
WHEN DOES THE SORET COEFFICIENT SHOW A MINIMUM WITH 
CONCENTRATION IN AQUEOUS ALKALI HALIDE SOLUTIONS?
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MOTIVATION
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Thermophoresis

 Motion of solute particles induced by thermal gradient.

 Sensitive tool for probing molecular interactions.

𝐷𝐷T
𝐷𝐷 = −

∆𝑐𝑐
𝑐𝑐 1 − 𝑐𝑐 ∆𝑇𝑇

𝑆𝑆T =
𝐷𝐷T
𝐷𝐷 ∝

∆𝑐𝑐
∆𝑇𝑇

ȷ⃗ mass flux

c concentration

𝐷𝐷 diffusion coefficient

𝐷𝐷T thermodiffusion coefficient

𝑇𝑇 temperature 

𝑆𝑆T Soret coefficient

Steady state: 
concentration difference/temperature difference 
is quantified by Soret coefficient ST.

Vorführender
Präsentationsnotizen
Second term is the flux along the temp gradient characterized by DT aand first term is the Fickian diffusion along the conecntration gradient charactersied by D

I replaced the vectors with the concentration and temperature difference. It is not possible to divide a vector by a vector, you have to take the magnitude of the vector, but this is also not straight forward because somehow you need also the information, whether the concentration increases or decrease with increasing temperature.



THERMOPHORESIS
Monitors protein-ligand interaction
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LONGTERM GOAL: PROTEIN-LIGAND BINDING
Step 1 – Simple salts
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• Systematic study of various components:
• Simple salts
• Drugs
• Proteins

In order to separate contributions stemming from
• Ionic
• Hydrophobic
• Hydrogen bonds
• Van der Waals force

Vorführender
Präsentationsnotizen
Comparatively new tool.
When the laser is switched on, light is absorbed by the water and the solution heats up. Thus the protein moves from the heated zone. This leads to a decrease in the fluorescence intensity. Again when the laser is switched off fl. Intensity increases apart from bleaching.. This is repeated for various ligand concentrations and a titration curve of fl. Intensity of the heated zone is recorded. From this Kd and dG are calculated.
The exact mechanism for this change in thermodiffusive response is not clearly understood. The accepted explanation is that the addition of ligand can lead to a change in the hydration shell which affects thermophoresis.
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HOFMEISTER SERIES
Different ions behave different…..

Y. Zhang et al., Curr. Opin. Chem. Biol., 10(2006), 658 

Structure maker Structure breaker

Vorführender
Präsentationsnotizen
It is known that various salt influence the denaturation of proteins differently. The salts are classified by the highly debatable arguments of structure breaker and structure breaker.



CHOICE OF THE SYSTEMS
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KF KCl KBr KI

 Is it enough to consider the charge of the salt? 

Won’t the effect of hydration layer vary depending upon the salt ?

NaI LiI

Crystal radius
R. Heyrovsả, Chem. Phys. Lett., 163(1989), 207 

Vorführender
Präsentationsnotizen
1.	M. F. Kropman, H.-K. Nienhuys, and H. J. Bakker, Phys. Rev. Lett. 88, 77601 (2002).
Li

This indicated hydrodynamic radii of the anions of 0.213 nm for Cl−, 0.237 nm for Br–, but only 0.205 nm for iodide (smaller than the crystal ionic radius, 220 nm!)
nk: Now I would like to present my first results:
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Temperature dependence:

𝑆𝑆𝑇𝑇(𝑇𝑇) = 𝑆𝑆𝑇𝑇∞[1 − exp 𝑇𝑇∗−𝑇𝑇
𝑇𝑇0

]

Δ𝑆𝑆𝑇𝑇 = 𝑆𝑆𝑇𝑇 50 °𝐶𝐶 − 𝑆𝑆𝑇𝑇 20 °𝐶𝐶
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Vorführender
Präsentationsnotizen
Empirical equation to describe the temperature dependence

The temperature dependenct slope of the Soret coefficient decrease with increasing concentration.
This is also non from uncharged water soluble molecules and was  explained by fewer hydrogen bonds between the solute and water.
Kcl, kbr, lii
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CONCENTRATION DEPENDENCE
Literature results: experiments
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Chanu-Gaeta Model

Vorführender
Präsentationsnotizen
Small changes to increase the visibility of the Chanu-Gaeta Model. Is this really a model, because there are no equations forecasts or predictions. What is delta Q? Is there anything known about dµ/dc for salts with concentration. Does it show a maximum? 
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CONCENTRATION DEPENDENCE
Literature results: experiments
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Uses Chanu-Gaeta model

Associated with the 
structure breaking 
mechanism(Assumption!)

Colombani et al., J. Chem. Phys., 110 (1999) 8622

High amount of 
order exist in high 
concentration and 
high dilution

This order 
corresponds to 
2 different 
structures

Vorführender
Präsentationsnotizen
Explanation of these structures are there in the backup slide

In the middle concentration range,there is a competition between these two structures bringing an increased disorderness in the system.
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CONCENTRATION DEPENDENCE
Literature results: Simulations

Minimum is enhanced by …
 artificially decreasing the size of the Cl-

S. Di Lecce et al, Phys Chem Chem Phys, 19 (2017), 9575
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CONCENTRATION DEPENDENCE
Literature results: Simulations

 Higher ordering at lower temperature
 At the temperature corresponding to the

minimum, the co-ordination shell features
a stronger structure

S. Di Lecce et al, Phys Chem Chem Phys, 19 (2017), 9575
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Concentration dependence:
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• Minimum is observed for KI, NaI and LiI.

• Minimum is absent for KCl and KBr

• All salts except NaI shows thermophilic

behavior at low concentrations

TDFRS experiments
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ATTEMPTS TO UNDERSTAND THE MINIMUM
Considering one layer of water molecule around one ion
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Ion
First layer of water molecules

𝜙𝜙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + (𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) ∗ 𝑉𝑉𝑉𝑉𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

4
3
𝜋𝜋𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖3 + 𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖 ∗

4
3
𝜋𝜋𝑅𝑅𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤3 =

4
3
𝜋𝜋( )𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖 + 2𝑅𝑅𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 3

𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖 is the number of water 
molecules surrounding the ion 
in first water shell

Vorführender
Präsentationsnotizen
I corrected the equation. Please double check that it is correct. 
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ATTEMPTS TO UNDERSTAND THE MINIMUM
Considering one-, two-, three layers of water molecules around one ion
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 Φ1- Volume fraction with one layer of water molecule surrounding the ion
 Φ2- Volume fraction with two layers of water molecules surrounding the ion
 Φ3- Volume fraction with three layers of water molecules surrounding the ion
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ATTEMPTS TO UNDERSTAND THE MINIMUM

 Minimum for these salts was falling in between ϕ2
and ϕ1

 Hypothesis: Minimum occurs at the concentration in 
which a change in the hydration shell surrounding 
the ions  occur.

Is this being followed for the literature 
data of KCl, NaCl and LiCl?

Vorführender
Präsentationsnotizen
Check whether they use directed interactions in the water model they use with LiCl.
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ATTEMPTS TO UNDERSTAND THE MINIMUM

KCl, LiCl: Follows our assumption

NaCl: Deviates from our assumption (problem with the data?)
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Colombani et al., J. Chem. Phys., 110 (1999) 8622

Gaeta et al., J. Phys. Chem., 15 (1982) 2967
Römer, et al., J. Phys. Chem. B, 117 (2013) 8209

Vorführender
Präsentationsnotizen
problem with the data? ---- The Gaeta data for NaCl are extremely low and there are other data by the Gaeta group, where the results do not agree with newer measurements. It is not clear, whether this is really a violation of the hypothesis or whether are some problems with Gaeta’s data.
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ASSUMPTION BASED ON THE RESULTS

ST

Concentration of salt

Water-ion 
interaction 
dominates

Ion-ion 
interaction 
dominates

 Very high water content (=low salt 
concentration: ions sees only water

 Very high salt content (=low water 
content) ions see ions

 Moderate salt content between two 
and one layers of water molecules

Vorführender
Präsentationsnotizen
Check whether they use directed interactions in the water model they use with LiCl.

If we have a very high water content, there is very little chance that an ion sees another ion. This is changing when there is only onle layer of water molecules, which can easy break up. Then we start the have an influence on the thermophoretic behavior by ion-ion interactions.
 This text I added the notes:
If we have a very high water content, there is very little chance that an ion sees another ion. This is changing when there is only onle layer of water molecules, which can easy break up. Then we start the have an influence on the thermophoretic behavior by ion-ion interactions.

Some questions, which could pop up:
Why is ST decreasing with increasing concentration in the water dominated regime?
Why is ST increasing with increasing concentration in the salt dominated regime?
Compare for instance with amides. What do you observe for thoses systems?
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CONCLUSIONS
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Long term goal: Quantitative understanding of protein-ligand binding. 
Impact of salts

 We performed systematic thermophoretic measurements of 5 Alkali halides

 ST of  salts KBr and KCl show the typical T- and c-dependence of non-ionic 

solutes

 Some salts showed a minimum of ST with concentration. 

 This observation is also valid for most literature systems

diluted concentration: 
sufficient water to form 
two water layers

Minimum higher 
concentration: 
only one water 
layer can be 
formed

Vorführender
Präsentationsnotizen
I prefer this conclusion slide, because …
You are mentioning that you performed more systematic measurements, but you limited you talk to ONE observation.You could mention I studied the concentration and temperature dependence of 5 alkali halides, but focued in this talk on the interesting observation of a minimum
You compare to previous results
You give the main message in form of a picture, which I think is often easier to remember

If you agree you need to fill in the question marks.
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CONCLUSIONS

Page 19

Long term goal:
Quantitative understanding of protein-ligand binding

 We carried out calculations assuming that the changes in hydration layer of water 

in presence of ion is the cause for the occurrence of minimum

 We calculated the volume fraction corresponding to each hydration layer 

 Hypothesis : Minimum could be corresponding to the concentration at which a 

change from second hydration shell to first shell occurs 

 This hypothesis was being validated for previous literature data

The first two
statements are
basically
identical. And 
personally I do 
not think that this
step needs to be
mentioned in 
detail. It is
included in the
picture.
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CONCENTRATION DEPENDENCE
Literature results: experiments

Colombani et al., J. Chem. Phys., 110 (1999) 8622

ST

Concentration of salt

Low concentration region:
• Migration of ion gives more 

ordering
• Results in decrease of 

entropy
• Results in heat liberation
• Ions diffuse towards the 

cold wall to contend with 
the heat flux due to 
thermal gradient(ST>0)

High concentration 
region:
• More number of 

hydrogen bonds
• Results in 

decrease of 
entropy

• ST is positive
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Temperature dependence:
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 Temperature dependent slope of ST increases for KI, while NaI behaves as
non-ionic solutes
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Could you please update the
figures and include all 
concentrations also 0.5 M

Vorführender
Präsentationsnotizen
less H-bonds with temperature
ST increases
DST decreases




ATTEMPT TO EXPLAIN THE MINIUMUM
Early work by Gaeta – argumentation considers only entropic effects
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Bulk water

Gaeta et al., J. Phys. Chem., 15 (1982) 2967

hydration layer

polarized area

Bulk water less ordered
Hydrating water more ordered

Moving the ion into the area of bulk
water leads to a higher order and 
an entropy loss and a local heat
release δQ > 0

Dominating at low
salt content

Dominating at 
high salt content

( )
δ

µ

µ

=
∂ ∂T

1 1 1 ,
/

chemical potential
p T

QS
c T c

assuming 𝜕𝜕 ⁄𝜇𝜇1 𝜕𝜕 𝑐𝑐1 𝑝𝑝,𝑇𝑇 > 0
→ 𝑆𝑆T > 0

Vorführender
Präsentationsnotizen
From a systematic study with artificial Chloride ions they show that the minimum becomes deeper
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How do the LiI data compare with
Colombani measurements
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EXPLANATION FOR THE SIGN CHANGE
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For energetic reasons most mixed
interaction take place on the cold side

... Minority component goes to the cold side

( ) ( )

12 1 12 2

1 2

12 11

12 22

1 2
/ /kT kT

E T E T

T T
e eε ε

ε ε
ε ε

− −

∝ ∝

>
>
>

⇒ > 

If the cross interactions are stronger than the pure interaction ...

I. Prigogine et al., Physica, 16 (1950), 851
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1. According to Chanu-Gaeta model when an ion gets solvated in water entropy decreases due to 
more structure formation, high number of hydrogen bonds, ion-dipole interaction etc. This leads to 
a liberation of heat and ion migrate towards the cold side . i.e, ST is positive

How this is explained?
When free ions move through water there are 3 factors that contribute towards the heat of transport
a) Local energy fluctuations associated with the interactions
b) Electrostatic interaction between ionic charges and water molecules
c) Structure making or structure breaking ability of ion
High positive heat …….low entropy
Concentration can be divide into 2
1)Till C* Since concentration is less water is not bound to ions and is increasingly disordered due to 
long range interactions
2)After C* Q increases with concentration. At this point there is an ordered configuration with a 
polarized solvent which leads to this increase in Q
The drifting particle is ion with its hydration shell. With increasing salt concentration there is a total 
disappearance of free water which indicates it is then e very ordered free medium. 
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Polarization effect are certainly important?
These structure breaking and making concepts are very vag



Region A is not affected by 
temperature and concentration
changes, but is strongly dependent on 
the nature of the ion.

Region B and C are affected by these 
changes. 

Remark: I expect that also region
A should be influenced by
Temperature, because the
number of hydrogen bonds will 
decrase with temperature



C*

ST

C

Conc is less and there are long range
interactions. Water is not so bound to
ions and highly disordered structure.
Large entropy and less positive or
negative heat. ST becomes less
positive

Conc increases. Water is bound to
ions and comparatively ordered
structure. Less entropy and more
positive heat. ST becomes more
positive

Disorder-order transition

Is this
argumentation
in the
colombani
paper?
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CONCENTRATION DEPENDENCE
Cross interactions

For energetic reasons most mixed
interaction take place on the cold side

... Minority component goes to the cold side

( ) ( )
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E T E T

T T
e eε ε

ε ε
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− −

∝ ∝

>
>
>

⇒ > 

If the cross interactions are stronger than the pure interaction ...

[I. Prigogine et al. Physica 16 (1950) 851] 
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TEMPERATURE DEPENDENCE
Gedankenexperiment

At low temperatures: 
minimization of the free energy 

G = H – TS
by forming hydrogen bonds (ΔU<0).

water goes to the cold side 

At high temperatures: 
minimization of the free energy 

G = H – TS 
by entropy production (ΔS>0).

water goes to the warm side  

[W
ang, Z., H

. Kriegs, and
SW

 J. Phys. C
hem

. B, 116
(2012) 7463.]

Assuming local thermodynamic equilibrium
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less H-bonds with 
temperature
• ST increases
• ∆ST decreases

Which
concentration?

Vorführender
Präsentationsnotizen
Strength of hydrogen bond decreases by heating. This leads to positive value of soret coefficient(Solute migrates towards the cold side)
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