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CHAPTE R R 

n n 
Generall  Introductio n 

Sincee the first synthesis of a polymer in 1862 an ever-increasing variety of polymeric 
materialss have become available and synthetic polymers play a more and more im-
portantt role in modern society as raw materials for plastics, fibers, elastomers, and 
adhesives.1 1 

Polymerss (Greek: polys = many, meros = part) consist of repeating segments of small 
moleculess (strictly defined, polymers and macromolecules are not synonyms). Usu-
ally,, polymeric products consist of polymer(s) mixed with so-called auxiliaries (addi-
tivess such as: antioxidants, flame retardants, and light stabilizers; and modifiers such 
as:: cross-linkers and fillers).2 The list of applications of polymers is virtually endless. 
Forr many years the plastics market has been the strongest expanding materials sector 
andd it continues to expand into markets not historically reserved for plastics, e.g., as 
replacementt for wood and steel.3 Apart from commodity plastics, produced in bulk, 
theree is an increasing demand for polymers with tailor made properties to be used in 
high-techh applications.4 

Essentiall  to the successful development and production of polymers is the ability to 
characterizee these materials. This requires a range of sophisticated analysis methods.5 

Iff  we focus on the raw polymer material - thus excluding auxiliaries - properties of 
polymerss and polymeric particles are determined by their chemical composition, 
mass/size,, and conformation. The strong correlation between molecular mass/size and 
polymerr properties has led to the development of a number of important separation 
methodss to determine the molecular mass/size, or better, the mass- or size-
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distribution.. Well-known methods are Size-Exclusion Chromatography (SEC),6 Hy-
drodynamicc Chromatography (HDC),7 and Field-Flow Fractionation (FFF).8 

Byy far the most often used separation method for polymers is Size-Exclusion Chro-
matography.. SEC is carried out in a packed column, through which a liquid is forced 
too flow. A dissolved polymer sample is injected onto the column. Separation is 
achievedd by the size-dependent distribution of the sample molecules between the 
stagnantt mobile phase inside the pores of the packing material and the moving mobile 
phasee outside the pores. Low-molecular-mass (LMM) polymers are more retained 
thann high-molecular-mass (HMM) polymers. The range of polymer sizes that can be 
separatedd is determined by the pore size. SEC is a robust technique that does not re-
quiree an expert to be run. The technique can be used to determine the molecular mass 
distributionn of polymers with a molecular mass up to = 10 MDa. For materials with 
higherr molecular mass or particulate material SEC is not suited. Shear degradation of 
polymerr chains can occur and large molecules or particles can even block the col-
umn.9 9 

Ann alternative to SEC is Hydrodynamic Chromatography (HDC), also known as Hy-
drodynamicc Fractionation (HDF). Separation in HDC occurs in narrow open tubes or 
inn packed columns under laminar flow conditions. The separation is based on the 
stericc exclusion of large molecules from the wall (tube wall or particle wall). In an 
HDCC column, the mobile phase flows with a parabolic velocity profile. Therefore, the 
distancee from the solute to the wall determines the longitudinal velocity. The separa-
tionn is solely based on size. The retention order is the same as for SEC; HMM solutes 
elutee first. HDC is suited to analyse polymeric material10 as well as particulate mate-
rial.rial.1111 The selectivity is low, but this is partly compensated by a very high efficiency. 
Still,, HDC is seldom used for polymer analysis. More successful is its use for particle 
analysis.12 2 

AA third technique is Field-Flow Fractionation, capable of separating polymers as well 
ass particles. This technique is the main topic of this thesis and will be discussed in 
moree detail in the remainder of this chapter. 
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Field-Floww Fractionation 

FFFF is an emerging separation technique complementary to SEC that gained slowly in 

popularityy during the last decade. The FFF principle was suggested by Giddings in 

1966.133 Nowadays, FFF comprises a number of techniques all based on a one-phase 

systemm in which separation is achieved by applying an external field perpendicular to 

aa laminar solvent flow.14 

Inn practice, a carrier liquid is forced to flow under laminar conditions through a rib-

bon-likee channel without packing material (Figure 1). A sample is injected and is 

takenn along with the liquid stream through the channel. 

inlett outlet 

Figuree 1: Principle of FFF. F is a force, D is the diffusion coefficient, w is the 

channell  height, and / is the mean layer thickness equal to the ratio of the 

diffusionn coefficient D and transverse component velocity uF. 

Perpendicularr to the flow a force F is applied, acting on the solutes to be separated, 

thatt makes the injected components move towards a channel wall with a velocity uF. 

Thiss is counteracted by the Brownian motion (D), which results in an equilibrium 

distributionn of the components to be separated close to one wall (the accumulation 
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wall).. The separation in the axial direction is, just as in the case of HDC, the result of 
thee velocity gradient of the carrier liquid near the wall. However, the elution order is 
thee reverse of HDC, i.e., small molecules/particles elute before large. 
Duee to the open geometry of the channel, FFF can be used for dissolved polymers as 
welll  as for colloids and particles. The separation efficiency is low compared to SEC 
andd HDC but the selectivity is relatively high.15 

Separationn mechanism 

NormalNormal mode 
Thee net flux of material in the transversal direction in an FFF channel is given by:14 

J88 = uF c ( x ) - D - ^ - [1] 

Here,, c is concentration and x is the position relative to the accumulation wall. The 
firstfirst term of the right-hand side of Eq. [1] is the result of the field-force in the direc-
tionn of the accumulation wall and the second that of the opposing Brownian motion. 
AA dynamic steady state is reached when the cross-force and the counteracting diffu-
sivee force are balanced, so that the net flux is zero and a concentration profile ac-
cordingg to 

c(x)== c0e""5" = c0e~' [2] 

iss formed. Here, c0 iss the concentration at the accumulation wall. 
Underr laminar flow conditions the velocity profile in a rectangular FFF channel takes 
thee form 

v(x)) = 6(v> fx^ IX 

v w ; ; w w 
[3] ] 

wheree w is the channel height and (v) denotes the average cross-sectional liquid ve-
locity.166 Superposition of the above concentration profile c(x) across the velocity 
profilee v(x) allows the calculation of the retention of a component: 
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<v> > 
tRR = T t 0 = 

6A, , coth h 
2X 2X 

[4] ] 

-2X -2X 

Here,, V is the mean velocity of an injected component. The dimensionless retention 
parameterr X is given by D/(uF w) or //w. 
Forr small values of A,, Eq. [4] can be simplified to: 

tt - . to 
RR 6{X-2X2) 

[5] ] 

or r 

UU * 
6X 6X 

[6] ] 

Thee approximate Eq. [5] can be used at relatively low retention. Retention ratios 
(tR/to)) of 1.5 or higher give an error of less than 1 %. Eq. [6], however, is only useful 
att high retention. Retention ratios > 7.5 give errors less than 5 %.17 

StericSteric mode 
Inn the normal mode of FFF it is assumed that the sample moves to the accumulation 
walll  and forms a zone with an exponential concentration distribution. This relatively 
simplee model holds well for polymers and small particles. However, due to their finite 
size,, particles can approach the wall no closer than their radius (r). This leads to a 
stericallyy corrected FFF retention equation: 

t R« « 
t, , 

[7] ] 
XX + 

w w 

Eq.. [7] is an approximate equation, valid only at high retention. The exact equation 
cann be found in reference 18. Figure 2 illustrates the influence of this so-called steric 
effect.. Plotted are the predicted retention ratio tR/to against particle diameter d for FFF 
withh different field strengths. Plots a, b, and c indicate the retention ratios in the nor-
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mall  mode at increasing field strengths. Plots d, e, and f give the values in the steric 

modee at increasing field strengths. The maximum tR/to values found in the steric mode 

aree the so-called steric inversion points that depend on the particle size and the field 

strength.. The steric inversion point marks the point at which steric effects start to 

dominatee and a foldback in elution order occurs, with still larger particles eluting 

earlier.. Often, the steric inversion diameter is around 1 um.19 However, as can be seen 

fromfrom Figure 2, this is dependent on die experimental conditions. 

Moreover,, me figure shows that as the particle size approaches the channel size and 

wee enter the realm of hydrodynamic chromatography, me field strengm becomes of 

lesss influence and the retention is more and more controlled by me ratio of the particle 

diameterr and the channel height. 

100 0 

10--

100 100 

particlee diameter (nm) 

1000 0 10000 0 

Figuree 2: Retention ratio as function of the particle size without (plot a, b, and c) 

andd with (plot d, e, and f) correction for steric effects for Thermal FFF 

underr different field strengms. Assumed conditions: (a and d): AT = 30 K, 

(bb and e): 45 K, (c and f): 60 K; DT = 3.8 x 10'12 m2/sK; w: 125 um; T| = 1 

cPP (assumed constant); T^d = 298 K. Calculations are based on the exact 

equationn given in reference 18. 
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HyperlayerHyperlayer mode 
Althoughh the model discussed for steric FFF proved to be satisfactory to explain most 
experimentall  observations, it was discovered that, especially in the case of suprami-
cronn particles (d > 1 \im), other factors also influenced retention.20 Well-known are 
thee hydrodynamic lif t forces that push the particles away from the wall and increase 
withh the carrier flow rate and particle size. The combined mechanism of the field-
dependentt driving forces and the flow-dependent lif t forces give rise to the formation 
off  small sample layers or sample zones at certain positions from the wall.21 If the 
elevationn exceeds one particle radius, the technique is called lift-hyperlayer FFF.22 

Thee theoretical description of lif t forces is a very complicated problem that has only 
beenn partly solved.23 Nevertheless, lift-hyperlayer FFF has proven to be very valuable 
too separate particles in a size range of 0.5 - 50 \im. 

Otherr hyperlayer-FFF modes have been developed but these seldom-used techniques 
falll  beyond the scope of this chapter and will not be discussed.22 

Bandd broadening 

Dispersionn of a solute during migration through an FFF channel is characterized by 
thee variance a2 of the sample zone relative to the distance L travelled, which is ex-
pressedd as the plate height H = (f/L. The plate height in FFF can be divided into a 
numberr of independent contributions attributed to: the longitudinal diffusion (HD), the 
non-uniformityy of the flow profile (or non-equilibrium) (Hn), the relaxation process 
(Hr),, and several instrumental contributions (EHj).17 The major contribution to plate 
heightt in FFF, under normal conditions, is the non-equilibrium (Hn) term given by 

yy w2 (v) 
Hnn = ^ ^ [8] 

wheree X is a complicated function of X that at high retention can be simplified to 
24X3.244 It follows from Eq. [8] that the highest efficiency is achieved at high retention. 
Still,, the plate number of FFF is low, usually in the range of a few hundred. 

Inn practical cases, the major contribution to the observed peak widths is the sample's 
polydispersity.. The polydispersity (i is not considered to be a plate height contribu-
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tion,, as this peak broadening is actually a reflection of the selectivity of the method. 

Thee peak variance resulting from polydispersity is given by 

aa11**  VS.2 fan)-l) 19] 

wheree Sm is the mass selectivity, equal to |d ln(tR/to)/3 ln(M)|, and £(|i) is a function of 

thee polydispersity (I.26 

Thee limiting values of mass selectivity Sm are for Flow FFF as well as for Thermal 

FFFF in the range of 0.5 - 0.6. This compares favourably with SEC, where the limiting 

masss selectivity is considerably lower, in the vicinity of 0.1 - 0.2. However, the effi-

ciencyy is typically much higher in a SEC column. 

Bandd broadening effects wil l lead to inaccuracies in determining the polydispersity of 

narrowlyy distributed polymers. Nevertheless, it has been shown that the accuracy and 

precisionn of polydispersity determinations of narrow polymer standards is higher with 

FFFF than with SEC.26 

I I 
1 1 
i i 

i i 
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FFFF sub-techniques 

Thee type of cross-force determines the type of FFF. In principle, every force that 

showss interaction with the solute can be used as a cross-force for an FFF experiment. 

Sincee the invention of FFF in 1966 by Giddings, a number of sub-types have been 

studied,277 and a few have been implemented. Table I lists the most important FFF 

techniquess in use today. 

Tablee I: FFF sub-techniques. 

Technique e Sizee range (nm) Carrier* Applications s 

Sedimentationn FFF 1 0 -- 105 Aq.. Env./Bio., and Ind. particles 

andd colloids 

Floww FFF 10°° - 105 Aq./Org. Env./Bio., and Ind. parti-

cles,, colloids and polymers 

Thermall  FFF 1011 — 105 Org./Aq. Ind. polymers, colloids, and 

particles s 

Electricall  FFF ÏO'- IO5 5 Aq.. Ind. and Bio. particles and 

colloids s 

**  Aq. = aqueous, Org. = organic. 
## Env. = environmental, Bio. = biological, Ind. = industrial. 

SedimentationSedimentation FFF (SdFFF) 

Sedimentationn FFF is mostly used for the analysis of colloids and particles in the 

rangee of approximately 50 nm to 100 |im. Retention is achieved by rotating the chan-

nell  in a centrifuge. The imposed centrifugal force separates the particles based on 

theirr effective mass {vc^e) according to:28 

xx = kT T 6kT T 
m ^ G ww Ttd3 Ap Gw 

[10] ] 
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wheree k is Boltzmann's constant, d is the particle diameter, T is the absolute tem-
perature,, Ap is the difference between the density of the particle and of the carrier 
liquid,, and G is the field strength. SdFFF is technically a very complicated technique, 
ass it requires a special centrifugal apparatus with rotating seals. Nevertheless, it was 
thee first FFF technique to be commercialized (1986).29 

SdFFFF is a highly size-selective technique OR - d3), and allows excellent separation of 
particless in a wide size range. It can be used in both the normal mode and the steric 
mode.. The limiting factor for SdFFF is the maximum rotation speed, determining the 
minimumm particle size that can be separated. Furthermore, as can be seen from 
Eq.. [10], at least a small difference between the density of the carrier and of the parti-
clee is required. 

Thee technique has proven to be a very valuable tool for analyzing industrial, envi-
ronmental,, and biological particulate material. Well-known applications are bacte-
ria,300 viruses,31 human cells and animal cells,32'33 soil colloids,34 and industrial parti-
cles.35 5 

Recentt developments include the coupling of SdFFF to Inductively Coupled Plasma 
Masss Spectrometry (ICPMS)36'37 and to Graphite Furnace Atomic Absorption Spec-
troscopyy (GFAAS).38 Furthermore, new instrumental developments have resulted in a 
decreasee of the minimum attainable particle size down to 20 nm.39 

FlowFlow FFF (FIFFF) 
Floww FFF is usually regarded as the most universal FFF technique. The cross-force is 
generatedd by a cross-flow that permeates through one or both of the channel walls.40 

Thee accumulation wall is overlaid with a semi-permeable membrane to prevent the 
passagee of sample material. This membrane determines the actual minimum molecu-
lar-masss cut-off. 
Thee retention parameter A, can be related to experimental parameters according to: 

DV° ° 
XX=TT^=TT^  [11] 

Vcc w 

wheree V° is the channel void volume and Vc is the cross-flow rate. Retention is solely 
dependentt on the diffusion coefficient of the solute and the generated field. Elution 
volumess can therefore be directly related to sample diffusivities without the need for 
calibration.411 FIFFF is mostly used for aqueous samples. The technique is applicable 
inn the range of 2 nm - 50 ^m42 and can be used for particles as well as for polymers. 
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Itss size selectivity is relatively high (tR ~ d), though smaller than SdFFF. F1FFF is 
usedd in the normal and steric mode. 
Afterr its introduction in 1976, several types of F1FFF have been developed, i.e., 
Symmetricall  F1FFF,41'43 Asymmetrical F1FFF,44'45 and Hollow Fibre F1FFF.46'47 

Symmetricall  and Asymmetrical F1FFF instruments consist of a flat rectangular chan-
nel.. In Symmetrical F1FFF both walls are permeable, in Asymmetrical F1FFF only 
onee wall (the accumulation wall) is permeable. In Hollow Fibre F1FFF the separation 
takess place in a cylindrical fibre instead of in a rectangular channel. The first two 
techniquess are commercially available. 

Interestingg F1FFF applications for a great variety of samples have been developed. 
Well-knownn applications are the separation of (aqueous) polymers,48"50 latex parti-
cles,51"533 biological samples such as proteins54 and DNA,55 and environmental samples 
suchh as natural colloids.56 

AA relatively large number of studies on the coupling of F1FFF to Multi-Angle Light 
Scatteringg detection have been done.57"61 Other successful recent couplings are F1FFF 
withh Laser-Induced Breakdown detection for the analysis of nanocolloids62 and F1FFF 
withh ICPMS for the determination of the size and trace element distribution of colloi-
dall  material in natural water.63 

Untill  recently, F1FFF could only be used for aqueous applications, mainly due to 
incompatibilityy of the membrane material with organic solvents. The development of 
neww membranes paves the way for the use of FLFFF with organic solvents.64 A com-
merciall  Asymmetrical F1FFF instrument that is applicable with organic solvents is 
noww available.65 Applications are still limited to a few organic solvents {e.g., THF), 
butt new membranes are currently under development. Experiments with rubber analy-
siss in THF showed excellent stability of the membrane.66 

ThermalThermal FFF (ThFFF) 

Thermall  FFF was the very first FFF technique to be studied.67 The cross force in 
ThFFFF is generated by heating one of the walls and cooling of the accumulation wall. 
Thee retention depends on the temperature difference between the walls and on the so-
calledd Soret coefficient, i.e., the ratio of the thermal diffusion coefficient and the 
normall  diffusion coefficient (DT/D) of the solute, according to: 

.. D D 
A,, = zn=r * [12] 

DTw3T/axx DTAT J 
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wheree 3T/dx is the temperature gradient across the channel thickness and AT is the 
temperaturee difference applied between both walls. The Soret coefficient depends on 
thee molecular mass as well as on the chemical composition of the solute.68 The ther-
mall  diffusion mechanism, which is the driving force of ThFFF, is not well understood 
andd requires an empirical approach. This has limited the applicability of ThFFF. Nev-
ertheless,, ThFFF has been used for a wide variety of samples.69 Up to now, ThFFF 
hass been the only FFF method suitable for the analysis of synthetic polymers in or-
ganicc solvents (lipophilic polymers).70"72 It appears, however, that it will lose its 
uniquee position due to new developments in F1FFF, as described earlier. It remains, 
however,, the only FFF technique that is able to detect chemical composition differ-
encess of lipophilic polymers (Although, in principle E1FFF could also be used, its 
applicabilityy in organic solvents has been very limited). This feature has successfully 
beenn used to detect compositional differences in copolymers.73'74 In addition, ThFFF 
hass been used for the analysis of microgels,75'76 and aqueous and non-aqueous parti-
cles.77'7**  Furthermore, biopolymers such as starch and cellulose have occasionally 
beenn analyzed.79 In general, ThFFF is not suited to analyse hydrophilic polymers due 
too the often negligibly low thermal diffusion in aqueous media.80 

Duringg the past five years the study of ThFFF has mainly been focussed on the devel-
opmentt of new applications and the understanding of the underlying principles. There 
havee been no major instrumental developments. 

AA relatively large number of experimental studies of the relation between the thermal 
diffusionn and polymer behaviour in ThFFF have been carried out81"89 as well as sev-
erall  theoretical thermal diffusion studies.90,91 Despite these studies the knowledge 
aboutt thermal diffusion remains rudimentary. 
Successfull  couplings between SEC and ThFFF92 and between ThFFF and HDC93 

havee been developed. Both methods allow the direct calculation of the thermal diffu-
sionn coefficients and were used to detect chemical composition changes in heteroge-
neouss copolymers. 
Onee of the most interesting developments in ThFFF is its increased use for particle 
analysis.94*966 A study on core-shells by Rathanatanawongs et al. has shown that 
ThFFFF can detect chemical composition differences in the particle shell,97 and Jeon 
etet al. experimentally confirmed the hypothesis that thermal diffusion is mainly deter-
minedd by the outer layer of a particle.98,99 Recently, Wahlund and Myers showed that 
ThFFFF can be used to separate supramicron particles in the range of 2 - 20 pm within 
twoo minutes.100 
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Anotherr interesting area for ThFFF is the development of high-temperature ThFFF for 

thee analysis of polyolefins.101'102 Cold wall temperatures exceeding 400 K have been 

reached.. Technically this is hard to accomplish and puts very high demands on the 

instrument. . 

Couplingg of ThFFF to Light Scattering detection has resulted in a very powerful tech-

niquee for the determination of ultra-high-molecular-mass materials and microgels.103" 
1055 Surprisingly enough, no studies on the use of ThFFF-MALS for particle analysis 

havee been done yet. ThFFF wil l be discussed more in detail further on in this chapter. 

ElectricalElectrical FFF (EIFFF) 

E1FFFF is a relatively new development that has received much attention during recent 

years.. Although the feasibility of EIFFF was already demonstrated in 1972, interest 

fadedd quickly due to instrumental problems.106 However, since 1993 new technical 

developmentss have helped to overcome these instrumental problems.107 A new chan-

nell  design that utilizes two graphite plates that served both as channel walls and elec-

trodess renewed interest in EIFFF. 

Retentionn in EIFFF is dependent on the diffusion coefficient D and the electrophoretic 

mobilityy \J m̂ and is given by: 

,, D D 
XX = = [13] 

EM O Tww uOTAV 

wheree E is the electric field and AV is the voltage drop across the channel. EIFFF can 

bee used in the normal and steric mode. In common electrolytes, steric inversion al-

readyy occurs at particle diameters of about 300 nm.107 It appears to depend on the 

particlee diameter and the Debye double layer thickness. Applications of EIFFF have 

beenn limited so far. Caldwell108 lists a number of applications including the separation 

off  paints and pigments, viruses, and yeast cells. Palker et al. used EIFFF to separate 

colloidall  sized polymers.109 Recent studies focus mainly on the development of the 

techniquee using model compounds.110 Another area of interest is the development of 

miniaturizedd EIFFF ((i-ElFFF) with an integrated detector.111 

OtherOther FFF techniques 

Apartt from the sub-techniques mentioned above, a number of other FFF techniques 

havee been studied. We suffice with a brief summary of the most important sub-

techniques:: Dielectrophoretic FFF, mainly used for cell separations, appears to be a 
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highlyy promising technique for biological samples.112113 Split Flow-Thin Cell Frac-
tionationn (SPLITT) is an FFF spin-off showing a rapidly growing number of applica-
tionss for (supramicron) colloids and particles. It is a continuous technique that can be 
usedd to prepare relatively large quantities of fractionated material.114"116 Magnetic FFF 
(MgFFF)) has been pioneered by Vickrey and Garcia-Ramirez.117 The technique has 
beenn applied to the separation of nickel complexes of bovine serum albumin118 and 
eggg albumin and EDTA.119 

Programmedd field operation 

Thee open geometry of an FFF channel allows the analysis of samples ranging from a 
feww nanometers up to 100 microns. In order to deal with broadly distributed samples, 
programmedd cross-fields are required. (Strictly speaking, programmedd FFF also com-
prisess flow programming and eluent composition programming. However, these tech-
niquess are seldom used and will not be discussed here.40) 

Programmingg in FFF has already been studied since 1974.120 Initially, linear and 
parabolicc field decay programs were developed. ' However, these were quickly 
supersededd by the exponential field decay program and the power programmed field 
decayy program that showed much better results.123"125 The exponential decay function 
iss given by 

S ( t ) = S0 e^^ * J [14] 

wheree S(t) is the field strength at time t, So is the initial field strength, ti is an initial 
timee period during which the field strength is held constant, f is the decay constant 
andt>tj. . 
Thee power programmed field decay function is given by 

S( t )=Sc c [15] ] 

wheree t, and p are variable parameters (t > t! > t„  and p > 0). When field programming 
iss employed during an FFF experiment, Eq. [4] is not applicable anymore and more 
complicatedd models are required. 
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Thermall  FFF 

Ass said before, the driving force of ThFFF is thermal diffusion. Although the discov-
eryy of the thermal diffusion effect dates back to 1856, it remains a poorly understood 
phenomenonn up to the present day.126 Thermal diffusion can be described by On-
sager'ss irreversible thermodynamics theory.127 Unfortunately, this theory cannot be 
usedd to actually predict thermal diffusion coefficients. 
Thermall  diffusion in liquids is difficult to determine experimentally. The effect is 
veryy weak and often overshadowed by the normal diffusion. 
Forr polymers, D is small enough to allow thermal-difnision-driven separations such 
ass ThFFF. 
ThFFFF is not the first polymer separation technique based on thermal diffusion. Sev-
erall  researchers already studied the possibility to separate polymers by thermal diffu-
sionn in the 1950's and 1960's with thermogravitational columns or static cells.126 

Duringg the first ten years after the invention of ThFFF, several types of channels were 
constructed,, tested, and improved.128"131 However, since the late 1970's the basic 
designn of the ThFFF channel has remained virtually unchanged. 

Inn order to separate polymers in a reasonable time by ThFFF, very strong temperature 
gradientss are required. Present-day ThFFF channels are able to generate temperature 
gradientss of typically 0.4 - 0.8 K/|im. Such extreme experimental conditions put high 
demandss on the construction of the channel and the materials used. 
Thee design of the ThFFF instrument is illustrated in Figure 3. The channel is con-
structedd of two highly-polished chromium- or nickel-plated copper bars with a sheet 
off  Mylar clamped in between. A ribbon-shaped channel with approximate dimensions 
off  45 cm x 2 cm x 0.0125 cm is cut from the Mylar spacer. Liquid, entering and 
leavingg through two holes that have been drilled in the copper bars, is pumped 
throughh the channel. Heating the top bar with heater rods and cooling the lower bar 
withh water creates the temperature gradient. The temperature is monitored by ther-
mistorss placed in the top and lower bars. A computer is used to control the tempera-
turee gradient by cycling the heater rods on and off. 
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inlet t outlet t 

hott copper bar 

heaterr rod 

coolant t 
clampingg bar 

thermistorr well coldd copper bar 

Figuree 3: Basic design of a ThFFF channel. 

AA sample is injected into the flow stream. Upon entering the channel the solutes are 
drivenn towards the cold wall. In some cases, when the thermal diffusion is low, it is 
requiredd to temporarily stop the flow in the channel to allow the solutes to migrate to 
thee wall and reach their steady state concentration profiles. The required stop-flow 
timee x can easily be estimated by132 

w w 
TT = 

DTAT T 
[16] ] 

If,, however, a short analysis time is more important than an optimum separation, the 
stopp flow time can often be omitted without significant deterioration of the peak 
shape. . 

Figuree 4 shows the experimental set-up. A standard HPLC pump is used to deliver a 
floww of typically 0.1 - 0.5 mL/min. Often a pulse damper and a restrictor are inserted 
betweenn the pump and the injection valve to suppress pump pulsation. Furthermore, a 
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back-pressuree regulator is generally placed downstream the channel to pressurize the 

channell  a few bars above ambient pressure. In this way, the channel can be heated 

abovee the normal boiling point of many organic solvents. The switching valve is used 

too temporarily bypass the channel during the optional relaxation period. 

Injection n 
valve e 

waste e 

floww restrictor 

ThFFFF channel 

Figuree 4: Schematic of the ThFFF experimental arrangement. 

Thee sample injection volume ranges from 10 (iL to 200 \iL. Often used detection 
133 3 

methodss are Ultraviolet Absorption (UV), Refractive Index (RI), Evaporative 

Lightt Scattering (ELS), 3 Viscometry, ° and Light Scattering (LS). ' Especially the 

latterr technique is gaining in popularity because no calibration of the ThFFF system is 

required. . 
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DeviationDeviation from the FFF retention model 
Thee retention mechanism of ThFFF differs somewhat from the basic retention model, 
alreadyy described earlier in this chapter. This is due to the strong temperature gradient 
presentt in a ThFFF channel. The standard FFF retention model assumes an exponen-
tiall  concentration distribution of the solute (Eq. [2]) and a parabolic flow profile (Eq. 
[3]).. These assumptions are, however, only valid if the viscosity and thermal conduc-
tivityy are constant throughout the channel. In ThFFF, however, both vary with tem-
perature,, which leads to deviations in the concentration distribution and the flow 
profile.. Accounting for these effects results in a very complicated retention equation 
thatt requires numerical integration to calculate Soret coefficients from retention 
time.1388 It has been shown that neglecting this temperature effect can lead to gross 
a r r n „„  139,140 

errors. . 

SecondarySecondary effects 
Secondaryy effects that cause deviations from the separation models described above 
cann occur for all FFF techniques. An overview of so-called secondary effects has been 
givenn by Giddings141 and the influence of the individual effects has been computed by 
Martin.1422 The most important secondary effect for ThFFF is overloading of the chan-
nel.. This often-underestimated problem can complicate the analysis of very high-
molecular-masss polymeric samples. From the few studies that have been performed 
onn overloading, it became clear that heavy peak distortion and retention shifts can 
easilyy occur, especially for high-molecular-mass polymers.143,144 This is clearly shown 
inn Figure 5, where the fractograms of polystyrene 700 kDa, injected at different con-
centrationss at two temperature gradients, are depicted. 

Thee peak shifts and distortions are mainly due to the viscosity gradient close to the 
accumulationn wall.145'146 The increase in concentration at the accumulation wall com-
paredd to the injection concentration commonly falls in the range of 10 - 100 times, 
andd the semi-dilute regime can easily be reached, resulting in entanglement of poly-
merr chains.143 However, even at concentrations well below the so-called critical con-
centrationn c*, peak shifts can occur due to increased viscosity. Therefore, especially 
whenn physicochemical parameters are calculated from retention data, unknown sam-
pless should be injected at a minimum of two concentrations to detect possible over-
loading. . 
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100 15 
timee (min) 

100 15 
timee (min) 

20 0 25 5 

Figuree 5: Influence of sample concentration on retention time and peak shape of PS 

700700 kDa in THF. (A) AT = 40 K; (B) AT = 60 K. Injection concentration: 

a== 0.05 mg/mL, b = 0.1 mg/mL, c = 0.25 mg/mL, d = 0.5 mg/mL, e = 

0.755 mg/mL, f = 1.0 mg/mL. Injection volume = 50 (XL; flow: 0.4 

mL/min;mL/min; w= 125 (jm; Detection: ELS. 
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Scopee of this thesis 

Itss ability to separate (ultra)-high-molecular-mass material, including polymers, mi-

crogels,, and particles and its unique ability to resolve polymeric- or particulate mate-

rialss according to their chemical composition makes ThFFF a valuable tool. However, 

ourr limited understanding of thermal diffusion hinders the implementation of ThFFF. 

Thee main goals of the work described in this thesis are to better understand the un-

derlyingg mechanism of ThFFF and to use this knowledge to develop new applications 

forr ThFFF. 

Inn order to calculate DT values from ThFFF retention data, external diffusion meas-

urementss are required. In Chapter 2, a comparison is made of four methods used to 

determinee polymer diffusion coefficients. 

Chapterr 3 describes the use of ThFFF to detect compositional heterogeneity in ran-

domm copolymers. 

Thee influence of the composition of the carrier liquid on the retention and thermal 

diffusionn of sub-micron particles is studied in Chapter 4. 

Inn Chapter 5, ThFFF-MALS is applied to the analysis of sub-micron latex particles 

andd core-shells. 

Inn the final Chapter 6 an effort is made to predict polymer thermal diffusion coeffi-

cientss from their polymer-solvent interaction parameters. 

TheThe chapters in this thesis have been written as articles for publication in interna-

tionaltional scientific journals and can be read independently. Therefore, some overlap may 

occur. occur. 

Symbols s 

SII  units 

cc concentration kg m"3 

c00 concentration at accumulation wall kg m'3 

dd diameter m 

DD diffusion coefficient m2 s"1 

E>rr thermal diffusion coefficient m2 s'1 K" 



Generall  Introduction 29 9 

E E 

F F 

G G 

H H 

HD D 

Hn n 

Hr r 

XHi i 

Jx x 
k k 

/ / 

L L 

nieff f 

M M 

P P 
r r 

S S 

J m m 

So o 
t t 

ti i 

t. . 

tR R 

to o 
T T 

T T 

AT T 

uF F 

V V 

<v> > 

V V 

V° ° 
vc c 

AV V 

w w 

X X 

electricc field 

force e 

centrifugall  field 

platee height 

longitudinall  contribution to plate height 

non-equilibriumm contribution to plate height 

relaxationn contribution to plate height 

instrumentall  contributions to plate height 

fluxx of material 

Boltzmann'ss constant 

meann layer thickness 

channell  length 

effectivee mass 

molecularr mass 

powerr program parameter 

radius s 

fieldd strength (in arbitrary dimensions) 

masss selectivity 

initiall  field strength (in arbitrary dimensions) 

time e 

timee period of constant field 

powerr program parameter 

retentionn time 

voidd time 

temperature e 

coldd wall temperature 

temperaturee difference 

transversee component velocity 

velocity y 

averagee cross-sectional liquid velocity 

meann velocity of a component 

channell  void volume 

cross-floww rate 

voltagee drop across the channel 

distancee between the channel walls 

distancee from the accumulation wall 

Vm"1 1 

N N 
mm e'2 

ms s 
m m 

m m 

m m 

m m 

m m 

kgg m2 s" 

J K1 1 

m m 

m m 

kg g 
kgg mol" 

m m 

s s 

s s 

s s 

s s 

s s 

K K 

K K 

K K 

ms s 

ms"1 1 

m.s"1 1 

m.s"1 1 

«,3 3 
m m 
«33 „-1 
mm s 
V V 

m m 

m m 
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££ function of polydispersity 

A.. dimensionless retention parameter 

(II  polydispersity 

IVV electrophoretic mobility 

App difference between particle- and carrier density 

aa peak dispersion 

XX stop-flow time 

ifif  exponential decay constant 

%% non-equilibrium dispersion parameter 
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CHAPTE R R 

B B 
Comparisonn of Methods for  the Determi-
nationn of Diffusion Coefficients of Poly-
merss in Dilut e Solutions: The Influence 
off  Polydispersity 

Abstract t 
AA comparison between various methods to determine diffusion coefficients of poly-
merss in dilute solutions has been made. It is shown that Taylor Dispersion Analysis 
(TDA),, Dynamic Light Scattering (DLS), Hydrodynamic Chromatography (HDC), 
andd Size-Exclusion Chromatography (SEC) can all be used to accurately determine 
diffusionn coefficients when the polymer samples have low polydispersities. By the 
analysiss of a series of representative styrene acrylonitrile copolymer (SAN) samples, 
itt is shown that polydispersity of the samples and the presence of low-molecular-mass 
materiall  cause considerable differences between the methods. It was found that TDA 
iss mostly disturbed by the presence of low-molecular-mass material, whereas DLS is 
moree sensitive to the polydispersity of the polymer. With broad samples DLS gives 
thee Z-average diffusion coefficient. SEC can be used to obtain a diffusion coefficient 
distributionn as well as an average diffusion coefficient of a polydisperse sample. Al-
though,, the same was expected for HDC, it was found that this method could only be 
successfullyy used for polymer samples having low polydispersities. Deviations be-
tweenn SEC, HDC, and TDA found for narrow samples were not related to the chemi-
call  composition of the samples. 
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Introductio n n 

Knowledgee of diffusion coefficients of polymers is important in chemical and bio-
chemicall  analysis, as they can easily be related to molecular mass and size. A number 
off  methods that can be used to determine diffusion coefficients of polymers have been 
developed.. The most widely employed method is Dynamic Light Scattering (DLS), 
alsoo known as Quasielastic Light Scattering (QELS).1,2 Other methods, less frequently 
used,, are diffusion Nuclear Magnetic Resonance (d-NMR),3 Thermal Diffusion 
Forcedd Rayleigh Scattering (TDFRS),4 Taylor Dispersion Analysis (TDA);5 and 
chromatographicc methods such as Hydrodynamic Chromatography (HDC),6 Flow 
Field-Floww Fractionation (F1FFF),7 and Size-Exclusion Chromatography (SEC).8 

Furthermore,, DLS detectors that can be coupled to separation methods such as FFF or 
SECC have recently been developed by Wyatt and Postnova. The Wyatt system can be 
usedd for stop-flow DLS measurements, whereas the Postnova detector allows the 
combinedd measurement of static and dynamic light scattering without stopping the 
flow.flow.9 9 

Ass part of an extensive study of Thermal Field-Flow Fractionation (ThFFF) and 
thermall  diffusion effects, we are interested in the diffusion coefficients of polymers in 
liquids.. In this context, we have compared several methods that can be used to deter-
minee the diffusion coefficients of polymer samples. 

Inn this work, a comparative study of TDA, DLS, HDC, and SEC is reported. These 
methodss have all been used occasionally to determine diffusion coefficients. In those 
previouss studies, well-defined standards were used. We were more interested in often 
occurringg factors such as polydispersity of the samples and the presence of impurities 
ass possible sources of error. For that purpose, a series of practically representative 
styrenee acrylonitrile (SAN) copolymers samples have been examined. 

Theory y 

Thee normal or mutual diffusion coefficient (D) describes the phenomenological rela-
tionn between a concentration gradient and a flow of matter in a binary system. Most 
techniquess used for the determination of diffusion coefficients yield values for D. 
Otherr types of diffusion coefficients can also be defined, e.g., the self diffusion coef-
ficientficient Ds.

10 All differently defined diffusion coefficients are concentration-dependent 
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andd show different concentration behaviours. Nevertheless, at infinite dilution all 
methodss yield the same diffusion coefficient D0. 

Itt can be said that on a molecular level, the diffusion coefficient of a solute at infinite 
dilutionn is related to the ratio of its translational Brownian motion (which causes ran-
domm fluctuations in the position of the molecules in space) and frictional forces, as 
follows: : 

Dnn = 
kT T 

[1] ] 

wheree k is Boltzmann's constant, T is the absolute temperature, and f0 the friction 
factor.. By applying Stokes' law, 

ff00 = 67tnRh [2] 

wheree T| is the viscosity of the medium, and Rj, is the hydrodynamic radius of the 
polymer,, the diffusion coefficient can be related to size parameters. Moreover, the 
diffusionn coefficient can also be related to the molecular mass (M) of a polymer by 
empiricall  relations, such as1 

D00 = AM" b
 [3] 

wheree the constants A and b depend on the polymer and solvent type. 

Thee concentration dependence of the diffusion coefficient is usually expressed as 

D = D 0 ( ll  + * D c) [4] 

wheree c is the concentration. The concentration coefficient kD can be written as11 

kkDD = 2MA 2 -kf -2Ü" [5] 

wheree A2 is the second osmotic virial coefficient, kf is the relative concentration de-
pendencee of the frictional coefficient, and 15 the partial specific volume of the solute. 
Thee last term in Eq. [5] is usually much smaller than the others. The concentration 
coefficientt has thus been divided in a thermodynamic (virial coefficient) and a hydro-
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dynamicc (frictional coefficient) term. Under theta conditions the virial coefficient will 
bee zero, and consequently, D will decrease with polymer concentration. In good sol-
vents,, however, the thermodynamic effect usually outweighs the friction effect, and 
thee diffusion coefficient will increase with polymer concentration. From Eq. [5], it 
cann be seen that in good solvents ko increases with molecular mass. 
Too elirninate concentration effects and to obtain the D0 value, we have, whenever 
necessary,, extrapolated the experimental results to zero concentration. 

TaylorTaylor Dispersion Analysis 
AA fast and absolute method to determine diffusion coefficients is TDA. The theory of 
TDAA was developed by Taylor in 1953.5 The method is based on the dispersion of 
onee component in a laminar Poiseuille flow stream of a second one. The variance (at) 
off  the peak of a non-retained solute injected in a narrow band at the inlet of the tube 
andd transported under conditions of laminar flow can be expressed by a modified 
formm of the Aris-Taylor-Golay equation10 

22 2Dt3 r2 t _„ 
c,, = —T— + t6l 

VV 24D 

wheree L is the tube length, t the residence time, and r the tube radius. By measuring 
thee variance of an eluted peak, one can very simply determine the mutual diffusion 
coefficientt of a solute. However, certain criteria have to be met, involving the resi-
dencee time of the component in the tube, the ratio of the solute radius and the tube 
radius,, and the absence of secondary flow.13 Furthermore, corrections have to be 
madee for the finite size of the initial sample plug. 

Thee TDA method has been occasionally used for the determination of D of low-
molecular-masss compounds.14*16 Although extremely long tubes (up to 60 m) and low 
floww rates were required, relatively wide bore (0.5 - 1.0 mm i.d.) tubes have been 
usedd to measure diffusion in dilute solutions of polymers, such as polystyrene. ' 
Thee introduction of fused silica capillaries and the development of capillary zone 
electrophoresiss detectors paved the way for TDA in narrow bore tubes. The use of 
fusedd silica capillaries for TDA has been evaluated for amino acids and protein mole-
culess by Bello et al.19 In a study by van Asten et al., capillary TDA has been used for 
thee measurement of diffusion coefficients of polystyrene standards in tetrahydrofu-

20 0 

ran. . 
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DynamicDynamic Light Scattering 

DLSS measures the time-dependent fluctuations in the intensity of laser light scattered 

fromfrom a sample. The apparently random fluctuations of the scattering intensity result in 

aa noise-like pattern. However, by using time-dependent correlation functions of the 

signal,, it is possible to obtain quantitative information about motion within the sam-

ple.. The autocorrelation function C(l) is related to the diffusion coefficient by21 

C ( T ) = e "D ^^ [7] 

wheree 1 is the delay time. The scattering vector q is defined as 

q = - r —— sin (9 /2) [8] 

wheree 9 is the scattering angle, n is the index of refraction of the solvent, and Xi is the 

wavelengthh of incident light. The autocorrelation function of DLS provides direct 

informationn on the diffusion coefficient of scatterers in a sample. The scattered inten-

sityy and, thereby the sensitivity, increases strongly with the molecular mass of the 

components.. Therefore, the use of DLS is confined to relatively high-molecular-mass 

species.. Nevertheless, as already mentioned in the introductory section, DLS is the 

mostt widely employed method for polymer diffusion analysis and a considerable 

numberr of studies have been published on this subject. For recent reviews, see 

Brown.22'23 3 

HydrodynamicHydrodynamic Chromatography 

Thee highly efficient polymer separation method HDC is based on the size-dependent 

exclusionn of polymers from the slower moving regions near the wall in thin tubes or 

thee interstitial space between particles in packed columns. The theoretical basis for 

thee rather simple retention mechanism was first developed for open tubes and was 

adaptedd later to packed columns.6 The dimensionless residence time x,., defined as the 

ratioo of the polymer retention time and the void time, can be expressed as 

1 1 
rr 1 + 2A,-2.698k2 J 
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wheree X is the aspect ratio, the ratio between the effective radius of the polymer and 

thee effective radius of the interparticle channels. 

Ass the migration rate is determined by the size or radius of the polymer, it is possi-
ble,244 by using Stokes-Einstein's law (Eqs. [1] and [2]), to relate the migration rate of 
aa polymer via the hydrodynamic radius to its diffusion coefficient. This has recently 
beenn shown for the coupling of ThFFF and HDC.25 HDC cannot be used for the 
analysiss of low-molecular-mass material. The packed HDC column used in our study 
wass limited to the analysis of polymers with molecular masses over 2 kDa. 

Size-ExclusionSize-Exclusion Chromatography 
Thee well-known polymer characterization method SEC has been occasionally used to 
determinee polymer diffusion coefficients.8 Although the retention in SEC is also size-
dependent,, the separation mechanism is more complicated than that of HDC. Since 
thee introduction of the universal calibration method by Benoit et al.,26 it is common to 
definee the hydrodynamic volume (the product of the intrinsic viscosity [r|] and the 
molecularr mass M) of a polymer as the key separation parameter in SEC. The cali-
brationn curves (log ([r|]M) versus retention time) for the majority of polymers will 
coincidee with a single curve, thereby allowing the use of well defined polystyrene 
calibrationn standards for the analysis of other polymers. The hydrodynamic volume of 
thee polymer can, via the hydrodynamic radius Rh, be related to the diffusion coeffi-
cient.277 Therefore, one may assume that polymers with the same hydrodynamic vol-
umee will exhibit equal diffusion coefficients. In contrast to HDC, SEC can be used to 
separatee low-molecular-mass polymers. Both above-mentioned chromatographic 
methodss can, in principle, be used to determine a diffusion coefficient distribution. 

Experimental l 

InstrumentationInstrumentation and procedures 
AA fused-silica column (Composite Metal Services, The Chase, UK) with an internal 
diameterr (i.d.) of 50 nm, a total length of 366 cm and an effective length (to the de-
tector)) of 335 cm was used for the TDA. A Gynkotek pump (model 300 C; Garner-
ing,, Germany) provided a flow rate of 1 mL/min. Concentrations of the standards as 
welll  as the samples amounted to 1 mg/mL. Samples were introduced by a six-port 
valvee with a 100-|xL loop. By switching the valve for a period of 4 s the samples were 
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injectedd as small plugs. A splitting device after the injection loop gave a splitting ratio 
off  about 1/1000. This resulted in an average residence time of 350 s. Detection was 
performedd at 210 nm using a UV detector (model 757; Applied Biosystems, Ramsey, 
USA)) equipped with an home-made capillary holder for on-column detection. The 
elutionn profiles were monitored on a recorder. The peak width at the base as found 
fromfrom triangulation was used to calculate the peak standard deviation, with correction 
forr the duration of the injection. The measurements were performed in threefold at 
roomm temperature (294 . 

AA Malvern 4700c light scattering instrument (Malvern Instruments, Malvern, UK) 
equippedd with a 200-mW argon-ion laser (488 nm), was used for the DLS diffusion 
measurements.. The temperature was set at 308 K. Measurements were performed at 
ann angle of 90°. For every sample the average mutual diffusion coefficient was cal-
culatedd from 10 successive measurements each at 5 concentrations, namely, 2.5, 5, 
7.5,, 10, and 15 mg/mL. D0 was subsequently obtained by extrapolation to zero con-
centration. . 

Thee HDC analyses were performed on a stainless steel column (100 x 4.6 mm) filled 
withh 0.765-̂ im silica particles. Samples were injected by means of a l-|iL valve. The 
samplee concentration varied from 0.25 to 1.0 mg/mL. A Spectroflow 400 (Applied 
Biosystems)) pump provided a flow rate of 0.2 mL/min, which was reduced to ap-
proximatelyy 0.08 mL/min by inserting a splitting device right after the injection loop 
fitfit  with a restriction capillary. The sample volume was likewise reduced by a factor of 
2.5.. An Evaporative Light Scattering (ELS) detector (model 2A, Varex, Butonsville, 
USA)) was used to detect the eluting polymer zones. A recorder was used for signal 
monitoring.. The measurements were performed in threefold at room temperature. 

Forr SEC a PL Gel column, (3 fim, 300 A, 300 x 7.5 mm; Polymer Labs., Church 
Stretton,, UK) was used. The flow rate was 0.5 mL/min. Unless otherwise noted, the 
analysess were performed in threefold at a constant temperature of 303 K by placing 
thee column in an oven. A six-port valve, equipped with a 50-pL sample loop, was 
used.. Sample concentrations varied from 1 to 5 mg/mL. Peak detection was obtained 
withh a UV detector (Applied Biosystems) at a wavelength of 254 nm. The signal was 
subsequentlyy monitored on a recorder or occasionally digitised. 
Alll  diffusion coefficients obtained in this study were either measured at or recalcu-
latedd to a temperature of 303 K. 
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ChemicalsChemicals and solutions 
Analytical-gradee tetrahydrofuran (THF), stabilized with 0.025 % butylated hydroxy-
toluenee (Acros, Geel, Belgium), was used as the solvent for the DLS, HDC, and SEC 
experiments.. For the TDA measurements, non-stabilized HPLC-quality THF (Acros) 
wass used. Prior to use, the THF was filtered through a 20-nm inorganic filter (Ano-
discc 47, Whatman, Maidstone, UK). Polystyrene (PS) standards used in this study 
weree obtained from Toya Soda (Tokyo, Japan), Merck (Darmstadt, Germany), 
Macheryy Nagel (Duren, Germany), and Pressure Chemical Company (Pittsburg, 
USA).. The polydispersities of all standards were below 1.08. The styrene acrylonitrile 
(SAN)) copolymers were obtained from General Electric Plastics BV (Bergen op 
Zoom,, The Netherlands) and DSM (Geleen, The Netherlands). 

Figuree 1: SEC and HDC calibration curves (D as function of \ for polystyrene 

standardss in THF at room temperature) ) SEC; (A) HDC, solid lines 

representt regression curves. 
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Calibration Calibration 

Thee chromatographic systems HDC and SEC were calibrated with polystyrene stan-

dards.. The concentration of the standards was 0.5 mg/mL (HDC) or 1 mg/mL (SEC). 

Polystyrenee 580 Da (HDC) and toluene (99 %, Acres) (SEC) were used as markers 

forr the void volume. 

Afterr determination of the retention times of a series of polystyrene standards, cali-

brationn curves were constructed relating the dimensionless residence time I, to the 

diffusionn coefficient. The diffusion coefficients were calculated from the known mo-

lecularr masses by applying the often-used relation D0 = 3.8 x 10"8 M~°'564 for PS in 

THFF as determined with DLS by Mandema and Zeldenrust.1 The calibration curves of 

thee HDC and SEC experiments are shown in Figure 1. 

CharacterizationCharacterization of the SAN samples 

Inn addition to the diffusion measurements, the molecular mass distribution and poly-

dispersityy of the SAN samples were characterized by SEC (fa] = 2.15 x 10"2 M068, 

(cm3/g)) independent of the composition).27,28 Table I shows the calculated weight-

averagee molecular mass Mw and the polydispersity (J, of the SAN copolymers. 

Tablee I: Characteristics of the SAN copolymers used in this study. Molecular mass 

distributionss determined by SEC. 

Polymer r 

SANA A 

SANB B 

SANC C 

SAND D 

SANE E 

M w(kDa) ) 

80.1 1 

94.0 0 

115 5 

123 3 

159 9 

H H 

2.1 1 

2.7 7 

2.1 1 

2.8 8 

2.1 1 

Composition* * 

37.6 6 

49.8 8 

51.4 4 

42.0 0 

43.5 5 

Seee experimental section for details about molecular mass distributions determined by SEC. 

**  Indicates the mol % of acrylonitrile in the copolymer (as given by the supplier). 



48 8 CHAPTERR 2 

Resultss and Discussion 

ValidationValidation of the Taylor-Dispersion-Analysis method 
TDAA is an absolute technique in the sense that it does not need calibration. Therefore, 
IDAA can be used to determine directly the relation between the diffusion coefficient 
andd the molecular mass of a polymer. The determination of the D - M relationship of 
thee well-known PS - THF system and subsequent comparison with literature values 
providess a good way to test the method. We have applied the TDA method to PS 
standardss with low polydispersities. 

44 4.5 5 5.5 6 

logg (M (Da)) 

Figuree 2: Comparison of experimental TDA results with literature data on the diffu-
sionn coefficients of PS in THF (303 K); ) TDA, b = 0.55 (this study); 

(-- - -) DLS, b = 0.564;1 (—) DLS, b = 0.55;2 ( ) Vise, b = 0.575;29 

(—)) Vise, b = 0.566;26 ( ) DLS, b = 0.56.30 The error bars give the 

955 % CI for the TDA results (n = 3). 

Inn our experiments, the molecular mass dependence of D of the PS standards in THF 

att 303 K was found to be 
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D == 3.3 xlO-8 M"055 [10] 

withh standard deviations of 0.4 x 10"8 and 0.01, for the pre-exponential factor and the 
exponent,, respectively. 

Inn Figure 2, the TDA results (for exponent b, see Eq. [3]) are compared with DLS and 
viscometricc measurements by other groups. It can be seen that there is a good correla-
tionn between our results and those found by others. 

Non-stabilizedd THF was used for the TDA experiments because the UV-active stabi-
lizerr might disturb the detection. Furthermore, as it provided higher sensitivity, UV 
detectionn was performed at a wavelength of 210 nm instead of the commonly used 
2544 nm. The short path length in the capillary makes this possible, since the UV cut-
offf  of THF is much lower under these conditions. 

ConcentrationConcentration dependence ofD 
Inn the TDA experiments, no significant change was found in the measured diffusion 
coefficientss for samples with injection concentrations varying from 1 to 5 mg/mL. It 
cann easily be shown that the concentration of a solute in an open tube under condi-
tionss of laminar flow is rapidly reduced to about 1/5 - 1/6 of its original value 
(slightlyy dependent on the diffusion coefficient of the polymer).31 Thus, the final 
samplee concentration in the tube was in our case in the range of 0.15 - 0.8 mg/mL. 
Thee bias in the measured diffusion coefficient of a polymer sample with a concentra-
tionn below 1 mg/mL can usually be neglected. 

Forr the DLS measurements, sample concentrations in the order of 2 - 10 mg/mL have 
too be used to obtain significant signals. In analogy with theory and earlier findings,1'20 

ann increase in D with increasing concentration was found with the DLS measurements 
(Figuree 3). The value of D0 had to be estimated through extrapolation. 
Thee increase of the diffusion coefficients with the concentration (the slopes of the 
liness in Figure 3) for samples B and C is significantly smaller than for the other sam-
ples.. According to Eq. [5] the concentration dependence is affected by the molecular 
masss of the polymer, its chemical composition, and the fiictional coefficient. It is 
likelyy that the relatively low ko values of sample B and C are related to their high 
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acrylonitrilee content, since the solubility and, consequently, the A2 coefficient de-

creasess with the acrylonitrile content in the sample. 

44 -I 1 1 1 1 — ' 1 1 1 
00 2 4 6 8 10 12 14 16 

cc (mg/mL) 

Figuree 3: Concentration dependence of D of SAN copolymers in THF measured by 

DLS:: ) SAN A, ) SAN B, (A) SAN C, (X) SAN D, ) SAN E. The 

errorr bars in the figure give the 95 % CI (n = 10). 

Considerablee dilution of the samples occurs during the SEC and HDC measurements. 

Withh the sample concentrations used in our experiments ( 1 -5 mg/mL), the influence 

off  the concentration of the sample on the SEC retention time can be neglected.32'33 

Therefore,, extrapolation of experimental data was not applied for SEC. 

Concentrationn effects in HDC columns are only scarcely mentioned in literature. It is 

known,, however, that peak deformation can occur, even at low concentrations. There-

fore,, we used the lowest possible concentration which still provided a reasonable 

signall  (0.5 mg/mL). No extrapolation of data was applied. 
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ComparisonComparison of the methods 
Thee raw SAN samples, for which the characteristic data have been given in Table I, 
weree analyzed. In Table II, the diffusion coefficients determined with TDA, DLS, 
HDC,, and SEC are given. The relative standard deviations (s(rei)) for the separate 
measurementss for all methods varied from 2 to 8 %. 

Tablee II : Diffusion coefficients of SAN copolymers as determined by TDA, DLS, 
HDC,, and SEC. 

Polymer r 

SANA A 

SANB B 

SANC C 

SAND D 

SANE E 

TDA A 

12.5 5 

11.8 8 

8.86 6 

8.95 5 

9.28 8 

Do o 

DLS S 

6.22 2 

5.31 1 

5.26 6 

4.78 8 

4.46 6 

( io- J 1 1 m'/s) ) 

HDC* * 

6.45 5 

8.08 8 

5.84 4 

6.18 8 

4.55 5 

SEC* * 

7.17 7 

7.03 3 

6.06 6 

6.46 6 

4.96 6 

**  Calculated from the elution time at peak top. 

Itt can be seen that there is a strong discrepancy between the four methods. Compared 
too the SEC results, the diffusion coefficients obtained with TDA were systematically 
high,, and those obtained with DLS were low. It was our assumption that the strong 
differencess between the methods could mainly be attributed to the polydispersity of 
thee samples and the presence of low-molecular-mass impurities. As can be seen in 
Tablee I, all SAN samples had a high polydispersity. Moreover, SEC measurements 
showedd a relatively large amount of low-molecular mass present in each sample. An 
examplee of a SEC chromatogram is shown in Figure 4 A. 
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Figuree 4: Analysis of a polydisperse SAN sample: (A) SEC chromatogram; (B) 

TDAA elution profile; (C) HDC fractogram. 
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Inn Figure 4B, an experimentally determined TDA elution profile of a SAN sample is 
depicted.. Clearly, the peak is more triangular than Gaussian. When analyzing polydis-
persee samples or samples that contain UV-active low-molecular-mass material, the 
interpretationn of TDA signals becomes complicated. In both situations, the resulting 
solutee concentration profile as it exits the tube will be a summation of a number of 
Gaussian-shapedd peaks with different standard deviations. The eluting peak, there-
fore,, does not necessarily have to be Gaussian. Calculation of the diffusion coefficient 
fromfrom the centralized second moment of the peak might result in biased values. By 
usingg simple spreadsheet calculations we could estimate that the effect of the polydis-
persityy on the elution profile and the obtained diffusion coefficient is relatively small. 
Forr a polymer sample with a log-normal distribution and JJ. equal to 2.0, we calculated 
aa deviation of 8 % for the diffusion coefficient obtained. 

Thee influence of the presence of low-molecular-mass material on the peak shape may 
bee more substantial. This is because a UV detector is sensitive to the number of 
chromophoress in a sample regardless of the molecular mass. Thus strong peak defor-
mationss can occur as all components in the sample coelute. Probably, the observed 
deviationn from a Gaussian shape is mainly caused by the presence of low-molecular-
masss material and to a lesser extent by the aforementioned polydispersity. 

Determinationn by DLS of diffusion coefficients of polydisperse samples is, according 
too Bloomfield, a "notoriously difficult problem".21 However, if the polymer size dis-
tributionn is known, e.g., a Schulz, a 2-exponential, or a log-normal distribution, it is 
possiblee to directly calculate an average diffusion coefficient or a diffusion coefficient 
distribution.344 More often, however, the distribution is not exactly known and deter-
minationn of the diffusion coefficient is a difficult task. The same reasoning as for the 
TDAA can be followed in understanding the effect of polydispersity on the measured D 
value.. For polydisperse samples, the autocorrelation function (Eq. [7]) will be a sum 
off  exponentials with relaxation times (Dj q2)*1, each weighted by the relative scatter-
ingg power of the i*  component. Koppel calculated that under appropriate conditions, 
thee Z-average diffusion coefficient is found, as follows:35 

__ TNiMfD ; 
DD = —'-—l- [11] 

ZZ IN.M 2 
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wheree Nj is number of macromolecules having molecular mass M{, and Dj is the cor-
respondingg diffusion coefficient. We compared the diffusion coefficients obtained 
withh DLS with the Z-average diffusion coefficients Dz calculated from SEC meas-
urements.. The results are given in Table III . 

Tablee III : Diffusion coefficients obtained with DLS compared with the Z-average 
diffusionn coefficients calculated from SEC measurements. 

Polymer r 

SANA A 

SANB B 

SANC C 

SAND D 

SANE E 

D oo (DLS) 

(10"llm2/s) ) 

6.22 2 

5.31 1 

5.26 6 

4.78 8 

4.46 6 

) ) 

(KT111 m2/s) 

6.07 7 

5.36 6 

4.89 9 

4.61 1 

4.12 2 

ADLS-SEC C 

(%) ) 

-2.4 4 

0.9 9 

-7.0 0 

-3.6 6 

-7.6 6 

Ass can be seen there is a strong correlation between the two methods, which confirms 
thee theoretical considerations of Koppel. The presence of low-molecular-mass mate-
riall  in the sample does not influence the measurement since DLS is only sensitive to 
high-molecular-masss species. 

Considerablee deviations (up to 13 %) between the SEC and HDC data were found. 
Thiss was rather striking because polydispersity of the samples and low-molecular-
masss impurities should cause no problems for SEC and HDC as the polymers are 
separatedd according to size. Furthermore, the peak shapes of the HDC analysis of all 
polydispersee samples were disturbed as some sort of fronting occurred (Figure 4C). It 
iss not clear what the cause of this effect is. Due to the relatively high detection limit 
off  the HDC set-up, we had to increase the sample concentration to 1 mg/mL and 
overloadingg possibly occurred.6,33 
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Prefractionation Prefractionation 

Inn order to be able to ascribe the deviating results obtained with the several methods 

too the polydispersity of the samples and low-molecular-mass impurities, the samples 

weree prefractionated with SEC. This was achieved by collecting a fraction of 1 min 

aroundd the eluting sample peak top. An adventitious circumstance is the dilution of 

thee polymer sample in the SEC column. It was calculated that the samples were di-

lutedd by a factor of about 40. Consequently, the collected fractions had to be concen-

tratedd by partial evaporation of the eluent. Therefore, after four repetitive runs, the 

collectedd fractions were partly evaporated under nitrogen to 1/4 of the original vol-

ume.. The final concentration of the collected samples was around 0.25 mg/mL. 

Tablee IV : Fractionated SAN copolymer samples in THF. 

Polymerr Mp (kDa)*  ^ 

SANAA 6 l9 LÖ9 

SANBB 64.8 1.07 

SANCC 90.4 1.09 

SANDD 79.7 1.09 

SANEE 135 1.14 

**  Mp is the peak top molecular mass. 

Thee concentrated fractions with considerably reduced polydispersities were subse-

quentlyy used for the determination of the diffusion coefficients with TDA, HDC, and 

SEC.. DLS measurements were not included as the required sample concentration and 

volumee for an accurate measurement is in the range of 10 mg/mL and 1 -2 mL, re-

spectively.. With this set-up it was not feasible to reach such a high concentration. 

Afterr SEC fractionation, the collected samples were reinjected to obtain the molecular 

masss and the polydispersity. Table IV shows the calculated molecular mass Mp and 

thee polydispersity \i for every fractionated SAN sample. All fractions showed narrow 

distributions;; thus polydispersity effects and low-molecular-mass material distur-
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Figuree 5: Analysis of a prefractionated SAN sample: (A) TDA elution profile; (B) 

HDCC fractogram; (C) SEC chromatogram. 
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bancess can now be excluded. In Figure 5, the TDA, HDC, and SEC results of the 

analysiss of a prefractionated SAN sample are given. The peak shape of the TDA and 

HDCC measurements have improved considerably compared to the polydisperse sam-

ple.. The diffusion coefficients of the SEC prefractionated SAN copolymers measured 

withh TDA, HDC, and SEC are listed in Table V. Comparison of the three methods 

showss that the mutual differences are below 6 %. 

AA limitation of both SEC and HDC is that they rely on the assumption that, irrespec-

tivetive of the type, polymers with equal diffusion coefficients always coelute; whereas it 

iss known that for certain types of polymers this is not the case. Secondary effects, 

suchh as adsorption on the column packing material, can occur and influence the re-

tentionn time.37 For the analysis of copolymers, secondary effects would give rise to a 

correlationn between the composition of the copolymer and the retention time. Al -

thoughthough in our study no direct correlations were found, data analysis showed that the 

retentionn time and composition of the samples were not completely independent. 

However,, probably due to the limited number of samples, this relation was not statis-

ticallyy significant. Nevertheless, secondary effects cannot be completely ruled out. 

Tablee V: Diffusion coefficients of SEC prefractionated SAN copolymers determined 

byy TDA, HDC, and SEC. 

Polymer r 

SANA A 

SANB B 

SANC C 

SAND D 

SANE E 

TDA A 

6.71 1 

7.01 1 

6.16 6 

6.35 5 

5.08 8 

D0(10-um2/s) ) 

HDC C 

6.97 7 

6.97 7 

6.00 0 

6.46 6 

4.91 1 

SEC C 

7.08 8 

7.02 2 

5.91 1 

6.29 9 

4.81 1 

Thee S(Te]) of the separate measurements for TDA and HDC were from 0.8 to 3.5 %. 

Thee pooled relative standard deviation s^^ (5 df) for SEC was 2.3 %. 
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Conclusions s 

TDA,, DLS, HDC, and SEC can all be effectively used to determine diffusion coeffi-
cientss of polymers with low polydispersities. Polydisperse polymer samples, however, 
cann cause considerable differences between the aforementioned methods. Hence, it 
dependss on the specific situation which method is to be preferred. 

Forr samples with a low polydispersity, TDA or DLS are most suited as they both 
alloww the rapid and absolute determination of polymer diffusion coefficients. The 
TDAA method is applicable to the analysis of polymers with virtually any molecular 
mass.. It requires only a small amount of sample and is concentration-independent 
underr the experimental conditions used. The effect of the polydispersity on the ob-
tainedd diffusion coefficient is relatively small. TDA has, however, the disadvantage 
thatt it is easily disturbed by the presence of chromophoric low-molecular-mass com-
pounds.. Nevertheless, when care is taken to avoid disturbances of low-molecular-
masss material, the simple and inexpensive TDA is the method of choice to determine 
diffusionn coefficients of polymers. 

DLSS is much more influenced by the polydispersity of the sample than TDA. By 
usingg DLS, it is possible to directly obtain the Z-average diffusion coefficient of a 
polydispersee polymer sample. Unlike TDA, DLS is specially suited to the analysis of 
high-molecular-masss polymers and is not disturbed by the presence of low-molecular-
masss impurities. It requires, however, a relatively large amount of sample and is con-
centration-dependent. . 

Whenn analyzing polydisperse samples, the diffusion coefficient distribution for those 
sampless spans a (very) broad range. Therefore, for polydisperse polymers a diffusion 
coefficientt distribution should be given. The chromatographic methods HDC and SEC 
have,, in theory, the ability to determine a relative diffusion coefficient distribution. 
Ourr results indicate that this is indeed the case for SEC. HDC, however, could only be 
accuratelyy used for samples with low polydispersities. 
Bothh methods require calibration with well-known polymer standards, and the deter-
minationn of diffusion coefficients is then based on the assumption that polymers with 
comparablee sizes coelute, which, however, might not always be the case. 
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Symbols s 

SII  units 

A2 2 

A,b b 

c c 

D D 

Do o 

Di i 

Ds s 

Dz z 

h h 
k k 

«D D 

*/ / 
L L 

M M 

Mi i 

Mp p 

Mw w 

n n 

N4 4 

q q 
r r 

Rh h 

S(rel) ) 

Vrel) ) 

secondd virial coefficient 

constantss relating D0 to M 

concentration n 

mutuall  diffusion coefficient 

diffusionn coefficient at infinite dilution 

diffusionn coefficient of macromolecule i 

selff  diffusion coefficient 
Z-averagee diffusion coefficient 

frictionn coefficient at infinite dilution 

Boltzmann'ss constant 

concentrationn coefficient 

relativee concentration dependence of the friction coefficient 

tubee length 

molecularr mass 

molecularr mass of macromolecule i 

molecularr mass determined by SEC 
weight-averagee molecular mass 

indexx of refraction 

numberr of macromolecules with mass Mj 

scatteringg vector 

radius s 

hydrodynamicc radius 

relativee standard deviation 

pooledd relative standard deviation 

molm3 3 

kgm"3 3 

m2sl l 

m2sI I 

m22 s"1 

m2s_1 1 

m2s'1 1 

Nsm"1 1 

J K1 1 

m33 kg1 

m3kg l l 

m m 

kgg mol 

kgg mol 

kgg mol" 
kgg mof 

m1 1 

m m 

m m 

% % 

% % 



60 0 C H A P T E RR 2 

tt residence time s 

TT temperature K 

T)) partial specific volume m kg* 

r|| viscosity Pa s 

[r\][r\]  intrinsic viscosity m kg" 

XX aspect ratio 

XiXi wavelength m 

(j,, polydispersity 

oott standard deviation s 

xx delay time s 

xrr dimensionless residence time 

66 scattering angle rad 
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CHAPTE R R 

Rapidd Detection of Compositional Drif t 
off  Polydisperse Copolymers using Ther-
mall  Field-Flow Fractionation and Multi -
Anglee Ligh t Scattering 

Abstract t 
Thee use of Thermal Field-Flow Fractionation (ThFFF) with Multi-Angle Light Scat-
teringg (MALS) for the rapid detection of compositional heterogeneity in random co-
polymerss is demonstrated. Soret coefficients were directly calculated from the ThFFF 
retentionn times while the MALS detector provided the radius of gyration (Rg) distri-
bution.. From Rg, the diffusion coefficient (D) could be calculated and this allowed, in 
combinationn with the Soret coefficient, the estimation of the thermal diffusion coeffi-
cientt (DT). It was shown that the DT distribution can serve as a measure for the 
chemicall  composition distribution of random styrene acrylonitrile copolymers. Com-
parisonn of ThFFF-MALS results with literature data from ThFFF-Hydrodynamic 
Chromatographyy (HDC) cross-fractionation experiments showed a fair agreement. 
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Introductio n n 

Thee physical properties of copolymers are determined by the molecular mass distri-
butionn (MMD) and the chemical composition distribution (CCD). Due to the interde-
pendencee of these distributions the characterization of polydisperse copolymers is still 
aa challenging and difficult task. The major problem in the characterization of copoly-
merss is the need to deconvolve the molecular size/mass and chemical composition 
distributions.. This problem has been addressed by a number of researchers and can be 
tackledd by coupling a size- or mass-based analysis method with a technique that frac-
tionatess according to chemical composition, a so-called cross-fractionation technique. 
AA number of methods have been developed, as described in an extensive review by 
Moureyy and Schunk.' A common procedure is to use Size-Exclusion Chromatography 
(SEC)) to fractionate the sample according to molecular mass or size, and to transfer 
elutedd fractions to a second separation method that is able to fractionate according to 
chemicall  composition, such as Thin-Layer Chromatography (TLC),2 Gradient-Elution 
Chromatographyy (GPEC),3 or Thermal Field-Flow Fractionation (ThFFF).4 Cross-
fractionationfractionation methods are, however, often quite laborious and time-consuming. With 
SEC-ThFFFF for instance, one analysis takes approximately 4 hours. 

Other,, often less-laborious, methods involve the combination of SEC with selective 
detectionn techniques, such as Fourier Transform Infrared Spectroscopy (FTIR),5'6 and 
multi-detectionn methods, e.g., Refractive Index (RI) and Ultraviolet Absorption 
(UV).7"99 A drawback of the use of selective detection techniques compared to cross-
fractionationfractionation is that they only provide the mean compositional value of a SEC frac-
tion.. Therefore, a complete description of the composition-size distribution is only 
obtainedd when the composition is a simple function of the molecular mass, which is, 
however,, not always the case.1 For most of the above-mentioned methods, cross-
fractionationfractionation as well as selective detection, calibration with standards is necessary. 
Especiallyy for copolymers, however, well-characterized standards are often not avail-
able. . 

Ann absolute method that can be used to give a fast estimate of compositional changes 
inn random copolymers as a function of molecular mass is ThFFF with Multi-Angle 
Lightt Scattering (MALS) detection. FFF-MALS has been shown to be a very power-
full  method for the determination of mass and size distributions of (copolymers and 
particles.10"122 As ThFFF separates according to size as well as according to chemical 
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composition,, and MALS is able to determine directly the polymer's molecular size, it 
shouldd be possible to use this method to detect composition drift. In this study we 
havee explored the applicability of ThFFF-MALS for the rapid detection of chemical 
compositionn heterogeneity. The chemical composition distributions (CCD) of poly-
dispersee styrene acrylonitrile (SAN) random copolymer samples were obtained. Pos-
sibilitiess and limitations of the method are discussed in terms of thermal diffusion 
characteristics,, molecular mass or size range, and polydispersity of the samples. The 
ThFFF-MALSS results are compared to those obtained with ThFFF-Hydrodynamic 
Chromatographyy (HDC) cross-fractionation. 

Theory y 

ThermalThermal Field-Flow Fractionation 

Inn ThFFF use is made of a thin ribbon-like open channel through which a liquid is 
forcedd to flow. The velocity profile of the carrier liquid is approximately parabolic. 
Perpendicularr to the channel a thermal field is applied, forcing injected polymer sam-
ples,, as a result of thermal diffusion, to one of the walls of the channel, the so-called 
accumulationn wall. This concentration build-up is opposed by normal diffusion and 
eventuallyy a dynamic steady state is reached in which a polymerr layer of a character-
isticc thickness is formed. Due to the steep velocity gradient of the carrier liquid near 
thee wall, polymers are differentially transported and consequently separated. The 
theoryy of ThFFF is described in many papers and textbooks, see, e.g., ref. 13 and 14. 
Thee retention tR in FFF is quantitatively described as: 

coth h 
V V 

{{111 1 
KK2X] 2X] 

-- 2 1 

wheree to is the void time and A, is the dimensionless retention parameter. The retention 
parameterr X is dependent on the applied external force and the counteracting diffu-
sion.. For ThFFF it is approximately given by: 
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wheree AT is the applied temperature difference, D the diffusion coefficient, and Dj 
thee thermal diffusion coefficient. According to Eqs. [1] and [2], the measured reten-
tionn ratio can be directly converted into the Soret coefficient DjfD. 
Thee thermal diffusion of a polymer reflects the interaction of the polymer and the 
surroundingg solvent molecules. Although many studies have been devoted to thermal 
diffusion,, the understanding of the phenomenon is still incomplete. Nevertheless, in 
recentt studies it has been shown that DT is strongly dependent on the chemical com-
positionn of a polymer, but hardly influenced by the size and branching structure of the 
polymer.15166 These properties of the thermal diffusion offer possibilities for the com-
positionall  analysis of copolymers. In several studies it has been found that the DT 

valuee of a random copolymer appears to correspond to the weighted average of the DT 

valuess of the corresponding homopolymers. The weighing factors are the mole frac-
tionss of each monomer type in the copolymer.1718 Therefore, DT can be used as a 
measuree for compositional heterogeneity. DT can be calculated from the retention 
timee provided that D is known or measured by an additional method. In our study, a 
MALSS detector was used for the determination of D. 

Inn order to use Dj as a parameter for the compositional distribution of copolymers, 
thee DT values of the corresponding monomers should differ substantially. As DT is a 
characteristicc of the polymer-solvent interaction, the choice of the solvent can be very 
important. . 

Thee selectivity of ThFFF for heterogeneous copolymers varies with the mass and the 
composition.. In the favourable situation where the compositional changes are such 
thatt DT increases with mass (M), the separation selectivity will be high. If, on the 
otherr hand, DT decreases with M, the selectivity also decreases and the sample will be 
lesss well separated. In the extreme case polymer fractions with strongly deviating DT 

values,, but with equal Soret coefficients, will coelute. 

Multi-AngleMulti-Angle Light Scattering 
AA MALS detector measures the scattered signal from polymers or particles in a sam-
plee under different scattering angles 6, and allows the determination of the molecular 
sizee as well as the molecular mass. For most molecules with radius of gyration 
Rgg < 40 nm, the basic equation for light scattering from dilute solutions can be written 
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R(6)== KcM 
ff 16 n2 

11 — R sin^(e/2) 
3^ ; ; 

[3] ] 

wheree R(6) is the excess Rayleigh ratio, K is an optical constant which is, among 
otherr things, dependent on the refractive index increment (dn/dc), c is the concentra-
tionn of the solute, and Xi is the wavelength of the incident light. The part between the 
bracketss in Eq. [3] is also called the scattering function. From Eq. [3] it can easily be 
seenn that Rg can be obtained independent of K, c, and M.21 The coefficient KcM 
servess merely as a scaling factor. This is true even for a heterogeneous copolymer as 
longg as it may be assumed that the chemical composition of the copolymer changes 
onlyy regularly with molecular mass, and therefore, every eluting ThFFF slice can be 
consideredd as virtually monodisperse.22 When at a specific time a mixture of mole-
culess would elute with different molecular mass and composition and therefore differ-
entt dn/dc values a weighted average value for the radius of gyration will be obtained. 
Moree information on MALS can be found in an extensive article by Wyatt. 

DeterminationDetermination ofD andDT 

Inn our study, D is calculated from the Rg value obtained with the MALS. Although the 
relationn between Rg and D of a polymer is not straightforward,24 we used a very sim-
plee approach to calculate D. The diffusion coefficient at infinite dilution can be re-
latedd to the hydrodynamic radius Rt, through the well-known Stokes-Einstein 
equation.. According to theory, the radius of gyration of linear random coil polymers 
iss proportional to the hydrodynamic radius:25 

Rhh = <l>Rg [4] 

Theoreticall  calculations predict a minimum <J> value for a non-draining self-avoiding 
chainn (good solvent) of 0.640 and a maximum value for a non-draining Gaussian 
chainn (theta-conditions) of 0.806.26 Experimental findings are generally in good 
agreementt with these values.27"29 Although several authors assert that <|> is independent 
off  the molecular mass, some literature data show a slight but significant depend-
~ „ ~ „„  30,31 

ency. . 
Valuess of 0 can sometimes be directly found in the literature or can be estimated from 
well-documentedd Mark-Houwink coefficients: Rj, can be found through the intrinsic 
viscosityy relation and the Einstein equation for macroscopic viscosity32'33 and Rg 
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throughh the Flory-Fox and Ptitsyn-Eizner equation.34 We, however, have determined 

(j>> experimentally with SEC-MALS. 

Experimental l 

Instrumentation Instrumentation 
Inn Figure 1 a schematic diagram of the ThFFF-MALS system is given. 

U^^r-ï-p/-^ U^^r-ï-p/-^ 

Figuree 1: Experimental set-up of ThFFF-MALS; a = injection valve, b = in-line 
filter,, c = ThFFF channel, d = solvent reservoir, e = pump, f = pulse 
damper,, g = flow restrictor, h = switching valve, i = MALS detector, j = 
PJJ detector, k = recorder, 1 = computer, w = waste. 

Thee home-made ThFFF apparatus consisted of two highly-polished chromium-plated 
copperr bars. A 125-|jm Mylar spacer was clamped in between. A channel with di-
mensionss of 46 x 2 cm was cut from the spacer. The void volume of the channel was 
0.933 mL. The channel flow was delivered by a Gynkotek (model 300 C; Germering, 
Germany)) HPLC pump. The flow rate was 0.45 mL/min. A pulse damper (model 812; 
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Tegimenta,, Rotkreuz, Switzerland) and a flow restrictor (a column filled with silica 

particles)) were inserted directly after the HPLC pump. A six-port valve, equipped 

withh a 20-jiL loop was used for sample introduction. A 0.5-(im in-line filter (Up-

churchh Scientific, Oak Harbor, USA) was inserted between the injection valve and the 

channel.. A computer controlled six-port valve was used to bypass the channel. The 

relaxationn time for all experiments was 2 min. The temperature drop across the chan-

nell  was 60 K and was controlled by the FFF software that was obtained from FFFrac-

tionationn (Salt Lake City, USA). Cold-wall temperatures (T^d) of 299 K up to 303 K 

weree measured. 

Thee SEC set-up consisted of an HPLC pump (Gynkotek), a pulse damper, and a PL 

Gell  column (3 nm, 300 A, 300 x 7.5 mm; Polymer Labs., Church Stretton, UK). 

Samplee introduction was achieved with a six-port valve equipped with a 50-JJL loop. 

Thee column was placed in an oven set at 303 K. 

AA Dawn-DSP laser photometer (Wyatt, Santa Barbara, USA) and an RI detector (Op-

tilabb 5902; Tecator AB, Höganas, Sweden) connected in series were used as detection 

devices.. The light source of the MALS was a 30-mW argon-ion laser (488 nm). The 

RII  detector was equipped with a semi-preparative flow cell (path length 1 mm) and 

wass set at the same wavelength as the laser. A dn/dc value of 0.197 mL/g was used 

forr the molecular mass determinations.35 A computer program to calculate the D and 

DTT values was written in MATLA B (Math-works, Natick, USA). Corrections have 

beenn made for the deviations of the parabolic flow profile in the ThFFF channel due 

too the temperature dependence of the solvent viscosity and thermal conductivity.36 

ChemicalsChemicals and solutions 

Stabilizerr free HPLC-grade THF (Acros, Geel, Belgium) was used as the solvent in 

bothh the ThFFF and SEC experiments. Polymer standards with low polydispersities 

(\i<(\i<  1.08) were obtained from Toya Soda (Tokyo, Japan), Merck (Darmstadt, Ger-

many),, Macherey-Nagel (Duren, Germany), and Pressure Chemical Company (Pitts-

burg,, USA). BDH Chemicals (Poole, UK) was the supplier of the PS Standard 

Referencee Material (SRM) 706. The SAN copolymers were kind gifts from DSM 

(Geleen,, The Netherlands) and General Electric Plastics BV (Bergen op Zoom, The 

Netherlands).. The sample concentration (c^y) for all polydisperse samples was 2.5 

mg/mL.. Al l samples were filtered through a 0.45-pm filter (Macherey-Nagel). SAN 

43.55 is, according to the manufacturer, a homogeneous copolymer with 43.5 % acry-

lonitrile.. SAN 50 is known to be heterogeneous and contains on average 50 % acrylo-

nitrile. . 
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Figuree 2: The radius of gyration Rg and proportionality factor ty as a function of 
molecularr mass for (A): PS SRM 706; (B): SAN 43.5; and (C): SAN 50 
inn THF determined with SEC-MALS; (-) = Rg, (A) = <|>. 
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Resultss and Discussion 

DeterminationDetermination of§ 

Narroww PS standards were used to calibrate the SEC column. A calibration plot of Rh 

vs.. the retention time was constructed using the equation Rh = 1.44 x 10"2 M °"561, with 

Rhh in nm.30 Broad PS (SRM 706), SAN 43.5 and SAN 50 samples were fractionated, 

usingg the MAL S detector to obtain Rg values. In Figure 2 the values of Rg and § are 

plottedd as a function of the molecular mass of the eluting fractions. 

Thee molecular mass of the SAN samples was estimated from the SEC retention time 

andd was based on conventional calibration with PS standards. For all samples a value 

off  <|> was found of approximately 0.76 in the higher-molecular-mass range, and 

slightlyy lower values at M < 105. 

Notee also that there is a minimiim polymer size, which can be determined by MALS. 

Withh our instrumentation this cut-off radius was in the order of 8 nm, roughly corre-

spondingg to a molecular mass of 50 kDa. 

InfluenceInfluence of system dispersion 

InIn Figure 3 the ThFFF-MALS fractogram of a mixture of polyisoprene (PI) (M = 590 

kDa,, |i < 1.05) and PS (M = 675 kDa, \i < 1.07) standards in THF is given. It can be 

seenn that although the size of the PS standard was found to be smaller than that of PI 

(Rgg values at the peak maxima of 36.4 nm and 44.1 nm, respectively), PS still eluted 

laterr due to its higher thermal diffusion in THF. 

Thee fractogram depicted in Figure 3 also illustrates the limitations of ThFFF-MALS. 

Thee first limitation is the influence of system dispersion in relation to the polydisper-

sityy of the sample.37 In the calculation of DT, it is assumed that the only factor con-

tributingg to peakbroadening is the sample's polydispersity. This assumption is, 

however,, only valid under certain conditions. For samples with low polydispersities, a 

significantt part of the peakbroadening can be caused by the system dispersion.38 The 

peakbroadeningg caused by the separation system is interpreted as a variation in the 

Sorett coefficient Since the MAL S signal is unaffected, this results in an apparent 

increasee of the thermal diffusion coefficient across the peak width. The correct value 

off  DT can only be found at the maximum of a (symmetric) peak. An increase in ap-

parentt DT due to system dispersion can be seen in the first part of the PI peak. The 
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influencee of system dispersion decreases rapidly with increasing poldispersity and 
increasingg retention and is, therefore, strongly dependent on D and DT. 

100 0 // -

1.8--
1.6--

£ 1 - 4--

-^^  12-ss s 
::  1 -
'o o 
CC 0.8-
«« 0.6-

0.4--

0.2--

0--

E / * \ \ 

11 1 

bA A 
vv / I— 

// \ 

\J^^~\J^^~  \ 

\ \ 

ii  1 1 

s s 
ioo S 

100 15 

timee (min) 

20 0 25 5 

Figuree 3: ThFFF-MALS fractogram of a mixture of (a): PI (M = 590 kDa, u < 1.05) 

andd (b): PS (M = 675 kDa, u < 1.07) standards in THF. cy (PI) = 0.45 

mg/mL,, ctoj (PS) = 0.325 mg/mL, (-) = Rg, (0) = DT, Tmu = 300 K. 

AA second limitation is that the MALS detector gives only one value for Rg. As the PI 
andd PS peaks are not completely separated, in the part where overlap occurs, the ap-
parentt Rg is the weighted average of the Rg values of the separate polymers. This 
examplee illustrates the necessity of the aforementioned assumption that in every SEC 
slicee a negligibly small distribution in molecular mass and composition coelute. 
Forr PI a DT value of 0.52 x 10'u m2/sK was found at the peak top and for PS a DT 

valuee of 0.96 x 10"11 m2/sK. These values are in reasonable accordance with the lit-
eraturee values of 0.57 x 10"11 m2/sK and 0.95 x 10"11 m2/sK, respectively.39 

ThFFF-MALSThFFF-MALS analysis of PS SRM 706 
Too validate the ThFFF-MALS method, the thoroughly known polydisperse PS SRM 
7066 standard was analysed. A weight-average molecular mass (Mw ) of 272 kDa and 
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aa polydispersity of 2.1 were found, which are in good agreement with literature val-
ues.40'411 From the ThFFF and the MALS data the DT distribution was calculated (Fig-
uree 4). A small correction for the molecular mass dependence of the proportionality 
factorr <)), based on the SEC-MALS measurements (see Figure 2) was made. An almost 
constantt DT value was found, supporting the general consensus that the thermal diffu-
sionn coefficient is largely independent of the molecular mass. The DT value at the 
peakk top was found to be 0.97 x 10"" m2/sK. 

100 15 

timee (min) 

Figuree 4: DT distribution of PS SRM 706 in THF as function of the retention time, 

Tcoidd = 299 K. 

ThFFF-MALSThFFF-MALS compositional heterogeneity analysis of SAN copolymers 
Twoo SAN random copolymers were analysed, i.e., SAN 43.5, exhibiting a constant 
compositionn with an acrylonitrile content of 43.5 %, and SAN 50 with, according to 
thee manufacturer, a heterogeneous composition with an average acrylonitrile content 
off  50 %. The results are depicted in Figure 5. For both samples minor corrections 
weree made for the variation in <)). It can be seen that SAN 43.5 shows an approxi-
matelyy constant DT value of about 1.27 x 10"11 m2/sK (Figure 5A), indicating an al-
mostt constant composition. The relatively high DT value found is in accordance with 
thee results of Venema et al.42 SAN 50 (Figure 5B) shows a considerable increase in 
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DTT with increasing retention time. In spite of the somewhat noisy signal, the increase 

inn DT is obvious and it can be concluded that an increase in acrylonitrile content oc-

curss with molecular mass. 

00 5 10 

timee (min) 

Figuree 5: DT distribution of (A) SAN 43.5 and (B) SAN 50 in THF as function of 

thee retention time; T  ̂ = 299 K. 
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Figuree 6 shows the estimated chemical composition distributions of SAN 43.5 and 

SANN 50 based on the DT values. 

timee (min) 

Figuree 6: Chemical composition as a function of retention time for (A) SAN 43.5, 

(B)) SAN 50. 
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Thee relation between the Dj aad the chemical composition was taken from the litera-
ture.422 For the calculation of the chemical composition distribution it was assumed 
thatt the acrylonitrile content is increasing linearly with the Dj value, which has shown 
too be valid when the sample is a random copolymer. The SAN 43.5 sample has an 
almostt constant composition, except at the extremes of the molecular mass range. 
Here,, however, the reliability of the MALS detector is questionable. With the SAN 50 
samplee the acrylonitrile content appears to vary from approximately 20 % at low M to 
virtuallyy 100 % at high M. The same SAN sample has been analyzed by Venema 
etal.,etal.,4242 using ThFFF-HDC cross-fractionation. They found a similar increase of the 
acrylonitrilee content of the polymer with the molecular mass, from 20 % at low M to 
approximatelyy 80 % at high M. These cross-fractionation experiments showed that the 
fractionsfractions eluting from the ThFFF instrument had a low composition and size disper-
sivity,, i.e., that the composition changes regularly with the size of the molecules. As 
hass been discussed above, this is a prerequisite for a MMD-CCD determination based 
onn a single fractionation method with a selective detection technique. 

Conclusions s 

Itt has been shown that ThFFF-MALS is a relatively fast and easy method to detect 
compositionall  drift in polydisperse random copolymers. Its applicability does not rely 
onn spectral differences between the monomers. However, a number of requirements 
forr the technique can be formulated. First, a suitable solvent should be available giv-
ingg substantial differences in thermal diffusion for polymers of different composition. 
Secondly,, there should be an unambiguous relation between the composition and the 
sizee of the polymer chains. Finally, due to the size-dependent response of the MALS, 
theree is a lower limit to the molecular mass range of the polymer to be analysed; with 
thee instrumentation used in this study this limit is approximately 50 kDa. 

Too obtain a qualitative picture of the composition drift of a sample there is no need 
forr calibration of the method with monodisperse (in size and composition) standards. 
However,, to obtain precise quantitative data on the relation between the (average) 
chemicall  composition and molecular size, different standards with an exactly known 
compositionn are required, to determine the dependency of <}> (the ratio of the hydrody-
namicc and gyration radius) and dn/dc on the composition of the copolymer. 
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Symbols s 
SII  units 

c c 

Cinj j 

D D 

DT T 

K K 

M M 
Mw w 

n n 

R R 

R(6) ) 

Rg g 

Rh h 

tR R 

to o 

Tcold d 

AT T 

e e 
I I 
h h 
n n 
4> > 

concentration n 

samplee concentration 

diffusionn coefficient 

thermall  diffusion coefficient 

opticall  constant 

molecularr mass 
weight-averagee molecular mass 

refractivee index 

retentionn ratio 

excesss Rayleigh ratio 

radiuss of gyration 

hydrodynamicc radius 

retentionn time 

voidd time 

coldd wall temperature 

temperaturee drop 

scatteringg angle 

dimensionlesss retention parameter 

wavelength h 

polydispersity y 

proportionalityy factor 

kg g 

kg g 

m m 
«,2 2 
m m 

kg g 
kg g 

m m 

m m 

m m 

s s 

s s 

K K 

K K 

rad d 

m m 
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CHAPTE R R 

Influencee of the Carrie r  Composition on 
Thermall  Field-Flow Fractionation for  the 
Characterizationn of Sub-Micron Polysty-
renee Latex Particles 

Abstract t 
AA study on the influence of the carrier composition on the retention and thermal diffu-
sionn of sub-micron polystyrene latex particles has been carried out. Various factors 
thatt may influence retention were studied. These include the type of electrolyte and 
surfactant,, their respective concentrations, and the addition of an organic modifier. 
Particlee retention is highly sensitive to small changes in the carrier composition. It is 
demonstratedd that under the conditions applied, secondary effects, such as particle-
walll  and particle-particle interactions, are negligible. Addition of surfactants is re-
quiredd to rninimise particle-wall interactions. Generally, retention increases at higher 
electrolytee concentration. Furthermore, the addition of ACN to an aqueous carrier 
leadss also to an increased retention. The typee of surfactant as well as its concentration 
iss of influence on the retention time. The three surfactants that were studied, i.e., SDS, 
Brijj  35, and CTAB, showed significant differences in particle retention behaviour. 
Thee observed differences in retention in the carriers can be attributed to actual 
changess in thermal diffusion. DT appears to be mainly determined by the interaction 
betweenn the surface of the particle and the carrier liquid, and is therefore highly sen-
sitivee to changes in the chemical composition of the particle surface and the carrier. 
Strongg differences in size selectivity were found for different carrier compositions. 
Thiss allows a relatively easy optimisation of the separation. On the other hand, it 
complicatess the size and composition analysis of particles. 
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Introductio n n 

Althoughh originally conceived as a method to analyse polymers, Field-Flow Frac-
tionationn (FFF) is becoming increasingly popular to analyse particles. Where conven-
tionall  polymer analysis methods such as Size-Exclusion Chromatography fail, FFF is 
duee to its open geometry perfectly able to separate particles in the range of a few nm 
upp to 100 urn.1 

Upp to now, most FFF applications for particle analysis involve Flow Field-Flow 
Fractionationn (F1FFF)2,3 or Sedimentation Field-Flow Fractionation (SdFFF).4,5 For 
SdFFF,, retention depends on the particle density and particle size whereas for F1FFF 
retentionn depends only on particle size. A relatively new development is the use of 
Thermall  Field-Flow Fractionation (ThFFF) for particle analysis.6 Separation in 
ThFFFF is governed by the ratio of the thermal diffusion and the normal diffusion of 
thee analytes (also known as the Soret coefficient). The normal diffusion coefficient D 
dependss only on size and the thermal diffusion coefficient DT may depend on size but 
certainlyy depends on chemical composition. A straightforward correlation between DT 

andd chemical composition has been found for polymers7,8 and composition-dependent 
retentionn has been shown for particles.9"11 As a result, ThFFF can be used to separate 
polymerss or particles according to size, but also to study their chemical composition. 

AA complication of FFF analysis of particles is the occurrence of secondary effects on 
retentionn and separation that are not accounted for in the standard FFF retention 
model.122 Steric exclusion effects, due to the finite size of particles, can be corrected 
forr relatively easily. Particle-particle and particle-wall interactions, however, are more 
difficultt to deal with.13 

AA problem in ThFFF is that thermal diffusion is still a poorly understood phenome-
non.144 Research on particle thermal diffusion is still at a very early stage and it is 
thereforee difficult to predict the retention behaviour of a particle in a ThFFF system. 
Fromm the few studies that have been performed on particles certain features are 
known.. Especially in aqueous carriers, the presence of an electrolyte is necessary to 
achievee retention. It has been found that the retention of particles increases with elec-
trolytee concentration.1516 Furthermore, thermal diffusion coefficients of particles tend 
too be much smaller than those of polymers.6 Another marked difference is that the DT 

valuee of particles often appears to be dependent on size whereas for polymers it is 
independentt of size.1718 In all studies conducted on ThFFF of particles, DT was found 
too be strongly dependent on both the particle and carrier composition. Especially the 
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compositionn of the outer layer of the particle and the particle-carrier interface appear 
too determine the actual thermal diffusion.9 Since surface effects dominate thermal 
diffusion,, it has been suggested that DT is related to the surface tension of the parti-
cles.11 1 

Too expand the applicability of ThFFF of particles and to exploit its main advantage 
overr other FFF modes, namely the composition dependence, it is important to study 
thee particle retention mechanism in ThFFF and the thermal diffusion. In the present 
studyy we focus on the influence of the carrier composition on the ThFFF retention and 
thermall  diffusion of sub-micron polystyrene (PS) particles. The separation mecha-
nismm is investigated by varying factors in the carrier composition that may influence 
thee retention. We studied the effect of surfactants and electrolytes on retention be-
haviour.. The effect on the size selectivity and plate height was also examined. Fur-
thermore,, we studied the influence of adding acetonitrile (ACN) as an organic 
modifierr to the aqueous carrier. Mole-fractions up to 10 % of ACN (approximately 25 
%% (v/v)) in water were used. The effect on the thermal diffusion coefficient of the PS 
latexx particles was examined. 

Theory y 

Thee standard ThFFF theory is based on the assumption that polymer molecules or 
particless act as non-interacting point masses. Under this condition, in a flat channel 
underr laminar flow conditions in the presence of a thermal field perpendicular to the 
flow,, species are differentially migrating according to19 

tRR ( 6D X 
tt D AT 

wheree tR is the retention time, to the void time, and AT the temperature difference 
betweenn the channel walls. From the measured retention time, the thermal diffusion 
coefficientt can be calculated when the diffusion coefficient is known. 
Stericc effects, however, can give rise to significant deviations from the standard 
ThFFFF retention model. They are the result of the fact that particles with a finite size 
cannott approach the channel wall closer than the particle radius r. When steric effects 
aree significant a corrected retention equation has to be used:20 
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ff  f 
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wheree w is the channel height. Neglecting the steric effects in particle analysis can 
leadd to significant errors in the calculated DT values. In Figure 1, the deviations of the 
calculatedd DT values from the true values, when steric effects are not accounted for, 
aree shown as a function of the particle size. In our experiments, the corrections that 
hadd to be made amounted to up to 20 %. 

Q""  -20-

50 0 

Figuree 1: 
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particl ee diameter  (nm) 

550 0 

Percentt deviation between DT of particles in water calculated with Eq. [1] 

andd Eq. [2]; (a) AT = 20 K, (b) AT = 40 K, (c) AT = 60 K, DT = 4 x 1042 

m2/sK,, T ^ = 300 K, w = 125 t̂m. 

Bothh above-mentioned approximations (Eqs. [1] and [2]) are valid at sufficiently high 

retentionn times; tR/to > 7.5 (deviation from the exact FFF retention equation is less 

thann 5 %). At lower retention, the exact FFF retention equation, as given in reference 

211 has to be used. 
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Detailss on the calculation of the thermal diffusion coefficient are given in the experi-
mentall  section. 

Forr sub-micron particles other secondary effects may result from Van der Waals 
forcess and electrostatic forces. Van der Waals forces and electrostatic forces are 
mainlyy manifest as particle-wall interactions. Hansen and Giddings showed that parti-
cle-particlee interactions are usually negligible and they can be avoided relatively 
easilyy by using low sample concentrations.22 

Generally,, at low ionic strength ( 1 - 10 ^M), a significant electrostatic repulsion 
betweenn the particles and the wall is present.23 At high ionic strength, however, the 
repulsivee electrostatic force is strongly reduced and the opposing attractive Van der 
Waalss forces prevail. In the extreme case, they may cause adsorption of the particles 
too the channel wall.10,13 In a solution of intermediate ionic strength (~ 1 mM), the 
additionn of a surfactant is usually sufficient to prevent these particle-wall interac-
tions.23'24 4 

AA source of error that can be of importance when mixtures of solvents are used as 
carrierr is segregation of the mixture.25 This effect can cause an extra field-dependent 
drivingg force, as the thermal diffusion is often dependent on the carrier composition. 
Generally,, the segregation is negligible but it has been shown that occasionally this 
effectt is large enough too give rise to non-ideal behaviour.26 

Experimental l 

Instrumentation Instrumentation 

Thee ThFFF system was a laboratory-made apparatus. The channel dimensions were 
466 x 1.5 x 0.0125 cm, giving a void volume of 0.6 mL. The channel flow was deliv-
eredd by a Gynkotek (model 300 C; Germering, Germany) HPLC pump. A pulse 
damperr and a flow restrictor were inserted directly after the HPLC pump. Flow rates 
fromfrom 0.25 to 0.45 mL/min were used. A six-port valve equipped with a 30-(iL loop 
wass used for sample introduction. A 7-pm in-line filter was inserted between the 
injectionn valve and the channel. The flow of the carrier was stopped for 6 min after 
samplee injection to allow relaxation. The temperature drop was controlled by the FFF 
softwaree that was obtained from FFFractionation (Salt Lake City, USA). Temperature 
dropss ranging from 15 K to 60 K were used. Cold-wall temperatures (T^j) ranged 
fromfrom 293 K up to 298 K depending on the temperature drop and the solvent compos i-
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tion.. A UV detector (model 757; Applied Biosystems, Ramsey, USA), operated at 
2544 Dm, was used for detection. 

ChemicalsChemicals and solutions 
Polystyrenee (PS) latex standards with diameters of 64, 107, 155, 202, and 356 nm 
weree obtained from Polysciences GmbH (Eppelheim, Germany) and from Duke Sci-
entificc (Palo Alto, USA). Original concentrations of the PS latex standards were in the 
orderr of 1 - 2.5 mg/mL. All sample solutions were diluted prior to injection to a con-
centrationn of 1.25 [ig/mL and vortexed thoroughly. 
Sodiumm dodecyl sulphate (SDS) (Sigma-Aldrich Chemie Gmbh; Steinheim, Ger-
many),, polyoxyethylene laurylether (Brij 35) (Acros; Geel, Belgium), and N-Cetyl-
N,N,N-trimethylammoniumbromidee (CTAB) (Merck; Darmstadt, Germany) were 
usedd as anionic, non-ionic, and cationic surfactants, respectively. For the experiments 
involvingg mixed carriers, tetrabutylammoniumperchlorate (TBAP) (Acros) was used 
ass an electrolyte, SDS was used as a surfactant, and HPLC-grade ACN (Rathburn; 
Walkerburn,, Scotland) was used as an organic modifier. 

CalculationCalculation ofD andDT 

DD has been calculated from the particle radius by using the Stokes-Einstein equation: 

66 nx\r 

wheree k is Boltzmann's constant, T the absolute temperature, and r) the carrier viscos-
ity. . 
Dataa on the viscosity of liquids and its dependency on the temperature have been 
takenn from the literature.27 To calculate viscosities for the water-ACN mixtures, the 
methodd of Lobe has been used.28,29 For the temperature, the estimated value in the 
centree of gravity of the sample zone was used. A previously developed algorithm30 

hass been used to account for the temperature dependency of the viscosity and the 
thermall  conductivity of the carrier for the calculation of D and Dj. Furthermore, cor-
rectionss were performed for the steric particle-wall effects. The values of the cal-
culatedd viscosities of the mixtures and their respective derivatives at room tempera-
turee are given in Table I. 
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Tablee I: Viscosities of water-ACN mixtures and the temperature dependence at 298 

K. . 

Moll  % ACN 

0 0 

5 5 

10 0 

rii  (103Pa.s) 

0.894 4 

0.998 8 

0.981 1 

dn/aT(10"5Pa.s/K) ) 

-1.98 8 

-2.29 -2.29 

-2.29 9 

Resultss and Discussion 

SecondarySecondary effects 

Inn order to ascribe changes in retention time under different experimental conditions 

too actual changes in thermal diffusion, secondary effects such as particle-particle 

interactions,, particle-wall interactions (with the exception of steric effects), and, for 

mixedd carriers, segregation of the mixture have to be ruled out. 

00 5 10 15 20 25 30 

timee (min) 

Figuree 2: Elution profiles at different sample loads of PS latex 202 nm at AT = 60 

K;; Vtaj: 30 |xL, c^: (a) 0.3 U-g/mL, (b) 0.6 ng/mL, (c) 1.3 Hg/mL, and (d) 

2.66 ng/mL. Carrier: phosphate buffer (2.5 mM) + 1 mM SDS. 
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Too check for particle-particle interactions, samples were injected at different concen-

trationss (see Figure 2). The results show that overloading effects, and therefore parti-

cle-particlee interactions, can be neglected at the injection concentration used in this 

studyy (1.25 |i.g/mL). 

Particle-walll  interactions will have a strong influence on peak widths. To study possi-

blee particle-wall interactions, the plate heights experimentally found were compared 

withh the theoretically expected plate heights. Under ideal circumstances, the plate 

heightt is determined by the non-equilibrium (mass-transfer) contribution and is given 

by: : 

H=Xwl WW [4] 
D D 

wheree (v) is the mean linear flow velocity and % a function of the so-called dimen-
sionlesss retention parameter A,, which is defined as D/(DT AT). To a good approxima-
tionn x can be calculated as 24 X\l - 10X + 28 \2)/(l - 2X.).31 In Figure 3, the 
experimentall  plate height values of PS latex 202 nm and PS latex 356 nm in several 
carrierr compositions are plotted against the theoretical values. Overall, it was found 
thatt the experimental values were only slightly higher than the ideal theoretical val-
ues.. Taking into account the precision of the measurements, we can safely assume 
thatt secondary effects can be neglected. 

Whenn mixed solvents are used as carrier, solvent segregation may give rise to an 
(apparent)) field-dependent DT value. Such effects can easily be detected by perform-
ingg the analysis at several temperature gradients. The Dj values obtained should be 
independentt of the strength of the used field; any deviations indicate non-ideal be-
haviour.. Calculation of the thermal diffusion coefficients at different temperature 
dropss (15, 20, and 30 K) showed that, in accordance with theory, Dr was independent 
off  AT. Therefore, it may be concluded that segregation of the carrier can be neglected. 

InfluenceInfluence of the carrier composition 
Preliminaryy experiments with PS latex particles showed that the presence of an elec-
trolytee in the carrier is required to achieve reasonable retention. For all carrier compo-
sitionss used it was found that retention increases with electrolyte concentration. 
Unfortunately,, the use of higher electrolyte concentrations also occasionally resulted 
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E E 
u u 

Figuree 3: Experimentally found plate heights (Hexp) versus theoretical plate heights 

(Htheo)) of ) PS latex 202 nm and (A) PS latex 356 nm in several carrier 

compositions. . 

inn irreproducible retention times and decreasing peak areas, indicating particle ad-

sorptionn on the channel wall. The addition of a surfactant could prevent these interac-

tions. . 

Thee surfactant commonly used in FFF studies on solid particles is FL-70 (Fisher Sci-

entific),, which is a mixture of anionic and non-ionic components. The composition of 

FL-700 is, however, not accurately defined and this surfactant is, therefore, not very 

welll  suited in studies of the retention mechanism. In our study we used three different 

surfactants,, i.e., SDS (anionic surfactant), Brij 35 (non-ionic surfactant), and CTAB 

(cationicc surfactant). It was found that the retention behaviour of PS latex particles 

wass highly dependent on the type of surfactant used. With CTAB as the surfactant, 

broadd and irreproducible peaks eluted, which could be explained as caused by ad-

sorptionn of the particles to the wall. 

Muchh better results were obtained with SDS. The addition of SDS prevented adsorp-

tionn to the wall, but also caused a decrease of retention (see Figure 4A). It is highly 

unlikelyy that electrostatic repulsion is the cause of the decrease in retention. The aver-
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Figuree 4: (A) Influence of SDS concentration on particle retention time; (x) PS 

latexx 107 nm, ) PS latex 202 nm, (A) PS latex 356 nm; flow rate = 0.45 

mL/min;; carrier: tris buffer (1 mM, pH 8); AT = 45 K and T^ia = 295 K. 

(B)) Influence of Brij 35 concentration on particle retention time; (x) PS 

latexx 107 nm, ) PS latex 202 nm, (A ) PS latex 356 nm; flow rate = 0.45 

mL/min;; carrier: tris buffer (1 mM, pH 8); AT = 30 K and T^y = 294 K. 



I n f luencee of Car r i er C o m p o s i t i on 91 1 

agee particle-wall distance ( = 5 - 20 |jm) is much larger than the electric double layer 

thicknesss around the particle, which is in the order of 1 - 10 nm. Therefore, an actual 

changee in the thermal diffusion is most likely the cause of the observed effect. The 

decreasee in thermal diffusion appears to be directly related to the surfactant concen-

trationn at the particle surface. 

Thee retention behaviour of latex particles as function of the non-ionic Brij 35 surfac-

tantt concentration is shown in Figure 4B. It can be seen that the retention is almost 

independentt of the Brij concentration. This different behaviour compared to SDS can 

alsoo support the assumption that DT is related to the surfactant concentration on the 

particlee surface. The c.m.c. of Brij 35 is much lower than that of SDS, viz., about 0.1 

mMM for Brij 35 and about 8 mM for SDS. The particle surface is, therefore, already 

saturatedd with Brij 35 molecules in the concentration range studied,33 and any further 

increasee in the bulk surfactant concentration only increases the number of micelles 

andd will  not affect die surfactant concentration on the particle surface.34'35 

20 0 

15 5 

.10 0 

55 10 15 

concentrationn phosphate (mM) 
20 0 25 5 

Figuree 5: Particle (PS latex 202 nm) retention time as function of ionic strength in 

thee presence of ) SDS (1 mM), AT = 40 K; ) Brij 35 (0.2 mM), AT = 

300 K; flow rate = 0.45 mL/min; carrier: phosphate buffer (pH 7.4). 



92 2 CHAPTE RR 4 

Inn Figure 5 the dependence of retention of PS latex 202 nm on the electrolyte concen-
trationn is depicted. In the presence of SDS the retention increases with increasing 
electrolytee concentration. With the neutral surfactant Brij 35 on the other hand, the 
retentionn hardly changes with the ionic strength of the solution. A possible explana-
tionn for these differences between SDS and Brij 35 may be that there is an adsorption 
competitionn between the phosphate ions and the SDS ions on the surface of the parti-
cle,, while with the neutral Brij surfactant such competition is absent. Although SDS 
mainlyy adsorbs to the PS-latex surface by hydrophobic interaction, the presence of a 
substantiall  cloud of counter ions is likely to induce ionic interaction as well. 
Fromm the results obtained it appears that Brij is a more suitable surfactant than SDS 
forr size or composition analysis of latex particles by ThFFF, since the particle reten-
tionn is less dependent on the composition of the carrier composition with Brij. 

Thee effect of the presence of ACN as an organic modifier in the carrier solution was 
studied.. In Figure 6 the fractograms are depicted of PS latex 67, 107, 155, and 202 nm 
inn a carrier containing 0.5 mM TBAP, 1 mM SDS, and different amounts of ACN. 
Overall,, a high retention was found at a relatively low temperature drop with ACN in 
thee carrier. Furthermore, the concentration of ACN considerably influences retention 
time,, and therefore, the thermal diffusion. The calculated thermal diffusion coeffi-
cientss are depicted in Figure 7. It can be seen that the particle Dj values in these carri-
erss are indeed exceptionally high and even approach the DT values found for 
polymers.36 6 

Iff  we confine ourselves to the carrier containing 0.5 mM TBAP and 1 mM SDS and 
comparee the Dj value of, for example, PS 107 nm (4.8 x 10~12 m2/sK) with the DT 

valuess found in 1 mM phosphate + 1 mM SDS (0.92 x 10"12 m2/sK) and 1 mM tris + 1 
mMM SDS (0.8 x 10~12 m2/sK) we see that the type of salt added can have a very strong 
influencee on the thermal diffusion coefficient. 

SizeSize dependence of the thermal diffusion 
AA striking feature of the plots depicted in Figure 7 is that DT decreases with particle 
sizee in water and increases in the ACN/water mixtures. Apparently, the addition of 
ACNN to the carrier not only influences the retention, but also the selectivity of the 

method. . 
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timee (min) 
60 0 

200 30 40 
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Figuree 6: Fractograms of PS latex particles; (a) 64 run, (b) 107 nm, (c) 155 run, and 

(d)) 202 nm in various ACN/water carrier mixtures with AT = 20 K and 

floww rate = 0.25 mL/min. (A) 0 mol % ACN, Tcold = 297 K, (B) 5 mol % 

ACN,, Tcoid = 296 K, (C) 10 mol % ACN, T  ̂ = 296 K. To all carriers 0.5 

mMM TBAP and 1 mM SDS was added. 
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Thee size dependence can be expressed by the so-called size-based selectivity, Sr, 

definedd as:37 

ss = aiog(tR/t0) [5] 

3logr r 

Whenn die thermal diffusion is independent of the particle size, an Sr value of unity is 

obtained. . 
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Figuree 7: Thermal diffusion coefficients versus particle diameter in (x) water, ) 5 

moll  % ACN, and (A) 10 mol % ACN. 

Inn Table II, Sr values for the different carriers used in this study are given. For both 
thee phosphate and the tris buffer, the thermal diffusion coefficient appears to be al-
mostt independent of particle size, irrespective of the type of surfactant used. A strik-
inglyy low selectivity (Sr = 0.54), however, was found for water witii TBAP as 
electrolyte,, indicating that the DT decreases with particle size. Much higher selectivi-
tiess were found for the ACN-containing carriers; Sr values of 1.30 and 1.45 for carri-
erss with 5 and 10 mol % ACN, were found, respectively. 



I n f l uencee of Car r i er C o m p o s i t i on 95 5 

Differentt size dependencies of thermal diffusion in aqueous and organic carriers were 

alsoo observed in another study. However, no satisfactory explanation for this phe-

nomenonn has been put forward yet.l7 

Tablee II : Size-based selectivity values for PS particles in several carriers. 

Carrierr composition Ss_ 

11 mM phosphate + 1 mM Brij 35 0.99 

0.55 mM tris + 1 mM Brij 35 0.90 

11 mM phosphate + 1 mM SDS 0.94 

11 mM tris + 1 mM SDS 1.04 

0.55 mM TBAP + 1 mM SDS 0.54 

0.55 mM TBAP + 1 mM SDS + 5 mol % ACN 1.30 

0.55 mM TBAP + 1 mM SDS + 10 mol % ACN 1.45 

Althoughh particle retention in the carrier containing only TBAP and SDS was quite 

high,, the separation was still insufficient due to a decrease of Dj with size (see Figure 

6A).. From Figure 6 it is apparent that the best resolution is obtained with the highest 

ACNN content (10 mol %). Due to the remarkably high size selectivity, all particles 

couldd be baseline separated at a AT value as low as 20 K. Unfortunately, it was not 

possiblee to use higher concentrations of ACN as, in that case, broad and irregular 

peakss eluted, indicating that some particle-wall interaction occurred. 

Conclusions s 

Particlee thermal diffusion and, consequently, particle retention in ThFFF are highly 

sensitivee to small changes in the carrier composition. Accurate particle analysis re-

quires,, therefore, careful tuning of the experimental conditions. 

Wee found that the addition of an electrolyte for sufficient particle retention and a 

surfactantt to prevent particle-wall interactions are required. Furthermore, the results 

off  this study indicate that thermal diffusion is mainly determined by the interaction 

betweenn the particle surface and the carrier. 
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AA study of the size selectivity showed that the thermal diffusion coefficient of parti-

cless often changes with particle size. Moreover, the measurements showed that this 

sizee dependency can change with carrier composition. By carefully selecting the car-

rierrier composition very high size selectivities can be obtained. Though the high size 

selectivityy has a positive influence on the separation power, the carrier composition-

dependentt size selectivity complicates particle analysis. With every change in the 

compositionn of the carrier a new calibration of the system is required. Fortunately, at 

leastt in the case of particle-size analysis, this drawback can be circumvented by cou-

plingg ThFFF to an absolute size-detection technique, such as Multi-Angle Light 

Scatteringg (MALS). The determination of the chemical composition of particles by 

ThFFFF becomes, however, very difficult More systematic studies of ThFFF retention 

off  particles and, in particular, the thermal diffusion should be done to further improve 

thee applicability of ThFFF for particle analysis. 
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Symbols s 
SII  units 

D D 

DT T 

H H 

k k 

r r 

sr r 
tR R 

to o 
T T 

AT T 

Tcold d 

w w 

n n 

diffusionn coefficient 

thermall  diffusion coefficient 

platee height 

Boltzmann'ss constant 

particlee radius 

size-basedd selectivity 

retentionn time 

voidd time 

absolutee temperature 

temperaturee drop 

coldd wall temperature 

channell  height 

carrierr viscosity 

mm s 

m22 s'1 K' 

m m 

J K1 1 

m m 

s s 

s s 

K K 

K K 

K K 

m m 

Pas s 
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(v)) mean flow velocity m s"1 

XX non-equilibrium dispersion parameter 

A,, dimensionless retention parameter 
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Sub-Micronn Particl e Analysis using 
Thermall  Field-Flow Fractionation with 
Multi-Angl ee Ligh t Scattering Detection 

Abstract t 

Thermall  Field-Flow Fractionation (ThFFF) coupled to Multi-Angle Light Scattering 

(MALS)) detection has been used to analyse sub-micron particles. Polystyrene and 

styrene-butylmethacrylatee latices of various composition were studied as well as 

differentt swellable core-shell particles. With ThFFF-MALS thermal diffusion 

coefficientss (Dj) of the particles could be calculated directly without the need for 

additionall  Dynamic Light Scattering (DLS) measurements. The Soret coefficient was 

determinedd from the ThFFF data while MAL S provided the particle's radius of 

gyrationn which allowed the calculation of the diffusion coefficient of the particle. 

Combiningg both data gave the thermal diffusion coefficient. It was demonstrated that 

differencess in the chemical composition of the particle can lead to differences in 

thermall  diffusion. However, no clear trend was observed, and as thermal diffusion is 

stilll  a poorly understood phenomenon, it was difficult to correlate chemical 

compositionn to DT. Apart from the influence of the chemical composition of the 

particles,, it was found that the pH of the carrier solution also had a strong effect on 

thee thermal diffusion. 

Althoughh thermal diffusion will be mainly determined by the surface composition, the 

studyy of core-shells showed that swelling of the outer layer of the particle does not 

significantlyy influence the thermal diffusion. 

Inn order to calculate the diffusion coefficients for the complex core shells, DLS 

measurementss were required. The combination of DLS and ThFFF-MALS data gave 

insightt in the swelling behaviour of the core-shells and their internal structure. 
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Introductio n n 

Thee need for accurate particle-size or particle-size-distribution analysis has greatly 
increasedd over the past decade.1 The development of new materials incorporating 
smalll  particles, such as water-based coatings, has led to a great demand for flexible 
andd reliable size-analysis methods. However, due to the large variety of materials and 
thee wide span in particle size the development of size-analysis methods remains a 
difficultt and challenging area of research. 

Thee most common method to characterize sub-micron particles in suspension is Dy-
namicc Light Scattering (DLS). Although DLS has been proven to be an invaluable 
techniquee to provide absolute values for particle sizes, it only measures average or 
"bulk""  characteristics and does not allow the determination of particle size distribu-
tionss (PSD).2 

Particle-size-analysiss methods that are able to determine a PSD are the flow-
fractionationfractionation techniques.3 These include Field-Flow Fractionation (FFF) and Capillary 
Hydrodynamicc Fractionation (CHDF).4 By far the most versatile particle separation 
techniquee is FFF. FFF comprises a number of subtechniques, all based on the same 
principle.. Depending on the technique used, particles with sizes ranging from a few 
nmm up to about 100 |im can be separated according to size (Flow FFF),5 size and 
densityy (Sedimentation FFF),6 or the size/charge ratio (Electrical FFF).7 Only rarely 
Thermall  Field-Flow Fractionation (ThFFF) has been applied for the analysis of par-
ticulatee matter.8"13 Therefore, very little is known about particle behaviour in ThFFF. 
Inn ThFFF the retention is determined by the so-called Soret coefficient of a molecule 
orr particle,14 defined as the ratio of the thermal diffusion coefficient DT and the nor-
mall  diffusion coefficient D. To extract the information on the size and chemical com-
positionn of polymer molecules or particles from the retention time in ThFFF is not 
straightforward,, as the retention is a function of both parameters (D and DT). So far, 
onlyy a few studies have been carried out on the relation between the thermal diffusion 
andd the particle composition.9,12 Generally, the observed DT values are a factor of 5 to 
100 times lower than polymer thermal diffusion values. It appears that DT is mainly 
determinedd by the chemical composition of the surface of a particle.10 Unfortunately, 
straightforwardd correlations between DT and the composition of particles, as have 
beenn found for random copolymers, have not been shown yet.15 In contrast to soluble 
polymers,, a size-dependence of Dr has been observed occasionally for particles. Fur-
thermore,, recent studies have shown that particle retention in ThFFF is influenced not 
onlyy by the composition of the particle, but also strongly by the composition of the 
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carrierr solution.11"13 It may be concluded that the thermal diffusion of particles is still 
aa poorly understood phenomenon, which makes it difficult to correlate the retention 
behaviourr of particles to size and/or chemical composition characteristics. Therefore, 
moree study is required on the phenomena that determine the thermal diffusion. 

Althoughh potentially a calibrated ThFFF system allows the direct calculation of a 
PSDD from a fractogram for particles with a uniform composition, in practice this re-
quiress that the DT of the particles is constant. It has been shown that this is not neces-
sarilyy the case, which makes the calibration of ThFFF a delicate task. An important 
aidd for the ThFFF analysis of particles can therefore be Multi-Angle Light Scattering 
(MALS)) detection. In a previous study we have shown that ThFFF-MALS is a power-
full  combination for the characterization of soluble (copolymers with a non-uniform 
composition.166 Although MALS as detection technique for FFF is gaining popularity, 
thee combination of FFF techniques with MALS detection for particle analysis has 
beenn limited to Flow FFF so far.2,17"20 

Couplingg of ThFFF to MALS would greatly simplify particle sizing, as ThFFF then 
actss as a fractionation method while the MALS gives the absolute particle size and its 
distribution.. Thus, no FFF calibration would be needed. On the other hand, the size 
informationn that MALS provides can also be used for chemical composition analysis 
off  particles by ThFFF. Instead of performing laborious off-line DLS measurements to 
determinee D, MALS size data can be converted into diffusion coefficients. Hence, the 
couplingg of ThFFF to MALS can significantly enhance the potential of ThFFF as a 
particlee analysis method.12 

Heree we report a study on the use of ThFFF-MALS to analyse sub-micron particles. 
Thee first part of this study deals with the characteristics of the ThFFF separation, 
whereass the second part is devoted to the application of MALS detection. ThFFF has 
beenn studied as a separation method for the analysis of polystyrene (PS) latices and 
styrene-butylmethacrylatee (Sty-BMA) latices, and of (alkali-swellable) core-shell 
particless of varying composition. In a previous study, we investigated the influence of 
thee carrier composition on the particle retention behaviour and thermal diffusion.13 

Here,, we focus on the influence of the (chemical) composition of the particle. Fur-
thermore,, the core-shells also allowed us to study the effect of swelling of the outer 
layerr on the particle thermal diffusion. 

Thee use of absolute MALS detection coupled to ThFFF to analyse particles is re-
portedd in the second part of this study. Possibilities and limitations of the ThFFF-
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MAL SS method are illustrated by the analysis of the above-mentioned samples. The 

usee of MAL S to measure the PSD as well as the possibility to calculate thermal diffu-

sionn values without the need for additional DLS measurements are investigated. The 

ThFFF-MALSS results obtained are compared with off-line DLS measurements. 

Theory y 

ThFFF ThFFF 

AA ThFFF system consists of a flat open channel, through which a liquid is forced to 

floww under laminar conditions. A thermal gradient is applied perpendicular to the 

flow,, forcing the particles in thin layers against the wall. This leads to differential 

migrationn according to: 

t.. (J D r V _ R _ _ 

to o 
+ + 

.. DT AT w 

[1] ] 

wheree tR is the retention time of a particular particle, to the void time, r the particle 

radius,, w the channel height, and AT the applied temperature difference between the 

wallss of the channel. The theory of ThFFF has already been discussed in many publi-

cationss and for that we refer to the pertinent literature.21 

Characteristicc features of ThFFF are a low efficiency (broad peaks) but a high separa-

tionn selectivity and versatility. Compared to CHDF, ThFFF is relatively insensitive to 

secondaryy effects,2,4 but as a result of the low efficiency, system peak broadening can 

hamperr the analysis and complex deconvolution procedures are often required to 

calculatee an accurate size distribution.22 This drawback is largely circumvented when 

thee technique is combined with MALS detection. 

MALSMALS detection 

MAL SS is a static light scattering technique that provides absolute size determination. 

Thee radius of gyration Rg is, according to the Rayleigh-Gans-Debye (RGD) theory, 

directlyy related to the excess Rayleigh ratio, R(9), as follows:23 

R(e)== KcM 
(( i * ^  , \ 16JC C 
l - ^ R > 2 ( 0 / 2 ) ) [2] ] 
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wheree c is the particle concentration, M the (weight-average) molecular mass, A,/ the 

vacuumm wavelength of the light, and 6 the scattering angle. K is an optical constant 

givenn by: 

__ 4«'(%)V 
K—Wjf~~ [3] 

wheree n is the refractive index of the solvent, dn/dc is the refractive index increment, 

andd NA is Avogadro's number. From the angular dependence of the Rayleigh ratio, Rg 

cann be calculated. 

Irrespectivee of the shape of the analyte, MAL S allows the direct determination of the 

radiuss of gyration as long as the RGD approximation is valid.2 For sub-micron parti-

cless these requirements are not completely met. Especially for larger particles, the 

RGDD approximation is becoming less applicable. Nevertheless, Shortt et al.24 showed 

thatt MAL S analysis of particles with diameters as large as 700 nm yielded errors of 

onlyy 5 %. Analysis of larger particles requires the use of the more complicated Lo-

renz-Mierenz-Mie scattering theory. 

Untill  recently, virtually all FFF particle analysis applications have made use of UV 

detection.. However, often the UV detector acts as a forward-scattered light detector 

forr particles, and correction for the so-called Lorenz-Mie effects is required but often 

overlooked.2 2 

DLS DLS 

DLSS measures the time-dependent fluctuations in the intensity of laser light scattered 

fromfrom a sample. The apparently random fluctuations of the scattering intensity result in 

aa noise-like pattern. By using time-dependent correlation functions for the signal it is 

possiblee to obtain quantitative information about motion within the sample. The auto-

correlationn function C(l) is related to the diffusion coefficient of the scattering parti-

cless by:25 

C ( T ) = e - D « ' TT [4] 

wheree x is the delay time. The scattering vector q is defined as: 

4?tnn . ,r t._. 
q = — —— sin(G/2) [5] 
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Thee autocon-elation function of DLS provides direct information on the (average) 
diffusionn coefficients of scatterers in a sample. The hydrodynamic radius Rh of the 
particless can be calculated with the Stokes-Einstein Equation:26 

kT T 
R**  = T ^  [6] 

wheree k is Boltzmann's constant, T| is the viscosity of the solvent, and D0 is the diffu-
sionn coefficient at infinite dilution. 

Experimental l 

Instrumentation Instrumentation 
Alll  ThFFF experiments were performed with a laboratory-made channel (0.0125 x 
1.55 x 46 cm). A Gynkotek (model 300; Germering, Germany) HPLC pump delivered 
aa flow rate of 0.25 mL/min. The injection volume was 30 |iL. A 7-um in-line filter 
wass inserted between the injection valve and the ThFFF channel. A stop-flow period 
off  6 minutes was employed after injection to allow relaxation. Unless stated other-
wise,, the temperature drop AT was 40 K and the cold wall temperature T^d was 298 
K.. The temperature drop was controlled by the FFF software, which was obtained 
fromfrom FFFractionation (Salt Lake City, USA). 

AA UV detector (model 757; Applied Biosystems, Ramsey, USA) set at 254 nm and a 
Dawn-DSPP MALS detector equipped with a 30-mW argon-ion laser at 488 nm 
(Wyatt,, Santa Barbara, USA) connected in series were used as the detection devices. 

Thee DLS experiments were performed on a Malvern 4700c light scattering instrument 
(Malvernn Instruments, Malvern, UK). The instrument was equipped with a 200-mW 
argon-ionn laser (488 nm). The temperature was set at 303 K. Measurements were 
performedd at an angle of 90°. For every sample the normal diffusion coefficient and 
thee hydrodynamic radius were calculated as an average from 5 successive measure-
ments.. Because of the high dilution (see the chemicals and solutions section) of the 
dispersionss the concentration dependence of the diffusion coefficient could be ne-
glectedd (D ~ D0). 
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Thee normal diffusion coefficients, either measured by DLS or calculated from the 
knownn particle diameter, were recalculated for the temperature in the centre of gravity 
(Tcg)) of the particle zones. Dp values were obtained by multiplying the Soret coeffi-
cientss obtained with ThFFF, with the above-mentioned normal diffusion coefficients. 
Correctionss for the temperature dependence of the thermal conductivity and viscosity 
off  the carrier, as well as for steric particle-wall effects were included in the calcula-
tions.. A home-written Turbo Pascal software program was used for the calculation of 
thee thermal diffusion values. 

ChemicalsChemicals and solutions 

Polystyrenee (PS) latex standards with diameters of 107, 202, and 356 nm were stud-
ied.. The standards were obtained from Polysciences GmbH (Eppelheim, Germany). A 
latexx sample composed of 20 % (m/m) styrene (Sty) and 80 % (m/m) butyl-
methacrylatee (BMA) with a diameter of 165 nm was also used. 

Tablee I: Composition of the particles studied. 

Particle e 

PSS 107 

PSS 202 

PSS 356 

Sty/BMA A 

Core-shelll  1 

Core-shelll  2 

Diameter r 

(nm) ) 

107* * 

202* * 

356* * 

165 5 

192*(173) ) 

181**  (165) 

Coree % 

BMA A 

80 0 

80 0 

80 0 

(m/m) ) 

Sty y 

100 0 

100 0 

100 0 

20 0 

20 0 

20 0 

BA A 

36.6 6 

38.8 8 

Shelll  % (m/m) 

MMAA MAA 

52.66 10.8 

444 17.2 

Numberr between brackets represents the core diameter. 
**  Values specified by the supplier. 
**  Values measured by DLS (pH 5.1). 

Inn addition, two core-shell latices based on the aforementioned Sty/BMA latex sample 
withh the shell composed of different ratios of butacrylate (BA), methylmethacrylate 
(MMA),, and methacrylic acid (MAA) were studied. Akzo Nobel (Arnhem, The Neth-
erlands)) provided the Sty/BMA sample and core-shell samples. The composition of 
thee particles studied are summarized in Table I. Scanning Electron Microscope (SEM) 
experimentss showed that the particles were spherical and of uniform size. 
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Originall  concentrations of the PS latex standards were in the order of 2.5 mg/mL and 
off  the Sty/BMA and core-shell samples 15-25 mg/mL, respectively. All samples 
were,, prior to analysis, diluted to a concentration of 1.25 [ig/mL and vortexed thor-
oughly.. A 2.5-mM phosphate buffer at different pH values was used. Polyoxyethylene 
lauryletherr (Brij 35) (Acros; Geel, Belgium) at a concentration of 0.2 mM was added 
too all samples and carrier solutions. 

Resultss and Discussion 

InfluenceInfluence of particle composition 
Inn previous studies it has been established that the chemical composition of the parti-
cless can have a profound effect on the thermal diffusion, although no systematic 
trendss have been observed.15 In Table II the calculated thermal diffusion values to-
getherr with the normal diffusion values of all samples from Table I are given. 

Tablee H:  Normal diffusion and thermal diffusion coefficients of particles measured 

atpH5.1. . 

Particle e 

PSS 107 

PSS 202 

PSS 356 

Sty/BMA A 

Core-shelll  1 

Core-shelll  2 

D(10l 2m2/s) ) 

4.77 (299.5) 

2.55 (298.9) 

1.4(298.7) ) 

3.00 (299.2) 

2.6(299.1) ) 

2.8(299.1) ) 

Dr(10-12m2/sK) ) 

5.9 9 

5.9 9 

6.1 1 

4.5 5 

4.7 7 

4.6 6 

Valuess between brackets indicate the temperature in the centre of gravity Tcg (K) of the particle 

zone. . 

Thee normal diffusion coefficients were calculated from the diameters given in Table I 
byy using the Stokes-Einstein equation or were directly measured by DLS. In order to 
bee sure that possible swelling effects of the core-shell particles did not influence the 
retention,, the ThFFF and DLS analyses were performed at pH 5.1. 
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20 0 
timee (min) 

Figuree 1: ThFFF fractograms of (a) Sty/BMA, (b) core-shell 1, (c) core-shell 2 at 

(A)) pH 5.1 and (B) pH 11.3; AT = 40 K; Tcold = 298 K; carrier solution: 

phosphatee buffer (2.5 mM). 

Itt is seen that the DT values of PS particles are higher than those of the BMA/Sty 

particles,, thus showing the compositional dependence of the thermal diffusion. No 

significantt size-dependence for the PS particles was found. 
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AA second observation is that the DT values found for core-shells 1 and 2 were very 
closee to the value found for Sty/BMA particle (having the same composition as the 
coree of the core-shells). Therefore, either the Dj values of the Sty/BMA particle and 
thee core-shells accidentally happen to bee nearly equal, or the influence of the shell on 
thee thermal diffusion is less than expected. However, the latter explanation is in con-
trastt with findings by Shiundu et al.I0 It is more likely that in the present study the 
thermall  diffusion values of the individual components of the particles are too close to 
actuallyy correlate DT to the composition. If so, this illustrates that in order to distin-
guishh particles by composition, significant differences in DT with composition are 
needed. . 

Ass is shown in Figure 1, the pH of the carrier solution has a strong influence on the 
retentionn of the Sty/BMA and core-shell particles in ThFFF. While at pH 5.1 the three 
particlee types show almost equal retention, at pH 11.3 large differences in retention 
timess are observed. Apparently, the carrier pH has a strong effect on the Soret coeffi-
cientss (DT/D), especially on those of the core-shell latices, as is shown in Figure 2A. 
However,, the Soret coefficient of the solid Sty/BMA particles is also a function of the 
pH. . 

Inn first instance one would expect for the core-shells that mainly the normal diffusion 
coefficientss are affected by the pH, as a result of the swelling observed for these par-
ticless at high pH. To study this swelling effect, independent measurements on the 
diffusionn coefficients of the particles as a function of the pH have been performed by 
DLS.. The results of these measurements are shown in Figure 2B. It can be seen that 
thee diffusion coefficients of the core-shell particles decrease significantly with in-
creasingg pH. Swelling up to almost twice the original size for core-shell 2 is observed 
att pH 11.3. On the other hand, the diffusion coefficient, and therefore the size of the 
Sty/BMAA particles remains virtually unchanged. From the Soret coefficients (ob-
tainedd by ThFFF) and the diffusion coefficients (obtained by DLS) thermal diffusion 
coefficientss were calculated. The results are given in Figure 2C. For comparison, DT 
dataa on the 202 nm PS latex particles are included in this figure. A decrease of the DT 

valuess with pH is seen for all particles. As Dp must be determined by the outer layer 
off  a particle, it is certainly possible that the swelling of the core-shells also influences 
DT

277 However, the pH-dependency of DT is almost identical for all types of particles, 
includingg the PS latices. Moreover, the largest changes of DT are found between 
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Figuree 2: Plots of (A) Soret coefficients DT/D, (B) diffusion coefficients D, and (C) 

thermall  diffusion coefficients DT at different pH values; ) PS 202, ) 

Sty/BMA,, (A) core-shell 1, and (x) core-shell 2. 
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pHH 5.1 and 7.4, where swelling still does not occur. Therefore it must be concluded 

thatt the swelling itself has only a minor, if any, effect on DT for the core-shell parti-

cles,, and that there is a more general effect of the carrier pH on the thermal diffusion 

off  the various particles studied. 

Ass the differences in the calculated DT values for PS and Sty/BMA particles show, 

ThFFFF can in principle be used to extract information on the surface composition of 

particles.. In practice however, it remains difficult to actually correlate thermal diffu-

sionn to composition, as particle thermal diffusion is still a largely unexplored area. 

Moree study is required to fully exploit the compositional dependence of the retention. 

TT  1 r 

00 10 20 30 40 50 60 
timee (min) 

Figuree 3: Influence of the order of detectors; (a) UV (254 nm) signal, detector or-

der:: UV-MALS; (b) UV (254 nm) signal, detector order: MALS-UV; (c) 

MAL SS (90°) signal, detector order: UV-MALS; (d) MAL S (90°) signal, 

detectorr order: MALS-UV. Elution order is PS 107 nm, PS 202 nm, and 

PSS 356 nm; AT = 50 K; T  ̂ = 300 K; carrier solution: phosphate buffer 

(2.55 mM, pH 7.4). 

ThFFF-MALSThFFF-MALS analysis 

Ass stated in the introductory section, a key factor in the future applicability of ThFFF 

forr particle analysis is the ability to measure particle size distributions and possibly 

chemicall  composition distributions. Therefore, we tried to measure the PSD on-line 
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withh MAL S detection. Furthermore, we studied the possibility to use this data for the 

calculationn of the thermal diffusion coefficients as an indication for the chemical 

compositionn of the particles. 

Duringg our initial ThFFF-UV-MALS experiments it was unexpectedly found that the 

orderr of the (UV and MALS) detectors significantly influences the sensitivity of the 

MAL SS detector. In Figure 3, fractograms of a mixture of PS latices, measured with 

ThFFF-UV-MALSS and ThFFF-MALS-UV, are depicted. It is clear that the UV signal 

iss not influenced by the order of detectors, while the MAL S signal is strongly reduced 

iff  the UV detector is placed after the MALS. This effect might be explained by insuf-

ficientficient mixing of the carrier solution eluting from the ThFFF channel. The MALS cell 

itselff  has a total volume (including connecting pieces) of approximately 70 pL. The 

actuall  detection volume is, however, determined by the laser beam width and is much 

smaller.. It can be argued that particles with low diffusion coefficients can, upon 

reachingg the MAL S detector, still be compressed in a layer of a few micrometers thick 

ass formed on the accumulation wall of the channel. If no sufficient mixing occurs, it is 

conceivablee that the laser only partly detects them. In our case, the UV detector obvi-

ouslyy acts as a mixing chamber. This slow mixing effect can probably also be of in-

fluencee for the detection limit of ultra-high-molecular-mass polymers. 

Wee tested the ThFFF-MALS method with a mixture of well-defined PS latex stan-

dards.. It can be seen from Figure 4 that the latex particles are nearly monodisperse. 

Nevertheless,, as a result of the low efficiency, relatively broad peaks elute. When 

conventionall  calibration without deconvolution had been used, a considerable (appar-

ent)) size distribution would have been found. It was calculated that the use of con-

ventionall  calibration without deconvolution for a 200 nm particle eluting at tR/to =10 

leadss to an apparent distribution with a relative standard deviation of 10 %.28 

Furthermore,, due to the potentially combined chemical-composition and size depend-

enciess of the thermal diffusion, conventional ThFFF calibration is only possible if the 

sampless and standards are of exactly the same composition and if the composition of 

thee carrier is kept perfectly constant.I3 

Sincee the PS latex particles can be regarded as hard spheres, the hydrodynamic di-

ameterss could be calculated from the radius of gyration with:23,29 
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Thee particle diameters as found by MAL S detection (peak top values of 109 nm (

2.99 %), 206 nm (  1.1 %), and 348 nm (  0.4 %)) were in good accordance with the 

valuess given by the manufacturer. The errors indicated are the relative standard de-

viationss of the results of four measurements. 

10000 q 

100: : 
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Figuree 4: ThFFF-MALS analysis of PS latex particles; (a) PS 107 nm; (b) PS 202 

nm;; (c) PS 356 nm. (0): diameter measured by MALS; AT = 50 K; 

Tcoidd = 300 K; carrier solution: phosphate buffer (2.5 mM, pH 7.4). 

Obviously,, by calculating the normal diffusion coefficients via the Stokes-Einstein 

equation,, die diermal diffusion coefficients can be estimated witiiout the use of addi-

tionall  measurements. The coupling of MALS to ThFFF can, therefore, considerably 

enhancee die applicability of ThFFF. 

Analysiss of me core-shell particles at different pH values revealed Üiat swelling of die 

shelll  did not lead to a significant increase of me radius of gyration of me particles. In 

Tablee III , the Rg values measured with MALS are compared wim Rj, values obtained 

byy DLS. For PS 202 and Sty/BMA R/Rh values close to me meoretical value of 0.775 

(V(3/5))) for a hard sphere were found.29 Approximately me same ratios were found for 

thee (non-swollen) core-shells measured at pH 5.1. For bom core-shells, a decrease of 

Rg/Rhh was found wim increasing pH. The highest decrease was for me particle con-
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tainingg the largest amount of methacrylic acid (core-shell 2). The change in Rg/Rj, can 
bee explained as follows: As core-shell particles swell, they can be regarded as a 
sphericall  core being made of pure polymer, surrounded by a shell being a mixture of 
polymerr and solvent, with all polymer chains having at least one end anchored at the 
coree surface. 

Tablee HI : Radius of gyration (Rg) obtained from MALS and hydrodynamic radius 
(Rh)) obtained from DLS at pH 5.1, 7.4, and 11.3. 

Particle e 

PSS 202 

Sty/BMA A 

Core-shelll  1 

Core-shelll  2 

R« « 
79.3 3 

62.0 0 

69.8 8 

65.6 6 

pH5.1 1 

Rh h 

101* * 

82.3 3 

95.9 9 

90.3 3 

R,/Rh h 

0.785 5 

0.753 3 

0.728 8 

0.726 6 

R« « 
79.7 7 

61.4 4 

69.2 2 

66.3 3 

pH7.4 4 

Rh h 
101* * 

82.6 6 

98.4 4 

101.5 5 

R /̂Rh h 

0.789 9 

0.743 3 

0.703 3 

0.653 3 

RR R 

79.5 5 

60.9 9 

69.9 9 

68.4 4 

pH l l . 3 3 

Rhh Re/Rh 

101**  0.787 

82.55 0.738 

155.44 0.450 

180.88 0.378 

**  Specified by the supplier. 

Thee solvent molecules are thus immobilised and the hydrodynamic radius can be 
regardedd as the geometric radius. The radius of gyration, however, is determined by 
thee internal mass distribution of a particle:23 

wheree r, is the distance between the particle's centre of mass and the mass element m,-. 
Thee radius of gyration of a particle does not describe the external geometry and is, 
therefore,, fundamentally different from the hydrodynamic radius. 
Withh the core-shell particles studied here, most of the mass resides in the (non-
swelling)) core. The increase of the thickness of the shell with swelling is accompa-
niedd with a proportional decrease of the polymer density, and therewith with a de-
creasee of the scattering power of this shell. Therefore, swelling of the shell will only 
contributee to a limited extent to an increase of the radius of gyration of the parti-
cles.30'311 The ratio of the radius of gyration to the hydrodynamic radius (Rg/Rh) for a 
swollenn core-shell particle will therefore be lower than the value predicted for solid 
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sphericall  particles (0.775).32 The experimental results depicted in Table III are in 
accordancee with the above explanation. For (homogenous) PS and (heterogeneous) 
Sty/BMAA latices, values close to 0.775 were found. Furthermore, it can be concluded 
thatt the presence of a shell at low pH (non-swollen, thickness of 8 - 9 nm) contributes 
onlyy very little to the Rg/Rh value. The slightly lower Rg/Rh values found compared to 
thee value found for Sty/BMA indicate that the scattering power of the shell is some-
whatt less than that of the core. At high pH values, however, the core-shell particles 
aree swollen to almost twice the original size and low Rg/Rh values, are found. The 
Rg/Rhh ratio can be used as an indication of the extent of swelling. 
Obviously,, to study these complex particle structures, combined DLS and MALS 
measurementss are necessary. DLS provides the geometric radius of the particle and 
thee combination of MALS and DLS gives information about the internal mass distri-
butionn and particle structure. 

Furthermore,, due to the complex structure of core-shells it is not possible to use 

MALSS data for the calculation of the thermal diffusion coefficient and additional DLS 

measurementss are in this case still required to study the chemical composition (distri-

butions). . 

Conclusions s 

Thiss work has demonstrated that differences in particle composition can lead to dif-
ferencess in the thermal diffusion coefficient. It was found that the thermal diffusion 
coefficientss of PS particles and Sty/BMA particles (containing 20 % styrene) differed 
considerably.. However, for two core-shell particles studied, the differences in compo-
sitionn did not lead to significantly different DT values. Therefore, to correlate Dj with 
particlee composition strong differences between the particles are needed. 
Forr all particles studied, a decreasing trend in DT with increasing pH (up to pH 7) was 
found,, and an almost constant DT value at higher pH values. Furthermore, the analysis 
off  core-shells showed that swelling of the particles did not significantly influence the 
thermall  diffusion. Still, swelling of the particles could be detected by an increase in 
retentionn as a result of a decrease in the normal diffusion coefficient. 

Thee results of the second part of this study show that ThFFF-MALS can be perfectly 
usedd to determine particle size distributions of homogeneous particles. By assuming a 
hard-spheree model, geometric radii and corresponding diffusion coefficients can be 
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calculatedd from the radii of gyration of the particles obtained by MALS. In this way 
thermall  diffusion coefficient distributions of particles can generally be calculated 
withoutt using additional DLS measurements. However, complex particles such as 
swollenn core-shells cannot be regarded as hard spheres and thus still require addi-
tionall  DLS measurements to estimate the diffusion coefficients. Combination of DLS 
andd MALS data provides additional information on the particle geometry and on the 
internall  structure. 
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CHAPTE R R 

Q Q 
Predictionn of Polymer Thermal Diffusion 
Coefficientss from Polymer-Solvent Inter -
actionn Parameters: Comparison with 
ThFFFF and TDFRS Experiments 

Abstract t 

InIn this study a model that allows the qualitative prediction of polymer thermal 

diffusionn coefficients from polymer-solvent interaction parameters is presented. The 

Flory-Hugginss lattice theory served as a starting point for the thermal diffusion 

model.. From this model it follows that DT is determined by the temperature 

dependencee of the polymer-solvent interaction parameter %, the segmental mobility of 

thee polymer chain, and the polymer concentration. In agreement with literature data, 

thee model predicts that DT is independent of the molecular mass of the polymer, DT 

increasess with temperature, and DT is strongly dependent on the interaction between 

thee polymer and the solvent. Furthermore, it follows from the model that DT should 

decreasee with concentration. A good qualitative agreement with experimental data has 

beenn found. In order to study the potential of the model, the DT values of polystyrene 

(PS)) in several solvents were predicted. The required temperature-dependent 

polymer-solventt interaction parameters were calculated from Hildebrand's solubility 

parameterss of the polymer and of the solvent. The solvent solubility parameters were 

estimatedd using Lee and Kesler's generalized thermodynamic equations of state. The 

polymerr solubility parameters were taken from the literature. Lack of data 

complicatedd the comparison. However, a good agreement for PS in THF, MEK, 

dioxane,, and cyclohexane was found. Thermal diffusion values predicted for PS in 

severall  aromatic solvents were, however, significantly low. Still, the overall result is 

satisfactoryy considering the fact that the Flory-Huggins theory is a highly simplified 

polymer-solventt theory that was never intended to be used for quantitative purposes. 
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Introductio n n 

Thee formation of a concentration gradient in a binary mixture as a result of a tempera-
turee gradient is called thermal diffusion. In other words, thermal diffusion is the rela-
tivee motion of the components of a mixture arising from a temperature gradient. The 
resultingg composition gradient in the mixture leads to normal diffusion which tends to 
eliminatee the gradients. A steady state is reached when the separating effect of ther-
mall  diffusion is balanced by the remixing effect of normal diffusion. 

Thermall  diffusion may occur both in gaseous and liquid mixtures. A kinetic theory 
thatt explains thermal diffusion in gases has been developed by Chapman.1 The de-
scriptionn of thermal diffusion in liquids, however, turned out to be much more diffi -
cult.. Although Ludwig already observed the effect in liquids in 1856 and Soret 
systematicallyy studied it in 1879,2,3 it is still a poorly understood and relatively un-
knownn phenomenon. The relative obscurity of thermal diffusion may partly be ex-
plainedd by the need of sometimes complicated theories. For example, thermal 
diffusionn can be described by Onsager's theory of non-equilibrium thermodynam-
ics.2,4"66 This theory, however, does not give values for thermal diffusion coefficients, 
nott even trends.7 Numerical values on thermal diffusion coefficients are needed in the 
practicee of Thermal Field-Flow Fractionation analyses for optimization purposes. 
Frequently,, thermal diffusion is described by phenomenological laws. These laws are 
phenomenologicall  in the sense that they are experimentally verified, but are not part 
off  a comprehensive theory. They describe irreversible processes, such as heat flow in 
aa temperature gradient (Fourier's law) and flow of matter in a concentration gradient 
(Fick'ss law), in the form of proportionalities. The general form of these relationships 
forr a one-dimensional system is:2,7 

I = - A | ££ m 
dx x 

wheree J is a flux, A is a constant, and F is a potential. 
Whenn the aforementioned transport processes occur simultaneously, interference 
givess rise to cross-phenomena, such as thermal diffusion.8 The resulting flux in binary 
mixturess under non-isothermal conditions can be phenomenologically described by 
addingg an extra term to Fick's law proportional to the temperature gradient (this result 
alsoo follows from Onsager's theory of irreversible thermodynamics):4'9 
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J = D T c | I - D | ii  [2] 
OXX  ox 

wheree T is the temperature, c is the solute concentration, D is the normal diffusion 
coefficient,, and DT is the thermal diffusion coefficient. The ratio of DT over D is the 
so-calledd Soret coefficient. 

AA second reason for the relative obscurity of thermal diffusion is the magnitude of the 
effect.. When we consider the weakness of the force generated by a thermal gradient 
ass compared with the opposed remixing force generated by Brownian motion, i.e., 
normall  diffusion, it is easy to understand that it is often overlooked and neglected. 
However,, in engineering processes involving large molecular mass disparities and 
largee temperature gradients, such as chemical vapour deposition, this can lead to con-
siderablee errors.10 In recent years thermal diffusion in liquids has aroused interest in 
diversee fields, such as the analysis of hydrodynamic instability in mixtures,11 and 
migrationn of minerals.n 

Thee thermal diffusion effect has been successfully utilised as a driving force for the 
separationn of a variety of materials.13 But most of the applications have faded due to 
thee high energy costs of these methods. In general, thermal diffusion can only be the 
predominantt force if the normal diffusion is small. This is the case for polymers 
wheree the normal diffusion coefficients are approximately 101 - 104 times smaller 
thann for low-molecular-mass organic liquids. 

Inn the late 1960's Giddings developed a thermal-diffusion-driven polymer-separation 
techniquee known as Thermal Field-Flow Fractionation (ThFFF).7 As a result of this, 
thermall  diffusion has gained more practical importance in recent years. 
ThFFFF is a separation method especially suited to analyse (high-molecular-mass) 
polymers,, microgels, and particles. The mass working range for polymers is approxi-
matelyy 104 - 108 Da and for microgels and particles the size range is about 
200 nm - 10 |im, making ThFFF a versatile analysis method. 

AA ThFFF apparatus consists of a flat channel through which a liquid is forced to flow 
inn a laminar way. A strong temperature gradient (in the order of one degree per mi-
crometer)) is created perpendicular to the liquid flow. A small amount of polymer 
samplee is injected in the flow stream and is transported down the channel by the axial 
flow.. At the same time the solute is driven to one of the walls (often the cold wall) by 
thee thermal diffusion effect. Retention and possible fractionation of polymeric con-
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stituentss depends on the average distance from the wall that a particular solute zone 

occupies.. This is determined by the Soret coefficient and the temperature gradient 

accordingg to: 

tl. .. IfBL^A T P] 

wheree tR is the retention time of a particular solute, to is the void time, and AT is the 

temperaturee difference between the walls. 
Althoughh ThFFF represents a powerful separation technique and has found several 
applications,, its effective use is still somewhat hampered by the poor understanding of 
thee thermal diffusion phenomenon. Because the thermal diffusion effect is not well 
understoodd and can not be predicted, the development of ThFFF separations of new 
polymerss or particles has always been based on a trial-and-error approach. Further-
more,, as we cannot yet relate DT to other physical polymer properties, it remains 
difficultt to correlate retention behaviour to polymer or particle characteristics. 
AA polymer-solvent model that is able to predict polymer thermal diffusion coefficients 
wouldd greatly aid in the applicability of ThFFF. Several attempts to develop a thermal 
diffusionn theory were undertaken. Unfortunately, none of these theories could be 
effectivelyy used to predict Dr values of polymers or could be sufficiently tested owing 
too lack of experimental data. 

Inn this study we present a new model, based on the Flory-Huggins lattice-model for 
polymerr solutions, that enables us to predict, at least qualitatively, thermal diffusion 
coefficientss of polymers from their polymer-solvent interaction parameters. This 
approachh is based on the general knowledge that the polymer-solvent interaction 
parameterr % (also known as the Flory-Huggins interaction parameter) is temperature 
dependent.16,177 This is identical to stating that in a temperature gradient the chemical 
potentiall  is temperature dependent, which in turn leads to a thermal force and accom-
panyingg mass flux, which results in thermal diffusion. 
Sincee insufficient data exists today to characterize the temperature dependence x(T) 
off  many polymer-solvent systems, we use in this study the well-known relationship 
betweenn m e polymer-solvent interaction parameter x *&&  Hildebrand's solubility 
parameterr S. For the latter we can estimate the temperature dependence by using ear-
lierr developed generalized thermodynamic functions.1819 Thermal diffusion coeffi-
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cientss of polystyrene in a number of solvents are estimated by this method. Prelimi-
naryy results are discussed and compared with experimental values. 

Polymerr  thermal diffusion 

Thee development of ThFFF has led to a considerable gain in knowledge about the 
thermall  diffusion of polymers. ThFFF turned out not only to be a unique method to 
analysee polymers but also to measure their DT values accurately.20 In fact, the major-
ityy of thermal diffusion data for polymers have been measured with ThFFF. Other, 
oftenn less reliable, methods that were used mainly in the 1950's and 1960*s are the 
movingg boundary method,21 the thermogravitational column,22 and the static cell 
method.233 Unfortunately, often strongly biased results are obtained by the different 
methods.. Especially older methods show inconsistencies sometimes as high as a fac-
torr of 2 - 5. A recently developed method that shows great promise to determine DT 

valuess is Thermal Diffusion Forced Rayleigh Scattering (TDFRS). This technique 
allowss the determination of DT as well as D in one single measurement.24 

Inn Table I, an overview is given of the thermal diffusion values found for polystyrene 
(PS)) in a number of solvents reported in the literature. 

Itt can be seen that the data show a considerable inconsistency between the different 
studiess and techniques. Therefore, it was decided to consider only the most recent 
measurementss (ThFFF and TDFRS) for comparison between the predicted and ex-
perimentall  DT values later in this study. Also, by examining Table I it becomes clear 
thatt some of the earliest ThFFF measurements of DT values are inconsistent with the 
mostt recent studies. Especially the DT values, reported in ref. 20, are systematically 
high.. This is probably due to an inaccurate correction for the solvent viscosity, lead-
ingg to an erroneous ThFFF retention model. 

Evenn though the quantitative data are inconsistent, within the error limits of presently 
availablee data, certain qualitative trends have emerged. There is consensus that DT is 
stronglyy dependent on the composition of the solvent and the polymer.37 This feature 
off  Dj has been used to separate polymers of equal molecular mass by their chemical 

•• • is composition. . 

Mostt ThFFF studies indicate that the DT value of polymers is almost independent of 
thee molecular mass.15'34 Furthermore, measurements of thermal diffusion coefficients, 
inn thermogravitational columns, of low-molecular-mass organic solvents such as, 
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Tablee I: Overview of experimental Dj values for diluted PS in several solvents. 

Solventt Dr 

(lQ-nm2/sK) ) 

T T 

(K) ) 

Method d Yearr Ref. 

Toluene e 

MEK K 

THF F 

Dioxane e 

Ethylbenz. . 

Benzene e 

Cyclohex. . 

0.9--

0.55--

1.09--

0.9--

1.0--

0.9--

1.03 3 

1.2 2 

1.05 5 

1.10 0 

1.7--

1.39 9 

1.9 9 

1.00 0 

0.92 2 

0.97 7 

0.94 4 

1.15 5 

0.92 2 

0.6 6 

0.42 2 

0.95 5 

1.19 9 

0.94 4 

0.94 4 

0.89 9 

0.65 5 

0.66 6 

0.92 2 

1.05 5 

-1.6 6 

-1.25 5 

1.1 1 

1.05 5 

1.7 7 

2.3 3 

-1.27 7 

-1.04 4 

-0.84 4 

293 3 
? ? 

293 3 
? ? 

293 3 

318 8 

2955 (TVOM) 

295-305 5 

297 7 

298 8 

293 3 

2955 (T^d) 

295-305 5 

2955 (T^a) 

289-2988 (TOOM) 

2999 (T^a) 
? ? 

? ? 

290 0 

295-305 5 

296-3011 (T^d) 

2955 (T^d) 

303-308 8 

2 8 9 ( 1^ ^ 

295 5 

2955 (Tcow) 

308 8 

2955 (T^d) 

295-305 5 

Staticc cell 

Movingg Boundary 

Movingg Boundary 

Movingg Boundary 

Movingg Boundary 

Thennograv.. Col. 

ThFFF F 

ThFFF F 

TDFRS S 

Thennograv.. Col. 

Movingg Boundary 

ThFFF F 

ThFFF F 

ThFFF F 

ThFFF F 

ThFFF F 

ThFFF F 

ThFFF F 

ThFFF F 

ThFFF F 

ThFFF F 

ThFFF F 

ThFFF F 

ThFFF F 

ThFFF F 

ThFFF F 

Movingg Boundary 

ThFFF F 

ThFFF F 

1962 2 

1961 1 

1969 9 

1955 5 

1963 3 

1964 4 

1989 9 

1976 6 

1995 5 

1994 4 

1969 9 

1989 9 

1976 6 

1989 9 

1995 5 

1999 9 

1993 3 

1997 7 

1997 7 

1976 6 

1996 6 

1989 9 

1976 6 

1974 4 

1985 5 

1989 9 

1969 9 

1989 9 

1976 6 

23 3 

25 5 

21 1 

26 6 

27 7 

22 2 

15 5 

20 0 

24 4 

28 8 

21 1 

15 5 

20 0 

15 5 

29 9 

30 0 

31 1 

32 2 

33 3 

20 0 

34 4 

15 5 

20 0 

35 5 

36 6 

15 5 

21 1 

15 5 

20 0 

TcoW:: Cold wall temperature of the ThFFF apparatus. 
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toluenee and benzene showed that they were in the same range as for polymers, 
therebyy confirming that Dj is independent of molecular mass.39 

Experimentss have also shown that the geometrical structure of the polymer appears to 
bee of little importance; e.g., linear PS shows the same DT value as star-shaped PS.40 

Thiss supports the idea that rather than the molecular architecture of polymers, it is the 
repetitivee segment that determines Dj, as was previously predicted by Khazanovich.41 

Furthermore,, experiments with star block copolymers have shown that the thermal 
diffusionn is mainly determined by the outer region of the polymer.42 This is also the 
casee for particulates (e.g., core-shell latices43,44 and solid silica particles with grafted 
layers45,46).. For random (linear) copolymers, it has been found that the thermal dif-
fusionn is the weightedd average of the DT values of the corresponding homopolymers.31 

Providingg that the normal diffusion coefficient is determined by a second technique, 
thiss feature can be used to determine the compositional heterogeneity of copolymers 
byThFFF.29-30'32'47 7 

AA few studies have been reported on the temperature behaviour of the DT of polymers. 
Inn nearly all studies a clear increase of Dp with temperature was found.36'48 As the 
thermall  diffusion differs strongly per solvent, it is conceivable that the temperature 
dependencee of the thermal diffusion also changes with solvent. 
Experimentss performed by Kirkland and Yau on a range of polymers in a number of 
solventss showed that DT of polar polymers in aqueous solvents is often negligible.49 It 
appears,, however, that synthetic polymers in organic solvents can also exhibit a neg-
ligiblee thermal diffusion, e.g., polytetrahydrofuran in methylethylketon.34 

Alll  these results suggest that thermal diffusion is determined mainly by the polymer-
solventt interaction and can, therefore, be regarded as a mainly enthalpy-driven proc-
ess.. This reasoning supports our choice of using the Flory-Huggins approach, as in 
thiss model the polymer-solvent interaction parameter is supposed to be mainly enthal-
« ^^ I**  «*«*...» 16.17,50 

picc in nature. 

Ass mentioned in the introduction, a number of thermal diffusion theories have been 
developedd that vary widely in conceptual basis and success. These include a statistical 
mechanicall  theory by Bearman, Kirkwood, and Fixman,51 a thermal radiation pressure 
theoryy by Gaeta,52 and kinetic theories by Emery and Drickamer,53 Ham,54 Khazano-
vich,411 and McNab and Meison.55 More recently Lhuillier56 and Semenov57,58 have put 
forwardd interesting approaches using surface potentials, osmotic pressures, and hy-
drodynamicc forces for colloidal particles in various solvents. These latter samples are, 
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however,, outside the scope of the present study on polymers. The statistical mechani-
call  theory by Bearman, Kirkwood, and Fixman correlates the Soret coefficient with a 
heat-transferr term Q. The Soret coefficient is predicted to be independent of the mo-
lecularr mass. This is in strong contrast with the experimental data, which shows that 
DTT rather than Dj/D is mass insensitive. In the thermal radiation pressure theory from 
Gaetaa (originally developed for hard spheres), the thermal diffusion phenomena are 
consideredd to be a consequence of the mechanical interaction of thermal elastic waves 
andd matter. In contrast to all other kinetic models, this theory predicts that macromo-
lecularr material can migrate towards either the hot region or to the cold region. We 
wil ll  come back to this point later in view of our own prediction. Unfortunately, the 
modell  predicts a significant mass or size dependence, again in contrast with the ex-
perimentall  data. 

Thee kinetic collision theory by McNab and Meison relates the thermal diffusion to the 
thermall  conductivities of the polymer and of the solvent, as well as the solvent's vis-
cosityy and density. Unfortunately, it fails to predict the correct trends. The kinetic 
theoryy of Emery and Drickamer assumes a lattice model not unlike the Flory-Huggins 
approach.. Thermal diffusion is imaged as a process involving a series of activated 
transitions.. The activation energy required for the transfer of a solute from its position 
too a vacant position in the lattice can be related to the heat of transfer and, by using 
expressionss derived by Tyrrell,2 to the Soret coefficient The theory correctly predicts 
thee molecular mass independence of the thermal diffusion, but it completely fails to 
predictt the correct magnitude or even the sign of the thermal diffusion. Both Ham and 
Khazanovichh use an identical approach for their kinetic theories. Their models predict 
thatt DT is independent of the molecular mass and concentration. From the theory 
developedd by Ham it follows that DT is, at high molecular mass, independent of the 
polymerr composition and only depends on the solvent composition, which is clearly 
nott the case. Khazanovich, on the other hand, by taking into account the segmental 
mobilityy of polymer chains, concluded that the thermal diffusion is not only influ-
encedd by the nature of the solvent, but also by the segmental diffusion of the polymer 
beadss that make up model pearl-string chains. However, lack of data makes it difficult 
too fully test this theory. In a recent study of Bender an attempt was made to estimate 
thee required data59 and it appeared that Khazanovich theory could be successfully 
usedd to predict Dj values. However, an in-house validation could not confirm these 
results.. We tested Benders' method for the polymer-solvent systems given in ref. 34 
andd found that it was unable to predict the correct thermal diffusion values. In a re-
centlyy developed thermal diffusion model by Schimpf and Semenov,58 DT is related to 
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thee temperature-dependent osmotic-pressure gradient in the solvent layer surrounding 
thee monomer units. This is not unlike our own approach via X(T), as osmotic pres-
suress are directly related to chemical potentials.58,60 The model appears to be in 
qualitativee agreement with some experimental data. It correctly predicts a very low Dp 
valuee for polymers in water, but predicts a negligible E>r in toluene as well, which 
stronglyy contradicts with experimental literature data.58 

Ann extensive overview and evaluation of most of the above-mentioned theories is 
givenn by Schimpf and Giddings.15 As none of the existing theories could be used to 
satisfactorilyy predict DT, Schimpf and Giddings also made an effort to relate the ther-
mall  diffusion to polymer and solvent physical properties by using regression methods. 
Theyy succeeded in finding a relation between DT and thermal conductivity of the 
polymerr and of the solvent and the activation energy for the viscous flow of the sol-
vent.. However, this correlation could not be confirmed for other polymer-solvent 
systems.355 Not surprisingly, in several other studies a correlation between thermal 
diffusionn and solubility parameters was found. ' ' This correlation was found for 
polymerss as well as for low-molecular-mass liquids but, at the time, did not allow 
estimatingg the thermal diffusion. 

Polymerr thermal diffusion model 

Inn this study it is assumed that the diluted polymer solution can be regarded as a total 
free-drainingfree-draining pearl-string-like polymer system according to the often-used Flory-
Hugginss lattice model. Although this model is highly simplified, it explains correctly 
(att least qualitatively) a large number of experimental observations.50 

Accordingg to the Flory-Huggins theory, the change in the Gibbs free energy of a 
polymer-solventt system due to the process of mixing can be described by: 

AGmixx = R T f a . l n ^ + i ^ l n ^ + n . ^ x) [4] 

wheree R is the universal gas constant, (pi is the solvent volume fraction, (fc is the 
polymerr volume fraction, and nj and n2 are the number of moles of the solvent and the 
polymer,, respectively.50 

As,, from the above, it may be assumed that thermal diffusion is determined mainly by 
enthalpicc interactions, the entropie part of the Flory-Huggins equation can be ne-
glectedd (the first two terms of the right-hand side of Eq. [4]). 
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Thee enthalpy of mixing AH,^ can now be derived by applying the standard thermo-
dynamicc relation AH,^ = -T^dfAGmix/TydT). The corresponding chemical potential 
AjiH22 of a polymer in a solvent can then be calculated from the enthalpy of mixing: 

Au2""  = 
8AH, , 

3n, , 
== - R T : 

dT dT <P P 11 V, 
[5] ] 

wheree Vx and V2 are the molar volumes of the solvent and the polymer, respectively. 
Wee have to note that, formally, the chemical potential is defined at a constant tem-
perature.. However, in order to stay within the framework of equilibrium thermody-
namics,, we relax this requirement, realizing that the temperature differences applied 
aree relatively small and amount to only 1 0 - 20 % of the absolute temperature. 
Knowingg the chemical potential difference from Eq. [5], we are now in a position to 
calculatee the accompanying force, being the gradient in the potential. 
Thee resulting force per molecule in a temperature gradient is then given as: 

F== -
3Au2

H H 

N A 3x x 
k<P,22 — 11 V, 

dT dT 
U U 

3T T ax x [6] ] 

wheree k is Boltzmann's constant and NA is Avogadro's number. The corresponding 
fluxflux generated by this thermal force is J = cv, where v is the linear displacement 
velocity.. The latter is found from v = F/f, where ƒ is the Stokes-Einstein friction fac-
tor.. Hence, the flux reads J = c.F// and, according to the previously-mentioned phe-
nomenologicall  laws, can also be written as: 

J = D T c — — 
dx x 

[7] ] 

Combiningg Eqs. [6] and [7] leads to the following expression for the thermal diffusion 

coefficient: : 
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VV 1 
DD - k cp , 2 - 2 - -TT ' V, ƒ 

ii  x 2 

== L 
(*x_ (*x_ 

dT dT 
)A )A 

dT dT 
[8] ] 

Ass the Flory-Huggins theory assumes a total free-draining pearl-string like system, 
thee friction factor in the framework of FH is then determined by the sum of the fric-
tionn of all segments (Nscg): 

f=**„f f=**„f 
segg J seg [9] ] 

wheree ̂ cg is the friction factor of one segment. The number of segments in the Flory-
Hugginss model is equal to V2/Vi and therefore, 

V V 
ƒ == — ƒ seg seg [10] ] 

Combiningg Eqs. [8] and [10] leads after some rearranging to the following expression 
forr the thermal diffusion coefficient: 

T T 

BJ BJ 

dT dT [11] ] 

wheree D ĝ is the segment diffusion coefficient, kT/ ,̂ 
seg--

Threee factors can be distinguished in Eq. [11], i.e., a concentration-, a diffusion- and a 
polymer-solvent-interactionn factor. For highly diluted polymer samples, the thermal 
diffusionn depends only on the segmental mobility of the polymer and on the tem-
peraturee dependence of the polymer-solvent interaction parameter. This result com-
paress favourably with that of Khazanovich41 who also found the proportionality with 
D^^ but a much more complicated energy function. Brochard-Wyart,5 on the basis of 
Onsager'ss irreversible thermodynamics, also predicts that DT is independent of mo-
lecularr mass, just as Khazanovich's and our present results. However, numerical re-
sultss cannot be obtained from that method, in contrast to our method. 
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Ass the polymer-solvent interaction parameter is virtually independent of the molecu-
larr mass,62,63 it can be concluded that the predicted thermal diffusion coefficient is, in 
accordancee with experimental data, also independent of molecular mass.15,34 

Dependingg on the temperature behaviour of the polymer-solvent interaction parame-
ter,, the thermal diffusion can, according to Eq. [11], have a positive or negative sign. 
Thiss means that polymers could migrate to the cold wall as well as to the hot wall. Up 
too now experimental results suggest that polymers migrate largely to colder re-
gions.64,655 However, studies of thermal diffusion of low-molecular-mass compounds 
havee shown that compounds can indeed migrate to the hot wall.2 

Fromm Eq. [11] it also follows that Dx can have a value of zero in the case that 
XTT = constant. Indeed, in the formal Flory-Huggins model, % is inversely proportional 
too absolute temperature if all entropie contributions are neglected.16 Thus for that 
case: : 

_a_ _ idl idl T T 
dT dT 

== 0 [12] 

whichh also consequently yields that E>r = 0, always. The experimental fact that DT is 
oftenn small but non-zero is another failure for the classical Flory-Huggins theory. 

Althoughh the Flory-Huggins model for x was originally only intended to describe 
contactt enthalpy differences in the lattice, there is no formal objection to include 
differencess in free volume17 or alternatively entropie contributions16 to %. Thus it is 
generallyy accepted that the % parameter is to be divided into two contributions:62 

5CC = X H + X S t13] 

wheree XH is the enthalpic contribution given by -T(3x/3T) and Xs is the entropie con-
tributionn given by d(Tx)/dT. Although not much data is available for x(T), the re-
portedd data can sometimes be described by a relationship as: 

X=aa + Y [14] 

wheree a and b are T-independent. It is seen that a and b can be identified as a = Xs and 
bb = TXH- Typical values for Xs are about o.3,16'62,66 while XH, see further, can be esti-
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matedd by the use of solubility parameters. Because Xs = a is independent of tem-
perature,, % m Eq- [11] can be replaced by Xn and we note that Dj should indeed be in-
dependentt of entropie contributions. 

Predictionn of the concentration dependence of the thermal diffusion is not straightfor-
ward,, as the concentration dependence of d%/3T is not known. It follows from theory 
thatt the absolute value of % should increase slightly with polymer concentration.50 

Thiss slight increase has probably a minor, if any, effect on the temperature depend-
encee of x and is negligible compared to the influence of (pi on the thermal diffusion. 
Byy neglecting the possible concentration dependence of 3%/8T it follows from 
Eq.. [11] that Dj decreases with the polymer volume fraction (as (pi = 1 - 92). Unfor-
tunately,, this effect cannot be verified with ThFFF, because at higher concentrations 
overloadingg phenomena easily disturb the analysis. However, in a number of mainly 
earlyy thermal diffusion studies carried out with other techniques a clear decrease in DT 

withh concentration was found. ' Recent TDFRS measurements showed con-

trastingg results; in one of the first TDFRS studies by Kohier et al. an almost constant 
DTT value was found across a broad concentration range was found,24 whereas in an-
otherr study from the same authors a clear decrease in Dj with concentration was 
found.688 The matter is clearly unresolved and requires further study. 

Predictionn of thermal diffusion and comparison with experimental data 

Inn the previous section it has been shown that Eq. [11] is in qualitative agreement 
withh experimental observations. In order to test the model more quantitatively, ther-
mall  diffusion coefficients for polystyrene in a number of solvents were predicted 
fromfrom Eq. [11] and compared with experimental data. 
Too actually calculate the thermal diffusion coefficient of a polymer via Eq. [11], the 
polymer-solventt interaction parameter needs to be known at a number of tempera-
tures.. Unfortunately, no such data are available in the literature. For that reason, the 
interactionn parameter XH was estimated from the well-known Hildebrand solubility 
parameterss according to:62'66 

V.(o\\ - 52 ) 2 

XHH = ftT
 2J [15] 
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wheree Vi is the molar volume of the solvent, 8 is the solubility parameter, and the 
subscriptss 1 and 2 refer to the solvent and to the polymer, respectively. We have to 
notee that with this simplified model, Hildebrand parameters cannot predict negative 

valuess of XH-
Thee solubility parameter of the solvent can be calculated using generalized thermody-
namicc functions, across a wide range of temperatures and pressures with:18'69 

88 = -
RT T Hz3l-TRfc-i) ) 

RT T 
[16] ] 

wheree the reduced temperature TR is equal to the ratio of the actual temperature and 
thee critical temperature Tc. The values of the enthalpy departure function (H - H°)/RTC 

andd the compressibility factor Z are estimated from Lee and Kesler's generalized 
thermodynamicc equations of state.70 With this method Tijssen found for a number of 
solventss with strongly varying polarities that the total solubility parameter relates with 
temperaturee as 62 = AT + B.71 For obtaining these results the molar volume Vi was 
alsoo estimated by the method of generalized thermodynamic functions. Regression 
analysiss of experimental data on relative volatilities by Barton et al. resulted in a 
linearr relation, 8 = CT + D, between the temperature and the solubility parameter.72 

Tablee II: Solvent solubility parameters (T = 297 K, P = 2 bar) and their temperature 
dependencee (293 to 353 K). 

Solventt Sr=2<>7 K: P=2 bar ((cal/cm3)1/2) dS/dT ((cal/cm3)1/2/K) 

THFF 9.28 -0.0149 
MEKK 9.49 -0.0160 

Dioxanee 10.05 -0.0145 
Cyclohexanee 8.18 -0.0125 

Benzenee 9.11 -0.0136 
Ethylbenzenee 8.82 -0.0119 

Toluenee 8.97 -0.0127 

Thesee results are supported by experimental data from Shen and Lee who also found 
ann approximate linear relation for a number of solvents. The calculations in the 
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presentt study are based on Tijssen's method. However, we obtained the molar vol-

umess by the Thomson method for compressed liquids as this method gives generally 

betterr results.20 The calculated solubility parameters of the solvents listed in Table I 

are,, together with their first derivatives, given in Table II . It was found that the solu-

bilit yy parameters showed an approximately linear behaviour over the relative small 

temperaturee range studied (Figure 1). 

350 0 360 0 3200 330 
T(K) ) 

Figuree 1: Solubility parameter as function of temperature, (a) dioxane; (b) MEK; 

(c)) THF; (d) benzene; (e) toluene; (f) ethylbenzene; (g) cyclohexane. The 

valuess were calculated from Eq. [16]. 

Estimationn of the solubility parameter for polystyrene was done from literature data.62 

Althoughh equations of state for polymer systems have been developed17'50'74 they do 

nott allow an accurate estimate of polymer solubility parameters as function of tem-

perature. . 

Fromm the literature data, we found that the temperature dependence of the solubility 

parameterr of PS showed also an approximately linear behaviour, and could in the 

temperaturee range of 293 - 353 K be described by:62 
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88 = -7.27 xl(T 3T + 11.22 [17] 

wheree 8 is commonly expressed in (cal/cm3)"2. In Figure 2 the polymer-solvent inter-

actionn parameters of polystyrene in the solvents listed in Table I are plotted as func-

tionn of temperature. From Figure 2 it becomes clear that the temperature dependence 

off  the polymer-solvent interaction parameter depends strongly on the type of solvent, 

and,, in most cases, cannot be approximated by Eq. [14]. Incidentally, the latter was 

alsoo not expected as substitution of the data given in Table II and Eq. [17] into Eq. 

[15]]  leads to rather a complicated third-order polynomial that strongly depends on the 

individuall  values of 8] and 82 as well as on the temperature behaviour of the molar 

volumee of the solvent. 

0.25 5 

2900 300 310 320 330 340 350 360 

T(K) ) 

Figuree 2: Polymer-solvent interaction parameter as function of temperature, (a) PS-

dioxane;; (b) PS-MEK; (c) PS-THF; (d) PS-benzene; (e) PS-toluene; (f) 

PS-ethylbenzene;; (g) PS-cyclohexane. The values were calculated from 

Eqs.. [15] and [16]. 
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Inn Table HI, %H» ^XH^T, and 32%H/dT2 are given. The temperatures correspond to the 
temperaturee at which the experimental DT values were determined. The %H values 
foundd for the studied PS-solvent systems show considerable differences in magnitude 
ass well as in sign. Comparison with literature data is difficult, as the available data is 
nott consistent and shows for the same solvent sometimes a very large spread (up to a 
factorr of 5).62 

Tablee III: Polymer-solvent interaction parameter data of several PS-solvent systems. 

Solvent t 

THF F 

MEK K 

Dioxane e 

Cyclohexane e 

Benzene e 

Ethylbenzene e 

Toluene e 

XH H 

do3) ) 
8.11 1 

13.7 7 

145 5 

141 1 

0.45 5 

11.1 1 

1.24 4 

3%H/3T T 

(IO"VK ) ) 

-5.08 8 

-8.03 3 

-23.7 7 

13.3 3 

-1.02 2 

3.96 6 

1.54 4 

aVdT2 2 

(lO^/K2) ) 

16.3 3 

24.1 1 

23.8 8 

6.37 7 

11.6 6 

7.11 1 

9.27 7 

T T 

(K) ) 

294 4 

295 5 

296 6 

295 5 

295 5 

296 6 

296 6 

Thee segmental diffusion D ĝ in Eq. [11] was calculated from the segmental radius of 
aa bead in the pearl-string model by using the Stokes-Einstein equation.8 The segmen-
tall  radius for polystyrene of 0.201 nm was taken from the literature.59 The predicted 
thermall  diffusion coefficients for PS in several solvents as function of temperature 
are,, together with experimental values calculated from Table I, given in Table IV. A 
fairr agreement is seen between the predicted thermal diffusion values for PS in THF, 
MEK,, dioxane, and cyclohexane and the experimental values. The thermal diffusion 
valuess of PS in the aromatic solvents (benzene, toluene, and ethylbenzene) appear to 
bee systematically low (< 45 %). We cannot explain these deviations at this moment. 
Thee results are, however, quite acceptable considering the fact that the present ther-
mall  diffusion method is based on a highly simplified polymer-solvent model with 
manyy approximations that was never intended for quantitative purposes. For a more 
accuratee quantitative estimate of the thermal diffusion coefficients, a more sophisti-
catedd polymer-solvent theory is required, such as the excluded-volume theory, which 
iss applicable at low polymer concentrations, or the Prigogine-Flory equation-of-state 
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theory.50,744 Furthermore, instead of using the well-established Hildebrand solubility 

parameterss to calculate XH data, it might be worthwhile to study the use of cohesion 

parameterr theories that divide the total cohesion energy into two or more parts, e.g., 

dispersion-,, polar-, and hydrogen-bonding-interactions. 

Tablee IV: Predicted and experimental thermal diffusion values of PS in several sol-

vents. . 

Solvent t 

THF F 

MEK K 

Dioxane e 

Cyclohexane e 

Benzene e 

Ethylbenzene e 

Toluene e 

Predictedd Dj 

(10 0 -111 m2/sK) 

0.86 6 

1.42 2 

0.54 4 

0.52 2 

0.56 6 

0.49 9 

0.57 7 

Experimentall  D / 

(10 0 -111 m2/sK) 

0.95 5 

1.39 9 

0.42 2 

0.66 6 

0.89 9 

0.95 5 

1.04 4 

T T 

(K) ) 

294 4 

295 5 

296 6 

295 5 

295 5 

296 6 

296 6 

**  Average experimental thermal diffusion coefficients were calculated from the literature listed 

inn Table I. In view of the spread and uncertainty of the data, only the most recent ThFFF and 

TDFRSS studies were considered. Ref. 20 was excluded, as in this study the reported Dp data are 

questionablee due to the use of an inaccurate retention model. Furthermore, ThFFF studies 31 

andd 32 were not taken into account because no measurement temperature was given. 

Especiallyy the use of the multicomponent interaction parameter theory formulated by 

Kellerr et al would be interesting, because this theory also allows the prediction of 

negativee values of XH-75 Investigation of the influence of entropie effects is another 

taskk for future study. 

Thee predicted thermal diffusion was found to increase with temperature in all sol-

vents.. This is in correspondence with literature data, although the experimental data 

showss that the increase in Dj with temperature is often less pronounced. 3 ' This is 

illustratedd in Figure 3 where the predicted DT of PS in ethylbenzene from Eq. [11] 

(solidd line) and the experimental values taken from ref. 36 and ref. 48 are depicted. 
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2700 280 290 300 

Figuree 3: Temperature dependence of DT of PS in ethylbenzene; (—) predicted; ( • ) 

experimentall values taken from ref. 36, (x) experimental values taken 

fromm ref. 48; dotted line is the regression curve. 

Conclusion n 

Inn this study it has been shown that thermal diffusion coefficients of polymers can be 

calculatedd from the Flory-Huggins polymer-solvent interaction parameters. Based on 

thee Flory-Huggins lattice theory a method has been developed that gives a qualitative 

agreementt between the predicted DT values and the experimental data. Furthermore, 

consideringg the many oversimplifications and approximations of the theory, the quan

titativee prediction of the thermal diffusion coefficients of the polymers is also rea

sonablyy correct. 

However,, the simplicity of the theory in combination with the fact that it has been de

velopedd for moderately concentrated polymer solutions only, clearly necessitates the 

usee of a more realistic polymer-solvent model for a more accurate prediction of the 

polymerr thermal diffusion coefficient. Furthermore, the influence of entropie effects, 

althoughh likely to be small, needs to be studied. 
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Symbols s 
SII  units 

c c 

D D 

DT T 

ƒ ƒ 
AGmix x 

H H 

H° ° 

AHmix x 

J J 

k k 

n n 

NA A 

R R 

tR R 

to o 
AT T 

T T 

Tc c 

Tcold d 

TR R 

V V 

V V 

w w 

Z Z 

A^l H2 2 

8 8 

<P P 

X X 

concentration n 
diffusionn coefficient 

thermall  diffusion coefficient 

frictionfriction factor 

Gibbss free energy of mixing 

enthalpy y 

enthalpyy in the ideal gas state 

enthalpyy of mixing 

fluxx of material 

Boltzmannn constant 

numberr of moles 

Avogadroo constant 

molarr gas constant 

retentionn time 

voidd time 

temperaturee drop 

absolutee temperature 

criticall  temperature 

coldd wall temperature 

reducedd temperature 

linearr velocity 

molarr volume 

channell  height 

compressibilityy factor 

chemicall  potential of a polymer in a solvent 

solubilityy parameter 

volumee fraction 

polymer-solventt interaction parameter 

kgm" " 
- , 22 -1 

mm s 

rnVK"rnVK" 1 1 

kgs1 1 

J J 

J J 

J J 

J J 

kgg m2 s"1 

J K1 1 

mol'1 1 

JJ mol1 K*1 

s s 

s s 

K K 

K K 

K K 

K K 

ins"1 1 

m33 mol"1 

m m 

JJ mof' 

(MPa) ) 1/2 2 
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Summaryy and future prospects 

Thiss thesis concerns the Thermal Field-Flow Fractionation (ThFFF) technique. 

ThFFFF is a one-phase separation technique that relies on a temperature gradient to 

fractionatefractionate polymer, colloid, or particle samples. The driving force of ThFFF is the 

so-calledd thermal diffusion. The thermal diffusion phenomenon is, however, not well 

understood,, which hampers the development of ThFFF. The main topics of the study 

describedd in this thesis are the thermal diffusion effect and the development of new 

applicationss of ThFFF. 

Chapterr 1 is a general introduction about Field-Flow Fractionation dealing with the 

basicc principles, the different retention modes, and often used sub-techniques. Em-

phasiss is put on ThFFF. 

Becausee normal diffusion coefficients are required to calculate thermal diffusion 

coefficientss from ThFFF retention data, several methods to determine the normal 

diffusionn coefficient have been studied in Chapter 2. By analysing a number of sty-

renee acrylonitrile copolymer samples it was found that Taylor Dispersion Analysis 

(IDA) ,, Dynamic Light Scattering (DLS), Hydrodynamic Chromatography (HDC), 

andd Size-Exclusion Chromatography (SEC) could all be used to accurately determine 

diffusionn coefficients of samples having low polydispersities. However, a relatively 

highh polydispersity or the presence of low-molecular-mass material can cause consid-

erablee differences between the methods. 

Thee driving force of ThFFF, thermal diffusion, is influenced by the chemical compo-

sitionn of the polymer, giving it an extra dimension not shared by SEC or other FFF 

techniques.. In Chapter 3 the applicability of ThFFF to detect composition drift in 

heterogeneouss copolymers has been explored. To this end, ThFFF was coupled to a 

Multi-Anglee Light Scattering (MALS) detector. The thermal diffusion coefficient was 

calculatedd from the ThFFF retention data and the MAL S data. It was shown that the 

thermall  diffusion coefficient distribution could serve as a measure for the chemical 

compositionn distribution. 

Apartt from being able to analyse lipophilic polymers, ThFFF can also be used to 

separatee particulate matter in aqueous suspensions. Unfortunately, not much is known 

aboutt the thermal diffusion behaviour of particles. In Chapter 4 the influence of the 
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carrierr composition on the retention and thermal diffusion of sub-micron polystyrene 

latexx particles is described. It was found that the particle retention is highly sensitive 

too small changes in the carrier composition. Furthermore, it appeared that the thermal 

diffusionn is mainly influenced by the interaction between the particle surface and the 

carrierr liquid. 

Inn Chapter 5 ThFFF-MALS is applied to analyse sub-micron particles. The method 
allowedd the direct calculation of the thermal diffusion coefficients. The influence of 
thee chemical composition of the particles, the pH of the carrier, and the swelling of 
thee particles on the retention and thermal diffusion was studied. 

Chapterr 6 describes a model that allows the qualitative prediction of thermal diffu-
sionn coefficients of polymers from polymer-solvent interaction parameters. This 
highlyy simplified model, which was based on the Flory-Huggins lattice theory, was in 
goodd qualitative agreement with experimental data. Quantitative comparison between 
predictedd and experimental thermal diffusion data of polystyrene in a number of sol-
ventss was less successful. This was, however, in view of the simplicity of the model 
too be expected and a more sophisticated polymer-solvent theory is needed and re-
quiress further study. 

Futuree prospects. Despite the fact that ThFFF was already developed in the 1970's, 
itt has still not found wide applicability in industry. This is certainly the result of a 
combinationn of factors. One of the reasons is likely the fact that it took a long time 
beforee commercial instruments became available. Furthermore, to practice FFF suc-
cessfullyy requires a certain amount of experience and knowledge of the underlying 
mechanismm of separation. Another important factor may be that the initial focus of 
FFFF researchers (in the 1970's and 1980's) was mainly on polymers having molecular 
massess between 104 and 106 Da, that could just as well - or better - be analysed with 
thee well-established SEC technique. 

Duringg the past five to ten years there has been a shift in FFF research towards the 
analysiss of (ultra)high-molecular-mass polymers, colloids, and particulate matter. In 
thiss area SEC clearly falls short and FFF is a powerful technique. This development 
resultedresulted in an increased interest in FFF. 

Thee greatest potential for ThFFF is in the area of ultra-high-molecular-mass lipophilic 
polymers,, such as the analysis of gels in rubbers. However, it must be noted that new 
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instrumentall  developments in Flow FFF might lead to a successful alternative to 
ThFFF.. Other interesting applications are high-temperature separations of polyolefins 
andd size-based/chemical-composition-based separations of particles. The latter appli-
cationn requires a more thorough understanding of the thermal diffusion phenomenon. 
Couplingg of ThFFF to other separation techniques or detection techniques is also an 
importantt development. Especially the combination of ThFFF with MALS gives a 
versatilee and powerful technique and should be pursued. 
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Samenvattingg en toekomstverwachting 

Ditt proefschrift beschrijft de Thermal Field-Flow Fractionation (ThFFF) techniek. 

ThFFFF is een één-fase scheidingstechniek die met behulp van een temperatuur 

gradiëntt polymeer-, colloïdale- en deeltjes monsters kan scheiden. De drijvende 

krachtt achter ThFFF is de thermische diffusie. Het thermische diffusie fenomeen 

wordtt echter niet goed begrepen, en bemoeilijkt daardoor de ontwikkeling van 

ThFFF.. De belangrijkste onderwerpen van de in dit proefschrift beschreven studie 

zijnn de thermische diffusie effecten en de ontwikkeling van nieuwe toepassingen voor 

ThFFF. . 

Hoofdstukk 1 is een algemene introductie over Field-Flow Fractionation waarin de 

basisprincipes,, de verschillende retentievormen en de veelgebruikte subtechnieken 

wordenn besproken. Nadruk wordt gelegd op ThFFF. 

Omdatt de normale diffusie coëfficiënt nodig is om de thermische diffusie coëfficiënt 

uitt de ThFFF retentie data te berekenen zijn in Hoofdstuk 2 verschillende methoden 

omm de normale diffusie coëfficiënt te meten, bestudeerd. Door de analyse van een 

aantall  styreen-acrylonitril copolymeer monsters is gevonden dat Taylor Dispersion 

Analysiss (TDA), Dynamic Light Scattering (DLS), Hydrodynamic Chromatography 

(HDC)(HDC) en Size-Exclusion Chromatography (SEC) allen goed gebruikt kunnen worden 

voorr de bepaling van de normale diffusie coëfficiënten, mits de monsters een lage 

polydispersiteitt bezitten. Echter, een relatief hoge polydispersiteit of de aanwezigheid 

vann laag moleculair materiaal kunnen voor aanzienlijke verschillen tussen de 

methodess zorgen. 

Dee drijvende kracht van ThFFF, de thermische diffusie, wordt beïnvloed door de 

chemischee compositie. Dit geeft ThFFF een extra mogelijkheid t.o.v. SEC of andere 

FFFF technieken. In Hoofdstuk 3 zijn de toepassingsmogelijkheden voor ThFFF om 

compositiee afwijkingen in heterogene copolymeren te detecteren verkend. Om dit te 

bereikenn was de ThFFF gekoppeld aan een Multi-Angle Light Scattering (MALS) 

detector.. De thermische diffusie coëfficiënt werd uit de ThFFF retentie data en de 

MAL SS data berekend. Het is aangetoond dat de thermische diffusie coëfficiënt kan 

dienenn als een maat voor de chemische compositie verdeling. 
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Naastt de analyse van lipofïele polymeren, kan ThFFF ook gebruikt worden om 
deeltjess te scheiden in waterige suspensies. Helaas is de kennis over het thermische 
diffusiee gedrag van deeltjes tot op heden zeer beperkt. In Hoofdstuk 4 wordt de 
invloedd van de samenstelling van de draagvloeistof op de retentie en thermische 
diffusiee van submicron polystyreen latex deeltjes beschreven. Er is gevonden dat de 
retentiee van de deeltjes sterk beïnvloed wordt door kleine verschillen in de 
draagvloeistoff  samenstelling. 

Inn Hoofdstuk 5 wordt ThFFF-MALS toegepast op de analyse van submicron deeltjes. 
Mett deze methode is het mogelijk om direct de thermische diffusie van de deeltjes te 
meten.. De invloed van de chemische samenstelling van de deeltjes, de pH van de 
draagvloeistoff  en het zwellen van de deeltjes op zowel de retentie als de thermische 
diffusiee is bestudeerd. 

Hoofdstukk 6 beschrijft een model dat gebruikt kan worden om thermische diffusie 
coëfficiëntenn van polymeren kwalitatief te voorspellen met behulp van polymeer-
oplosmiddell  interactie parameters. De kwalitatieve voorspellingen van dit sterk 
vereenvoudigde,, op de Flory-Huggins rooster theorie gebaseerde model, kwamen 
goedd overeen met experimentele waarden. De kwantitatieve vergelijking tussen 
voorspeldee en experimentele thermische diffusie waarden van polystyreen in een 
aantall  oplosmiddelen was minder succesvol. Dit was echter gezien de vele 
vereenvoudigingenn in het model te verwachten en een meer geavanceerd polymeer-
oplosmiddell  theorie is noodzakelijk en vereist verdere studie. 

Toekomstverwachting.. Ondanks het feit dat ThFFF al in de jaren 1970 - 1980 is 
ontwikkeld,, is er nog steeds geen breed toepassingsgebied binnen de industrie. Dit is 
hett resultaat van een combinatie van factoren. Eén van de redenen is waarschijnlijk 
datt het lang heeft geduurd voordat een instrument commercieel verkrijgbaar was. 
Verderr is een zekere hoeveelheid ervaring en kennis van het onderliggende 
scheidingsmechanismee noodzakelijk om FFF succesvol te kunnen uitvoeren. Een 
anderee reden zou kunnen zijn dat in de jaren 1970 tot ongeveer 1990, FFF 
onderzoekerss zich voornamelijk gericht hebben op toepassingen voor polymeren met 
eenn molecuul massa tussen 104 en 106 Da. Terwijl juist polymeren in deze range even 
goedd - of beter - met SEC geanalyseerd kunnen worden. 

Dee laatste 5 tot 10 jaar is er een duidelijke koersverandering ingezet in de richting van 
dee analyse van (ultra)hoge molecuul massa polymeren, colloïden en deeltjes. In dit 
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gebiedd is SEC duidelijk niet toereikend en is FFF een sterke techniek gebleken. Deze 
ontwikkelingg heeft geleid tot een toename van de interesse in FFF. 

Dee meeste mogelijkheden voor ThFFF zijn op het gebied van ultrahoge molecuul 
massaa lipofiele polymeren, zoals gels in rubbers. Hierbij moeten we echter opmerken 
datt nieuwe ontwikkelingen in de Flow FFF tot een succesvol alternatief voor ThFFF 
zoudenn kunnen leiden. Andere interessante gebieden zijn de hoge temperatuur 
scheidingenn van polyolefinen en de scheiding van deeltjes op basis van grootte en/of 
chemischee samenstelling. De laatstgenoemde toepassing vereist een beter begrip van 
hett thermische diffusie verschijnsel. 

Koppelingg van ThFFF aan andere scheidingstechnieken of detectietechnieken is ook 
eenn belangrijke ontwikkeling. Met name de combinatie van ThFFF met MALS leidt 
tott een veelzijdige en krachtige techniek en moet worden voortgezet. 
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Backk cover illustration: Stereogram of a polystyrene molecule (detail) as it might 

appearr in a good solvent, including van der Waals radii. The distance between the 

connectedd atoms is about 1.4 A. 

Viewingg stereograms: Look through the picture as if gazing off into the distance. The 
picturee will bee blurry. Move the page very slowly away from your face. As you move 
thee picture, the polystyrene image should appear when you are in the correct distance. . 
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