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So, today I’ll be sharing some interesting results from our work on different ammonium salt solutions.




SALT SOLUTIONS

[2]
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Before I dive into the data, let me briefly give you an overview. At first glance, a salt solution looks quite simple system — just some salt dissolved in water. But if we zoom in to the molecular level. We’re not just dealing with free-floating ions. There are single ions, ion pairs, and even small aggregates forming. And the water molecules around them? They're no longer behaving like bulk water. Their structure and orientation are also disrupted.




MINIMUM OF ST WITH CONCENTRATION
Often observed in aqueous solutions of 1:1 electrolytes

[3]
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Now, when we look on studies on thermodiffusion of 1:1 electrolyte solutions, we see that the Soret coefficient shows a clear minimum as concentration increases.




MINIMUM OF ST WITH CONCENTRATION
Often observed in aqueous solutions of 1:1 electrolytes

[4]

Reason for the minimum of ST at a specific concentration?
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Here’s an example of some simple chloride salts, where only the cation is changed. Whether it’s sodium, potassium, or another ion, we see the same trend a minimum in the Soret coefficient at a certain concentration. Not jus experimentally but also in simulations too. So, what’s actually causing this minimum? 




DESCRIBING THE MINIMUM OF ST WITH CONCENTRATION  
Both approaches use Lennard-Jones particle

[5]

S. Mohanakumar et al., PCCP 24 (2022), 27380.

O.R. Gittus & F. Bresme PCCP 25 (2023), 1606.
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Well, there are two main approaches to explain this, both uses simplified Lennard-Jones models. Not good model/representation…repulsive ineteraction..not for electrolytes,,, but only way…
The first is a theoretical model by Wim and Shipa. It suggests that the minimum appears when the hydration shells of the two ions touches one another. But this model treats ions mostly as pairs, and there's a lot of manual input involved. In fact, the minimum is often artificially imposed just to extract certain parameters, which are then used to extrapolate the rest of the curve. That introduces quite a bit of uncertainty at high concentration, especially since we know there’s ion pairing and aggregation happening that this model doesn’t fully capture. 
The second approach comes from Fernando Bresme’s group. Their simulations point to a minimum in the thermodynamic factor as the reason behind the Soret minimum. But that explanation doesn’t quite hold up either — and in our own work, we’ve shown that it’s not just a thermodynamic effect but kinetic contribution also. So, overall, the picture is still not so clear. 





TEMPERATURE DEPENDENCE
Typical temperature dependence of aqueous electrolyte solutions

[6]
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𝑆𝑆𝑇𝑇 𝑇𝑇 = 𝑆𝑆𝑇𝑇∞ + 𝐴𝐴 exp(− 𝑇𝑇
𝑇𝑇0

)

S. Iacopini, R. Rusconi, and R. Piazza, Eur. Phys. J. E, 19 (2006), 59–67

∆𝑆𝑆T is measure for hydrophilicity, 
which is typically described by log P

∆𝑆𝑆T is measure for 
temperature sensitivity

D. Niether et al. PCCP, 20 (2018), 1012-1020
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Now, looking at how the Soret coefficient changes with temperature — we typically fit data using an exponential expression by Iacopini. This gives us an amplitude value, which reflects temperature sensitivity. But when the curve is flat, this amplitude can be pretty unreliable. So instead, we also use ΔST — the difference in Soret values between high and low temperatures — as a more direct measure. Also, aw we know from our past studies that this temperature sensitivity correlates with log P. In simple terms, more hydrophilic compounds tend to show higher temp. sensitivity.




SYSTEMS
Overview of the studied ammonium salts

[7]
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Here are the ammonium salts we studied. We started by gradually increasing alkyl substitution: going from dimethyl to trimethyl, and then to tetramethyl ammonium. For the quaternary salts, we added biologically relevant compounds like choline and acetylcholine chloride. These not only have longer side chains but are also asymmetric, which are good from simulation point of view. We also checked butyrylcholine chloride as you suggested, but due to its limited solubility, around 1.2 M. We didn’t do experiments on it. So overall, we built a series where the molecular weight increases step by step. And to isolate the thermophoretic effect, we also tested ethylammonium chloride, which has a similar molecular weight to dimethlammonium chloride.




ONGOING STUDY ON AMMONIUM SALTS

Ammonium chloride (NH4Cl) : alters synaptic transmission in neuronal networks and reduces synaptic vesicle release.

Why ammonium salts?

[8]

R. M. Lazarenko et al. Sci Rep 7 (2017), 5061, P. I. Naggy et al. PCCP 14 (2012), 849-847, S. Bindra et al. RSC Adv. 14(2024), 27657-27696, S. Monti st al. PCCP 13 (2011), 6270-6279, P.E. 
Mason et al. PCCP 26 (2024), 3208, J. Morita et al. Sci Rep 6 (2016), 20995 

• Substituted ammonium salts with dimethyl (DMACl) or trimethyl (TMACl) or tetra (TeMACl) or ethyl (EACl) groups 
serves as a crucial intermediate in pharmaceutical synthesis to create drugs.

Biological relevant quaternary salts:

• Acetylcholine chloride (ACh): neurotransmitter in PNS, directly involved in nerve signal transmission, muscle contraction, 
and memory formation.

• Choline (Ch): precursor to acetylcholine. Biological functions including membrane integrity, cell signaling, and methyl group 
metabolism. Synthesis of phosphatidylcholine and sphingomyelin, which are critical components of cell membranes.

Understanding these salts through thermophoretic studies can provide valuable insights into hydration.
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we select ammonium salts coz of biological and pharmaceutical relevance? 
NH4Cl: Treat severe metabolic alkalosis and recent studies show that it can also alters synaptic transmission in neuronal networks. 
Substituted ammonium salts like DMACl or TMACl or EACl or TeMACl are used to create pharmaceutical drugs and other compounds. 
AChCl as we all know are neurotransmitter in PNS. 
Choline chloride are precursor to acetylcholine.




[9]

PROPERTIES OF THE STUDIED SALTS:

Wang et al. ACS Omega 7 (2022), 33732-33748 
Zhao et al. Sol. RRL, 6 (2022), 2100923 

R. H. Boyd et al. J. Chem. Phys. 51 (1969), 1470–1474
H. I. Kim et al. Dissertation (Ph.D.), California Institute of Technology (2008).
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And these are their properties: log P and D i.e., hydrophilicity decreases with alkyl substitution calculated through marvin. For quaternary salts, we were not able to calculated it through this software. Cationic radius increases with each bulky substitution.  Negative log P --- hydrophilic label in graph.

Palomo et al. J. Membrane Sci. 215 (2003), 103–114
A . R. Koh et al. PCCP 14 (2014), 15146-15151




RESULTS
We performed temperature and concentration dependent measurements (1m-4m; 15-45°C)

[10]
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So, we carried out experiment between conc. range of 1m to 4m and temperature between 15-45 C. So this is the overview of what we observe. Nh4cl showed minimum with increase in concentration at high T and also the ST curve shifts upward increases with concentration while for all other salts st curves moves down. I will first discuss the simpler salts and later come to quaternary salts.




ALKYL-SUBSTITUTED AMMONIUM SALTS
Without quaternary salts

[11]

NH4
+ Cl

H2
N
Cl

NH

Cl

DMACl

TMACl

H3N

Cl
Same molecular weight

EACl



[12]
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CONCENTRATION DEPENDENCE OF ST

• ST decreases with added salt concentration
• Majorly thermophobic behaviour

ST increases with increase in alkyl 
substitution:
NH4Cl < DMACl < EACl < TMACl

• Non-monotonous and negative ST
• Thermophilic behaviour
• T ≥ 35°C →  minimum ~1.5 m 

• ST : EACl > DMACl
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For the concentration dependence: ST decreases with added salt concentration for the first three alkyl substituted salts 
while Nh4cl shows Non-monotonous and negative ST. Also, for T ≥ 35°C →  shows minimum ~1.5 m .
ST increases with increase in alkyl substition:  NH4Cl < DMACl < EACl < TMACl
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Moment of inertia (I): 
EACl (480) > DMACl (340)
EA (67.5) > DMA (64.5)
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Units for “I” -- 
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CONCENTRATION DEPENDENCE OF ST
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• Weaker H-bond between salt and water
• Rhs = 0.5nm (NH4Cl) < 0.6nm (CsI)

Rudani, B.A., Briels, W.J., Wiegand, S. Phys. Chem. Chem.Phys. 27 (2025), 4746–4755

Minimum in ST
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DOES THE MINIMUM MOVE WITH TEMPERATURE?
Minimum concentration varies with temperature
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TEMPERATURE DEPENDENCE OF ST

ST increases with increase in temperature

𝑆𝑆𝑇𝑇 𝑇𝑇 = 𝑆𝑆𝑇𝑇∞ + 𝐴𝐴 exp(− 𝑇𝑇
𝑇𝑇0

)
S. Iacopini, R. Rusconi, and R. Piazza, Eur. Phys. J. E, 19 (2006), 59–67

Δ𝑆𝑆T = 𝑆𝑆T 45°C − 𝑆𝑆T 15°C
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For the temperature dependence we see that all salts show increase in ST value with increase in temperature. Lines are fitting according to equation here. Next we calculate temperature sensitivity out of it, by taking the difference in ST at high and low T.




TEMPERATURE SENSITIVITY OF ST
Correlation with log P

[17]
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ΔST(ΔT) decreases with increase in concentration

Temperature sensitivity (ΔST(ΔT)) decreases with 
increase in alkyl substitution or decrease in hydrophilicity

ΔST(ΔT) : NH4Cl > DMACl > EACl > TMACl
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All salts show decrease in temperature sensitivity with increase in concentration. 
Also, just like apomyoglobin we also see here that temperature sensitivity (ΔST(ΔT)) decreases with increase in alkyl substitution or decrease in hydrophilicity, following the trend: ΔST(ΔT) : NH4Cl > DMACl > EACl > TMACl




QUATERNARY AMMONIUM SALTS
With complex organic groups

[18]
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• ΔST(ΔT) decreases with increase in concentration

• Follows the trend: TMACl > ChCl > TeMACl > AChCl 

Salts with large organic groups: Difficult to calculate log D
Expected hydrophilicty trend : ChCl > TeMACl > AChCl

Correlation with log P

D. Niether et al. PCCP, 20 (2018), 1012-1020

Support from simulations!!!
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So now I put all salts together for easy comparison. So we see here that for all the salts T sensitivity decreases with increase in concentration.  
ΔST(ΔT) follows the trend at a particular concentration: TMACl > ChCl > TeMACl > AChCl
But if we plot the graph against log P we see that Salts with large organic groups pops out and deviates a lot: coz Difficult to calculate log D. 
So we expect the hydrophilicity trend as this but it would be better if we get the support from simulation.





TAKE HOME MESSAGE 

[20]

• Only ammonium chloride shows thermophilic behavior and its S𝑇𝑇 value increases with 
concentration. Other all primary, secondary and tertiary ammonium salts shows opposite 
trend to ammonium salts.

• Thermophoretic behavior of salts show major influence by alkyl substitution on the cation.

• ΔST(ΔT) / hydrophilicity at a particular concentration decreases with increase in alkyl 
substition: NH4Cl > DMACl > EACl > TMACl

• For the complex quaternary salts with organic group, ΔST(ΔT) : ChCl > TeMACl > AChCl

Thermodiffuion of aqueous salt solutions is complex
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Minimum and argumentation…random close packing
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FINISHED AND FUTURE PROJECTS
Guanidinium salts:
[Rudani, B. A., Jakubowski, A., Kriegs, H., Wiegand, S. Deciphering the guanidinium cation: Insights into thermal diffusion. J. Chem. Phys. 2024,160,214502.]

Minimum in ST in different salt solutions:
[Rudani, B. A., Briels, W.J., Wiegand, S. Analyzing the concentration-dependent Soret coefficient minimum in salt solutions: an overview. PCCP., 2025,27, 4746-4755.]

 Influence of α-Helical Content on the Thermodiffusion of Apomyoglobin
[Rudani, B. A., Docter, S., Schott-Verdugo, S., Buitenhuis, J., Stadler, A.M., Gohlke, H., Wiegand, S. Influence of α-Helical Content on the Thermodiffusion of 
Apomyoglobin. Langmuir, 2025.]

Thermodiffusion as a Probe of Hydrophilicity in Alkyl-Substituted Ammonium Salts
Manuscript under preparation for The European Physical Journal E (EPJE) in a topical issue of the IMT 16 conference

Thermodiffusion of aqueous  Quaternary Ammonia salts 
Interpreting the results and writing a manuscript (collaboration Holger Gohlke, IBG 4)

Chelating agents: Calcium-sodium EDTA (ITC+TDFRS measurements)
Experimental work ongoing

• Protein ligand binding 
Myoglobin binds with ligand e.g. protoporphrin IX, sodium tetradecysulfate
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