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ABSTRACT

Membrane transport experiments into Dichloromethane (DCM) and o-Dichlorobenzene (oDCBz) were performed 
at 298 K using basic mixtures of NaCl, picrate ion, and crown compounds (L). Here, L shows 15-crown-5 ether 
(15C5), benzo-15C5 (B15C5), 18-crown-6 ether (18C6), or B18C6. A used cell was (-) ref. electrode|0.05 mol/L 
(C

4
H

9
)4NCl|org (=DCM or oDCBz) |mixture| ref. electrode (+), where the ref. electrode is a commercial one 

composed of 3 mol/L NaCl|AgCl|Ag. First-order rate constants (k/minute–1) and a parameter, fΔE’, with potential 
differences ΔE’/V at the (C

4
H

9
)4NCl

aq
|org interfaces and f=F/RT, were determined. The natural logarithm of the 

apparent distribution constant (KD’) defined before for the ion transfer into the organic phases was displaced by 
this parameter fΔE’. Also, a negative correlation was observed at T=298 K in the plots of fΔE vs. ln k. Here, “dep” 
is the abbreviation of the distribution equilibrium potential for the extraction system with L and the values were 
determined from re-analyzing the corresponding extraction data. Additionally, the experimental emf values were 
discussed based on the equation ± emf ≈ 0.02569 kt+ΔE’, where t shows an elapsed time (minute).
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INTRODUCTION

We studied transports of Na+ with crown compounds (L), such as 
15-crown-5 ether (15C5) and 18-crown-6 one (18C6), from water 
(w) into Nitrobenzene (NB) and 1,2-Dichloroethane (DCE) as 
bulk liquid membranes with potentiometry [1]. Although such 
potentiometric measurements do not detect neutral Na(I) species 
that transfer across the w/membrane interfaces, we could obtain 
any data about their ion transfers. In addition, such experiments 
can support the membrane transport experiments that have been 
studied by using non-potentiometric procedures [2-4]. In the 
previous paper [1], a parameter, ln K

D
’, was introduced in order to 

analyze such experimental data. This parameter has been defined 
as a function that includes ΔE

LJ
, iR, K

D
S, Δ φ eq, and so on [1].

Here these four symbols denote liquid junction potentials for some 
interfaces, iR drop through some phases, a standard distribution 
constant of the ion between the organic (org) and w phases at 0 V 
of a distribution equilibrium potential (dep or Δ φ eq [5,6]), and 
dep due to mainly picrate ion (pic-), respectively. 

However, they were ambiguous for understanding or expressing the 
parameter. Consequently, it made an understanding of the above 
membrane transports difficult.

In this study, the ion transfers with L into the Dichloromethane 
(DCM) and o-Dichlorobenzene (oDCBz) were studied by 
potentiometric at 298 K. As L, 15C5, benzo-15C5 (B15C5), 18C6, 
and B18C6 were used, since there are many extraction data [7-9] 
for these L. Basic mixtures of NaCl and pic- with L were prepared 
as source phases. From such experiments, we obtained at 298 K the 
first-order rate constants (k/min-1) and newly potential differences 
(ΔE’/V) between the w and org phases. For this purpose, a 
simplified analytical model was proposed here, compared with 
the previously-shown model [1], as described partially above. 
Additionally, another meaning of dep [5] was discussed based on a 
modified form of the Arrhenius equation [6] with ln k and Fdep/
RT. The dep values were determined from data [7-9] reported in the 
extraction experiments of NaPic by the above four Ls into oDCBz. 
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MATERIALS AND CHEMICALS

The used cell was as follows:

(-)Ag |AgCl |3 mol/L NaCl (phase I) |0.05 mol/L TBACl (II) |org 
(III) |mixture (IV) |3 mol/L NaCl|AgCl|Ag (V)(+).                   (1)

Here the symbol TBACl denotes (C
4
H

9
)4NCl and the parts of 

Ag|AgCl|3 mol/L NaCl were commercial electrodes (BAS Co. 
Ltd., type RE-1B). The org phases III were DCM {Guaranteed 
Pure Reagent (GPR), >99.5%; Kanto Chemical} and oDCBz (GR, 
>99.0%; Kanto), where these commercial org solvents were washed 
three times with pure water and then saturated with pure water.
The aqueous mixtures IV were fundamentally composed of 0.050 
mol/L NaCl, 5.0 × 10–4 NaOH, 3.3 × 10–4 HPic, and 2.2 × 10–5 
mol/L for L=B15C5, 18C6, and B18C6 and 7.1 × 10–5 for 15C5.
Other chemicals and treatments were the same as those [1] reported 
previously.

The emf measurements of the cell (Figure 1) were performed at 298 
K by using a pH/ion meter (TOA, type IM-20E) with handmade 
connection terminals [1]. The numbers of the emf measurements 
for the org systems with the mixtures were about 5 times.

RESULTS AND DISCUSSION

Renewal of analytical model 

The used cell was (-)Ag|AgCl|3 mol/L NaCl (phase I) |0.05 mol/L 
TBACl (II) |org (III) |basic mixture (IV) |3 mol/L NaCl|AgCl|Ag 
(V)(+). According to the Nernst and Henderson equations [6], the 
potential difference between the phases I and II and that between 
phase IV with 0.05 mol/L Cl¯ and phase V were evaluated to be 
both |0.17| V (=0.19-0.02). Hence, the net potential difference 
of the measured emf under the steady-state conditions [1] was 
approximately expressed as:

( )
 0.17      0.17 .

                              
(

         2
) ( ) ( )

( ) ( )
IV III III II

IV III III II

emf
φ

φ φ
φ φ

φ φ
φ

= + − + − +
≈

−
− + −

Additionally, the difference φ
III

–φ
II
 can be constant, because of the 

constant composition of the org and aqueous TBACl phases. Also, 
the former in emf is similar to the definition of dep, namely φ

w
–φ

org
 

[5], where the subscript “w” shows a water phase.

Therefore, based on Eq. (2), we can express emf as follows:

( ) ’ 3emf dep E≈ + ∆

(  ’)IV III w org III IIdep and Eφ φ φ φ φ φ= − = − ∆ = −
 .

Also, this equation can be rearrange into

[( / ) / ' / ]S
D Demf In K K zf E kt zf E≈ + ∆ = + ∆               (3a)

( ) ( ) /   S F
D D Dln K K lnK kt= =

where K
D
 shows a conditional distribution constant at dep ≠ 0 [10].

In this equation, we re-defined ln K
D

F as kt. Thus, the model [1] 
for the membrane transport, proposed before, was more simplified 
here. So, the ln K

D
’ values [1] reported previously in the NB and 

DCE systems were interpreted as the zfΔE’ ones.

Multiplying zf for the both sides of Eq. (3a), we can immediately 
obtain 

( )’                     4zf emf kt zf E× ≈ + ∆

Essentially, the ΔE’ term can be treated as a constant for a given 
org, although kinds of L differ from each other. The plot of –f⋅emf 
versus t at z ± 1 gives k as a slope and fΔE’ as an intercept for a 
given L at fixed org. Here, the minus sign of –f⋅emf was employed 
for easily analyzing the +emf-versus-t plots because their actual plots 
were curves monotonically decreasing with an increase in t for the 
present DCM and oDCBz systems.

    k/min–1 f∆E’ (∆E’/V)  

Organic L  S. E.b  S. E.b depc/V

DCM

15C5 0.0038 0.0005 –2.50 (–0.064) 0.05 0.104

B15C5 0.0074 0.0015 –2.40 (–0.061) 0.12 0.126

18C6 0.0066 0.0005 –2.53 (–0.065) 0.04 0.073

B18C6 0.0028 0.0005 –2.48 (–0.064) 0.04 0.113

oDCBz

15C5 0.011 0.001 –6.69 (–0.17) 0.28 0.10d

B15C5 0.018 0.001 –7.84 (–0.20) 0.33 0.078d

18C6 0.013 0.001 –4.54 (–0.11) 0.19 0.056d

B18C6 0.011 0.001 –6.33 (–0.16) 0.27 0.074d

NBe

15C5 0.0016  –2.44 (–0.082)  0.12

B15C5 0.027, 0.028  –2.99 (–0.076), –2.81 (–0.072)  0.024

18C6 0.0029  –1.68 (–0.043)  0.15

B18C6 0.018  –2.51 (–0.064)  0.098

DCEe

15C5 0.025  –4.12 (–0.10)  
0.11

15C5f 0.0105 0.0008 –3.24 (–0.083) 0.07

B15C5 0.019  –3.70 (–0.095)  0.14

18C6 0.044  –5.72 (–0.14)  
0.022

18C6f 0.0171 0.0009 –4.12 (–0.11) 0.05

B18C6 0.036  –3.92 (–0.10)  0.078

Table 1: Fundamental data of k and fΔE’ for the membrane transports of Na(I) ion by some crown ethers at 298 K.
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On features of the membrane transport systems

Figure 1 and Figure 2 show -emf v/s t plots being the basis of the 
above actual plots. The emfvalues of the DCM system were 
stabilized in a short time, while those of oDCBz were done in 
the longer time. Also, the former system is superior to the latter 
one about the reproducibility of emf see the error bars of -emf in  
Figures 1 and 2. On the other hand, the emf or f-emf plots for 
the NB and DCE systems have monotonically increased with t 
[1]. The thus-determined k and fΔE’ values are listed in Table 1, 
together with the same ones [1] reported before for the NB and 
DCE systems. aMaterials of the bulk liquid membranes bStandard 
error,cValues determined at 298 K from extraction experiments [7-
9]. dValues re-calculated from the reported extraction data.

The k values determined from the cell (1) for DCE were the same 
as those reported before in order, while their fΔE’ (=ln K

D
’) values 

were different from the reported ones [1] (Table 1). We cannot 
now understand that the latter finding is caused by whether the 
3 mol/L NaCl phase is present or not between Ag|AgCl and 0.05 
mol/L TBACl [1] in both cells.

Figure 1: Plots of −emf vs. t for the DCM system with NaPic and B15C5. Full 
and open squares show experimental and calculated values, respectively.

Figure 2: Plots of −emf vs t for the DCM system with NaPic and B15C5. Full 
and open squares show experimental and calculated values, respectively.

The k values were in the orders:

L=B18C6<15C5<18C6<B15C5 for the DCM systems, 
15C5=B18C6 ≤ 18C6<B15C5 for oDCBz, 15C5 ≤ 18C6 <B18C6 
<B15C5 for NB [1], and B15C5 ≈ 15C5 <B18C6 ≈ 18C6 for DCE 
[1].

For the DCE system, their values depend on the ring size of L. 
Also, the dependence on the L’s hydrophobicity for the NB system 
has been reported [1]. There is no such dependence for the DCM 
and oDCBz systems, although the orders of both the systems are 
similar to each other. 

At a fixed L, the k values were in the orders:

org=NB ≤ DCM<oDCBz<DCE for L=15C5, DCM<oDCBz ≤ DCE 
≤ NB for B15C5,NB<DCM< oDCBz<DCE for 18C6, and DCM< 
oDCBz<NB<DCE for B18C6.

The order for 15C5 was almost the same as that for 18C6. The 
order for B15C5 was also similar to that for B18C6. The findings 
of the benzo derivatives might suggest a good affinity between the 
NB molecules and the benzo groups of L. Additionally, the orders 
are independent of those in distribution properties, K

D,L
=[L]

org
/

[L] (Table 2), of the free Ls [7-9,11]: as an example, the K
D,B15C5

 
order was oDCBz < NB < DCE < DCM. Moreover, these k orders 
essentially depend on the frequency factors (A) in the Arrhenius 
equation [6], except for the NB systems in the benzo derivatives.
The average A values were in the order NB ≤ DCM ≤ oDCBz ≤ 
DCE.

Re-examination of plots of dep vs. ln KD’

As similar to the plots of dep versus ln K
D
 [1], the ΔE’ values were 

plotted against the depones (Figure 3). Here, the dep values for 
the oDCBz system were evaluated from the extraction data [7-9] 
previously reported by our colleagues in Table 2. The plots may 
hardly reflect the positive correlation [1] between them. These fΔE’ 
(=ln K

D
’) data in Table 1 indicate that the plots of dep versus ln K

D
’ 

cannot be indirect proof of the presence of dep in the extraction 
system with L. In addition to this, by only Figure 3, we cannot 
explain whether such positive relations between dep and ΔE’ are 
present or not (Figure 3).

Figure 3: Plots of dep vs. ΔE’ for all the org systems with NaPic and L. 
Organic=DCM (square), oDCBz (circle), NB (full diamond), and DCE 
(full & open triangles). The data of the full symbols were cited from [1].
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For Contents of Emf Values

For each org system with L, the mean ΔE’ values, symbolized as 
ΔE’

m
, were estimated to be –0.064 ± 0.001 V (relative standard 

deviation: 1.5%) for the DCM system, –0.16 ± 0.03 (ca. 18%) for 
oDCBz, –0.064 ± 0.012 (ca. 18) for NB, and –0.11 ± 0.02 (ca. 18) 
for DCE. These values were in the order oDCBz ≤ DCE < DCM ≤ 
NB. This order was in accordance with that of the Δφ

tr
0 and –ΔG

tr
0 

values for the TBA+ transfer across these org/w interfaces, where 
the symbols Δφ

tr
0 and ΔG

tr
0 denote a standard ion-transfer potential 

and its Gibbs free energy [5,12], respectively. For example, Δφ
tr

0 (–
ΔG

tr
0) at T=298 K were 0.226 V (21.8 kJ/mol) for org = DCE, 0.230 

(22.2) for DCM, and 0.248 (24.2) for NB [12] and it at T=295  3 K 
for oDCBz was 0.177 V (15 kJ/mol) [13]. Especially, the plot of Δ 
φ

tr
0 (TBA+) versus ΔE’

m
 forgiven organic phases gave a straight line, 

( )0
1 7  0.6 0.1 ’  0.28 0.02 ,  ( ) (  0.9) 31tr mTBA E at Rφ + = ± =∆∆ + ±  

This fact supports the hypothesis that ΔE’ is a constant for a given 
org phase. On the other hand, there was no clear correlation with 
Δ 

tr
0 (or –ΔG

tr
0) for the Cl– transfer into NB, DCE, and DCM 

[5,12], the authors were not able to find the data corresponding to 
oDCBz. The above results suggest that the potential differences at 
the 0.05 mol/L TBAClorg interfaces are controlled by the TBA+ 
transfer across the w/org interfaces, in other words, the TBA+ 
distribution between phases II and III. 

From Eq. (2) and Eq. (3), and the above facts, we can express the 
contents of mean emf (emf

m
) as follows.

 0.17      0.17  ( ) ’( ) ) (m IV III III II memf dep Eφ φφ φ− = + − + − − + ∆≈+

 0.02569 0.16 ,kt for oDCBz= −

 0.02569 0.16 ,kt for oDCBz= −

 

 0.30      0.( ) ( 30(  ) ’)IV III III II memf dep Eφ φ φφ+ = + − + − + + ∆≈−

0.02569 0.11  ,kt for DCE= −

40.02569 0.06    298 kt for NB at T K= − =

Here, the reference electrode of AgAgCl3 mol/L NaCl in the 
cellequation (1) was replaced simply by the AgAgCl electrode for 
the NB and DCE systems [1]. Accordingly, the electrode potential 
at the 0.05 mol/L TBAClAgClAg interface and 298 K was 
calculated to be +0.30 V from the Nernst equation [5,6]. 

At least, the emf values under the steady-state conditions can be 
estimated from the equation like ± emf

m
= 0.02569kt+ΔE’m at 

a fixed org. Representative examples for the DCM system with 
B15C5 and oDCBz with B18C6 are shown in Figures 1 and 2, 
respectively. Both the experimental -emf values were in agreement 
with their values, calculated from -emf

m
=0.02569kt+ΔE’m, in the 

evaluated time ranges. The same was essentially true of the other 
org systems with Ls.

Another Meaning of Dep

According to the Arrhenius equation [6], one can obtain:

( ) – / ,                  5alnk lnA E RT=                  (5)

( )                          6fdep lnA lnk≈ −                    (6)

where A and E
a
 denote the frequency factor, as described above, and 

the activation energy for the reaction, respectively. This equation 
is usually used for indicating the T dependence of k. From the 
relation:

 (8)F
DzFdep RTlnK G= = ∆            (7)

with f = F/RT, we can easily derive:

 (8)F
DzFdep RTlnK G= = ∆

 and then obtain:

( )                          6fdep lnA lnk≈ −                   
(9)

Therefore, substituting E
a
 by ΔG+ and then rearranging it, the 

following equation is obtained: 

( )                          6fdep lnA lnk≈ −                    (10)

Figure 4 shows the plots of fdep versus ln k based on Eq. (6). The 
plots for the NB, DCE, and oDCBz systems seem to show negative 
correlations between ln k and fdep. Obtained values for the slope 
and the ln A were –1.41 ± 0.50 and –3.3 ± 2.4 at R = 0.85 for the 
NB system, –0.80 ± 0.89 and 0.1 ± 3.8 at 0.54 for DCE, and –1.0 ± 
10.6 and –0.9 ± 2.4 at 0.26 for oDCBz, respectively. For the DCM 
system, the plot was analyzed with the fixed slope of –1: the ln A 
value was –1.29 ± 0.46 at R = 0.36. Although the R values were very 
low, the obtained slopes included –1 within their experimental 
errors. Experimental slope ranges were –0.9 to –1.9 for NB, 0.0 to 
–1.7 for DCE, and –12 to +10 for oDCBz. These results indicate 
that the dep value can be comparable to a measure about a barrier 
for the ion transfer across the w/org interfaces, although the 
oDCBz system shows a larger experimental error in its slope.

Figure 4: Plots of fdep vs. ln k for all the org systems with NaPic and L. 
Org=DCM (square), oDCBz (circle), NB (full diamond), and DCE (full & 
open triangles). The data of the full symbols were cited from [1].

L I b/mol L-1 (log KD, L)a log Kc ex log Kex d ± (Io e DCBz /mol L-1) log KD, P f depg/V

15C5 -0.50 0.0044 4.198 ± 0.004 5.45h -3.44 ± 0.58 (4.3´10-7) -4.01 ± 0.29 0.1

B15C-1.362 0.0053 3.726 ± 0.006 3.908h -2.89 ± 0.24 (1.4´10-6) -3.59 ± 0.14 0.078

18C6-1.13) 0.0071 3.984 ± 0.007 4.432h -1.29 ± 0.02 (4.7´10-6) -3.22 ± 0.03 0.056 ± 0.001

B18C6-1.225 0.0037 3.500 ± 0.005 3.633h -2.74 ± 0.03 (1.1´10-6) -3.53 ± 0.04 0.074 ± 0.002

Table 2: Extraction data for NaPic with L into oDCBz at 298 K.
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CONCLUSION

The following two points were mainly changed here, compared 
with the previous study:

1. The apparent distribution parameter ln K
D
’ was changed into 

zfΔE’. This change cancels the correlation between dep and 
K

D
’ and thereby the presence of dep in the liquid membrane 

transports became uncertain.

2. The relation of ln K
D

F{= ln (K
D
/K

D
S)}=kt was postulated instead 

of that of ln K
D
=kt. This treatment changed the model. to the 

simpler one. So, this makes the understanding of the transport 
phenomena easier, and then the understanding of the emf 
measurements, based on Eq. (3), was improved.

By using the modified Arrhenius equation (6), a new interpretation 
of dep was proposed here. That is, it is that dep means the barrier, 
such as the activation energy, about the distribution of ions from 
water into org phases. It will be necessary to improve their R values 
of the plots based on Eq. (6). Also, the Δ φ

tr
0 (TBA+) dependence 

of ΔE’
m
 and the reproduction of the ± emf values with Eq. (3a) 

indicated that the TBA+ transfer across the water/org interfaces 
generates the potential differences between the II (or water) and 
III (org) phases.
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