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Abstract

In this study we investigated the thermodi�usion behavior of a colloidal model

system as function of Debye length, λDH, which is controlled by the ionic strength. Our

system consists of an fd -virus grafted with polyethylene glycol (PEG) with a molecular

mass of 5000 g/mol. The results are compared with recent measurements on bare

fd -virus and results of PEG. The di�usion coe�cients of both viruses are comparable

and increase with increasing Debye length. The thermal di�usion coe�cient, DT, of

the bare virus increases strongly with the Debye length, while DT of the grafted fd -

virus shows only a very weak increase. The Debye length dependence of both systems

can be described with an expression derived for charged rods using the surface charge

density and an o�set of DT as adjustable parameters. It turns out that the ratio of the
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determined surface charges is inverse to the ratio of the surfaces of the two systems,

which means that the total charge remains almost constant. The determined o�set of

the grafted fd -virus describing the chemical contributions is the sum of DT of PEG

and the o�set of the bare fd -virus. At high λDH , corresponding to low ionic strength,

the ST-values of both colloidal model systems approach each other. This implies a

contribution from the polymer layer, which is strong at short λDH and fades out for the

longer Debye lengths, when the electric double layer reaches further than the polymer

chains and therefore dominates interactions with the surrounding water.
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Introduction

In the last �ve years, thermodi�usion has gained a lot of interest due to applications in

biotechnology1 and as one key parameter in the origin of life puzzle.2,3 Thermophoresis

describes a mass separation induced by a temperature gradient in a multi-component system.

The achieved separation of the mixture under a temperature gradient is quanti�ed by the

Soret coe�cient ST = DT/D, where DT is the thermal di�usion coe�cient and D is the

mass di�usion coe�cient.

Thermodi�usion and thermophoresis has been studied experimentally,4�9 theoretically10�13

and by computer simulations.14�19 The studies cover many di�erent systems such as low

molar mass mixtures, polymer solutions, microemulsions and colloidal dispersions. Recent

simulations by Tan and Ripoll elucidate especially the changes of the thermophoretic motion

of rod-like particles.19 Even in simple non-polar liquid mixtures there is still a lack of deep

microscopic understanding of thermodi�usion although for those systems the thermophoretic
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behavior can be predicted to some extent by using thermodynamic concepts such as heats

of transfer or empirical equations.20�22 Due to the complexity of interactions introduced by

hydrogen bonds and long range charge e�ects, the behavior of aqueous systems is often even

less predictable. The direction and amplitude of the thermophoretic motion depends on

a number of properties such as size, charge, hydration shell and conformation, which are

in�uenced by temperature and composition changes.

Important contributions to the thermophoretic behavior of aqueous systems are changes

in the hydration layer and charge e�ects. Changes due to di�erences in the hydration of

the solute molecules are mainly re�ected in the temperature sensitivity of the Soret coef-

�cient.6,23�25 Recent systematic studies of sugar and amide systems26,27 showed that the

hydrophilicity of the solute compound plays an important role. For many uncharged sys-

tems it was found that the temperature sensitivity of the Soret coe�cient is related to the

so called partition coe�cient logP ,28 which is a qualitative measure for the hydrophilicity.

The general trend is that in the dilute regime more hydrophilic compounds show a stronger

increase of ST with temperature. For solutes with stronger hydrophobic contribution, such

as ethanol,29 DMSO30 and crown ether,31 a decrease of ST with increasing temperature has

been observed. An increase of the solute concentration above a certain threshold has also

been shown to lead to a decay of ST with increasing T . Molecular dynamic simulations

of urea in water show that an arti�cial increase of the hydrophilicity can reverse the tem-

perature dependence at high solute concentrations.25 At the present state of knowledge, we

can state that the typical increase of ST with temperature is only observed, if the solute

molecules form strong hydrogen bonds with water.

Beside the hydration e�ects, charge contributions to the thermophoresis of salts and

colloids have been studied extensively by experiment,7,9,32�34 theory10,13,35�40 and simula-

tions.16�18,41 Some of the theoretical approaches consider thermoelectric e�ects generated by

the cloud of counter-ions,37,38 while others consider the thermophoretic force on the charged

colloidal particle due to the presence of its double layer.36,36,40 Sehnem et al. could describe
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the temperature dependence of the experimental Soret coe�cient of a ferro�uid by using a

combination of both approaches.34 For charged rods we have only the theoretical model by

Dhont. To describe charged rods he extended his theory for charged spheres35,36 by con-

structing a rod as �shish-kebab� model built by connected beads in a linear disposition. In

this approach we have two adjustable parameters: the surface charge density and an o�set

describing the chemical contribution. It was possible to describe experimental thermophore-

sis data of a bare fd -virus with this model33 and the calculated surface charge density was in

agreement with electrophoretic measurements. In conclusion we can state that a convincing

theoretical concept exists, if the electric double layer contributions to the thermophoretic

behavior dominate those of other, more short range, interactions.

The main advantage of the colloidal systems compared to other soft materials is that the

number of degrees of freedom are reduced, which simpli�es the theoretical modeling.42,43 In

the past years, colloidal particles and soft colloids such as microemulsions have also been

used as model systems to develop and to validate theoretical predictions of thermophoresis

as function of size, charge, interfacial tension and temperature.7,8,32,33,44�49

In this study we investigate how the thermophoretic behavior changes when we graft

electrostatically neutral polyethylene glycol (PEG) chains on the bare fd-virus. Note that

in the literature often the synonymous name polyethylene oxide (PEO) has been used.50,51

Grafting or adsorption of polymers is of general interest and typically in�uences the phase

behavior, the stability of suspensions, the di�usion and also the interaction potential. In the

past, the majority of studies dealt with spherical colloids,52�55 but also the rod-like fd-virus

has been studied extensively.56�58 The wild type fd -virus has a molar mass of 1.64×107 g/mol,

a contour length L of 880 nm, a radius a of 3.4 nm, and a persistence length LP of 2.2 µm.

The fd -virus consist of a single-strand DNA, coated with amino groups and acidic residues,

which determine the surface properties of the fd -virus. Above pH 4 the virus is negatively

charged and interacts via a combination of electrostatic repulsion and hard-core interactions.

The net surface charge can be increased or decreased by increasing or decreasing the solution
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pH, respectively.59 Therefore, the fd -virus can be electrostatically stabilized by adjusting the

pH value or the ionic strength of the solution. However, the change of ionic strength will

always modify the e�ective thickness of the electric double layer, which has an in�uence on

the e�ective volume of the fd -virus.

The thermophoretic behavior of bare fd -virus was measured as function of the rod-

concentration and Debye screening length by tuning the bu�er concentration.32,33 The Soret

coe�cient of the rods increased with increasing Debye length, with either �xed and varied

rod-concentration.33 Meanwhile, it shows almost no dependence on the rod-concentration

when the ionic strength is kept constant. When the e�ective volume fraction of the rods

is �xed by varying simultaneously the ionic strength and rod-concentration, the Soret co-

e�cient still shows an increasing dependence on Debye length (cf. �g. 5 in Ref.33). In

conclusion, the thermophoretic motion of the bare fd -virus is predominantly determined by

the contribution of the electric double layer.

The thermodi�usion behavior of PEG has been investigated independently by di�erent

experimental techniques.50,51,60�62 Among the water soluble polymers PEG is of special in-

terest due to its complex phase behavior in water, which is caused by a delicate balance of

opposing e�ects,63,64 leading to mixing at low temperatures and demixing at high tempera-

tures.

For this work surface modi�cation of the fd -virus was achieved by using PEG with an

active N -hydroxysuccinimide (NHS) end. The grafting of PEG to the surface of the virus

results primarily in steric changes (an increase of the virus surface), but can also change

chemical interactions between surface and solvent. We expect that these modi�cations a�ect

colloid-solvent interactions at high ionic strengths, because the electric double layer is then

relatively short-ranged and therefore deeply con�ned within the grafted polymers. At low

ionic strength the interaction is expected to be determined by the electric double layer, as

intuitively illustrated by Figure 1. To support our hypothesis we perform systematic ther-

mophoretic measurements as function of the ionic strength in order to tune the interactions

5



Figure 1: (Color online) The cartoons illustrate our assumption that at low ionic strength
the system is dominated by charge e�ects, while at high ionic strength the steric repulsion
should rule the system. To support this hypothesis various diameters are plotted as function
of the ionic strength: d is the bare diameter of the fd-virus (dashed red line), d + 2δPEG is
the bare diameter plus the thickness of the grafted PEG layer (dotted magenta line with
thin magenta lines marking uncertainty), d + 2κ−1 is the bare diameter plus two times the
Debye length (dash-dotted blue line), and deff is the e�ective diameter of the charged rod
according to the Onsager theory65 (solid green line).

from steric to charge dominated.

Zhang et al., who investigated the liquid-crystalline phase behavior of fd-virus with PEG

chains of a molar mass of 5000 g/mol, found that the phase behavior of PEG-fd -virus starts

to become ionic strength independent above 20 mM, corresponding to a Debye length of

2.15 nm, because under this high ionic strength the electric double layer is con�ned within

the PEG layer. Below the ionic strength of 20 mM the dominant interaction should be

electrostatic.66 The thickness of the grafted PEG layer is estimated as δPEGg = 4.3± 1.6 nm

based on several experiments (details are explained in SI (Section S1)). Calculation of the

e�ective diameter of the rod deff according to the Onsager theory also indicates a dominance

of the charge contribution below an ionic strength of 20mM (cf. �g. 1; details are explained

in SI (Section S2)), which is in agreement with the observed phase behavior.

This paper is organized as follows. First, we discuss an heuristic approach to describe
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thermal di�usion coe�cient DT neglecting hydrodynamic interactions are given by,

D = D0β
∂Π(ρ, T, µs)

∂ρ

DT =
V 0
c D0β

φ (1− φ)
∂Π(ρ, T, µs (T, s))

∂T
,

(1)

whereD0 = kBT/γ is Einstein's translational di�usion coe�cient for non-interacting spheres,

T the temperature, µs the chemical potential of the solvent, ρ the number density, Π the

osmotic pressure, kB Boltzmann's constant, φ the volume fraction, V 0
c the geometric vol-

ume of a single colloidal particle and β = 1/kBT .
11,68 In the case of interacting spheres in

small temperature gradients analytical expressions can be derived.11,67 Unfortunately the

calculation of the concentration dependence of the di�usion of rods is an unsolved analytical

problem,69 so that we suggest a virial expansion like expression to describe the collective

contribution of the thermal di�usion coe�cient.

Dφ
T ≈

D0

T
[1 + Bxφ] . (2)

The �rst term within the square brackets for Dφ
T is the �ideal gas� and Bx is an adjustable

parameters describing the concentration dependence. Note that in the case of colloidal

spheres Bx equals B2, the second virial coe�cient. As we will see later the �ideal gas�-term

D0/T is two orders of magnitude smaller than the measured thermal di�usion coe�cients

and can be neglected.

Beside the concentration dependence, we have an ionic contribution, which has been

calculated for highly dilute solutions of charged colloids.36 Ignoring the contribution due

to the non-spherical symmetry of the double layer structure and the resulting solvent �ow,

which is only important in the case of solvents with low dielectric constants, we �nd for a
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charged rod with length L and radius a

Dcharge
T =

D0

T

{

1

4

(

L

2a

)(

4πλ2Bjσ

e

)2 (
a

λBj

)3
κa

(1 + κa)2

×

[

1−
d ln ε

d lnT

(

1 +
2

κa

)]}

+ A(T )

, (3)

where σ is the surface charge density, κ−1 the Debye length, λBj = βe2/4πǫ is the Bjerrum

length (0.71 nm for water at room temperature), ε is the permittivity of water at ambient

temperature, and A(T ) is the additive contribution from the solvation layer and the core

material of the colloid, which is treated as an adjustable parameter. The Stokes-Einstein

translational di�usion coe�cients for the bare fd-virus70 and PEG-fd-virus are equal to D0 =

2.25× 10−8 cm2s−1 and D0 = 2.1× 10−8 cm2s−1, respectively (for details see SI). In order to

describe the total thermal di�usion coe�cient Dtotal
T we use the sum of Eqs. 2 and 3.

Dtotal
T = Dφ

T +Dcharge
T (4)

Note that at a Debye length of κ−1 = 0 at high salt content the term in the curly bracket in

eq.3 equals zero, so that in the low concentration limit with Bxφ ≈ 0 the thermal di�usion

coe�cient is given by

Dtotal
T =

D0

T
+ A(T ). (5)

As mentioned before for our system D0/T can be neglected, so that at κ−1 = 0 the thermal

di�usion coe�cient is dominated by the o�set A(T ).

Experimental Details

Sample Preparation and Characterization

The fd -virus was prepared following a standard biological protocol using XL1-Blue strain of

E. coli as the host bacteria.71 The obtained virus was puri�ed by repetitive centrifugation

9



(108000 g) and then re-dispersed in 2 mM Tris(hydroxymethyl)aminomethane (Tris) bu�er

solution.

PEG grafted fd -viruses (PEG-fd) were prepared using PEG with an activated succin-

imidyl end-group (Methoxypolyethylene glycol 5000 propionic acid N-succinimidyl ester

(mPEG-SPA) obtained from Fluka) which reacts with the amino groups on the surface

of the virus following Dogic et al.72 with some minor modi�cations. As the succinimidyl-

groups would also react with the amine group of the Tris bu�er, the virus described above

was transferred to a 20 mM phosphate bu�er at pH 8.5 with 15% ethanol to prevent the

growth of micro-organisms. The virus solution was diluted with bu�er to obtain about 215

mL fd solution of 4 mg/mL. Then 4.1 g of solid mPEG-SPA polymer was added to the stir-

ring solution of the virus and the reaction was allowed to proceed for a few hours. After that

the virus was puri�ed from the excess unreacted PEG by three centrifugation/redispersion

cycles at 30000 rpm (about 108000 g at the bottom of the tubes) to obtain a stock solution

of PEG-fd in a 2 mM Tris/1 mM HCl bu�er (pH 8.1).

The successful PEG grafting on the fd -virus was demonstrated by the di�erence of the

concentration at which the isotropic nematic (IN) phase transition takes place for PEG-fd as

compared to bare fd at an ionic strength of 100 mM.72 For this a small amount of bare fd and

PEG-fd were redispersed in a 200 mM Tris/100 mM HCl bu�er (pH 8.3, ionic strength 100

mM) by repeated centrifugation/redispersion cycles as described above. The concentrated

virus dispersions were diluted with bu�er drop by drop until the permanent birefringence

was just lost. From these solutions the concentration was determined by the UV absorption

at 269 nm, using an absorption coe�cient of 3.84 cm2mg
−1
. The PEG itself was found not

to contribute signi�cantly to the absorption at 269 nm, so that for PEG-fd the concentration

of the fd core is obtained. In this way an IN phase transition concentration of 9 mg/mL was

obtained for the PEG-fd, whereas for bare fd the corresponding concentration was found to

be 19 mg/mL. This large di�erence in concentration indicates a higher grafting density as

compared to the original results from Dogic.72
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To characterize the grafting density more quantitatively, the concentration obtained from

the solid content was compared to the concentration from the UV absorption. Because the

solid content includes the weight of the PEG whereas the UV absorption only measures the

corresponding concentration of the fd cores (PEG does not absorb signi�cantly) the amount

of PEG grafted to the virus can be determined from the di�erence of solid content to the

'UV-concentration'. Because PEG continuous to lose mass if dried at higher temperatures,

the solid content was determined at a moderate temperature of 35◦C under vacuum. All

masses were obtained by drying to constant weight, drying bottles were pre-dried to obtain

their empty weight and the small contribution of TRIS was determined and subtracted.

In this way the solid content was determined twice using about 13 mg dry PEG-fd per

determination. Doing so resulted in an approximate value of 22 wt% PEG relative to the fd

part of PEG-fd, or 18 wt% PEG relative to the weight of PEG-fd. Using a molar mass of

16.4× 106 g/mol for the fd -virus, 5000 g/mol for the PEG and 2700 major coat proteins per

virus, this corresponds to about 27% of coat proteins being grafted with a PEG molecule.

Tris with concentrations of 82.15, 29.57, 15.09, 6.11, 3.29, and 2.05 mM were used as

bu�er solutions. The pH of all bu�er solutions was adjusted to 8.2 by adding concentrated

hydrochloric acid (HCl) solution. The stock solution of PEG-fd -virus was dialyzed in each

chosen bu�er and then the concentration was adjusted to 1 mg/ml. As previous measure-

ments showed no concentration dependence of the thermal di�usion coe�cient between 1-3

mg/mL,32 we studied only the lowest concentration, well below the semi-dilute regime start-

ing at 8 mg/mL. Concentrations were determined by UV absorption (NanoDrop ND-1000,

Peqlab). All measurements have been performed at 20◦C.

The Einstein di�usion coe�cient D0 was measured in the dilute limit by dynamic light

scattering (see SI section S4 for details).
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Electrophoresis experiments

In order to compare the total charge of the bare virus and the PEG-fd -virus we measured

the electrophoretic mobility on a Malvern Zetasizer 2000 in a M3 capillary cell. For all

measurements the applied electrical �eld strength was about 30 V/cm, which is well below

the �eld strengths necessary for a signi�cant �eld-induced orientation of the viruses at the

0.1 mg mL−1 concentration.73 Before the measurements, all samples were �ltered through

a 5 µm nylon �lter. The cell was rinsed with �ltered solution and carefully checked for air

bubbles before measurements. Each measurement had been repeated at least 3-times. The

measurements were checked for reproducibility, due to their sensitivity to bubbles or dust.

Care was taken to allow for enough waiting time between the runs. All measurements were

performed at 25◦C.

Solutions of the bare fd -virus and PEG-fd -virus with the same ionic strength were used to

measure electrophoresis. Both viruses have been measured at two concentrations (0.1 and 1

mg/mL) at the same ionic strength of 4 mM TrisHCl bu�er at a pH of 8.2. At the low concen-

tration of 0.1 mg/mL we measured an electrophoretic mobility of −3.22±0.16 µmVs−1cm−1

for the bare and −1.42±0.08 µmVs−1cm−1 for the PEG-fd virus. For the higher concentra-

tion of 1 mg/mL we obtained −3.98±0.02 µmVs−1cm−1 and -2.10±0.03 µmVs−1cm−1. For

both concentrations the absolute values of electric mobility are smaller for PEG-fd than for

the bare fd -virus. To exclude the interactions between rods, the electric mobility is divided

by di�usion coe�cient D, but the normalized mobility of the bare fd -virus remains roughly

50% larger compared to PEG-fd -virus.

Solely on the basis of the higher mobility measured for the bare fd -virus we can not

conclude that the charge is higher compared to that of the PEG-fd -virus, because the elec-

trophoretic mobility is also in�uenced by the movement of counter ions in opposite direction.

In the case of PEG-fd -virus the movement of counter ions might be hindered by the polymer

chains, which would lead to lower mobility even with the same surface charge. There are

two mechanism which can change the charge due to the presence of PEG chains. First,
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the dissociation of the amino groups, which increases the number of positive charges at the

surface and leads to a reduction of the net (total) negative charge. As the PEG chains are

grafted to the amino groups, less amino groups can dissociate, which reduces the amount of

positive charges and leads to an increase of the net negative charge. Note that the pH value

decreases from bulk to the surface of the rods according to the Boltzmann equation74,75

[H+]surface =
[

H+
]

bulk
· exp (−eψ0/kBT ) , (6)

with e being the elementary charge, kB the Boltzmann constant and ψ0 the electrostatic

surface potential. For bare fd at a bulk pH of 8.2 and an ionic strength of 1mM the surface

pH is calculated as 5.25, corresponding to 100% ionization of the -NH2 groups, whereas

the carboxyl groups are ionized to about 85%. Since 27% of the coat proteins are grafted

with PEG, the number of amino groups per coat protein changes from 2 to 1.73, and the

net negative charge increases at most by about 10%.75 The second mechanism leading to

a change of the surface charge is a reduction of the dielectric constant ǫ of the water layer

surrounding the virus due to the presence of PEG chains. This will lead to an increase of

the Bjerrum length and the same relative reduction of the line charge density. Consequently,

taking into account the relative volume occupied by the PEG chains, we expect a reduction

of the total negative charge in the order of 5-10%. In conclusion, the smaller number of

dissociating surface groups and the reduction of the dielectric constant due to the grafting

of the polymer leads to a similar increase and decrease of the absolute surface charge by

approximately 5-10%, respectively. So that, we assume for further considerations that the

total charge of PEG grafted fd -virus is the same as that of bare fd -virus.

Infrared Thermal Di�usion Forced Rayleigh Scattering (IR-TDFRS)

All thermodi�usion measurements were performed with Infrared Thermal Di�usion Forced

Rayleigh Scattering (IR-TDFRS). A detailed description of the IR-TDFRS can be found
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Table 1: Adjusted parameters (surface charge σ and o�set A(T )) according to Eq.3 displayed
in �gure 3.

system σ/e nm−2 A(T ) / 10−8cm2s−1

bare fd -virus 0.051 ± 0.002 -2.4 ± 0.4

PEG-fd -virus 0.020 ± 0.004 3.2 ± 0.4

in the literature.32,33 Measurement of the refractive index contrast factors with respect to

mass concentration at constant pressure and temperature (∂n/∂c)p,T , and with respect to

temperature at constant pressure and mass concentration (∂n/∂T )p,c has also been described

in earlier works.33

Results and Discussion

We investigated the thermophoretic behavior of PEG grafted fd -virus as a function of ionic

strength in the range between 1 mM and 41 mM. According to Zhang et al.66 we expect the

behavior of PEG-fd to be similar to that of bare fd -virus at low ionic strength. As sketched

in cartoon (�g. 1) the physical picture is that the electrostatic double layer reaches further

than the PEG-chains, thus dominating interactions.

In Figure 3 the obtained D and DT-values of PEG-fd and bare fd -virus are shown

as function of the Debye length. The corresponding Stokes-Einstein translational di�u-

sion coe�cient D0 in the dilute limit at κ−1 ≈ 0 are D0 = (2.1 ± 0.4) × 10−8cm2s−1 and

D0 = (2.25 ± 0.05) × 10−8cm2/s for PEG-fd and fd, respectively. They agree within their

error bars (further details are given in the SI section S4). For both systems D increases with

increasing Debye length, corresponding to lower salt content. The observation that the col-

lective di�usion slows down with decreasing Debye length is in agreement with observations

made for spheres.76,77

The lower graph of �gure 3 shows that the thermal di�usion coe�cient DT of PEG-fd
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Figure 3: Di�usion coe�cient D (a) and thermal di�usion coe�cient DT (b) as function
of the Debye length. Shown are the PEG-fd -virus (black squares) and bare fd -virus (red
circles) at a concentration of 1 mg/mL. The solid lines are linear �ts (a) and �ts according
to the sum of Eqs. 2 and 3 with Bx = 0 (b). The �ideal gas�-terms D0/T are shown as
dashed black and dotted red line. Note that they are both very close to zero and seem to
lie on top of each other in the scale of the graph. The shaded area marks where the Debye
length equals the thickness of the grafting layer. The blue dashed-dotted line corresponds
to the thermal di�usion coe�cient of 2 wt% PEG in water at 25◦C.62

Figure 4: ST of the PEG-fd -virus (black squares) and bare fd -virus (red circles) at a con-
centration of 1 mg/mL as function of the Debye length. The errors are indicated by symbol
size.
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depends only weakly on the Debye length, λDH, while DT of the bare fd -virus increases with

increasing Debye length. The Debye length dependence of the thermal di�usion coe�cient

can be fully described by the sum of Eqs. 2 and 3 with Bx = 0, so that we have only two

adjustable parameters, the surface charge σ and the o�set A(T ), which are listed in table 1.

As discussed before DT can be approximated by the o�set A(T ) at λDH = 0, because the

�ideal gas�-term D0/T contributes less than 0.5% to DT (c.f. �g.3(b)). It turns out that the

o�set A(T ) of the PEG-fd is roughly equal to the sum of the DT-values of PEG and of the

bare fd -virus.33 For this systems we can conclude that the polymeric chains at the surface

and the core material of the colloidal rod are in contact with the solvent and contribute to

the thermophoretic motion of the hairy colloid. The e�ective surface charge σ of the bare

fd -virus is roughly a factor 2.5 larger than that of the PEG-fd, which corresponds to the

inverse surface ratio a/(a + δPEG) ≈ 2.3. This observation supports the idea that charges

are distributed over a larger surface area, but the microscopic mechanism is still not fully

understood. Unfortunately, there are no ionic strength dependent measurements of DT of

PEG.

Figure 4 shows the measured Soret coe�cient of PEG-fd and the bare fd -virus as function

of the Debye length. With increasing Debye length ST of the two systems approach each

other. This observation supports the hypothesis suggested by �g. 1, that the thermophoretic

behavior becomes equal once the electric double layer exceeds the grafted polymer layer.

The group of Braun78 investigated the Soret coe�cient of PEG in aqueous salt solutions for

various salts of the Hofmeister series. They found that ST was constant and independent

of the salt and the ionic strength. Therefore, we assume that the observed Debye length

dependence of ST results from the charged fd -virus and contains no contribution by the

grafted PEG.

This work shows that the thermodi�usion behaviour of colloidal particles can be modi�ed

by changes to their surface. However, for our charged colloidal rods, this is only true at

high ionic strength. Once the Debye length exceeds a certain value, thermodi�usion of
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the particle is ruled by electrostatic e�ects and the nature of the particle surface seems to

become irrelevant. The determined mass fraction of the surface layer of 22% corresponds to

a volume fraction of roughly 5%, which explains that the polymeric chains as well as the

colloidal rod are in contact with the solvent so that the thermal di�usion coe�cients are

additive. For this low concentration the thermophoretic behavior of both systems can be

described by an analytical theory of charged rods without the need to take inter-particle

e�ects into account. In the case of the grafted virus the calculated surface charge density is

lower. The decrease scales with increasing surface area, so that the total charge of the colloid

remains constant, which is also expected from the analysis of the charge in the electrophoresis

section. Experimentally it is rather di�cult to fully resolve the microscopic mechanism of

this system. On the other hand, the large virus and the long range interactions make it also

badly suited for molecular dynamic simulations.
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