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Chapterr  1 

Generall  introduction 

1.11 Synthetic polymers 

Polymerss are large molecules (macromolecules) formed from many repeated monomer units. A 

moree extensive description of a polymer is given below [1]. The variation in the length of the 

polymerr chains, type and distribution of the monomer units and the structure of chains result in 

numerouss materials with various 
polymer/'polim3/n.Mi9.[f.Gk/w/«mer öö that  u . , A u . , 
hass many parts, f. as POLY- + mens part, share.] physical and chemical properties. 
Chem.Chem. Orig., a substance whose formula is an The degree of nolvmerUation of a 
exactt  multipl e of that of another, composed of  g polymerisation ot a 
thee same elements in the same proportions. macromolecule represents the total 
Noww usu., any substance which has a molecular 
structur ee built up largely or  completely from a number of repeat monomers in a 
numberr  (freq. very large) of similar  polyatomic „  , u  n xii D i  *
unitss bonded together  spec, any of the (mainly Po lym er c h a in t2 - 4]. Polymerisation 
synthetic)) organic compounds of this kind which reactions hardly ever yield individual 
formm plastics, resins, rubbers, etc. 
NoamNoam Natural rubber  is soil the preferred polymer  chains of all the same chain length; 

forr  many high performance applications. Scientific 
AmericanAmerican Glass is an inorganic polymer made up of usually there is spread around a mean 
ringsrings and chains of repeating silicate units, attrib.: A. 
TOPPLE**  Suburban homes filled with specialists in.'. chain length and molar mass (MM) 
systemss engineering, artificia l intelligence, or  polymer  „ 
chemistry,, high polymer, see HIGH a. value. Consequently, one of the main 
potymeridee n. (now rare) = POLYMER MIO . . 

propertiess or a polymeric compound 

iss its molar-mass distribution (MMD) that can be characterized by an average MM and 

polydispersity.. Simple macromolecules that are composed with one type of monomer 

(homopolymers)) differ in MMD. 

Macromoleculess derived from more than one type of monomer units, copolymers, have an MMD as 

welll  as a chemical-composition distribution (CCD). Synthesis processes can influence the order of 

thee repeat pattern in the polymer chains. Patterns found in copolymers are alternating, random, 

blockk and grafted. 

Whenn homo- and copolymers differ in type or number of functional groups, either as end-groups or 

distributedd along the polymer backbone, a functionality-type distribution (FTD) will also be present. 

Schematicc representations of the distributions that can be present in synthetic polymers are shown 

inn Figure 1.1. 
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Figuree 1.1 Polymers can have many distributions. 

Thee simplest architecture possible for a macromolecule is a linear chain with two specific end-

groups.. There are a number of different reaction mechanisms, such as addition- and condensation 

polymerisation,, that yield linear polymers. Addition polymerisation is based on a step-wise growth 

off  the polymer chains via free radicals or ionic groups. Poly(styrene) and polyethylene oxide) are 

typess of polymers produced by this type of synthesis. Condensation-type polymers are formed by 

reactionss between functional groups of monomer units. Examples of polymers belonging to this 

categoryy are linear polyesters and polyamides. 

Whenn some molecules utilized in the polymerisation have more than two reactive groups, polymers 

withh a branched structure can be produced. Branching can lead to very complicated three 

dimensionall  polymer architectures, and above a certain level of branching a cross-linked polymer 

networkk can be formed. 
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GeneralGeneral introduction 

1.22 Characterization of synthetic polymers 

Ass already mentioned, the distribution and average values of the polymer chain length have a 

significantt influence on the physical and chemical properties of technical products. Therefore, 

analyticall  methods for characterizing polymer distributions are essential for industrial process 

monitoringg and quality control. In most cases separation of the compounds is necessary in these 

methods.. Depending on the separation mechanism of a method it provides information on a specific 

polymerr distribution. In general, analytical systems are best suited for macromolecules with sizes in 

specificc ranges. In Figure 1.2 separation methods commonly used for the characterization of 

(synthetic)) macromolecules according to size, type or number of end-groups, composition and 

chargee density are compared. 
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Figuree 1.2 Separation techniques providing information about size, end-groups, composition and charge 

densityy of synthetic polymers. 

Size-exclusionn chromatography (SEC), often in combination with viscosity, light scattering and/or 

refractivee index detection, is the most commonly applied technique for characterizing the size of 

syntheticc polymers [5, 6]. In SEC a column packed with porous particles and a 'strong' solvent as 

eluentt are used for separating compounds based on their hydrodynamic molecular volume. Large 

polymerss are excluded from the pores of the particles to a greater extent and hence elute earlier 

fromm the column than smaller compounds. After separation by SEC, the data obtained on the 
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ChapterChapter I 

polymericc compounds are commonly translated into a MMD using mass-calibration curves obtained 

withh standard polymeric material of known average molar mass and low polydispersity. 

Field-floww fractionation [7, 8] and hydrodynamic chromatography [9] are separation techniques 

particularlyy useful for the characterization of ultra-high molar mass polymers and solid particles. 

Bothh techniques may yield the average molar masses and size distributions of polymer samples. 

Detectionn is often carried out on-line with a multi-angle light scattering (MALS) detector. 

Whilee mass spectrometry (MS) is mainly used for the analysis low-MM compounds, it can also be 

appliedd in biopoiymer analysis and, to a more limited extent, for synthetic polymers [10]. In MS, 

analytess are first ionised, then separated based on their mass-to-charge ratio and finally detected. 

Whenn a polymer molecule is easily ionisable, MS analysis can provide accurate information on its 

chemicall  structure, specifically on its molar mass, and implicitly on its chemical composition and 

functionality.. However, even with a simple homopolymer sample very complicated MS spectra can 

bee obtained, because of the presence of isotopes, salt adducts and fragments of the main polymer 

chainn formed in the MS source. With the development of soft ionisation sources, such as 

electrosprayy and matrix-assisted iaser-desorption ionisation (MALDI ) in combination with 

time-of-flightt (TOF) MS the suitability of MS for synthetic polymers has improved. 

Forr the determination of the chemical composition and functionality of polymers interactive liquid 

chromatographyy (/LC) can be used. The separations in /LC are based on the partitioning of the 

polymerr chains between the stationary and mobile phases in the column. Gradient /LC can provide 

informationn on the CCD of copolymers. Unfortunately, the development of a gradient method can 

bee time-consuming, because several parameters such as stationary phase, mobile phase 

composition,, gradient profile and temperature need to be optimised. With theoretical LC models the 

retentionn behaviour of (co)polymers in a gradient system can be predicted [11]. Depending on the 

compositionn of the eluent, retention of polymers can be independent of the molar mass and a 

separationn according to the type and number of functional groups can be realised. This specific LC 

modee is called critical chromatography. 

Inn the past decade capillary electrophoresis (CE) has emerged as a fast and efficient technique for 

separatingg synthetic polymers [12, 13]. The basic principle of CE is the migration of ionic particles 

throughh a capillary in a background-electrolyte (BGE) solution under the influence of an electric 
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GeneralGeneral introduction 

field.field. In the simplest mode, which is termed capillary zone electrophoresis (CZE), the sample ions 

migratee with velocities according to their charge-to-size ratio. This mode can easily be used for, 

e.g.,, the determination of the MMD of polymers with a fixed charge or to obtain information on the 

dispersityy of the charge density of polyelectrolytes. 

Micellarr electrokinetic chromatography (MEKC) is often applied for the separation of neutral 

compounds.. Similar systems, based on the interaction between surfactant ions or aggregates in the 

BGEE and the analytes have also been used for the separation of polymers with a neutral backbone. 

Becausee the principles and instrumental aspects of CE are well documented by several authors [see 

e.g.. ref. 14-17] this introduction is focused on the application of CE and related electrokinetic 

techniquess to synthetic polymers. 

1.33 Capillary electrophoresis of synthetic polymers: a literatur e overview 

Polyelectrolytes:Polyelectrolytes: determination of size 

Polyelectrolytess are macromolecules with ionisable groups that can dissociate in a suitable solvent 

intoo charged polymer chains (polyions) and small counterions. Linear poly(styrenesulfonates) 

(PSSs)) belong to these polymeric compounds. Small oligomers with a chain length < 8 can be 

separatedd by free solution CZE [18, 19], while PSSs with longer chain lengths all migrate with the 

samee mobility in free solution. Analysis of the latter type of PSS can be performed using a CE 

bufferr containing an entangled-polymer sieving medium. Hydroxyethyl cellulose (HEC) was found 

too be a better polymer additive than poly(aerylamide) with regard to the resolution and migration 

timee of the PSSs [20]. 

Thee presence of HEC additives does not significantly modify the electro-osmotic flow (EOF), 

whichh indicates that the polymeric additives do not interact with the capillary inner surface and that 

viscosityy effects are negligible. However, the authors mentioned that a suppressed EOF resulted in 

betterr separations. To achieve this, capillaries with chemically coated inner walls were applied. 

Withh a reversed polarity of the voltage the polymers migrated towards the detector end of the 

capillaryy with the smaller polyelectrolytes eluting first, due to the effect of the sieving medium. The 

influencee of the HEC concentration in the BGE on the separation of PSSs with different molar 

massess is shown in Figure 1.3. Under optimised conditions separations according to size of PSSs 

withh an average molar mass up to 1200 kDa were achieved within 10 min. 
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Timee (minutes) 

Figuree 1.3 Separation of PSS standards of (1) 1.8. (2) 8, (3) 18, (4) 46, (5) 100, (6) 400, (7) 780 and (8) 1200 

kDaa in BGE solutions containing (A) 0. (B) 1.037. (C) 5.234 and (D) 10.03 gl"1 HEC [20]. 

Suppressionn of the EOF in bare fused-silica capillaries can also be obtained by using a low pH 

BGE.. Since PSSs are dissociated even at low pH a phosphate buffer at pH 2.5 with dextran could be 

usedd as the polymer additive [21]. Dextran was chosen because its viscosity in solution is lower 

thann that of HEC. With this method separations of PSS standards with molar masses in the range of 

1.66 - 354 kDa were achieved. 

Generally,, in CE a better resolution can be obtained when ionic analytes migrate against the EOF. 

Att pH 8 the velocity of the EOF, and with that the velocity of the sieving agent, is higher than the 

electrophoreticc mobility of PSS polyelectrolytes. With a positive electric field, the PSS anions with 

smallerr chain lengths elute first after the migration time of the polymeric network (EOF time) [22 -

24],, A practical advantage of this mode is that variations in operation conditions that affect the 

velocityy of the EOF can be monitored from the electropherograms obtained. 

Severall  research groups studied the sieving behaviour of PSSs in HEC [20, 22] and PEO solutions 

[23,, 24], The concentrations of polymer additives in the BGE solutions applied were above the 

entanglementt threshold, to create polymer networks in the solution. Important characteristics of 

suchh networks are the blob size (mesh size) and the reptation time of the mesh obstacles. Viscosity 

measurementss allow the determination of these characteristics. PSS separations carried out with 

well-characterizedd entangled polymer solutions demonstrated that the optimum operation conditions 
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withh respect to selectivity and analysis time are obtained when the reptation time of the mesh 

obstacless is close to the time it takes the solute to migrate over the distance of a blob size [24]. 

Therefore,, sieving networks from a specific (technical) polymer are most suitable for the separation 

off  a specific, and a relatively narrow molar-mass range of polyelectrolytes. It has been 

demonstratedd that the molar- mass range could be extended by using bimodal mixtures of polymers 

ass additives [25]. 

Thee blob size of the polymer network has a significant influence on the sieving mechanism of 

polyelectrolytes.. With mesh sizes much larger than the radius of gyration of the polyions, the 

polymericc chains take on a rod-like confirmation. The Ogston model describes this sieving 

mechanismm theoretically. Migration according to this model was observed for PSS with a molar 

masss < 88 kDa in HEC solutions with mesh sizes > 90 nm [24]. When the mesh size is smaller than 

thee size of the polyelectrolytes, the polyions move through the network by a reptile-like (head first) 

motion.. This regime is called pure reptation. The electrophoretic mobilities of the polyelectrolytes 

aree then inversely proportional to their molar mass. In this regime the highest mass selectivity can 

bee obtained. However, when a strong electric field is applied the polymers become more stretched 

inn the direction of the field and loss of selectivity occurs. This phenomenon is called reptation with 

orientationn or biased reptation. It was demonstrated experimentally that the sieving mechanism of 

PPSss in entangled polymer solutions was based on a combination of the Ogston and the biased 

reptationn regimes [23]. The pure reptation regime has not been observed in any study. A possible 

explanationn might be that the PPS chains are stiffer than the DNA backbone. 

Ann interesting approach to the study of the separation mechanism of PSSs was by pulsed-field CE 

usingg an entangled HEC matrix [26]. The confirmation of the polyelectrolytes was dependent on the 

frequencyy of the input signal. The most efficient separations were obtained when the polymers 

migratedd in a coiled confirmation. The mobility of the polymers was inversely proportional to their 

degreee of polymerisation. Although it was demonstrated that the pulsed-field technique could be 

usefull  for the characterization of large polyelectrolytes, no other applications on synthetic polymers 

havee been reported. 

Inn principle, other linear flexible polyelectrolytes behave similar in entangled polymer solutions as 

PSSs.. Therefore, charged (water soluble) polymeric compounds with a constant charge density can 

bee separated according to size using entangled-polymer solutions. Other types of polyelectrolytes 

withh anionic functional groups, for which CE methods have been developed, are poly(acrylic acids) 

[27,, 28] and poly(phosphoric acids) [29]. 

13 3 
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CEE is a useful alternative for SEC especially for the size-analysis of cationic polyelectrolytes, since 

suchh compounds often interact strongly with the stationary phase in SEC systems. In CE 

interactionss between the polycations and negatively charged silanol groups at the capillary wall 

mustt also be avoided. With coated capillaries and dextran solutions at pH 2.5 it was possible to 

characterizee poly(2-vinylpyridine) (P2VP) and poly(4-vinylpyridine) (P4VP) [30]. No significant 

adsorptionn of the polymers was observed. Although the chemical architecture of the two types of 

PVPss is very similar, significantly different sieving mechanisms of the polycations were found. 

Therefore,, it was not possible to use a single mass-calibration curve to characterize both types of 

polymers. . 

CEE with polymer matrices not only offers information on the size of polyelectrolytes, it can also be 

usedd to monitor modification processes of polymers, as has been demonstrated for the 

quaternizationn of P2VPs with dimethylsulfate [31]. After a reaction time of 24h higher 

electrophoreticc mobilities and broadened peaks were found for the (derivatized) polymer samples 

Polyelectrolytes:Polyelectrolytes: determination of the charge density 

Ass was shown above, polyelectrolytes above a certain degree of polymerisation with constant 

charge-to-sizee ratio have a constant electrophoretic mobility in free-solution CZE. This opens up the 

possibilityy to determine the charge density of polyelectrolytes by CZE. Gao et al. [32] developed a 

CZEE system to determine the chemical composition distribution (CCD) of random copolymers 

consistingg of the charged monomer 2-acrylamido-2-methyipropanesulfonate (AMPS) and the 

neutrall  monomer acrylamide (AAm). Figure 1.4A shows the relationship between mobilities and 

thee charge density of the copolymers. It was found that the mobility of polymeric compounds with a 

loww AMPS content (< 35%) increased linearly with increasing charge density. For polyelectrolytes 

withh higher charge densities, a significant effect of counter ion condensation on the electrophoretic 

mobilityy was observed. As a result, the mobility of the polymers increased only slightly with 

increasingg charge density. A similar behaviour was found for the electrophoretic mobilities of 

acrylicacid/AAmm copolymers, as was reported by other authors [28]. Both research groups 

mentionedd that the results obtained experimentally were close to the curve theoretically predicted 

byy Manning's theory on counter-ion condensation. 

Figuree 1.4B shows the separation of AMPS-AAm copolymers with different percentages of 

(charged)) AMPS in the backbone. Since the charge densities of the compounds were low, the 

differentt polymer products could be separated. The widths of the peaks will be a result of the 
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Figuree 1.4 (A)) Influence of linear charge density of AMPS-AAm copolymers on their mobility in borax 

bufferr at pH 9. (B) Separations according to charge density of poly(AMPS-AAm)s with (1) 10, 

(2)) 25 and (3) 50% (7W) AMPS. Both pictures were copied from ref. 68. 

chemicall  composition dispersity of the compounds. Determination of the polydispersity can be 

performedd using the (linear part of the) plot as a calibrationn curve. 

Wee have studied the possibility to determine the charge density of carboxylmethylcellulose (CMC) 

byy CE (see Chapter 4). CMC is a water-soluble cellulose derivative with multiple carboxylic acid 

groupss along the cellulose backbone. The degree of substitution (DS) represents the average number 

off  substituted carboxylic groups per glucose unit. Stefansson [33] already demonstrated a separation 

off  (derivatized) CMCs with different DS values by CZE with laser induced fluorescence (LIF) 

detection. . 

Wee have developed a CZE system with UV detection for the analysis of CMCs. [34]. Separations 

weree performed using borax buffer in fused-silica capillaries of 75 urn ID and for detection UV 

absorptionn at 196 nm was measured. For low-DS samples an increase of the mobility with DS was 

found,, while for CMCs with high DS values the effect of counter-ion condensation on the mobility 

wass observed. 

Resultss of experiments with indirect UV detection with two monitoring ions showed that the peak 

widthss reflect the variation in mobility and therefore the DS of CMCs. With a DS-calibration curve 

electropherogramss of a technical samples could be translated into DS-distributions, and the 

DS-polydispersityy could be established. 
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PolymersPolymers with charged end-groups 

Syntheticc polymers with a fixed number of charged end-groups can be characterized by free 

solutionn CZE. In CZE the electrophoretic mobility of these polymers is directly related to the size of 

thee compounds. Several approaches have been used to apply CZE for the analysis of poly(ethylene 

oxide-cr>propylenee oxide) copolymers with amine end-groups, which are termed Jeffamine 

polymers.. In a first study the polymers were partly derivatized with a fluorescence reagent to 

providee detectability [35]. Non-derivatized compounds were not detected; doubly derivatized 

polymerss were neutral and were hence detected as a single peak at the migration time of the EOF. 

Singlyy labelled derivatives were positively charged at pH < 10, and hence migrated in order of their 

charge-to-sizee ratios (Figure 1.5). Best resolution for Jeffamines up to an average molar mass of 

12000 Da was found using a BGE solution of pH 4 with 20% methanol. The main reason for this was 

thee low EOF velocity under these conditions. 

Sincee fluorescence detection is not available in most commercial CE systems, and the method relies 

onn an incomplete derivatisation, an alternative method with indirect UV detection was developed 

forr the characterization of Jeffamine samples [36]. To improve the separation of the individual 

oligomerss a reduced EOF, obtained by dynamic coating of the capillary wall, was applied. Under 

optimizedd conditions, baseline separation of Jeffamine oligomers with average molar masses of up 

too 900 Da was possible. 

Thee system used for the analysis of the Jeffamine samples was also applied for the size-separation 

off  poly(ethylene oxide) diamine oligomers. In this application monoamine by-products could be 

separatedd from the diamine main polymers {Figure 1.6). The electropherogram demonstrates that, in 

principle,, both the MM D and the purity of technical amine polymer samples can be determined with 

thee optimised CZE method. 

Afterr derivatization with phthalic anhydride (PhAH) Jeffamines could be detected by UV 

absorptionn [37], The derivatization yields UV active compounds with a charge of -2. With a buffer 

off  pH 9.3 and bare fused-silica capillaries the derivatives migrated against the EOF with the 

smallestt polymers eluting last. Overlapping sets of peaks were observed in the electropherograms, 

duee to the occurrence of variable ratios of the monomers in the polymer chains, which caused some 

difficultiess in the determination of the MMD of the copolymer samples. 

CZEE has been applied to characterize dendrimers of poly(amidoamine) with a core of ammonia [38] 

orr ethylenediamine [39]. In phosphate buffers at low pH the amino end-groups of these branched 

polymerss were protonated and the positively charged polymers migrated towards the UV detector at 
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Figuree 1.5 First published oligomer separation of the Jeffamine ED 600 series after derivatization with a 

fluorescencee reagent [35]. 
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Figuree 1.6 Electropherogram of diamine oligomers of poly(ethylene oxide) separated from monoamine by-

productss [36]. 
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thee cationic end. Low generation dendrimers (< 6) could be separated from each other, whereas 

high-MMM compounds had similar effective charges and therefore migrated with the same mobility. 

Itt seems that for the separation of these compounds a sieving media is required. However, both CE 

systemssystems were originally developed to provide information on the homogeneity of synthesized 

productss and the presence of by-products formed by side reactions. It was found that all technical 

productss contained the compounds of the previous generation and side products as impurities. 

Polycarboxybetainess are composed of zwitterionic monomelic units. In CZE in an acidic medium 

theyy migrate as cationic compounds. A number of studies have been devoted to the CZE separation 

off  polycarboxybetaines [30, 40, 41]. Information on the chemical structure and pH behaviour of 

technicall  products could be obtained by performing separations at different pH values [41]. 

Poly(Iacticc acid) (PLA) is a polymer with a neutral backbone bearing negatively charged end-

groups.. PLA oligomers with chain lengths up to 7 monomeric units were baseline separated using 

CZEE in the conventional mode [42]. Separations could be performed with shorter run times in the 

reversedd EOF mode using capillaries modified with polycations [43, 44]. The systems were 

primarilyy used to monitor the kinetics of hydrolysis of the oligomers in biological samples, but also 

too investigate the coupling reaction between PLA and mono-amino Jeffamine oligomers [45]. 

Water-solubleWater-soluble neutral polymers 

Fattyy alcohol ethoxylates (FAEs) are neutral low-MM copolymers, which are often used in laundry 

detergents,, cleaning agents, cosmetics and herbicides. After conversion of the hydroxyl end-groups 

withh PhAH to provide for charge and UV detectability, FAEs can be determined in commercial 

productss and wastewater disposals by CZE, as has been described by Heinig et al. [46]. The singly 

chargedd polymer derivatives migrated against the EOF. Both the length of the alkyl chains and the 

numberr of ethylene oxide (EO) monomers vary in FAE chains, hence samples of this type of 

surfactantss are complex. The authors compared CZE and high-performance liquid chromatography 

(HPLC)) for the analysis of technical FAEs (Figure 1.7). The CZE electropherograms showed a 

strongg overlap of two sets of peaks of polymers with equal alkyl groups but different number of EO 

monomers.. The CZE method was in particular valuable for fast and efficient fingerprinting of the 

FAEs.. With LC both the alkyl and EO homologues could be separated. The alkyl homologues were 

elutedd according to chain lengths, while the elution order of the EO homologues in LC 

correspondedd to the migration order in CE. 
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Figuree 1.7 Analyses of FAEs performed with (A) CZE and (B) LC [46]. 

Polyethylenee glycols (PEGs) are an important class of water-soluble synthetic polymers. For CE 

analysiss of PEGs derivatization of the hydroxyl end-groups is required. Bullock [36] showed CZE 

separationss of PEGs after derivatization with PhAH. With a reduced EOF separations of the (doubly 

charged)) PEG derivatives into individual oligomer peaks were possible up to a molar mass of 3500 

Daa (Figure 1.8). Similar separations were obtained using a buffer to which a high content of 

methanoll  was added to reduce the EOF [47]. With neutral coated capillaries (suppressed EOF) and 

aa reversed polarity of the electric field it was expected to improve the resolution of PEG derivatives 

[37].. However, the separations were not significantly better than those obtained using fused-silica 

capillariess and BGE solutions containing organic solvents for EOF suppression. 

Excellentt resolution of high-MM PEGs (> 3000 Da) as phthalate derivatives was demonstrated 

usingg CGE [48]. The migration time of the derivatives depended on the EOF, the charge-to-size 

ratioo of the compounds and sieving by the network. Therefore, the polymers with the shortest chains 

elutedd first after the EOF. A linear relationship between the molar mass of the oligomers and the 

migrationn time was found, which can be used as mass-calibration curve to determine the MM D of 

thee compounds. The major disadvantage of this method was long the run time. The oligomeric 

separationn of a PEG 4600 sample took more than 1.5h (see Figure 1.9). More efficient separations 

withh shorter analysis time of a PEG sample with a similar MM D were obtained using 
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Figuree 1.8 Free solution CZE separation of PEGs derivatized with PhAH (n represents the degree of 

polymerisation)) [36]. 
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Figuree 1.9 Separation of a blend of PEG 1000, 3350 and 4600 as phthalate derivatives by CGE [48]. 
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1,2,4-- benzenetricarboxylic anhydride (BTA) as derivatization reagent [49]. The derivatization 

reactionn with BTA yields polymer derivatives with a charge of -4. This CE system was used to 

determinee PEG by-products in samples of ethoxylated surfactants. 

Ann interesting approach of CZE separations of PEGs was described by Vreeland et al. [50]. To one 

endd group of the PEGs a monodisperse, fluorescently labelled DNA molecule was attached. Since 

thee DNA strands have an identical effective charges they tend to migrate with the same 

electrophoreticc mobility, and a separation can be obtained due to differences in molecular friction of 

thee DNA-PEG conjugates of different PEG oligomers. This new mode of CE has been called free-

solutionn conjugate electrophoresis (FSCE). Results obtained on the separation of a PEG 5000 

samplee demonstrate that the friction coefficient of the conjugates increased linearly with increasing 

degreee of polymerisation of the PEGs. The method allows determination of the average molar mass 

andd polydispersity of the polymers. Values for Mw and Mn were in good agreement with results 

obtainedd by MALDI-TOF-MS experiments. Recently, a paper was published on the analysis of 

polypeptoidss using FSCE [51]. 

Triton-XX series polymers (alkylphenol polyethoxylates) are non-ionic water-soluble polymer 

surfactants.. The presence of the alkylphenol group makes the macromolecules more hydrophobic 

thann for instance FAEs. Separation of this kind of polymers can be performed by micellar 

electrokineticc chromatography (MEKC) [36, 52 - 55]. Separations of neutral analytes by MEKC are 

basedd on the differential distribution between the aqueous buffer and the migrating micellar pseudo-

stationaryy phase. The hydrophobic alkylphenol part of the compounds strongly associated with 

sodiumm dodecylsulfate (SDS) micelles in aqueous solutions. Therefore, the polymeric compounds 

wil ll  elute as a single peak at the migration time of the micelles. It was necessary to add a high 

concentrationn of organic solvent to the buffer solution to brake down the micelle structure. It was 

demonstratedd that smaller aggregates of the SDS surfactant still associated with the hydrophobic 

analytes.. This separation mechanism has been described as solvophobic association [56]. The 

migrationn time of the Triton CF compounds increased with decreasing length of the ethoxylate 

chainn (Figure 1.10). This indicates that the homologues with less ethylene oxide units interact more 

stronglyy with SDS than the (more polar) highly ethoxylated polymers [52]. 

Triton-XX polymers can also be separated by MEKC in pure aqueous buffer solutions using bile salts 

suchh as sodium cholate (SC) and sodium deoxycholate (SDC) as surfactants [55]. Small amounts of 

organicc solvents in the BGE were required to improve the stability of the UV-baseline. Good 

resolutionn between Triton-X homologues was obtained. 
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Figuree 1.10 Electropherogram of a Triton CF-10 sample obtained with a BGE of 10 mM phosphate buffer 

pHH 6.8. 70 mM SDS and 35% (7„) acetonitrile [52]. 

Wee have used the MEKC principle for the characterization of water-soluble PEGs and the less polar 

poly(propylenee glycols) (PPGs) [47]. Prior to the separation both types of polymer compounds were 

convertedd into hydrophobic UV-active derivatives with phenyl isocyanate. Background-electrolyte 

solutionss contained borax, SDS as surfactant, and high contents of organic solvent, such as 

methanol,, acetonitrile or tetrahydrofuran (THF). It was found that only the hydrophobic phenyl 

isocyanatee group of PEG derivatives interacted with the SDS aggregates, while the length of the 

PEGG chain determined the frictional force. As a result the separation order of PEG-derivatives in a 

MEKCC system was similar to that observed with free zone CZE. 

LinearLinear PPG-derivatives behaved completely different in an SDS buffer solution. It appeared that 

bothh the phenyl isocyanate end-group and the PPG chain contribute to the distribution between the 

micellar-- and aqueous phase. Because of the different behaviour of PEG- and PPG derivatives in a 

SDSS solution, it was possible to separate a mixture of the two types of polymers with similar 

MMDs. . 

Copolymerss with different CCDs are expected to show different migration times in an MEKC 

system.. This was shown by the group of Cifuentes [57, 58] who applied MEKC to study the 

synthesiss of random copolymers of 2-hydroxyethyl methacrylate (HEMA) and vinylpyrrolidone 

(VP).. As is shown in Figure 1.11, electropherograms obtained of copolymers of HEMA and VP 
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Timee (minutes) 

Figuree 1.11 Electropherograms of copolymers rich in HEMA (1) or VP (2) at different reaction times [57]. 

showedd two polymer products, one rich in HEMA and others rich in VP, depending on the reaction 

timee [57]. The size dependence of the interaction of the copolymers with SDS ions was negligible 

whenn using a background electrolyte consisting of 50% (7V) methanol in 50 mM borate buffer at 

pHH 9.5 with 35 mM SDS. 

MEKCC separations of copolymers with ionic and neutral monomers give complex patterns because 

thee interactions between the copolymers and the SDS ions will depend on both the hydrophobicity 

andd charge distribution of the polymer chains. A MEKC system has been developed to monitor the 

copolymerisationn reaction of 2-acrylamido-2-methylpropanesulfonic acid (AMPS) and 

2-hydroxyethyll  methacrylate (HEMA) or /V.N-dimethylacrylamide (DMAA) . The method allowed 

fingerprintingg of intermediate and final copolymer products synthesized under different conditions. 

Wee have developed a CE system with an SDS containing buffer to separate tri-functional glycerin-

basedd polyols from mono- and di-functional by-products [59]. Prior to the injection the hydroxy 

end-groupss of the polyols and impurities were converted with PhAH. It was found that the 

interactionn of the charged polymers and SDS ions increased with the MM and the amount of 

propylenee oxide in the backbone of the molecules. Under optimum separation conditions the 

quantitiess of impurities in technical polyols could be determined accurately. 
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Non-aqueousNon-aqueous CE for hydrophobic polymers 

Sincee most synthetic polymers are hydrophobic and soluble only in organic solvents, it may be 

concludedd that aqueous CE systems are not often suited for their characterization. In many cases 

syntheticc polymers can be easily analysed by SEC with organic solvents. Using non-aqueous CE for 

syntheticc polymers is an option when analyses with conventional SEC systems are complicated or 

whenn highly efficient separations are required. 

Soo far, a limited number of CE methods to analyse water-insoluble polymers have been described 

withh organic solvents for the BGE solution. Since LC and GC methods for long chain surfactants, 

suchh as alkanesulfonates and fatty acids, are usually laborious and require derivatization procedures, 

non-aqueouss CE methods were developed for the characterization of these types of low-MM 

polymerss [60, 61]. To increase the surfactant solubility and separation selectivity specific solvent 

mixturess were used in these applications. The authors demonstrated certain advantages of non-

aqueouss CE over aqueous systems, such as the possibility to adjust the mobilities by changing the 

organicc solvent mixtures and by exploiting specific interactions between analytes and additives that 

didd not occur in aqueous solutions. 

Inn a paper of Mengerink et al. [62] it was shown that a CZE system is an efficient alternative for the 

determinationn of oligomers of nylon-6 (polyamide-6). As polyamides are not soluble in water or in 

commonn organic solvents, the use of a high content of 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) in 

thee BGE solution was necessary. At low pH (with phosphoric acid in the BGE) the linear polymers 

bearr a positive charge on the amino end-group and migrate according to size. 

Becausee SEC and MALDI-TOF-MS failed to characterize metallo Mv(terpyridine) diblock 

polymers,, we have developed a non-aqueous CE system to determinate the MMD of this type of 

hydrophobicc polymers [63]. With deactivated capillaries and barium perchlorate in 

N-methylformamidee (NMF) as BGE it was possible to separate the macromolecules according to 

size.. The analytical system could also be used to determine the presence of by-products with higher 

mobilitiess (charge-to-size ratios). With several technical samples mono complexes were observed as 

degradationn products. 

Researchh on the application of non-aqueous CZE to separate hydrophobic oligomers has been 

performedd by Cottet et al. [64]. In his work cationic oligomers of A^-phenylaniline with a chain 

lengthh of 2, 4, 6 and 8 were used as model compounds. As in the applications described above, the 
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solubilityy of the oligomers was the main limiting factor in the choice of the solvents. Mixtures of 

methanoll  with non-polar organic solvents such as THF, chloroform, dichloromethane and 

1,4-dioxanee were tested as potential candidates for the electrokinetic system. Moreover, the effect 

off  the ionic strength, injection time, electric field, and temperature on the resolution of the 

polymericc compounds was investigated. Under optimised conditions baseline resolution between 

thee low-MM oligomers could be obtained. 

Thee use of specific interactions between neutral polymers and charged surfactants in organic 

solventss to generate electrophoretic migration of the macromolecules through a sieving medium has 

beenn studied recently [65]. It was found that neutral polystyrene and poly(methylmethacrylate) 

(PMMA)) show electromigration in /V.jV-dimethylformamide (DMF) containing the surfactant 

stearyltributylphosphoniumm bromide (STBPB). Gels of high-MM polyethylene oxide were used as 

sievingg matrix. The authors pointed out that the high-MM polymeric compounds eluted first 

followedd by lower molar masses. However, the results experimentally obtained to determine the 

elutionn order of polystyrene standards of 50 and 2.3 kDa showed an opposite migration behaviour. 

Thiss agreed with sieving behaviour under aqueous conditions. Run times were about 60 min. 

Nevertheless,, this research is an attractive development towards applying electrokinetic separations 

forr hydrophobic synthetic polymers. 

Anotherr efficient way to separate neutral macromolecules is by size-exclusion 

electrochromatographyy (SEEC). In this mode, a strong EOF is generated that drives the polymer 

compoundss through a capillary column typically packed with porous silica particles. Only a few 

researcherss have investigated the possibility of SEEC for the separation of synthetic polymers [66 -

68].. Polystyrene standards were used as model polymers in most studies. The main advantage of 

SEECC is the possibility to obtain highly efficient separations of polymer molecules according to 

size.. Plate numbers for monodisperse samples with electro-driven systems can be five times higher 

thann with conventional SEC systems. 

Ass most CE systems are equipped with a UV detector, direct and indirect photometric detection is 

usedd in the majority of electrokinetic separations of synthetic polymers. With this type of detection 

specificc information on the chemical structure of polymer products and by-products cannot be 

obtained.. Recently, the potential of non-aqueous CE in combination with electrospray ion trap MS 

wass investigated for monitoring the production process of poly(NE-trifluoroacetyl-L-lysine) 
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{poly(TFA-Lys)}}  [69]. With this system the degree of polymerisation of the separated oligomers 

couldd be directly determined from the MS spectra. Also interesting was the information on the 

chemicall  structure of "dead" polymers and other impurities that could be obtained from MS-MS 

experiments.. Detection limits for the polymers were of the same order as typically obtained with 

UVV detection. Figure 1.12 shows a typical separation of poly(TFA-Lys) performed by non-aqueous 

CEE in combination with MS. 

Livingg polymers 
ss EOF 

4 4 

_ J LA A %JUXA A 
Deadd polymers 

Figuree 1.12 Non-aqueous CE-MS analyses for monitoring the polymerisation process of poly(TFA-Lys) [69]. 

1.44 Scope of this thesis 

Evenn polymer-analysis is dominated by liquid chromatographic techniques such as interactive 

liquidd chromatography and size-exclusion chromatography capillary electrophoresis (CE) can be 

usefull  alternative for the characterization of synthetic polymers. The scope of this thesis is to 

demonstratee the potential of CE for the separation of water-soluble as well as more hydrophobic 

syntheticc polymers. The ability to obtain detailed information on characteristics of macromolecules 

includingg their sizes, number of end-groups and charge densities is examined. A primary focus of 

thee research is the understanding of the mechanism of the electrokinetic separations and detection of 

thee synthetic polymers. 

Inn Chapter 2, applications of capillary zone electrophoresis (CZE) and micellar electrokinetic 

chromatographyy (MEKC) to the determination of the size of linear PEGs and PPGs are investigated. 

Itt is demonstrated that with a simple CZE system both types of polymeric compounds were 

separatedd based on the number of monomers in the polymer chains. In the free solution mode PEGs 

andd PPGs with comparable chain lengths migrated by approximately similar electrophoretic 

mobilities.. With MEKC different separation mechanisms for PEG- and PPG derivatives were 

found.. Therefore, the method can be used to separate a blend of both polymers with a similar molar 

mass. . 
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Thee output of the research on PEGs and PPGs is the starting point for the investigation of the 

potentiall  of CE for the characterisation of glycerin-based polyols described in Chapter 3. The CZE 

methodd optimised for the characterization of EO-PO copolymers is also useful for the determination 

off  the size of technical glycerin-based polyols. The key target of the study was the development of 

ann analytical method for the determination of by-products in technical polyol samples. Research on 

thee interaction distribution of PEGs, PPGs and copolymers with SDS surfactants in the buffer 

allowedd to apply CE conditions so that the glycerin-based polyols and by-products were separated 

basedd on the number of end-groups. The optimised method is validated and quantities of by-

productss in technical sample are determined. 

Inn Chapter 4 the use CE for the determination of the charge density of high molar mass CMC is 

examined.. With an aqueous buffer CMC samples with different average charge densities were 

separated.. Additional CZE experiments were performed to study the origin of the peaks and the 

influencee of the size of the CMCs in the electrophoretic separations. It can be concluded that CZE 

providee detailed information on the average charge density and its dispersity of CMCs. 

Chapterr 5 describes a non-aqueous CE method optimised for the separation of metallo 

bi.s(terpyridine)) diblock polymers to obtain information on the sizes and purity of the technical 

samples.. Aspects of the type of background electrolyte, organic solvent and capillaries on the 

separationn of the metallo containing polymers are studied. It is demonstrated that CZE is a useful 

tooll  for the characterization of the hydrophobic and charged polymers, while other separation 

techniquess failed. 

Inn Chapter 6, the potential of contactless conductivity detection (CCD) for monitoring the elution of 

macromoleculess by a size-exclusion electrokinetic chromatography (SEEC) is investigated. 

Instrumentall  aspects, such as sensitivity, repeatability and robustness for the detection of 

polystyrenee are tested. The origin of the CCD signal of polystyrene is investigated. The results 

indicatedd that the viscosity of the sample zone was not the basis for conductivity detection of 

neutrall  polymers. 

NoteNote on the text 

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

journalss and can be read independently. Consequently, some overlap may occur. 
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Chapterr  2 

Characterizationn of polyethylene glycols and polypropylene glycols by capillary 

zonee electrophoresis and micellar  electrokinetic chromatography 

Publishedd in Journal of Chromatography A 985 (2003) 479-491. 

Abstract t 

Methodss based on capillary zone electrophoresis (CZE) and micellar electrokinetic chromatography 

(MEKC)) have been developed and optimised for the separation of polyethylene glycols (PEGs) and 

polypropylenee glycols (PPGs). 

Too provide for charge and detectability, both types of polymeric compounds were derivatized with 

phthalicc anhydride (PhAH) or 1,2,4-benzenetricarboxylic anhydride (BTA) before the separation. 

Derivatizationn with BTA yielded more complex electropherograms, due to the occurrence of 

differentt isomeric reaction products for every PEG or PPG species. 

Electrophoreticc mobilities of the PhAH derivatives were related to the number of monomer units in 

thee polymers in a straightforward way. The CZE method could also be used to determine the 

degree-of-polymerisationn distribution of random and block PEG-PPG copolymers. 

Forr analysis by MEKC the PEGs and PPGs were derivatized with phenyl isocyanate. Oligomers of 

PEGss could be separated up to molar masses of 5000 Da, while for the more hydrophobic PPGs 

oligomericc separation was only accomplished for masses of up to 1500 Da. Due to a strongly 

differentt separation mechanism for the PEG and PPG derivatives in the MEKC system, a complete 

groupp separation of the two types of polymer molecules could be obtained. 
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Introductio n n 

Linearr polyethylene glycols (PEGs) and the more hydrophobic polypropylene glycols (PPGs) are 

importantt classes of synthetic polymers. PEGs are non-toxic water-soluble compounds that are 

widelyy employed as intermediates for the manufacturing of non-ionic surfactants and as additives in 

pharmaceuticall  ointments, cosmetic creams and lotions. PPGs can be applied as plasticizers or 

lubricants.. However, their main use is as intermediates in the production of polyurethane [1]. 

Characterizationn of PEGs and PPGs is an important issue in controlling manufacturing processes 

andd for the identification of additives in commercial products. Characteristics to be determined are 

thee chemical (monomer) composition of the polymeric compounds, end-group functionalities, the 

averagee molar mass (MM) and the molar-mass distribution (MMD). Detailed information on the 

chemicall  structure and end-groups of PEG and PPG (co-)polymers can be obtained by normal-

phasee or reversed-phase high-performance liquid chromatography [2], by supercritical-fluid 

chromatographyy [3] or by matrix-assisted laser-desorption/ionisation time-of-flight mass 

spectrometryy (MALDI-TOF-MS) [4]. By MALDI-TOF-MS the molar mass for each species of 

polydispersee samples of PEGs or PPGs can be obtained exactly. However, for MMD determinations 

MALDI-TOF-M SS is less suited, since at a relative high polydispersity errors can occur in 

quantificationn due to different sensitivities for shorter and longer polymer chains. For the 

characterizationn of the MMD of PEGs and PPGs size-exclusion chromatography (SEC) is by far the 

mostt commonly applied technique, often combined with viscosity and/or light-scattering detection 

techniquess [5J. 

Capillaryy zone electrophoresis (CZE) has demonstrated its value as a rapid, high-efficiency tool for 

thee analysis of a variety of compounds, including inorganic ions, small molecules and 

(bio)macromoleculess [6]. It has been shown that the CZE principle is relevant for the determination 

off  the MMD of synthetic polymers [7, 8]. Both Bullock [9] and Vanhoenacker et al. [10] 

demonstratedd CZE analyses of PEGs after their derivatization with phthalic anhydride (PhAH). At a 

pHH of 9, the doubly derivatized PEGs have a charge of -2 and migrate against the electro-osmotic 

floww (EOF), with the largest polymeric compounds eluting first. PEG samples could be separated 

intoo their individual oligomers up to a molar mass of 3000 Da [9]. 

Itt was possible to separate higher MM PEGs by using a sieving matrix. Wallingford [11] reported 

capillaryy gel electrophoresis (CGE) of PEGs with molar masses of up to 5000 Da. The end groups 

off  the PEGs were also derivatized with PhAH. The main disadvantage of this system was the long 
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analysiss time; more than 1.5 h were needed for the separation of a sample of PEG 4600. Higher 

electrophoreticc mobilities and an improved efficiency were reported by Barry et al. [12], who used 

1,2,4-benzenetricarboxylicc anhydride (BTA) as a derivatization reagent. PEG derivatives with a 

chargee of-4 were separated into their individual oligomers also up to molar masses of 5000 Da, but 

withh shorter analysis times than the earlier mentioned CGE method. 

Recently,, CZE separations of PEGs after derivatization with monodisperse DNA strands have been 

shownn [13]. In this mode, the charged DNA polymer is thought of as an 'electrophoretic engine' 

andd the PEG chains coupled to them are regarded as an 'electrophoretic parachute'. The report 

showedd oligomeric resolution for PEGs with molar masses up to 5000 Da. 

Thee separation of neutral (polymeric) compounds can be achieved by micellar electrokinetic 

chromatographyy (MEKC). High concentrations of organic solvents in the buffer, often necessary for 

thee solubility of the compounds, cause break down of the micelle structures. However, it has been 

demonstratedd that smaller aggregates of the surfactants are still present in solution, which still 

resultss in interaction between analytes and the surfactants [14]. Jorgenson and Walbroehl [15] have 

describedd this mechanism as solvophobic association. Efficient MEKC separations of alkylphenol 

polyethoxylar.es,, based on this solvophobic-association mechanism, have been described [9, 16-19]. 

Thee reports show baseline separations of the compounds based on differences in the chain length of 

thee PEG side-chain. 

Inn the work reported here, fast and simple CZE and MEKC systems for the characterization of 

linearr PEGs and PPGs are described and compared. Prior to CZE separation the hydroxyl end-

groupss were converted by reaction with PhAH or BTA and prior to MEKC separation a 

derivatizationn was carried out by reaction with phenyl isocyanate. CZE and MEKC separation 

mechanismss for the derivatized PEGs and PPGs are discussed and the quantitative accuracy of these 

twoo forms of electrophoresis is studied by comparing the results with MALDI-TOF-MS 

measurements. . 
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Experimental l 

Chemicals Chemicals 

Sampless of PEG 200, 400, 1000, 1500 and 4000 were obtained from Merck (Darmstadt, Germany). 

PEGG 600, 2000, PPG 2000 and block copolymers of ethylene oxide (EO) and propylene oxide (PO) 

camee from Aldrich (Steinheim, Germany). PPG 400 and 1000 samples and a narrow PEG 600 

standardd were obtained from Polysciences (Eppelheim, Germany). The internal standard, penta-

ethylenee glycol (Es), was obtained from Fluka (Buchs, Switzerland) and the PPG internal standard 

1,2-propanedioll  came from Merck. 

Phthalicc anhydride (PhAH) (British Drughouse), 1,2,4-benzenetricarboxylic anhydride (BTA) 

(Aldrich)) and phenyl isocyanate (Acros) were all used as derivatization reagents. Borate buffers 

weree prepared by dissolving disodium tetraborate-decahydrate (Merck) in sub-boiled demi-water. 

Al ll  other chemicals used were of analytical grade quality. 

Apparatus Apparatus 

Experimentss were performed using a Prince CE injection system (Prince Technologies, Emmen, 

Thee Netherlands) in combination with a variable-wavelength UV detector (Linear UVIS 200, 

Linearr Instruments, Reno, USA). Detection of the PhAH and BTA derivatives was performed at 

2200 nm, while the phenyl isocyanate derivatives were detected at 235 ran. 

Fused-silicaa capillaries, obtained from Composite Metal Services (The Chase, UK), of 50 urn I.D. 

withh a total length of 58 cm and a detection window at 44 cm were used. New capillaries were 

flushedd with 0.1 M HC1, 0.1 M NaOH and water for 5, 15 and 3 minutes, respectively. Before each 

seriess of experiments, the capillary was rinsed with 0.1 M NaOH, water and finally with the buffer 

solution.. All samples were injected by a pressure of 20 mbar for 6 seconds. Voltages of 10 - 25 kV 

weree applied. Separations were performed at ambient temperature. Data handling was carried out 

withh WinPrince control software (Prince Technologies) and Dax data-acquisition and analysis 

softwaree (Van Mierlo Software Consultancy, Eindhoven, The Netherlands). 

Thee MALDI-TOF-MS instrument was a Bruker model Biflex (Bremen, Germany). The instrument 

wass equipped with a 337-nm UV laser and a high-resolution microchannel plate (MCP) detector in 

thee reflection mode. Polymers (1 g l"1) and the matrix ditranol (40 g l']) were dissolved in THF and 

mixedd in a ratio of 1:4 (7V) before deposition. No salt was added and the dry-droplet method was 

usedd for deposition. 
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Figuree 2.1 Scheme of the derivatization reactions with (a) PhAH, (b) BTA and (c) phenyl isocyanate. 

DerivatizationDerivatization methods 

Schemess of the derivatization reactions are shown in Figure 2.1. The applied reaction conditions, 

basedd on previously published research [9-12, 20, 21], are described in Table 2.1. Amounts of 0.1 to 

0.22 g of polymer samples were dissolved in 1 ml of solvent and a 5-fold excess of derivatization 

reagentt and the catalyst were added. In this work the catalyst dibutyltindilaurate was added to 

increasee the reaction rate of between phenyl isocyanate and the hydroxyl groups of the polymers 

andd to increase the number of doubly derivatized polymers. After homogenisation, the solutions 

weree placed in an oven at a temperature and for a period of time as given in Table 2.1. The 

derivatizedd samples were left to cool to room temperature and diluted 20 to 100 times with 

acetonitrilee before injection. 

Tablee 2.1 Derivatizationn conditions. 

Solvent t 

Reagent t 

Catalyst t 

Temperature e 

Time e 

CZEE (PhAH) 

pyridine e 

PhAH H 

imidazolee (0.3 M) 

95°C C 

16h h 

CZE(BTA) ) 

THF F 

BTA A 

--

95°C C 

16h h 

MEKC C 

acetonitrile e 

Phenyll  isoyanate 

'DBTDL(10"5M) ) 

55°C C 

2h h 
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SampleSample preparation 

AA 1 ml aliquot of a cosmetic solution (face lotion) was dried in a GC oven at 105°C for 16 h. The 

driedd residue was dissolved in 1 ml of acetonitrile. Derivatization by phenyl isocyanate was 

performedd as described above. For identification of the peaks the internal standard penta-ethylene 

glycoll  (E.s) was added to the sample. 

Resultss and discussion 

CZECZE o/PEGs and PPGs derivatized with PhAH 

Itt appeared that for an optimal CZE separation of the PhAH-derivatized polymeric compounds, 

reductionn of the EOF was necessary. The EOF can be reduced most conveniently by adding organic 

solventss to the separation buffer. Figure 2.2 shows the separation of a derivatized PEG 600 sample 

withh 309f (7V) acetonitrile, methanol or THF added to a borate buffer (25 mM disodium 

tetraborate).. The EOF mobility was reduced to 36, 24 and 20 x 10"9 m2 V"1 s~', respectively. 

Completee oligomeric baseline separation was achieved with all systems and no significant 

differencess were apparent in peak shapes and in selectivities. Plate numbers were in the order of 

250.000.. Resolution values of the PEG oligomers with degree of polymerisation of 20 and 21 

monomerss are shown below the electropherograms. With the 30% (7V) acetonitrile separation 

buffer,, complete oligomeric baseline separation of PEGs with chain lengths of up to 35 monomers 

(~~ 1500 Da) was achieved in 12 min. Previously published separations of PEGs of similar MM 

showedd longer analysis times with more complicated buffer compositions [9. 111. 

AA further reduction of the EOF velocity, by using methanol or THF as organic modifier, improved 

thee resolution between higher oligomers, at the expense of a longer analysis time. With 509c (7V) 

methanoll  an oligomeric characterization of PEGs with molar masses of up to 4000 Da was possible. 

Ann electropherogram of the separation of a PEG 2000 sample in such a buffer is shown in Figure 

2.3.. This work shows that PEGs with average MM of up to 4000 Da could be characterized within a 

shortt analysis times using simple buffers. However, for the characterization of PEGs with still 

higherr molar masses the use of sieving matrices has been suggested 111, 12]. 
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Figuree 2.2 
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CZEE separation of PhAH-derivatized PEG 600 with a borate buffer containing 30% (7V) of 

(a)) THF at 30 kV, (b) methanol at 30 kV or (c) acetonitrile at 25 kV. The resolution values for the 

peakss with monomer numbers 20 and 21 are indicated in the figure. 
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Figuree 2.3 CZE separation of PhAH-derivatized PEG 2000 with a borate buffer containing 50% (7V) of 

methanoll  at 25 kV. 
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Sincee the electrophoretic mobility of (end-labelled) charged compounds in CZE is proportional to 

theirr charge-to-friction ratio, and since all PhAH-derivatized polyethers have the same charge (-2), 

thee reciprocal of the electrophoretic mobility (l/uep) is expected to mainly reflect the effective size 

off  the derivatized polymers. A plot of the reciprocal of the mobility versus the degree of 

polymerisationn for PEGs is shown in Figure 2.4. It was found that the inverse mobility increased 

almostt perfectly linearly with the chain lengths of the polymers. Similar results have been reported 

forr the free-solution electrophoretic separation of PEG-DNA conjugates [13], DNA-protein 

complexess [22, 23], oligosaccharides [24] and fatty acids [25]. The linear and highly repeatable 

behaviourr made it possible to apply a one-point calibration, with penta-ethylene glycol (E5) as 

calibrate,, for an unambiguous determination of the number of monomeric units for a specific peak. 
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0 0 

"11 0.6 -

0.44 -

0.22 -

00 -

 * 0

.->

—11 1 1 1 1 1 1 

100 15 20 25 
Degreee of polymerisation 

30 0 35 5 

Figuree 2.4 Plots of the reciprocal of the electrophoretic mobilities of PhAH-derivatized PEGs (o) and 

PPGss ) as a function of the degree of polymerisation. 

Thee buffer composition used for the separation of low-MM PEGs (30% (7V) acetonitrile in 

255 mM borax) was also used for the separation of the more hydrophobic PPGs, of which both 

hydroxyll  end-groups were also converted with PhAH prior to the separation. The electrophoretic 

mobilities,, peak shapes and resolution of the PPGs were similar to those of PEGs with similar molar 

mass.. A plot of the inverse electrophoretic mobility versus the degree of polymerisation for the 

investigatedd PPGs is also depicted in Figure 2.4. 1,2-Propanediol was used as a calibration point for 

thee determination of the monomer number of the PPG peaks. It is shown that in this particular 
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bufferr system, the low-MM PPGs are slightly more bulky than the corresponding PEGs (with the 

samee chain lengths). At higher molar mass values the plot of reciprocal of the electrophoretic 

mobilityy against the degree of polymerisation for the PPGs is slightly curved. This may be the result 

off  intramolecular interactions within longer PPG chains that may reduce their effective size in 

solution. . 

Thee separation of a mixture of PEGs and PPGs with similar chain lengths by CZE is not possible; 

thee two polymeric compounds yield two overlapping sets of peaks (Figure 2.5). The observed 

differencee in effective size of derivatized PEGs and PPGs depends on the composition of the 

separationn buffer. 

11 -
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'II  06 " 
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Figuree 2.5 CZE electropherogram of a mixture of PhAH-derivatized PEG 1000 and PPG 1000. Borate buffer 

containedd 30% (7V) of methanol at a voltage of 25 kV. 

Inn contrast to the findings using a 30% (7V) acetonitrile solution (as in Figure 2.4), in a buffer 

containingg 50% (7V) acetonitrile the mobilities of PEGs and PPGs with the same number of 

monomerss are approximately equal. This gives the opportunity to determine the chain length 

distributionn of PEG-PPG copolymers with hardly any influence of the EO/PO composition. Figure 

2.66 shows the monomer number distribution, as constructed from the measured electropherogram of 

aa PEG-PPG block copolymer with a nominal MM of 1100 and an average EO content of 10%. 

Despitee the inherent variation in the number of EO and PO monomers in the individual chains, 

well-definedd peaks are obtained for oligomer numbers exceeding 30. For this particular sample an 

EOF F 
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Degreee of polymerisation 
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Figuree 2.6 Degree-of-polymerisation distribution of a PEG-PPG block copolymer (10% EO) as obtained from 

aa CZE separation, with a borate buffer containing 50% (7„) acetonitrile. 

averagee chain length of 19, a most probable chain length of 21 and a polydispersity (Mw/Mn) of 

1.033 were found. Also, for a random PEG-PPG copolymer (nominal MM 2500, 75% EO) individual 

peakss could be discerned up to a polymerisation degree of 50. 

CZECZE of PEGs derivatized with BTA 

Itt has been argued that an increase in charge of the polymer species to be separated may result in an 

improvedd efficiency [12] and may allow for an oligomeric separation up to longer polymer chain 

lengths.. Derivatization of PEGs with BTA results in derivatives with a charge of -4 (see Figure 2.1). 

Figuree 2.7 shows the CZE separation of a PEG 600 sample derivatized with BTA, which was 

carriedd out in a borate buffer containing 30% (7V) THF. 

Sincee the hydroxyl groups of the PEGs can bind either at the meta- or the para-carboxy group of 

BTAA (relative to the third carboxylic acid group on the BTA molecule), two-sided derivatization of 

PEGG oligomers with BTA resulted in three isomeric peaks for every monomer number. The 

derivatizationn was (deliberately) incomplete. The electropherogram shows that for the single-sided 

derivativess two isomers were formed. Formation of isomers was not reported by Barry et al. [12], 
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Figuree 2.7 

300 40 50 
Timee (minutes) 

CZEE electropherogram of PEG 600 sample (incompletely) derivatized with BTA. Borate buffer 

containedd 30% (7V) THF at a voltage of 25 kV. 

althoughh in their CGE electropherogram of a sample of octylphenol ethoxylate some peak splitting 

cann be observed. Because of the increased complexity of the electropherograms, we found that the 

derivatizationn with BTA was of no improvement compared with the PhAH method. 

MEKCMEKC ofPEGs and PPGs 

Inn a mixed sample PEGs and PPGs of equal molar mass cannot be identified separately by CZE. 

Sincee PEGs and PPGs differ in their polarity, separation of these two compounds can be based on 

thiss property. It has been reported previously that different alkylphenol polyethoxylates (PEG 

surfactants)) were separated by interaction with sodium dodecylsulfate (SDS) aggregates in an 

MEKCC system [9, 16-18]. In our work, both hydroxyl end-groups of linear PEGs and PPGs were 

convertedd into hydrophobic UV-active tags by phenyl isocyanate. Conversion of the hydroxyl end-

groupss was achieved by adding the catalyst dibutyltindilaurate and heating the solution for at least 

22 h. The completeness of the derivatization reaction was tested by MALDI-TOF-MS. In all MS 

spectraa recorded only doubly derivatized polymer chains were detected. 

43 3 



ChapterChapter 2 

Ass in the CZE system, the experimental conditions in the MEKC system could be optimised for a 

specificc molar-mass range of the PEG or PPG polymers. The degree of interaction between 

derivativess and SDS aggregates could be controlled by varying the concentration of SDS or the 

organic-modifierr content of the separation buffer. PEG oligomers with MMs of up to 1000 Da could 

bee baseline separated using a buffer solution of 20 mM borax, 50 mM SDS and 20% (7V) THF. 

Platee numbers were in the order of 200,000. 

Low-MMM PEGs are often applied as detergents in cosmetic products. After a simple preliminary 

cleanup,, a sample of aqueous face lotion was analysed by the MEKC method optimised for 

low-MMM PEGs. Peak identification was performed with penta-ethyleneglycol (E5), which had been 

addedd to the sample as internal standard (Figure 2.8). The lotion sample contained PEGs with chain 

lengthss between n = 8 and 21, and values for Mn and Mw of 621 and 646 were found, with a 

polydispersityy (Mw/M„ ) of 1.04. 

Separationn of PEGs with longer chain lengths required a stronger interaction between derivatives 

andd aggregates, which was accomplished by increasing the SDS concentration to 80 mM and 

decreasingg the percentage THF to 10% (7V). Under these conditions complete oligomeric separation 

off  PEGs with molar masses of up to 5000 Da could be realized (Figure 2.9). This upper molecular 

masss limit for MEKC is somewhat higher than that obtained with the CZE method. 
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Figuree 2.8 MEKC analysis of a real cosmetic product containing low-MM PEG after derivatization with 

phenyll  isocyanate. Conditions: 20 mM borax, 50 mM SDS and 20% (7V) THF. Voltage 25 kV 
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Figuree 2.9. MEKC separation of PEG 4000 after derivatization with phenyl isocyanate. Conditions: 20 mM 

borax,, 80 mM SDS and 10% (7V) THF. Voltage 15 kV 
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Figuree 2.10 Plot of the reciprocal of the electrophoretic mobility in an MEKC system of phenyl-isocyanate-

derivatizedd PEGs as a function of their degree of polymerisation. 
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Plotss of the reciprocals of the electrophoretic mobilities of the PEG derivatives against the number 

off  monomeric units resulted in approximately straight lines (Figure 2.10). This indicates that the 

derivatizedd end groups form aggregates with a more-or-less constant composition (charge) with 

SDSS ions from the solution, while the length of the PEG chains determines the size of these 

aggregates. . 

Thee behaviour of the PPG derivatives in the MEKC system is completely different from that of the 

PEGs.. Firstly, the hydrophobic PPGs interact more strongly with SDS aggregates. To favour the 

distributionn between the pseudo-stationary phase and the aqueous phase towards the latter, a higher 

percentagee of organic modifier had to be added. By using acetonitrile as organic modifier the best 

separationss and peak shapes were obtained. Still, the separation efficiency was lower than for the 

PEGs.. With a buffer composition of 5 mM borax, 80 mM SDS and 30% (7V) acetonitrile, a 

separationn of PPGs derivatives with chain lengths of up to 25 monomers (1500 Da) was achieved 

(Figuree 2.11). 

Secondly,, from the electropherograms it can be seen that the electrophoretic mobilities of the PPG 

derivativess increase with the length of the polymer chain, while for the PEGs the mobilities 

decreased.. These results suggest different separation mechanisms for phenyl-isocyanate derivatives 

off  PEGs and PPGs. Unlike for PEGs (Figure 2.9), for PPGs size is not the parameter that 
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Figuree 2.11 Electropherogram of a PPG 1000 sample after derivatization with phenyl isocyanate. Buffer 

containingg 5 mM borax, 80 mM SDS and 30% (7V) acetonitrile. 
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determiness the mobility. Apparently, not only the derivatized end groups, but also the PPG chains 

interactt with SDS. 

Inn a real MEKC system, a linear relationship between the value of log k' and the size of molecules 

inn a homologous series is expected. Using Sudan Y as a marker for the micellar mobility, the peak 

timess observed for the PPG peaks were converted to k' values, quantifying the distribution of the 

compoundss between the micellar and the aqueous phases. In Figure 2.12 an increase of the 

calculatedd log k' values with the number of monomers in the PPG derivatives is seen. However, the 

relationshipp is far from linear, so that a simple MEKC-distribution model is insufficient to explain 

thee behaviour of the PPG derivatives. It may be concluded that migrating PPG-SDS aggregates 

existt in solution, and that both the size and the charge of these aggregates vary significantly with the 

numberr of PO monomers in the polymer chains. 

Becausee of the different behaviour of the PEG and PPG derivatives in an SDS solution, it was 

possiblee to separate a sample containing both polymeric compounds with similar molar masses. An 

electropherogramm obtained for a mixture of PEG 400 and PPG 400 is shown in Figure 2.13. The 

separationn was carried out using the conditions optimised for the separation of PPGs and therefore 

thee separation of the PEG-oligomers was not optimal. Two sets of peaks are observed, with a peak 

0.22 -

0.11 -

00 -

-0.11 -
'M 'M 

%% -0.2 -

-0.33 -

-0.44 -

-0.55 -

-0.66 - , , 
100 15 20 

Degreee of polymerisation 
25 5 30 0 

Figuree 2.12 Plot of log k', calculated from an MEKC separation of phenyl-isocyanate-derivatized PPGs, as a 

functionn of the degree of polymerisation. 
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Figuree 2.13 MEKC separation of a mixture of PEG 400 and PPG 400 using a BGE of 5 mM borax, 80 mM 

SDSS and 30% (7V) acetonitrile. 

fromm the excess of reagent in between. A possible application of the MEKC method can be in the 

determinationn of the composition (distribution) of PEG-PPG copolymers. This aspect is presently 

thee subject of further study. 

QuantitativeQuantitative comparison 

Too validate the accuracy of the methods developed for the determination of the MMD of PEG 

polymers,, a certified PEG 600 standard was analysed using optimised CZE and MEKC systems, 

andd the results of these measurements were compared with MALDI-TOF-MS data and with the 

certificatee of analysis of the standard. 

Thee peak-molar mass (Mp), weight-average molar mass (Mw) and the polydispersity (Mw/Mn) of the 

sample,, as found with the different methods, are given in Table 2.2. In addition, the number of 

monomerss corresponding to Mp and the range of monomer numbers of the detected peaks are given. 

CZE,, MEKC and MALDI-TOF-MS can establish Mp at the exact number of monomers, while the 

Mpp value given in the certificate of analysis is not corresponding to a molar mass of a specific PEG 

oligomer.. The spreading in the values of Mp measured with CZE, MEKC and MS were only one 
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Tablee 2.2 Validation results for a PEG 600 standard. 

Method d 

CZE E 

MEKC C 

MALDI-TOF-M S S 

Certificatee of analysis 

rangee of n 

2 - 23 3 

4 - 24 4 

9 - 23 3 

--

Mp(n) ) 

546(12) ) 

590(13) ) 

590(13) ) 

6200 ( -) 

Mw w 

605 5 

623 3 

652 2 

--

Mw/Mn n 

1.06 6 

1.05 5 

1.04 4 

1.05 5 

monomerr unit; with all methods Mp was lower than the value given in the certificate of analysis. 

Withh MALDI-TOF-MS a higher value for Mw was found than with the CE methods. Compounds 

withh monomer numbers between 2 and 6 were not detected with MS. A possible explanation for this 

iss that these compounds may evaporate due to the high vacuum before the actual measurement. The 

polydispersitiess as determined by CZE and MEKC were close to the value given in the certificate of 

analysis. . 

Conclusions s 

Characterizationn of linear PEGs and PPGs can be performed in a fast and efficient way by CZE 

afterr derivatization with PhAH. Oligomeric baseline separation was achieved for both types of 

polymericc compounds with average MMs of up to 2000 Da. An approximately linear relationship of 

thee inverse electrophoretic mobility versus the monomer number was found, which makes peak 

identificationn straightforward with the use of an one-point calibration standard, such as penta-

ethylenee glycol or 1,2-propanediol. Above 2000 Da the polymer samples were detected as a broad 

peak,, but the determination of the average molar masses and the polydispersity was still possible for 

compoundss with molar masses of up to 4000 Da. 

Mixturess of PEG and PPG polymers yielded electropherograms with overlapping sets of peaks. 

However,, under suitable conditions the CZE method can be used to determine the chain length 

distributionn of samples of (block or random) PEG-PPG copolymers. 

Derivatizationn of the polyethers with 1,2,4-benzenetricarboxylic anhydride (BTA) yielded three 

isomerss for each species, which complicated the resulting electropherograms. For practical 

applicationn the derivatization with PhAH is therefore preferred. 
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Thee MEKC method allowed for the baseline separation of higher-molar-mass PEG oligomers (up to 

50000 Da). Different separation mechanisms for PEGs and PPGs were observed. The MEKC method 

cann be used for the characterization of samples containing a mixture of both polymeric compounds, 

givingg two completely separated sets of peaks for the oligomers of the two types of polymers. 

Assessmentt of the average-molar-mass data and the polydispersity of a PEG 600 standard by CZE 

andd MEKC showed results that were comparable with the certificate of analysis, more closely than 

thee results of MALDI-TOF-MS. 
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Characterizationn of glycerin-based polyols by capillary electrophoresis 

Acceptedd for publication by Journal of Chromatography A. 

Abstract t 

Methodss based on capillary electrophoresis (CE) have been developed to obtain the molar-mass 

distributionn (MMD) of glycerin-based polyols and details on the presence of mono- and 

difunctionall  by-products in technical samples. Prior to the analyses the hydroxy end-groups of the 

Afunctionall  polyols were converted to chargeable, UV-active moieties with phthalic anhydride 

(PhAH)) as the derivatization reagent. 

Withh capillary zone electrophoresis (CZE) samples of glycerin-based polyols with average molar 

massess up to 6000 Da were separated according to their charge-to-size ratios. The separations were 

carriedd out with a buffer solution containing 50% (7V) acetonitrile and 10 mM sodium tetraborate 

andd for detection UV absorption at 220 nm was measured. An approximately linear relationship 

betweenn the reciprocal of the electrophoretic mobility and the degree of polymerisation of the 

glycerin-basedd polyols was found. Therefore, the proposed CZE system could be used to determine 

thee degree of polymerisation and the polydispersity of technical glycerin-based polyol samples. 

Thee effect of the presence of sodium dodecylsulfate (SDS) in the buffer solution on the CE 

separationn of linear polyethylene glycols (PEGs), polypropylene glycols (PPGs) and ethylene 

oxide/propylenee oxide (EO/PO) copolymers with different molar masses was investigated. The 

interactionn between the charged polymer derivatives and SDS ions in solution increased strongly 

withh the degree of polymerisation and the amount PO in the chain of the polymeric compounds. 

Thiss behaviour made it possible to invert the migration order of EO/PO containing polymers of 

differentt size. With a background-electrolyte composition of 10 mM SDS and 25% (7V) acetonitrile 

inn borate buffer, mono- and difunctional by-products were separated from the main glycerin-based 

polyolss based on their numbers of end-groups. Quantities of the mono- and difunctional impurities 

inn technical glycerin-based polyol products were accurately determined. 
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Introductio n n 

Glycerin-basedd polyols are generally applied as intermediates in the production of polyurethanes 

[]]  J. Glycerol is the starting compound, to which in a batch process chains of ethylene oxide (EO) 

andd propylene oxide <PO) are polymerised. Hence, glycerin-based polyols are trifunctional with 

threee hydroxy end-groups. Different technical polyols can be synthesised with different molar-mass 

distributionss (MMDs) (the EO/PO chain lengths), chemical composition distributions (CCDs) (the 

EO/POO content) and types of end-groups (EO or PO). The most common technical polyols utilized 

havee a molar mass (MM) of 1000-6000 Da and an EO content of up to 15%. 

Duringg the production of polyols in a batch process two types of by-products (mono- and 

difunctional)) can be formed. Low-MM monofunctional by-products are produced starting from 

allylalcohol,, which is a result of the rearrangement of propylene oxide. The difunctional by-

productss have water as starting compound. After the polymerisation process their chemical 

architecturee is the same as that of linear EO/PO copolymers. 

Forr product properties and performance it is important that the quantity of by-products in the 

batchess can be determined. Thus far, the only official method for the characterization of polyols is 

thee ASTM D 4274 guideline, which describes titration methods after derivatization with phthalic 

anhydridee [2]. With these methods the total number of hydroxyl end-groups in samples can be 

determined.. Specification of the mono- and difunctional by-products is not possible. 

Inn Chapter 2 the use of the capillary zone electrophoresis (CZE) for the characterization of linear 

polyethylenee glycols (PEGs) and polypropylene glycols (PPGs) has been demonstrated [3J. To 

providee for charge and detectability. both types of linear homopolymers were derivatized with 

phthalicc anhydride (PhAH) before the separation. The PhAH-polymeric derivatives migrated with 

ann electrophoretic mobility according to their charge-to-size ratio. A linear relationship between the 

reciprocall  of the electrophoretic mobility and the degree of polymerisation was obtained for both 

kindss of polymeric compounds up to an average molar mass of 4000 Da. This made it possible to 

obtainn the MMD of technical PEG or PPG products directly, using the linear plot as a calibration 

curve.. In principle, CZE can be also used for the separation of the trifunctional polyols after 

derivatizationn with PhAH. However, a complicating factor will be the effect of the CCD of the 

polyoll  samples on their mobility in CZE. 

Anotherr CE mode applied for the separation of linear PEGs and PPGs, after derivatization with 

neutrall  phenyl isocyanate, was micellar electrokinetic chromatography (MEKC) with sodium 

dodecylsulfatee (SDS) as the surfactant [3]. Hydrophobic interaction between SDS ions and linear 

polymericc compounds has been observed in several other studies [4-9]. In our work we found that 

54 4 



CharacterizationCharacterization of glycerin-based polyols by CE 

thee PPG derivatives showed different interaction with SDS in solution than the PEGs. Not only the 

hydrophobicc end-groups (phenyl isocyanate), but also the PPG chain interacted with the SDS ions. 

Inn the experimental work described in this paper the interaction between SDS ions and the PPG 

chainss in derivatized glycerin-based EO/PO polyols was used to separate mono- and difunctional 

by-productss in technical samples. 

Experimental l 

Chemicals Chemicals 

Technicall  glycerin-based polyols with different MMDs and CCDs were provided by Dow Benelux 

(Terneuzen,, The Netherlands). Linear PEGs, PPGs, EO/PO copolymers and the internal standard 

(IS)) penta-ethylene glycol were obtained from Aldrich (Steinheim, Germany). The monofunctional 

allylalcohol/PO/EOO adducts were a gift from Shell International Chemicals (Amsterdam, The 

Netherlands).. Data on the samples used, as provided by the suppliers, are given in Table 3.1. 

Att the start of the experiments a fresh lot of phthalic anhydride (PhAH) was obtained from Acros 

Organicss (Geel, Belgium), which was stored in an excicator. Imidazole and 

l,4-diazabicyclo[2,2,2]octanee (DABCO) both used as catalyst, were also obtained from Acros 

Organics.. Borate buffers applied were prepared by dissolving disodium tetraborate-decahydrate 

(Merck,, Darmstadt, Germany) in sub-boiled demi-water. All other chemicals used were of 

analytical-gradee purity and obtained from certified suppliers. 

Tablee 3.1 Data on the polymer samples as provided by the suppliers. 

Sample e 

Polyoll  1000 

Polyoll  3000 

Polyoll  4000 

Polyoll  6000 

Coo EO/PO 1900 

Coo EO/PO 2000 

Coo EO/PO 2500 

Allylalcoholl  1000 

Functionality y 

3 3 

3 3 

3 3 

3 3 

2 2 

2 2 

2 2 

1 1 

Type e 

PO O 

PO-EO O 

PO O 

PO-EO O 

EO-PO-EO O 

EO-PO-EO O 

random m 

random m 

MMM (Da) 

1000 0 

3000 0 

4000 0 

6000 0 

1900 0 

2000 0 

2500 0 

1000 0 

EO%% (w/w) 

--

10 0 

--

15 5 

50 0 

10 0 

75 5 

13 3 
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CECE system 

CEE experiments were performed on an Agilent CE system (Agilent Technologies, Waldbronn, 

Germany)) equipped with a photo diode-array (PDA) detector. The Agilent Chemstation software 

wass used for instrument control and data acquisition. For detection of the PhAH-polymer 

derivativess UV absorption was measured at a wavelength of 220 nm with a bandwidth of 8 nm. 

Fused-silicaa capillaries of 75 um I.D. x 375 urn O.D. were obtained from Composite Metal Services 

(Thee Chase, UK). The effective length of the capillaries installed was 45 cm and the total length 

53.33 cm. Injections were performed by pressure typically at 20 mbar for 3 s. Voltages of 25 kV 

weree applied. All analyses were carried out at 25°C. 

Derivatization Derivatization 

Approximatelyy 0.1 mmol of the polymeric compounds were weighed in a 3 ml vial, and 1 ml of a 

reagentt mixture containing an acetonitrile solution with 1 M PhAH, 0.6 M DABCO and 0.3 M 

imidazole.. The polymer solution was spiked with 2 ul penta-ethylene glycol, which acted as a 

markerr for the mobility. The vial was placed in an oven at 100°C for 30 min. After cooling, 100 ul 

off  the reaction mixture was added to 1 ml of an acetonitrile/water (70/30) mixture and this solution 

wass heated at 55°C for 30 min. Finally, this solution was diluted 1:1 with the buffer solution used 

forr the separation. Following this procedure, the sample solutions injected in the CE system had 

polymerr concentrations of approximately 5 mM. The chemical structures of the glycerin-based 

polyolss and by-products after derivatization with PhAH are given in Figure 3.1. 

Glycerin-basedd polyols 

HOOCU U 

C—O—EO-ran-PO O 

0 0 

HOOC C 

:—O—EO-ra»-POO __ 

o o 
HOOC C 

C—O—EO-ra«-PO O 

By-products s 

COOH H 

EO-ran-PO O 

OO O 
di-functional l 

HOOC C 

C=C—O—EO- ran -PO O 

mono-functional l 
O O 

Figuree 3.1 Chemical structures of glycerin-based polyols and mono- and difunctional by-products after 

derivatizationn with PhAH. 
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Resultss and discussion 

DeterminationDetermination of the MMDs of the glycerin-based polyol samples 

Recentlyy we have demonstrated that CZE can be a valuable tool to study the MMD of linear PEG 

andd PPG homopolymers [3]. Depending on the composition of the separation buffer, small 

differencess were found between the electrophoretic mobilities of PhAH-derivatized PEGs and PPGs 

withh the same degree of polymerisation. Since such differences would complicate the analysis of 

EO/POO copolymers, we have tried to find conditions where the mobility differences between PEG 

andd PPG homopolymers were minimal. The best results in this respect were obtained using a 

backgroundd electrolyte (BGE) containing 50% (7V) acetonitrile in sodium tetraborate buffer at a 

totall  ionic strength of 20 mM. As is shown in Figure 3.2, the effective sizes of PEG and PPG chains 

(observedd as the reciprocal of their electrophoretic mobilities) were very similar in this buffer 

solutionn for chain lengths up to 50 monomers (MM 2200 - 2900 Da). Only for longer polymeric 

chainss significant differences in the mobilities of PEG and PPG homopolymers were observed. 

C/2 2 

'6 6 
*o o 

a. a. 
i i 

1.66 -

1.44 -

1.22 -

11 -

0.88 -

0.66 -

0.44 -

0.22 -

00 -

00 10 20 30 40 50 60 70 80 90 100 
Degreee of polymerisation 

Figuree 3.2 Relationship between the reciprocal of the electrophoretic mobilities of PhAH-derivatized 

PEGss (o), and PPGs ) and their degree of polymerisation. 
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>> 0.4 
D D 

0.2 2 

100 20 30 40 50 60 
Degreee of polymerisation 

70 0 90 0 

Figuree 3.3 The chain-length distribution of anEO/PO copolymer of 1900 Da with 50% (w/w) EO as calculated 

fromm an electropherogram. 

1.2 2 

„f ** 0.8 

TT 0.6 

0.44 -

0.2 2 

20 0 400 60 8 
Degreee of polymerisation 

100 0 120 0 

Figuree 3.4 Relationship between the reciprocal of the electrophoretic mobilities of PhAH-derivatized 

monofunctionall  allylalcohol/EO/PO adducts (0), difunctional EO/PO copolymers (o), and 

trifunctionall  glycerin-based polyols (o) and their degrees of polymerisation. 
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Thee separation of a tri-block (EO-PO-EO) copolymer 1900, with an average EO content of 50% 

(w/w)) is shown in Figure 3.3. The electropherogram was translated into the chain-length distribution 

usingg the quasi-linear relationship between the reciprocal mobility and the degree of polymerisation 

obtainedd for the PPGs. The oligomeric peaks were only slightly broader than the peaks obtained 

withh the homopolymers, as a result of the inherent composition variation in chains with a specific 

monomerr number. 

Thee same procedures for derivatization and separation were applied to the monofunctional 

allylalcohol/PO/EOO adducts and glycerin-based polyols. For the first mentioned type of compounds, 

PhAHH derivatization yielded singly charged derivatives, while with the conversion of the glycerin-

basedd polyol samples triply charged compounds were formed. All investigated monofunctional 

adductss and the low-MM glycerin-based polyols could be separated into individual peaks 

representingg chains with a specific degree of polymerisation. The electrophoretic mobilities of the 

monofunctionall  oligomers were clearly lower, and those of the polyol derivatives clearly higher 

thann the mobilities of linear (doubly charged) EO/PO copolymers with the same number of 

monomerss (Figure 3.4). Both the singly and the triply charged derivatives yielded approximately 

linearr plots for the reciprocal of the electrophoretic mobility against the degree of polymerisation. 

Forr the glycerin-based polyol samples this plot was used to convert electropherograms obtained 

experimentallyy into the chain length distribution of the samples using a homemade program 

developedd in Excel, which assumes a quadratic relationship between the reciprocal of the mobility 

andd the degree of polymerisation. In Table 3.2 the results for the polyols are compared with the 

nominall  molar-mass values as given by the supplier. A good correlation was found, with deviations 

forr the number-average molar-mass smaller than 6%. It should be noted, however, that the 

calibrationn plot was partly based on some of the same samples, so that the accuracy of the data for 

thee high molar-mass range cannot be assessed from these numbers. 

Tablee 3.2 Data on the MMD of the glycerin-based polyol samples. 

Sample e 

Polyoll  1000 

Polyoll  3000 

Polyoll  4000 

Polyoll  6000 

MMM (Da) 

(supplier) ) 

1000 0 

3000 0 

4000 0 

6000 0 

Mnn (Da) 

(experimental) ) 

1150 0 

3050 0 

4000 0 

6100 0 

Polydispersity y 

(experimental) ) 

1.03 3 

1.03 3 

1.02 2 

1.02 2 
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Withh some of the polyol samples a series of small peaks showed up in the electropherograms, which 

weree clearly not related to glycerin-based trifunctional polymers. An example is shown in Figure 

3.5,, which gives the translation of an electropherogram into a degree-of-polymerisation distribution 

forr polyol 4000. As will be shown below, such peaks arise from mono- or difunctional by-products 

inn the technical polyol samples. 

_^-~ _^-~ 
'Jl 'Jl 

D D < < 
r r 

c c 

:--
: : 

r. r. 
« « 
> > 

u u 

1.88 -

1.66 -

1.44 -

1.22 -

11 -

OXX -

0.66 -

0.44 -

0.22 -

00 -

255 35 45 55 65 75 85 95 
Degreee of polymerisation 

Figuree 3.5 Translation of an electropherogram as obtained by CZE into a degree-of-polymerisation 

distributionn for the polyol 4000 sample. 

DeterminationDetermination of by-products in glycerin-based polyols 

Ass described above, PhAH-derivatized mono-, di- and trifunctional EO/PO polymeric compounds 

hadd strongly different electrophoretic mobilities in a CZE system. Given the generally low 

polydispersityy of this type of polymers, it should be relatively simple to obtain a separation of 

trifunctionall  polyols from mono- and difunctional by-products with similar average molar masses. 

Ass an illustration, Figure 3.6A shows an overlay of the electropherograms obtained with mono-

functionall  adducts, a PPG homopolymer and a glycerin-based polyol all with an average molar 

masss of approximately 1000 Da. For clarity, the Y-axes have been scaled to give almost similar 

peakk heights. Unfortunately, it is to be expected that the mono- and difunctional by-products in a 

reall  polyol sample will have lower molar masses than the polyol itself. Therefore, Figure 3.6B 
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99 10 11 
Timee (minutes) 

12 2 13 3 14 4 15 5 

6.55 7 
Timee (minutes) 

Figuree 3.6 Overlay of the electropherograms of (A) allylalcohol adducts (a), EO/PO copolymer (b) and 

glycerin-basedd polyol (c) with all MMs of 1000 Da, and (B) allylalcohol adducts of 1000 Da (1), 

ann EO/PO copolymer of 2000 Da (2) and a glycerin-based polyol of 3000 Da (3). Borate buffer 

containedd 50% (7V) acetonitrile. Ionic strength 20 mM. Voltage 25 kV. 
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showss a more realistic picture. An overlay is shown of the electropherograms obtained for a 

monofunctionall  adduct with an average MM of 1000 Da, a difunctional PPG sample with an 

averagee MM of 2000 Da, and a trifunctional glycerin-based polyol with an average MM of 

30000 Da. Unfortunately, since the differences in charge between the three types of polymers were 

noww counteracted by differences in size, a strong overlap between the three sets of peaks was 

observed. observed. 

Preliminaryy experiments showed that the presence of SDS in the separation buffer had an effect on 

thee mobilities of the charged PhAH derivatives of the polymers used in this study. Therefore, we 

investigatedd the possibility to use the interaction of SDS ions with the polymeric chains to improve 

thee separation of mono- and difunctional by-products from the glycerin-based polyols. 

First,, the mechanism of interaction between SDS ions and doubly charged PPG derivatives was 

investigated.. Separations of a PPG 2000 standard, derivatized with PhAH, were performed using 

BGEss with various concentrations of SDS ( 0 - 15 mM) and various percentages of acetonitrile 

(255 - 50% 7V). The ionic strength of the separation medium was kept constant at 20 mM by 

adaptingg the concentration of the borate buffer. Figure 3.7 shows the influence of the SDS 

concentrationn on the (peak top) mobility of the PPG 2000 standard. The electrophoretic mobility 

increasess approximately linearly with the SDS concentration and the influence of SDS decreases 

00 -I 1 1 1 

00 5 10 15 
SDSS (mM) 

Figuree 3.7 Effect of the SDS concentration and percentage (7V) acetonitrile 25 (0), 30 (o) and 35% (o) on the 

electrophoreticc mobility of the homopolymer PPG 2000. 
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withh increasing the organic modifier content. Results for 25, 30 and 35% (7V) acetonitrile are 

shown.. At lower acetonitrile percentages problems with the solubility of the PPG derivatives were 

encountered;; at higher acetonitrile fractions (up to 50% 7V) a gradual further decrease of the effect 

off  SDS on the mobility of the polymer derivatives was found. The results of these experiments 

indicatee that the separation mechanism of SDS and polymeric compounds is based on a regular 

hydrophobicc interaction mechanism. No evidence was found for a minimum concentration below 

whichh the SDS has no influence. Apparently, there is no well-defined critical micelle concentration 

inn the acetonitrile-water mixtures studied, with an acetonitrile fraction of at least 25% [10]. 

Next,, the effect of the CCD (% EO) of the polymeric compounds on the interaction with SDS ions 

wass studied. Homopolymers of PEG and PPG, as well as a number of tri-block EO-PO-EO 

copolymers,, all with an average molar mass of approximately 2000 Da, were derivatized with 

PhAHH and separated in solutions with 30% (7V) acetonitrile and varying concentrations of SDS. As 

iss shown in Figure 3.8, the PEG derivative (100% EO) shows an almost negligible interaction with 

SDS.. The degree of interaction of SDS ions with the copolymers increases with the relative length 

off  the PO block in the polymeric chains. There was no significant difference found between tri 

blockk copolymers of the types EO-PO-EO and PO-EO-PO with the same EO/PO ratio (data not 

shown).. The electrophoretic mobility of the derivatives of the PPG homopolymer (0% EO) 

increasedd most strongly with increasing SDS concentration. 

" - N N 

«J J 
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144 -
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Figuree 3.8 Effect of the SDS concentration on the electrophoretic mobilities of difunctional EO/PO polymers 

(MMM -2000 Da) with CCDs of 0 (0), 10 (o), 50 (a), and 100% (A) ( 7J EO. 
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Figuree 3.9 Effect of the SDS concentration on the electrophoretic mobilities of PPGs with average MMs of 1000 

(0),, 2000 (o) and 4000 Da (a). 

66 7 
Timee (minutes) 

10 0 

Figuree 3.10 Separation of a blend of PPG 1000, 2000 and 4000 using a BGE of 15 mM SDS and 30% 

acetonitrilee in 2.5 mM borate buffer. Voltage: 25 kV. Penta-ethylene glycol was used as IS. 
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Inn Figure 3.9 the SDS effect is shown for PhAH-derivatized PPGs with average MM values of 

1000,, 2000 and 4000 Da. It was found that the influence of SDS on the electrophoretic mobility 

increasedd strongly with the length of the PPG chains. At high SDS concentration (15 mM) the 

migrationn order of PPGs with different chain lengths can even be inverted (Figure 3.10). To the 

blendd penta-ethylene glycol was added as an internal standard. Additional low mobility peaks were 

observedd in all electropherograms, probably caused by impurities or by-products from the 

derivatizationn reagent. The symmetrical peak (the second peak in Figures 3.10 and 3.12) was 

regardedd as the electro-osmotic flow (EOF) marker. 

Thee inverted migration order is of importance for the analysis of technical polyol samples, where 

high-MMM Afunctional compounds are to be discriminated from lower MM mono- and difunctional 

by-products.. Similar experiments were performed with glycerin-based polyols with different MMs 

off  1000-6000 Da. The polyol samples contained mostly PO, with EO contents up to 15% (w/w)-

Withh these samples it was also found that the SDS influence increased with the MM value (Figure 

3.11). . 

00 -I 1 , , 

00 5 10 15 
SDSS (mM) 

Figuree 3.11 Effect of the SDS concentration on the electrophoretic mobilities of glycerin-based polyols with 

averagee molar masses of 1000 (0), 3000 (o) and 6000 Da . 
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Whenn using a buffer with 15 mM SDS the mass selectivity of the separation system was largely 

lost,, and all polyols eluted at almost the same migration time. Moreover, the electrophoretic 

mobilityy of the high-MM trifunctional polyols was significantly increased compared to the 

mobilitiess of the mono- and difunctional by-products. In the electropherogram of real technical 

polyolss the monofunctional by-products were baseline separated. However, the difunctional 

impuritiess overlapped slightly with the main glycerin-based polyol. We have investigated different 

possibilitiess to improve the resolution of the difunctional compounds and trifunctional polyols. 

Increasingg the SDS concentration did not help much. With a lower acetonitrile concentration 

(25%% 7V) a slightly higher resolution was obtained when the SDS concentration was decreased to 10 

mM.. As an alternative for SDS, the more hydrophobic sodium tetradecyl sulfate (STS) was tested at 

concentrationss of 1 - 10 mM. It was found that STS interacted much more strongly with the 

polymerr derivatives than did SDS. The highest selectivity was found using an STS concentration of 

2.55 mM. Still, the separation of the doubly charged by-products from the main polyol was 

comparablee to that obtained with 10 mM SDS. 

Itt can be concluded that a buffer containing 10 mM SDS and 25% (7V) acetonitrile in 5 mM borate 

bufferr gives the best separations. This is illustrated in Figure 3.12, which shows the analysis of the 

technicall  polyols 3000 and 6000. In the polyol 3000 both the mono- and difunctional by-products 

weree detected, while polyol 6000 contained only the mono-ols. 

Too validate the CE method for the quantification of the by-products in technical polyol products, 

recoveryy experiments have been performed. To the polyol 3000 sample different amounts of EO/PO 

copolymerr 2000 and allylalcohol 1000 were added to represent the potential by-products. From the 

dataa obtained experimentally, the percentage of the number of hydroxyl-groups present in mono-

andd difunctional compounds to the total number of hydroxyl-groups was calculated. Results are 

givenn in Table 3.3. Good correlations were found, taking into account the presence of mono- and 

difunctionall  by-products in the technical polyol sample itself. 

Tablee 3.3 Recovery of by-products added to polyol 3000. 

Amount t 

(%) ) 

1-OH H 

2-OH H 

Blank k 

addedd found 

3 3 

8 8 

1 1 

added d 

2 2 

4 4 

found d 

5 5 

11 1 

2 2 

added d 

4 4 

8 8 

found d 

6 6 

14 4 

3 3 

added d 

6 6 

13 3 

found d 

7 7 

18 8 

4 4 

addedd found 

99 10 

177 21 
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Figuree 3.12 CE separation of technical (A) polyol 3000 and (B) polyol 6000 samples after derivatization with 

PhAHH under optimised conditions. BGE: 10 mM SDS and 25c/c acetonitrile in 5 mM borate buffer. 

Voltagee 25 kV. 
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Conclusions s 

Itt  has been shown that CE is a valuable tool for the characterization of polyol samples. For the 

requiredd derivatization a procedure is described that is quantitative and fast compared to previously 

publishedd methods [3]. First, CE can be used to determine the MMD of the main (trifunctional) 

compounds.. For this, a standard instrument and standard CZE conditions can be used. The 

straightforwardd relation between the observed mobility and the degree of polymerisation makes 

calibrationn easy and reliable; at least for the lower end of the MM range of interest calibration can 

evenn be based on peak counting, and the availability of calibration standards is not a prerequisite. 

Secondly,, CE can be used to quantify the concentrations of the mono- and difunctional by-products 

oftenn present in polyol samples. For this, the same instrumentation and the same (derivatized) 

sampless can be used. Only a different (SDS containing) background electrolyte had to be used. 

Fromm two simple experiments, both with a run time of approximately 10 min„  the main parameters 

forr the quality of polyol samples can be determined. 
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Chapterr  4 

Determinationn of the degree of substitution and its distributio n of 

carboxymethylcellulosee by capillary zone electrophoresis 

Publishedd in Carbohydrate Research 339 (2004) 1917-1924. 

Abstract t 

AA method based on capillary zone electrophoresis (CZE) has been developed to determine the 

degreee of substitution (DS) of carboxymethylcellulose (CMC). Separations were performed with 

boratee buffer (pH 9, ionic strength 20 mM) as background electrolyte in capillaries of 75 u,m I.D., 

withh an applied voltage of 10 kV, and for detection UV absorption at 196 nm was measured. The 

usee of an internal standard (phthalic acid) to correct for mobility variations resulted in a strong 

improvementt of the precision of the DS determination. 

Experimentss with indirect UV detection were preformed with buffers containing two monitoring 

ionss to study the origin of the peak widths observed. The results of these experiments indicated that 

thee peak widths actually reflect the variation in mobility, and with that of the degree-of-substitution 

distributionn (DSD) of CMC samples. With the proposed method not only the average DS value but 

alsoo its DSD could be established for technical CMC samples. 

Experimentss carried out with CMC samples fractionated according to molecular size by SEC 

showedd a small but definite effect of the polymer size on the mobilities observed in CZE. 

Consequently,, DS calibration curves will have to be determined for a specific molar-mass range. 

Sincee the size effect is small, a classification of CMCs into low, middle, or high MM will be 

sufficientt to obtain accurate data on their DSD. 
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Introductio n n 

Carboxymethylcellulosee (CMC) is a widely applied cellulose derivative. It is used as thickener, 

emulsifierr or flow controller in a broad range of products including food, textile, paper, paint and 

pharmaceuticals,, and in the oil industry. An important property of CMC is its water solubility, 

whichh depends on the degree of substitution (DS) of the CMCs. The DS value of a CMC sample 

reflectss the average number of carboxylic acid groups per glucose unit. CMCs with a DS value 

abovee 0.7 are completely water soluble, giving highly viscous solutions [1]. Knowledge of the DS 

valuee of CMCs is essential to predict product properties and to qualify technical samples. Also 

importantt to know is the dispersity of the substitution. A more narrow distribution improves the 

qualityy of CMC products. 

Characterizationn of the DS of CMC is usually carried out by ashing and titration or, alternatively, by 

acidd hydrolysis [2-5] or enzymatic fragmentation [61, followed by the separation of the resulting 

monomerss using anion-exchange chromatography. With these methods the average DS value of the 

CMCC samples can be determined. Although the methods are time-consuming and laborious, as 

depolymerizationn of de cellulose backbone is always needed, they are applied in every day practice. 

Anotherr technique used to obtain data on the DS value of CMCs is nuclear-magnetic-resonance 

(NMR)) spectroscopy [7-9]. With this technique both the average DS value and the distribution of 

thee substituents over the positions C-2, C-3 and C-6 on the glucose units can be obtained [9]. The 

latterr distribution indicates the reactivity of the hydroxyl groups of the glucose units in the cellulose 

backbone.. Neither with NMR nor with degradation followed by anion-exchange chromatography it 

iss possible to obtain information on the degree-of-substitution distribution (DSD) in (technical) 

CMCC samples. 

Capillaryy zone electrophoresis (CZE) can be used as a highly efficient tool for the separation of a 

varietyy of analytes, including inorganic ions, small molecules and (bio)macromolecules. 

Separationss in CZE are based on the migration of analytes under the influence of an applied electric 

fieldd according to their electrophoretic mobility as determined by their charge-to-size ratio. It has 

alreadyy been shown by Stefansson [101 that the CZE principle is relevant for the characterization of 

CMCC samples. Prior to the injection Stefansson converted the CMCs to fluorescent derivatives to 

providee for detectability with laser-induced-fluorescence detection. In the CZE system used, the 

CMCss migrated against the electro-osmotic flow (EOF), with the compounds with the lowest DS 

valuess eluting first. 
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Inn the work described in this chapter a CZE system with UV detection has been developed and 

studiedd to determine the average DS value and DSD of CMC samples. No derivatization or any 

otherr preliminary steps were required. It is shown that this CZE system is suitable to characterize 

(technical)) CMCs for industry in every day practice. 

Experimental l 

Chemicals Chemicals 

CMCC samples with average DS values between 0.69 and 1.64 were obtained from Akzo Nobel 

(Arnhem,, The Netherlands). The molar masses (MMs) of the CMCs were all in the range of 

200-4000 kDa, as determined by the supplier. CMCs were dissolved in sub-boiled demi water at a 

concentrationn of 1 g 1 ' and were stored at 4°C for at least 16h. Prior to the analysis phthalic acid 

(Across Organics, Geel, Belgium) was added to the samples as an internal standard at a final 

concentrationn of 5 ug ml"1. All other chemicals used were of analytical-grade quality and obtained 

fromm certified suppliers. 

CapillaryCapillary zone electrophoresis 

CZEE experiments were performed on an HP3D instrument (Agilent, Waldbronn, Germany). Fused-

silicaa capillaries of 75 pirn I.D. obtained from Composite Metal Services (The Chase, UK) were 

usedd with a detection window at 45 cm and a total length of 53.3 cm. The phosphate buffer (pH 7.5) 

consistedd of 2.2 mM sodium dihydrogenphoshate and 7.7 mM disodium hydrogenphoshate. Borate 

bufferr (pH 9) was made by dissolving 10 mM disodium tetraborate-decahydrate in sub-boiled demi 

water.. Prior to all injections the capillary was flushed with 0.1 M NaOH and buffer solution, both 

forr two minutes. Following this, a high voltage of 10 kV was applied for one minute and finally the 

capillaryy was filled with fresh buffer solution. Samples were injected by a pressure plug of 20 mbar 

forr 5 seconds. Separations were carried out at 35°C. The applied voltage was 10 kV and UV 

detectionn was performed at a wavelength of 196 nm with a bandwidth of 8 nm. 

Indirectt UV detection was carried out with benzenesulfonic acid and picric acid as the monitoring 

ions,, both at concentrations of 4.5 mM, in a background electrolyte (BGE) of 10 mM KOH (1 mM 

excess).. Detection of the displacement of benzenesulfonate and picrate was performed using diode 

arrayy detection (DAD) at wavelengths of 210 nm and 357 nm, respectively. Other experimental 

parameterss were the same as in the direct detection mode. 
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FractionationFractionation by size-exclusion chromatography 

Size-exclusionn chromatography (SEC) experiments were performed using a Waters 410 Alliance 

26900 separations module (Milford , MA, USA) combined with a differential-refractive-index 

detector.. The stainless-steel column was a 300 mm x 7.5 mm I.D. aquagel-OH mixed 8 urn column 

obtainedd from Polymer Laboratories (Shropshire, UKJ, and it was thermostated at 30°C. In all 

experimentss the injection volume was 40 ul and the flow rate 1 ml min \ 

SECC separations were carried out using an eluent of 5 mM sodium nitrate (NaNOj) in sub-boiled 

demii  water. The CMC 1.22 sample was prepared by dissolving the sample in sub-boiled demi water 

att a concentration of 5 g \'\ Before use, the sample was stored at 4°C for at least 16h. Finally, 

NaNOii  was added until the same concentration as in the eluent. This addition was carried out after 

16h,, because according to a previous publication [11] dissolving of CMC in the presence of salt 

mayy result in scaly particles in the solution. Fractionating was carried out with a Waters fraction 

collectorr that was connected to the SEC equipment and was controlled by Millenium Software. The 

intervall  time was 30 seconds and the total number of runs was 10, yielding six fractions of 5 ml. 

Afterr fractionating, a volume of 1 ml of each fraction was placed in an oven at a temperature of 

95°CC and was pre-concentrated by evaporation to a final volume of 0.1 ml. The pre-concentrated 

sampless were analysed using the CZE system. 

Resultss and discussion 

CZECZE system 

AA method for the analysis of CMCs by CZE has previously been described by Stefansson [10]. In 

thiss work, prior to the injection the CMC samples were derivatized to allow fluorescence detection. 

Disadvantagess of the derivatization are that it is laborious and an extra source of imprecision. 

Moreover,, it cannot be excluded a priori that the derivatization yield depends on the molecular size 

orr DS of the CMC samples. This would influence the CZE separation and thereby the determination 

off  the DSD. We preferred to develop a CZE method without any derivatization or other preliminary 

step. . 

Preliminaryy experiments showed that CMCs could be detected in the direct UV mode at a low 

wavelengthh of 196 nm. However, the sensitivity was only moderate. We succeeded in decreasing 

thee detection limit by applying relatively wide capillaries of 75 u.m I.D. Still, the injection of CMC 

sampless with high concentrations (1 g l"1) was essential. To prevent sample overloading, we tried 
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Figuree 4.1 

99 11 13 
Timee (minutes) 

15 5 17 7 

Electropherogramss of CMC 1.22 of (a) 0.5, (b) 1 and (c) 5 g 1" using phosphate buffer (pH 7.5) as 

thee BGE. Voltage 10 kV. 

thee use of relatively high concentrations of the BGE salt in the buffer solutions. First, a phosphate 

bufferr of pH 7.5 with a final ionic strength of 25 mM was investigated. Electropherograms obtained 

forr a specific CMC sample in various concentrations (0.5 - 5 g f') showed triangular peaks for all 

thee injected samples with the peak top shifting with the sample concentration (Figure 4.1). It is clear 

thatt overloading of the system could not be avoided using this buffer composition. A further 

increasee of the ionic strength of the solution was not possible, since the observed current was 

alreadyy quite high (-29 uA at 10 kV). 

Anotherr possibility to reduce sample overloading is to change the type of BGE salt. As has been 

describedd in the literature the system loadability is a complex function of the mobilities and pKa 

valuess of analytes and BGE compounds [12]. Better results were expected from a buffer with a 

betterr buffer capacity in relation to the conductivity than phosphate. The choice of buffers that 

couldd be tested was limited, since most organic BGE salts would show a high background 

absorbancee at the wavelength used for detection (196 nm). We selected a borate buffer (pH 9) with 

ann ionic strength of 20 mM. Symmetrical peak shapes for the CMC samples were observed for 

concentrationss up to 1 g 1~' (Figure 4.2). All further experiments were performed with this borate 

buffer,, using capillaries of 75 (xm I.D., sample concentrations of 1 g l"1 and an applied voltage of 10 

kVV (-33 pA). 
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Figuree 4.2 Separation of CMC 1.22 of (a) 0.5. (b) 1 and (c) 5 g 1 ' with a 10 mM borate buffer (pH 9) at a 

voltagee of 10 kV. 

Thee repeatability of the migration times of the analytes is an important issue, since the differences 

inn mobility between CMC samples with different DS values are small. During the development of 

thee CZE conditions it was found that the run-to-run repeatability of the CMC migration times 

improvedd when a preconditioning procedure was applied before each injection. The procedure 

consistedd of flushing with a NaOH-solution followed by the borate buffer, both for two minutes. 

Next,, a voltage of 10 kV was applied for one minute. Finally, new in- and outlet vials were put in 

placee and the capillary was filled with fresh buffer solution. 

Thee run-to-run repeatability was investigated from the individual measurements of two selected 

CMCC samples, which were each injected 7 times. From the electropherograms obtained 

experimentallyy the apparent mobilities and the electrophoretic (EOF-corrected) mobilities of the 

CMCss were calculated. As can be seen in Table 4.1 the relative standard deviations (RSDs) of the 

EOF-correctedd mobilities were lower than those of the apparent mobilities. No systematic 

relationshipp between the apparent or EOF-corrected mobilities and the order of injections was 

found.. This indicates that, despite the precondition step, there is a random variation in the velocity 

off  the EOF between successive measurements. These results suggest that the velocity of the EOF 

couldd also be unstable during a separation run. 
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Too make it possible to correct for the variance of the velocity of the EOF during a run, we added 

phthalicc acid (5 (ig ml"1) to the CMC solutions as an internal standard. Phthalate migrated in the 

boratee buffer with a slightly higher mobility than the CMC polyelectrolytes. For the correction of 

thee electrophoretic mobilities of the CMCs a normalization method was applied. The normalized 

mobilitiess of the CMC samples were calculated as the sum of their effective mobility plus the 

differencee between the electrophoretic mobility of the internal standard in the sample solution and 

itss average value obtained with solutions without CMC (n=7). The RSDs calculated for the 

normalizedd mobilities of the samples were in the order of 0.1 % (Table 4.1). 

Tablee 4.1 Repeatability of mobilities for CMC 1.14 and 1.22 (n=7). 

Sample e 

CMCC 1.14 

CMCC 1.22 

Non-corrected d 

RSDD (%) 

0.45 5 

0.56 6 

EOFF corrected 

RSDD (%) 

0.30 0 

0.25 5 

EOFF and IS corrected 

RSDD (%) 

0.09 9 

0.07 7 

Commerciall  well-characterized CMC products with an average DS value between 0.69 and 1.64 

weree available. The optimised CZE conditions were applied to analyse the commercial CMCs. The 

electropherogramss obtained experimentally are shown in Figure 4.3. For clarity, the X-axes were 

translatedd into a mobility scale that was normalized using the internal standard (phthalic acid). The 

CMCC 1.64 product contained glycolic acid as an impurity. 

Sincee the mobility of charged compounds in CZE is proportional to their charge-to-size ratio, the 

mobilityy is expected to reflect the DS of the CMCs. A plot of the normalized mobility (p.*) as a 

functionn of the average DS value is depicted in Figure 4.4. It was found that the mobility of CMCs 

increasedd slightly with their DS. The non-linear behaviour obtained for the CMCs with a high 

chargee density might be the result of counter-ion condensation, which has also been mentioned by 

Gaoo et al. [13]. Polyelectrolytes with a high charge density have a net charge in an electrolyte 

solutionn that is not proportional to their charge density, due to condensation of counter ions close to 

thee polymer backbone [14]. The significantly smaller peak width observed for CMC 1.64 also 

indicatess the occurrence of counter-ion condensation, especially at high-DS values. 
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Figuree 4.3 

30 0 35 5 40 0 45 5 
u*(-109m2V" '' s"1) 

50 0 55 5 60 0 

Electropherogramss of (a) CMC 0.69, (b) 0.84, (c) 1.09, (d) 1.16, (e) 1.22 and (f) 1.64 (1 g P). The 

mobilityy scale of the CMCs is normalized for the electrophoretic mobility of the internal standard 

phthalicc acid (-55.5 x 10"9 trf V"1 s'1). Conditions as in Figure 4.2. 
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Figuree 4.4 Plot of the normalized mobility of CMC as a function of the average DS value. 
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Despitee the non-linearity of the plot it is possible to apply it as a calibration curve to characterize 

CMCC products. Since the slope of the calibration curve is low, it is essential to determine the 

mobilityy of CMCs precisely. As has already been described, the internal standard (phthalic acid) 

helpss to minimize the random error of the method to 0.1%, which will result in an error in the DS 

valuee of about 1%. Using the calibration plot of mobility against DS, the time scale of the 

electropherogramm of CMC 1.09 was translated into a DS scale (Figure 4.5). It was found that the 

CMCC 1.09 product had a DS varying from 0.7 to 1.7, with a polydispersity of 1.04. 
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Figuree 4.5 DSD of CMC 1.09 as obtained from the CZE separation. 

IndirectIndirect UVdetection for studying the origin of the CZE separation 

Indirectt UV detection in CE is generally applied to measure ionic analytes with littl e or no response 

withh the UV detector. For indirect detection, a strongly UV-absorbing ionic compound (the 

monitoringg ion) is added to the BGE solution. A decrease of the UV signal, caused by the 

displacementt of the monitoring ion by the analyte, will correspond to an increase in the sample 

concentration.. The degree of displacement is given by the transfer ratio. This transfer ratio can be 

writtenn -at equilibrium- in terms of the Kohlraush functions, as has been described in detail in 

literaturee (see, e.g., ref 15). It was found that the transfer ratio depends on the mobilities of the 

analytee ion, the monitoring ion and its counter ion. 
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Inn this work we studied the origin of the CMC peak widths using an indirect UV detection system 

withh two monitoring ions. In a multiple-ion system the principle of displacement is similar as in a 

singlee system. The UV signal detected depends on the displaced concentrations of the monitoring 

ionss by the analyte ions. The displacement of the two monitoring ions will occur in a ratio 

dependingg on the mobilities of the ions involved. It is described by: 

^ AA  = \tM ^  (4J) 
AcBB HB 0V^A> CB 

wheree uA, u.B and (i, are the mobilities of the monitoring ions A and B and the analyte ion, 

respectively,, and c^ and cB are the concentrations of the monitoring ions A and B in the buffer 

solution.. The signs of the charge of the sample ion and monitoring ions are assumed to be the same. 

Byy comparing experimentally determined transfer ratios with the theoretical prediction, it can be 

verifiedd that peak positions and peak widths truly indicate differences in mobilities (DS values) of 

CMCC samples, rather than being caused by artefacts, such as viscosity effects or adsorption 

phenomena.. To obtain the experimental data on the ratio of displacement, it is necessary to measure 

thee transfer ratios of both monitoring ions at specific UV wavelengths. 

Wee used benzenesulfonate (BS) and picrate (P) as monitoring ions. The mobilities of the 

monitoringg ions were obtained in a borate BGE with the same ionic strength (10 mM) as used in the 

CMCC separation. Values of -39.8 x 10"9 and -34.8 x 10"9 m2 V"1 s"1 were found for benzenesulfonate 

andd picrate, respectively. To measure the ratio of displacement of benzenesulfonate and picrate, UV 

detectionn was applied at 210 and 357 nm simultaneously. With a conventional spectrophotometer 

thee molar-absorption coefficients (e) of benzenesulfonate and picrate were measured at these two 

wavelengths.. At 210 nm the e0 values found were 6.15 x 103 and 8.81 x 103 1 mol"1 cm"1 and at 

3577 nm 0 and 8.78 x 103 1 mol"' cm', for benzenesulfonate and picrate, respectively. From the 

signalss obtained at 210 and 357 nm the changes in benzenesulfonate and picrate concentrations and 

theirr ratio were calculated. 

AA set of four CMCs with average DS values of 0.69, 0.84, 1.22 and 1.64 were separated using a 

bufferr solution containing 4.5 mM benzenesulfonic acid and 4.5 mM picric acid dissolved in 

100 mM KOH. A voltage of 10 kV was applied. As an example Figure 4.6 shows the two detection 

signalss for CMC 0.69. It was found that the ratio of the displaced concentration of benzenesulfonate 
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Indirectt detection signals of CMC 0.69 at (a) 210 nm specific for benzenesulfonate (BS) and (b) 

3577 nm specific for picrate (P). Data shown (0) reflect the displaced concentration of BS and P 

overr the peak width of CMC 0.69. 
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Figuree 4.7 Ratio of the displaced concentrations of benzenesulfonate (BS) and picrate (P) versus the 

electrophoreticc mobility of CMC 0.69 (0), 0.84 (O), 1.22 (A) and 1.64 (D) compared with the 

predictedd values calculated from Eq. 4.1 ( ). 
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andd picrate decreased with increasing mobility over the width of the peak. An overall overview of 

thee ratio between the displaced concentrations and the mobilities for all CMC samples compared 

withh the predicted trend line is depicted in Figure 4.7. It can be seen that the behaviour observed 

experimentallyy followed the same trend as the predicted line. The small systematic deviation 

betweenn experimental results and the prediction may be caused by the non-linear response of UV 

detectionn in (cylindrical) capillaries. The sensitivity for the (displacement of the) monitoring ions in 

thiss set-up may deviate to some extent from the absorbance values measured in a cuvette. The 

resultss of these experiments indicated that the CZE separations of CMCs are based on the charge 

densityy of the polyelectrolytes. It also justifies using the peak widths for the determination of the 

DSDD of the CMCs. 

InfluenceInfluence of the size of CMCs on the electrophoretic mobility 

Withh the method of indirect UV detection described above it has been shown that the peak widths 

obtainedd experimentally reflect the dispersity of mobilities of CMCs. However, it is still possible 

thatt the distribution of the size of the polyelectrolytes has an effect on the electrophoretic mobility, 

ratherr than variations in the DS. This aspect was studied by CE separations of SEC fractionated 

samples. . 

AA solution of CMC 1.22 (5 g 1" ) was fractionated using an aquagel-OH mixed column and an eluent 

consistingg of 5 mM NaNC>3 dissolved in water. This SEC system was described as very successful 

forr the separation of CMCs when a high salt concentration was used [11]. However, in preliminary 

experimentss it was found that such high salt concentrations in the fractionated samples caused 

severee peak distortion in the electrophoretic system. For this reason the SEC fractionating 

experimentss were carried out using a lower salt concentration. Six fractions of the CMC 1.22 

samplee were collected with a fractionation time of 30 seconds. Re-injection of the fractions in the 

SECC system showed that they contained polyelectrolytes with different average MMs. 

Thee buffer composition used for the CZE separation of the original CMCs (borate buffer, pH 9, 

ionicc strength 20 mM) was also used for the separation of the fractions. Figure 4.8 shows the 

electropherogramss of the six fractions of the CMC 1.22 sample (fraction 1 highest MM; fraction 6 

lowestt MM). It was found that the electrophoretic mobilities of the CMC fractions increased 

slightlyy (0.6%) with increasing fraction number. This behaviour suggests that there is an actual 

effectt of the polyelectrolyte size on the CZE separation. Another possible explanation for the 

behaviourr observed for the CMC fractions is that the charge density of polyelectrolytes with a lower 
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degreee of polymerisation is higher than that of high-MM CMCs. This might be caused by varying 

reactionn activities for CMCs with different polymeric chain lengths. However, such a dispersity in 

chargee density is not to be expected, since the chemical modification of cellulose is performed in 

thee solid state. Another indication of the influence of the size on the CZE separation was obtained 

withh a high-MM CMC of 106 Da. When the normalized mobility of this sample was used in the DS 

calibrationn curve, a DS value was calculated that was approximately 10% lower than the value 

providedd by the supplier. This deviation is significantly higher than the imprecision obtained in the 

repeatabilityy study. These results demonstrated that the effect of the size of the polyelectrolytes 

couldd not be fully neglected and that the calibration curves of mobility versus DS value are only 

validd when standards within a specific molar-mass range are applied. However, the molar-mass 

effectt is relatively small. Commercial CMCs are generally classified as low-, middle- or high-MM 

products.. Calibration according to this classification wil l be sufficient to determine data on the DS 

off  CMCs accurately. 

400 41 42 43 44 45 46 47 48 49 50 

HepC-io-WvV) ) 

Figuree 4.8 CZE separations of SEC fractions of CMC 1.22 (1 ~ high MM, 6 - low MM). CZE conditions 

similarr as in Figure 4.2. 
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Characterizationn of metallo fo's(terpyridine)  diblock polymers by non-aqueous 

capillaryy zone electrophoresis 

Acceptedd for publication by Chromatographia. 

Abstract t 

AA non-aqueous capillary zone electrophoresis (CZE) method of has been developed to characterize 

blockk (co)polymers of poly(ethylene oxide) and poly(styrene) containing metallo £>/s(terpyridine) 

complexess as bridging units. Specific CZE separation conditions had to be applied, with barium 

perchloratee dissolved in iV-methylformamide (NMF) as background electrolyte and OV-1701-OH 

deactivatedd capillaries. For detection UV absorption was measured at a wavelength of 316 nm. 

Metalloo diblock polymers with molecular weights up to 30,000 Da could be analysed by the 

proposedd non-aqueous CZE method. Experiments performed with polymeric compounds containing 

Fe,, Ni or Ru as central metal ions showed that their electrophoretic mobilities were independent of 

thee type of metal ion. Therefore, the data on the size of the polymeric compounds could be obtained 

usingg just one set of calibration standards. Polydispersities of the samples calculated from the 

experimentall  results could be correlated with the polydispersities of the polymers used in the 

synthesiss of the metallo diblock polymers. 

Severall  polymeric samples contained metallo mono(terpyridme) complexes as impurities. These by-

productss could be separated from the main product. With symmetrical diblock polymers only one 

by-productt was detected, while with an asymmetrical diblock polymers two types of mono 

complexess were observed. The amount of the mono complexes present as impurities was dependent 

onn the type of central metal ion (Ni > Fe » Ru). 

85 5 



ChapterChapter 5 

Introductio n n 

AA new type of block polymers, bearing metallo fr/.s(terpyridine) complexes as bridging units, was 

introducedd in the field of macromolecular chemistry several years ago. A schematic representation 

off  the polymeric structure of the new type of polymers is shown in Figure 5.1. An important feature 

off  the metallo block polymers is the reversibility of the metal-to-ligand coordination, due to the 

relativelyy weak non-covalent interaction between the central metal ion and the terpyridine ligands. 

Thiss property may be interesting for the design and application of smart and switchable materials 

MM - Fe, Co, Ni. Zn. Ru, Cd. Hg 

^ ^ ^ -- poly(ethylene oxide) (PEO) 
-- poly(styrene) (PS) 

Figuree 5.1 Structure of the metallo ft/'.s(terpyridine) complexed diblock polymers e.g. PEO-[/W]-PEO. 

PS-[M]-PSS and PEO-[M]-PS with different chain lengths. 

Thee strategy applied for producing this new type of polymers is claimed to make it feasible to 

synthesizee materials in a highly reproducible way and with a perfect control of the molecular 

architecturee [2, 3]. In principle, block polymers of all traditional polymeric compounds can be 

producedd using the metallo terpyridine complex as a linker. The degree of polymerisation and the 

chemicall  composition of the polymeric blocks affect the properties of the polymers such as their 

polarity,, solubility and micelle formation. 

Soo far, mostly linear poly(ethylene oxide) (PEO) or poly(styrene) (PS) with different chain lengths 

havee been utilized as constituting polymers. A variety of transition-metal ions (Fe, Co, Ni, Cu, Zn, 

Ru,, Cd, Hg) in their low oxidation state form complexes with terpyridine ligands. The main effects 

off  the type of transition-metal ion in the polymeric complexes are on the sensitivity to oxidation and 
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onn the stability of the compound, which is related to the strength of the metal-to-ligand interaction. 

Byy changing the type of polymeric chains and central metal ions, it is possible to produce polymeric 

compoundss suitable for specific applications. 

Whenn working with new polymeric materials, detailed information on the molecular architecture 

andd properties, such as the molar-mass distribution (MMD), chemical composition and polymer 

stability,, is essential. Size-exclusion chromatography (SEC), often in combination with refractive-

indexx detection, is by far the most often applied technique for the determination of the MMD of 

(synthetic)) polymers. However, SEC measurements of the metallo block polymers are quite 

complicated,, because of the interaction of the charged metal ions with the stationary phase. With 

mostt SEC systems studied, the repeatability and reproducibility of the separations were 

unsatisfactory.. A SEC system with a specific column has been used to characterize diblock 

polymerss containing ruthenium as the metal ion [4]. However, the data on the polydispersity 

obtainedd did not correspond with the expected values, which indicated that secondary interaction 

effectss between the ruthenium complexes and stationary phase of the column might have occurred. 

Anotherr technique for the analysis of synthetic polymers is matrix-assisted laser-desorption 

ionizationn time-of-flight mass spectrometry (MALDI-TOF-MS). Mono complexes were detected by 

MALDI-TOF-MS,, due to fragmentation of the metallo tó(terpyridine) diblock polymers [4, 5]. 

Althoughh MALDI is a soft ionisation technique, the observed ratio of free ligands to metallo di-

complexess increased with increasing the intensity of the laser used for spectrum acquisition. Even at 

loww laser intensities, free ligands were detected. Therefore, with this technique it was impossible to 

determinee impurities in the original polymeric products and the MMD of the metallo polymeric 

compoundss could not be accurately measured. On the other hand, this behaviour made it possible to 

investigatee the relative binding strengths of the metal-to-ligand coordination [5]. 

Sincee SEC and MALDI-TOF-MS appear to be problematic for the determination of the MMD of 

thee metallo diblock polymers, another characterization technique is required. It has already been 

demonstratedd that capillary zone electrophoresis (CZE) is an efficient separation technique for the 

analysiss of various synthetic macromolecules [6]. Since most of the diblock polymers containing 

terpyridine-metal-complexess are hydrophobic and only soluble in organic solvents, it is necessary to 

applyy a CZE system with an organic solvent as the background solution. 

Walbroehll  and Jorgenson [7] first demonstrated the CZE separation of non-polar analytes carried 

outt with pure acetonitrile. They introduced the keyword non-aqueous CE for this type of system. 
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Otherr organic solvents suitable for electrophoretic separation systems are, for example, methanol, 

propylenee carbonate, dimethyl sulfoxide (DMSO), formamide, /V-methylformamide (NMF), and 

A .̂TV-dimethylformamidee (DMF) [8], The type of organic solvent can affect all relevant parameters 

off  electromigration separations. This offers an additional way to optimize the resolution and 

efficiencyy of the separation of specific analytes. 

Wee present the development of a non-aqueous CZE system for the characterization of the new type 

off  block polymers containing metallo 6/'.s(terpyridine) complexes as linkers. Especially for this type 

off  polymers, the choice of organic solvent, background electrolyte, and type of capillary appeared 

too be critical for a successful separation of the polymeric compounds. Data on the MMD and 

informationn on the purity of the polymeric samples could be obtained with the proposed non-

aqueouss CZE method. 

Experimental l 

Chemicals Chemicals 

Acetonitrilee (HPLC grade) was obtained from Rathburn Chemicals Limited (Walkerburn, Scotland) 

andd jV-methylforrnamide 99% (NMF) came from Aldrich (Steinheim, Germany). Barium 

perchloratee and mesityl oxide were from Fluka (Buchs, Switzerland). Anhydrous lithium chloride 

wass obtained from Across Organics (Geel, Belgium). 

Thee diblock polymers containing metallo b/s(terpyridine) complexes as bridging units were 

synthesizedd at the Technical University of Eindhoven (Eindhoven, The Netherlands). The polymers 

providedd included homo- and hetero structures of PEO and PS with different degrees of 

polymerization,, and with different central metal ions (Fe, Ni, Ru) in their low oxidation state (2+). 

Detailss on procedures for the synthesis of the block PEO and PS (co)polymers with various metal 

ionss have been published [9, 10]. 

Thee diblock polymers were dissolved either in acetonitrile or in NMF at concentrations of 1-5 g 1 

dependingg on the molar mass (MM) of the compounds. To each sample solution the monomeric 

compoundd (EO-[M]-EO) at a final concentration of 0.1 g l"1 was added. The sample solutions 

containedd 0.2% (7V) mesityl oxide, which was the marker for the velocity of the electro-osmotic 

flowflow (EOF). 
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ApparatusApparatus and procedures 

Alll  CE experiments were carried out on an Agilent CE instrument equipped with a diode-array 

detectorr (Waldbronn, Germany). The Chemstation CE software (Agilent) was used for instrument 

controll  and data acquisition. UV detection was performed at a wavelength of 316 nm with a 

bandwidthh of 16 nm. Absorption spectra in the range of 220 - 350 nm were acquired. 

Solutionss of LiCl or Ba(C104)2 in acetonitrile or NMF (ionic strengths of 5 mM) were applied as the 

backgroundd electrolyte. Most experiments were performed with fused-silica capillaries deactivated 

withh OV-1701 -OH, which were obtained from BGB Analytik (Adliswil, Switzerland). The capillary 

dimensionss were 75 pm I.D. x 375 nm O.D. with a total length of 38.8 cm and a UV detection 

windoww at 30 cm. The polyimide coating was removed from both the capillary ends to avoid 

undesiredd effects on the repeatability of injection. New capillaries were pretreated by flushing the 

backgroundd solution at 1 bar for 5 min., followed by a voltage of 20 kV for 15 min. Prior to the 

separationn the capillary was flushed with the background solutions at 1 bar for 1 min. Injections 

weree performed hydrodynamically, typically by a pressure of 20 mbar for 3 s. The analyses were 

carriedd out with a voltage of 20 kV at a temperature of 25°C. 

Resultss and discussion 

Non-aqueousNon-aqueous CZE 

Itt was required to select non-aqueous CZE conditions for the analysis of the metallo b/.s(terpyridine) 

diblockk polymers, since the polymers containing PS chains are not water-soluble. Organic solvents 

suitablee to dissolve the polymeric compounds are acetonitrile and NMF. Both solvents have been 

previouslyy applied as separation media in CZE to analyze non-polar compounds [7, 11]. Solvent 

propertiess are given in Table 5.1. The ratios of dielectric constant over viscosity (dr\) of acetonitrile 

andd NMF are similar. Therefore, ionic analytes will migrate with mobilities of the same order of 

magnitudee in acetonitrile or NMF. The e/n,-ratio is also an important parameter for the magnitude of 

thee EOF. However, for the latter the degree of dissociation of the silanol groups is also a key factor. 

Thee effect of the choice of solvent on this factor is unfortunately difficult to predict. Still, both 

acetonitrilee and NMF can be regarded as promising solvents for non-aqueous CE of synthetic 

polymers.. The main disadvantage of acetonitrile is its low boiling point, whereas the difficulty with 

NMFF could be its high UV- background absorbance at wavelengths below 240 nm. In this work, 
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Tablee 5.1 Solvent properties of acetonitrile and NMF [ 81. 

Solvent t 

Acetonitrile e 

NMF F 

r\r\  (mPa  s) 

0.341 1 

1.65 5 

e e 

35.94 4 

182.4 4 

e/r| | 

105.4 4 

110.5 5 

Tbb (°C) 

81.6 6 

-199.5 5 

UVV cut-off 

190 0 

240 0 

acetonitrilee and NMF were investigated as separation media to analyse the metallo-M'.?(terpyridine)-

containingg macromolecules. 

Inn principle, CE separations can be performed in pure NMF since its dielectric constant is high 

(ee -182.4). However, such a system will be easily overloaded. Therefore, it is necessary to add a 

backgroundd electrolyte to the separation solvent. The salts mostly applied in aqueous buffer 

solutionss are not soluble in acetonitrile or NMF. Of the many (inorganic) salts tested, only with 

LiCll  and Ba(C104)2 as background-electrolyte salts did we succeed in preparing ionic solutions in 

bothh organic solvents. 

Mesityloxidee was used as a marker compound to study the velocity and direction of the EOF in 

acetonitrilee and NMF. Results obtained are given in Table 5.2. In general, for the separation of 

positivelyy charged analytes an EOF with a low velocity is preferred, and LiCl in acetonitrile is 

thereforee not the first choice. With Ba(C104)2 in acetonitrile an EOF with a reversed direction and a 

reducedd velocity was found in a fused-silica capillary. In acetonitrile barium ions apparently interact 

stronglyy with the deprotonated silanol groups on the capillary inner wall, which causes a positive 

surfacee charge and a reversed direction of the EOF. This charge reversal can be advantageous for 

thee separation of the positively charged metal ion complexes, since the polymeric compounds will 

bee repelled from the capillary inner wall and, moreover, they will migrate against the EOF. 

However,, with acetonitrile the UV-baseline stability and the run-to-run repeatability of the EOF 

weree poor. Replacing in-and outlet vials before each run did not improve the repeatability of the 

EOFF velocity. Because of this, NMF was used as background solvent in further work. In NMF 

similarr EOF velocities were found with LiCl and Ba(004)2. 

Tablee 5.2 The mobility of the EOF (10"g m2 V'1 s ') in various non-aqueous systems. 

Solvent t 
Fused-silicaa capillary 

LiCl l Ba(C104)2 2 

OV-1701-OHH deactivated 

Ba(C104)2 2 

Acetonitrile e 

NMF F 

88.5 5 

38.9 9 

-22.5 5 

39.4 4 

# # 

11.7 7 
nott measured 
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Inn preliminary experiments it was found that several types of metal complexes interacted strongly 

withh the silanol groups of the bare fused-silica capillary inner wall using either LiCl or Ba(C104)2 in 

NMF.. When a capillary with an OV-1701-OH deactivated inner surface was installed, such 

interactionss could be avoided. With this deactivated capillary the EOF mobility was significantly 

lowerr than with a bare fused-silica capillary. The reduced EOF mobility provided somewhat higher 

separationn efficiencies. 

Al ll  diblock polymer samples were analysed with a deactivated capillary and a background 

electrolytee of Ba(C104)2 in NMF at an ionic strength of 5 mM. Figure 5.2 shows an 

electropherogramm typical for the separation of the polymers. The symmetrical diblock PS2o polymer 

depictedd contained Ru" as the central metal ion. The corresponding monomelic compound 

(EO-[/?«]-EO)) was used as a reference. Plate numbers were in the order of 260,000 for the 

monodispersee standard. With this CZE system separations of the metallo polymers with molar 

massess up to 30,000 Da were achieved within 10 min. UV-absorption detection was performed at a 

wavelengthh of 316 nm, which was specific for the metallo ^«(terpyridine) complex. The UV signal 

att 245 nm could be used to specifically detect the PS containing polymers. 

Sampless of PEO70-[M]-PEO70 containing Fe, Ni and Ru in the 2+ oxidation state were compared. 

Thee electropherograms obtained experimentally showed similar peak top mobilities for the 

< < 
a a 
c c 
.22 3 

>> 2 

11 -

***v-v%»v*ih»*v»«*V 1n**1^^ ^ 

EOF F 

H^JMlVl>*bN^tMwf''"f* A A 

44 5 6 
Timee (minutes) 

10 0 

Figuree 5.2 Non-aqueous CZE separation of PS2()-[/?wl-PS2o with EO-[Ru]-EO as internal standard (IS). 

Backgroundd electrolyte: Ba(C104)i in NMF at an ionic strength of 5 mM. Voltage: 20 kV. 
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investigatedd compounds. This demonstrates that the type of transition metal ion has no significant 

influencee on the charge-to-size ratio of the metallo polymeric compounds. It makes the separation 

off  a mixture of polymers with different metal ions impossible. On the other hand, it allows for a 

simplee MMD characterization of the polymer samples using just one set of reference materials. 

DeterminationDetermination of the MMD 

Thee average molar mass and the polydispersity of (synthetic) polymers are important parameters for 

productt performance. Previously, it has been demonstrated that CZE can be a useful tool to 

determinee the MMD of linear synthetic polymers with a fixed charge [12]. Since all metal ions in 

thee diblock polymers have the same oxidation state (+2), for this kind of polymers it can also be 

expectedd that their electrophoretic mobility reflects the effective size of the polymeric compound. 

Analysess were performed with symmetrical ruthenium fr/.stterpyridine) complexes with PEO chain 

lengthss between 1 and 375 monomelic units. It was found that the inverse of the electrophoretic 

mobilityy increased linearly with the degree of polymerization of the symmetrical diblock PEO 

polymers.. This observed relationship was used for the determination of the polydispersity of the 

polymerr samples. 

Electropherogramss obtained experimentally were translated into MMDs using a home-written Excel 

program.. As an example, Figure 5.3 shows the translation of the electropherogram of 

PEO70-[/?«]-PEO700 into its MMD. By integration of the transformed data, the values of peak-molar 

masss (Mp), weight-average molar mass (Mw) and the polydispersity of the polymers were obtained. 

Inn some separations of the metallo polymers additional peaks showed up in the electropherograms 

thatt were clearly related to an impurity in the polymeric sample. For the calculation of the 

polydispersityy of the main polymer the minor peak of the by-product was not taken into account. In 

Tablee 5.3 the data on the average molar mass and polydispersity of the investigated metallo diblock 

polymerss as determined by the proposed non-aqueous CZE method are summarised. All 

synthesizedd polymers had polydispersity values in the range of 1.02-1.06. These values were similar 

too the polydispersities of the individual PEO and PS standards utilized to prepare the diblock 

polymers.. The calculated Mp values of the mono- and diblock PS polymers were close to their 

nominall  molar-mass values. This demonstrated that these types of polymers behaved very similarly 

inn the CZE system as the symmetrical PEO diblock polymers. 
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Figuree 5.3 Calculated MMD of PE07(r[Ru]-PEO10 as obtained from a CZE separation. 

Tablee 5.3 Experimental values of the average molar mass and polydispersity of the metallo diblock polymers. 

Metalloo polymer 

PEO7u-[flw]-PEO70 0 

PEO,25-[flM]-PEO,25 5 

PE0225-[/?"]-PE0225 5 

PS20-[#«]-PS2o o 

PE07o-[fl"]-PS2o o 

PEO70-[Fe]-PEO70 0 

PS20-[^]-PS 20 0 

PEO70-[M]-PEO70 0 

PS20-[M]-PS20 0 

nominall  MM 

6,700 0 

11,600 0 

20,400 0 

4,800 0 

5,750 0 

6,700 0 

4,800 0 

6,700 0 

4,800 0 

Mpp (Da) 

7,100 0 

11,200 0 

21,600 0 

3,900 0 

5,400 0 

7,400 0 

4,200 0 

7,100 0 

4,000 0 

Mww (Da) 

7,200 0 

12,700 0 

27,000 0 

4,400 0 

5,900 0 

8,000 0 

4,600 0 

7,500 0 

4,900 0 

polydispersity y 

1.02 2 

1.03 3 

1.06 6 

1.03 3 

1.02 2 

1.02 2 

1.03 3 

1.02 2 

1.06 6 

dataa calculated using calibration curve obtained using PEO-[/?u]-PEO standards 
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DeterminationDetermination of by-products 

Ass already mentioned above, some metallo diblock polymers contained by-products that migrated 

withh a higher mobility than the main compound in the CZE system. An example is shown in Figure 

5.4,, which shows the separation of a symmetrical PS2o-[M']-PS2o sample. The impurities are clearly 

relatedd to the original monomelic- and polymeric compounds. There are two possible explanations 

forr the higher charge-to-size ratio of the by-products: (i) oxidation of the transition metal ion to the 

3++ state, or (ii) instability of the metallo-fr/s-complexed polymer with formation of the metallo 

mono-complex.. When the oxidation process is the source of the formation of the by-products, it can 

bee expected that the quantity of the by-products would be related to the tendency of the metal ions 

too oxidize. Iron and ruthenium can be oxidized relatively easily from 2+ to 3+, while the nickel ions 

havee a much higher oxidation potential. The quantities of by-products observed were related to the 

typee of central metal ion in the order Ni > Fe » Ru. From this, it is unlikely that the oxidation of 

thee metal ions is the cause of the impurities in the polymeric samples; incomplete diblock formation 

iss a more likely explanation. Results obtained by MALDI-TOF-MS showed a similar order of 

complexx instability as found here [5]. 

Thee calibration curve used for the determination of the MMDs of the diblock polymers was also 

usedd for the determination of the average molar masses and polydispersities of the impurities. For 

almostt all by-products somewhat higher Mp values were calculated than expected. A possible 

reasonn for this is that the effective sizes of the mono- and diblock complexes are not completely 

comparable,, since both types of compounds differ slightly in molecular architecture. The 

polydispersitiess of the by-products were equal to the values for the main diblock polymers. 

Whilee in the symmetrical diblock polymers a single mono-complex was found as impurity, in the 

separationn of the asymmetrical block polymer PEC»7O-[/?M]-PS2O three additional peaks were 

observedd (Figure 5.5). The peaks corresponding to the metallo complexes containing single PS20 or 

PEO700 chains were clearly determined. Similar fragmentation behaviour as seen in 

MALDI-TOF-M SS measurements of the same kind of polymer were observed [4]. For the additional 

peakk that would correspond to a high-MM compound no obvious explanation could be found. 

Itt did not become clear whether the original samples contained impurities or that these were formed 

duringg dissolution in NMF. In any case, the polymeric compounds were stable on the time-scale of 

thee CZE experiments, since the by-products and main polymeric compounds were detected as 

individuall  peaks. 
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Figuree 5.4 Electropherogramm of a symmetrical PEO7u-[M]-PEO70 polymer containing mono(terpyridine) 

complexess as impurities. Conditions as in Figure 5.2. 
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Figuree 5.5 MMD of the asymmetrical diblock polymer PE070-[/?u]-PS2o including by-products. 
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Conclusion n 

Sincee the determination of the size of metallo diblock polymers could not be accurately obtained 

withh classical techniques such as SEC or MALDI-TOFMS, we developed a non-aqueous CZE 

methodd for the characterization of this new type of polymers. The proposed method allowed for the 

fastt and efficient separation of diblock polymers with molar masses up to 30,000 Da according to 

theirr charge-to-size ratio. 

Diblockk polymers with different types of transition -metal ions behaved similarly in the separation 

system.. It appeared that the determination of the MMD of the polymers is simple using a calibration 

curvee obtained using just one series of standards. It was found that the synthesised diblock PEO and 

PSS polymers had polydispersities in the range of 1.02 - 1.06. The observed values were similar to 

thee data on the polydispersity of the original polymeric compounds. This demonstrated one of the 

advantagess of the applied synthesis strategy, namely good control over the polydispersity of the 

polymers. . 

Abovee and beyond the determination of the degree of polymerisation of the metallo polymers, the 

CZEE method can also be used to determine the presence of mono complexes in the polymeric 

samples.. In the separations of the polymeric compounds containing nickel as the central metal ion 

highh amounts of mono complexes were detected, while the ruthenium complexes were more stable. 
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Capacitivelyy coupled contactless conductivity detection of neutral synthetic 

polymerss in non-aqueous size-exclusion electrokinetic chromatography 

Submittedd to Journal of Chromatography A as short communication 

Abstract t 

Inn this chapter it is shown that capacitively coupled contactless conductivity detection (C4D) can be 

usedd for the detection of synthetic polymers in size-exclusion electrokinetic chromatography 

(SEEC).. Polystyrene standards that were used as model compounds were separated on a capillary 

columnn packed with porous 10 um silica particles with an electrokinetically driven mobile phase, 

andd detected by C4D and UV detection simultaneously. Detection limits with the C4D system were 

inn the order of 5 g 1 '. Mass-calibration curves for polystyrene were constructed. Satisfactory results 

weree obtained for the linearity, the run-to-run repeatability (< 0.2% for the relative retention and 

<< 4% for the peak area) and the robustness of the detector. 

Onee of the major issues in this preliminary study was to investigate the origin of the peaks observed 

forr the polystyrene standards. The effect of the molar mass of the polystyrene standards on the 

sensitivityy was small. Therefore, the signals obtained cannot be explained as the result of an 

increasedd viscosity and a decreased solution conductivity of the solute zone. An alternative 

hypothesiss is suggested, and recommendations for further research are given. 
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Introductio n n 

Whilee in the last decade the use of miniaturized liquid chromatography (LCJ systems in the 

(bio)analyticall  and pharmaceutical industries increased radically, in the field of polymer analysis 

onlyy a limited number of research groups is working on miniaturized separation systems such as 

size-exclusionn chromatography (SEC) with microbore or capillary columns [1-5J or size-exclusion 

electrochromatographyy (SEEC) (see e.g., ref. 6). One of the reasons to switch from a conventional 

systemm to a reduced scale set-up is the ability to analyse smaller sample volumes. In polymer 

analysiss the smaller sample volume is an issue only in exceptional cases [7]. Hyphenation with 

masss spectrometry [2. 3] or with another separation technique in a multidimensional system [4] is a 

moree important argument for miniaturization. 

Detectionn options for (synthetic) macromolecules in micro-scale SEC systems are still limited. In 

mostt applications micro-LC systems are combined with an UV detector, which limits their use to 

specificc polymers. Therefore, there is still a need for 'micro detection techniques' that are sensitive 

forr synthetic macromolecules. A refractive index detector has been developed for small-scale SEC 

[8],, but it is not (yet) commercially available. Another option is to use a miniaturised evaporative 

lightt scattering detector, as has been done in capillary reversed-phase chromatography [9]. 

Capacitivelyy coupled contactless conductivity detection (C4D) for capillary electrophoresis was 

introducedd by Zemann et al. in 1998 [10]. A few months later Fracassi da Silva and do Lago [11] 

presentedd a similar detection system. They termed the new contactless conductivity mode 

oscillometricc detection. Modifications of these designs have been proposed to provide a high 

sensitivityy for the detection of various ionic species [12]. Limits of detection reported were at a low-

ppbb level for small ions. Recently, a miniaturized contactless conductivity detection cell was 

developed,, which showed a similar sensitivity as the conventional cells [13]. This micro-cell offers 

thee advantage that it can be placed at any point along the capillary in any commercial capillary 

cassette. . 

AA C4D set-up is basically composed of two electrode rings on the outside of the capillary that act as 

capacitors.. To monitor the conductance of the solution in the capillary over the detection gap (the 

distancee between the electrode rings) an capacitively (ac) voltage, generated by an oscillator, is 

appliedd on the inlet electrode causing a current through the background solution, which is picked up 

byy the second electrode and amplified, rectified and recorded [14]. When an analyte zone with 

conductivityy different from that of the background electrolyte passes the detection gap, a change in 

thee signal over the amplification unit will be measured. The response of the detector is related to the 
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displacementt of background-electrolyte ions by the solute ions, which is determined by their 

effectivee charge and mobility. In general, the highest sensitivity is obtained with the highest 

mobilityy difference between the sample and background ions. When neutral analytes are present in 

thee solute zone, electrophoretic displacement of the background ions does not occur. However, it 

hass been shown that aliphatic alcohols, separated by micellar electrokinetic chromatography 

(MEKC),, can be detected with C4D [15]. The principle of the conductivity response was unclear. 

Accordingg to the authors, it might be based on the effect of the dielectric constant (s) of the 

analytes,, on a change of the micelle volume, or on the influence of the solution viscosity on the 

mobilityy of the background ions. The latter effect could be the basis for the use of C4D for the 

detectionn of synthetic polymers. 

Inn this chapter, preliminary experiments on the application of C4D for the detection of neutral 

syntheticc polymers are described. Size-based separations of polystyrene standards were performed 

byy SEEC with simultaneous on-capillary UV and conductivity detection. Analytical performance 

parameterss have been established, and the influence of the molar mass of the polymers on the 

detectorr response was studied. 

Experimental l 

ChemicalsChemicals and materials 

Narroww polystyrene standards with molar masses (MMs) between 2,100 and 675,000 Da were 

purchasedd from different manufactures (Polymer Laboratories, Heerlen, The Netherlands; 

Machery-Nagel,, Duren, Germany and Sigma-Aldrich, Steinheim, Germany). All standards had 

polydispersitiess < 1.1, as specified by the suppliers. All other chemicals used were of analytical-

gradee purity and obtained from certified suppliers. 

Samplee solutions of polystyrenes were prepared in TV.iV-dimethylformamide (DMF) at 

concentrationss of 5 — 50 g l"1. Toluene used as a marker for the total eluent volume was added to the 

samplee solutions at a concentration of 0.9% (v/v). 

Fused-silicaa capillaries of 100 urn I.D. x 375 urn O.D. were purchased from Polymicro 

Technologiess {Phoenix, AZ, USA). The unmodified silica particles Nucleosil 300-10 used as 

packingg material were obtained from Machery-Nagel. The particles had a nominal diameter of 

100 urn and nominal pore diameters of 300 A. 
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C*DC*D set up 

Figuree 6.1 shows a picture of the C D sensor cell used in this study. The design of the sensor cell 

andd the electronic components were similar to the detector set-up described by Mayrhofer et al. 

[14J.. Two cylindrical electrodes glued to Perspex holders fitted the capillary column and were 

connectedd with the oscillator or amplifier and rectifier. A copper-foil with a hole slightly wider than 

thee outside diameter of the capillary was placed vertically between the electrode holders and 

connectedd to ground, to prevent capacitive leakage between the electrodes. Even though the 

distancee between the electrodes could be varied, in most experiments a detection gap with a width 

off  approximately 1 mm was used. The oscillator produced a sine or square wave in the frequency 

rangee of 2.5 - 200 kHz, with an amplitude variable up to 20 V peak-to-peak. In most cases, the 

inputt signal applied was a square wave with a frequency of 50 kHz and amplitude of 8 V. 

Thee aluminium C4D housing was placed in a modified capillary cartridge to accommodate both the 

celll  and the electrical connections as described elsewhere [16]. Data acquisition and processing was 

carriedd out with Maxima software of Waters Chromatography (Milford, MA, USA). 

Figuree 6.1 C4D cell including (1) two electrodes with a detection gap of 1 mm, (2) grounded copper foil, 

(3)) capillary column. (4) aluminium housing. (5) connector oscillator, (6) connector amplifier and 

rectifier. . 
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SEECSEEC system 

SEECC experiments were performed on an Agilent CE system (Waldbornn, Germany) equipped with 

aa diode-array detector. The Agilent Chemstation software was used for control of the instrument 

andd for data acquisition of the UV-absorbance detection, which was carried out at a wavelength of 

2600 nm. The eluent consisted of DMF containing 10~4 M LiCl. Before each series of experiments 

thee column was flushed with eluent for 10 min at an inlet pressure of 10 bar, followed by 

electrokineticc flushing at 15 kV for 15 min. Injections were performed electrokinetically typically at 

155 kV for 5 s. Separations were performed at a voltage of 15 kV. During the separations, a high 

pressuree (10 bar) was applied on both ends of the capillary column in order to prevent gas-bubble 

formation.. Separations were carried out at a temperature of 25°C. 

Forr the interpretation of the chromatograms a home-written Excel program was used. The program 

includedd baseline construction, translation of the time axis in a molar mass axis using calibration 

plott data, and the calculation of the centralized moments of the peaks. 

ColumnColumn preparation 

Fused-silicaa capillaries were packed using a slurry packing system as described previously [17]. At 

onee end of a capillary a temporary frit was prepared by tapping it into a pile of dry silica particles 

andd sintering the particles in place with the gas flame of a lighter. A slurry of Nucleosil 300-10 

silicaa particles with a concentration of 50 g 1 ' was prepared in methanol. At a pressure of 600 bar 

thee particles were driven into the capillary using methanol as the displacement liquid. The high 

pressuree was maintained for about 15 min, after which the pressure was reduced and the excess of 

slurryy solution in the reservoir was removed. The column was then flushed with water at 400 bar for 

att least lh. For preparing the permanent frits the pressure was reduced to 100 bar. In- and outlet frits 

weree sintered at a distance of 250 mm from each other using a hot metal strip device. The excess of 

silicaa in the capillary beyond the outlet frit was removed by flushing the column with water at a low 

pressure.. The C4D cell was placed just after the outlet frit of the column. A UV detection window 

wass prepared after the conductivity cell at a distance of 52 mm from the outlet frit. After installation 

inn the CEC system, the column was flushed with the eluent by an external high pressure of 10 bar 

forr 1 h. Electrokinetic conditioning was carried out by a ramped voltage gradient up to 20 kV. 
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Resultss and discussion 

C?DC?D of polystyrenes 

Too investigate the suitability of the C4D as an indirect viscosity detection system for (neutral) 

polymerss it was required to combine the detection unit with a separation system. SEEC is an 

electrokineticc separation method in which the electro-osmotic flow (EOF) drives the mobile phase 

throughh a capillary column packed with porous material. It has been shown that SEEC can separate 

polystyreness according to size [17]. The system used consisted of a capillary column of 100 um I.D. 

packedd with 10 um bare silica particles and an eluent consisting of 10"4 M LiCl in DMF. In the 

originall  published method detection of polystyrene was carried out by measuring the UV 

absorbancee at 260 nm. The UV signals for polystyrene standards were independent of the degree of 

polymerisationn of the polymers. The C4D set-up could be easily combined with the original SEEC 

system,, which made it possible to compare the C4D signal of polystyrene with its UV response. 

Figuree 6.2 shows the SEEC separation, with on-line monitoring by C D and UV detection, of a 

polystyrenee standard with an average molar mass of 30,000 Da at a concentration of 20 g 1" . The 

times-axiss of the UV signal was adapted in the figure to correct for the difference in the positions of 

thee conductivity and UV detectors along the capillary. 

Itt can be seen that the peak detected by C4D was clearly related to the elution of the polystyrene 

standard.. The C4D signal close to to can have been caused by the unretained marker (toluene) or by 

thee matrix of the sample solution. An instability of the conductivity signal was observed at the start 

off  all runs. This instability could not be related to the presence of specific analytes or to a specific 

experimentall  parameter, including the type of injection, the applied voltage or the pressure on the 

system. . 

Bothh conductivity and UV peak heights were found to be linear with the sample concentration. 

Chromatogramss obtained with samples of the polystyrene standard of 18,700 Da, at concentrations 

off  5 - 50 g f', are shown in Figure 6.3. For clarity, in this figure the time axes of the chromatograms 

weree standardized by translation into the retention factor T, which is defined as the retention volume 

off  the polymeric compound divided by that of the unretained solute. The concentration-calibration 

curvess for peak heights and peak areas were linear with values for R~ > 0.99 for both the C D and 

thee UV detector. 
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Figuree 6.2 SEECC chromatograms of polystyrene 30,000 Da simultaneous detected by C4D and UV 

absorption.. Conditions: column: Nucleosil 300-10 (250 mm x 100 um I.D.), eluent: 10"4 M LiCl in 

DMF,, injection 15kV x 5s, voltage 15kV. 

Figuree 6.3 Separations of polystyrene 18,700 at sample concentrations of (1) 5 g 1" , (2) 10 g 1 , (3) 15 g 1" , 

(4)) 20 g f', (5) 30 g l'1, (6) 40 g 1', (7) 50 g 1'. 
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Experimentss on the stability and repeatability of the detection signal were performed. Samples of 

polystyrenee 18,700 Da at concentrations of 20 and 50 g l"1 were injected 7 times each. Figure 6.4 

showss the chromatograms obtained with the polystyrene samples at 50 g l"1. As can be seen in this 

figure,, the conductivity response was stable. 

Thee coefficient of variation (%CV) of the relative retention T, peak heights and peak areas obtained 

withh C4D in this repeatability study were compared with the results obtained with UV detection 

(Tablee 6.1). The variations in T obtained with conductivity detection were slightly higher than that 

withh UV detection. The reason for this may be that the determination of to in the C4D signal was 

lesss straightforward than in the UV signal. With both C4D and UV detection spreading in the values 

forr the peak heights and peak areas of polystyrene were < 5%. 

Tablee 6.1 Repeatability (as %CV, n=7) of the analysis of polystyrene 18,700 Da at different sample 

concentrations. . 

Concentrationn (g 1" ) 

20 0 

50 0 

T T 

C4DD UV 

0.177 0.03 

0.099 0.04 

peakk height 

C4DD UV 

2.77 1.5 

2.44 3.0 

peakk area 

C4DD UV 

3.77 1.6 

2.77 2.4 

Figuree 6.4 Chromatograms of a repeatability study (n=7) obtained with polystyrene 18.700 at a concentration 

o f 5 0 g l '. . 
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Molar-massMolar-mass calibration curves 

Forr the construction of a molar-mass calibration curve, polystyrene standards with average molar 

massess between 2,100 and 675,000 Da were injected. Al l sample solutions had a polymer 

concentrationn of 20 g l ' . With low-MM polystyrenes (< 212,000 Da) symmetrical peaks were 

obtained,, while for the polystyrenes that eluted close to the exclusion limit , peak splitting was 

observedd (see Figure 6.5). 

Molar-masss calibration curves were constructed using the relative retention x from both the C D 

andd the UV signals. Figure 6.6 shows that the shapes of the curves are similar. The differences 

betweenn the two curves may again be explained as the result of an inaccurate determination of t0 in 

thee C4D signal. Both curves could be used to determine the polydispersity of the polystyrene 

standards.. For the calculations of the polydispersities a homemade program developed in Excel was 

used.. As an illustration, Figure 6.7 shows the molar-mass distribution as calculated from the C D 

andd UV chromatograms of polystyrene 30,000. With the C4D system a polydispersity value of 1.06 

wass found for the polymer standard, while with UV detection a slightly higher value was 

determinedd (1.08). 

0.5 5 0.6 6 0.7 7 0.8 8 0.9 9 1 1 

Figuree 6.5 Separations of polystyrene standards with different molar masses; (1) 2,100 Da, (2) 4,000 Da, 

(3)) 7,000 Da, (4) 18,700 Da, (5) 30,000 Da, (6) 76,700 Da, (7) 212,400 Da. (8) 325,000 Da, 

(9)) 400,000 Da, (10) 675,000 Da. 
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Figuree 6.6 Molar-mass calibrations curves for polystyrene obtained with C D ) and UV-detection (o) after 

separationn with SEEC. 

10.0000 20,000 30,000 40,000 50,000 60,000 70,000 

MMM (Da) 

Figuree 6.7 Polydispersity of polystyrene 30,000 determined by C D and UV detection after separation by 

SEECC as shown in Figure 6.2. 
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OriginOrigin of the C*D signal 

Thee conductance of an electrolyte solution (at a constant temperature) is related to the charge and 

concentrationn of the ionic analytes in solution and to their electrophoretic mobility [18]. A possible 

explanationn for the observed sensitivity of C4D for neutral polymers could be that the higher 

viscosityy of the solution in the polymer-containing zone affects the mobility of the background ions, 

andd therewith the response on the detector. Since the viscosity of a polymer solution is related not 

onlyy to the concentration, but also to its size, it was expected that the C D response would depend 

onn the molar mass of polystyrene. To test this hypothesis, the possible effect of the viscosity on the 

conductivityy response was studied with separations of polystyrene standards with average molar 

massess in a wide range between 2,100 and 675,000 Da (as shown in Figure 6.5). In order to correct 

forr variations of the injection volume, the sample concentration and peak dilution, the peak heights 

forr the polystyrene standards as obtained with C4D were divided by the UV peak heights. The 

relativee peak heights were plotted against the molar mass of the polymers in Figure 6.8. The error 

barss in the figure indicate the variation of the results obtained in different series of experiments 

performedd over a time period of several days. For the low-MM polystyrenes the magnitude of the 

conductivityy signal increased with increasing molar mass of polystyrene. However, the dependency 

off  the conductivity signal on the polymeric size was lower than might be expected from the relation 

0 0 100 0 200 0 3000 400 
MMM (kDa) 

500 0 600 0 700 0 

Figuree 6.8 Plot of the C4D peak heights corrected with the UV peak heights versus the logarithm of the molar 

masss of the polymers. 
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betweenn the intrinsic viscosity and the molar mass observed for polystyrene in DMF ([r|] = 0.0318 x 

MM 06033 [19]). For the higher-molar-mass polystyrene standards even a decrease of the conductivity 

signall  with the size of the polymeric molecules was found. Apparently, the hypothesis that the C4D 

signall  is related to changes in (bulk) viscosity of the solution is not correct. 

Conclusions,, remarks and suggestions for  further  research 

Thee experimental work performed so far has shown clearly that C4D can be used to monitor the 

elutionn of neutral synthetic polymers from a micro-separation system. Repeatable signals were 

obtained,, and a molar-mass calibration curve could be constructed. However, fairly high sample 

concentrationss (in the order of grams per litre) were required to obtain useful results. Therefore, the 

mainn prospect of C4D in polymer analysis (for the characterization of neutral synthetic polymers) 

wil ll  be for separation systems in the capillary or chip format, when other detection possibilities are 

nott available. In these systems the separations are usually performed with electrokinetic driven 

mobilee phases, although the pressure driven mode could be used either. To demonstrate that the 

CC D set-up is also useful in this mode a separation of polystyrene 7,000 was carried out using an 

inlett pressure at 10 bars (Figure 6.9). The polystyrene standard could clearly be detected, although 

thee baseline was rather unstable. 
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Figuree 6.9 Pressure-driven (iSEC with C4D of polystyrene 7,000 Da. 
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AA further optimisation of the detector performance, e.g., by changing the input signal, was 

hamperedd by a lack of understanding of the mechanism of the detector response. Clearly, the 

changee of the solution viscosity in polymer containing zones was not the main cause of the 

appearancee of peaks. An alternative hypothesis for the C4D response is that the polymeric 

compoundss affect the electrical double layer at the surface of the fused-silica capillary wall, as has 

beenn suggested in another study with neutral analytes [15]. To study this possibility, capillaries of 

differentt materials such as poly(etheretherketone) (PEEK) could be compared. Moreover, 

experimentss with different types of polymers could shed light on this unresolved question on the 

mechanismm of C4D sensitivity for neutral compounds. 
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Summary y 

Inn the research described in this thesis the possibility of using capillary electrophoresis (CE) for 

efficientt and specific separations of synthetic polymers was investigated. 

Chapterr 1 is a general introduction to the research described in this thesis. In sections 1.1 and 1.2 

brieff  outlines are presented of the fields of synthetic polymers and of modern separation techniques 

thatt can be used to characterize these. Section 1.3 contains an overview of the literature on applying 

CEE for the characterisation of synthetic macromolecules. Electrophoretic techniques such as 

capillaryy gel electrophoresis (CGE) and capillary zone electrophoresis (CZE) are useful tools for the 

determinationn of the average molar masses and molar-mass distributions of polyelectrolytes and of 

polymerss with charged end-groups. Neutral polymers can be separated according to size by size-

exclusionn electrochromatography (SEEC) or micellar electrokinetic chromatography (MEKC), or 

byy CZE after derivatization. CZE is also useful for the determination of the average charge density 

andd the charge-density distribution of polyelectrolytes and charged copolymers. The last section of 

thiss chapter describes the scope of the thesis. 

Inn Chapter 2 the use of two CE techniques (CZE and MEKC) for the separation of poly(ethylene 

glycol)) (PEG) and polypropylene glycol) (PPG) is discussed. With both techniques prior 

derivatizationn of the PEGs and PPGs was required. For CZE two types of derivatization reagents 

weree tested. Derivatization with 1,2,4-benzenetricarboxylic anhydride (BTA) yielded three isomeric 

derivativess for each polymer chain. CZE allowed separation of the isomers, but the 

electropherogramss were very complex due to the occurrence of multiple peaks for each PEG 

macromolecule.. With phthalic anhydride (PhAH) as reagent the PEGs and PPGs were modified to 

polymerr derivatives with a charge of -2. Using a borate buffer containing 30% (7V) acetonitrile it 

wass possible to separate PEG derivatives up to an average molar mass of 4000 Da. Penta-ethylene 

glycoll  was added to the sample solution as internal standard to provide information on the degree of 

polymerisationn of the polymers. An approximately linear relationship was found between the 

reciprocall  of the mobility and the molar mass of the PEG and PPG derivatives. From this, it could 

bee concluded that the charged polymer derivatives were separated according to the basic CZE 

separationn principle: differences in migration velocities were the result of differences in charge-to-

sizee ratios of the analytes. 
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Priorr to the MEKC analysis the PEGs and PPGs were derivatized with phenyl isocyanate. From the 

experimentall  results it could be concluded that the MEKC separation mechanism for PEG 

derivativess was based on an approximately constant interaction of the phenyl isocyanate end-groups 

withh SDS aggregates in combination with a friction coefficient that depended on the polymer chain 

length.. This separation mechanism allowed for the separation of PEGs with slightly longer chains 

(MMM < 5000 Da) than was possible with CZE. In the MEKC separations of PPG derivatives it was 

observedd that their hydrophobic chain effected the interaction between the polymer derivative and 

SDSS aggregates. Therefore, PPG polymers with longer chains migrated with a higher mobility those 

withh than shorter chains, which was an opposite elution order in comparison with PEGs. It was 

foundd that the PPG derivatives did not migrate according to the conventional MEKC retention 

model.. It seems that the PPGs and SDS ions form aggregates in solution, the charge-to-size ratio of 

whichh depends on the PPG chain length. Due to the vastly different separation mechanisms for 

PEGss and PPGs, separation of samples of these two types of polymers with similar chain lengths 

couldd be obtained. 

Chapterr 3 describes research performed on the characterisation of technical glycerin-based polyols. 

Thesee are macromolecules with glycerol as starting compound, to which chains of ethylene oxide 

(EO)) and propylene oxide (PO) had been polymerised in a batch process. In this chapter the 

determinationn of the sizes of the macromolecules is first discussed. To use the CZE method 

describedd in Chapter 2 for the characterisation of glycerin-based polyols, it appeared necessary to 

increasee the concentration of acetonitrile (to 50% Vv) in the buffer, so as to minimize the influence 

off  the EO-PO distribution of the polymers. The linear relationship between the inverse 

electrophoreticc mobility and the molar mass of the glycerin-based polymers was used as calibration 

curvee for the determination of their mass-polydispersity. All technical glycerin-polyols had 

polydispersitiess below 1.03. 

Inn the second part of this chapter the development of a CE method for the quantification of by-

productss in glycerin-based polyols is discussed. It was essential that the elution of PPG-rich 

polymerss was reversed via interaction of the macromolecules with SDS aggregates in the buffer 

solution.. Using a background electrolyte of 10 mM SDS and 25% (7V) acetonitrile in borate buffer 

thee byproducts and polyols were separated based on their number of end-groups, with a minimal 

influencee of the size of the polymers. From a validation study it was demonstrated that the proposed 

systemm is useful for the determination of the quantities of by-products in technical products. 
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Chapterr 4 describes the development of a CZE method for the separation of 

carboxymethylcellulosess (CMCs) according to their degree of substitution (DS). Because of the low 

sensitivityy of UV detection for CMCs, fused-silica capillaries with an internal diameter of 75 urn 

weree used. Sample solutions of CMCs with different DS values and concentrations of 1 g l"1 could 

bee separated using a 10 mM borate buffer at a voltage of 10 kV and on-capillary detection of the 

UVV absorbance at 196 nm. With the use of an internal standard (phthalic acid), which migrated with 

aa higher mobility than the CMCs, the precision of the method was better than 0.1 %. 

Inn CZE separations broad peaks were observed for the CMC samples. Experiments with indirect 

UVV detection with benzenesulfonate and picrate as monitoring ions indicated that the peak widths 

actuallyy reflected the variation in electrophoretic mobility, and thus in the DS value. From this it 

couldd be concluded that both the average DS and the degree-of-substitution distribution (DSD) for 

CMCss can be established. The relationship between the electrophoretic mobility and the average DS 

valuee of CMCs was used as a calibration curve to determine the polydispersity of technical 

products.. A single calibration curve could only be used within a specific CMC-molar-mass range. 

Thiss limitation of the method was identified by experiments carried out with CMC samples 

fractionatedd according to molecular size by SEC. These experiments showed a small, but definite 

effectt of the polymeric size on the mobility observed in the electrophoretic separation. 

Chapterr 5 describes a non-aqueous CE method optimised for the characterisation of a new type of 

macromolecules,, viz. metallo ^(terpyridine) complexed diblock polymers. An important focus of 

thee method development was the influence of the background-electrolyte ions and organic solvents 

onn the direction and velocity of the electro-osmotic flow (EOF). It was observed that the positively 

chargedd polymers interacted with the negatively charged capillary wall, resulting in a low 

repeatabilityy of the method. The use of modified capillaries solved this problem. With the 

deactivatedd capillary and a background electrolyte of Ba(C104) in NMF at an ionic strength of 5  5 

mMM it was possible to separate the metallo polymers with average molar masses up to 30,000 Da. 

Thee major target of this research was the determination of the molar-mass distribution of the 

macromolecules.. Similar to the CZE systems described in Chapters 2 and 3, the linear plot of the 

reciprocall  mobility versus the molar mass of the polymers was used as a calibration curve. The 

polydispersitiess of the samples were in the range of 1.02 to 1.06. These values were in agreement 

withh the polydispersities of the polymer standards used in the synthesis of the metallo polymers. 

Inn some samples additional polymers (by-products) were detected that migrated with a higher 

mobilityy than the main polymers. Several hypotheses on the origin of the impurities are discussed. It 

115 5 



iss most likely that formation of mono complexes occurred. However, it remained unclear whether 

thee technical samples already contained mono complexes or that these were formed because of the 

organicc solvent applied. 

Inn Chapter 6, the use of capacitively coupled contactless conductivity detection <C D) for the 

detectionn of macromolecules has been examined. Polystyrene standards used as model compounds 

weree separated with size-exclusion electrochromatography (SEEC) and simultaneously detected 

withh C4D and UV detection. The mass-calibration curves obtained with both detection methods had 

identicall  shapes. Therefore, it could be concluded that the conductivity detector could be used to 

monitorr the elution of polystyrene. Furthermore, the linearity, repeatability and robustness of the 

detectionn mode were demonstrated. 

Thee origin of the C4D signal for polystyrenes was unclear. Theoretically, the effect of the polymers 

onn the viscosity of the solution might be the basis of the detection signal. The experiments 

performedd with polystyrenes with different molar masses demonstrated that the size of the 

polymers,, and therefore the viscosity of the sample zone, did not correlate with the response of the 

conductivityy detector. Further research needs to be performed to achieve a complete understanding 

off  the origin of the detection signal for polystyrene. 
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Inn het onderzoek dat in dit proefschrift beschreven is worden de mogelijkheden van capillaire 

electroforesee (CE) voor het efficiënt en specifiek scheiden van synthetische polymeren bestudeerd. 

Hoofdstukk 1 is een algemene inleiding tot het in dit proefschrift beschreven onderzoek. In de 

paragrafenn 1.1 en 1.2 wordt besproken wat synthetische polymeren zijn en met welke 

scheidingstechniekenn deze groep van verbindingen momenteel gekarakteriseerd kan worden. 

Paragraaff  1.3 geeft een overzicht van wat tot nu toe bekend is in de literatuur over het gebruik van 

CEE voor het karakteriseren van synthetische macromoleculen. Elektrokinetische technieken, zoals 

capillairee gelelectroforese (CGE) en capillaire zone electroforese (CZE) blijken uitermate geschikt 

voorr het bepalen van de gemiddelde molmassa's en de molmassaverdelingen van polyelektrolyten 

enn van polymeren met geladen eindgroepen. Neutrale polymeren kunnen direct met SEEC of 

MEKCC of na derivatisering met CZE op basis van hun grootte gescheiden worden. Tevens is CZE 

geschiktt voor de bepaling van de gemiddelde ladingsdichtheid en de ladingsverdeling van 

polyelektrolytenn en co-polymeren. In de laatste paragraaf van dit hoofdstuk wordt het doel van dit 

proefschriftt behandeld. 

Inn Hoofdstuk 2 worden twee CE technieken (CZE en MEKC) voor het scheiden van poly(ethyleen 

glycol)) (PEG) en poly(propyleen glycol) (PPG) besproken. Om de polymeren met CZE en MEKC 

tee kunnen scheiden werden ze voorafgaand aan de scheiding gederivatiseerd. Er zijn voor CZE twee 

soortenn derivatiseringsreagentia getest. Derivatisering met 1,2,4-benzeentricarboxylic anhydride 

(BTA)) gaf een polymeermengsel met drie isomeren voor iedere polymeerketen. Met CZE konden 

dee isomeren worden gescheiden, maar vanwege de aanwezigheid van de meervoudige pieken voor 

elkk PEG macromolecuul waren de elektroferogram zeer complex. Met het reagens ftaalzuur 

anhydridee (PhAH) werden de PEG's en PPG's gemodificeerd tot polymeerderivaten met een lading 

vann -2. Het bleek mogelijk om PEG derivaten met een gemiddelde molmassa tot 4000 Da te 

scheidenn met een boraatbuffer met 30% (7V) acetonitrile. Toevoeging van penta-ethyleenglycol als 

internee standaard aan de monsteroplossingen maakte het mogelijk om de lengte van de 

polymeerketenss te bepalen. Er werd gevonden dat het verband tussen de reciproke mobiliteit en de 

molmassaa van de PEG- en PPG-derivaten bijna lineair was. Dit betekent dat de geladen 

polymeerderivatenn werden gescheiden volgens het CZE scheidingsprincipe: verschillen in 

migratiesnelheidd waren het gevolg van verschillen in de lading/grootte verhouding van de analieten. 
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Voorr de scheidingen met MEKC werden de PEG's en PPG's gederivatiseerd met fenylisocyanaat. 

Uitt de resultaten viel af te leiden dat het MEKC scheidingsmechanisme voor de PEG-derivaten was 

gebaseerdd op een min of meer constante interactie van de fenylisocyanaat eindgroepen met de SDS 

aggregaten,, gecombineerd met de frictiecoëfficiënt die afhankelijk was van de polymeer 

ketenlengte.. Op basis van dit scheidingsprincipe was het mogelijk om PEG's met iets langere 

ketenlengtess (MM < 5000 Da) te scheiden dan met CZE. Bij de scheiding van PPG-derivaten 

blekenn de apolaire ketens van de moleculen de interactie van de derivaten met de SDS-aggregaten 

tee beïnvloeden. Hierdoor migreerden de polymeren met lange ketens met een hogere mobiliteit dan 

dee kortere polymeerketens. Deze elutievolgorde was tegenovergesteld aan die van de PEG's. 

Onderzochtt is of de PPG-derivaten volgens het standaard MEKC retentiemodel migreerden. Dit 

bleekk niet het geval te zijn. Waarschijnlijk vormen de PPG's samen met de SDS-ionen nieuwe 

aggregaten,, die een lading en grootte hebben afhankelijk van de PPG-ketenlengte. De verschillende 

elutievolgordenn voor PEG's en PPG's in MEKC boden de mogelijkheid om monsters van de twee 

polymeersoortenn met ketens van ongeveer dezelfde lengte te scheiden. 

Hoofdstukk 3 beschrijft een onderzoek naar het karakteriseren van technische glycerine-polyolen. Dit 

zijnn macromoleculen opgebouwd uit glycerine, waaraan in een batch proces polymeer ketens 

bestaandee uit ethyleenoxide (EO) and propyleenoxide (PO) zijn gesynthetiseerd. Eerst wordt 

ingegaann op de bepaling van de molmassa van de macromoleculen. Om de CZE methode, zoals 

beschrevenn in Hoofdstuk 2. geschikt te maken voor het karakteriseren van co-polymeren en 

glycerine-polyolen,, is het percentage acetonitrile verhoogd (tot 50% Vv), zodat de EO-PO verdeling 

eenn minimale invloed had op de scheiding van de polymeren. Het lineaire verband tussen de 

reciprokee elektroforetische mobiliteit en de molmassa van de polymeren werd gebruikt als ijklij n 

voorr het bepalen van hun polydispersiteit. Alle technische glycerine-polyolen hadden een 

polydispersiteitt kleiner dan 1,03. 

Inn het tweede deel van dit hoofdstuk wordt ingegaan op de optimalisering van een CE methode voor 

dee kwantitatieve bepaling van bijproducten in de glycerine-polyolen. Essentieel was daarbij dat de 

elutievolgordee van polymeren met hoge PO gehaltes kon worden omgedraaid door gebruik te 

makenn van de interactie tussen de macromoleculen en SDS-aggregaten in de bufferoplossing. De 

scheidingenn van de bijproducten en polyolen in een oplossing van 10 mM SDS en 25% (7V) 

acetonitrilee in boraatbuffer waren gebaseerd op het aantal eindgroepen. met een minimale invloed 

vann de grootte van de polymeren. Met een validatiestudie is aangetoond dat het systeem 
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daadwerkelijkk gebruikt kan worden voor de kwantitatieve bepaling van de bijproducten in 

technischee producten. 

Hoofdstukk 4 beschrijft het gebruik van CZE met UV detectie voor het scheiden van 

carboxymethylcellulosess (CMC's) op grond van hun graad van substitutie (DS). Vanwege de lage 

gevoeligheidd van de CMC's voor UV detectie zijn er "fused-silica" capillairen gebruikt met een 

internee diameter van 75 urn. Monster oplossingen van CMC's met een concentratie van 1 g l"1 

kondenn worden gescheiden met een 10 mM boraatbuffer bij een voltage of 10 kV en konden in het 

capillairr zelf worden gedetecteerd met UV absorptie bij 196 nm. Door de toevoeging van een 

internee standaard (ftaalzuur) met een hogere mobiliteit dan de CMC's is een nauwkeurigheid beter 

dann 0,1% behaald. 

Bijj  de scheiding van CMC monsters met CZE werden brede pieken in het elektroferogram 

waargenomen.. Experimenten met indirecte UV detectie met benzeensulfonaat en picraat als 

observatie-ionenn wezen erop dat deze brede pieken werden veroorzaakt door verschillen in 

elektroforetischee mobiliteit. Hieruit kon worden geconcludeerd dat zowel de gemiddelde DS als de 

verdelingg in de DS (DSD) voor CMC's kunnen worden bepaald. Als ijkcurve is het verband tussen 

dee mobiliteit en de gemiddelde DS-waarde gebruikt. Deze ijkcurve was alleen geldig binnen een 

beperktt molmassagebied. Deze beperking was een gevolg van de invloed van de molmassa van 

CMC'ss op de elektroforetische scheiding. 

Inn Hoofdstuk 5 wordt een watervrije CZE methode beschreven voor het karakteriseren van een 

nieuwee groep macromoleculen, namelijk metallo ^/^(terpyridine) georiënteerde diblock polymeren. 

Eenn belangrijk aandachtspunt tijdens de optimalisering van de methode was de invloed van 

zoutionenn en organische oplosmiddelen op de richting en de snelheid van de electroosmotische flow 

(EOF).. Verder bleek dat er interacties optraden tussen de positief geladen polymeren en de negatief 

geladenn capillaire wand, waardoor de herhaalbaarheid van de methode onvoldoende was. Dit 

probleemm is opgelost door een gemodificeerde capillairen te gebruiken. Met een gedeactiveerd 

capillairr en een oplossing van Ba(C104) in NMF met een ionensterkte van 5 mM was het mogelijk 

omm de metallo polymeren te scheiden tot een gemiddelde molmassa van 30.000 Da. 

Hett hoofddoel van dit onderzoek was de bepaling van de molmassaverdeling van de 

macromoleculen.. Evenals bij de CZE systemen beschreven in de Hoofdstukken 2 en 3 is de lineaire 

relatiee tussen de reciproke mobiliteit en de molmassa gebruikt als ijklijn . De polydispersiteit van de 

monsterss bleek te liggen tussen 1,02 en 1,06. Deze waarden kwamen overeen met de 
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molmassaverdelingenn van de polymeerstandaarden die werden gebruikt voor het vervaardigen van 

dee metallo polymeren. 

Inn een aantal monsters werden bijproducten gedetecteerd. Deze polymeren migreerden met een 

hogeree mobiliteit dan de diblock polymeren. Verschillende hypothesen voor het ontstaan van deze 

bijproductenn worden besproken. Het meest waarschijnlijk is dat de macromoleculen niet stabiel zijn 

enn dat mono-complexen zijn gevormd. Of de originele monsters deze mono-complexen bevatten of 

datt ze zijn gevormd tijdens de analyse met organisch oplosmiddel is niet bekend. 

Inn Hoofdstuk 6 wordt de toepasbaarheid van capaciteitsgekoppelde contactloze 

geleidbaarheidsdetectiee (C4D) onderzocht voor het detecteren van macromoleculen. Polystyreen 

standaardenn werden gebruikt als model verbindingen, gescheiden met "size-exclusion" 

elektrochromatografiee (SEEC) en vervolgens gelijktijdig gedetecteerd met C D en UV detectie. De 

molmassa-ijklijnenn die werden opgenomen met beide detectiemethoden, hadden een identieke 

vorm,, waaruit geconcludeerd kon worden dat de geleidbaarheidsdetector gevoelig was voor 

polystyreen.. Verder is aangetoond dat de detectiemethode lineair, herhaalbaar en robuust was. 

Onduidelijkk was waar het C4D signaal door veroorzaakt werd. Theoretisch gezien kan de invloed 

vann de polymeren op de viscositeit van de oplossing de basis zijn voor het detectiesignaal. 

Onderzoekk met polystyrenen met verschillende molmassa's wees echter uit dat er geen verband was 

tussenn het detectiesignaal en de grootte van de polymeren (en dus ook niet met de viscositeit van de 

oplossing).. Meer onderzoek is nodig naar de basis van het detectiesignaal voor polystyreen. 
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Listt  of abbreviations and symbols 

AAM M 

AMPS S 

BGE E 

BS S 

BTA A 

C4D D 

CCD D 

CE E 

CGE E 

CMC C 

CV V 

CZE E 

Da a 

DABCO O 

DAD D 

DMF F 

DS S 

DSD D 

E5 5 

EO O 

EOF F 

FAE E 

FSCE E 

FTD D 

HEC C 

HEMA A 

I.D. . 

iLC iLC 

IS S 

LC C 

MALDI-TOF-M S S 

aeryy lam ide 

2-acrylamido-2-methylpropanesulfonicc acid 

backgroundd electrolyte 

benzenesulfonate e 

1,2,4-benzenetricarboxylicc anhydride 

capacitivelyy coupled contactless detection 

chemical-compositionn distribution 

capillaryy electrophoresis 

capillaryy gel electrophoresis 

carboxylmethylcellulose e 

coefficientt of variation 

capillaryy zone electrophoresis 

dalton n 

1,4-diazabicyclo[2,2,2]octane e 

diodee array detection 

JV.N-dirnethylformamide e 

degreee of substitution 

degree-of-substitutionn distribution 

penta-ethylenee glycol 

ethylenee oxide 

electro-osmoticc flow 

fattyy alcohol ethoxylate 

free-solutionn conjugate electrophoresis 

functionality-typee distribution 

hydroxyethyll  cellulose 

2-- hydroxyethyl methacrylate 

internall  diameter 

interactivee liquid chromatography 

internall  standard 

liquidd chromatography 

matrix-assistedd laser-desorption ionization time-of-flight mass spectrometry 
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MEKC C 

MM M 

MMD D 

Mn n 

MS S 

Mp p 

Mw w 

n n 

NMF F 

O.D. . 

P P 

P2VP P 

P4VP P 

PEG G 

PEO O 

PhAH H 

PLA A 

PO O 

poly(TFA-Lys) ) 

PPG G 

PS S 

PSS S 

RSD D 

sc sc 
SDC C 

SDS S 

SEC C 

SEEC C 

STBPB B 

STS S 

THF F 

UV V 

VP P 

micellarr electrokinetic chromatography 

molarr mass 

molar-masss distribution 

number-averagee molar mass 

masss spectrometry 

peak-molarr mass 

weight-averagee molar mass 

numberr of measurements 

N-N- methy Iform amide 

outsidee diameter 

picrate e 

poly(2-vinylpyridine) ) 

poly(4-vinylpyridine) ) 

poly(ethylenee glycol) 

poly(ethylenee oxide) 

phthalicc anhydride 

poly(lacticc acid) 

propylenee oxide 

poly(NE-trifluoroacetyl-L-lysine) ) 

poly(propylenee glycol) 

poly(styrene) ) 

poly(styrenesulfonate) ) 

relativee standard deviation 

sodiumm cholate 

sodiumm deoxycholate 

sodiumm dodecylsulfate 

size-exclusionn chromatography 

size-exclusionn electrochromatography 

stearyltributylphosphoniumm bromide 

sodiumm tetradecylsulfate 

tetrahydrofuran n 

ultraviolet t 

vinylpyrrolidone e 
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ee dielectric constant 

ee molar-absorption coefficient (1 mol" cm'1) 

riintrr intrinsic viscosity 
22 1 1 

(iepp electrophoretic mobility (m V" s" ) 

H**  normalized mobility (m2 V"1 s ') 

TT retention factor 
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Dankwoord d 

Natuurlijkk is dit boekje niet zomaar uit de lucht komen vallen. Het is geschreven dankzij de hulp 

vann begeleiders en collega's, en dankzij de niet aflatende steun van familie en vrienden. 

Zonderr mijn promotor Peter Schoenmakers zouden de studies in dit proefschrift niet tot stand zijn 

gekomen.. Zijn vele contacten met onderzoekers uit de industrie en andere universiteiten in binnen 

enn buitenland zorgden voor een constante stroom interessante onderzoeksvoorstellen. Peter, 

natuurlijkk ook bedankt voor al je suggesties en je grenzeloze kennis van het scheiden van 

synthetischee polymeren. Het regelmatig houden van een werkbespreking gaf de mogelijk om over 

mijnn werk te discussiëren, maar het gaf mij ook een hoop stress. Een paar jaar geleden zou ik je er 

waarschijnlijkk niet voor bedankt hebben, maar nu achteraf ben ik blij met die 'verplichte' 

presentaties.. Je hebt er hiermee voor gezorgd dat ik er nu beter mee om kan gaan. Voor de rest heb 

ikk er waardering voor dat je, ondanks dat je altijd druk was, telkens tijd vond me te helpen en over 

mijnn onderzoek na te denken. 

Zonderr de begeleiding en eindeloze correcties van mijn co-promotor Wim Kok zouden de inhoud 

enn teksten in dit proefschrift nog niet op papier staan. Wim, bedankt dat je altijd weer de moed kon 

vindenn om me te helpen bij het schrijven en herschrijven van artikelen, (nu eindelijk een stukje dat 

jee mag lezen zonder je rode pen te gebruiken!) Het was voor mij goed dat je reëel was en alleen 

complimentenn gaf waar dat terecht was. Verder bedank ik je natuurlijk voor alles wat je me geleerd 

hebtt op het gebied van capillaire electroforese en alles wat daar mee te maken heeft. Dankzij jou 

benn ik nu ietsje meer wetenschapper dan vier jaar geleden. 

Veell  CE experimenten voor dit onderzoek zijn door Sytske Heemstra uitgevoerd. Ik heb altijd met 

veell  plezier met je gewerkt en wil je nogmaals heel erg bedanken voor al de werkzaamheden die je 

voorr me verricht hebt. 

Ikk heb een hele leuke tijd gehad in de Polymeer Analyse groep en wil ook iedereen bedanken voor 

dee samenwerking en geboden hulp in welke zin dan ook: Aschwin (de koffie was altijd lekker), Bas, 

Dini,, Emil (best guide for Prague), Fiona (it was never a problem for you to correct my English 

writtings),, Henk, Jaap, Mauro (rock climbing in the mountains is great indeed), Maya, Michel, 
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Monique,, Remco, Simona, Wijbren, Wim Decrop, Wim Ozinga (voor al de capillairen die je voor 

mee besteld hebt), en Xulin (thanks for the introduction to the Chinese culture). 

Petra,, alle koffiegesprekken over onszelf, relaties en de maatschappij zal ik nooit vergeten. Voor 

mijnn gevoel zijn we nog lang niet uitgepraat, in sommige gevallen is het jammer dat een AiO 

onderzoekk maar vier jaar duurt. 

Shannaa en Muna, tijdens julli e stage hebben julli e veel CE scheidingen gedaan met synthetische 

polymeren.. Bedankt voor al dat werk. Waarschijnlijk herkennen julli e de elektroferogrammen in dit 

boekjee die door julli e zijn opgenomen. 

Velenn binnen de UvA en daarbuiten hebben bijgedragen aan dit onderzoek waar ik erg blij mee ben. 

Paull  Ie Comte voor de SEC fracties van de CMCs. Paul Collignon en Hans Agema voor de interesse 

enn de reparatie van de conductiviteitsdetector, Bas Staal voor het uitvoeren van de MALDI 

experimentenn en Bas Lohmeijer voor de samenwerking en synthese van de metaal georiënteerde 

polymeren.. Iedereen van de PAC groep werkend op de 4de verdieping voor de goede werksfeer en 

voorr julli e interesse in de alledaagse dingen. Dank verder aan de overige ITS-ers en de 

AiO's/onderzoekerss bij TNO voor alle samenwerking. 

Overr the last few years many guests visited the Polymer-Analysis group. I would like to thank all of 

youu for the fun, discussions and exotic food and drinks. 

Speciall  thanks also to everybody of Separation Science Group (SSG) of the University of Tasmania 

forr the opportunity to perform research on C4D for macromolecules and for the great time during 

myy stay in Hobart! 

Ookk bedank ik familie en vrienden. Jullie hebben me elk op je eigen manier geholpen. 

Jurriaan,, bedankt voor je hulp bij het schrijven van de eerste stukken Engelse tekst. De illustraties 

opp de omslag zijn van jouw hand. Te gek datje zo snel zoiets moois kon bedenken en tekenen. 

Mennoo en Roos, bedankt voor julli e interesse in mijn werk en voor de logistieke ondersteuning 

vanuitt Amsterdam nu ik in het buitenland zit. 

Jann en Toos, julli e hebben er in eerste instantie voor gezorgd dat dit allemaal mogelijk was voor 

mij. . 

Lestt best Rob, ji j hebt het hele AiO-traject meegemaakt: van een losse opmerking tijdens een 

trainingsritjee op de fiets langs de Amstel 'ga maar niet naar het buitenland, blijf maar in 

Amsterdam,Amsterdam, dat is een stuk leuker' tot de vraag 'waarneer de avond zou komen datje niet naar een 
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rugg achter de computer zou kijken'. Bedankt dat je me altijd hebt geholpen. Verder dankzij jouw 

steunn was het mogelijk om het AiO-schap te combineren met alles wat we de afgelopen jaren 

gedaann hebben. 

Hett schrijven is klaar! Je kunt nieuwe schoenen gaan kopen! 
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