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CHAPTERR 4 

Assessmen tt  of the diffusiona l behaviou r of 
polystyren ee sulfonate s in the dilut e regim e by 

hollow-fibe rr  flow field-flo w fractionatio n 

ABSTRACT T 

Howw Field-Flow Fractionation (FFF) in a ceramic tubular membrane was applied 
too study the diffusional behaviour of sodium polystyrene sulfonate (NaPSS) as a 
functionn of salt and polyelectrolyte concentration in the dilute concentration regime. 
NaPSSS standards were fractionated in an aqueous carrier liquid with salt 
concentrationss of between 1 mmol H and 100 mmol l1 and injected amounts varying 
betweenn 0.2 and 20 ug. A sharp increase of the apparent diffusion coefficients, due to 
peakk overloading, occurs at a critical polyelectrolyte concentration at the accumulation 
walll  A model has been developed comparing repulsive electrostatic interactions, 
calculatedd from the Derjaguin-Landau-Verweij-Overbeek (DLVO) theory, to the 
thermall  energy. It is shown that the observed critical concentration approximates the 
concentrationn of a closely packed lattice of hard spheres within an order of magnitude. 
Thee critical concentration appeared to be dependent on the salt concentration, but the 
influencee of the molecular mass was less clear. Expressions for the migration velocity 
inn overloaded channels have been derived and confirmed experimentally for the two 
lowestt molecular masses. Deviations occur for high-molecular mass NaPSS, possibly 
duee to mutual attraction. These experiments confirm the observations made by Small 
Anglee Neutron Scattering and Dynamic Light Scattering that the ordering of 
polyelectrolytess occurs already in the dilute regime. 
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INTRODUCTION N 

AA large variety of techniques has been utilised to measure static and dynamic 
propertiess of polyelectrolytes in solution, including osmotic pressure, viscosity, and 
birefringencee measurements and light, x-ray and neutron scattering.1'2 As already 
predictedd in 1976 by de Gennes et aL 3 and confirmed experimentally with dynamic 
lightt scattering (DLS) measurements by Koene and Mandel,4 several concentration 
regimess for polyelectrolytes can be discerned Complete phase diagrams for 
polyelectrolytess have been given by Kaji etal> and by SchiesseL6 

Inn the dilute regime, the focus of our interest, polyelectrolytes behave as flexible, 
chargedd chains with long-range Coulombic repulsion as the only source of mutual 
interaction.. The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory can be used to 
describee such systems.7 In this approach the polyions are modelled as hard, 
incompressible,, charged spheres with a Coulombic interaction determined by the 
surfacee potential of the hypothetical spheres and the ionic strength of the surrounding 
solution. . 

Abovee a certain critical concentration within the dilute regime sudden changes of 
thee static8 and dynamic properties9 of polyelectrolytes have been observed. A steep 
increasee of the osmotic pressure and apparent diffusion coefficients are observed at 
concentrationss well below the transition concentration between the dilute and semi-
dilutee regime. At higher polyion concentrations, in the semi-dilute regime, the 
apparentt diffusion coefficients become independent of the molecular mass of the 
polyelectrolytes. . 

Att polyelectrolyte concentrations higher than this critical limit in the dilute regime, 
aa double exponential correlation function is measured with DLS. The correlation 
functionn is interpreted as consisting of a second diffusive or "slow" mode existing 
besidess the normal "fast" diffusion.10"13 The increase of the fast diffusion coefficient is 
attributedd to a coupled diffusion of the polyions and counterions in the solution. The 
sloww mode correlation in DLS is interpreted as being caused by the presence of large 
domainss or aggregates of polyionic chains. Small-angle X-ray and neutron scattering 
experimentss (SAXS and SANS), conducted with a large variety of polyelectrolytes of 
syntheticc as well as biological origin, also seem to indicate that ordered clusters of the 
polyelectrolytee ions are formed, in which the motion of the individual ions is 
coupled14-200 The exact nature of these domains and the mechanism behind their 
formationn is still not completely understood Also, the transition of the ordinary mode 
(withh a single exponential decay curve in DLS) to the extraordinary regime (with two 
modess of diffusion) and its dependency on, for example, the salt concentration of the 
solutionn and the molecular mass of the polyelectrolyte, is still a matter of dispute.21 

Floww field-flow fractionation has been developed as an analytical separation 
techniquee for the fractionation and characterisation of polymers in solution.22 In flow 
FFFF a separation channel with a semi-permeable wall is used Through the channel a 
carrierr liquid is pumped in the axial (length) direction, while at the same time a so-
calledd cross-flow is maintained through the semi-permeable wall Macromolecular 
compoundss that are injected into the channel as analytes cannot pass through the 
semi-permeablee wall and are concentrated into a thin layer of solution close to this 
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walll  The thickness of this layer depends on the velocity of the cross-flow and on 
molecularr diffusion of the analyte compounds. Since the axial flow is laminar, this 
thicknesss determines the (average) velocity of the analyte in the axial direction. Thus 
inn flow FFF macromolecular compounds are separated on the basis of differences in 
molecularr diffusion rates. The separation mechanism of flow FFF is such that it 
providess a direct method to determine the molecular diffusion as originally defined by 
Fickk in 1855.23 Ideally, the molecular diffusion coefficient data that are obtained by 
floww FFF can be translated into molecular size data through the Stokes-Einstein 
theory. . 

Hollow-fiberr flow FFF was experimentally developed by Jönsson and Carlshaf in 
1989.244 We have used a hollow-fiber flow FFF set-up, newly developed in our 
laboratory,, with a tubular ceramic ultrafiltration membrane as the separation channel 
Whilee previously employed polymeric fibers may be subject to swelling in the 
solvent,255 the rigid structure of the ceramic support ensures stable channel 
dimensions. . 

Generally,, low analyte concentrations are used in flow FFF, so that for neutral 
polymerss apparent diffusion coefficients are obtained that approach the values at 
infinitee dilution.26 However, several studies have shown that flow FFF applied to 
polyelectrolytess is very susceptible to overloading.2729 When flow FFF is used to 
obtainn data on the molecular size distribution of a polyelectrolyte sample, care should 
bee taken that the amount of analyte injected in the channel stays below a certain limit 
Ann increase in concentration will lead to electrostatic repulsion of the analyte from the 
solutionn layer close to the accumulation wall. 

Thee overloading phenomena mat are observed in flow FFF of polyelectrolytes are 
obviouslyy connected to the steep increase of apparent diffusion coefficients above a 
certainn critical concentration, as has also been observed with other techniques. 
Therefore,, flow FFF appears to be a very suitable technique to study such diffusional 
behaviour.. We have used flow FFF to estimate the critical concentration of 
poly(styrenesulfonate)) standards with different molecular masses in solutions with a 
widee range of ionic strengths. The experimental results obtained have been compared 
too theoretical predictions from the DLVO theory for charged hard spheres. The 
modell  developed for this purpose elaborates on previous applications of DLVO 
theoryy to flow and sedimentation FFF for particles.30-32 
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EXPERIMENTAL L 

Instrumenta l l 

Tubularr ceramic ultrafiltration membranes were purchased as a Kerasep-400 
modulee (Rhone Poulenc, Lyon, France) composed of 19 parallel channels with a 
lengthh of 40 cm and an inner diameter of 2.5 mm. A molecular weight cut-off of 15 
kDaa is given by the manufacturer. A single channel with a lengm of 11 cm was cut out 
off  the module and polished to a cylindrical shape with an outer diameter of ca. 4.2 
mm. . 

Connectionss from standard 1/16" PEEK tubing to die channel were made via two 
1/16""  stainless steel zero-dead-volume unions (Swagelok, Solon, OH, USA). In order 
too fit  them to the ceramic tube, they were cut in half and a small cylinder was soldered 
too me end. The connectors were glued to the ends of the channel with Araldite 2014 
epoxyy resin (Ciba-Geigy, Basel, Switzerland). 

AA scheme of the instrumental set-up widi an enlarged picture of die separation 
channell  is shown in Figure 1. The channel was mounted in a stainless-steel tube mat 
wass subsequendy filled with the carrier liquid. A Spectroflow pump (Applied 
Biosystems,, Ramsey, NJ, USA) delivered the flow in the axial direction (Fi„). A P-6000 
syringee pump controlled by a P-500-plus controller (Pharmacia, Uppsula, Sweden) was 
connectedd to die stainless steel encasing so mat it could control die cross-flow (Fa). 

Pumpp 2 

Pumpp 1 

Computer r 

Fiber r Detector r 

Solvent t 
Reservoir r 

FigureFigure 1. Scheme of the instrumental set-up of the flow FFF instrument. The enlargement 
showss a photograph of the channel with the tubing connected to it. Arrows indicate the 
directionss of the flows during fractionation. 
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Bothh the cross-flow and flow through the detector were recycled to the solvent 
reservoirr with a volume of 1 1. Samples were injected via a 5 ul injection loop on a 
70100 injection valve (Rheodyne, Berkeley, CA, USA). UV detection at 226 nm was 
performedd using a Spectroflow 757 UV detector (Applied Biosystems, Ramsey, NJ, 
USA).. Detector signals were amplified by a model 113 pre-amplifier (Princeton 
Appliedd Research, Princeton, NJ, USA) and transferred by a home-built A/D 
converterr to a personal computer. 

Chemical ss  and solution s 

NaPSSS standards (Polymer Standard Service, Mainz, Germany) were reported by 
thee manufacturer to have a polydispersity smaller than 1.1. Demineralised water and 
p.a.. sodium chloride were used to prepare the carrier liquid. Samples were prepared by 
dissolvingg the polymer in the carrier liquid and stored at 4°C. 

Procedur e e 

Alll  experiments were carried out at room temperature. After injection, the analyte 
wass flushed with 75 [d of carrier liquid towards the channel (corresponding to the 
calculatedd dead volume in front of it) to decrease the time required for relaxation. 
Then,, during a relaxation period of 8 minutes, Fffl and FCT were set to 0.02 and 0.2 ml 
min1,, respectively. The fractionation was started by increasing the axial and cross-flow 
too the desired values. Depending on the ionic strength and molecular mass, the inlet 
flowflow rate was adjusted so that at the highest injected mass the fractionated peak was 
stilll  separated from me void peak. FCT was kept at 0.15 ml min1. 

THEORY Y 

DLVOO model 

Inn the DLVO model, a polyelectrolyte is considered as a hard, incompressible, 
chargedd sphere with a hydrodynamic radius (m). When introduced in a flow FFF 
channel,, two forces act on the particle: Hydrodynamic forces, induced by the cross-
flow,flow, driving the particles towards the accumulation wall and repulsive electrostatic 
forcess (particle-particle interactions). At low concentrations, the average distance 
betweenn the particles is large and the cross-flow can concentrate the sample in a 
solutionn layer close to the wall with an average thickness determined by the thermal 
energyy of the particles. As the concentration is increased, the particles move closer to 
eachh other and repulsive interactions increase. When repulsive forces exceed the 
thermall  energy, the sample can no longer be contained in the thin solution layer. Ergo, 
peakk overloading will occur. In that case, the sample is repelled to average faster 
velocityy zones and a change in retention time and peak shape occurs. The point where 
thee repulsive energy is equal to the thermal energy is, according to the definition by de 
Genness etaL? the transition point into an ordered or "lattice" state. 
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Hence,, in flow FFF the point where overloading starts to take effect is directly related 
too the transition into an ordered state. 

Inn a solution, charged particles carry a surface potential l|/o that is screened by 
oppositelyy charged counterions in the solution over the Debye screening length. Hie 
expressionn for the electrostatic repulsive energy (E,) between two particles at a 
distancee of 2x in a 1:1 electrolyte has been derived by Honig and Mul on the basis of 
DLVOO theory.33 Substituting rH for the particle radius gives for polelectrolytes: 

E^lntnZZQyc-E^lntnZZQyc-22"^-^"^-  ̂ (1) 

wheree 6 the relative permittivity of the solvent and 8o the vacuum permittivity. K is the 
inversee of the Debye screening length: 

-- .2 V 
KK  = 

Iq' ' 
I r TT ( 2 ) 

eeoo kT, 
wheree q is me elementary charge, I the ionic strength of the solvent, k the 

Boltzmannn constant and T the temperature, y is a potential function derived from the 
surfacee potential of the polyion: 

Y --^Itanhf-^ -- (3) ) qq UkT* V 
Fromm the electrophoretic mobility op NaPSS ions, 41.2 10-9 m2 V4 s4, as given by 

Cottett and Gariel,34 it follows that \|/o is in the order of 52 mV. A value of 48 mV is 
calculatedd for y. Hie surface potential is independent of the ionic strength of the 
solutionn and the molecular mass. 

Forr comparison, in Figure 2 the repulsive force between two 17 kDa NaPSS 
moleculess as a function of the intermolecular distance is shown together with the 
thermall  energy. A salt concentration of 10 mmol l1 and a hydrodynamic radius of 4.1 
nmm (calculated from its diffusion coefficient) were used in the calculations. Since the 
repulsivee energy increases rapidly with decreasing distance, there is a distinct minimum 
off  approach (xmm) between adjacent polyions where the two energy curves cross in 
Figuree 2. Hie minimum distance of approach can be found as the distance where the 
repulsivee energy equals kT: 

mm m KK  K2ntHez0yJ (4) ) 

Fromm the closest packing of spherical particles the critical concentration c*  (in 
gg l1) can be obtained as: 

c** = 0.74 — (5) 
1000NA 4*x m i n

3 3 

wheree M is die molecular mass and NA Avogadro's number. 
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FigureFigure 2. Energy of repulsion between two 17 kDa NaPSS molecules as predicted by the 
DLVOO theory compared to the thermal energy, kT; cs = 10 mmol l1. 

Inn order to calculate c*  at a given ionic strength, the value of the hydrodynamic 
radiuss of the polymer is required. rH can be determined from the diffusion coefficient 
obtainedd by flow FFF, given that the system is not overloaded (see Equation 10 
below).. The Stokes-Einstein equation relates the hydrodynamic radius of the 
macromoleculee to its diffusion coefficient under unperturbed conditions (Do): 

k T T 
rHH = = ~ (6) 

6 n r | D0 0 

wheree r\ is the dynamic viscosity of the solvent. 

Elutionn in flow FFF 

Inn flow FFF without overloading effects, a macromolecular compound is 
concentratedd in a thin layer of solution close to the fiber wall. The concentration of 
thee compound follows an exponential profile as a function of the distance z to the 
accumulationn wall: 

c(2)) = c 0 - e x p l - y -J (7) 

wheree Co is the concentration at the accumulation wall. £Q is the characteristic layer 
thicknesss which is determined by the diffusion coefficient of the compound and the 
velocityy of the cross-flow: 

^ 0 = ^^ (8) 
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Here,, u«*  is the linear  velocity of the cross-flow through the walL At sufficiently high 
retention,, under  die influence of the parabolic axial flow in a hollow fiber the axial 
velocityy vo of the compound becomes: 

v 0 =i i2 .vv (9) 
i t t 

wheree R is the radius of the fiber and v the average axial flow velocity. According to 
thee standard theory on flow FFF the retention time tn of the compound can be 
approximatedd by the equation:24 

t^-^-lnfSazSJkll (10) 
8D00 Uto-F^ J 

Here,, C, denotes the distance of the relaxation point from the inlet of the fiber relative 
too the length of the fiber;  £ is equal to the ratio of F« and ¥a during relaxation (0.1 in 
ourr  case). Equation 10 allows the diffusion coefficient at infinit e dilution to be 
calculatedd from the retention time under  unperturbed conditions. 

Ass was shown in the previous paragraph, the DLVO theory predicts a steep 
increasee of the mutual repulsion of polyelectrolyte molecules when the critical 
concentrationn c*  is exceeded. For  hollow-fiber  flow FFF this implies that the 
exponentiall  concentration profil e close to the wall will be disturbed when too much 
materiall  is introduced in the channel The starting point of overloading in hollow-fiber 
FFFF corresponds to the point where the concentration of the macromolecular 
compoundd on the inner  surface of the fiber reaches c*. This concentration may be 
obtainedd from the peak concentration in the detector  at the onset of overloading. 
Fromm the flux equations that can be set up for  the system the relation between the 
detectorr  concentration c<fct and the wall concentration at the end of the channel co can 
bee calculated:27 

Cdct=^7-C 00 (11) 

Thee value of to or  Do required to estimate c*  can be acquired from the retention time 
inn the absence of overloading (Equation 10). 

Whenn more material is introduced in the channel the concentration profil e may 
takee approximately a form as is shown in Figure 3. Close to the wall a layer  with a 
thicknesss of I*  is formed containing the maximum concentration c*  of the 
compound,, and on top of that the normal exponential layer  with thickness to- The 
thicknesss of the layer  I*  will depend on the amount of the compound introduced into 
thee fiber. 

Thee average axial velocity of the compound will be increased compared to the 
situationn without overloading effects. An overloaded peak can be seen as a collection 
off  zones, each moving with a specific velocity v*. v*  is dependent on the 
concentrationn profil e in the zone, which is reflected in dec 
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z(nm) ) 

FigureFigure 3. Concentration profile as a function of the distance z from the accumulation wall 
underr unperturbed (a) and overloaded conditions (b). 

I tt can be shown that the velocity of such a zone with a concentration profile as 
depictedd in Figure 3 (curve b) is: 

e n
2 + > > ''iio+yo+y22t t 

.2\ .2\ 

00 + ^  ^ 0 

(12) ) 

wheree vo is the axial velocity of the compound under unperturbed conditions. The 
detectorr concentration and the maximum wall concentration and layer diickness are 
relatedd by: 

-det t == 8 
tt00

22+fe+fe00+y+y22e*e*2 2 

R' ' 
(13) ) 

Equationss 12 and 13 can be used to analyze a series of data on peak retention times 
andd detector concentrations obtained under overloaded conditions. 

RESULTSS AND DISCUSSION 

Inn order to validate the system four standards were fractionated with different 
combinationss of Fi„  and Fcr. The salt concentration (cs) of the carrier liquid was 10 
mmoll  H and die injected mass 1 |j,g. Fm was varied between 0.5 and 2 ml min1, Fcr 

betweenn 0.05 and 0.3 ml min1. In Table 1, the resulting mean diffusion coefficients, 
calculatedd with the use of Equation 10 and the relative standard deviations (RSD) of 
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thee diffusion coefficient of the four standards are presented. Also, the average 
recoveriess are given, U., the ratio of the measured peak area and the expected value 
basedd on the injected amount It can be seen in Table 1 that the recovery for all 
standardss is complete within the expected experimental error {e.g.t injection volume or 
oudett flow rate), indicating that there is no significant leakage in the system. Notably, 
thee relative standard deviation of the mean Do is smaller than 5% for all standards. 

Generally,, diffusion coefficients of polymers follow the well-known relation:35 

D 0= A - M ~ bb (14) 
wheree A and b are empirical constants. The constant b is a measure of the solvent 
qualityy and state of the polymer. It can vary between 0.5 for a bad solvent and 0.6 for 
aa good solvent Linear regression of the results in Table 1 yields log A = -7.8 1 
andd b = 0.58  0.02. This is in good agreement with constants obtained by analysing 
dataa from literature: log A = -7.8  0.18, b = 0.56  0.02 and log A = -7.6  0.2, b = 
0.611  0.04, as measured with flow FFF and DLS, respectively.36'37 Our system is 
obviouslyy well suited to determine diffusion coefficients of NaPSS. 

Forr the diffusional study, four standards were fractionated in a carrier liquid with 
sixx different salt concentrations of between 1 and 100 mmol l1. At each salt 
concentrationn five or six fractionations of the respective standards were carried out; 
thee injected masses ranged between 0.2 and 20 jig. 

Typicall  examples of the results that were obtained are depicted in Figure 4. Figure 
4AA shows a superposition of five fractograms of the 17 kDa standard with different 
injectedd amounts at a salt concentration of 30 mmol H. The trend shown in Figure 4a 
iss illustrative of the diffusional behaviour. First, with sample loads below 2.5 Jig, the 
peakss remain symmetrical and the retention time remains approximately constant. 
Uponn increasing the sample load, the peak shape changes to triangular, and the peak 
topp shifts towards shorter retention times. In accordance with the presented model, 
theree is a threshold concentration, reached with an injected mass of between 1 and 2.5 
ug,, above which overloading starts to occur. 

Figuree 4B shows fractograms at a lower salt concentration of 2 mmol H. 
Evidendy,, due to insufficient screening of the repulsive forces, the cross-flow is 
unablee to concentrate the polyelectrolytes into a narrow solution zone. While, for 
example,, an injected mass of 1 (ig in Figure 4A generates a nearly symmetrical peak, 
thee peak shape in Figure 4B is strongly asymmetrical. 

Forr each fractogram apparent values of the diffusion coefficient (Dw) and the 
concentrationn Co were calculated from die retention time and detector signal at the 
peakk maximum, using Equations 10 and 11, respectively. In Figure 5 the results for 
thee four standards at salt concentrations of 100 and 2 mmol H are shown. In mis type 
off  plot the effect of the concentration of the polyelectrolyte at the accumulation wall 
becomess very pronounced. 
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TableTable 1. Average diffusion coefficients and recoveries of four polystyrene sulfonates and the 
relativee standard deviations of the mean Do. Values for the 17 and 46 kDa standards are based 
onn six measurements, for the 123 and 356 kDa standards on five measurements. Conditions: 
seee text. 

M(kDa) ) 

17 7 
46 6 
123 3 
356 6 

Do o (10-»» m 2 si) 

6.0 0 
3.6 6 
1.72 2 
1.03 3 

RSDD (%) 
2.7 7 
3.3 3 
1.9 9 
4.0 0 

Recoveryy (%) 
102 2 
108 8 
101 1 
85 5 

t,, (min) 

FigureFigure 4. Superposition of five fractograms of the 17 kDa NaPSS sample. Injected amounts 
aree 0.2,1, 2.5, 5, 10 and 20 ug, respectively. cs = 30 mmol F (A) and cs = 2 mmol l 1 (B). For 
otherr conditions: see text. 

-9.5 5 

»» -10 
n n 
E E 

-10.5 5 

-11 1 
-11 0 

logg (c„/gr') 
-11 0 

logg (e,,/of1) 

FigureFigure 5. Apparent diffusion coefficient versus polymer concentration at the concentration 
walll  at the peak maximum. Legend: (*)17 kDa; (X) 46 kDa; ) 123 kDa; ) 356 kDa. cs = 10 
mmoll  F (A) and 2 mmol H (B). Dashed lines indicate the diffusion coefficients from Table 1; 
drawnn lines are added to guide the eye. For other conditions: see text. 
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Thee threshold value c*  was extracted from the double log-plots, such as Figure 5A 
andd 5B, as the point where Dapp starts to increase. For the lower salt concentrations it 
iss problematic to determine the critical point, since c*  is not reached with the smallest 
amountt injected (see, e.g., Figure 5B). The injected mass could not be lowered further, 
becausee this made it difficult to determine the exact retention time and peak height. In 
thesee cases, the diffusion coefficient under non-overloading conditions was estimated 
byy the value of Do at a salt concentration of 10 mmol H (Table 1). Although this is not 
entirelyy correct (due to chain expansion or coil to rod transition, the diffusion 
coefficientt can change significanuy) the values are assumed to be fair estimates. Also, 
thee m values substituted into the DLV O model were calculated from die values of Do 
inn Table 1. 

Inn Figures 6A and 6B, the experimentally determined c*  values for the 17 and 123 
kDaa samples are presented with the c*  values according to the DLV O model, 
obtainedd as outlined previously. For comparison, the transition of the dilute to semi-
dilutee regime calculated on basis of scaling relations is shown.4 It should be noted, 
however,, that due to the large number of scaling lengths, the applicability of scaling 
theoryy to flexible polyelectrolytes is disputable.38 On the other hand, it is clear that the 
concentrationss in our experiments fall well into the dilute regime and therefore the 
increasee in Dapp is not due to a transition into the semi-dilute regime. 

Thee DLV O model predicts the critical concentration within an order of 
magnitude,, and the measurements follow the trend predicted by the model. These 
resultss give evidence for the occurrence of ordering in polyelectrolyte solutions, since 
thee model direcdy relates the critical concentration to a crystal lattice at the point 
wheree the repulsive energy equals the thermal energy. Without the applied cross flow, 
itt is not possible for the molecules to freely diffuse in the solution, since the 
intermolecularr distance cannot be smaller than Xmi„. This may give rise to the 
formationn of clusters of polyelectrolytes diffusing at a distance of around Xmin-

2 2 

11 -

~a>~a> 0 -

I' 1 1 

-2 2 

-3 3 

33 -2 

logg (cj mol r') 

__ 0 

3.3. -1 -

- 2 --

-3 3 

B B 

-3 3 
logg (cjmol I') 

FigureFigure 6. Critical concentrations versus salt concentration for NaPSS standards with 
molecularr masses of 17 kDa (A) and 123 kDa (B). Drawn line: c*  according to the DLVO 
model.. Dashed line: Transition from the dilute to semi-dilute regime according to scaling 
theory.. : Experimentally determined c*. 

65 5 



Interestingly,, in flow FFF a strong influence of the salt concentration on the 
criticall  concentration was found, as was predicted on basis of the DLVO theory. 
Fromm SANS and SAXS experiments on DNA fragments no consensus has been 
reachedd about the effect of the salt concentration on the average spacing between 
polyelectrolytes.19-211 Flow FFF experiments on similar samples may be helpful in 
assessingg more precisely these phenomena. The results in Figure 6 oppose the findings 
off  Kaji et al.5, who derived on the basis of scaling theory a critical concentration of 
3.34N2,, where N is the degree of polymerisation. In this equation, the ionic strength 
iss not accounted for. 

Inn Figure 7 the effect of the molecular mass on c*  at three different salt 
concentrationss is presented. Here, the values calculated by the model are compared 
withh the measured c*  values. With the exception of c, = 10 mmol 1\ the model is not 
quantitativee in predicting the effect of M on c*  and the expected trends are not 
displayedd in the measurements. There is a strong indication that the high-molecular 
masss standards deviate from the behaviour of hard incompressible spheres. At 
elevatedd salt concentrations, the measured c*  exceeds the value calculated from the 
DLVOO model for the two highest molar masses. 

Similarr conclusions can be drawn from applying the DLVO model to data from 
literature.. Sedlak has measured the ionic strength dependence of the splitting of 
diffusionn coefficients into a fast and slow mode in DLS.12 Using a 5 g l1 NaPSS 
solution,, it was found that above a critical salt concentration the slow mode 
disappeared.. When applying the DLVO model to his data, we find for the 5 and 47 
kDaa standard that his experimental conditions (salt and polyelectrolyte 
concentrations)) where the splitting occurs are close to the conditions where ordering 
inn the solution starts to occur. For the 1200 kDa sample however, the DLVO model 
predictss an onset of ordering at a much lower concentration of the polyelectrolyte 
thann the concentration at which the splitting of diffusion coefficients was observed 
Ass seen in our experiments, the model tends to underestimate the c*  value of higher 
molecularr masses. It is conceivable that the chains of the flexible NaPSS become 
entangledd as the molecular mass increases. It has been observed from static light 
scatteringg and SANS experiments that the spacing between adjacent 780 kDa NaPSS 
moleculess scales differently from the spacing between 18 kDa NaPSS, proteoglycan 
andd t-RNA molecules, that scale as hard spheres.19 Attraction between similarly 
chargedd polyelectrolytes, which is under discussion in recent literature, cannot be ruled 
out.. 39"42 Mutual attraction between polyelectrolytes is not included in the model used 
inn this work. 
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FigureFigure 7. Effect of molecular mass on c*  at three different salt concentrations. Drawn lines 
showw the predictions by the DLVO model and markers show the measured values of c*. c5 = 1 
mmoll  l1 (a and ; cs = 10 mmol H (b and X); cs = 100 mmol l"1 (c and . 

Inn the previous section, the dependencies of the velocity v*  and Cdet on the layer 
thicknessess to and £* with injected masses above the critical concentration have been 
derived.. Using the values of £o and c*  determined in the previous experiments, the 
relationn between v*/vo and Cdet can be calculated from Equation 12 and 13 by varying 
£*.£*. In Figure 8, die dieoretical curves of log (v*/vo) versus log (cdet) for the 17, 46 and 
3566 kDa standards are combined with the experimentally determined velocities and 
concentrationss in the detector. For the latter, we used the concentrations and 
retentionn times at die peak maximum, as these values can be determined most 
accurately.. The salt concentration was 10 mmol l1. 

Clearly,, there is an excellent agreement between the measured velocities and the 
theoreticall  expectations for the 17 and 46 kDa standards. From this Figure and the 
agreementt between the DLV O model and experimental data (Figure 5) it can be 
concludedd that the diffusional behaviour of the low-molecular mass standards is 
comparablee to that of hard incompressible spherical particles. In contrast, for the 356 
kDaa standard the experimental velocities are lower than expected on basis of Cdet- A 
possiblee explanation for the deviating behaviour of this high-molecular mass 
polyelectrolytee may be diat chain entanglement or attraction (also discussed within 
contextt of Figure 7) results in a layer £* which is smaller than expected on dieoretical 
grounds.. As a consequence, die velocity increase is less than expected when co exceeds 
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FigureFigure 8. Double logarithmic plot of relative velocity versus concentration in the detector for 
NaPSSS standards of 17 kDa , 46 kDa (X) and 356 kDa ; cs = 10 mmol H. Injected 
masses:: 0.2,1, 2.5, 5,10 and 20 ug (for M = 17 and 46 kDa) and 2.5, 5,10 and 20 ug (M = 356 
kDa),, respectively. 

CONCLUSIONS S 

Thiss work shows that flow FFF is an excellent tool to study the diffusion of 
macromolecularr compounds. The critical concentration at which overloading of 
poly(styrenesulfonates)) occurs agrees within an order of magnitude to the 
concentrationn of a closely packed lattice. While the behaviour of low-molar mass 
NaPSSS can adequately be described by hard-sphere repulsion, deviations of high-
molarr mass compounds may possibly be explained by attractive forces. Qualitatively, 
thesee results agree with experiments conducted with DLS and SAXS. It would be 
interestingg to apply our method to polyelectrolytes other than NaPSS. 

Unfortunately,, a direct comparison between flow FFF data and DLS or SAXS is as 
yett not possible. Most of the applications of the latter techniques are carried out in 
salt-freee solutions or at polyelectrolyte concentrations in the order of 1 to 50 g H, 
whilee the values in our experiments are of at least an order of magnitude lower. It is a 
generall  advantage of flow FFF that only a low amount of analyte is required and no 
extensivee sample preparation is necessary, because flow FFF is relatively insensitive to 
contaminants.. Moreover, since the retention mechanism of flow FFF is direcdy based 
onn the displacement of macromolecules due to their diffusion in a solution, it provides 
aa direct way to study diffusion as originally defined by Fick, without accompanying 
artefacts. . 
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