers are (a) the ability of the ionisation 

sourcee to ionise the polymer and (b) the resolution and upper mass limit of the mass analyser. Mass 

spectrometerss can typically measure up to the thousands-of-daltons range, while polymers can have 

molarr masses anywhere between a couple of hundred daltons and millions of daltons. Polymers in 

thee upper mass ranges cannot always be directly measured using MS, even if they can be ionised. 

Thee problem can be overcome to a certain extent if multiple charging of the molecules is possible, 

sincee mass/charge (m/z) ratios rather than absolute mass values are measured by the MS (15). This, 

however,, will complicate data interpretation, because for polydisperse samples, the observed 

distributionss for the various charged states can overlap. 
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IonizationIonization Sources 

Softt ionisation techniques are best for polymers, because fragmentation of the molecules will 

greatlyy complicate data interpretation. Electrospray ionisation (ESI) and matrix-assisted laser-

desorptionn ionisation (MALDI) are now the two most common ionisation techniques used for 

polymerr analysis, since neither cause significant fragmentation (12, 16). In the case of ESI, the 

samplee is infused into the ionisation source in a liquid-phase. The solvent is removed through 

nebulisationn and evaporation and the analyte ends up as an ion in the gas phase. ESI can result in 

multiplyy charged ions. This may or may not be useful, depending on the molar mass and 

complexityy of the sample (15). 

Matrix-assistedd laser-desorption ionisation (MALDI) is a pulsed technique that produces molecular 

ionss from large non-volatile molecules, such as polymers. The sample is mixed with a suitable 

matrixx to form an (ideally) homogeneous blend. The sample is then irradiated with a laser beam 

thatt energises the matrix. Transfer of energy from the matrix to the analyte will promote a transfer 

off the analyte from the solid to the gas phase and ionisation of the analyte molecules. MALDI is 

ideallyy suited to polymer analysis, since it generally yields singly charged ions with very little 

fragmentationfragmentation (17, 18) and it can also ionise molecules with high molar masses. 

ESII and MALDI can both be coupled to LC separations, although so far only ESI can be 

convenientlyy coupled on-line. MALDI generally requires fractionation and off-line measurements. 

Somee work has been done on the coupling of LC to MALDI in an on-line or semi on-line set-up 

(19,, 20). However, to date these approaches have not been entirely successful. Since on-line 

couplingg of the LC to the MS was required and the molar mass of the polymer samples was 

sufficientlyy low, an ESI interface was chosen for this work. 

MassMass Analysers 

Thee time-of-flight (TOF) mass analyser measures the time it takes for an ion to travel a fixed 

distance.. The mJz of an ion can then be calculated from that flight time. The TOF-MS is a highly 

sensitivee instrument and it has a broad mass range (in principle, there is no upper mass limit). 

Whenn the instrument is used in the reflectron mode, the path-length for the ions is increased and 

highh mass resolution can be achieved (21, 22). These characteristics mean that the TOF-MS is well 

suitedd to the analysis of high-molar-mass and polydisperse samples and consequently, it has become 

thee instrument of choice for polymer characterisation. 
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MSMS ofPFPEs 

Thee polymeric backbone of PFPE is not polar and will not ionise readily in the non-polar solvents 

thatt they require for elution in LC. Latourte et al. (23) studied various MALDI and ESI approaches 

forr the characterisation of fluorinated polymers. With ESI, they found that the addition of an 

aqueouss modifier (water and methanol) to the solvent vastly improved the observed signal 

intensitiess in the MS. However, they suggested that excessively high aqueous contents disfavour 

ionisationn of longer-chain fluorocarbons due to preferential intermolecular aggregation. 

Protonationn (or deprotonation) was found to be the main mechanism for ionisation. For MALDI 

MS,, detection of ions related to the intact polymer was possible. However, incompatibility of the 

polymerr solvent with the matrix was sometimes a problem and could lead to preferential ionisation. 

Fluorinatedd matrices have been shown to improve the ionisation efficiency in MALDI (24). TOF-

SIMSS (secondary ion mass spectrometry) has been used for the characterisation of PFPEs deposited 

onn a solid surface. For non-functionalised PFPE, Spool et al (25) found that the negative-ion 

spectraa showed simple patterns, with mass values that exceeded the average molecular weight. 

Spectraa in positive-ion mode were more complex and were skewed towards the lower molar-mass 

region.. When hydroxyl end groups were present on the polymer (26), ions were observed in both 

ionisationn modes. A fragmentation pattern associated with the molar-mass distribution was seen in 

thee positive-ion mode. In the negative-ion mode, no pattern due to R-O- ions was seen. It was 

thereforee concluded that ionisation of the polymer occurred at the hydroxyl sector. Marie et al. (27) 

characterisedd polyvinylidene fluoride by collision-induced dissociation in an ESI-ion-trap-MS. 

Informationn on the repeating unit and end groups could be obtained. End-group substituents were 

foundd to influence the orientation of the fragmentation pathways. Backbone cleavage did not take 

place. . 

Experimental l 

LCLC Separation 

AA Waters 2690 gradient-LC system (Waters, Milford, MA) was coupled to a SEDEX 55 (Sedre s.a., 

Alfortville,, France) evaporative light-scattering detector (ELSD). The mobile phase was a mixture 

off methyl tert-butyl ether (MTBE) and 1,1,2 trichloro trifluoroethane (Freon 113). Both were 

HPLCC grade and were supplied by Merck (Darmstadt, Germany). The flow rate was 0.4 mL/min. A 

Nucleosill silica stationary phase (Machery Nagel, Easton, PA) (150 x 2.1 mm), was used at a 

temperaturee of 35°C. Three PFPE sample oils were studied. These were supplied by Ausimont 

(Bollate-Milano,, Italy). Sample concentration was approximately 10 mg/ml in each case and 7 u,L 
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weree injected onto the column. Mixtures of HPLC-grade isopropanol and water were added post-

columnn at 20 uL/minute using a Shimadzu LC-10ADVP micro-plunger pump. 

MassMass Spectrometer 

Mass-spectrometryy analysis was carried out on a Micromass electrospray-ionisation time-of-flight 

masss spectrometer with an orthogonal interface. The MS was operated in the negative-ion mode. 

Thee eluent from the LC was split after the column in a 90:10 ratio (ELSD:MS). The capillary 

voltagee was 3 kV, the desolvation temperature was 350°C and the source temperature was 120°C. 

Thee cone-gas flow rate was 30 L/hour and the desolvation gas flow was 350 L/h. The MS scans 

weree collected in the continuous mode. 

Resultss and Discussion 

LCLC Separation 

Thee LC separation was based on interactions between the polymer end groups and the silanol 

groupss of a silica stationary phase. The PFPEs are soluble in a limited number of unconventional 

HPLCC solvents (e.g. freon, hexafluoroisopropanol and hexafluoroxylene). In this work, freon 113 

(1,1,2-trichloro-trifluoroethane)) was chosen as the good solvent and the retention of the polymer 

wass investigated in a freon/acetone mobile phase system and in a freon/MTBE mobile-phase 

system.. The PFPEs are insoluble in both acetone and MTBE and so care was needed to ensure that 

thee mobile phase was polar enough to displace the polymer from the polar silanol groups of the 

stationaryy phase, but not so polar as to induce precipitation of the polymer onto the stationary phase. 

Thee polymer is not UV-active and therefore it was detected using an evaporative light-scattering 

detectorr (ELSD). Due to the non-linear response of the ELSD in terms of concentration and non

uniformm response in terms of molecular size, quantitation is difficult using this detection method, 

unlesss suitable standards are available. 

Thee PFPE samples were all fully retained in a 100% freon mobile phase, indicating that retention is 

basedd on interactions between the polar end groups of the polymer and the stationary phase. Freon 

iss a good solvent, but not in this case a strong eluent (28). In a 98:2 freon/acetone mobile phase, an 

isocraticc separation resulted in 3 discernible peaks. However, resolution was poor (figure 1). 

MTBEE is less polar than acetone and using this solvent, the resolution was significantly improved. 

AA gradient from 0.1% to 20% MTBE in freon in 15 minutes was found to be optimal. Typical 

ELSDD chromatograms for each of the three sample PFPE oils are shown in figures 2a, b and c. 

Onlyy one peak was seen for the HF2000 sample, because this is a refined sample that contains 
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almostt exclusively di-ol end groups. For the other two samples (BL 0420 and 1603 RG), three 

peakss are seen in the ELSD trace. It was tentatively assumed that the peaks corresponded to the 

non-functionall (ca. 1.6 minutes), the mono-functional (ca. 7 minutes) and the di-functional polymer 

(ca.. 10 to 12 minutes). However, this could not be proven using ELSD alone. 

Retentionn Time (minutes) 

Figuree 1: Chromatographic separation of the three PFPE samples (a) HF 2000, (b) BL 0420 (c) 1603 RG. 

Stationaryy phase: Nucleosil Silica 5 um, 150 x 2.1 mm. Mobile phase: 3% Acetone in 1,1,2-trichloro-

trifluoroethane.. 5 uL injection volume, Column temperature 35°C. 

Retentionn Time (minutes) 

Figuree 2: Chromatographic separation of the three PFPE samples (a) HF 2000. (b) BL 0420 (c) 1603 RG. 

Mobilee phase: 0.1 to 20% of methyl tert-butyl ether (MTBE) in 15 minutes. Other conditions as in 

Figuree 1. 
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Flow-InjectionFlow-Injection MS 

Thee MS was operated in the negative-ion mode. In this mode, negative ions are formed by the 

abstractionn of a positive ion from the molecule. No ionisation of the polymer was possible, unless a 

polarr solvent was added post-column to the mobile phase. It was found that a mixture of 50:50 

isopropanol:waterr (20 ulVmin), added to the mobile phase via a T-piece just before the ESI 

interface,, gave a reasonable ionisation of the samples, as observed by the total-ion-current (TIC) 

signal.. It is interesting to note that the post-column mixture is imiscible with the non-polar freon-

etherr mobile phase. Since no proper mixing can take place when the solvents are in the condensed 

phase,, this observation seems to suggest that ion-transfer from the solvent to the analyte molecules 

takess place in the gas phase rather than in the condensed phase. No multiple charging was observed 

inn the mass spectra. This may be due to the non-polar nature of the solvent, which is reported to 

diminishh multiple-charge states (29). To date, no ionisation of the polymer has been possible in the 

positive-ionn mode. However, this will be the subject of further research. 

Thee effect of the cone voltage of the (negative-mode) ESI on the observed molar-mass pattern was 

alsoo optimised to give the highest observed intensity. The cone voltage is a particularly important 

parameterr for mass spectrometry of polydisperse samples, because it can affect the observed 

distributionn over a given m/z range. The effect of cone voltage on the observed ion intensities is not 

fullyy understood, although it has been suggested that it is related to an ion-optical effect arising 

indirectlyy from gas dynamics (30). Figure 3 shows the mass spectra obtained for the same PFPE 

samplee at different cone voltages. The apparent distribution changes significantly with cone 

voltage,, although for polymers with low polydispersities (or polymers that have been separated 

accordingg to molecular weight) the effect of the cone voltage has been reported to be less 

pronouncedd (30). A cone voltage of 50 V was used in further experiments, since it gave the highest 

intensitiess over the relevant mass range. 

CouplingCoupling LC to MS 

On-linee coupling of a liquid separation to a mass spectrometer is relatively straightforward using an 

ESII interface (20). The instruments can be coupled directly, although usually the flow rate is 

reducedd approximately tenfold from the typical millilitre-per-minute flow rates used in LC. By 

loweringg the flow rate, better performance can be achieved and less maintenance due to fouling is 

required.. The LC flow rate in this case was 0.4 mL/minute and this was split so that only 10% of 

thee volume was pumped to the MS. Solvents conventionally used in RPLC are generally 

compatiblee with ESI, i.e. they are sufficiently polar to induce ionisation. However, since in this 
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application,, the solvents were non-polar, a post-column addition of a polar solvent was required. 

Caree was also taken to ensure that tubing between the LC and MS was compatible with the LC 

solvents.. In particular, PEEK tubing was replaced with stainless-steel and fused-silica capillaries. 
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Figuree 3: Observed MS intensities for sample BL 0420 at four ESI cone voltages, (a) -30 V, (b) -50 V, (c) -70 

VV and (d) -100 V. 100% intensity corresponds to 400 counts in each case. A cone voltage of -50 V 

wass chosen for further experiments. 

LC-MSLC-MS Data 

Couplingg LC to MS is a particularly powerful combination for polymer analysis. The multi

dimensionall nature of polymers implies that the molar mass (and other structural properties) will 

varyy across the chromatographic peak. This can be clearly seen if the MS spectra of a series of 

consecutivee scans taken from one chromatographic peak are compared. In figure 4, four combined 

spectra,, each consisting of 10 seconds of MS data are shown. The molar-mass distribution in each 

off the spectra is different and the average mass is seen to decrease with increasing time. When 

retentionn times are greater than the dead time of the column (to) i.e. when the retention mechanism 

iss not based on exclusion, this is indicative of a separation based on functional end groups rather 

thann on the monomeric units. If groups on the polymeric backbone were interacting with the 

column,, then higher molar-mass polymer would be more strongly retained than lower molar-mass 

polymerr and a reversed order of elution (low-to-high masses) would be observed. 
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Figuree 4: Four combined mass spectra from sample BL 0420. Each spectrum combines 20 scans i.e. 20 

secondss of MS data (from 700 to 780 seconds). 

DataData Interpretation 

Dataa interpretation of LC-MS analyses of polymers can be very complicated. The chromatographic 

peakss obtained in polymer separations are not unimolecular, but instead contain a large number of 

moleculess that differ not only in molar mass, but also possibly in chemical structure. For example, 

thee monomeric ratio of a copolymer or the end groups of a functionalised (co)polymer may vary. 

Evenn when there are no fragments or multiply charged ions formed in the ionisation process, a huge 

numberr of masses (varying over the chromatographic elution volume) can be observed and need to 

bee assigned to particular structures. In the simplest case (i.e. a homopolymer differing only in 

molarr mass), the molar-mass distribution can be calculated from the masses eluting over time and 

theirr relative intensities (usually taken from a second detector such as a refractometer). 

Thee mass of the end groups of the homopolymer can be determined by extrapolating back to zero 

numberr of monomeric units or by further ionising the polymer so that it fragments and the masses 

off the individual end groups can be discerned (MS-MS). Deconvolution of MS spectra for multi-

dimensionaldimensional samples, such as copolymers, is much more complicated. For the PFPE copolymers, 
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eachh observed ionic mass is made up of m CF2O monomeric units and n CF2CF2O monomeric units 

pluss the masses of both end groups (E), minus the mass of the abstracted ion (X) (equation 1). 

Observedd Mass = m(CF20) + «(CF2CF20) + E - X (1) 

Dependingg on the differences between the masses of the monomeric units and the end groups, a 

largee number of theoretical masses can be expected in the MS spectra and each mass needs to be 

assignedd to a particular combination of m, n and (E-X) values. 

Manuall data interpretation of these types of MS spectra can be extremely difficult. The number of 

peakss that are present and the number of possible combinations of monomeric units and end groups 

thatt each mass can be made up from make manual peak interpretation excessively time consuming 

andd complicated. Using an automated peak-matching program, the task of assigning each observed 

peakk in the mass spectrum to a given polymeric structure becomes less tedious. For each peak, it 

cann be automatically determined which structures fit the corresponding mass. 

Forr the analysis of the PFPEs, the primary aim was to determine what the end groups of the 

polymerr were. To achieve this, each observed mass was automatically examined to see if it could 

bee made up by a given combination of end groups and monomeric units (taking the mass of the 

abstractedd ion into account). By repeating this for every peak in each scan over the 

chromatographicc separation, a clear indication of the end groups present on the PFPE polymer 

elutingg across the chromatographic peaks could be obtained. 

Forr data-analysis purposes, the mass spectra were calibrated using an external NaCsI calibration 

solution.. The spectra were then combined into files that each covered ten scans of consecutive MS 

dataa (corresponding to ten seconds of chromatographic separation). The combined spectra were 

smoothedd (twice, over two channels using the Savitzky Golay method) and then centred (according 

too area, using a minimum peak width of three channels and a centra id top of 70%). The relevant 

dataa in the centred and calibrated spectra i.e. mass values and corresponding intensities were then 

convertedd to text files for export to a dedicated data-analysis program. 

Withinn the program, relevant peaks were selected, either on the basis of a noise threshold (set by the 

user),, or on a fixed number of the most intense peaks in each scan (for example, the ten largest 

peaks).. An overview of the separation was obtained by plotting the chromatographic and mass-

spectrometricc separations in a planar two-dimensional format. This type of plot shows quite clearly 

howw the mass values and mass ranges of the PFPE copolymer vary across each of the 

chromatographicc peaks. It is a particularly useful representation of the data, because it clearly 

illustratess 'group type' patterns that may not always be obvious from chromatograms. Some other 

studiess have used plots such as these for the structural elucidation of complex polymers (31), as 
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welll as for peptide mapping (32). Figures 5a, b and c are examples of 2-D plots for each of the 

threee sample oils, HF2000, BL0420 and 1603RG. Because of low-molar-mass background 

interference,, only m/z values higher than 480 units were considered. For the HF2000 sample, a 

significantt background remains in thee region up to approximately 1,000 m/z units, under the chosen 

noise-thresholdd level (25 units of intensity on the MS). However, since there also appears to be 

polymerr in this mass region, it was not removed. Increasing the noise threshold removed the 

background,, but it also removed low-intensity polymeric peaks in the chromatogram. 

Inn each case, a strong band was seen, corresponding to the main peak in the chromatogram. Two of 

thee samples (BL0420 and 1603 RG) showed earlier-eluting peaks corresponding to the mono-

functionall fraction of the polymer. For the purest sample, i.e. HF2000, no mono-functional fraction 

wass present. However, all three samples had a group that eluted after the main peak that was not 

apparentt in the ELSD trace. Each group in the 2-D plot represents a separate polymeric fraction, 

eachh fraction presumably having a different end-group combination. A second way to look at the 

dataa is to view it as a 3-D surface plot. In this case the intensity of the peaks in the mass spectrum 

iss plotted on a third axis. The surface plot highlights the relative intensity of each of the groups 

presentt in the LC-MS plot. An example of a surface plot is given in figure 6. Significantly, the 3-D 

plott highlights a valley running along the low molar-mass region of the main peak. The second 

(minor)) peak could be due to multiply charged polymer ions, but since inspection of the isotopic 

patternn showed differences between peaks of one unit, this was not the case. It is more likely that 

thee minor group differs slightly in its chemical nature from the main group. Once the various 

groupss in the separation are recognised, each group must be identified, i.e. the correct end-group 

combinationn must be assigned in order to determine the functionality-type distribution of the 

polymericc samples. 
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Figuree 5: 2-D plots of mass versus retention time for (a) HF 2000, (b) BL 0420 and (c) 1603 RG. 
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Figuree 6: Quasi 3-D surface plot of sample 1603 RG. 

DeterminationDetermination of the ion of abstraction 

Iff the end groups of the polymer are to be determined from the mass spectrum it is necessary to 

knoww the ion that is abstracted from the molecule in the ionisation process. For the PFPE samples, 

thee ion of abstraction appears to come from the end groups. If an ion was abstracted from the 

polymericc backbone, it is likely that more than one ion would be abstracted (since the monomeric 

unitss are all similar), resulting in multiple charging. Also, since the first peak seen in the ELSD 

chromatogramm (assumed to contain no polar end groups) is not seen by the mass spectrometer, it 

seemss reasonable to assume that the polar end groups of the polymer play a dominant role in the 

ionisationn process. Since the main peak in sample HF2000 is known to contain the 'standard' -

CH2CF2OHH end groups, the ion of abstraction was established by assigning two -CH2CF2OH end 

groupss to the masses observed for that peak. The difference between the experimentally observed 

massess and the theoretical masses of the standard end group copolymer should then equal the mass 

off the abstracted ion. The highest number of matches was found for the abstraction of one entire 

endd group i.e. -CF2CH2OH. It is also possible that only the -CH2OH part of the end group is 

abstracted.. However, since the difference between these two ions is a CF2 group and that is the also 

thee difference between the two monomeric units, it is impossible to differentiate between them 

usingg mass spectrometry. A simple H+ ion abstraction did not result in masses that corresponded 

withh the experimentally observed masses. 
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DeterminationDetermination of the end groups 

Thee end groups present in the bulk polymer have been identified by NMR (Table 1). 

Tablee 1: End groups present in the PFPE polymer samples. 

Possiblee End Groups Molar  Mass 

^ HH  1.00783 

-OHH 17.00275 

-CF2-CH2-OHH 81.0152 

-CF33 68.9952 

-CF2-C11 84.96565 

-CF2-CF2-CII 134.9624 

-CF2-HH 51.00463 

-CF2-CF2-HH 101.0014 

-C(=0)-OCH33 59.01332 

-C(=0)-OC2H55 73.02897 

Byy calculating the masses that would be present for a given end-group combination, a comparison 

betweenn these masses and the experimentally observed values can be made. Using an automated 

'matching'' program, the number of matches per extracted scan could easily be calculated. Within 

thee program, the user can define how close the theoretical and experimental mass values must be in 

orderr to be considered a reasonable match (e.g.  0.5 m/z units). For each end-group combination, 

thee number of 'hits' (i.e. correct matches) are calculated and plotted against time. An example of 

this,, for the BL 0420 sample, matching two -CF2CH2OH end groups, is given in figure 7. The 

matchess are represented in three different ways. The first is a histogram outlining the number of 

'hits'' per scan. The second plot is a 2-D plot. This is similar to the 2-D plot in figure 5, but in this 

case,, highlighting only those masses that could be matched to the chosen end-group combination. 

Thiss format indicates the structure of the resulting matches. This is an important consideration 

whenn assigning the correct end-group combination, because even if there are a high number of hits 

(seenn in the histogram), unless they are present in an ordered fashion, the assignment does not make 

sense.. The third plot shows the average monomeric ratio of thee hits in each scan. It is known (from 

NMR),, that the average chemical composition of the copolymer monomeric units is 1:1 (n:m value). 

Althoughh this is an average value that will have a spread corresponding to the chemical 

compositionn distribution, it is reasonable to assume that most of the copolymer will have 

monomericc ratios somewhere around 1:1. The program has a function that allows the monomeric 
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ratioo to be considered when matching. By restricting the monomeric ratio to (for example) between 

10:11 and 1:10, a reasonably broad range of chemical compositions will be accepted, without 

allowingg too wide a variation in the chemical composition. 
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Figuree 7: Matchess that were found for sample BL 0420, using the standard end groups (2x -CH2CF2OH). 

SimplificationSimplification of data analysis to avoid 'false positive' matches 

Thee number of masses observed in each scan for the PFPE copolymers was very high and as mass 

increased,, the difference between consecutive values decreased. For instance, a copolymer with 

eightt CF2O groups and one CF2CF20 group has a theoretical mass of 643.92 amu, while a 

copolymerr with one CF20 group and five CF2CF20 groups has a theoretical mass of 645.93 amu. 

Whenn both polymers have the same end groups and the abstracted ion is the same, the mass 

differencee between the two copolymers is 2.01 mass units. In the high mass range, the difference 

betweenn successive masses becomes small enough for many of the different monomer/end group 

combinationss to fit the observed masses, leading to 'false-positive' matches. Isotopic patterns also 

complicatedd the data, because the intensity of isotopic peaks for high molar mass molecules is quite 

significant.. Isotopic peaks due to two 13C isotopes on the polymer were also overlaid with 

copolymerss that have a mass difference of two. 

Inn order to avoid misleading false-positive hits, the program can look specifically at the n most 

intensee peaks in a given scan. The number of peaks that are chosen is arbitrary. However, it was 

necessaryy to ensure that the extracted peaks were representative of the entire polymer fraction that 

wass eluted at that time. When a second (less-intense) group co-elutes, then information on the 
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smallerr group could be lost using this approach. In order to avoid this problem, the 2-D plots 

obtainedd using both approaches (all peaks extracted versus top-w most-intense peaks) must be 

comparedd to ensure that all groups are present in both plots. For the PFPE samples, while there are 

pointss in the chromatographic run where there is some co-elution, all of the groups present in the 

fullerr 2-D representation are also present in the second, cleaner plots (in each case the ten most 

intensee peaks were extracted). See figures 8a, b and c. Some information may be lost on the 

leadingg and tailing edges of co-eluting groups, but once the intensity of the tailing edge of the first 

groupp has decreased sufficiently, the second group will become the significant one and will then be 

consideredd in the end-group-matching process. In fact, by cleaning the plot of low intensity peaks, 

thee m/z pattern of the main peak splits into two, similar to the surface plot in figure 6. Although the 

secondd group co-elutes with the main peak, it is sufficiently strong in intensity to still be seen. 

Usingg this approach, there were much fewer 'false positive' hits for the end group matches. Since 

onlyy ten peaks were extracted for each scan, the maximum number of hits in this case was ten. 

Matchingg the standard two -CF2CH2OH end groups to the main peak gave a strong match in each 

case.. Examples of some of the other matches are given in figures 9a, b and c. In some cases, hits 

aree seen in more that one group. In figure 9a, the theoretical masses of a copolymer with one 

standardd end group (-CF2CH2OH ) and one ester end group were compared with the ten most 

intensee peaks in each of the 140 scans of the HF 2000 sample. This is the only combination that 

gavee matches in the minor (low molar mass) group of the main peak. Matches are also seen for the 

latee eluting peak. However, since it is not reasonable that the same type of polymer (i.e. same end 

groups)) would elute as two separate groups, it is probable that the hits in one of the groups are due 

too further'false positive' matches. Since we know that the main group has two -CF2CH2OH end 

groups,, it can be argued that because an ester group is less polar than a hydroxyl group, it should 

nott be eluted after the main (hydroxy capped) group. The matches in the earlier group therefore 

makee more sense chromatographically. These end groups were also seen to match the minor group 

off the main peak for the other two samples. Figure 9b shows the hits for the first peak of the BL 

04200 sample. This peak was thought to be due to mono functional polymer and the best match that 

wass found with one hydroxy and one non-functional group (CF3). Again, some hits were seen in 

thee second group, however, since no real structure is present, it is not considered significant. For 

thee last group in the chromatogram, the polarity of the end groups should be greater than the 

polarityy of the end groups in the main group. For the 1603 RG sample, the best match for the latest 

elutingg peak was with two carboxy end groups i.e. COOH. Carboxyl groups are more polar than 

hydroxyll groups, so once again, this assignment makes sense chromatographically. 
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Figuree 8: 2-D plots, similar to figure 5, but with only the ten most-intense peaks in each scan plotted, (a) HF 

2000,, (b) BL 0420 and (c) 1603 RG. 
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Figuree 9a: Matches that were found for an end group combination for HF 2000, end groups: CH2CF2OH and 

C(=0)OCH3. . 
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Figuree 9b: Matchess that were found for an end-group combination for BL0420, end groups: CH2CF2OH and CF3. 
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Figuree 9c: Matchess that were found for an end-group combination for 1603 RG, end groups: 2x COOH. 

Conclusions s 

LC-ESI-MSS of PFPE copolymers yields highly informative, but also highly complex data sets. 

Whenn several different end groups are present, manual interpretation of the multi-distributed 

polymericc samples becomes virtually impossible and computer-aided data-handling programs are 

requiredd for an automated approach to the problem. Presenting the data-rich LC-MS runs in various 

graphicall formats simplifies data analysis and interpretation and gives a clear overview of the 

analysis.. A significant number of possible end-group combinations can be quickly eliminated and 

thee probability of other end-group combinations can be ranked. Nevertheless, the complexity of 

thesee PFPE samples does not allow a comprehensive characterisation of the polymer with only one 

technique.. Further investigation of complimentary analysis methods is required to completely 

elucidatee the structures and distributions of the PFPE copolymers. Techniques such as LC coupled 

too positive-mode ESI-MS, MALDI-MS and infrared spectroscopy are currently being investigated. 
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CHAPTERR SIX 

CHARACTERISATIO NN OF BLOCK AND RANDOM POLYSTYRENE-

POLYMETHY LL  METHACRYLAT E COPOLYMER S USING ON-LIN E 

GRADIENTT LC-NMR , 

Abstract t 

Blockk and random copolymers of polystyrene and polymethyl methacrylate were characterised by 

reversed-phasee gradient liquid chromatography coupled on-line to a nuclear-magnetic-resonance 

spectrometer.. The polymers were separated according to chemical composition and the relative 

concentrationn of the two monomers in the copolymer was monitored using the appropriate NMR 

signals.. For random copolymers, a broad low peak was obtained for the methyl ester protons of the 

MMAA monomer, making accurate quantitation of this signal difficult. The same signal in 

equivalentt block copolymeric samples was much sharper, allowing a better determination of the 

chemicall composition. For both the random and the block copolymers, the aromatic protons of the 

styrenee monomers were quantifiable, as long as the signal-to-noise ratio was high enough. 

Introductio n n 

Syntheticc polymers consist of distributions of molecules that vary in size and in the case of more 

complexx polymers, chemical composition and molecular architecture. These distributions are all 

directlyy influenced by experimental parameters in the synthetic process (such as temperature, 

monomericc concentrations, etc.) and can significantly affect the physical and chemical properties of 

thee final polymer product. It is therefore necessary to monitor these distributions in order to 

optimisee synthetic processing parameters and ultimately to obtain a polymer product with the 

requiredd chemical and physical properties. 

LiquidLiquid chromatography of polydisperse macromolecules. 

Conventionall characterisation of polymers usually involves size-exclusion chromatography (SEC), 

aa chromatographic technique that separates on the basis of the size of the macromolecules in a given 

(strong)) solvent. While SEC is a valuable tool for the determination of size-based distributions (e.g. 

molar-masss distributions), it cannot identify chemical differences between molecules and it is not 

suitablee for the characterisation of distributions other than size. In this case, separation techniques 
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suchh as gradient and isocratic liquid chromatography i.e. interactive LC (/LC) are better options, 

becausee these separate on the basis of molecular interactions between the polymer and the mobile 

andd stationary phases and can be used to characterise chemical differences (1, 2, 3, 4). 

Byy tailoring the chromatographic system (i.e. stationary and mobile-phases) to the particular 

requirementss of an analysis, /LC can be used to characterise distributions of chemical composition, 

functionall groups, tacticity, molar mass, etc. Isocratic /LC is useful for oligomeric and functional-

groupp separations of low-molar-mass polymers (5). It is also used for molar-mass-independent 

separationss of macro molecules at the so-called 'critical point', the mobile-phase composition where 

thee free-energy effect (AG) of a given monomer is zero. Under these specific conditions, the 

monomericc unit will no longer influence retention. The technique can be used to characterise 

block-length,, end-group and tacticity distributions (6, 7, 8). However, experimentally, it remains 

challengingg (the critical point is very sensitive to minor changes in solvent quality, temperature and 

stationary-phases)) (9, 10) and to date the applications of critical chromatography remain relatively 

scant. . 

Gradientt chromatography is a much more robust and versatile technique, especially for the 

characterisationn of chemical differences in high-molar-mass polymers. 'Pseudo-critical' (gradient) 

conditionss can be found where the effect of molar mass on retention becomes negligible, allowing 

separationss that are independent of molar mass (11). 

Nuclear-Magnetic-ResonanceNuclear-Magnetic-Resonance Spectrometry 

NMRR is one of the most powerful techniques available for the elucidating the structure of unknown 

compounds.. Samples are either introduced directly in the probe, or fractionated prior to 

introductionn to remove any impurities that may be present. Until recently, the direct coupling of 

NMRR to liquid chromatography has been problematic, mainly due to the relative insensitivity of the 

techniquee and also to the high cost of the deuterated solvents that are required to avoid 

overwhelmingg signals from protons in the mobile-phase. However, recent improvements in NMR 

probee design (12, 13) and solvent-suppression techniques (14, 15) have opened the way for direct 

couplingg of LC to NMR (16). 

Theree are two options for on-line LC-NMR, i.e. stopped flow and continuous flow. In stopped-flow 

experiments,, a peak (monitored for example by a UV detector) is eluted from the LC column into 

thee NMR probe head. The pump of the LC is then stopped so that the eluted analyte remains in the 

NMRR probe. The flow is stopped for as long as is necessary to obtain a reasonable signal-to-noise 

ratio.. This technique is suitable for well-resolved, unimolecular analyte peaks. If the resolution 
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betweenn peaks is not good enough, or if the chromatographic peak consists of a distribution of 

analytee molecules (such as for a polydisperse sample), stopped-flow experiments are not practical. 

Inn continuous-flow LC-NMR experiments, the LC pump works continuously. Analyte 

concentrationss must be high enough and residence-times in the NMR probe long enough to achieve 

acceptablee signal-to-noise ratios. Continuous-flow LC-NMR is more suitable for the 

characterisationn of polydisperse samples, because, in this case, the chromatographic peaks consist 

off a distribution of analyte molecules, in terms of, for example, molar mass or chemical 

compositionn or a combination of a number of such distributions. For these types of samples, 

stopped-floww experiments are difficult, because the change in composition must be monitored 

acrosss an eluting peak. 

ApplicationsApplications of LC-NMR for polymer characterisation 

Whilee NMR as a stand-alone technique can only measure the averages of distributions present in a 

syntheticc polymer, LC coupled to NMR allows the direct determination of the distributions, without 

thee need for any standards (which are often difficult to obtain). Coupling with a size-based 

separationn such as SEC can be used for the absolute determination of MMDs of uniform isotactic 

homopolymerss (17, 18). The number-average degree of polymerisation is calculated from the 

intensityy of the NMR resonance of an end-group relative to a repeating unit. 

Informationn regarding the tacticity of stereo-irregular polymers can be obtained by coupling either 

SECC or an /LC technique to NMR. Ute et al. coupled SEC to NMR for the separation of pure 

stereocomplexess from mixtures of uniform isotactic and syndiotactic PMMA (19). Kitayama et al. 

characterisedd the tacticity distribution of polyethyl methacrylates using critical chromatography 

coupledd to NMR (20). LC-NMR can also be used to characterise the chemical composition of 

copolymerss by measuring the change in the relative intensities of resonating groups from each of 

thee monomeric units present in the copolymer. Kramer et al investigated the chemical 

heterogeneityy of high-conversion poly[styrene-co-ethyl acrylate] by online SEC-NMR. Their 

resultss indicated that the blocky character of the polymer increased with increasing molecular size 

(21). . 

Byy coupling with a chromatographic technique that separates according to chemical differences, the 

chemical-compositionn distribution (CCD) can be determined (22). Functionality-type distributions 

(FTD)) can similarly be characterised by separating according to functionality and measuring the 

relativee intensities of the functional group and the polymeric chain. Pasch et al. characterised a 

low-molar-masss polyethylene oxide according to both its functional end groups and its molar mass, 

usingg isocratic iLC coupled on-line to NMR (23). 
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CouplingCoupling considerations 

Continuouss flow LC-NMR requires some optimisation for a successful coupling of the seemingly 

incompatiblee techniques. In terms of sensitivity, NMR probes need to be much more sensitive for 

continuous-floww work. Unlike in batch and stop-flow experiments, there is only a limited time 

availablee to scan the analyte molecules (limited by the flow-rate of the LC system and the cell 

volumee of the NMR probe). 

Samplee amounts in the detector cell must also be significantly higher in NMR than in conventional 

UVV or ELSD detection. This is achieved by increasing the amount of sample injected and the 

volumee of the detector cell. Increased sample concentration or injection volume can lead to 

overloadingg of the solute on the stationary-phase. For high-molar-mass analytes, however, 

overloadingg is not commonly a problem, because the molecules tend to be either fully retained or 

fullyy unretained, depending on the strength of the mobile phase (i.e. there is very little partitioning 

off the molecules between the mobile and the stationary phases). Overloading effects are primarily 

seenn as an increased 'breakthrough' peak, i.e. polymeric sample that is eluted as a protected band 

withinn the solvent plug at the start of the chromatogram. When breakthrough occurs, the effective 

concentrationn of sample that is retained under conventional chromatographic conditions is lowered. 

Thiss can be a problem when insensitive detection methods (such as NMR) are used, because sample 

concentrationss need to be as high as possible. Another possible issue with breakthrough is the non-

representativee splitting of the sample, i.e. the portion of the sample that is eluted as an unretained 

peakk and the portion of the sample that is eluted under conventional chromatographic conditions are 

nott equivalent (24). Quantitation is also not possible when breakthrough occurs. In general, it is 

bestt to avoid breakthrough effects if possible. Other overloading effects, such as band broadening 

andd fronting or tailing, should also be avoided since these will jeopardise the quality of the 

separation. . 

Detector-cellDetector-cell volume 

Detectionn cells in NMR are much larger than those used in other LC detectors (between 40 and 120 

uL,, compared to typically 8 uL in a UV detector cell). This will lead to a loss of resolution between 

chromatographicc peaks. The increased cell volume is necessary not only to increase the amount of 

samplee in the cell at any one time, but also to ensure that the residence time of a molecule in the 

detectorr cell (Ta) is long enough. Ta is defined as the ratio between the detection volume of the 

floww cell and the flow rate of the mobile phase through the cell. Low Ta values (lower than 5 

seconds)) lead to reduced NMR spectral resolution (16). In order to maximise residence times, flow-
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ratess for LC-NMR are usually lower than normal. An optimal balance must be struck between 

maximisingg residence times and minimising diffusion and extra-column band broadening of the 

separatedd peaks. In this respect, polymeric samples are usually easier to work with, because the 

diffusionn coefficients of macromolecules are significantly lower than those for smaller molecules. 

Flow-ratess as low as 0.2 mL/minute on 8 x 300 mm columns have been reported (20). 

Experimental l 

Samples Samples 

Styrene-methylmethacrylatee copolymeric standards with narrow and well-defined chemical-

compositionn distributions were obtained from the polymer-chemistry group of the Technical 

Universityy of Eindhoven (TU/e), The Netherlands. Copolymers with a bimodal chemical-

compositionn distribution (styrene-methylmethacrylate) were also obtained from TU/e. Both the 

standardss and the sample polymers had random sequences. Block copolymers of poly(styrene-co-

methyll methacrylate) were obtained from Polymer Standard Services (Mainz, Germany). 

HPLC HPLC 

Chromatographicc separations were carried out on an Agilent 1100 liquid chromatograph using UV 

detectionn at 260nm. Sample concentrations were approximately 20 mg/mL and the injection 

volumee was 250 uL. The stationary phase was Discovery C18 from Supelco (4.6 x 150 mm, 5 um) 

(Bellefonte,, PA). The mobile phase was a mixture of dichloromethane and acetonitrile. These 

solventss were chosen because they have relatively straightforward NMR spectra. Both were 

LiChrosolvee HPLC grade from Merck (Darmstadt, Germany). The flow rate was 0.4 mL/minute. 

Separationss were carried out at ambient temperature. 

HPLC-NMR HPLC-NMR 

AA Bruker AMX 600 spectrometer was connected to the LC system via a Bruker BSFU interface 

usingg a stainless-steel capillary of approximately 3 m. The volume of the flow probe of the NMR 

wass 120 uL. To stabilise the lock, 15% deuterated acetonitrile was added to the acetonitrile mobile 

phase.. HPLC-NMR measurements were recorded at 298 K using a solvent presaturation with 

shapedd pulses for solvent suppression (lc2pnps). A total of either 128 or 256 rows were measured 

inn the Fl (time) dimension. Each row had 169 transients. Both dimensions (time and chemical 

shift)) were multiplied by a squared sine function before Fourier transformation. 
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Resultss and Discussion 

LCLC separation of the copolymers 

Thee LC experimental conditions were optimised for separation according to chemical composition 

usingg copolymeric standards. Figure 1 shows the mobile-phase composition at the point of elution 

forr a series of poly(styrene-co-methyl methacrylate) standards. PMMA homopolymer elutes the 

earliestt and free polystyrene is retained until the mobile phase reaches approximately 60% DCM. 

Thee copolymers are eluted in the window between the two homopolymers, the higher the fraction of 

styrenee in the copolymer, the more that copolymer will be retained. 
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Figuree 1: Elution composition of the mobile phase for a series of styrene/MMA copolymers standards (see 

chapterr 2 also). 

Thee random PS-PMMA bimodally distributed copolymeric samples (samples 1 to 3) were separated 

usingg the same experimental conditions as for the standards, except that in each case, the gradient 

programm was optimised to suit the particular sample, i.e. to maximise the separation according to 

chemicall composition. 

Figuress 2 to 4 show the gradient-LC separations of the three random copolymers according to their 

bimodall chemical composition. In each case, two main peaks are seen, corresponding to the 

bimodall chemical-composition distributions present in each of the samples. An unretained peak 

duee to 'breakthrough' can also be seen at the start of the run. Some free PMMA homopolymer may 

alsoo elute at this point. However, this cannot be seen by the UV detector. The last peak in the 

chromatogramm corresponds to free PS homopolymer. 

118 8 



CHARACTERISATIONN OF BLOCK AND RANDOM COPOLYMERS USING ON-LINE GRADIENT LC-NMR 

450--

400--

350--

300--

R
es

po
ns

e 
e 

to
o 

ro
 

O
O

 
O

 

> > 
3 3 150--

100--

50 --

0 --

i i 
1 1 

AA  K 
11 1 1 1 1 1 

00 20 40 60 80 100 120 

Timee (minutes) 

Figuree 2: Sample 1. Randomly distributed copoly(styrene-rnethylmethacrylate), average composition = 44% 

styrene.. 200 u,L injection volume, 30 to 80% DCM in ACN in 90 minutes. Solvent suppression at 

38.6%% DCM. 
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Figuree 3: Sample 2. Randomly distributed copoly(styrene-methylmethacrylate), average composition = 58% 

styrene.. 250 uL injection volume. 30 to 80% DCM in ACN in 90 minutes. Solvent suppression at 

35.5%% DCM. 
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Figuree 4: Sample 3. Randomly distributed copoly(styrene-methylmethacrylate), average composition = 50 % 

Styrene.. 250 uL injection volume. 40 to 70% DCM in ACN in 120 minutes. Solvent suppression at 

45.8%% DCM. 

Thee area under each of the copolymeric peaks is only due to the concentration of polystyrene 

elutingg at that time, rather than the concentration of the copolymer itself (because PMMA does not 

absorbb in the UV region). Therefore no information on the composition of the copolymer, i.e. the 

ratioo of styrene to methylmethacrylate, or the concentration of the copolymer at any point in the 

chromatogramm can be obtained from the UV detector. For the direct determination of the chemical-

compositionn distribution(s) of a sample, the separation must be coupled to a detector such as NMR 

thatt can measure the relative concentration of each of the two monomers present in the copolymer. 

SolventSolvent suppression 

Inn order to minimise the overwhelming NMR signals due to the protons in non-deuterated mobile-

phasee solvents, solvent-suppression techniques are required. When gradient separations are 

performed,, changes in the solvent composition over the gradient run can complicate solvent 

suppression.. Either an automated, continuously-optimising solvent suppression must be applied 

alongg the gradient or a single optimal solvent suppression performed (optimised at an average 

mobile-phasee composition, usually corresponding to the composition around the maximum of the 

peakk of interest). In our case, we used shaped pulses for solvent suppression, taking the average 

mobile-phasee composition of the eluting peak as the optimised composition. Some deuterated 
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acetonitrilee (15% vol/vol.) was required to establish a solvent lock, but this did not affect the 

qualityy of the LC separation. 

NMRNMR data interpretation 

Thee ratio of styrene to methylmethacrylate present in the copolymer was calculated from the ratio 

off signals due to the aromatic protons of the styrene monomer (at around 7ppm) and to the methyl 

esterr protons on the MMA monomer (around 3.5 ppm). Since there are five aromatic protons in a 

styrenee monomer and three methyl-ester protons in a MMA monomer, a signal ratio of 5:3 

(aromatic:methyll ester protons) corresponds to a polymer that contains 50% styrene and 50% 

methyll methacrylate. The Examples of the NMR spectra obtained for each of the three random 

copolymerss at different times in the chromatogram are shown in Figures 5, 6 and 7. 

121 1 



CHAPTERR SIX 

„A-\ _ _ 

7.55 7.0 6.5 6.0 5.5 5.0 4.5 4.0 5.5 5.0 2.5 2.0 1.5 1.0 0.5 

^\l^\l{ { 

(b) ) 

7.55 7.0 6.5 f>.0 5.5 5.0 4.00 3.5 3.0 2.5 2.0 1.5 1.0 0.5 

- y A ^ V ^ ^ 

7.55 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 

<ppm) ) 

Figuree 5: Sample 1. NMR spectra taken at different times in the chromatographic run. (a) 25.5 minutes (b) 46 

minutess (c) 50 minutes. 
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Figuree 6: Sample 2. NMR spectra taken at different times in the chromatographic run. (a) 22.5 minutes (b) 

46.55 minutes (c) 53 minutes. 
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Samplee 3. NMR spectra taken at different times in the chromatographic run. (a) 25 minutes (b) 40 

minutess (c) 49 minutes. 
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Inn most cases, the aromatic signal is clearly seen as a broad peak around 7 ppm. Once the signal-to-

noisee ratio is sufficiently high, quantitation of this signal is reasonably straightforward. The signal 

duee to the methyl-ester protons of the MMA monomer is more difficult to quantify, because there is 

significantt broadening of the peak. The broadening is due in part to the different environments of 

thee randomly distributed MMA. However, the extent of the broadening is much more significant 

thann might be expected and is not yet fully understood. The broader signal means that the signal-to-

noisee ratio for a given concentration of sample is dramatically reduced. An accurate quantitation of 

thee area under the peak for the methyl-ester protons was not always possible, especially at the 

leadingg and tailing edges of the peaks where the concentration was at its lowest. Solvent 

suppressionn of the proton signals due to acetonitrile in the mobile phase adds to the problem, 

becausee the phase correction that is required for solvent suppression affects the baseline in the 

regionn close to the methyl-ester proton signal. 

Thee results from the integration of the three randomly distributed copolymers are shown graphically 

inn figures 8, 9 and 10, along with the corresponding chromatograms. In each case the concentration 

off styrene in the polymer should increase with increasing time (increasing solvent strength in the 

mobilee phase). It would therefore be expected that the NMR results would show that the fraction of 

PSS in the polymer increases with increasing time. The results from the NMR data indicate a general 

trendd of the concentration of styrene in the eluting polymer increasing with increasing retention 

time.. However, the data are very scattered and it is not possible to fit the points to a curve that can 

accuratelyy correlate retention time with chemical composition (for the determination of the CCD). 

Thiss is the case for each of the three random copolymers. 
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Figuree 8: Sample 1. Calculated change in composition according to NMR signals across the chromatographic 

peaks. . 
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Figuree 10: Sample 3. Calculated change in composition according to NMR signals across the chromatographic 

peaks. . 

Thee problem with the data is that the signal due to the methyl ester protons of the PMMA is too low 

too be accurately quantified. For an accurate determination of the CCD using LC coupled online to 

NMR,, the concentration of the polymer in the detector cell must be increased so that the signal-to-

noise-ratioo is high enough for accurate quantitation. This can be achieved by increasing the sample 

concentrationn or the sample volume injected into the system or by increasing the residence time of 

thee sample in the detector cell (by decreasing the flow-rate). Another option is to take fractions 

acrosss the peaks and to measure the fractions in the batch mode. In this case, each fraction could be 
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measuredd for as long as required for an acceptable signal to noise ratio. Solvent-suppression 

techniquess would not be required, because the samples could be re-dissolved in a deuterated 

solvent.. A disadvantage of this approach is that some chromatographic resolution would be lost due 

too fractionation. 

DeterminationDetermination of the block-length distribution of block polystyrene-methylmethacrylate 

copolymers copolymers 

Threee block copolymers were separated according to chemical composition to characterise their 

block-lengthh distributions (BLD). Once again, the gradient programs were optimised for the 

particularr sample, i.e. to maximise the separation according to chemical composition. For the block 

copolymers,, breakthrough of the sample was a more-significant problem than for the random 

copolymerss and large unretained peaks were observed. 

LC-NMRLC-NMR coupling 

Solventt suppression was optimised at an average mobile-phase concentration (in this case the 

averagee mobile-phase composition of the main eluting peak). Examples of the NMR spectra 

obtainedd for the three block-copolymer samples (samples 4 to 6) are given in figures 11,12 and 13. 

Thee methyl ester proton signal was much sharper for the block copolymer than for the random 

copolymer.. This is due to the structured nature of the block copolymer (i.e. every MM A monomer 

iss linked to two other MMA monomers except the MMA linked to the styrene block). The 

environmentt of the methyl ester protons in this case is much more homogeneous resulting in a 

significantlyy sharper signal. This increases the signal-to-noise ratio of the methyl ester proton 

signall at a given concentration, allowing much more accurate integration of the peak. 
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Samplee 4. Block copoly(styrene-methylmethacrylate), NMR spectra taken at different times in the 

chromatographicc run. (a) 12 minutes (b) 19.5 minutes (c) 30 minutes. 
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Figuree 12: Sample 5. Block copoly(styrene-methylmethacrylate), NMR spectra taken at different times in the 

chromatographicc run. (a) 17 minutes (b) 23.5 minutes (c) 28 minutes. 
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chromatographicc run. (a) 35.5 minutes (b) 55 minutes (c) 66 minutes. 
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Figuress 14, 15 and 16 show the chromatograms of each of the three block copolymers and the 

calculatedd ratio of styrene to MMA in the polymer at points across the chromatogram. In 

comparisonn to the random copolymeric samples, the trend towards increased styrene content over 

timee is much clearer for the block copolymers. Noted exceptions are at the beginning and end of 

thee peak, where the concentration of sample was too low for accurate quantitation. However, even 

forr the block copolymers, where the methyl-ester-proton signal is much sharper, a significant 

amountt of scatter due to inaccuracies in the quantitation of the two peaks is present and it is 

doubtfull that an accurate determination of the BLD could be calculated. 
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Figuree 14: Sample 4. Average composition = 44% styrene. 200 uL injection volume. 40 to 60% DCM in ACN 

inn 60 minutes. Solvent suppression at 44% DCM. Points correspond to the calculated change in 

compositionn according to NMR signals across the chromatographic peaks. 
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Figuree 16: Sample 6. Average composition = 65% Styrene. 200 uL injection volume. 50 to 65% DCM in ACN 

inn 90 minutes. Solvent suppression at 56.2% DCM. Points correspond to the calculated change in 

compositionn according to NMR signals across the chromatographic peaks. 
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Conclusions s 

Thee direct determination of the chemical composition of random and block polystyrene-methyl 

methacrylatee showed some promise using LC coupled on-line to NMR. Some further optimisation 

off the experimental set-up is required, in order to improve the signal to noise ratio of the NMR 

spectrometer.. This could be achieved by (a) minimising sample loss due to chromatographic 

breakthroughh (b) increasing the amount of sample that is injected (scaling up of the LC system may 

bee required), (c) increasing the residence time of the analyte molecules in the probe by decreasing 

thee flow rate, (d) taking fractions across the chromatographic peaks and measuring in the off-line 

mode. . 

Thee difference in the broadness of the methyl ester signal of the randomly distributed and block 

copolymerss is larger than expected and further investigation may be required for a fuller 

explanation.. If a clear relationship between the width of the signal and the structure of the polymer 

(randomm to block) can be established, then this could be used to quantify the blocky character of the 

samples.. Some work has previously been reported on this subject (21). 
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SUMMARY Y 

Thee primary goal of this research was to improve our understanding of interactive liquid 

chromatographyy for the characterisation of polydisperse macromolecules. This goal was achieved 

andd some significant progress was made in highlighting the practical advantages of the technique 

forr the characterisation of polymers. 

Inn Chapter 1, a brief outline on the need for polymer characterisations is presented and the state of 

thee art for chromatographic and hyphenated chromatographic analyses of polymers is discussed. 

Thee basis of LC models, for the prediction of the retention behaviour of analyte molecules, is also 

introduced. . 

Inn Chapter 2, a previously described retention model for reversed-phase chromatography is applied 

too the gradient LC separation of polystyrene. It is shown that the model can be expanded to cover a 

polydispersee sample using correlations between the model parameters and between the model 

parameterss and molar mass. The expanded model is used to predict retention behaviour as a 

functionn of molar mass. The model is incorporated into a spreadsheet application so that once a 

modell is validated for a given separation, it can be used to predict the retention time of a polymer of 

anyy molar mass and polydispersity (within the defined limits of the model). The spreadsheet 

automaticallyy constructs chromatograms and calibration curves (retention time versus molar mass) 

too help show the chromatographer how changes in the chromatographic conditions influence the 

resultingg separation. Most significantly for polymeric samples, the spreadsheet can also predict 

howw the peak shapes of polydisperse samples vary with the experimental conditions (i.e. mobile 

phasee composition/gradient), the average molar mass of the sample and the molar-mass distribution 

off the sample. This allows a specific chromatographic separation to be optimised on a computer 

ratherr than in the laboratory. 

Thee correlation between the model parameters is also used to highlight the existence of a so-called 

criticall composition (i.e. a mobile-phase composition where retention is independent of molar 

mass).. The critical composition can be predicted using the correlations and it is proven 

experimentallyy that the prediction was accurate for a specific polymer. It is also shown that for 

high-molar-masss copolymers, the retention behaviour can be predicted as a function of chemical 

composition.. Crucially, the prediction is only based on the retention behaviour of its component 

homopolymers. . 
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Inn Chapter 3, the use of retention models for the prediction and optimisation of separations of 

polydispersee samples is considered in some more detail. Using the same model as in chapter 2, a 

moree thorough investigation of the relationship between the model parameters and molar mass is 

undertaken.. It is found that a straight-line correlation does not provide the best relationship 

betweenn the model parameters and molar mass. A more accurate relationship is established by 

examiningg narrower segments of the molar-mass range and finding the best (straight) line in each 

specificc range. The overall relationship is then determined by plotting all the lines in one figure. 

Usingg the improved relationship between molar mass and the model parameters, excellent 

predictionss for the retention of a wide range of molar masses (for the specific polymer) can be 

made.. Within the spreadsheet, calibration curves showing the separation according to molar mass 

aree constructed, allowing easy optimisation of separations. The predicted calibration curves (and 

chromatograms)) clearly indicate that (under suitable conditions) interactive LC can exhibit 

extremelyy high selectivity in a targeted molar-mass range. The curves also show that the 

chromatographicc peaks of polydisperse samples should not necessarily be symmetrical and that 

asymmetryy (such as tailing, fronting or even split peaks) should be expected and can be understood 

whenn the selectivity changes across the molar-mass range of its distribution. The selectivity 

predictedd using the model is verified for a particular separation by taking narrow fractions across 

thee eluting peaks and measuring the MALDI-MS spectrum of these fractions. In some cases, 

essentiallyy monodisperse fractions are collected. The experimental calibration curve is described 

mathematicallyy using a series of third-order polynomial curves, which are then used to calculate the 

molar-masss distribution of a number of polystyrene standards. Interactive LC is found to give 

lowerr polydispersities than size-exclusion chromatography, for the determination of molar-mass 

distributionss of low-to-medium-molar-mass, narrowly distributed samples, although MALDI-MS 

analysiss suggest that the actual polydispersity may be even lower. 

Inn Chapter 4, a second approach to establishing the validity of retention models for polydisperse 

sampless is introduced. This approach uses non-linear regression and is compared to methods used 

inn previous chapters. Similar results were found for both approaches. A rigorous validation of the 

modell (as a function of molar mass, gradient slope and retention time) is presented and confidence 

intervalss for the model parameters are calculated and found to broaden significantly with molar 

mass.. The correlation between the model parameters and molar mass is again considered and a 

furtherr improvement in the description of the relationship is made. A bilinear relationship between 

molarr mass and In k0 is found to be the most accurate. This relationship is used to predict the 

retentionn times of a broad range of polymers, measured under various experimental conditions. An 
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expandedd (or global) model is developed to describe the relationship between experimental 

conditions,, molar mass and retention times. An important consequence of the global model is that a 

drasticc reduction in the number of experiments required to characterise a polymer can be made 

withoutt compromising the predictive accuracy of the model. 

Chapterr 5 is an investigation of an interactive-LC separation coupled to a mass spectrometer for the 

characterisationn of a functional copolymer. The samples are multidimensional, with three primary 

distributions,, i.e. a molar-mass distribution, a functionality-type distribution and a chemical-

compositionn distribution. All three distributions affect the (required) properties of the polymer. For 

aa comprehensive characterisation of such a complex polymer, a multidimensional separation system 

iss required. Interactive-LC coupled to MS allows the polymer to be separated according to two of 

itss distributions, i.e. functionality (by the chromatographic separation) and molar mass (by the mass 

spectrometer).. Due to the low-polarity of the polymer and the LC mobile phase, ionisation of the 

polymerr via an electro spray ionisation source was difficult, but could be achieved using a post-

columnn additive. Data analysis of the resulting two-dimensional separation was a highly 

challengingg prospect, due to the large amount of information obtained from the separation and to 

thee complexity of the polymer sample. In order to obtain as much relevant information, in as 

convenientt a manner as possible, an automated data-analysis system is developed. Graphical 

representationss of the analyses that give a clear overview of the two-dimensional separation are 

constructedd from the data. The probability of a given end-group combination is also indicated 

graphicallyy through an automated 'mass-matching' program. These techniques allow for an 

expedientt and thorough analysis of an otherwise data-overloaded technique. 

Inn Chapter 6, the potential of LC coupled to a nuclear magnetic resonance spectrometer (NMR) is 

exploredd for various copolymeric samples. Block and (bimodal) randomly distributed copolymers 

off polystyrene and polymethyl methacrylate are separated chromatographically according to their 

chemicall composition. The separation is coupled on-line to a nuclear-magnetic-resonance 

spectrometer,, to quantify the ratio of styrene to methyl methacrylate in the copolymer and to 

establishh whether randomly distributed copolymers can be distinguished from a block copolymer 

withh the same chemical composition. The techniques are coupled in the continuous-flow mode. 

Thiss is a challenging approach to LC-NMR, because the low sensitivity of NMR means that very 

highh concentrations of sample are required for detection. The results were promising, although 

somee further optimisation of the experimental set-up (in particular increased sample loading and 

residencee time in the NMR cell) would be very beneficial. A clear distinction between block and 

randomlyy distributed copolymers can be made because the more homogeneous environment around 
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thee monomers of a block copolymer results in sharper NMR peaks. Quantitation of the chemical 

compositionn using NMR proved difficult because the signal-to-noise ratio was not high enough 

underr the experimental conditions chosen. This is particularly true for the randomly distributed 

copolymerss which have low, broad signals for the methyl ester peaks of the polymethyl 

methacrylate. . 
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Dee belangrijkste doelen van dit onderzoek waren het verbeteren van ons begrip van interactieve 

vloeistofchromatografiee voor de karakterisering van polydisperse macromoleculen en het illustreren 

vann de praktische vooruitgang die dankzij deze techniek in het laboratorium kan worden geboekt. 

Dezee doelen zijn bereikt en het belang van interactieve vloeistofchromatografie voor de 

karakteriseringg van polymeren is onderstreept. 

Inn Hoofdstuk 1 wordt een korte beschrijving gegeven van de noodzaak om polymeren te 

karakteriserenn en de huidige mogelijkheden van chromatografische en gekoppelde analysemethoden 

voorr polymeren worden besproken. Daarnaast wordt de basis gelegd voor modellen, waarmee de 

retentiee van te analyseren verbindingen in de vloeistofchromatografie kan worden voorspeld. 

Inn Hoofdstuk 2 wordt een retentiemodel, dat eerder is beschreven voor "reversed-phase" 

vloeistofchromatografie,, toegepast voor de scheiding van polystyreen met gradiënt-elutie 

vloeistofchromatografie.. Aangetoond wordt dat het model kan worden uitgebreid tot polydisperse 

monsters,, door verbanden vast te leggen tussen de modelparameters en de moleculaire massa. Het 

uitgebreidee model wordt gebruikt om het retentiegedrag als functie van de molmassa te voorspellen. 

Hett model is ingebouwd in een "spreadsheet", zodat als een model voor een bepaalde scheiding 

gevalideerdd is, de retentietijden voor elk monster van het bewuste polymeer met een willekeurige 

molmassaa en polydispersiteit (binnen de aangegeven grenzen van het model) kunnen worden 

voorspeld.. De spreadsheet genereert automatisch chromatogrammen en ijklijnen, waaruit de 

chromatografïstt kan leren hoe veranderingen in de meetomstandigheden de verkregen scheiding 

beïnvloeden.. Van overwegend belang voor polymeren is de mogelijkheid om de piekvorm voor 

polydispersee monsters te voorspellen als functie van de meetomstandigheden (d.w.z. de 

samenstellingg van de mobiele fase en de gradiënt), de gemiddelde molmassa van het monster en de 

molmassaverdeling.. Dit maakt het mogelijk om een specifieke chromatografische scheiding te 

optimaliserenn op een computer in plaats van in het laboratorium. 

Hett verband tussen de verschillende modelparameters wordt ook gebruikt om de aandacht te 

vestigenn op het bestaan van een zogenaamde kritische samenstelling (d.w.z. een samenstelling van 

dee mobiele fase, waarbij retentie onafhankelijk is van de molmassa). De kritische samenstelling kan 

voorspeldd worden uit het verband tussen de parameters en de juistheid van die voorspelling voor 

eenn specifiek polymeer wordt experimenteel aangetoond. Ook wordt gedemonstreerd dat voor 

copolymerenn met een hoge molmassa de retentie kan worden voorspeld als functie van de 

139 9 



SAMENVATTING G 

chemischee samenstelling. Essentieel is daarbij dat die voorspelling uitsluitend gebaseerd is op het 

retentiegedragg van de respectievelijke homopolymeren. 

Inn Hoofdstuk 3 wordt het gebruik van retentiemodellen voor de voorspelling en optimalisering van 

dee scheiding van polydisperse monsters meer in detail beschouwd. Op grond van hetzelfde model 

alss in Hoofdstuk 2 wordt een meer diepgaande beschouwing gewijd aan het verband tussen de 

modelparameterss en de molmassa. Een rechte lijn bleek niet de beste manier te zijn om dit verband 

weerr te geven. Een juister verband werd vastgelegd door kleinere segmenten van het totale 

massabereikk te beschouwen en door voor ieder specifiek segment de beste (rechte) lijn te bepalen. 

Hett uiteindelijke verband wordt dan gevonden door al die lijnen in één figuur uit te zetten. Op basis 

vann deze verbeterde correlatie tussen de molmassa en de modelparameters kunnen uitstekende 

voorspellingenn worden gedaan van de retentie van het gegeven polymeer over een breed 

massabereik.. In de spreadsheet worden ijklij nen gegenereerd, waarin de mate van scheiding tegen 

dee molmassa wordt uitgezet. Hierdoor wordt het eenvoudig om scheidingen te optimaliseren. De 

voorspeldee ijklijnen (en chromatogrammen) laten duidelijk zien dat interactieve 

vloeistofchromatografiee onder geschikte omstandigheden een uitzonderlijk hoge selectiviteit kan 

biedenn over een specifiek molmassabereik. De lijnen laten ook zien dat de chromatografische 

piekenn voor polydisperse monsters niet noodzakelijkerwijs symmetrisch zijn en dat asymmetrische 

piekenn (met staarten, baarden en zelfs kamelenruggen) niet alleen verwacht, maar ook begrepen 

kunnenn worden op basis van de voorspelde veranderingen in de selectiviteit als functie van de 

molmassa.. De door het model voorspelde selectiviteit is geverifieerd voor een specifieke scheiding 

doorr nauwe fracties van de eluerende pieken te verzamelen en door daarvan MALDI massaspectra 

opp te nemen. In sommige gevallen bleken de verzamelde fracties zo goed als monodispers te zijn. 

Dee experimentele calibratielijn is wiskundige beschreven met behulp van een reeks derdegraads 

polynomen,, die op hun beurt gebruikt zijn om de molmassaverdelingen van een aantal polystyreen 

standaardenn te berekenen. Bij de bepaling van molmassaverdelingen van kleine tot middelgrote, 

nauwee polystyreen standaarden blijkt interactieve vloeistofchromatografie lagere polydispersiteiten 

opp te leveren dan "size-exclusion" chromatografie (SEC). De resultaten van MALDI laten echter 

zienn dat de feitelijke polydispersiteiten wellicht nog lager zijn. 

Inn Hoofdstuk 4 wordt een tweede benadering voorgesteld om de juistheid van de retentiemodellen 

voorr polydisperse monsters te verifiëren. Deze benadering, die berust op niet-lineaire regressie, 

wordtt vergeleken met de in de voorgaande hoofdstukken beschreven methoden. Met beide 

benaderingenn werden vergelijkbare resultaten verkregen. Een ingrijpende validatie van het model 

(alss functie van de molmassa, gradiënthelling en retentietijd) wordt beschreven en berekende 
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betrouwbaarheidsintervallenn voor de modelparameters blijken aanzienlijk groter te worden met 

toenemendee molmassa. Het verband tussen de modelparameters en de molmassa wordt opnieuw 

belichtt en de beschrijving van dit verband wordt opnieuw verbeterd. Een combinatie van twee 

rechtee lijnen blijkt het verband tussen molmassa en retentie in dit geval het beste weer te geven. Dit 

modell is vervolgens gebruikt om de retentietijden van polymeermonsters met sterk uiteenlopende 

molmassa'ss te voorspellen onder verschillende meetomstandigheden. Een uitgebreid (totaal-) model 

iss ontwikkeld om het verband tussen de meetomstandigheden, de molmassa en de retentietijd te 

beschrijven.. Een belangrijk gevolg van dit totaalmodel is dat het aantal experimenten dat nodig is 

omm een polymeer te karakteriseren dramatisch kan worden teruggebracht, zonder dat dat ten koste 

gaatt van de juistheid van de voorspellingen. 

Hoofdstukk 5 betreft een onderzoek naar de koppeling van een interactieve vloeistofchromatografie 

methodee met een massaspectrometer voor de karakterisering van een functioneel polymeer. De 

monsterss zijn meerdimensionaal en worden gekenmerkt door drie belangrijke verdelingen, namelijk 

eenn molmassaverdeling, een functionaliteitsverdeling en een chemische-samenstellingsverdeling. 

Allee drie deze verdelingen zijn van invloed op de (gewenste) eigenschappen van het polymeer. 

Voorr een allesomvattende karakterisering van een dergelijk complex polymeer is een 

meerdimensionaall scheidingsysteem nodig. In dit geval is een interactieve vloeistofchromatografie 

scheidingg gekoppeld aan een massaspectrometer, zodat het polymeer gescheiden wordt op basis van 

tweee van de verdelingen, namelijk functionaliteit (chromatografische scheiding) en molmassa 

(massaspectrometrischee scheiding). Vanwege de geringe polariteit van het polymeer en van de 

mobielee fase was het moeilijk om ionisatie te bewerkstellingen via een "electrospray" systeem. Dit 

bleekk echter wel mogelijk door na de chromatografische kolom een reagens toe te voegen. De 

analysee van de gegevens, die uit de tweedimensionale scheiding werden verkregen, vormde een 

grotee uitdaging, vanwege de grote hoeveelheid informatie en vanwege de complexiteit van het 

polymeermonster.. Teneinde op een zo efficiënt mogelijke manier zoveel mogelijke relevante 

informatiee te verkrijgen is een automatisch gegevensverwerkingsysteem ontwikkeld. Grafische 

weergavee van de gegevens geeft een duidelijk overzicht van de tweedimensionale scheiding. De 

waarschijnlijkheidd van verschillende eindgroepcombinaties wordt ook grafisch weergegeven met 

behulpp van een automatisch massavergelijkingsprogramma. Deze technieken maken een snelle, 

dochh zorgvuldige analyse mogelijk voor een techniek die een overvloed aan data produceert. 

Inn Hoofdstuk 6 wordt de toepasbaarheid van een combinatie van vloeistofchromatografie met 

kernspinresonantiee spectroscopie (NMR) onderzocht voor verschillende soorten copolymeren. 

Blokcopolymerenn en copolymeren met een willekeurige volgorde (en een bimodale chemische-
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samenstellingsverdeling),, opgebouwd uit polystyreen en poly(methyl methacrylaat), zijn gescheiden 

opp grond van hun chemische samenstelling. De scheiding is gekoppeld aan een NMR spectrometer, 

teneindee de verhouding tussen styreen en methyl methacrylaat in het copolymeer te kunnen bepalen 

enn om vast te stellen of willekeurige copolymeren onderscheiden kunnen worden van 

blokcopolymerenn van een vergelijkbare samenstelling. De technieken zijn gekoppeld via een 

doorstroomcel.. Deze benadering vormt een uitdaging, vanwege de geringe gevoeligheid van NMR, 

diee ertoe leidt dat zeer hoge monsterconcentraties vereist zijn om detectie mogelijk te maken. De 

resultatenn waren veelbelovend, maar verdere optimalisering van het meetsysteem (in het bijzonder 

vergrotingg van de monsterhoeveelheid en verlenging van de verblijftijd in de NMR cel) kan nog 

veell voordelen bieden. Een duidelijk onderscheid kon worden gemaakt tussen willekeurige 

copolymerenn en blokcopolymeren, omdat de meer homogene omgeving rond de monomere 

eenhedenn in een copolymeer aanleiding gaf tot scherpere pieken. Kwantitatieve bepaling van de 

chemischee samenstelling bleek moeilijk, omdat de signaal-ruis verhouding niet voldoende groot 

wass onder de gekozen meetomstandigheden. Dit was met name het geval voor de willekeurige 

copolymeren,, die lage, brede pieken lieten zien voor het signaal afkomstig van de methyl ester 

functiee in poly(methyl methacrylaat). 
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