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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 
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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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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: 
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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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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) 
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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 



CHAPTERR ONE 

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 
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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) 
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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 kcrit = -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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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. 

19 9 



CHAPTERR ONE 
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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, 
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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. 
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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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