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ABSTRACT 

Thermodiffusion, or the Soret phenomenon, is well understood in simple systems, but 

in multicomponent and polyvalent electrolyte systems the process becomes more 

complicated due to the coupling of fluxes. We experimentally investigate the time 

evolution of a concentration gradient generated by thermodiffusion of a 

polyelectrolyte (poly(sodium 4-styrene sulfonate), NaPSS) in a 1:1 supporting 

electrolyte. We also derive and solve the transport equations that are used to extract 

the Soret coefficient from the experimental observations. It is shown that NaPSS 

thermodiffusion in NaCl is strongly dependent on concentration, with almost 100% 

thermal separation in concentrations below 15 nmol L1. Moreover, the results 

suggest that the supporting electrolyte can greatly influence the thermodiffusion of 

the polyelectrolyte, in some cases possibly even reversing the direction of the flux 

from the usual case of enrichment at the cold side.  

 

 

Keywords: Soret effect; thermodiffusion; polyelectrolyte; non-isothermal process 
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1 Introduction 

The tendency of a solute to move along a temperature gradient is known as 

thermodiffusion [1,2]. The process occurs because the heat flux induced by the 

temperature gradient is coupled with the solute flux, thus creating a concentration 

gradient even in a system with an initially uniform concentration [2]. In a closed 

system, the concentration gradient increases until an equilibrium state is reached 

when diffusion to the opposite direction cancels out the thermodiffusion [1]. In this 

equilibrium state, the solute flux density vanishes and ∇⃗⃗ ln𝑐 = −𝜎𝑇 ∇⃗⃗ 𝑇 , where 𝑐 is the 

solute concentration, 𝜎𝑇 is its Soret coefficient, and T is the temperature [1]. Thus, a 

thermophobic solute with positive Soret coefficient is enriched at cold locations. 

A strong interest in thermodiffusion stems from its application to the study of 

macromolecules [3]. The tendency of the particles to move in the temperature field is 

more pronounced when the particles are larger, a feature that can be applied to 

separate molecules, nanoparticles and colloids [3,4], but it finds use in other 

applications as well. Thermodiffusion has been used to analyze the size of the 

particles [5], to tune the local concentration of the involved species [4], and to 

investigate the interactions between the solvent and the solute [6,7]. Also, it can be 

used to analyze the critical micelle concentration of surfactant solutions, and to 

estimate the effective charge of macromolecules [3]. Furthermore, it plays a role in 

natural phenomena such as component segregation in Earth’s mantle and oceans 

[8,9], and even its role in the origin of life has been speculated [10–12]. 

Thermodiffusion in simple systems, such as aqueous 1-1 electrolytes [13–15], 

neutral molecules and liquid mixtures [16–18], polymers [19–21], and surfactants 

and colloids in different solvents [22–24] has been covered extensively in the 

literature. Generally, the Soret coefficient decreases with concentration, and 

increases with size of the solute [21]. For many polymers, the Soret coefficient 

reportedly depends on molar mass 𝜎𝑇~𝑀𝑎 where 𝑎 = 0.5−0.8 [25]. However, when the 

system becomes more complex, understanding the phenomenon properly has 

appeared to be difficult [26]. The thermodiffusion characteristics of polyelectrolytes 
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are very different from neutral polymers [23], as their strongly non-ideal behavior in 

multicomponent systems complicates the analysis [26]. Results from different studies 

on polyelectrolytes underline these complexities. Agar and Lobo [27], and later Lobo 

and Teixeira [28] studied sodium polyacrylates with different molecular weights and 

reported that the Soret coefficient is roughly proportional to the number of monomer 

units in the polyelectrolyte. This seemingly contradicts the reports of Snowdon and 

Turner [14], who found that the additivity rule does not apply to multivalent 

electrolytes. Leaist and Hao [29] measured separately the Soret coefficients of 

aqueous NaPSS (poly(sodium-4-styrenesulfonate)) and aqueous NaCl, and deducted 

from these measurements that adding NaCl as a supporting electrolyte to dilute 

aqueous NaPSS would significantly increase the thermal separation of the 

polyelectrolyte. However, they were unable to verify their prediction experimentally. 

Such enhancement of the Soret effect seems to be the effect of the polyelectrolyte, as 

similar behavior has not been reported for smaller ions in supporting electrolytes 

[30]. 

In this paper, we investigate the nonstationary thermodiffusion of NaPSS in 

aqueous salt solutions. The growing interest in macromolecule thermodiffusion, 

especially in biologically relevant solutions, requires a thorough understanding of the 

Soret phenomenon in multicomponent systems, thus making this research timely 

and relevant. In the final equilibrium state, the concentration gradient of NaPSS 

satisfies ∇⃗⃗ ln𝑐 = −𝜎𝑇
∗ ∇⃗⃗ 𝑇, where 𝜎𝑇

∗ is its Soret coefficient in the mixture. The asterisk 

signifies that this coefficient depends on the mixture composition and differs from 

the Soret coefficient of NaPSS in absence of added salt. However, the analysis of 

experimental results of nonstationary thermodiffusion cannot make use of the simple 

expression ∇⃗⃗ ln𝑐 = −𝜎𝑇
∗ ∇⃗⃗ 𝑇, as it is restricted to steady state. Therefore, we derive here 

the thermodiffusion theory for the mixture of a trace polyelectrolyte (NaPSS) and a 

supporting electrolyte. Our results show how the observed thermal separation of 

NaPSS in a supporting electrolyte, and its Soret coefficient in the mixture, change 

with the polyelectrolyte concentration, and how the choice of supporting electrolyte 

affects the thermal separation.  
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2 Theory 

The molar flux density 𝐽 13 of an electrolyte A𝜈1
C𝜈3,1

 (index 13) in aqueous solution due 

to concentration and temperature gradients is 

 −𝐽 13 = 𝐷13(∇⃗⃗ 𝑐13 + 𝜎𝑇,13𝑐13∇⃗⃗ 𝑇) , (1)  
where 𝑐13 is the concentration, 𝐷13 is the diffusion coefficient and 𝜎𝑇,13  is the Soret 

coefficient. When transport takes place inside an ion-exchange membrane, its surface 

charge may give rise to thermoosmosis, the transport of solvent due to the 

temperature gradient. Thermoosmosis, however, does not occur or is negligible in 

non-charged membranes with relatively large pores [31,32], such as the glass frit 

used in this study.  

 In a mixture of strong electrolytes A𝜈1
C𝜈3,1

 (index 13) and B𝜈2
C𝜈3,2

 (index 23) 

sharing a common ion, the transport of one electrolyte is also affected by the 

concentration gradient of the other. Thus, the molar flux density of the electrolyte 23 

is  

 −𝐽 23 = 𝐷23,13∇⃗⃗ 𝑐13 + 𝐷23,23∇⃗⃗ 𝑐23 + 𝐷𝑇,23
∗ 𝑐23∇⃗⃗ 𝑇 , (2)  

where  𝐷23,13 and 𝐷23,23 are the diffusion coefficients and 𝐷𝑇,23
∗  is the thermodiffusion 

coefficient. Again, the asterisk indicates value in a mixture. The Nernst-Planck 

approximation of ion transport allows deriving relationships between these 

coefficients and the ionic diffusion and thermodiffusion coefficients (see Appendix).  

 If electrolyte 23 is a trace component and 13 is a supporting electrolyte, the 

flux density of electrolyte 13 is given by eq 1 and it is not affected by electrolyte 23. 

In this case, the coefficient 𝐷23,23 is equal to the diffusion coefficient 𝐷2 of the ionic 

species 2 and 𝐷23,13 is proportional to 𝐷2 and to the concentration ratio, namely 

𝐷23,13 = 𝛼𝐷2𝑐23/𝑐13 where 𝛼 is a proportionality constant (see Appendix) [33]. 

Since 𝑐23 ≪ 𝑐13, this coefficient is close to zero and the coupling of fluxes is 

insignificant. Eliminating ∇⃗⃗ 𝑐13 from eqs 1 and 2 we get 



 5 

 

 
−𝐽 23 +

𝐷23,13

𝐷13
𝐽 13 = 𝐷2(∇⃗⃗ 𝑐23 + 𝜎𝑇,23

∗ 𝑐23∇⃗⃗ 𝑇), (3)  
where 𝜎𝑇,23

∗ = 𝐷𝑇,23
∗ /𝐷2 − 𝛼𝜎𝑇,13 is the Soret coefficient of the electrolyte 23 in the 

mixture. When the Soret equilibrium distribution is achieved between two chambers 

α and β at different temperatures (Figure 1) , 𝐽13 = 𝐽23 = 0, and the Soret coefficient 

can be calculated from the concentrations in the chambers as [29] 

 
𝜎𝑇,23

∗ = −(
ln(𝑐23

β/𝑐23
α)

𝑇β − 𝑇α
)

 𝐽13=𝐽23=0

. (4)  
A positive value of 𝜎𝑇,23

∗  results in the accumulation of electrolyte 23 at the cold 

chamber, a behavior referred to as thermophobic. 

 

Figure 1. The polyelectrolyte (NaPSS) flows in a 1-1 supporting electrolyte (13) 

through a membrane that separates two chambers,  and  , at temperatures T 

and T  and identical initial composition. The temperature difference induces a 

separation of NaPSS that is determined by its  Soret coefficient 𝜎𝑇,NaPSS
∗  in the 

mixture. This coefficient can be related to the Soret coefficients  𝜎𝑇,NaPSS and 𝜎𝑇,13 

of the polyelectrolyte and supporting electrolyte, respectively,  and to the 

stoichiometric coefficient 𝜈3,2 of sodium in the polyelectrolyte.  
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 We seek to measure the Soret coefficient 𝜎𝑇,23
∗  of a trace polyelectrolyte 

BC𝜈3,2
 (23) mixed with a 1-1 supporting electrolyte AC (13).The Soret coefficient 𝜎𝑇,23

∗  

in the mixture differs from its value 𝜎𝑇,23 in absence of supporting electrolyte because 

the transport of the polyelectrolyte ion is affected by the supporting electrolyte 

through the thermodiffusion potential. As shown in the Appendix, the relation 

between 𝜎𝑇,23
∗   and 𝜎𝑇,23 is  

 𝜎𝑇,23
∗ ≈ 𝜎𝑇,23 + 𝜈3,2(𝜎𝑇,23 − 𝜎𝑇,13) ,     (𝑐23 ≪ 𝑐13). (5)  

The Soret coefficient 𝜎𝑇,13 of the supporting electrolyte is known from the literature, 

as the trace assumption imposes that it is not affected by the trace electrolyte 23. 

Noteworthy, 𝜎𝑇,23
∗  does not depend on the concentrations 𝑐13 and 𝑐23. Since the 

stoichiometric coefficient 𝜈3,2 is much larger than unity, 𝜎𝑇,23
∗  can be very different 

from 𝜎𝑇,23. In particular, very large Soret coefficients 𝜎𝑇,23
∗   can be observed [29] when 

𝜎𝑇,23 > 𝜎𝑇,13 and 𝜈3,2 ≫ 1. 

 We analyze the time evolutions of the concentrations 𝑐23
α (𝑡) and 𝑐23

β
(𝑡) , rather 

than the equilibrium values as in eq 4. Since 𝐽13 ≠ 0 ≠ 𝐽23, the concentrations 𝑐23
α (𝑡) 

and 𝑐23
β

(𝑡)  must be calculated from the solution of eqs 1 and 3. The supporting 

electrolyte diffuses much faster than the large polyelectrolyte [29], and hence it can 

be assumed (see Appendix, eq A12 onwards) that it has reached the Soret equilibrium 

distribution, 𝐽13 ≈ 0, while the polyelectrolyte concentration is still evolving. Then, 

eq 3 simplifies to  

 −𝐽 23 ≈ 𝐷2(∇⃗⃗ 𝑐23 + 𝜎𝑇,23
∗ 𝑐23∇⃗⃗ 𝑇) ,        (𝐽13 ≈ 0). (6)  

The thermodiffusion experiments last for several days and the evaporation of 

water has an effect on the concentrations, especially because we measure rather 

slight concentration changes. Evaporation might easily be misunderstood as the 

system still being out of the Soret equilibrium, because it slowly changes the 

concentrations. To account for these changes, the compartment volumes 𝑉α and 𝑉β 

are 
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 𝑉α(𝑡)/𝑉0
α = 𝑉β(𝑡)/𝑉0

β
= 1 − 𝜔𝑡 (7)  

where 𝑉0
α and  𝑉0

β
 are the initial volumes and 𝜔 is the evaporation rate. The total 

concentration change can then be thought to be due to thermodiffusion and the slow 

evaporation of water. 

The transport of a species i (i = 13, 23) through a membrane that separates 

two chambers α and β is subject to the (amount) conservation law  

 d(𝑉𝛼𝑐𝑖
𝛼)

d𝑡
= −𝐴𝐽𝑖 (8)  

where 𝐴 is the membrane area. Conservation also implies 𝑉α𝑐𝑖
α + 𝑉β𝑐𝑖

β
= (𝑉0

α +

𝑉0
β
)𝑐𝑖,0, where 𝑐𝑖,0 is the initial concentration, so that 

 
𝑐𝑖
β

=
𝑉0

α

𝑉0
β

(𝑉0
α + 𝑉0

β
)𝑐𝑖,0 − 𝑉α𝑐𝑖

α

𝑉α
 . (9)  

Here, the volume of the diaphragm (membrane) is assumed negligible. When the rate 

of solute transport through the membrane is fast compared to the rate of 

concentration change in the chambers, the quasi-steady state approximation can be 

conveniently used [33]. That is, the flux density 𝐽𝑖 can be considered to be 

independent of position, although the concentrations 𝑐𝑖(0, 𝑡) = 𝑐𝑖
α(𝑡) and 𝑐𝑖(ℎ, 𝑡) =

𝑐𝑖
β
(𝑡), and hence 𝑐𝑖(𝑥, 𝑡), are slowly varying with time.  

 Transport takes place across a neutral membrane of thickness h and the 

temperature profile can be assumed to be linear, so that (𝜕𝑇/𝜕𝑥)𝑡 = Δ𝑇/ℎ, where Δ𝑇 =

𝑇β − 𝑇α. The polyelectrolyte flux density is 

 
𝐽23 = −𝐷2 ((

∂𝑐

∂𝑥
)
𝑡
+ 𝑐

𝜎𝑇,23
∗ ∆𝑇

ℎ
), (10)  

where we have dropped subscript 23 on 𝑐. The diffusion coefficient actually depends 

on temperature, but it can be estimated that using an average value for 𝐷2 in the 

range 298 – 318 K the error is only of the order of 1%, compared to the case that 𝐷2 
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depends linearly on temperature. Thus, the assumption of a constant, average value 

of 𝐷2 can be accepted. 

 The flux density 𝐽23 can be expressed in terms of the polyelectrolyte 

concentrations 𝑐α and 𝑐β in the chambers by integration of eq 10 with respect to x. 

Elimination of 𝑐β using eq 9 and integration of eq 8 with respect to t gives 

 
𝑐α(𝑡) =

𝑐∞
α + (𝑐0 − 𝑐∞

α )(1 − 𝜔𝑡)1/(𝜔𝜏23)

1 − 𝜔𝑡
. (11)  

In the absence of evaporation, the equilibrium concentration would be  

 
𝑐∞
α =

𝑉0
α + 𝑉0

β

𝑉0
α + 𝑉0

β
e−𝜎𝑇,23

∗ ∆𝑇
𝑐0 (12)  

and eq 11 would reduce to 𝑐α = 𝑐∞
α + (𝑐0 − 𝑐∞

α )e−𝑡/𝜏23. As expected, eqs 9 and 12 imply 

ln (𝑐∞
β
/𝑐∞

α ) = −𝜎𝑇,23
∗ ∆𝑇. The relaxation time 𝜏23 is given by 

 1

𝜏23
=

𝐴𝐷2𝐸𝑇,23

ℎ
(
e−𝜎𝑇,23

∗ ∆𝑇

𝑉0
α +

1

𝑉0
β
) (13)  

where 𝐸𝑇,23 = 𝜎𝑇,23
∗ ∆𝑇 (1 − e−𝜎𝑇,23

∗ ∆𝑇)⁄  is the thermophoretic enhancement factor, 

analogous to the iontophoretic enhancement factor [33]. Transport is enhanced, 

𝐸𝑇,23 ≥ 1, when 𝜎𝑇,23
∗ ∆𝑇 ≥ 0.  

 

3 Experimental 

The poly(sodium-4-styrenesulfonate) (M = 500 kg/mol, i.e. Na2400PSS, Alfa Aesar, 

USA) solutions in a 0.1 mol L1 supporting electrolyte were prepared in distilled and 

purified water (Milli-Q, Millipore, USA). The studied supporting electrolytes include 

NaCl, NaClO4, Na2SO4, and LiCl. A standard diffusion cell (Side-bi-Side, Permegear, 

USA) was used (Figure 2). It comprised of two half-cells which could be set to different 

temperatures with outer water jackets connected to thermostats. The half-cells had 
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10 mm round apertures, between which a porous fritted glass (Laborexin Oy, 

Finland) could be tightened and sealed. The glass frit had a thickness of 4 mm, and 

according to the information provided by the manufacturer, its pore size was in the 

range 40 – 100 µm. The pore size, together with the low porosity of the frit prevented 

mixing through the membrane. The temperature difference over the membrane was 

measured with thermocouples close to the membrane surface on both sides. 

 

Figure 2. The Side-bi-Side diffusion cell consists of two compartments of 3 mL, 

which can be set to different temperatures. Magnetic bars stir both sides. The 

total volume of the cold side () when connected to a flow-through cuvette is 

5 mL. Modified with permission from [34].  

 

The -side of the cell was connected to a flow-through UV/Vis cuvette and the 

electrolyte circulated through a spectrophotometer (Cary 60 UV-Vis, Agilent USA) 

by a peristaltic pump (IPS, Ismatec Germany) with a flow rate of 2 mL/min. The 

concentration of the polyelectrolyte was measured with absorbance of the solution in 

the wavelength range of 220−350 nm. The resulting spectrum showed two peaks, a 

highly sensitive one at 225 nm and the other at 262 nm. The former was used in 

analysis by calibrating the absorbance with known concentrations of polyelectrolyte.  
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The spectrum was measured every 5 min for time t = 0−120 min, every 15 min for t 

= 120−360 min, and every 30 min for t = 360−7999 min, after which a new procedure 

had to be manually started. The baseline was measured for each supporting 

electrolyte in the correct concentration beforehand. 

Before each measurement, the desired temperature difference was set to the 

thermostats. The cell-halves, along with the tubes and cuvette, were filled with the 

studied solution, so that the initial concentration 𝑐0 was uniform throughout the 

system. The total volume of the side connected to the flow-through cuvette was 

measured 𝑉0
α ≈ 5.0 mL, and the volume of the other half cell 𝑉0

β
= 3.0 mL.  

 

4 Results and discussion 

The sign of the Soret coefficient 𝜎𝑇,23
∗  of the polyelectrolyte in the ternary mixture 

determines whether thermophobic or thermophilic behavior is observed. Figure 3 

shows the time evolution of its concentration in the cold chamber with 𝜎𝑇,23
∗  varying 

from positive (thermophobic) to negative values (thermophilic). Such a change in 𝜎𝑇,23
∗  

could, in principle, be achieved through changes in the Soret coefficient 𝜎𝑇,13 of the 

supporting electrolyte, see eq 5. The Soret coefficients of electrolytes usually range 

between 0–15 × 10−3 K−1 but also negative coefficient values are found. These 

coefficients generally increase with temperature [13] and decrease as a function of 

concentration in dilute solutions [35]. In higher concentrations the Soret coefficient 

increases again [36,37]. Therefore, a trace electrolyte might show strongly 

thermophobic behavior in certain supporting electrolyte concentration, very little 

tendency for thermodiffusion in another concentration, and upon a change in the 

supporting electrolyte, reverse into strongly thermophilic behavior. The Soret 

coefficients of the different species present in multicomponent systems, combined 

with the different concentration and temperature dependence of these coefficients, 

might come a long way to explain the apparently inconsistent results obtained in 

different studies on thermodiffusion and thermophoresis in electrolyte mixtures. 
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Alas, the often non-ideal nature of these systems mean that making accurate 

predictions from results in binary systems might be cumbersome. 

  

Figure 3. Simulated thermodiffusion of Na 2400PSS. The concentration on the cold 

side () changes when a temperature difference ΔT = 20 K is applied. Depending 

on its effective Soret coefficient 𝜎𝑇,23
∗ = 0.2 K−1 …− 0.2 K−1, the polyelectrolyte either 

accumulates at the cold side (thermophobic behavior, blue), or is depleted from 

the cold side (thermophilic behavior, red). Time is normalized with relaxation 

time 𝜏23 to help comparison, 𝜔 = 0. 

 

 Thermodiffusion of Na2400PSS was studied experimentally in 0.1 mol L1 NaCl 

supporting electrolyte at 𝑇avg = 308 K with Δ𝑇 = 20 K. The measured polyelectrolyte 

concentration in the experimentally-analyzed, cold α-side increases with time (Figure 

4), which indicates that 𝜎𝑇,23
∗  is positive. The extent of thermodiffusion significantly 

decreases with increasing initial polyelectrolyte concentration. In 12 nmol L1, the 

separation between α-side and β-side is almost complete, whereas already in 

18 nmol L1, the separation is much less drastic, and in 68 nmol L1, the separation 

is almost zero. The blue lines in Figure 4 represent best fits to eq 11 with parameters 

𝜎𝑇,23
∗ , 𝜔 and 𝜏23 (Table 1). 
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The observed separation induced by the temperature difference and, hence, 

the Soret coefficient 𝜎𝑇,23
∗  of the polyelectrolyte in the mixture are strongly dependent 

on the polyelectrolyte concentration (Figure 5). In initial concentrations 

𝑐0 < 20 nmol L1, 𝜎𝑇,23
∗  increases sharply with decreasing 𝑐0, from values close to zero 

to values resulting in almost complete depletion of the polyelectrolyte from the hot -

side and enrichment in the cold -side. From the values of 𝜎𝑇,23
∗   in Table 1 and its 

concentration dependence, the theoretical steady-state concentration in the cold side 

is calculated with eq 12 (Figure 5b).  

 

Figure 4. Thermodiffusion of Na2400PSS in 0.1 mol L1  NaCl at 𝑇avg = 308 K with 

Δ𝑇 = 20 K and a) 𝑐0 = 12 nmol L1 (6 mg L1), b) 𝑐0 = 18 nmol L1 (9 mg L1), and c) 

𝑐0 = 68 nmol L1  (34 mg L1). Symbols represent experimental values. Blue lines 

(cold α-side) are best fits to eq 11 with the parameters shown in Table 1 and red 

lines represent eq 10 (hot β-side). The effect of a larger evaporation rate is 

noticeable in panel b), as the concentration in both chambers increase with time 

at larger times; note that the relaxation time 𝜏23 depends on 𝑐0. 
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Table 1. Fitting parameters for thermodiffusion of Na2400PSS in 0.1 mol L−1  

NaCl at 𝑇avg = 308 K with Δ𝑇 = 20 K in various concentrations.   

𝑐0/(nmol L−1) 103𝜎𝑇,23
∗ /K−1  107𝜔/ s−1  𝜏23/h  

7 200 2.01 40.9 

12 130 1.26 20.4 

15 13 2.01 28.8 

18 25 2.98 16.1 

22 8.0 1.12 9.35 

31 5.5 2.61 15.0 

43 12 0.835 71.4 

46 1.7 0.876 13.3 

68 8.1 0.365 43.7 

102 −0.10 0.865 4.92 

 

Qualitatively similar behavior was theoretically predicted in [29]. The authors 

measured the Soret coefficients of aqueous Na340PSS (M ≈ 70 kg/mol) and predicted 

that in a ternary Na340PSS–NaCl system, a stark thermal separation for the 

polyelectrolyte could be observed. The Soret coefficient of the polyelectrolyte in the 

absence of supporting electrolyte would be 𝜎𝑇,23 = 5.2 × 10−3 K−1 while in the 

presence of the supporting electrolyte it would be over two orders of magnitude 

larger, 𝜎𝑇,23
∗ = 0.84 K−1. Equation 5 explains this observation because the effective 

charge −𝜈3,2 of the polyelectrolyte ion (C−𝜈3,2) can be very large and then 𝜎𝑇,23
∗  is much 

larger than 𝜎𝑇,23.  

 



 14 

 

 

Figure 5. a) 𝜎𝑇,23
∗  as a function of the initial concentration of the polyelectrolyte 

in 0.1 mol L1 NaCl (circles), black line an exponential fit to guide the eye. b) 

Theoretical steady-state concentration of the (cold) -side as a function of 𝜎𝑇,23
∗ Δ𝑇 

(line) and the values (circles) calculated from 𝜎𝑇,23
∗  in panel a. c) Estimated Soret 

coefficient for the polyelectrolyte in the absence of supporting electrolyte.  

 

In principle, eq 5 could be used to estimate the Soret coefficient 

 
𝜎𝑇,23 =

𝜎𝑇,23
∗ + 𝜈3,2𝜎𝑇,13

1 + 𝜈3,2
 (14)  

of the Na2400PSS polyelectrolyte in the absence of NaCl from the values 𝜎𝑇,23
∗  

measured in the electrolyte mixture and the Soret coefficient 𝜎𝑇,13 = 2.3 × 10−3 K−1 

of NaCl (at 𝑇avg = 308 K and 𝑐13 = 0.1 mol L−1, estimated from concentration 

dependence reported in [36] and temperature dependence reported in [13]). However, 

it should be noticed that 𝜈3,2 in eq 14 should not be the stoichiometric value 𝜈3,2 ≈

2400 but much smaller, representing the effective charge of the PSS anion during 

electrodiffusion. Thus, for instance, for a 10 % of effectively-ionized sulfonate groups 

[38], a value 𝜈3,2 ≈ 240 should be used in eq 14. The corresponding estimations of 

𝜎𝑇,23 (Figure 5c) range from 𝜎𝑇,23 = 3.1 × 10−3 K−1 at the lowest Na2400PSS 

concentration to 𝜎𝑇,23 = 2.3 × 10−3 K−1 at the largest concentration. It does not escape 
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our attention that the latter value is too similar to 𝜎𝑇,13. Table 1 shows a trend of 

decreasing 𝜎𝑇,23
∗  with increasing Na2400PSS concentration. At large concentrations 

𝜎𝑇,23
∗  is so small that eq 14 gives an unrealistic estimation 𝜎𝑇,23 ≈ 𝜎𝑇,13; in fact, the 

uncertainty of 𝜎𝑇,23
∗  at 102 nmol/L is also large. Nevertheless, the estimations of 𝜎𝑇,23 

in Figure 5c show that 𝜎𝑇,23 is much smaller than 𝜎𝑇,23
∗ , in agreement with the results 

in [29], and has a much weaker concentration dependence. 

 Comparing further with the results from [29], it is seen that the Soret 

coefficient for a 70 kg/mol polyelectrolyte is larger than what is reported here for a 

500 kg/mol polyelectrolyte. Although this seems counterintuitive, similar results 

have been reported previously, albeit for a different polyelectrolyte. Lobo and 

Teixeira [28] reported that the Soret coefficients of sodium polyacrylates of different 

sizes increased linearly with size up to c.a. 1000 monomer units, but then decreased 

for larger polyacrylates. These results together would then indicate that the size 

dependence of polyelectrolyte Soret coefficients is seemingly erratic and not 

satisfactorily explained by any present theory.  

The reported finding that the thermal separation becomes more significant in 

low concentrations is understood with the present analysis as a result of a slight 

change in the Soret coefficient of the polyelectrolyte. The concentration dependence 

of the Soret coefficient found in this study (or the lack thereof) can be perhaps more 

easily explained if ionic Soret coefficients are considered, although their values 

cannot be determined individually without a convention of some kind. The Soret 

coefficient of the polyelectrolyte can be expressed, in an ideal case, as the number-

weighted average of the Soret coefficients of its ionic constituents (see Appendix) 

 
𝜎𝑇,23 =

𝜎𝑇,2 + 𝜈3,2𝜎𝑇,3

1 + 𝜈3,2
. (15)  

Then, if the Soret coefficients of the two ionic species are of the same order of 

magnitude, the Soret coefficient of the polyelectrolyte is mainly determined through 

the contribution from the sodium ions (𝜈3,2 ≫ 1). Although the concentration of the 

polyelectrolyte changes, the concentration of sodium ions in the system remains 
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practically constant, as it is dominated by the supporting electrolyte. Similarly, an 

often reported dependence of the Soret coefficient and ionic strength should yield an 

almost constant value, as the supporting electrolyte is likely to dominate the ionic 

strength as well. However, how a polyelectrolyte contributes to ionic strength is not 

totally unambigious. Furthermore, whether the change in the Soret coefficient is 

purely down to polyelectrolyte activity changes, or the result of some other 

phenomenon, such as conformation changes, remains unclear. It should be noted that 

as the supporting electrolyte Soret coefficient in the experimental conditions used 

here is merely an estimate, placing too much emphasis on the numerical values 

should be avoided. The conclusion from Figure 5 is rather that the estimated Soret 

coefficient of the polyelectrolyte in the absence of supporting electrolyte is similar to 

that of the supporting electrolyte, and in very low concentrations, it increases 

slightly. However, its Soret coefficient and its thermal separation in the ternary 

mixture are very large.  

To verify the role of the supporting electrolyte in the thermodiffusion of 

polyelectrolytes, Figure 6a compares the experimental results in four supporting 

electrolytes: NaCl, NaClO4, Na2SO4, and LiCl. LiCl was chosen because of its atypical 

thermophobic behavior, as its Soret coefficient is close to zero [14]. However, it should 

be noted that the theory presented here strictly applies only for a ternary system. To 

highlight the effect of the supporting electrolyte, Figure 6b shows calculated 

concentration profiles without the effect of evaporation. These experimental results 

and calculations show that the supporting electrolyte clearly affects the 

thermodiffusion of the polyelectrolyte. 

 The fits of the experimental results in Figure 6a to eq 11 give the values of 

the parameters 𝜎𝑇,23
∗ , 𝜏23 and 𝜔. The Soret coefficient of the polyelectrolyte in NaCl 

and LiCl is nearly the same 𝜎𝑇,23
∗   0.130 K−1, in Na2SO4 the value is 0.060 K−1 and in 

NaClO4 it is 0.030 K−1. In all cases 𝜎𝑇,23
∗  is larger than the estimated values 𝜎𝑇,23 in 

absence of supporting electrolyte shown in Figure 5c. This is considered to indicate 

that 𝜎𝑇,13 < 𝜎𝑇,23. On the contrary, if the supporting electrolyte had a Soret coefficient 
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𝜎𝑇,13 > 𝜎𝑇,23, then it would decrease the Soret coefficiente of the trace polyelectrolyte, 

𝜎𝑇,23
∗ < 𝜎𝑇,23 (see eq 5), and hence decrease the tendency for thermal separation. 

 

Figure 6. Thermodiffusion of Na2400PSS (𝑐23 ≈ 10 nmol L−1, 𝑇avg = 308 K, Δ𝑇 = 20 K) in 

different 0.1 mol L1  supporting electrolytes. a) Experimental results are 

represented with symbols and dash lines are the best fits: NaCl (circles and 

blue), LiCl (squares and orange), Na2SO4  (triangles and green), and NaClO 4 

(diamonds and red). b) Theoretical predictions without the effect of evaporation, 

i.e. 𝜔 = 0. Note that the difference between NaCl and LiCl is small and the curves 

practically overlap. 

 

5 Conclusions 

The effect of polyelectrolyte concentration and the effect of supporting electrolyte to 

the thermodiffusion of sodium polystyrene sulfonate in supporting electrolyte was 

experimentally studied. The glass frit used to separate the two compartments had 

small pores and a low porosity, which prevented mixing of the two compartments, 

but we cannot be certain that convection is fully eliminated. Thermodiffusion was 

observed to be strongly dependent on the concentration of the polyelectrolyte. With 

very dilute solutions, almost complete separation was observed, viz the 

polyelectrolyte was depleted from the hot side and accumulated to the cold side. In 
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moderately higher concentrations, the separation was significantly weaker. 

According to our interpretation of the results, however, the change in separation is 

the result of only small changes in the Soret coefficient of the polyelectrolyte (i.e, in 

the value estimated in the absence of supporting electrolyte). 

In a mixture of electrolytes, the electrolyte that has a higher Soret coefficient 

(in the absence of the other electrolyte) shows an even higher Soret coefficient when 

forming the mixture [39]. Our experimental observations confirm that the supporting 

electrolyte facilitates the thermodiffusion of the polyelectrolyte. The theory predicts 

that this effect is particularly important for a trace electrolyte. The measured Soret 

coefficient of the polyelectrolyte in the mixture is indeed very large at low 

polyelectrolyte concentrations.  

Similarly, in a mixture of electrolytes, the electrolyte that has a lower Soret 

coefficient (in the absence of the other electrolyte) shows an even lower Soret 

coefficient in the mixture, and the theory predicts that it might even reverse its sign. 

For the case of a trace polyelectrolyte in a supporting electrolyte, this means that if 

the Soret coefficient of the polyelectrolyte alone were lower than that of the 

supporting electrolyte alone, then the Soret coefficient of the polyelectrolyte in the 

mixture could be reduced. Our experiments with different supporting electrolytes 

show a clear effect on the thermodiffusion of the polyelectrolyte in the mixture. 

However, positive Soret coefficients are always observed, which seems to indicate 

that the supporting electrolytes used all have lower Soret coefficient than the 

polyelectrolyte (in the absence of supporting electrolyte). The polyelectrolyte 

separated most strongly in NaCl and LiCl, and most weakly in NaClO4. The results 

indicate that the effect of the supporting electrolyte has to be properly taken into 

account when analyzing thermodiffusion or thermophoresis in multicomponent 

systems, such as protein or DNA in biological buffers. 

Polyelectrolytes being notoriously difficult to model due to their inherently 

complex nature, the theory most likely needs improvements, such as activity 

corrections. We do not know the precise effective charge of the polyelectrolyte or how 

strongly the counter-ions are attached to the polyelectrolyte, and how they contribute 
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to the Soret coefficient of the  polyelectrolyte. The contribution of polyelectrolyte to 

the ionic strength of the solution is another important unknown, as Soret coefficient 

has been shown to be a function of ionic strength. Furthermore, [28] suggested that 

also the structure of the polyelectrolyte might be an important issue, as larger 

polyelectrolytes are likely to overlap with themselves, resulting in lower Soret 

coefficient values. Yet, the results of this paper offer new and interesting insight into 

the thermodiffusion of polyelectrolytes, and the theory proposed in this paper could 

be used as a starting point for a more thorough theoretical description of the 

thermodiffusion in supporting electrolytes. 
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Appendix  

In the Nernst-Planck approximation for isothermal electrodiffusion [33], the molar 

flux density of ionic species i is −𝑗 𝑖 = 𝑙𝑖,𝑖∇⃗⃗ �̃�𝑖, where ∇⃗⃗ �̃�𝑖 = 𝑅𝑇∇⃗⃗ ln 𝑐𝑖 + 𝑧𝑖𝐹∇⃗⃗ 𝜑, 𝑅 is the 

molar gas constant, T the temperature, 𝜑 the electric potential, 𝐹 the Faraday 

constant, 𝑐𝑖 the concentration of species i, 𝑧𝑖 its charge number, 𝑙𝑖,𝑖 = 𝐷𝑖𝑐𝑖/𝑅𝑇 =

𝑡𝑖𝜅/(𝑧𝑖
2𝐹2) its phenomenological transport coefficient, 𝐷𝑖 its diffusion coefficient, 𝑡𝑖 =

𝑧𝑖
2𝐷𝑖𝑐𝑖/∑ 𝑧𝑘

2𝐷𝑘𝑐𝑘𝑘  its transport number, and 𝜅 is the electrical conductivity. In non-

isothermal electrodiffusion, this flux density is 
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−𝑗 𝑖 = 𝐷𝑖𝑐𝑖 (𝜎𝑇,𝑖 ∇⃗⃗ 𝑇 + ∇⃗⃗ ln 𝑐𝑖 + 𝑧𝑖

𝐹

𝑅𝑇
∇⃗⃗ 𝜑) (A1)  

where 𝜎𝑇,𝑖 is the intrinsic Soret coefficient of species i [2,39,40]. When the current 

density 𝐼 = 𝐹 ∑ 𝑧𝑖𝑗 𝑖𝑖  is zero, the thermodiffusion electric potential gradient is 

 
−

𝐹

𝑅𝑇
∇⃗⃗ 𝜑𝐼=0 = ∑

𝑡𝑖
𝑧𝑖

(𝜎𝑇,𝑖 ∇⃗⃗ 𝑇 + ∇⃗⃗ ln 𝑐𝑖)

𝑖

 = ∑
𝑡𝑖𝜎𝑇,𝑖

𝑧𝑖
∇⃗⃗ 𝑇

𝑖

+
𝑡1

𝑧1
2𝐷1𝑐1

∑𝑧𝑖𝐷𝑖∇⃗⃗ 𝑐𝑖

𝑖

 
(A2)  

Under equilibrium conditions, 𝑗𝑖 = 0, this gradient is [39]  

 
−

𝐹

𝑅𝑇
∇⃗⃗ 𝜑𝑗𝑖=0 =

∑ 𝑧𝑗𝑐𝑗𝜎𝑇,𝑗𝑗

∑ 𝑧𝑘
2𝑐𝑘𝑘

∇⃗⃗ 𝑇 (A3)  
where we have used ∑ 𝑧𝑗𝑗 𝑗/𝐷𝑗𝑗 = 0⃗  and the local electroneutrality condition in the 

form  ∑ 𝑧𝑗 ∇⃗⃗ 𝑐𝑗𝑗 = 0⃗ . Inserting eq A3 in eq A1 for 𝑗𝑖 = 0 leads to ∇⃗⃗ ln𝑐𝑖 = −𝜎𝑇,𝑖
∗ ∇⃗⃗ 𝑇, where 

  
𝜎𝑇,𝑖

∗ = 𝜎𝑇,𝑖 − 𝑧𝑖

∑ 𝑧𝑗𝑐𝑗𝜎𝑇,𝑗𝑗

∑ 𝑧𝑘
2𝑐𝑘𝑘

 

 

(A4)  
is the so-called "observed" Soret coefficient of ionic species i [39]. In a binary 

electrolyte A𝜈1
C𝜈3,1

 (index 13), eq A4 reduces to 𝜎𝑇,1
∗ = 𝜎𝑇,3

∗ = 𝜎𝑇,13 where 𝜎𝑇,13 =

(𝜈1𝜎𝑇,1 + 𝜈3,1𝜎𝑇,3)/(𝜈1 + 𝜈3,1) is the Soret coefficient of this electrolyte, as the ionic 

concentrations are 𝑐1 = 𝜈1𝑐13 and 𝑐3 = 𝜈3,1𝑐13 and 𝑧1𝜈1 + 𝑧3𝜈3,1 = 0.  

 In a mixture of electrolytes A𝜈1
C𝜈3,1

 (13) and B𝜈2
C𝜈3,2

 (23) sharing a common 

ion, the electrolyte concentrations are 𝑐13 and 𝑐23, and the ionic concentrations are 

𝑐1 = 𝜈1𝑐13, 𝑐2 = 𝜈2𝑐23, and 𝑐3 = 𝜈3,1𝑐13 + 𝜈3,2 𝑐23. The equations ∇⃗⃗ ln𝑐1 = −𝜎𝑇,1
∗ ∇⃗⃗ 𝑇 and 

∇⃗⃗ ln𝑐2 = −𝜎𝑇,2
∗ ∇⃗⃗ 𝑇 describing the ionic concentration gradients at equilibrium are then 

equivalent to ∇⃗⃗ ln𝑐13 = −𝜎𝑇,13
∗ ∇⃗⃗ 𝑇 and ∇⃗⃗ ln𝑐23 = −𝜎𝑇,23

∗ ∇⃗⃗ 𝑇. Thus, e.g., the Soret 

coefficient of electrolyte 23 in the ternary mixture is 

  𝜎𝑇,23
∗ = 𝜎𝑇,2

∗ = 𝜎𝑇,23 +
𝜎𝑇,23 − 𝜎𝑇,13

𝜈2
𝜈3,2

+
𝜈1
𝜈3,1

𝜈2 + 𝜈3,2

𝜈1 + 𝜈3,1

𝑐23
𝑐13

 
(A5)  
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where 𝜎𝑇,23 = (𝜈2𝜎𝑇,2 + 𝜈3,2𝜎𝑇,3)/(𝜈2 + 𝜈3,2) is the Soret coefficient of electrolyte 23 in 

the absence of electrolyte 13. Permutation of indexes 1 and 2 would give the equation 

for 𝜎𝑇,13
∗ = 𝜎𝑇,1

∗ . These equations predict, in agreement with observations [39], that if 

electrolyte 23 alone has a higher Soret coefficient that electrolyte 13 alone, 𝜎𝑇,23 >

𝜎𝑇,13, then electrolyte 23 in the mixture has an even higher Soret coefficient, 𝜎𝑇,23
∗ >

𝜎𝑇,23; and, similarly, 𝜎𝑇,13
∗ < 𝜎𝑇,13. The difference of the Soret coefficients of the 

electrolytes in the mixture 𝜎𝑇,23
∗ − 𝜎𝑇,13

∗  is larger than the difference 𝜎𝑇,23 − 𝜎𝑇,13 of the 

Soret coefficients of the pure electrolytes. In the case of trace electrolyte 𝑐23 ≪ 𝑐13, eq 

A6 reduces to eq 5 in the Theory section and 𝜎𝑇,13
∗ ≈ 𝜎𝑇,13. 

 In a mixture of electrolytes A𝜈1
C𝜈3,1

 (13) and B𝜈2
C𝜈3,2

 (23) , the electrolyte flux 

densities are independent of the current density and can be conveniently evaluated 

from eqs A1 and A2 as 𝐽 13 = 𝑗 1/𝜈1 and 𝐽 23 = 𝑗 2/𝜈2 when 𝐼 = 0 as 

 −𝐽 13 = [(1 − 𝑡1)𝐷1 + 𝑡1𝐷3]∇⃗⃗ 𝑐13 +
𝜈3,2

𝜈3,1
𝑡1(𝐷3 − 𝐷2)∇⃗⃗ 𝑐23

+ 𝐷1

𝑐13

𝜈1
[(1 − 𝑡1)(𝜈1 + 𝜈3,1)𝜎𝑇,13 −

𝜈3,1

𝜈3,2
𝑡2(𝜈2 + 𝜈3,2)𝜎𝑇,23] ∇⃗⃗ 𝑇 

(A6)  

 −𝐽 23 =
𝜈3,1

𝜈3,2
𝑡2(𝐷3 − 𝐷1)∇⃗⃗ 𝑐13 + [(1 − 𝑡2)𝐷2 + 𝑡2𝐷3]∇⃗⃗ 𝑐23

+ 𝐷2

𝑐23

𝜈2
[(1 − 𝑡2)(𝜈2 + 𝜈3,2)𝜎𝑇,23

−
𝜈3,2

𝜈3,1
𝑡1(𝜈1 + 𝜈3,1)𝜎𝑇,13] ∇⃗⃗ 𝑇. 

(A7)  

Equation A7 is the same as eq 2 in the Theory section. When species 2 is a trace ion, 

so that 𝑡2 ≪ 1 and 𝑐23 ≪ 𝑐13, this species does not affect the transport of the 

supporting electrolyte 13. Then, eqs A6 and A7 reduce to eqs 1 and 3, where 𝐷13 =

(𝜈1 + 𝜈3,1)𝐷1𝐷3/(𝜈3,1𝐷1 + 𝜈1𝐷3) and 𝐷23,13 = (𝜈3,1/𝜈3,2)𝑡2(𝐷3 − 𝐷1) ≈ 𝛼𝐷2𝑐23/𝑐13 with 

𝛼 = (𝜈1𝜈3,2/𝜈2)(𝐷3 − 𝐷1) /(𝜈3,1𝐷1 + 𝜈1𝐷3). 

 In the Theory section we have used the approximation 𝐽13 ≈ 0 to simplify eq 3 

into eq 6. We can justify this approximation by solving eq A7 for 𝑡2 ≪ 1,  
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−

𝐽 23

𝐷2
= ∇⃗⃗ 𝑐23 + 𝑐23[𝜎𝑇,23

∗ ∇⃗⃗ 𝑇 + 𝛼(∇⃗⃗ ln𝑐13 + 𝜎𝑇,13∇⃗⃗ 𝑇)]. (A8)  
Since it involves ∇⃗⃗ ln𝑐13, the function 𝑐13(𝑥, 𝑡) must be evaluated first. Integration of  

 
−

𝐽13

𝐷13
= (

∂c13

𝜕𝑥
)
𝑡
+ 𝑐13𝜎𝑇,13

Δ𝑇

ℎ
 (A9)  

with boundary conditions 𝑐13(0) = 𝑐13
α  and 𝑐13(ℎ) = 𝑐13

β
 gives 

 
−

𝐽13

𝐷13
=

𝐸𝑇,13

ℎ
(𝑐13

β
− 𝑐13

α e−𝜎𝑇,13Δ𝑇 ) (A10)  
where 𝐸𝑇,13 = 𝜎𝑇,13Δ𝑇 (1 − e−𝜎𝑇,13Δ𝑇)⁄ . After elimination of 𝑐13

β
 using eq 9 (from the 

Theory section), substitution of 𝐽13 from eq A10 into eq 8 gives 

 d(𝑉α𝑐13
α )

𝑉0
α𝑐13,∞

α − 𝑉α𝑐13
α =

1

𝜏13

d𝑡

1 − 𝜔𝑡
, (A11)  

where 

 1

𝜏13
=

𝐴𝐷13𝐸𝑇,13

ℎ
(
e−𝜎𝑇,13Δ𝑇

𝑉0
α +

1

𝑉0
β
) (A12)  

 
𝑐13,∞
α =

𝑉0
α + 𝑉0

β

𝑉0
α + 𝑉0

β
e−𝜎𝑇,13Δ𝑇

𝑐13,0. (A13)  
The integration of eq A11 is 

 
𝑐13(𝑥, 𝑡) ≈

𝑐13,∞
α e−𝜎𝑇,13Δ𝑇(𝑥 ℎ⁄ ) + (𝑐13,0 − 𝑐13,∞

α e−𝜎𝑇,13Δ𝑇(𝑥 ℎ⁄ ))(1 − 𝜔𝑡)1 (𝜔𝜏13)⁄

1 − 𝜔𝑡
. (A14)  

Thus, the concentration 𝑐13(𝑥, 𝑡) inside the membrane changes from its initial value 

𝑐13,0 to 𝑐13,∞
α e−𝜎𝑇,13Δ𝑇(𝑥 ℎ⁄ )/(1 − 𝜔𝑡) at times t so that 𝜔𝜏13 ≪ 𝜔𝑡 ≪ 1.  

 Equation A8 is 
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−

𝐽23(𝑡)

𝐷2
= (

∂c23

𝜕𝑥
)
𝑡
+ 𝐹(𝑥, 𝑡)𝑐23(𝑥, 𝑡), 

(A15)  

where 𝐹(𝑥, 𝑡) = (𝜎𝑇,23
∗ + 𝛼𝜎𝑇,13)∆𝑇/ℎ + 𝛼(𝜕ln𝑐13/𝜕𝑥)𝑡 and 𝐽23(𝑡) is independent of x in 

the quasi-steady state approximation. The integration of eq A15 with respect to x 

under the boundary conditions 𝑐23(0, 𝑡) = 𝑐23
α (𝑡) and 𝑐23(ℎ, 𝑡)  = 𝑐23

β
(𝑡) gives 

 

−
𝐽23(𝑡)

𝐷23
=

𝑐23
β

− 𝑐23
α (𝑡)exp (−∫ 𝐹(𝑥, 𝑡)d𝑥

ℎ

0
)

∫ exp (−∫ 𝐹(𝑢, 𝑡)d𝑢
ℎ

𝑥
) d𝑥

ℎ

0

. 

(A16)  

Using eq 9 to eliminate 𝑐23
β

, substitution of 𝐽23 from eq A16 in eq 8 for electrolyte 23 

leads to a differential equation describing the time variation of 𝑐23
α (𝑡) which can be 

integrated numerically. Figure 7 shows the transients obtained from this numerical 

integration and their comparison with the theoretical curves obtained from eq 11, 

that is, using the approximation of Soret equilibrium for the supporting electrolyte 

𝐽13 ≈ 0. The objective of this comparison is to justify the validity of the latter 

approximation (dashed line) and not to obtain the values of fitting parameters. 

Nevertheless, the values given to parameters are such that the functions 𝑐23
α (𝑡) 

obtained from the numerical simulation (solid line) closely follow the experimental 

measurements (symbols). Given the complexity of both the measurements and the 

theoretical analysis, having eq 12 the same functional shape as experimentally 

observed, and noticing the small differences evidenced in Figure 7, we can conclude 

that the approximation 𝐽13 ≈ 0 is justified, especially in long measurements. 
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Figure 7. Since the supporting electrolyte diffuses faster than the 

polyelectrolyte, it seems reasonable for the sake of simplicity to assume that the 

former has reached the Soret equilibrium distribution while Na2400PSS is still 

thermodiffusing. The symbols are experimental measurements of 𝑐23
α (𝑡). The solid 

lines show 𝑐23
α (𝑡) from the exact numerical solution of the transport equation s of  

the polyelectrolyte and the dashed lines from the approximate solution based on 

𝐽13 ≈ 0 (for the same parameter values). In all curves we have used 𝜎𝑇,13 = 2.3 ×

10−3K−1, 𝜎𝑇,23 = 3.8 × 10−3K−1, 𝜈3,2 = 360 and 𝑉0
α = 5.8 mL. Other parameter values are: 

a) 𝜏23 = 27.9 h and 𝜔 = 2.55 × 10−7s−1; b) 𝜏23 = 15.6 h and 𝜔 = 1.45 × 10−7s−1. The values 

of 𝜎𝑇,23
∗  can be calculated using eq 5.  
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